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Abstract There is no approved therapy for food allergies, which affect 12 million people
in the United States and millions more worldwide. In the last few years, our research team
at Duke has begun to develop protocols to treat peanut and other food allergies. Two
distinct therapies are being developed. Oral immunotherapy (OIT), which relies on
ingestion of increasing amounts of the allergenic food, has been used to successfully
desensitize more than 50 peanut allergic subjects. Sublingual immunotherapy (SLIT)
involves placing small quantities of peanut allergens under the tongue and has shown
promise in our initial placebo-controlled clinical trial. Immunologic changes associated
with OIT and SLIT include reduction in mast cell reactivity as determined by skin prick
test size, decreased basophil responses, decreased specific-IgE, increased IgG4, and
induction of regulatory T cells. Development of these immunotherapy strategies has
generated much excitement in the food allergy community; however, further studies are
needed before these approaches are ready for clinical use.
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Introduction

Food allergy is caused by a breakdown in immunologic tolerance mechanisms. Typically,
oral tolerance is induced by ingestion of antigen leading to one or more of the following
mechanisms: deletion of antigen-specific T cells; induction of anergy in antigen-specific T
cells; and/or production of regulatory T cells (Tregs) [1, 2]. In food allergic individuals,
faulty mechanisms of tolerance give rise to food-specific T-cell responses with a Th2-type
profile. Th2 cell secretion of IL-4 and IL-13 drives B cells to produce IgE [3]. IgE then
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binds to its high-affinity receptor, FceRI, on mast cells, which line the skin and mucosal
tissues. Upon a subsequent ingestion of the sensitizing food, an allergic reaction is trig-
gered by cross-linking of IgE receptors on mast cells, leading to degranulation in which
mast cells release their contents, including histamine, leukotrienes, and prostaglandins.
These potent bioactive compounds give rise to allergic symptoms characterized by urti-
caria, angioedema, vomiting, wheezing, and anaphylaxis.

Food allergies affect an estimated 4-6% of young children and 2% of adults in the
United States [4]. The Center for Disease Control and Prevention has reported an
approximately 20% increase in US children affected in the period from 1997 to 2007 [5];
other allergic conditions such as asthma and atopic dermatitis are also increasing [6]. The
underlying cause of this increase is unclear, although the “hygiene hypothesis” has
received significant attention. This idea basically states that decreases in family size and
bacterial and parasitic infections in Westernized societies cause the immune system to
over-respond to innocuous antigens [7]. However, although an attractive concept, this is an
insufficient immunologic explanation for the observed rise in Th2-polarized diseases. By
contrast, there is evidence that food allergy is caused by a complex interplay between
environmental factors and genetics, as well as the food allergens themselves [8]. It has
been noted that some foods are highly allergenic, while others rarely cause sensitization
[9, 10]. The “big 8” allergenic foods that account for ~90% of food allergies in the United
States are milk, egg, peanut, tree nuts, soybeans, wheat, fish, and shellfish [8].

Many food allergies are naturally outgrown. Both egg and milk allergies commonly
resolve without intervention during the first decade of life [11, 12]. IgE recognition of
linear rather than conformational epitopes on milk and egg allergens may predict which
children will eventually become tolerant versus those that will remain allergic [13].
In contrast to milk and egg allergies, peanut allergy is rarely outgrown. A natural history
study estimated that only 20% of those diagnosed with peanut allergy will eventually
become tolerant [14]. In addition, peanut allergy is considered to be a more severe disease,
since it has been shown to be responsible for the majority of life-threatening and fatal
allergic reactions to foods [15—17], and even minute amounts of peanut proteins (100 pg in
one study [18]) have been shown to elicit clinical symptoms.

Currently, there is no accepted form of therapy for food allergies. Patients are instructed
to strictly avoid the allergenic food(s) and carry rescue medicine, such as epinephrine and
anti-histamines, with them at all times. However, constant vigilance erodes quality of life,
and accidental reactions are common even among the most cautious patients [19, 20].
Previous attempts to treat food allergies included subcutaneous injections of peanut protein
extracts [21], which is the preferred route for immunotherapy with aeroallergens and insect
venom. Although some efficacy was reported, systemic reactions, including anaphylaxis,
were very common, leading to the abandonment of this approach for food allergies.
Another trial, using an anti-IgE monoclonal antibody, called TNX-901, was also studied
for peanut allergy [22]. The highest dose studied caused a significant increase in eliciting
dose threshold; however, it offered no improvement for ~25% of the study participants.

At Duke, we have developed oral immunotherapy (OIT) for food allergies, evolving
over time from small open-label pilot studies to larger randomized designs. The concept is
based on drug desensitization and involves administering increasing doses of the offending
food over a period of several months. We have had extensive experience in OIT for egg
and peanut allergies in several clinical trials. Additionally, we have recently completed the
first double-blind placebo-controlled trial of sublingual immunotherapy (SLIT) for peanut
allergy. Here, we will describe our experiences with OIT and SLIT in the clinical setting
and examine the immunologic changes associated with these therapies.
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Oral immunotherapy

Our initial goal for OIT was to safely bring subjects to a maintenance dose equivalent to
the amount of protein that would be present in a “bite” of the allergenic food, which would
theoretically confer protection in the event of an accidental ingestion. This approach
requires the subject to mix the powdered allergen dose in a vehicle food, such as apple-
sauce or pudding, and ingest it each day at home. For egg and peanut, this dose was
determined to be 300 mg, which is the equivalent of a few bites of egg in a baked good or
one peanut. It was hypothesized that several months on OIT would lead to decreased
specific-IgE levels, which would warrant an open food challenge to several grams of the
allergenic food. Ninety-five percent confidence intervals have previously been reported,
showing that IgE <2 kU/1 for peanut or egg give the subject an approximately 50% chance
to pass an open food challenge [23]. In addition to following specific-IgE, we also tracked
IgG and IgG4, along with various cellular responses focused primarily on T cells and
basophils.

Two concepts for effective outcomes have now become paramount in our research; the
first is successful demonstration of desensitization and eventual folerance to the allergenic
food. In the context of immunotherapy, we define desensitization as the ability to raise the
amount of food protein required to induce a clinical reaction, while still on daily immu-
notherapy. Tolerance is defined as a prolonged ability to ingest large amounts of the food
proteins without daily intake of immunotherapy. We will review our experiences with both
of these endpoints for food allergies.

Egg OIT

The first study of OIT undertaken was an open-label study for egg allergy in a pediatric
population [24]. Egg allergy was chosen as a proof-of-concept for safety concerns, with
some caution as to the severity of reactions that may result from OIT in peanut allergic
patients. Subjects began the study with a first-day dose escalation beginning at 0.1 mg and
escalating up to 200 mg of egg white powder and were then again observed the next day to
ingest the highest tolerated dose. Subjects then began ingesting egg proteins daily at home
during the build-up phase of OIT, increasing biweekly on the research unit until reaching
the maintenance dose of 300 mg. Two food challenges were conducted to determine
whether subjects were desensitized or tolerant.

The desensitization challenge occurred while subjects were taking daily egg doses. Four
out of seven subjects passed the initial desensitization challenge, with all subjects con-
suming larger amounts than were tolerated at baseline. For the tolerance challenge, the four
subjects that passed the desensitization challenge withheld daily egg ingestion for
3—4 months and received the same challenge. Two out of the four subjects passed the
tolerance challenge [24]. Although these results indicated that egg OIT appeared safe and
feasible, it was not clear whether it would alter the natural history of the disease. With this
in mind, subjects were brought to higher maintenance doses to determine the effects of
higher doses and longer treatment courses, on development of tolerance.

Six additional subjects were studied to investigate the effects of higher maintenance
dosing (Vickery et al. Annals of Allergy, Asthma, and Immunology 2010-manuscript in
press). Subjects ingested a median of 2,400 mg egg powder as maintenance dosing and
were studied for up to 60 months. One hundred percent of these subjects passed the
desensitization challenge and were then taken off OIT for 4 weeks. Following abstinence
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from egg OIT, all six subjects passed a tolerance challenge. These subjects now eat egg in
their diets and are considered clinically tolerant. This study highlights the potential
importance of higher OIT dosing and longer treatment courses.

Immunologic changes observed with egg OIT were encouraging in that they resembled
known changes from other types of allergy immunotherapy, such as subcutaneous IT for
pollen allergies [25]. Mast cell responses, as measured by skin prick testing with egg
proteins, were decreased following egg OIT. Humoral responses to egg allergens changed
during the course of OIT. Egg-specific-IgE was decreased, while egg-IgG and IgG4 were
significantly increased [24]. The same pattern of decreased IgE and increased IgG4 was
observed for the major egg allergen, ovomucoid. T cell responses to egg demonstrated a
shift away from a Th2 profile, with increases in TGF-f and IL-10, known regulatory
cytokines, although with the limited number of subjects these changes did not reach
statistical significance. We were encouraged by these early results, although without a
control group, we were unable to definitively conclude that these changes were due to OIT
since most patients are expected to outgrow egg allergy.

Peanut OIT

Early success with egg OIT encouraged us to pursue OIT for peanut allergy, with protocols
based on the egg OIT studies. In the original open-label study, subjects began with an
escalation starting at 0.1 mg up to 50 mg of peanut protein on the first day [26]. Over the
next several months, subjects were brought to a maintenance dose of 300 mg. Subjects
were challenged following 4-22 months of maintenance dosing to assess desensitization.
On the initial day, all subjects reacted at less than 50 mg protein, but at the desensitization
challenge, 27 out of 29 subjects successfully consumed the entire challenge dose of
3,900 mg of peanut protein (equivalent to ~ 16 peanuts). This trial of peanut OIT is the
largest study published, indicating that 93% of subjects reaching the maintenance dosing
were desensitized. Although this was also an uncontrolled study, this dramatic improve-
ment would be unexpected in typical untreated peanut allergic patients.

Immunologic changes associated with this desensitization were also reported [26] and
are represented in Fig. 1. Effector cell responses to peanut were decreased as evidenced by
skin prick testing and basophil hyporesponsiveness. Decreases in mast cell and basophil
reactions to peanut allergens help explain the achievement of a desensitized state. Changes
in antibody responses followed that of subcutaneous immunotherapy; namely, we mea-
sured significantly decreased peanut-IgE and increased IgG and IgG4. Interestingly, the
epitope-specific nature of the subjects’ responses appears to shift from IgE to IgG4, such
that IgG4 is directed at the same epitopes binding IgE prior to OIT [27]. A serum factor,
presumably peanut-IgG4, induced by OIT was also shown to block the interaction of
peanut allergen with IgE in a functional binding assay.

Regulatory T cells (Tregs) are thought to play a critical role in oral tolerance and were
recently demonstrated to increase in subjects outgrowing milk allergy [28]. In our peanut
OIT study, CD4 + CD25 + FoxP3 + Tregs were increased at 12 months of OIT and
began to return to baseline by 18 months. The transient increase in Tregs may drive the
suppression of the Th2 response to peanut allergens. Indeed, Th2-type cytokines were
significantly decreased by 12 months and remained decreased through 24 months of OIT
[29]. Additional studies on T cells revealed an increased propensity for apoptosis as
evidenced by changes in apoptosis-related gene expression.
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Peanut OIT was shown to be safe in this open-label cohort [30]. In contrast to the
experience with subcutaneously injected peanut immunotherapy, allergic side effects did
occur, but these were generally mild, involving the skin and/or upper airway and responded
to antihistamines. Importantly, the vast majority of side effects occurred early in the build-
up phase, indicating that desensitization had not yet been achieved. Only one reaction
required treatment with epinephrine for a systemic reaction in over 10,000 doses admin-
istered. It must be noted that 4 subjects withdrew from the study due to ongoing OIT-
related allergic side effects, indicating that not all allergic subjects will tolerate OIT. Other
triggers of side effects in subjects normally tolerating doses include ongoing infection,
exercise following dosing, and dosing on an empty stomach [31].

A follow-up study was conducted to conclusively address desensitization in a ran-
domized, double-blinded, placebo-controlled trial [32]. Subjects received peanut flour or
oat flour as a placebo. Maintenance doses were increased to 4,000 mg in this study, which
were achieved in ~ 10 months for most patients. All 16 peanut OIT subjects in the active
treatment group passed the desensitization challenge, while none of the placebo subjects
did. The active group ingested a median 5,000 mg peanut protein (~20 peanuts), while the
placebo reached a median of 280 mg peanut protein (~ 1 peanut) before having allergic
symptoms. This double-blind, placebo-controlled trial definitively demonstrated that suc-
cessful desensitization was induced by OIT in a 12-month period.

In order to address tolerance, eight subjects in the open-label OIT study whose peanut-
IgE levels had been reduced to <15 kU/l were taken off of OIT for 4 weeks and then
challenged to peanut [33]. These subjects were on peanut OIT for 32-61 months prior to
tolerance challenging. All eight subjects were able to successfully complete the challenges
and are deemed clinically tolerant to peanut. We are still following these subjects and
working on defining biomarkers to discriminate the factors that are decisive in tolerance
development. Of note, in the 4 weeks off OIT, peanut-IgE did not increase, indicating a
long-lasting effect on this vital allergic immune parameter.

A direct result of desensitization of peanut allergy is an increase in freedoms not present
before OIT, such as eating at particular restaurants, attending social gatherings, and eating
with non-allergic peers at lunch [34]. Previous studies have concluded that the quality of
life of a food allergic child is comparable to that of a diabetic child [35]. In preliminary
reports of our subjects and their families’ responses to quality of life assessments, we have
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seen a dramatic improvement in the quality of life (emotional, social, physical, and
scholarly benefits) associated with having a food allergy both for the subject and that
subject’s family [36].

Importantly, our findings have been replicated in subsequent oral immunotherapy trials
at other medical centers. In particular, peanut OIT has been reported on by two European
groups [37, 38]. These studies included pre-OIT challenge to establish baseline thresholds.
Clark et al. reported on four subjects undergoing OIT and found an increase from baseline
of 5-50 mg peanut protein required to cause clinical symptoms, up to 2,400 mg following
OIT [37]. Blumchen et al. also reported a highly significant increase in threshold of peanut
challenge following OIT in 14 of 23 subjects reaching maintenance dosing. Immunologic
changes were similar to our previous report, namely, decreased skin prick tests, increased
peanut-IgG4, and decreased Th2 cytokine production [38]. Both research groups concluded
that desensitization of peanut allergy can be achieved by OIT in most patients.

Sublingual immunotherapy

Another approach being actively studied for food allergies is SLIT. SLIT involves placing
drops of allergen extract under the tongue, then swallowing the liquid. SLIT has some
convincing evidence for efficacy in allergies to pollens (i.e., allergic rhinitis) and is
extensively used in Europe [39, 40]. This type of therapy is thought to work by interacting
with tolerogenic Langerhan’s cells in the oral mucosa, which lead to down-regulation of
the allergic response. Limited studies using SLIT for food allergies have been reported, the
most cited of which was a trial for hazelnut allergy [41]. In this study, the majority of
subjects appeared to have oral allergy syndrome (OAS; cross-reactivity of food proteins
with IgE directed at environmental allergens [42]) and not systemic reactions on ingestion
of hazelnut. Other reports are case reports for kiwi allergy [43] and another with peach for
OAS patients [44]. Here, at Duke, we have conducted a SLIT study in peanut allergic
subjects.

A randomized, double-blinded, placebo-controlled trial of SLIT for peanut allergy in
young children (median age of 5 years) was conducted with 18 subjects (manuscript
submitted—Kim et al. 2010). SLIT was administered daily with peanut extract in glyc-
erinated saline given to subjects for 12 months prior to challenge. SLIT began at 250 ng of
peanut protein and subjects were up-dosed to a maintenance dose of 2 mg peanut protein.
On challenge, subjects on active treatment (n = 11) consumed a median of 1,710 mg
peanut protein ( ~ 7 peanuts), while placebo subjects (n = 7) ingested a mere 85 mg before
having an allergic reaction. Of note, there was a large range of peanut consumed on
challenge in the active group (range: 35-2,500 mg), which shows that not all subjects were
desensitized effectively. The amount consumed on challenge was modestly correlated with
peanut-IgE levels, which may be important for the subset of subjects with extremely
elevated peanut-IgE.

As with OIT, peanut SLIT was associated with decreases in skin prick test reactions and
basophil activation assays. Peanut-IgG4 was significantly increased at 12 months, although
the absolute levels of peanut-IgG4 in serum were much lower than subjects receiving high-
dose OIT. Th2 cytokine decreases were also decreased for those on active treatment, which
were not observed in placebo subjects. Lastly, an increase in Tregs was measured for
the active treatment group, although it was not statistically different from placebo
(P = 0.145).
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SLIT appears to provide clinical benefits in this first DBPC trial. Although a smaller
percentage of SLIT subjects were able to ingest the entire challenge when compared to the
double-blinded, placebo-controlled peanut OIT study, this provides evidence that SLIT can
be a viable treatment approach for food allergy. These findings are especially exciting
since such a low dose is required (2 mg) compared to OIT (300—4,000 mg). SLIT may be a
safe, effective option for subjects that cannot tolerate OIT.

Ongoing and future studies

We have begun a pilot study using a combination of Xolair (Omalizumab, Genentech) and
peanut OIT. Xolair is an anti-IgE monoclonal antibody therapy that decreases free, cir-
culating IgE in serum, decreases expression of FceRI on mast cells and basophils, and is
approved for treatment of allergen-induced asthma [45]. The hypothesis we are testing is
that pre-treatment with Xolair will decrease allergic side effects and allow increasing to
maintenance doses more quickly. Pre-treatment with Xolair was reported to increase the
safety of aeroallergen (cat, dog, and house dust mite) subcutaneous immunotherapy [46].

Another trial recently begun at Duke Medical Center is titled Determining the Efficacy
and Value of Immunotherapy on the Likelihood of Peanut Tolerance (DEVIL). The trial is
designed to introduce peanut OIT to infants recently diagnosed with peanut allergy. We are
interested if early intervention, while the peanut immune response is still developing, may
prove beneficial. It is conceivable that the infant immune response will be more quickly
amenable to treatment and will protect these children from severe reactions in later years.
Additionally, two dosages, 300 and 3,000 mg, of peanut OIT are being compared and
mechanistically studied for differences in cellular and humoral responses.

Researchers in Europe are investigating an interesting concept in which children are
exposed to peanut before they ever develop IgE. The trial, called Learning Early About
Peanut allergy (LEAP) is designed to give low, but frequent doses of peanut to induce oral
tolerance before allergy develops. The concept is based on differences of peanut allergy
prevalence in Jewish children in the United Kingdom and Israel. The prevalence is
~1.85% in the United Kingdom and 0.17% in Israel [47]. Infants in Israel aged
8-14 months had a median monthly intake of 7.1 g of peanut protein compared to 0 g in
the United Kingdom. A recent publication in a mouse model supports this hypothesis [48].

Our research team at Duke also participates in the Consortium of Food Allergy
Research (CoFAR), which has several ongoing multi-site trials at Mount Sinai School of
Medicine, National Jewish Research and Medical Center, University of Arkansas for
Medical Sciences, and Johns Hopkins School of Medicine. An observational study is
underway [49], which is aimed at understanding how the immune response to various food
allergens progresses over several years. In particular, we are interested in egg and milk
allergic children that go on to develop peanut allergy. Interesting outcomes will be
mechanisms of natural resolution of egg and milk allergy, and how the peanut immune
response develops into either allergy or tolerance. Other studies conducted by CoFAR
include randomized, double-blinded, placebo-controlled trials of egg OIT in children with
persistent egg allergy and peanut SLIT for adults. Additionally, clinical studies have begun
using engineered, mutated peanut allergens expressed in E. coli, which were previously
shown to decrease peanut allergy in animal models [50] possibly by interacting with Toll-
like receptors [51].

Our research group was also involved in a trial of milk OIT in collaboration with
researchers at Johns Hopkins [52]. Skripak et al. reported on a randomized, double-blinded,
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placebo-controlled trial with entry challenge to milk. Baseline thresholds of milk required
to induce reactions had a median of 40 mg. Subjects were built-up to a 500 mg mainte-
nance dose, then challenged again. The median challenge threshold post-OIT was
5,100 mg, a significant increase, while no change was seen in subjects receiving placebo.
This study indicates that regardless of food allergen, desensitization should be possible, as
has now been demonstrated for egg, peanut, and milk allergies.

A non-allergen-specific therapy that has shown impressive efficacy in mouse models of
food allergy for peanut, as well as a multi-allergic model for egg, fish, and peanut allergy,
is the Food Allergy Herbal Formula (FAHF-2) developed at Mount Sinai [53, 54].
The researchers developed this herbal formula based on allergy formulas used in traditional
Chinese medicine. Clinical trials are underway [55].

At Duke, we will also begin clinical trials to address tree nut (walnut, cashew, etc.)
allergies. Tree nut allergy is similar to peanut allergy in that less than 10% of diagnosed
patients will go on to outgrow the allergy and life-threatening and fatal reactions are
associated with tree nuts. Additionally, tree nut allergy is often not restricted to one nut but
frequently involves reactions to multiple nuts. A recent study from Europe showed that up
to 80% of patients with an allergy to one nut will also have IgE to other nuts [56]. We will
test the hypothesis that OIT with a single tree nut will down-regulate allergic responses to
co-sensitizing tree nuts. Immunologic investigations will focus on serologic changes,
basophil and mast cell changes, as well as ability of OIT to induce Tregs that will suppress
multiple tree nut allergic responses. Pre-clinical studies in mice demonstrate the feasibility
of this study [57].

Conclusions

OIT appears to be safe and effective for the vast majority of food allergic patients. Our
experiences with peanut and egg OIT have demonstrated a significant increase in the
amount of protein allergen needed to cause a reaction. Because this increase exceeds the
amount of protein that would be expected in an accidental encounter, desensitization is
clinically useful and provides a sense of relief for food allergic subjects and their families.
The clinical effect of OIT is supported by relevant and consistent immunologic changes
across multiple studies, including decreased mast cell and basophil responses; decreased
IgE and increased IgG and IgG4; as well as a transient increase in Tregs and a sustained
decrease in Th2 cytokines. SLIT also appears to be effective, although more work is
required, including optimizing the dosage and length of treatment. Current studies are
focused on which immune parameters may predict eventual tolerance, such that patients
are not required to consume daily doses of the allergenic food. Both OIT and SLIT are
relatively simple and feasible approaches and are likely to be cost-effective. Therefore, it
may be expected that either or both may be adopted as the first treatment to modify the
natural history of food allergy. However, it must be noted that the studies described herein
were all conducted in relatively small samples at large medical centers with appropriate
support staff and are not ready to be implemented into clinical practice [58].
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