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ABSTRACT: Food allergy is defined as an adverse immunologic reaction to
allergens present in food and is associated with symptoms ranging from
gastrointestinal discomfort to anaphylactic shock and death. The increase in
prevalence and potential fatality of disease has led to increased efforts to find
effective therapies and prophylaxis. While specific immunotherapy (SIT) is
effective in desensitization against inhalant allergens, it is unadvised against
food allergy because of the high risk of adverse side effects. A review of the
recent literature shows that various approaches have been taken to develop
safer and more effective SIT regimens. Here we discuss the use of recombinant
allergens, peptides, DNA vaccines, immunostimulatory DNA sequences, and
other bacterial products in SIT. In addition, we review nonspecific therapies
such as anti-IgE administration and cytokine therapy as well as natural thera-
pies such as probiotics and Chinese herbal medications. In conclusion, anti-IgE
treatment and SIT using hypoallergenic recombinant allergens in combination
with Thl-inducing adjuvants appear the most promising approaches. New
initiatives to increase our understanding of the pathophysiology and immuno-
logic mechanisms of food allergy along with the molecular characterization of
food allergens should pave the way towards safer and more effective ways of
combating this debilitating and potentially life-threatening disease.
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natural therapy; murine models; immunostimulatory DNA; CpG; DNA vaccine

INTRODUCTION

The steady increase in allergic disease has intensified the need for successful
therapeutic approaches. Up to 4% of adults and 8% of children are food allergic, with
an estimated 30,000 food-induced anaphylactic events seen annually in the United
States alone, 150 of them fatal. Fish, shellfish, soybean, wheat, egg, milk, peanuts,
and tree nuts cause the majority of all allergic reactions to foods!™* with seafood
allergy the most common in the United States> and nuts causing over 90% of fatali-
ties.%/ Currently, strict avoidance of the allergenic foods is the only way to prevent
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reactions, but about 50% of affected individuals experience accidental exposure and
reactions every 3-5 years, with hidden allergens in restaurant and processed food
often to blame.3-10

Food allergy is defined as an adverse immunologic reaction to allergenic mole-
cules present in foods, with reactions ranging from mild discomfort, urticaria, and
allergic asthma to life-threatening anaphylactic shock.23 The acute symptoms of
allergy are usually due to the release of inflammatory mediators by mast cells and
basophils, including histamine, platelet-activating factor, leukotrienes, mast cell pro-
teases, and cytokines. These mediators are released when allergen binds to IgE anti-
body attached to FceRI receptors on the cell surface, causing degranulation. Studies
show a skewing towards a Th2 response in food allergy, with elevated interleukin
(IL)-4, IL-5, and IL-13 levels, whereas tolerant individuals have higher levels of the
Th1 cytokines interferon (IFN)-gamma and tumor necrosis factor (TNF)-alpha, and
the regulatory cytokine IL-10.11-13

SPECIFIC IMMUNOTHERAPY

Specific immunotherapy to inhalant allergens has proven to be highly success-
ful.10-17 Injections of allergen over a long period of time leads to reduced sensitivity
to allergen, which is correlated with a switch from a Th2 type response to a Thl or
regulatory type response, with raised levels of IFN-vy, the regulatory cytokine IL-10,
and so-called “blocking” IgG antibodies.!8-22 It was recently shown that sublingual
immunotherapy produces significantly fewer side effects than injections, with equiv-
alent efficacy.!0-23:24 In addition, there are some indications that specific immuno-
therapy may abrogate symptoms due to oral allergy syndrome, a condition in which
patients with pollen allergy experience reactions upon ingestion of food containing
cross-reactive allergens.>>=2% It is estimated that up to 50% of patients with pollen
allergy experience oral allergy syndrome. This so-called class II food allergy is gen-
erally mediated by less stable allergens (e.g., Bet vs 8 in peanuts)30 and is drawing
increased attention due to the steady rise in the prevalence of inhalant allergies.
However, results of desensitization trials are inconclusive.22~2% Cross-reactivity
between related allergens (peanut and soybean) has been used in a murine model as
a safe way to desensitize peanut-allergic mice.3! Nevertheless, at this stage, specific
immunotherapy against food allergy in humans is currently not viable because of the
high risk of adverse reactions and limited efficacy.7’32’33 Much research is therefore
going into making immunotherapy safer and more efficacious by altering the various
components: the antigens, the adjuvants, and the delivery systems.>*

RECOMBINANT PROTEINS AND PEPTIDES

Currently, specific immunotherapy relies on crude or commercial allergen
extracts that contain proteins and allergens in variable proportions, increasing the
risk of unwanted side effects, as in patients treated for house dust-mite allergy who
developed anaphylactic reactions to snails due to cross-reactivity of allergens.3>-36
The use of defined and purified recombinant allergens in immunotherapy would
resolve these issues.>’? In addition, current recombinant technology allows the
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TABLE 1. Specific immunotherapy in food allergy

Molecular
Allergy Treatment Approach Relevance effects Clinical effects Ref.
Peanut Peanut Rush therapy Human Increased Considerable 32
(injection) oral systemic
tolerance reactions
Peanut Peanut Rush therapy Human Increased Considerable 33
(injection) oral systemic
tolerance reactions
Apple rBet vl (Birch SIT Human 1gG4 Symptom 148
(oral pollen) upregulated;  reduction in
allergy regulatory T food challenge
syndrome) cells not (DBPCFC)
altered
Apple Birch pollen  SIT (comparing Human Specific IgE  No symptom 149
(oral subcutaneous reduced reduction
allergy with sub-
syndrome) lingual)
Peanut Modified Allergen plus ~ Mouse Th2 cyto- Reduced 150
Arah 1-3 heat-killed kines anaphylactic
L. mono- reduced,; reactions
cytogenes; specific IgE
subcutaneous reduced
injection
Peanut Modified Allergen plus ~ Mouse Th2 cytokines Reduced 151
Arah 1-3 heat-killed E. and IgE symptoms
coli; rectal reduced
sensitization
Peanut Soya extract  Desensitization, Mouse Th2 cytokines Reduced 31
intra- and IgG1 anaphylactic
peritoneal, reduced reactions
with soya
extract
Ovalbumin Ovalbumin Allergen plus ~ Mouse Thl skewed  Reduced 152
heat-killed response; symptoms
Lactobacillus specific
casei strain IgE/1gG1
Shirota (LcS) reduced
Milk Beta-lacto- Carrageenan Mouse Reduced Reduced 153
globulin antigen- symptoms
(BLG) specific
proliferative
response
Peanut Peanut Allergen plus ~ Dog Specific IgE  Reduced 66
heat-killed reduced; symptoms
Listeria mono- Skin prick
cytogenes reactivity

reduced
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construction of hypoallergenic derivatives of natural allergens, which should reduce
the adverse effects of immunotherapy. Such allergens should not be able to activate
cells via crosslinking of IgE antibodies, but should preserve T-cell epitopes (immu-
nogenicity) and activate B cells to induce blocking IgG antibodies. Hypoallergenic
derivatives of the major birch pollen allergen Bet vl have been extensively studied.
Recombinant Bet v1 (rBet v1) and even rBet v1 fragments induced blocking 1gG
antibodies in animal models and were even able to shift a type Th2 immune response
towards a Th1 phenotype.*? Recent patient trials with rBet v1 were successful.38A
range of recombinant food allergens has been produced and successfully tested in
animal models (TABLE 1).*1-#* However, no human immunotherapy trials have been
performed with recombinant food allergens. Another approach has been to use syn-
thetic peptides of allergen T-cell epitopes in specific therapy. This approach seemed
to induce a regulatory T-cell response rather than a Th1 response and worked to some
extent, but allergic reactions were reported during the therapy.*>-40

ADJUVANTS

A variety of traditional adjuvants (e.g., aluminium hydroxide) have been used in
immunotherapy without detailed understanding of their molecular mechanisms.*’
Now new adjuvants with stronger Th1-inducing properties are being investigated.

Immunostimulatory DNA

Bacterial CpG motifs, unmethylated dinucleotides flanked by specific sequences,
are recognized by the mammalian immune system via toll-like receptor 9 (and pos-
sibly other pattern-recognition receptors) and trigger a Th1 response.*8-3! The same
is true of synthetic oligodeoxynucleotides containing such CpG motifs (CpG-
ODN ).50’52’53 Experiments in murine models of allergic asthma, rhino-sinusitis, and
conjunctivitis show that administration of CpG-ODN prevents symptoms and reduc-
es already established disease by reducing Th2 and IgE.54*57 Allergen/CpG-ODN
conjugates have been shown to be less allergenic and more immunogenic than native
allergen.”3>° The major allergen from ragweed, Amb a 1, linked to an immunostimu-
latory DNA sequence promoted Th1 cytokine expression and downregulated Th2 ex-
pression in vitro,°0 reversed established airway hyperreactivity in a murine model of
asthma,®-62 and yielded promising results in Phase II clinical trials.%3 Although no
food allergen—-CpG conjugates have been tested, a similar approach using Thl-
inducing heat-killed bacteria has yielded good results in mice®*%> and allergic dogs.%©

Monophosphoryl Lipid A

Another bacterial derivative undergoing testing is 3-deacylated monophosphoryl
lipid A (MPL), a detoxified form of lipid A derived from the lipopolysaccharide of
Salmonella minnesota R595. Its effects as a Th1-inducing immunostimulatory adju-
vant have been described in several publications.%”-%8 Clinical trials using MPL as
an adjuvant in immunotherapy for grass allergy demonstrated that MPL was effica-
cious, needing only four injections to induce antibody changes normally requiring
lengthy injection schedules,®® and that MPL induced strong blocking IgG responses.”"
It has not been tested in any food allergy vaccines.
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DELIVERY SYSTEMS

Several routes of administration are under consideration for use in food allergy
vaccines.

Microencapsulation

Oral administration of antigens usually leads to tolerance and has been effective
in decreasing allergic sensitization to antibiotics and other medications.”!"’2 Obvi-
ously, native food allergens cannot be administered in this way, but it may be pos-
sible with hypoallergenic or CpG-conjugated derivatives. Microencapsulation
provides a promising way of delivering allergens without degradation in the stom-
ach,737 ihereby inducing oral tolerance, and it has already been applied in clinical
trials.

DNA Vaccines

Plasmid DNA injected intramuscularly, intraperitoneally, or with a gene gun
results in transcription and translation of encoded genes and elicits an antibody
response in the host.”>~77 This method of immunization, known as a DNA vaccine,
preferentially induces a Th1 immune response and suppression of IgE.”8:72 These ef-
fects appear to be mediated by both CD8*' and CD4* cells,”7:80-81 apnq plasmid DNA
requires immunostimulatory sequences (CpG) for optimal immunogenicity.&*86
Several allergens have been tested in DNA vaccines in murine models, including Ara
h 2 (peanut), bovine beta-lactoglobulin (cow’s milk), Cry j 1 (Japanese cedar), phos-
pholipase A2 (bee venom), Der f 11 and Der p 1 (dust mites), and Bet v 1 and Phl p
2 (grass).80-83-85.87-90 Nost studies found elicitation of a Thl response and
increased IL-10. Mice vaccinated against phospholipase A2 were protected against
fatal anaphylaxis after allergen challenge,83 whereas mice receiving an oral DNA
vaccine containing the peanut allergen Ara h 2 orally® experienced significantly
less severe and delayed allergic reactions upon subsequent sensitization and chal-
lenge. However, prophylactic effects, while promising, are not sufficient to aid
patients who have existing food allergy. In mice pre-sensitized to phospholipase A,
therapeutic gene vaccination prevented only 30% of mice from experiencing ana-
phylaxis.83 However, DNA vaccination provides the option of co-delivering genes
or adjuvant molecules with immunomodulatory properties together with the antigen
sequence.® Vaccination of mice with a plasmid containing the cDNA for OVA fused
to the cDNA of IL-18, a potent Thl inducer, reversed established airway hyper-
reactivity, while a plasmid containing OVA alone had only a prophylactic effect.”!

NONSPECIFIC IMMUNOTHERAPY

While specific immunotherapy aims to correct the underlying immunologic
mechanisms leading to allergy, nonspecific therapy targeting Th2 cytokines or anti-
IgE may help abrogate symptoms and could be useful in minimizing the side effects
associated with conventional immunotherapy.
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Anti-IgE Therapy

Blocking humanized anti-IgE antibody (Omalizumab/Xolair) has been success-
fully used in patients with moderate to severe allergic asthma (TABLE 2). TNX-901,
another anti-IgE antibody, was tested in 84 peanut-allergic patients in clinical
trials.”2 TNX-901 reduced serum IgE levels and successfully increased the sensitiv-
ity threshold to peanuts from an average of half a peanut to almost nine peanuts.
While patients would still have to eliminate peanuts from the diet, TNX-901 therapy
would ensure protection from accidental ingestion or exposure, which is the cause
of most fatalities.”®3 In addition, anti-IgE administered during specific immuno-
therapy for food may reduce the risk of anaphylaxis.g“’95 On other fronts, an inhib-
itor of the IgE receptor on mast cells, R112, is in Phase I/II trials for allergic
rhinitis,”® and preclinical experiments are being conducted on a human IgG-IgE Fc
fusion protein that inhibits mast cells, basophils, and B cells?798 (TABLE 2). These
drugs may also have application in food allergy.

Cytokines

Cytokines and anticytokine monoclonal antibodies have been tested in clinical tri-
als in a number of diseases (Cutler & Brombacher, this issue), but to date they have
not been tested against food allergies. However, cytokines have been targeted in other
allergic diseases such as asthma and atopic dermatitis (TABLE 2), which have similar
underlying mechanisms. IL-4, which signals via the IL-4R alpha, is known to be im-
portant for the generation of Th2 cytokines such as IL-5, IL-9, and IL-13% and IgE
production,100 although recent studies have found that a Th2 response occurred even
in the absence of the IL-4R alpha in Leishmania major infection.1%! This redundancy
perhaps explains the disappointing results in clinical trials using anti-IL-4 mono-
clonal antibodies to treat asthma (TABLE 2). However, trials of a recombinant human
soluble IL-4R antagonist did show some clinical benefits in asthma.!02 It is now
known that IL-13, which also binds to the IL-4Rq, is the central mediator of allergic
asthma!93-105 and increases susceptibility to fatal anaphylaxis.lo6 Furthermore, fatal
anaphylaxis caused by food allergy in humans is often associated with a history of
asthma,’” and murine studies showed that helmith-induced protection against peanut
allergy via IL-10 correlated with a fivefold decrease in IL-13.107 Phase I trials using
anti-IL-13 against asthma and development of anti-IL-13 receptor are currently un-
derway.!08 Antibodies against other cytokines include anti-IL-5 for eosinophilia
(phase II for asthma and atopic dermatitis),log’110 anti-IL-9 (phase 1 for asthma), !
and anti-eotaxin 1 (phase I/Ila for rhinitis)112 (TABLE 2). A few cytokines with anti-
allergic properties have also been tested in clinical trials. Murine models show that
IL-10 is crucial for tolerance and successful immunotherapy!'97-113-115 and that IFN-
yplays arole in oral tolerance.!'® Recombinant IL-10 has been produced but not test-
ed against allergies, although it is in phase III trials for colitis,!!7-!18 (TABLE 2). Re-
combinant IFN-y has shown promising results in phase II trials for dermatitis, 119 120
with patients interestingly showing improvement in allergic rhinitis and conjunctivitis
as well as skin symptoms.'!® Phase I trials of recombinant IL-12, a Thl-promoting
cytokine, were halted due to inefficacy and adverse side effects.!?! In a murine model,
oral administration of liposome-encapsulated rIL-12 had both preventative and ther-
apeutic effects on peanut allergy.!2? It is likely that some kind of cytokine combina-
tion therapy would be required.
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TABLE 2. Nonspecific immunotherapy in allergy

Active Generic name/
Target principal code Company Application Status Ref.
IgE Humanized  Xolair (omali- Genentech, Peanut allergy Phase II 154
anti-IgE zumab) Novartis, Asthma
Tanox Approved 153
IgE Humanized TNX-901 Tanox, Genen-Peanut allergy ~ Phase II 92
anti-IgE tech,
Novartis
FceRI FceRI R112 Rigel Allergic Phase II 96
inhibitor rhinits
FceRI and Human IgG- GE2 Biogen-Idec  Allergy Preclinical 97, 98
FeyRIT IgE Fc Inc.
fusion
protein
IL-4 Humanized  SB240683 PDL/GSK Asthma Phase 11 156
anti-IL-4 halted
mAb
IL-5 Humanized = SCH-55700 Celltech/ Asthma / Phase II 157
anti-IL-5 Schering- Allergy
Plough
IL-5 Humanized  Mepolizumab ~ GSK Asthma Phase II 109,
anti-IL-5 110,
Atopic Phase II 158
dermatitis
1IL-9 Anti-IL-9 IL-9 mAb Genaera / Asthma Phase I 111
mAb MedIm-
mune
IL-4R IL-4R Bay 16-9996 Bayer Asthma Phase II 159
antagonist halted
IL-4R IL-4R Altrakincept/  Immunex Asthma Phase II 102
antagonist Nuvance Corp.
IL-4 /IL-13 Recombinant IL-4/IL-13 trap Regeneron Asthma Phase [ 160,
IL-4Ro/ 161
IL-13Ra/Fe
fusion
IL-13 Anti-IL-13  CAT-354 Cambridge  Asthma Phase I 108
human Antibody
1gG4 Technology
IL-13Ra Anti-IL-13 IL-13 receptor Amrad / Asthma Preclinical 162
receptor ol Merck
alpha 1
Eotaxin Anti-eotaxinl CAT213 Cambridge  Rhinitis Phase I/Ila 112
Antibody
Technology
— Recombinant Ilodecakin / Schering- No trials in
IL-10 Tenovil Plough allergy
Colitis Phase IIT 117,
163
— Recombinant rIL-12 Genetic Asthma Phase [ 121
IL-12 Institute halted
— Recombinant Actimmune Intermune Atopic Phase 11 164

IFN-y Pharma dermatitis
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TABLE 3. Natural therapies in food allergy
Model /
Allergy application Treatment  Relevance Molecular effects Clinical effects Ref.

Peanut Oral peanut Chinese herbal Mouse Reduced specific Abolished 127
sensitization formula IgE, mast cell anaphylactic
using cholera FAHF-1 degranulation, reactions
toxin histamine, Th2

cytokines

Peanut Oral peanut Chinese herbal Mouse Reduced specific Abolished 126
sensitization formula IgE, Th2 cyto- anaphylactic
using cholera FAHF-2 kines, enhanced reactions
toxin IFN-y

Cow’s Infants with Lactobacillus Human  Increase in IFN-y Alleviated skin =~ 142

milk cow’s milk rhamnosus secretion symptoms
allergy and GG or probi-
IgE-associated  otic mix
dermatitis
(plus conven-
tional
treatment)

Various  Children with Lactobacillus Human Decreased Improvement in 143,
moderate to rhamnosus or eosinophil eczema, 144
severe atopic Lactobacil- cationic protein, symptom
dermatitis lus reuteri decreased scores,

lactulose to decreased
mannitol ratio gastrointestinal
(stabilization of ~ symptoms

gut perme-abil-

ity); no change

in cytokine

production

Various  Children with  Lactobacillus Human  Elevated serum — 138
atopic rhamnosus IL-10
dermatitis GG

— Pregnant Lactobacillus Human — Frequency of 145,
mothers, then GG atopy halvedin 165
infants for 6 infants at age 2
months and 4
— Newborns Probiotic Human — Significant 147
E.coli strain reduction in
prevalence of
allergies at
ages 10 and 20
Cow’s Rat pups fed Lactobacillus  Rat — Restored 139
milk cow’s milk GG aberrant gut
permeability

Peanut Oral peanut Antibiotic Mouse Increased specific Removing flora 140
sensitization treatment to IgE, increased rendered mice

remove histamine and susceptible to

intestinal mast cell peanut-induced

flora degranulation anaphylaxis.
after challenge  Reconstitution

reversed the
effect
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NATURAL THERAPIES

A few authors have reviewed nonallopathic therapies for allergy, including herbal
remedies, homeopathy, and acupuncture.123‘125 In prevention or therapy of food
allergies, the most promising results have been obtained using Chinese herbal for-
mulas or probiotics (TABLE 3). In murine models of peanut allergy, the formulas
FAHF-1 and FAHF-2 completely blocked anaphylaxis and downregulated Th2 and
IgE responses without any apparent toxicity.!2%127 The effects of probiotics, live
microorganisms that are thought to exert beneficial effects on the host by improving
gut microflora,!28:129 are more controversial.130-135 Tt s thought that probiotic
administration promotes a change in the local microflora and mucosal immune
response and corrects aberrations in gut permeability.m“’l%*139 Murine models
found that toll-like receptor 4-dependent signals provided by macrobiotics inhibited
the development of allergic responses to food,'*? whereas disruption in this micro-
biota enhanced the allergic response to OVA and to mold spores.!#! Clinical trials
have demonstrated that probiotic therapy may help to alleviate atopic dermatitis and
gastrointestinal symptoms caused by food allergy.136’142*144 In addition, when pro-
biotics were given to expectant mothers with a familial history of atopy as well as
postnatally for 6 months to their infants, the frequency of atopic eczema in the treat-
ed infants was half that of the placebo group.!43:146 Another study found that admin-
istration of a probiotic Escherichia coli strain after birth resulted in a reduced
incidence of allergies recorded at the ages of 10 and 20.147 It is therefore possible
that probiotics may have a role in the prevention of food allergy. However, such
effects appear to be species-specific, and further research is needed.!32:133

CONCLUSIONS

Several novel therapeutic and prophylactic therapies against food allergy are un-
der investigation. To date, anti-IgE treatment and specific immunotherapy using
hypoallergenic recombinant allergens together with Th1-inducing adjuvants such as
CpG DNA or heat-killed bacteria appear the most promising. New initiatives to
increase our understanding of the pathophysiology and immunologic mechanisms of
food allergy along with the molecular characterization of food allergens should pave
the way towards safer and more effective ways of combatting this debilitating and
potentially life-threatening disease.
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