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Opinion statement

The gastrointestinal tract is the largest immune organ in the body and relies on a va-
riety of mechanisms to handle the constant exposure of ingested antigens and com-
mensal bacteria. Tolerance to ingested food proteins is the default response;
however, there are a variety of both host and food-related factors that can lead to loss
of tolerance and development of food allergy. Although many children will outgrow
their food allergies, a significant number will continue to require life-long avoidance.
Currently, there are no FDA-approved treatments for food allergies; however, multiple
therapies have been or are currently under investigation and more are on the horizon.
The most studied modalities include oral (0IT) and sublingual (SLIT) immunotherapy.
Both are successful in desensitizing patients to food allergens, reducing the risk of re-
action following accidental exposure, and there is some evidence for induction of
short-term tolerance as well. (Table 1) Emerging therapies include combining OIT with
a monoclonal anti-IgE molecule, Chinese herbal therapy, and epicutaneous immuno-
therapy (EPIT), all of which have yielded promising early results. There are other
targeted therapies currently in pre-clinical development. At this time, none of these
options are ready for clinical use; and more work is needed to develop safe and effec-
tive therapies.

Introduction

The gastrointestinal (GI) tract is regularly exposed to tion, food proteins are digested and then absorbed
potentially harmful antigens through ingested foods by intestinal epithelial cells in forms including
as well as commensal bacterial [1]. Following inges- dipeptites, tripeptides, and amino acids. During this
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process, food proteins interact with components of the
immune system, both in the intestinal lumen as well
as in nearby lymphoid tissues. These interactions de-
termine whether the body develops tolerance or reac-
tivity to ingested food proteins. Oral tolerance is
defined as antigenic suppression of the cellular or hu-
moral immune response that occurs in the gut, and
this is the typical response that occurs when food is
ingested [2¢]. Food allergies are believed to arise when
the normal mechanisms that promote oral tolerance
are interrupted or delayed (Table 1).

The GI tract and generation of oral tolerance

* Immune cells are located in three primary areas
throughout the GI tract: the mucosal epitheli-
um, lamina propria, and the gut-associated
lymphoid tissue (GALT), which is made up of
lymphoid follicles, Peyer’s patches, and the
appendix. Mucosal epithelium can serve as a
physical barrier to prevent the exposure of po-
tentially harmful antigens to underlying lym-
phoid tissues and this is primarily achieved
through adherens and tight junctions. Gut epi-
thelium also expresses MHC Class II molecules
that lack traditional co-stimulatory molecules,
thus promoting tolerance after binding to food
proteins, rather than reactivity [3]. Peyer’s
patches contain organized lymphoid follicles
consisting of a B-cell germinal center
surrounded by T lymphocytes. The lamina
propria also contains a significant number of B
cells which in the GI tract serve as an important
source of IgA production. Secretory IgA pro-
duced by these B cells is present in the intesti-
nal lumen and binds to food proteins,
preventing absorption by the gut epithelium
and possible reactivity [4].

* One of the most important cells for generating
tolerance to ingested food proteins is the den-
dritic cell (DC) [5]. There are two types of gut
DCs, those that express CD103 and those that
express CX3CR1 [6]. CD103+ DCs are non-
migratory, while those that express CX3CR1 are
able to migrate to regional lymph nodes. DCs
can interact with food proteins in several dif-
ferent ways: by extending dendrites between

Table 1. Immunomodulatory effects of food immunotherapies
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epithelial cells to sample luminal contents, by
interacting with epithelial cells directly, or
through uptake in Peyer’s patches. Once anti-
gen is taken up by DCs it is presented to B cells
in Peyer’s patches or T cells in regional lymph
nodes. Under normal circumstances, and in the
presence of transforming growth factor (TGF)-p
and retinoic acid, DCs promote the develop-
ment of regulatory T cells [7-9]. DCs also se-
crete the cytokine interleukin (IL)-10, which
aids in the development of oral tolerance.

Regulatory T cells (Tregs) also play a critical
role in the development of oral tolerance. Tregs
function to actively suppress the immune re-
sponse, which is critical in preventing inap-
propriate reactivity. There are two primary
classes of Tregs, including natural Tregs (nTreg)
that express the forkhead box P3 (FoxP3) pro-
tein and are produced in the thymus, and in-
ducible Tregs (iTreg) which are produced after
antigenic stimulation [10, 11]. FoxP3 acts to
suppress T helper (T)1 and T2 immune re-
sponses and a lack of FoxP3 is associated with a
syndrome of immunodysregulation,
polyendocrinopathy, and enteropathy that is X-
linked (IPEX), and is characterized by severe
autoimmunity [12]. Inducible Tregs are more
important for the development of oral toler-
ance and can be further divided into three
subsets: T3 T cells, Tg1l T cells, and inducible
CD4 +CD25+FoxP3+ T cells. Tr1 cells provide
immune suppression primarily through secre-
tion of IL-10 and, while T},3 cells also secrete IL-
10, they produce immune-suppressing activity
through TGF-p [13-15]. TGF-p also enhances
the development of tolerogenic DCs, which in
turn promotes the conversion of naive T cells to
Tregs and B-cell class switching from produc-
tion of IgM to IgA [16e]. Inducible
CD4+CD25+ Tregs also secrete TGF-p and are
found in higher numbers in children that have
outgrown their milk allergy compared with
those who continue to be milk allergic, sug-
gesting their importance in the development of
oral tolerance [17-19].

In addition to regulatory T cells, IgA-producing
B cells, and DCs, CD8+ suppressor T cells,

gamma-delta T cells, natural killer T (NKT)
cells, and the cytokine thymic stromal
lymphopoetin (TSLP) are believed to have a
role in oral tolerance induction [20-22].

Mechanisms of food allergy

Food allergy is a T;,2 response mediated
through allergen-specific CD4+ T cells and
generation of cytokines including IL-4, IL-5,
and IL-13. These cytokines activate B cells to
increase allergen-specific IgE production that
can bind to the high-affinity IgE receptor
(FceR1) on mast cells and basophils [23].
When re-exposed to the allergen, these cells
produce histamine, prostaglandins, leukotri-
enes, and more T},2 cytokines leading to clinical
symptoms of food allergy, including anaphy-
laxis. Despite the wide variety of food proteins
that the GI tract is exposed to, only a few ac-
count for the majority of food allergies, in-
cluding cow’s milk, hen’s egg, soy, wheat,
peanuts, tree nuts, fish, and shellfish. Of these,
peanuts, tree nuts, fish and shellfish are most
likely to persist into adulthood [24, 25ee].
There are multiple factors involving the host GI
tract and immune system as well as character-
istics of food proteins themselves that can lead
to reactivity rather than tolerance. (Table 2) In
general, food proteins are typically broken
down by digestive enzymes and gastric acid
which destroys conformational epitopes, mak-
ing food proteins less recognizable by the gut
immune system. Resistance to heat denaturing,
water solubility, the presence of glycosylation
residues and/or linear epitopes, and molecular
weight less than 70 kilodaltons (kD) all in-
crease the allergenicity of food proteins [15].
Antacids also increase the risk of reactivity as
food proteins are less broken down and are
presented more intact to the lower GI tract [26].
Timing, dose, and route of exposure of food
proteins is also important. Several studies sug-
gest that delayed introduction to peanut and
wheat increases the risk of allergy to these foods
[27-29]. Infants with atopic dermatitis, but no
history of peanut allergy, who are exposed to
peanut oil through their skin are at higher risk
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Table 2. Factors important for the development of oral tolerance versus food allergy

Oral tolerance
e Intact gut epithelial barrier

e Acid degradation of food proteins leading to

destruction of conformational epitopes

e Promotion of Treg development by dendritic cells

e Treg production of IL-10 and TGFB

e IgA binding to food proteins to prevent absorption

e Commensal gut flora

IgE-mediated food allergy

e Immature gut barrier leading to increased permeability

® Resistance to acid destruction, molecular weight <70 kD,
glycosylation residules, linear epitopes, water solubility,
use of antacids

® T2 cytokines (IL-4, IL-5, IL-13)

e Destruction of commensal gut flora

of developing peanut allergy [30].

Gut permeability also appears to play a signif-
icant role in the balance between tolerance and
reactivity. After birth, the permeability of the
gut epithelial barrier is high and may take sev-
eral years to fully develop. During this time,
more food proteins may be exposed to gut
lymphoid tissues, increasing the risk of reac-
tivity [15]. Breast feeding also appears to pro-
mote immune tolerance. Breast milk IgA is
resistant to breakdown by oral enzymes and gut
acidity and can provide passive immunity
against ingested food antigens and bacteria.
There may be other factors in breast milk that
can promote the maturity of the GI epithelial

barrier [31]. In IgA-deficient patients, the lack
of secretory IgA may also lead to increased
uptake of food allergens through gut epithe-
lium and a higher risk of developing food al-
lergy [32-34]. The colonization of the gut
with commensal flora is also very important
as interactions between gut flora and T cells
promote the normal development of gut
lymphoid tissues as well as generation of Tregs
[35]. If gut flora is disturbed, the normal
mechanisms that promote oral tolerance do
not occur and food allergy can result. Genetic
factors also likely play a role in the risk of
food allergy; however, there are no conclusive
human studies [36].

Treatment options

Immunotherapy for treatment of food allergy

A significant number of patients will outgrow their food allergies but
this process may take years. Approximately 11 % of children will
outgrow their cow’s milk allergy and 19 % will outgrow their egg
allergy by age 4, although it may occur sooner in some populations.
While these numbers increases to nearly 80 % by age 16, only 20 %
will have outgrown their peanut allergy by this same time, suggesting
that food allergies can be a long-term or even life-long problem for
many [37-42]. Immunotherapy is effective in the treatment of both
pollen and venom-induced allergies and it is hypothesized that the
same may hold true for food allergic patients [43, 44].

The goals of food immunotherapy are to induce a state of desensi-
tization as well as immune tolerance. Desensitization is defined as an
increase in the dose of food allergen required to induce an allergic



Immunomodulatory Effect of Active Treatment Options Pesek and Jones 137

reaction. It requires continuous exposure to the allergen or the like-
lihood of a reaction following future ingestion of the food is high.
Tolerance represents a long-term immune change that allows for the
ingestion of a food allergen without the need for continuous expo-
sure. Another concept is that of ‘sustained unresponsiveness’, which
represents short-term tolerance. In studies of oral immunotherapy,
sustained unresponsiveness occurs following treatment when pa-
tients can ingest food ad libitum. Desensitization can be induced in a
relatively short amount of time, typically months, while sustained
unresponsiveness and/or tolerance may take a significantly longer
period to achieve. Investigations are underway to determine the
possibility of long-term reversibility of the allergenic state to specific
foods following treatment with immunotherapy.

Oral immunotherapy

Oral immunotherapy (OIT) uses a protein powder mixed with other
foods that the subject ingests. It is believed that OIT activates gut
DCs, promoting immune tolerance rather than reactivity [15].
Treatment with OIT involves three phases. The first is escalation,
during which subjects are given 6-8 doses of the food allergen in
incremental doses and in rapid succession, usually during one day.
This is followed by the buildup phase, when subjects ingest a daily
dose of the food allergen. This is increased every 1-2 weeks until a
target dose is reached, usually months. The last phase is mainte-
nance, during which subjects ingest a stable, daily dose of the food
allergen for a scheduled amount of time, often months to years.
Following these phases, oral food challenges (OFCs) are typically
performed to assess for the development of desensitization,
sustained unresponsiveness, and/or tolerance.

OIT studies have been conducted for milk, egg, and peanut and are in
progress with tree nuts and multiple foods in a single dose [45-50,
51e, 52ee, 5357, 58e, 59ee] OIT appears efficacious at
desensitizing subjects to their respective food allergen, and some
studies have also shown the ability to induce sustained unrespon-
siveness in a subset of subjects; however, long-term tolerance re-
mains elusive. Because of this, more work is needed before OIT is
ready for widespread clinical use [60e, 61, 62, 63e, 64e].

In regards to immune modulation, OIT reduces skin prick test (SPT)
wheal size, allergen-specific IgE levels, and basophil activity [45,
52ee, 54, 56, 57, 58, 59e¢]. OIT also increases allergen-specific
IgG4, a marker associated with tolerance development in other forms
of immunotherapy (such as subcutaneous immunotherapy [SCIT]).
In a study of six egg-allergic subjects, OIT led to increases in I1L-10
and TGF-p as well as the development of CD4+CD25+ regulatory T
cells [55]. Similar results were seen in a study of 29 peanut-allergic
subjects who were treated with OIT for 36 months [56]. Increases in
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pro-inflammatory cytokines including IL-1@, IL-5, and tumor ne-
crosis factor (TNF)-a were seen, suggesting a shift away from a T2
profile. In a study by Varshney et al. [57], peanut-allergic subjects
were randomized to receive OIT or placebo. Subjects receiving OIT
had increased numbers of CD4+CD25+FoxP3+ T cells at the end of
therapy and these subjects also had significant decreases in IL-5 and
IL-13 levels compared with baseline. There were no changes in IL-10
or interferon (IFN)-vy levels in either group. TGF-p increased initially,
but returned to baseline levels by the end of the study. OIT-treated
subjects also had reduced binding of IgE to Ara h 1 and Ara h 3
epitopes as well as increased IgG4 binding to Ara h 2, which mimics
immunologic findings associated with the development of natural
tolerance to peanut [58e].

In a study by Keet et al. [51¢], 30 milk-allergic subjects received sub-
lingual immunotherapy (SLIT) buildup after which they were ran-
domized to continue SLIT or transition to milk OIT for a total of

60 weeks. Although the study did not include analysis of Treg devel-
opment, 8 of 20 OIT subjects were still able to tolerate milk products
6 weeks after therapy was stopped, suggesting sustained unresponsive-
ness. Responders also exhibited decreased milk-specific IgE and in-
creases in IgG4. Sustained unresponsiveness has also been
demonstrated with egg OIT; nearly 30 % of egg-allergic subjects treated
with 22 months of egg OIT were able to pass an OFC 4-6 weeks after
therapy was discontinued [52ee]. Subjects with smaller initial egg SPT
wheal size and those who exhibited increases in egg-specific IgG4 levels
during treatment were more likely to develop sustained unresponsive-
ness. Similar results were seen by Vickery et al. [59#e] in a trial of peanut
OIT. Of the 24 subjects who received up to 5 years of OIT, half were able
to pass a peanut OFC 1 month after therapy was stopped. The best
predictors for achieving sustained unresponsiveness were a lower ratio
of peanut-specific total IgE and lower Ara h 2-specific IgE levels. There
was no significant difference between responders and non-responders
in regards to peanut-specific IgG4 levels or numbers of
CD4+CD25+FoxP3+ T cells at the end of therapy.

Sublingual immunotherapy

SLIT uses a liquid concentrate of an allergen placed under the tongue
which is increased over time to achieve a target dose. SLIT is believed
to stimulate Langerhans cells in the oral mucosa that downregulate
the immune response, possibly through increases in production of
IL-10 and TGF-p [65]. SLIT has been used effectively in subjects al-
lergic to kiwi, hazelnut, peach, milk, and peanut [51e, 66-69, 70e].
In a study by Enrique et al. [68], hazelnut-allergic subjects received
SLIT for 8-12 weeks. Following treatment, SLIT-treated subjects had
increases in hazelnut-specific 1gG-4 as well as IL-10 compared with
controls.
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In peanut-allergic subjects, Kim et al. [71] found decreases in peanut
SPT wheal size, basophil activity, peanut-specific IgE, and IL-5 levels
after 12 months of peanut SLIT. There were significant increases in
peanut-specific IgG4 but non-significant increases in numbers of
Tregs. Fleischer et al. [72] did not find any significant changes in
peanut-specific IgE, IgG4, or basophil activity in subjects receiving up
to 68 weeks of peanut SLIT. Treated subjects did have an increase in
the amount of peanut protein tolerated during OFC; however, it was
not enough to induce clinically relevant protection. While these
studies show induced immune changes following SLIT treatment and
clinical evidence of desensitization, the ability of SLIT to induce
sustained unresponsiveness and/or long-term tolerance has not been
well studied and remains in question.

Extensively heated foods

Heating of milk and egg leads to conformational changes in these
proteins with reduced IgE binding to recognized epitopes [73, 74].
These changes allow many milk and egg allergic subjects to ingest
extensively heated products. In milk-allergic children, 75 % are able
to pass an OFC to baked milk and, in those who add extensively
heated milk to their diet, SPT wheal size is smaller and casein-specific
IgG4 is higher compared with controls [19, 75]. These subjects also
have a higher population of regulatory T cells than those who cannot
tolerate heated milk or even those who have already outgrown their
milk allergy. Combined with similar results seen in egg-allergic
children, the addition of extensively heated milk or egg appears to
hasten the development of tolerance to uncooked products [76, 77].

Chinese herbal therapy

Chinese herbal therapies have been used for thousands of years to
treat a variety of medical problems. In murine models of food al-
lergy, a nine-herb extract mix (Food Allergy Herbal Formula-2
[FAHF-2]) was able to induce immune changes including decreased
Th2 cytokine production, IgE levels, and basophil/mast cell number
and activation [78, 79]. A phase I study has been completed in hu-
man subjects with food allergies to peanut, tree nuts, fish and/or
shellfish [80]. Following 6 months of therapy with FAHF-2, treated
subjects exhibited decreased basophil activation, but no significant
changes in food-specific IgE or IgG4 levels. A phase II study has been
completed and results are pending.

Anti-IgE in treatment of food allergy

Omalizumab, a monoclonal antibody that binds free IgE molecules,
is FDA approved for the treatment of allergic asthma but has also
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been studied in food-allergic subjects. It functions by attaching to the
C3 domain of the IgE molecule which prevents binding to the high-
affinity IgE receptor, FceR1. This decreases the amount of circulating
free-IgE as well as the number of FceR1 receptors on mast cells and
basophils [81, 82].

In studies of peanut-allergy subjects, the use of omalizumab is associ-
ated with decreased basophil histamine release (BHR), allowing sub-
jects to consume larger doses of peanut protein during OFC [83].
Omalizumab has also been used in milk-allergic subjects to increase the
amount of milk protein tolerated during OIT desensitization and causes
deletion of milk-specific CD4+ T cells, decreases in IL-4 production, and
increases in milk-specific IgG4 [84, 85]. Similar results have been seen
when omalizumab has been combined with peanut OIT [86].

Please see the corresponding article in this journal for further details
regarding the use and efficacy of anti-IgE molecules in the treatment
of food allergy.

Epicutaneous immunotherapy

Epicutaneous immunotherapy (EPIT) involves delivery of an allergen
through dermal contact with use of an allergen-imbedded patch.
Little is known about the immune mechanisms of EPIT in humans,
but the mechanism of action as defined in murine studies is believed
to be through activation of local Langerhans cells that migrate to
regional lymph nodes and downregulate the immune response [87].
In a study of peanut-sensitized mice, the use of EPIT significantly
decreased peanut-specific IgE and increased peanut-specific IgG2
compared with sham-treated mice [88, 89].

In humans, preliminary studies involving milk-allergic subjects showed
an increase in the dose of milk tolerated after 3 months of treatment
compared with controls. Side effects were primarily dermal, including
erythema and/or eczema at the patch site [90]. There were no significant
changes in cow’s milk-specific IgE levels during treatment. A phase I
study has been completed for peanut EPIT and there are other ongoing
studies in the United States, Canada, and Europe.
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