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MEETING REPORT



Mucosal dendritic cells in immunity and inflammation Brian L Kelsall & Maria Rescigno Dendritic cells at mucosal surfaces represent one of the first lines of immune recognition between the body and environmental pathogens and antigens. A meeting in July 2004 presented the latest understanding in the field.



he mucosal immune system has the complex task of responding to a vast number of signals presented by the myriad of ingested antigens. In normal physiological conditions, immunological tolerance is induced to food, airborne antigens and commensal bacteria, whereas potent effector immune responses are generated only to dangerous pathogenic microorganisms. In contrast, in pathological conditions, such as allergy or inflammatory bowel disease, an abnormal immune response to harmless antigens results in damaging inflammation. How the discrimination between dangerous and innocuous antigens is achieved at mucosal surfaces (or is disrupted in disease states) is not yet clear and is the subject of intense investigation. A principal function for dendritic cells (DCs) in regulating the induction of mucosal immune responses has been proposed. In particular, data are emerging that mucosal DCs have unique functions that are not shared by DCs from other tissues, suggesting that the tissue microenvironment can influence the phenotype and functional responses of DCs. On 18 July 2004, a one-day symposium cosponsored by the Society for Mucosal
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Immunology and the Crohn’s and Colitis Foundation of America was held in association with the 12th International Congress of Immunology in Montreal, Canada to address recent advances in the biology of DCs at mucosal surfaces with particular emphasis on the intimate relationship between mucosal DCs and epithelial cells. This report will summarize some highlights and themes that emerged at the meeting. Unique features of mucosal DCs DCs are abundant in mucosal tissues both in organized lymphoid organs such as Peyer’s patches and in the lamina propria, where they act as sentinels for incoming antigens. Several mucosal DC subsets have been described1, but their contributions to the specialized functions of the mucosal immune system, such as the induction of cellular and humoral responses to encountered pathogens, the induction of tolerance to food antigens and to the gut flora, and the maintenance of gut homeostasis, have only recently begun to be unraveled. It is clear that total populations of DCs isolated from a variety of mucosal sites (Peyer’s patches, lamina propria, mesenteric lymph nodes and lung) have a propensity to induce T helper type 2 (TH2) responses in in vitro T cell priming assays and to express cytokines such as interleukin 10 (IL-10) and possibly transforming growth factor-β2–6. Moreover, mucosal DCs and in particular the CD11c+CD11b+CD8α– DC subset isolated from Peyer’s patches, which preferentially polarizes antigen-specific T cells to produce TH2 cytokines and IL-10 in vitro7,
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promote immunoglobulin A (IgA) production by naive B cells, which is mediated by IL-6 (ref. 8) and T cell help (Satoshi Hachimura, Tokyo, Japan). These data suggest that mucosal DCs may be specialized in inducing a noninflammatory environment and in providing help to B cells via the activation of TH2 cells. This is consistent with the fact that many ‘tolerogenic’ responses to mucosal antigens, for example, to commensal organisms, are associated with the generation of antibody responses9 rather than with a broad immunological unresponsiveness. In addition, after adoptive transfer, total DCs from the lung2 and intestinal lamina propria5 can induce antigen-specific tolerance in the naive host (Allan Mowat, Glasgow, Scotland). Joanne Viney (Seattle, USA) discussed how CD8+CD11clo plasmacytoid DCs, a DC subset highly represented in mucosal tissues, may also be important for maintaining tolerance to innocuous antigens, as this population can induce the differentiation of IL-10-producing regulatory T cells (TR cells) in vitro10. This capacity of CD8+ plasmacytoid DCs to induce TR cells correlated with their high expression of indoleamine 2,3-dioxygenase mRNA, suggesting that limiting amounts of tryptophan may be conducive to TR cell induction (J. Viney). Despite this propensity for the induction of TH2 and TR cells by mucosal DCs, it is important to emphasize that TH1 and cytotoxic T lymphocyte responses are effectively generated to mucosal pathogens (as discussed below), which may involve the same or different DC subsets as those responsible for tolerance induction.
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MEETING REPORT Another important feature of DCs isolated from mucosal tissues is that they have the unique ability to selectively imprint gut-homing T cells11–13. Ulrich H. von Andrian (Boston, USA) described how naive CD8+ T cells primed by Peyer’s patch DCs acquire gut tropism, despite showing patterns of activation markers and effector activity similar to those primed by DCs isolated from other nonmucosal lymphoid organs. Peyer’s patch DCs induced high expression of the intestinal homing integrin α4β7 and the chemokine receptor CCR9 in primed CD8+ T cells. These in vitro–primed T cells homed to the small intestine after adoptive transfer to mice, whereas those primed with DCs from lymph nodes draining the skin did not12. Finally, Gordon MacPherson (Oxford, UK) discussed the continual migration of mucosal DCs to draining lymph nodes in the ‘steady’, or unperturbed, state with a rapid turnover rate (2–4 days in the intestinal wall). In the rat, two types of migrating DCs could be identified, both of which are positive for the αE integrin CD103, but only the fraction that does not express CD172 (SIRPα) has features of immature cells and carries apoptotic enterocytes to mesenteric lymph nodes14. Because these DCs process apoptotic epithelial cells in the steady state15, this CD103+CD172– DC population may be involved in tolerance to self proteins, although this hypothesis remains to be tested. DC migration and activation can be enhanced considerably by cytokines induced in the mucosa during



infection or inflammation. For example, after oral administration of the of the Tolllike receptor 7 (TLR7) and TLR8 agonist R848, which mimics signaling by singlestranded RNA viruses, the number of DCs migrating to the mesenteric nodes increased substantially. In addition, some of these migrating DCs expressed activation markers. In this system, tumor necrosis factor is responsible for DC migration, whereas type 1 interferon from mucosal plasmacytoid DCs may be important for the activation of non-plasmacytoid DC populations. Mucosal DC–epithelial cell interactions The intimate relationship between mucosal DCs and epithelial cells was a main theme of this meeting. Three important aspects of DC–epithelial cell interactions were discussed: the processing or transfer of luminal antigens from epithelial cells to underlying or intervening DCs; the contribution of epithelial cells to the tolerogenic microenvironment of the intestine; and the crosstalk between DCs and epithelial cells in the innate recognition of commensal and pathogenic microorganisms as well as in the pathogenesis of allergic inflammation and inflammatory bowel disease. Epithelial cells are actively involved in determining how mucosal DCs take up antigens (Fig. 1). In organized mucosal tissues, such as Peyer’s patchess and colonic follicles, epithelial cell–derived M cells transport antigens directly from the lumen to underlying DCs. M cells are also reported



to be scattered among the absorptive epithelium, where they could potentially transport antigens to the lamina propria16. However, because the number of M cells is limited, and because absorptive epithelial cells rapidly degrade ingested proteins, it is likely that additional mechanisms of antigen uptake are important in the mucosa. One such mechanism is the ability of DCs to extend dendrites across epithelial barriers to sample luminal antigens and microorganisms directly17. Hans-Christian Reinecker (Boston, USA) demonstrated using fluorescence microscopy and threedimensional reconstructive modeling of living intestinal tissues that the transepithelial processes of DCs are specialized cellular structures that develop in close interaction with endothelial and epithelial cells of the intestinal mucosa. These ‘creeping’ DCs are CD11c+CD8α–CD11b+, and their presence in the terminal ileum where the gradient of bacteria gradually increases suggests they may be recruited by the presence of luminal bacteria. DCs in CX3CL1 (fractalkine) receptor–deficient mice are unable to spread their dendrites across the epithelial barrier, indicating the involvement of CX3CL1 in driving the extension of the dendrites. In a separate study, CD11c+CD8α– CD11b- DCs were identified in the terminal ileum, which seemed to contain bacteria in steady-state conditions and to constitutively express IL-12 p40, which couples mainly with p19 to yield IL-23 (ref. 18; Christoph Becker, Mains, Germany).
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Figure 1 DC–epithelial cell interactions in the uptake of antigens across mucosal surfaces. M cells can transport antigens directly to underlying DCs. DCs can also extend dendrites between epithelial cells (EC) to directly sample antigens from the intestinal lumen. Neonatal Fc receptors (FcRn) mediate the bidirectional transport of IgG, resulting in transport into the lumen and trafficking back to the lamina propria (LP) of antigen-antibody complexes. Antigens associated with apoptotic epithelial cells can be taken up by DCs either in the steady state or after viral infection. PP, Peyer’s patch; IC, immune complex.
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MEETING REPORT entry across a mucosal surface that also targets DCs. It is mediated by neonatal Fc receptors expressed by adult human (but not mouse) intestinal epithelial cells that transport IgG across the intestinal epithelial barrier and, after binding with cognate antigen in the intestinal lumen, recycle the immune complexes back to the lamina propria19. Antigens bound by IgG are less susceptible to degradation within the epithelial cells because endosomes formed after uptake by neonatal Fc receptors do not



These data suggest that in the terminal ileum, DCs actively sample commensal organisms through the extension of intraepithelial dendrites. The biological importance of IL-23 expression by these cells is not yet clear. However, because IL23 can drive TH1 differentiation, it may be involved in the predisposition of the terminal ileum to the development of chronic inflammation such as Crohn disease. Richard Blumberg (Boston, USA) proposed an alternative mechanism for antigen



readily fuse with lysosomes. Neonatal Fc receptor transport directs and delivers the antigens in the form of immune complexes directly to DCs lying in the lamina propria. Finally, DCs isolated from the mesenteric lymph node of human neonatal Fc receptor–transgenic mice after oral antigenantibody delivery can present antigen to T cells. As DCs can be activated by immune complexes, it would be useful to determine whether DCs internalize the immune complexes via the Fcγ receptors or via neonatal
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Figure 2 DC–epithelial cell interactions in the regulation of immune responses to commensal organisms and pathogens. (a) In the steady state, DCs are conditioned by epithelial cell–derived factors to induce default TH2 responses to encountered commensal bacteria (left). During salmonella infection, epithelial cells release IL-8, which induces the recruitment of neutrophils and the initiation of an inflammatory response. In this inflammatory environment, DCs newly recruited by induced chemokines such as MIP-3α that have not undergone epithelial cell TH2 conditioning could instruct protective TH1 responses (right) through IL-12 secretion. (b) After intestinal infection with type 1 reovirus, apoptotic bodies from infected epithelial cells are taken up by CD8–CD11b– DCs. Non-TLR-dependent epithelial cell–derived factors may be involved in DC activation (left). After HSV-2 infection of the vaginal tract, CD8–CD11b+ dermal DCs are recruited to sites of infection and are responsible for driving TH1 responses in draining lymph nodes. TLR signaling may be required on both epithelial cells and DCs for effective immunity to this virus (right).
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MEETING REPORT Fc receptors (both of which are expressed by DCs) and whether these receptors differentially affect DC function. Finally, as mentioned above, DCs can process antigens from apoptotic intestinal epithelial cells both in the steady state15 and after reovirus infection (discussed below), which constitutes a fourth mechanism of DC antigen uptake that directly involves interactions with the epithelium (Fig. 1). Whether the unique functions ascribed to mucosal DCs are due to their intrinsic properties or are conferred by the local microenvironment remains an open question. However, it seems that epithelial cells may have a chief function in ‘instructing’ mucosal anti-inflammatory DCs. In coculture studies of epithelial cell monolayers, DCs and bacteria, Maria Rescigno (Milan, Italy) demonstrated that products of epithelial cells condition DCs to release IL-6 and to prime TH2 responses in an allogeneic response, even after encounter with pathogenic Salmonella typhimurium (Fig. 2). These TH2 responses could help to maintain the homeostasis of the gut to encountered commensal bacteria. However, a more difficult issue is how protective TH1 responses can be initiated to intracellular pathogens such as salmonella that first encounter DCs in mucosal tissues, particularly because pathogens and commensal bacteria share many if not most TLR ligands (such as lipopolysaccharide and flagellin) and can stimulate DCs to mature and to produce cytokines similarly in vitro. One hypothesis is that DCs recently recruited into the mucosa after the onset of pathogen-driven inflammation will not have been exposed to TH2-inducing epithelial cell–derived factors. These newly recruited DCs will be able to drive TH1 rather than TH2 responses after activation through TLRs. Another possibility is that epithelial cell–derived factors, such as tumor necrosis factor or type 1 interferons, produced during pathogen invasion may directly affect DC activation. This hypothesis is supported by studies of murine intestinal infection with type 1 reovirus (Brian Kelsall, Bethesda, USA). Reovirus productively infects epithelial cells overlying Peyer’s patches, yet viral antigen associated with apoptotic epithelial cells is avidly taken up by CD11c+CD8α–CD11b– DCs in the subepithelial dome20. The observation that reovirus neither productively infects DCs in vivo or in vitro nor activates DCs to mature or produce cytokines in vitro suggests the involvement of environmental factors, possibly derived from infected
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epithelial cells, in driving DCs to induce TH1 responses to the virus. Interferon-αβ receptor–deficient mice, but not MyD88deficient or TLR3-deficient mice, have an increased susceptibility to reovirus infection. In addition, MyD88-deficient mice mount normal IgG1, IgG2a/c and IgG2b responses, suggesting that type 1 interferon, possibly derived in the early stages of infection from infected epithelial cells, but not signaling via at least a single TLR pathway is important for inducing protection from reovirus infection. In contrast to results with reovirus, Akiko Iwasaki (New Haven, USA) demonstrated that the TH1 response to herpes simplex virus 2 (HSV-2) infection of the vaginal epithelium in mice is MyD88 dependent. In this model, CD11c+ CD8α–CD11b+ dermal DCs (but not Langerhans cells) are recruited to the infected epithelium and induce TH1 responses in the draining lymph nodes21. Studies of MyD88-deficient mice and MyD88-deficient and wild-type-mice bone marrow chimeras have shown a requirement for MyD88 in both the bone marrow and stromal cell compartments for the induction of TH1 responses to vaginal HSV-2. Because IL-1 converting enzyme– deficient mice develop normal TH1 responses, IL-1β and IL-18 are probably not involved. In addition, mice singly deficient for various TLRs also develop normal TH1 responses, suggesting that immune recognition of HSV-2 occurs via multiple TLRs (A. Iwasaki). These studies emphasize an important emerging relationship between DCs and epithelial cells in the maintenance of mucosal homeostasis and the induction of innate and adaptive immunity to mucosal infection with pathogens such as salmonella, reovirus and HSV-2 (Fig. 2). DCs in allergy and inflammation Mucosal DCs are also important in driving pathological TH1- or TH2-mediated inflammation. Epithelial cell–derived factors are linked to the pathogenesis of allergic conditions in humans such as allergic asthma or atopic dermatitis. Yong-Jun Liu (Houston, USA) discussed the function of thymic stromal lymphopoietin, a distant paralog of IL7, in the pathogenesis of human disease. In atopic dermatitis, thymic stromal lymphopoietin is produced in high quantities by basal keratinocytes. It is an extremely potent inducer of DC maturation and subsequent T cell proliferation, which is associated with its ability to enhance the duration



of DC–T cell engagement and aggregation. In addition, thymic stromal lymphopoietin–activated DCs can promote allogeneic proallergic inflammatory T cells that release IL-4, IL-5, IL-13 and tumor necrosis factor, but not IL-10 or interferon-γ22. How thymic stromal lymphopoietin modifies DCs to induce allergic T cell responses is not yet clear. However, it induces the expression of CCL17 (thymus and activation-regulated chemokine) and CCL22 (macrophage-derived chemokine) from DCs, which selectively attract TH2 cells22. These studies suggest that factors produced by epithelial cells in pathological allergic conditions drive DCs to support potent TH2 effector cell development. In models of TH1-mediated inflammatory bowel disease that are similar to Crohn disease in humans, DCs seem to have a dominant function both in the induction of TH1 responses as well as in driving counterregulatory T cell responses. After colitis induction, there is an increase in activated CD11chiCD11b+CD8α–CD134L+ DCs in mesenteric lymph nodes that are probably involved in driving the expansion of pathogenic T cell populations, possibly through interactions with CD134 on T cells23. In addition, activated DCs, including a subset expressing CD103, can be found at the sites of inflammation, in the mesenteric lymph nodes and in the spleen. Transfer of CD45RBloCD25+ TR cells in this model will not only prevent disease onset but also treat established inflammation24. It is likely that CD103 is functionally important for CD25+ TR cell population expansion or activity, as CD25+ cells are ineffective in CD103deficient hosts. Thus, activated DCs at sites of inflammation (and/or possibly in mesenteric lymph node or spleen) may be important for the activation of pathogenic as well as CD25+ TR cells, albeit by different mechanisms (Fiona Powrie, Oxford, UK). Concluding remarks The past 5–10 years have witnessed considerable progress in the understanding of the involvement of DCs in the induction, regulation and maintenance of mucosal immune responses. There is more information regarding the basic biology of these cells and a nascent appreciation of their function in host defense and inflammation, both in animal models and human disease. As addressed at this meeting, the intimate relationship between DCs and epithelial cells in the function of the mucosal immune system has become apparent. However, this understanding is in its early stages, and
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MEETING REPORT many major questions have not been addressed or remain only partially answered. For example, it is not yet clear whether subpopulations of mucosal DCs have distinct functions in vivo, how the mucosal microenvironment influences DC responses to stimulation, where DCs interact with T cells for the induction of regulatory or effector immune responses, or how DCs are involved in chronic mucosal inflammation. One challenge in the short term will be to provide in vivo validation for the many hypotheses that have been generated with solid in vitro data. In the long run, knowledge gained by studying these important cells should lead to better methods for preventing mucosal infections and for treating abnormal mucosal inflammation.
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