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WAR AND PEACE AT MUCOSAL SURFACES Philippe J. Sansonetti Abstract | That we live with numerous bacteria in our gut without any adverse effects is a remarkable feat by the body’s immune system, particularly considering the wealth of sensing and effector systems that are available to trigger inflammatory or innate immune responses to microbial intrusion. So, a fine line seems to exist between the homeostatic balance maintained in the presence of commensal gut flora and the necessarily destructive response to bacterial pathogens that invade the gut mucosa. This review discusses the mechanisms for establishing and controlling the ‘dialogue’ between unresponsiveness and initiation of active immune defences in the gut. Si vis pacem, para bellum. (If you wish for peace, prepare for war.)
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In addition to its functions in digestion, nutrient transport, water and electrolyte exchange, and endocrine and paracrine hormone production, the intestinal epithelium has a role in defining the barrier between the host and the external environment. This barrier is essentially devoted to permanently protecting the body against invasion and systemic dissemination of both pathogenic and commensal microorganisms. The colon is permanently exposed to a high load of commensal bacteria and, together with dendritic cells (DCs)1, intestinal epithelial cells (IECs) are the main cells to interact with luminal bacteria2. The intestinal epithelium is composed of three barriers in one3: a physical barrier, an innate immune barrier and an adaptive immune barrier. However, this barrier is not absolute and crosstalk occurs between the microorganisms and the mucosal tissues, with IECs mediating this dialogue. Microorganisms are constantly sampled from the intestinal lumen and taken into the inductive sites (that is, the Peyer’s patches and lymphoid follicles) of the intestinal immune system, and the commensal microorganisms have an important role in the maturation of the gut and its immune system. Primates have evolved together with their intestinal microflora, resulting in a situation of mutualism or ‘microbial tolerance’, the exact mechanisms of which have only recently begun to be unravelled. The term microbial tolerance is not used here in the classical sense of immunological tolerance to antigens but in the sense
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of a lack of responsiveness to a bacterial population. Central to this tolerance is the concept of innate immunity: the intestinal barrier provides a combination of sensing and defence mechanisms that achieve permanent protection against intrusion by commensal microorganisms and therefore generate a state of ‘physiological inflammation’. Entero-invasive bacterial pathogens excessively stimulate these innate mechanisms of mucosal protection, thereby causing rupture and inflammatory destruction of the epithelium. Identification of the receptors that these pathogens interact with and the signalling pathways that they ‘interfere’ with should allow identification of molecules that are important for the regulation of intestinal inflammation. This review compares the state of ‘armed peace’ that prevails in the interaction between the intestinal epithelium and its commensal bacteria, and the state of ‘open war’ that breaks out when a bacterial pathogen trespasses the intestinal borders. The intestinal epithelium: an interactive barrier



Lesions of the intestinal epithelium must be quickly repaired, otherwise they allow penetration of commensal or pathogenic bacteria. Protection is maintained by a highly dynamic barrier at the epithelial lining, in which tightly bound IECs are renewed by accelerated division of crypt cells that migrate upwards from the bottom of the intestinal crypts. In addition to forming a physical barrier, the epithelial lining also forms a functionally VOLUME 4 | DECEMBER 2004 | 9 5 3
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REVIEWS interactive barrier that is crucial for the development of the innate immune response: it contains commensal microorganisms and can mount fast responses to pathogens through the rapid mobilization of humoral and cellular components. It is also central to the induction and expression of the mucosal adaptive immune response.



MICROVILLI



Multiple extensions of the apical pole of intestinal epithelial cells that are caused by membranous evaginations around actin bundles. Together, these extensions form the brush border, which physically protects the apical pole, particularly against pathogens. BRUSH BORDER



Formed by the microvilli. It provides a large increase of the apical surface, thereby increasing the capacity of the epithelial surface for absorbing nutrients and exchanging water and electrolytes. PERISTALSIS



An activity of the intestinal muscular layer that leads to unilateral movement, promoting the movement of the intestinal content from proximal to distal zones.
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Physical barrier. The specialized architecture of the intestinal epithelium forms a tight barrier against the penetration of microorganisms. Two main structural components are essential4: the MICROVILLI of the BRUSH 5 BORDER and the tight junctions . Microvilli are associated with a dense meshwork of actin filaments that is linked to the adherens and tight junctions between the IECs and thereby regulate the permeability of the tight junctions and the barrier function of the epithelium6. Tight junctions are characterized by the presence of transmembrane proteins, such as isoforms of claudin7 and occludin8. So, bacterial components that interfere with the normal function of regulatory proteins of the microvilli or tight junctions are expected to weaken the barrier and increase its permeability. The physical barrier that is maintained by the epithelial lining is reinforced by the presence of a layer of glycocalyx, which is formed from mucins that bind the apical membrane of IECs. A thick layer of mucus, comprising diverse mucins, forms an additional system of protection. Goblet cells, the mucus-producing cells, are present both in the crypt and villus epithelium throughout the small intestine, colon and rectum. Massive release of mucin granules is triggered by the presence of physical, chemical or infectious insults9. Important functions of the mucus layer are to form a semipermeable protective barrier and to help accelerate the repair of intestinal damage, particularly through intestinal trefoil factor (CD73)10. Mucins also interact with bacterial cell-surface polysaccharides and protein appendages (such as flagella), thereby trapping bacteria in the mucus flow so that they are washed away by intestinal PERISTALSIS11. In general, bacteria cannot subvert these mechanisms unless they express mucinases12 and adherence, colonization and invasion factors13,14. Accessibility to the apical surface of the intestinal epithelium and rupture of the barrier are indeed the main properties that distinguish pathogenic microorganisms from commensal microorganisms. Innate immunity. Homeostasis of the epithelium requires the maintenance of a finely tuned balance between response and tolerance to the luminal microorganisms. Disruption of this balance leads to intestinal inflammation. In this crosstalk between the bacterial microorganisms and the epithelium, two main effectors regulate the apical density of microorganisms: antimicrobial peptides and neutrophils. Antimicrobial peptides have broad activities in vitro against Gram-positive and Gram-negative bacteria. Their amphipathic properties allow them to interact with and lyse bacterial membranes15. One of the main classes, the defensins16, can be divided into two families: α-defensins and β-defensins.
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The α-defensins are produced by specialized cells at the bottom of the intestinal crypts; these are known as Paneth cells and are located in the small intestine. In humans, there are two main α-defensins: human defensin 5 (HD5; also known as DEFA5) and HD6 (REF. 17). The β-defensins are ubiquitously expressed throughout the gastrointestinal tract, including the colon. They are likely to have an important regulatory role in controlling the large bacterial population that is characteristic of the colonic commensal microflora. Among the β-defensins, human β-defensin 1 (BD1; also known as DEFB1) is constitutively expressed, whereas human BD2 is expressed at low levels and upregulated in response to infection or pro-inflammatory signals18. The cathelicidins are another class of antimicrobial peptide, in which a cathelin domain is linked to a peptide with antimicrobial activity19. In humans, the only identified cathelicidin, LL37 (also known as CAMP), is constitutively expressed by the intestinal epithelium. In the presence of microbial colonization or invasion of the epithelium, neutrophils are recruited to the basal side of IECs, thereby contributing to the barrier. Recruitment to the site of infection occurs mainly in response to a gradient of CXC-chemokine ligand 8 (CXCL8; also known as interleukin-8, IL-8), which is mainly produced by epithelial cells. Neutrophils then translocate across the epithelial lining along a gradient of a different chemoattractant, which has been identified to be pathogen-elicited epithelial chemoattractant (PEEC) using Salmonella typhimurium-infected IECs20. After they have entered the gut lumen, neutrophils can exert their antibacterial function. Increased expression of antibacterial proteins, as well as recruitment of inflammatory cells (particularly neutrophils), forms part of the sentinel role of IECs, and after infection, IECs undergo activation of pro-inflammatory pathways, particularly the nuclear factor-κB (NF-κB)- and activator protein 1 (AP1)-signalling pathways21. This leads to the expression of several pro-inflammatory cytokines and chemokines that coordinate the innate immune response. Adaptive immunity. In addition to maintaining efficient physical and innate immune barrier functions, the intestinal epithelium must also take an active part in the induction of adaptive immune surveillance at the mucosal surface. This function involves the collaboration of IECs with antigen-presenting cells (APCs) and lymphoid cells. This collaboration occurs mainly in the follicle-associated epithelium (FAE), which is characterized by the presence of M (microfold) cells. These epithelial cells are dedicated to the translocation of antigens and microorganisms from the intestinal lumen to the basolateral side of the epithelium, where they are in direct contact with mucosal lymphoid tissues that can initiate immune responses22. Mucosal lymphoid follicles and their associated FAE are distributed throughout the digestive tract, either as visible aggregates (particularly in the distal portion of the ileum in humans, where they are known as Peyer’s patches23) or as single lymphoid follicles (in the colon and rectum)24. Owing to their lack
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REVIEWS of surface glycocalyx and their high endocytic activity, M cells sample commensal bacteria and transfer them to DCs, in which a small number of bacteria can survive and induce T-cell-independent IgA responses, which are thought to account for the regulation of endogenous bacteria25–27. Recent evidence indicates that, in addition to these specialized inductive sites for mucosal immunity, lumenal microorganisms can also be captured by DCs that extend pseudopods across the IECs of the epithelial lining and retract these processes before trafficking to immunocompetent sites with their bacterial cargo28. Mucosal effector mechanisms encompass a complex array of both humoral factors, particularly secretory IgA, and cellular factors29, including B cells, T cells and lymphocytes unique to the gut-associated lymphoid tissue (GALT), such as intra-epithelial lymphocytes and lamina-propria lymphocytes. Crosstalk between commensals and mucosae



The relationship between the intestinal epithelium and its commensal microflora is a functional paradox. To avoid inflammation, it is crucial that most of the intestinal surface must be protected against close contact with bacteria and their products, and against an excessive response if it occurs. By contrast, specialized sites sample bacteria to promote an adaptive immune response and thereby increase protection30. This is the function of the FAE: translocated commensal bacteria are immediately destroyed by the resident phagocytic cells, and the resulting antigens are then presented to lymphocytes to generate a specific immune response31. The lack of intestinal inflammation that occurs despite the dense bacterial microflora populating the gut (particularly the colon) does not reflect mutual ignorance but, instead, reflects a combination of finely tuned, apparently antagonistic processes: permanent surveillance for trespassing microorganisms, which leads to minimum responses that eradicate these invaders (with IECs having a crucial role as sentinels); and tolerance, or at least lack of reactivity. This tolerance is largely an active process. The intestinal ecosystem has therefore evolved under the ‘schizophrenic’ constraint of downregulating the innate inflammatory response, while ensuring a proper adaptive immune response to any accidentally intruding commensal bacteria. PATHOGEN-ASSOCIATED MOLECULAR PATTERNS



(PAMPs). Molecular motifs that are characteristic of prokaryotes and are thereby recognized by the mammalian innate immune system. PATTERN-RECOGNITION RECEPTORS



(PRRs). Host receptors (such as Toll-like receptors) that can sense pathogen-associated molecular patterns and initiate signalling cascades (involving the activation of nuclear factor-κB) that lead to an innate immune response.



Physiological inflammation. It would be incorrect to describe the intestine as being in a constant state of low level inflammation. Even the colonic mucosa, which encounters the most ‘pressure’ from commensal microorganisms, shows only a marked mononuclear infiltrate but no neutrophils — the latter being considered the signature of intestinal inflammation32. It is more appropriate to consider that, under normal conditions, the pressure of the intestinal microflora is translated (particularly by IECs) into tolerogenic signals, which are sent to immunocompetent cells, while any ‘slip-up’ in this process leads to an immediate, finely controlled and localized inflammatory response that goes clinically unnoticed.



NATURE REVIEWS | IMMUNOLOGY



The signalling loop that mediates the epithelial response to microorganisms is based on sensing of structural motifs (known as PATHOGEN-ASSOCIATED MOLECULAR 33 PATTERNS , PAMPs) that are specific for prokaryotic components, such as lipopolysaccharide (LPS), lipoprotein, peptidoglycan (PGN), lipoteichoic acid, flagellin and CpG-containing (unmethylated) DNA. It should be noted that these molecular motifs are expressed by both commensal and pathogenic microorganisms. The motifs are recognized by PATTERN-RECOGNITION RECEPTORS (PRRs). The best-known PRRs are the Toll-like receptors (TLRs), which are expressed by cells of the myeloid and lymphoid lineages, as well as by epithelial and endothelial cells34. TLRs have recently been shown to be involved in the recognition of commensal bacteria, thereby participating in intestinal homeostasis35. TLRs sense extracellular PAMPs and trigger ‘outside in’ signalling that leads to the activation of pro-inflammatory pathways36–39. More recently, another family of PRRs has been recognized: the nucleotide-binding oligomerization domain (NOD) family of proteins, which are expressed intracellularly and recognize PGNs. NOD1 recognizes muramyl tripeptides from Gram-negative bacteria, which are characterized by the presence of meso-diaminopimelic acid. By contrast, NOD2 recognizes a minimal motif, muramyl dipeptide, that is common to the PGNs of all bacterial species, regardless of their Gram-staining characteristics40–42. Although there are differences in the signalling pathways that are triggered by the ligation of various PRRs, ligation of each type of PRR induces the expression of pro-inflammatory genes driven by both the transcription factor NF-κB and the associated pro-inflammatory cascades, such as the mitogen-activated protein kinase (MAPK) pathways involving p38 and JNK (JUN aminoterminal kinase)43,44. This leads epithelial cells to produce an array of pro-inflammatory cytokines and chemokines, among which CXCL8 is most abundant. Responsiveness in the crypts. It is probable that the intestinal crypts — which maintain a sterile luminal content to enable permanent regeneration of the epithelium by resident stem cells — are responsive to the presence of overgrowing bacteria through sensing of released PAMPs. For example, at least in the small intestine of mice, the expression of TLR4 (REF. 45), and possibly the NOD proteins, occurs specifically in the epithelium at the bottom of the crypts46. Following activation of the pro-inflammatory pathways, an array of defence mechanisms account for ‘cleaning up’ the lumen of the crypts, including expression and release of antibacterial defensins and attraction of neutrophils (FIG. 1). This has raised an interesting paradigm that could account, in a certain category of patients, for the initial inflammatory process that is observed in Crohn’s disease. It has recently been shown that ∼30% of familial cases of Crohn’s disease involve a loss-of-function mutation in NOD2 (REFS 47,48), thereby rendering cells expressing the mutated NOD2 unable to respond to its agonist, muramyl dipeptide. Immunostaining of intestinal tissues has shown that NOD2 is highly expressed and is mainly localized in the Paneth cells49, which produce α-defensins. It is possible VOLUME 4 | DECEMBER 2004 | 9 5 5
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Figure 1 | Expression of TLRs and NOD2 by luminal surface versus crypt epithelial cells in the small intestine. This scheme shows the probable differences between the epithelial cells at the luminal surface and those in the crypts of the gut in terms of their expression of pattern-recognition receptors — such as Toll-like receptors (TLRs) and nucleotidebinding oligomerization domain (NOD) proteins — for sensing the presence of microorganisms through their pathogenassociated molecular patterns. To protect stem cells and their environment, crypts are organized as integrated units of bacterial sensing and destruction, in which Paneth cells (through their production of defensins) have an important role. A similar pattern is likely to occur in the colon, in which Paneth cells are absent, but β-defensins are produced by epithelial cells. CXCL8, CXC-chemokine ligand 8.
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that lack of expression and release of α-defensins in response to the abnormal presence of bacteria in the sterile crypts leads to uncontrolled bacterial growth, which eventually triggers extensive local inflammation, granuloma formation and transmural abscesses. This would be a typical example of the effect of a ‘breakdown’ in the finely tuned network of physiological inflammation in the intestinal tissue. Unresponsiveness at epithelial surfaces. Considering that the molecular motifs that activate both the TLRs and the NOD proteins are present at the surface of both commensal and pathogenic microorganisms, it is important to understand why commensal microorganisms do not generate permanent intestinal inflammation. Three principal factors are expected to account for tolerance to commensal microorganisms: properties of the bacteria themselves, characteristics of the epithelial surface and properties of the immune cells that are present in the lamina propria (BOX 1). Although our knowledge of the ∼500 bacterial species that constitute the intestinal microflora remains limited50 (particularly because most of these species are extremely oxygen-sensitive obligate anaerobes and are therefore difficult to culture), these microorganisms all have some general characteristics — such as their lack of pathogenicity factors (for example, adhesins and invasins) — that impair their ability to colonize the epithelium. Therefore, as previously discussed, these bacteria and their released PAMPs are constantly trapped in secreted mucus and washed away by peristaltic movements. Also, many of the dominant species belong to the Gram-negative genus Bacteroides51; the lipid A (the endotoxic portion of LPS that is anchored in the outer membrane) of these bacteria is pentacylated and therefore has a low endotoxicity52 or can even have an antagonistic action towards potently endotoxic hexacylated lipid A53. This is known as tolerance by ignorance or blindness, a characteristic that is also a property of the mononuclear cells that underlie the lamina propria, particularly the resident macrophages that do not express CD14 (REF. 54). The surface of the epithelium also participates in tolerance by ignorance or blindness through several strategies. First, the TLR machinery of epithelial cells might be defective at the level of the epithelial surface, most of which is exposed to the bacterial microflora. For example, it has been shown that, although some IEC lines express detectable amounts of mRNA encoding TLR4, production of TLR4 protein is negligible55,56, and these cells lack the cofactors that are required for LPS recognition, such as CD14 and MD2 (REF. 55). Second, the TLRs might be ‘hidden’, as is the case for TLR5. TLR5 recognizes the monomeric subunits of bacterial flagellin that are secreted by flagellated bacteria57,58, and its expression is thought to be polarized to the basolateral side of IECs38, although this is under debate59. So, recognition of the flagellin subunits might require delivery to the basal side of the epithelium, which could be achieved either by subversion of the barrier function of tight junctions or by transepithelial translocation of flagellin
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Box 1 | Mechanisms for intestinal tolerance to commensal bacteria



Commensal bacteria • Impaired ability to escape trapping in mucus • Impaired ability to adhere and invade the epithelial barrier • Low endotoxicity, as a result of having pentacylated lipid A (Gram-negative bacteria)



Mucosal epithelium • Defective sensing of molecular pathogen-associated molecular patterns (except for crypt cells), as a result of reduced expression of sensing molecules (for example, Toll-like receptor 2 (TLR2), TLR4, MD2 and CD14) or sequestration of sensing molecules (for example, basolateral expression of TLR5) • Early warning systems (for example, nucleotide-binding oligomerization domain proteins) for the detection of invading pathogens • Permanent induction of active anti-inflammatory systems under pressure of the gut microflora. (For example, activation of the nuclear receptor PPAR-γ (peroxisomeproliferator-activated receptor-γ) results in inhibition of the nuclear factor-κB pathway)



Lamina propria • Contains tolerogenic dendritic cells, macrophages and regulatory T cells that produce anti-inflammatory cytokines (such as interleukin-10 and transforming growth factor-β) in response to commensal bacteria



TYPE IV SECRETORY SYSTEM A type of molecular syringe



that Gram-negative bacteria have. It enables these bacteria to deliver DNA (by species such as Agrobacterium) and protein effectors (by species such as Helicobacter pylori) into eukaryotic cells.



— two properties that could distinguish commensal bacteria from pathogenic bacteria. Owing to structural variations, some flagellin molecules might also have a low intrinsic ability to stimulate TLR5 present at the cell-surface of gastric cells60. Third, converging evidence indicates that recognition of PAMPs by the intestinal epithelium occurs intracellularly. This seems to be the case for TLR4, which has been shown to be present in the Golgi apparatus, where it co-localizes with internalized LPS. This is in contrast to TLR4 expressed by mononuclear cells, which is present at the cell surface45. In polarized intestinal cells, LPS has also been shown to concentrate in the apical recycling endosome, in which it can be intercepted by transcytosing LPS-specific secretory IgA — an interaction that leads to neutralization of the pro-inflammatory response to LPS61. NOD1-dependent recognition of muramyl tripeptides also occurs intracellularly40. So, another characteristic of pathogenic bacteria, in contrast to commensal bacteria, might be their capacity to carry out or facilitate introduction of PAMPs into epithelial cells; further investigation is required to confirm this possibility. An exciting example of this process is provided by Helicobacter pylori, which can programme gastric epithelial cells to transcribe proinflammatory genes, particularly those encoding chemokines (such as CXCL8) that attract neutrophils. This property is largely linked to the presence of the Cag pathogenicity island (PAI) in the H. pylori genome; the Cag PAI encodes a TYPE IV SECRETORY SYSTEM62 that can translocate the Cag effector proteins to the cell cytoplasm. However, none of the Cag proteins can induce inflammation, and subsequent experiments have shown that PGN fragments introduced into gastric cells through the type IV secretory system of H. pylori induce NOD1-dependent activation of NF-κB and thereby transcription of the inflammatory
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programme. Interestingly, NOD1-deficient mice cannot regulate the density of H. pylori growing at their gastric epithelial surface, indicating that, after recognition of its cognate PAMP, NOD1 activates the recruitment of inflammatory cells — particularly neutrophils, which cross the epithelial barrier to eradicate the bacteria — thereby inducing chronic gastritis (J. Viala, unpublished observations) (FIG. 2). Adding to the subtlety of the epithelial mechanisms that control intestinal inflammation, the commensal flora might participate in bacterial tolerance through an active crosstalk with the epithelium, thereby achieving tolerance by constraint. It seems that there are counter-regulatory mechanisms that might have an important role in the induction of tolerance to PAMPs. Expression and activation of molecules such as a truncated version of the TLR adaptor MyD88 (myeloid differentiation primary-response protein 88), which has a dominant-negative role in NF-κB activation63, and IRAK-M (IL-1-receptor-associated kinase M), a negative regulator of TLR signalling 64, might have a role; however, this needs to be confirmed in vivo. One target for the active induction of epithelial tolerance is the peroxisome-proliferator-activated receptor-γ (PPAR-γ), which has an anti-inflammatory function65. For example, non-pathogenic Gram-negative bacteria can induce the expression and activation of PPAR-γ, which then downregulates the inflammatory response. Engagement of TLR4 by the LPS of commensal Enterobacteriaceae might account for this process66. More recently, a study of the interactions of the probiotic Bacteroides thetaiotaomicron with IECs showed a novel function of PPAR-γ in its role as a negative regulator of NF-κB activation and therefore in its anti-inflammatory role. Instead of interfering with NF-κB activation in the cytoplasm, B. thetaiotaomicron triggers the association of PPAR-γ with the REL-A subunit of the NF-κB transcriptional complex, leading to the formation of a complex that is retro-transported from the nucleus to the cytoplasm, thereby blocking transcription of NF-κB-activated pro-inflammatory genes67. An alternative target for maintaining epithelial tolerance is the ubiquitylation pathway, which leads to protein degradation by the proteasome. Exposure of IECs to non-virulent Salmonella spp. prevents ubiquitylation of the α-subunit of inhibitor of NF-κB (IκBα) — which is normally induced by virulent Salmonella spp. or tumour-necrosis factor (TNF) — probably by blocking the function of the ubiquitylation complex E3 ubiquitin ligase–β-transducin-repeat-containing protein, which mediates ligation of ubiquitin molecules to the protein targeted for degradation68. As a consequence, IκBα is not degraded, and NF-κB does not translocate to the nucleus and thereby does not mediate the transcription of target genes. It could be argued that non-virulent Salmonella spp. cannot be considered as typical commensal microorganisms; nevertheless, it is possible that the ubiquitylation and proteasomal degradation of proteins that are important for regulating inflammatory cascades are probable targets for the induction of tolerance by constraint.
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Figure 2 | Bacteria trigger a pro-inflammatory programme in intestinal epithelial cells, using various strategies. Pathogenic bacteria and possibly commensal bacteria can be detected by epithelial cells through cell-surface receptors (such as Toll-like receptors, TLRs) or by endocytosis of microbial products. Detection by TLRs or other intracellular pattern-recognition receptors triggers a signalling cascade that results in the activation of nuclear factor-κB (NF-κB), which translocates to the nucleus, where it promotes the transcription of pro-inflammatory genes. Some pathogenic bacteria (such as Clostridium difficile and Bacteroides fragilis) adhere to epithelial cells and secrete toxins, which induce NF-κB activation. By contrast, enteropathogenic Escherichia coli (EPEC), enterohaemorrhagic E. coli (EHEC) and Helicobacter pylori inject effector molecules into the cell through type III or type IV secretory systems. A different mechanism is also used by Shigella spp. and Salmonella spp., which directly invade the cell, resulting in NF-κB activation (which is thought to be largely nucleotide-binding oligomerization domain (NOD)-protein dependent) and stimulation of an inflammatory response. PAMP, pathogen-associated molecular pattern.



Finally, recent work indicates that DNA from probiotic bacteria, such as Bacteroides vulgatus, limits IECmediated pro-inflammatory responses in vitro and in vivo69. This indicates that the model of TLR9 recognizing unmethylated (prokaryotic) CpG-containing DNA and not methylated eukaryotic DNA requires further refinement.



TYPE III SECRETORY SYSTEM



(TTSS). A molecular syringe that is prevalent in pathogenic and symbiotic Gram-negative bacteria. TTSSs can deliver effector molecules into eukaryotic target cells.
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Adaptive immune tolerance. It should be stressed that, in the lamina propria of the intestine, the adaptive immune response is also oriented towards tolerance, and most microbial and food antigens do not elicit an adaptive immune response. Sampling of commensal microorganisms is achieved both by IECs of the FAE and by DCs that capture microorganisms and their antigens and carry them to immunocompetent organs. DCs can even extend dendrites through epithelial tight junctions to sample luminal antigens directly28. It is probable that PRRs provide an array of crucial signals that modulate the differentiation of APCs (particularly DCs), thereby strongly influencing the nature of the immune response and, in particular, its orientation towards tolerance. Control of the expression of IL-12 — which is produced by APCs in response to pathogenic microorganisms, but not commensal microorganisms — is considered an essential element of tolerogenicity70. In addition, T cells of thymic origin that circulate in the lamina propria and are specific for commensal antigens
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need to be actively suppressed to avoid uncontrolled inflammation following the translocation of these commensal antigens. The presence of regulatory T cells is a characteristic of the lamina propria. These cells, which are known as T helper 3 cells or regulatory T cells, inhibit the activation, differentiation and proliferation of other T cells. They produce IL-10 and/or transforming growth factor-β, and the neutralization of either of these two cytokines abolishes the suppressive functions of these cells71. The observation that IL-10-deficient mice develop enterocolitis in the presence of an intestinal flora supports the above scheme. In summary, the lack of an inflammatory response to commensal bacteria reflects dual tolerance mechanisms — one by ignorance and one by constraint — in which a certain level of crosstalk between bacteria, the epithelium and lamina-propria cells leads to a global, although fragile, balance that actively regulates intestinal inflammation in a negative manner. It is probable that ‘breaks’ in these subtle and intricate mechanisms of tolerance to the commensal microflora, possibly occurring in genetically predisposed individuals, account to a large extent for inflammatory bowel diseases (IBDs)72, such as Crohn’s disease and ulcerative colitis. Crosstalk between pathogens and mucosae



In contrast to commensal microorganisms, enteric bacterial pathogens subvert, sometimes invade and often cause inflammatory destruction of the intestinal epithelium. Pathogens need to gain access to the epithelial surface to colonize it and (for some) to then disrupt this barrier and invade the mucosa, as well as to overcome host-defence mechanisms that are triggered by their aggressive behaviour. Although some pathogenic microorganisms, such as Vibrio cholerae, colonize the epithelial surface73, the ultimate pathogenic activity is mucosal invasion, and this is the focus of this review. Despite this, pathogenic bacteria that colonize the epithelial surface73 can cause inflammation through the production of cytotoxins, such as those secreted by Clostridium difficile and Bacteroides fragilis. Alternatively, colonization occurs through close adherence to, and effacement of, the brush border, followed by injection of effectors through a TYPE III SECRETORY SYSTEM (TTSS), such as that used by enteropathogenic Escherichia coli (EPEC) and enterohaemorrhagic E. coli (EHEC). The latter also produce cytotoxins known as Shiga-like toxins. Rupture of the intestinal barrier by Gram-negative enteroinvasive pathogens can lead to three main outcomes, depending on the intrinsic virulent properties of the pathogen74: ‘local’ mucosal invasion, as exemplified by Shigella spp.75;‘loco-regional’ infection, as carried out by Yersinia spp.76; or a complex infectious pattern combining both ‘local’ mucosal invasion and systemic dissemination, as exemplified by Salmonella spp.77. There are two main routes for bacteria to cross the intestinal epithelium. The first,‘assisted crossing’, involves M cells of the FAE, whereas the second could be described as ‘head-on crossing’, in which bacteria have developed the ability to attack the epithelium. The latter strategy encompasses several tactics that require crosstalk
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REVIEWS between invasive microorganisms and the epithelium. This dialogue that is established between Gram-negative entero-invasive pathogens and the intestinal epithelium is mainly mediated by effectors secreted into cells by a TTSS78. Use of M cells by entero-invasive pathogens. A large range of bacterial pathogens exploit M-cell transport to invade the intestinal mucosa23,30. Most of the molecular interactions that mediate translocation through M cells are not yet clear. As well as the generic, non-specific mechanisms that facilitate the capture and transport of any luminal particle, specific mechanisms of adherence and internalization are likely to exist but are probably redundant. For example, the product of the lpf fimbrial operon of S. typhimurium79 and the Inv adhesin of Yersinia pseudotuberculosis bind with high affinity to the β1-integrins expressed apically by M cells80. For Shigella spp., the TTSS allows extensive translocation of bacteria through the FAE compared with the limited background translocation of a non-invasive mutant81. Similarly, S. typhimurium spi1 (Salmonella PAI 1) encodes a TTSS that injects effectors, which reorganize the cytoskeleton of the cell, thereby mediating the translocation of bacteria through M cells82. Although translocation through M cells seems to be an easy process for these microorganisms, bacterial survival in the Peyer’s-patch or the lymphoid-nodule
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Figure 3 | Steps of Yersinia spp. translocation of the intestinal epithelium and development of the infectious process leading to mesenteric lymphadenitis. Yersinia pseudotuberculosis and Yersinia enterocolitica cross the epithelial barrier mainly through the M (microfold) cells of the follicle-associated epithelium of Peyer’s patches in the ileal portion of the small intestine. To survive, these bacteria resist phagocytosis by macrophages through the injection of Yop effectors into these cells using a type III secretory system, leading to paralysis of the actin cytoskeleton. Yersinia spp. also downregulate inflammation, thereby avoiding humoral and cellular effectors of the innate immune response. Yersinia spp. might also cause apoptosis of macrophages. As a result, bacteria resist host immune defences in subepithelial tissues, allowing them to invade the epithelium and infect distant mesenteric lymph nodes. TNF, tumour-necrosis factor.
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environment is a challenge because incoming bacteria (particularly in the dome area of the lymphoid follicles) face a dense group of phagocytic cells, both resident cells and those that are quickly recruited83. This highlights that invasive microorganisms not only need to cross the epithelial lining but also need to resist innate immune defences to survive phagocytosis and killing and to establish infection. Various strategies to subvert host immune defences can be described using the examples of Yersinia, Shigella and Salmonella spp. Yersinia spp. have a dual strategy (FIG. 3) that is both antiphagocytic, owing to intracellular injection of YopE, YopH and YopT, which inactivate the actin cytoskeleton, and anti-inflammatory, owing to the block in TNF production that is mediated by YopP, which then inhibits further recruitment of the pro-inflammatory infiltrate, particularly monocytes and neutrophils84. Alternatively, phagocytosed Yersinia spp. can cause YopP-dependent apoptosis of the host cell. These Yop proteins encoded by the virulence plasmid of Yersinia spp. and injected through the TTSS therefore function as effector proteins that ‘anaesthetize’ the innate immune response, thereby achieving immediate bacterial survival. This strategy is reflected in the clinical symptoms of infection with Yersinia spp., which are dominated by the formation of ileal and mesenteric abscesses in which bacteria are mainly extracellular 85. Following translocation through M cells, the behaviour of Shigella spp. differs markedly from the behaviour of Yersinia spp.86 (FIG. 4). After translocation across the FAE, Shigella spp. ensure their immediate survival by causing apoptosis of macrophages and monocytes87,88 through IpaB-mediated activation of caspase-1 (REFS 89,90). However, this mechanism also triggers early mucosal inflammation through the release of mature IL-1β and IL-18, as a result of caspase-1mediated cleavage of their precursors. This inflammatory process is a ‘double-edged sword’ with regard to successful Shigella infection. On the one hand, it disrupts the impermeable epithelial barrier and facilitates bacterial invasion in the area surrounding the initial point of epithelial translocation91,92. The role of IL-1β in this process of disruption has been clearly established93,94. On the other hand, IL-18 is required for the control of infection with Shigella spp.94, probably through stimulating the production of interferon-γ95. In addition, neutrophils produce elastase, which actively degrades virulence factors such as Ipa proteins and IcsA. These events disarm the microorganisms96 and eventually cause their death, in particular by trapping the bacteria extracellularly in intertwined filamentous structures known as neutrophil extracellular traps (NETs), which are composed of DNA and antimicrobial molecules (including histones and proteases)97. In response to these defence mechanisms, Shigella spp. need mechanisms to resist being killed. One of these is their ability to invade epithelial cells and then spread from cell to cell98. This mechanism of ‘underground’ colonization offers good protection against phagocytes and accounts for the clinical pattern of shigellosis, which is characterized by extensive epithelial
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REVIEWS destruction. Recent evidence indicates that Shigella spp. can also manipulate the inflammatory response. Mutation in the chromosomal gene shiA results in increased inflammatory destruction compared with that caused by the homologous wild-type strain, indicating an as-yet-unknown mechanism of downregulating inflammation in response to mucosal invasion99. Recently, my research group has shown that OspG, one of the plasmid-encoded Shigella proteins that are injected into cells through the TTSS, interferes with proteasomal degradation of IκB, thereby downregulating the severity of inflammation. This was confirmed by the observation that an ospG mutant causes much less inflammation than the wild-type strain (D. W. Kim, unpublished observations). Downregulation of the expression of bactericidal peptides also reflects the capacity of Shigella spp. to manipulate the innate immune response to manage survival. Early in the course of shigellosis, it was shown that expression of the antibacterial peptides LL37 and BD1 was reduced or abrogated in biopsies from patients with bacillary dysentery100. Interestingly, Salmonella spp. establish another pattern of interaction that involves a combination of extraand intracellular strategies that also rely on expression of a TTSS (FIG. 5). The initial step is similar to that of Shigella spp.; the SipB effector encoded by spi1 (similar to the IpaB protein of Shigella spp.) causes macrophage apoptosis through activation of caspase-1 (REF. 101). However, the subsequent steps are considerably different. Shigella bacterium M cell
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Figure 4 | Steps of Shigella spp. translocation of the intestinal epithelium and development of the infectious process leading to bacillary dysentery. Shigella spp. cross M (microfold) cells of the follicle-associated epithelium that covers the lymphoid nodules associated with the colonic mucosal tissues. In this subepithelial location, Shigella spp. cause extensive apoptosis of macrophages. This process allows escape of bacteria into the tissues and efficient basolateral entry to epithelial cells, followed by cell-to-cell spreading, which generates efficient intracellular colonization. Caspase-1-mediated apoptosis can also initiate inflammation through the release of mature interleukin-1β (IL-1β). The inflammatory mechanism is considerably amplified by the presence of intracellular bacteria that activate the NOD1 (nucleotide-binding oligomerization domain protein 1) pathway through the release of peptidoglycan (PGN). CXCL8, CXC-chemokine ligand 8; NF-κB, nuclear factor-κB.
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They are characterized by a switch in strategy, in which the bacteria eventually ‘accept’ phagocytosis by resident macrophages of the dome and the surrounding area; however, through expression of Spi2 and its dedicated effectors, Salmonella spp. remodel their phagosome in such a way that they reside in a self-made and distinct intracellular compartment, known as the SCV (Salmonella-containing vacuole)102–105. The Salmonellaencoded protein SifA has an important role in mediating the recruitment of vesicles to increase the amount of SCV membrane, thereby avoiding rupture of the vacuole and transition to a lysosome106. This strategy is important for the capacity of Salmonella spp. to further disseminate in their host and cause septicaemia — a strategy reinforced in Salmonella typhi by expression of a capsule, the Vi antigen. Direct invasion of the epithelial lining. As well as crossing the FAE, entero-invasive bacteria can also cross the villous epithelium of the small intestine or the superficial epithelium of the colon by direct attack of the epithelial lining, such as is carried out by Listeria monocytogenes. Several surface proteins contribute to entry of L. monocytogenes to epithelial cells in vitro. However, internalin A (InlA) is the main mediator of a ‘zipper’ type of internalization107. InlA allows direct crossing of the villous epithelium in the small intestine, because unlike Yersinia, Shigella and Salmonella spp., L. monocytogenes shows no tropism for the FAE108. Entry to cells involves interaction between InlA and human epithelial (E)-cadherin, a transmembrane glycoprotein that is normally involved in homophilic E-cadherin–E-cadherin interactions at the adherens junctions of polarized epithelial cells. The crucial role of InlA–E-cadherin interactions in vivo has been confirmed using a transgenic mouse model that expresses human E-cadherin109. After cellular invasion, L. monocytogenes escapes from the vacuole following membrane rupture mediated by listeriolysin O (LLO); it then moves through the cytoplasm, and then from cell to cell, in an actin-dependent process. In addition to its role in membrane lysis, LLO is also a signalling molecule that can activate pro-inflammatory pathways110. Despite this, the level of intestinal inflammation that is observed during the intestinal phase of listeriosis does not match the degree of inflammation observed in the course of shigellosis or salmonellosis. So, it is possible that either the pro-inflammatory effectors of L. monocytogenes are far less potent than those of its Gram-negative counterparts or L. monocytogenes has a strong compensating anti-inflammatory function. Infection with Salmonella spp. can be considered as a model of crosstalk between apically established bacteria and IECs, leading not only to transepithelial translocation following Spi1-mediated entry to the cell but also to reprogramming of IECs, which induces them to express important mediators of the innate immune response, particularly chemokines that attract neutrophils. As discussed earlier, the sensing of flagellin by TLR5 is likely to be the main effector mechanism, leading not only to NF-κB-dependent activation of the expression of CXCL8 and other chemokines (which
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Figure 5 | Strategies that allow Salmonella spp. to cross the intestinal barrier, survive in intestinal tissues and spread systemically. Salmonella spp. cross M (microfold) cells of the follicle-associated epithelium mainly in the Peyer’s patches of the ileal portion of the small intestine but possibly also in the colon. In this subepithelial location, Salmonella spp. might cause macrophage apoptosis through effectors injected using a type III secretory system that is encoded by Spi1 (Salmonella pathogenicity island 1), thereby also triggering inflammation. Salmonella spp. also switch to expression of Spi2, which encodes a type III secretory system that allows injection of effector proteins from the endocytic vacuole into the cell cytoplasm, thereby enabling bacteria to modify the vacuole to a Salmonella-containing vacuole, which supports bacterial survival and multiplication. This provides bacteria with the capacity to both invade epithelial cells basolaterally, owing to expression of Spi1 effectors, and to disseminate systemically. Alternatively, Salmonella spp. can also directly enter intestinal cells by the apical pole of the cell or be captured by dendritic cells that emit pseudopods between epithelial cells. The latter process promotes systemic dissemination of Salmonella spp. IL-1β, interleukin-1β.



recruit neutrophils and mononuclear cells to subepithelial tissues37,57) but also to a high level of expression of CC-chemokine ligand 20 (which is required for the recruitment of immature DCs), thereby establishing an immediate link between innate and adaptive immunity59,111. Furthermore, these events might contribute to the process of DC-mediated capture of luminal bacteria. It is also probable that, after Salmonella spp. have undergone cellular invasion, they activate a NODdependent inflammatory cascade — although this has not yet been convincingly shown, possibly because intracellular bacteria remain trapped in a closed vacuole from which PGN cannot easily diffuse into the cytosol. Recent evidence indicates that pathogens such as Salmonella that remain trapped in a vacuole are sensed and activate pro-inflammatory and apoptotic pathways112. Clearly, a gradient of CXCL8 formed by basolateral secretion is required for recruitment of neutrophils to the epithelium. However, this gradient cannot easily
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account for the transepithelial migration of neutrophils113. The interaction of Salmonella with the apical surface of IECs induces the production of PEEC, which has recently been shown to be identical to hepoxilin A3 (REF. 114) — an eicosanoid of which the synthesis might be under the control of an Arf6-dependent pathway induced by the Salmonella invasin SipA115. The dogma that Shigella spp. exclusively translocate the epithelial lining through the FAE might not be so clear cut. In vivo Shigellae might also invade the mucosa in areas devoid of FAE structures. This strategy could involve injection through their activated TTSS (from their extracellular position) of effector proteins that disorganize the cohesion of the epithelial layer or even induce cytotoxicity and cell killing, thereby opening avenues for translocation to subepithelial tissues. In addition, a few bacteria might eventually be able to enter epithelial cells apically, as observed in the small intestine of guinea pigs116 and, more recently, in the colon of mice (M. L. Bernardini, unpublished observations) and following intrarectal
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REVIEWS inoculation117. However, it is probable that mucosal inflammation triggered by bacteria colonizing the epithelial surface leads to a disruption of the epithelial lining in which neutralization of neutrophil infiltration92, IL-1β93 or CXCL8 (REF. 118) not only abrogates mucosal inflammation and epithelial destruction but also blocks bacterial invasion of the epithelium. Indeed, the question is how do Shigella spp. recruit an inflammatory infiltrate through crosstalk with the apex of IECs. Unlike Salmonella spp., Shigella spp. do not have flagella, so they cannot activate the TLR5dependent pathway that seems to be important for clearance of Salmonella spp. It is possible that mutations in the operons that are required for flagellar biosynthesis preserve Shigella spp. against surface eradication by an excessive innate immune response. As previously suggested, similar to H. pylori, Shigella spp., through their TTSS, might introduce PGN into the IEC cytoplasm and initiate a NOD1-dependent response, inducing expression of CXCL8 and other pro-inflammatory cytokines and chemokines. Other options for inducing an inflammatory response are possible, including expression of various Osp and IpaH proteins, some of which, after injection into cells, might have a pro-inflammatory property. At present, the evidence indicates that Osp proteins have an antiinflammatory effect. Again, this might be part of a process in which the bacteria need to balance excessive inflammation, which could kill the host and therefore the bacteria, and insufficient inflammation, which does not allow ‘unlocking’ of the epithelial barrier for efficient invasion. Assistance of bacterial invasion by DCs. Salmonella spp. have been shown to follow two main pathways of translocating the mouse intestinal epithelium. The first is the ‘classical’ pathway, involving translocating the FAE in Peyer’s patches, whereas the second, used by some bacteria, involves translocating the regular villous epithelium using a mechanism that is CD18 dependent119. This latter pathway indicates that bacteria are transported by phagocytic cells, and it leads to systemic infection. The cells that mediate translocation are probably DCs that internalize bacteria from their location across the intestinal epithelium in the lamina propria28. Using this mechanism, DCs can open the tight junctions between epithelial cells and extend dendrites that sample luminal bacteria. As this process develops, the integrity of the epithelial barrier is preserved, owing to the expression of junctional proteins (such as claudins, occludin and zona occludens 1) by the DCs, and these proteins establish transient tight junctions with the epithelial cells. The degree to which this DC-assisted process takes part in the global process of Salmonella translocation and whether it also participates in the translocation of other invasive pathogens, such as Shigella spp. and L. monocytogenes, remains to be shown. Apart from these mechanistic aspects of bacterial invasion, DCs provide a crucial link between the innate and the adaptive immune response120.
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Conclusion



This review attempts to make sense of the crosstalk that is established between the bacterial populations of the gut and the intestinal mucosa of the host. IECs emerge as sentinel cells that are not only able to discriminate between ‘friends’ (the commensal microorganisms) and ‘foes’ (the pathogens) but are also able to translate this recognition process into signals to the mucosal innate immune system that tip the balance towards tolerance in the presence of commensal microorganisms and inflammation aimed at microbial destruction in the presence of pathogens. Despite the fact that both commensal microorganisms and pathogens express common motifs that are recognized by dedicated receptors, I have emphasized several factors that are important in the modulation of intestinal homeostasis. PAMPs are not equal in their signalling capacity, and their diversity needs to be further explored in the context of their potential to trigger innate immune responses. In addition, areas of the gut are not equal in their capacity to respond to microorganisms. For example, the intestinal crypt must remain relatively germ-free, because it is a ‘sanctuary’ where stem cells provide constant renewal of the epithelium. So, the crypts are more reactive to the presence of microorganisms and, accordingly, express PRRs at higher levels and in more strategic positions, such as at the apex of IECs. Therefore, it is not surprising that intestinal inflammation is often initiated in the crypts, as indicated by cryptitis being the principal initial sign of the development of IBDs. Finally, bacterial pathogens are different from commensal bacteria, as has now been confirmed by genomic analysis. They express virulence factors — such as adherence molecules, invasion systems, enzymes and toxins — that provide them with the capacity not only to establish close contact with the epithelial surface but also to colonize and /or invade and cause destructive damage to the host mucosa. It is now clear that dysfunction in this delicate network of extracellular and intracellular sensors, which can discriminate between commensal and pathogenic bacteria, leads to pathological consequences, such as IBDs. The association of mutations in the NOD2 gene with Crohn’s disease provides a good demonstration of this emerging concept121. The complexity and intricate nature of the signalling networks involved in the homeostatic and pathogenic mechanisms need to be modelled and analysed in vitro. Issues such as the sampling of PAMPs by epithelial cells and the parallel mechanisms of sensing and signalling can only be addressed by in vitro approaches. However, only in vivo approaches allow us to study the complexity of these processes. One big handicap is the lack of relevant mouse models that accurately reproduce the diseases caused by humanspecific pathogens. Therefore, two main priorities emerge: the requirement for humanized mice that develop human-like diseases, and the sustained development of molecular, imaging and sampling tools for global analysis of in vivo processes.
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