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Food products and allergy development, prevention and

treatment
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In westernized countries allergic diseases have reached
epidemic proportions. Food is frequently a perpetrator of
allergy but, in turn, modified food and selected food ingredients
can become valuable intervention tools in the fight against
allergy. There are two basic approaches towards mitigation of
food allergy through nutrition: to reduce the allergenicity of raw
food materials by physical, chemical or genetic methods or to
influence host immunity towards a non-allergic state using
various food ingredients. Dietary intervention for the prevention
and therapy of allergy is an emerging field where initial findings
from animal studies are now being validated in human trials.
Nevertheless, to consolidate the utility of such interventions,
more pre-clinical and clinical studies remain necessary.
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Introduction

With a prevalence of 20% to 30% in the population of
developed countries, allergy-related diseases (including
atopic dermatitis, rhinitis and asthma) are nowadays
recognized as an epidemic [1]. In addition to genetic
predisposition (‘atopy’), marked changes in alimentary
habits (the appearance of exotic foods, industrial proces-
sing, and reduced consumption of fermented foods),
differences in living conditions between industrialized
and developing countries, exposure to pet and farm
animals, and excessive use of antibiotics could all con-
tribute to immune-deviation and thus to the development
of allergy [2]. The gut microbiota has also been evoked to
exert a strong impact on the immunophysiological func-

tioning of the epithelium. This highly complex and
diverse microbial community helps to maintain the intest-
inal barrier and immune homeostasis that needs to be
established after birth and during the first years of life [3].

Allergy is an inappropriate functioning of the immune
system associated with the dominance of a particular type
of T lymphocytes, referred to as T helper 2 (Th2) cells.
ThZ cells typically secrete a selection of immune mes-
sengers, known as interleukin (IL)-4, IL.-5 and IL-13.
"The allergic reaction is often marked by the production of
immunoglobulin E (IgE), this antibody isotype being
responsible for sensing the allergen and triggering allergic
reaction when bound to receptors on target mast cells and
basophils. Figure 1 describes the successive activation
steps that ultimately lead to the release of chemical
mediators causing allergic manifestations and symptoms.
Even though not pathogenic on their own, allergic sub-
stances entering the body through the skin, the airways or
the gut are recognized by the immune system as foreign
compounds.

Up to 5-6% of young children and 2-4% of adults suffer
from clinical symptoms of food allergy (Figure 2) [4,5].
Among them, many have IgE-mediated food allergy, a
condition that may lead to a fatal outcome or to life-
threatening conditions such as anaphylactic shock (49% of
life-threatening cases), systemic reactions (33%), laryn-
geal angioedema (13%) or acute asthma (5%) [6]. In
developed countries, the foods most commonly respon-
sible for allergic reactions are referred to as “The Big
Eight’ and include eggs, peanuts, milk, tree nuts, fish,
shellfish, wheat, and soy. It is thought that the natural way
for the body to prevent allergy development against food
is through the induction of immunological tolerance
towards antigens delivered via the oral route (‘oral toler-
ance’). It has been shown that induction of oral tolerance
is dependent on the age of the host, the dose of antigen
administered and the nature of the antigen [7]. The
mechanisms behind oral tolerance to food proteins are
not yet fully understood, but T lymphocytes play a central
role in allergen recognition and for regulating the immune
response in this process. In particular, T regulatory cells
are able to modulate the response of several immune
cells, such as B cells and T-helper lymphocytes (Thl,
Th2).

Although promising prophylactic and therapeutic treat-
ments have been explored in humans and animal models
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The allergic cascade: schematic representation of the major cellular and molecular players involved in the onset of allergic reactions. In an
atopic person (i.e. a person prone to develop allergy owing to his genetic background), on entering the body the allergen is internalized by
antigen-presenting cells (APCs; 1) and processed into peptides that upon presentation on the APC (1) lead to activation of T-helper cells of the
type 2 (Th2). The secretion of particular interleukins (2) primes B cells to mature into plasma cells producing immunoglobulin E (IgE; 3), which are
subsequently bound by specific Fce receptors present on the surface of mast cells or basophils (4). Cross-linking of IgE by the allergen (5)
following a second exposure triggers the release of several mediators (6), which in the physiological context promote the onset of allergic
symptoms. Boxes with an arrow indicate the possible steps where intervention to perturb the allergic cascade has proven successful.

Examples of compounds with anti-allergic potential are listed in Table 1. COX, cyclooxygenase, involved in the production of leukotriene

mediators.

over the past few decades, the only common intervention
in the case of food allergy is the eviction diet or strict
avoidance of the allergen. Novel strategies addressing the
problem include total or partial destruction of allergens in
food by heat, high pressure, chemical treatment, enzy-
matic digestion or by genetic engineering. Alternatively,
it can be attempted to modulate the host immune system
with the objective of preventing allergen-specific sensi-
tization without altering the immunocompetence towards
harmful antigens. In this review we highlight recent
approaches towards mitigation of allergy either by mod-
ification of the allergen or modification of host immunity.

Modification of food allergens: milk and
beyond

The principle of reducing the allergenicity of food pro-
teins by enzymatic hydrolysis and heat processing has
been effectively demonstrated and commercially applied
for the use of cow’s milk in hypoallergenic (HA) infant
formulas. Depending on whether primary or secondary

prevention of cow’s milk protein allergy (CMPA) is
attempted, the approaches with HA formulas are differ-
ent. When infants are already sensitized, minute amounts
of cow’s milk protein can trigger an allergic reaction and it
is generally agreed that only so-called extensively hydro-
lyzed hypoallergenic formulas (¢HF) or amino acid for-
mulas can be given to infants with established CMPA
(secondary prevention). By contrast, for primary preven-
tion in non-sensitized at risk infants (i.e. infants of atopic
parents or with atopic siblings), infant formulas with
reduced allergenicity are recommended by national and
international pediatric expert societies [8°]. Partially
hydrolyzed formulas (pHF) are sufficiently reduced in
allergenicity to not sensitize at-risk infants, but retain
sufficient immunogenicity for deviating the immune sys-
tem to a hyporesponsiveness (i.e. oral tolerance) against
cow’s milk proteins. Breast-feeding is important in early
allergy prevention, but it is not yet fully clear if minute
amounts of food antigens in the mother’s milk may
account for induction of oral tolerance to these antigens.
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Prevalence of food allergies in children and adults in the USA.
(Figure drawn using data from Sampson [5].)

When breast-feeding cannot take place, it is generally
recommended to administer hypoallergenic infant for-
mulas for prevention of food allergy. Oral tolerance
induction to dietary proteins has been extensively inves-
tigated with intact antigens [7]. It was further shown in
animal models that pHF's are able to induce oral tolerance
to intact cow’s milk proteins, whereas eHF's are unable to
achieve this. This was established by measuring the
levels of IgE and intestinal mast cell responses [9].

Several clinical studies showed that allergen-reduced
infant formulas (pHF or eHF) can be used as alternatives
or to supplement breast milk for allergy prevention in at-
risk infants. Although additional prospective studies are
needed to compare pHF and e¢HF, the use of these
formulas in the general infant population should be
considered, taking into account cost and long-term ben-

efits [8°].

Using a different strategy, it has been attempted to
eliminate — or at least to down-modulate — the expres-
sion of food allergens in plants by genetic engineering.
The principle was first established by silencing expres-
sion of Lol p 5, the major allergen of rye grass, with an
antisense approach [10]. Serum IgE of pollen-allergic
patients showed reduced reactivity with extracts of ‘aller-
gen-silenced’ grass pollen. More directly relevant to food
allergy, accumulation in the seeds of one of the major
soybean allergens (Gly M Bd 30 K) was successfully
attenuated by transgene-induced gene silencing [11].
Similarly, using RNA interference Gilissen ez a/. [12°]
demonstrated that expression of the major apple allergen
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Mal d 1 was reduced in apple plantlets transformed with
intron RNA containing a Mal d 1 inverted repeat. In
extracts of these plantlets, Mal d 1 was barely detectable
and the reactivity of engineered plantlet extracts was
reduced in skin prick testing. Finally, ‘post-translational
gene silencing’ (antisense) was proven to be effective for
silencing Ara h 2, a major allergen of peanuts [13]. Several
further techniques (e.g. reduction of allergenicity by
point-mutation of the allergen’s IgE-binding site [14]),
have been applied and might, in theory, be applied to
food allergens. All these genetic approaches towards
allergen-free foods may represent a specific and causal
strategy to avoiding allergen contact. However,
approaches that only reduce rather than completely elim-
inate allergen expression might not satisfy the needs of an
allergic consumer, as often minute amounts of allergen
suffice to trigger allergic reactions. Moreover, the com-
mercial viability of allergen-knockout products will
depend on all other characteristics of the engineered
plants, most notably preservation of nutritional value
and flavor and, last but not least, the general acceptance
of ‘knockout foods’ by the consumer.

Modification of the host immune system:
probiotics and beyond

Probiotic bacteria have a long tradition as health-preser-
ving and/or health-promoting food additives. Their ben-
eficial effects on gut homeostasis and immune functions
are increasingly better documented and various strains are
delivered in foods (mainly in fermented milk-based pro-
ducts) or as food supplements. They hold potential for the
prevention or treatment of a variety of medical conditions
and successful clinical evaluation in several specific dis-
eases of the gastro-intestinal tract, such as rotavirus-asso-
ciated diarrhea or pouchitis, has been reported (reviewed

in [15]).

A few intervention studies aimed at the prevention of
atopic manifestations with probiotics have been reported.
Probably the most accurately documented is a study in
which Lactobacillus rhamnosus strain GG (LGG) was given
pre-natally for 2—4 weeks before delivery to pregnant
women with allergy risk factors, followed by a 6 month
treatment of the newborns. Follow-up after 1 year
revealed a prevalence of atopic eczema of 46% in the
untreated group versus 23% in the probiotic-treated
group, corresponding to a drop in relative risk to 0.51
owing to treatment [16°]. At 4 years of follow-up, the risk
was still reduced to 0.57 [17]. However, all other objective
parameters of allergic disease, such as allergen-specific
skin-prick testing or IgE plasma levels were not influ-
enced by the probiotic treatment. Anti-allergic effects
have also been ascribed to Gram-negative probiotics.
Colonization during the first week of life with a probiotic
Escherichia coli strain (O83:K24:H31) resulted in signifi-
cantly reduced allergy prevalence 10 (study in pre-term
infants) or even 20 years later (full-term infants) [18].
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The capacity for therapeutic, rather than preventive,
intervention against allergy with probiotics has been
tested in a limited number of clinical trials. In a recent
study, 230 babies (<12 months) with suspected cow’s
milk allergy were randomized to receive either LGG, a
mix containing LGG and three other probiotics or a
placebo for 4 weeks. Another four weeks after the end
of treatment, parameters of allergy with emphasis on
symptoms of the atopic eczema/dermatitis syndrome
were recorded. Reduction of the dermatitis scores (Scor-
ing of Atopic Dermatitis, SCORAD) was noted in all
groups, but a significant difference (p = 0.036) between
the LGG and placebo groups was only noted if allergy was
IgE-associated [19]. Similarly, elevated fecal IgA and a
trend to reduced levels of mediators of allergic inflamma-
tion (such as a-antitrypsin, tumor necrosis factor-a or
eospinophil cationic protein) were noted in the LGG
group [20]. A similar study in Australia yielded even
clearer results, using a different Lactobacillus strain
(Lactobacillus fermentum VRI-003 PCC), longer treatments
(8 weeks) and longer follow-up (16 weeks) of the infants
[21°].

Allergy therapy and prevention with probiotics have
shown encouraging results in first human clinical trials.
However, the body of evidence remains narrow at pre-
sent, with data mainly from studies in infants with cow’s
milk allergy and with a reproducible effect on SCORAD

Table 1

only. Although it might be argued that relief of symptoms
is the most important and for the patient the only relevant
parameter, it is not possible to deduce from these data
possible mechanisms of symptom relief. This research
area is currently being extended to respiratory allergens.

In addition to probiotics, a large number of compounds
that might be applied in combination with food have been
tested for their efficacy in allergy prevention or therapy
both 772 vitro and in animal models as well as in first human
clinical trials. A selective, non-exhaustive list of such
compounds is provided in Table 1 and possible interven-
tion points along the allergic cascade can be deduced from
Figure 1. For example, protection against peanut-induced
anaphylaxis was achieved by subcutaneous treatment
with a mixture of peanut allergen and heat-killed Listeria
monocytogenes in dogs [22]. Reduction in allergen-specific
IgE and a drop in IL-5 and IL-13 production were
accompanied by increased levels of interferon-y and a
limited effect on body temperature, allergy scores, and
histamine release — indicative of immune suppression
within the vaccinated dogs. Similarly, deliberate or envir-
onmental exposure to Mycobacterium vaccae appears to lead
to a reduction of the allergic reactions associated with
asthma and eczema [23], both in humans and in animal
models. So far, no attempts to use such bacterial strains in
the context of food allergy have been reported. The use of
bacterial components such as lipoglycans [24], lipopoly-

Compounds with anti-allergic potential (probiotics not included).

Compound Origin Effect Model Selected references
Non-probiotic bacteria Listeria monocytogenes | Symptoms?; IgE Dog [22,23]
Mpycobacterium vaccae | Eosinophilia Mouse
Lipoglycans Mycobacterium | Airway disease Mouse [24]
| Eosinophilia
Lipopolysaccharide Gram-negative bacteria | Specific IgE Human [25,26]
(e.g. Bacillus fragilis) | Th2 cytokines Mouse
| Eosinophilia
CpG-containing DNA Bacteria | Th2 proliferation Human (in vitro) [27,28]
| Eosinophilia
Carrageenan Seaweed polysaccharide Adjuvant of oral tolerance Mouse [32]
Herbal extracts Green tea (anti-oxidant) | Anaphylaxis Mouse [33]
| IgE
| Th2 cytokines
n-3/n-6 PUFA Fish oil | SPT to egg Human [34,35]
| SCORAD Mouse
| Cytokines
FIP-fve Flammulina velutipes | IgE Mouse [36]
T Th1 cytokines
Anti-oxidants Vitamin C or E | Risk of wheeze/eczema Human [37,38]
Fructo- and galacto- Various plants | IgE Human/mouse [39]

oligosaccharide

2Symptoms: vomiting, swelling, naso-ocular signs, pallor of oral mucosa, lethargy, diarrhea, anaphylaxis. Abbreviations: FIP-fve, fungal
immunomodulatory protein fve; n-3/n-6 PUFA, n-3/n-6 polyunsaturated fatty acid; SPT, skin prick test; SCORAD, Scoring of Atopic Dermatitis.
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saccharides [25,26] or CpG-containing DNA [27,28]
might be another valid approach towards immunomodu-
lation of the host. However, further studies are required to
assess their potential in food, particularly the mode of
delivery in active form to the gut immune system.
Mechanistically, Toll-like receptors on antigen-present-
ing cells and intestinal epithelial cells are critically
involved in sensing the various bacterial components,
possibly leading to the induction of T regulatory cells
with the ability to produce suppressive cytokines such as
IL.-10 and transforming growth factor-$ [29,30]. Detailed
mechanistic aspects have been covered recently in an
excellent review by Prioult and Nagler-Anderson [31].

In terms of food-related products, promising pre-clinical
data have been obtained with oral administration of the
seaweed polysaccharide carrageenan in B-lactoglobulin-
sensitized mice [32] or a Chinese herbal medicine for-
mula (FAHF-2) in peanut-sensitized mice [33]. Animals
were protected for several weeks from anaphylaxis fol-
lowing challenge, an effect associated with a reduction in
allergen-specific IgE and downregulation of IL-4, 1L.-5
and IL-13. A similar deviation of the immune response
has been observed using dietary lipids rich in n-6 poly-
unsaturated fatcty acid (PUFA), n-3 PUFA, and saturated
fatty acids [34,35] or even using an immunomodulatory
protein from the edible mushroom Flammulina velutipes
[36]. Likewise, antioxidants such as vitamin A and E or
flavonoids [37,38] have been successfully tested in allergy
models. These results are encouraging, but often reports
on their evaluation have remained anecdotal to date.
Therefore, they will need to be very critically scrutinized
through controlled clinical trials in humans. In addition,
most of these studies did not attempt to evaluate the best
lifetime window for intervention, which could substan-
tially impact on the potential efficacy of these ingredients.

Conclusions

In the future, to enable the hypothesis-driven search for
food ingredients with preventive/therapeutic effect and
to determine to what extent immune deviation can be
counterbalanced at different periods of life (i.e. at differ-
ent stages of immune maturity/competence), it will be
important to further elucidate the mechanisms of food
allergy development. Moreover, data on interventions
beyond infancy and for other types of allergy (particularly
respiratory allergy) remain scarce and more pre-clinical
and clinical work is warranted to consolidate the initial
positive findings. This should include the definition of
more reliable biomarkers, the development of iz vitro
models with good predictive power to facilitate the search
for candidate ingredients, and the elaboration of iz vive
models that more accurately reflect the human situation.
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