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Immunogenicity of proteins is thus dependent on their ability to eventually induce adaptive
T-and B-lymphocyte responses during the allergic sensitization phase (see Figure 2). This is strongly
influenced by the efficiency of antigen uptake and processing, as well as by the activation status and
production of cytokines by myeloid antigen presenting cells (APC: monocytes, macrophages, and
dendritic cells). Receptor-mediated endocytosis—as opposed to pinocytosis—is an efficient way of
antigen uptake that facilitates adaptive immune responses at low antigen exposure and also induces
activation and cytokine production by antigen presenting cells. APCs such as dendritic cells (DC)
can use Fc receptors [63], RAGE (receptor for advanced glycation end products) [64,65], dectin-1, 2
and 3 [66,67], DC-SIGN [68], galectin-3 [69] and mannose receptors [70] for efficient antigen uptake.
For example, it is known that IgG-immune complexes are more immunogenic because they are targeted
to CD32/FcƯRII receptors on APCs [71]. This was also shown for an uptake of allergen-IgE complexes
via CD23/FcεRII, resulting in efficient T cell activation at 100-fold lower antigen concentrations [72].
These findings suggest that interaction with specific receptors on APC may be of importance to
understand an immunogenic character of dietary AGEs (see Figure 2).

Figure 2. Schematic contribution of dietary Advanced glycation end products in the allergic
sensitization process. Dietary Maillard reaction products (MRP) are taken up in the gut by crossing the
epithelial barrier (I), leading to antigen uptake by mucosal dendritic cells and presentation of peptides
to specific T-cells (II). Activated antigen-specific helper Th cells differentiate into pro-inflammatory and
allergy-inducing Th17 and Th2 subsets (III). Allergen-specific B-cells become activated upon ligand
binding and start the production of allergen-specific IgE antibodies (IV) that bind to mast cells and
basophils and become detectable in the circulation.

6.2. Interaction of MR-Modified Proteins with Receptors Present on APCs

To induce an allergic immune response the MR-modified protein need to be recognized and
taken up by antigen presenting cells (APCs) and subsequently presented to T-cells [24]. Recently
more evidence has been found that some MRPs may function as activators of dendritic cells (DCs)
via targeting AGE receptors [23,73–75]. Several receptors mediating antigen uptake, activation and
maturation in DCs were identified as potential receptors for dietary MRPs, including AGE-receptor
complex (AGE-R1/OST-48, AGE-R2/80K-H, AGE-R3/galectin-3) [76–78], members of the scavenger
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receptor family A (SR-A) and B (SR-B) [23,24,75,79–81] as well as mannose receptor [82–84]. Dry
roasted Ara h1 was bound to the scavenger receptor, CD36 and the receptor for advanced glycation
end products (RAGE) [24,85].

RAGE is the most studied receptor that can recognize and bind dietary AGEs [24,42,85–88].
Cellular signaling due to AGE–RAGE interactions seem to be a key component in pro-oxidative and
pro-inflammatory condition [89] and this may be involved in enhanced allergic sensitization [85].
Soluble RAGE (sRAGE), the extracellular ligand-binding domains of RAGE present in the circulation,
competes with membrane RAGE in binding AGEs acting as a decoy domain receptor [90,91]. Binding
of AGEs to sRAGE, in contrast to interactions with membrane form of RAGE, does not result
in inflammatory signal transduction therefore sRAGE acts as inhibitor of RAGE-AGE signaling
and is potentially applicable for the treatment of various AGE-related diseases including diabetic
cardiovascular complications [92,93], diabetic kidney disease [94] and a number of aging-related
diseases including atherosclerosis, cataracts, Alzheimer’s disease and Parkinson’s disease [95,96].

The recent study of Liu and colleagues revealed that whey proteins glycated by dry heating
(at 130 ◦C) interacts with sRAGE. The strength of binding was positively correlated with the time of
heating and the formation of agglomerates and was more prominent in the samples with lower water
activity [86]. These findings are in line with other studies showing binding of AGE-modified peanut
allergens to recombinant form of RAGE [24]. The study performed by Zill and colleagues [85,97]
revealed RAGE-mediated activation of both Caco-2 cells and RAGE-transfected HEK-293 cells by
chemically defined food-derived products, both, AGEs and non-AGEs. This suggests that diet-derived
AGEs may activate the antigen presenting cells via RAGE. The study performed by Hou and colleagues
suggest a positive correlation between the level of AGEs accumulated in the circulation of patients with
chronic kidney disease and the expression of RAGE on monocytes isolated from these patients [98].
The enhanced expression of RAGE was strongly correlated with plasma levels of pentosidine, plasma
levels of tumor necrosis factor alpha (TNF-α), monocyte activation markers, and the systemic acute
phase reactant, C-reactive protein [98]. Hilmenyuk and colleagues demonstrated activation of RAGE
on immature DC via interaction with AGE-modified ovalbumin (OVA). Increased expression of RAGE
on immature DCs exposed to AGE-modified OVA was seen as well as enhanced activation of the
transcription factor NF-κB compared to DCs exposed to non-modified OVA [83]. The ligation of
RAGE by CML was shown to upregulate the RAGE expression in human neuroblastoma cell line
SH-SY5Y [87] as well as enhance the expression of vascular cell adhesion molecule-1 (VCAM-1) on
endothelial cells [99]. These data suggest that AGE-RAGE interaction may result in NF-κB activation as
well as upregulation of RAGE expression on immune cells what in consequence may result in secretion
of pro-inflammatory cytokines and thus activation of APCs. In opposite to these results other studies
show that CML-modified proteins [100] as well as Maillard-reaction modified β-lactoglobulin [101]
and coffee [102] are not able to stimulate inflammatory signaling pathways in RAGE-expressing human
cell lines [100,101]. Interestingly, ovalbumin modified by pyrraline, the other AGE, was also not shown
to interact with RAGE [23]. Thus, the discussion on the ligation of RAGE with food-derived AGEs
and its physiological consequences remains open and more data on activation of RAGE by AGEs are
needed to prove the role of RAGE in the activation of APCs during the allergic sensitization process.

6.3. Influence of MR-Modified Proteins on T-Cell Activation and Polarization

Interaction of AGEs with receptors present on APCs may result in internalization and therefore
presentation of antigen to T-cells. Ilchman and colleagues demonstrated that AGE-modified OVA
was taken up much more efficiently by bone marrow-derived murine myeloid dendritic cells (mDCs)
than native OVA, and enhanced activation of OVA-specific CD4+ T cells [75]. Scavenger receptor
class A type I and II (SR-AI/II) were identified as receptors mediating the uptake of AGE-OVA [75].
These results are in line with a study using human DCs as a model for an uptake of FITC-labeled
AGE-modified OVA. Enhanced uptake of AGE-modified OVA was mediated by mannose receptor,
scavenger receptor and macropinocytosis. Co-culturing of CD4+ T cells with AGE-OVA-loaded mature
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DCs induced greater Th2 cytokine production (IL-5, IL-4, and IL-6), while OVA-loaded DCs induced a
significant Th1 or regulatory cytokine profile [83]. The study of Moghaddam and colleagues performed
on dry roasted peanut proteins confirm the ability of dietary AGEs to target antigen presenting cells
via RAGE and CD36. Moreover, mice sensitized with dry-roasted peanut extract showed higher IL-4,
IL-5 and IL-13 secretion by mesenteric lymph node cells showing skewing of T cell response into Th2
when compared with mice sensitized with non-treated peanut extract. High reactivity of mice primed
with dry roasted peanut to raw peanut antigens suggest that roasting enhances immunogenicity of
peanut extract having an important impact on the priming step of sensitization [24].

Heilmann and colleagues aimed to identify glycation structures enhancing T-cell immunogenicity
of a food allergen by modification of OVA with different AGEs such as CML, CEL and pyrraline.
To assess the T-cell immunogenicity of glycated OVAs, murine OVA-specific CD4+ T-cells were
co-cultured with bone marrow-derived DCs in the presence of differently processed OVA samples.
Pyrraline modified OVA enhanced CD4+ T-cell immunogenicity, as evidenced by increased IL-2
production, higher production of IFN-γ and IL-17A when compared with native OVA. Moreover,
pyrraline-OVA and AGE-OVA were efficiently taken up by BMDCs via SR-A. In addition to antigen
uptake, cell maturation is required for DCs to gain their full T-cell stimulatory capacity. However, no
differences in expression of co-stimulatory molecules CD40, CD80, CD86, and MHC class II on the cell
surface of DC were seen suggesting that pyrraline modification does not induce BMDC maturation.
This is in line with observations of Moghaddam and colleagues [24], who suggested enhanced targeting
and presentation via AGE receptors rather than conventional DC maturation may be implicated in
the increased immunogenicity of DR peanut antigens in vivo. However, this is in contrast with the
work of Buttari and colleagues who showed that AGEs of plasma β2 glycoprotein I (β2 GPI) triggered
the maturation of monocyte-derived human DCs and polarized allogenic naive CD4+ T-cells into
Th2 cells in a co-culture with matured DCs [73]. These different observations could be explained by
heterogeneity of the structures MRPs and the expression profiles of receptors in these human and
murine DCs.

6.4. Role of Agglomeration in Immunogenicity of MR-Modified Proteins

These results raise the question which structural changes triggered by MRPs can explain
the immunogenicity of AGEs and capabilities to initiate the polarization of allogenic naive CD4+
T-cells into Th2 cells. Maillard reaction caused agglomeration of proteins was excluded as a major
contributor to increased immunogenicity of proteins in the studies of Moghaddam and colleagues [24]
and Heilmann and colleagues [23] since the samples underwent multiple rounds of filtration and
centrifugation that depleted cross-linked species. However, the agglomeration of MR-modified
proteins and level of cross-linking were not measured in these studies. Moreover, food processing of
proteins promotes the formation of β-sheet-rich, fibrillar structures [103] known to possess high affinity
binding to RAGE [104] and CD36 [105]. Pasteurization caused aggregation of beta-lactoglobulin and
alpha-lactalbumin enhanced uptake of cross-linked proteins via Peyer’s patches, which promoted
significantly higher Th2-associated antibody and cytokine production in mice than their native
counterparts [54,55]. These results suggest that not only Maillard reaction but also protein cross-linking
can enhance immunogenicity of proteins and their sensitizing capacity.

The research outcomes discussed above provide strong evidence that some dietary AGEs
can bind to receptors on antigen presenting cells and thus modify T-cell immunogenicity (the
schematic contribution of dietary AGEs in the allergic sensitization process is presented on Figure 2).
However, information about selectivity of AGEs structures binding to AGEs receptors is very limited.
The heterogeneity of AGEs and the diversity of their receptors indicate that more study is required
to elucidate the precise receptors and pathways implicated in enhanced DC-mediated uptake and
presentation of antigens to T cells.
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6.5. Influence of MR-Modified Proteins on B-Cells Switching and the Production of Antigen Specific IgG
and IgE

When membrane-bound immunoglobulin (Ig) of naïve B cells come in contact with specific
dietary antigens, and are activated by ligation of the surface molecule CD40 to CD40L on activated
Th2 cells that produce IL-4 and IL-13 , the B cells are induced to switch to produce IgE. Naïve
B cells further differentiate and proliferate into activated plasma cells synthesizing and secreting
antigen-specific IgE (see Box 2). Lymphocytes activated in the GALT leave through the draining
lymphatics and reach the MLN, where they stay for a period for further differentiation, before migration
into the bloodstream [62,106]. Moghaddam and colleagues demonstrated that BALB/c mice primed
subcutaneously with soluble fractions of peanut protein extract from raw or dry roasted (DR) peanuts
show enhanced peanut-specific IgG titers in DR-primed groups. These results were confirmed in
intra-gastric gavages of DR and raw peanut extracts showing 100-fold higher IgG titers, enhanced titers
of anti-peanut IgE as well as functional basophil degranulation in DR group. Moreover, mesenteric
lymph node cells from DR but not raw peanut protein-primed mice proliferated robustly in response
to raw and DR peanut extract with the dominance of IL-4 and IL-5 over IFN-γ and TNF-α. The authors
suggested that the observed increased immunogenicity of DR peanut antigens can be explained by
selective targeting, activation and presentation of antigen via binding to AGE receptors on DCs [24].

7. Influence of Maillard Reaction on Recognition of Food Allergens by Specific IgE

MR induced during food processing may also modulate binding potential of specific IgE to
food allergens. This can be induced by: (a) disruption of the conformational and linear epitopes
accompanied with the changes of the tertiary and secondary structure that impair the IgE binding
potential of the protein [12,106,107]; (b) formation of agglomerates carrying high number of epitopes
that cause enhanced degranulation capacity of basophils [108]; or (c) formation of new epitopes due to
aggregation and/or Maillard reaction [24] (Figure 3). These new epitopes called neo-allergens are able
to target APCs resulting in antigen presentation and subsequently modulating T-cell differentiation as
well as a production of antigen-specific IgE. Production of specific IgE is therefore a consequence of
sensitization phase by interaction of immunogenic MRPs with APCs (see Boxes 1 and 2). Moghaddam
and colleagues observed that enhanced anti-raw peanut IgE titers in mice sensitized with dried peanut
extract versus those sensitized with raw peanut extract was also reflected in enhanced degranulation
of basophils [24].

The MR was shown to either reduce or enhance IgG and/or IgE binding capacities of some food
allergens [25,109–113]. For instance, the proteins that belong to pathogenesis-related (PR) protein
family and being the homologous to birch pollen allergen Bet v 1 show reduced IgE binding capacity
after processing with sugar as it was shown for Pru av 1 [109] and Cor a 1 [114]. This can be explained
by a masking effect of carbohydrates reducing an accessibility of epitopes for IgE binding (Figure 3).
In contrast to (PR) protein family MR was shown to enhance IgE binding capacity to peanut proteins
and scallop tropomyosin [115–117]. Thus, the influence of MR on IgE binding seems to depend on
physicochemical properties of proteins (hydrophobicity, size, amino acid composition, charge) as well
as on conditions of MR (type of sugar, time, water activity, pH, temperature, presence of salts) [118,119].

The study of Vissers and colleagues showed reduced allergenicity of MR-modified peanut allergen
Ara h 1 in IgE binding test while enhanced β-hexosaminidase release from basophils upon incubation
with the same MR-modified allergen [113]. The authors suggest that MR-induced agglomeration of Ara
h 1 may be responsible for the observed increased capacity of antigen to cross-link the IgE and initiate
the mediator release from RBL-2H3 cells (see Box 1). That indicates a need to include the functional
assays, next to the IgE binding tests, in the studies on allergenicity of MRPs to be able to link the results
to development of acute complaints of a clinically observable allergic response (see Box 3). Based on
the functional basophil activation test (BAT) Cucu et al. showed that two out of six hazelnut allergic
patients showed enhanced basophil activation after exposition to MR-modified hazelnut extract [114].
Other study revealed that 70% of the patients (out of 15) sensitized to soy showed enhanced basophil
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activation in BAT assay upon incubation of basophils with MR-modified soy proteins when compared
with soy proteins modified only by heating (without sugars) [22]. Moreover study of Vojdani and
colleagues revealed increased levels (3–8-fold) of specific IgE against processed food antigens in 31%
of the patients when compared to raw food antigens [120]. These results suggest that some of the
patients are sensitized against processed food rather than raw and the MR may play a crucial role in
the enhancing of immunogenic potential of food allergens as it was already showed by Moghaddam
and colleagues [24]. Therefore, the diagnosis of food allergy could be improved by incorporation of
processed and MR-modified food allergens next to the raw ones into the diagnostic tests.

Figure 3. Modulation of allergenicity of food proteins by the Maillard reaction. Upon food processing
using heating, reducing sugars will react with primary amino groups on amino acids from allergen
proteins to result in Maillard reaction products (MRP). Consequently, these MRP may block epitopes
thereby preventing IgE binding and crosslinking, and subsequent mediator release. This results in
reduced allergenicity of the altered food allergens. Alternatively, MRP may lead to the exposure of
neo-epitopes leading to enhanced uptake by antigen-presenting cells and exposure to specific T-cells
and this enhanced possibility for IgE cross-linking may lead to enhanced allergenicity. Lastly, MRP may
lead to the formation of agglomerates of allergen molecules resulting into enhanced IgE cross-linking
and increased allergenicity. The ratio between these several possibilities determines the final outcome
of the mediator release capacity of the MRP altered food allergens.
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Box 1. Immunochemical properties of allergens.

Allergens are generally proteins that, when exposing genetically susceptible individuals frequently and in
low doses (<1 μg) on a mucosal surface are able to induce a Th2 response associated with the production of IL-4,
IL-5, and IL-13 leading to the synthesis of allergen-specific IgE antibodies.

At present, no identified antibody characteristics and no identified structural features of IgE binding epitopes
seem to be associated with the phenotype of the food allergic disease. Potential allergens must necessarily
contain B-cell epitopes to which IgE can bind, and T-cell epitopes capable of inducing a Th2 type response.
Peptide sequences of T-cell epitopes (10–15 amino acid residues long) show no general homology across allergen
families and thus it has been proven impossible to identify a consensus sequence for an allergenic epitope [121].

IgE binding allergen epitopes generally comprise conformational and more hydrophobic patches present on
the allergen. A significant proportion of the IgE is directed against the glycosylated B-cell epitopes [122]. This
might be a consequence of the hundred-fold increased cellular uptake of glycosylated proteins and peptides by
antigen-presenting cells compared to their non-glycoslyated counterparts and resulting in enhanced immune
responses [123]. However, others suggest that glycosylation is not a common critical determinant of allergenicity
as food allergens comprise both glycoproteins as well as non-glycosylated proteins [124].

An epitope is identified by its ability to bind antibodies and is suggested to consist of a recognizable sequence
of 6–15 amino acids (covering a 11–13 nm distance) contributing to the binding between epitope and antibody
molecule [125]. Two of these identical epitopes need to span a distance between 8 and 24 nm, with a single amino
acid being in the order of about 0.5 nm [126,127]. A linear unit potentially leading to degranulation would then
comprise a distance of 20–54 nm equaling 40–108 amino acids (4.400 to 11.880 Da) [128]. In a 20 kDa allergen this
would represent 2–5 units, while a 200 kDa allergen would harbor 16–45 units. Indeed, most allergens have
only one to five immunodominant epitopes. A 40 amino acid unit would be sufficient to induce IgE antibody
formation and combine the potential to result in degranulation upon binding to IgE on sensitized mast cells.

Box 2. Immunochemical properties of IgE.

IgE molecules have a 12% carbohydrate content with oligosaccharides asparagine-linked at six places all in
the first three of the four constant region domains, they have a limited segmental flexibility [129]. Therefore, IgE
molecules are generally considered to be more rigid than IgG molecules putting emphasis on the importance
of the inter-epitope distance resulting in proper IgE binding. This way a binding stoichiometry of two can be
reached as closely as possible resulting in a high binding affinity of the allergen-specific IgE antibodies [130].
The relevance of IgE affinity is illustrated in studies showing that in allergic individuals, the peanut allergen
Ara h 2-specific IgE affinity correlated with the severity of the allergic disease, but not with the level of specific
IgE [129,131]. In allergic individuals, IgE concentrations in the circulation may reach over 10 times the normal
level (≈150 ng/mL), and who have an increased risk of developing allergies. However, the concentration of IgE
in the serum of healthy individuals is 104 times less than that of IgG.

These IgE antibodies have the capacity to bind to IgE Fc epsilon receptors with high affinity (Ka ≈ 1010 M−1).
This exceptionally high affinity is mainly a reflection of the very slow dissociation rate with a half-life of about
20 h for circulating IgE. The residence time on mast cells in tissues is further extended to more than 14 days by
restricted diffusion and rebinding to cell receptors [130].

Box 3. Advantage of functional tests on IgE binding assays in the diagnosis of food allergy.

Diagnosis of allergy is routinely based on binding of IgE antibodies to the relevant allergen in a serological
test. Principally, this binding of one Fab fragment to a single epitope results in a positive reading representing
immunogenicity. This mostly conformational monovalent binding interaction is not related to the capacity
to induce an allergic response resulting into mediator release. For this reaction it is essential to achieve
cross-linking of several specific IgE molecules bound to adjacent FcεRI on mast cells and basophils (hence
allergenicity). Principally, this elicitation phase requires a multivalent interaction between (mostly linear)
allergen multi-epitopes and multiple Fab fragments on IgE antibodies. This allergen capacity can be analyzed ex
vivo with blood-derived basophils or in vitro by using e.g., the rat basophilic leukemia (RBL)-HE3 cell line and
is generally called allergenicity of the allergen. To analyze the basophil degranulation capacity sensitive assays
are required as these cells comprise only 0–2% of leukocytes equaling 1–8 × 104 cells/mL [130]. This different
capacity of allergens should be taken into account when relating the functional activity of allergens to the clinical
symptoms of allergy. High affinity Fcε receptors are abundantly expressed (6000–600,000 receptors per cell) on
mast cells in tissues and basophils in the blood. The number of FcεRI per basophil varies between different
donors (range 29,000–680,000) and is also related to the IgE concentration in the serum [131]. Upon IgE binding
to their specific receptors, these cells are sensitized and therefore the individual is called sensitized. Minimally,
2000 of these FcεRI bound specific IgE molecules need to be cross-linked by the relevant epitopes on the allergen
in order to cause degranulation of the mast cell and/or basophil resulting in the release of the mediators and
the development of acute complaints of a clinically observable allergic response. Therefore, functional assays
such as histamine, β-hexosaminidase release assays or basophil activation tests should be included next to the
conventional IgE binding tests to study the influence of Maillard reaction on allergenicity of proteins.
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8. Conclusions

In conclusion, the MR can alter immunoreactivity towards food proteins, and MR-modified
proteins may enhance the immune response by selective interaction with APCs carrying receptors
for AGE. In addition, it has become clear that the presentation of MR-modified allergens to T-cells
may skew the subsequent T-cell differentiation into Th2 cells producing IL-4, IL-5 and IL-13, which
are responsible for the initiation of IgE antibody production. Some studies also observed enhanced
mediator release from basophils incubated with MR-modified proteins that may be resulting from:
(a) the immunogenic potential of MRPs enhancing the sensitization; and/or (b) agglomeration leading
to more efficient cross-linking and therefore mediator release. These findings reveal a need for better
understanding of the influence of MR on both the sensitization phase as well as the development of
the symptoms of the allergy. Understanding the mechanisms involved in immunoreactivity of AGEs
would help to improve the diagnostics of food allergy as well as develop optimized conditions for
food processing to control the rate of MR.
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Abstract: Background: Gal d 1 (ovomucoid) is the dominant allergen in the chicken egg white.
Hypoallergenic variants of this allergen can be used in immunotherapy as an egg allergy treatment
approach. We hypothesised that disruption of two of the nine cysteine-cysteine bridges by
site-directed mutagenesis will allow the production of a hypoallergenic variant of the protein;
Methods: Two cysteine residues at C192 and C210 in domain III of the protein were mutated to alanine
using site-directed mutagenesis, to disrupt two separate cysteine-cysteine bridges. The mutated
and non-mutated proteins were expressed in Escherichia coli (E. coli) by induction with isopropyl
β-D-1-thiogalactopyranoside (IPTG). The expressed proteins were analysed using sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting to confirm expression.
Immunoglobulin E (IgE) reactivity of the two proteins was analysed, by immunoblotting, against a
pool of egg-allergic patients’ sera. A pool of non-allergic patients’ sera was also used in a separate blot
as a negative control; Results: Mutant Gal d 1 showed diminished IgE reactivity in the immunoblot
by showing lighter bands when compared to the non-mutated version, although there was more
of the mutant protein immobilised on the membrane when compared to the wild-type protein.
The non-allergic negative control showed no bands, indicating an absence of non-specific binding of
secondary antibody to the proteins; Conclusion: Disruption of two cysteine bridges in domain III of
Gal d 1 reduces IgE reactivity. Following downstream laboratory and clinical testing, this mutant
protein can be used in immunotherapy to induce tolerance to Gal d 1 and in egg allergy diagnosis.

Keywords: allergens; egg allergy; immunotherapy; hypoallergens

1. Introduction

Hypersensitivity to chicken egg is caused by allergens present in the egg white and egg yolk.
Among these, Gal d 1 (ovomucoid) is known to be the most allergenic and predominant allergen and it
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is found in the chicken egg white [1,2]. This 28 kDa glycoprotein accounts for approximately 11% of the
total egg white protein. The tertiary structure of Gal d 1 is composed of 186 amino acids which form
three domains, with each domain containing approximately 60 amino acids. The tertiary structure is
robustly supported by nine intra-domain cysteine-cysteine disulphide bridges and five oligosaccharide
side chains. The function of Gal d 1 is known to be a trypsin inhibitor; however, the trypsin inhibitory
activity is limited to the second domain [1]. Hypersensitivity to Gal d 1 occurs because of its ability to
efficiently bind to immunoglobulin E (IgE). It has eight IgE binding epitopes [2], some of which are
linear while others are conformational. The highly IgE-reactive epitopes present in the third domain
make it the most allergenic domain of the three. The presence of linear IgE binding epitopes in Gal
d 1 makes it resistant to conditions such as heat and/or proteolytic digestion [3]. Since egg-allergic
patients are often allergic to cooked egg [4], it can be suggested that Gal d 1 plays a crucial role in
cooked egg allergy due to its rigidity. These specific features of Gal d 1 make it the prime allergen
when compared to other allergens in chicken egg and an ideal target for the development of egg allergy
treatment strategies.

There is no long-term cure for egg allergy. Strict avoidance of egg is the currently recommended
management strategy; however, avoidance is difficult and may cause malnutrition in children [5,6],
especially in financially disadvantaged families where procurement of more expensive nutritional
supplements or food that can replace eggs may be difficult. It is also problematic to completely avoid
eggs because of the presence of components or traces of egg in various food products, pharmaceutical
products and vaccines [7,8]. Allergen-specific oral immunotherapy (OIT) offers a potential treatment
strategy, not only for egg allergy but also for other types of food allergies. OIT essentially involves
the gradual oral feeding of an allergen to the patient in order to induce tolerance [9,10]. However,
OIT can be perilous for some patients, primarily because of the high allergenecity of some allergens
and the sensitivity of the patient, which may cause adverse conditions such as anaphylaxis that
can even lead to death [11–13]. Adverse reactions to OIT are currently a potential barrier to clinical
application [14,15]. Therefore, production of less allergenic versions, or hypoallergens, of allergens
has been the focus of many research groups [16–18], because these hypoallergens can offer improved
safety of oral immunotherapy.

Production of hypoallergenic Gal d 1 can be achieved by using mutagenesis as a tool in two
different strategies: the first is by mutating the sequences of the IgE binding epitopes and the second
is by targeting the secondary structure of the proteins. Drew et al. (2004) [19] successfully produced
a hypoallergenic variant of the major latex allergen Hev b 6.10 by disrupting the cysteine-cysteine
bonds of the protein to reduce its IgE reactivity. In this study, we have successfully produced a
hypoallergenic variant of Gal d 1 by targeting only two of the nine cysteine-cysteine bridges using
site-directed mutagenesis.

2. Methods

2.1. Site-Directed Mutagenesis of Gal d 1

The cDNA of Gal d 1 was cloned into pTrcHisA expression vector as discussed in
Dhanapala et al. 2015 [20]. This construct was used for site-directed mutagenesis of nucleotides
coding two cysteine residues, using QuickChange Lightning Multi Site-Directed Mutagenesis
kit (Agilent Technologies, Santa Clara, CA, USA). Two TGC triplicates coding for cysteine
192 and 210 (Figure 1) were targeted in order to disrupt two different cysteine-cysteine
bridges located in domain III of Gal d 1 (Figure 2). The TGC codons were changed to GCC
codons that code for alanine. Initially, mutagenic primer pairs were designed according to the
mutagenesis kit guidelines. The two pairs were named PM7 and PM9, because the mutations
were targeting the seventh and the ninth cysteine-cysteine bridges, respectively. The primers
are as follows; PM7 forward 5′-GGCAACAAGTGCAACTTCGCCAATG CAGTCGTGGAAAG-3′,
PM7 reverse 5′-CTTTCCACGACTGCATTGGCGAAGTTGCACTTGTTGCC-3′, PM9 forward
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5′-ACTCTCACTTTAAGCCATTTTGGAAAAGCCTGAAAGCTTGGCTGT-3′, PM9 reverse
5′-ACAGCCAAGCTTTCAGGCTTTTCCAAAATGGCTTAAAGTGAGAGT-3′. The bolded and
underlined GCC on forward primers show the mutations. To mutate the Gal d 1 cDNA in pTrcHisA
vector, the above mentioned primers and the cDNA constructs (as template DNA) were subjected to a
polymerase chain reaction (PCR). The PCR reaction was set up according to Table 1. The PCR was
then run according to the cycling parameters outlined in Table 2. Following the PCR, the reaction was
digested with Dpn I for 5 min at 37 ◦C, to digest the non-mutated template DNA.

Figure 1. The nucleotide and amino acid sequence of Gal d 1. The squared cysteine (C) residues at
positions C192 and C210 are the targeted residues. These were replaced with alanine by mutating the
nucleotides to GCC.

Table 1. Mutagenic polymerase chain reaction (PCR) master mix components.

Reaction Component Volume Used (μL)

10× QuickChange Lightning Multi reaction buffer 2.5
Double-distilled water 15.5

Template DNA 1 (50 ng)
Mutagenic primers 1 of each primer (100 ng of each primer)

Deoxy-nucleoside triphosphate (dNTP) mix 1
QuickChange Lightning Multi enzyme blend 1

Total 25
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Figure 2. The secondary structure of Gal d 1 showing the total number of cysteine bridges. The two
arrows show the two cysteine bridges that would be destroyed by the mutations shown in Figure 1.
Figure adapted from: Kato et al., 1987 [1].

Table 2. Mutagenic PCR conditions.

Segment Cycles Temperature Time

1 1 95 ◦C 2 min

2 30
95 ◦C 20 s
55 ◦C 30 s
65 ◦C 3 min (30 s/kb of plasmid length)

3 1 65 ◦C 5

2.2. Chemical Transformation into E. coli

The mutated plasmids were then transformed into XL10-Gold ultracompetent E. coli cells
following manufacturer’s guidelines provided with the mutagenesis kit. The reaction was incubated
with 0.5 mL of pre-heated Luria broth (LB) media at 37 ◦C for 1 h at 250 rpm. The transformant
was then spread-plated on LB agar with 50 μg/mL ampicillin and incubated overnight at 37 ◦C.
The next day, 6 clones were grown in fresh LB media with ampicillin and grown overnight. The cells in
overnight cultures were pelleted by centrifuging at 13,000 rpm for 5 min and subjected to a mini-prep
(Qiagen, Hildon, Germany) to isolate the plasmid constructs following manufacturer’s guidelines.
The isolated plasmids of the six clones were sequenced to confirm the mutations. The sequences
were aligned and compared with wild-type Gal d 1 using the NCBI BLAST tool. The clones that had
the correct sequence and the mutations were then transformed into Express Iq chemically competent
E. coli cells (New England BioLabs, Boston, MA, USA) following manufacturer’s guidelines. The
transformants were plated on LB agar with ampicillin and incubated overnight at 37 ◦C. In addition
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to the mutant transformants plate, a sample of glycerol-stocked E. coli containing the wild-type
ovoumucoid construct was also plated on LB agar with ampicillin.

2.3. Time-Course Expression of Mutant Gal d 1 to Determine Optimum Expression Time

A single colony of the mutant Gal d 1 was grown overnight in LB media with 50 μg/mL ampicillin.
The overnight culture was then subcultured in 10 mL of fresh LB media and grown to mid-log phase
(OD600 0.4–0.6). A 1 mL sample of the cells was pelleted to be used as the unexpressed control (0 h)
of the time-course expression. Expression was then induced with 40 μL of IPTG and the cells were
incubated for 6 h at 37 ◦C with shaking at 250 rpm. A 1 mL sample was collected every one hour for
the 6 h period. The pellets collected at time points 0, 2, 4, 5 and 6 were lysed using 400 μL of Cell Lytic
B (Sigma Aldrich, Natick, MA, USA) lysis reagent and centrifuged at 13,000× g for 5 min to separate
the pellet (insoluble fraction) and the supernatant (soluble fraction). The two fractions were analysed
using SDS-PAGE and western blot according to the methods described in Dhanapala et al. 2015 [20].

2.4. Expression and Immunoblotting of Wild-Type and Mutant Gal d 1 Using Three Different
Detection Antibodies

The wild-type and mutant Gal d 1 were expressed in E. coli to their optimum time points
as determined by the time-course expressions (wild-type Gal d 1 optimum time was determined
in Dhanapala et al. 2015 [20]). Cells were pelleted and lysed using Cell Lytic B as previously
described. The soluble fractions of both proteins were run on SDS-PAGE in equal amounts
(15 μL), along with a molecular weight marker. A gap lane was left between the two proteins to
avoid any cross-contamination between the two variants. The SDS gel was then transferred on to a
nitrocellulose membrane to be used for western blotting. A total of five nitrocellulose membranes were
prepared this way, of which two would be used in the analysis described in Section 2.5. Three prepared
nitrocellulose membranes were subjected to Western blotting using three different antibodies that can
detect the expressed protein (e.g., anti-Xpress antibody, tetra-His antibody and penta-His antibody).

2.5. Immunological Analysis of Wild-Type vs. Mutant Gal d 1 Using Western Blot

The two remaining nitrocellulose membranes from Section 2.4 were used for immunoblotting
using egg allergic and non-allergic patients’ sera to test for IgE reactivity. In a previous study, we used
a pool of egg allergic patients’ sera and a pool of non-allergic patients’ sera for immunological analysis
of recombinant egg white proteins [20]. In this study we used the same pooled serum preparations
and incubated one membrane with allergic patients’ sera and the other with non-allergic patient’s
sera, and incubated overnight at 4 ◦C. The blots were then incubated with anti-human IgE (alkaline
phosphatase conjugated) secondary antibody produced in goat at a dilution of 1:1000. The bands were
detected using a chromogenic substrate as used in the Western blots described in Section 2.4.

3. Results

3.1. Mutagenesis of Gal d 1

Following site-directed mutagenesis to alter C192 and C210, six clones were sequenced to confirm
the mutations. Five of the six clones had only one mutation present. One clone had both of the
mutations at the expected locations of the sequence. When the wild-type Gal d 1 sequence was aligned
with the mutant Gal d 1 sequence on NCBI BLAST, it was seen that the TGC codons (cysteine) for C192
and C210 had been changed to GCC, which in turn codes for alanine.

3.2. Time-Course Expression of Mutant Gal d 1 to Determine Optimum Expression Time

The mutant Gal d 1 protein was expressed in E. coli following IPTG induction for 6 h, and pellets
were collected every 1 h, including one before IPTG induction. The pellets from time points 0, 2, 4, 5
and 6 were lysed and the soluble and insoluble fractions were analysed using SDS-PAGE and Western
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blot. The results show that the optimum expression time point for mutant Gal d 1 is 5 h (Figure 3B),
as compared to 2 h for wild-type Gal d 1 (Figure 3A) [20]. It can also be seen that the expression level
of mutant Gal d 1 decreased after 5 h.

Figure 3. Time-course expression of the mutant Gal d 1. A time-course expression of the wild-type Gal
d 1 (A) was previously published in Dhanapala et al. 2015 [20]. The mutant Gal d 1 (B) was subjected
to a time-course expression to determine its optimal expression time and conditions and was compared
to the wild-type Gal d 1 expression shown in (A).

3.3. Expression and Immunoblotting of Wild-Type and Mutant Gal d 1 Using Three Different
Detection Antibodies

The wild-type and mutant recombinant Gal d 1 proteins were expressed in LB until their
respective optimum time points by induction with IPTG. The proteins were analysed by SDS-PAGE
and Western blotting using three different antibodies (anti-Xpress, Tetra-His and Penta-His antibodies).
The SDS-PAGE shows that similar amounts of both proteins were loaded on to the gel (Figure 4).
The Western blots show that there was a slightly higher amount of mutant protein present on the
nitrocellulose membrane (Figure 4).

Figure 4. Immunoblot comparison of the wild-type and mutant Gal d 1 immobilised on nitrocellulose.
Three Western blots were conducted using His-tag–specific antibodies (Tetra-His & Penta-His) and
anti-Xpress antibody to compare the expression level of wild-type and mutant (PM7/9) Gal d 1.
SDS-PAGE shows the profile of the loaded proteins.
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3.4. Immunological Analysis of Wild-Type vs. Mutant Gal d 1 Using Western Blot

Two nitrocellulose membranes were prepared using the same samples used for the blots shown in
Figure 4. The two membranes were subjected to Western blotting using egg-allergic patients’ sera and
non-allergic sera. The egg-allergic patients’ sera blot showed reduced binding (lighter colouration) for
the mutant Gal d 1 lane when compared to the wild-type Gal d 1 (Figure 5). The non-allergic sera blot
showed no detectable bands in either of the lanes representing wild-type or mutant Gal d 1 (Figure 5).

Figure 5. Immunological comparison of IgE reactivity of wild-type and mutant Gal d 1. Western blots
were conducted, with exactly the same amount of proteins loaded against egg-allergic and non-allergic
patients’ sera. Anti-human IgE produced in goat was used as the secondary antibody. Non-allergic
controls were used to test for any non-specific binding of secondary antibody. The blots show a loss of
IgE reactivity in the mutant PM7/9.

4. Discussion

Hypersensitivity to chicken egg white is mainly caused by four major egg white allergens.
Of these, Gal d 1 is known to be the most allergenic protein. Gal d 1 is known to cause hypersensitivity
in its natural or cooked form. This may primarily be due to its rigid tertiary structure which allows
it to withstand harsh conditions such as heat and stomach/digestive acids. Due to the lack of an
effective curative treatment, strict avoidance is currently the standard method of managing egg allergy.
However, this strategy is not feasible due to the difficulty in achieving complete egg avoidance and
the high nutritional value of eggs in a balanced diet, especially for children. Induction of tolerance
to allergens is a well-established strategy for treatment of different types of allergies such as insect
venom or pollen allergy. Immunotherapy, specifically oral immunotherapy (OIT), which is a type
of allergen-specific immunotherapy (SIT), has been explored for the induction of tolerance to food
allergens. OIT involves feeding a patient increasing amounts of raw or cooked versions of the allergen
source, in order to induce desensitization or long-lasting tolerance to the allergen [21]. One barrier
to implementation of OIT in the clinical setting is the high rate of adverse reactions necessitating
discontinuation of therapy, which primarily involve immediate allergic reactions to the allergen [14,15].
Recombinant versions of allergens offer an approach to reduce adverse reactions, thereby allowing
improved effectiveness [22]. These recombinant allergens are purer and free from contamination
from other allergens of the food source, and thus may also be useful for the diagnosis of allergy
(e.g., skin prick tests or immunoassay).

213



Nutrients 2017, 9, 171

Food allergies, including allergy to chicken egg, may sometimes cause severe reactions such
as anaphylaxis. In such patients, use of natural allergens for diagnosis or immunotherapy may
be associated with unwanted allergic reactions. Therefore hypoallergenic, or less allergenic,
versions of allergens would be useful in such patients with severe allergic reactions. Production
of hypoallergenic variants has been rigorously pursued in allergy research, for example the production
of a hypoallergenic variant of the major latex allergen Hev b 6.01 by site-directed mutagenesis by Drew
et al., 2004 [19], and the development of a vaccine using hypoallergenic derivatives of the birch pollen
allergen Bet V 1 by Niederberger et al., 2004 [23]. In this study, we developed a hypoallergenic variant
of the major egg white allergen Gal d 1 (Gal d 1) which showed reduced IgE reactivity when compared
to its wild-type counterpart.

For mutagenesis, it was decided to use alanine as a replacement for cysteine residues at C192 and
C210 because it is the most common amino acid that does not have extreme electrostatic or steric effects
on the conformation of the protein [24]. The sequencing result of the six clones post-mutagenesis
showed that five clones had only one of the desired mutations present. The mutagenesis kit used in
this study allowed introducing multiple mutations in a single reaction. Therefore, the low efficiency
can be attributed to factors such as the quality of the template DNA or the efficiency of the mutagenic
primers. Nevertheless, one clone had both of the desired mutations at C192 and C210, replacing TGC
codons (cysteine) with GCC (alanine). The Gal d 1 secondary structure is made up of three tandem
domains (I–III), with domain III showing high IgE reactivity [25]. By targeting C192 and C210,
we aimed to destroy two cysteine-cysteine disulphide bridges in domain III, thus altering its
conformation. We hypothesised that altering the conformation of domain III may have a significant
effect on IgE reactivity of the whole protein.

The mutant Gal d 1 was successfully expressed in E. coli. A time-course expression was conducted
to determine the optimum time point for the expression of the mutant protein. We previously reported
that the wild-type recombinant Gal d 1 was best expressed at 2 h post-induction with IPTG [20].
However, the expression pattern of the mutant protein was different to that of the wild-type, as shown
in Figure 3. The mutant protein’s expression level increased with time up until 5 h, as opposed to the
wild-type protein’s which showed a reduction in expression after 2 h. Similar to the wild-type, the
mutant was highly expressed in the insoluble fraction, indicating that the expression of the protein
causes the formation of inclusion bodies in E. coli. Nonetheless, the amount expressed in the soluble
fraction was sufficient for the remainder of this study.

When analysing two proteins on an immunoblot to compare their reactivity for an antibody,
it is essential to immobilise similar amounts of the two proteins. When comparing recombinant
proteins, it is crucial that the proteins are purified to allow loading of similar amounts of proteins
to a gel to be transferred on to a nitrocellulose membrane. In this study, we did not have purified
recombinant versions of the wild-type or mutant Gal d 1. Therefore, after inducing expression until
the optimum time point of each variant, we loaded similar volumes of the crude E. coli extracts onto
gels, transferred on to nitrocellulose and subjected to detection using different antibodies to confirm
that both proteins are expressed and loaded at similar quantities. When analysed on SDS-PAGE
and Western blotted using Anti-Xpress, Tetra-His and Penta-His antibodies, it was evident that there
was more of the mutant protein immobilised on the nitrocellulose membrane when compared to
the wild-type protein. This was not a significant issue as we were testing the IgE reactivity of the
mutant against the wild-type Gal d 1. It was only vital to ensure that the wild-type protein did not
exceed the amount of mutant protein on the membrane. Following the aforementioned immunoassays,
the two proteins were compared against each other for IgE reactivity using egg-allergic patients’ sera.
The blot in Figure 5 clearly shows that there is a significantly visible reduction of IgE reactivity in
the mutant protein, although there is more of the mutant protein immobilised on the membrane.
One may argue that the IgE in the sera may have attached/reacted to E. coli protein; however, we have
previously shown that the IgE in the egg-allergic sera we used did not react to E. coli proteins [20].
The membrane incubated with non-allergic sera showed no bands, indicating that the secondary
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antibody, anti-human IgE produced in goat, does not non-specifically bind to the recombinant proteins.
Furthermore, breaking down and accumulation of the protein was evident by the presence of multiple
bands on the immunoblots on Figure 4. The presence of less bands in the Penta-His antibody blot,
compared to Tetra-His, can be attributed to the detection of proteins broken down at the histidine tag
by the Tetra-His antibody.

This study shows that disruption of only two out of nine cysteine-cysteine bridges in Gal d 1 by
targeting C192 and C210 significantly reduces its reactivity to egg-specific IgE. The result also suggests
that the structure of the protein plays a crucial role in its allergenecity. This mutant Gal d 1 has the
potential to be used in safer egg oral immunotherapy. This study provides preliminary results for
future research involving the production of hypoallergenic variants of egg allergens, in particular
Gal d 1. The result obtained from this study should be followed by further in vitro and in vivo
experimentation. The foremost next step is purification of the protein from the soluble fraction of E. coli.
We have expressed the protein with a 6× histidine tag; therefore, nickel affinity purification techniques
can be utilsed for this purpose. The purified protein can then be used in B-cell and T-cell activation
tests/assays. T-lymphocytes (T-cells) are known to be important in allergic desensitization [26,27];
therefore, it is imperative to test the ability of the hypoallergenic Gal d 1 produced in this study to
stimulate T-cells. Animal models also play a pivotal role in food allergen research [28], and therefore it
should be suggested that the hypoallergenic Gal d 1 we produced should undergo animal model–based
experimentation prior to clinical testing. We have previously shown that Gal d 1 is more reactive
in comparison to other allergens when tested against egg-allergic patients’ sera [20]. In addition,
the same study showed that patients show reactivity to more than one allergen, even the patients
showing high reactivity to Gal d 1. Therefore, it should be highlighted that a hypoallergenic variant of
Gal d 1 is only useful for reducing allergic response in patients allergic to multiple allergens during
immunotherapy, rather than complete abolition of reactivity, thus showing the importance of research
into the development of hypoallergenic variants of other allergens in the egg.

5. Conclusions

In summary, we have successfully produced a hypoallergenic variant of the major egg white
allergen Gal d 1 by disrupting two cysteine-cysteine bridges using site-directed mutagenesis.
This hypoallergenic variant, upon purification and further immunological analysis, may be used
as an excellent constituent in future immunotherapy vaccines for egg allergy.
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Abstract: Evidence suggests that reduced intake of fruit and vegetables may play a critical role in
the development of asthma and allergies. The present review aimed to summarize the evidence for
the association between fruit and vegetable intake, risk of asthma/wheeze and immune responses.
Databases including PubMed, Cochrane, CINAHL and EMBASE were searched up to June 2016.
Studies that investigated the effects of fruit and vegetable intake on risk of asthma/wheeze and
immune responses were considered eligible (n = 58). Studies used cross-sectional (n = 30), cohort
(n = 13), case-control (n = 8) and experimental (n = 7) designs. Most of the studies (n = 30) reported
beneficial associations of fruit and vegetable consumption with risk of asthma and/or respiratory
function, while eight studies found no significant relationship. Some studies (n = 20) reported
mixed results, as they found a negative association between fruit only or vegetable only, and asthma.
In addition, the meta-analyses in both adults and children showed inverse associations between
fruit intake and risk of prevalent wheeze and asthma severity (p < 0.05). Likewise, vegetable intake
was negatively associated with risk of prevalent asthma (p < 0.05). Seven studies examined immune
responses in relation to fruit and vegetable intake in asthma, with n = 6 showing a protective effect
against either systemic or airway inflammation. Fruit and vegetable consumption appears to be
protective against asthma.

Keywords: fruit; vegetable; antioxidant; asthma; wheezing; immune response

1. Introduction

Asthma is a chronic inflammatory lung disease, associated with airway constriction, inflammation,
bronchial hyper-responsiveness (BHR), as well as respiratory symptoms such as coughing, wheezing,
dyspnoea and chest tightness. The rise in incidence, prevalence and related medical and economic costs
of asthma across all age groups is a public health concern [1]. In Australia, one in every 10 adults has
asthma. It has been estimated that currently about 300 million people suffer from asthma worldwide,
with 250,000 annual deaths related to the disease. It is also estimated that the prevalence of asthma
will grow by more than 100 million by 2025 [2]. Asthma is the consequence of complicated interactions
between genetics and environmental factors. In genetically susceptible people, such interactions
can lead to the development of airway inflammation, atopy and/or BHR [3]. Environmental factors
including tobacco smoke, allergen exposure, pollen, mites, air pollution, chemical sprays, high ozone
levels, broad-spectrum antibiotic usage during the first years of life, small size at birth, having few
siblings, as well as respiratory infections such as Rhinovirus (RV) can play a major role in developing
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asthma exacerbations [4,5]. The considerable morbidity related to asthma may be ameliorated by
addressing modifiable risk factors such as diet [6]. It has been suggested that the increased prevalence of
asthma in recent decades may be associated with changes in dietary habits since the 1950s—particularly,
deficiency in dietary antioxidants [7]. The Western diet has shifted towards less fruit and vegetables,
and high intakes of convenience foods that are low in fibre and antioxidants and rich in saturated
fats [8,9].

Oxidative stress plays a major role in the pathophysiology of asthma, due to chronic activation
of airway inflammatory cells [10]. There is ample evidence that oxidative stress can have various
deleterious effects on airway function, including airway smooth muscle contraction, induction of
BHR, mucus hypersecretion, epithelial shedding and vascular exudation [11,12]. Moreover, reactive
oxygen species (ROS) can activate transcription factor nuclear factor-kappa B (NF-κB), which results
in a cascade of events involving upregulation of the transcription of various inflammatory cytokine
genes, such as interleukin-6 (IL-6) and eventually influx and degranulation of airway neutrophils [8].
Fresh fruit and vegetables provide rich sources of antioxidants and other biologically active substances
(such as flavonoids, isoflavonoids and polyphenolic compounds) [12]. Studies have shown that diets
with low average consumption of fruit and vegetables play a major role in the development of allergic
diseases [1,7], and may augment oxidative stress in asthma [13]. Antioxidants can reduce airway
inflammation via protecting the airways against oxidants by both endogenous (activated inflammatory
cells) and exogenous (such as air pollution, cigarette smoke) sources [7]. Moreover, dietary antioxidants
present in fruit and vegetables can scavenge ROS, and thus inhibit NFκB-mediated inflammation,
while diets low in antioxidants have reduced capacity to respond to oxidative stress [8].

Currently available asthma medications, such as glucocorticoids, are ineffective in some cases such
as viral-induced exacerbations [14]; and prolonged treatment with these therapeutic agents can result
in adverse effects, such as pneumonia, cataracts, and osteoporosis [15]. Therefore, non-pharmacological
interventions are required to reduce the burden of asthma in both adults and children. Understanding
the roles of dietary nutrients in asthma and asthma-related complications may help in the management
of this chronic inflammatory disease. Hence, a systematic review of the intake of fruits and vegetables
and their effects on immune responses and asthma risk is of interest. This paper aimed to describe
studies investigating the effects of fruit and vegetable consumption on risk of asthma and wheezing
and immune responses (including immune responses to virus infection and inflammation) in asthma
and wheezing.

2. Methods

2.1. Search Strategy

PubMed, Cochrane, CINAHL and EMBASE databases were included in the literature search,
which was conducted in June 2016, including all previously published articles. Studies were limited to
humans with no language restrictions. Additional studies were identified by hand searching references
from the identified studies. See Figure 1 for an example of the search strategy.

2.2. Study Selection

Only original studies with the following designs were included: randomized controlled trials,
quasi-experimental studies, cohort studies, case-control studies, before and after studies, and cross
sectional studies. Case studies, case reports, animal studies, opinion papers, in vitro studies and
conference abstracts were excluded. Review articles were collected for the purposes of reviewing
the reference list and did not contribute to the final number of included studies. The target study
population was human of all age, gender or ethnicity, with asthma, wheeze, airway inflammation
or other related respiratory symptoms. The exposure of interest was intake of whole or extracted
fruit and vegetables. The study outcome measures were respiratory virus infection including human
rhinovirus, influenza virus, corona virus and adenovirus; markers of systemic inflammation such as ILs,
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C-reactive protein, tumour necrosis factor-α and intercellular adhesion molecule 1; and related clinical
outcomes including respiratory function such as forced expiratory volume in one second (FEV1),
forced vital capacity (FVC), asthma control and symptoms such as dyspnoea, coughing, wheezing and
chest tightness.

Figure 1. Example of search strategy using PubMed for studies investigating the effects of fruit and
vegetable consumption on immune responses (including immune responses to virus infection, and
inflammation) and clinical outcomes in asthma.

Citations from literature databases were imported into referencing software Endnote X7.7
(Clarivate Analytic, Philadelphia, PA, USA). All studies retrieved by the search strategy were initially
assessed for relevance to the review based on the title using inclusion and exclusion criteria. Articles
considered not relevant based on title were coded NR (not retrieve) with the reason noted. Articles
considered relevant, or unclear were coded R (retrieve). Further assessments of the retrieved articles
were according to the abstract, keywords and MeSH terms, using the inclusion and exclusion criteria.
Again, articles were coded as either NR with the reason or R. Retrieved full text articles were then
assessed for inclusion criteria. If there was doubt as to whether an article met the defined inclusion
criteria according to the title, abstract, keywords and MeSH term, the full article was assessed
for clarification.

2.3. Study Quality

Eligible studies were assessed in terms of the methodological quality based on a standardised
critical appraisal checklist designed by the American Dietetic Association [16]. The tool considered the
reliability, validity, as well as generalisability of the included studies. No study was excluded due to
poor quality. The two reviewers (BH and BB) then made final decisions on the included studies by
cross-checking results. In cases of disagreement on the inclusion of a study, the other independent
reviewers decided on the inclusion or exclusion of the study. Studies that were excluded at this stage
were recorded with the reason noted.

2.4. Data Extraction and Study Synthesis

Study details were extracted and recorded into a custom-designed database. Data extracted
included title, authors, country, study design, participant characteristics, study factor (e.g., dosage/
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dietary intake of fruits and vegetables), main outcome measures, findings including statistical
significance, analysis with adjustment for confounding factors, and limitations.

2.5. Statistical Methods

A meta-analysis was used to evaluate the association between fruit and vegetable intake and risk
of asthma and/or wheezing. Only studies that met the following inclusion criteria were included in
the meta-analysis: (a) fruit and vegetable intake reported; (b) the odds ratio (OR) or the relative risks
and the corresponding 95% confidence intervals (CI) were reported. However, due to the heterogeneity
of study designs and differences in exposure and outcome assessments, meta-analysis of all of these
studies were not possible. The analysis was performed for the total number of adults and children
together, and pregnant women. To assess the risk of asthma and/or wheezing, the risk estimate
from each study, weighted by the inverse of variance, was pooled. Appreciable heterogeneity was
assumed if I2 > 50 and p < 0.1. Meta-analysis was performed using random effect modelling if
I2 > 50 and fixed effect modelling was used if I2 < 50. Most studies assessed dietary intake with a
validated food frequency questionnaire (FFQ), and other studies used a dietary habit questionnaire,
food diaries or 24 h recall. Some studies used an FFQ with limited fruit and vegetable items such
as Rosenlund et al. [17], while other studies used an FFQ which included over 50 items, such as
Shaheen et al. [18] (>200 items), Romieu et al. [19] (108 items), and Protudjer et al. [20] (72 items).
In addition, some of the FFQs were modified for use in children [21]. Since the included studies used
different methods in reporting fruit and vegetable intake (i.e., >4 times/week vs. never, quartile 4
vs. quartile 1, daily intake vs. never, etc.), in order to include more studies in the meta-analysis, two
terms were defined: high fruit and/or vegetable intake (the group that had the highest intake of fruit
and vegetables in each study) vs. low fruit and/or vegetable intake (the group that had the lowest
intake of fruit and vegetables in each study). Tables 1–3 show how the variables are contrasted in
different studies.

3. Results

Initially, 3194 abstracts were identified by the search strategy. After removing duplicates and
screening the titles, 142 articles were retrieved for abstract review. Based on the abstracts, 80 articles
were excluded based on outcomes (n = 16), exposures (n = 26) or study design (n = 38). After reviewing
the full-texts, five articles were excluded as fruit and vegetable intakes were not reported, and also one
study was additionally included during the review process. Finally, Fifty-eight articles were included
in the review (Figure 2).

3.1. Characteristics of Included Studies

More than half of the studies were performed in children (n = 28), adolescents (n = 3) or both
(n = 10), with only 17 conducted in adults. Cross-sectional design was most commonly used (Table 1)
with 8 case-control studies (Table 2), 13 cohort studies (Table 3) and 7 clinical trials (Table 4). The
majority of studies were conducted in UK (n = 8) [1,18,22–27], but also in Australia (n = 5) [28–32],
Greece (n = 5) [13,33–36], Spain (n = 4) [37–40], Italy (n = 4) [9,41–43], Brazil (n = 3) [44–46], Netherlands
(n = 3) [21,47,48], USA (n = 3) [9,49,50], Canada (n = 2) [20,51], Finland (n = 2) [52,53], India (n = 2) [54,55],
Japan (n = 2) [56,57], Mexico (n = 2) [19,58] Sweden (n = 2) [17,59], Taiwan [60,61] (n = 2), Albania [62],
China [63], Colombia [64], Germany [7], Ireland [65], Norway [66], Portugal [67], Saudi Arabia [68],
and Singapore [69]. In addition, one study [70] used data from 20 countries. A total of 496,741
participants were included from cross-sectional studies, 2139 cases and 2739 controls from case-control
studies, 105,789 individuals with the mean follow-up of 9.53 years from cohort studies. In total,
7109 participants were included in clinical trials with a mean intervention period of 141 days ranging
from 3 to 365 days. The methodological quality of 41 studies was positive, and 16 studies were neutral.
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Figure 2. Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flowchart of
studies to include in systematic review of the association between fruit and vegetable intake and asthma.

3.2. Studies Conducted in Adults

Four cohort [22,52,58,59], two case-control [18,23], eight cross-sectional
studies [31,32,42,55,57,62,67,69] and three experimental trials [28–30] assessed the association
of fruit and vegetable intake and asthma or asthma-related symptoms in adults. Fruit and
vegetable intake was reported to have beneficial associations with wheeze, or asthma in eight
studies [18,22,28,29,42,55,59,62]; one study [69] found no significant relationship; and eight
studies [23,30–32,52,57,58,67] reported mixed results. Most of the studies measured total fruit and
vegetable intake; however, one cross-sectional study examined only vegetable intake [42], three cohort
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studies assessed only fresh fruit intake [22,59], and one study [52] analysed the consumption of orange,
apple, grapefruit, onion, white cabbage, berries, and juices.

3.2.1. Cohort Studies

In terms of prospective studies, two studies [22,59] reported fruit and vegetable intake was
inversely associated with asthma. Likewise, Knekt et al. [52] found that higher dietary flavonoid intake
(measured by intakes of orange, apple, grapefruit, onion, white cabbage, berries, juices) was associated
with lower incidence of asthma. The strongest associations were noted for apple and orange intakes
and asthma. Another study [58] reported inverse associations between intakes of tomato, carrots, leafy
vegetables and asthma. No cohort studies in adults reported associations between fruit and vegetable
intake and immune function in asthma.

3.2.2. Case-Control Studies

Two case-control studies [18,23] reported that fruit and/or vegetables intake was inversely
associated with asthma risk in adults. No case-control studies in adults reported associations between
fruit and vegetable intake and immune function in asthma.

3.2.3. Cross-Sectional Studies

In line with these findings, a cross-sectional study by La vecchia et al. [42] reported that vegetable
consumption was inversely associated with bronchial asthma. While Priftanji et al. [62] reported
that fruit and vegetable intake between meals can have protective effects against possible allergic
asthma. Another cross-sectional study [31] showed that apple and pear intake was inversely associated
with current asthma, ever asthma, and BHR, and no significant association was observed regarding
vegetable intake and asthma. In contrast, another cross-sectional study [69] failed to observe any
significant association between fruit and vegetable intake and FEV1 and FVC. Barros et al. [67] found no
significant associations between fruit and vegetable intake and exhaled nitric oxide (FENO) in adults.

3.2.4. Experimental Trial

We have previously investigated the effects on both lung function and airway inflammation
following a LOA (low antioxidant) diet, which involved restriction of dietary fruit and vegetable
intake [28]. FEV1 and FVC % predicted values decreased (p < 0.01) and sputum neutrophils % increased
(p < 0.05) following the diet. The study also reported that treatment with tomato juice and tomato
extract reduced airway neutrophils and sputum neutrophil elastase activity. Similarly, Baines et al. [29]
showed that antioxidant withdrawal, via fruit and vegetable restriction, leads to upregulation of
genes involved in the inflammatory and immune responses including the innate immune receptors
TLR2, IL1R2, CD93, ANTXR2, and the innate immune signalling molecules IRAK2, 3, MAP3K8 and
neutrophil proteases. In another trial [30], we found that subjects on a LAO diet (involving fruit
and vegetable restriction) were 2.26 times as likely to have an asthma exacerbation at any time in
comparison with the high antioxidant diet group. Lung function also decreased following antioxidant
withdrawal in this study. There were no improvements in airway and systemic inflammation, lung
function and asthma control after tomato extract supplementation in this study.
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3.3. Studies Conducted in Children and Adolescents

Forty-one studies including nine cohort [21,33,37,41,47,48,53,56,65], six case-control [19,20,44,45,49,68],
22 cross-sectional studies [1,7,9,13,17,26,27,34–36,39,40,43,46,50,51,54,61,63,64,66,70], and four experimental
trials [24,25,38,60] assessed the effects of fruit and vegetable intake on asthma or asthma-related
symptoms in children and adolescents. An inverse association of fruit and vegetable intake and asthma
or wheeze was reported in 22 studies [1,9,13,19,21,26,33,35,38,39,41,43,45,49,50,54,60,63,65,66,70,71],
while seven studies [7,24,27,34,36,53,56] did not observe any significant association.
Twelve studies [17,20,37,40,44,46–48,51,61,64,68] found mixed results. Four studies [9,19,25,49]
reported on immune responses to fruit and vegetable intake in children in relation to asthma, with
all studies showing a protective effect on systemic or airway inflammation. The majority of studies
analysed total fruit and vegetable intake, though five cross-sectional studies assessed the consumption
of fruit only [1,27,43,64] or citrus fruit plus vegetables [7]. Additionally, one cohort study [41] assessed
the intake of cooked vegetables, salads, tomatoes, fresh fruit, citrus fruit and kiwi, and one birth cohort
study [53] measured food-based antioxidant intake.

3.3.1. Cohort Studies

In a one-year prospective study [41], intake of tomatoes and all fruits and citrus fruit alone had a
protective effect on shortness of breath. Similarly, a cohort study [33] that followed children from birth
up to 18 years of age reported that daily consumption of fruit and vegetables over the last 12 months
was inversely associated with current asthma at 18 years. Another birth cohort study [48] showed
that intakes of fresh fruit were inversely associated with asthma symptoms, while, no significant
association was observed between cooked vegetable intake and asthma symptoms. No cohort studies
in children reported associations between fruit and vegetable intake and immune function in asthma

Four cohort studies addressed the association between maternal fruit and vegetable intake during
pregnancy and risk of asthma-related outcomes in their children. One study [65] reported an inverse
association between asthma incidence in children and maternal fruit and vegetable intake in pregnancy.
Another study [21] reported that maternal apple intake had protective effects on ever wheeze, ever
asthma, and doctor-confirmed asthma in the children; however, no consistent associations were
observed between childhood outcomes and maternal vegetable consumption. In contrast, a study
conducted by Chatzi et al. [37] showed that consumption of vegetables more than eight times per
week was inversely correlated with persistent wheeze, while, no association was found regarding fruit
intake and wheeze. Two studies [53,56] found no significant association regarding maternal fruit or
vegetable intake and risk of wheeze in the offspring. Willers et al. [47] demonstrated that fruit intake
had a borderline significant association with wheeze. This study also reported that vegetable intake
was positively associated with asthma symptoms in children.

3.3.2. Case-Control Studies

In terms of case-control studies, four studies [20,44,49,68] reported that consumption of vegetables
was negatively associated with odds of asthma; however, no difference was observed regarding fruit
intake among the groups. In contrast, one study [45] found that regular consumption of fruit in the last
month was associated with lower risk of having persistent asthma, while there was no difference in
vegetable consumption between the two groups. A follow-up case-control study by Romieu et al. [19]
reported that the fruit and vegetable index (FVI) was positively related to FEV1 and FVC. A 1-point
increase in FVI was associated with a 105 mL (nearly 5%) increase in FVC. For each one-unit increase
in FVI there was a significant decrease in IL-8 levels in nasal lavage. Similarly, a recent study [49]
reported that increased vegetable consumption is negatively associated with serum IL-17F.
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3.3.3. Cross-Sectional Studies

The majority of cross-sectional studies reported beneficial associations of fruit and vegetable
intake with lung function (FEV1 and FVC) [26,50], wheeze [13,35,43,54] and asthma [1,9,39,63,66] as
well as with FENO levels [9] as a marker of eosinophilic airway inflammation. However, some studies
did not observe any association between fruit and vegetable intake and asthma in children [7,17,27,36].
Several cross-sectional studies found an inverse association between vegetable consumption and
asthma-related symptoms, although, they did not observe any significant association regarding
fruit intake and asthma [37,40,51,61]. In contrast, a recent study [46] reported fruit intake was
inversely related to odds of asthma, while, no association was found between vegetable intake and
asthma. Garcia et al. [64] found a negative association between fruit intake and asthma in adolescents.
An international study of 20 countries [70] reported consumption of cooked green vegetables and raw
green vegetables was significantly associated with fewer wheezers in non-affluent countries, and fruit
intake was associated with a low prevalence of current wheeze in affluent and non-affluent countries.

3.3.4. Experimental Studies

Lee et al. [60] described a 16-week trial of 192 children with asthma who received fruit and
vegetable capsules + fish oil + probiotic vs. placebo and reported the supplement group had a
significantly higher increase in FEV1, FVC and FEV1:FVC ratio compared to placebo. The proportion of
children using inhaled glucocorticoids decreased following the supplementation, though increased in
the placebo group. In another trial by Garcia et al. [25] 32 asthmatic children were randomly allocated
to one of four groups: having an apple or a banana or an apple + banana in addition to their normal
diet, or the control group (usual diet). The study reported 18% lower FeNO levels in Groups 2 (adding
banana) and 3 (adding banana + apple) following the intervention. In a study by Calatayud et al. [38],
104 children aged 1–5 years with current asthma participated in a nutritional education programme
based on the traditional Mediterranean diet for one year. The authors reported that fruit and vegetable
intake increased significantly with a concomitant decrease in inhaled glucocorticoids use. In contrast,
a one-year trial by Fogarty et al. [24] conducted in asthmatic children found that there was no difference
in the prevalence of wheezing, exercise-induced wheeze, or nocturnal cough between children who
were instructed to add an extra piece of fruit to their diet compared to the control group.

3.4. Findings from Meta-Analysis

Primary prevention studies that reported the OR associated with the risk of prevalent
asthma/wheeze were analysed separately to secondary prevention studies that reported the OR
associated with asthma severity (n = 2) or wheeze severity (n = 1). Meta-analyses of 17 primary
prevention studies revealed no significant association between fruit intake and risk of prevalent
asthma (OR = 0.98; 95% CI: 0.96–1.0, p = 0.09, I2 = 8) (Figure 3). However, intake of fruit was inversely
associated with the severity of asthma in secondary prevention studies [45,67] (OR = 0.61; 95% CI:
0.44–0.87, p = 0.005, I2 = 0) (Figure 4). Vegetable intake was negatively related to the prevalence of
asthma (OR = 0.95; 95% CI: 0.92–0.98, p = 0.003, I2 = 8) (Figure 5), while it was not related to the
severity of asthma in secondary prevention studies [45,67] (OR = 1.11; 95% CI: 0.63–1.94, p = 0.72,
I2 = 0) (Figure 6). Fruit intake was also negatively associated with risk of prevalent wheeze
(OR = 0.94; 95% CI: 0.91–0.97, p < 0.0001, I2 = 0%) (Figure 7). However, no significant relationship
was found between vegetable intake and risk of prevalent wheeze (OR = 0.98; 95% CI: 0.94–1.03,
p = 0.41, I2 = 0%) (Figure 8). Meta-analysis of the association between total fruit and total vegetable
intake with the severity of wheeze was not possible as there was only one secondary prevention
study [37]. A meta-analysis of six primary prevention studies that reported fruit and vegetable intake
together showed no significant relationship with the risk of prevalent asthma (OR = 0.90; 95% CI:
0.80–1.01, p = 0.07, I2 = 65%) (Figure 9). No meta-analysis was possible for immune markers as well as
respiratory infection, due to the lack of available studies. Moreover, meta-analysis on the association
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between fruit and/or vegetable intake and respiratory function was not possible, as studies used
heterogeneous methods in reporting these outcomes.

Figure 3. Meta-analysis of the association between fruit intake and risk of prevalent asthma.

Figure 4. Meta-analysis of the association between fruit intake and severity of asthma.
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Figure 5. Meta-analysis of the association between vegetable intake and risk of prevalent asthma.

Figure 6. Meta-analysis of the association between vegetable intake and severity of asthma.
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Figure 7. Meta-analysis of the association between fruit intake and risk of prevalent wheeze.

Figure 8. Meta-analysis of the association between vegetable intake and risk of prevalent wheeze.
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Figure 9. Meta-analysis of the association between fruit and vegetable intake and risk of
prevalent asthma.

4. Discussion

This systematic review and meta-analysis is the first aimed at investigating the effects of fruit and
vegetable consumption on risk of asthma and wheezing and immune responses (including immune
responses to virus infection and inflammation) in asthma and wheezing. We found that the majority of
studies (n = 8 in adults and n = 22 in children) reported a protective effect of a high fruit and vegetable
diet on asthma and/or wheeze. Twenty studies (n = 8 in adults and n = 12 in children) reported mixed
results, as they found a negative association between intake of fruit only or vegetable only and risk
of asthma and/or wheeze. Eight studies (n = 1 in adults and n = 7 in children) failed to show any
beneficial effects of fruit and vegetable intakes on risk of asthma and wheeze. In the meta-analysis, fruit
intake was not associated with the risk of prevalent asthma (p > 0.05); however, a negative relationship
was observed between consumption of fruit and asthma severity. Intake of vegetables was inversely
associated with the prevalence of asthma, while there was no association in secondary prevention
studies. In addition, fruit intake was negatively associated with the risk of prevalent wheeze, while
no significant relationship was found between vegetable consumption and wheeze prevalence. Fruit
and vegetable intake together showed no significant relationship with the risk of prevalent asthma.
Meta-analyses of immune response parameters and respiratory infections were not possible due to
lack of studies reporting on these markers.

Several mechanisms for the protective effects of fruit and vegetables on asthma and lung function
have been suggested. Fresh fruit and vegetables are rich dietary sources of antioxidants such as
vitamin C, E and β-carotene as well as flavonoids, isoflavonoids and polyphenolic compounds [1,7].
It has been reported that oxidative stress is elevated in asthma and increases further during acute
asthma exacerbations [72–74], so a high intake of antioxidants may be beneficial. Vitamin C is a major
antioxidant in the extracellular respiratory lining fluid that protects immune cells from oxidative stress,
and may also contribute to lung growth and development and reduce airway hyper-reactivity, both
of which are determinants of childhood and adult lung function [50]. The potential for vitamin C to
prevent asthma-related outcomes is illustrated by a cross-sectional study that documents the protective
effects of dietary vitamin C against wheezing and shortness of breath [43]. Vitamin E can be found in
various fruits and vegetables, including corn, tomato, spinach, broccoli, kiwifruit, and mango [75]. One
study reported that consumption of vitamin E was negatively correlated with forced expiratory flow,
which is a measure of small airway flow [50]. Another group of low molecular weight antioxidants
found in fruits and vegetables are carotenoids. Lycopene, present in high concentrations in tomatoes,
red fruits, watermelons, apricots and pink grapefruit, is the most potent antioxidant among the
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carotenoids [76]. It has been suggested that oral intakes of lycopene reduce both oxidative stress and
the pathophysiological features of asthma such as airway smooth muscle contraction, induction of BHR,
and mucus hypersecretion [76]. Flavonoids are a group of polyphenols found in fruits and vegetables
that have potent antioxidant as well as anti-inflammatory effects. One study showed that the incidence
of asthma was lower at higher total intakes of flavonoids [52]. Moreover, it has been reported that a
specific type of flavonoid, called “khellin”, was used traditionally in asthma treatment because of its
bronchodilator activity [52]. It is likely that the positive effects of fruit and vegetables can be attributed
to the combination of these nutrients, which are present in high concentrations in this natural food
source. Moreover, evidence indicates that paediatric asthma, which is allergic in 80% of cases [77], may
benefit from fruit and vegetable intake, as several studies reported lower rates of wheezing and allergic
rhinitis in children who consumed antioxidant-rich foods daily [36,48,78]. Similarly, high antioxidant
intake is related to enhanced pulmonary function and reduced chronic respiratory symptoms in
children, especially those exposed to high amounts of air or smoke pollution [36]. Studies also suggest
that antioxidants might affect immune function and allergic reactions [36,78]. A study of school-aged
children [79] reported that asthma and allergic rhinitis were inversely correlated with serum levels of
antioxidants compared to healthy children. Similar results were also observed in adults [80].

This systematic review has highlighted the lack of available data regarding the effects of fruit
and vegetable intake on immune responses in asthma. Asthma is a chronic inflammatory disease,
involving activation of a variety of immune cell types and increased oxidative stress. Oxidative stress
occurs in asthma due to the excessive release of free radicals from activated inflammatory cells and
is regarded as one of the critical factors involved in the chronic inflammatory process in both the
airways and in the systemic circulation of asthmatics [9,11,74]. Viral respiratory infections are a key
contributor to inflammation and oxidative stress in asthma and it has been shown that innate immune
responses are impaired in asthmatic adults and children [81], therefore, patients with asthma are more
vulnerable to virus infections compared with non-asthmatic controls [81,82]. Consequently, food such
as fruits and vegetables, which have the potential to reduce inflammation and oxidative stress due
to their anti-inflammatory and anti-oxidative properties, may be beneficial in asthma. Data from
three observational studies [9,19,49] in children examined the association between fruit and vegetable
intake and inflammation. In each case, there was an association between airway and/or systematic
inflammation and intake of fruit and/or vegetable. A cross-sectional study by Cardinale et al. [9]
reported that salad intake was negatively associated with FENO levels. Similarly, an inverse association
between fruit and vegetable intake and IL-8 levels in nasal lavage [19], and between vegetable intake
and serum IL-17F [49] was reported by two case-control studies. Only one intervention study in
children [25] has examined effects of fruit on inflammation, and reported that having a banana or a
banana and apple for one month resulted in a statistically significant 18% reduction in FENO levels.
However, fruit and vegetable intake was not related to FENO levels in adults [67]. In addition, two
intervention studies have examined the effect of withdrawal of antioxidant-rich foods (in particular
fruit and vegetables) from the diet, on immune responses in adults with asthma [28,30]. In one
study, antioxidant withdrawal resulted in increased airway neutrophils [28] and upregulation of
inflammatory and immune response genes in sputum cells, including the innate immune receptors
TLR2, IL1R2, CD93, ANTXR2, the innate immune signalling molecules IRAK2, IRAK3, MAP3K8 and
neutrophil proteases MMP25 and CPD [29]. The major dietary change in these studies was a decrease
in fruit and vegetable consumption to a level, which is representative of the typical western diet, which
is alarming considering the negative consequences in the airways [28].

There are several additional points that warrant consideration. Firstly, several proteins from fruits
and vegetables are similar to pollen allergens and may play a critical role in the pollen–fruit/vegetable
cross-reactivity. For instance, some allergens in apples, pears, various stone fruits, carrots, and
peanuts are homologous to the major birch pollen allergen, and can cause allergic symptoms when
consumed [17]. Therefore, children are less likely to eat them if they cause immediate symptoms. Such
disease-related modification of diet may affect the observed associations between intake of certain
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fruits or vegetables and asthma [17]. In one study [17], 45% of asthmatic children had sensitization
to birch pollen, and the authors reported that all negative associations between fruit and vegetable
intake and asthma were no longer significant when children with food-related allergic symptoms were
excluded; Secondly, it should be noted that fruit and vegetable consumption is associated with an
overall healthier lifestyle. In particular, it has been reported that people with higher fruit and vegetable
intakes are more likely to be non-smokers or ex-smokers [83], or perform more physical activity [84].
However, most of the included studies were adjusted for important lifestyle factors, such as smoking
and/or physical activity status (see Supplementary Materials).

The present systematic review has limitations that should be considered. Primarily, the criteria
used for asthma diagnosis were inconsistent. Skin-prick testing and different questionnaires were used
in some studies, while in other studies, asthma was diagnosed by a physician. Dietary assessment
methods also varied among the studies. Some studies used a FFQ, whereas, the other studies used
7-day food records, 24 h recalls or other questionnaires. Various methods were also used to define
and compare high and low intakes of fruit and vegetables (i.e., daily versus never, >3 times/week
versus <3 times/week, lowest versus highest tertile of intake, >3 times/day versus <2 times/day), and
thus dose-response relationships could not be assessed. Estimation of diet was also varied across the
included studies, as some studies reported individual foods, while a few studies reported the dietary
pattern, such as Mediterranean diet. However, only studies that reported data on fruit and vegetable
intake were included. Dissimilar populations (i.e., children, adolescents, young adults and elderly)
were also observed among the studies, and more than half of the studies were performed in children.
The results have been presented according to study population and age, and birth cohort studies were
assessed separately in the meta-analysis; however, due to the limited number of studies available
for inclusion in the meta-analyses, separating the analyses for adults and children was not possible.
Moreover, unmatched categories of diet exposure were observed; for example, some studies addressed
the effects of total fruit and vegetable consumption [26,31,50,62], while a few studies [1,27,43,64]
investigated the association between intake of a specific type of fruit and/or vegetable and asthma.
Some studies also reported only total fruit intake or total vegetable intake. Therefore, only studies that
reported total fruit and/or total vegetable intake were included and assessed in the meta-analysis.
Moreover, some studies investigated diet as a risk factor for asthma (primary prevention), while
other studies investigated diet as a disease modifier (secondary prevention). However, these different
study types were assessed separately in the meta-analyses. In addition, adjustment for confounders
in individual studies was performed using different covariates (see Supplementary Materials). For
example, gender and physical activity were adjusted in some studies, and not adjusted for in other
studies. As such, it is not surprising that the protective effect of fruit and vegetables was not reported by
all included studies [7,17,24,34,53,56]. Furthermore, one cohort [48] and one cross-sectional study [61]
demonstrated an increased risk of asthma as vegetable or fruit consumption increased. Nonetheless,
there were enough studies to see a significant protective effect of fruit and vegetables against asthma
and/or wheeze using meta-analysis. Finally, we cannot rule out the possible influences of potential
factors such as genetics, race and ethnicity on the association between fruit and vegetable intake
and asthma. Moreover, since most of the included studies had cross-sectional design, the results
could be influenced by reverse causality bias. The main strength of this systematic review is the
extensive systematic literature search, clear inclusion criteria and an explicit approach to collecting
data, thorough examination of the evidence, inclusion of both adults and children, inclusion of studies
with various designs and meta-analysis.

5. Conclusions

In summary, overall, the findings suggest that high intakes of fruit and vegetables may have
beneficial effects in asthma. However, some studies failed to attain similar results. Further studies with
cohort design that differ in regards to genetic susceptibility and ethnicity/race as well as well-designed
intervention trials are warranted to accurately address the effects of fruit and vegetable consumption
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on risk of asthma development and their role in managing asthma. More evidence is also needed
from laboratory studies to identify the biological mechanisms responsible for the effects of fruit and
vegetable intake on the development and management of asthma.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/9/4/341/s1.
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Abstract: Introduction: Different clinical and molecular patterns of food allergy have been reported
in different areas of the world. The aim of the study is to evaluate differences in allergen patterns
among nut-allergic patients in two different areas of Spain. Material and methods: A total of
77 patients with nut allergy from two different regions of Spain (Madrid and Asturias) were evaluated.
Results: Hazelnut, peanut, and walnut were the three most frequent nuts eliciting allergy in both
regions, but in a different order. Patients from Madrid experienced systemic reactions more often
than patients from Asturias (73.5% Madrid vs. 50.0%, p < 0.05). The percentage of sensitizations to
LTP (Lipid Transfer Protein) was higher than Bet v 1 (p < 0.05) in the Madrid area. The percentage
of sensitizations in Asturias area was similar to LTP than Bet v 1 (Pru p 3 46.4%, Bet v 1 42.9%, ns).
Bet v 1 was the predominant allergen involved among hazelnut-allergic patients (56.2%), while LTP
was more common in peanut-allergic patients (61.5%). Conclusion: Walnut, hazelnut, and peanut
were the most frequent nuts eliciting allergy in Spain. Despite this, important differences in molecular
pattern were appreciated not only between both regions, but also among nut-allergic patients in
Asturias. The different molecular pattern was linked to the frequency of systemic symptoms.

Keywords: nut allergy; peanut; walnut; hazelnut; Bet v 1; LTP; Pru p 3; Phl p 12

1. Introduction

Traditionally, the term anaphylaxis has referred to a systemic, immediate hypersensitivity reaction
caused by IgE-mediated immunologic release of mediators from mast cells and basophils [1] and
expressed by systemic symptoms (i.e., cutaneous, respiratory, gastrointestinal, or vascular symptoms).
Food-induced anaphylaxis is a leading cause of anaphylaxis treated in emergency departments and
hospitals around the world [2]. Nuts (including peanut and tree nuts) are one of the most common
foods causing acute allergic reactions in children and adults, and nearly all nuts have been associated
with fatal allergic reactions [3]. McWilliam et al. [3] evaluated the prevalence of tree nut allergy in
different regions of the world by means of a systematic review. The results of the study proved that
prevalence of individual nut allergies varied significantly by region, with hazelnut being the most
common tree nut allergy in Europe, walnut and cashew in the USA, and Brazil nut, almond, and
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walnut most commonly reported in the UK. In addition, peanut allergy was the leading cause of death
related to food-induced anaphylaxis in the United States [4].

Component resolved diagnosis allows the study of the molecules or allergens involved in the nut
allergic reactions. Many allergens have been reported from nuts [5,6] and in many cases cross-reactivity
has being found among them [7].

Although most nuts (i.e., almond, hazelnut, pine nut, walnut, peanut, etc.) belong to different
botanical families without taxonomical relationships, cross-reactivity can occur due to shared
homologue proteins, since most of the nut allergens belong to a small number of protein families
sharing a 3-D structure, biologic function, and sequence identity to varying degrees. Along with
that, different protein families have been associated to different risks of systemic reactions or
anaphylaxis [8,9]. In this sense, different clinical and molecular patterns of food allergy have been
reported in different areas of the world [10,11].

Nut allergy has been associated with Bet v 1 sensitization in Europe, and in Spain, nut allergy has
been associated with LTP sensitization [10,12,13]. In this study we describe differences in nut allergy in
two different areas of Spain in which allergy was clearly associated with different molecular patterns
of sensitization and differing risks of systemic symptoms.

2. Material and Methods

2.1. Study Population

A total of 77 patients with nut allergy from two different regions of Spain participated in the study:
Madrid (n: 49; Fundación Jiménez Díaz Hospital; Tables 1 and 2) and Asturias (n: 28; Hospital Central
de Asturias; Tables 3 and 4). Inclusion criteria were patients diagnosed with nut allergy recruited
during 2013–2016. Nut allergy was diagnosed in patients having a clear history of adverse reactions
due to any nut (peanut, tree nut allergy, etc.) suggestive of IgE-mediated allergy, showing positive
skin prick tests, or specific IgE and/or food challenge tests, following the diagnostic algorithm of
the Food Adverse Reaction Committee of Sociedad Española de Alergia e Inmunología Clínica [14].
Patients suffering severe systemic reactions to nuts, as well as patients with typical, recent, repeated,
and unequivocal reactions who had positive skin tests/specific IgE, did not undergo an oral challenge
test to diagnose plant-food allergy [14].

Table 1. Nut allergic patients from Madrid.

No. Age Sex
Specific IgE

Pru p 3 Phl p 12 Bet v 1 Peanut Hazelnut Walnut

1 37 years old F 6.02 ND 0.00 1.17 2.88 5.09
2 20 years old M 0.42 0.40 0.00 0.96 2.79 0.25
3 50 years old M 4.00 0.18 0.02 1.37 0.94 2.94
4 26 years old F 0.01 0.00 0.00 0.04 0.02 0.00
5 22 years old M 19.20 0.08 0.01 4.65 3.22 12.30
6 20 years old F 9.35 0.00 0.00 2.42 0.85 4.77
7 20 years old M 0.02 15.70 0.01 8.84 0.69 1.88
8 23 years old M 4.35 0.00 0.00 3.19 0.72 3.01
9 45 years old M 38.30 ND ND 11.1 1.77 13.9
10 21 years old F 5.75 0.00 0.00 1.97 1.17 2.66
11 22 years old M 1.40 ND 2.06 0.73 0.62 8.81
12 27 years old M 1.11 0.47 0.00 0.47 0.00 0.42
13 12 years old M 1.11 0.47 0.00 0.47 0.00 0.42
14 34 years old M 7.83 ND 1.67 4.14 0.78 0.65
15 40 years old M 1.26 0.01 0.00 0.65 0.39 1.08
16 32 years old F 4.12 0.16 0.02 1.78 1.36 2.67
17 29 years old M 1.79 0.02 0.02 0.62 0.28 0.67
18 40 years old M 2.40 0.02 0.01 2.31 0.85 3.12
19 32 years old F 12.60 0.03 ND 5.73 4.09 10.9
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Table 1. Cont.

No. Age Sex
Specific IgE

Pru p 3 Phl p 12 Bet v 1 Peanut Hazelnut Walnut

20 32 years old M 0.11 0.02 ND 0.13 0.07 0.08
21 25 years old F 0.22 20.20 ND 20.8 1.19 1.87
22 29 years old M 27.10 0.05 ND 9.58 5.59 18.8
23 25 years old F 3.02 0.00 6.84 0.41 16.6 1.95
24 60 years old F 32.30 0.10 ND 5.44 2.15 19.6
25 28 years old F 0.72 0.03 0.01 1.22 0.14 0.52
26 39 years old F 0.01 6.01 0.00 3.22 0.54 0.87
27 44 years old F 1.20 0.66 0.00 0.93 0.65 1.28
28 38 years old F 0.01 0.00 0.00 0.00 0.09 0.00
29 17 years old F 0.23 0.02 0.03 0.04 0.84 5.84
30 16 years old M 3.90 0.34 0.00 1.95 0.98 3.13
31 39 years old F 0.27 0.05 0.00 0.12 0.05 0.14
32 40 years old F 2.86 0.01 0.00 1.23 0.12 2.03
33 4 years old M 0.04 ND 0.00 0.03 0.13 ND
34 12 years old F 0.03 0.01 0.04 100 0.17 2.24
35 26 years old M 23.70 0.10 0.10 3.00 11.30 19.9
36 40 years old M 100.00 0.22 0.20 33.3 22.60 59.1
37 66 years old F 7.58 0.00 0.00 2.20 2.79 6.76
38 3 years old M 12.90 ND ND 19.5 ND 5.73
39 53 years old F 1.00 0.09 1.25 0.03 0.61 0.01
40 33 years old M 5.87 8.79 5.09 8.47 3.54 6.17
41 7 years old M 0.19 0.02 0.06 1.82 0.85 ND
42 39 years old M 3.34 0.00 2.21 3.17 6.18 4.99
43 52 years old F 0.04 1.35 0.01 0.56 0.21 0.19
44 29 years old F 0.15 5.96 0.08 3.64 1.41 1.52
45 25 years old M 2.03 0.00 0.01 0.12 0.18 0.87
46 29 years old F 44.40 0.00 0.00 24.20 14.5 33.6
47 29 years old M 95.50 0.07 0.04 1.95 3.36 3.28
48 13 years old F 0.00 0.03 0.00 100.00 2.08 3.11
49 31 years old M 3.18 0.30 0.01 2.01 1.66 2.61

F: Female; M: Male; ND: Not done.

Table 2. Nut allergic patients from Madrid.

No.
Specific IgE

Ara h 9 Cor a 8 Almond Chestnut Pistachio Pinenut

1 1.42 3.51 0.93 0.78 0.03 0.14
2 0.53 3.18 0.38 0.26 0.18 0.12
3 1.81 2.58 0.25 1.26 0.05 0.11
4 0 0 0.02 0.05 0.02 0.03
5 14.6 8.85 2.22 1.45 2.14 0.11
6 3.2 2.89 0.81 0.05 0.06 0
7 0.01 0 0.37 4.48 0.67 0.92
8 3.33 1.59 0.73 1.1 0.04 0.32
9 ND ND 5.34 3.31 0 ND
10 1.46 ND 1.04 1.58 0 0
11 ND ND 0.46 0.81 2.2 0
12 0.39 0 0 0 0 0
13 0.39 0 0 0 0 0
14 4.43 ND 2.01 1.42 0.94 ND
15 0.76 0.46 0.22 0.28 0.02 0
16 1.05 2.81 0.56 0.58 0.13 0.03
17 0.29 0.1 0.3 0.5 0.41 0.3
18 2.35 0.46 1.88 1.91 0.62 ND
19 7.38 4.2 4.28 4.07 0.51 0.06
20 0.05 0.01 0.12 0.1 0.07 0.83
21 0 0 0.65 8.73 1.32 4.46
22 18.6 11.5 2.73 4.26 0.38 2.18
23 0.39 0.39 0.42 0 0 0
24 18.1 16 0.56 6.71 0.24 0.12
25 0.43 0.22 0.14 0.2 0.04 0.07
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Table 2. Cont.

No.
Specific IgE

Ara h 9 Cor a 8 Almond Chestnut Pistachio Pinenut

26 0 0 0.64 3.15 0.71 1.68
27 1.27 0.67 0.28 0.5 0.13 0.28
28 0.01 0 0.03 0.02 0.01 0.03
29 0.09 0 0.02 0.14 0.04 0.02
30 3.2 1.98 0.9 1.77 0.14 0.09
31 0.13 0.07 0.04 0.06 0.1 0
32 4.16 0.03 0.11 0.79 0.03 0.03
33 0 0 0.02 0.05 85.6 0
34 0 0 0.5 0.08 2.08 0.05
35 17.6 13.9 1.75 1.7 0.87 0.51
36 100 46.8 15.8 12.8 7.35 3
37 6.58 5.93 1.01 1 0.08 0
38 11.3 ND 7.72 ND 0.85 ND
39 0 0 0.4 0.21 0.1 0.01
40 0.53 0.12 3.56 8.47 1.58 1.74
41 0.01 0 0.13 1.88 0.84 0.65
42 5.56 1.46 1.28 1.83 0.63 0.47
43 0.02 0 3.72 0.53 0.76 0.12
44 0.07 0.07 1.76 3.03 2.21 1.97
45 0.16 0.21 0.12 0.03 0.31 0.01
46 40.6 15.5 5.93 13.3 1.18 1.83
47 44.4 3.64 4.6 4.56 1.8 0.75
48 0 0 3 0.12 1.6 0.11
49 1.86 1.87 1.38 1.7 0.7 0.31

F: Female; M: Male; ND: Not done.

Table 3. Nut allergic patients from Asturias.

No. Age Sex
Specific IgE

Pru p 3 Phl p 12 Bet v 1 Peanut Hazelnut Walnut

1 58 years old F 0.00 0.00 4.99 0.26 2.50 0.00
2 79 years old F 0.06 ND ND 0.06 0.04 ND
3 42 years old F 0.09 0.04 85.40 0.37 57.9 0.04
4 35 years old F 0.01 0.00 14.00 0.01 4.74 0.00
5 39 years old M 1.09 0.02 0.92 0.31 0.66 0.42
6 30 years old M 0.54 0.49 3.12 2.30 2.07 0.69
7 14 years old M 0.03 0.01 0.00 0.02 0.04 1.22
8 6 years old M 0.02 0.02 0.00 1.33 0.81 48.40
9 6 years old M 0.53 0.03 0.03 0.32 22.5 7.36
10 29 years old M 56.5 0.11 0.06 8.41 14.8 38.8
11 8 years old F 0.15 0.11 0.14 0.54 1.48 3.69
12 27 years old M 9.07 0.06 0.03 1.66 1.90 5.06
13 24 years old F 0 0.04 1.87 0.53 1.81 0.04
14 41 years old M 1.76 0.01 0.00 1.13 1.08 1.69
15 44 years old M 9.66 0.01 0.01 0.25 0.58 0.84
16 37 years old M 0.3 0.00 00.00 0.02 0.05 0.06
17 30 years old M 26.8 0.06 0.03 4.66 3.79 5.15
18 16 years old M 0.04 0.03 34.4 8.63 24.50 0.09
19 40 years old F 2.64 0.00 2.46 0.07 1.18 0.29
20 31 years old M 11 0.04 0.06 4.48 5.36 4.95
21 16 years old M 0.05 0.03 0.02 16.2 0.04 1.50
22 12 years old F 0.13 0.81 17.40 4.29 9.54 2.85
23 61 years old F 0.03 0.61 12.00 0.55 5.09 0.07
24 51 years old M 0.17 3.21 18.90 2.14 7.69 0.19
25 47 years old F 4.54 0.00 0.00 1.30 0.52 3.17
26 33 years old F 14 0.00 0.00 3.06 2.31 8.27
27 45 years old F 0 0.00 0.82 0.19 0.77 0.02
28 33 years old M 1.62 0.00 0.00 0.30 0.02 1.03

F: Female; M: Male; ND: Not done.
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Table 4. Nut allergic patients from Asturias.

No.
Specific IgE

Ara h 9 Cor a 8 Almond Chestnut Pistachio Pinenut

1 0 0 0.21 0.73 0.01 0
2 0 0 0.83 0.06 0.14 0.06
3 0.06 0 2.02 10.1 0.04 0.02
4 0 0 0.19 0.66 0.01 0
5 0.33 0.25 0.19 0.41 0.03 0.13
6 0.12 0.08 0.1 1.12 2.12 0.18
7 0 0 0.01 0.04 0.02 0.01
8 0 0 0.1 0.16 0.15 0.01
9 0.13 8.83 0.26 2.91 0.28 0.4
10 27.1 12.1 7.98 5.46 0.91 3.19
11 0.06 0.04 0.43 0.57 0.45 0.44
12 3.43 1.26 0.85 3.02 1.66 0.62
13 ND 0 0.03 0.45 0.06 ND
14 1.62 0.94 0.34 1.35 0.1 0.05
15 0.69 0.22 0.49 0.19 0.08 0.02
16 0.06 0.13 0 0.03 0.02 0
17 8.76 1.36 1.09 1.09 0.17 0.1
18 0.05 0.02 1.6 6.95 0.11 0.1
19 5.44 0.77 0.93 0.2 0.11 0
20 4.71 9.38 1.1 1.39 0.34 0.09
21 0 0 0.21 0.1 0.03 0.02
22 0.08 0 0.29 2.28 5.65 0.07
23 0 0 0.35 0.4 0.18 0.07
24 0 0.07 0.1 0.79 0.09 0.18
25 2.25 1.23 0.27 0.07 0.14 0.99
26 7.54 5.99 2.9 2.51 0.15 0.05
27 0 0 0 0.17 0.16 0
28 1.31 0 0.05 0.5 0.08 0

F: Female; M: Male; ND: Not done.

Exclusion criteria were pregnancy or breastfeeding, extensive skin disease, serious
psychiatric/psychological disturbances, contraindication to adrenaline treatment, alcohol or drug
addiction, treatment with β-blockers, as well as any other condition which could either hamper
protocol compliance or for which an oral challenge test is contraindicated [15].

2.2. Allergen-Specific IgE

Allergen-specific IgE was measured with the ImmunoCAP System FEIA (ThermoFisher Scientific
AB, Uppsala, Sweden) following the manufacturer’s recommendations. Venous blood samples were
analyzed for IgE to nuts (peanut, hazelnut, almond, chestnut, pistachio, pine nut, and walnut), as well
as to Pru p 3, Bet v 1, Phl p 12, Ara h 9, and Cor a 8.

2.3. Skin Prick-Prick Test

Skin prick tests were performed with a commercial battery (C.B.F. LETI, S.A; Tres Cantos, Spain)
of nut extracts (almond, hazelnut, peanut, chestnut, sunflower seed, pine nut, walnut, pistachio)
and prick-by-prick test with nuts (almond, hazelnut, peanut, chestnut, sunflower seed, pine nut,
walnut, pistachio, and cashew), as well as a commercial battery (ALK-Abelló, Madrid, Spain) of pollen
extracts, including Lollium perenne, Betula verrucosa, Cupressus sempervirens, Platanus acerifolia, Artemisia
vulgaris, Parietaria judaica, Salsola kali, Plantago lanceolata, and Olea europaea. The ALK-Lancet needle
(ALK-Lancet; ALK-Abelló, Horsholm, Denmark) was used for skin tests, which were performed
according to EAACI guidelines [16]. Histamine phosphate at 10 mg/mL and normal saline solution
were used as positive and negative controls, respectively. A weal with a diameter at least 3 mm larger
than the negative control was considered a positive reaction.
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2.4. Ethical Consent

The Fundación Jiménez Díaz Ethic Committee approved this study and written informed consent
was obtained from all subjects.

2.5. Statistical Analysis

Statistical analysis was performed with SPSS (SPSS Inc., Chicago, IL, USA). The qualitative
variables were expressed as a percentage (without taking into account the missing cases).
For quantitative variables, means and standard deviation (SD) were calculated, and for specific
IgE and SPT results, medians and 25th (Q1) and 75th (Q3) percentiles were given. A X2 test was used
for comparisons of frequencies. Values were considered significant at a p value of less than 0.05.

3. Results

A total of 77 patients (Table 5) with nut allergy took part in the study: 49 patients from Madrid
and 28 from Asturias. Patients from Madrid had a mean age of 30 years: 46.9% female (23 out of the
49 patients) and 53.1% male (26 out of the 49 patients). The mean age in Asturias was 33.4 years: 42.9%
female (12 out of the 28 patients) and 57.1% male (16 out of the 28 patients). Fifteen patients younger
than eighteen years participated in the study (eight in Madrid and seven in Asturias).

Table 5. General characteristics of nut allergic patients.

Characteristics Madrid Asturias

Nut allergic patients 49 28
Age (mean ± SD) 30.1 ± 13.5 33.4 ± 17.4
Sex 46.9% ♀/53.1% ♂ 42.9% ♀/57.1% ♂
Nut Allergy

Walnut 32 (65.5%) 14 (50.0%)
Hazelnut 28 (57.0%) 16 (57.1%)
Peanut 23 (46.9%) 13 (46.4%)

Almond 21 (42.0%) 3 (10.7%)

Symptoms
OAS 13 (25.6%) 14 (50.0%)
SS 36 (73.5%) 14 (50.0%)

SD: standard deviation; OAS: Oral Allergy Syndrome; SS: Systemic Symptoms.

The study results were focused on hazelnut, peanut and walnut because of they were the
three most frequent nuts eliciting allergy in both regions. The most frequent in Madrid was
walnut (32 patients—65.3%), followed by hazelnut (28 patients—57.1%), peanut (23 patients—46.9%),
and almond (21 patients—42%); while in Asturias the most frequent nut was hazelnut
(16 patients—7.1%), followed by walnut (14 patients—50.0%), peanut (13 patients—46.4%), and
almond (three patients—10.7%). Other nuts elicited allergy less frequently.

Respiratory symptoms affected 81.6% of the patients in Madrid and 56.6% in Asturias. All patients
from Madrid had associated asthma and rhinitis while in Asturias rhinitis was the most prevalent
respiratory symptom (47% rhinitis, 29% rhinitis and asthma, and 23.5% asthma).

In Madrid, 77.5% of the patients were sensitized to grass pollen and 47% to birch pollen, but 44%
of the patients were sensitized to both. In Asturias, 57.1% and 42.8% were sensitized to grass pollen
and birch pollen, respectively, although only 3.6% were sensitized to both grass and birch pollens
in Asturias.

Interestingly, 36 of the 49 nut allergic patients (73.5%) from Madrid had systemic symptoms, while
only 14 of the 28 patients (50.0%) studied in Asturias experienced systemic reactions, the difference being
statistically significant (p < 0.05). 26.5% patients from Madrid and 50% from Asturias had isolated OAS
symptoms (p < 0.05). In both regions walnut was the nut that elicited systemic symptoms in a larger
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number of patients (22 patients in Madrid, seven patients in Asturias), while walnut elicited OAS in
a larger number of patients from Madrid (10 patients) and hazelnut in Asturias (10 patients) (Table 6).

Table 6. Symptoms to nuts in patients from Madrid and Asturias.

Symptoms
Madrid Asturias

n % n %

Hazelnut 28 16
OAS 9 32.1% 10 62.5%
SS 19 67.9% 6 37.5%

Peanut 23 13
OAS 5 21.7% 8 61.5%
SS 18 78.3% 5 38.5%

Walnut 32 14
OAS 10 31.2% 7 50.0%
SS 22 68.8% 7 50.0%

On evaluating the pattern of sensitizations at the molecular level, we found important and
interesting differences (Figures 1 and 2 and Table 7). In Madrid, sensitization to Pru p 3 was 71.4%
followed by Ara h 9 (61.2%), Cor a 8 (44.9%), Phl p 12 (20.4%), and Bet v 1 (12%). In the patient group
from Asturias, 46.4% were sensitized to Pru p 3, 42.9% to Bet v 1, 33.3% to Ara h 9, 30% to Cor a 8, and
14.3% to Phl p 12.

Figure 1. Differences in molecular pattern between Madrid and Asturias.
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Figure 2. Specific IgE to LTP (Pru p 3) and Bet v 1 from both regions (median, Q1, and Q3).

Table 7. Differences in specific IgE levels to purified allergens between Madrid and Asturias
(Median, Q1, Q3).

Allergen Asturias Madrid p

Pru p 3 0.23 (0.04, 3.11) 2.40 (0.23, 7.58) 0.037
Phl p 12 0.03 (0.00, 0.06) 0.05 (0.01, 0.32) 0.205
Bet v 1 0.06 (0.00, 4.05) 0.01 (0.00, 0.04) 0.005

In the Madrid region, the percentage of sensitizations to LTP was higher than sensitizations to
Bet v 1 (LTP 71.4%; Bet v 1 12%; p < 0.05). This pattern of molecular sensitization was repeated in
patients allergic to walnut (78.0% LTP vs. 12.5% Bet v 1), hazelnut (78.6% LTP vs. 12.0% Bet v 1), and
peanut (78.6% LTP vs. 8.7% Bet v 1). Surprisingly, this situation was very different with respect to
analyzing the molecular pattern of sensitization to different nut allergies in Asturias. Bet v 1 was the
predominant allergen involved among patients allergic to hazelnuts (56.2% to Bet v 1 vs. 31.2% to
LTP), while LTP was the predominant allergen among patients allergic to peanut (61.5% to LTP vs.
30.8% to Bet v 1). Sensitization to walnut-allergic patients was equivalent to LTP (42.9%) and Bet v 1
(42.9%) (Figure 3).

Figure 3. Differences in molecular pattern between Madrid and Asturias for patients allergic to
hazelnut, peanut, or walnut.
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On evaluating the frequency of allergy to nuts in Asturias (Figure 4) among patients sensitized to LTP,
peanut (61.5%) was the most frequent nut-eliciting allergy, followed by walnut (46.1%) and then hazelnut
(38.5%). On evaluating the frequency of allergy to nuts among patients sensitized to Bet v 1, hazelnut
(75%) was the most frequent nut-eliciting allergy, followed by walnut (50%) and then peanut (33%).

Figure 4. Frequency of nut allergies in patients sensitized to LTP and Bet v 1 from Asturias.

4. Discussion

This study found that walnut, hazelnut, and peanut were the most frequent nuts eliciting allergy
in both regions of Spain. Despite this consistency, important differences in molecular pattern were
seen not only between both regions, but also among different nuts in Asturias. The different molecular
pattern was linked to the frequency of systemic symptoms suffered by patients.

Nut is a frequent cause of food allergy worldwide and is responsible for severe and near-fatal
anaphylactic reactions [2]. Spain is probably one of the most typical examples of plant food allergy
due to LTP sensitizations [10–13,17,18].

In this study we have evaluated the most frequent nut-eliciting allergy in two different regions
from Spain. While, a distance of only 400 km separate them, Madrid has a continental climate and
Asturias a maritime climate. An interesting result to be emphasized was that percentage of positive
skin prick test results to birch pollen was similar in both regions (47% in Madrid and 42.8% in Asturias)
without statistically significant differences. Curiously, on evaluating primary sensitizations, 12% of the
patients from Madrid were sensitized to Bet v 1, while 42.8% were sensitized in Asturias, the difference
being now statistically significant (p < 0.05). In this sense, we should remember that Madrid is an area
with absence or low atmospheric level of birch tree pollen. The considerable percentage of patients
sensitized to birch pollen in the Madrid area with a low percentage of sensitization to Bet v 1 have
been previously reported [17].

Walnut, peanut, and hazelnut were the most frequent nuts eliciting allergy in both regions
of Spain and, as a result, the study was focused on the analysis of differences of these three nuts.
Walnut was more frequent in Madrid, but there were small differences among the tree nut prevalence
in Asturias, with hazelnut being more frequent in this case but without significant statistical differences.
These results were different from those reported by McWilliam et al., who analyzed the prevalence of
nut allergy worldwide [3]. These differences might be explained by the allergen molecule involved in
the allergic reactions, since, as previously stated, LTP was usually the major allergen involved in food
allergy in Spain [10,12,13,18].

Another important result to be emphasized was the allergen pattern involved in the allergic
reactions. On the one hand, there was a predominant pattern of LTP sensitization in the Madrid region,
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which was in accordance with previously-reported studies [10,12,13,18]. This pattern was similar to
the evaluated individual nuts (i.e., walnut, hazelnut and peanut). On the other hand, a mix of LTP
and Bet v 1 sensitizations highlighted the pattern in Asturias region, however, the pattern changed
depending on the nut evaluated. A predominant pattern of LTP was found in peanut allergy, Bet v 1
pattern in hazelnut allergy, and a mixed pattern (LTP and Bet v 1) to walnut allergy. These data are
especially relevant because, to the best of our knowledge, this is the first time in which the predominant
allergen family eliciting allergy in the same area changed from one nut to another. Nonetheless, we are
conscious that it should be confirmed in studies with a higher number of patients.

Results of this report, along with other nut allergy studies from Spain [10–13,17,18], indicate that
three different patterns of nut allergy coexist in Spain: LTP pattern, the most frequent pattern in most
places for older children (>5 years old) and adult nut allergic patients; Bet v 1 pattern, which was
significant in areas with patients sensitized to Bet v 1 dominated by hazelnut allergy; and, finally,
storage protein pattern (2S albumin) in nut allergic children (<5 years old).

5. Conclusions

In this study we found that walnut, hazelnut, and peanut were the most frequent nuts eliciting
allergy in both regions of Spain. Despite this, important differences in molecular pattern were
appreciated not only between both regions, but also among nuts in Asturias. The different molecular
pattern was linked to the frequency of anaphylaxis.
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