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KEY POINTS

e The gastrointestinal tract has an abundant mucosal immune system to develop and main-
tain oral tolerance.

e The oral route of administration takes advantage of the unique set of immune cells and
pathways involved in the induction of oral tolerance.

e Food allergy results from a loss of oral tolerance toward ingested antigens.

e Oralimmunotherapy is thought to initiate desensitization through interaction of an allergen

with mucosal dendritic cells that initiate downstream immune system modulation through
regulatory T cells and effector T cells.

INTRODUCTION

Tolerance is the the ability to endure what one cannot avoid and is also referred to as
an accepted dispensation to particular rules. When applied to orally administrated an-
tigen, the definition of tolerance represents the capacity of the immune system to
adapt to innocuous dietary proteins and commensal bacteria because we are unable
to avoid them. These antigens are detected in the gut epithelium and lamina propria
(LP) within minutes after consumption,' suggesting a critical role of the gastrointestinal
(Gl) tract in oral tolerance development. Currently, it is postulated that this state of un-
responsiveness to ingested antigens is initiated by tolerogenic CD103 + DCs residing
in the GI LP.? Following capture of luminal antigens, these cells migrate to the draining
lymph node to present antigen-derived epitopes to induce antigen-specific regulatory
CD4 + T cells. Failure to develop oral tolerance can lead to a cascade of adverse re-
actions such as immunoglobulin E (IgE)-mediated food allergies, celiac disease, auto-
immune diseases, and infections. These immune-related disorders have emerged as
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major health problems worldwide because of the rapid increase in prevalence over the
past decade.® Food-induced allergic reactions are an immediate, adverse reaction
triggered predominantly by cross-linking of food-derived antigen-specific IgE bound
to the high-affinity IgE receptor FceR on mast cells after reexposure to allergen.*°
These allergic reactions can cause clinical symptoms ranging from mild mouth itching
and abdominal pain to life-threatening anaphylaxis. Standard of care is allergen avoid-
ance and prompt treatment of allergic reactions when they develop after accidental
ingestion. One promising area of current investigation is the use of oral immuno-
therapy (OIT) as a method to eventually restore oral tolerance to food. Improving
the understanding of oral tolerance mechanisms will aid in the reduction of food allergy
prevalence rates through preexposure prophylaxis (due to natural tolerance develop-
ment) and create new strategies for food allergy therapy (due to induced tolerance).

THE GASTROINTESTINAL MUCOSA: A UNIQUE PLACE IN ORAL TOLERANCE
DEVELOPMENT

The Gl tract is exposed to a large array of non-self-antigen on a continual basis,
including numerous commensal bacteria and well over 30 kg of food proteins per
year.® Nevertheless, the Gl immune system does not elicit cellular or humoral immune
responses to these harmless antigens because it protects against pathogenic mi-
crobes. This phenomenon of balancing the immune response to commensal microbes
and food has been termed “oral tolerance” and refers to local and systemic immune
unresponsiveness to orally administered soluble antigens. It may develop naturally
or be induced by allergen immunotherapy. The Gl mucosa is the largest immunologic
site in the body designed to distinguish between beneficial and harmful components in
the gut to maintain systemic immune tolerance.” 8 It is composed of 3 major compart-
ments: the epithelial layer, the LP, and the gut-associated lymphoid tissue (GALT),
where adaptive immune responses are initiated.® Immune responses in the gut are
efficiently induced in mesenteric lymph nodes (mLN) and Peyer patches (PP), which
are the main components of the organized GALT. PPs are lymphoid-cell accumulation
areas found in the submucosa, primarily the small intestine, and consist of B-cell fol-
licles and surrounding T-cell areas. Intestinal epithelial cells form a tight and selective
barrier that allows highly controlled paracellular and transcellular transport of mole-
cules or antigens necessary to the induction of appropriate immune responses in
the gut.’® The barrier function of the Gl tract is aided by the presence of a protective,
hydrophobic mucus-coated surface that traps antigen and dimeric IgA that binds food
proteins. Together this prevents absorption of antigen across the intestinal epithe-
lium." However, an estimated 2% of gut luminal food proteins pass through the gut
epithelium intact and are disseminated locally or systemically through the circulation
or the lymphatic system.'? Tissue-resident T lymphocytes are abundant in the Gl im-
mune system and play important roles in mucosal immunity and oral tolerance.'® Their
adaptation to these environments requires constant discrimination between natural
stimulation coming from harmless microbiota and food, and pathogens that need to
be cleared. Several factors are involved to ensure durable tolerance to harmless intes-
tinally derived antigens, including the dose, nature, and routes of antigen entry at
sensitization. Physical barriers, digestion, and composition of the intestinal flora are
also thought to contribute to the ability to develop oral tolerance.’* The microbiome
is a complex collection of resident bacteria in the gut and elsewhere that can pro-
foundly impact immune responses in the Gl tract. For instance, gut microbiota has
been associated with increased production of IgA that may protect against food al-
lergy by neutralizing food antigens and limiting their access to the immune system. 516
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Exposing children to a variety of food types from an early age might be an important
contributing factor to induction of oral immune tolerance, thus preventing the develop-
ment of severe food allergies.’”'8

MECHANISM OF ORAL TOLERANCE

Despite a growing literature in the field, mechanisms of how ingested protein are nor-
mally rendered nonimmunogenic through oral tolerance are not fully understood and
largely rely on murine experimental models. The initial contact between immune cells
and antigens from the lumen is a critical step in the induction of intestinal immune
response. Hadis and colleagues'® recently proposed a model of stepwise oral toler-
ance induction comprising the generation of Treg cells in the gut-draining lymph
nodes, followed by migration into the gut and subsequent local expansion of Treg cells
driven by intestinal macrophages. Upon ingestion, immunogenic food proteins are de-
natured and degraded into small peptides by the digestive process in the gut. Absorp-
tion and transport of the luminal antigen involve complex processes, which might
include transcytosis through intestinal epithelial cells, paracellular diffusion, and endo-
cytosis via microfold cells (M cells), thus enabling antigenic presentation to underlying
immune cells. Dendritic cells (DCs) that express the integrin CD11b and the chemo-
kine receptor CX3CR1 can also directly sample the luminal content through the forma-
tion of transepithelial dendrites.?°2? In specific areas of the epithelium, called PPs,
internalized luminal antigens are captured by antigen-presenting cells, which then
migrate into gut-draining mLN where they initiate activation and differentiation of
effector or regulatory T cells (Treg) depending on cytokine milieu.?® In the LP, DCs
that express the integrin CD103 and CD11c promote IgA production, imprint gut hom-
ing on lymphocytes, and promote the differentiation of naive T cells into Treg cells.?
Intestinal mucin and cytokines produced by epithelial cells and innate lymphoid cells
may also contribute to tolerance by modifying the phenotype of Gl DCs.'®?* It is also
postulated that a different type of epithelial cell, the goblet cell, preferentially delivers
luminal antigen to tolerogenic DCs implying a key role for this cell in intestinal immune
homeostasis.?®> Compared with CD103 + DCs, antigen-loaded CX3CR1+ DCs do not
express CCR7 and thus do not migrate to the mLN. Their role seems to be restricted to
the local antigen-specific expansion of Treg cells in the LP. Vitamin A metabolite ret-
inoic acid, Indolemine 2,3-dioxygenase (IDO) interleukin-10 (IL-10), and transforming
growth factor-beta (TGF-B) (all produced by CD103 + DC) are thought to be critical
determinants in defining the mLN tolerogenic environment.?%2” Following activation,
T cells differentiated in mLN by CD103 + DC then upregulate the gut-homing mole-
cules integrin a4B7 and the chemokine (C-C motif) receptor 9 (CCR9), which provides
homing properties to the activated T cells to migrate back to the LP.282° Treg cells
then undergo expansion under the influence of IL-10 produced by local antigen-
loaded CX3CR1+DC cells (Fig. 1). Although Treg cells specific to food allergens are
formed and localized in the intestine, they also can be found in circulation to maintain
systemic tolerance.*°

For many years, oral immune tolerance was envisioned as a multifaceted process
involving clonal deletion, clonal anergy of reactive T cells, and the active regulation
by Treg cells. In this context, Weiner and colleagues®’>? suggested that the mecha-
nism of oral tolerance was determined by the feeding regime used, with single high
doses of antigen favoring clonal deletion or anergy, whereas multiple low doses of an-
tigen were linked to T-cell-mediated suppression. However, transfer of CD25 + CD4*
T cells (which include Foxp3 + Tregs and activated effector cells) can induce oral
tolerance to naive animals.*® Similarly, depletion of antigen-specific FoxP3+ cells
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Fig. 1. Schematic overview of the stepwise mechanisms involved in the development and
maintenance of oral tolerance. Upon ingestion and digestive process, luminal antigen is ab-
sorbed and transported through intestinal epithelial cells, thus enabling antigenic presenta-
tion to underlying immune cells. This complex process might include the following: (1)
paracellular diffusion, (2) endocytosis via M cells and goblet cells, and (3) transepithelial
DC sampling of the luminal antigen. In specific areas of the epithelium, called PPs, luminal
antigens are taken up by CD11c + CD103 + DCs or CD11b + CX3CR1+DCs. Although
CX3CR1+DCs remain located in the LP, antigen-loaded CD103 + DCs migrate to the mLN
in a CCR7-dependent mechanism to promote the differentiation of naive T cells into Treg
cells. After their generation in lymph nodes, Tregs upregulate CCR9 and integrin «¢4B7 to
home back to the LP where they undergo local expansion to induce oral tolerance. In this
process Treg cells play a major role in the following: (1) promoting B-cell class switching
to produce the noninflammatory IgA responses, (2) inducing T-cell anergy of effector cells,
and (3) inhibiting downstream proinflammatory cells. RA, retinoic acid.

completely abolishes established functional oral tolerance, suggesting a dominant
role of immunosuppressive FoxP3+ Treg cells in this process, especially Treg cells
induced from conventional T cells in the periphery (pTreg cells).>* Although there
are multiple subtypes of pTregs,®® both Foxp3+ and IL-10 producing Foxp3-
pTregs are found in the Gl tract. Their ability to produce pleiotropic immunoregulatory
cytokines, such as TGF-B and IL-10, plays a major role in promoting B-cell class
switching to produce the noninflammatory IgA responses. IL-10 also induces T-cell
anergy of effector cells, sustains Treg populations, and directly participates in inhibit-
ing downstream proinflammatory cells, such as mast cells, basophils, and eosinophils,
leading to a state of unresponsiveness to ingested antigens or oral tolerance.%??
Tolerance to intestinal bacteria and tolerance to food proteins differ by its effects on
the immune system. However, it has been suggested that the presence of both diet-
and microbiota-induced populations of pTreg cells may be required for complete
tolerance to food antigens.3®3® Using germ-free mice raised and bred on an elemental
diet devoid of solid food dietary antigens, Kim and colleagues®’ recently demon-
strated that the food antigens triggered FoxP3+ Treg cells to proliferate and accumu-
late in the small intestine LP, whereas microbiota elicit pTreg cell generation in the
colon, implying that a carefully controlled process regulates the local expansion of
pTreg cells. In this elegant study, the investigators also found that pTreg cells that
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suppress immune responses to food are phenotypically and functionally distinct from
microbiota-induced RORYt + pTreg cells generated in the colon. However, food an-
tigen—induced pTreg cells appear to have a relatively short lifespan, and it is unclear
whether these food antigen-induced pTreg cells are also responsible for the systemic
effects of oral tolerance. In experimental models of food allergy, it has been shown that
the depletion of macromolecules from the diet precludes the development of pTreg
cells in the small intestine.®® In parallel, oral tolerance was maintained for several
months after a single encounter with antigen, suggesting that the generation of pTregs
in response to intestinal antigens might be a continuously ongoing process.*®

LOSS OF ORAL TOLERANCE

Food allergy and celiac disease are the most prevalent food-induced pathology and
are likely one of the consequences of a breakdown of oral tolerance characterized
by elevated levels of IgE-positive myeloid cells (MC) in the small intestine.*® How
oral tolerance might be disrupted in food allergies remains unclear, but a weakened
ability to induce or regenerate pTreg cells after exposure to food allergen may be a sig-
nificant factor. For example, reduction in the number of pTreg cells has been docu-
mented in children with food allergy.*' Failure to induce immunologic tolerance to
food antigens is also thought to be affected by the timing of introduction to solid
food, dose of antigen exposure, and allergenic property of the food themselves acting
as mucosal TH2 adjuvants.’” More recently, alterations in gut microflora composition
have been implicated in the increase of allergy incidence. Gut microorganisms are the
major source of natural antigens that continuously stimulate the GALT and induce
mucosal immune tolerance to food proteins and molecular components of commensal
bacteria.*? Disruption of the microbiome can occur via early antibiotic use in infants
and in utero, even with very low doses.*> On occasion, these effects can persist
well into adulthood.** A Western diet, typically high in fat but also low in fiber, may
also be a critical determinant for intestinal flora diversity favoring or disfavoring Treg
induction and epithelial integrity.*® In a recent study, Tan and colleagues“® established
a role for dietary fiber in enhancing the tolerogenic CD103 + DC functions, suggesting
that their phenotype is highly dependent on environmental conditioning factors pre-
sent locally in the small intestine.*”

The general immune mechanism behind allergic sensitization to food and thus of
breakdown of oral tolerance can be viewed as a stepwise process initiated by distur-
bances in antigen uptake, dissemination, and/or presentation of allergen-derived
epitope. Indeed, those with food allergy are thought to have genetic predisposition
factors for higher skin and gut permeability as well as increasing allergen penetrance
(which can be further exacerbated by environmental insults).*® It is also increasingly
understood that infants can become sensitized to foods through skin contact alone,
particularly in those individuals with eczema who demonstrate loss of function filaggrin
mutations.*® Local disruption of the skin barrier integrity in the post-birth environment
may condition mucosal DCs toward allergic sensitization versus the establishment of
oral tolerance to ingested foods. For instance, presence of bacteria-induced barrier-
protective response such as Clostridia in microbiota protects against sensitization
by causing innate immune cells to produce high levels of IL-22, a signaling molecule
known to decrease the permeability of the intestinal lining.'® Conversely, intestinal
inflammation can also abrogate the ability of CD103 + DCs to promote pTreg cell dif-
ferentiation.®® Thus, one can argue that allergic sensitization to food antigens via a
damaged Gl tract may confer susceptibility to food allergy later in life. In susceptible
individuals, local tissue perturbations lead to increased concentration of epithelial-
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derived cytokine, such as IL-25, IL-33, and thymic stromal lymphopoietin (TSLP) at
mucosal surfaces.® Acting through their respective receptors IL-17RB, ST2, and
TSLP-R, the resultant type 2—-permissive microenvironment instructs TH2 cell-medi-
ated allergic inflammation through effects on DCs and on tissue-resident ILC2 cells.
Among TH2 cells, the authors’ group recently showed that allergen-specific TH2 cells
represent a phenotypically distinct subset defined as CD4™* T cells that coexpress the
surface molecule CRTH2, CD161, and CD49d, but lack CD27 and CD45RB expres-
sion.2 In contrast to conventional TH2 cells, this proallergic TH2 subset (confined
to atopic individuals) coexpressed IL-33-R and IL-25R,%?-%* providing evidence that
food allergen-specific TH2 cell function may depend on tissue-derived cytokines at
sites of tissue damage that regulate allergic immunity. Van Dyken and colleagues®®
further demonstrated that TH2 cells require stimulation by epithelial-derived cytokine
in order to become functional TH2 effector cells in tissue, thereby comprising a check-
point for effector cytokine acquisition. These findings validate the strategy of blocking
tissue signals to treat allergic disease. Following allergic sensitization, proallergic TH2
cells migrate to a draining lymphoid node and prompt B cells to class switch, resulting
in the production of IgE. IgE then binds to its high-affinity receptor FceRI on the surface
of mast cells and basophils, thereby arming these cells for activation.>® After the
occurrence of allergic sensitization, endogenous intestinal IL-25 produced constitu-
tively by tuft cells, 1 of the 5 intestinal epithelial cell lineages, may rapidly establish
a positive feedback loop that increases ILC2s and Th2A effector functions. This
TH2-permissive environment subsequently dampens the Treg cell population.®”-%8
Atopic IL-4 signaling may also perpetuate allergic reactions to dietary proteins by
inducing FceR-expressing mast cell progenitors to develop into multifunctional IL-9-
producing mucosal mast cells (MMCS9s), which then expand greatly after repeated
food ingestion.>® These cells function as type-2-promoting innate MCs by generating
prodigious amounts of the TH2 cytokines IL-9 and IL-13 and using mast cell function
(via the secretion of histamine and proteases). Thus, it is possible that local accumu-
lation of IgE-bearing MMC9s will impose the breakdown of oral tolerance to ingested
food antigens, as recently reviewed by Wang.?*

RESTORATION OF ORAL TOLERANCE DURING IMMUNOTHERAPY

Evidence of a lack of oral tolerance in food allergic patients has increased the interest
in using OIT as a disease-modifying therapy via an effect on the gut immune system.
The oral route of administration takes advantage of the unique properties of the intes-
tinal immune system to induce tolerance. Such ability of continuous and gradual in-
crease of orally administered antigen to restore oral tolerance to food allergens was
first described in 1908 by A.T. Schofield.®® At present, OIT is one of the most actively
investigated therapeutic approaches for food allergy. However, in most cases, only
patients remaining on maintenance doses do not develop reactions, and it is uncertain
whether OIT leads to the development of oral tolerance or only to desensitization.
Consumption of bacterial strains, such as Bifidobacterium longum 35624 and Clostri-
dia, can result in increased numbers of intestinal Foxp3+ Treg cells that are capable of
suppressing food allergy and colitis.”®>®" However, in the Nagler and colleagues
study, '° reintroduction of another major group of intestinal bacteria Bacteroides, failed
to alleviate sensitization. Thus, one would envision that opportunistic intestinal flora is
involved in the process of cultivating oral tolerance.

Immunologic changes accompanying oral desensitization include decreased reac-
tivity of mast cells and basophils, increased food-specific IgG4 antibodies, and even-
tually decreased food-specific IgE antibodies.®® OIT is thought to restore oral
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tolerance in patients with food allergy through interaction of the allergen with mucosal
DC that initiates downstream immune system modulation through development of
Treg cells.®® For example, a higher frequency of milk allergen-specific Treg cells
has been shown to correlate with a phenotype of mild clinical disease and favorable
prognosis.®* Desensitization is the first change noted with the initiation of OIT. During
this state, protection depends on the regular ingestion of the food allergen; when
dosing is interrupted or discontinued, the protective effect may be lost or significantly
decreased. By tracking ex vivo changes in peripheral peanut-reactive T cells in partic-
ipants during OIT, the authors’ group recently observed a strong correlation between
decrease of peanut-specific TH2 cells and achievement of peanut desensitization.>?
Interestingly, remaining allergen-specific T-cell subtypes, which share similar features
with those seen in nonallergic individuals, remain unchanged. Similarly, a mechanistic
study using single-cell sorting and transcriptional profiling of individual T cells
collected throughout OIT showed that induction of anergic T cells along with
decreased allergen-specific TH2 cells accompanied oral desensitization.®®

The ultimate goal of OIT is to restore permanent oral tolerance, which is established
when food may be ingested without allergic symptoms, despite prolonged periods of
avoidance. A phase 1 peanut-OIT study by Syed and colleagues®® targeted such iden-
tification of specific immune mechanisms associated with a tolerant clinical pheno-
type. Although they observed that serum IgE or IgG4 level along with basophil
activation did not statistically differentiate between clinical “immune tolerance” and
“immune desensitization,” epigenetic changes in antigen-induced Treg cells were
shown to be predictive of long-lasting clinical benefit after the withdrawal of OIT. In
murine experimental models of food allergy, it has been shown that cow’s milk OIT
induced LP pTreg cells that controlled the allergic reaction through the production
of IL-10 and TGF-B.%” Interestingly, in their model, the adoptive transfer of FoxP3+
Treg resulted in pronounced disease exacerbation, thus confirming that Treg cells
have an essential role in resolving food allergy.*® One possible mechanism to explain
and integrate all these results into a cohesive schema is that restoration of permanent
oral tolerance is a stepwise process that likely involves the initial anergy and deletion
of allergen-specific TH2 cells (desensitization state) followed by the development of
allergen-specific T cells with stable regulatory properties at later stages (tolerance
state).%® However, local immune mechanisms associated with OIT remain to be further
investigated, most particularly with respect to cells involved in allergen uptake at the
administration site.

SUMMARY

Oral tolerance to dietary antigens and commensal bacteria is crucial to prevent the
development of food allergies, celiac disease, and autoimmune diseases. The oral
route of administration takes advantage of the unique set of immune cells and path-
ways involved in the induction of oral tolerance. Early microbial colonization and expo-
sure to solid food plays an important role in promoting natural oral tolerance. OIT is
thought to initiate desensitization through interaction of an allergen with mucosal
DCs that initiate downstream immune system modulation through Tregs and effector
T cells. Future in-depth understanding of the process involved in the restoration of oral
tolerance through OIT will likely contribute to a more effective treatment of disease.
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