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The Role of Dendritic Cell Maturation in the Induction of Insulin-Dependent Diabetes Mellitus
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Dendritic cells (DCs) are the dominant class of antigen-presenting cells in humans and are largely responsible for the initiation and guidance of innate and adaptive immune responses involved in maintenance of immunological homeostasis. Immature dendritic cells (iDCs) phagocytize pathogens and toxic proteins and in endosomal vesicles degrade them into small fragments for presentation on major histocompatibility complex (MHC) II receptor molecules to naïve cognate T cells (Th0). In addition to their role in stimulation of immunity, DCs are involved in the induction and maintenance of immune tolerance toward self-antigens. During activation, the iDCs become mature. Maturation begins when the DCs cease taking up antigens and begin to migrate from their location in peripheral tissues to adjacent lymph nodes or the spleen where during their continued maturation the DCs present stored antigens on surface MHCII receptor molecules to naive Th0 cells. During antigen presentation, the DCs upregulate the biosynthesis of costimulatory receptor molecules CD86, CD80, CD83, and CD40 on their plasma membrane. These activated DC receptor molecules bind cognate CD28 receptors presented on the Th0 cell membrane, which triggers DC secretion of IL-12 or IL-10 cytokines resulting in T cell differentiation into pro- or anti-inflammatory T cell subsets. Although basic concepts involved in the process of iDC activation and guidance of Th0 cell differentiation have been previously documented, they are poorly defined. In this review, we detail what is known about the process of DC maturation and its role in the induction of insulin-dependent diabetes mellitus autoimmunity.
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INTRODUCTION

Insulin-dependent diabetes mellitus (IDDM), also referred to as type 1 diabetes, is a metabolic disease that prevents blood sugar from entering the cells of the body. Onset of IDDM has been identified in children as early as 3–5 years of age. Disease onset results from dysregulated immune cell elimination of the pancreatic islet β-cells the source of insulin production (1, 2). Currently, treatment for IDDM remains palliative based on multiple injections daily of insulin to maintain normal blood sugar levels. The increasing prevalence of IDDM, its progressive complications, and the lack of effective preventive and curative strategies require a greater effort to develop effective and safe methods for persistent restoration of normal blood sugar levels in IDDM patients. So far, no safe and effective treatment is available to control the onset and progression this life-long debilitating disease (3). The loss of β-cell function in IDDM is mediated principally by CD4+ and CD8+ T cells, and autoreactive effector CD8+ T cells (CTLs) were shown to be responsible for islet β-cell destruction in the non-obese diabetic (NOD) mouse and in human IDDM (4–6).

Autoreactive effector thymic (T) cells were shown to transfer IDDM to immune-compromised hosts (4). Based on its wide spread nature and specific autoantigens shown to cause diabetes onset, IDDM became established as a prototypical autoimmune disease. High blood glucose levels are induced in IDDM when dendritic cells (DCs) interact with potential autoreactive effector Th0 cells in peripheral tissues. The DCs were shown to guide differentiation of autoreactive T cells into pro-inflammatory effector cells capable of halting islet insulin biosynthesis by inducing β-cell death (1, 5–12). However, little is known concerning the kinetics and phenotypic changes that occur in DCs during IDDM development in the NOD mouse pancreas. While peri-islet accumulation of conventional myeloid progenitor derived DCs (cDCs) can appear in 4-week-old NOD mice, lymphoid progenitor derived plasmacytoid DCs were shown to surround the islets of Langerhans in mice 10 weeks old (9). The gathering of DCs surrounding the islets occurred along with an influx of lymphocytes (3, 9). Reinforcing the major role for DC participation in diabetes development, the removal of DCs in NOD mice resulted in reduced CD4+ T cell activation, stimulation of insulitis, the production of antibodies, and the infiltration of pro-inflammatory Th1/Th17 cells into pancreatic tissues (3, 13). The authors showed that transfer of myeloid DCs (mDCs) into mice without DCs induced IDDM onset. The experimental findings reinforce the importance of DC stimulation of IDDM autoimmunity.

Dendritic cell activation is required for assessment of tolerogenesis. An important feature of tolerogenic DCs is their ability to secrete TGF-β as well as the anti-inflammatory cytokine IL-10 both of which inhibit T lymphocyte secretion of IL-2 and IFN-γ inflammatory cytokines (14–17). During the immunological steady state also referred to as immunological homeostasis, DCs were shown to secrete high levels of IL-10 that modulates activation of neighboring myeloid DCs and promotes the de novo induction of tolerogenic DCs. In view of their pivotal role in regulating T cell immunity, DCs may alter the balance between pro-inflammatory T cells and regulatory T cells (Tregs) in IDDM. Studies of mouse IDDM showed that mDCs can possess a hyper-inflammatory phenotype (18). In 1973, Steinman and his colleagues first identified DCs and their ability to stimulate T lymphocytes, which ultimately lead to the realization that DCs were key regulators of both protective immune responses and tolerance to self-antigens (6, 19–21). These experiments demonstrated DC existence in two different states identifiable by morphological, phenotypic, and functional markers and became the first description of DC maturation. With the progress of time, increasing numbers of DC subsets continued to emerge, demonstrating the ability of DCs to differentiate into a variety of specialized antigen-presenting cells (APCs) capable of establishment of immunological tolerance under a variety of tissue conditions.

IMMUNE CELL-INDUCED IDDM

Insulin-dependent diabetes mellitus is caused by dysregulated immune cell destruction of the insulin-generating pancreatic islet β-cells. Assault on the β-cells begins with invasion of the islets by mononuclear cells in an acute inflammatory reaction termed “insulitis,” that leads to a progressive destruction of the majority of insulin producing β-cells during disease onset that develops silently over a period of several to many years (8, 22). Clinical symptoms of diabetes generally do not appear until more than 70% of the beta-cell population has been destroyed (22). Apoptosis appears to be the general mechanism by which β-cell death occurs in both rodent IDDM models and in human islets isolated from IDDM patients (22, 23). While the mechanism of β-cell destruction in IDDM remains unclear, it was shown to involve several steps: (1) expression of the TNF type-II transmembrane protein family member Fas ligand on activated CD8+ cytotoxic T cells and the Fas receptor present on the β-cell membrane; (2) the release of the cytolytic protein perforin and the proteolytic enzymes granzyme by CD8+ T cells; (3) pro-inflammatory cytokine secretion IL-β, TNF-α, and IFN-γ by islet infiltrating T cells; (4) synthesis of reactive oxygen intermediates (ROS) that include nitric oxide secreted by DCs, β-cells, and macrophages; and (5) the activation of immature DCs (22–24). The death of β-cells during insulitis progression is likely triggered by autoantigen-activated DC stimulation of naive autoreactive Th0 cell differentiation into effector T cells that produce a variety of pro-inflammatory cytokines and free radical molecules (23). Additional immune cell types that facilitate IDDM onset include antibody producing B-cells and scavenging macrophages. Autoantibodies are generated by B-cells against early islet autoantigens such as proinsulin and glutamic acid decarboxylase 65, which are the first indicators of β-cell autoimmunity. NOD mice deficient in B cell production due to the presence of Igμ mutations do not develop IDDM (25, 26). In addition, skewing the B cell autoantibody repertoire toward islet antigens, for example, through transgenic expression of insulin-binding immunoglobulin heavy chains in B cells also promoted diabetes development (27).

Despite evidence for the involvement of B cells in IDDM development, their exact functions remain unclear. Autoantibody secretion or antigen presentation to T cells by MHCII receptors has been described as the two most identified functions of B cells (28). These experiments indicate that IDDM is not induced by antibodies or B cells only (28). B cells were shown by Silva et al. to enhance islet autoreactive CD4+ T cell promotion of IDDM onset (28). Additional studies have shown that both natural killer cells and macrophages directed to the pancreatic islets by CD4+ T cell can also stimulate β-cell death (29).

The primary function of DCs in IDDM is antigen presentation outside and within the islet (13, 30). These studies show that autoantigen presentation is essential for the initiation and continued development of IDDM. Analysis of NOD mouse bone marrow-derived DCs suggests that they synthesize increased levels of IL-12 subunit and NF-κB expression (31, 32).

DC ACTIVATION: TRANSLATION FROM INNATE INTO ADAPTIVE IMMUNITY

Autoimmune disease attack in IDDM resides largely in the progression of DCs from an immature to a mature (active) state. Two distinct mechanisms underlie innate DC activation, both of which result in development of a pro-inflammatory state (33). Distinctions occur in the recognition mechanism for molecules conserved among pathogens. The first mechanism is centered on portions of pathogens recognized by receptors on the surface of DCs commonly referred to as “pathogen-associated molecular patterns” (PAMPs), while the second mechanism involves PAMP-independent DC activation that occurs in DC interactions with self-molecules (autoantigens) or alterations in the cell’s internal composition.

DC Maturation (Activation)

Dendritic cells are involved in the development of both innate and adaptive arms of the human immune system (34). Immature DCs located in the periphery screen foreign antigens including viruses and microbial pathogens. During uptake and processing of foreign antigens, immature DCs begin to mature and migrate to the spleen or adjacent lymph nodes. During maturation, the DCs begin to synthesize peptides that include major histocompatibility complex (MHC) II molecules, CD40, CD80, and CD86 costimulatory molecules and proteins like CD83 and DC-LAMP that have little known functions (35). Upon maturation, DCs stimulate naïve T cells to differentiate into T-cells capable of generating anti- or pro-inflammatory immune responses (34, 36, 37). Further, DCs in the periphery were shown to induce immune tolerance in communication with the spleen or in the periphery (19, 21). Thus, DCs can be involved in the regulation of a wide variety of immune responses. DCs located in the periphery can differentiate from a state of immaturity residing and capturing passing antigens, to a state of maturity where they become mobile APCs capable of priming naïve T cells. DCs are able to identify and convert antigens into immunogens and express antigen-presenting receptor molecules that include MHCI, MHCII receptors, cytokines, chemokines, costimulatory molecules, and proteases that work in concert to stimulate specific immune responses from naïve T cells. The induction of DC-mediated T cell immune responses may vary from Th2 lymphocytes that induce immunological tolerance to the differentiation of Th1 and Th17 lymphocytes responsible for pro-inflammatory immune responses to pathogens or toxins. Variability in DC-mediated immune responses may depend on myeloid DC1s or lymphoid DC2s and the stage of maturation stimulated by signals from the microenvironment (38, 39). The capacity of DCs to regulate immune responses is directly related to their state of activation. Following antigen processing, environmental factors may stimulate DCs to become mature. These factors may include bacterial-structural or soluble antigens [e.g., lipopolysaccharide (LPS)], inflammatory cytokines, binding to cell surface receptors that include CD40 and members of the TNFR family as well as viral dsRNA. During the development of maturity, DCs go through phenotypic and functional alterations. MHC molecules are moved from endocytic compartments to the surface of the DC during maturation. The uptake of antigens is downregulated, and there is an increase in costimulatory molecules expressed on the cell surface. Further, morphological changes in the DC during maturation include cytoskeleton reorganization, the formation of dendrites, as well as the secretion of proteases, cytokines, and chemokines. During migration from the periphery to the spleen and lymph nodes, the DCs express specific adhesion molecules and chemokine receptors on their cell surface (39).

PAMP-Dependent DC Activation

During DC maturation, individual DC subsets may perform specialized functions that include changes in migratory patterns, cytokine profiles, kinds of antigens processed, localization in specific tissues, and their presence or absence during the development of inflammation or during immunological homeostasis (3, 19, 21). A function shared by all subsets of DCs is the kind of immune-stimulatory or immune-suppressive signals delivered to cells of the vertebrate immune system that result in the development of immune responses. Two major steps are involved in the development of the described functions. The first step is a requirement for antigen identification. Step 2 involves MHCII antigen presentation accompanied by appropriate secondary signals provided by the DC that stimulate effector T cell activation. It is well known that DCs identify antigens that bind receptors on their cell membrane. Pathogen-specific molecular signals that stimulate a DC response are referred to as PAMPs. If the damaging stimulus comes from molecules in the cell environment, they are referred to as damage-associated molecular patterns (DAMPs). These molecular patterns are composed of molecules common to pathogens or the environment that are not present in the host. The PAMPs provide an external signal to immature DC receptors that initiate a pro-inflammatory response to the infectious pathogen or toxin. The release of uric acid, DNA, or ATP from a cell can be an alert sign to DCs for sensing the presence of cells under stress from microbial invasion or cancer caused necrotic cell death (3, 40). Detection of both DAMPs as well as PAMPs occurs via DC surface and internal receptors commonly referred to as pattern recognition receptors (PRRs). These receptors can detect end products of glycation (RAGE), or helicases such as the RIG-I-like receptors (RLRs) are capable of recognizing viral replication in the cell, or NOD-like receptors (NLRs), responsible for intracellular recognition of PAMPs. Finally, toll-like receptors (TLRs) on the surface or internal within the DC are capable of recognizing exogenous and endogenous pathogenic bacterial and viral products.

Viral envelope proteins and ssDNA from the virus genome, the LPS and flagellin proteins from bacteria, zymosan from fungus, and profilin from the parasitic protozoan Toxoplasma gondii are typical PAMPs recognized by TLRs on the DC. In contrast, “danger” signals derived from cells or from the environment. For example, the release of molecules such ATP, DNA, or uric acid from a cell can be a warning sign to DCs for sensing the presence of cells under stress from microbial invasion, or cancer caused necrotic cell death and are characteristic DAMPs (3, 40). Several DAMPs such as heat shock and S100 proteins are recognized by RAGE. Other DAMPs, such as ATP and uric acid activate NLRs and induce the formation of inflammasomes that may trigger downstream secretion of pro-inflammatory cytokines such as IL-1β and IL-18. All immunogenic oligonucleotides bind RLRs, which require recognition to induce a signaling response within the DC. The TLRs are the most common of the PRRs. In addition to recognizing a variety of PAMPs and DAMPs, they have been implicated in the initiation of autoimmune diseases. Those TLRs embedded in the DC membrane that include TLR4, TLR5, and TLR1/2, and TLR2/6 heterodimers recognize bacterial membrane components The TLRs 3, 7, 8, and 9 that recognize viral immunogenic oligonucleotides are internal to the DC and are embedded in the endosomal membrane (3, 40). High levels of TLR2 and TLR4 expression on myeloid DCs and TLRs TLR7 and TLR9 present in pDCs may have specific functions in autoimmune disease in which molecular mimicry or autoantibodies to essential nucleic acids are a potential underlying mechanism for autoimmune disease onset.

PAMP-Independent DC Activation

In 1994, Matzinger proposed an alternative mechanism for DC activation that suggested activation of DCs occurs in response to recognition of host-generated molecules released by cells undergoing the process of necrosis (41). The host endogenous danger signals were considered to mimic PAMPs acting as ligands for PRRs, a concept additionally supported by suspected TLR involvement in mouse skin graft rejection (40, 42, 43). However, because a number of TLRs signal in response to virus infection, a study was carried out to determine whether virus-triggered TLR signaling was required for myeloid DC maturation and induction of antiviral immunity. This study showed that mouse myeloid DCs mature normally after infection in vivo or in vitro with Sendai virus (SeV) in the absence of TLR3, 7, 8, or 9 signaling (44). The demonstration that DC maturation by SeV requires virus replication in the absence of a TLR response provides evidence for the existence of Matzinger’s intracellular pathway and demonstrates its critical role in DC-mediated antiviral immunity. Elucidation of this pathway establishes a basis for further study into the diversity of mechanisms responsible for virus-induced DC maturation and immunity.

THE IMPACT OF DC COSTIMULATION ON THE INDUCTION OF IDDM

Many studies have shown that antigen delivery to DCs upregulates expression of the DC costimulatory molecules B7-1 (CD80) and B7-2 (CD86) known to induce T cell receptor signaling and promote T cell activation. Synthesis of the glycoprotein DC-LAMP, expressed in the DC lysosomal MHC II compartment, is stimulated following the binding of CD154 to the CD40 receptor (CD40R) found on the surface of DCs. This glycoprotein was suggested to function in promoting antigen processing and transport of antigen-loaded MHC II complexes to the cell surface for presentation to T cells (35). Members of the B7 family are structurally related cell-surface proteins that regulate immune responses by delivering costimulatory or co-inhibitory signals. To date, eight family members have been identified that include the most recognized DC activating costimulatory molecules CD80 (B7-1) and CD86 (B7-2), as well as CD274 [the programmed cell death-1 ligand (PD-L1)], CD273 [the programmed cell death-2 ligand (PD-L2)], CD275 (an inducible costimulatory ligand), CD276 (B7-H3), B7-H4, and B7-H6 (45). Members of the B7 ligands are expressed on lymphoid and other tissues (45). The importance of B7 family signaling in the regulation of immune responses is clear from their demonstrated role in the development of immunodeficiency and autoimmune diseases (45). The diverse signals delivered by B7 ligands emphasize the great potential for treatment of cancer, including leukemia’s and for the treatment of tissue-specific autoimmune diseases like IDDM.

How Costimulatory Molecules Mediate Inflammation

PD-L1 and PD-L2

The PD-L1 and PD-L2 may be found on the surface of immature dendritic cell (iDC), and on mature dendritic cells as well as IFN-γ-treated monocytes and are involved in directing programmed cell death-1 (PD-1), via receptor family members CD28 and CTLA4 expressed on the surface of activated T cells (46, 47). Programmed cell death ligand PD-1 contains a tyrosine-linked inhibitory motif. Mice shown to be deficient in PD-1 are susceptible to the development of autoimmune disorders suggesting the existence of a defect in the mechanism of tolerance. Monoclonal Ab blockade of PD-L2 on DCs was shown to enhance T cell proliferation and the production of IFN-γ and IL-10. Blockade of PD-L1 resulted in a more modest form of autoimmunity (36). Inhibition of both PD-L1 and PD-L2 stimulated an additive effect. Monoclonal antibody and Fab-enhanced T cell activation studies showed that both PD-L1 and PD-L2 can inhibit T cell activation (47, 48). The activation of T cells was most enhanced using weak APCs such as iDCs and IL-10-pretreated mDCs, and least activated using strong APCs such as mDCs (46). The experimental findings suggest iDCs contain a balance of stimulatory vs inhibitory molecules that favors inhibition of DC activation, and indicate that PD-L1 and PD-L2 function to reduce the immunostimulatory capacity of iDCs. This result suggests the propensity for an IDDM inflammatory response in DCs may be due to the lack of PD-L1 and/or PD-L2 expression. Both Tregs and the PD-1: PD-ligand (PD-L) pathways are involved in termination of the immune responses (49). Thus, their elimination may result in a loss of immunological tolerance and lead to autoimmunity. The PD-1: PD-L pathway was shown to block the function of self-reactive T cells and protect against autoimmunity in several ways (50). PD-L1 is constitutively expressed by most hematopoietic cells and can be further upregulated upon activation. In contrast, PD-L2 is inducible on DCs, macrophages, and B cells. Both PD-L1 and PD-L2 are ligands of PD-1, which is expressed on activated B cells and T-cells as well as resting T-cells (49, 50).

Costimulatory Factors CD86, CD83, CD80, and CD40

The DC surface receptor costimulatory molecules CD86, CD80, CD83, and CD40 generate important signals for stimulating naive T cell differentiation and may inhibit oral tolerance in not only IDDM but also inflammatory bowel disease (IBD) and multiple sclerosis (5, 6, 51, 52).

The DC costimulatory factor CD86 is synthesized and presented on DCs and other APCs that upon T cell recognition of an antigen presented on MHCII, which provides costimulatory signals necessary for T cell activation and survival by acting as a ligand for two receptor proteins on the T cell surface. The CD86 costimulatory factor can bind to either CD28 presented on the T cell (for autoregulation and intercellular association) and to CTLA4 synthesized by the T cell (to attenuate immune suppression and cellular disassociation). Pancreatic islet endothelial cells (ECs) were shown to form a barrier to autoreactive T cell transmigration during the development of islet inflammation in the development of IDDM (53, 54). In a study conducted by Lozanoska-Ochser et al., the goal was to determine the significance of costimulatory molecule synthesis by islet ECs. The authors showed that human islet ECs constitutively express both the ICOS ligand and CD86 (B7-2) but do not constitutively express the costimulatory molecules CD40 or CD80 (B7-1) (55). Examination of the functional activity of islet EC-expressed CD86 was accomplished by coculture of resting islet ECs with CD4 T cells stimulated by ligation with just CD3. Proliferation of T cells in the coculture was blocked by monoclonal antibodies against CD86, demonstrating that costimulatory factor effects are provided to ECs by the expression of CD86 (55, 56). Together, the above data implicate a new function for CD86 on islet ECs and on the vasculature, an essential function for promoting adhesion and expansion of newly activated T cell populations.

The costimulatory protein CD83 was at first shown to be a marker for the maturation of DCs (57). However, further evidence suggests that CD83 may also be involved in the regulation of B cell function, thymic T cell maturation, and peripheral T cell activation (58–60). The expression of CD83 mRNA is differentially regulated in native CD4+CD25+ regulatory T cells (nTregs). The activation of nTregs was shown to rapidly synthesize large amounts of CD83 (58, 60). These experimental findings show that Treg CD83 expression may be involved in the in vivo development of regulatory CD4+ T cells.

A member of the tumor necrosis factor receptor superfamily, costimulatory factor CD40R, can be expressed on the surface of many cell types including DCs, macrophages, B cells, microglia, ECs, epithelial cells, and keratinocytes (61–63). The CD154 ligand for CD40R is briefly synthesized on the membrane of activated CD4+ T cells and is also synthesized on immune cells involved in the development of autoimmunity (64, 65). Interactions between CD40R and its ligand CD154 results in movement of CD40R into cholesterol-rich membrane microdomains and the binding of TNFR-associated factors (TRAFs) to its cytoplasmic tail as recently described by Senhaji et al. (66) and others (61, 67–71). The CD40R receptor was also shown to directly bind TRAF2, TRAF3, TRAF5, and TRAF6 and to indirectly associate with TRAF1 (61, 68, 72) (Figure 1). These molecular exchanges result in the upregulation of mitogen and stress-activated protein kinase (MAPK/SAPK) cascades, the activation of transcription factors, the secretion of cytokines, the expansion and morphogenesis of B cells into plasma cells that secrete Ig antibodies, and the development of humoral memory cells. TRAF molecules are associated with overlapping interchangeable and specific CD40-driven interactions (63, 72). For instance, TRAF6 is essential for CD40− activation of JNK and IL-6 synthesis in B cells, while TRAF2 is needed to activate NF-kB, while TRAF3 acts as a negative regulator to inhibit CD40 signaling.
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FIGURE 1 | Suggested signaling pathways for induction of the immunosuppressive catabolic enzyme indoleamine 2,3-dioxygenase (IDO1) in vertebrate dendritic cells (DCs). Immunosuppressive cytokine TGF-β and CD40 ligand stimulate tolerogenic DC development by inducing IDO1 synthesis via activation of the non-canonical NF-kB signaling pathway as described by Kim et al. (73). Vaccine stimulation of TGF-β may also be involved in the induction of IDO1 biosynthesis through induction of transcriptional activator molecules SMAD2 and 3 phosphorylation ultimately leading to IDO1 biosynthesis. Stimulation of CD40 receptor (TNF-receptor family), by CD40 ligand phosphorylates TRAF2, 3, and 6 proteins stimulating NF-kB non-canonical pathway upregulation of IDO1 biosynthesis directly or through phosphorylation of SMAD2 and 3. Bacterial lipopolysaccharide (LPS) binding to TLR4 initially stimulates IDO upregulation but ultimately triggers DC maturation through upregulation of costimulatory factors CD80/CD86.



Suppression of DC Activation

Oral administration of autoantigens to NOD mice was shown to protect against the development of IDDM (74). More recently, the non-toxic B subunit of the cholera enterotoxin (CTB) from Vibrio cholerae used as a carrier molecule for linked autoantigens such as proinsulin was shown to induce oral tolerance in NOD mice (75). Studies in our lab and others have shown that oral delivery of CTB conjugated to specific autoantigens greatly enhanced autoantigen protection against the development of autoimmunity in animal models representing several tissue-specific autoimmune diseases (76–78). A C-terminal conjugate of the cholera toxin B subunit (CTB) with proinsulin (CTB-INS) was shown to suppress diabetes onset and partially ameliorate disease progression in NOD mice (79, 80).

The role of CTB in CTB-INS activation of iDCs in regulation of IDDM onset was assessed at an early stage of the human pro-inflammatory immune response (6). In this study, monocyte-derived immature DCs (moDCs) isolated from umbilical cord blood were incubated with CTB-INS. The fusion protein specifically increased plasma membrane expression of DC toll-like receptor 2 (TLR2). Inoculation of immature moDCs with CTB alone stimulated DC costimulatory factors CD86 and CD83 synthesis. In contrast, incubation of moDCs with CTB-INS fusion protein maintained at baseline levels or suppressed biosynthesis of both CD86 and CD83 costimulatory factors below unvaccinated moDC levels. Incubation of monocyte-derived DCs with increasing amounts of insulin stimulated DC maturation by increasing the biosynthesis of both CD86 and CD83 costimulatory factors. Treatment of moDCs with CTB-INS fusion protein inhibited synthesis of the pro-inflammatory cytokine IL-12/23 p40 subunit protein while increasing secretion of the immunosuppressive cytokine IL-10 suggesting that fusion of CTB to insulin may be required for naïve Th0 cell differentiation into immunosuppressive Th2 or Tregs. The data suggest TLR2 may be involved in CTB-INS inhibition of DC-induced IDDM onset. Further, linking CTB to a “self” protein was required for DC stimulation of immune tolerance as co-delivery of CTB, and insulin did not effectively block the biosynthesis of DC costimulatory factors. These findings support the idea that regulation of pancreatic β-cell insulitis depends on both CTB activation of DC TLR2 receptors and processing of CTB linked to the proinsulin autoantigen within the DC.

Disappearance of the monocyte CD14+ marker following treatment with the CTB-INS protein suggests the vaccine does not interfere with differentiation of monocytes into immature DCs (81). Further, DC expression of HLA-DR markers remained unaffected (81). The observations that CD86 and CD83 are synthesized in CTB-INS-treated DCs at much lower levels than untreated DCs suggest the vaccine can induce tolerogenesis in CTB-INS-treated DCs (81). The prevention of costimulatory factor CD86 and CD83 biosynthesis in vaccinated DCs was shown to occur simultaneously with biosynthesis of the immunosuppressive tryptophan catabolic enzyme indoleamine 2,3-dioxygenase (IDO1) suggesting their potential linkage in CTB-INS-induced DC tolerance.

Concerning the mechanism of CTB-INS modulation of DC activation, recent experiments indicate that CTB-INS stimulates TNFR signaling and induction of IDO1 biosynthesis in human DCs (73). Inhibition of the TNFR pathway allowed examination of CTB-INS-induced IDO1 biosynthesis in vaccinated DCs. In this recent study, monocyte-derived DCs were incubated with peptides containing amino acid sequences of the TRAF2, 3 and TRAF6 binding sites for CD40. The DCs were then stimulated with CD40 ligand (CD154), and CTB-INS. The addition of CD40-TRAF2, 3 and CD40-TRAF6 blocking peptides inhibited upregulation of IDO1 biosynthesis in response to both CD154 ligand and CTB-INS. The greatest reduction in IDO1 biosynthesis was observed when both TRAF2, 3 and TRAF6 inhibitors were combined (73).

Based on available data, Figure 2 represents current information on DC maturation and the role DC maturation plays in upregulation of the immune response and development of immune tolerance as a mechanism for inhibition of IDDM autoimmunity.
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FIGURE 2 | Dendritic cell (DC) and T cell subsets in vertebrates. Following the addition of GMCSF and IL-4, monocytes undergo differentiation into immature dendritic cells (iDCs). The addition of various cytokines (adjacent to arrows) permits iDC differentiation into three different DC subsets that include mature dendritic cells, semi-mature dendritic cells, and regulatory dendritic cells (rDCs). Only rDCs and semi-mature dendritic cells express costimulatory factors CD86 and CD80 and secrete the cytokine IL-10 known to stimulate naïve Th0 cell differentiation into Th2 cells and Th3 or Tr1 regulatory T cells. In contrast, mDCs secrete pro-inflammatory cytokines IL-6 and IL-12 that stimulate naïve Th0 cell development into pro-inflammatory Th1 and Th17 lymphocytes.



CONCLUSION

The experimental results presented in this review support the development of combinatorial vaccine strategies for the development of safe and effective immune-regulatory therapeutics for prevention and treatment of tissue-specific IDDM autoimmunity. With the progression of time and expanded research efforts, an increased understanding of immunological and molecular mechanisms underlying DC maturation will expand the applications of DCs for understanding the nature of autoimmunity and for construction of a cure for tissue-specific autoimmune disease that for so many generations have plagued mankind.

AUTHOR CONTRIBUTIONS

All authors have contributed equally in content in the construction of this review article.

FUNDING

This work was funded in part by NIH award DK-99-013 to WL, 1S10RR027643 to Kangling Zhang, and 5P20MD006988 to the Loma Linda University Center for Health Disparities and Molecular Medicine and to the Loma Linda University Research Fund to Anthony F. Firek. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

REFERENCES

1. Eisenbarth GS. Type I diabetes mellitus. A chronic autoimmune disease. N Engl J Med (1986) 314(21):1360–8. doi:10.1056/NEJM198605223142106

2. Marin-Gallen S, Clemente-Casares X, Planas R, Pujol-Autonell I, Carrascal J, Carrillo J, et al. Dendritic cells pulsed with antigen-specific apoptotic bodies prevent experimental type 1 diabetes. Clin Exp Immunol (2010) 160(2):207–14. doi:10.1111/j.1365-2249.2009.04082.x

3. Mbongue J, Nicholas D, Firek A, Langridge W. The role of dendritic cells in tissue-specific autoimmunity. J Immunol Res (2014) 2014:857143. doi:10.1155/2014/857143

4. Christianson SW, Shultz LD, Leiter EH. Adoptive transfer of diabetes into immunodeficient NOD-scid/scid mice. Relative contributions of CD4+ and CD8+ T-cells from diabetic versus prediabetic NOD.NON-Thy-1a donors. Diabetes (1993) 42(1):44–55. doi:10.2337/diab.42.1.44

5. Odumosu O, Nicholas D, Payne K, Langridge W. Cholera toxin B subunit linked to glutamic acid decarboxylase suppresses dendritic cell maturation and function. Vaccine (2011) 29(46):8451–8. doi:10.1016/j.vaccine.2011.07.077

6. Odumosu O, Payne K, Baez I, Jutzy J, Wall N, Langridge W. Suppression of dendritic cell activation by diabetes autoantigens linked to the cholera toxin B subunit. Immunobiology (2011) 216(4):447–56. doi:10.1016/j.imbio.2010.09.008

7. Melendez-Ramirez LY, Richards RJ, Cefalu WT. Complications of type 1 diabetes. Endocrinol Metab Clin North Am (2010) 39(3):625. doi:10.1016/j.ecl.2010.05.009

8. Klöppel G, Löhr M, Habich K, Oberholzer M, Heitz PU. Islet pathology and the pathogenesis of type 1 and type 2 diabetes mellitus revisited. Surv Synth Pathol Res (1985) 4(2):110–25.

9. Welzen-Coppens JM, van Helden-Meeuwsen CG, Leenen PJ, Drexhage HA, Versnel MA. The kinetics of plasmacytoid dendritic cell accumulation in the pancreas of the NOD mouse during the early phases of insulitis. PLoS One (2013) 8(1):e55071. doi:10.1371/journal.pone.0055071

10. Forbes JM, Cooper ME. Mechanisms of diabetic complications. Physiol Rev (2013) 93(1):137–88. doi:10.1152/physrev.00045.2011

11. Atkinson MA, Maclaren NK. The pathogenesis of insulin-dependent diabetes mellitus. N Engl J Med (1994) 331(21):1428–36. doi:10.1056/NEJM199411243312107

12. Eisenbarth GS, Flier JS, Cahill G. Type-I diabetes-mellitus – a chronic autoimmune-disease. N Engl J Med (1986) 314(21):1360–8. doi:10.1056/NEJM198605223142106

13. Saxena V, Ondr JK, Magnusen AF, Munn DH, Katz JD. The countervailing actions of myeloid and plasmacytoid dendritic cells control autoimmune diabetes in the nonobese diabetic mouse. J Immunol (2007) 179(8):5041–53. doi:10.4049/jimmunol.179.8.5041

14. Movahedi M, Mahdaviani SA, Rezaei N, Moradi B, Dorkhosh S, Amirzargar AA. IL-10, TGF-beta, IL-2, IL-12, and IFN-gamma cytokine gene polymorphisms in asthma. J Asthma (2008) 45(9):790–4. doi:10.1080/02770900802207261

15. Cassatella MA, Meda L, Bonora S, Ceska M, Constantin G. Interleukin 10 (IL-10) inhibits the release of proinflammatory cytokines from human polymorphonuclear leukocytes. Evidence for an autocrine role of tumor necrosis factor and IL-1 beta in mediating the production of IL-8 triggered by lipopolysaccharide. J Exp Med (1993) 178(6):2207–11. doi:10.1084/jem.178.6.2207

16. Shin DI, Banning U, Kim YM, Verheyen J, Hannen M, Bönig H, et al. Interleukin 10 inhibits TNF-alpha production in human monocytes independently of interleukin 12 and interleukin 1 beta. Immunol Invest (1999) 28(2–3):165–75. doi:10.3109/08820139909061145

17. Chen CC, Manning AM. TGF-beta 1, IL-10 and IL-4 differentially modulate the cytokine-induced expression of IL-6 AND IL-8 IN human endothelial cells. Cytokine (1996) 8(1):58–65. doi:10.1006/cyto.1995.0008

18. Weaver DJ Jr, Poligone B, Bui T, Abdel-Motal UM, Baldwin AS Jr, Tisch R. Dendritic cells from nonobese diabetic mice exhibit a defect in NF-kappa B regulation due to a hyperactive I kappa B kinase. J Immunol (2001) 167(3):1461–8. doi:10.4049/jimmunol.167.3.1461

19. Steinman RM, Pack M, Inaba K. Dendritic cell development and maturation. Adv Exp Med Biol (1997) 417:1–6. doi:10.1007/978-1-4757-9966-8_1

20. Han TH, Jin P, Ren J, Slezak S, Marincola FM, Stroncek DF. Evaluation of 3 clinical dendritic cell maturation protocols containing lipopolysaccharide and interferon-gamma. J Immunother (2009) 32(4):399–407. doi:10.1097/CJI.0b013e31819e1773

21. Steinman RM, Hawiger D, Nussenzweig MC. Tolerogenic dendritic cells. Annu Rev Immunol (2003) 21:685–711. doi:10.1146/annurev.immunol.21.120601.141040

22. Cnop M, Welsh N, Jonas JC, Jörns A, Lenzen S, Eizirik DL. Mechanisms of pancreatic beta-cell death in type 1 and type 2 diabetes: many differences, few similarities. Diabetes (2005) 54(Suppl 2):S97–107. doi:10.2337/diabetes.54.suppl_2.S97

23. Eizirik DL, Mandrup-Poulsen T. A choice of death – the signal-transduction of immune-mediated beta-cell apoptosis. Diabetologia (2001) 44(12):2115–33. doi:10.1007/s001250100021

24. Yoon JW, Jun HS. Autoimmune destruction of pancreatic beta cells. Am J Ther (2005) 12(6):580–91. doi:10.1097/01.mjt.0000178767.67857.63

25. Serreze DV, Chapman HD, Varnum DS, Hanson MS, Reifsnyder PC, Richard SD, et al. B lymphocytes are essential for the initiation of T cell-mediated autoimmune diabetes: analysis of a new “speed congenic” stock of NOD.Ig mu null mice. J Exp Med (1996) 184(5):2049–53. doi:10.1084/jem.184.5.2049

26. Xiu Y, Wong CP, Bouaziz JD, Hamaguchi Y, Wang Y, Pop SM, et al. B lymphocyte depletion by CD20 monoclonal antibody prevents diabetes in nonobese diabetic mice despite isotype-specific differences in Fc gamma R effector functions. J Immunol (2008) 180(5):2863–75. doi:10.4049/jimmunol.180.5.2863

27. Hulbert C, Riseili B, Rojas M, Thomas JW. B cell specificity contributes to the outcome of diabetes in nonobese diabetic mice. J Immunol (2001) 167(10):5535–8. doi:10.4049/jimmunol.167.10.5535

28. Silva DG, Daley SR, Hogan J, Lee SK, Teh CE, Hu DY, et al. Anti-islet autoantibodies trigger autoimmune diabetes in the presence of an increased frequency of islet-reactive CD4 T cells. Diabetes (2011) 60(8):2102–11. doi:10.2337/db10-1344

29. Gur C, Porgador A, Elboim M, Gazit R, Mizrahi S, Stern-Ginossar N, et al. The activating receptor NKp46 is essential for the development of type 1 diabetes. Nat Immunol (2010) 11(2):121–U37. doi:10.1038/ni.1834

30. Belz GT, Behrens GM, Smith CM, Miller JF, Jones C, Lejon K, et al. The CD8 alpha(+) dendritic cell is responsible for inducing peripheral self-tolerance to tissue-associated antigens. J Exp Med (2002) 196(8):1099–104. doi:10.1084/jem.20020861

31. Poligone B, Weaver DJ Jr, Sen P, Baldwin AS Jr, Tisch R. Elevated NF-kappaB activation in nonobese diabetic mouse dendritic cells results in enhanced APC function. J Immunol (2002) 168(1):188–96. doi:10.4049/jimmunol.168.1.188

32. Morel PA. Dendritic cell subsets in type 1 diabetes: friend or foe? Front Immunol (2013) 4:415. doi:10.3389/fimmu.2013.00415

33. Sousa CRE. Dendritic cells as sensors of infection. Immunity (2001) 14(5):495–8. doi:10.1016/S1074-7613(01)00136-4

34. Banchereau J, Briere F, Caux C, Davoust J, Lebecque S, Liu YJ, et al. Immunobiology of dendritic cells. Annu Rev Immunol (2000) 18:767. doi:10.1146/annurev.immunol.18.1.767

35. de Saint-Vis B, Vincent J, Vandenabeele S, Vanbervliet B, Pin JJ, Aït-Yahia S, et al. A novel lysosome-associated membrane glycoprotein, DC-LAMP, induced upon DC maturation, is transiently expressed in MHC class II compartment. Immunity (1998) 9(3):325–36. doi:10.1016/S1074-7613(00)80615-9

36. Tseng SY, Otsuji M, Gorski K, Huang X, Slansky JE, Pai SI, et al. B7-DC, a new dendritic cell molecule with potent costimulatory properties for T cells. J Exp Med (2001) 193(7):839–45. doi:10.1084/jem.193.7.839

37. Ganguly D, Haak S, Sisirak V, Reizis B. The role of dendritic cells in autoimmunity. Nat Rev Immunol (2013) 13(8):566–77. doi:10.1038/nri3477

38. Lanzavecchia A, Sallusto F. Dynamics of T lymphocyte responses: intermediates, effectors, and memory cells. Science (2000) 290(5489):92–7. doi:10.1126/science.290.5489.92

39. Moser M, Murphy KM. Dendritic cell regulation of TH1-TH2 development. Nat Immunol (2000) 1(3):199–205. doi:10.1038/79734

40. Tang D, Kang R, Coyne CB, Zeh HJ, Lotze MT. PAMPs and DAMPs: signal 0s that spur autophagy and immunity. Immunol Rev (2012) 249:158–75. doi:10.1111/j.1600-065X.2012.01146.x

41. Matzinger P. Tolerance, danger, and the extended family. Annu Rev Immunol (1994) 12:991–1045. doi:10.1146/annurev.iy.12.040194.005015

42. Goldstein DR, Tesar BM, Akira S, Lakkis FG. Critical role of the toll-like receptor signal adaptor protein MyD88 in acute allograft rejection. J Clin Invest (2003) 111(10):1571–8. doi:10.1172/JCI200317573

43. Sousa CRE. Activation of dendritic cells: translating innate into adaptive immunity. Curr Opin Immunol (2004) 16(1):21–5. doi:10.1016/j.coi.2003.11.007

44. López CB, Moltedo B, Alexopoulou L, Bonifaz L, Flavell RA, Moran TM. TLR-independent induction of dendritic cell maturation and adaptive immunity by negative-strand RNA viruses. J Immunol (2004) 173(11):6882–9. doi:10.4049/jimmunol.173.11.6882

45. Greaves P, Gribben JG. The role of B7 family molecules in hematologic malignancy. Blood (2013) 121(5):734–44. doi:10.1182/blood-2012-10-385591

46. Brown JA, Dorfman DM, Ma FR, Sullivan EL, Munoz O, Wood CR, et al. Blockade of programmed death-1 Ligands on dendritic cells enhances T cell activation and cytokine production. J Immunol (2003) 170(3):1257–66. doi:10.4049/jimmunol.170.3.1257

47. Agata Y, Kawasaki A, Nishimura H, Ishida Y, Tsubata T, Yagita H, et al. Expression of the PD-1 antigen on the surface of stimulated mouse T and B lymphocytes. Int Immunol (1996) 8(5):765–72. doi:10.1093/intimm/8.5.765

48. Nishimura H, Agata Y, Kawasaki A, Sato M, Imamura S, Minato N, et al. Developmentally regulated expression of the PD-1 protein on the surface of double-negative (CD4(-)CD8(-)) thymocytes. Int Immunol (1996) 8(5):773–80. doi:10.1093/intimm/8.5.773

49. Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in tolerance and autoimmunity. Immunol Rev (2010) 236:219–42. doi:10.1111/j.1600-065X.2010.00923.x

50. Kleffel S, Posch C, Barthel SR, Mueller H, Schlapbach C, Guenova E, et al. Melanoma cell-intrinsic PD-1 receptor functions promote tumor growth. Cell (2015) 162(6):1242–56. doi:10.1016/j.cell.2015.08.052

51. Rugtveit J, Bakka A, Brandtzaeg P. Differential distribution of B7.1(CD80) and B7.2(CD86) costimulatory molecules on mucosal macrophage subsets in human inflammatory bowel disease (IBD). Clin Exp Immunol (1997) 110(1):104–13. doi:10.1111/j.1365-2249.1997.507-ce1404.x

52. Filion LG, Matusevicius D, Graziani-Bowering GM, Kumar A, Freedman MS. Monocyte-derived IL12, CD86 (B7-2) and CD40L expression in relapsing and progressive multiple sclerosis. Clin Immunol (2003) 106(2):127. doi:10.1016/S1521-6616(02)00028-1

53. Olsson R, Carlsson PO. The pancreatic islet endothelial cell: emerging roles in islet function and disease (Reprint vol 38, pg 492–497, 2005). Int J Biochem Cell Biol (2006) 38(5–6):710–4. doi:10.1016/j.biocel.2005.06.021

54. Ranjan AK, Joglekar MV, Hardikar AA. Endothelial cells in pancreatic islet development and function. Islets (2009) 1(1):2–9. doi:10.4161/isl.1.1.9054

55. Lozanoska-Ochser B, Klein NJ, Huang GC, Alvarez RA, Peakman M. Expression of CD86 on human islet endothelial cells facilitates T cell adhesion and migration. J Immunol (2008) 181(9):6109–16. doi:10.4049/jimmunol.181.9.6109

56. Allen JS, Pang K, Skowera A, Ellis R, Rackham C, Lozanoska-Ochser B, et al. Plasmacytoid dendritic cells are proportionally expanded at diagnosis of type 1 diabetes and enhance islet autoantigen presentation to T-cells through immune complex capture. Diabetes (2009) 58(1):138–45. doi:10.2337/db08-0964

57. Lechmann M, Berchtold S, Hauber J, Steinkasserer A. CD83 on dendritic cells: more than just a marker for maturation. Trends Immunol (2002) 23(6):273–5. doi:10.1016/S1471-4906(02)02214-7

58. Prazma CM, Yazawa N, Fujimoto Y, Fujimoto M, Tedder TF. CD83 expression is a sensitive marker of activation required for B cell and CD4(+) T cell longevity in vivo. J Immunol (2007) 179(7):4550–62. doi:10.4049/jimmunol.179.7.4550

59. Kuwano Y, Prazma CM, Yazawa N, Watanabe R, Ishiura N, Kumanogoh A, et al. CD83 influences cell-surface MHC class II expression on B cells and other antigen-presenting cells. Int Immunol (2007) 19(8):977–92. doi:10.1093/intimm/dxm067

60. Prazma CM, Tedder TF. Dendritic cell CD83: a therapeutic target or innocent bystander? Immunol Lett (2008) 115(1):1–8. doi:10.1016/j.imlet.2007.10.001

61. Bishop GA, Moore CR, Xie P, Stunz LL, Kraus ZJ. TRAF proteins in CD40 signaling. Adv Exp Med Biol (2007) 597:131–51. doi:10.1007/978-0-387-70630-6_11

62. Schonbeck U, Libby P. The CD40/CD154 receptor/ligand dyad. Cell Mol Life Sci (2001) 58(1):4–43. doi:10.1007/PL00000776

63. Peters AL, Stunz LL, Bishop GA. CD40 and autoimmunity: the dark side of a great activator. Semin Immunol (2009) 21(5):293–300. doi:10.1016/j.smim.2009.05.012

64. Grammer AC, Slota R, Fischer R, Gur H, Girschick H, Yarboro C, et al. Abnormal germinal center reactions in systemic lupus erythematosus demonstrated by blockade of CD154-CD40 interactions (vol 112, pg 1506, 2003). J Clin Invest (2007) 117(3):835–835. doi:10.1172/JCI19301C1

65. Katsiari CG, Liossis SN, Souliotis VL, Dimopoulos AM, Manoussakis MN, Sfikakis PP. Aberrant expression of the costimulatory molecule CD40 ligand on monocytes from patients with systemic lupus erythematosus. Clin Immunol (2002) 103(1):54–62. doi:10.1006/clim.2001.5172

66. Senhaji N, Kojok K, Darif Y, Fadainia C, Zaid Y. The contribution of CD40/CD40L axis in inflammatory bowel disease. Front Immunol (2015) 6:529. doi:10.3389/fimmu.2015.00529

67. Hsu H, Solovyev I, Colombero A, Elliott R, Kelley M, Boyle WJ. ATAR, a novel tumor necrosis factor receptor family member, signals through TRAF2 and TRAF5. J Biol Chem (1997) 272(21):13471–4. doi:10.1074/jbc.272.21.13471

68. Chatzigeorgiou A, Seijkens T, Zarzycka B, Engel D, Poggi M, van den Berg S, et al. Blocking CD40-TRAF6 signaling is a therapeutic target in obesity-associated insulin resistance. Proc Natl Acad Sci U S A (2014) 111(7):2686–91. doi:10.1073/pnas.1400419111

69. Chatzigeorgiou A, Seijkens T, Zarzycka B, Engel D, Poggi M, van den Berg S, et al. Blocking CD40-TRAF6 signaling is a therapeutic target in obesity-associated insulin resistance (vol 111, pg 2686, 2014). Proc Natl Acad Sci U S A (2014) 111(12):4644–4644. doi:10.1073/pnas.1400419111

70. Lutgens E. Deficient CD40-TRAF6 signaling in leukocytes prevents atherosclerosis by skewing the immune response towards an anti-inflammatory profile. Vascul Pharmacol (2012) 56(5–6):337–337. doi:10.1016/j.vph.2011.08.092

71. Song YJ, Kang MS. Roles of TRAF2 and TRAF3 in Epstein-Barr virus latent membrane protein 1-induced alternative NF-kappaB activation. Virus Genes (2010) 41(2):174–80. doi:10.1007/s11262-010-0505-4

72. Bishop GA. The multifaceted roles of TRAFS in the regulation of B-cell function. Nat Rev Immunol (2004) 4(10):775–86. doi:10.1038/nri1462

73. Kim N-S, Mbongue JC, Nicholas DA, Esebanmen GE, Unternaehrer JJ, Firek AF, et al. Chimeric vaccine stimulation of human dendritic cell indoleamine 2,3-dioxygenase occurs via the non-canonical NF-kB pathway. PLoS One (2016) 11(2):e0147509. doi:10.1371/journal.pone.0147509

74. Zhang ZJ, Davidson L, Eisenbarth G, Weiner HL. Suppression of diabetes in nonobese diabetic mice by oral administration of porcine insulin. Proc Natl Acad Sci U S A (1991) 88(22):10252–6. doi:10.1073/pnas.88.22.10252

75. Sun JB, Holmgren J, Czerkinsky C. Cholera toxin B subunit: an efficient transmucosal carrier-delivery system for induction of peripheral immunological tolerance. Proc Natl Acad Sci U S A (1994) 91(23):10795–9. doi:10.1073/pnas.91.23.10795

76. Kim N, Cheng KC, Kwon SS, Mora R, Barbieri M, Yoo TJ. Oral administration of collagen conjugated with cholera toxin induces tolerance to type II collagen and suppresses chondritis in an animal model of autoimmune ear disease. Ann Otol Rhinol Laryngol (2001) 110(7 Pt 1):646–54. doi:10.1177/000348940111000710

77. Phipps PA, Stanford MR, Sun JB, Xiao BG, Holmgren J, Shinnick T, et al. Prevention of mucosally induced uveitis with a HSP60-derived peptide linked to cholera toxin B subunit. Eur J Immunol (2003) 33(1):224–32. doi:10.1002/immu.200390025

78. Sun JB, Xiao BG, Lindblad M, Li BL, Link H, Czerkinsky C, et al. Oral administration of cholera toxin B subunit conjugated to myelin basic protein protects against experimental autoimmune encephalomyelitis by inducing transforming growth factor-beta-secreting cells and suppressing chemokine expression. Int Immunol (2000) 12(10):1449–57. doi:10.1093/intimm/12.10.1449

79. Arakawa T, Chong DKX, Langridge WHR. Efficacy of a food plant-based oral cholera toxin B subunit vaccine. Nat Biotechnol (1998) 16(3):292–7. doi:10.1038/nbt0398-292

80. Bergerot I, Ploix C, Petersen J, Moulin V, Rask C, Fabien N, et al. A cholera toxoid-insulin conjugate as an oral vaccine against spontaneous autoimmune diabetes. Proc Natl Acad Sci U S A (1997) 94(9):4610–4. doi:10.1073/pnas.94.9.4610

81. Mbongue JC, Nicholas DA, Zhang K, Kim NS, Hamilton BN, Larios M, et al. Induction of indoleamine 2,3-dioxygenase in human dendritic cells by a cholera toxin B subunit-proinsulin vaccine. PLoS One (2015) 10(2):e0118562. doi:10.1371/journal.pone.0118562

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Mbongue, Nieves, Torrez and Langridge. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
? frontiers

in Immunology

The Role of Dendritic Cell
Maturation in the Induction of

Insulin-Dependent Diabetes
Mellitus





OPS/images/fimmu-08-00327-g001.jpg
<« (oo
o T gy D40

P

N P C_TRAF-2 >
RLVCZ,,,Z‘,, e bm TRAR3 O T @
P
i l Proteosomal

B T zn.egridﬂlion
gl PSO S moDC

(P65) pso

Nucleus






OPS/images/fimmu-08-00327-g002.jpg
—— P R —
L1z ”°Ptog,~,_. cely D““‘coh IL-12*
s St flory & e e
TNF-o T  \ -1+
1-1g* Low MHCII we

Absentorlow B7 \,95
IL-10 e IL-12 | N\

L6 IFN-y “, TGFB
il TGFB TNF-a N L6
I1p 1L-10 IFN-a \

PGE, -6 ‘.
Low MHCII
IL-10 g ekt
IDO 1L-10°
s IL-6°
TNF-a TNEF-B*
-1

TGFR





OPS/images/logo.jpg
Ghesk for

i@





