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ABSTRACT

Mucosal barriers encounter an environment that is rich in pathogens that possess mechanisms for invading
mucosal tissues. These barriers also encounter innocuous antigens, such as foods, airborne antigens, and mi-
crobiota. The mucosa has developed a sophisticated immune system that can mount robust immune re-
sponses against pathogenic antigens, while maintaining mucosal tolerance against non-pathogenic antigens.
Accumulating evidence indicates that the mucosal epithelium, dendritic cells, and a subtype of T cells with
regulatory properties play important roles in the development and maintenance of mucosal tolerance. More-
over, the micribiota also contribute to regulating the mucosal immune system. A failure to develop or the break-
down of mucosal tolerance can result in allergic diseases, such as food allergy and asthma. By taking advan-
tage of the unique characteristics of the mucosal immune system, strategies that induce regulatory cells in vivo
and, thereby, reconstitute mucosal tolerance may be used to develop novel therapies that are suitable for treat-

ing or preventing of allergic diseases.
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INTRODUCTION

Because most pathogens enter the body through mu-
cosal surfaces, mucosal immune responses are re-
quired to ward off infection. These mucosal surfaces
are colonized by vast numbers of microbes, collec-
tively referred to as the microbiota. The microbiota
has been found to have profound effects on a host’s
immune system without provoking deleterious im-
mune responses.! In addition, mucosal surfaces are
exposed to a wide variety of innocuous environmental
antigens, such as food in the intestine and aeroanti-
gens in the respiratory tracts. These innocuous anti-
gens can induce immune tolerance or hyporespon-
siveness rather than active immunity.

Mucosal tolerance prevents harmful inflammatory
responses, for example to food antigens, and plays a
role in establishing homeostasis between the micro-
biota and the host at mucosal membranes. Thus, mu-
cosal tolerance is not merely a lack of immune re-

sponse; rather, it is a specific immunological re-
sponse. A failure to develop or the breakdown of oral
tolerance can result in food allergy.2 This review will
describe recent findings that have contributed to our
understanding of the mechanisms of oral tolerance
and the pathophysiology of food allergy.

ORAL TOLERANCE IS PRIMARILY MEDI-
ATED BY REGULATORY T CELLS

In healthy adults, certain food proteins can be de-
tected in the blood soon after eating.3 These ingested
food proteins are not always ignored by the immune
system, because food antigen can simultaneously in-
duce the expression of an activation marker, CD69,
and behavioral changes in T cells in both local and
peripheral lymphoid tissues, depending on the anti-
gen doses. 4

Weiner et al.6 demonstrated that the dose of a fed
antigen affected the mechanism underlying oral toler-
ance induction. Repeated exposure to low doses of
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antigen induced active suppression by several sub-
sets of regulatory T cells (Tregs), whereas exposure
to high antigen doses resulted in clonal deletion and/
or anergy. We previously showed that active suppres-
sion by Tregs and clonal deletion and/or anergy were
not mutually exclusive and that they may occur si-
multaneously after oral tolerance induction in Ag-
specific T cell receptor transgenic mice.”

Using an adoptive transfer system of Ag-specific T
cells, however, it has been demonstrated that Foxp3™*
Tregs could be induced de novo from conventional na-
ive CD25°CD4" T cells after tolerogenic Ag admini-
stration via the oral route in a dose-dependent fash-
ion.8 Moreover, there is little direct evidence that clo-
nal deletion and/or anergy contributes to oral toler-
ance in the presence of a polyclonal T-cell repertoire.
These findings suggest that Tregs play a pivotal role
in the development of oral tolerance.

A number of different Tregs have been implicated
in oral tolerance, including II-10-producing T-
regulatory type 1 cells (Trl cells) and TGF-B-
producing Th3 T cells, in addition to Foxp3* Tregs.
Two main types of Foxp3* Tregs have been identi-
fied. Natural Tregs (nTregs) are selected in the thy-
mus as a consequence of their reactivity to self,
whereas induced or adaptive Tregs (iTregs or
aTregs) develop in the peripheral immune system un-
der various conditions.® Induction of the Foxp3* pe-
ripherally derived Tregs (pTregs) from naive T cells
requires TGF-B, which is produced by various cell
types, including Th3 CD4" T cells. Although nTregs,
also referred to as thymus-derived Treg cells
(tTregs), are stable in vivo, iTregs can differentiate
into other types of effector T cells under inflamma-
tory conditions.10 In a mouse model in which iTregs
but not nTregs could be generated, oral tolerance
could not be induced, suggesting that iTregs were es-
sential for the development of oral tolerance.10:11

The common characteristics of Tregs are their ex-
pression of one or more anti-inflammatory cytokines,
such as IL-10, TGF-B, or IL-35, and/or inhibitory sur-
face molecules, such as cytotoxic T-lymphocyte anti-
gen 4 (CTLA4), lymphocyte-activation gene-3 (LAG-
3), glucocorticoid-induced tumor necrosis factor re-
ceptor (GITR), CD39, CD73, or Nrp-1 (neurophilin
1).1215

Oral tolerance is abolished in lymphotoxin-
deficient mice that lack both lymph nodes and
Peyer’s patches (PPs), but can be readily induced in
mice without PPs but with mesenteric lymph nodes
(MLNSs).16 The initiation of oral tolerance is impeded
by mesenteric lymphadenectomy.1” MLNs appear to
be critical for inducing oral tolerance.

In contrast, it has been shown that injecting anti-
gen directly into the portal vein that drains blood
from the intestine to the liver induces antigen-specific
tolerance.1®8 Conversely, diverting the blood flow
away from the liver by portocaval shunting prevents
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the induction of oral tolerance,19.20 indicating the in-
herent tolerogenicity of the liver. Kupffer cells, con-
ventional liver dendritic cells (DCs), and liver sinusoi-
dal endothelial cells, which efficiently sample circulat-
ing antigen and act as non-professional antigen-
presenting cells, have been shown to induce toler-
ance rather than active immunity.1® Moreover, plas-
macytoid DCs (pDCs), which have been implicated in
inducing systemic tolerance, are particularly abun-
dant in the liver.2! The relative contributions of
MLNSs, the liver, and other sites to oral tolerance in-
duction remain unknown (Fig. 1).

A fraction of Tregs that expand in the lamina prop-
ria (LP) may exit this tissue and enter the circulation
either via the draining lymphatics, or directly via the
blood stream. Those iTregs that emigrate from the
LP may act more generally, either by directly inhibit-
ing systemic effector T cells or by promoting the gen-
eration of additional iTregs in systemic tissues by a
process of infectious tolerance.

INTESTINAL DENDRITIC CELLS ORGANIZE
INDUCTION AND EXPANSION OF iTregs

Two types of conventional CD11¢*DCs (cDCs), such
as CD103 (oEef7)™DCs and CD103 CX3CR1" DCs
have been identified in the LP (2). Mucosal DCs can
capture antigen through at least four different routes.
CD103"CX3CR1" DCs directly sample antigens by ex-
tending transepithelial dendrites between entero-
cytes. CD103*DCs can capture antigens that are
transported by paracellular diffusion across entero-
cytes that line the intestinal villus, either by a tran-
scellular transport mechanism, transcytosis by micro-
fold cells (M cells), or by goblet-cell-associated anti-
gen passage.?? To a certain extent, the routes of up-
take depend on the nature of the particular antigen.
Orally administered inert particles or nonpathogenic
bacteria appear to preferentially enter into gut associ-
ated lymphoid tissue (GALT) by M-cell-mediated
transcytosis, whereas soluble antigens are taken up
by DCs in the LP and, to a lesser extent, the GALT.23
Antigenic material may also reach the LP within
exosomes, which are formed by fusing major histo-
compatibility complex class II loading compartments
with endosomes that contain only partially degraded
proteins in enterocytes.23

The differentiation of CD103*DCs depends upon
retinoic acid (RA) and TGF-B produced by intestinal
epithelial cells.24 After acquiring antigen, CD103*DCs
migrate from the LP to the MLNs in a CCR7-
dependent manner.25 CD103*DCs express the en-
zyme retinaldehyde dehydrogenase (RALDH) 2,
which converts the vitamin A metabolite retinal to
RA. In concert with TGF-B, which is also produced by
CD103*DCs and is activated by the integrin owBs on
these DCs, RA can promote the differentiation of
naive T cells within the NLNs into Foxp3*
iTregs.142629 CD103*DCs use RA to imprint naive T
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Fig. 1 Roles of dendritic cells and mesenteric lymph nodes in oral tolerance. CX3CR1*
cDCs sample antigens by extending dendrites. CD103*DCs capture antigens that are
transported by paracellular diffusion across enterocytes, either by M cell-mediated trans-
cytosis, or by goblet-cell-associated antigen passage. Antigen-loaded CD103* cDCs mi-
grate to the mesenteric lymph nodes and then induce the differentiation of iTregs.
CX3CR1* cells produce IL-10 and facilitate the expansion of iTregs in the lamina propria.
Antigen transported into the lamina propria may reach the liver via portal vein. Kupffer
cells, cDCs, and sinusoidal endothelial cells act as non-professional antigen-presenting

cells to induce tolerance.

cells with the gut homing markers integrin o4fp7 and
chemokine receptor CCR9. Further contributing to
their tolerogenic capabilities, CD103*DCs also ex-
press the enzyme indoleamine 2,3-dioxygenase
(IDO), which inhibits the generation of T-effector
cells by metabolizing tryptophan to kynurenine.30 In-
hibition of IDO was shown to abrogate the develop-
ment of Foxp3*iTregs in vitro and prevent the devel-
opment of oral tolerance iz vivo.31 Removing vitamin
A and/or tryptophan from the diet also hinders the
tolerogenic effects of CD103*DC by reducing their
ability to induce iTregs and imprint gut homing re-
ceptors on lymphocytes.30 Thus, CD103*DCs are es-
sential for oral tolerance induction.

In contrast, CD103"CX3CR1*CD11¢*DCs are func-
tionally closer to macrophages than they are to cDCs,
as they do not migrate from the LP to MLNs and can-
not present antigen to naive T cells under steady
state conditions.32 CD103"CX3CR1"* cells are efficient
at sampling antigens by extending transepithelical
dendrites and passing these antigens to neighboring
migratory CD103*DCs for subsequent transport and
presentation.23 CD103"CX3CR1* cells have been
shown to produce I1-10 and locally facilitate the ex-
pansion of Foxp3® iTregs in the LP.33 CD103~
CX3CR1" cells are necessary for maintaining local tol-
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erance induction, as tolerance is abrogated in CXCR1-
deficient mice.33

The transepithelial dendrites extended by
CX3CR1" cells in the LP have been shown to interact
with bacteria in the lumen; thus, they may also play a
specific role in inducing tolerance to commensal bac-
teria. Recently, CX3CR1*CD11b*CD11c* cells were
further subdivided into two subsets based on their ex-
pression levels of CX3CR1.34 CX3CR1intCD11b*
CD11c* cells could promote the development of Th17
cells, whereas CX3CR1highCD11b*CD11c* cells sup-
pressed CD4" T-cell proliferation in a cell-cell contact-
dependent manner, and contributed to preventing in-
testinal inflammation.

pDCs can produce high levels of type I interferons,
and can also activate Foxp3* iTreg as well as IL10"
Trl cells. A substantial proportion of MLN DCs pro-
duce CCL22, which attracts iTregs via CCR4, and are
located in juxtaposition to iTregs.3> The interaction
with iTregs via CTLA-4/B7 may make DCs constitu-
tively express functional IDO. Mice that were geneti-
cally deficient in CCR4 showed markedly reduced
IDO expression in mesenteric lymph node DCs.
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INTESTINAL MUCOSA AND MESENTERIC
LYMPH NODES ENGENDER A TOLERO-
GENIC MILIEU

The acquisition of the unique tolerogenic properties
of CD103*DCs likely requires a specific milieu of lo-
cal conditioning factors provided by intestinal epithe-
lial cells IECs), commensal bacteria, and dietary con-
stituents. IEC-derived factors may include TGF-B, RA,
IL-10, vasoactive intestinal peptide (VIP), thymic stro-
mal lymphopoetin (TSLP), and hepatocyte growth
factor (HGF).243638 The sources of RA in the intes-
tine may include RA produced by epithelial cells,
which metabolize retinoids taken up from the diet.3?
Intestinal epithelial cell-derived RA induces DCs to
express RALDH, and thereby intestinal DCs are capa-
ble of metabolizing food-derived vitamin A to produce
RA by themselves.38 Independent of tolerogenic DCs,
epithelial cells express MHC class II molecules, but
not conventional co-stimulatory molecules; thus, that
they may act as nonprofessional APCs to induce T
cell anergy.40

Stromal cells from mesenteric lymph nodes also
express higher levels of RA-producing enzymes than
do peripheral lymph node stromal cells.4l Stromal
cells from mesenteric lymph nodes, but not from
skin-draining lymph nodes, support the generation of
Foxp3* Tregs. This suggests that tissue-specific dif-
ferences in stroma may also aid in generating a
uniquely tolerogenic milieu.

CD8" T CELLS AND y& T CELLS ALSO
FUNCTION AS REGULATORY CELLS IN
MUCOSAL IMMUNITY

Accumulating evidence has shown that subsets of
CD8" T-cells function as regulatory cells either di-
rectly by Killing immune cells or indirectly by coopt-
ing other cells to produce suppressive molecules,
such as TGF- and I1-10.4243 Although LP CD8" T
cells and intestinal epithelial cell-activated CD103*
CD8* T cells exhibit regulatory activities in vitro and,
thus, might play an active role in oral tolerance,4445
the role of these CD8" T cells in controlling allergic
reactions in the gastrointestinal mucosa remains un-
certain. We have demonstrated that systemic immu-
nization with allergen induced regulatory CD8" T
cells that could inhibit the development of allergic di-
arrhea and that these CD8" T cells may have exerted
a regulatory function through both IL-10-dependent
and -independent mechanisms.46 These findings sug-
gest the possibility that manipulating CD8" regula-
tory T cells may expand our therapeutic strategies for
food allergy.

In a food allergy mouse model, y8 TCR blockade
prior to inducing sensitization resulted in higher
antigen-specific IgE levels and incrased mast cell de-
granulation. These findings suggest a regulatory role
for y3 T cells in the development of allergic sensitiza-
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tion.47 A possible role for natural killer T (NKT) cells
in oral tolerance is controversial and the outcomes
may depend on the experimental models used. NKT
cell-deficient mice showed impaired oral tolerance
due to a failure to induce IL-10 and TFG-B producing
CD25*CD4* Tregs.48 Oral tolerance was normally in-
duced in Jo281~/- mice that lacked V14t NKT cells,
suggesting that NKT cells are dispensable for induc-
ing oral tolerance.49

REGULATORY B CELLS CAN INDUCE
Tregs

Emerging evidence suggests that regulatory types of
B cells (Bregs) that are generated under inflamma-
tory conditions are capable of inducing tolerance.
Bregs may comprise several subpopulations that ex-
hibit different mechanisms of immunomodulation, in-
cluding the production of anti-inflammatory cytokines
(IL-10 or TGF-B1), functioning as inhibitory antigen
presenting cells, and inducing or recruiting Tregs.50
Mouse IL-10-producing B cells (designated B10 cells)
display the CD1dhCD5"CD19hi phenotype and sup-
press allergic inflammation through their induction of
iTreg cells.51 B cells isolated from Peyer’s patches
can generate iTregs that express CTLA4, ICOS,
0X40, PD-1, and TNF-RII, and produce lower
amounts of IL-2 and higher amounts of IL-10.52 B
cells in Peyer’s patches may play an important role in
oral tolerance as regulatory cells.

In humans, B10 cells have been identified within
the CD24hiCD27* B cell compartment and negatively
regulate monocyte cytokine production in an IL-10-
dependent manner.53 Although B10 cells represent a
small fraction of blood B cells in healthy subjects,
they are increased in the blood of patients with in-
flammatory disorders.>3 Recent evidence has impli-
cated regulatory B cells in the development of toler-
ance to food allergens in humans; however, it re-
mains unknown how these cells are related to human
B10 cells.54.55

IgA PROTECTS AGAINST SENSITIZATION
OR TRIGGERING OF ALLERGIC REAC-
TIONS BY ORAL ANTIGENS

Foxp3*CD4" Treg cells in Peyer’s patches can differ-
entiate into follicular B helper T cells (Tru cells),
which then participate in immunoglobulin A re-
sponses against intestinal antigens.56 Secretary IgA
(sIgA), a prototypic mucosal immunoglobulin, pre-
vents the uptake of antigens from the gut lumen and
also secrets back out antigens that have penetrated
the epithelial barrier into the lumen by forming sIgA-
antigen complexes. IgA deficiency in children has
been reported to be associated with an increased fre-
quency of food allergy.>” Thus, IgA has been hy-
pothesized to play a protective role in the context of
food allergy.

However, Strait et al. found that systemic transfer
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of antigen-specific IgA was also protective against
anaphylaxis that was triggered by the oral route.58
However, this was not dependent on IgA secretion
into the lumen, and IgA had no protective effect when
it was administered in conjunction with the antigen
intraluminally, suggesting that IgA has protective ef-
fects at the systemic level but do not rule out a pro-
tective role for IgA at the mucosal surface.

In contrast to the immune exclusion by sIgA, sIgA-
antigen complexes are transported by M cells from
the intestinal lumen to subepithelial DCs, which rec-
ognize and internalize these complexes through the
C-type lectin DC-SIGN on DCs.%® Antigen presented
in conjunction with IgA generates a different type of
immune response than that when antigen is pre-
sented alone. Antigen-specific and total IgA levels in
maternal milk were found to be significantly lower in
mothers whose children developed cow’s milk al-
lergy, indicating that IgA may play a critical role in
preventing early sensitization to food allergens.69

Sublingual immunotherapy with peanut antigens
for treating peanut allergy in humans resulted in in-
creased peanut-specific IgA levels in saliva, and these
IgA levels were correlated with the degree of clinical
protection.6! These results support the concept that
antigen-specific IgA is protective against primary sen-
sitization or triggering of allergic reactions by food
antigens.

COMMENSAL BACTERIA AFFECT THE DE-
VELOPMENT AND MAINTENANCE OF
ORAL TOLERANCE

The intestinal microbiota is beneficial for a host, as
they aid in digestion, provide protection against
pathogens, and induce and maintain immune system
suitability. Conversely, the host can actively control
the steady state composition of the microbiota by se-
creting antimicrobial peptides and immunoglobulins,
which highlights the state of a highly active dynamic
symbiosis.®2 The microbiota tightly controls constitu-
tive cytokine production by lymphocytes, as germ-
free mice exhibit considerable deficiencies in basal
cytokine production.63.64 Specific commensals can
shape the gut-associated immune system. For exam-
ple, segmented filamentous bacteria (SFBs) and Clos-
tridium spp. regulate the prevalence of distinct helper
and regulatory T cell populations.65.66 Commensal
bacteria, such as Bacteroides and Bifidobacteria spp,
can directly induce monocyte-derived DCs to acquire
a tolerogenic phenotype.6?” The microbiota can also
directly contribute to the expansion of LP resident
CX3CR1" cells, which is associated with local expan-
sion of Treg cells.® Microbiota-derived products can
also control the activation status of liver resident DCs
and increase the activation threshold required for in-
ducing of immune responses.®® Thus, it is conceiv-
able that the composition of microbiota might affect
oral tolerance.
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There are controversial reports on the capacity to
induce oral tolerance in germ-free mice that are de-
void of live intestinal bacteria.”0.71 In the absence of a
microbiota, the CD4" T cell population is diminished
and disproportionately affects the production of Thl
and Th17 cells, although Treg frequencies are main-
tained or increased in the small intestine.63 Coloniza-
tion of germ-free mice with complex microbiota or-
chestrates a broad spectrum of Thl, Th17 and Treg
responses.”? Oral tolerance can be restored by recon-
stituting germ free mice with Bifidobacterium infan-
tis, a dominant commensal bacterium or by feeding
these mice with LPS.73.,74 Although LPS has been as-
sociated with the acquisition of oral tolerance, the
precise molecular mechanisms underlying this phe-
nomenon and the targets of microbe-derived signals
remains incompletely understood. Moreover, in a
mouse model, feeding them with Clostridium leptum
increased the number of Tregs in the spleens, and
mediastinal lymph nodes, and attenuated allergen-
induced airway hyperresponsiveness and inflamma-
tion by inhibiting inflammatory cytokine production,
while enhancing I1-10 and TGF-B1 production in the
lungs.”>

After the hygiene hypothesis was first proposed,
some epidemiological data suggested that asthma
and atopic diseases were associated with childhood
antibiotic use and an altered intestinal microbiota and
that the compositions of the intestinal microbiota dif-
fered between allergic and nonallergic infants.”6.77 A
birth cohort study that followed high-risk children
from birth to 6 years of age demonstrated that the
bacterial diversity in the intestinal microbiota was in-
versely associated with the risk of allergic sensitiza-
tion to foods and aeroallergens, peripheral blood
eosinophilia, and allergic rhinitis.”® Other studies
have identified specific differences in the microbiota
of allergic and nonallergic children.”9.80

To date, no definitive subset of the microbiota has
been identified that is associated with atopy, aside
from limited evidence that Clostridium difficile may
be overrepresented in some atopic infants.8! This
suggests that although intestinal microbial coloniza-
tion is required for proper immune function develop-
ment, certain types of microbes may play a significant
role in skewing immune responses toward allergic
sensitization, possibly by creating an environment
that enhances the development of allergic disease.

ORAL ANTIGEN SENSITIZATION AND THE
DEVELOPMENT OF FOOD ALLERGY

Food allergies develop in genetically predisposed in-
dividuals, presumably when oral tolerance fails to de-
velop normally or when it breaks down. The mecha-
nisms underlying allergic sensitization to food anti-
gens remain elusive. Roth-Walter et al. reported that
the soluble whey proteins o- and B-lactalbumin were
readily transcytosed through enterocytes, whereas
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insoluble casein in micelles and heat-aggregated o-
and B-lactalbumin were preferentially taken up into
Peyer’s patches.82 The delivery of food antigens into
the Peyer’s patches may have resulted in a more ro-
bust sensitization. However, if these antigens were
unable to traffic across the villus enterocytes, they
were unable to elicit anaphylactic symptoms upon
oral challenge. These results suggest that for the de-
velopment of food allergy, both antigen sensitization
established by antigen uptake via Peyer’s patches and
exposure to ample amounts of soluble antigens that
are transferred across the epithelial barrier are indis-
pensable.

Human intestinal epithelial cells constitutively ex-
press the low affinity IgE receptor CD23 and,
thereby, transport IgE from both the basal-to-apical
and apicalto-basal directions.®3 Antigen-IgE com-
plexes were preferentially transported in the apical-to-
basal direction and were released into the basolateral
media in a form that could stimulate FceRI receptor.83
Therefore, it is possible that the presence of antigen-
specific IgE can increase the amounts of transported
antigens across the epithelium.

PULMONARY DENDRITIC CELLS DICTATE
MUCOSAL TOLERANCE AND Th2 IMMU-
NITY

A network of CD11b~ cDCs that express CD103,
langerin, and increased lymphotactin receptor XCR1,
is found in the epithelial layer of the conducting air-
ways. These cells protrude cellular extensions be-
tween the basolateral spaces of basal epithelial cells.
Immediately below the basement membrane, the
lamina propria contains CD11bhi ¢DCs that express
SIRPa, and increased levels of the fractalkine recep-
tor CX3CR1. The conducting airways also contain
CD11cdim pDCs that express Siglec-H and bone mar-
row stromal antigen-2 (BST2).84

Lung parenchymal DCs are found in the alveolar
septa. These can also be subdivided into CD11b* and
CD11b cDCs, and include a subpopulation of pDCs.
Some DCs, primarily CX3CR1*CD11b"* cells, also pa-
trol the vessel walls of the pulmonary arterial vascula-
ture and can capture injected embolic material.84

During inflammation, additional CD11b" monocyte-
derived DCs that express Ly6C and FceRI are re-
cruited to the lungs. In human bronchoalveolar lav-
age (BAL) fluid, three types of DC populations have
been identified; CD11c*CD1c* myeloid (m)DC type
1, CD11c'BDCA-3 (CD141)* mDC type 2, and
CD11¢BDCA-2* pDCs. Human mDCl1s correspond
to the mouse CD11b*CD103” ¢cDC subset, mDC2s
correspond to CD11b CD103*langerin® c¢cDCs, and
human pDCs correspond to murine pDCs.84

Mouse intraepithelial lung CD103*CD11b~ ¢DCs
and human monocyte-derived DCs form tight junc-
tions with neighboring airway epithelial cells to pro-
tect the epithelial barrier function during the proc-
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esses involved with antigen uptake, while allowing
the exchange of inhaled particles. The transepithelial
transport of inhaled antigens by CD103*CD11b~
cDCs is followed by antigen uptake by more deeply
situated CD11b* ¢cDCs. These lung DCs orchestrate
the immune responses to pathogens, commensal bac-
teria and innocuous inhaled antigens.85 Whether a
specific subset of DCs presents inhaled antigens in a
tolerogenic manner or induces Th2-biased immune
responses remains unknown.

Pulmonary DCs survey the airways by continu-
ously migrating from the lungs to the T cell paracor-
tex of the draining mediastinal and peribronchial
lymph nodes in a CCR7-dependent way.86:87 Those
DCs that concomitantly acquire a semi-mature pheno-
type by receiving subtle maturation signals, presum-
ably from the local microbiota, are thought to induce
Tregs that control pulmonary tolerance and homeo-
stasis.11.8890 Quiescent pulmonary stromal cells pro-
mote TGF-B-dependent differentiation of tolerogenic
DCs, which promote the differentiation of Tregs in vi-
tro.91

Three pDCs subsets can be identified based on
their expressions of CD8o and CD8p, and exhibit dif-
ferences in their functional capacities to prime naive
CD4* T cells. CD8a B~ pDCs are immunogenic,
whereas CD8o/"3~ and CD8cu*B* pDCs exhibit tolero-
genic properties to support the conversion of naive
CD4* T cells into Foxp3* Treg cells.9? Expression of
RALDH], 2 and 3 by tolerogenic lung pDCs and the
subsequent production of RA are critical for inducing
Treg cells.1492 The steady state co-existence of cDCs
with pDCs is thought to promote tolerance to inhaled
antigens.

When there is concomitant exposure to innocuous
antigens with inhaled environmental adjuvants, such
as cigarette smoke, fine particulate matter, or bacte-
rial contaminants, lung DCs acquire appropriate
maturation stimuli, and subsequently release cytoki-
nes and express costimulatory molecules that govern
acquired immunity. A subset of ckit* FceRI* DCs or
SIRPa*CD11b* DCs has been shown to effectively
prime Th2-biased immunity.939 It was recently
shown that CD11b* cDCs, but not CD103* cDCs,
were primarily responsible for inducing Th2 immu-
nity in HDMb-specific T cells and that monocyte-
derived DCs were also sufficient to induce Th2 cell-
mediated immunity, but only when high-dose HDM
was administered.%” Moreover, in allergen-challenged
mice, CD11b* DCs were a prominent source of the
chemokines CCL17 and CCL22, and thereby re-
cruited CCR4* Th2 cells to the lungs.98.99 Although
any lung DCs appear to have the capacity to induce
Th2 effector responses, as well as Thl, or Th17 re-
sponses, depending on the type and strength of the
provoking stimulus, a subset of DCs may play critical
roles during the priming and maintenance of Th2 im-
munity and antigen sensitization.
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PULMONARY EPITHELIUM INITIATES ANTI-
GEN SENSITIZATION

The pulmonary epithelium provides a barrier be-
tween the external inhaled environment and the in-
ternal tissues. Besides providing a physical barrier,
the pulmonary epithelium is immunologically active
and is pivotal in the development of immune re-
sponses in the lung. Pulmonary epithelial cells can
secrete a wide range of cytokines and chemokines in
response to danger signals and, thereby, direct im-
mune responses and recruit cells of the innate and
adaptive immune system.

Epithelial cells sense microbes through pattern
recognition receptors (PRRs) that include TLRs,
NOD-like receptors, protease-activated receptors
(PARs), and C-type lectin receptors, which recognize
pathogen-associated molecular patterns from viruses,
bacteria, fungi, and multicellular parasites.190 Al-
though PRR-triggered immune responses provide a
critical antimicrobial monitoring system, it is now
clear that many allergens have the potential to modify
the epithelial barrier through PRRs. CD23 ligation
can activate pro-inflammatory pathways in human in-
testinal epithelial cells and result in the release of
chemokines, including CCL20.101

Bronchial epithelial cells first attract immature DCs
or their precursors through their release of CCL2 or
CCL20 chemokines and subsequently instruct them
to induce Th2 immunity to allergens via the release of
innate pro-Th2 cytokines, such as GM-CSF, thymic
stromal lymphopoietin (TSLP), and IL-25 and
-33.102,103 J[-33 and TSLP can drive allergic inflamma-
tion, even in the absence of IL-4, and promote Th2
cell differentiation by programming the function of
DCs.104106 125 exacerbates airway hyperreactivity
in the absence of Th2 cytokines.107

House dust mite antigen triggers epithelial cells to
produce IL-1a in a TLR4-dependent manner.108 The
IL-10. subsequently acts in an autocrine manner on
the lung epithelial cells, which results in their secre-
tion of proinflammatory chemokines, GM-CSF, and
IL-33. Together, these mediators recruit and activate
inflammatory DCs that induce adaptive Th2 immunity
to this antigen. TSLP becames important only when
high doses of antigen are administered.

APPLICATION OF MUCOSAL IMMUNITY TO
IMMUNOTHERAPY FOR ALLERGIC DIS-
EASES

Mucosal immunotherapy is more advantageous com-
pared with subcutaneous immunotherapy from a pro-
duction and regulatory perspective; antigens that are
used for mucosal immunotherapy do not require ex-
tensive purification to remove bacterial contaminants,
as the mucosal surface is already colonized by bacte-
ria. The procedure for antigen administration is rela-
tively easy. Under normal conditions, however, after
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their ingestion, proteins or carbohydrates are ex-
posed to changing pH levels and digestive enzymes
during gastrointestinal transit, resulting in antigen
degradation.109

The capacity of transcytosis through the intestinal
epithelial layer depends on particle size; a particle
size <1 pym is optimal for M-cell absorption.110 Tran-
scytosis also depends on the charge and hydrophilic-
ity of the particle carrier. Once bound to the apical
side of M cells, macromolecules are endocytosed via
clathrin-coated vesicles, and thereby reach the ly-
sosomal compartment, from which they are exocyto-
sed to a basolateral site to be taken up by DCs. To
overcome the degrading conditions in the gastroin-
testinal tract, encapsulating antigens into particle car-
riers, such as liposomes may enable intact antigens to
reach the intestinal epithelial layer.111 Furthermore,
modifying particles by special targeting materials can
direct particle binding to specific cells and enhance
the particle uptake capacity via intestinal cells and
DCs.

Several studies have demonstrated that mannosyla-
ted-liposomes could enhance both Ag presentation
and T cell stimulation by targeting mannose recep-
tors on APCs.112-114 The combination of a dimannosyl
ligand for liposomal vesicle targeting and Toll-like re-
ceptor (TLR)-2 ligand Pam2CAG for immune stimula-
tion promoted binding to APCs and stimulating cellu-
lar immune responses.11> Subcutaneous or intraperi-
toneal delivery of oligomannose-coated liposomes in-
duced only systemic immune responses, whereas in-
tranasal delivery induced mucosal immunity as well
as systemic immunity.116 Therefore, the modifica-
tions used for antigen particle carriers and the route
of administration are important determinants for the
effects of immunotherapy.

Zhou et al. reported that sugar modified antigen
binding to the innate immune receptor SIGN-R1
(murine homolog of human DC-SIGN) could reduce
the anaphylactic response to food allergen by induc-
ing DCs to release I11-10 and to generate Tr1 cells.117
Based on their findings, we have demonstrated that
intranasal immunization with Ag encased in oligo-
mannose coated liposomes may be an effective immu-
notherapy for food allergies, as it induced a subset of
regulatory CD8" T cells as well as CD4*CD25*Foxp3™*
T cells and modulated humoral immune responses,
even in allergen-sensitized mice.118

CONCLUSION

‘We have focused primarily on DCs and various regu-
latory cells that may participate in the induction of
oral tolerance and the mechanisms that have been
elucidated primarily in animal models. Understand-
ing the mechanisms involved in oral tolerance is cru-
cial for the development of novel therapeutic strate-
gies to prevent or reverse hypersensitivity reactions
to foods and aeroantigens.

285



REFERENCES

Ohshima Y

1. Russell SL, Finlay BB. The impact of gut microbes in al-
lergic diseases. Curr Opin Gastroenterol 2012;28:563-9.

2. Berin MC, Mayer L. Can we produce true tolerance in pa-
tients with food allergy? J Allergy Clin Immunol 2013;131:
14-22.

3. Husby S, Jensenius JC, Svehag SE. Passage of unde-
graded dietary antigen into the blood of healthy adults.
Quantification, estimation of size distribution, and relation
of uptake to levels of specific antibodies. Scand J Immunol
1985;22:83-92.

4. Smith KM, Davidson JM, Garside P. T-cell activation oc-
curs simultaneously in local and peripheral lymphoid tis-
sue following oral administration of a range of doses of
immunogenic or tolerogenic antigen although tolerized T
cells display a defect in cell division. Immunology 2002;
106:144-58.

5. Zinselmeyer BH, Dempster J, Gurney AM et al. In situ
characterization of CD4+ T cell behavior in mucosal and
systemic lymphoid tissues during the induction of oral
priming and tolerance. J Exp Med 2005;,201:1815-23.

6. Weiner HL, da Cunha AP, Quintana F, Wu H. Oral toler-
ance. Immunol Rev 2011;,241:241-59.

7.Omata N, Ohshima Y, Yasutomi M, Yamada A, Kara-
suyama H, Mayumi M. Ovalbumin-specific IgE modulates
ovalbumin-specific T-cell response after repetitive oral an-
tigen administration. J Allergy Clin Immunol 2005;115:
822-7.

8. Siewert C, Lauer U, Cording S et al. Experience-driven
development: effector/memory-like alphaE+Foxp3+ regu-
latory T cells originate from both naive T cells and natu-
rally occurring naive-like regulatory T cells. J Immunol
2008;180:146-55.

9. Curotto de Lafaille MA, Lafaille JJ. Natural and adaptive
foxp3+ regulatory T cells: more of the same or a division
of labor? Immunity 2009;30:626-35.

10. Rubtsov YP, Niec RE, Josefowicz S et al. Stability of the
regulatory T cell lineage in vivo. Science 2010;329:1667-
71.

11. Curotto de Lafaille MA, Kutchukhidze N, Shen S, Ding Y,
Yee H, Lafaille JJ. Adaptive Foxp3+ regulatory T cell-
dependent and -independent control of allergic inflamma-
tion. Immunity 2008;29:114-26.

12. Tang Q, Bluestone JA. The Foxp3+ regulatory T cell: a
jack of all trades, master of regulation. Nat Immunol 2008;
9:239-44.

13. Vignali DA, Collison LW, Workman C]J. How regulatory T
cells work. Nat Rev Immunol 2008;8:523-32.

14. Coombes JL, Siddiqui KR, Arancibia-Carcamo CV et al. A
functionally specialized population of mucosal CD103+
DCs induces Foxp3+ regulatory T cells via a TGF-beta
and retinoic acid-dependent mechanism. J Exp Med 2007,
204:1757-64.

15. Miyamoto K, Kingsley CI, Zhang X et al. The ICOS mole-
cule plays a crucial role in the development of mucosal
tolerance. J Immunol 2005;175:7341-7.

16. Spahn TW, Weiner HL, Rennert PD et al. Mesenteric
lymph nodes are critical for the induction of high-dose
oral tolerance in the absence of Peyer’s patches. Eur J Im-
munol 2002;32:1109-13.

17. Worbs T, Bode U, Yan S et al. Oral tolerance originates in
the intestinal immune system and relies on antigen car-
riage by dendritic cells. J Exp Med 2006;203:519-27.

18. Thomson AW, Knolle PA. Antigen-presenting cell func-
tion in the tolerogenic liver environment. Nat Rev Immu-

286

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

nol 2010;10:753-66.

Callery MP, Kamei T, Flye MW. The effect of portacaval
shunt on delayed-hypersensitivity responses following an-
tigen feeding. J Surg Res 1989;46:391-4.

Yang R, Liu Q, Grosfeld JL, Pescovitz MD. Intestinal ve-
nous drainage through the liver is a prerequisite for oral
tolerance induction. J Pediatr Surg 1994;,29:1145-8.

. Goubier A, Dubois B, Gheit H et al. Plasmacytoid den-

dritic cells mediate oral tolerance. Immunity 2008;29:464-
75.

McDole JR, Wheeler LW, McDonald KG et al. Goblet
cells deliver luminal antigen to CD103+ dendritic cells in
the small intestine. Nature 2012;483:345-9.

Pabst O, Mowat AM. Oral tolerance to food protein. Mu-
cosal Immunol 2012;5:232-9.

Iliev ID, Mileti E, Matteoli G, Chieppa M, Rescigno M. In-
testinal epithelial cells promote colitis-protective regula-
tory T-cell differentiation through dendritic cell condition-
ing. Mucosal Immunol 2009;2:340-50.

Jang MH, Sougawa N, Tanaka T et al. CCR7 is critically
important for migration of dendritic cells in intestinal lam-
ina propria to mesenteric lymph nodes. J Immunol 2006,
176:803-10.

Jaensson E, Uronen-Hansson H, Pabst O et al. Small in-
testinal CD103+ dendritic cells display unique functional
properties that are conserved between mice and humans.
J Exp Med 2008;205:2139-49.

Sun CM, Hall JA, Blank RB et al. Small intestine lamina
propria dendritic cells promote de novo generation of
Foxp3 T reg cells via retinoic acid. J Exp Med 2007;204:
1775-85.

Worthington JJ, Czajkowska BI, Melton AC, Travis MA.
Intestinal dendritic cells specialize to activate transform-
ing growth factor-beta and induce Foxp3+ regulatory T
cells via integrin alphavbeta8. Gastroenterology 2011;141:
1802-12.

Paidassi H, Acharya M, Zhang A et al. Preferential expres-
sion of integrin alphavbeta8 promotes generation of regu-
latory T cells by mouse CD103+ dendritic cells. Gastroen-
terology 2011;141:1813-20.

Fallarino F, Grohmann U, You S et al. The combined ef-
fects of tryptophan starvation and tryptophan catabolites
down-regulate T cell receptor zeta-chain and induce a
regulatory phenotype in naive T cells. J Immunol 2006;
176:6752-61.

. Matteoli G, Mazzini E, Iliev ID et al. Gut CD103+ den-

dritic cells express indoleamine 2,3-dioxygenase which in-
fluences T regulatory/T effector cell balance and oral tol-
erance induction. Gut 2010;59:595-604.

Bogunovic M, Ginhoux F, Helft J et al. Origin of the lam-
ina propria dendritic cell network. Immunity 2009;31:513-
25.

Hadis U, Wahl B, Schulz O et al. Intestinal tolerance re-
quires gut homing and expansion of FoxP3+ regulatory T
cells in the lamina propria. Immunity 2011;34:237-46.
Kayama H, Takeda K. Regulation of intestinal homeosta-
sis by innate and adaptive immunity. Int Immunol 2012;
24:673-80.

Onodera T, Jang MH, Guo Z et al. Constitutive expression
of IDO by dendritic cells of mesenteric lymph nodes:
functional involvement of the CTLA-4/B7 and CCL22/
CCR4 interactions. J Immunol 2009;183:5608-14.

Iliev ID, Matteoli G, Rescigno M. The yin and yang of in-
testinal epithelial cells in controlling dendritic cell func-
tion. J Exp Med 2007;204:2253-7.

Iliev ID, Spadoni I, Mileti E et al. Human intestinal epithe-

Allergology International Vol 62, No3, 2013 www.jsaweb.jp/



38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mucosal Immunity

lial cells promote the differentiation of tolerogenic den-
dritic cells. Gut 2009;58:1481-9.

Shale M, Ghosh S. How intestinal epithelial cells tolerise
dendritic cells and its relevance to inflammatory bowel
disease. Gut 2009;58:1291-9.

Jaensson-Gyllenback E, Kotarsky K, Zapata F et al. Bile
retinoids imprint intestinal CD103+ dendritic cells with
the ability to generate gut-tropic T cells. Mucosal Immu-
nol 2011;4:438-47.

Hershberg RM, Cho DH, Youakim A et al. Highly polar-
ized HLA class II antigen processing and presentation by
human intestinal epithelial cells. J Clin Invest 1998;102:
792-803.

Hammerschmidt SI, Ahrendt M, Bode U et al. Stromal
mesenteric lymph node cells are essential for the genera-
tion of guthoming T cells in vivo. J Exp Med 2008;205:
2483-90.

Smith TR, Kumar V. Revival of CD8+ Treg-mediated sup-
pression. Trends Immunol 2008;29:337-42.

Niederkorn JY. Emerging concepts in CD8(+) T regula-
tory cells. Curr Opin Immunol 2008;20:327-31.

Brimnes J, Allez M, Dotan I, Shao L, Nakazawa A, Mayer
L. Defects in CD8+ regulatory T cells in the lamina prop-
ria of patients with inflammatory bowel disease. J Immu-
nol 2005;174:5814-22.

Allez M, Brimnes J, Dotan I, Mayer L. Expansion of CD8+
T cells with regulatory function after interaction with in-
testinal epithelial cells. Gastroenterology 2002;123:1516-
26.

Yamada A, Ohshima Y, Yasutomi M et al. Antigen-primed
splenic CD8+ T cells impede the development of oral
antigen-induced allergic diarrhea. J Allergy Clin Immunol
2009;123:889-94.

Bol-Schoenmakers M, Marcondes Rezende M, Bleumink
R et al. Regulation by intestinal gammadelta T cells dur-
ing establishment of food allergic sensitization in mice.
Allergy 2011;66:331-40.

Kim HJ, Hwang SJ, Kim BK, Jung KC, Chung DH. NKT
cells play critical roles in the induction of oral tolerance
by inducing regulatory T cells producing IL-10 and trans-
forming growth factor beta, and by clonally deleting
antigen-specific T cells. Immunology 2006;118:101-11.
Chung Y, Chang WS, Kim S, Kang CY. NKT cell ligand
alpha-galactosylceramide blocks the induction of oral tol-
erance by triggering dendritic cell maturation. Eur J Im-
munol 2004;34:2471-9.

Mauri C, Ehrenstein MR. The ‘short’ history of regulatory
B cells. Trends Immunol 2008;29:34-40.

Amu S, Saunders SP, Kronenberg M, Mangan NE,
Atzberger A, Fallon PG. Regulatory B cells prevent and
reverse allergic airway inflammation via FoxP3-positive T
regulatory cells in a murine model. J Allergy Clin Immunol
2010;125:1114-24.

Chu KH, Chiang BL. Regulatory T cells induced by mu-
cosal B cells alleviate allergic airway hypersensitivity. Am
J Respir Cell Mol Biol 2012;46:651-9.

Iwata Y, Matsushita T, Horikawa M et al. Characterization
of a rare IL-10-competent B-cell subset in humans that
parallels mouse regulatory B10 cells. Blood 2011;117:
530-41.

Noh J, Noh G, Kim HS, Kim AR, Choi WS. Allergen-
specific responses of CD19(+) CD5(+) Foxp3 (+)regulatory
B cells (Bregs) and CD4(+)Foxp3(+)regulatory T cell
(Tregs) in immune tolerance of cow milk allergy of late
eczematous reactions. Cell Immunol 2012;274:109-14.
Noh J, Noh G, Lee SJ et al. Tolerogenic effects of

Allergology International Vol 62, No3, 2013 www.jsaweb.jp/

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

interferon-gamma with induction of allergen-specific
interleukin-10-producing regulatory B cell (Brl) changes
in non-IgE-mediated food allergy. Cell Immunol 2012;
273:140-9.

Tsuji M, Komatsu N, Kawamoto S et al. Preferential gen-
eration of follicular B helper T cells from Foxp3+ T cells
in gut Peyer’s patches. Science 2009;323:1488-92.

Janzi M, Kull I, Sjoberg R et al. Selective IgA deficiency in
early life: association to infections and allergic diseases
during childhood. Clin Immunol 2009;133:78-85.

Strait RT, Mahler A, Hogan S, Khodoun M, Shibuya A,
Finkelman FD. Ingested allergens must be absorbed sys-
temically to induce systemic anaphylaxis. J Allergy Clin
Immunol 2011;127:982-9.

Baumann J, Park CG, Mantis NJ. Recognition of secretory
IgA by DC-SIGN: implications for immune surveillance in
the intestine. Immunol Lett 2010;131:59-66.

Jarvinen KM, Laine ST, Jarvenpaa AL, Suomalainen HK.
Does low IgA in human milk predispose the infant to de-
velopment of cow’s milk allergy? Pediatr Res 2000;,48:457-
62.

Kulis M, Saba K, Kim EH et al. Increased peanut-specific
IgA levels in saliva correlate with food challenge out-
comes after peanut sublingual immunotherapy. J Allergy
Clin Immunol 2012;129:1159-62.

Zigmond E, Jung S. Intestinal macrophages: well edu-
cated exceptions from the rule. Trends Immunol 2013;34:
162-8.

Hall JA, Bouladoux N, Sun CM et al. Commensal DNA
limits regulatory T cell conversion and is a natural adju-
vant of intestinal immune responses. Immunity 2008;29:
637-49.

Macpherson AJ, Harris NL. Interactions between com-
mensal intestinal bacteria and the immune system. Nat
Rev Immunol 2004;4:478-85.

Ivanov II, Atarashi K, Manel N et al. Induction of intesti-
nal Th17 cells by segmented filamentous bacteria. Cell
2009;139:485-98.

Atarashi K, Tanoue T, Shima T et al. Induction of colonic
regulatory T cells by indigenous Clostridium species. Sci-
ence 2011;331:337-41.

Round JL, Mazmanian SK. The gut microbiota shapes in-
testinal immune responses during health and disease.
Nar Rev Immunol 2009;9:313-23.

Niess JH, Adler G. Enteric flora expands gut lamina prop-
ria CX3CR1+ dendritic cells supporting inflammatory im-
mune responses under normal and inflammatory condi-
tions. J Immunol 2010;184:2026-37.

Lunz JG 3rd, Specht SM, Murase N, Isse K, Demetris AJ.
Gut-derived commensal bacterial products inhibit liver
dendritic cell maturation by stimulating hepatic inter-
leukin-6/signal transducer and activator of transcription 3
activity. Hepatology 2007;46:1946-59.

Walton KL, Galanko JA, Balfour Sartor R, Fisher NC. T
cell-mediated oral tolerance is intact in germ-free mice.
Clin Exp Immunol 2006;143:503-12.

Ishikawa H, Tanaka K, Maeda Y et al. Effect of intestinal
microbiota on the induction of regulatory CD25+ CD4+ T
cells. Clin Exp Immunol 2008;153:127-35.
Gaboriau-Routhiau V, Rakotobe S, Lecuyer E et al. The
key role of segmented filamentous bacteria in the coordi-
nated maturation of gut helper T cell responses. Immu-
nity 2009;31:677-89.

Sudo N, Sawamura S, Tanaka K, Aiba Y, Kubo C, Koga Y.
The requirement of intestinal bacterial flora for the devel-
opment of an IgE production system fully susceptible to

287



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

288

Ohshima Y

oral tolerance induction. J Immunol 1997;159:1739-45.
‘Wannemuehler MJ, Kiyono H, Babb JL, Michalek SM,
McGhee JR. Lipopolysaccharide (LPS) regulation of the
immune response: LPS converts germfree mice to sensi-
tivity to oral tolerance induction. J Immunol 1982;129:
959-65.

Li YN, Huang F, Liu L, Qiao HM, Li Y, Cheng H]J. Effect
of oral feeding with Clostridium leptum on regulatory T-
cell responses and allergic airway inflammation in mice.
Ann Allergy Asthma Immunol 2012;109:201-7.

Noverr MC, Huffnagle GB. The ‘microflora hypothesis’ of
allergic diseases. Clin Exp Allergy 2005;35:1511-20.

Marra F, Lynd L, Coombes M et al. Does antibiotic expo-
sure during infancy lead to development of asthma?: a
systematic review and metaanalysis. Chest 2006;129:610-
8.

Bisgaard H, Li N, Bonnelykke K et al. Reduced diversity
of the intestinal microbiota during infancy is associated
with increased risk of allergic disease at school age. J Al-
lergy Clin Immunol 2011;128:646-52.

Bjorksten B, Sepp E, Julge K, Voor T, Mikelsaar M. Al-
lergy development and the intestinal microflora during
the first year of life. J Allergy Clin Immunol 2001;108:516-
20.

Kalliomaki M, Kirjavainen P, Eerola E, Kero P, Salminen
S, Isolauri E. Distinct patterns of neonatal gut microflora
in infants in whom atopy was and was not developing. J
Allergy Clin Immunol 2001;107:129-34.

van Nimwegen FA, Penders J, Stobberingh EE et al.
Mode and place of delivery, gastrointestinal microbiota,
and their influence on asthma and atopy. J Allergy Clin Im-
munol 2011;128:948-55.

Roth-Walter F, Berin MC, Arnaboldi P et al. Pasteuriza-
tion of milk proteins promotes allergic sensitization by en-
hancing uptake through Peyer’s patches. Allergy 2008;63:
882-90.

Li H, Nowak-Wegrzyn A, Charlop-Powers Z et al. Transcy-
tosis of IgE-antigen complexes by CD23a in human intes-
tinal epithelial cells and its role in food allergy. Gastroen-
terology 2006;131:47-58.

Lambrecht BN, Hammad H. Lung dendritic cells in respi-
ratory viral infection and asthma: from protection to im-
munopathology. Annu Rev Immunol 2012;30:243-70.
Lambrecht BN, Hammad H. Biology of lung dendritic
cells at the origin of asthma. Immunity 2009;31:412-24.
Hintzen G, Ohl L, del Rio ML et al. Induction of tolerance
to innocuous inhaled antigen relies on a CCR7-dependent
dendritic cell-mediated antigen transport to the bronchial
lymph node. J Immunol 2006;177:7346-54.

del Rio ML, Rodriguez-Barbosa JI, Kremmer E, Forster R.
CD103- and CD103+ bronchial lymph node dendritic cells
are specialized in presenting and cross-presenting innocu-
ous antigen to CD4+ and CD8+ T cells. J Immunol 2007;
178:6861-6.

Jakubzick C, Bogunovic M, Bonito AJ, Kuan EL, Merad
M, Randolph GJ. Lymph-migrating, tissue-derived den-
dritic cells are minor constituents within steady-state
lymph nodes. J Exp Med 2008;205:2839-50.

Bakocevic N, Worbs T, Davalos-Misslitz A, Forster R. T
cell-dendritic cell interaction dynamics during the induc-
tion of respiratory tolerance and immunity. J Immunol
2010;184:1317-27.

Lloyd CM, Hawrylowicz CM. Regulatory T cells in
asthma. Immunity 2009;31:438-49.

Li Q, Guo Z, Xu X, Xia S, Cao X. Pulmonary stromal cells
induce the generation of regulatory DC attenuating T-cell-

mediated lung inflammation. Eur J Immunol 2008;38:
2751-61.

92. Lombardi V, Speak AO, Kerzerho J, Szely N, Akbari O.
CD8alpha(+)beta(-) and CD8alpha(+)beta(+) plasmacy-
toid dendritic cells induce Foxp3(+) regulatory T cells
and prevent the induction of airway hyper-reactivity. Mu-
cosal Immunol 2012;5:432-43.

93. Hammad H, Plantinga M, Deswarte K et al. Inflammatory
dendritic cells—not basophils—are necessary and suffi-
cient for induction of Th2 immunity to inhaled house dust
mite allergen. J Exp Med 2010;207:2097-111.

94. Krishnamoorthy N, Oriss TB, Paglia M et al. Activation of
c-Kit in dendritic cells regulates T helper cell differentia-
tion and allergic asthma. Nat Med 2008;14:565-73.

95. Raymond M, Rubio M, Fortin G et al. Selective control of
SIRP-alpha-positive airway dendritic cell trafficking
through CDA47 is critical for the development of T(H)2-
mediated allergic inflammation. J Allergy Clin Immunol
2009;124:1333-42.

96. Kool M, Willart MA, van Nimwegen M et al. An unex-
pected role for uric acid as an inducer of T helper 2 cell
immunity to inhaled antigens and inflammatory mediator
of allergic asthma. Immunity 2011;34:527-40.

97. Plantinga M, Guilliams M, Vanheerswynghels M et al.
Conventional and monocyte-derived CD11b(+) dendritic
cells initiate and maintain T helper 2 cell-mediated immu-
nity to house dust mite allergen. Immunity 2013;38:322-
35.

98. Beaty SR, Rose CE Jr, Sung SS. Diverse and potent
chemokine production by lung CD11bhigh dendritic cells
in homeostasis and in allergic lung inflammation. J Immu-
nol 2007;178:1882-95.

99. Mikhak Z, Fukui M, Farsidjani A, Medoff BD, Tager AM,
Luster AD. Contribution of CCR4 and CCRS8 to antigen-
specific T(H)2 cell trafficking in allergic pulmonary in-
flammation. J Allergy Clin Immunol 2009;123:67-73.

100. Lloyd CM, Murdoch JR. Tolerizing allergic responses in
the lung. Mucosal Immunol 2010;3:334-44.

101. Li H, Chehade M, Liu W, Xiong H, Mayer L, Berin MC.
Allergen-IgE complexes trigger CD23-dependent CCL20
release from human intestinal epithelial cells. Gastroen-
terology 2007;133:1905-15.

102. Hammad H, Chieppa M, Perros F, Willart MA, Germain
RN, Lambrecht BN. House dust mite allergen induces
asthma via Toll-like receptor 4 triggering of airway struc-
tural cells. Nat Med 2009;15:410-6.

103. Tan AM, Chen HC, Pochard P, Eisenbarth SC, Herrick
CA, Bottomly HK. TLR4 signaling in stromal cells is criti-
cal for the initiation of allergic Th2 responses to inhaled
antigen. J Immunol 2010;184:3535-44.

104. Rank MA, Kobayashi T, Kozaki H, Bartemes KR, Squil-
lace DL, Kita H. I1-33-activated dendritic cells induce an
atypical TH2-type response. J Allergy Clin Immunol 2009;
123:1047-54.

105. Ohno T, Morita H, Arae K, Matsumoto K, Nakae S.
Interleukin-33 in allergy. Allergy 2012;67:1203-14.

106. Ziegler SF. Thymic stromal lymphopoietin and allergic
disease. J Allergy Clin Immunol 2012;130:845-52.

107. Ballantyne SJ, Barlow JL, Jolin HE et al. Blocking IL-25
prevents airway hyperresponsiveness in allergic asthma. J
Allergy Clin Immunol 2007;120:1324-31.

108. Willart MA, Deswarte K, Pouliot P et al. Interleukin-lal-
pha controls allergic sensitization to inhaled house dust
mite via the epithelial release of GM-CSF and IL-33. J Exp
Med 2012;209:1505-17.

109. Gabor F, Bogner E, Weissenboeck A, Wirth M. The

Allergology International Vol 62, No3, 2013 www.jsaweb.jp/



Mucosal Immunity

lectin-cell interaction and its implications to intestinal
lectin-mediated drug delivery. Adv Drug Deliv Rev 2004;
56:459-80.

110. Brayden DJ, Baird AW. Microparticle vaccine approaches
to stimulate mucosal immunisation. Microbes Infect 2001;
3:867-76.

111. des Rieux A, Fievez V, Garinot M, Schneider YJ, Preat V.
Nanoparticles as potential oral delivery systems of pro-
teins and vaccines: a mechanistic approach. J Control Re-
lease 2006;116:1-27.

112. Taylor PR, Gordon S, Martinez-Pomares L. The mannose
receptor: linking homeostasis and immunity through
sugar recognition. Trends Immunol 2005;26:104-10.

113. Sheng KC, Kalkanidis M, Pouniotis DS et al. Delivery of
antigen using a novel mannosylated dendrimer potenti-
ates immunogenicity in vitro and in vivo. Eur | Immunol
2008;38:424-36.

114. Zhou X, Liu B, Yu X et al. Controlled release of PEI/DNA

Allergology International Vol 62, No3, 2013 www.jsaweb.jp/

complexes from mannose-bearing chitosan microspheres
as a potent delivery system to enhance immune response
to HBV DNA vaccine. J Control Release 2007;121:200-7.

115. Thomann JS, Heurtault B, Weidner S et al. Antitumor ac-
tivity of liposomal ErbB2/HER2 epitope peptide-based
vaccine constructs incorporating TLR agonists and man-
nose receptor targeting. Biomaterials 2011,32:4574-83.

116. Ishii M, Kojima N. Mucosal adjuvant activity of oligo-
mannose-coated liposomes for nasal immunization. Glyco-
conj J 2010;27:115-23.

117. Zhou Y, Kawasaki H, Hsu SC et al. Oral tolerance to food-
induced systemic anaphylaxis mediated by the C-type
lectin SIGNR1. Nat Med 2010;16:1128-33.

118. Kawakita A, Shirasaki H, Yasutomi M et al. Inmunother-
apy with oligomannose-coated liposomes ameliorates al-
lergic symptoms in a murine food allergy model. Allergy
2012;67:371-9.

289



