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Summary: The gut-associated lymphoid tissue is the largest immune
organ in the body and is the primary route by which we are exposed to
antigens. Tolerance induction is the default immune pathway in the
gut, and the type of tolerance induced relates to the dose of antigen fed:
anergy/deletion (high dose) or regulatory T-cell (Treg) induction (low
dose). Conditioning of gut dendritic cells (DCs) by gut epithelial cells
and the gut flora, which itself has a major influence on gut immunity,
induces CD103 ™ retinoic acid-dependent DC that induces Tregs. A num-
ber of Tregs are induced at mucosal surfaces. Th3 type Tregs are trans-
forming growth factor-B dependent and express latency-associated
peptide (LAP) on their surface and were discovered in the context of
oral tolerance. Trl type Tregs (interleukin-10 dependent) are induced
by nasal antigen and forkhead box protein 3" iTregs are induced by oral
antigen and by oral administration of aryl hydrocarbon receptor ligands.
Oral or nasal antigen ameliorates autoimmune and inflammatory dis-
eases in animal models by inducing Tregs. Furthermore, anti-CD3
monoclonal antibody is active at mucosal surfaces and oral or nasal anti-
CD3 monoclonal antibody induces LAP* Tregs that suppresses animal
models (experimental autoimmune encephalitis, type 1 and type 2 dia-
betes, lupus, arthritis, atherosclerosis) and is being tested in humans.
Although there is a large literature on treatment of animal models by
mucosal tolerance and some positive results in humans, this approach
has yet to be translated to the clinic. The successful translation will
require defining responsive patient populations, validating biomarkers
to measure immunologic effects, and using combination therapy and
immune adjuvants to enhance Treg induction. A major avenue being
investigated for the treatment of autoimmunity is the induction of Tregs
and mucosal tolerance represents a non-toxic, physiologic approach to
reach this goal.
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Mucosal immune system

The gut-associated lymphoid tissue (GALT) is the largest
immune system in the body. The mucosa of the small intes-
tine alone is estimated to be 300 m” in humans (1), and there
are 10'* lymphoid cells per meter of human small intestine
(2). Approximately 30 kg of food proteins reach the human
intestine during a year, and 130-190 g of these proteins are
absorbed daily in the gut (3). The microbiota in the intestine
is an additional major source of natural antigenic stimulation
and the number of bacteria colonizing the human intestinal
mucosa is approximately 10'* microorganisms/g of stool (4).

The physiologic role of the GALT is the ingestion of dietary
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antigens in a manner that does not result in untoward
immune reactions and protection of the organism from patho-
gens. As such, the GALT is primarily a tolerogenic environ-
ment and a complex interplay of factors creates the
environment.

There are several distinctive features of the gut immune sys-
tem (5) that participate in the tolerogenic environment. The
inductive sites for immune responses in the gut are Peyer’s
patches, which are macroscopic lymphoid aggregates in the
submucosa along the length of the small intestine and mesen-
teric lymph nodes (MLNs), which are the largest lymph nodes
in the body. MLNs develop distinct from Peyer’s patches and
peripheral lymphoid nodes and serve as a crossroads between
the peripheral and mucosal recirculation pathways. In addi-
tion, there are lymphocytes scattered throughout the epithe-
lium and lamina propria of the mucosa. A single layer of
epithelial cells separates the gut microflora from the main ele-
ments of the gut immune system. To induce a mucosal
immune response, antigen must gain access to antigen-pre-
senting cells by penetrating the mucus layer and then the
intestinal epithelial cell barrier. Uptake of antigen occurs
through a variety of mechanisms including M cells associated
with Peyer’s patches and uptake by columnar epithelial cells.
In addition, it has been shown that dendritic cells (DCs) them-
selves sample luminal contents by extending their processes
through the epithelium without disruption of tight junctions
(6) and that the fetal Fc receptor facilitates vesicular bidirec-
tional transport of immunoglobulin G (IgG) or IgG—antigen
complexes across mucosal epithelial cells (7). Another impor-
tant component of the GALT are intraepithelial lymphocytes
(IELs), which serve to regulate intestinal homeostasis, main-
tain epithelial barrier function, respond to infection and regu-
late adaptive and innate immune responses (8). In the mouse
small intestine, there is one IEL for every 10 intestinal villous
epithelial cells. The majority of IELs are CD8" T cells, which
express off or YO T-cell receptors (TCRs). Of note, it has been
reported that depletion of yd T cells impairs induction of oral
tolerance (9). Thus, the combination of commensals (10),
T cells (11), and DCs (6) set up a tolerogenic environment in
the gut. Major factors that condition the gut to be a tolerogen-
ic environment are interleukin-10 (IL-10), retinoic acid, and
transforming growth factor-f (TGF-B), which serves as a
switch factor for IgA, the predominant immunoglobulin of
the gut (12).

Oral tolerance refers to physiologic induction of tolerance
that occurs in the GALT and more broadly at other mucosal
surfaces such as the respiratory tract (13—15). The phenome-

non of ‘oral tolerance’ has been known for over a century,
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viz, hyporesponsiveness to a fed antigen on subsequent chal-
lenge with that antigen. Our laboratory has been involved in
the study of basic mechanisms of mucosal tolerance, the appli-
cation of oral tolerance to treat autoimmune and other inflam-
matory conditions in animals and the attempt to translate oral
tolerance to humans. In the current review, we highlight
recent advances in our understanding of oral tolerance and its

application to treat autoimmune and inflammatory diseases.

Mechanisms of oral tolerance (Fig. I)

It is now recognized that there are multiple mechanisms of
oral tolerance, and one of the prime determinants is the dose
of antigen fed. Low doses favor the induction of regulatory T-
cell (Tregs), whereas higher doses favor the induction of
anergy or deletion. These mechanisms are not exclusive, espe-
cially at higher doses. The immunologic mechanisms of oral
tolerance have been studied by a many investigators over the
past 40 years, and during that time, the immunologic concept
of active immune regulation or ‘suppression’ has been in and
out of favor. Gershon (16) popularized the concept of ‘sup-
pressor cells’ in the 1970s, and transferable suppression was
described by a number of early investigators in the context of
oral tolerance (13). We identified suppressor cells in our stud-
ies of oral tolerance to myelin antigens in the experimental
autoimmune encephalitis (EAE) model and found that they
acted by the secretion of TGF-f (17). We were ultimately able
to clone these cells and termed them Th3 cells (18). Since
then, the field of active cellular regulation has become a main-
stream focus of immunologic investigation. Furthermore,
with the identification of forkhead box protein 3 (Foxp3) as a
key transcription factor for thymus-derived natural regulatory
T cells, ‘suppressor cells’ are now called ‘Tregs’, and TGF-f is
now recognized as a key cytokine in the induction of Foxp3™
Tregs and other T-cell subsets (12). It has also become clear
that the GALT is a rich and complex immune network that has

evolved to induce immunologic tolerance and Tregs (5).

Role of gut DCs and retinoic acid in the induction of oral
tolerance

One of the major advances in our understanding of oral toler-
ance in recent years has been identification of the role of
CD103" (aE integrin) gut DCs and retinoic acid in the induc-
tion of oral tolerance. It has been known that expanding DCs
in vivo enhances the induction of oral tolerance (19) and that
mucosal antigen-presenting cells are different from splenic
DCs. In early studies it was shown that CD11c" mucosal DCs

preferentially produce anti-inflammatory cytokines such as
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Fig. 1. Mechanisms of oral tolerance induction. Oral antigen crosses from the intestine into the GALT in a number of ways. It can enter via M cells,
be sampled by DC processes that penetrate the lumen, or be taken up by intestinal epithelial cells. DCs in the gut are unique in that they can drive Treg
differentiation from Foxp3™ cells. These properties of DCs relate to their being conditioned by commensal bacteria, TGF-3 and IL-10 from gut epithe-
lial cells, and their expression of retinoic acid, which is provided in the form of vitamin A in the diet and appears to be constitutively expressed by gut
DCs. CD11b monocytes may also play a role in the induction of Tregs, and the induction of Tregs occurs in the MLNs and involves both C-C motif
receptor 7 (CCR7) and CCR9. Co-stimulation by PDL1-programmed cell death ligand (PDL) is also important for the induction of Tregs. Macrophages
are stimulated to produce TGF-f after uptaking apoptotic epithelial cells or apoptotic T cells following high-dose tolerance. Lower doses of antigen
favor the induction of Tregs, whereas higher doses of antigen favor anergy/deletion as a mechanism of tolerance induction. The liver may also play a
role in oral tolerance induction and antigen (high dose) may be rapidly taken up by the liver, where it is processed by plasmacytoid DCs that induce
anergy/deletion and Tregs. A number of different types of Tregs may be induced or expanded in the gut including CD4"CD25 Foxp3 " iTregs, nTregs,

Trl cells, LAP" Tregs (Th3 cells), cpg* Tregs, and YO T cells. TGF, transforming growth factor; RA, retinoic acid; DC, dendritic cells; LAP, latency-
associated peptide; Foxp3, forkhead box protein; IL, interleukin; MLN, mesenteric lymph nodes.

IL-10 and induced Th2 type T cells (20). Differences in DCs
were also reported for DCs isolated from the bronchial
IL-10
whereas those from the gut induced TGF-f responses (21,
22). The gut is a rich source of TGF-B, as TGF-f serves as a

switch factor for IgA, the major class of immunoglobulin in

mucosa, which preferentially induced responses

the gut. Epithelial cells in the gut produce both TGF-f and IL-
10. As discussed above, one of the major mechanisms of oral
tolerance is the induction of Treg cells and the mechanism by
which this occurs is now better understood. Specifically, the
induction of Tregs in the gut is related to gut DCs that have
special properties, which result in the preferential induction
of Tregs and which are linked to both TGF-f and retinoic
acid.

The importance of retinoic acid in the gut was first shown
in studies, which demonstrated that DCs require retinoic acid
to trigger the expression of gut-homing receptors such as
opP; and CCRY in T and B cells (14, 15). Subsequently, it
was shown that mucosal DCs induce Foxp3 Tregs via the

production of TGF- but that concomitant retinoic acid
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signaling boosted this process (23). Furthermore, gut DCs
could be divided into CD103" and CD103™ cells. It was the
CD103" cells that were able to induce Foxp3 Tregs when
provided with exogenous TGF-B, as the CD103" Tregs them-
selves produce sufficient amounts of retinoic acid (24).
CD103" cells did not have these properties unless both TGF-
B and retinoic acid were added. CD103™ cells did however
produce effector cytokines. It appears that CD103" DCs may
be conditioned by the gut epithelium to serve as ‘tolerogen-
ic’ cells, whereas CD103" cells do not undergo this condi-
tioning. Other groups made similar observations (23-26)
during their investigation of the induction of Foxp3 Tregs in
the gut and hypothesized that the availability of a precursor
of retinoic acid (vitamin A) in food plays an important role
in the inherent property of the gut to induce Tregs. Other
innate cells in the gut may play a similar role, including mac-
rophages in the lamina propria that produce IL-10 (27), and it
has been shown that CD11b" cells play a role in oral toler-
ance, as CD11b-deficient animals have a defect in oral toler-
ance (28). Investigators have shown that CD11b" DCs are
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increased during oral tolerance induction and produce both
IL-10 and IL-27, which enhance IL-10 production by Tregs
(29). The signaling pathways and mechanisms by which DCs
are programmed to become tolerogenic are becoming better
understood. It has recently been shown that Wnt-b-catenin
signaling in intestinal DCs regulates the balance between
inflammatory versus regulatory responses in the gut (30). B-
catenin in intestinal DCs was required for the expression of
retinoic acid-metabolizing enzymes, IL-10, and TGF-f, and
the stimulation of Treg induction while suppressing inflam-
matory T effector cells. In addition, to retinoic acid, it has
been shown that gut CD103" DCs (but not CD103~ DCs)
express indoleamine-2,3-dioxygenase (IDO) (31), which is
involved in the ability to CD103" DCs to drive Foxp3 Tregs
and is required for the development of oral tolerance. In
mice, TGF-B may be involved in transforming IDO™ DCs into
IDO* DCs and prostaglandin E, may also play a role, espe-
cially in humans (32).

An important point regarding these studies is the observa-
tion that oral antigen induced Foxp3 Tregs in the gut from
naive precursors and did not simply expand naturally occur-
ring Tregs that had migrated from the thymus. Thus, these
studies established the gut as a major site for the extrathymic
induction of Tregs and provided a mechanistic framework for
the long-held observation that oral administration of antigen
induces Treg cells. Indeed, investigators have demonstrated
oral tolerance via the induction of CD4'CD25" Foxp3"
CD45RB'™™ cells in the absence of naturally occurring Tregs
that was TGF-f3 but not IL-10 dependent (33). Interestingly,
the same Tregs could be induced by a single intraperitoneal
immunization with antigen in alum, but intraperitoneal
immunization led to the simultaneous induction of Tregs and
effector Th2 cells, whereas oral antigen induced only Tregs.

Other studies have broadened our understanding of the role
of DCs and monocytes in the induction of oral tolerance. Plas-
macytoid DCs (pDCs) were found to mediate oral tolerance in
a delayed type hypersensitivity model (34) in which both
ovalbumin (OVA) and 2,4-dinitrofluorobenzene (DNEB)
were fed; this was observed for both CD8 and CD4 immune
responses. pDCs from liver and MLN of fed animals adoptively
transferred tolerance whereas pDCs from spleen did not. In vivo
depletion of pDCs abrogated oral tolerance. In this model, the
pDCs contributed to oral tolerance by inducing anergy/dele-
tion of 70-80% of antigen-specific cells. The authors hypothe-
size that an immediate phase of oral tolerance relates to
antigen that reaches the liver and induces anergy/deletion via
pDCs and a secondary phase relates to the induction of Tregs
in the MLNs where antigen is presented by CD103" DCs. In a
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model of allergic contact dermatitis, protection was first asso-
ciated with deletion of a large fraction of antigen-specific
CD8" T cells in the liver and MLNs by pDCs followed by trig-
gering of the suppressive function of Tregs in secondary lym-
phoid organs (35). In a model of asthma, investigators
showed that they were able to transfer tolerance from OVA-

fed mice, by transferring splenic CD11¢* DCs (36).

Site of induction of oral tolerance

Orally administered antigens are primarily recognized by DCs
in the MLN, which require afferent lymph to process oral anti-
gen and induction of oral tolerance is impeded by mesenteric
lymphadenectomy (37). In addition, oral tolerance cannot be
induced in CCR7-deficient mice that have impaired migration
of DCs from the intestine to MLNs, suggesting that immuno-
logically relevant antigen is transported in a cell-bound fash-
ion (37). In studies led by Mora et adl. in which we have
collaborated, it was found that oral tolerance was abrogated in
CCR9™™ mice or when the 04B7 ligand mucosal addressin
cell adhesion molecule-1 (MAdACAM-1) was blocked in wild-
type mice, indicating that gut-homing receptors are critically
required for oral tolerization (Mora et al., unpublished data).
Furthermore, DCs in the lamina propria directly contribute to
antigen uptake by extending dendrites through the epithelium
to sample luminal antigens (38). The importance of Peyer’s
patches in the induction of mucosal tolerance was investigated
in Peyer’s patch-deficient ligated small bowel loops. OVA was
injected directly into the lumen of the loop prior to footpad
immunization. The authors found that high- and low-dose
tolerance could be induced in the absence of Peyer’s patches.
These results suggest that there is a critical role for compo-
nents of the mucosal immune system other than Peyer’s
patches in antigen sampling and induction of oral tolerance
and are consistent with other studies demonstrating that MLNs

are crucial for the induction of oral tolerance (39—41).

Costimulation

Molecules involved in the costimulatory pathway are impor-
tant in the induction of mucosal tolerance. We were unable to
induce either oral or nasal tolerance using myelin oligoden-
drocyte glycoprotein (MOG) in the EAE model in inducible
costimulator (ICOS) =/~ animals, whereas FAE was suppressed
in these animals by intravenously administered MOG (42).
Interestingly, CD4" T cells from orally treated ICOS™™ mice
into wildtype recipients but not 1cos™~ recipients transferred
tolerance, suggesting that ICOS may have a key role in con-

trolling the effector functions of Tregs, not in inducing Tregs.
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We also found that CD86 but not CD80 was required for
induction of low-dose but not high- dose oral tolerance (43)
and that CD86 played a role in upregulating TGF-f in the gut
(44). Furthermore, we found that cytotoxic T-lymphocyte
antigen-4 (CTLA-4) was required for the induction of high-
dose oral tolerance (45). It has recently been shown that B7-
H1 (PD-L1) and B7-DC (PD-L2) are expressed at higher levels
on MLN DCs versus systemic DCs, whereas MLN DCs showed
similar levels of CD80, CD86, and B7-H2. This has important
functional consequences, as oral tolerance and the induction
of CD4" Foxp3" Tregs is deficient in B7-H1 ™~ and B7-DC™"~
mice but not affected in CD80/CD86™"~ and B7H2™~ ani-
mals (46). Consistently, blocking B7-H1/CD80 interactions is
reported to prevent oral tolerance induction (47). In a model
of peanut allergy, oral tolerance was intact in animals treated
with CTLA-4Ig, anti-CD86, or anti-CD80 plus anti-CD86, but
was impaired in animals treated with anti-CD80 (48). The
importance of costimulatory molecules in oral tolerance is
consistent with the induction of oral tolerance being an active

immunologic event.

Regulatory T cells

It is now well established that mucosal antigen administration
induces Tregs, and with a better understanding of Treg biol-
ogy, it has been shown that all major classes of Tregs,
CD4"CD25" Foxp3 induced Tregs, CD25 Foxp3 " natural
Tregs, Trl cells, Th3 TGF-B dependent (LAP') Tregs, and
CD8" Tregs can be induced or activated by oral (mucosal)
antigen (Table 1). We described Th3 cells in the context of oral
tolerance (17, 18), and after the identification of cp4tcD25”"
Tregs, we and others demonstrated that oral antigen can
induce (activate) CD4 CD25" Tregs (49, 50). As discussed
above, the unique properties of gut DCs lead to the induction
of CD4'Foxp3™ Tregs from Foxp3~ precursors (induced
Tregs). It has also been shown that IL-10-secreting Trl-like
cells may play a role in low-dose oral tolerance (51), though
Trl type Tregs are preferentially induced by nasal antigen or

nasal anti-CD3 (see below). Although the in vivo biologic

Table 1. Classes of Treg induction/expansion following by oral
(mucosal) administration of antigen/anti-CD3

Thymic derived Foxp3™ Tregs

Mucosally induced Foxp3™* Tregs

Trl type Tregs (IL-10 dependent)

Th3 type Tregs (TGF-B dependent, LAP™)
CD8 Tregs

Foxp3, forkhead box protein 3; IL, interleukin; TGF, transforming growth
factor; LAP, latency-associated peptide.

© 2011 John Wiley & Sons A/S ® Immunological Reviews 241/2011
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activity of Th3 type Tregs induced by oral antigen is well
defined, viz transferable TGF-f3 dependent suppression with
resultant amelioration of autoimmune and inflammatory dis-
eases, much is unknown about Th3 type Tregs and their rela-
tionship to other Treg classes. We described Th3 type Tregs
prior to the description of Trl cells and the identification of
CD4"CD25"Foxp3™ nTregs and distinguished Th3 cells from
Th1/Th2 cells by their secretion of TGF-f. It now appears that
one of the features of Th3 type Tregs induced in the gut is the
expression of LAP on the cell surface, though LAP expression
is not limited to orally induced Tregs. LAP is a propeptide that
is non-covalently associated to the amino-terminal domain of
TGF-B, forming a latent TGF-3 complex. We identified a pop-
ulation of CD4 CD25 LAP" T cells in the spleen, which are
part of the CD45RB""
CD4"CD45RB" 8™ induced colitis in a TGF-B-dependent fash-
ion (52). It is this same population that is expanded by oral
anti-CD3 (see below) (53). We have also identified a
CD4"LAP" Treg in the blood of humans that does not express

cell fraction and suppress

Foxp3 and expresses the activation marker CD69. These
human LAP* Tregs are found in the CD25™¢"
secrete IL-8, IL-9, IL-10, IFN-vy, and TGF-f upon activation,
express TGF-BRII, suppress in a TGF-f and IL-10-dependent
fashion, and are expanded in vitro following activation and
amplification by IL-8 (54). A CD4 CD25 CD69" cell, which

expresses membrane-bound TGF-f has been reported in mice

population,

in association with tumor progression (55). Regarding LAP
and natural Tregs, we identified a CD4"CD25 "LAP" Treg pop-
ulation (56) and CD8 "LAP" Tregs (57) in mice, which is con-
sistent with reports of LAP/membrane-bound TGF-f being
expressed on natural Tregs both in mice and humans (58—
60). It appears that glycoprotein A repetitions predominant
(GARP) is a major anchoring model for surface LAP (61),
though other anchoring molecules may also exist (62). We
have also found that TGF- may induce surface LAP expres-
sion on murine CD4" T cells independent of Foxp3 induction
(63). Additionally, activated Foxp3 Tregs express LAP on their
surface by a GARP-dependent fashion (60). In summary,
membrane-bound TGF-f (LAP) is an important component of
certain Treg populations and may or may not be expressed on
all Foxp3 " Tregs.

Based on studies to date, we believe a Th3 cell is a
CD4"CD25 Foxp3 LAP" cell that exists in the peripheral
immune compartment and that is triggered by TCR signaling
in the gut by oral antigen (Fig. 2). Triggering of these cells in
the gut enhances their regulatory properties and initiates a
regulatory cascade. Following triggering in the gut, the Th3
cell, which is Foxp3~, secretes TGF-P. The secreted TGF-f acts
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Fig. 2. Regulatory T-cell cascade following induction of Th3 type
Tregs by oral antigen or oral anti-CD3. A Th3 cell is a CD4 CD25 Fox-
P3 LAP™ cell that exists in the peripheral immune compartment and is
triggered by TCR signaling in the gut by oral antigen. Following trigger-
ing in the gut, the Th3 cell secretes TGF-f. Secreted TGF-f acts to main-
tain naturally occurring CD4"CD25 " Foxp3 ™ Tregs, suppress Th1 and
Th2 responses, and in concert with IL-6 may induce Th17 responses.
Secreted TGF-P from Th3 cells also acts on CD4 Foxp3~ cells and con-
verts them to iTregs, which are Foxp3 "CD25LAP". Depending on the
milieu, these cells may become Foxp3 *CD4"CD25 "LAP". These induced
Tregs may also condition DCs to secrete IL-27 and in turn induce IL-10-
secreting Trl cells. LAP, latency-associated peptide; TGF, transforming
growth factor; TCR, T-cell receptor; GALT, gut-associated lymphoid tis-
sue; Foxp3, forkhead box protein 3; IL, interleukin; DC, dendritic cell.

to maintain naturally occurring CD4 " CD25 Foxp3™" Tregs, to
suppress Th1 and Th2 responses, and in concert with IL-6 may
induce Th17 responses, though this does not generally occur
in the gut milieu. The gut activated Th3 cell is then able to sup-
press systemic autoimmune and inflammatory responses. The
secreted TGF-B from Th3 cells also acts on CD4 Foxp3~ cells
and converts them to induced Tregs, which now express
Foxp3 and are Foxp3+CD25+LAP_. Depending on the milieu,
these cells may become Foxp3'CD4 CD25LAP'. These
induced Tregs may also condition DCs to secrete IL-27 and in
turn induce IL-10-secreting Trl cells (64). Thus, by virtue of
their TGF-P secretion and LAP expression, Th3 Tregs induced
in the gut may have widespread immunoregulatory properties
including the induction of infectious tolerance and enhancing
endogenous immune regulation. For example, recovery from
EAE is TGF-P dependent and is associated with increases of
both CD4 "LAP" and CD4 "CD25" Tregs (65). We are currently
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investigating the transcription factor profile of Th3 LAP" Tregs
and how they differ from nFoxp3" Tregs, iFoxp ™ Tregs, and
Trl cells.

CD8" Tregs have also been shown to play a role in oral tol-
erance (66, 67), and defects in CD8" T cells were observed in
subjects with inflammatory bowel disease and correlated with
a failure to induce oral tolerance in these patients, suggesting
they may play a role in oral tolerance in these patients (68).
Intestinal epithelial cells can activate CD8" T cells with regula-
tory activity (39). Arnaboldi et al. showed the induction of
CD8 Tregs by feeding a MHC class I immunodominant pep-
tide of OVA versus OVA protein and these CD8" Tregs were
found to suppress Th1/Th17 responses but not Th2 responses.
Although CD8™ Tregs are induced during oral tolerance, stud-
ies have shown that they are not essential for inducing low-
dose oral tolerance, whereas there is an absolute requirement
for CD4" T cells (66, 69).

Anergy

T-cell unresponsiveness or anergy is one of the primary mech-
anisms by which tolerance is maintained in self-reactive lym-
phocytes and anergy is induced in high-dose oral tolerance.
The upregulation of anergy-associated genes is largely nuclear
factor of activated T cells (NFAT) dependent (70), and the
transmembrane E3 ubiquitin ligase GRAIL is highly upregulat-
ed during anergy induction. Related to this, high-dose oral
tolerance is abrogated in Grail "~ mice (71). Furthermore,
investigators have found that although orally tolerized T cells
can form conjugates with APCs, they are defective in immu-
nologic synapse formation, which appears related to the hypo-
responsive state of orally tolerized T cells (72). T cells made
anergic in vivo following oral antigen lose the ability to migrate
through syngeneic endothelial monolayers and can inhibit the
migration of responsive T cells in an antigen independent
fashion, demonstrating that hyporesponsive T cells localize at
the site of tolerance induction in vivo and amplify tolerogenic
signals (73). Whitacre’s group (74) examined the role of the
thymus in high-dose oral tolerance using MBP TCR transgenic
(Tg) mice and found that thymectomized animals were not
protected from EAE. The thymus was found to be an impor-
tant site for the development of CD4"CD25" Tregs after oral
antigen. The thymus did not appear to be a site for clonal
deletion of T cells but facilitated clonal deletion in the periph-
ery. Thus, high-dose oral tolerance not only induces deletion
but may induce/amplify CD4 CD25" Tregs that resemble nat-
ural Foxp3™ Tregs as opposed to Foxp3~ Th3 type cells. Of

note, Mucida et d. (33) found that oral tolerance could be
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induced in the absence of thymus-derived Tregs in a mouse
Th2 model of asthma. Others reported that low-dose oral tol-
erance was abrogated when CD25" cells were depleted prior
to feeding but that CD25" depletion did not affect high-dose
oral tolerance (75), although anti-TGF-3 blocked induction of
tolerance in CD25-depleted animals independent of the feed-
ing regimen, suggesting a complementary role of CD4"CD25"
Tregs and TGF-f in oral tolerance. In a model of collagen
arthritis, investigators reported that oral administration of type
IT collagen suppressed IL-17 associated RANKL expression of
CD4" T cells (76).

Oral anti-CD3

The investigation of oral tolerance has classically involved the
administration of oral antigen followed by challenge with the
homologous antigen (usually in an adjuvant) to demonstrate
antigen-specific tolerance. An experimental system that others
and we have employed for the study of T-cell function in oral
tolerance is the use of TCR Tg mice in which all T cells have a
common TCR. Using TCR Tg mice, we administered the cog-
nate antigens myelin basic protein (MBP) and OVA and inves-
tigated how oral administration of an antigen affected specific
T-cell subsets. In these studies we demonstrated the dose-
dependent induction of Tregs in MBP TCR Tg mice (77) and
deletion following high-dose oral administration of OVA in
OVA TCR Tg mice (78).

During the course of our experiments, we found that feed-
ing OVA to OVA TCR Tg mice induced CD4"CD25" Treg cells
(26, 49). Other investigators also showed that oral antigen
induced CD4"CD25" Tregs (50). The CD4" cells from OVA
TCR Tg fed animals had greater suppressive properties in vitro
than natural Tregs, mediated suppression in part by both TGF-
B and IL-10, and induced increased expression of CTLA-4, a
molecule known to be involved in Treg activity (79, 80).
Although, these findings demonstrated that oral antigen could
induce/expand Tregs, administration of OVA to OVA TCR Tg
mice is dependent on TCR Tg mice and not translatable to
humans. We thus asked whether it was possible to trigger the
TCR in wildtype mice in the gut and induce Tregs without
using cognate antigen. It is known that anti-CD3 binds to the
€ chain of the TCR and given intravenously deletes T cells and
has been shown to be an effective treatment for type 1 diabe-
tes in the non-obese diabetic (NOD) mouse (81). We hypoth-
esized that oral administration of anti-CD3 monoclonal
antibody would replace the use of a cognate antigen to trigger
the TCR and would thus induce Tregs when given orally.

Monoclonal antibodies have not been given orally on the
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assumption that they would be degraded in the gut and thus
would not be biologically active. Nonetheless, it is known that
orally administered cytokines (82) and peptides (42, 83) are
biologically active, demonstrating that orally administered
proteins are not completely degraded in the gut.

Thus to test this hypotheses, we administered hamster anti-
mouse CD3 (2C11 clone) to SJL mice and immunized with
PLP/CFA to induce EAE. We found that oral anti-CD3 sup-
pressed both clinical and pathologic features of EAE both in
the PLP and MOG EAE model (53). There was a dose effect
observed with EAE suppression by oral anti-CD3 seen at lower
(5 pg), but not higher doses (50 pg, 500 pg). These findings
were consistent with the classic paradigm of oral tolerance in
which induction of Tregs is seen at lower but not higher doses
(Fig. 1). Furthermore, it demonstrates that induction of Tregs
by oral anti-CD3 is not simply related to administering large
amounts of antibody to overcome degradation of the antibody
in the gut. Indeed, we isolated biologically active anti-CD3
from intestinal eluates of animals orally dosed with anti-CD3
(84) and could visualize anti-CD3 being taken up by gut epi-
thelial cells and binding to gut DCs in intestinal loop experi-
ments (Fig. 3). Of note, the Fc portion of anti-CD3 was not
required, as anti-CD3 Fab’2 fragment is active orally and
induces Tregs.

How is oral anti-CD3 different mechanistically from intra-
venous anti-CD3? It is known that intravenous anti-CD3 enters
the blood stream, modulates CD3 from the cell surface, and
lyses CD3" T cells. Oral anti-CD3, on the other hand, does not
enter the blood stream or modulate CD3 from the cell surface
but acts locally in the gut to induce Th3 type CD4 CD25 LAP"
Tregs in the MLNSs. As oral anti-CD3 does not enter the blood-
stream, there is no cytokine release syndrome. In the EAE
model, intravenous anti-CD3 is effective when given after dis-
ease manifests but not when given prior to disease induction.
Oral anti-CD3, on the other hand, ameliorates EAE both when
given prior to EAE induction and at the height of disease. The
explanation for this difference is a follows: intravenous anti-
CD3 acts primarily by lysing disease effector cells (present
only after disease induction), whereas oral anti-CD3 acts by
inducing Tregs (Fig. 2). Intravenous anti-CD3 has been
reported to induce Tregs that act in a TGF-B-dependent fash-
ion, but only after lysis of T cells. (85).

We found that oral anti-CD3 ameliorates disease in other
autoimmune and inflammatory diseases (Table 2) including
streptozocin induced (84) and NOD autoimmune diabetes
(unpublished data), type 2 diabetes in the Ob/Ob mouse
(86), lupus prone SNFlmice (87), and collagen-induced
arthritis (88). Other investigators reported that oral anti-CD3
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Fig. 3. Intestinal closed loop experiments demonstrating binding of
anti-CD3 to DCs in the gut. Mice with a targeted deletion of chemokine
receptor CX3CR1 with eGFP insertion (HC. Reinecker, Massachusetts
General Hospital) have all monocytes and DCs in the gut labeled with
eGFP (green). Mice were anesthetized, stomach opened, and a closed
loop was created in a part of the small intestine. Alexa Fluor 700 labeled
anti-CD3 (2C11 clone) antibody (blue) was injected into the loop and
the intestinal loop harvested 45 min later. The intestinal content was
cleared with PBS before imaging with confocal microscopy using multi-
tracking for 2-color imaging. Image acquisition was carried out with Vo-
locity software. DCs are labeled green and anti-CD3 antibody labeled
blue. Green = DCs; blue = anti-CD3 monoclonal antibody. GFP, green
fluorescence protein; DC, dendritic cell; PBS, phosphate buffered saline.

Table 2. Animal models treated by oral (nasal) anti-CD3

Experimental autoimmune encephalomyelitis
Streptozocin-induced autoimmune diabetes
Autoimmune diabetes in the NOD mouse
Collagen-induced arthritis

Type Il diabetes

Lupus

Atherosclerosis

suppresses atherosclerosis in ApoEfﬂ mice. (89). In all these
models, disease amelioration was related to the induction of
TGF-B-dependent Tregs that express LAP on their surface.
Indeed, treatment of animals with anti-LAP antibody (63) in
vivo, abrogated tolerance induction by oral anti-CD3 in the
EAE model (da Cunha, et al., unpublished). We also found
that nasal anti-CD3 ameliorates lupus but does so by inducing
an IL-10-dependent CD4 CD25 LAP" Treg as opposed to the
TGF-B-dependent LAP" Treg induced by oral anti-CD3 (90).
This is consistent with the observation that GALT DCs induce
TGF-B-dependent versus IL-10-dependent

Tregs Tregs
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induced in the bronchial associated lymphoid tissue (22). Fur-
thermore, these results demonstrate that mucosally adminis-
tered anti-CD3 appears to act in a fashion analogous to
mucosally administered cognate antigen (22).

Investigators have reported that feeding mice with intrave-
nous immunoglobulin (IVIg) reduced the antibody response
against B2 glycoprotein-1 and significantly attenuated clinical
symptoms in a murine model of experimental anti-phospho-
lipid syndrome (91). Other investigators induced immune
tolerance by oral IVIg in a model related to rheumatoid factor
autoantibodies. They reported that the effect of human IgG
was mediated by the Fc portion and not the Fab portion if the
IgG (92).

The effects of oral anti-CD3 raise the question whether it is
more advantageous to induce antigen-specific versus antigen
non-specific Tregs for the treatment of autoimmune and
inflammatory diseases. It is assumed that the induction of anti-
gen-specific Tregs is preferable, as one would have specific
immune modulation with less potential side effects. Further-
more, because of the phenomenon of bystander suppression,
which we first described in association with oral tolerance
(93), cytokines such as TGF-f released from antigen-specific
Tregs at the target organ would suppress reactivity to other
autoantigens that developed in the course of epitope spread-
ing. Of note, there may be target organ specificity even when
antigen non-specific Tregs are induced with oral anti-CD3 as
we observed increased numbers of Th3 type LAP" Tregs in the
pancreatic lymph nodes of autoimmune diabetic mice (84),
and this has been suggested for atherosclerosis models (89).
Furthermore, in conditions such as type 2 diabetes, lupus, and
atherosclerosis, there are not well-defined target antigens and
in these conditions induction of antigen non-specific Tregs by
anti-CD3 may be preferable. Studies are in progress to test the
combination of mucosal anti-CD3 given with antigen. As dis-

cussed below, oral anti-CD3 is currently being tested in humans.

Induction of Tregs by oral administration of AHR ligands

The induction of Foxp3™ Tregs is viewed as a promising
approach for the treatment of human autoimmune disorders
(94). Several methods have been described to differentiate
and expand human Foxp3 " Treg in vitro, but the ability to pro-
duce significant numbers of functional Foxp3™ Tregs in a con-
sistent manner is limited (95). Thus, strategies aimed at the
induction of functional Foxp3 " Tregs in vivo are more likely to
be translated into clinical practice. We and others have shown
that AHR activation induces functional Foxp3™ Tregs that sup-

press the development of experimental models of autoimmu-
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nity and transplant rejection (96—99); thus, AHR is an attrac-
tive target for the induction of functional Foxp3™ Tregs. How-
ever, studies on the effect of AHR ligands in models of
autoimmunity have mostly focused on TCDD (2,3,7,8-tetra-
chlorodibenzo-p-dioxin), a synthetic toxin, which is an envi-
ronmental pollutant. To investigate an AHR ligand that lacked
toxicity (100), we investigated the endogenous non-toxic
mucosal AHR ligand 2-(1’H-indole-3’-carbonyl)-thiazole-4-
carboxylic acid methyl ester (ITE) as a method to induce func-
tional Foxp3™ Tregs in vivo following oral administration.

To investigate the role of AHR ligands in the induction of
Foxp3" Tregs in the gut and the relationship of AHR ligands
to oral tolerance, we used mice carrying a green fluorescent
protein (GFP) reporter in foxp3 locus and a mutant AHR pro-
tein, which displays a significant reduction in its affinity for
AHR ligands (AHR-d Foxp32™ mice) (101). We first analyzed
the frequency of Foxp3™ Tregs in the thymus, MLNs, and
spleen. We found a significant reduction of the frequency of
Foxp3" Tregs in the MLN of AHR-d Foxp3&® mice but no dif-
ference in the thymus or spleen. We also found an impaired
ability of AHR-d CD4" Foxp3™ T cells to differentiate into
Foxp3 " iTregs both in vitro and in vivo, suggesting that AHR
activation in T cells by endogenous ligands plays a physiologic
role in the differentiation of Foxp3" iTregs. This is in agree-
ment with the impaired differentiation of AHR-deficient
CD4" T cells into Foxp3 " iTregs described by Kimura et dl.
(102) and suggests that endogenous AHR ligands in the gut
modulate T-cell differentiation in vivo.

Our observation of decreased Foxp3™ Tregs in the MLNs
but not the thymus of AHR-d mice is consistent with the
importance of AHR ligands in the gut and their effect on iTreg
as opposed to nTregs. Consistently, the biologic properties of
AHR limits the activation of Statl during Th17 and Treg dif-
ferentiation (102, 103), and Statl activation antagonizes the
differentiation of Foxp3™ iTregs (104) but not nTregs (105);
indeed several cytokines, signaling pathways and genomic ele-
ments have differential contributions to the generation of
iTregs versus nTregs (106, 107).

As discussed above, DCs play a central role in the induction
of Tregs in the gut. AHR activation has been shown to modu-
late the function and maturation of DCs (96, 108, 109) and
macrophages (110, 111). Indeed, AHR in macrophages limits
lipopolysaccharide-induced inflammation (110, 111), and
AHR in DCs mediates the anti-inflammatory activities of lipox-
in A4 (108). We thus investigated the effect of ITE on DCs
and found that the AHR ligand ITE induces DCs that promote
the differentiation of Foxp3® Tregs in a retinoic acid-
dependent manner (103). Mucosal CD103" DCs promote the
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differentiation of Foxp3+ Tregs via RA (23, 24, 26), and RA
(112) and IL-10 (113) also have autocrine anti-inflammatory
effects on DCs. Thus, our results support a model in which
AHR activation induces tolerogenic DCs that promote the gen-
eration of Foxp3 ™" Tregs via the production of RA and the con-
comitant downregulation of pro-inflammatory cytokines that
interfere with Foxp3 ™ Treg differentiation (114, 115). More-
over, it is possible that under physiologic conditions, endoge-
nous AHR ligands participate in the development of the
mucosal CD103" DCs that promote the differentiation of
Foxp3 " iTregs.

We have found that the endogenous AHR ligand ITE, given
orally, acts on DCs and T cells to promote the induction of
functional Foxp3 " Tregs that suppress EAE (103). We recently
reported that AHR also interacts with c-Maf to promote the
differentiation of Trl type Tregs induced by IL-27 (116) in
mice, and AHR activation promotes the differentiation of Trl
suppressive human Tregs in vitro (117). Thus, non-toxic
endogenous AHR ligands such as ITE are potential new com-
pounds that can be given orally to induce the Treg component
of oral tolerance for the treatment of autoimmune disorders.
In addition to showing that oral ITE suppresses EAE via the
induction of Tregs (103) we found that oral ITE suppresses
type 1 diabetes in the NOD mouse and given together with
oral MOG enhances the induction of low- dose oral tolerance
to MOG in the EAE model (unpublished). Thus, as shown in
Fig. 4, both exogenous ITE or natural AHR ligands lead to the

- e
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Fig. 4. Immune regulatory pathways in the gut induced by AHR
ligands. AHR ligands such as ITE in the gut either from commensal
bacteria or administered orally act directly on T cells and DCs in the gut
to induce Foxp3™ iTregs and Foxp3™ Tr1 cells. Both Tregs and AHR
ligands condition DCs to amplify Treg induction through the production
of IL-27 and retinoic acid. AHR, aryl hydrocarbon receptor; ITE, 2-
(1’H-indole-3"-carbonyl)-thiazole-4-carboxylic acid methyl ester; DC,
dendritic cell; Foxp3, forkhead box protein 3; IL, interleukin; TGF,
transforming growth factor; RA, retinoic acid.
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induction of Tregs in the gut by acting on both T cells and
DCs to induce Foxp3™" Treg and Tr1 cells.

Other investigators have studied the effect of the AHR ligand
TCDD on oral tolerance and have reported that TCDD impairs
the stable establishment of oral tolerance in mice (118, 119).
Immunotoxicological studies in mice exposed to TCDD show
changes in thymic lineage and changes in immune cells
including cytokine profiles (120—122). Chmill et al. showed
that AHR is expressed in the small intestine, especially in intes-
tinal epithelial cells, and that the AHR marker gene cyplal is
induced in intestinal epithelial cells by oral TCDD exposure.
They studied a high-dose oral tolerance regimen (20 mg OVA
given three times) and found that TCDD impaired stable oral
tolerance in mice as measured by OVA-specific IgG1 antibod-
ies and that this was associated with a increase in IL-6 produc-
ing CD103" DCs in the MINs and a small increase in the
frequency of Th17 cells. Thus, it appears that AHR ligands may
differentially affect oral tolerance depending on the AHR
ligand and the type of oral tolerance induced. In humans, the
primary environmental exposure to TCDD is via food (121,
123) and many food constituents, such as plant flavonoids and
indoles, or bacterial tryptophan products are agonists of AHR
and may activate the AHR pathway in the gut (124).

The microbiota is a crucial component of the immunologic
milieu that conditions the gut and creates the substrate for oral
tolerance (10, 125-127). Animal studies have provided evi-
dence of a link between the gut and autoimmunity. In the EAE
model, probiotic administration of lactobacillus results in
reduction of disease activity (128). Depletion of microflora
using broad spectrum antibiotics in inbred SJL and C57BL/6
mice impairs EAE development, and this effect is associated
with a reduction of proinflammatory cytokines, suggesting a
role of gut commensals in induction of peripheral tolerance
(129). These investigators also reported positive effects on
EAE in animals treated with gut components orally (129,
130). In the NOD model, NOD mice lacking myeloid differ-
entiation factor 88 (MyD88) protein (an adapter for multiple
innate immune receptors that recognize microbial stimuli) do
not develop type 1 diabetes (131). The effect is dependent on
commensal microbes because germ-free MyD88~ NOD mice
develop robust diabetes, whereas colonization of germ-free
MyD88 NOD mice with a defined microbial consortium
(representing bacterial phyla normally present in human gut)
attenuates diabetes. Of note, microbiota-derived metabolites,
including ATP, and filamentous bacteria have been shown to
drive the development of Th17 polarizing DCs (132, 133)
and gut-residing segmented filamentous bacteria drive auto-

immune arthritis via Th17 cells (134).
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T-cell-mediated oral tolerance is intact in germ-free mice
using a feeding of both high and low-dose OVA (135), and
the susceptibility to nasal and oral tolerance induction to the
major birch pollen allergen, BET v 1, is not dependent on the
presence of the microflora (136). Others found that intestinal
commensal bacteria promote T-cell hypo-responsiveness and
downregulate serum antibody responses induced by dietary

antigen (137).

Role of the liver in oral tolerance

Blood draining the intestine via the portal vein reaches the
liver, where oral antigen metabolism occurs and intestinal
venous drainage through the liver is important for oral toler-
ance. Diverting blood that drains from the intestine to the liver
by a portocaval shunt impairs oral tolerance (138). Oral anti-
gens are presented within the liver by DCs, which leads to the
generation of IL-4 -expressing CD4" T cells (139). Antigen
uptake is performed most efficiently by liver sinusoidal endo-
thelial cells, which leads to CD8" T-cell tolerance. (140). Early
studies demonstrated that the portal administration of trans-
plantation antigens was very effective in inducing graft toler-
ance (141). Tregs develop in liver-draining celiac lymph
nodes during induction of oral tolerance to OVA, and expres-
sion of CD103 on OVA-specific T cells in the celiac lymph
nodes may favor homing to the epithelium of the intestine
(142). To study the role of the liver and IL-10 in oral toler-
ance, Safadi et al. (143) generated Tg mice with sustained
hepatocyte-specific expression of rat IL-10. They found that
transgenically expressed IL-10 in the liver enhanced oral toler-
ance, whereas systemic administration of IL-10 had only a
modest effect. Ectopic expression of MBP in mouse liver
induces antigen-specific Tregs and suppresses EAE (144).
Interestingly, antibody titers to intestinal flora are elevated in
humans with chronic liver disease who undergo portocaval
shunts (145), suggesting a role of the liver in tolerance to the

intestinal microbiota.

NKT cells

NKT cells are distinct from conventional T cells, and NKT cells
in mice express a single invariant chain, which recognizes gly-
colipid antigens presented by non-polymorphic MHC pro-
teins. Upon activation, NKT cells rapidly produce large
amounts of IL-4 and IFNYy. It has been reported that NK T cells
may play an important role in oral tolerance by modulating
DCs (146) or by inducing regulatory T cells that produce
IL-10 and TGF-P and by clonally deleting antigen-specific cells

(147). Induction of oral tolerance activates NKT cells, which
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is linked to suppression of colitis and hepatitis (148, 149). In
human studies, oral administration a mixture of autologous
colonic extracted proteins activated of NKT cells and demon-
strated positive effects on colitis in an initial double-blind trial
(150).

Nasal tolerance

The nasal cavity and respiratory tract comprise one of the
major mucosal surfaces of the body, and as described above,
nasal antigen preferentially induces IL-10-dependent Tregs.
We have studied nasal tolerance in models of atherosclerosis,
stroke, cardiac ischemia, and lupus (13). We found that nasal
anti-CD3 induces Tr1 cells and this induction is dependent on
upper airway resident DC -derived IL-27 signaling. Further-
more, the in vivo induction of Trl cells by nasal anti-CD3
involves activation of transcription factors AHR and c¢MAF.
Subsequently, IL-21 acts in an autocrine fashion in the expan-
sion and maintenance of Trl cell in vivo (unpublished data).
Recently, investigators reported nasally and orally induced
Tregs suppress arthritis and proliferation of arthritogenic
T cells in joint-draining lymph nodes. The effect was seen not
only prophylactically but also inhibiting established patho-
genic B and T-cell responses and was associated with IL-10
producing Tregs cells and enhanced expression of Foxp3 and
TGF-f (151). Others reported hierarchical suppression
depending on whether oral or nasal antigen was given in a
model of asthma (152). Airway eosinophilia, airway hyperac-
tivity, mucous hypersecretion, and cytokine production were
suppressed with both oral and nasal OVA, but nasal OVA was
not as effective in suppressing IgG1 antibodies. In other stud-
ies, both oral and nasal antigen were found to induce cpg*
T-cell tolerance (153). In addition to nasal administration,
investigators are studying the effect of sublingual administra-
tion of antigen. Sublingual immunotherapy has been used for
the treatment of various allergic conditions and has been
shown to be more effective than subcutaneous therapy (154,
155). Sublingual tolerance with antigen or antigen conjugated
to cholera toxin B subunit induces strong tolerance involving
both regulatory T cells and apoptosis and depletion of effector
T cells. The degree to which sublingual tolerance compares
directly to oral or nasal tolerance remains to be determined
(156, 157).

Neonatal tolerance

Allergic asthma appears to result from inappropriate Th2-type
responses to environmental airborne antigens. Its prevalence

has increased markedly, and exposure to environmental
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antigens during infancy appears crucial in the development of
asthma. Investigators reported that airborne antigens can be
transferred from mother to neonate through milk and that tol-
erance induction did not require the transfer of immunoglob-
(158). this

tolerance relied on the presence of TGF-f} during lactation and

ulins Interestingly, breastfeeding-induced
was mediated by regulatory CD4" T cells. The mechanisms
and maternal influences of neonatal tolerance by breastfeeding
are not well understood (159). Neonatal exposure to staphy-
lococcal superantigen in animals improves oral tolerance in a
mouse model of airway allergy (160). These findings corre-
spond to a reduced incidence of food allergy in infants who
neonatally colonized by Staphylococcus aureus in the gut (161). In
a mouse model, oral exposure to non-inherited maternal anti-
gens during pregnancy had an impact on transplantation per-
formed later in life (162). The tolerogenic milk effects
disappeared when donor mice were injected with CD5 mono-
clonal antibody during the lactation period, suggesting a
Treg-dependent mechanism. We previously reported differen-
tial effects of neonatal oral tolerance in EAE: neonatal oral
administration of myelin antigens enhanced EAE in adult ani-
mals, whereas oral administration of such antigens in adults
conferred protection (163). This was not true for all autoanti-
gens, as oral insulin given to neonates did not enhance diabe-
tes in NOD mice (164).

Animal models

The use of oral tolerance to treat animal models of autoimmu-
nity was first reported in collagen arthritis (165) and EAE
(166, 167). Since then, oral and nasal administration of au-
toantigens has been reported to ameliorate a large number of
conditions (Table 3). These results were the impetus for trials
of oral and nasal tolerance to treat human disease states (see
below). In general, the primary immune mechanism in these
studies has been the induction of Tregs. An important feature
of the induction of Tregs by oral or nasal antigen is bystander
suppression (93). Because Tregs induced by mucosal antigen
secrete TGF-f or IL-10 at the target organ after antigen-spe-
cific triggering, knowledge of the autoantigen is not required
and bystander suppression obviates the need to deal with dif-
ferent epitopes that may be targeted by epitope spreading.
This also creates the possibility to use Tregs for the treatment
of non-immune-mediated diseases that have an inflammatory
component. This is illustrated in our studies of stroke and
myocardial reperfusion injury in which nasal administration
of myelin oligodenderocyte protein or troponin induced brain

or cardiac specific IL-10-secreting Tregs that decreased infarct
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Table 3. Experimental disease models ameliorated by oral tolerance

Protein fed

OVA

Derpl, cedar pollen
B2-glycoprotein
Collagen I, Hsp65, BSA
Hsp65

Troponin

Colonic proteins, OVA
Insulin, GAD, OVA
MBP, PLP, MOG, GA

Disease model

Airway eosinophilia

Allergy

Anti-phospholipid syndrome
Arthritis (CIA, AA, AIA, PIA, SCW)
Atherosclerosis

Cardiac reperfusion injury

Colitis

Diabetes (NOD mouse)
Encephalomyelitis (EAE)

Food hypersensitivity aS|-casein

Myasthenia gravis AchR

Neuritis PNS-myelin

Nickel sensitization Nickel

Sjogren’s syndrome Ro peptides

Stroke MOG

Thyroiditis Thyroglobulin
Transplantation Alloantigen, MHC peptide
Uveitis S-Ag, IRBP

Nerve injury MBP

OVA, ovalbumin; BSA, bovine serum albumin; MBP, myelin basic protein;
MOG, myelin oligodendrocyte glycoprotein; AchR, acetylcholine receptor;
MHC, major histocompatibility complex.

size (168, 169). In a model of Sjogren’s syndrome induced
by immunization with Ro6o derived peptides, epitope spread-
ing was prevented, lymphocytic infiltration was blocked, and

saliva flow was restored by feeding Ro60 or Ro274 (170).

Mucosal adjuvants to enhance oral tolerance

It is likely that the translation of oral tolerance to humans will
ultimately involve a mucosal adjuvant to enhance the induc-
tion of Tregs (13). Recent studies have shown that Lactacoccus
lactis constructed to secrete OVA and/or IL-10 enhances oral
tolerance (171, 172), and in a model of gluten sensitivity,
L. lactis delivered immunodominant Dq8-restricted gliadin
peptide in sensitized NOD Ab’Dq8 Tg mice induced IL-10,
TGF-B, and Foxp3 Tregs (173). Holmgren, Czerkinsky, and
Sun (reviewed in 174) have performed an extensive series of
investigations demonstrating that oral, nasal, or sublingual
administration of antigen coupled to the cholera toxin B sub-
unit (CTB) enhances mucosal tolerance. CTB increases muco-
sal antigen uptake and presentation to APCs by binding to
GM1 ganglioside and the induction of Foxp3™ T cells that
express LAP or IL-10. The use of CTB was applied to humans
in initial trials of Behget’s disease. In other studies, CTB with
allergen-specific T-cell epitopes accumulated in rice seed were
given orally, and the levels of allergen-specific CD4" T-cell-
derived cytokines IL-4, IL-5, and IL-13, and histamine release
were significantly decreased (175). Another group targeted
allergen to DCs with muco-adhesive chitosan particles and

found that this enhanced tolerance induction (176). These
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authors used the sublingual approach to induce oral tolerance.
Probiotic mixtures have been used as mucosal adjuvants and
suppress EAE by induction of IL-10-producing T cells (177).
Orally administered cytokines are biologically active in the
intestinal mucosal including TGF-B (178) and IL-10. In other
studies, the sigma 1 protein of reovirus targets M cells (179)
and coupled with antigen facilitates oral tolerance with reduc-
tion of antigen-specific CD4 " cells (180). Poly(lactic-co-gly-
colic acid) nanoparticles entrapping type II collagen were
effective in enhancing oral tolerance in a collagen arthritis
model (181). The immunomodulatory drug cyclosporine
given with oral type V collagen prevented rejection of MHC
class I and II incompatible lung allographs (182). This combi-
nation of type V collagen and cyclosporine was associated
with alloantigen-induced expression of IL-10 in mediastinal
lymph nodes and spleen plus intragraft expression of IL-10
and Foxp3. Others have shown that intravenous anti-CD3
boosts the induction of mucosal tolerance triggered by nasal

proinsulin (183).

Translation of oral tolerance to human disease

Despite the extensive literature on the effectiveness of oral tol-
erance to treat diseases in animals, and some positive reports
in phase II trials, this approach has yet to successfully translate
to the clinic in phase III trials. Nonetheless, with a better
understanding of the mucosal immunology and the biology
of Tregs, it appears that the time is appropriate for the next
phase of human studies of mucosal tolerance. The establish-
ment of immunologic markers will provide the basis for dos-
ing and measuring the effect of immune adjuvants (Table 4).
One of the major goals of immunotherapy is to induce Tregs
and, to date, there are no specific methods to do this in vivo.
Mucosal induction would appear to be a very attractive
avenue.

Studies of oral tolerance in humans have been reviewed
studies on oral tolerance in

previously (13). Recent

humans are as follows. In rheumatoid arthritis (184),

Table 4. Factors associated with translation of oral tolerance to
human disease

Dose

Immune marker of immunologic effect
Route (oral versus nasal)

Mucosal adjuvant

Protein preparation

Use of anti-CD3

Combination therapy

Early therapy

Immunologic subgroups
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investigators fed dnaJP1, which is a 15-mer dominant epi-
tope heat-shock protein thought to be involved in rheuma-
toid arthritis pathogenesis, though independent from the
primary trigger of disease (185). One hundred sixty active
rheumatoid arthritis patients with immune reactivity to the
HSP received 25 mg of oral dnaJPl

6 months in a phase II study. There was a significant

or placebo for

reduction in T cells producing TNF and a trend toward an
increase of T cells producing IL-10. Some positive clinical
effects were observed and there were no side effects. In
another human trial, 186 patients with diffuse cutaneous,
systemic sclerosis (DCSSC) (186) received oral type I colla-
gen at 500 p per day or placebo for 12 months. There
were no positive findings in the defined clinical parame-
ters, though sub analysis identified positive results in the
collagen type I treated group with late phase DCSSC that
may identify a group for future studies. In a study of oral
keyhole limpet hemocyanin (KLH), feeding normal subjects
high- or low-doses of KLH followed by immunization
modulated systemic KLH specific immune responses (187).
Mucosal tolerance to KLH has been reported previously
(188). Other investigators studied oral tolerance to KLH
to patients with ulcerative colitis and first degree relatives
and reported a genetic defect in oral tolerance in this
group (189).

An important result in humans has been subgroup analysis
of the oral insulin trial for prevention of type 1 diabetes [Dia-
betes Prevention Trial 10 (DPT-10)]. Although there were no
differences between the oral insulin and placebo groups in the
primary outcome, a subset of individuals in the oral insulin
prevention trial with high levels of insulin autoantibodies
(baseline IAA >2300) had an apparent several year delay in pro-
gression to diabetes (P = 0.01), and a follow-up study is
planned (190) (Fig. 5). An important implication of the
results from the oral insulin trial is that there may be respon-
sive immunologic subgroups to oral tolerance therapy. Success
of specific immunotherapy may thus relate to a better under-
standing of the immune status of individual patients.

Oral tolerance has also been investigated in food (191) and
cow’s milk allergy. Caminiti (192) reported oral desensitiza-
tion programs in children with IgE-mediated cow’s milk
allergy in a pilot study. New food allergy models have been
developed by impairing oral tolerance and administering
S. aureus-derived enterotoxins with OVA or peanut extract.
These studies demonstrate mechanisms by which oral toler-
ance can be impaired and permit allergic responses (193).

Oral anti-CD3 has been tested in a phase 1 study in healthy

human volunteers (3 per group) who were orally adminis-
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Fig. 5. Oral insulin effect most evident in subjects with baseline IAA
2>300. A subgroup of islet autoantibody relatives with the highest level of
insulin autoantibodies showed delayed progression to diabetes when
treated with oral insulin to induce mucosal tolerance. Survival curve
depicting time to diagnosis of type 1 diabetes in the Diabetes Prevention
Trial 1 (DPT-1) oral insulin trial, for the subset of subjects with baseline-
confirmed IAA level of 300 nU/ml or above. Skyler, JSS. Ann NY Acad
Sci 2008. 1150: p 194. TAA, insulin autoantibody.

tered 0.2, 1.0 or 5.0mg of mouse anti-human OKT3 mAb
daily for 5 days (194). Immunologic effects were observed in
the peripheral blood and consisted of transient proliferation,
suppression of Th1/Th17 responses, increased expression of
Treg markers and increased TGF-B/IL-10 and decreased IL-
23/IL-6 expression in dendritic cells. No side effects were
observed. There were no human anti-mouse antibody
responses, changes in CD3 cells in the blood or modulation of
CD3 from the surface of T cells. The optimal dose was found
to be Img.

Oral OKT3 mAb has also been recently tested in a single-
blind randomized placebo-controlled phase 2a study in
patients with nonalcoholic steatohepatitis (NASH) and altered
glucose metabolism that included subjects with type-2 dia-
betes (195). The study was performed at the Hadassah-
Hebrew University Medical Center in Jerusalem, Israel. OKT3
or placebo was orally administered (9 per group) at doses of
0.2, 1.0 and 5.0mg. In the NASH study 36 subjects were trea-
ted once daily for 30 days with final follow-up 60 days after
the first dose.

Oral OKT3 was safe with no adverse effects or systemic
toxicity as measured by blood hematology, chemistry, immu-
nological safety markers and physical signs. There were no
changes in blood levels of CD3, CD4 or CD8-positive cells.
Oral OKT3 induced regulatory T cells, which generally per-
sisted to day 60 and trends in cytokine production consistent
with effects observed in the phase 1 clinical study and in ani-

mal models. Positive trends in clinical parameters, some of
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which were statistically significant were also observed includ-

ing a reduction in liver enzymes and reduced blood levels of

glucose and insulin. Several of the positive efficacy trends per-

sisted to day 60 following cessation of treatment at day 30.
Some subjects had increased levels of serum antibodies direc-
ted against OKT3, which did not affect the positive trial results
observed. These results suggest that oral anti-CD3 mAb may
have clinical benefit for subjects with NASH or type-2
diabetes.

studies with humanized antibodies. These results provide the
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