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Amgen Award Lecture Molecular Basis of Epithelial Barrier Regulation From Basic Mechanisms to Clinical Application



Jerrold R. Turner From the Department of Pathology, The University of Chicago, Chicago, Illinois



The intestinal epithelium is faced with the complex task of providing a barrier while also allowing nutrient and water absorption. The frequency with which these processes are disrupted in disease can be taken as evidence of their importance. It is therefore of interest to define the mechanisms of altered intestinal barrier and transport function and develop means to correct diseaseassociated defects. Over the past 10 years, some of the molecular events underlying physiological epithelial barrier regulation have been described. Remarkably, recent advances have shown that activation of the same mechanisms is central to barrier dysfunction in both in vitro and in vivo models of disease. Although the contribution of barrier dysfunction to pathogenesis of chronic disease remains incompletely understood, it is now clear that cytoskeletal regulation of barrier function is both an important pathogenic process and that targeted inhibition of myosin light chain kinase, which affects this cytoskeleton-dependent tight junction dysfunction, is an attractive candidate for therapeutic intervention. (Am J Pathol 2006, 169:1901–1909; DOI: 10.2353/ajpath.2006.060681)



The economic and social costs associated with gastrointestinal disease continue to expand. It is estimated that in 2000, the most recent year for which data are available, ulcerative colitis, Crohn’s disease, chronic diarrheal disease, and other infectious and inflammatory intestinal diseases in the United States had total costs in excess of $4.7 billion.1 These diseases are complex and likely involve multiple mechanisms of injury, including immune dysregulation, epithelial apoptosis, and signal transduction events. Many diseases, particularly inflammatory bowel disease, celiac disease, ischemic disease, and graft-versus-host disease, are also associated with loss of intestinal barrier function.2–15 Although incompletely explored, significant data suggest that tumor necrosis



factor (TNF)-induced dysregulation of the intestinal barrier may be a critical pathogenic component of these diseases. The goals of this article are to review current understanding of mechanisms of barrier regulation, consider implications for disease pathogenesis, describe the potential of novel therapeutic interventions, and highlight areas in which further study is needed.



The Epithelial Barrier One critical function of epithelial-lined surfaces is to define the interface between separate body compartments. Examples include the skin, which maintains a barrier that supports overall homeostasis and prevents systemic infection,16 and the renal tubule, which forms a barrier that maintains gradients between the renal interstitium and the sterile tubular lumen to allow active and passive transport to regulate urine composition.17 The intestinal mucosa has a far more difficult charge: it must balance the needs for a barrier against a hostile environment, like the skin, with the necessity of active and passive transport, like the renal tubule. An intact intestinal barrier is, therefore, critical to normal physiological function and prevention of disease. The intestinal barrier is primarily formed by the epithelium. The individual epithelial cell membranes form the majority of this barrier; they are impermeable to hydrophilic solutes except where specific transporters exist. Supported by the National Institutes of Health (National Institute of Diabetes and Digestive and Kidney Diseases) and the Crohn’s & Colitis Foundation of America. Accepted for publication September 6, 2006. The ASIP-Amgen Outstanding Investigator Award is given by the American Society for Investigative Pathology to recognize excellence in experimental pathology research. Jerrold R. Turner, a recipient of the 2006 Amgen Outstanding Investigator Award, delivered a lecture entitled “Molecular Basis of Epithelial Barrier Regulation: From Basic Science to Clinical Application” on April 2, 2006 at the annual meeting of the American Society for Investigative Pathology in San Francisco, CA. Address reprint requests to Jerrold R. Turner, Department of Pathology, The University of Chicago, 5841 South Maryland Ave., MC 1089, Chicago, IL 60637. E-mail: [email protected].
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are lost, as occurs in erosions and ulcerations. Although beyond the scope of this discussion, it should be recognized that intestinal epithelia are programed to rapidly heal such wounds and reseal the barrier within minutes of injury.18 –20 As might be expected, tight junction assembly represents a critical final step in this process.



Tight Junctions Are Intimately Related to the Perijunctional Cytoskeleton



Figure 1. The epithelial tight junction. Electron micrograph of the junction between two adjacent villus absorptive enterocytes. Note the actin core of the microvilli that extends into a filamentous mesh, the cortical actin web, within the apical cytoplasm. Denser filament accumulations are apparent surrounding the apical junction complex. The latter is composed of the tight junction, a zone of close apposition of adjacent plasma membranes just beneath the apical surface, and the adherens junction, which is immediately sub apical to the tight junction. Bar ⫽ 200 nm.



However, the space between adjacent cells, the paracellular space, would negate barrier function provided by plasma membranes were it not sealed by intercellular junctions. Of these, the tight junction (Figure 1) is most critical. As the rate-limiting step for paracellular transit, permeability of the tight junction defines the overall barrier function of an intact intestinal epithelium. Of course, the barrier is severely compromised when epithelial cells



Early morphological studies interpreted the tight junction as a complete paracellular seal, supporting the general consensus that tight junction structure and barrier properties were immalleable. This paradigm was shattered when regulation of Necturus gallbladder epithelial tight junction permeability by cyclic adenosine monophosphate (AMP) was reported.21 This study noted that changes in tight junction permeability were accompanied by reorganization of tight junction ultrastructure, suggesting a link between structural and functional regulation.21 Despite this remarkable observation, the mechanisms of tight junction regulation remained unexplored. One important clue to these mechanisms came from studies showing the association of thin actin-like filaments within the apical cytoplasm of small intestinal epithelia with tight junctions.22,23 Moreover, functional studies showed that fungal-derived cytochalasins, which sever actin filaments, were able to disrupt tight junction barrier function and structure.24 Although one might conclude from these data that tight junctions needed supporting actin filaments to maintain their structural, and therefore functional, integrity, the observation that cytochalasin-induced tight junction disruption was energy-dependent appeared to refute that interpretation.25 Rather, ultrastructural examination showed that cytochalasin caused the morphological condensation of perijunctional actin,25 suggesting that cytochalasin-induced severing of actin filaments might cause cytoskeletal contraction that, in turn, led to tight junction disruption.25 Until recently, detailed analyses of the mechanisms by which severing or depolymerization of actin filaments leads to tight junction disruption were blocked by the fact that studies of fixed tissues tended to show morphological changes only well after, but not concurrent with, loss of barrier function.26,27 This impediment was recently overcome by the development of well-validated fluorescent fusion constructs of representative tight junction proteins.28 These allowed continuous real-time assessment of tight junction structure and function in epithelial monolayers before and during exposure to actin-depolymerizing drugs. Remarkably, this approach demonstrated that one transmembrane protein, occludin (Figure 2), but not another transmembrane protein, claudin-1, nor a cytoplasmic plaque protein, ZO-1, was removed from the tight junction by caveolae-mediated endocytosis at the precise time that barrier function was disrupted.28 This had not been reported previously after actin depolymerization because the occludin-containing endocytic vesicles were labile under standard fixation techniques. Inhibition of caveolae-mediated endocytosis prevented
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Figure 2. Actin depolymerization induces caveolae-mediated occludin endocytosis. Three-dimensional projections of monolayers labeled for occludin (red) and caveolin-1 (green), a marker of caveolae, are shown. Rather than the ordered appearance of occludin encircling the apical portion of the cell with few intracellular occludin-continuing vesicles in control epithelia (A), abundant intracellular occludin-continuing vesicles are evident after actin depolymerization (B). Many of these newly formed vesicles also contain caveolin-1, as apparent from the yellow colocalization signal. Bar ⫽ 5 m.



both occludin endocytosis and, more remarkably, barrier dysfunction induced by actin depolymerization.28 Although these observations do not yet tell us the functional role of occludin or the detailed mechanisms of actin depolymerization-induced tight junction disruption, they do suggest that occludin endocytosis may be an important marker of cytoskeletally mediated tight junction regulation.29 –31



Barrier Function Can Be Regulated by Physiological Stimuli Although studies using nonphysiological stimuli such as mucosally applied cyclic AMP analogs or actin-depolymerizing drugs have shown us that the tight junction is not a simple static structure with fixed structural and functional characteristics, these data do not show that tight junctions can be regulated in response to physiological, or even pathophysiological, stimuli. Nonetheless, it is clear that epithelial barrier properties are commonly modified in intestinal disease. Based on the hypothesis that pathophysiological stimuli regulate tight junctions by mechanisms similar to physiological stimuli, a well-defined example of physiological tight junction regulation was sought. Only one had been described: the increased intestinal epithelial tight junction permeability that followed initiation of Na⫹-coupled nutrient absorption.32 The ultrastructural sequelae of this regulation were explored in rodent small intestinal mucosae studied ex vivo33 and included condensation of perijunctional actin similar to that induced by cytochalasin.25 This suggested a potential role of actomyosin contraction as a mechanism of physiological barrier regulation. Unfortunately, the structural, cellular, and biochemical heterogeneity of small



intestine as well as the ischemic damage that limits ex vivo studies of this tissue prevented further mechanistic analyses. To circumvent this obstacle, an in vitro model of Na⫹-glucose cotransport-induced tight junction regulation was developed using a transformed intestinal epithelia cell line.34 This model, composed of a single homogenous cell type, showed that myosin II regulatory light chain (MLC) phosphorylation accompanied Na⫹-glucose cotransport-induced tight junction regulation. Moreover, pharmacological inhibition of myosin light chain kinase (MLCK) prevented both MLC phosphorylation and regulation of tight junction barrier function in cultured intestinal epithelia cells as well as tight junction regulation in isolated rodent mucosa.34 These data, therefore, showed that MLCK-mediated MLC phosphorylation was necessary for Na⫹-glucose cotransport-induced tight junction regulation. However, as subsequent work has identified a complex cascade of kinases that are activated by Na⫹glucose cotransport,35–38 it was not clear whether MLCKmediated MLC phosphorylation alone was sufficient to regulate tight junction permeability. To determine whether tight junction permeability could be regulated by MLCK-mediated MLC phosphorylation in the absence of upstream signaling events, a means to express a constitutively active MLCK under the control of an inducible promoter was developed.39 This system allowed model epithelial monolayers to form normally; constitutively active MLCK expression was not induced until after tight junctions were completely assembled. Constitutively active MLCK expression led to rapid MLC phosphorylation and increases in tight junction permeability that were quantitatively similar to those following Na⫹-glucose cotransport.39 Tight junction regulation required MLCK enzymatic activity and was accompanied
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by morphologically—and biochemically— evident redistribution of occludin and ZO-1.39 Thus, MLCK-mediated MLC phosphorylation is both necessary and sufficient to affect in vitro tight junction regulation by physiologically relevant stimuli. As will be discussed below, actin and myosin have also been suggested to participate in more extensive tight junction disruption following a variety of pharmacological28,39,40 and pathophysiological9,31,41,42 stimuli.



Barrier Function Is Compromised in Intestinal Disease Barrier function can be compromised in intestinal disease. This was initially recognized in vivo in patients with small intestinal Crohn’s disease11,43 but has subsequently been reported in patients and experimental models of a spectrum of inflammatory, immune-mediated, and infectious intestinal diseases.2 In the case of Crohn’s disease, some data suggest that barrier defects may even be related to disease pathogenesis. For example, a subset of healthy relatives of Crohn’s disease patients have increased small intestinal permeability.44 This may have an environmental as well as genetic component, since some spouses of Crohn’s disease patients also have increased small intestinal permeability.45 One anecdotal case study reported that the healthy daughter of a Crohn’s disease patient who was found to have increased intestinal permeability at age 13 developed ileocolonic Crohn’s disease at age 21.46 Although circumstantial, these clinical data support the hypothesis that increased intestinal paracellular permeability is an early step in the initial pathogenesis of Crohn’s disease. Further data suggest that barrier dysfunction may contribute to activation of Crohn’s disease. For example, peripheral immune activation correlates with increased small intestinal permeability in Crohn’s disease patients.47 In addition, several studies have established that, among patients with clinically inactive Crohn’s disease, those with increased small intestinal permeability have an elevated risk of clinical relapse.48,49 Finally, TNFneutralizing antibodies restore barrier function in Crohn’s disease patients.5 Although TNF-neutralizing antibodies likely exert their powerful therapeutic effect through multiple mechanisms, their effect on barrier function may result from reduced TNF signaling to intestinal epithelia.



TNF Regulates Barrier Function in Vitro Further evidence for a potential role of increased paracellular permeability, or epithelial barrier dysfunction, in intestinal bowel disease comes from the observation that exposure of cultured epithelial monolayers to TNF in vitro can cause barrier loss.50,51 There have been many hypotheses as to the mechanism of TNF-induced barrier dysfunction, including single cell epithelial apoptosis,52 nonapoptotic mechanisms,53 and reduced transcription of tight junction proteins.54 Although a role for each of these processes cannot be excluded, a series of recent reports suggests that TNF regulates tight junction permeability via cytoskeletal contraction. Exposure of cultured



epithelial monolayers to TNF caused marked increases in MLC phosphorylation that could be prevented by specific MLCK inhibition.9 More importantly, such MLC inhibition also restored barrier function in TNF-treated monolayers.9 These data show that correction of a single biochemical alteration is sufficient to reverse the effects of TNF on intestinal epithelial barrier function in vitro, suggesting that this is the primary mechanism by which TNF regulates intestinal permeability. Moreover, these data suggest that TNF regulates epithelial tight junctions by processes similar to those that regulate tight junctions in response to physiological stimuli, such as Na⫹-glucose cotransport.



TNF Up-Regulates MLCK Expression in Vitro and in Vivo To define the mechanisms by which TNF augments MLC phosphorylation, MLCK expression was examined in TNF-treated cultured epithelial monolayers.42 TNF enhanced MLCK protein expression, and prevention of TNF-induced MLCK up-regulation blocked TNF-induced barrier dysfunction.42 Thus, one mechanism by which TNF causes MLC phosphorylation and tight junction regulation in vitro is via increased MLCK expression.42,55 Studies using cultured epithelia have also shown that the TNF signal is transduced through intestinal epithelial TNF receptor 2.56 Although epithelial MLCK is transcribed from the same gene as smooth muscle MLCK, transcription begins at upstream start sites, resulting in a larger MLCK, termed long MLCK,57 with an amino-terminal extension.58,59 Alternative splicing of long MLCK transcripts leads to translation of two different MLCK isoforms in intestinal epithelia,58 of which one can be regulated by Src kinase as well as Ca⫹2/calmodulin.60 Thus, whereas the mechanisms by which TNF activates MLCK activity in intestinal epithelia are not yet described, both Src kinase and Ca⫹2/ calmodulin are potential signaling intermediates. Although the relationship between TNF-induced MLCK expression and disease are currently undefined, the observations that TNF increases long MLCK mRNA transcription in cultured human intestinal epithelial cells in vitro and in murine intestinal epithelial cells in vivo56 suggest that this transcriptional upregulation may be critical to disease-related barrier loss. Consistent with this, intestinal epithelial MLCK protein expression is increased in vivo in chronic immune-mediated intestinal disease models56 and in human inflammatory bowel disease patients.61 Strikingly, in inflammatory bowel disease patients, the extent of increased MLCK expression and MLC phosphorylation correlates directly with the magnitude of active inflammation, suggesting a relationship between MLCK expression and disease activity.61 To understand better the means by which TNF increases MLCK expression, the transcriptional start site of long MLCK in cultured human intestinal epithelia was identified.59 Two novel exons that encode alternative transcriptional start sites were found, and the long MLCK promoter upstream of one of these sites was cloned. It
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identified functional response elements for both activator protein-1 (AP-1) and nuclear factor-B. However, only the AP-1 sites appeared to be used in well-differentiated intestinal epithelial monolayers.59 Thus, MLCK transcriptional regulation is likely to be both tissue and differentiation specific.



MLCK Activation Is Necessary for Acute Immune-Mediated Diarrhea in Vivo The data presented above show that MLCK-mediated MLC phosphorylation is an important mediator of in vitro tight junction regulation in response to physiological and pathophysiological stimuli. Similar MLCK-dependent tight junction regulation has also been reported in in vitro models of enteropathogenic Escherichia coli and Giardia lamblia infection.62,63 Thus, it has been proposed that MLCK may be a shared component that is used by diverse stimuli and signaling pathways to regulate tight junction permeability.12 These hypotheses were based on in vitro studies; the role of MLCK in epithelial function in vivo had not been explored. Although they have provided critical mechanistic insight, in vitro studies of cultured monolayers do not recreate the complex interactions between epithelia and other cell types present in vivo nor do they provide insight into the development of disease symptoms. To address this, an in vivo model of acute immune-mediated intestinal disease was studied. Systemic T cell activation induced by administration of anti-CD3 antibodies causes acute self-limited diarrhea in humans and mice.64 This diarrhea is TNF-dependent because it can be blocked by TNF-neutralizing antibodies.65 Thus, although this represents an acute disease model, the mechanisms are relevant to graft-versus-host disease and inflammatory bowel disease. It was of particular interest to determine whether epithelial barrier dysfunction was involved in disease pathogenesis and if preventing barrier dysfunction could lessen disease severity.41 To characterize changes in intestinal transport induced by systemic T-cell activation, an in vivo perfusion system that allowed simultaneous analysis of epithelial barrier function and water absorption in a loop of jejunum with an intact neurovascular supply was developed.41 These studies showed that in vivo T-cell activation results in acute diarrhea, as defined by net water secretion and barrier dysfunction. Neither ulceration nor epithelial apoptosis occurred, thereby excluding these as potential mechanisms of barrier loss. In contrast, TNF-neutralizing antibodies restored water absorption and reduced the extent of barrier dysfunction, indicating that this cytokine is a critical mediator of immune-mediated diarrhea. Systemic T-cell activation also caused morphological changes in tight junction structure, including occludin internalization (Figure 3) and perijunctional actin condensation.41 Both immunofluorescent and biochemical analyses of jejunal epithelia showed that T-cell activation caused TNF-dependent MLC phosphorylation within the perijunctional cytoskeleton. Moreover, the extent of MLC phosphorylation paralleled the development and resolu-



Figure 3. In vivo T-cell activation causes occludin endocytosis. Three hours following systemic T-cell activation, mouse jejunum was snap frozen and fluorescently labeled for occludin (red), F-actin (green), and nuclei (blue). In addition to some residual tight junction-localized occludin, which is associated with the perijunctional actomyosin ring, bright vesicular occludin deposits are present within the cytoplasm of these villus enterocytes. Intracellular occludin deposits were not seen within the cytoplasm of villus enterocytes from control animals. Bar ⫽ 5 m.



tion of the acute self-limited diarrhea induced by antiCD3 antibody injection.41 These data therefore suggested that MLC phosphorylation could be related to the in vivo barrier dysfunction observed after systemic T-cell activation. A combination of genetic and pharmacological approaches to inhibit MLCK were used to directly assess the role of MLCK-dependent MLC phosphorylation in the pathogenesis of acute immune-mediated diarrhea. Although MLCK knockout mice die within 5 hours of birth,66 the observation that intestinal epithelia only express long MLCK allowed use of mice specifically lacking long MLCK.67 These mice grow and develop normally, despite the absence of long MLCK in many tissues. However, when stressed by anti-CD3 injection, long MLCK knockout mice failed to develop intestinal barrier dysfunction or diarrhea; water absorption continued.41 In addition, epithelial MLC phosphorylation was not increased by antiCD3 injection in long MLCK knockout mice. This nonresponsiveness was not due to deficient immune activation, as mucosal cytokine transcripts increased normally in long MLCK knockout mice. Thus, long MLCK expression is necessary for T cell-induced barrier dysfunction and diarrhea to occur.41



MLCK Inhibitors May Represent a Class of Novel Therapeutic Agents Commonly used MLCK inhibitors, such as ML-7, have a narrow window of utility and limited specificity because they target the adenosine 5⬘-triphosphate-binding pocket. To develop a highly specific MLCK inhibitor, several groups have designed peptides based on the autoinhibitory regulatory domain within MLCK.68,69 These peptides inhibit MLCK without appreciable effects on related non-MLCK protein kinases. One of these peptides was able to access the cytoplasm of cultured intestinal epithelia due to the presence of an HIV-1 TAT-like protein
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transduction domain.9,70 Once within the cytoplasm, the peptide inhibits MLCK. The peptide was therefore named PIK, membrane permeant inhibitor of MLC kinase. PIK effectively reduced MLC phosphorylation and restored barrier function in TNF-treated cultured intestinal epithelial monolayers.9 Unfortunately, preliminary studies showed that PIK was not stable in the harsh environment of the intestinal lumen.71 It was thus necessary to develop a stabilized form of PIK suitable for in vivo use. This stable PIK variant retained the ability to inhibit cytoplasmic MLCK as well as the high degree of specificity for MLCK that made the parent compound so useful in vitro.71 When stable PIK was perfused into the intestinal lumen, a method of delivery topologically equivalent to oral administration, the peptide readily entered epithelial cells but did not cross the epithelium in detectable quantities.41 Consistent with this, even high-dose stable PIK administration was not associated with systemic toxicity. However, stable PIK completely prevented T-cell activation-induced increases in MLC phosphorylation.41 Stable PIK also restored tight junction structure and barrier function. Finally, stable PIK reversed the direction of net water movement, from secretion to absorption, in anti-CD3treated animals.41 These observations lead to two critical conclusions. First, because PIK only accessed the epithelial cells, these data demonstrate that the protection from diarrhea seen in the long MLCK knockout mice is due to the absence of epithelial long MLCK. Second, and perhaps more importantly, the data suggest that oral administration of stable PIK or a similar molecule might be an effective nonimmunosuppressive means of preventing immune-mediated diarrhea. This would be of great clinical significance, as available immunosuppressive and immunomodulatory agents are associated with increased risk of systemic infection and other significant complications.72,73



A Model of Disease Pathogenesis These data suggest a testable model that can serve as a basis for future studies of inflammatory bowel disease pathogenesis.2 This model incorporates the critical clinical observations that intestinal barrier function is disrupted in Crohn’s disease patients and a subset of their unaffected relatives,11 that barrier dysfunction is a marker of impending disease reactivation,49 that the degree of barrier dysfunction correlates with immune activation,47 and that TNF neutralization corrects barrier dysfunction.5 The model also includes the experimental observation that the absence of normal gut flora prevents the development of disease in multiple animal models of inflammatory bowel disease.74 Finally, the model considers data showing that acute TNF-mediated barrier dysfunction requires MLCK activation in vitro and in vivo9,41,42 and that intestinal epithelial MLCK expression and activity correlate with disease activity in inflammatory bowel disease patients.61 This model proposes a self-amplifying pathway where leakage of luminal bacterial-derived molecules across the epithelium causes activation of lamina propria immune cells (Figure 4). This immune



Figure 4. A mechanism-based model of intestinal disease. This model proposes a self-amplifying pathway where a small amount of luminal, eg, bacterial-derived, molecules cross the epithelium to activate lamina propria immune cells. This results in secretion of proinflammatory cytokines, eg, TNF, that signal to intestinal epithelial. This TNF receptor 2 (TNFR2)-mediated signal increases both MLCK transcription and enzymatic activity, resulting in occludin endocytosis and epithelial barrier dysfunction. The barrier loss results in greater access leakage of luminal material, greater immune activation, and even greater barrier defects. In the absence of appropriate regulatory cues, this triggers a self-amplifying cascade. Although described here as being initiated by luminal molecules activating immune cells, it should be apparent that the primary event could as easily be inappropriate immune activation or epithelial barrier dysfunction.



activation then leads to secretion of proinflammatory cytokines such as TNF. In turn, TNF signals to intestinal epithelial TNF receptor 2 to activate MLCK and cause barrier dysfunction. This allows further leakage of luminal material, resulting in greater immune activation and triggering a self-amplifying cascade. One attractive feature of this model is that it anticipates that patients with similar disease phenotypes may have differing underlying defects. For example, self-amplification of the cycle might be limited in a normal host by regulatory elements such as IL-10. In contrast, a susceptible individual might have functional IL-10 deficiency, exaggerated TNF or TNF receptor 2-mediated signaling, or hyperresponsive MLCKinduced barrier dysfunction. Thus, it could be possible for a variety of defects to cause disease with similar features.



A Future for Rational Mechanism-Based Therapy? Although such a model is conceptually attractive and could successfully explain the data from studies by ge-
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neticists, microbiologist, immunologists, and epithelial biologists, it is, at present, only hypothetical. No data exist to show that regulated barrier dysfunction, as opposed to massive epithelial disruption,75 can cause or even exacerbate clinical or experimental inflammatory bowel disease. In fact, available data suggest that barrier dysfunction alone is not sufficient to cause intestinal disease; many healthy subjects with increased paracellular permeability do not develop Crohn’s disease. Thus, barrier dysfunction can only be one piece of the complex puzzle that is inflammatory bowel disease pathogenesis. Therefore, although it is tempting to speculate that therapeutic MLCK inhibition might be able to serve as maintenance therapy for quiescent Crohn’s disease, that conclusion must await experimental confirmation.
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Conclusion
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In the relatively short time since tight junction permeability was discovered to be regulated by physiological and pharmacological stimuli, defects in such regulation have been detected in human disease. Moreover, some of the mechanisms of this defective regulation have been identified. This has led to enhanced understanding of disease pathogenesis as well as the development of novel opportunities for mechanism-based therapeutic approaches. However, much work remains if we are to fully comprehend and better treat intestinal disease.



11.



Acknowledgments First, I thank my wife, Judith A.B. Turner, for her continuous support throughout the successes and failures that are a necessary part of any scientific endeavor. I am also indebted to James L. Madara, John P. Atkinson, Alan M. Tartakoff, Steven N. Emancipator, Ramzi S. Cotran, and Vinay Kumar for the important roles each of them has played in my career. Finally, I am grateful to the members of my laboratory and collaborators whose participation was critical to the studies described here including, alphabetically, Eric D. Black, Stephanie A. Blair, Daniel R. Clayburgh, W. Vallen Graham, Gail Hecht, Wayne I. Lencer, Randall J. Mrsny, Brad Schwarz, Le Shen, Fengjun Wang, Yingmin Wang, and Yevgeny Zolotarevsky. Figures 2 and 3 were prepared by Le Shen and Daniel R. Clayburgh, respectively.



References 1. Sandler RS, Everhart JE, Donowitz M, Adams E, Cronin K, Goodman C, Gemmen E, Shah S, Avdic A, Rubin R: The burden of selected digestive diseases in the United States. Gastroenterology 2002, 122:1500 –1511 2. Clayburgh DR, Shen L, Turner JR: A porous defense: the leaky epithelial barrier in intestinal disease. Lab Invest 2004, 84:282–291 3. Hill GR, Ferrara JL: The primacy of the gastrointestinal tract as a target organ of acute graft-versus-host disease: rationale for the use of cytokine shields in allogeneic bone marrow transplantation. Blood 2000, 95:2754 –2759 4. Baert FJ, D’Haens GR, Peeters M, Hiele MI, Schaible TF, Shealy D, Geboes K, Rutgeerts PJ: Tumor necrosis factor alpha antibody (in-



12.



13.



14.



15.



16.



17.



18. 19.



20.



21. 22. 23. 24.



25.



26.



fliximab) therapy profoundly down-regulates the inflammation in Crohn’s ileocolitis. Gastroenterology 1999, 116:22–28 Suenaert P, Bulteel V, Lemmens L, Noman M, Geypens B, Van Assche G, Geboes K, Ceuppens JL, Rutgeerts P: Anti-tumor necrosis factor treatment restores the gut barrier in Crohn’s disease. Am J Gastroenterol 2002, 97:2000 –2004 Shifflett DE, Clayburgh DR, Koutsouris A, Turner JR, Hecht GA: Enteropathogenic E. coli disrupts tight junction barrier function and structure in vivo. Lab Invest 2005, 85:1308 –1324 Brown GR, Lindberg G, Meddings J, Silva M, Beutler B, Thiele D: Tumor necrosis factor inhibitor ameliorates murine intestinal graftversus-host disease. Gastroenterology 1999, 116:593– 601 Chen LW, Egan L, Li ZW, Greten FR, Kagnoff MF, Karin M: The two faces of IKK and NF-kappaB inhibition: prevention of systemic inflammation but increased local injury following intestinal ischemia-reperfusion. Nat Med 2003, 9:575–581 Zolotarevsky Y, Hecht G, Koutsouris A, Gonzalez DE, Quan C, Tom J, Mrsny RJ, Turner JR: A membrane-permeant peptide that inhibits MLC kinase restores barrier function in in vitro models of intestinal disease. Gastroenterology 2002, 123:163–172 Hollander D: Permeability in Crohn’s disease: altered barrier functions in healthy relatives? Gastroenterology 1993, 104:1848 –1851 Hollander D: Crohn’s disease—a permeability disorder of the tight junction? Gut 1988, 29:1621–1624 Nusrat A, Turner JR, Madara JL: Molecular physiology and pathophysiology of tight junctions. IV. Regulation of tight junctions by extracellular stimuli: nutrients, cytokines, and immune cells Am J Physiol 2000, 279:G851–G857 Prasad S, Mingrino R, Kaukinen K, Hayes KL, Powell RM, MacDonald TT, Collins JE: Inflammatory processes have differential effects on claudins 2, 3 and 4 in colonic epithelial cells. Lab Invest 2005, 85:1139 –1162 Heller F, Florian P, Bojarski C, Richter J, Christ M, Hillenbrand B, Mankertz J, Gitter AH, Burgel N, Fromm M, Zeitz M, Fuss I, Strober W, Schulzke JD: Interleukin-13 is the key effector Th2 cytokine in ulcerative colitis that affects epithelial tight junctions, apoptosis, and cell restitution. Gastroenterology 2005, 129:550 –564 Kucharzik T, Walsh SV, Chen J, Parkos CA, Nusrat A: Neutrophil transmigration in inflammatory bowel disease is associated with differential expression of epithelial intercellular junction proteins. Am J Pathol 2001, 159:2001–2009 Furuse M, Hata M, Furuse K, Yoshida Y, Haratake A, Sugitani Y, Noda T, Kubo A, Tsukita S: Claudin-based tight junctions are crucial for the mammalian epidermal barrier: a lesson from claudin-1-deficient mice. J Cell Biol 2002, 156:1099 –1111 Simon DB, Lu Y, Choate KA, Velazquez H, Al-Sabban E, Praga M, Casari G, Bettinelli A, Colussi G, Rodriguez-Soriano J, McCredie D, Milford D, Sanjad S, Lifton RP: Paracellin-1, a renal tight junction protein required for paracellular Mg2⫹ resorption. Science 1999, 285:103–106 Moore R, Carlson S, Madara JL: Rapid barrier restitution in an in vitro model of intestinal epithelial injury. Lab Invest 1989, 60:237–244 Nusrat A, Delp C, Madara JL: Intestinal epithelial restitution. Characterization of a cell culture model and mapping of cytoskeletal elements in migrating cells. J Clin Invest 1992, 89:1501–1511 Russo JM, Florian P, Shen L, Graham WV, Tretiakova MS, Gitter AH, Mrsny RJ, Turner JR: Distinct temporal-spatial roles for rho kinase and myosin light chain kinase in epithelial purse-string wound closure. Gastroenterology 2005, 128:987–1001 Duffey ME, Hainau B, Ho S, Bentzel CJ: Regulation of epithelial tight junction permeability by cyclic AMP. Nature 1981, 294:451– 453 Hull BE, Staehelin LA: The terminal web. A reevaluation of its structure and function. J Cell Biol 1979, 81:67– 82 Madara JL: Intestinal absorptive cell tight junctions are linked to cytoskeleton. Am J Physiol 1987, 253:C171–C175 Bentzel CJ, Hainau B, Ho S, Hui SW, Edelman A, Anagnostopoulos T, Benedetti EL: Cytoplasmic regulation of tight-junction permeability: effect of plant cytokinins. Am J Physiol 1980, 239:C75–C89 Madara JL, Moore R, Carlson S: Alteration of intestinal tight junction structure and permeability by cytoskeletal contraction. Am J Physiol 1987, 253:C854 –C861 Nusrat A, Giry M, Turner JR, Colgan SP, Parkos CA, Carnes D, Lemichez E, Boquet P, Madara JL: Rho protein regulates tight junc-



1908 Turner AJP December 2006, Vol. 169, No. 6



27.



28. 29.



30.



31.



32.



33.



34.



35.



36.



37.



38.



39.



40.



41.



42.



43.



44.



45.



46.



47.



tions and perijunctional actin organization in polarized epithelia. Proc Natl Acad Sci USA 1995, 92:10629 –10633 Stevenson BR, Begg DA: Concentration-dependent effects of cytochalasin D on tight junctions and actin filaments in MDCK epithelial cells. J Cell Sci 1994, 107:367–375 Shen L, Turner JR: Actin depolymerization disrupts tight junctions via caveolae-mediated endocytosis. Mol Biol Cell 2005, 16:3919 –3936 Shen L, Turner JR: Role of epithelial cells in initiation and propagation of intestinal inflammation. Eliminating the static: tight junction dynamics exposed. Am J Physiol 2006, 290:G577–G582 Yu AS, McCarthy KM, Francis SA, McCormack JM, Lai J, Rogers RA, Lynch RD, Schneeberger EE: Knockdown of occludin expression leads to diverse phenotypic alterations in epithelial cells. Am J Physiol 2005, 288:C1231–C1241 Utech M, Ivanov AI, Samarin SN, Bruewer M, Turner JR, Mrsny RJ, Parkos CA, Nusrat A: Mechanism of IFN-gamma-induced endocytosis of tight junction proteins: myosin II-dependent vacuolarization of the apical plasma membrane. Mol Biol Cell 2005, 16:5040 –5052 Madara JL, Pappenheimer JR: Structural basis for physiological regulation of paracellular pathways in intestinal epithelia. J Membr Biol 1987, 100:149 –164 Atisook K, Carlson S, Madara JL: Effects of phlorizin and sodium on glucose-elicited alterations of cell junctions in intestinal epithelia. Am J Physiol 1990, 258:C77–C85 Turner JR, Rill BK, Carlson SL, Carnes D, Kerner R, Mrsny RJ, Madara JL: Physiological regulation of epithelial tight junctions is associated with myosin light-chain phosphorylation. Am J Physiol 1997, 273:C1378 –C1385 Turner JR, Black ED: NHE3-dependent cytoplasmic alkalinization is triggered by Na⫹-glucose cotransport in intestinal epithelia. Am J Physiol 2001, 281:C1533–C1541 Zhao H, Shiue H, Palkon S, Wang Y, Cullinan P, Burkhardt JK, Musch MW, Chang EB, Turner JR: Ezrin regulates NHE3 translocation and activation after Na⫹-glucose cotransport. Proc Natl Acad Sci USA 2004, 101:9485–9490 Shiue H, Musch MW, Wang Y, Chang EB, Turner JR: Akt2 phosphorylates ezrin to trigger NHE3 translocation and activation. J Biol Chem 2005, 280:1688 –1695 Hu Z, Wang Y, Graham WV, Su L, Musch MW, Turner JR: MAPKAPK-2 is a critical signaling intermediate in NHE3 activation following Na⫹glucose cotransport. J Biol Chem 2006, 281:24247–2453 Shen L, Black ED, Witkowski ED, Lencer WI, Guerriero V, Schneeberger EE, Turner JR: Myosin light chain phosphorylation regulates barrier function by remodeling tight junction structure. J Cell Sci 2006, 119:2095–2106 Ivanov AI, McCall IC, Parkos CA, Nusrat A: Role for actin filament turnover and a myosin II Motor in cytoskeleton-driven disassembly of the epithelial apical junctional complex. Mol Biol Cell 2004, 15:2639 –2651 Clayburgh DR, Barrett TA, Tang Y, Meddings JB, Van Eldik LJ, Watterson DM, Clarke LL, Mrsny RJ, Turner JR: Epithelial myosin light chain kinase-dependent barrier dysfunction mediates T cell activation-induced diarrhea in vivo. J Clin Invest 2005, 115:2702–2715 Wang F, Graham WV, Wang Y, Witkowski ED, Schwarz BT, Turner JR: Interferon-gamma and tumor necrosis factor-alpha synergize to induce intestinal epithelial barrier dysfunction by up-regulating myosin light chain kinase expression. Am J Pathol 2005, 166:409 – 419 Ukabam SO, Clamp JR, Cooper BT: Abnormal small intestinal permeability to sugars in patients with Crohn’s disease of the terminal ileum and colon. Digestion 1983, 27:70 –74 Katz KD, Hollander D, Vadheim CM, McElree C, Delahunty T, Dadufalza VD, Krugliak P, Rotter JI: Intestinal permeability in patients with Crohn’s disease and their healthy relatives. Gastroenterology 1989, 97:927–931 Peeters M, Geypens B, Claus D, Nevens H, Ghoos Y, Verbeke G, Baert F, Vermeire S, Vlietinck R, Rutgeerts P: Clustering of increased small intestinal permeability in families with Crohn’s disease. Gastroenterology 1997, 113:802– 807 Irvine EJ, Marshall JK: Increased intestinal permeability precedes the onset of Crohn’s disease in a subject with familial risk. Gastroenterology 2000, 119:1740 –1744 Yacyshyn BR, Meddings JB: CD45RO expression on circulating



48.



49.



50.



51.



52.



53.



54.



55.



56.



57. 58.



59.



60.



61.



62.



63.



64.



65.



66.



67.



CD19⫹ B cells in Crohn’s disease correlates with intestinal permeability. Gastroenterology 1995, 108:132–137 D’Inca` R, Di Leo V, Corrao G, Martines D, D’Odorico A, Mestriner C, Venturi C, Longo G, Sturniolo GC: Intestinal permeability test as a predictor of clinical course in Crohn’s disease. Am J Gastroenterol 1999, 94:2956 –2960 Wyatt J, Vogelsang H, Hubl W, Waldhoer T, Lochs H: Intestinal permeability and the prediction of relapse in Crohn’s disease. Lancet 1993, 341:1437–1439 Mullin JM, Laughlin KV, Marano CW, Russo LM, Soler AP: Modulation of tumor necrosis factor-induced increase in renal (LLC-PK1) transepithelial permeability. Am J Physiol 1992, 263:F915–F924 Marano CW, Lewis SA, Garulacan LA, Soler AP, Mullin JM: Tumor necrosis factor-alpha increases sodium and chloride conductance across the tight junction of CACO-2 BBE, a human intestinal epithelial cell line. J Membr Biol 1998, 161:263–274 Gitter AH, Bendfeldt K, Schulzke JD, Fromm M: Leaks in the epithelial barrier caused by spontaneous and TNF-alpha-induced single-cell apoptosis. FASEB J 2000, 14:1749 –1753 Bruewer M, Luegering A, Kucharzik T, Parkos CA, Madara JL, Hopkins AM, Nusrat A: Proinflammatory cytokines disrupt epithelial barrier function by apoptosis-independent mechanisms. J Immunol 2003, 171:6164 – 6172 Mankertz J, Tavalali S, Schmitz H, Mankertz A, Riecken EO, Fromm M, Schulzke JD: Expression from the human occludin promoter is affected by tumor necrosis factor alpha and interferon gamma. J Cell Sci 2000, 113:2085–2090 Ma TY, Boivin MA, Ye D, Pedram A, Said HM: Mechanism of TNF{alpha} modulation of Caco-2 intestinal epithelial tight junction barrier: role of myosin light-chain kinase protein expression. Am J Physiol 2005, 288:G422–G430 Wang F, Schwarz BT, Graham WV, Wang Y, Su L, Clayburgh DR, Abraham C, Turner JR: IFN-␥-induced TNFR2 upregulation is required for TNF-dependent intestinal epithelial barrier dysfunction. Gastroenterology 2006, 131:1153–1163 Kamm KE, Stull JT: Dedicated myosin light chain kinases with diverse cellular functions. J Biol Chem 2001, 276:4527– 4530 Clayburgh DR, Rosen S, Witkowski ED, Wang F, Blair S, Dudek S, Garcia JG, Alverdy JC, Turner JR: A differentiation-dependent splice variant of myosin light chain kinase, MLCK1, regulates epithelial tight junction permeability. J Biol Chem 2004, 279:55506 –55513 Graham WV, Wang F, Clayburgh DR, Cheng JX, Yoon B, Wang Y, Lin A, Turner JR: TNF induced long myosin light chain kinase transcription is regulated by differentiation dependent signaling events: Characterization of the human long myosin light chain kinase promoter. J Biol Chem 2006, 281:26205–26215 Birukov KG, Csortos C, Marzilli L, Dudek S, Ma SF, Bresnick AR, Verin AD, Cotter RJ, Garcia JG: Differential regulation of alternatively spliced endothelial cell myosin light chain kinase isoforms by p60(Src). J Biol Chem 2001, 276:8567– 8573 Blair SA, Kane SV, Clayburgh DR, Turner JR: Epithelial myosin light chain kinase expression and activity are upregulated in inflammatory bowel disease. Lab Invest 2006, 86:191–201 Scott KG, Meddings JB, Kirk DR, Lees-Miller SP, Buret AG: Intestinal infection with Giardia spp. reduces epithelial barrier function in a myosin light chain kinase-dependent fashion. Gastroenterology 2002, 123:1179 –1190 Yuhan R, Koutsouris A, Savkovic SD, Hecht G: Enteropathogenic Escherichia coli-induced myosin light chain phosphorylation alters intestinal epithelial permeability. Gastroenterology 1997, 113:1873–1882 Chatenoud L, Ferran C, Bach JF: The anti-CD3-induced syndrome: a consequence of massive in vivo cell activation. Curr Top Microbiol Immunol 1991, 174:121–134 Charpentier B, Hiesse C, Lantz O, Ferran C, Stephens S, O’Shaugnessy D, Bodmer M, Benoit G, Bach JF, Chatenoud L: Evidence that antihuman tumor necrosis factor monoclonal antibody prevents OKT3-induced acute syndrome. Transplantation 1992, 54:997–1002 Somlyo AV, Wang H, Choudhury N, Khromov AS, Majesky M, Owens GK, Somlyo AP: Myosin light chain kinase knockout. J Muscle Res Cell Motil 2004, 25:241–242 Wainwright MS, Rossi J, Schavocky J, Crawford S, Steinhorn D,



Molecular Basis of Epithelial Barrier Regulation 1909 AJP December 2006, Vol. 169, No. 6



68.



69.



70.



71.



Velentza AV, Zasadzki M, Shirinsky V, Jia Y, Haiech J, Van Eldik LJ, Watterson DM: Protein kinase involved in lung injury susceptibility: evidence from enzyme isoform genetic knockout and in vivo inhibitor treatment. Proc Natl Acad Sci USA 2003, 100:6233– 6238 Ikebe M, Reardon S, Fay FS: Primary structure required for the inhibition of smooth muscle myosin light chain kinase. FEBS Lett 1992, 312:245–248 Lukas TJ, Mirzoeva S, Slomczynska U, Watterson DM: Identification of novel classes of protein kinase inhibitors using combinatorial peptide chemistry based on functional genomics knowledge. J Med Chem 1999, 42:910 –919 Schwarze SR, Ho A, Vocero-Akbani A, Dowdy SF: In vivo protein transduction: delivery of a biologically active protein into the mouse. Science 1999, 285:1569 –1572 Owens SE, Graham WV, Siccardi D, Turner JR, Mrsny RJ: A strategy



72.



73.



74.



75.



to identify stable membrane-permeant peptide inhibitors of myosin light chain kinase. Pharm Res 2005, 22:703–709 Lichtenstein GR, Feagan BG, Cohen RD, Salzberg BA, Diamond RH, Chen DM, Pritchard ML, Sandborn WJ: Serious infections and mortality in association with therapies for Crohn’s disease: tREAT registry. Clin Gastroenterol Hepatol 2006, 4:621– 630 Dimakou K, Papaioannides D, Latsi P, Katsimboula S, Korantzopoulos P, Orphanidou D: Disseminated tuberculosis complicating antiTNF-alpha treatment. Int J Clin Pract 2004, 58:1052–1055 Balish E, Warner T: Enterococcus faecalis induces inflammatory bowel disease in interleukin-10 knockout mice. Am J Pathol 2002, 160:2253–2257 Hermiston ML, Gordon JI: Inflammatory bowel disease and adenomas in mice expressing a dominant negative N-cadherin. Science 1995, 270:1203–1207



























des documents recommandant







[image: alt]





Award Report 

0 = SK B$ 2 I= K 8 * 0 * 4=4T 0K = ). 1J. U* /K R ?4J? 042 0 *12 *4=J* 414 . ) >&@ :9#-; 400 , ?,2 *.=4 =4I K + = L .14 L4 ? * ,K VQ 12*1 1 =) $W:& ; @ S *0, =.










 


[image: alt]





science award 2003 

studies on the ecotoxicology and toxicology of chemicals. On the occasion ... Please return the completed nomination form, copy of publication (PDF if possible) ...










 


[image: alt]





Career Achievement Award 

BIG LEBOWSKI (Joel Coen, Ethan Coen/1998), COUP DE FOUDRE Ã€ ... PRÃ‰JUGÃ‰S (Joe Wright/2005), SMOKIN' ACES (Joe Carnahan,2007), GREEN.










 


[image: alt]





swiss award 2013 

Benjamin Valenza, The Ephemeral Cosmogony : Cornu Copia : Co-commissaire d'une ... Commissaire de l'exposition Ultramoderne, Espace Paul Wurth, ...










 


[image: alt]





Treatment Award 2016 

13 avr. 2016 - La Radio TÃ©lÃ©vision Suisse alÃ©manique (SRF) et l'entreprise de distribution. Telepool ZÃ¼rich annoncent, en collaboration avec le Zurich Film ...










 


[image: alt]





Award winning baby carrier 

cocoon your baby. Can be worn on the hip, great for carrying bigger babies. Knee to knee support for healthy hip positioning. Breastfeed your baby discreetly in.










 


[image: alt]





Outstanding referee award 

Richard P. Allan. Cited by Steven Ghan .... Test-Ban Treaty Organization station. A con- tinuously ... The observa- tory's development and expansion and com-.










 


[image: alt]





Emerging Talent Award 

Focus sur l'entreprise. MADE.COM bouscule l'industrie du design en vous proposant du mobilier design de qualitÃ© Ã  des prix accessibles Ã  tous. Aucune ...










 


[image: alt]





seeonee award certificate fr 












 


[image: alt]





STLHE 2019 Award Ceremony 

12 juin 2019 - STLHE 2019 Award Ceremony | Cérémonie des prix SAPES 2019. Wednesday, June 12 ... University of Prince Edward Island ... Michael Henry.










 


[image: alt]





WIAC All-Sports Award 

31 août 2011 - number of points accumulated during the previous academic year beginning ... 1975-76. La Crosse. 1976-77. La Crosse. 1977-78. La Crosse.










 


[image: alt]





Atlas Copco: Peter Wallenberg Award 

customers globally have benefited from SMARTLINK since its launch in 2013. See a five-minute video on SMARTLINK. monitoring system," said Ronnie Leten, ...










 


[image: alt]





north star award certificate fr 












 


[image: alt]





PRELIM -AWARD www.way2upsc.com Page 1 

Thespian Soumitra Chatterjee - maestro's actor - awarded with Chevalier de la LÃ©gion d'honneur or the Knight of the Legion of Honour. About award. â–« Chevalier de la LÃ©gion d'honneur or the Knight of the Legion of Honour, the award instituted in 1










 


[image: alt]





tui international environmental award - Insula 

TUI INTERNATIONAL ENVIRONMENTAL AWARD. This prestigious price established by TUI, the well known international tour operator, has been attributed this ...










 


[image: alt]





Keyrus_Qlik Award RSE Juin 2015_VF 

19 juin 2015 - d'innovations remarquables autour des solutions Qlik, auprÃ¨s d'organismes Ã  but non lucratif. Keyrus double et reverse le montant du don Ã  la ...










 


[image: alt]





Cinq gestionnaires belges s'adjugent un award 

13 mars 2009 - L'Echo et De Tijd ont dÃ©- cernÃ© jeudi soir leurs awards aux meilleurs ges- tionnaires de fonds de ces douze derniers mois. Des fonds d'actions.










 


[image: alt]





RMD 2007 AWARD LIST NÂ°2 

RMD 2007 AWARD LIST NÂ°2. (addition to list nÂ°1). 1 3 1. SM4CTI. STEN. SWEDEN. 1 3 2. PA2PCH. AD. NETHERLANDS. 1 3 3. PA3CBS. JAN.










 


[image: alt]





Thomas Chassagne Professional experience Education Award 

Stochastic calculus (ItÃ´ lemma, Black-Scholes formula, options pricing, jump process), probability, statistics. Finance. Financial markets. Derivatives modeling ...










 


[image: alt]





Hans Zimmer reÃ§oit Lifetime Award 

compositeur de bandes originales lÃ©gendaire Hans Zimmer, Ã  l'honneur du. Lifetime Award. Depuis l'introduction de ce programme cadre Ã  succÃ¨s â€“ un.










 


[image: alt]





CommuniquÃ© de presse A Tribute to... Award 

Il a en effet reÃ§u la Palme d'Or ainsi que le British Academy Film Award pour PARIS, TEXAS (1984). Il a ... THE MILLION DOLLAR HOTEL (2000). DON'T COME ...










 


[image: alt]





13th IFLA BibLibre International Marketing Award - IFLA.ORG 

General Conference and Assembly in Columbus, Ohio, USA 1319 August 2016. [2nd place] Tuan Time Each library experience is a memorable treasure Xiamen ...










 


[image: alt]





Lecture 1 

demand management and interventionism to ... Wal-mart - 1st sales ranking - between GNPs of Indonesia and ... Scope: worldwide or selected regions only.










 


[image: alt]





DPU2_justMap-lecture 
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