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Mechanisms of immune tolerance relevant to food allergy
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The intestine has an unenviable task: to identify and respond to
a constant barrage of environmental stimuli that can be both
dangerous and beneficial. The proper execution of this task is
central to the homeostasis of the host, and as a result, the
gastrointestinal tract contains more lymphocytes than any other
tissue compartment in the body, as well as unique antigen-
presenting cells with specialized functions. When antigen is
initially encountered through the gut, this system generates a
robust T cell-mediated hyporesponsiveness called oral
tolerance. Although seminal observations of oral tolerance were
made a century ago, the relevant mechanisms are only
beginning to be unraveled with the use of modern
investigational techniques. Food allergy is among the clinical
disorders that occur from a failure of this system, and therapies
that seek to re-establish tolerance are currently under
investigation. (J Allergy Clin Immunol 2011;umm:NEN-EEN,)
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Food allergy, which is hypothesized to result from a defect in
oral tolerance, is a common, serious, and growing problem in
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Abbreviations used
APC: Antigen-presenting cell
DC: Dendritic cell
Foxp3: Forkhead box protein 3
iTreg: Inducible regulatory T
MALT: Mucosa-associated lymphoid tissue
MLN: Mesenteric lymph node
RA: Retinoic acid
Treg: Regulatory T
TSLP: Thymic stromal lymphopoietin

developed countries. Patients with food allergy have pathological
immune responses to ingested food antigens and can rapidly
experience harmful adverse symptoms on re-exposure. Although
arecent meta-analysis identified variation in prevalence rates, ' re-
cent survey data from the Centers for Disease Control and Preven-
tion indicate that the current prevalence of food allergy in US
children is approximately 4%, an increase of almost 20% in the
last decade.” Increases in food allergy prevalence have also
been observed in methodologically rigorous birth cohort studies,
which use precise sampling techniques and well-defined outcome
measures, suggesting that increasing prevalence is not simply
caused by self-diagnosis or increased recognition of the disorder.”
Similar trends in the prevalence of asthma, allergic rhinitis, and
atopic dermatitis support the general concept that atopic diseases
are increasingly common.

Interestingly, the likelihood that spontaneous clinical tolerance
will develop in persons with food allergy varies depending on the
allergen. In general, resolution of allergy to egg, milk, wheat, and
soy can be expected, although sensitivity can persist into the second
decade of life, which is longer than previously appreciated. In
contrast, most patients allergic to peanut, tree nuts, and seafood will
not outgrow their disease and must maintain strict elimination diets.
The natural history of allergy to other important proteins, such as
sesame and mustard, is largely unknown. In addition, current
diagnostic testing for food allergy cannot predict a patient’s risk for
anaphylaxis or determine a subject’s threshold dose to trigger
symptoms. Therefore affected subjects and families must be con-
stantly vigilant to avoid inadvertent exposure; however, accidental
ingestions frequently occur even in the most cautious patients.’

The inability to completely eliminate the possibility of ana-
phylaxis and the associated limitations in everyday activities are
great sources of uncertainty and stress on affected families. Over
time, health-related quality of life can be adversely affected; in
some families the degree of impairment is similar to that seen with
other serious chronic diseases of childhood, such as type 1 diabe-
tes or ventilator-dependent chronic respiratory failure.® Although
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the effect of food allergies is substantial, their prevalence is
remarkably low considering the complexities of the mucosal
immune system.

The gastrointestinal tract, which is the largest immunologic
organ in the body, is constantly exposed to an enormous array of
exogenous antigens, including commensal bacteria and ingested
proteins.” A single epithelial layer separates this antigenic load
from the lymphocytes, antigen-presenting cells (APCs), stromal
cells, and other immune cells in the lamina propria that together
comprise the mucosa-associated lymphoid tissue (MALT).
Within the MALT, unique populations of dendritic cells (DCs) in-
teract with dietary antigens and determine the fate of the resulting
adaptive response (ie, immunity vs tolerance).® In this context im-
mune tolerance is defined as the antigen-specific suppression of
cellular or humoral immune responses. When the initial antigen
exposure is mediated through the gastrointestinal tract, a robust
T cell-mediated suppression develops called oral tolerance.’

This review will focus on the relationship between the com-
ponent parts of the complex gastrointestinal mucosal immune
system and IgE-mediated food allergy. Because most of the
evidence with regard to immune tolerance to dietary antigens is
derived from experimental animals, we will primarily discuss
these model systems. Where possible, we will review the evidence
for similar phenomena in human biology and the relevant
applications for clinical medicine.

PHYSICAL FACTORS OF DIETARY ANTIGENS
After ingestion, dietary proteins undergo digestion by enzymes
in the saliva and stomach, as well as by gastric acid. This

GLOSSARY

ANTIGEN-PRESENTING CELLS (APCS): Professional APCs are effective
at endocytosing foreign antigens and displaying antigen to T cells in the
context of MHC. Classically, macrophages, DCs, and B cells are profes-
sional APCs and express costimulatory molecules both constitutively and
on stimulation. Nonprofessional APCs require stimulation before expres-
sion of MHC class Il and include activated epithelial and endothelial cells.

MUCIN OLIGOSACCHARIDES: Intestinal mucins are primarily cell-
surface mucins (MUC1, 3A, 3B, 4, 12, 13, and 17) that require glycosy-
lation and sulfonation for proper assembly and function. Abnormalities
in Muc1 and Muc2 are associated with gastritis, increased bacterial
overgrowth, and colitis.

NATURAL KILLER T (NKT): NKT cells are specialized af T cells that
recognize glycolipid antigens that are CD1d restricted. The function of
NKT cells in human allergic diseases is unclear.

OCCLUDIN, CLAUDIN, AND JAM-Z01: Tight junctions are important for
organizing epithelial polarity and for epithelial integrity. Tight junction
proteins include the transmembrane proteins occludins, claudins, junc-
tional adhesion molecules (JAMs), and crumb. Some intestinal pathogens,
including Helicobacter pylori and Shigella species, increase mucosal per-
meability by interfering with tight junction protein function and location.

PEYER PATCHES: One part ofthe gut-associated lymphoid tissue (GALT),
Peyer patches are lymphoid follicles that are found primarily in the distal
small intestine. Peyer patches are located in the intestinal wall directly
underneath microfold cells, where they are positioned to directly en-
counter soluble antigens from the lumen. Other parts of the GALT include
lamina propria T and B cells, intraepithelial lymphocytes, and the MLNs.

PLASMACYTOID DCs: DC subsets include myeloid and plasmacytoid
DCs. Plasmacytoid DCs express Toll-like receptors 7 and 9 and express
IFN-a.
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TABLE I. Biochemical factors that promote allergenicity

Molecular weight <70 kd

Glycosylation

Resistance to thermal or chemical denaturation
Abundance in food source

Linear epitopes

Solubility in water

processing results in reduced protein immunogenicity, likely
through the destruction of conformational epitopes. However,
specific biochemical properties common among different food
groups confer resistance to this physical and chemical degradation,
which collectively maintain the allergenicity of these proteins on
reaching the small intestine (Table I). Additional factors that dis-
rupt normal digestion, such as coadministration of antacids, have
been shown in animal models to result in a breakdown in oral tol-
erance induction.'” Other features of mucosal defense include a hy-
drophobic layer of mucin oligosaccharides, which trap antigen,
and both constitutive (ie, human PB-defensin 1) and inducible
(LL-37 and human (3-defensin 2 and 3) antimicrobial peptides.
Secretory IgA has generally been considered to provide
important tolerogenic function by binding to luminal antigens
and preventing absorption (ie, “immune exclusion”), although its
specific importance has been controversial.'' A recent study
showed that mice deficient in the receptor that secretes IgA and
IgM into the intestinal lumen are hypersensitive to IgG-
mediated anaphylaxis; nonetheless, they can be tolerized by an
oral feed before systemic priming.'> In this model tolerance

RETINOIC ACID: Nuclear steroid receptors, peroxisome proliferator-
activated receptor (PPAR) and retinoic acid receptors (RARs), both bind
RA, which is derived from vitamin A. In the intestinal tract dietary
retinoic acid is an important cofactor used by DCs to promote the
development of Foxp3* Treg cells.

REGULATORY T CELLS: Natural Treg helper cells are thymically derived
CD4" cells that generally express TGF-B and Foxp3 and provide specific
immunosuppression primarily to self-antigens. Adaptive Treg cells, also
known as Tr1 or Ty3 cells, are CD4" T cells that acquire functionally
suppressive properties after exposure to exogenous antigens in the
periphery.

16s RIBOSOMAL RNA: Because 16s Ribosomal RNA is unique among
species, sequencing of these subunits from bacteria is the molecular
platform for analyzing the variability and influence of the microbiome on
organ-specific disease states (eg, the intestinal tract, oropharynx, and
respiratory tract).

THYMIC STROMAL LYMPHOPOEITIN (TSLP): TSLP is an IL-7-like
cytokine expressed in activated epithelium, which promotes antigen
presentation by DCs through the induction of second signal mole-
cules, such as 0X40, CD40, and CD80. These signals lead to the
“inflammatory Th2"” response and the development of allergic
inflammation.

v¥d T CELLS: v3 T cells recognize nonpeptide antigens that can be
upregulated on cells because of stress and that resemble pathogen-
associated molecular patterns/danger-associated molecular patterns. yd
T cells might be important in maintaining intestinal epithelial integrity
because the lack of v3 T cells decreases tight junction protein phospho-
rylation (claudin and occludin) and loss of epithelial integrity with
increased pathogen translocation.

The Editors wish to acknowledge Seema Aceves, MD, PhD, for preparing this glossary.
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was transferrable by CD4"CD25™ splenocytes, suggesting that
cellular mechanisms can compensate for an impaired immune ex-
clusion mechanism. However, a recent case-control study from a
larger placebo-controlled trial examining probiotics for allergy
prevention in high-risk infants showed that the risk of atopy
was inversely correlated with fecal IgA levels.'® These data serve
as one example of the complex and complementary forces that act
to suppress immunity in the gut.

Gastrointestinal epithelial dysfunction has been thought to
contribute to food hypersensitivity through both increased
sensitization caused by a leaky barrier and the heightened Ty2
effector response that ensues. Epithelial junction complexes,
also called adherens junctions, and tight junctions provide struc-
tural integrity to the gut barrier.'"* However, this barrier is not
completely formed at birth, and although not well understood,
structural integrity might take time to fully develop.” In mice
the permeability of this barrier is further influenced by exposures
to microbial pathogens, such as viruses, alcohol, nonsteroidal
anti-inflammatory drugs, and other toxins, as well as cytokines
(eg, IL-9), immune cells, and apoptotic pathways. These envi-
ronmental exposures ultimately result in changes in gene expres-
sion and phosphorylation of tight junction proteins, such as
occludins, claudins, and JAM-ZO1 proteins, which in turn are
associated with changes in intestinal mast cells and allergic
sensitization.'>'°

Interestingly, intestinal permeability was assessed in infants
with food allergy by calculating the urinary ratio after ingestion of
freely diffusible lactulose and normally unabsorbed mannitol.!”
Infants with food allergy were noted to have a lower ratio, indicat-
ing increased intestinal permeability, when compared with
normal healthy young children. Investigators examined this ratio
in children who had been on an allergen-free diet for at least 6
months and determined that intestinal permeability remained in-
creased in children with food allergy, despite the absence of food
allergen stimulation. Further evidence linking gastrointestinal ep-
ithelial barrier dysfunction and food allergy comes from studies in
immunosuppressed patients after solid-organ transplantation who
had food allergy while receiving systemic calcineurin inhibitors.
Initially, investigators assumed this allergy was the result of trans-
fer of sensitized donor lymphocytes. However, it is now theorized
that medication-induced decreases in cellular ATP levels altered
the integrity of junctional complexes, resulting in increased intes-
tinal permeability.'®

Mutations in the gene encoding filaggrin also lead to profound
epidermal barrier dysfunction and are highly prevalent in patients
with atopic dermatitis, which is in turn associated with an
increased prevalence of food allergy. Acquired barrier defects
associated with decreased filaggrin expression have been ob-
served in the esophagi of patients with eosinophilic esophagitis
and are thought to be secondary to IL-13. 19 However, no studies to
date have examined the mechanistic relationship of filaggrin
mutations to IgE priming in the gut or clinical food allergy.”’

Increasing evidence suggests that the mucosal epithelium is
likely to be more involved in tolerance than simply by acting as a
physical barrier. Epithelial cells are known to express MHC class
II molecules on their basolateral membranes and thus might act as
nonprofessional APCs, which do not express conventional
costimulatory molecules, favoring anergy.zl In addition, factors
derived from the gut epithelium are generally believed to condi-
tion the DCs in the stroma, dampening immune responses and
promoting gut homeostasis.*
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One such factor, constitutively expressed by the gut epithelium,
is thymic stromal lymphopoetin (TSLP). TSLP is an IL-7-like
cytokine that has been shown to activate expression of OX40
ligand on DCs and drive Ty2 differentiation. Thus TSLP is a crit-
ical mediator of allergic inflammation in the lung and skin. By
contrast, in the gut TSLP appears to play a regulatory role,
limiting deleterious Ty1 and Ty 17 inflammation in models of hel-
minth infection and colitis.** Although incompletely understood,
this regulation can occur at the level of the DC, which expresses
the TSLP receptor and has been shown to develop tolerogenic
properties after TSLP exposure. Interestingly, regulatory re-
sponses to dietary allergens are evidently normal in TSLP recep-
tor—deficient animals.”* These findings suggest that although
allergic sensitization in the gut might be mediated or regulated
through TSLP, it is not required for oral tolerance. Little is known
about the role of TSLP in food sensitization in human subjects.
However, a recent study identified TSLP gene expression in the
esophagi of patients with eosinophilic esophagitis and showed
that genetic variants in TSLP and the TSLP receptor are associ-
ated with the disease.”

IMPORTANCE OF ANTIGEN DOSE AND TIMING

Mucosal responses to soluble protein antigens early in life
tend to be T2 biased, which has led to the general idea that this
response occurs by default in both animals and human sub-
jects.”® Genetics plays a clear role in murine models, in which
certain strains have exaggerated T2 bias, whereas others tend
to be resistant to sensitization.”” More recent evidence supports
that impairment in regulatory T cell (Treg cell) induction, and
innate immunity might also contribute to Ty2 polarization in
early life.?® Although these findings might be expected in atopic
infants, prospective birth cohort studies have shown that IgE
production to egg, milk, and peanut commonly occurs, even
in healthy infants.”® In nonallergic subjects this Ty2 bias ap-
pears to be transient, and IgE levels decrease, possibly through
a counterbalancing induction of antigen-specific Tyl responses
(ie, IFN-vy); in contrast, these Ty2 responses consolidate and
strengthen in allergic children, perhaps through induction of
IL-4 signaling.*

In murine models high-dose exposure to antigen in early life,
even a single isolated dose, can produce lymphocyte anergy,
whereas low-dose exposure, especially when repeated, induces
Treg cell development.3 ! Interestingly, the differences in the ac-
tual dosing in these studies is quite small. Emerging evidence in
human disease suggests that exposure to the proper dose of an-
tigen during this critical period in early life is important for the
shaping of the appropriate immune response to foods. Several
epidemiologic studies have implicated delayed introduction in
the increased prevalence of peanut allergy.”’33 Similarly, there
is evidence that delayed introduction of cereals is associated
with a higher risk of wheat allergy,34 although methodological
limitations in retrospective studies make definitive conclusions
difficult. Recently, European and American guidelines for the
introduction of potentially allergenic solid foods were revised
to reflect the position that insufficient high-quality evidence ex-
ists to support delayed weaning as a preventative (ie, tolero-
genic) strategy.3 336 However, early introduction is not
automatically better because mature immune regulation might
require time. In a set of classic experiments, Strobel and Fergu-
son’” showed that immunologic priming is enhanced in neonatal
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FIG 1. Immunity but not tolerance occurs after allergen exposure in early
life. Neonatal mouse pups were exposed to ovalbumin through intra-
amniotic injection 24 to 36 hours before birth or fed ovalbumin (1 mg/g
body weight) or saline at days 1, 3, 7, 14, or 42. When rechallenged, animals
exposed to ovalbumin before the seventh day of life did not have tolerance
but instead robust humoral and cell-mediated immune responses, which
persisted up to 14 weeks. Although it had long been known that tolerance
was the default response to oral antigen administration in adult mice, these
experiments demonstrated that oral exposure in early life could result in
active immunologic priming rather than suppression.

mouse pups fed antigen in the first few days of life, whereas tol-
erance develops only after waiting 7 to 10 days to introduce an-
tigen (Fig 1); if and how this “window” of priming versus
tolerance translates to human subjects is unknown. Cow’s
milk is typically the first potentially allergenic exposure, often
occurring early in life, and yet cow’s milk is by far the most
common food to which children are allergic.’' Although oral
tolerance has been shown to occur across a range of doses, fre-
quent or continuous exposure to relatively low doses typically
results in robust oral tolerance induction. Defining the most ap-
propriate time and dose for tolerance induction in human sub-
jects is a great research need. Interventional studies are
underway to investigate the importance of early-life oral
exposure in tolerance development.

THE MICROBIOME AND ORAL TOLERANCE

Another critical influence on the gastrointestinal mucosal
immune response is the microbial stimulation provided by the
enteric flora, which by adulthood number approximately 100
trillion in the large intestine, providing essential nutritional and
immunologic benefits.*® Previous studies of germ-free mice dem-
onstrated that colonization of the gastrointestinal tract is required
for proper organization and development of both mucosal and
secondary lymphoid tissues. These animals have impaired anti-
body responses and do not experience oral tolerance.* Thus the
interaction beginning at birth between the intestinal microbiome
and the MALT probably represents the primary stimulus for
proper postnatal immune development. There is increasing evi-
dence that signals from innate immune receptors, such as Toll-
like receptors, play an important role in intestinal homeostasis,*’
in the genesis of Treg cells,*’ and in the outcome of allergic dis-
ease.* Investigators have identified specific microbial products
(ie, polysaccharide A from Bacteroides fragilis) that interact
with Toll-like receptors and promote downstream induction of
Treg cells, which subsequently modulate intestinal inflammation
in murine models of experimental colitis.*! However, determin-
ing the specific microbial signal or signals that are most critical
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in the development of tolerogenic versus allergic outcomes has
proved challenging, as evidenced by the overall disappointing re-
sults of probiotic trials on the prevention and treatment of allergic
disease.** This difficulty might be largely technical because his-
torically most studies have relied on culture-based methods to at-
tempt to identify an incredibly diverse ecosystem of which many
members are fastidious or simply unculturable. New deep-
sequencing technologies, which focus on the unique 16s ribo-
somal subunit of bacterial RNA (16s ribosomal RNA), allow
investigators to identify previously unknown organisms and
promise to revolutionize our understanding of these critical
microbes.** Coupling 16s rRNA sequencing techniques with
high-throughput approaches allows profiling of entire bacterial
communities, forming the basis of the Human Microbiome Pro-
ject to characterize the entire flora (http://nihroadmap.nih.gov/
hmp/). By using traditional methods, it has already been shown
that allergic children are less frequently colonized with entero-
cocci and bifidobacteria during the first year of life than healthy
children.** The Human Microbiome Project will very likely
shed important new light on this critical influence of mucosal im-
mune responses.

FUNDAMENTAL IMPORTANCE OF APCs

A complex interplay of the aforementioned physical factors;
antigen character, dose, and timing; and adjuvant effects of innate
immune stimulation (eg, microbiota and microbial toxins) ulti-
mately shapes the development of oral tolerance through the same
final common pathway by directly or indirectly influencing the
APCs. Much recent research has begun to demonstrate that
mucosal DCs are probably the most critical determinant of
allergic sensitization versus tolerance in naive subjects. These
DCs can encounter ingested antigen in one of 3 ways: by
extending dendrites through the paracellular space between
epithelial cells to sample luminal contents, by directly interacting
with the epithelial cells, and by taking up antigen in the Peyer
patch, specialized lymphoid tissue that is immediately adjacent
to microfold cells.* The properties of the antigen itself (ie, partic-
ulate vs soluble) to a certain extent determine the route of expo-
sure, and it is likely that each route will involve distinct DC
populations. The relative contributions of each of these DC pop-
ulations to oral tolerance is incompletely understood but is begin-
ning to be unraveled, and the CCR7-dependent migration of
CD103*CDI11c™ DCs to the mesenteric lymph nodes (MLNs)
appears to be a critical step.*’

Although multiple mechanisms of tolerance are likely and
might include anergy or deletion of T cells, substantial evidence
links oral tolerance to the ability of mucosal DCs to induce
forkhead box protein 3 (Foxp3)—positive Treg cells in MLN 5. 48
The integrin CD103, as well as refinoic acid (RA),
indoleamine-2,3-dioxygenase, B7 family costimulatory mole-
cules, and TGF-f3, all appear to act on the DCs to positively influ-
ence this conversion.*™? By contrast, lamina propria DCs that do
not express CD103 are strongly proinflammatory. These data
suggest that tolerogenic DCs might receive site-specific signals
from the intestinal epithelium through interactions with E-cad-
herin, a ligand of CD103; it is likely that spatial conditioning
by the mucosal epithelium provides a unique microenvironment
that orchestrates antigen presentation toward appropriate inflam-
matory versus tolerogenic outcomes in the MLNGs (Fig 2).>* Expo-
sure of mucosal DCs to RA also has been shown to induce
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FIG 2. Microenvironmental signals initiate tolerogenic DC responses. Oral tolerance depends on CD103™
mucosal DCs encountering luminal antigens and transporting them to the MLNs. This process requires
CCR?7 and is positively influenced by local factors, such as RA, TGF-B, and indoleamine-2,3-dioxygenase
(IDO). CD103" DCs conditioned by these stimuli then interact with cognate T cells to actively suppress

immune reactivity. Vit A, Vitamin A.

expression of the a4B7 integrin and CCR9 on lymphocytes,
which provide signals to recirculate back to the MALT.>>" Im-
portantly, studies of human subjects have observed similar RA-
associated phenotypic and functional features of CD103" MLN
DCs, implicating them as potential therapeutic targets for the reg-
ulation of intestinal immune responses.>® In addition to its role in
peripheral conversion of Foxp3™ Treg cells, RA can also condi-
tion DCs to induce T cell-independent IgA production®”* in
the gut of mice and human subjects, which might be a comple-
mentary mechanism in hyporesponsiveness to dietary proteins.
Taken together, these data confirm that RA, acting in concert
with TGF-[3, powerfully modulates tolerogenic intestinal immune
responses by participating in the peripheral conversion of induc-
ible Foxp3™ Treg cells in the MLNs, imprinting lymphocytes with
gut-homing signatures, and stimulating IgA production.®*** In-
terestingly, dietary vitamin A is the sole source of RA because
it cannot be synthesized by human subjects or animals; thus the
effect of RA on the intestinal immune response represents a key
adaptation to local environmental factors.

APCs other than conventional DCs might also participate in oral
tolerance induction. For example, intestinal macrophages can also
efficiently induce Foxp3™ Treg cells in an IL-10—, RA-, and
TGF-B—dependent fashion.®® Plasmacytoid DCs, a specialized
DC subset known for their ability to produce vast quantities of
type I interferons, can also activate inducible Foxp3™, as well as
IL-10", Tg1 Treg cells in both mice and human subjects under var-
ious conditions.®*%’ Plasmacytoid DCs in the murine liver, which
account for almost 30% of the CD11¢™ DC population there, can
induce oral tolerance to fed protein and hapten by inducing anergy
or deletion of 70% to 80% of antigen-specific CD4* and CD8™* T
cells in addition to generating CD4"CD25" Treg cells.®®® This
suggests that oral tolerance might be operative through multiple
mechanisms in multiple tissue compartments. Hepatic tolerance
was studied recently in human subjects by isolating liver DCs
from surgical specimens. Compared with peripheral blood—de-
rived DCs, liver DCs produced vastly greater amounts of IL-10,
greater suppression of T-cell responses in mixed lymphocyte

culture, and the exclusive IL-10-dependent generation of
CD4"CD25 Foxp3 ™ Treg cells from naive precursors.””

T CELLS: PRIMARY EFFECTORS OF ORAL
TOLERANCE

Integration of environmental information by DCs results in
specific activation and differentiation of T-cell subsets, including
the Foxp3 " Treg cells, which we will consider first, as the primary
effector of oral tolerance. However, other mechanisms that affect
T-cell activity also influence tolerance, such as anergy and dele-
tion. In addition, although most work has focused on T cells ex-
pressing the a3 T-cell receptor and CD4, there appears to be at
least some role for other types of T cells in tolerance models,
such as CD8™" T cells, vé T cells, and perhaps natural killer T
(NKT) cells.®”!

Repeated exposures to low doses of antigen are thought to be
the optimal stimulus for the development of Treg cells, which
suppress immune responses through soluble or cell-bound
regulatory cytokines, such as IL-10 and TGF-B.” These antigen-
specific regulatory cells migrate to lymphoid organs, where
they inhibit the generation of effector cells, and to target organs,
where they release cytokines that are capable of nonspecific sup-
pression.” Natural CD4*CD25* Treg cells develop in the thymus
and express the specific transcription factor Foxp3, which confers
regulatory function to these cells to block both Ty1 and Ty?2 re-
sponses. Natural CD4"CD25" Treg cells mediate suppression
through cell surface—bound TGF-f3, although suppression can
possibly occur independently of TGF—B.72

Inducible regulatory T (iTreg) cells are CD4 ™" cells that can dif-
ferentiate from naive precursors, acquiring regulatory properties
in the periphery after exposure to antigen. In many cases these
cells acquire the expression of Foxp3, and they exist in at least
2 forms distinguished by the anti-inflammatory cytokines pro-
duced: IL-10 (Tgr1 cells) and TGF-3 (T3 cells). Whereas natural
CD4"CD25™ Treg cells are thought to primarily govern periphe-
ral tolerance to self-antigens, iTreg cells are more likely
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FIG 3. T lymphocytes are the ultimate effectors of oral tolerance. Once antigens pass through the gut
epithelium and are taken up, processed, and presented by APCs on MHC class Il, one of several fates is
possible, depending on the conditions present. (a), An active immune response ensues when the T cell re-
ceives input from its costimulatory molecule CD28, which binds CD80/86 on the APC. (b), Reactive clones
are rendered anergic or deleted if the TCR-peptide-MHC interaction occurs without costimulation or in
the presence of FAS-FAS ligand (FASL) interaction, respectively. (c), Inducible or adaptive Treg cells, which
express the gut-homing receptors CCR9 and a4p7, are generated in the MLNs through interactions with tol-
erogenic DCs. Tr1 cells are formed in the presence of the suppressive cytokine IL-10 and go on to them-
selves produce IL-10, whereas T3 cells produce TGF-B. CTLA4, Cytotoxic T lymphocyte-associated

antigen 4; PP, Peyer patch.

responsible for tolerance to exogenous substances, such as aller-
gens. A series of elegant experiments confirmed that Foxp3™
iTreg cells are required to establish mucosal tolerance to inhaled
allergen in mice.””

Induction of iTreg cells was also recently shown to convey
tolerance in a food allergy model. In this system the lectin
SIGNRI1 expressed by lamina propria DCs recognized glycosy-
lated residues on fed antigen, leading to IL-10 production and the
generation of functional IL-10™ Tg1 cells and oral tolerance.’* In
human subjects Tr1 cells are known to develop after frequent
exposure to allergen and are associated with the development of
clinical tolerance.”

It is likely that defects in Treg cell activity contribute to the
development of food allergy. Whereas in mice substantial data
link Treg cells to mucosal allergen tolerance,’” in human
subjects the evidence is limited and largely indirect. The impor-
tance of Treg cells in human intestinal function is primarily
demonstrated in patients with immune dysregulation, polyendo-
crinopathy, enteropathy, X-linked syndrome (IPEX), in whom
severe enteropathy and food allergy are part of a fatal immuno-
regulatory disorder caused by FOXP3 mutations.”® A deletion in
the noncoding region of FOXP3 that impairs mRNA splicing has
been associated with a milder IPEX immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome variant
that consists of severe enteropathy, atopic dermatitis, and food
allergies.”” Probably the most widely cited study of patients

with more typical food allergy examined children with non—
IgE-mediated cow’s milk intolerance, in which clinical tolerance
usually develops within a year or 2 of diagnosis.”® Compared
with children who maintain clinically active intolerance, the de-
velopment of tolerance is associated with higher numbers of cir-
culating CD4*CD25" Treg cells and decreased in vitro
proliferative responses to bovine (3-lactoglobulin in PBMCs; de-
pletion of CD25™ cells from the PBMCs of tolerant children led
to a 5-fold increase in proliferation against (3-lactoglobin in vitro.
However, the relevance of these findings to IgE-mediated cow’s
milk allergy is not known. In another in vitro study of children
with milk allergy, lymphocytes were cultured from the duodenal
mucosa in the presence of milk. These cells displayed a typical
Tu2 cytokine profile when restimulated but only very low
amounts of TGF-B and IL-10, suggesting a defect in iTreg cell
function.” In a seminal study Shreffler et al*® provided substan-
tial evidence that Treg cells are involved in clinical tolerance to
food allergens by examining the cells from children with milk al-
lergy, heated milk—tolerant (ie, intermediate phenotype) children
with former milk allergy, and healthy control children, all of
whom had normal total percentages of polyclonal Treg
cells. However, whereas control subjects had low numbers of
milk-specific Treg cells, there was a dose-dependent increase
in the numbers of milk-specific Treg cells from allergic to
heated milk—tolerant to fully tolerant children. Furthermore, these
cells, which had a phenotype of CD4*CD25"CD45RO*CD27 ™"
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cytotoxic T lymphocyte—associated antigen 4 (CTLA-4)—positive
CD127 , were indirectly shown to have functional suppressive
capacity.80

In contrast to the low-dose exposures that induce Treg cells,
high-dose tolerance is mediated by lymphocyte anergy or
clonal deletion (Fig 3).*' Anergy can occur through T-cell re-
ceptor ligation in the absence of costimulatory signals pro-
vided by soluble cytokines, such as IL-2, or by interactions
between receptors on T cells (CD28) and counterreceptors
on APCs (CD80, CD86, and cytotoxic T lymphocyte—associ-
ated antigen 4).8! Clonal deletion in oral tolerance occurs by
means of FAS-mediated apoptosis.®? Low- and high-dose toler-
ance are likely not mutually exclusive and might have overlap-
ping functionality.9 TGF- is secreted during clonal anergy
and deletion, and in the absence of cofactors, such as IL-6,
that with TGF-B drive Tyl7 responses, likely contributes to
an immunosuppressive environment in the gut. Although there
is evidence that it is liberated during apoptosis, the primary
source of TGF-3 remains one of the most significant unre-
solved questions in tolerance; other contributors of TGF-$3 in
this environment include the gut epithelium and immature mu-
cosal DCs. Ultimately, no matter the source, TGF-3 is required
for the differentiation of inducible Foxp3™ Treg cells in mu-
rine models of oral tolerance.*®

Interestingly, maternal breast milk might be another important
source of TGF-$ relevant to mucosal tolerance. Elegant animal
models of neonatal weaning have begun to dissect the respective
contributions of breast milk TGF-B** to allergic asthma and
breast milk allergen84 to food allergy. All mammalian milks con-
tain TGF-f, and receptors for TGF-3 have been identified in the
rodent small intestine,®> where they mediate uptake of exogenous
TGF-B, which acts as a negative regulator of inflammation®; oral
administration of exogenous TGF-3 has been shown to enhance
oral tolerance to coadministered ovalbumin and {3-lactoglobu-
1in.¥”*® Further studies of neonatal mice indicate that allergen-
IgG immune complexes are formed in breast milk, which might
act on an intestinal Fcy receptor in a TGF-B—independent way
to induce mucosal tolerance and protection from allergic asthma
through Treg cell induction.*

Although breast-feeding has been repeatedly demonstrated to
have a positive effect on the prevention or delay of atopic
dermatitis in human subjects, it is admittedly a weak effect and
does not translate to the prevention of food allergy or asthma.
However, clinical studies of allergy prevention are beset by
methodologic flaws that weaken their associations, and few have
performed in-depth mechanistic analysis. Certainly food allergens
are known to pass into human milk, which also contains TGF-f3, of
primarily the TGF-B2 isotype®’; however, mothers of allergic
children might themselves be on an elimination diet. Therefore
exposure during breast-feeding is complex, and most studies of
breast-feeding on clinical outcomes did not analyze the content
of the milk. Breast milk concentrations of TGF-3 have been
shown to fluctuate between women and throughout the day,go
and mothers of allergic children have been shown to have lower
breast milk TGF-B levels.®® Likewise, children with food allergy
have fewer TGF-B™ cells in the small intestine when compared
with healthy control subjects and children with celiac disease.”’
With roles in epithelial growth, IgA production, DC maturation,
and Treg cell differentiation, TGF-f3 clearly provides key signals
for oral tolerance induction. Further study is needed to unravel the
complex and crucial activities of this pleiotropic molecule.
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BRINGING ORAL TOLERANCE INDUCTION TO THE
CLINIC

There is a great clinical need for a disease-modifying therapy
for patients with food allergy. Both allergen-specific and nonspe-
cific approaches to tolerance induction are currently being
studied, and promising pilot data in human subjects exist.”>>
Although clinical desensitization and immune modulation have
been demonstrated, the strength of the current evidence from
early clinical trial designs is insufficient to change practice. Find-
ings from several current trials with randomized, double-blind,
placebo-controlled designs are eagerly anticipated. Although
the induction of bona fide immune tolerance in patients with
food allergy is a long-term goal, it is not clear whether this is pos-
sible in any of the approaches under study. If so, the mechanisms
of an interventional therapy might not resemble the kind of
mucosal tolerance that occurs naturally.

CONCLUSIONS

The gastrointestinal mucosal immune system must constantly
analyze antigenic information and respond appropriately to
pathogens, commensals, and food antigens. These responses
require a complex immunoregulatory network, of which the
hallmark is the induction of oral tolerance. Both host- and antigen-
specific properties, as well as dietary and other environmental
factors, are important in determining the proper adaptive immune
response. Multiple immunologic determinants, including APCs/
DCs, T cells, cytokines, and antibodies, play essential roles in
shaping the tolerogenic response, and specific characteristics of
each of these key players are being identified. Advances in our
understanding of the complexities of the gastrointestinal mucosal
immune response and the mechanisms of oral tolerance induction
will inform the development of future therapies and improve
the care and quality of life of patients with food allergy.
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