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Summary

One of the most fundamental problems in immunology is the seemingly schizophrenic ability of
the immune system to launch robust immunity against pathogens, while acquiring and maintaining
a state of tolerance to the body’s own tissues and the trillions of commensal microorganisms and
food antigens that confront it every day. A fundamental role for the innate immune system,
particularly dendritic cells (DCs), in orchestrating immunological tolerance has been appreciated,
but emerging studies have highlighted the nature of the innate receptors and the signaling
pathways that program DCs to a tolerogenic state. Furthermore, several studies have emphasized
the major role played by cellular interactions, and the microenvironment in programming
tolerogenic DCs. Here we review these studies and suggest that the innate control of tolerogenic
responses can be viewed as different hierarchies of organization, in which DCs, their innate
receptors and signaling networks, and their interactions with other cells and local
microenvironments represent different levels of the hierarchy.
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Introduction

An extraordinary feature of the mammalian immune system is its capacity to generate a
repertoire of T and B-cell receptors that can recognize virtually any antigen in the universe.
Stochastically, some of these receptors recognize antigens within our own bodies, so called
‘self antigens’, so nature has evolved several mechanisms to regulate the unbridled
activation of these autoreactive clones and to prevent Ehrlich’s *horror autotoxicus’ (1-3).
This delicate balance of respondingto foreign antigens while remaining tolerant to self-
antigens is critical, because its breakdown can lead to autoimmunity which results from a
failure of tolerogenic mechanisms and excessive inflammatory responses, or to chronic
infections and tumors, caused by insufficient immunity and excessive tolerance. Research
over the last decade has revealed a fundamental role for innate immune system in initiating
protective responses against different pathogens as well as in tuning the quality of such
responses. Emerging studies are now beginning to reveal a key role for the innate immune
system in regulating immunity against self components such as tissue antigens, food
antigens, and commensals (4-7). Although there has been much progress in understanding
the role of innate immunity in inducing protective responses against pathogens, very little is
known about its role in promoting ‘tolerogenic’ responses and suppressing autoimmune
responses.
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Immunological tolerance is often considered to occur by two processes, namely central
tolerance and peripheral tolerance (2,3,8). Central tolerance operates mainly in thymus and
bone marrow, where most of the self-reactive T cells and B cells are deleted at an immature
stage of their development in either thymus (T cells) or the bone marrow (B cells). However,
potentially harmful self-reactive B and T cells often slip through the bulwark of central
tolerance and can be found in the peripheral tissues of normal individuals (2,3,8). Peripheral
tolerance serves as a backup mechanism to promote systemic tolerance to such autoreactive
immune cells. In addition, peripheral tolerance is also critical in suppressing immune
responses to innocuous external antigens or non-pathogenic organisms in the lung and
digestive tract as well as at the immune privileged areas such as the brain, the anterior
chamber of the eye, the testis, and the fetus. Breakdown of central or peripheral tolerance
leads to autoimmune diseases such as type 1 diabetes (T1D), multiple sclerosis,
inflammatory bowel disease (IBD), and rheumatoid arthritis. Emerging studies are
beginning to provide insights into the mechanisms by which the innate immune system
regulates the process of immunological tolerance. The innate immune system consists of a
diverse array of cells, including dendritic cells (DCs), macrophages, natural killer cells, mast
cells, basophils, neutrophils, eosinophils, and yd T cells (9). DCs, the most efficient antigen-
presenting cells in the immune system, have emerged as key players in initiating and
regulating adaptive immune responses (4-7). Furthermore, emerging evidence also suggest
that DCs are also critical in suppressing immune responses, and maintaining peripheral
tolerance, through the generation of anergic and/or regulatory T cells and fine-tuning the
response by altering the T-helper 1 (Th1)/Th2/Th17 balance. In addition to their well-
established role in adaptive immunity, Thl and Th17 cells play an important role in the
pathogenesis of several autoimmune diseases. Here, we review our current knowledge of the
role of dendritic cells in regulating tolerogenic responses in various tissue environments and
highlight some unanswered questions.

Mechanisms of tolerance induction by DCs

Central tolerance

T-cell tolerance to self-antigens is established in the thymus, where thymocytes undergo
negative selection to eliminate autoreactive clones. DCs play a vital role in mediating
negative selection of T cells in the thymus. Brocker et al. (10)demonstrated that targeted
expression of major histocompatibility complex (MHC) class Il molecules on thymic DCs,
(which are localized mainly in the thymic medulla), but not on cortical or medullary
epithelial cells, B cells or macrophages, was sufficient to negatively select I-E reactive
CDA4+ T cells, and to a less complete extent, CD8+ T cells. Furthermore, McCaughtry etal.
(11) demonstrated that thymocytes undergoing clonal deletion were preferentially associated
with rare CD11c* cortical DCs, and elimination of such DCs impaired deletion of T cells. In
addition, a role for thymic DCs in the induction of T-regulatory cells has been demonstrated,
both in mice and in humans. Bonasio etal. (12)demonstrated that antigen loaded exogenous
DCs injected intomice, were recruited to the thymus, and resulted in the deletion of antigen-
specific CD4" T cells in the thymic medulla. Consistent with this, Proietto et al.
(13)demonstrated that CD8!°Sirpa*™ DCs in the thymus, or their immediate precursors in the
blood which can migrate to the thymus, efficiently induce generation of T-regulatory cells
and negative selection. Importantly, in humans it was recently shown that Hassall’s
corpuscles express thymic stromal lymphopoeitin (TSLP) and instruct thymic CD11c* DCs
to induce Foxp3* T-regulatory cells(14). Taken together, these findings establish a key role
for DCs in regulating emergence of self-reactive T cells in the thymus.

Immunol Rev. Author manuscript; available in PMC 2012 May 1.
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Peripheral tolerance

Despite the effectiveness of negative selection in the thymus, significant numbersof self-
reactive T cells bearing low-affinity TCR to tissue-antigens still escape to the periphery and
cause autoimmune diseases when immune regulation goes awry. In addition to its well-
established role in central tolerance, DCs play a major role in the induction of peripheral
tolerance and maintenance of immune homeostasis. DCs promote peripheral tolerance by
several mechanisms such as generation of regulatory T cells and induction of T-cell anergy/
deletion.

What roles DCs play in maintain immunological tolerance in the periphery? A recent study
demonstrates that constitutive ablation of DCs in mice, breaks self-tolerance of CD4* T cells
and results in spontaneous fatal autoimmunity, demonstrating an essential role for DCs in
maintaining immunological tolerance (15). In contrast however, an independent study using
a different mouse model of constitutive DC ablation did not reveal spontaneous
autoimmunity (16). However, in the latter study, plasmacytoid DCs (pDCs) and Langerhans
cells were not depleted (16), which could in part account for the discrepancies between the
two studies.

The tolerogenic properties of DCs can depend on their maturation state, exposure to anti-
inflammatory and immunosuppressive agents, the nature of the microbial stimuli, and
environmental cues from the tissue microenvironment (6,7,17,18). The maturation state of
DCs is a critical determinant of their tolerogenic capacity.

Maturation stage of DCs

DC subsets

It has been postulated that immature DCs promote tolerogenic responses, whereas mature
DCs promote immunogenic responses (4,5). Under homeostatic conditions, peripheral DCs
typically display an ‘immature’ phenotype characterized by expression of low surface levels
of MHC Il and costimulatory molecules and induce suboptimal T-cell priming, often leading
to T-cell anergy or tolerance. Immature DCs promote tolerance in vivo by either deleting
antigen-specific T cells or by expanding regulatory T cells (19-22). In the eye, an immature
DC subset that expresses low levels of MHC |1 but lacks the expression of costimulatory
molecules is critical in promoting tolerance or anergy (23,24). It is generally believed that
maturation stimuli promote immunogenic DCs. Upon stimulation, DCs undergo maturation
characterized by expression of high levels of MHC Il and costimulatory molecules and
induce robust T cell activation and effector differentiation. However, certain stimuli can
promote DCs activation and maturation and yet induce tolerogenic T cells. For example,
disruption of E-cadherin-mediated DC-DC interaction promotes DC maturation including
upregulation of costimulatory molecules, MHC class 11 and chemokine receptors but the
DCs fail to secrete pro-inflammatory cytokines (25). Such DCs secrete high levels of I1L-10
and induce tolerogenic response (25). In addition, a broad range of microbial stimuli can
program DCs to acquire tolerogenic properties (6), and these are discussed in detail in the
following section.

DCs can be classified into distinct subsets, based on their phenotype, microenvironmental
localizations and functions (7,17,18). A detailed discussion of DC subsets and their
influence on adaptive immunity, is outside the scope of the present review, and the reader is
referred elsewhere(18). In the present section, we will summarize what is known about the
role of particular DC subsets in inducing T cell tolerance. Under so called “steady-state
conditions,” (i.e. in the absence of any detectable infection or overt inflammation), specific
subsets of DCs in the periphery or in the lymphoid tissues seem to be efficient at inducing T-
cell tolerance (Table 1). For example, pDCs, which in their steady state are immature since
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they express low levels of MHC class 11 and costimulatory molecules (26), have been shown
to potently induce T-regulatory cells (27), mediate allo-antigen-specific T-cell tolerance
(28), and mediate oral tolerance (29). In addition, a subset of human antigen-presenting cells
that express indoleamine-2,3-dioxygenase (IDO) and inhibit T-cell proliferation in vitro was
described (30,31). IDO-positive APCs constituted a discrete subset identified by co-
expression of the cell-surface markers CD123 and CCR6. These cells included mature and
immature CD123* DCs (30,31). IDO* DCs could also be readily detected in vivo, which
suggests that these cells may represent a regulatory subset of antigen-presenting cells,
including DCs, in humans.

Furthermore, in mice the splenic CD11c¢*DEC205*CD11b-CD8a* DCs in the resting state
have been shown to induce sub-optimal T-cell priming in vitro, relative to the CD11c*
DEC205~ CD11b*CD80o~ DCs (32-34). In vivo, the CD11c*DEC205*CD11b~CD8a* DCs
have been shown to be responsible for inducing peripheral T-cell tolerance to tissue-
associated antigens (35). Consistent with these observations, targeting antigens in vivo to
CD8a* DCs induced Foxp3* T-regulatory cells more efficiently than targeting to CD8o.~
DCs (36). In contrast to these studies, adoptive transfer of ex vivo isolated antigen pulsed
splenic CD8a* DCs into mice induces potent Thl responses (37,38), and targeting antigens
to CD8a™* DCs in the presence of an adjuvant also induces robust Th1 immunity (39). These
observations suggest that in the resting steady state certain DC subsets have a propensity to
induce tolerogenic T cells but that activation resulting from the isolation process per se or
caused by microbial stimuli can reprogram DCs to an immunogenic state.

Environment

At mucosal surfaces, the immune system has a particularly challenging task of maintaining
tolerance to self-antigens and commensals, while launching robust immunity to pathogens.
Tolerogenic antigen-presenting cells in the mucosal compartment prevent excessive
inflammation and immunity against commensals and food or environmental antigens. For
example, in the intestine, CD11cN9" DCs that express CD103(40-42) have been shown to
efficiently induce Foxp3* T-regulatory cells in vitro, via a mechanism dependent on retinoic
acid (40,42). However, the tolerogenic properties of these cells appear to be rather “plastic’,
as CD103* DCs taken from colitic mice are impaired in their ability to induce Foxp3* T-
regulatory and instead favor the emergence of IFN-y-producing CD4* T cells compared with
their steady-state counterparts (43). Consistent with this plasticity, our recent work
demonstrates that the ability of intestinal DCs to induce T-regulatory cells is dependent on
the ratio of DCs: T cells, with there being much more efficient T-regulatory cell induction,
at the lower DC: T-cell ratios (Denning et al., manuscript submitted). Moreover, we have
recently identified at least 2 different CD11c"9" intestinal DC subsets that express CD103:
the CD11cM9"CD11b~CD103* DCs and CD11cM9"CD11b*CD103* DCs. Interestingly, in
the “Th17 prone’ conventionally raised C57BL/6 strain of mice from Charles River but not
in the same strain of mice from Jackson Laboratories [in which the frequencies of Th17 cells
are much lower (44)], the CD11cM9"CD11b*CD103* DCs induced greater Th17 responses
than the CD11¢"9"CD11b*CD103™ DCs. In addition to DCs, CD11c!' CD11b* lamina
propria macrophages are hyporesponsive to various Toll-like receptor (TLR) ligands and
have the ability to spontaneously secrete 1L-10 and efficiently suppress inflammatory DC
function (45). IL-10 production by these lamina propria macrophages is responsible for
maintaining Foxp3 expression in T-regulatory cells during intestinal inflammation (46).

Emerging studies show that like intestinal DCs, lung DCs also play important regulatory
roles in response to inhaled inert antigens. Similar to the intestine, lung CD103* DCs also
have the ability to promote the induction of T-regulatory cells; in comparison lung CD103™
DCs represent the major producers of proinflammatory cytokines in response to airborne
allergens or TLR ligands (47-49). However, in the skin, CD103~CD11b* migratory dermal
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DCs are much more potent in inducing Foxp3* T-regulatory cells as compared to
CD103*CD11b* DCs (50).

Like the intestine and the lungs, the skin is continuously exposed to pathogens. Skin-derived
DCs include Langerhans cells, classical dermal DCs, and a langerintCD103* dermal subset
(51). The relative importance of these DCs in inducing immunity versus tolerance is not
clear, but in a transgenic mouse model in which keratinocytes were forced to express
membrane bound ovalbumin, presentation of this surrogate self-antigen was confined to
skin-derived migrating DCs (52). Steady state presentation resulted in deletional T-cell
tolerance despite these DCs expressing a relatively mature phenotype as measured by
traditional markers such as the level of MHC class Il and CD86 expression (52). Thus, self-
antigen can be carried to the draining lymph nodes by skin-derived DCs and there presented
by these same cells for tolerization of the circulating T-cell pool. The relative roles of
Langerhans cells versus the DC subsets in the dermis in this process needs to be more
precisely defined, but ablation of Langerhans cells has been shown to lead to exacerbation of
contact sensitization in some (53) but not other (54,55) transgenic mouse systems, and
individuals with psoriasis have been found to have defects in Langerhans cell migration
(56), suggesting that these cells may under some circumstances play a regulatory role
dampening immune responses. However, skin-derived DCs have also been linked to certain
types of antiviral immunity (57), and dermal DCs are known to present antigens during Th2
responses to cysteine proteases (58). Thus, although skin-derived DCs may induce
tolerogenic responses in the steady state, they exhibit functional plasticity, in response to
inflammatory stimuli.

In the liver, under steady-state conditions, myeloid DCs, and plasmacytoid DCs induce
tolerogenic T-cell responses (59). Liver myeloid DCs have a mature phenotype but produce
high levels of various anti-inflammatory factors such as prostaglandin E2 (60), 1L-10,
retinoic acid, tumor growth factor-p, IL- 27(60-64). In contrast, liver pDCs have an
immature phenotype with low expression of MHC and costimulatory molecules but
produces high levels of 1L-10(29,65,66).

In the immunologically privileged sites, like the eye, specific subsets of immature DCs that
expresses low levels of MHC Il costimulatory molecules induce tolerogenic responses (23).
Furthermore, mature DCs, macrophages, and F4/80" microglia in the retina promote
tolerance to self-antigens (67,68). In the central nervous system (CNS), unlike in the eye,
DCs are fewer and are mostly localized in the vascular rich areas. The DCs and microglia
that are present in the CNS are mostly tolerogenic (69). Thus, distinct DCs in various tissues
induce tolerogenic responses. In addition to specific subsets of tissue resident DCs, under
steady state DCs constantly migrate to the regional lymph node carrying tissue antigens or
apoptotic cells (70-72). These migrating DCs promote tolerance to self-antigens in various
tissues.

Exposure to anti-inflammatory mediators

Several reports demonstrate that exposure to anti-inflammatory cytokines and
immunosuppressive agents can condition DCs to a tolerogenic state (7,17,73). For example
DCs generated in vitro, in the presence anti-inflammatory factors such as vitamin A, vitamin
D3, prostaglandin E2, IDO, IL10, TGF-B, retinoids, hepatocyte growth factor, and
vasoactive intestinal peptide exhibit tolerogenic functions (49,59,74-80). These tolerogenic
DCs induce T-cell tolerance and can suppress disease in experimental models of
autoimmunity such as type 1 diabetes and multiple sclerosis. Furthermore, genetic
manipulation of DCs by overexpressing immune regulatory molecules or inhibiting or
silencing immune stimulatory molecules promotes tolerogenic function (81). For example,
silencing costimulatory molecules such CD40, CD80, CD86 or overexpression of IL-10 or

Immunol Rev. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Manicassamy and Pulendran Page 6

IL-4 or CTLA-4 in DCs renders them tolerogenic, and these DCs can promote graft survival
or suppress autoimmune diseases (82—90). Activation of DCs by tumor-derived factors
modulates their function to promote induction of T-regulatory cells (91).

DC receptors that mediate tolerogenic responses

TLRs

CLRs

The innate immune system relies on a diverse array of receptors that can sense components
of pathogens (92,93). These pattern recognition receptors include TLRs, C-type lectin
receptors (CLRs), RIG-I like receptors (RLRs), and NOD-like receptors (NLRs), which
recognize a wide range of microbial structures and activate DCs (93-95). It was originally
postulated that the TLRs represent a family of receptors that recognize pathogen-associated
molecular patterns (PAMPs) and promote the activation of the adaptive immune system
(96). However, it has become clear that in addition to recognizing a wide range of microbial
products, innate receptors also recognize so called endogenous ligands from host cellular
debris from injured or dying tissue, termed DAMPs (damage-associated molecular patterns)
(97-100) (Fig. 1). Thus, TLRs can sense wide range of self-antigens that are released during
tissue damage, inflammation, or necrosis leading to inappropriate activation resulting in
sterile inflammation or autoimmune responses (97-99).

In addition to promoting immunity against pathogens, TLRs have been implicated in
inducing tolerogenic responses. Some TLRs (TLR-1, TLR-2, TLR-4, TLR-5, TLR-6,
TLR-10) are expressed on the cell surface (while some are located within endosomal
compartments (TLR-3, TLR-7, TLR-8, TLR-9) on different cell types (101). Activation of
most TLRs promotes Th1 responses(93). In contrast, certain microbial products that activate
TLR2 in DCs promote Th2 or tolerogenic responses (102-106) (Fig. 1). For example, yeast
zymosan (104,107-109) or Y. pestis virulence factor Lcr (110) that signals through TLR2-
TLR6 in DCs induce regulatory T cells. Similarly, phosphatidylserine and
lysophosphatidylserines from S. mansoni (111) and filamentous hemagglutinin (FHA) from
the bacteria Bordetella pertussis (112) can program DCs to induce regulatory T cells (Fig.
1).

In general, TLR-9-activation of DCs promotes Th1 responses (113). However, some reports
suggest that in pDCs, TLR-9 activation induces IDO, which promotes differentiation of
regulatory T cells and suppresses T-cell responses (114,115). Like TLR-9, thymosin a1, an
immunomodulatory peptide produced in small amounts by several peripheral lymphoid and
non-lymphoid tissues, can induce IDO in pDCs through TLR-9(116). Consistent with this
thymosin al-conditioned DCs induced FoxP3* T-regulatory cells through the induction of
IDO, as IDO blockade abolished the induction of regulatory T cells (116,117). Importantly,
thymosin al also programmed DCs to prime Thl cells, suggesting that the instructive
signals imparted to DCs allow for a balanced inflammatory and tolerogenic responses.
However, the mechanism(s) by which thymosin a1 induces IDO expression in DCs is
currently unknown.

CLRs belong to a large superfamily of transmembrane and soluble proteins that sense
carbohydrate components of several pathogens as well as self-glycoproteins. Like TLRs,
recent studies have shown that CLRs can activate various signaling pathways that can
induce DCs to stimulate Thl, Th2, or Th17 cell responses (118). In addition, CLRs can
recognize gylcosylated tissue antigens that is critical immune homeostasis (119). Similarly,
in vivo targeting of antigen into DCs via the endocytic receptor DEC-205 (22,120), which is
expressed on DCs, resulted in induction of Foxp3-expressing T-regulatory cells (121). DC-
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SIGN is an adhesion receptor that interacts with intercellular adhesion molecule 2 (ICAM2)
and ICAM3 and mediates DC migration and its interaction with other cell types. DC-SIGN
was shown to recognize several pathogens such as bacteria, fungi, and viruses. Activation of
DC-SIGN in DCs by cell surface compounds of Lactobacillus reuteri and L. casei promotes
T-regulatory cell responses (122) (Fig. 1). Furthermore, ManLAM of Mycobacterium (123),
Lewis antigens on LPS from Helicobacter pylori (124), and IpA of L. acidophilus NCFM
(125) can bind to DC-SIGN to induce IL-10 production and suppress T-cell effector
responses, although whether DCs exposed to such stimuli induce regulatory or anergic T
cells remains to be determined. In contrast, several studies have shown that DC-SIGN
activation promotes effector responses (126). The question of how signals mediated through
the same receptor can promote tolerogenic response versus effector response to different
pathogens is yet to be answered.

Surface C-type lectin, MGL1/CD301a specifically recognizes monosaccharides Gal/
GalNAc, is highly expressed on immature DCs (127,128) and mediates efficient uptake of
antigens (128). MGL1 can recognize the intestinal commensal bacteria Streptococcus sp.
and Lactobacillus sp and induce high levels of 1L10 production in intestinal lamina propria
macrophages (129), suggesting a regulatory role for this receptor in intestine. Consistent
with this observation, MGL1-deficient lamina propria macrophages produced lower levels
of IL-10 and MGL-1-deficient mice are more susceptible DSS-induced colitis (129). A
similar regulatory role was observed with SIGNR-1/CD209b, a DC-SIGN homolog in mice
that recognizes mannosylated antigens, in the intestine in response to food induced
anaphylaxis (130). Activation of SIGNR-1 in lamina propria DCs selectively induced IL-10
expression and promoted the induction of Trl regulatory cells (130). However, the precise
signaling pathways by which MGL1 and SIGNR-1 program DCs to a tolerogenic state is not
known. Collectively, these observations show that MGL1 and SIGNR1 play critical role in
intestinal homeostasis.

Recent data suggest that CLRs are highly expressed on immature DCs in peripheral tissues
and might play an important role in the clearance of self-antigen and induction of
immunological tolerance Immature DCs in the placenta expresses high levels of DC-SIGN
and MR are believed to play critical role in tolerance (131). In contrast, CLRs like the
dendritic cell immunoreceptor (DCIR) in DCs promotes immune tolerance and homeostasis
by negatively regulating the DC expansion and function (132). DCIR deficiency in mice
causes development of autoimmune diseases in mice due to excess expansion of DCs (104).
DCIR knockout mice develop autoantibodies and are display enhanced susceptibility to
collagen induced arthritis (132). Additionally, aged DCIR knockout mice showed increased
levels of DCs and developed joint abnormalities. Consistent with this observation, bone
marrow cells from DCIR knockout mice differentiated into DCs and proliferated more in
response to granulocyte-macrophage colony-stimulating factor (GM-CSF) than bone
marrow cells from wildtype mice (132). Furthermore, activation of DCIR in human pDCs
inhibits TLR9-mediated IFN-a production (133,134). Collectively, these studies show that
in addition to antigen uptake, CLR expression on DCs plays critical role in immune
tolerance and homeostasis.

Recognition and engulfment of apoptotic cells by DC and macrophages also promote
tolerogenic responses to self-antigen. In addition to mediating tolerogenic signals, some
CLRs such as Clec9A (also known as DNGR-1) and mincle specifically recognize necrotic
cells and are critical for uptake of necrotic cells by DCs and macrophages, and promote
cross-presentation of self-antigens and tissue homeostasis(135,136) (Fig. 1). Injection of
small amounts of antigen-coupled anti-DNGR-1 monoclonal antibody into mice promoted
MHC class Il antigen presentation selectively by CD8a* DCs, and in the steady state, this
was sufficient to drive the differentiation of naive CD4* T cells into Foxp3* regulatory cells
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(137). Co-administration of adjuvants prevented this induction of tolerance and promoted
immunity.

Galectins (S-type lectins)

Like CLRs, galectins, glycan binding proteins, regulate both innate and adaptive immune
responses (138). Mammals express as many as 15 different galectins that interact with
specific cell surface glycoconjugates (139) and have diverse biological roles. In addition to
their well-established role in regulating T cell and B cell functions, recent studies have
shown galectins can regulate DC function. A recent study has shown that in DCs, activation
of galectin-1 results in high levels of 1L-27 and I1L-10 production and promotes T cells
tolerance by suppressing Th1/Th17 cell differentiation and inducing T-regulatory response
(140) (Fig. 1). Consistent with this observation, galectin-1-deficient mice show increased
number of Thl and Th17 cells and are more susceptible to autoimmune diseases (140,141).
Furthermore, galectin-1 also plays a critical role in maternal-fetal tolerance (142).
Galectin-1-mediated signals promote tolerance in DCs by inducing the expression of several
regulatory molecules like STAT3, SOCS1, and HDAC11. Like cell surface galectins,
secreted galectins (143) and endogenous galectins (143,144) can also modulate immune
responses by promoting tolerance. In contrast to galectin-1, interaction of galectin-9 with its
ligand Tim-3 on activated T cells induces apoptosis of Thl cells (145,146). Furthermore,
galectin-9 was shown to promote T-regulatory cell differentiation and suppresses Th17 cell
differentiation (147). Consistent with this, galectin-9 deficient mice display enhanced
susceptibility to autoimmune arthritis (147).

TAM receptors

The Tyro3, Axl, and MerTK (TAM) family of receptor tyrosine kinases (RTKSs) has been
reported to regulate homeostatic activation of macrophages and DCs. Recent studies have
shown that Mer tyrosine kinase (MerTK) plays a critical role in sensing and phagocytosing
apoptotic cells by DCs and macrophages (148,149)(Fig. 1). MerTK specifically recognizes
Gas6 and Protein S that are present on the apoptotic cell membranes. Furthermore, signaling
through MerTK in DCs inhibits DC activation and maturation. Consistent with this
observation, pretreatment of DCs from NOD mice with apoptotic cells blocked the secretion
of pro-inflammatory cytokines and prevented the autoimmune T-cell activation, whereas
NOD mice that are deficient in MerTK displayed exacerbated diabetes (150). In addition to
its well established role in pheripheral tolerance, a recent study has shown that MerTK plays
a crucial role in central tolerance (151).

Fc receptors

Fcy receptors (FcyRs) play an essential role in regulating immune responses (152).
Activating/inhibiting FcyRs are expressed on DCs and regulate DC maturation and
immunogenicity. Activating FcyRIIl (CD16) receptor, which contains a cytoplasmic ITAM
domain, enhances DC maturation and promotes immunity. In contrast, recent studies have
shown that activation of the inhibitory FcyRIlb (CD32) receptor on DCs regulates peripheral
CD4" and CD8™ T-cell tolerance (153,154). Consistent with this observation, FcyRIIB
activation on DCs promotes antigen-specific T-regulatory cell induction and peripheral
tolerance by modulating the DC activation status and IL-10 production (153,154). In
autoimmune models of diabetes, mice lacking FcyRIIB receptors in DCs are more
susceptible to disease. Furthermore, FcyRIIB receptor signaling promote peripheral
tolerance activation by inhibiting DC activation alone or by also limiting processing of
exogenously acquired antigen of Fcyllb receptor in DCs dampens TLR4-mediated
proinflammatory responses through PI3K/AKT pathway(155) (Fig. 1).
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ILT3 and ILT4 receptors

Immunoglobulin-like transcript 3 (ILT3) and ILT4 receptor-mediated signals in DCs inhibit
the expression of costimulation molecules and program them to tolerogenic state. In
humans, tolerogenic DCs, which express high levels of inhibitory receptors ILT3 and ILT4
(156), promote antigen-specific unresponsiveness in CD4* Th cells (157) and promote the
differentiation of CD4* and CD8* regulatory T cells (158-161).

Signaling networks that program DCs to a tolerogenic state

ERK-RALDH pathway

Despite the plethora of stimuli that stimulate DCs to induce tolerogenic responses, relatively
little is known about the signaling mechanisms involved. We have shown signaling via
TLR2 conditions DCs to express enhanced and sustained levels of phosphorylated
extracellular signal regulated kinase (ERK) mutagen-associated protein kinase (MAPK),
which suppresses I1L-12p70 production and promotes IL-10 (102-104,162,163) (Fig. 2A). In
particular, the yeast cell wall extract zymosan, which signals through the TLR2/6
heterodimer as well as the C-type lectin dectin-1 (164), stimulates DCs to produce robust
levels of IL-10 and induce tolerogenic T-cell responses, via a TLR2-dependent mechanism
(104). Furthermore, our more recent work also demonstrates that TLR2/6 signaling by
zymosan also promotes induction of the retinoic acid metabolizing enzymes RALDH1 and
RALDH2 in DCs, via an ERK-dependent mechanism (99) (Fig. 2A). Accumulating
evidence show that retinoic acid directly influences the development and functions of
various immune cell types. For example, retinoic acid promotes the differentiation of T-
regulatory cells and suppresses the differentiation of Th1/Th17 cells (165). Recent studies
have identified DCs as major immune cells capable of metabolizing vitamin A to retinoic
acid and a critical player in vitamin A mediated immune functions. Retinoic acid synthesis is
a tightly regulated process that includes several key enzymes involved in oxidation of
vitamin A (retinol). Vitamin A is oxidized to retinaldehyde by alcohol dehydrogenases
(ADH-1,-4,-5) and then to retinoic acid by retinal dehydrogenases (RALDH). All DC
subsets express ADH in various tissues, whereas only specific subset of DCs and
macrophages express RALDH and is generally believed to be the critical and rate limiting
step in the biosynthesis of RA. CD103* DCs in the intestine lamina propria and mesenteric
lymph nodes express high levels of RALDH and have the ability to produce retinoic acid
and can specifically induce Foxp3™ T-regulatory cells from naive CD4* T cells (40,41).
Similarly, we have shown that lamina propria macrophages also express RALDH enzyme
constitutively and can efficiently promote regulatory T-cell differentiation (45).

Consistent with this observation, splenic DCs from mice that are deficient in TLR2, TLR®,
or ERK1 showed significantly reduced levels of RALDH in response to zymosan. Retinoic
acid is also an autocrine factor that promotes RALDH expression in DCs via RAR/RXR-
mediated signaling. DCs express several isoforms of retinoid receptors such as RAR-a,
RAR-B, RAR-y, and RXR-a. Thus, addition of exogenous RA to DCs increases RALDH
expression, whereas blocking RAR/RXR signaling in DCs decreased the RALDH
expression (166). Like other cell types (166—168), retinoic acid regulates its own synthesis
through RAR-mediated signaling and RALDH expression in DCs (166). Collectively, these
studies suggest microbial stimuli can induce the expression of RALDH enzymes in DCs via
a TLR-ERK dependent signaling pathway and program them to a tolerogenic state.

In addition, a recent study has shown GM-CSF and IL-4 act synergistically in promoting
RA-producing enzyme (RALDH2) in intestinal DCs. These conditioned DCs induced a4p7
gut-homing receptors and Foxp3 in T cells. Consistent with this observation, intestinal DCs
isolated mice deficient in GM-CSF receptor showed reduced RALDH expression and
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ALDH activity. GM-CSF treatment was shown to prevent several autoimmune diseases in

mice through the induction of tolerogenic DCs and regulatory T cells (169-171). However,
it is not known whether GM-CSF mediated induction of tolerogenic DCs and regulatory T

cells is dependent on retinoic acid.

Wnt-B-catenin signaling pathway

A second signaling pathway in intestinal DCs that induces retinoic acid-producing enzymes
involve Wnt-B-catenin pathway. Wnt-B-catenin signaling pathway plays an important role in
the development of various organs as well as hematopoietic stem cells (HSCs)(172).
Further, wnt-B-catenin signaling pathway has been implicated in the differentiation of
myeloid DCs and pDC differentiation from HSCs(172). Wnt ligands are secreted
glycoprotein that binds their seven-pass transmembrane protein Frizzled (Fz) family
receptors leading to accumulation of B-catenin in the cytoplasm and its translocation to the
nucleus, where it interacts with T-cell factor/lymphoid enhancer factor (TCF/LEF) family
members and regulates transcription of several target gene s(173). In the absence of Wnt
signaling, glycogen synthase kinase 3p (GSK-3pB) phosphorylates p-catenin resulting in its
ubiquitination by B-transducin repeat containing (B-TrCP) protein, leading to proteosomal
degradation (172,173). In addition, Wnt can activate other non-canonical signaling pathways
that are independent of B-catenin (172,173).

Our recent work shows that unlike in splenic DCs, B-catenin signaling is constitutively
active in intestinal DCs and macrophages (174). DC-specific deletion of B-catenin in mice
lead to strikingly reduced Foxp3™* regulatory T cells and enhanced frequencies of Thl and
Th17 cells, in the intestine but not in the spleen. Consistently, intestinal DCs deficient in -
catenin displayed reduced levels of RALDH enzymes and IL-10 production and promoted
inflammatory T cells responses in the steady state (Fig. 2B). Furthermore, mice the
specifically lack B-catenin in DCs are more susceptible to DSS-induced colitis (174).
However, the role of Wnt-B-catenin pathway in the RALDH enzymes in skin and lung DCs
is currently not known. Collectively, these data illustrate the emerging role of B-catenin
signaling in programming DCs to promote intestinal homeostasis and tolerance. In the
periphery, disruption of E-cadherin-E-cadherin interactions in DCs activates B-catenin
signaling, which in turn programs DCs to tolerogenic state (25). Importantly, immunization
of these tolerogenic DCs can protect mice against experiment autoimmune
encephalomyelitis (25).

MerTK signaling

Recent studies have shown receptor tyrosine kinase Mer (MerTK)binding of apoptotic cells
lead to the activation of PLC-y2, PI3K-AKT, and STAT3(175), and inhibition of NF-xB
activation. Consistent with this, monocyte-derived DCs expressing kinase deficient MerTK
or blocking of PI3K-AKT pathway leads to activation of NF-kB and enhanced secretion of
proinflammatory cytokines upon apoptotic cell binding. In addition, TAM receptor (MerTK,
Tyro3, Axl) activation leads to the upregulation of suppressor of cytokine signaling 1
(SOCS1) and SOCS3 through IFNR/STAT1 pathway, thereby suppressing the TLR-
mediated signaling and secretion of pro-inflammatory cytokines.

ILT3 and ILT4 signaling

In humans, tolerogenic DCs express high levels of the inhibitory Ig-like receptors ILT3 and
ILT4. Recent studies have shown various factors such as IDO, IL-10, Cox1/2 inhibitors,
vitamin D3, IL-10 can induce the expression of ILT3 and ILT4 on DCs and promote
tolerogenic responses(156,176,177). Activation of ILT3 receptors on DCs leads to the
recruitment of protein phosphatase SHP-1(178) and SHIP-1(179) to the ITIM maotif resulting
in the inhibition of NFxB and MAPK p38 pathways that are critical for inflammatory
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responses (179). Furthermore, ILT3 and ILT4 mediated signal can antagonize TLR-
mediated signals and suppress their ability to induce inflammatory cytokines(179).
Consistent with this, knock-down of ILT3 in DCs results in enhanced production pro
inflammatory cytokines in response to various TLR-ligands.

Cell-cell co-operation in orchestrating tolerogenic responses

DC-macrophage collaboration

It is increasingly clear that the induction of tolerogenic responses requires the interaction of
several cell types, including DCs (6,18) (Fig. 3). Our earlier work demonstrates that
injection of antigen plus the yeast cell wall zymosan into mice induces antigen-specific
tolerance, via a mechanism dependent on the concerted action of DCs and macrophages
(104). Zymosan induced robust IL-10 production in splenic DCs via a TLR2-dependent
mechanism, and induced biologically active TGF-B in splenic macrophages, and the
concerted action of IL-10 and TGF-3 was necessary to induce tolerogenic responses (104).

In the intestine, IL-10 plays critical role in suppressing inflammation such as colitis. A
subset of macrophage in the lamina propria constitutively produces IL-10 and induces
Foxp3* T-regulatory cells (45). Interestingly, IL-10 secretion by this macrophage subset was
shown to be critical responsible for maintaining Foxp3 expression in T-regulatory cells
during intestinal inflammation (46). Similar to the aforementioned concerted action of DCs
and macrophages in mediating zymosan-induced tolerogenic responses (104), it is possible
that tolerogenic responses in the intestine are maintained through the concerted action of
IL-10-secreting macrophages and DCs (Fig. 3).

Reciprocal DC-T-regulatory cell interactions

Another emerging theme that highlights cell-cell cooperation is the reciprocal interactions
between DCs and T-regulatory cells (Fig. 3). Although DCs are known to induce T-
regulatory cells, more recent evidence points to T-regulatory cells in programming DCs (as
well as macrophages) to a tolerogenic state. For example, in tissue culture, T-regulatory
cells have been known to inhibit DC maturation and suppress the induction of pro-
inflammatory cytokines (180-184). Furthermore, DCs and macrophages present at the
maternal-fetal interface express high levels of IDO(185), and the induction of IDO is
dependent on CD4*CD25* T-regulatory cells through a mechanism involving the interaction
of CTLA-4 on T-regulatory cells with B7 on DCs and macrophages (186,187). This T-
regulatory-DC interaction is critical for the induction of maternal-fetal tolerance (185). In
addition, 1L-10 produced by T-regulatory cells is also critical for sustaining IDO expression
in DCs (30). In addition to B7/CTLA-4 interaction, a recent study has shown that CCL22/
CCR4 interaction between DCs and T-regulatory cells is critical for induction of IDO in
MLN DCs (188). Consistent with the effects of T-regulatory cells in programming DCs,
acute in vivo ablation of T-regulatory cells resulted in enhanced DC numbers of activated
DCs (189,190). Importantly, recent work suggests the existence of a feedback regulatory
loop between DCs and T-regulatory cells. Loss of DCs lead to a loss of T-regulatory cells,
and the remaining T-regulatory cells exhibited decreased Foxp3 expression. The DC-
dependent loss in T-regulatory cells leads to an increase in the number of T cells producing
inflammatory cytokines, such as IFN-y and IL-17. Conversely, increasing the number of
DCs lead to increased T-regulatory cell division and accumulation by a mechanism that
requires MHC class Il expression on DCs(191).

DC-NK-T-cell cooperation

Invariant natural killer T cells (iNKT) play an important role in peripheral tolerance towards
self -antigens and prevent - autoimmune diseases including multiple sclerosis, type 1
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diabetes, rheumatoid arthritis, and systemic lupus erythematosus (192). A recent study has
shown that iINKT-DC interactions through CD1d receptor induces mature-tolerogenic DCs
that can promote T-regulatory and prevent autoimmune diseases (193). Induction of
tolerogenic DCs is dependent on ERK signaling pathway. These DCs secrete high levels of
IL-10 and very low levels of pro-inflammatory cytokines (193).

DC-non-hematopoietic cell cooperation

A typical example of cooperation between non-hematopoietic cells and DCs in the induction
of T-regulatory cells is observed in intestine and liver. Recent studies using human and
mouse intestinal epithelial cells (IECs) have shown that IECs play an important role in
conditioning the intestinal DCs to tolerogenic state. Factors secreted by IECs can program
DCs to T-regulatory-polarizing DCs. Anti-inflammatory mediators such as TGF-$ and
retinoic acid or GM-CSF secreted by IEC plays an important role in conditioning DCs to T-
regulatory-polarizing DCs in the intestine. Consistent with this, addition of exogenous
retinoic acid or GM-CSF + IL4 or supernatants from cultured IECs can program
inflammatory bone marrow-derived DCs or monocyte-derived DCs to T-regulatory cell-
promoting tolerogenic DCs (194-196). In addition, IEC supernatant can also promote
development of CD103™ tolerogenic DCs from CD103~ DCs and these EC-conditions DCs
inhibited the development of Th1l and Th17 cells (195,196). DC interactions with non
hematopoietic cells also program thymic DCs to induce T-regulatory cells. As mentioned
above, in humans it was recently shown that Hassall’s corpuscles express thymic stromal
lymphopoeitin (TSLP) and instruct thymic CD11c* DCs to induce Foxp3* T-regulatory
cells (14).

In addition to epithelial cells, stromal cells also play a critical in conditioning DCs to
regulatory or tolerogenic state in various organs such as the liver, intestine, gut-associated
lymphoid tissues (GALT), and spleen (197-201). For example, liver stromal and epithelial
cells can drive the differentiation of tolerogenic DCs from monocyte or hematopoietic
progenitor cells. Similarly, stromal cells in mesenteric lymph nodes express RALDH and
might contribute to conditioning of DCs to tolerogenic state in an retinoic acid-dependent
manner (200,201). Like mesenteric lymph node stromal cells, lung stromal cells promote
regulatory DCs via a TGF-B dependent mechanism (202). Finally, myeloid-derived
suppressor cells are a heterogeneous mix of cells that expand during cancer, inflammation
and infection and potently suppress T-cell responses. These cells may augment the
immunosuppressive effects of tolerogenic DCs (203).

Inductive signals from the local microenvironment (Fig. 4)

The observations that DC subsets in specific microenvironments, such as those in the gut,
lung, eye, and placenta, display tolerogenic propensities suggests that the local environment
impart inductive signals to program tolerogenic DCs in situ. In the intestine, various factors
produced by the epithelial cells and stromal cells such as TGF-B (204), TSLP (196,205),
retinoic acid (206,207) shape the functions of tolerogenic DCs.

In addition to various cell types, intestinal commensal also play critical role in shaping the
DCs function and promoting tolerance (208-210). Thus, commensal bacteria promote the
expression the TSLP and TGF-f in the intestinal epithelial cells (211). Interestingly
however, some commensals and their components seem to promote T-regulatory cells, while
others seem to suppress T-regulatory cells and promote Th17 responses. For example, DCs
cultured in the presence intestinal epithelial cells and Gram-positive commensal bacteria
differentiate into IL-10-producing tolerogenic DCs (211). Similarly, colonization of the
human commensal Bacteroides fragilis in germ-free mice induces the development of
Foxp3* T-regulatory cells with a unique ‘inducible’ genetic signature (212). Furthermore, it
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was shown that the immunomodulatory molecule polysaccharide A (PSA) of B. fragilis
mediated the conversion of CD4" T cells into Foxp3™* T-regulatory cells that produce 1L-10
during commensal colonization. Functional Foxp3* T-regulatory cells were also produced
by PSA during intestinal inflammation, and TLR2 signaling was required for both T-
regulatory cell induction and IL-10 expression (212), consistent with earlier studies that
TLR2 signaling promotes IL-10 and tolerogenic responses (104,107,110).

In addition to the commensal bacteria, intestinal helminths can also promote T-regulatory
cell differentiation by activating TGF-BR on the antigen-presenting cells (213). Absence of
commensals does affect the natural regulatory T-cell development and its functions (214).
However, deletion of T-regulatory cells promotes severe systemic inflammatory responses
even in the absence of commensal microbiota, suggesting the regulatory T cells play critical
role in regulating systemic mediated immune responses (214). In contrast to the T-regulatory
cell promoting effect of some commensals, others are known to promote Th17 responses.
Thus, colonization of the small intestine of mice with a single commensal microbe,
segmented filamentous bacterium (SFB), is sufficient to induce the appearance of CD4* T-
helper cells that produce IL-17 and I1L-22 (Th17 cells) in the lamina propria (44).
Furthermore, adenosine 5'-triphosphate (ATP) that can be derived from commensal bacteria
activates a unique subset of lamina propria cells, CD70+CD11c!°W cells, to promote the
differentiation of Th17 cells (215). Germ-free mice exhibit much lower concentrations of
luminal ATP, accompanied by fewer lamina propria Th17 cells, compared to specific
pathogen-free mice. Systemic or rectal administration of ATP into these germ-free mice
results in a marked increase in the number of lamina propria Th17 cells. A CD70*CD11c'oW
subset of the lamina propria cells expressed Th17-inducing molecules, such as IL-6,
IL-23p19, and TGF-B-activating integrin-aV and -B8, in response to ATP stimulation, and
preferentially induces Th17 differentiation of co-cultured naive CD4* T cells (215).
Furthermore, Belkaid et al. (216) have demonstrated that gut flora DNA signals via TLR9 to
suppress T-regulatory cells and promote effector T-cell differentiation. Taken together, these
data suggest that commensals exert complex pleiotropic effects on programming DCs to
induce the differentiation of regulatory versus effector T cells. Future work should thus be
aimed at understanding the contexts and mechanisms that govern whether a commensal or
its product induces regulatory or effector T-cell differentiation.

The liver is another unique microantomical and immunological environment where gut-
derived nutrients and microbial products are cleared from the blood (217). In the liver,
stromal cells, epithelial cells, Kupffer cells, and stellate cells secrete several anti-
inflammatory factors such PGE2, IL-10, TGF-B, and retinoic acid and condition liver DCs to
express IDO, IL-27, and retinoic acid and programs them to induce T-regulatory cells (217)

(Fig. 4).

Like the intestinal lamina propria, the skin microenvironment plays critical role in the
development and conditioning DCs to a tolerogenic state. As indicated above, under the so-
called steady state condition, migratory DCs in the skin ferry skin-derived antigen and
induce T-cell tolerance in the lymph node (52). In the steady-state condition, TGF-p1
present in the skin microenvironment plays a critical role in the development of Langerhans
cells, as mice deficient in TGF-p or 1d2, the downstream signaling molecule of TGF-BR lack
Langerhans cells in the dermis (218-220). A recent study using conditional of deletion of
TGF-BR in DCs has shown that TGF-f is required to maintain a pool of Langerhans cells in
an immature state (221). Consistent with this observation, TGF-R-deficient Langerhans
cells showed spontaneous maturation with enhanced surface expression of MHC class 11,
costimulatory molecules, and CCR7, and downregulation of E-cadherin (221). Furthermore,
a recent study has shown the TGF-3 promotes the expression of E-cadherin in Langerhans
cells and prevents their hyperactivation (222). Collectively, this shows TGF-p as a critical
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factor in the development as well as in controlling Langerhans cell homeostasis and function
in the steady state.

In the immunologically privileged sites such as the eye and brain, the local
microenvironments promote immune tolerance by conditioning antigen presenting cells to a
tolerogenic state, through several immunosuppressive molecules. Ocular immune privilege
is mediated by the presence of high levels of various immunomodulators in the aqueous
humor such as TGF-B2, a-melanocyte stimulating hormone, vasoactive intestinal peptide
(VIP), calcitonin gene-related peptide (CGRP), somatostatin and thombospondin (TSP-1)
(23). DCs conditioned in this environment secrete high levels of 1L-10 and TGF-f and
promote tolerance (23).

Innate control of breakdown of tolerance and autoimmunity

Loss of both central and peripheral tolerance results in several autoimmune diseases. DCs
play a critical in promoting tolerogenic responses, as depletion of DCs in mice leads to
severe autoimmune disease under steady-state conditions (15). Furthermore, DCs have been
implicated in a variety of autoimmune diseases. Several observations in mouse and humans
show that DCs can exert both pathogenic and protective roles in several autoimmune
diseases including inflammatory bowel disease and celiac diseases(208), rheumatoid
arthritis(223), type 1 diabetes (224,225), autoimmune pancreatitis (226), and multiple
sclerosis (226). Multiple factors contribute to a break-down in the tolerogenic potential in
DCs, resulting in inflammatory diseases.

Systemic lupus erythematosus

In addition to promoting tolerance, TLR activation on DCs has been implicated in
instigating autoimmunity. For example, activation of intracellular TLR7, TLRS8, and TLR9
on pDCs has been implicated in the induction of autoreactive B cells and pathogenesis of
systemic lupus erythematosus (SLE) (227,228). In human SLE patients, pDCs are known to
be hyperactivated and display increased production of IFN-a. in response to DNA- or RNA
bound to specific auto-antibodies (229,230). Furthermore, serum from lupus patients could
induce differentiation of monocytes into DCs, and this process was dependent on the levels
of IFN-a present in the serum(231). Such DCs could capture antigens from dying cells and
present them to CD4+ T cells. Thus, unabated induction of DCs by IFN-o may drive the
autoimmune response in SLE. In addition, in vitro studies revealed that self DNA or RNA
immune complexes are detected by endosomal expression of either TLR9 or TLR7 in pDCs
upon internalization and this process has been implicated in the pathogenesis of SLE (232).
Presently, inhibitors that block the activation of TLR 7, 8, 9 are being tested in preclinical
trials to prevent the induction and progression of SLE (233,234).

Inflammatory bowel diseases

Inflammatory bowel diseases (IBDs) such as ulcerative colitis and Crohn’s disease are
characterized by chronic intestinal inflammation induced by the dysfunctional relationship
between the host immune system and the benign commensal flora. An important of role of
DCs in preventing or promoting colitis was shown in a mouse model of colitis using oral
administration of DSS, which promotes both acute as well as chronic inflammation.
Ablation of DCs before DSS administration exacerbates colitis (235), whereas ablation of
DCs during DSS treatment ameliorates colitis(236). This finding suggests that DCs may
play protective role in the initial phase in part, where as might be pathogenic during
inflammatory phase. Moreover, as outlined above, numerous subsets of DCs exist in the
intestinal microenvironments, and their precise roles in promoting tolerogenic versus
inflammatory responses need to be ascertained.
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In the intestine, anti-inflammatory cytokines such I1L-10, TGF-f, and retinoic acid produced
by DCs and macrophages are critical of for maintaining tolerance and have been critically
linked to the prevention of colitis. Mice deficient in IL-10 or IL-10R develop spontaneous
inflammation of the large intestine in response to commensal bacteria (237). TGF-§ is
another molecule expressed in the intestine, which is critical in promoting tolerogenic
responses. Thus, loss of integrin avp8, TGF-p activating factor, on DCs results in
autoimmunity and severe colitis in mice (238). Loss of both I1L-10 and TGF-p promotes
much more severe colitis in mice than loss of either molecule alone (239).

Multiple sclerosis

Multiple sclerosis (MS) is a demyelinating neurological disease of the CNS that develops in
young adults resulting in debilitating motor and sensory dysfunction. The diseases are
characterized by the activation of encephalitogenic myelin-reactive CD4* T cells that
produce either IFN-y or IL-17 (240). The immune phenotype of MS is best mimicked in the
EAE model in mice where the injection of myelin components into susceptible animals leads
to a CD4*-mediated autoimmune disease that shares striking similarities with MS (241) The
crucial early events in CNS are mediated by the inflammatory resident CNS innate cells
such as microglia and astrocytes (240). Even though DCs are present in very low numbers,
their numbers increases in the brain and spinal cord during autoimmunity, infection, or
trauma (242-244). In addition to a pathological role, recent studies have shown that DCs
might play regulatory roles in limiting the inflammation during the autoimmunity (245,246).
Depletion of pDCs during the acute or relapse phase of EAE exacerbates the disease. pDCs
isolated from CNS can actively suppress the ability of myeloid DCs to promote Thl or Th17
cell differentiation (247). The suppressive effect of pDCs is independent of anti-
inflammatory cytokines but dependent on IFN-f3, a known suppressor of IFNy and IL-17
production. In addition to their suppressive effect, pDCs present antigen, which is also
critical for its protective function against autoimmune diseases. Conditional deletion of
MHC class Il expression in pDCs in mice results in exacerbated EAE (248). Consistently,
impaired maturation and altered functional properties of pDCs have been observed in
multiple sclerosis patients (249,250). pDCs isolated form MS patients contain two different
subsets based on the expression CD123 and CD58 (251). Plasmacytoid DC1
(CD123highcp58low) promoted the induction of 1L-10 production Tr1 cells, whereas
plasmacytoid DC2 (CD123'°%CD58Mid") promoted the differentiation of I1L-17 production.
Under steady-state conditions, plasmacytoid DC1 are present in higher number, where under
pathological conditions plasmacytoid DC2 are more abundant (251). An imbalance in the
ratio of these two subsets is observed in MS patients and IFN-f treatment induces the
plasmacytoid DC1 phenotype (251).

The importance of innate receptors is well characterized in the mouse model of EAE (252).
The adapter molecule myeloid differentiation primary response gene 88 (MyD88) is both
essential for the initiation of EAE, and for the subsequent differentiation of pro-
inflammatory autoreactive CD4* T cells. Even though it is known that the process of
diseases initiation is dependent on TLR signaling, little is known about the specific role of
TLRs in different cell subtypes. To judge to what extent the absence of TLRs and its
signaling molecule MyD88 affects the course of a sterile autoimmune CNS disease, EAE
was induced in mice deficient for TLR2, TLR9, and MyD88. After immunization with
myelin oligodendrocyte glycoprotein (MOG) peptide emulsified in CFA, all wildtype and
TLR2~/~ mice developed EAE with an incidence of 100% and a similar mean disease onset
and severity. These results clearly demonstrate that TLR2 is dispensable for the induction
and progression of disease. In contrast, MyD88~/~ mice were completely EAE resistant, and
TLR9~ mice developed EAE with a significant delay in disease onset (253).
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Tolerogenic DCs and cancer

DCs present tumor antigens to T cells and initiate a robust anti-tumor T-cell response.
However, excessive production of anti-inflammatory factors such as IL-10, TGF-B, VEGF,
and PGE2 by tumors cells can condition DCs to a tolerogenic state, and anergize T cells.
Tolerogenic DCs in the tumor microenvironment express low levels of MHC and
costimulatory molecules (CD40, CD80, CD86) and produce low levels of proinflammatory
cytokines (254-256), as well as TGF-B and IL-10, and induce regulatory T cells and
anergize antigen specific T cells (257-261). These DCs are resistant to maturation stimuli,
whereas blocking IL-10 enables their maturation (262—-264). Consistent with this
observation, IL-10-deficient mice are resistant to ultraviolet (UV)-induced skin
carcinogenesis (265) and immunogenic transplantable tumors. In contrast, IL-10 transgenic
mice show impaired immune response to tumors (266). Further studies showed the IL-10
deficient DCs are more immunogenic and can mount more robust anti-tumor Thl and CTL
responses (267-269). In addition to DCs, MDSCs in the tumor microenvironment produce
high levels of anti-inflammatory cytokines.

Tolerogenic DCs in chronic infections

It is likely that tolerogenic DCs play crucial roles in the pathogenesis of chronic infections.
Several pathogens can modulate DC function as a mechanism to evade host immune
response resulting in the establishment of chronic infection (270). Much of the knowledge
on immunological mechanisms during persistent viral infections is drawn from the mouse
model of the lymphocytic choriomeningitisvirus (LCMV). In mice, infection with the
LCMV clone 13 strain results in a generalized immune suppression resulting in persistent
infection (271,272). Splenic DCs infected with LCMV clone 13 showed markedly reduced
expression levels of surface MHC class I and Il and costimulatory molecules such as CD40,
CD80, CD86 (273). Furthermore, anti-inflammatory cytokines such IL-10 produced by DCs
play a critical role in establishing chronic infection (274). Recent studies have shown IL-10
production increases during the chronic of phase of LCMV clone 13 infection and that
blockade of I1L-10 results in enhanced immunity and clearance of virus (275,276). DCs are a
major source for IL-10 production during chronic infection (275,276). In addition, a recent
study has shown that IL-10 directly suppresses CD4 effector and memory T-cell response
during acute LCMV infection (277). Similarly, DCs isolated from patients with human
immunodeficiency virus (HIV) and hepatitis C virus (HCV) produce high levels of IL-10
(278,279) and are less potent in stimulating allogeneic T cells (279-283). Furthermore,
neutralizing I1L-10 in culture could induce robust allogeneic T-cell response, suggesting a
critical role for IL-10 in chronic infection.

In addition to IL-10, recent studies have shown that expression of PD-1 on T cells and PD-
L1 on antigen presenting cells is critical for the establishment of chronic infection in LCMV
(284) and in other chronic infections such as such HIV, HCV, HBV, and simian
immunodeficiency virus (SIV) (285-293). Consistent with this, blocking PD-1 interaction
with its ligand in mice with LCMV clone 13 infection enhances T-cell immune response and
clearance of persistent virus (294). Similarly, blocking the interaction between PD-1 and its
ligands in vitro partially restored effector function of CD8* T cells in other chronic
infections such HIV, HCV, HBV and SIV (290-293,295). A recent study has shown PD-L1
expression on DCs is also critical for inducing and sustaining regulatory T cells (296).
Collectively, these studies shown viruses can render DCs to tolerogenic state, which is
critical for establishment of chronic infections.
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Summary: hierarchies of organization within innate immune system

Although DCs were originally recognized as the most potent stimulators of adaptive
immunity, research over the past decade has revealed a fundamental role for these cells in
suppressing immune responses. It is now clear that tolerogenic responses are controlled by
multiple parameters of the innate immune system: (i) the innate receptors on DCs that sense
microbial and nonmicrobial stimuli, (ii) the intracellular signaling pathways that program
DCs to a tolerogenic state, (iii) the intercellular interactions between DCs and multiple cell
types, and (iv) inductive signals from the local microenvironment. As we have noted
elsewhere (6), these parameters can be considered to represent different hierarchies of
organization in the innate immune system. Thus, the cell (in this case, the DC) can be
considered the ‘ground level’ of this hierarchy, and more detailed levels resolution can be
obtained by studying the innate receptors (hierarchy level —1) and signaling networks and
transcription factors (hierarchy level —2). In contrast, more global views can be obtained by
of multicellular cooperation (for example, between DCs and macrophages or between DCs
and T-regulatory cells—hierarchy level +1) and the influence of local microenvironments
(for example, intestine versus lung—hierarchy level +2) (6). Much of our understanding of
DC bhiology has been obtained by studies that focus on a single level of this hierarchy (e.g.
describing DC subsets that are involved in tolerance induction or describing a role for a
given innate immune receptor in this process), but such insights offer only a limited view of
events that orchestrate tolerogenic responses. Therefore, future research should seek to
acquire and integrate data from multiple levels of this hierarchy (i.e. DC signaling pathways,
innate receptors, intercellular interactions, and the impact of the microenvironment). It is
clear that a unified theory of tolerogenic responses will only be possible by integrating
information obtained at each of these hierarchical levels. Such understanding will be
invaluable in the rational design of drugs and therapeutics that can reprogram the balance
between immunity and tolerance in the control of autoimmune diseases, cancer and chronic
infections.
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Fig. 1. Environmental stimuli and their receptors that program tolerogenic DCs

A broad range of stimuli including microbial components, tissue antigens (mannosylated
antigens, glycoconjugate), and apoptotic cells interact with specific receptors on DCsand
program DCs to a tolerogenic state. Various anti-inflammatory cytokines and
immunosuppressive agents also programDCs to acquire tolerogenic properties and
promotethe induction of 1L-10, IDO, and TGF-p that are critical for promoting T-regulatory
response, orinducethe expression cell surface molecule such as ILT3/4, PDL1/2, ICOS-L,
B7.H, CD95L that promotes T-cell anergy or deletion.
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Fig. 2. Signaling networks that program DCs to induce T-regulatory responses

(A) TLR-ERK-mediated induction of retinoic acid metabolizing enzymes and IL-10.
Activation of DCs through TLR2/6 ligands leads to ERK activation, which mediates
induction of Raldh2. Thisresults in the conversion of retinal to retinoic acid (RA), which
then exerts an autocrine effect on DCsvia RAR or RXR to induce SOSC3. This
thensuppresses activation of p38 MAPK and pro-inflammatory cytokines. Furthermore,
IL-10 and RA programDCs to induce T-regulatory cell responses and limit theinflammatory
responses. (B) p-catenin signaling pathways in programming regulatory DCs. Activation of
B-catenin pathway by E-cadherine, TLRs, or wnt-ligands in DCs promotes induction of anti-
inflammatory factors such vitamin A, IL-10, and TGF-p that are critical for promoting T-
regulatory cell response and limiting inflammatory responses.
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Fig. 3.
Cell-cell cooperation in programming tolerogenic DCs.
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Fig. 4. Tissue microenvironments condition DCs to induce T-regulatory responses

In the liver, hepatocytes, stellate cells, and Kupffer cells produce various anti-inflammatory
factors such IL-10, RA, TGF-B, and PGE?2 that condition DCs to a tolerogenic state.
Furthermore, these DCs produce IL-10 and TGF-p to induceT-regulatory cells or produce
IL-27 and PGEZ2 to induce T-cell anergy or apoptosis.
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