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ABSTRACT 

 

Background: The intestinal barrier plays an important role in protecting the internal 

milieu from potentially harmful substances within the intestinal lumen. A breakdown in 

the protective capacity of this barrier has been implicated as a contributing factor in the 

development of gastrointestinal diseases such as inflammatory bowel disease (IBD), 

irritable bowel syndrome (IBS), and celiac disease. Celiac disease and other, milder forms 

of gluten intolerance such as gluten sensitivity (GS), are triggered by the passage of 

gluten peptides across the intestinal barrier. Modulation of the barrier therefore represents 

an important therapeutic target for limiting uptake of gluten in celiac disease and GS.  

Elafin is a potent serine protease inhibitor that is abnormally expressed in patients with 

IBD. Administration of elafin in murine models of colitis has been found to reduce 

disease severity although the mechanism of this protective effect remains elusive. It is 

unknown if abnormal expression of elafin plays a role in the development of celiac 

disease or GS.  

 

Study Objectives: Given the promising results of elafin therapy in murine models of 

IBD, I sought to investigate if elafin therapy could attenuate markers of gliadin 

sensitization in two gluten-sensitive mouse models: HCD4/DQ8 and NOD/DQ8 mice. I 

also sought to explore potential mechanisms through which elafin may enact its protective 

effect within the gut.  

 

Methods: Male HCD4/DQ8 and NOD-DQ8 mice were sensitized with a mixture of 

peptic-tryptic (PT) digest of gliadin plus cholera toxin via oral gavage once per week for 

three weeks. Non-sensitized controls were gavaged with cholera toxin alone. Anti-

proteolytic therapy was performed by oral administration of either L. lactis wild type (Ll-

WT), L. lactis elafin (Ll-E) (109 cfu each) or 15% PBS/ glycerol (PBS) on a daily basis 

for 15 days beginning 24 hours after the final sensitization dose. Mice were challenged 

with 2mg/kg PT-gliadin on day 7 and day 15 of bacterial treatment. Animals were 
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sacrificed 18-48 hours after the final gliadin challenge.  Ussing and metabolic chambers 

were used to assess intestinal barrier function. Intestinal damage and inflammation were 

assessed by histology. Additional parameters such as proteolytic activity, zonula 

occludins-1 (ZO-1) expression and the microbial composition of small intestinal contents 

were also assessed. 

 

Results: Sensitized HCD4/DQ8 and NOD/DQ8 mice treated with PBS-glycerol 

experienced intestinal barrier dysfunction in response to gliadin challenge as measured ex 

vivo. Treatment of sensitized animals with Ll-E attenuated barrier dysfunction in both 

HCD4/DQ8 and NOD/DQ8 mice. This effect was also confirmed in vivo in NOD/DQ8 

mice. Ll-E therapy prevented intraepithelial lymphocytosis in the jejunum of both 

HCD4/DQ8 and NOD/DQ8 mice. Gliadin challenge did not induce proteolytic imbalance 

in intestinal tissues of NOD/DQ8 mice either in vivo or in vitro. Ll-E maintained ZO-1 

distribution at the intestinal epithelium but did not effect its relative expression at the 

genetic level. Small intestinal microbiota profiles in mice challenged with gliadin and 

treated with Ll-E had 80% similarity index compared to mice that remained unchallenged.   

 

Conclusions: Ll-E therapy protects intestinal barrier function and limits intraepithelial 

lymphocytosis in sensitized HCD4/DQ8 and NOD/DQ8 mice following acute gliadin 

challenge. The protective effect of elafin does not appear to be mediated through the 

correction of a proteolytic imbalance. Ll-E’s protective effect on the intestinal barrier may 

be due to maintenance of ZO-1 expression at the intestinal epithelium. The similar 

microbial profiles observed between mice challenged with gliadin and treated with Ll-E 

and mice free of gluten challenge suggests a possible modulatory effect of elafin on the 

small intestinal microbiota. 
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1. INTRODUCTION 

 

1.1 The Intestinal Barrier 

 The intestinal barrier plays a critical role in the maintenance of homeostasis within 

the gut. The epithelium forms a selectively permeable barrier between the intestinal 

lumen and the internal milieu1. It is responsible for regulating the uptake of water, ions 

and essential nutrients from the intestinal lumen while at the same time it must exclude 

bacteria, viruses and harmful molecules from crossing the barrier1. The intestinal 

epithelium, along with underlying structures in the lamina propria (Figure 1), also play a 

key role in controlling the host immune response to luminal antigens that find their way 

across the intestinal barrier1.  

 

1.1.1 The Anatomy and Physiology of the Intestinal Barrier 

1.1.1-i Extracellular Protection 

The intestinal epithelium secretes several products that contribute to the overall 

protection of the intestinal barrier. These elements – which include mucus, secretory 

immunoglobulin A (sIgA) and anti-microbial peptides (AMP) – represent the first line of 

defense against foreign antigens. In addition, commensal bacteria are also important 

extracellular contributors to the defense and maintenance of the intestinal barrier.  

Specialized epithelial cells known as goblet cells secrete mucins and glycoproteins 

that form a thick layer of mucus, which separates the epithelium from the intestinal 

lumen1. This mucus plays a key role in limiting the direct interaction of intestinal bacteria 

with the epithelial layer and in concentrating the metabolites of the intestinal brush border 

enzymes, thereby increasing the absorptive capacity of the epithelium2.  The mucus also 

allows for the development of a gradient of sIgA and AMP, thus enhancing the degree of 

protection for the epithelium1,3. In addition, the glycoproteins themselves also provide 

anchoring sites for beneficial commensal organisms, thus enabling various forms of 

epithelial microbiota crosstalk3,4. Mice deficient in muc-2 (a mucin component of mucus) 

have been shown to spontaneously develop colitis, suggesting mucus plays an important 
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role in protecting the intestinal epithelium5. Furthermore these animals display increased 

epithelial permeability and spontaneous intestinal inflammation5,6. The decreased 

thickness of the mucus layer in these animals is thought to allow extensive microbial 

access to the epithelium, thereby increasing the potential for adverse immune reaction to 

commensal microbiota. Abnormally thick mucus can also cause problems in the intestine, 

as seen in the case of the hyperviscous mucus produced in cystic fibrosis (CF)7. The 

mucus layer in patients with celiac disease is also much thicker than in healthy 

individuals8. This increased mucus depth and/or viscosity may contribute to the 

generation of a malabsorptive state within celiac disease and CF1. It is also possible that it 

may have a negative impact on the health of the intestinal barrier by limiting the epithelial 

crosstalk with the microbiota – a necessary process in the maintenance of epithelial cell 

integrity4. The results in these animal models and disease states emphasize the critical 

role of mucus in the initial protection of the intestinal barrier and in concentrating other 

defense molecules secreted by the epithelium.  

sIgA is produced by mucosal plasma cells and secreted by intestinal epithelial 

cells into the lumen9. Binding to sIgA enables the uptake of foreign antigens for immune 

processing within the mucosa-associated lymphatic tissues9. While this generally aids in 

regulating appropriate reactions to components of the luminal environment, it can 

sometime go awry9. For example, dietary gluten, the disease-triggering group of proteins 

in celiac patients, can be transported across the intestinal epithelium in association with 

sIgA to the lamina propria where it can then initiate disease10. sIgA secretion also 

promotes clearance of antigens and microorganisms by preventing their interaction with 

the epithelium9. These specialized antibodies sequester harmful antigens within the 

mucus thereby facilitating their clearance by the gut’s peristaltic motion9. sIgA can also 

influence the composition of the microbiome through fab-dependent and independent 

mechanisms or by facilitating the adherence of beneficial bacteria to the outer mucus 

layer9.  Deficiency in sIgA in mice can lead to the overexpansion of harmful bacterial 

species such as segmented filamentous bacteria (SFB)11. SFB closely associates with 

intestinal epithelial cells and promotes generation of Th17 responses12. Increased 
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mucosally adherent bacteria have also been observed in patients with ulcerative colitis13. 

Although secretion of immunoglobulin M can compensate somewhat for a lack of sIgA in 

patients with IgA deficiency, they are at an increased risk for the development of 

gastrointestinal disorders such as celiac disease14 and allergies15. This underscores the 

importance of sIgA production to the protection of the intestinal barrier; however, 

secretory IgA is not the only secreted molecule protecting the intestinal barrier.  

AMP are produced by Paneth cells and intraepithelial lymphocytes (IEL)16,17. 

These proteins directly impact bacteria and other microbial constituents within the 

intestinal lumen and help to control their growth, thereby shaping the overall composition 

of the intestinal microbiome16,18.  Mice deficient for, or overexpressing, the AMP !-

defensins for example, have been shown to have completely different microbial 

compositions than their normal counterparts18. Although the concentrations of these 

peptides are relatively low within the lumen, the mucus layer helps to concentrate them 

and generates a gradient that increases towards the intestinal crypts where AMP levels 

can be high enough to induce bacterial lysis19. Crohn’s disease, a form of IBD is 

associated with insufficient production of defensins20,21. Furthermore, decreased levels of 

defensins have also been noted in intestinal biopsies from patients with active celiac 

disease22. This suggests that AMP are important components in the defense of the 

intestinal mucosal surface.  

It has recently been revealed that commensal bacteria are essential to the overall 

health of the intestinal barrier (reviewed in 23). These organisms contribute to intestinal 

health by displacing and competing with pathogenic species, producing bacterial anti-

microbial factors, and inducing the production of sIgA by enterocytes4,23. In addition, 

studies in germ-free animals suggest that commensal bacteria communicate with 

enterocytes and help to maintain appropriate cell turnover rates23-28. This in turn ensures 

the overall health of the intestinal barrier by encouraging apoptosis of old or damaged 

enterocytes and ensuring sufficient proliferation to replace these dying cells. Commensal 

bacteria are also believed to play an important role in epithelial restitution and wound 

healing; possibly through the production of reactive oxygen species (ROS)29. In murine 
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models of colitis, germ-free animals and those with commensal bacterial depletion have 

increased susceptibility to dextran sodium sulfate (DSS) -induced colitis and experience a 

greater degree of mucosal damage28,30. Altogether, these findings suggest that the 

intestinal commensal bacteria are critical components in intestinal barrier protection and 

overall barrier health.  

Various disease states and animal models emphasize the importance of mucus, 

sIgA, AMP and the commensal microbiota to the maintenance and protection of intestinal 

barrier function. These elements work in concert to protect the intestinal epithelium from 

exposure to harmful luminal antigens and maintain a balance between the protective and 

absorptive responsibilities of the intestine.  

1.1.1-ii The Intestinal Epithelium 

The intestinal epithelium is comprised of a single layer of cells that physically 

separates the intestinal lumen from the underlying internal mileu1 (Figure 1). This cell 

layer is mainly composed of columnar epithelial cells, known as enterocytes, together 

with a scattering of more specialized cells such as goblet cells, enteroendocrine cells and 

paneth cells1. The enterocytes play a crucial role in regulating both the absorption and 

secretion of water, ions, nutrients and wastes from and to the intestinal lumen1,31. This 

occurs via two distinct pathways: transcellularly and paracellularly.  

The transcellular pathway utilizes cellular machinery to transport substances 

through the enterocytes themselves31,32. This pathway is predominately used to transport 

essential nutrients and electrolytes across the epithelial barrier, but may also be involved 

in the uptake and presentation of foreign antigens9,31,32. The transcellular pathway is 

closely regulated via cellular mechanisms controlling the transcription, translation and 

expression of particular channels, receptors and protein pores at the apical and basolateral 

membranes of the enterocytes, thus allowing the epithelium to tightly control which 

substances have access to the internal mileu32.   

The paracellular pathway in contrast, allows molecules to “leak” through the 

space between adjoining cells31. In order to restrict the movement of harmful substances 

through this pathway, the cells forming the epithelial layer are tightly joined together via 
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a number of molecular complexes including tight junctions and adherens junctions 

(Figure 2)1,31-33. Of particular importance for the protective capacity of the intestinal 

barrier are the tight junctions (TJ)1,31-33. As indicated in Figure 2 TJ join adjacent cells 

together at the intersection of the apical and lateral cellular membranes32,33. They form a 

ring around each cell that dramatically restricts the free movement of macromolecules 

across the epithelial barrier via the paracellular pathway32,33. The TJ complexes are 

composed of members of several different protein families including the occludins and 

claudins1,31-33. These molecules adhere to one another and to the actin cytoskeleton to 

closely tether the complexes to the structure of the epithelial cells1,31-33. The TJ are 

particularly important to overall health and decreased expression of a number of the 

molecular components of TJ has been tied to IBD34 and celiac disease35. 

 The intestinal epithelium also plays a critical role in the recognition and initial 

immune response to foreign antigens2,36. The intestinal enterocytes express a variety of 

pattern recognition receptors such as the toll-like receptors (TLR), nucleotide-binding site 

and leucine-rich repeat containing receptors (NLR) and retinoic acid-inducible gene-1-

like receptors (RIG)4. Furthermore, the enterocytes themselves are capable of acting as 

antigen presenting cells and of producing cytokines and chemokines, which can recruit 

additional immune cells and initiate either a tolerogenic or effector response36. The 

enterocytes themselves therefore represent a bridge between the innate and adaptive 

immune response in the mucosa.  

In summary, enterocytes are critical components of the intestinal barrier as a result 

of their ability to regulate the passage of molecules across the intestinal epithelium as 

well their ability to act as sentinels for harmful molecules within the gut.  

1.1.1 – iii The Mucosal Immune System 

The mucosal immune system plays a critical role in the regulation of the local 

immune response to antigens within the gut37. It is composed of a collection of diffuse 

immune cell populations as well as organized lymphoid structures within the mucosa and 

lamina propria37. The combined efforts of these cells allow a measure of regional control 
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over the immune response within the gut and help to discriminate between harmless and 

harmful antigens37.  

Intraepithelial lymphocytes (IEL) represent one of the first lines of defense 

encountered by luminal antigens that manage to penetrate the intestinal epithelial 

barrier38. The majority of IEL are CD8+ T cells that express the early activation marker 

CD69 but lack expression of CD25 suggesting that this population of cells exists within a 

heightened state of activation38. This is beneficial in that it avoids the delay in response 

that is incurred as a result of the need for a priming step prior to full activation of the T 

cell. The majority of these cells also express lytic granule component granzyme B and 

have cytolytic capacity38. There are two main subsets of IEL within the intestine which 

can be distinguished on the basis of the chains which make up their T cell receptors: the 

"#+ T cells and the !$+ T cells38. 

 "#+ T cells represent approximately 10% of the IEL population within the human 

intestine39. They express antigen receptors of limited diversity and display a more 

“innate” phenotype than other IEL subsets38,40. These cells are responsible for the rapid 

production of cytokines that regulate pathogen clearance, inflammation and intestinal 

homeostasis38,40. They are also capable of producing AMP and chemokines, which recruit 

other innate immune cells (neutrophils, macrophages, etc.) to aid in the defense of the 

epithelium38,40.  In addition, "#+ T cells play an important role in the maintenance of the 

epithelial barrier through the production of keratinocyte growth factor, which promotes 

epithelial healing41,42. Interestingly, they are also capable of triggering the apoptosis of 

epithelial cells expressing the stress induced non-classical MHC class I molecules MIC-A 

and MIC-B43. "#+ T cell maintenance and activation are dependent on IL-1544, the 

overexpression of which is associated with CD and "#+ T cell expansion within the small 

intestine45.  

In contrast to "#+ T cells, !$+ T cells are believed to possess a greater degree of 

antigen specificity38. They closely resemble many aspects of effector memory CD8+ T 

cells38. !$+ T cells migrate into the intestinal tissues and integrate into the epithelial cell 

layer following antigen exposure38,46. The !$+ population of T cells expands with age 
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consistent with the belief that they are antigen-specific, migratory cells that are acquired 

in the gut with experience38.  Once activated, these IEL become licensed cytotoxic cells 

that are capable of inducing apoptosis within cells expressing their cognate antigen in the 

context of MHC class I37,38.  

 Peyer’s patches (PP) are specialized lymphoid structures found within the lamina 

propria37. Together with the mesenteric lymph nodes (MLN), PP serve as sites for antigen 

presentation as well as the generation and maintenance of effector and memory responses 

within the gut37,38. The PP in particular play an essential role in initiating tolerance and 

effector responses37. Specialized enterocytes, known as microfold or M cells, line the 

follicular epithelium directly above the PP37. These cells are capable of capturing and 

transporting luminal antigens directly into the lamina propria37,38. Just below the M cells, 

the antigens encounter different populations of dendritic cells (DC) in the subepithelial 

dome37,38. DC take up antigens within the PP and present them in the context of Human 

MHC class I or II to T cells within the thymus dependent area37. Presentation of antigen 

by DC triggers T cell priming and activation37. DC can further direct the generation of 

either an effector or tolerogenic response by altering their expression of costimulatory 

signals such as cytokines and surface receptors37,38.  A similar process also occurs when 

DC encounter antigen within the MLN37. DC encountering antigens in the lamina propria 

however, with the exception of some subpopulations of IEL generally migrate back to the 

PP or MLN before they are capable of generating an immune response37,38. DC also play 

a key role in directing the migration of mature T cells to their effector sites. Within the 

gut, DC generally promote the expression or CCR9 and integrin !4$7 on T cells47,48. This 

ensures that T cells will home back to the intestinal tissues once they exit the lymphoid 

tissue and are recirculated through the blood49. PP and MLN also contain B cell 

follicles37. Once B cells are exposed to their cognate antigen, they migrate to the marginal 

zone of the follicle where they can then be activated with the help of an activated T cell 

sharing specificity for its cognate antigen28. The B cell can then migrate out of the PP or 

MLN to the tissue where it matures into a plasma cell and begins to produce antigen-

specific antibodies37.  
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The cell populations described above, together with other innate immune cells 

such as macrophages, neutrophils, eosinophils and mast cells cooperate to protect the 

intestine from pathogens and other harmful molecules that manage to penetrate the 

preliminary defenses of the intestinal barrier. The mucosal immune system represents a 

critical final layer of defense in the intestinal barrier and dysfunction within this immune 

compartment is associated with generation of gastrointestinal diseases such as celiac 

disease and IBD.  

 

1.1.2 Regulation of the Intestinal Permeability 

As mentioned previously, solutes can cross the intestinal epithelial barrier via 

either the transcellular or paracellular pathways31-33. The transcellular pathway is 

primarily involved in the selective transport of sugars, amino acids, short-chain fatty acids 

and electrolytes32. Regulation of the transcellular pathway is achieved via direct 

regulation of factors affecting the expression and localization of various receptors, 

channels, pumps and transporter molecules at both the apical and basolateral membrane 

of the enterocyte32.  

In contrast to the transcellular pathway, movement of solutes along the 

paracellular pathway is less selective and is controlled primarily by the size of the 

intercellular space31-33. Regulation of paracellular permeability therefore is predominantly 

mediated via alteration of the TJ, which restrict the size of particles that can move 

between cells and act as electrically charged fences that favor cationic molecules33. TJ are 

dynamic structures that can be influenced by a variety of intrinsic and exogenous stimuli 

and therefore play a key role in determining the overall degree of intestinal 

permeability31-33.  

The structure and stability of the TJ are typically controlled by intrinsic factors. 

Various intracellular processes are known to influence the TJ31-33. For example, the 

expression of the molecular components of TJ is known to vary during different stages of 

the enterocyte cell cycle and TJ stability is known to be adversely affected by decreased 

availability of ATP, cAMP or calcium33. TJ structure is also regulated by phosphorylation 
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of its component molecules33. This allows the enterocyte to directly control the stability 

of the tight junctional complex33.  Extracellular signals derived from the surrounding 

tissue can also influence TJ stability. Oxidative stress within the epithelium for example, 

is known to contribute to the destabilization of TJ33.  Proteases released by resident 

leukocytes can trigger the breakdown of TJ via macromolecular cleavage31,32. In addition, 

the degranulation of mast cells or eosinophils during an allergic response within the gut 

can also negatively impact the TJ31,33. Certain cytokines also play a key role in TJ 

regulation31, the release of pro-inflammatory such as IL-450, IL-1350, IFN-"51,52 and TNF-

!51,52 is known to have a dissociative effect on TJ leading to increased permeability while 

in contrast, IL-1053 protects the TJ and maintains the intestinal barrier.   

 Regulation of the paracellular pathway through TJ can be greatly influenced by a 

variety of exogenous stimuli31,33. Certain probiotic bacteria for example have been shown 

to maintain intestinal barrier function through the upregulation of ZO-1 and myosin light 

chain kinas expression34,35.  In contrast, pathogenic bacteria such as Vibiro cholerae, 

Shigella flexneri, Clostridium perfringens, Clostridium difficile and Enteropathogenic 

Escherichia coli commonly directly or indirectly target TJ33. Infection with such 

pathogenic bacteria, or in certain cases, merely the ingestion of their toxins leads to TJ 

destabilization and increased paracellular permeability31,33. Exposure to food antigens 

may also influence TJ structure56. Gliadin, a glycoprotein found in wheat has been shown 

to trigger the release of zonulin by enterocytes35. This compromises interactions between 

ZO-1 and occludins leading to TJ instability and a resultant increase in permeability35. 

Although other food antigens are believed in impact barrier function none have been 

studied to the same depth as gliadin and there remains a great deal to learn about how 

food can alter gut function56. Chronic alcohol consumption can also lead to barrier 

dysfunction31. This process is believed to be triggered by the increased production of 

acetaldehyde and nitric oxide production, which leads to increased phosphorylation of the 

TJ proteins ZO-1, E-cadherin and $-catenin57,58. Finally, there is substantial evidence 

suggesting that chronic use of non-steroidal anti-inflammatory drugs (NSAIDs) can cause 

intestinal barrier dysfunction and gastrointestinal damage59,60. Studies with gastric 
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epithelial cell lines revealed that acute exposure to aspirin leads to an increase in 

permeability that was correlated with decreased expression of claudin-761. Furthermore, 

NSAIDs use can lead to an increase in oxidative stress and nitric oxide production, both 

of which can decrease the stability of TJ62. Use of NSAIDs may also trigger the 

uncoupling of mitochondrial oxidative phosphorylation, thereby decreasing the 

production of ATP, which is critical to maintaining TJ stability63.  

  

1.1.3 Intestinal Barrier Dysfunction in Gastrointestinal Disease 

Intestinal barrier dysfunction occurs when there is a breakdown in the integrity or 

regulatory capacity of the intestinal epithelium leading to an increase in barrier 

permeability, particularly towards large macromolecules. Barrier dysfunction has been 

associated with increased oxidative stress, inflammation, tissue damage and abnormal 

reactions to luminal antigens31,33,35,50-52,62,63. Transient or localized increases in barrier 

permeability are generally not sufficient to cause disease1; however, chronic barrier 

dysfunction is believed to contribute to the development of several gastrointestinal 

conditions in predisposed individuals including IBD, IBS and celiac disease31,33. 

IBD is a chronic inflammatory condition that includes Crohn’s disease and 

ulcerative colitis. IBD is believed to be caused by an inappropriate inflammatory response 

to constituents of the gut microflora64. Patients with IBD have long been known to 

experience intestinal barrier dysfunction; however, it remains unclear whether this state is 

a cause or consequence of the ongoing inflammation characteristic of the disease64. 

Measurements of intestinal permeability collected from first-degree relatives of patients 

with IBD have proved to be higher than those of the general population, suggesting that 

the barrier defect in patients may have been present prior to development of disease65,66. 

Furthermore, long term follow-up with those relatives experiencing increased epithelial 

permeability found that several went on to develop IBD65,67. Although not conclusive, this 

points to a possible contribution of barrier dysfunction in the pathogenesis of IBD.  

IBS is a functional disease characterized by chronic abdominal pain or discomfort, 

bloating and altered bowel habits in the absence of organic abnormality68,69. The cause of 
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IBS remains unknown but the condition has been linked to infection, psychological stress 

and various forms of food sensitivity68. Increased intestinal permeability and low-grade 

inflammation have been identified in patients from several subgroups of IBS68-73. 

Furthermore, these alterations seem to be correlated with symptom severity in patients72 

and with the generation of visceral hypersensitivity in animal models68. Interestingly, in 

patients from the diarrhea-predominant subgroup of IBS (IBS-D), scientists have 

identified alterations in the normal expression and regulation of key TJ proteins, most 

notably ZO-172. It is possible that in patients with IBS, barrier dysfunction allows for 

increased transit of bacterial and food antigens across the intestinal barrier leading to the 

generation of the various symptoms of IBS; however, further investigation is required to 

identify the exact mechanisms involved within this process.  

Celiac disease is a chronic inflammatory condition in which the absorptive surface 

of the small intestine is damaged by an abnormal response to gluten74. Increased intestinal 

permeability has been described in patients with celiac disease as well as their first-degree 

relatives74. This increased level of permeability is highest in newly diagnosed patients and 

improves when patients are placed on a gluten-free diet (GFD); however, even with 

treatment, there is some evidence to suggest that intestinal permeability in celiac patients 

remains elevated relative to the general population75. The evidence collected from 

relatives of celiac patients and those patients following a GFD suggest that an inherent 

defect in the intestinal barrier may precede the development of celiac disease. Further 

evidence of the role of intestinal barrier dysfunction in the development of celiac disease 

comes from gene expression studies, which indicate that celiac patients have reduced 

expression of ZO-135. Gluten itself has also been implicated in the development of barrier 

dysfunction in celiac patients. Some groups have hypothesized that gluten exposure in 

celiacs leads to the release of zonulin, which reversibly modulates the structure of the TJ 

leading to increased intestinal permeability35. This increase in paracellular permeability 

may lead to an increase in the flux of gluten and its fragments across the intestinal barrier 

where they can then initial the abnormal immune response in celiac patients.  
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Barrier dysfunction may also lead to the increased uptake of additional luminal 

antigens. Of particular concern, is the potential for increased migration of harmful 

bacteria across the intestinal barrier. Celiac patients have been shown to have an altered 

microbiome characterized by increased Gram negative bacteria and reduced 

Bifidobacteria relative to healthy controls76-81. Evidence from the HCD4/DQ8 murine  

model of gluten intolerance indicates that intestinal bacteria may enhance the response to 

gluten through bystander activation of immunity82. Furthermore, certain bacteria have 

been shown to enhance the inflammatory immune response to gliadin83. Taken together, 

this evidence suggests that intestinal bacteria make an important contribution to the 

pathogenesis of celiac disease. Given that celiac disease is triggered by dietary gluten and 

that the response to this antigen may be enhanced by increased uptake of harmful luminal 

antigens such as bacteria, it stands to reason that the intestinal barrier represents and an 

important therapeutic target within celiac disease. 

The examples of IBD, IBS and celiac disease indicate the critical role of intestinal 

barrier integrity in the protection of the gastrointestinal tract. The intestinal barrier plays a 

crucial role in the regulation of both immunity and homeostasis within the gut and its 

breakdown may be the determining factor in the pathogenesis of disease within 

predisposed individuals. 

Unlike IBD and IBS, the environmental trigger of celiac disease, gluten, is known. 

Furthermore, the passage of gluten across the intestinal barrier is recognized as being 

essential for the development of disease. As a result, celiac disease represents an 

important model in which we can explore the role of the intestinal barrier in 

gastrointestinal disease.  
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1.2 Celiac Disease 

Celiac disease is a chronic small intestinal enteropathy triggered by an abnormal 

immune response to dietary gluten in genetically susceptible individuals84,85. This 

condition is traditionally characterized by chronic inflammation of the proximal small 

intestine leading to atrophy of mucosal tissues and malabsorption 84,85; however, a much 

larger spectrum of clinical presentation is now recognized within the disorder85. 

Diagnosis is made based on elevated levels of antibodies against tissue transglutaminase-

2 (tTG2) and deamidated-gliadin peptides (DGP) as well as endomysial antibodies 

(EMA), in combination with a small intestinal biopsy to look for overt enteropathy84,85. 

Currently the only known treatment for celiac disease is strict adherence to a gluten-free 

diet84-86. The complete exclusion of all gluten-containing grains and their derivatives 

generally results in the resolution of symptoms and entrance into a remission-like state 84-

86.  

 

1.2.1 Prevalence 

Historically, celiac disease was believed to be a rare disease presenting mainly in 

children of northern European descent84,85; however, it is now believed to be much more 

common.  The prevalence of celiac disease in North America has recently been estimated 

to be as high as 1%87. Similar rates have also been found in Europe88, the Middle East and 

North Africa89, Northern regions of India89,90. Serological testing and comparison of 

serum samples taken between 1948-1954 with cohorts from the present day has suggested 

that the incidence of celiac disease in North America has increased approximately 4-fold 

over the past fifty years87. Cases of celiac disease have also been reported in various parts 

of the world including North and South America, Europe, Australia, south and west Asia 

and North Africa suggesting that the disorder is not confined to any specific geographical 

region84. 
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1.2.2 Pathogenesis 

1.2.2– i Genetics 

 Studies of monozygotic twins have revealed a high level of concordance in the 

development of celiac disease resulting in heritability estimate of approximately 80%91. 

Furthermore, studies of relatives of celiac patients have revealed that increased rates of 

celiac disease in first (1/22) and second-degree (1/39) relatives compared to the general 

population (~1/100)92. This suggests that there is a strong genetic component responsible 

for the development of this condition.  

Celiac disease has been primarily linked to specific alleles of the human leukocyte 

antigen (HLA) component of the class II major histocompatibility complex (MHC)93.  

Approximately 90% of celiacs express the HLA-DQ2 (DQA1*05 and DQB1*02) 

heterodimer while the remaining cases are positive for HLA-DQ8 (DQA1*03 and 

DQB1*0302)93. These HLA genes are believed to be responsible for 35-40% of the 

genetic heritability of celiac disease with the remainder being attributed to various known 

and unknown non-HLA genes84,93. Celiac disease cannot develop in the absence of HLA-

DQ2/8 risk factors and although approximately 30% of the population expresses these 

alleles, many will never develop the condition84,93. This suggests that HLA-DQ2/8 is 

necessary but not sufficient to develop celiac disease.  

 Recent studies have identified 39 non-HLA risk genes many of which are 

immune-related93. Definite associations with the condition have been reported for 26 of 

these identified genes while the remaining 13 have been identified as specific pre-

disposing factors for celiac disease93. Interestingly, celiac disease shares many of these 

genes with various other disorders, many of which are known to occur concurrently with 

celiac disease, including type 1 diabetes, Crohn’s disease and rheumatoid arthritis93.  

Together, these genes explain only 5% of the heritable risk of celiac disease suggesting 

that other factors remain to be identified93.  It is possible that much of the variation in 

clinical presentation of celiac disease may be explained in part by the polygenic nature of 

the disorder.  
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1.2.2 – ii Gluten 

Celiac disease represents a unique model of autoimmune disease in that, the 

environmental trigger of the abnormal immune response is known. Ingestion of gluten is a 

necessary step in the pathogenesis of celiac disease. Gluten is a storage protein found in 

the grains wheat, rye and barley as well as their derivatives94. It is composed of gliadins 

and glutenins, both of which have high proline and glutamine content94,95. This renders 

them particularly resistant to complete proteolytic digestion by gastric, pancreatic and 

brush border enzymes95.  

In the context of celiac disease, it is the gliadin fraction of gluten that is of 

particular interest. Peptide fragments of !-gliadin have been identified as being involved 

directly in the pathogenesis of celiac disease95. These fragments can be divided into either 

‘toxic’ or ‘immunogenic’ categories depending upon their specific composition95. So-

called ‘toxic’ fragments such as the P 31-43 !-gliadin peptide (19-mer) likely exert 

effects directly upon the epithelium via an as-yet-unidentified mechanism resulting in the 

activation of the innate immune response as seen in the production of IL-1545.  

‘Immunogenic’ peptides on the other hand, such as the P 56-68 !-gliadin peptide, are 

responsible for activating the humoral immune system through interaction with HLA 

DQ2/895. The immunogenicity of such peptides is increased by deamidation by tissue 

trans-glutaminase although the exact location and timing of this enzymatic interaction 

remains unknown95,96. 

1.2.2– iii Aberrant Immune Response 

The pathogenesis of celiac disease is ultimately dependent upon an abnormal 

immune response to the large peptide fragments generated during gluten digestion95. This 

response generates both the characteristic small intestinal enteropathy and the antibody 

response used to diagnose celiac disease.  

This abnormal immune response begins with the passage of undigested gliadin 

peptides across the intestinal epithelium. The manner in which this occurs remains 

controversial and there are two schools of thought regarding how gliadin gains access to 

the lamina propria. The first possibility is that gliadin peptides cross the intestinal 
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epithelium via the transcellular pathway: retrotranscytosis in association with sIgA that is 

recognized and taken up by the transferrin receptor CD7110. The second possibility is that 

gliadin gains access to the lamina propria via the paracellular pathway. Gliadin has been 

shown to interact with CXCR3 on the cell surface thereby inducing the production of 

zonulin97. Zonulin then triggers rearrangement of the actin cytoskeleton and TJ leading to 

increased paracellular permeability and an increase in the influx of gliadin peptides into 

the lamina propria97.   

Once in the lamina propria, gliadin peptides such as the 33mer p 56-68 !-gliadin, 

are deamidated or transamidated by tissue transglutaminase-295,96. The process of 

deamidation introduces negative charges to the peptides that increase the affinity of HLA-

DQ2/8 for the peptides98. Once bound to HLA-DQ2/8 on antigen presenting cells, the 

deamidated gliadin peptide is presented to CD4+ T cells96. The primed and activated 

CD4+ T cells then release proinflammatory cytokines that induce inflammation (TNF!, 

IL-21, IL-6, IL-18)95,96. They also activate fibroblasts and lamina propria mononuclear 

cells, which release metalloproteases that degrade the underlying ECM, support structure 

of the epithelium95,96,99. CD4+ cells activate IEL such as CD8+ and natural killer cells 

leading to enterocyte apoptosis95,96. The activated CD4+ T cells also activate B cells via 

IFN-y leading to the production of antibodies against tTG2 and DGP as well as anti-

gliadin antibodies (AGA) and EMA96,99. 

Enterocytes themselves can also initiate parts of the abnormal response to gluten. 

Enterocytes have been shown to produce IL-15, which can activate the populations of IEL 

responsible for triggering epithelial apoptosis95,96. Enterocytes also upregulate the 

expression of stress markers such as MIC-A, MIC-B and HLA-E, as well as NKG2D –

their cognate receptor on IEL – thereby allowing them to be targeted for apoptosis100,101. 

The combined effects of this aberrant immune response to gluten lead to the 

development of the classic celiac lesion. Chronic exposure to gluten leads to hyperplasia 

of intestinal crypts in attempt to replace cells damaged by the Th1 arm of the immune 

response to gluten. At the same time, there is an overall decrease in villus height due to 

matrix remodeling and enterocyte death. Simultaneously, serum levels of tTG2, AGA, 
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DGP and EMA antibodies increase due to activation of the Th2 arm of the immune 

response. 

  

1.3 Milder Forms of Gluten Intolerance: Gluten Sensitivity 

 Gluten sensitivity (GS) encompasses a variety of conditions in which ingestion of 

gluten triggers symptoms, immunological and morphological changes in the absence of 

celiac disease102.  It is estimated that up to six percent of the general population complains 

of some form of GS; however, the symptoms of these patients have remained 

unrecognized by the medical community until very recently103,104. In 2009, Verdù et al 

proposed the existence of gluten sensitivity (GS) as a separate clinical entity existing in 

the “no man’s land” between celiac disease and IBS105. This proposal was based on 

clinical observations of apparent symptomatic response to the GFD in a subset of patients 

with IBS, as well as findings in the transgenic HLA-DQ8 and HCD4/DQ8 murine models 

of gluten-intolerance that pointed to factors beyond genetics as important contributors to 

disease105. In 2011, Biesiekierski et al. confirmed the existence of GS when he 

demonstrated in a double-blind randomized trial that patients with GS truly did 

experience symptoms in response to gluten exposure106.   

The mechanisms responsible for the development of GS are currently unknown.  

It is thought that patients with GS may simply be “innate responders” to gluten107; 

however, the relationship between GS and conditions such as type I diabetes108,109 and 

psorasis110 suggest some link to the adaptive immune system. Unlike celiacs, patients 

with GS experience symptoms in the absence of overt enteropathy, increased intestinal 

permeability and elevated levels of tissue tTG2, DGP or endomysial EMA antibodies that 

are characteristic of celiac disease111. Diagnosis of GS therefore, currently relies on first 

ruling out celiac disease then placing a patient on the GFD to determine if their symptoms 

respond to the GFD and reappear when challenged with gluten107,112. This diagnostic 

process is both expensive and time consuming. As a result, a great deal of research is 

currently focused on identifying key characteristics that distinguish celiac disease and GS.  

Recent studies have suggested that GS patients may develop subtle morphological 
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changes within the intestine such as increased numbers of IEL113. Furthermore, 

serological testing has revealed that over half of GS patients develop elevated levels of 

IgG anti-gliadin antibodies (AGA) suggesting that these antibodies may represent a 

biomarker of GS114.   

Unlike celiac disease, there is no formally indicated treatment for GS, although 

gluten-sensitive patients frequently elect to follow a gluten-free or gluten-reduced diet.  It 

remains unclear whether GS is a lifelong condition like celiac disease or if patients with 

GS eventually develop some level of tolerance to gluten. More research is necessary to 

better understand exactly how to diagnose and treat GS. Further research also promises to 

increase the medical community’s understanding and acceptance of this potentially very 

common emerging condition. 

  

1.4 Alternative Therapies for Gluten Intolerance 

 

 1.4.1 The Problem with the Gluten-free Diet 

Currently, the only accepted treatment for celiac disease and other gluten-sensitive 

conditions is strict adherence to a GFD; however, the efficacy of this therapy is limited by 

the ability of patients to comply with their dietary restrictions115,116. Despite increasing 

public awareness of the disease and the recent increase in the availability of gluten-free 

products, maintaining a diet that is completely gluten-free remains extremely difficult. 

Patients and their families must contend with a variety of challenges such as cross-

contamination, unclear ingredient labeling and relatively higher food costs115,116. To make 

matters worse, they must also contend with a general lack of medical, industrial, political 

and public awareness of celiac disease, gluten-sensitivity and the inherent nutritional 

challenges of the gluten-free diet.  

Although relatively safe, there is also mounting evidence that the GFD may have 

some adverse effects. Studies of the intestinal microbiota of healthy volunteers found that 

their microbial composition changed as a result of the GFD117. Furthermore, gluten-free 

foods often contain higher levels of fat and sugar relative to the standard gluten-
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containing fare118-122. This can lead patients transitioning onto the diet to gain weight 

while at the same time leaving them deficient in key nutrients and fibre118-122. This poses 

a problem for the medical community as it becomes unclear whether the GFD, with its 

associated financial burden and potential adverse effects, should be indicated for the 

treatment of patients with GS or with clinical presentations that fall just below the 

threshold of diagnosis for celiac disease. It is therefore prudent that we develop safe 

alternatives to the GFD for the treatment of milder forms of gluten-intolerance.  

Eating is a highly emotional activity that is often associated with various elements 

of culture and family. Food is often used as the centre point for many social activities and 

as a result patients following a gluten-free diet often feel that it has a negative impact on 

various aspects of their daily lives including their career, family, social lives and ability to 

travel 115,116.  Patients may find that they restrict themselves from large social gatherings 

surrounding food and as a result may suffer from social isolation121,122. These negative 

social and emotional implications of the diet are some of the largest challenges faced by 

patients and may explain why dietary non-compliance is often triggered within social 

settings116.  As a result of the social impact of the GFD, there is increasing demand within 

the celiac community for alternative therapies and treatment options to help minimize the 

negative impact of the GFD on celiac patients quality of life.  

 

1.4.2 Alternative Therapies to the Gluten-free Diet 

As a result of the imperfect nature of the gluten-free diet as a treatment for celiac 

disease and GS, it is imperative that new therapeutic targets are identified and new 

treatments are developed for these complex conditions. Several different strategies are 

currently being investigated as alternatives for the GFD in the treatment of gluten 

intolerance as shown in Figure 3.  These strategies have been extensively reviewed (see 

123-125) and include alternatives such as: the reduction of the gluten content of flour 

prior to ingestion, the oral administration of prolyl endopeptidases that are capable of 

breaking down digestion-resistant fragments of gluten, the sequestration of gluten within 

the lumen by binding to either synthetic polymers or IgG anti-gluten antibodies from 
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cow’s milk, modulators of paracellular permeability, inhibitors of tissue transglutaminase 

2 and HLA-DQ2/8, gluten peptides that downregulate or alter the typical progress of the 

gluten-induced immune response, restoring immune tolerance to gluten via oral 

“vaccination” and biological agents which directly target specific cytokines or cell 

populations123-125.  

None of the therapies currently in development are perfectly suited to the 

treatment of celiac disease and GS or have the same level of efficacy as strictly following 

the GFD123-125. Furthermore, it seems unlikely that any one treatment will work for all the 

various clinical manifestations of GS and celiac disease. The amount of variation both in 

clinical presentation and in patients’ tolerance of minute exposure to gluten suggest that 

in the future, a combination of different therapies that can be tailored to suit the patient 

may be the best approach to the treatment of celiac disease and GS. It is therefore 

important that we continue to identify novel therapeutic targets and develop new methods 

to protect celiac disease and GS patients from exposure to dietary gluten.  

 

1.5 Trappin-2/Elafin Therapy: A Novel Approach to Gluten Intolerance? 

 Trappin-2/elafin is encoded by a gene that is specific to eutherian mammals and 

has been detected in various species throughout this lineage with the exception of mice, 

rats and rabbits126,127. Trappin-like genes have also been identified in marsupials, 

monotremes, birds, and fish suggesting that the ancestral form of this gene may have 

served an important function in our evolutionary past126.  

In humans, trappin-2/elafin is encoded by the peptidase inhibitor 3 (PI3) gene on 

human chromosomal region 20q12-13128,129. The PI3 gene is highly polymorphic due to 

its large number of single-nucleotide polymorphisms (SNP)130. It is believed that the 

variation generated from these SNP may help to account for the variable expression of 

trappin-2/elafin within different tissues. The human PI3 gene encodes for three different 

exons encoding for a signal peptide, as well as the characteristic cementoin and whey-

acidic protein (WAP) domains131,132. The cementoin domain allows trappin-2/elafin to 

interact with tissue transglutaminase and become cross-linked to various fibers within the 
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extracellular matrix133. It is thought to allow for the concentration of Trappin-2/elafin at 

its respective sites of action121-123. The WAP domain in contrast is known to be 

responsible for the protease inhibitor capacity of trappin-2/elafin133-135. The final protein 

product of the PI3 gene has a molecular weight of 9.9 kDa and is known as trappin-2, pre-

elafin or elafin135. During secretion, the signal peptide and cementoin domain are often 

cleaved producing an approximately 6 kDa molecule called elafin, peptidase inhibitor 3 

or skin-derived antileukoprotease (SKALP)135. Few studies within the literature make the 

distinction between the 9.9 kDa and 6 kDa molecular forms of trappin-2/elafin and it is 

therefore often difficult to ascertain which form is being used in any given study135. 

Within this investigation, the use of the term elafin is meant to specify the 9.9 kDa 

secreted form of Trappin-2/elafin.  

 

1.5.1 The Expression of Elafin in the Human Body 

 Elafin has been identified in both adult and fetal139,140 tissues and can be found at 

various sites throughout the human body139,132.  It is most strongly expressed at mucosal 

surfaces regularly exposed to inflammatory stimuli such as the respiratory tract, the 

female reproductive tract and the gut129,132,140. In fact, many of these mucosal tissues often 

display constitutive expression of elafin suggesting that it may play an important role in 

their protection from noxious stimuli132. 

Elafin can also found at high levels at sites of inflammation and is rapidly induced 

in response to injury or infection where it is believed to help moderate the inflammatory 

response132,140. In the skin for example, elafin is typically found at low levels but has been 

observed to increase dramatically in response to various forms of insult132,141.  Similar 

observations have also been made in serum142,143 endothelium144 and joints145.  

Various molecules associated with inflammation have been found to upregulate 

elafin expression. For example, both neutrophil elastase and mast cell tryptase, proteases 

released by immune cells during the course of inflammation, have been found to rapidly 

increase the levels of elafin146,147. Neutrophil elastase may also inactivate elafin when it 

reaches excessively high levels within the tissue allowing for greater progression of the 
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inflammatory response148. Elafin production has been shown to be stimulated in various 

cell lines by proinflammatory cytokines such as IL-1$149, TNF-!150 in vitro.  Exposure to 

poly i:c viral double stranded RNA in vitro has also been shown to induce elafin 

expression in human genital epithelial cell lines151. Various molecules associated with 

innate immunity and anti-microbial defense have also been suggested to increase elafin 

expression suggesting that elafin may play a key role in innate immunity152. Elafin levels 

in the female reproductive tract have also been found to vary throughout the menstrual 

cycle suggesting the elafin production may also be hormonally regulated153.  

 

1.5.2 Elafin: A Potent Protease Inhibitor 

Elafin is a serine protease inhibitor and may be classed as an alarm protease 

inhibitor150. Elafin inhibits serine proteases via a tight-binding reversible mechanism with 

a 1:1 molar inhibitory ratio137,138. Elafin has potent inhibitory capacity against various 

forms of human leukocyte and pancreatic elastases as well as proteinase-3 and their 

murine analogs137,138,154. Elafin does not inhibit trypsin, chymotrypsin or cathepsin-G154. 

Biochemical studies have indicated that the protease inhibitory active centre of elafin is 

located at the exposed loop of its WAP domain core136. Further investigations also 

indicate that oxidizing elafin decreases its affinity for its target proteases as wells as its 

inhibitory capacity155. 

Within inflamed tissues, elastase and proteinase 3 are known to cause degradation 

of extracellular matrix proteins, generate chemotactic peptides, activate matrix 

metalloproteinases, trigger the production and activation of pro-inflammatory cytokines, 

and aide in the phagosomal degradation of bacterial proteins146. While in the right 

context, these actions help to protect the tissues from infection, when uncontrolled, they 

can quickly cause large amounts of damage. The role of elafin as a protease inhibitor is 

thought to be to protect tissues from the effects of uncontrolled inflammation140. 

Furthermore, there is some evidence to suggest that elafin may also aid in the resolution 

of inflammation and promotion of wound healing140,157. 
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1.5.3 The Anti-Microbial Activity of Elafin 

Elafin has been shown to have antibacterial capacity against both Gram-positive 

and Gram-negative bacteria at physiologically relevant concentrations (1-25µM)158. 

Elafin’s anti-bacterial capacity has been proven against P aeruginosa, Staphlococcus 

aureus, Klebsiella pneumoniae, E coli, Streptococcus pneumoniae, Haemophilus 

influenzae and Branhamella catarrhalis135,159,160. Elafin has also been shown to have anti-

fungal effects against Aspergillus fumigatus and Candida albicans159.  

Elafin’s anti-microbial activity has been shown to be independent of its protease 

inhibitor capacity158,159. Biochemical investigations have indicated that the N-terminus 

domain of elafin seems to host most but not all of the molecule’s anti-microbial 

capacity140, 161. The N-terminus domain of elafin has been shown to adopt an !-helical 

conformation in a membrane mimetic environment161. This characteristic conformation is 

shared with other AMP such as the family of defensins and is thought to interfere with the 

membranes of bacteria161. The anti-microbial capacity of elafin is decreased in the 

presence of heparin and NaCl suggesting that, similar to other AMP, it is partly a result of 

the cationic nature of the molecule159.  Studies of elafin in the context of Pseudomonas 

aeruginosa infection of respiratory cell lines suggest that elafin may also be capable of 

altering the expression of virulence factors via some unidentified intracellular 

mechanism161. It is theorized that elafin may impact bacterial cellular machinery of 

potentially interfere with the protease mediated activation of bacterial signaling 

pathways140. Secreted elafin has also been shown to trigger the dispersion of biofilms in P 

aeruginosa and (to a lesser extent) Escherichia coli infection of respiratory cell lines161.  

Elafin has recently been identified as having a prominent role in the resistance to 

human immunodeficiency virus (HIV) infection following the observation that HIV 

resistant female sex-workers in Kenya had higher levels of elafin in cervico-vaginal 

lavage fluids than their infected and unexposed counterparts162. Elafin prevents HIV 

attachment and transcytosis in genital epithelial cells163. This anti-viral capacity appears 

to be dependent on the direct interaction of elafin with the HIV virion rather than any 

alteration of host expression of cell surface receptors163. Higher elafin expression has 
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been associated with decreased expression of TLR-2, TLR-4 and RIG-1; however no 

direct causal link between elafin and these surface receptors has been established151.  

Elafin is constitutively expressed at the mucosal sites within the human body that 

are most likely to be exposed to microbial assault. This, coupled with its proven broad 

anti-microbial capacity, suggests that it plays an important role in the innate defense of 

the human mucus membranes. Further support for this theory is provided by the 

observation that particular bacteria, parasites and viruses have evolved strategies to 

downregulate or inactivate elafin suggesting that these pathogens have developed 

counter-evolutionary measures to incapacitate a key-protective molecule of the mucus 

membranes140,164.   

 

1.5.4 Immunomodulation by Elafin 

Elafin appears to be capable of altering the expression of various cytokines and 

influencing the recruitment and activation of inflammatory cells. These 

immunomodulatory effects have been noted at a physiologically relevant nanomolar 

range158,159,165.  Part of the immunomodulatory effect of elafin may be due to its effect on 

the ubiquitin-proteosome pathway166.  Elafin was shown to delay the ubiquitination of 

proteins in response to lipopolysaccharides (LPS)166. Elafin has also been proven to be 

capable of inhibiting nuclear factor kappa-B (NF%B) and activator protein 1 (AP-1) 

although the mechanism by which this occurs is currently unknown167. Secretory 

leukocyte protease inhibitor (SLPI), a serine protease inhibitor which shares several 

characteristics with elafin, has been shown to be capable of crossing the cell membrane 

and binding to DNA suggesting that elafin may also exert its immunomodulatory effects 

intracellularly140. This is further supported by the fact that elafin has been shown to be 

capable of interacting with the cell membrane168. Elafin may also act extracellularly on 

matrix molecules or at the cellular surfaces to prevent activation of TLR-4 and protease-

activated receptors (PAR) although it is currently unclear how this might affect the 

immune response140.  
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Elafin can have a proinflammatory effect in response to specific stimuli. 

Overexpression of PI3 gene in murine lung has been shown to cause increased influx of 

inflammatory cells in response to LPS stimulation169. Elafin overexpressing mice appear 

to have increased populations MHC IIhigh CD11chigh dendritic cells (DC) with high levels 

of the cellular surface markers CD80 and CD86 indicating increased activation status169. 

Elafin also induced upregulation of chemokine CXCL1 with triggered an increase in 

neutrophil recruitment in response to P aeruginosa infection170. Elafin has further been 

shown to have an adjuvant effect that enhances innate and adaptive immune response 

with certain antigens such as LPS or adenoviral infection169. In these cases, elafin induces 

a Th1-biased response that is associated with increased production of IL-12, IFN-" and 

IgG2a169. Elafin’s interaction with LPS augments LPS-induced TNF-! response in murine 

macrophage via CD-14170. In the case of P aeruginosa infection, LPS exposure or 

adenoviral infection, the upregulation of inflammatory response may aid in the rapid 

clearance of the pathogens during early stages of infection. 

In contrast, elafin has also been shown to be anti-inflammatory and to promote the 

resolution of inflammation. Elafin inhibits MCP-1 production in response to LPS in 

mononuclear cells by preventing activation of NF%B and AP-1167. Elafin can complex 

with LPS in the serum leading to decreased LPS stimulation of macrophages and 

consequently decreased production of TNF-!156. Secretion of elafin by human 

endometrial cells triggered a reduction in the production of the proinflammatory 

cytokines IL-8, IL-6, TNF-! and IFN-$ following stimulation with poly (I:C) viral double 

stranded DNA150. This reduction in proinflammatory cytokines was associated with 

reduced expression of innate viral sensors RIG-1 and methylene dianiline 5 (MDA-5)150. 

A reduction in proinflammatory cytokines has also been noted in animal models of colitis 

and within the endothelium171,172. Elafin appears to be involved in the resolution of 

inflammation by preventing cleavage of macrophage CD14 by neutrophil elastase thus 

allowing phagocytosis of apoptotic leukocytes157. It also abolishes elastase induced 

keratinocyte activation and hyperproliferation173, which may in turn reduce fibrosis as 

seen in the cardiovascular system174.  
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The effects of elafin may be pro-inflammatory or anti-inflammatory depending on 

the context in which it is released. It is possible that this dual nature allows elafin to 

promote the rapid and effective clearance of pathogens by first initiating a 

proinflammatory response and then triggering an anti-inflammatory response to control 

the resultant inflammation and promote would healing once the threat has been 

eliminated. Further research is necessary to isolate not only what determines whether 

elafin enhances or attenuates the inflammatory response, but also how these effects are 

generated within the inflamed or infected tissues themselves.  

 

1.5.5 The Protective Capacity of Elafin Therapy 

The protective capacity of elafin has been well established in animal models of 

infection and inflammation in the cardio-vascular system as well as the respiratory and 

reproductive tracts.  

Elafin has been studied extensively in the cardiovascular system and has been 

shown to have a potent protective effect against the damage caused by various forms of 

inflammation and ischemia (reviewed in 174).  Elafin expression has been detected within 

the human endothelium, serum and the intima of coronary arteries174. Elafin has proven to 

be protective in animal models of balloon angioplasty, wire induced injury, pulmonary 

hypertension, atherosclerosis, limb and cardiac reperfusion injury, myocardial infarction, 

myocarditis and cardiac transplantation174. The protective effect of elafin in these models 

was generally mediated by a combination of reduced infiltration of neutrophils and 

macrophages, the suppression of MMP and myleoperoxidase activity as well as reduced 

tissue remodeling and fibrosis174.   

Most of the studies focusing on the cardiovascular system have administered 

elafin via an intravenous route174,156. Intravenous elafin has been proven to have low 

toxicity with short plasma and activity half-lives in both animal models and humans174. 

The proven safety profile of intravenous elafin has opened the possibility of using elafin 

to treat human disease. Several phase I and II clinical trials to investigate the potential of 

elafin in the peri-operative treatment of transthoracic esophagectomy, coronary artery 
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bypass and kidney transplantation are currently in development156. One phase II clinical 

trial, the elafin myocardial protection from ischemia, reperfusion or EMPIRE study 

(Eudra CT no:2010-019527-58) is currently underway174.  

The role of elafin in the respiratory tract has also been extensively examined and 

has been shown to be critical in protecting the lung from infection and inflammatory 

damage135. Polymorphisms of the PI3 gene have been associated with increased risk for 

conditions such as adult respiratory distress syndrome (ARDS)143. Imbalance between 

proteases and antiproteases within the lung are implicated in a variety of respiratory 

conditions including ARDS, asthma, pulmonary fibrosis, chronic obstructive pulmonary 

disease (COPD) and cystic fibrosis (CF)135. The anti-protease capacity of elafin therefore 

seems to be crucial to the protection of the lung. Elafin variants with decreased anti-

protease capacity have been shown to be ineffective in protecting the lung in animal 

models of elastase-induced emphysema175. In vitro, elafin has been shown to protect 

respiratory cell lines such as A549 lung epithelial cells from cell detachment induced by 

neutrophil elastase (NE) and proteinase 3176. Elafin also reduced NE activity and 

protected ZO-1 expression and collagen adhesion capacity following exposure of A549 

cells to LPS160. These effects help to protect the lung from inflammation-induced injury; 

however elafin also has another important protective effect within the lung. Elafin has 

been shown to have potent anti-microbial effects against a variety of Gram-positive and 

Gram-negative respiratory pathogens including P aeruginosa and S aureus common 

bacterial causes of pneumonia in CF patients135,158,159. It has also been noted that elafin 

transfection in animal models also protected mice from further challenge with adenoviral 

constructs suggesting that elafin may also have anti-viral capacity within the lung 

although this remains to be fully investigated169. 

The protective role of elafin within the female reproductive tract is an emerging 

area of interest in infectious disease, especially in relation to HIV. Studies attempting to 

identify the potential cause of HIV resistance identified a number of anti-microbial 

compounds, including elafin, within the cervical-vaginal secretions of resistant women162. 

Elafin was found to be overexpressed in HIV resistant women relative to their infected 
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counterparts162. Further studies of elafin in the female reproductive tract demonstrated 

that a 30 percent immunodepletion of elafin in culture accounted for a reduction of up to 

60% of its HIV inhibition capacity163. This suggests that elafin may be the predominant 

compound responsible for HIV resistance. Interestingly, decreased elafin levels have also 

been found to be associated with bacterial vaginosis and the preterm rupture of amniotic 

membranes during pregnancy, suggesting that elafin’s protective activity in the female 

reproductive tract extends beyond its anti-viral capacity177.  

There is a growing body of evidence from systems throughout the human body 

which indicates that elafin is a critical molecule used as protection both from external 

threats as wells as uncontrolled inflammation. Elafin’s protective capacity in such a wide 

variety of conditions and bodily systems suggests that it may be a powerful therapeutic 

tool for the treatment of inflammatory and infectious disease.  

 

1.5.6 Elafin in Gastrointestinal Disease 

Elafin expression has been confirmed throughout the gastrointestinal tract from 

the oral cavity to the colon178. Within the small intestine, elafin is predominantly 

expressed by the epithelium178,179 although elafin production by "#+ T cells has also been 

detected in vitro172. Several gene expression studies have identified that elafin expression 

and induction is abnormal in patients with IBD179, 181-183.  

In order to further explore the role of elafin in the pathogenesis of IBD, Motta et 

al. induced acute DSS and trinitrobenzene sulfonic acid (TNBS) colitis in elafin 

transgenic and transfected mice171. When compared with controls, the animals expressing 

elafin experienced reduced severity of colonic inflammation in response to DSS and 

TNBS171. Transgenic and Ad-Elafin transfected mice had decreased inflammatory cell 

infiltrate and lower microscopic damage scores than the controls receiving DSS or 

TNBS171.  Similar results were seen in mice receiving a daily gavage of 5x109 cfu of 

Lactococcus lactis or Lactobacillus casei over the 7 days of DSS colitis induction184.  

Elafin expression and bacterial therapy were also correlated with decreased elastase- and 

trypsin-like activity within the gut and decreased levels of proinflammatory cytokines and 
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chemokines171,184 Transfection of Caco-2 intestinal epithelial cells with Ad-elafin in vitro 

attenuated TNF-! induced increase in monolayer permeability171.  Supplemental data 

collected by Motta et al. from DSS-treated animals suggests that Ad-elafin prevents 

rearrangement of the tight junctional molecule ZO-1 during colitis, suggesting that elafin 

may protect intestinal barrier function via ZO-1171. Further study in this model is 

necessary to determine if elafin can protect animals from more chronic forms of colitis. In 

order to evaluate the potential of bacterial elafin therapy in for human treatment of IBD it 

would also be prudent to examine the long term efficacy of such orally administered 

forms of elafin in protecting mice from colitis. Given the importance of intestinal barrier 

dysfunction in the pathogenesis of gastrointestinal disease it would also be very 

interesting to investigate how elafin over-expression in this model impacts barrier 

integrity in vivo.   

The exploration of elafin’s role in the gastrointestinal tract is currently in its 

infancy but the findings are very promising. The protective effect of elafin within the 

murine model of DSS and TNBS colitis as well its deficit in patients with IBD suggests 

that abnormal elafin expression may play an important role in the pathogenesis of similar 

gastrointestinal diseases such as celiac disease.   

 

1.6 Hypothesis and Aims 

The combined results of investigations in animal models and clinical trials suggest 

that elafin may represent a powerful therapeutic tool for the treatment of a variety of 

inflammatory conditions including celiac disease. Given the promising results of elafin 

therapy in murine models of IBD, we sought to investigate if elafin therapy could 

attenuate markers of gliadin sensitization in two gluten-sensitive mouse models.  

 

1.6.1 Hypothesis 

 We hypothesized that elafin therapy would ameliorate intestinal barrier 

dysfunction and acute small intestinal inflammation induced by gliadin challenge in 

gluten-sensitive mice. 
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1.6.2 Aims 

The overall aims of this study were as follows: 

1) To test the efficacy of elafin therapy in attenuating the inflammation, intestinal 

damage and functional changes induced by acute gliadin exposure in gluten-

sensitive mice. 

2) To explore potential mechanisms through which elafin may exert its protective 

effect in the gastrointestinal tract 
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2. METHODS 

 

2.1 Mice 

 All experiments were conducted with the approval of the McMaster University 

Animal Research Ethics Board (AREB) and were in accordance with the Canadian 

Guidelines for Animal Research set by Canadian Council of the Use of Laboratory 

Animals. Mice were bred and housed within McMaster University’s Central Animal 

Facility (CAF). Mice were housed in sterilized ventilated rack (HCD4/DQ8, see section 

2.1.1) or filter topped (NOD-DQ8 see section 2.1.2) cages under specific pathogen free 

(SPF) conditions. Animals were maintained on a 12h:12h light/dark cycle and were 

provided with access to low-fat gluten-free chow (Harlan, ON, Canada) and sterile water 

ad libitum. Experiments were conducted on male mice aged 6-12 weeks upon 

commencement of each protocol. Mice were housed according to treatment group with a 

maximum of four animals to a cage.  

 

2.1.1 HCD4/DQ8 Mice 

 The HCD4/DQ8 transgenic mouse expresses both human HLA-DQ8 and CD4 in 

the absence of endogenous mouse MHC-II82,185-187. These animals have been shown to 

develop intestinal barrier dysfunction82,186,187 and intraepithelial lymphocytosis186,187 in 

response to gluten exposure although no overt enteropathy (intestinal atrophy) is 

demonstrated in acute administration models (one gluten challenge after sensitization). 

Recent findings from the Verdú lab indicate that these mice do develop partial villous 

atrophy as well as an IgA anti-gliadin antibody response following chronic exposure (2 

months) to gluten187. 

 

2.1.2 NOD-DQ8 Mice 

 NOD-DQ8 mice express human HLA-DQ8 in the absence of endogenous MHC-II 

and in predisposing autoimmune background of the non-obese diabetic (NOD) 

mouse188,189. Although prone to insulitis, these mice do not appear to spontaneously 
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develop diabetes as seen in NOD mice188.  When sensitized and repeatedly (3 times/week) 

challenged with gluten for one to three weeks, these animals develop moderate 

enteropathy with increased intraepithelial lymphocytosis and decreased villus/crypt 

ratios188. Furthermore, NOD/DQ8 mice develop antibody responses to both gliadin and 

tissue-transglutaminase188 as well as small intestinal barrier dysfunction following 

exposure to gluten188.  

 

2.2 Gliadin Sensitization 

 Mucosal sensitization was achieved via intragastric gavage of 25 µg of cholera 

toxin (List Biological Laboratories, CA, USA) and 500 µg of peptic-tryptic-digest of 

gliadin (PT-gliadin) dissolved in 0.02 M acetic acid. Cholera toxin is used to break 

tolerance to gluten and mimic sensitization occurring in adult onset CD. The volume of 

each gavage was adjusted to 100 µl with sterile phosphate buffered saline (PBS). Each 

mouse was administered with this solution once weekly for a total of three weeks to 

achieve the desired level of sensitization.   

As a control for mucosal sensitization to PT-gliadin, certain treatment groups were 

gavaged with a solution of 25 µg of cholera toxin alone that had been adjusted to a 

volume of 100 µl with PBS. Animals belonging to treatment groups receiving only 

cholera toxin during sensitization are henceforth referred to as non-sensitized controls.  

 

2.3 Gliadin Challenge 

 Gliadin challenges were administered via intragastric gavage to mice from all 

treatment groups. Each challenge dose consisted of 2mg of PT-gliadin dissolved in 0.02M 

acetic acid and adjusted with PBS to a total volume of 100 µl. Gliadin challenges were 

administered on a weekly basis for two weeks starting one week after the final dose in the 

sensitization regime. 
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2.4 Recombinant Lactococcus lactis 

 Recombinant Lactococcus lactis (Ll) was prepared as described previously in 

World Intellectual Property Organization (WIPO) patent application WO/2011/086172 

A1184. The codons for the PI3 gene signaling peptide were excised and replaced with 

those encoding for Usp45, the main protein secreted by Ll184. Elafin expression was then 

placed under the control of the PnisA promoter, which responds to nisin induction184. 

Together these elements formed the plasmid pSEC:elafin, which was then introduced into 

Ll NZ9000 to generate the recombinant bacterium, NZpSEC :elafin (Ll-E) used in this 

investigation184. L.l. NZ9000 (L.l.-WT) was used as wild type control within this 

investigation. All bacteria were suspended in %15 PBS-glycerol (abbreviated as PBS in 

all graphs).  

The recombinant and wild type L. lactis were generously prepared and aliquoted 

by members of Dr. Philippe Langella’s research team at the MICALIS (Microbiologie de 

l’Alimentation au service de la Santé) Institute at INRA in Jouy-En-Josas, France. The 

bacteria were shipped frozen on dry ice to McMaster University and were stored at -80°C 

upon receipt. Each aliquot was thawed approximately 20-30 minutes prior to use.  

 

2.5 Overall Experimental Design 

As depicted in Figure 4, male HLA-DQ8 HCD4+ and NOD-DQ8 mice were 

sensitized with a mixture of PT-gliadin plus cholera toxin via oral gavage once weekly for 

three weeks. Non-sensitized controls were gavaged with cholera toxin alone. Mice then 

received oral administrations of wild type L. lactis (Ll-WT), L. lactis elafin (Ll-E) (109 

cfu each) or 15% PBS-glycerol on a daily basis for 15 days beginning 24 hours after the 

final sensitization. Mice were challenged with 2mg/kg PT-gliadin on day 7 and day 15. 

18-24 hours following administration of the final gliadin challenge mice were prepared 

for endpoint investigations. Intestinal barrier function was assessed via Ussing chambers 

and in vivo clearance of 51Cr-labeled ethylenediaminetetraacetic acid (51Cr-EDTA) and 

Fluorescein isothiocyanate dextran (FITC-dextran) in the urine. Intestinal damage and 
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inflammation were assessed based on histology. Testing for AGA was also preformed in 

serum and intestinal lavage samples collected at endpoint. 

 

2.6 Assessing L. lactis-Elafin Treatment Efficacy 

 

2.6.1 Ussing Chambers 

Ussing chambers were assembled and the automated voltage/current clamp 

apparatus (World Precision Instruments, FL, USA) was zeroed using 37°C Krebs buffer 

to account for the inherent electrical properties of the fluid as well as to correct for any 

drift by the electrical sensors during periods of inactivity.  The voltage clamp apparatus 

was then set to standby and the chambers were drained of Krebs while the required tissue 

specimens were prepared.  

Animals were sacrificed via cervical dislocation 18-24 hours following gliadin 

challenge. Beginning approximately 6 cm below the gastro-duodenal juncture, a 5 cm 

long section of jejunal tissue was carefully excised and placed in a shallow dish of 

oxygenated Krebs buffer containing mannitol in place of glucose. The tissue segment was 

cut in half and each half was opened longitudinally along the mesenteric border. Any 

adherent intestinal contents were gently removed from the mucosal surface. Each piece of 

tissue was carefully pinned over the opening of one half chamber of the setup.  Extra care 

was taken to keep the tissue moist, to avoid sections containing PP and to prevent 

extensive stretching or ripping that could compromise the experimental behavior of the 

tissue.  During each experiment, all mounting was performed by the same individual as an 

attempt to minimize variations in the amount of stretch placed upon the tissue.  

The Ussing chambers were assembled and the tissue was bathed in 37°C 

oxygenated Krebs buffer on its mucosal surface. This buffer contains glucose as an 

energy source for the tissue and is osmotically balance by mannitol in the modified Krebs 

buffer bathing the serosal surface of the tissue. The tissue was then allowed to equilibrate 

within the chamber for 10 minutes at which point a 100 µl baseline sample was taken 

from the serosal buffer.  At this time, baseline values for the potential difference (PD) and 
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short circuit current (Isc) were also recorded. 6 µl/ml of the paracellular probe 51Cr-

EDTA (PerkinElmer, MA, USA) was added to the mucosal side of the Ussing chamber 

and a 100 µl “hot” sample was then taken from the same side.  100 µl samples were taken 

from the serosal side of the Ussing chamber every thirty minutes for 2 hours after the 

addition of the probe.  Corresponding PD and Isc values were also recorded at the time of 

each sample collection.  

The 51Cr-EDTA level in each sample was counted using a Beckmann Coulter 

LS600 multi purpose scintillation counter (Beckman Coulter, ON, Canada).  The counts 

for each 30-minute period were averaged and compared to the “hot” sample for each 

piece of tissue. The data was then expressed as %flux/cm2/hr. Conductance was 

calculated via Ohm’s law from the recorded PD and Isc values.  

 

2.6.2 Metabolic Chambers and In Vivo Permeability 

Metabolic chambers (Fischer Scientific, ON, Canada) were set-up in a quiet room 

with restricted access for the duration of the experiment in order to minimize disturbance 

and stressing of the animals. Mice were orally challenged with 2mg/kg PT-gliadin 24 

hours prior to the administration of the probes. Four hours prior to the placement of the 

mice in the metabolic chambers, food and water were removed from the animals’ home 

cages. Following this four-hour fast, mice were gavaged with a 200ul dose of saline 

solution containing approximately 18mg of FITC-dextran (3000-5000 KD) (Sigma-

Aldrich, ON, Canada) and 5µCi 51Cr-EDTA (PerkinElmer, MA, USA). The mice were 

then placed in their individual metabolic cages without food or water. After an additional 

two hours, the animals were provided with water and they were then left in their cages for 

24 hours with minimal to no disturbance. 

After 24 hours, animals were removed from the metabolic cages and sacrificed. 

The collection surfaces of the metabolic chambers were rinsed with 1ml of distilled water 

to dissolve any dried urine. The combined volume of urine and this wash was then 

measured. After gentle mixing, two 200ul samples of urine from each mouse were 

aliquoted into a fluorometric plate (Sarstedt, QC, Canada). Emission of the samples was 
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read at 490-520nm using a Spectramax M3 Multi-mode microplate reader and Softmax 

pro 5.4 software (Molecular Devices, CA, USA) and compared to a standard curve in 

order to quantify the % FITC-dextran clearance. Similarly, a Beckman Coulter LS600 

scintillation counter (Beckman Coulter, ON, Canada) was used to determine the % hot 

sample clearance of 51Cr-EDTA in 200ul aliquots of urine from each mouse compared to 

200ul aliquot of the original gavage solution. 

 

2.6.3 Morphological Analysis 

Small intestinal sections were preserved in 10% buffered formalin for 48 hours. 

Samples were then transferred to 50% ethanol for 15 minutes and finally to 70% ethanol. 

Tissues were embedded in paraffin and cut into 4 µm sections by McMaster University 

Centre for Gene Therapeutics’ Core Histology Research Services.  

2.6.3-i Immunohistochemistry and CD3+ Lymphocyte Counts 

Slides were placed in a 60°C oven for 30 minutes to soften the paraffin The slides 

were then immersed in CitriSolv (Fischer Scientific, ON, Canada), followed by 

decreasing concentrations of ethanol and ending in distilled water. This removed the 

paraffin and rehydrated the tissue. Next, the sections were then covered with peroxidase 

blocking reagent (Dako, ON, Canada) for 10 minutes to block any endogenous peroxidase 

activity. After washing with water and PBS the slides were treated with Proteinase K 

(Dako, ON, Canada) for 15 minutes to unblock the antigen-binding site. Following an 

additional wash cycle the samples were incubated in a 1% bovine serum albumin (Sigma-

Aldrich, ON, Canada) diluted in PBS (1% BSA) for 15 minutes to block undesired 

antibody binding sites.  The slides were then incubated overnight at 4°C with a 1:2000 

dilution of rabbit anti-CD3 antibody (Dako, ON, Canada) in 1% BSA. On the following 

day, slides were washed in PBS and before applying Envision, a horseradish peroxidase-

coupled anti-rabbit secondary reagent (Dako, ON, Canada), for 30 minutes. Following a 

second wash cycle in PBS, the tissue was incubated for ten minutes in 3-Amino-9-

Ethylcarbazole (AEC) Substrate-Chromogen (Dako, ON, Canada). The substrate is bound 

to the antibody complex, thus allowing for visualization of the CD3+ antigen binding 
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sites. After washing in water and PBS the slides were counterstained with Mayer’s 

hematoxylin for 1 minute before a final wash in water then PBS and mounting with 

gel/mount (Biomeda Corporation, CA, USA) aqueous mounting medium.  

IEL counts were preformed in a blinded fashion on 10 randomly selected villous 

tips from each slide.  Villi were examined at 200X magnification and the number of CD3+ 

cells falling within the 10 uppermost enterocytes to either side of the villus tip was 

quantified as previously described190.  

2.6.3-ii Villus Crypt Ratio 

Sections were stained with hematoxilyn and eosin by McMaster University’s Core 

Histology Research Services.  Slides were examined at 100X magnification. Images were 

captured using an Olympus BX51 microscope (Olympus, ON, Canada) equipped with a 

micropublisher 3.3 RTV color camera (QImaging, BC, Canada) and villus height was 

measured from the apical surface of the villus tip to the approximate tissue baseline using 

Image-Pro 6.3 imaging software (Mediacybernetics, MD, USA). Using the same 

software, crypt depth was measured from the approximate tissue baseline to the basal 

surface of the intestinal gland. The ratio of villus height to crypt depth (V/C) was then 

calculated for each paired set of measurements.   

Five well-preserved and well-oriented villi with adjacent well-preserved/-oriented 

crypts were measured in two different tissue sections for each slide. Villi were considered 

well preserved and well oriented if they were relatively straight and continuous with a 

single layer of intact enterocytes indicating the apical margin of the villus tip. The villi 

measured also were free of obvious histological artifacts due to sectioning or poor 

preservation. Crypts were considered to be well oriented if they appeared as a 

longitudinal cross section with an identifiable base and mouth. The mucosal tissue 

surrounding crypts used for measurements appeared to be well preserved and was 

relatively free of histological artifacts.  
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2.6.4 Anti-gliadin Antibodies (AGA) ELISA 

At the time of sacrifice, animals were anesthetized with Isofluorane (Abbott, IL, 

USA) and blood samples were collected via cardiac puncture. The animals were then 

sacrificed via cervical dislocation. The blood was centrifuged at 13,000 rpm for 10 

minutes to allow for sedimentation of its cellular components and the serum was then 

carefully removed, aliquoted and stored at -20°C for further investigation.  

Following sacrifice and collection of tissue for Ussing chambers, the remainder of 

the small intestine was carefully excised. Using a sterile gavage needle, the intestine was 

flushed twice with 5 ml of ice cold PBS containing 0.05 M EDTA (pH 8) and 0.1 mg/ml 

soybean trypsin inhibitor (Sigma-Aldrich ON, Canada) and 40ul of 100 mM 

phenylmethylsulfonylflouride (PMSF) (Sigma-Aldrich, ON, Canada) in 95% ethanol. The 

intestinal wash was centrifuged at 3700 rpm and 4°C for 30 minutes. The supernatant was 

then aliquoted and stored frozen at -20°C. 

A stock solution of gliadin for coating AGA ELISA plates was prepared in 

advance aliquoted and stored frozen at -20°C. To prepare the stock solution, 50mg of 

Gliadin from wheat (Sigma-Aldrich, ON, Canada) was slowly dissolved in 10ml of 70% 

ethanol at room temperature. The solution was gently stirred by hand for one hour to 

encourage complete dissolution. 40ml of PBS were added and the solution was stirred for 

an additional 20-30 minutes at room temperature.  

To prepare microplates for AGA ELISA, the stock gliadin solution was diluted 10 

times with PBS. 50µl of this solution was then pipetted into each well of a Nunc-Immuno 

maxisorp surface 96 microwell plate (Thermo Scientific, ON, Canada). The plates were 

then incubated overnight at 4°C to allow for adequate coating of the well bottom.  

The following morning, the solution was aspirated and plates were washed with 

pbs-0.05% Tween-20 (PBS-Tween). Plates were incubated for 1 hour at room 

temperature with 100µl per well of 1% BSA to block unwanted antigen binding sites. The 

blocking solution was then aspirated and samples were added (50µl /well). Serum 

samples were diluted in 1% BSA (1:5 for IgA assay; 1:50 IgG assay) while samples of 

intestinal wash were not diluted prior to their addition to the plate. The ELISA plate was 
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then incubated with the samples for 2 hours at room temperature. The samples were then 

aspirated and the plate was washed in PBS-Tween prior to the addition of a secondary 

antibody conjugated to the horseradish peroxidase enzyme (HRP).  Secondary antibodies 

were diluted in 1% BSA to a concentration of 1:8000. The plate was then incubated with 

50µl per well of either rabbit anti-mouse IgA (!-chain specific)-HRP conjugated (Sigma-

Aldrich, ON, Canada) or rabbit IgG ("-chain specific)-HRP conjugated (Sigma-Aldrich, 

ON, Canada) antibodies for 1 hour at room temperature. Following incubation, the 

solution was aspirated and plates were washed with PBS-Tween. 50µl of the HRP 

substrate solution 3,3’,5,5’-Tetramethylbenzidine (TMB) (Biofx Laboratories, MD, USA) 

was added to each well and the plate was then incubated at room temperature for 15-30 

minutes. The HRP enzymes conjugated to the secondary antibodies cleave the TMB 

forming a blue-colored product. The production of this tinted byproduct is directly related 

to the amount of secondary antibody bound within each well and is therefore an excellent 

indicator of the relative amount of AGA present within each sample. To stop the HRP 

catalysis of TMB, 50µl of 1N HCl was added to each well. The plate was then read at 

450nm using a PowerWave x340 microplate reader and Gen5.1 Software (BioTek 

Instruments, MN, USA).  

 

2.7 Investigating Potential Mechanisms of Action 

 

 2.7.1 Proteolytic Activity 

 2.7.1-i In Vivo Sample Collection 

Mice were sacrificed by cervical dislocation18-24 hours following challenge with 

gliadin. A 4 cm section of small intestine was collected from approximately 2.5 cm below 

the gastroduodenal juncture. Using a sterile gavage needle, this section was carefully 

flushed with approximately 1 ml of cold, sterile PBS. The wash liquid was then flushed 

through the tissue for a second time before both the tissue and wash were snap frozen in 

liquid nitrogen. 

  



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%=C%

2.7.1-ii Organ Culture 

Animals were sensitized with PT-gliadin and cholera toxin as described in section 

2.2. One week after administration of the final sensitization dose animals were sacrificed 

via cervical dislocation. The animals were then sprayed with 70% ethanol and the 

abdomen was dissected using separate sets of sterile instruments for the outer layer of 

skin and muscle, the abdominal wall and the internal organs. A segment of the duodenum 

and upper jejunum was removed starting approximately 2 cm below the gastro-duodenal 

juncture.  The intestine was carefully opened longitudinally along the mesenteric border 

and flattened in a sterile Petri dish over ice.  The tissue was kept moist with a small 

amount of cold PBS while sections were carefully cut using a 4 mm biopsy punch. The 

tissue biopsies were then washed individually for 30 s in 3 separate rounds of ice-cold 

PBS containing 40 µg/ml of gentamicin (Sandoz, QC, Canada). The biopsies were then 

transferred into separate wells of a 48 well plate (BD Biosciences, ON, Canada) 

containing 500 µl per well of sterile RPMI 1640 medium enriched with 10% inactivated 

fetal bovine serum, 100 U/ml penicillin, 100 U/ml streptomycin and 2mM L-glutamine.  

The media in each well was enriched with 100 ug/ml of the following common gliadin 

digest peptides: 19-mer (p31-49), 20-mer (p120-139) or 33-mer (p56-89) (Thinkpeptides, 

FL,USA ). Some wells were left unsupplemented to act as controls. Following the 

addition of the biopsies, the plates were incubated for 3 h at 37°C in a sterile incubator 

with 95% O2 and 5% CO2 humidified air.  After three hours, tissue biopsies were removed 

and quickly snap frozen in liquid nitrogen. The supernatants were then collected and 

briefly centrifuged to remove any suspended cells or tissue fragments. The supernatant 

was then aliquoted and flash frozen. Samples were then stored at -80°C and shipped on 

dry ice to the Dr. Nathalie Vergnolle’s lab at INSERM in Tolouse, France for further 

analysis.  

 2.7.1-iii Measurement of Trypsin-like and Elastase-like Activity 

Measurement of the trypsin-like and elastase like activity of the samples from the 

in vivo and organ culture studies was conducted by members of Dr. Nathalie Vergnolle’s 

Research Team at INSERM in Tolouse, France as previous described by Motta et al163.  
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 2.7.2 Zonula Occuldins-1 Expression 

 2.7.2-i ZO-1 Immunohistochemistry and Mean Fluorescence Intensity 

Small intestinal sections were preserved in 10% buffered formalin for 48 hours. 

Samples were then transferred to 50% ethanol for 15 minutes and finally to 70% ethanol. 

Tissues were embedded in paraffin and cut into 4 µm sections by McMaster University 

Centre for Gene Therapeutics’ Core Histology Research Services. Each slide was 

prepared with 2 serial sections to enable direct comparison of the positive and negative 

staining of each piece of tissue. 

Slides were warmed in a 60°C oven for 20 minutes to soften the paraffin before 

emersion in 2 washes of Xylene. The tissue was then rehydrated by emersion in a series 

of decreasing concentrations of ethanol followed by distilled water. In order to unmask 

the antigen-binding site, slides were immersed in 10mM sodium citrate buffer at room 

temperature for 2 minutes. The buffer was then brought to a boil in a microwave for 5 

minutes and maintained at a temperature of 95-99°C for an additional 10 minutes. Slides 

were then allowed to cool in the buffer for 20 min before rinsing with distilled water and 

PBS. Each section was circled with a delimiting pen (Dako, ON, Canada) to allow for the 

application of different reagents to each section. Next, both sections were covered with 

2% BSA in PBS to block unwanted binding sites. Rabbit anti-ZO-1 antibody (Invitrogen, 

ON, Canada) was diluted in 2% BSA to a concentration of 1:500 µl, then applied to one 

section per slide. The remaining sections, the negative controls, were covered with 2% 

BSA. Slides were then incubated at room temperature for 2 hours.  Following incubation, 

the slides were washed in PBS and a 1:500 dilution of the secondary antibody, Alexa 

fluor 488 (Invitrogen, ON, Canada), was applied to all sections. The slides were then 

incubated in the dark for 2 hours at room temperature before being washed once more in 

PBS. The slides were then mounted and coverslipped with Prolong Gold Anti-fade with 

4',6-diamidino-2-phenylindole (DAPI), a fluorescent nuclear stain (Invitrogen, ON, 

Canada). 
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Using Image-Pro Plus 6.3 software (Mediacybernetics, MD, USA), a total of 10 

images of both the positively and negatively stained sections were obtained for each slide. 

Images were captured using an Olympus BX51 fluorescent microscope (Olympus, ON, 

Canada) and QImaging Micropublisher 3.3 RTV camera (QImaging, BC, Canada ). 

Images were captured at 200x magnification using the same exposure time for each 

image.  Using Image J software (National Institutes of Health, MD, USA) the mean 

fluorescence intensity (MFI) of 5 identically sized regions of interest (ROI) was 

determined for each image. Each ROI was centered on the epithelial border. The average 

MFI for the negatively stained section was then subtracted from that of the positively 

stained sections for each slide to account for the background fluorescence (staining 

present in both the positive and the negative) thus generating an overall MFI for each 

slide. To avoid bias in imaging and analysis slides and images were assessed blindly and 

identified by reference number only prior to statistical analysis. 

2.7.2-ii ZO-1 qRT-PCR 

 Small 1-2 cm segments of jejunum were excised at the time of sacrifice, placed in 

RNA later stabilization buffer (Qiagen, ON, Canada) and stored at 4°C overnight before 

transfer to -20°C for long term storage. RNA extraction was preformed using the 

commercially available RNeasy mini Kit (Qiagen ON, Canada).  Samples were prepared 

as per the manufacturer’s instructions. As the samples were to be used for quantitative 

reverse transcription polymerase chain reaction (qRT-PCR), we elected to perform the 

optional DNase treatment indicated within the manufacturer’s instructions to remove any 

contaminating strands of DNA. The RNA samples generated were stored at -80°C when 

not in used to prevent degradation.  

Following RNA extraction, the concentration and 260/280 ratio of the samples 

was verified using a Bio photometer (Eppendorf, ON, Canada). Only samples with a 

260/280 ratio of between 1.65 and 2.01, indicating low protein contamination, were used 

to generate cDNA for qRT-PCR.  

The integrity of the RNA samples was also checked via aragose gel 

electrophoresis before proceeding with cDNA synthesis.  To prepare the aragose gel, 
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100ml of Tris-Acetate EDTA (TAE) buffer was mixed with 1.5g of aragose powder. The 

mixture was heated in a microwave to the point of translucence and vigorously swirled to 

evenly dissolve the aragose into the TAE buffer. The mixture was subsequently allowed 

to cool to around 50°C at which point one drop of Ethidum bromide was added to the 

mixture. The solution was again swirled to ensure even deposition of the ethidium 

bromide throughout the gel. The gel solution was then quickly poured into a prepared tray 

and combs were placed to form the wells. The gel was then allowed to cool and solidify. 

Once cooled, the gel was cut to size and immersed in TAE within the gel apparatus. Small 

quantities of each RNA sample were then mixed with 10x loading dye and added to 

separate wells of the prepared gel. The apparatus was then set at a voltage of 80-100V 

and the samples were allowed to migrate through the gel towards the positive pole for 

approximately 30 minutes at which point the samples should have separated into two 

distinct bands. After the apparatus was shut down, the gel was carefully removed and 

placed on the reading surface of a Geldoc apparatus (BioRad, CA, USA). The bands of 

RNA were imaged using the trans-UV setting and the images of the gel were then 

analyzed using Quantityone Software (Biorad, CA, USA). Only samples that separated 

into two distinct bands during electrophoresis were used to generate cDNA as extensive 

blurring and a lack of these bands indicated possible degradation of the RNA sample.  

 First strand cDNA synthesis was preformed as indicated in the manufacturer’s 

protocol for the commercially available M-MLV Reverse Transcriptase Kit (Invitrogen 

ON, Canada) and the resulting samples were stored at  -20°C when not in use to prevent 

degradation. The concentration and purity of the cDNA was verified using a Bio 

photometer (Eppendorf, ON, Canada) as described above for RNA prior to beginning 

qRT-PCR.  The integrity of the cDNA was also verified using TAE aragose gel 

electrophoresis as described previously for RNA with the sole exception being that the 

presence of only one distinct band was sufficient for the sample to be deemed worthy of 

proceeding to qRT-PCR.  

 2 µl of cDNA from each sample was mixed with 36µl of autoclaved, distilled 

water 8 µl of Evagreen Ssofast supermix (Biorad, CA, USA) and 1 µl each of the forward 
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and reverse primers for the gene of interest. Forward (5’-GTTGGTACGGTGCCCTGAA 

AGA-3’) and reverse (5’-GCTGACAGGTAGGACAGACGAT-3’) sequence primers 

were used for ZO-1 amplification. In a separate reaction glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), a housekeeping gene that is expressed at near constant levels 

within the intestinal tissue, was amplified using the following Forward (5’-CCATGGAG 

AAGGCTGGGG-3’) and reverse (5’-CAAAGTTGTCATGGATGACC-3’) primers. The 

samples were added in triplicate to the PCR reaction plate and carefully sealed to prevent 

evaporation of the reagents. The plate was then placed in a 1Q5 Multi-color real time 

PCR thermocycler (BioRad, CA, USA) and cycled once for 30 s at 95°C, 30 times at 

95°C for 6 s followed by 60°C for 10 s. Following this step, data collection began and the 

samples were cycled once at 95°C for 1 min followed by 55°C for 1 minute and finally 61 

30 s cycles oscillating between 65°C and 95°C. Melt curve and cycle threshold (CT) data 

was analyzed using IQ5 software (BioRad, CA, USA). The CT mean of ZO-1 was 

normalized to that of GAPDH for each sample respectively in order to determine the 

relative expression of ZO-1.  

 

2.7.3 Composition of the Small Intestinal Microbiota 

In order to determine if Ll-E therapy affects the resident microbiota in the small 

intestine of NOD/DQ8 mice, cages of four male littermates aged 8-12 weeks were 

sensitized with PT-gliadin and cholera toxin (section 2.2) followed by a series of 2 gliadin 

challenges on day 7 and day 15 (section 2.3). To minimize the cage effect on intestinal 

microbiota composition, all mice in a single cage were allocated to different treatment 

groups. One animal from each cage (n=3) did not receive gliadin challenges (figure 5). 

Challenged mice were treated daily for fifteen days with PBS, Ll-WT or Ll-E. During 

treatment, these animals were housed in individual cages to prevent microbial transfer 

due to coprophagy. Mice were sacrificed 24 h after the administration of the final gliadin 

challenge.  Upon sacrifice, samples of the small intestinal contents were collected in 

sterile microtubes from the bottom 4 cm segment of the terminal ileum just above the 

caecum. These samples were immediately flash frozen and stored at -80°C. 
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2.7.4-i Denaturing Gradient Gel Electrophoresis (DGGE) 

Small intestinal contents were homogenized in 900 µl of basic PBS and 100 µl of 

guanidine-EDTA-sarkosyl solution for 5 min at 30 revolutions/sec.  The samples were 

then briefly centrifuged to reduce the amount of bubbles in the solution. Next, 50µl of 

lysozyme (100mg/ml) (Sigma-Aldrich, ON, Canada), 10 µl of RNase A (10 mg/ml) 

(Invitrogen, ON, Canada) and 50 µl of mutanolysin (10 U/µl) (Sigma-Aldrich, ON, 

Canada) were added to each sample to lyse any cells present. The samples were then 

vortexed to mix the solution and allowed to incubate at 37°C for 1 hour. To continue the 

enzymatic lysis process, 25 µl of 25% Sodium dodecyl-sulfate, 100 µl of 5M NaCl and 25 

µl of proteinase K (Sigma-Aldrich, ON, Canada) were added to each sample. Again, the 

samples were briefly vortexed and allowed to incubate at 65°C for approximately 1 hour.  

The samples were then centrifuged for 5 min at 13000 rpm. 900 µl of the supernatant was 

then transferred to a new 2 ml tube for Phenol-choloroform-isoamyl (PCI) extraction. 

Approximately 900 µl of PCI was added to the supernatant and the tube was gently 

shaken to generate a precipitate layer at the interface between the two liquids. The 

samples were then centrifuged for 10 min at 13000 rpm. The supernatant was transferred 

to a new 1.5 ml tube while being very careful not to disturb the layer of precipitate. The 

DNA was then isolated from the reaction solution according the manufacturer’s 

instructions for the commercially available DNA clean and concentrator kit (Zymo, CA, 

USA). The samples were then amplified via polymerase chain reaction (PCR) in an IQ5 

Multi-color real time PCR thermocycler (Biorad, CA, USA) using the universal bacterial 

primers HDA1-GC (5’- CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGG 

GGGGACTCCTACGGGAGGCAGCAG T-3’) and HAD-2 (5’-GTATTACCGCGGCT 

GCTGGCAC-3’). The optimized cycle used for amplification was as follows: 1 cycle at 

95°C for 5 min; 40 cycles at 95°C for 30 s, 57°C for 30s and 68°C for 1 min; followed by 

1 final cycle at 68°C for 5 min. The concentration, purity and integrity of the generated 

DNA mixture were then verified as described in section 2.7.2-ii.  DGGE was preformed 

using the DCode Universal Mutation Detection System (BioRad, CA, USA) as per the 

manufacturer’s instructions for linear denaturing gels and DGGE.  The resulting gels 
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were imaged using a Geldoc apparatus and Quantityone Software (BioRad, CA, USA). 

The resulting image was then imported to GelComparII software (Applied Maths, TX, 

USA) for calculation of the Dice similarity coefficient and UPGMA clustering analysis to 

determine the percent homology between different samples. In order to minimized cage 

effects within the analysis, comparisons were conducted between animals from the same 

original cage.  

 

2.8 Statistical Analysis 

 Statistical analysis was conducted using GraphPad Prism software (Version 4, 

2004, CA, USA). Statistical significance was determined by one-way ANOVA using 

Bonferroni’s post-hoc test to compare the multiple columns. Significance was reported 

for p-values <0.05 at a 95% confidence level. Outliers were determined to be those values 

greater than 2 standard deviations from the mean of a give sample group. All data are 

presented as mean ± standard error of mean. 
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3. RESULTS 

 

3.1 The Protective Effect of Ll-Elafin Therapy 

3.1.1 Gliadin Sensitization and Challenge Increased Intestinal  
Permeability and Inflammation in Gluten-Sensitivity Models 

  Previous studies have shown that both HCD4/DQ8 and NOD/DQ8 mice develop 

barrier dysfunction following sensitization and challenge with gluten82,185-189. The results 

of my investigation confirmed that gluten-sensitization and challenge increased small 

intestinal paracellular permeability – as indicated by increased 51Cr-EDTA flux ex vivo, in 

sensitized HCD4/DQ8 and NOD/DQ8 mice (fig. 6A, 8A). Sensitized NOD/DQ8 mice 

also demonstrated increased conductance following gliadin sensitization and challenge 

(fig 8B). My investigations also confirmed an increase in permeability in vivo. Sensitized 

NOD/DQ8 mice displayed increased percent clearance of 51Cr-EDTA and FITC-dextran 

over 24 hours in vivo relative to nonsensitized, untreated controls (fig 8C,D).  This effect 

was not seen in HCD4/DQ8. This suggests that NOD/DQ8 mice experience a greater 

increase barrier dysfunction following gliadin-sensitization and acute challenge relative to 

the HCD4/DQ8 model.  

 Both HCD4/DQ8 and NOD/DQ8 mice have previously been found to develop 

various degrees of intraepithelial lymphocytosis and intestinal enteropathy following 

gliadin sensitization and challenge185,188. I confirmed that sensitization and acute gliadin 

challenge increased the IEL population within the jejunal tissues of sensitized 

HCD4/DQ8 and NOD/DQ8 relative to nonsensitized controls (Fig 7,9). Gliadin 

sensitization and acute gliadin challenge did not produce any appreciable change in 

villus/crypt ratio of either HCD4/DQ8 or NOD/DQ8 mice (Fig 11).  
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3.1.2 Ll-Elafin Therapy Reduces the Impact of Gliadin Challenge on  
Sensitized HCD4/DQ8 Mice 

 In order to investigate the potential of Ll-E therapy for the treatment of gluten-

intolerance, I first tested the therapy in the HCD4/DQ8 model. Treatment of sensitized 

animals with Ll-E led to a significant reduction in 51Cr-EDTA flux (p<0.05; fig 6A) 

relative to those treated with PBS alone. The small intestinal tissue conductance of the 

HCD4/DQ8 mice did not vary significantly between the treatment groups as shown in 

figure 6B.  

As part of my evaluation of the efficacy of Ll-E therapy, I next assessed the 

degree of inflammation (CD3+ cell count) and damage (villus/crypt ratio) within the 

jejunum of the HCD4/DQ8 mice. Sensitized animals receiving PBS-glycerol or Ll-WT 

were found to have significantly higher numbers of CD3+ IEL within their villous tips 

relative to the nonsensitized controls (p<0.05; fig 7A). Sensitized mice receiving Ll-E 

treatment in contrast had significantly lower IEL lymphocyte counts (p<0.001; fig 7A) 

which were comparable to those of the nonsensitized controls suggesting that Ll-E 

therapy prevents intra-epithelial lymphocytosis in sensitized HCD4/DQ8 mice following 

exposure to gliadin. In contrast to the IEL count, no significant difference was observed 

in the villous crypt ratios between the various treatment groups (similar to findings from 

NOD/DQ8 mice presented in Fig 11). 

 

3.1.3 Ll-Elafin Therapy Attenuates the Effect of Gliadin Challenge on  

Sensitized NOD-DQ8 Mice 

After determining that Ll-E therapy could exert a protective effect within the 

HCD4/DQ8 mouse model of gluten-sensitivity, I chose to investigate its efficacy within 

another model of gluten sensitivity, the NOD/DQ8 mouse. Mice treated with Ll-E therapy 

had significantly lower 51Cr-EDTA flux relative to sensitized animals receiving either 

PBS-glycerol (p<0.001) or Ll-WT (p<0.01; fig 8A). Ll-E therapy also significantly 

reduced small intestinal tissue conductance in sensitized mice relative to those receiving 

PBS-glycerol (p<0.01) or Ll-WT (p<0.05; fig 8B).  
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Figure 8C indicates that sensitized mice treated with PBS-glycerol experienced 

the highest clearance rate of 51Cr-EDTA of all the groups in vivo. This rate was 

significantly higher than in the nonsensitized controls treated with PBS-glycerol (p<0.05; 

fig 8C). Sensitized animals treated with either Ll-WT or Ll-E experienced significantly 

lower levels of 51Cr-EDTA clearance relative to the sensitized PBS-treated mice (p<0.05 

and p<0.01 respectively; fig 8C). A similar pattern was observed in the percent clearance 

of FITC-dextran. Sensitized animals treated with PBS had a significantly higher percent 

clearance of FITC-dextran after 24 hours (p<0.05; fig 8D) relative to nonsensitized 

controls receiving PBS. Administration of Ll-E or Ll-WT therapy was able to partially 

attenuate the gliadin-induced increase in FITC-dextran clearance in sensitized animals. 

Unlike the protective effect observed with the 51Cr-EDTA probe however, the reduction 

in FITC-dextran clearance mediated by Ll-E and Ll-WT was not statistically significant 

(fig 8D).  

As in the HCD4/DQ8 model, I next assessed the degree of inflammation and 

damage within jejunal sections from NOD/DQ8 mice.  Sensitized NOD-DQ8 mice treated 

with PBS-glycerol had significantly higher IEL counts than their nonsensitized 

counterparts (p<0.01; fig 9A). Furthermore, sensitized animals receiving Ll-E treatment 

had significantly lower IEL count that those treated with PBS-glycerol (p<0.001; fig 9A). 

Similarly to the HCD4/DQ8s, no significant differences in villous crypt ratio were noted 

in the NOD-DQ8 mice (Fig 11).   

Gliadin challenge elicited the production of low levels of both IgG AGA in the 

serum and intestinal lavage of all NOD-DQ8 mice (fig 10). Although no significant 

differences were noted in the titers produced by the various treatment groups, individual 

animals from the sensitized groups treated with PBS-glycerol or Ll-WT, but not Ll-E, 

were found to have particularly high levels of IgG AGA within their serum (fig 10A). The 

majority of NOD/DQ8 mice were found to have levels of IgG AGA that were below the 

limit of detection of our assay; however, three of the four sensitized mice treated with 

PBS-glycerol were found to have detectable levels of IgG AGA antibodies in their 
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intestinal lavage (fig 10B). There were levels of IgA AGA in the serum and intestinal 

lavages from the NOD/DQ8 mice were undetectable. 

 

3.2 Potential Mechanisms Behind the Protective Effect of Ll-Elafin 

 

3.2.1 Gliadin Challenge Does Not Impact Small Intestinal Trypsin-like or 
 Elastase-like Proteolytic Activity 
 

 Proteolytic imbalance has been implicated in the development of several chronic 

gastrointestinal conditions176. Given the potent protease inhibitory capacity of elafin, I 

chose to investigate whether the protective effect of Ll-E could be mediated through its 

impact on intestinal proteases. Analysis of the trypsin- and elastase-like activity in 

samples from small intestinal tissue and intestinal lavage from NOD/DQ8 and 

HCD4/DQ8 mice did not reveal significant differences in the levels of either trypsin-like 

proteases following gliadin sensitization and challenge or treatment with PBS, Ll-WT or 

Ll-E (fig 12 A, B) while elastase-like activity was undetectable.  

Stimulation of small intestinal biopsies in vitro with the gliadin digestion 

fragments 33-mer, 20-mer and 19-mer also did not evoke the production of a proteolytic 

imbalance. Elastase-like activity was not detected and Trypsin-like activity was not 

significantly affected in either the small intestinal biopsies or culture supernatant 

following in vitro stimulation with the gliadin fragments (fig. 13, A.B).  

 

3.2.2 Ll-Elafin Maintained Zonula Occludens-1 Distribution Following  
Gliadin Challenge in Sensitized NOD/DQ8 Mice 

Given that both the HCD4/DQ8 and NOD/DQ8 models experience a reduction in 

their 51Cr-EDTA flux (a measure of paracellular permeability), I hypothesized that the 

protective effect of elafin may be mediated through a direct effect on tight junctions. This 

theory is supported by the findings of Q. Li et al, who observed that airway epithelial 

cells which over-expressed elafin were protected from LPS-induced suppression of ZO-

1160 as well as those of Motta et al who noted that elafin prevented the redistribution of 

ZO-1 immunofluorescence within their murine models of colitis171.  
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Visualization of ZO-1 by immunofluorescence in the small intestine of NOD/DQ8 

mice showed concentration of ZO-1 protein at the junction of the apical and lateral 

membranes of the enterocytes (fig 14, B-E). Staining for ZO-1 was greatly decreased in 

gliadin sensitized mice treated with PBS-glycerol (fig 14 A). Although some areas of 

their small intestinal tissue expressed ZO-1, the expression in sensitized PBS-glycerol 

treated mice was patchy with much of the expression being limited to the villus base and 

crypts. I confirmed this apparent reduction in ZO-1 staining via calculation of MFI (fig 

15). Sensitized animals treated with PBS-glycerol had significantly lower ZO-1 MFI than 

the unsensitized controls treated with PBS-glycerol (p<0.05; fig 15, 14 A, D). Sensitized 

animals receiving Ll-E therapy also displayed significantly higher ZO-1 MFI than those 

treated with PBS-glycerol (p<0.05; fig 15, 14 A, C). In contrast to ZO-1 MFI, the relative 

genetic expression of ZO-1 in the small intestine of NOD/DQ8 mice did not vary 

significantly between treatment groups (fig 16). 

 

3.2.3 Gliadin-challenged NOD/DQ8 Mice Treated with Ll-Elafin had  
Similar Microbiota Profiles to Unchallenged Mice 
 

  Given the importance of the microbiome to gastrointestinal health and elafin’s 

known anti-microbial capacity, I hypothesized that Ll-E’s therapeutic effects may be due 

to its ability to alter the intestinal microbiota.  

DGGE analysis in three separate groups of littermates revealed that the small 

intestinal microbial composition of NOD/DQ8 mice treated with Ll-E was most similar to 

that of mice that had received no gliadin challenge (fig 17). In contrast, the microbial 

composition of small intestinal contents from sensitized animals treated with PBS-

glycerol or Ll-WT showed a greater degree of divergence from the sensitized control (no 

gliadin challenge) (fig 17).
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4. DISCUSSION 

 

Proper function of the intestinal barrier is critical to maintenance of homeostasis. 

Intestinal barrier dysfunction has been implicated in the development of IBD64, IBS68-73 

and celiac disease74,75. This breakdown in the capacity of the intestinal barrier to regulate 

the passage of molecules between the lumen and intestinal tissues may lead to increased 

uptake of harmful luminal antigens that in turn may promote disease development82,83. 

Because the principal environmental trigger of celiac disease, gluten, is known, this 

condition represents a powerful model to study the effects of barrier dysfunction in the 

development of gastrointestinal disease. 

Elafin is a serine protease inhibitor produced at epithelial surfaces throughout the 

human body132,139. It has been widely studied in the lung, cardiovascular system and 

reproductive tracts where it appears to play an important role in the protection of the 

epithelium129,132,140. Little is currently known about the role of elafin in the gut; however, 

the abnormal expression of elafin in patients with IBD179,181-183 and elafin’s ability to 

reduce disease severity in murine models of colitis171,184 suggests that it may be an 

important part of the innate defense of the gut.  

 In this thesis, I sought first to test the efficacy of Ll-E therapy in attenuating 

barrier dysfunction, inflammation and intestinal damage within two animal models of 

gluten intolerance. I then sought to explore potential mechanisms through which Ll-E 

mediates its protective effect within the small intestine. I demonstrated that Ll-E therapy 

effectively attenuates the development of a paracellular permeability defect and 

intraepithelial lymphocytosis following acute gliadin challenge in sensitized HCD4/DQ8 

and NOD/DQ8 mice. I found that the protective effect of Ll-E therapy correlated with the 

protection of normal ZO-1 distribution at the apical junctional complex, suggesting that 

Ll-E targets pathways involved in TJ regulation. The microbiota changes associated with 

elafin therapy suggest a possible modulatory effect of elafin on the microbiota; however, 

the significance of this change in our model will require further investigation. 
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4.1 The Effect of Gliadin Sensitization and Challenge 

Barrier dysfunction is a hallmark response to gluten exposure in both HCD4/DQ8 

and NOD-DQ8 mice82,185,188. Increased Horseradish peroxidase (HRP) (a measure of 

transcellular permeability) and 51Cr-EDTA flux have been shown to develop in sensitized 

HCD4/DQ8 mice following challenge with gliadin 3 times per week over the course of 

seven weeks82,185. Similarly, increased tissue conductance has been noted in sensitized 

NOD/DQ8 mice following 3 weeks on a gluten-containing diet188. In the experimental 

model used in this thesis, I examined a much more acute time period than in previous 

studies, with animals receiving only one gliadin challenge per week over 2 weeks. Even 

in this acute model, I found that gliadin sensitization and challenge triggered the 

development of intestinal barrier dysfunction within both HCD4/DQ8 and NOD/DQ8 

mice. This increased permeability was characterized by increased 51Cr-EDTA flux in both 

models and increased tissue conductance in the NOD/DQ8 mice. Increased intestinal 

permeability was also confirmed in vivo in sensitized NOD/DQ8 mice gavaged with 51Cr-

EDTA and FITC-dextran. To my knowledge, this represents the first time that the gliadin-

induced barrier dysfunction measured in Ussing chambers has been confirmed in vivo in 

the NOD/DQ8 model.  

Gliadin exposure had a pronounced effect on the flux of 51Cr-EDTA, both ex vivo 

and in vivo. 51Cr-EDTA is a paracellular probe, suggesting that HCD4/DQ8 and 

NOD/DQ8 mice develop a specific paracellular permeability defect in response to acute 

gliadin exposure. The development of a paracellular permeability defect in this acute 

model is consistent with findings surrounding the earliest stages of the response to gluten 

in celiac disease. Acute gluten challenge has been shown to increase paracellular 

permeability in celiac patients within 36 h of gluten ingestion191. This rapid response was 

also observed in intestinal biopsies from celiac patients where gliadin stimulation 

dramatically decreased transepithelial electrical resistance (TEER) within 15 minutes35. 

Furthermore, examination of celiac patients and their relatives have suggested that 

increased intestinal permeability may precede the development of overt disease in 

genetically susceptible individuals74. My findings coupled with these earlier results 
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support the hypothesis that increased paracellular permeability is one of the first 

abnormalities to develop in the pathogenesis of gluten intolerance.  

Immunohistochemistry for CD3+ cells revealed that sensitized HCD4/DQ8 and 

NOD/DQ8 mice had increased populations of IEL relative to nonsensitized controls. This 

finding is consistent with the previously published results in HCD4/DQ8 and NOD/DQ8 

mice185,188 and with human studies of celiac disease and GS, both of which are 

characterized by increases in the IEL population of the intestinal tissues113,190. 

Villus/crypt ratios in preserved jejunal segments of both HCD4/DQ8 and NOD-DQ8 

mice were unchanged in sensitized animals (fig 11). Low levels of both IgG and IgA 

AGA were detected in the serum and intestinal lavage of NOD-DQ8 mice 18-24 hours 

following an acute gliadin challenge (fig 10). Although there was a tendency for higher 

OD IgG AGA values in sensitized mice, no significant differences were observed 

between the different treatment groups. The lack of atrophy in both models coupled with 

the low, yet detectable production of  IgG AGA suggests that this experimental design 

captures the very early stages of disease development and may in fact represent a window 

into the transition from an innate to adaptive immune response triggered by gluten. 

 

4.2 The Protective Effect of Elafin 

 

4.2.1 Ll-Elafin Maintains Intestinal Barrier Function 

Given the importance of the exclusion of gluten-peptides from the internal milieu 

in celiac disease, the intestinal barrier represents a key therapeutic target for disease 

prevention. One of the primary objectives of this study therefore was to determine in Ll-E 

therapy could protect the intestinal barrier of gliadin-sensitized mice following acute 

challenge. My results indicate that treatment of sensitized mice with Ll-E was able to 

attenuate gliadin-induced barrier dysfunction in both HCD4/DQ8 and NOD-DQ8 mice. 

The effect of Ll-E was most consistent and pronounced in measurements of 51Cr-EDTA 

flux suggesting that Ll-E acts in a manner that protects the paracellular pathway in 

sensitized HCD4/DQ8 and NOD-DQ8 mice. These results are consistent with the findings 
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of Motta et al (2011) who demonstrated that Caco-2 cell monolayer transfected with an 

adenoviral construct encoding for elafin were protected from increased paracellular 

permeability triggered by TNF-! exposure in vitro171. 

Although the protective effect of Ll-E therapy on the paracellular pathway is 

promising, its impact on transcellular permeability remains to be elucidated. Increased 

transcellular permeability has been observed in HCD4/DQ8 mice following gliadin 

challenge 3 times a week for seven weeks82. Furthermore, the Verdù lab has previously 

shown that increased bacterial translocation in these animals occurs independently of the 

paracellular permeability defect185.  Biopsies from gluten sensitive Rhesus macaques and 

celiac patients stimulated with gliadin in vitro have also shown that transcellular 

permeability rapidly increases in response to gliadin, is highest during active disease and 

is decreased following commencement of a gluten-free diet10,192-194. It is well established 

that gliadin can cross the intestinal barrier via interaction with sIgA and the transferrin 

receptor, although exactly when and how this mechanism develops during the course of 

celiac disease pathogenesis remains unknown10,195. Evaluation of the effect of Ll-E on 

HRP flux in both HCD4/DQ8 and NOD/DQ8 mice is important in order to establish the 

full therapeutic potential of Ll-E therapy. Furthermore, investigation of transcellular 

permeability both ex vivo and in vivo in acute models of gluten exposure may help to 

establish the relative importance of the transcellular transport of gliadin to early stages of 

celiac disease pathogenesis. 

 

4.2.2 Ll-Elafin Prevents Intraepithelial Lymphocytosis 

 Gliadin sensitization and challenge was associated with increased IEL count in 

jejunal sections from both HCD4/DQ8 and NOD/DQ8 mice. IEL count was normalized 

with Ll-E treatment suggesting that elafin itself may modify the activation or recruitment 

of such immune cells in the small intestine. The capacity of elafin to affect the numbers 

and activity of immune cells has been demonstrated previously in the lung169,170 and 

suggests a role for elafin in the modulation of the bridging of a response from innate to 

adaptive immunity.  
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Another interesting implication of Ll-E’s ability to prevent intraepithelial 

lymphocytosis is its potential effect on intestinal barrier function. Homing of CD8!$+ T 

cells to the intestinal epithelium has recently been found to increase paracellular 

permeability and reduce transepithelial resistance in an in vitro coculture model196,197. 

These studies suggest that homing of !$+ CD8+ T cells triggers the production of 

cytokines such as IFN-" which in turn leads to a reduction in barrier integrity and a 

subsequent decrease barrier function196,197. This has interesting implications for celiac 

disease where gluten exposure leads to increased infiltration of both !$+ T cells and (to a 

lesser extent) "#+ T cells suggesting that IEL may play a role in increasing intestinal 

permeability following gluten exposure in celiac patients198-201.  Attempts to quantify 

IFN-" production by Cytokine Bead Array (CBA) (BD Biosciences, ON, Canada) in 

serum and intestinal homogenates from my animals detected only low levels of IFN-" that 

were below the limit of detection for the assay. This suggests that increased IFN-" 

production is not the primary mechanism responsible for triggering barrier dysfunction in 

this model but it does not exclude the potential for IEL infiltrates to contribute to the 

increased intestinal permeability in gluten intolerance.   

Human and murine IEL subsets differ slightly in their frequency, phenotype and 

functionality (reviewed in 202). For example, while !$+ CD8+  T cells comprise 70-80% 

and "#+ T cells 5-20% of all IEL in the human small intestine, they comprise 40-80% and 

40-70% of the IEL population respectively in mice202.  In addition, CD8+ IEL in mice can 

be subdivided by their expression of homodimeric (!!) or heterodimeric (!$+) CD8202. 

This distinction also reflects a division in functionality between the two phenotypes of 

murine !$+ CD8+ T cells202. While CD8!$+ T cells are conventional MHC I restricted 

cells, CD8!!+ T cells are unconventional non-classical MHC I restricted202. This suggests 

that in mice, innate and adaptive immune functionalities are mediated by different cell 

subsets while in humans, the same IEL subset carries out both functions202.  Given these 

differences in the relative proportions and functionality of different IEL subtypes in mice 

relative to humans, further characterization of the IEL phenotypes present in the 

inflammatory infiltrate of these animal models is necessary to clarify its potential 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%>@%

contribution to the generation of barrier dysfunction. In addition, the differences between 

murine and human IEL indicate that the therapeutic advantage of elafin in reducing IEL 

will need to be confirmed in human celiac disease.  

 

4.3 Potential Mechanisms Explored in this Study 

 

4.3.1 Ll-Elafin and Proteolytic Imbalance 

Elafin has been shown to correct an endogenous proteolytic/anti-proteolytic 

imbalance within the gut171,184. Such imbalances have been identified in patients with IBD 

and IBS203 where it is believed they contribute to disease pathogenesis. In IBS, it is 

believed that an increase in proteolytic activity may contribute to the generation of 

visceral hypersensitivity203. Currently, it is unknown whether such an imbalance between 

proteases and anti-proteases also affects patients with celiac disease. However, it is well 

established that celiac and IBS symptoms overlap105 and recently, protease-activated 

receptors (PAR) have been implicated in the regulation of tight junctions in celiac 

disease204. I therefore investigated the potential that such an imbalance exists without 

gliadin-sensitized mice and that it may be a target for Ll-E therapy.  

Measurement of trypsin- and elastase-like activity within the intestinal tissues and 

lavages did not detect alterations in the activity levels of trypsin-like or elastase-like 

proteases (fig.12, 13). The lack of increased trypsin-like or elastase-like activity 

distinguishes the murine models of gluten intolerance used in this thesis from those of 

colitis171,184 and IBS203.  Furthermore, it suggests that proteolytic imbalance does not play 

an important role in the development of barrier dysfunction and inflammation in early 

stages of gluten intolerance. Unlike the effect of elafin in models of DSS and TNBS 

colitis171,184, the lack of a proteolytic imbalance also implies that Ll-E’s therapeutic effect 

in HCD4/DQ8 and NOD/DQ8 mice is not dependent on correcting for increased protease 

activity. 

 Although the correction of a proteolytic imbalance does not appear to be the 

mechanism by which Ll-E exerts its protective effect in this experimental model, the 
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possibility that it may play a protective role in more chronic models of gluten intolerance 

cannot be excluded.  The degree of overt inflammation in gluten-sensitized mice 

following acute gluten challenge was mild. In contrast, proteolytic imbalance is 

frequently identified in acute or chronic diseases that result in high levels of 

inflammation. For example, excess proteolytic activity has been identified as a 

contributing factor in the tissue damage observed in ARDS, COPD, asthma, pulmonary 

fibrosis, cystic fibrosis, atherosclerosis and IBD135,175,203,205,206. Given this association, it 

seems likely that although my results do not support a role for proteolytic imbalance in 

the initial pathogenesis of celiac disease, it may develop after a chronic inflammatory 

response has been established. Further investigation in a chronic model of gluten 

intolerance (~ 2 months of gliadin challenges) would potentially be better suited for the 

identification of proteolytic imbalance in this model. In addition, testing of luminal fluid 

and intestinal biopsies from both treated and active celiac and gluten sensitivity patients 

would provide a definitive answer as to whether or not proteolytic imbalance even exists 

within clinical presentations of gluten intolerance.   

 

4.3.2 Ll-Elafin and ZO-1: The Protection of Tight Junctions 

Given that both HCD4/DQ8 and NOD/DQ8 mice experience a reduction in their 
51Cr-EDTA flux, I investigated whether the protective effect of elafin was mediated 

through an effect on tight junctions. This theory is supported by the findings of Li et al 

(2010) who observed that airway epithelial cells which over-expressed elafin were 

protected from LPS-induced suppression of zonula occludins- 1 (ZO-1) a key tight 

junctional protein160. Observations made by Motta et al (2011) that elafin-transfected 

animals maintained normal ZO-1 distribution following the induction of colitis further 

supports this possibility171. Given these results, and the fact that the expression of ZO-1 is 

considered to be a measure of TJ intergrity207, I chose to investigate the effects of gliadin 

and Ll-E on ZO-1 in gliadin-sensitized NOD/DQ8 mice. 

Immunofluorescent staining of jejunal sections suggested that Ll-E therapy 

maintains normal ZO-1 distribution at the apical junctional complex of the epithelium (fig 
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14 C vs. A). This observation was further supported by quantification of the MFI (fig15). 

Variation in the relative genetic expression of ZO-1 was not observed following gliadin 

sensitization and challenge (fig 16) suggesting that these observations are the result of 

post-translational processes.  This is consistent with observations that acute gliadin 

exposure in small intestinal biopsies from celiac patients on a GFD disrupted normal ZO-

1 protein distribution without affecting the expression of ZO-1 mRNA35.  Decreased 

expression of ZO-1 mRNA has been noted in patients with untreated celiac disease 

however suggesting that ZO-1 gene expression is depressed by chronic exposure to 

gluten35. 

ZO-1 redistribution is believed to occur as a consequence of increased zonulin 

signaling in patients with celiac disease. Stimulation of biopsies from celiac patients has 

revealed that they experience and increased and prolonged zonulin response to gluten 

exposure relative to biopsies from healthy controls35. Gliadin binding to CXCR3 has been 

shown to trigger the release of zonulin97. It has recently been demonstrated that zonulin 

binds to PAR on enterocytes and leads to the phosphorylation of myosin 1C and ZO-1204. 

This alters the interaction between ZO-1 and its binding partners the occludins and 

claudins leading to tight junction disassembly204.  

PAR are typically activated by proteolytic cleavage of their extracellular N 

terminus204. This cleavage allows the N-terminus to bind to the receptor as a tethered 

ligand triggering activation of PAR signaling204.  I previously investigated the expression 

of PAR-1 and 2 within the small intestine of both HCD4/DQ8 and NOD/DQ8 mice. I 

hypothesized first that gliadin-sensitized mice would have higher expression of PAR due 

to the increase in PAR signaling mediated by gliadin and or excess proteases, and second 

that Ll-E treated mice would be prevent this increase in PAR .  This hypothesis was 

disproved when qRT-PCR and immunohistochemistry revealed no notable differences in 

the expression or distribution of PAR-1 or PAR-2 within the jejunum of HCD4/DQ8 or 

NOD/DQ8 mice from the different treatment groups (data not shown). Although I did not 

observe alterations in PAR-1 or -2 expression within the gut, it remains possible that 

elafin prevents PAR activation by gliadin or exogenous proteases. One way to test this 
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would be to compare the relative effects of PAR-2 agonists (such as SLIGRL[single 

amino acid code])208, PAR-2 antagonists (such as 5-isoxazoyl-Cha-Ile-spiro[indene-1,4&-

piperidine]; GB88)209, gliadin and Ll-Elafin on small intestinal permeability in 

HCD4/DQ8 and NOD/DQ8 mice. 

Given vast array of stimuli that are known to modulate TJ, identifying the exact 

molecular pathway by which Ll-E protects ZO-1 is beyond the scope of this thesis.  

Finally, it is unknown how elafin may affect other proteins within tight junctional 

complex. Future investigations surrounding elafin’s ability to protect TJ should focus 

therefore focus both on the expression the molecular components of the tight junction as 

well as the activation of the various receptors and signaling cascades implicated in the 

regulation of TJ.   

 

4.3.3 Ll-Elafin and the Small Intestinal Microbiome 

Changes in the composition of the gut microbiota have been shown to be 

associated with the generation of various disease states3,4,76. Patients with both childhood 

and adult onset celiac disease have been shown to have altered microbiota relative to 

healthy controls76-81. In HCD4/DQ8 mice, sensitization and gliadin challenge has also 

been shown to trigger a decrease in the number of E.coli, Eubacteria rectale and 

Clostridium coccoides present within the animals’ intestinal microbiota82. Alterations in 

the composition of the microbiota may alter the manner in which the host’s mucosal 

immune system interacts with the microbial residents of the gut3,4. Gram-negative 

bacteria, such as Shigella CBD8 and E. coli CBL2, isolated from celiac patients have 

been found to enhance the secretion of proinflammatory cytokine and thereby enhance 

activation of the deleterious immune response to gliadin83.  In HCD4/DQ8 mice, it is 

believed that increased migration of bacteria across the intestinal barrier leads to 

bystander activation of immunity and an exacerbation in the response to gliadin82.   

Given the antimicrobial properties of elafin, I sought to determine if the protective 

effect of Ll-E was associated with modulation of the intestinal microbiota in NOD/DQ8 

mice after gluten challenge. The microbiome is influenced by the maternal microbiota, 
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host genetics and by environmental factors such as diet210-212. In order to avoid variation 

in my animals introduced by environmental variation between cages (cage-effect), the 

protocol for this experiment was designed to evaluate overall alterations of the microbiota 

that occurred between treated and untreated sensitized animals that were both litter- and 

cage-mates (see section 2.7.3 and fig 5).  

Sensitized animals that were challenged with gliadin and treated with PBS-

glycerol or Ll-WT had microbial profiles that differed greatly from those of sensitized 

animals receiving no gliadin challenge (fig 17). This observation is consistent with 

previous findings in HCD4/DQ8 mice, which have been shown to develop alterations in 

their intestinal microbiota following gliadin sensitization and challenge82. The data also 

follows clinical findings, which demonstrate that untreated celiac patients have a different 

microbial composition from those of both treated celiacs and healthy controls78,79,213. 

Interestingly, two gliadin challenges were sufficient to induce differences in the small 

intestinal microbiome between groups. This has implications for celiac patients as it 

suggests that alterations in their microbiome may develop even with infrequent gluten-

exposure. Gluten is ubiquitous in the western diet and it remains difficult for celiac 

patients to completely eliminate all traces of gluten from their diet – even when 

consuming “gluten-free” foods. Certain bacterial strains, which are more prevalent in 

untreated celiac disease, have been shown to be capable of accentuating the inflammatory 

effects of gluten on the small intestine83. Furthermore, bacteria are increasingly being 

identified as important modulators of gut function27,33,214. It is therefore possible that 

alteration of the intestinal microbiota can lead to the development of barrier dysfunction 

and inflammation. In light of my findings and the potential adjuvanticity of intestinal 

bacteria in CD82,83, it is increasingly important that strategies are developed to limit the 

effect of incidental gluten exposure in celiac patients.  

My results indicate that small intestinal microbial profiles of mice challenged with 

gliadin, but treated with Ll-E were more similar to those of unchallenged mice. This 

suggests that Ll-E therapy prevented alterations in the small intestinal microbiota 

associated with gliadin challenge. While elafin has been shown to have potent anti-
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microbial activity against both Gram-positive and Gram-negative bacteria in the lung158, 

it remains unclear what contribution elafin makes to the antimicrobial protection of the 

gut.  Given the interdependence of gut function, inflammation and microbial composition, 

it is difficult to tease out whether the effect of Ll-E on the microbiota is due to the direct 

effect of elafin on the microbiota or if it is secondary to the preservation of barrier 

function or the prevention of inflammation. Further experiments to clarify how exactly 

elafin impacts the small intestinal microflora within this model and in other models of 

chronic inflammation are currently in development and may shed light on the protective 

capacity of elafin in the gut. These experiments will focus on Ll-E and elafin separately 

and measure their ability to inhibit the growth of small intestinal bacteria isolated from 

sensitized animals in culture. Additionally, I plan to measure the production of 

bacteriocidins produced by Ll-E and Ll-WT as these natural antimicrobials could 

potentially contribute to the alterations of the small intestinal microbiota observed within 

out animals215. This study should allow us to determine if Ll-E therapy is capable of 

directly modifying the microbiota and may allow us to identify exactly how these 

alterations are generated. In addition, further analysis with more in depth methods such as 

quantitative PCR and 454 pyrosequencing should confirm these results and may provide 

additional insight into the nature of the compositional change.  Overall my results suggest 

that Ll-E therapy is one promising treatment that may help to limit the impact of potential 

gluten-induced changes in the microbiome of celiac patients.  

 

4.4 Conclusions: 

 In summary, I have shown that acute gliadin exposure causes intestinal barrier 

dysfunction in the form of a paracellular permeability defect in HCD4/DQ8 and 

NOD/DQ8 mice. This defect is accompanied by intraepithelial lymphocytosis but not 

overt villous atrophy. Ll-E therapy was able to protect barrier function and prevent IEL 

lymphocytosis. Ll-E effect is most likely mediated through modulation of paracellular 

pathway and the protection of TJ structure as evidenced by preserved ZO-1 expression 

and possibly through the prevention of small intestinal dysbiosis. The correction of a 
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proteolytic imbalance is unlikely to contribute to the beneficial effects of elafin in the 

acute model used in this thesis. 

The implications of this study are limited by its acute nature and by its focus on 

paracellular permeability.  In order to determine the full scope of Ll-E therapeutic 

potential in gluten intolerance, this treatment should be tested in a chronic model of 

gluten intolerance. In addition, quantification of elafin production and expression in 

celiac and gluten sensitive patients (both active and on a GFD) need to be performed to 

determine the translational value of these results in human disease. Further investigation 

is also required to determine the exact mechanisms underlying Ll-E’s effects on ZO-1 and 

the microbiome.  

 The intestinal barrier represents the body’s primary defense against a variety of 

harmful luminal antigens found within the gut. It must balance the body’s demand for the 

absorption of water and nutrients with the exclusion of pathogens, toxins and parasites. 

Intestinal barrier dysfunction is believed to play a key role in the development of 

gastrointestinal disease.  Furthermore, barrier dysfunction is known to contribute to the 

genesis of disease at various other locations throughout the body.  Given the importance 

of epithelial barrier integrity in the maintenance of health, Ll-E represents a promising 

potential therapy for the treatment, not only of CD, but also of any condition that is 

exacerbated by a leaky epithelial barrier.  
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 5. APPENDIX 

 

 
Figure 1: The Structural Organization of the Intestinal Barrier 

The intestinal barrier can be organized into several distinct layers of protection that serve 
to limit the passage of luminal antigens into the internal milieu. Extracellular components 
of the barrier such as mucus, secretory IgA (sIgA) and anti-microbial peptides (AMP) 
serve as the first line of defense against luminal antigens. The cellular structure and 
selective permeability of the epithelium act as a second line of defense. The third and 
final layer of protection is generated by populations of immune cells residing within the 
epithelium, lamina propria or in specialized lymphoid tissues such as Peyer’s patches. 
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Figure 2: The Structure of Tight Junctions  

Tight junctions are located at intersection of the apical and lateral membranes of adjacent 
epithelial cells. They are formed by the interaction of extracellular domains of integral 
transmembrane proteins (claudins, occludins or junctional adhesion molecules) on adjacent 
cells. Adaptor molecules such as ZO-1 anchor the junctional complex to the actin 
cytoskeleton of the epithelial cells. Tight junctions restrict the size of the paracellular gap 
thereby limiting the passive diffusion of large macromolecules along the paracellular 
pathway. Figure credit: Salim, S. Y., & Söderholm, J. D. (2011). Inflammatory bowel 
diseases, 17(1), 362-81.] 
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Figure 3: Investigational Therapeutic Approaches to the Treatment of Gluten  

Intolerance 
Alternative therapies to the gluten-free diet currently focus on eliminating or sequestering 
gluten within the intestinal lumen, preventing the passage of gluten peptides across the 
intestinal barrier, preventing deamidation of gluten peptides by tissue transglutaminase-2 
(TG2) or altering immune recognition of the gluten peptides. [Figure credit: Schuppan, 
D., Junker, Y., & Barisani, D. (2009)  
Gastroenterology, 137(6):1912-1933.] 
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Figure 4: Experimental Design 

Preparation of animals for investigation spanned a total of 31 days. Solid bars indicate 15 
days of daily oral administration of PBS-glycerol, wild type L. lactis (Ll-WT) or L. lactis 
Elafin (Ll-E).  Black arrows represent oral sensitizations with both PT-gliadin and cholera 
toxin, while the grey arrows represent sensitizations with cholera toxin alone. Black 
chevrons indicate oral PT-gliadin challenges. Black X’s indicate initiation of endpoint 
investigations 18-24 hours following the final PT-gliadin challenge. 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%?A%

 
 

 

 

 

 
Figure 5: Experimental Design to test Effect of Ll-Elafin Therapy on the Intestinal  

Microbiota 
One animal from each litter was assigned to each of the four treatment groups. Animals 
were housed in the same cage until commencement of 15 day treatment regime. During 
treatment animals were house individually to prevent coprophagy.   
Preparation of animals for investigation spanned a total of 31 days. Solid bars indicate 15 
days of daily oral administration of PBS-glycerol, wild type L. lactis (Ll-WT) or L. lactis 
Elafin (Ll-E).  Black arrows represent oral sensitizations with both PT-gliadin and cholera 
toxin, while the grey arrows represent sensitizations with cholera toxin alone. Black 
chevrons indicate oral PT-gliadin challenges. Black X’s indicate collection of small 
intestinal contents 18-24 hours following the final sensitization or PT-gliadin challenge. 
DGGE was used to compare the microbial composition of the small intestinal contents 
between animals. 
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Figure 6: Ll-Elafin Therapy Attenuated Gliadin-induced Increase in 51Cr-EDTA Flux in  

Gliadin-Sensitized HCD4/DQ8 Mice 
Increased paracellular permeability in sensitized mice is attenuated with Ll-E Therapy 
(A). Gliadin Sensitization and challenge did not affect tissue conductance (B). Sections of 
small intestine were mounted in Ussing chambers. 51Cr-EDTA flux (% Hot 
Sample/hr/cm2) and tissue conductance (mS/cm2) was measured 24 h after the final 
gliadin challenge. Data is represented as the mean ± SEM; p values were computed using 
an ANOVA with Bonferroni’s post hoc test for multiple comparison
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Figure 7: Ll–Elafin Treatment Attenuated Gliadin-induced Lymphocytosis in Sensitized HCD4/DQ8 Mice 

Immunohistochemistry showing increased number of CD3+ IELs in gliadin-sensitized mice and normalization with Ll-E therapy. 
CD3+-stained sections of the proximal small intestine. Original magnification X20. Black arrows indicate IELs. Quantification of 
CD3+ cells in villi tips, expressed as IEL per 100 enterocytes. Data is represented as the mean ± SEM; p values were computed 
using an ANOVA with Bonferroni’s post hoc test for multiple comparisons.
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Figure 8: Ll-Elafin Therapy Protects Gliadin-Sensitized NOD/DQ8 Mice  

from Gliadin-Induced Increases in Paracellular Permeability 
Gliadin sensitization and challenge increased paracellular permeability and barrier 
dysfunction as measured ex vivo (A, B). This was attenuated in sensitized animals 
receiving Ll-E therapy (A, B). Sensitized mice receiving PBS-glycerol had increased in 
vivo permeability (C, D) and 51Cr-EDTA clearance was normalized in sensitized animals 
treated with Ll-E or Ll-WT (C). Sections of small intestine were mounted in Ussing 
chambers. 51Cr-EDTA flux (% Hot Sample/hr/cm2) and tissue conductance (mS/cm2) was 
measured24 h after the final gliadin challenge  (A, B). Animals were orally gavaged with 
51Cr-EDTA and FITC-dextran 24 h after the final gliadin challenge and % Clearance of 
the probes was measured in urine collected over a 24 h period. Data are represented as the 
mean ± SEM; p values were computed using an ANOVA with Bonferroni’s post hoc test 
for multiple comparisons
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Figure 9: Ll–Elafin Treatment Attenuated Gliadin-induced Lymphocytosis in Sensitized NOD/DQ8 Mice 

Immunohistochemistry showing increased number of CD3+ IELs in gliadin-sensitized mice and normalized by Ll-E therapy. 
CD3+-stained sections of the proximal small intestine. Original magnification X20. Black arrows indicate IELs. Quantification of 
CD3+ cells in villi tips, expressed as IEL per 100 enterocytes. Data is represented as the mean ± SEM; p values were computed 
using an ANOVA with Bonferroni’s post hoc test for multiple comparisons 
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Figure 10: Acute Gliadin Challenge Elicits Low-level IgG AGA Production in NOD/DQ8  

Mice 
Gliadin sensitization and challenge elicit low-level production of IgG AGA in the serum 
of all mice (A). IgG AGA were detected in the intestinal lavage of 3 of 4 sensitized mice 
treated with PBS (B). Each dot represents an individual animal. Horizontal lines indicate 
the mean. 

 
Figure 11: Acute Gliadin Challenge Did Not Induce Villous Atrophy in NOD/DQ8 Mice 

Quantification of Villous Atrophy based on Villous/Crypt Ratio. No significant 
differences were seen in villous crypt ratio between treatment groups. Data is represented 
as the mean ± SEM; p values were computed using an ANOVA with Bonferroni’s post 
hoc test for multiple comparisons. 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%:<%

 
Figure 12: Gliadin Sensitization and Challenge Do Not Alter Trypsin- or  

Elastase-like Activity in NOD/DQ8 Mice In Vivo 
No significant differences were seen in Trypsin- or Elastase-like activity of small 
intestinal tissues following gliadin sensitization and challenge (A, B). Tissues were 
collected 24 h after final gliadin challenge. Levels of trypsin- and elastase-like proteases 
were quantified in tissue homogenates and expressed as U/mg protein. Data are 
represented as the mean ± SEM. 

 

 

 
Figure 13: Gliadin Stimulation In Vitro Does Not Alter the Trypsin-like  

Activity of Small Intestinal Biopsies from NOD/DQ8 Mice 
Stimulation with gliadin peptides in vitro failed to elicit an increase in trypsin-like activity 
of full thickness small intestinal biopsies from either sensitized or nonsensitized mice. 
Biopsies were stimulated with gliadin peptides for 3 hours in vitro. Trypsin-like activity 
was quantified in the culture supernatant (A) and biopsies (B) and expressed as U/ml and 
U/mg protein respectively. Data are represented as the mean ± SEM. 
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Figure 14: Ll-Elafin Therapy Preserves ZO-1 Distribution Patterns at the Small Intestinal Epithelium in Sensitized  
NOD/DQ8 Mice Following Gliadin Challenge 
Gliadin sensitization and challenge reduced ZO-1 immunofluorescence in the small intestinal epithelium. Sensitized animals 
receiving Ll-E therapy maintained ZO-1 immunofluorescence following gliadin challenge. Original magnification X20. White 
arrows indicate strong immunofluorescence at the apical junctional complex.
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Figure 15: Ll-Elafin Therapy Maintains ZO-1 Protein Expression Following  

Gliadin-Challenge in Sensitized NOD/DQ8 Mice 
Gliadin sensitization and challenge reduced ZO-1 immunofluorescence in the small 
intestinal epithelium. Ll-E therapy normalized ZO-1 immunofluorescence in gliadin-
sensitized mice. Mean fluorescence intensity has been corrected for background 
fluorescence. Data is represented as the mean ± SEM; p values were computed using an 
ANOVA with Bonferroni’s post hoc test for multiple comparison 
 

      
Figure 16: Gliadin Sensitization and Challenge Does Not Affect the Relative expression  

of the ZO-1 Gene in NOD/DQ8 Mice 
The relative expression of ZO-1 compared to GAPDH was unaffected by gliadin 
sensitization and challenge. ZO-1 expression quantified by qRT-PCR from small 
intestinal tissue collected 48 hours after final gliadin challenge. Data is represented as the 
mean ± SEM. 
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Figure 17: Small Intestinal Microbial Profiles of Gliadin-Sensitized NOD/DQ8 Mice 

DGGE profiles and dendogram of small intestinal contents from 3 cages of littermates 
(n=4/group). Mice treated with Ll-E had a greater similarity index with unchallenged 
mice than with gluten-challenged mice treated with PBS-Glycerol or Ll-WT. This pattern 
was observed in the 3 separate cages analyzed. Each lane represents one animal. All mice 
were sensitized with gliadin and cholera toxin 1/week for 3 weeks. Unchallenged animals 
were sacrificed 24 hours after completion of sensitization regime. The remaining animals 
were then separated into individual cages to prevent coprophagy and treated with PBS-
glycerol, Ll-WT or Ll-E for 15 days. Mice were challenged with gliadin on day 7 and day 
15 of treatment then sacrificed 24 h after the final challenge. DGGE generated using 
universal bacterial primers HDA1-GC and HDA2.  



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%:<%

 6. REFERENCES 

1. Turner, J. R. (2009). Intestinal mucosal barrier function in health and disease. Nature 
reviews. Immunology, 9(11), 799-809. Nature Publishing Group. doi:10.1038/nri2653 

2. Johansson, M. E. V., Phillipson, M., Petersson, J., Velcich, A., Holm, L., & Hansson, 
G. C. (2008). The inner of the two Muc2 mucin-dependent mucus layers in colon is 
devoid of bacteria. Proceedings of the National Academy of Sciences of the United 
States of America, 105(39), 15064-9. doi:10.1073/pnas.0803124105 

3. Moens, E., & Veldhoen, M. (2012). Epithelial barrier biology: good fences make 
good neighbours. Immunology, 135(1), 1-8. doi:10.1111/j.1365-2567.2011.03506.x 

4. Wells, J. M., Rossi, O., Meijerink, M., & van Baarlen, P. (2011). Epithelial crosstalk 
at the microbiota-mucosal interface. Proceedings of the National Academy of 
Sciences of the United States of America, 108 Suppl , 4607-14. 
doi:10.1073/pnas.1000092107 

5. Van der Sluis, M., De Koning, B. A. E., De Bruijn, A. C. J. M., Velcich, A., 
Meijerink, J. P. P., Van Goudoever, J. B., Büller, H. A., et al. (2006). Muc2-deficient 
mice spontaneously develop colitis, indicating that MUC2 is critical for colonic 
protection. Gastroenterology, 131(1), 117-29. doi:10.1053/j.gastro.2006.04.020 

6. Heazlewood, C. K., Cook, M. C., Eri, R., Price, G. R., Tauro, S. B., Taupin, D., 
Thornton, D. J., et al. (2008). Aberrant mucin assembly in mice causes endoplasmic 
reticulum stress and spontaneous inflammation resembling ulcerative colitis. PLoS 
medicine, 5(3), e54. doi:10.1371/journal.pmed.0050054 

7. Pilewski, J. M., & Frizzell, R. A. (1999). Role of CFTR in airway disease. 
Physiological reviews, 79(1 Suppl), S215-55. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/9922383 

8. Strocchi, A., Corazza, G., Furne, J., Fine, C., Di Sario, A., Gasbarrini, G., & Levitt, 
M. D. (1996). Measurements of the jejunal unstirred layer in normal subjects and 
patients with celiac disease. The American journal of physiology, 270(3 Pt 1), G487-
91. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/8638715 

9. Mantis, N. J., Rol, N., & Corthésy, B. (2011). Secretory IgA’s complex roles in 
immunity and mucosal homeostasis in the gut. Mucosal immunology, 4(6), 603-11. 
doi:10.1038/mi.2011.41 

10. Matysiak-Budnik, T., Moura, I. C., Arcos-Fajardo, M., Lebreton, C., Ménard, S., 
Candalh, C., Ben-Khalifa, K., et al. (2008). Secretory IgA mediates retrotranscytosis 
of intact gliadin peptides via the transferrin receptor in celiac disease. The Journal of 
experimental medicine, 205(1), 143-54. doi:10.1084/jem.20071204 

11. Suzuki, K., Meek, B., Doi, Y., Muramatsu, M., Chiba, T., Honjo, T., & Fagarasan, S. 
(2004). Aberrant expansion of segmented filamentous bacteria in IgA-deficient gut. 
Proceedings of the National Academy of Sciences of the United States of America, 
101(7), 1981-6. doi:10.1073/pnas.0307317101 

12. Ivanov, I. I., Atarashi, K., Manel, N., Brodie, E. L., Shima, T., Karaoz, U., Wei, D., 
et al. (2009). Induction of intestinal Th17 cells by segmented filamentous bacteria. 
Cell, 139(3), 485-98. doi:10.1016/j.cell.2009.09.033 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%:=%

13. Badr-el-Din, S., Trejdosiewicz, L. K., Heatley, R. V., & Losowsky, M. S. (1988). 
Local immunity in ulcerative colitis: evidence for defective secretory IgA production. 
Gut, 29(8), 1070-5. Retrieved from 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1433894&tool=pmcentre
z&rendertype=abstract 

14. Meini, A., Pillan, N. M., Villanacci, V., Monafo, V., Ugazio, A. G., & Plebani, A. 
(1996). Prevalence and diagnosis of celiac disease in IgA-deficient children. Annals 
of allergy, asthma & immunology : official publication of the American College of 
Allergy, Asthma, & Immunology, 77(4), 333-6. doi:10.1016/S1081-1206(10)63329-7 

15. Janzi, M., Kull, I., Sjöberg, R., Wan, J., Melén, E., Bayat, N., Ostblom, E., et al. 
(2009). Selective IgA deficiency in early life: association to infections and allergic 
diseases during childhood. Clinical immunology (Orlando, Fla.), 133(1), 78-85. 
doi:10.1016/j.clim.2009.05.014 

16. Lai, Y., & Gallo, R. L. (2009). AMPed up immunity: how antimicrobial peptides 
have multiple roles in immune defense. Trends in immunology, 30(3), 131-41. 
doi:10.1016/j.it.2008.12.003 

17. Ismail, A. S., Behrendt, C. L., & Hooper, L. V. (2009). Reciprocal interactions 
between commensal bacteria and gamma delta intraepithelial lymphocytes during 
mucosal injury. Journal of immunology (Baltimore, Md.  : 1950), 182(5), 3047-54. 
doi:10.4049/jimmunol.0802705 

18. Salzman, N. H., Hung, K., Haribhai, D., Chu, H., Karlsson-Sjöberg, J., Amir, E., 
Teggatz, P., et al. (2010). Enteric defensins are essential regulators of intestinal 
microbial ecology. Nature immunology, 11(1), 76-83. doi:10.1038/ni.1825 

19. Ayabe, T., Satchell, D. P., Wilson, C. L., Parks, W. C., Selsted, M. E., & Ouellette, 
A. J. (2000). Secretion of microbicidal alpha-defensins by intestinal Paneth cells in 
response to bacteria. Nature immunology, 1(2), 113-8. doi:10.1038/77783 

20. Wehkamp, J., Harder, J., Weichenthal, M., Schwab, M., Schäffeler, E., Schlee, M., 
Herrlinger, K. R., et al. (2004). NOD2 (CARD15) mutations in Crohn’s disease are 
associated with diminished mucosal alpha-defensin expression. Gut, 53(11), 1658-64. 
doi:10.1136/gut.2003.032805 

21. Wehkamp, J., Salzman, N. H., Porter, E., Nuding, S., Weichenthal, M., Petras, R. E., 
Shen, B., et al. (2005). Reduced Paneth cell alpha-defensins in ileal Crohn’s disease. 
Proceedings of the National Academy of Sciences of the United States of America, 
102(50), 18129-34. doi:10.1073/pnas.0505256102 

22. Intrieri, M., Rinaldi, A., Scudiero, O., Autiero, G., Castaldo, G., & Nardone, G. 
(2010). Low expression of human beta-defensin 1 in duodenum of celiac patients is 
partially restored by a gluten-free diet. Clinical chemistry and laboratory medicine  : 
CCLM / FESCC, 48(4), 489-92. doi:10.1515/CCLM.2010.098 

23. Yu, L. C.-H., Wang, J.-T., Wei, S.-C., & Ni, Y.-H. (2012). Host-microbial 
interactions and regulation of intestinal epithelial barrier function: From physiology 
to pathology. World journal of gastrointestinal pathophysiology, 3(1), 27-43. 
doi:10.4291/wjgp.v3.i1.27 

24. Shirkey, T. W., Siggers, R. H., Goldade, B. G., Marshall, J. K., Drew, M. D., 
Laarveld, B., & Van Kessel, A. G. (2006). Effects of commensal bacteria on 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%<>%

intestinal morphology and expression of proinflammatory cytokines in the 
gnotobiotic pig. Experimental biology and medicine (Maywood, N.J.), 231(8), 1333-
45. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/16946402 

25. Willing, B. P., & Van Kessel, A. G. (2007). Enterocyte proliferation and apoptosis in 
the caudal small intestine is influenced by the composition of colonizing commensal 
bacteria in the neonatal gnotobiotic pig. Journal of animal science, 85(12), 3256-66. 
doi:10.2527/jas.2007-0320 

26. Danielsen, M., Hornshøj, H., Siggers, R. H., Jensen, B. B., van Kessel, A. G., & 
Bendixen, E. (2007). Effects of bacterial colonization on the porcine intestinal 
proteome. Journal of proteome research, 6(7), 2596-604. doi:10.1021/pr070038b 

27. Kozakova, H., Kolinska, J., Lojda, Z., Rehakova, Z., Sinkora, J., Zakostelecka, M., 
Splichal, I., et al. (2006). Effect of bacterial monoassociation on brush-border 
enzyme activities in ex-germ-free piglets: comparison of commensal and pathogenic 
Escherichia coli strains. Microbes and infection / Institut Pasteur, 8(11), 2629-39. 
doi:10.1016/j.micinf.2006.07.008 

28. Pull, S. L., Doherty, J. M., Mills, J. C., Gordon, J. I., & Stappenbeck, T. S. (2005). 
Activated macrophages are an adaptive element of the colonic epithelial progenitor 
niche necessary for regenerative responses to injury. Proceedings of the National 
Academy of Sciences of the United States of America, 102(1), 99-104. 
doi:10.1073/pnas.0405979102 

29. Swanson, P. A., Kumar, A., Samarin, S., Vijay-Kumar, M., Kundu, K., Murthy, N., 
Hansen, J., et al. (2011). Enteric commensal bacteria potentiate epithelial restitution 
via reactive oxygen species-mediated inactivation of focal adhesion kinase 
phosphatases. Proceedings of the National Academy of Sciences of the United States 
of America, 108(21), 8803-8. doi:10.1073/pnas.1010042108 

30. Rakoff-Nahoum, S., Paglino, J., Eslami-Varzaneh, F., Edberg, S., & Medzhitov, R. 
(2004). Recognition of commensal microflora by toll-like receptors is required for 
intestinal homeostasis. Cell, 118(2), 229-41. doi:10.1016/j.cell.2004.07.002 

31. Groschwitz, K. R., & Hogan, S. P. (2009). Intestinal barrier function: molecular 
regulation and disease pathogenesis. The Journal of allergy and clinical immunology, 
124(1), 3-20; quiz 21-2. doi:10.1016/j.jaci.2009.05.038 

32. Ballard, S. T., Hunter, J. H., & Taylor, A. E. (1995). Regulation of tight-junction 
permeability during nutrient absorption across the intestinal epithelium. Annual 
review of nutrition, 15, 35-55. doi:10.1146/annurev.nu.15.070195.000343 

33. Assimakopoulos, S. F., Papageorgiou, I., & Charonis, A. (2011). Enterocytes’ tight 
junctions: From molecules to diseases. World journal of gastrointestinal 
pathophysiology, 2(6), 123-37. doi:10.4291/wjgp.v2.i6.123 

34. Ukena, S. N., Singh, A., Dringenberg, U., Engelhardt, R., Seidler, U., Hansen, W., 
Bleich, A., et al. (2007). Probiotic Escherichia coli Nissle 1917 inhibits leaky gut by 
enhancing mucosal integrity. PloS one, 2(12), e1308. 
doi:10.1371/journal.pone.0001308 

35. Miyauchi, E., Morita, H., & Tanabe, S. (2009). Lactobacillus rhamnosus alleviates 
intestinal barrier dysfunction in part by increasing expression of zonula occludens-1 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%<?%

and myosin light-chain kinase in vivo. Journal of dairy science, 92(6), 2400-8. 
Elsevier. doi:10.3168/jds.2008-1698 

36. Gitter, A. H., Bendfeldt, K., Schulzke, J. D., & Fromm, M. (2000). Leaks in the 
epithelial barrier caused by spontaneous and TNF-alpha-induced single-cell 
apoptosis. FASEB journal : official publication of the Federation of American 
Societies for Experimental Biology, 14(12), 1749-53. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/10973924 

37. Drago, S., El Asmar, R., Di Pierro, M., Grazia Clemente, M., Tripathi, A., Sapone, 
A., Thakar, M., et al. (2006). Gliadin, zonulin and gut permeability: Effects on celiac 
and non-celiac intestinal mucosa and intestinal cell lines. Scandinavian journal of 
gastroenterology, 41(4), 408-19. doi:10.1080/00365520500235334 

38. Miron, N., & Cristea, V. (2012). Enterocytes: active cells in tolerance to food and 
microbial antigens in the gut. Clinical and experimental immunology, 167(3), 405-12. 
doi:10.1111/j.1365-2249.2011.04523.x 

39. Murphy, K., Travers, P. and Walport, M. (2008). The mucosal immune system. In 
Murphy, K., Travers, P. and Walport, M. (Eds.). Janeway’s Immunobiology 7th Ed. 
(pp. 459-475). New York: Garland Science.  

40. Sheridan, B. S., & Lefrançois, L. (2010). Intraepithelial lymphocytes: to serve and 
protect. Current gastroenterology reports, 12(6), 513-21. doi:10.1007/s11894-010-
0148-6 

41. Spencer, J., Isaacson, P. G., MacDonald, T. T., Thomas, A. J., & Walker-Smith, J. A. 
(1991). Gamma/delta T cells and the diagnosis of coeliac disease. Clinical and 
experimental immunology, 85(1), 109-13. Retrieved from 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1535703&tool=pmcentre
z&rendertype=abstract 

42. Carding, S. R., & Egan, P. J. (2002). Gammadelta T cells: functional plasticity and 
heterogeneity. Nature reviews. Immunology, 2(5), 336-45. doi:10.1038/nri797 

43. Chen, Y., Chou, K., Fuchs, E., Havran, W. L., & Boismenu, R. (2002). Protection of 
the intestinal mucosa by intraepithelial gamma delta T cells. Proceedings of the 
National Academy of Sciences of the United States of America, 99(22), 14338-43. 
doi:10.1073/pnas.212290499 

44. Boismenu, R., & Havran, W. L. (1994). Modulation of epithelial cell growth by 
intraepithelial gamma delta T cells. Science (New York, N.Y.), 266(5188), 1253-5. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/7973709 

45. Groh, V., Steinle, A., Bauer, S., & Spies, T. (1998). Recognition of stress-induced 
MHC molecules by intestinal epithelial gammadelta T cells. Science (New York, 
N.Y.), 279(5357), 1737-40. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/9497295 

46. Yu, Q., Tang, C., Xun, S., Yajima, T., Takeda, K., & Yoshikai, Y. (2006). MyD88-
dependent signaling for IL-15 production plays an important role in maintenance of 
CD8 alpha alpha TCR alpha beta and TCR gamma delta intestinal intraepithelial 
lymphocytes. Journal of immunology (Baltimore, Md.  : 1950), 176(10), 6180-5. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/16670327 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%<@%

47. Malamut, G., El Machhour, R., Montcuquet, N., Martin-Lannerée, S., Dusanter-
Fourt, I., Verkarre, V., Mention, J.-J., et al. (2010). IL-15 triggers an antiapoptotic 
pathway in human intraepithelial lymphocytes that is a potential new target in celiac 
disease-associated inflammation and lymphomagenesis. The Journal of clinical 
investigation, 120(6), 2131-43. doi:10.1172/JCI41344 

48. Suzuki, H., Jeong, K., & Doi, K. (2002). Age-related changes in the regional 
variations in the number and subsets of intraepithelial lymphocytes in mouse small 
intestine. Developmental and comparative immunology, 26(6), 589-95. Retrieved 
from http://www.ncbi.nlm.nih.gov/pubmed/12031418 

49. Iwata, M., Hirakiyama, A., Eshima, Y., Kagechika, H., Kato, C., & Song, S.-Y. 
(2004). Retinoic acid imprints gut-homing specificity on T cells. Immunity, 21(4), 
527-38. doi:10.1016/j.immuni.2004.08.011 

50. Svensson, M., Johansson-Lindbom, B., Zapata, F., Jaensson, E., Austenaa, L. M., 
Blomhoff, R., & Agace, W. W. (2008). Retinoic acid receptor signaling levels and 
antigen dose regulate gut homing receptor expression on CD8+ T cells. Mucosal 
immunology, 1(1), 38-48. doi:10.1038/mi.2007.4 

51. Agace, W. (2010). Generation of gut-homing T cells and their localization to the 
small intestinal mucosa. Immunology letters, 128(1), 21-3. 
doi:10.1016/j.imlet.2009.09.012 

52. Zünd, G., Madara, J. L., Dzus, A. L., Awtrey, C. S., & Colgan, S. P. (1996). 
Interleukin-4 and interleukin-13 differentially regulate epithelial chloride secretion. 
The Journal of biological chemistry, 271(13), 7460-4. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/8631774 

53. Zolotarevsky, Y., Hecht, G., Koutsouris, A., Gonzalez, D. E., Quan, C., Tom, J., 
Mrsny, R. J., et al. (2002). A membrane-permeant peptide that inhibits MLC kinase 
restores barrier function in in vitro models of intestinal disease. Gastroenterology, 
123(1), 163-72. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/12105845 

54. Mankertz, J., Tavalali, S., Schmitz, H., Mankertz, A., Riecken, E. O., Fromm, M., & 
Schulzke, J. D. (2000). Expression from the human occludin promoter is affected by 
tumor necrosis factor alpha and interferon gamma. Journal of cell science, 113 ( Pt 1, 
2085-90. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/10806119 

55. Madsen, K. L., Lewis, S. A., Tavernini, M. M., Hibbard, J., & Fedorak, R. N. (1997). 
Interleukin 10 prevents cytokine-induced disruption of T84 monolayer barrier 
integrity and limits chloride secretion. Gastroenterology, 113(1), 151-9. Retrieved 
from http://www.ncbi.nlm.nih.gov/pubmed/9207273 

56. Ulluwishewa, D., Anderson, R. C., McNabb, W. C., Moughan, P. J., Wells, J. M., & 
Roy, N. C. (2011). Regulation of tight junction permeability by intestinal bacteria 
and dietary components. The Journal of nutrition, 141(5), 769-76. 
doi:10.3945/jn.110.135657 

57. Ferrier, L., Bérard, F., Debrauwer, L., Chabo, C., Langella, P., Buéno, L., & 
Fioramonti, J. (2006). Impairment of the intestinal barrier by ethanol involves enteric 
microflora and mast cell activation in rodents. The American journal of pathology, 
168(4), 1148-54. doi:10.2353/ajpath.2006.050617 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%<A%

58. Atkinson, K. J., & Rao, R. K. (2001). Role of protein tyrosine phosphorylation in 
acetaldehyde-induced disruption of epithelial tight junctions. American journal of 
physiology. Gastrointestinal and liver physiology, 280(6), G1280-8. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/11352822 

59. Sigthorsson, G., Jacob, M., Wrigglesworth, J., Somasundaram, S., Tavares, I., Foster, 
R., Roseth, A., et al. (1998). Comparison of indomethacin and nimesulide, a selective 
cyclooxygenase-2 inhibitor, on key pathophysiologic steps in the pathogenesis of 
nonsteroidal anti-inflammatory drug enteropathy in the rat. Scandinavian journal of 
gastroenterology, 33(7), 728-35. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/9712237 

60. Sigthorsson, G., Tibble, J., Hayllar, J., Menzies, I., Macpherson, A., Moots, R., Scott, 
D., et al. (1998). Intestinal permeability and inflammation in patients on NSAIDs. 
Gut, 43(4), 506-11. Retrieved from 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1727292&tool=pmcentre
z&rendertype=abstract 

61. Oshima, T., Miwa, H., & Joh, T. (2008). Aspirin induces gastric epithelial barrier 
dysfunction by activating p38 MAPK via claudin-7. American journal of physiology. 
Cell physiology, 295(3), C800-6. doi:10.1152/ajpcell.00157.2008 

62. Tanaka, A., Kunikata, T., Mizoguchi, H., Kato, S., & Takeuchi, K. (1999). Dual 
action of nitric oxide in pathogenesis of indomethacin-induced small intestinal 
ulceration in rats. Journal of physiology and pharmacology  : an official journal of the 
Polish Physiological Society, 50(3), 405-17. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/10574470 

63. Somasundaram, S., Sigthorsson, G., Simpson, R. J., Watts, J., Jacob, M., Tavares, I. 
A., Rafi, S., et al. (2000). Uncoupling of intestinal mitochondrial oxidative 
phosphorylation and inhibition of cyclooxygenase are required for the development 
of NSAID-enteropathy in the rat. Alimentary pharmacology & therapeutics, 14(5), 
639-50. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/10792129 

64. McGuckin, M. A., Eri, R., Simms, L. A., Florin, T. H. J., & Radford-Smith, G. 
(2009). Intestinal barrier dysfunction in inflammatory bowel diseases. Inflammatory 
bowel diseases, 15(1), 100-13. doi:10.1002/ibd.20539 

65. Secondulfo, M., de Magistris, L., Fiandra, R., Caserta, L., Belletta, M., Tartaglione, 
M. T., Riegler, G., et al. (2001). Intestinal permeability in Crohn’s disease patients 
and their first degree relatives. Digestive and liver disease  : official journal of the 
Italian Society of Gastroenterology and the Italian Association for the Study of the 
Liver, 33(8), 680-5. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/11785714 

66. Söderholm, J. D., Olaison, G., Lindberg, E., Hannestad, U., Vindels, A., Tysk, C., 
Järnerot, G., et al. (1999). Different intestinal permeability patterns in relatives and 
spouses of patients with Crohn’s disease: an inherited defect in mucosal defence? 
Gut, 44(1), 96-100. Retrieved from 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1760070&tool=pmcentre
z&rendertype=abstract 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%<B%

67. Irvine, E. J., & Marshall, J. K. (2000). Increased intestinal permeability precedes the 
onset of Crohn’s disease in a subject with familial risk. Gastroenterology, 119(6), 
1740-4. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/11113095 

68. Barbara, G. (2006). Mucosal barrier defects in irritable bowel syndrome. Who left the 
door open? The American journal of gastroenterology, 101(6), 1295-8. 
doi:10.1111/j.1572-0241.2006.00667.x 

69. Camilleri, M., Madsen, K., Spiller, R., Van Meerveld, B. G., & Verne, G. N. (2012). 
Intestinal barrier function in health and gastrointestinal disease. 
Neurogastroenterology and motility  : the official journal of the European 
Gastrointestinal Motility Society, 24(6), 503-512. doi:10.1111/j.1365-
2982.2012.01921.x 

70. Lee, J. W., Park, J. H., Park, D. I. L., Park, J.-H., Kim, H. J., Cho, Y. K., Sohn, C. I. 
L., et al. (2010). Subjects with diarrhea-predominant IBS have increased rectal 
permeability responsive to tryptase. Digestive diseases and sciences, 55(10), 2922-8. 
doi:10.1007/s10620-009-1094-8 

71. Dunlop, S. P., Hebden, J., Campbell, E., Naesdal, J., Olbe, L., Perkins, A. C., & 
Spiller, R. C. (2006). Abnormal intestinal permeability in subgroups of diarrhea-
predominant irritable bowel syndromes. The American journal of gastroenterology, 
101(6), 1288-94. doi:10.1111/j.1572-0241.2006.00672.x 

72. Martínez, C., Vicario, M., Ramos, L., Lobo, B., Mosquera, J. L., Alonso, C., 
Sánchez, A., et al. (2012). The jejunum of diarrhea-predominant irritable bowel 
syndrome shows molecular alterations in the tight junction signaling pathway that are 
associated with mucosal pathobiology and clinical manifestations. The American 
journal of gastroenterology, 107(5), 736-46. Nature Publishing Group. 
doi:10.1038/ajg.2011.472 

73. Vicario, M., Alonso, C., & Santos, J. (2009). Impaired intestinal molecular tightness 
in the mucosa of irritable bowel syndrome: what are the mediators? Gut, 58(2), 161-
2. doi:10.1136/gut.2008.165670 

74. van Elburg, R. M., Uil, J. J., Mulder, C. J., & Heymans, H. S. (1993). Intestinal 
permeability in patients with coeliac disease and relatives of patients with coeliac 
disease. Gut, 34(3), 354-7. Retrieved from 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1374141&tool=pmcentre
z&rendertype=abstract 

75. Vilela, E. G., Torres, H. O. G., Ferrari, M. L. A., Lima, A. S., & Cunha, A. S. (2008). 
Gut permeability to lactulose and mannitol differs in treated Crohn’s disease and 
celiac disease patients and healthy subjects. Brazilian journal of medical and 
biological research = Revista brasileira de pesquisas médicas e biológicas / 
Sociedade Brasileira de Biofísica ... [et al.], 41(12), 1105-9. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/19148373 

76. Sanz, Y., De Pama, G., & Laparra, M. (2011). Unraveling the ties between celiac 
disease and intestinal microbiota. International reviews of immunology, 30(4), 207-
18. doi:10.3109/08830185.2011.599084 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%<C%

77. Sánchez, E., Donat, E., Ribes-Koninckx, C., Calabuig, M., & Sanz, Y. (2010). 
Intestinal Bacteroides species associated with coeliac disease. Journal of clinical 
pathology, 63(12), 1105-11. doi:10.1136/jcp.2010.076950 

78. De Palma, G., Nadal, I., Medina, M., Donat, E., Ribes-Koninckx, C., Calabuig, M., 
& Sanz, Y. (2010). Intestinal dysbiosis and reduced immunoglobulin-coated bacteria 
associated with coeliac disease in children. BMC microbiology, 10, 63. 
doi:10.1186/1471-2180-10-63 

79. Collado, M. C., Donat, E., Ribes-Koninckx, C., Calabuig, M., & Sanz, Y. (2008). 
Imbalances in faecal and duodenal Bifidobacterium species composition in active and 
non-active coeliac disease. BMC microbiology, 8, 232. doi:10.1186/1471-2180-8-232 

80. Sánchez, E., Nadal, I., Donat, E., Ribes-Koninckx, C., Calabuig, M., & Sanz, Y. 
(2008). Reduced diversity and increased virulence-gene carriage in intestinal 
enterobacteria of coeliac children. BMC gastroenterology, 8, 50. doi:10.1186/1471-
230X-8-50 

81. Sanz, Y., Sánchez, E., Marzotto, M., Calabuig, M., Torriani, S., & Dellaglio, F. 
(2007). Differences in faecal bacterial communities in coeliac and healthy children as 
detected by PCR and denaturing gradient gel electrophoresis. FEMS immunology and 
medical microbiology, 51(3), 562-8. doi:10.1111/j.1574-695X.2007.00337.x 

82. Natividad, J. M., Huang, X., Slack, E., Jury, J., Sanz, Y., David, C., Denou, E., et al. 
(2009). Host responses to intestinal microbial antigens in gluten-sensitive mice. PloS 
one, 4(7), e6472. doi:10.1371/journal.pone.0006472 

83. De Palma, G., Cinova, J., Stepankova, R., Tuckova, L., & Sanz, Y. (2010). Pivotal 
Advance: Bifidobacteria and Gram-negative bacteria differentially influence immune 
responses in the proinflammatory milieu of celiac disease. Journal of leukocyte 
biology, 87(5), 765-78. doi:10.1189/jlb.0709471 

84. Green, P. H. R., & Jabri, B. (2006). Celiac disease. Annual review of medicine, 57, 
207-21. doi:10.1146/annurev.med.57.051804.122404 

85. Tack, G. J., Verbeek, W. H. M., Schreurs, M. W. J., & Mulder, C. J. J. (2010). The 
spectrum of celiac disease: epidemiology, clinical aspects and treatment. Nature 
reviews. Gastroenterology & hepatology, 7(4), 204-13. doi:10.1038/nrgastro.2010.23 

86. Wahab, P. J., Meijer, J. W. R., & Mulder, C. J. J. (2002). Histologic follow-up of 
people with celiac disease on a gluten-free diet: slow and incomplete recovery. 
American journal of clinical pathology, 118(3), 459-63. doi:10.1309/EVXT-851X-
WHLC-RLX9 

87. Rubio-Tapia, A., Kyle, R. A., Kaplan, E. L., Johnson, D. R., Page, W., Erdtmann, F., 
Brantner, T. L., et al. (2009). Increased prevalence and mortality in undiagnosed 
celiac disease. Gastroenterology, 137(1), 88-93. doi:10.1053/j.gastro.2009.03.059 

88. Mustalahti, K., Catassi, C., Reunanen, A., Fabiani, E., Heier, M., McMillan, S., 
Murray, L., et al. (2010). The prevalence of celiac disease in Europe: results of a 
centralized, international mass screening project. Annals of medicine, 42(8), 587-95. 
doi:10.3109/07853890.2010.505931 

89. Malekzadeh, R., Sachdev, A., & Fahid Ali, A. (2005). Coeliac disease in developing 
countries: Middle East, India and North Africa. Best practice & research. Clinical 
gastroenterology, 19(3), 351-8. doi:10.1016/j.bpg.2005.01.004 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%<;%

90. Makharia, G. K., Verma, A. K., Amarchand, R., Bhatnagar, S., Das, P., Goswami, 
A., Bhatia, V., et al. (2011). Prevalence of celiac disease in the northern part of India: 
a community based study. Journal of gastroenterology and hepatology, 26(5), 894-
900. doi:10.1111/j.1440-1746.2010.06606.x 

91. Nisticò, L., Fagnani, C., Coto, I., Percopo, S., Cotichini, R., Limongelli, M. G., 
Paparo, F., et al. (2006). Concordance, disease progression, and heritability of coeliac 
disease in Italian twins. Gut, 55(6), 803-8. doi:10.1136/gut.2005.083964 

92. Fasano, A., Berti, I., Gerarduzzi, T., Not, T., Colletti, R. B., Drago, S., Elitsur, Y., et 
al. (2003). Prevalence of celiac disease in at-risk and not-at-risk groups in the United 
States: a large multicenter study. Archives of internal medicine, 163(3), 286-92. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/12578508 

93. Trynka, G., Wijmenga, C., & van Heel, D. A. (2010). A genetic perspective on 
coeliac disease. Trends in molecular medicine, 16(11), 537-50. 
doi:10.1016/j.molmed.2010.09.003 

94. Garrote, J. A., Gómez-González, E., Bernardo, D., Arranz, E., & Chirdo, F. (2008). 
Celiac disease pathogenesis: the proinflammatory cytokine network. Journal of 
pediatric gastroenterology and nutrition, 47 Suppl 1, S27-32. 
doi:10.1097/MPG.0b013e3181818fb9 

95. Vilasi, S., Sirangelo, I., Irace, G., Caputo, I., Barone, M. V., Esposito, C., & Ragone, 
R. (n.d.). Interaction of “toxic” and “immunogenic” A-gliadin peptides with a 
membrane-mimetic environment. Journal of molecular recognition  : JMR, 23(3), 
322-8. doi:10.1002/jmr.987 

96. Schuppan, D., Junker, Y., & Barisani, D. (2009). Celiac disease: from pathogenesis 
to novel therapies. Gastroenterology, 137(6), 1912-33. 
doi:10.1053/j.gastro.2009.09.008 

97. Lammers, K. M., Lu, R., Brownley, J., Lu, B., Gerard, C., Thomas, K., Rallabhandi, 
P., et al. (2008). Gliadin induces an increase in intestinal permeability and zonulin 
release by binding to the chemokine receptor CXCR3. Gastroenterology, 135(1), 
194-204.e3. doi:10.1053/j.gastro.2008.03.023 

98. Kim, C.-Y., Quarsten, H., Bergseng, E., Khosla, C., & Sollid, L. M. (2004). 
Structural basis for HLA-DQ2-mediated presentation of gluten epitopes in celiac 
disease. Proceedings of the National Academy of Sciences of the United States of 
America, 101(12), 4175-9. doi:10.1073/pnas.0306885101 

99. Di Sabatino, A., & Corazza, G. R. (2009). Coeliac disease. Lancet, 373(9673), 1480-
93. doi:10.1016/S0140-6736(09)60254-3 

100. Hüe, S., Mention, J.-J., Monteiro, R. C., Zhang, S., Cellier, C., Schmitz, J., Verkarre, 
V., et al. (2004). A direct role for NKG2D/MICA interaction in villous atrophy 
during celiac disease. Immunity, 21(3), 367-77. doi:10.1016/j.immuni.2004.06.018 

101. Meresse, B., Chen, Z., Ciszewski, C., Tretiakova, M., Bhagat, G., Krausz, T. N., 
Raulet, D. H., et al. (2004). Coordinated induction by IL15 of a TCR-independent 
NKG2D signaling pathway converts CTL into lymphokine-activated killer cells in 
celiac disease. Immunity, 21(3), 357-66. doi:10.1016/j.immuni.2004.06.020 

102. Troncone, R., & Jabri, B. (2011). Coeliac disease and gluten sensitivity. Journal of 
internal medicine, 269(6), 582-90. doi:10.1111/j.1365-2796.2011.02385.x 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%<:%

103. Bizzaro, N., Tozzoli, R., Villalta, D., Fabris, M., & Tonutti, E. (2010). Cutting-Edge 
Issues in Celiac Disease and in Gluten Intolerance. Clinical reviews in allergy & 
immunology, 42(3), 279-87. doi:10.1007/s12016-010-8223-1 

104. Sapone, A., Lammers, K. M., Mazzarella, G., Mikhailenko, I., Cartenì, M., Casolaro, 
V., & Fasano, A. (2010). Differential mucosal IL-17 expression in two gliadin-
induced disorders: gluten sensitivity and the autoimmune enteropathy celiac disease. 
International archives of allergy and immunology, 152(1), 75-80. 
doi:10.1159/000260087 

105. Verdu, E. F., Armstrong, D., & Murray, J. A. (2009). Between celiac disease and 
irritable bowel syndrome: the “no man’s land” of gluten sensitivity. The American 
journal of gastroenterology, 104(6), 1587-94. doi:10.1038/ajg.2009.188 

106. Biesiekierski, J. R., Newnham, E. D., Irving, P. M., Barrett, J. S., Haines, M., 
Doecke, J. D., Shepherd, S. J., et al. (2011). Gluten causes gastrointestinal symptoms 
in subjects without celiac disease: a double-blind randomized placebo-controlled 
trial. The American journal of gastroenterology, 106(3), 508-14; quiz 515. 
doi:10.1038/ajg.2010.487 

107. Bernardo, D., Garrote, J. A., & Arranz, E. (2011). Are non-celiac disease gluten-
intolerant patients innate immunity responders to gluten? The American journal of 
gastroenterology, 106(12), 2201; author reply 2201-2. doi:10.1038/ajg.2011.297 

108. Troncone, R., Franzese, A., Mazzarella, G., Paparo, F., Auricchio, R., Coto, I., 
Mayer, M., et al. (2003). Gluten sensitivity in a subset of children with insulin 
dependent diabetes mellitus. The American journal of gastroenterology, 98(3), 590-5. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/12650792 

109. Auricchio, R., Paparo, F., Maglio, M., Franzese, A., Lombardi, F., Valerio, G., 
Nardone, G., et al. (2004). In vitro-deranged intestinal immune response to gliadin in 
type 1 diabetes. Diabetes, 53(7), 1680-3. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/15220190 

110. Michaëlsson, G., Gerdén, B., Hagforsen, E., Nilsson, B., Pihl-Lundin, I., Kraaz, W., 
Hjelmquist, G., et al. (2000). Psoriasis patients with antibodies to gliadin can be 
improved by a gluten-free diet. The British journal of dermatology, 142(1), 44-51. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/10651693 

111. Sapone, A., Lammers, K. M., Casolaro, V., Cammarota, M., Giuliano, M. T., De 
Rosa, M., Stefanile, R., et al. (2011). Divergence of gut permeability and mucosal 
immune gene expression in two gluten-associated conditions: celiac disease and 
gluten sensitivity. BMC medicine, 9, 23. doi:10.1186/1741-7015-9-23 

112. Ludvigsson, J. F., Leffler, D. A., Bai, J. C., Biagi, F., Fasano, A., Green, P. H. R., 
Hadjivassiliou, M., et al. (2012). The Oslo definitions for coeliac disease and related 
terms. Gut. doi:10.1136/gutjnl-2011-301346 

113. Oberhuber, G., Granditsch, G., & Vogelsang, H. (1999). The histopathology of 
coeliac disease: time for a standardized report scheme for pathologists. European 
journal of gastroenterology & hepatology, 11(10), 1185-94. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/10524652 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%<<%

114. Volta, U., Tovoli, F., Cicola, R., Parisi, C., Fabbri, A., Piscaglia, M., Fiorini, E., et al. 
(2011). Serological Tests in Gluten Sensitivity (Nonceliac Gluten Intolerance). 
Journal of clinical gastroenterology. doi:10.1097/MCG.0b013e3182372541 

115. Zarkadas, M., Pulido, O., Dubois, S., Cantin, I., Collins, K., Godefroy, S., Prince, M., 
et al. (2010, May). Clinical features and symptom recovery on a gluten-free diet in a 
canadian adult celiac population: First report from the ‘Living with a gluten-free 
diet’ study. Poster session presented at Digestive Diseases Week (DDW) 2010; May 
1-5 2010; New Orleans, USA. 

116. Lee, A., & Newman, J. M. (2003). Celiac diet: its impact on quality of life. Journal 
of the American Dietetic Association, 103(11), 1533-1535. 

117. De Palma, G., Nadal, I., Collado, M. C., & Sanz, Y. (2009). Effects of a gluten-free 
diet on gut microbiota and immune function in healthy adult human subjects. The 
British journal of nutrition, 102(8), 1154-60. doi:10.1017/S0007114509371767 

118. Kirby, M., & Danner, E. (2009). Nutritional deficiencies in children on restricted 
diets. Pediatric clinics of North America, 56(5), 1085-103. 
doi:10.1016/j.pcl.2009.07.003 

119. Kinsey, L., Burden, S. T., & Bannerman, E. (2008). A dietary survey to determine if 
patients with coeliac disease are meeting current healthy eating guidelines and how 
their diet compares to that of the British general population. European journal of 
clinical nutrition, 62(11), 1333-42. doi:10.1038/sj.ejcn.1602856 

120. Thompson, T., Dennis, M., Higgins, L. A., Lee, A. R., & Sharrett, M. K. (2005). 
Gluten-free diet survey: are Americans with coeliac disease consuming 
recommended amounts of fibre, iron, calcium and grain foods? Journal of human 
nutrition and dietetics  : the official journal of the British Dietetic Association, 18(3), 
163-9. doi:10.1111/j.1365-277X.2005.00607.x 

121. Niewinski, M. M. (2008). Advances in celiac disease and gluten-free diet. Journal of 
the American Dietetic Association, 108(4), 661-72. doi:10.1016/j.jada.2008.01.011 

122. Olsson, C., Hörnell, A., Ivarsson, A., & Sydner, Y. M. (2008). The everyday life of 
adolescent coeliacs: issues of importance for compliance with the gluten-free diet. 
Journal of human nutrition and dietetics  : the official journal of the British Dietetic 
Association, 21(4), 359-67. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/18754144 

123. Pinier, M., Fuhrmann, G., Verdu, E. F., Verdu, E., & Leroux, J.-C. (2010). 
Prevention measures and exploratory pharmacological treatments of celiac disease. 
The American journal of gastroenterology, 105(12), 2551-61; quiz 2562. 
doi:10.1038/ajg.2010.372 

124. Sollid, L. M., & Khosla, C. (2011). Novel therapies for coeliac disease. Journal of 
internal medicine, 269(6), 604-13. doi:10.1111/j.1365-2796.2011.02376.x 

125. Schuppan, D., Junker, Y., & Barisani, D. (2009). Celiac disease: from pathogenesis 
to novel therapies. Gastroenterology, 137(6), 1912-33. 
doi:10.1053/j.gastro.2009.09.008 

126. Kato, A., Rooney, A. P., Furutani, Y., & Hirose, S. (2010). Evolution of trappin 
genes in mammals. BMC evolutionary biology, 10, 31. doi:10.1186/1471-2148-10-31 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%<=%

127. Clauss, A., Lilja, H., & Lundwall, A. (2005). The evolution of a genetic locus 
encoding small serine proteinase inhibitors. Biochemical and biophysical research 
communications, 333(2), 383-9. doi:10.1016/j.bbrc.2005.05.125 

128. Clauss, A., Lilja, H., & Lundwall, A. (2002). A locus on human chromosome 20 
contains several genes expressing protease inhibitor domains with homology to whey 
acidic protein. The Biochemical journal, 368(Pt 1), 233-42. doi:10.1042/BJ20020869 

129. Wilkinson, T. S., Roghanian, A., Simpson, A. J., & Sallenave, J.-M. (2011). WAP 
domain proteins as modulators of mucosal immunity. Biochemical Society 
transactions, 39(5), 1409-15. doi:10.1042/BST0391409 

130. Chowdhury, M. A., Kuivaniemi, H., Romero, R., Edwin, S., Chaiworapongsa, T., & 
Tromp, G. (2006). Identification of novel functional sequence variants in the gene for 
peptidase inhibitor 3. BMC medical genetics, 7, 49. doi:10.1186/1471-2350-7-49 

131. Saheki, T., Ito, F., Hagiwara, H., Saito, Y., Kuroki, J., Tachibana, S., & Hirose, S. 
(1992). Primary structure of the human elafin precursor preproelafin deduced from 
the nucleotide sequence of its gene and the presence of unique repetitive sequences in 
the prosegment. Biochemical and biophysical research communications, 185(1), 240-
5. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/1339270 

132. Moreau, T., Baranger, K., Dadé, S., Dallet-Choisy, S., Guyot, N., & Zani, M.-L. 
(2008). Multifaceted roles of human elafin and secretory leukocyte proteinase 
inhibitor (SLPI), two serine protease inhibitors of the chelonianin family. Biochimie, 
90(2), 284-95. doi:10.1016/j.biochi.2007.09.007 

133. Nara, K., Ito, S., Ito, T., Suzuki, Y., Ghoneim, M. A., Tachibana, S., & Hirose, S. 
(1994). Elastase inhibitor elafin is a new type of proteinase inhibitor which has a 
transglutaminase-mediated anchoring sequence termed “cementoin”. Journal of 
biochemistry, 115(3), 441-8. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/7914520 

134. Guyot, N., Zani, M.-L., Maurel, M.-C., Dallet-Choisy, S., & Moreau, T. (2005). 
Elafin and its precursor trappin-2 still inhibit neutrophil serine proteinases when they 
are covalently bound to extracellular matrix proteins by tissue transglutaminase. 
Biochemistry, 44(47), 15610-8. American Chemical Society. doi:10.1021/bi051418i 

135. Zani, M.-L., Tanga, A., Saidi, A., Serrano, H., Dallet-Choisy, S., Baranger, K., & 
Moreau, T. (2011). SLPI and trappin-2 as therapeutic agents to target airway serine 
proteases in Guyot inflammatory lung diseases: current and future directions. 
Biochemical Society transactions, 39(5), 1441-6. doi:10.1042/BST0391441 

136. Tsunemi, M., Matsuura, Y., Sakakibara, S., & Katsube, Y. (1996). Crystal structure 
of an elastase-specific inhibitor elafin complexed with porcine pancreatic elastase 
determined at 1.9 A resolution. Biochemistry, 35(36), 11570-6. 
doi:10.1021/bi960900l 

137. Ying, Q. L., & Simon, S. R. (1993). Kinetics of the inhibition of human leukocyte 
elastase by elafin, a 6-kilodalton elastase-specific inhibitor from human skin. 
Biochemistry, 32(7), 1866-74. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/8439544 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%=>%

138. Ying, Q. L., & Simon, S. R. (2001). Kinetics of the inhibition of proteinase 3 by 
elafin. American journal of respiratory cell and molecular biology, 24(1), 83-89. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/11152654 

139. Pfundt, R., van Ruissen, F., van Vlijmen-Willems, I. M., Alkemade, H. A., Zeeuwen, 
P. L., Jap, P. H., Dijkman, H., et al. (1996). Constitutive and inducible expression of 
SKALP/elafin provides anti-elastase defense in human epithelia. The Journal of 
clinical investigation, 98(6), 1389-99. doi:10.1172/JCI118926 

140. Sallenave, J.-M. (2010). Secretory leukocyte protease inhibitor and elafin/trappin-2: 
versatile mucosal antimicrobials and regulators of immunity. American journal of 
respiratory cell and molecular biology, 42(6), 635-43. doi:10.1165/rcmb.2010-
0095RT 

141. Schalkwijk, J., Wiedow, O., & Hirose, S. (1999). The trappin gene family: proteins 
defined by an N-terminal transglutaminase substrate domain and a C-terminal four-
disulphide core. The Biochemical journal, 340 ( Pt 3, 569-77. Retrieved from 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1220286&tool=pmcentre
z&rendertype=abstract 

142. Alkemade, H. A., de Jongh, G. J., Arnold, W. P., van de Kerkhof, P. C., & 
Schalkwijk, J. (1995). Levels of skin-derived antileukoproteinase (SKALP)/elafin in 
serum correlate with disease activity during treatment of severe psoriasis with 
cyclosporin A. The Journal of investigative dermatology, 104(2), 189-93. Retrieved 
from http://www.ncbi.nlm.nih.gov/pubmed/7829874 

143. Tejera, P., Wang, Z., Zhai, R., Su, L., Sheu, C.-C., Taylor, D. M., Chen, F., et al. 
(2009). Genetic polymorphisms of peptidase inhibitor 3 (elafin) are associated with 
acute respiratory distress syndrome. American journal of respiratory cell and 
molecular biology, 41(6), 696-704. doi:10.1165/rcmb.2008-0410OC 

144. Ohta, K., Nakajima, T., Cheah, A. Y. L., Zaidi, S. H. E., Kaviani, N., Dawood, F., 
You, X.-M., et al. (2004). Elafin-overexpressing mice have improved cardiac 
function after myocardial infarction. American journal of physiology. Heart and 
circulatory physiology, 287(1), H286-92. doi:10.1152/ajpheart.00479.2002 

145. Jaovisidha, K., Etim, A., Yamakawa, K., Masuda, I., Gohr, C. M., Wakim, B. T., 
Boonapatcharoen, N., et al. (2006). The serine protease inhibitor trappin-2 is present 
in cartilage and synovial fluid in osteoarthritis. The Journal of rheumatology, 33(2), 
318-25. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/16465664 

146. Reid, P. T., Marsden, M. E., Cunningham, G. A., Haslett, C., & Sallenave, J. M. 
(1999). Human neutrophil elastase regulates the expression and secretion of elafin 
(elastase-specific inhibitor) in type II alveolar epithelial cells. FEBS letters, 457(1), 
33-7. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/10486558 

147. Guyot, N., Zani, M.-L., Berger, P., Dallet-Choisy, S., & Moreau, T. (2005). 
Proteolytic susceptibility of the serine protease inhibitor trappin-2 (pre-elafin): 
evidence for tryptase-mediated generation of elafin. Biological chemistry, 386(4), 
391-9. doi:10.1515/BC.2005.047 

148. Guyot, N., Butler, M. W., McNally, P., Weldon, S., Greene, C. M., Levine, R. L., 
O’Neill, S. J., et al. (2008). Elafin, an elastase-specific inhibitor, is cleaved by its 
cognate enzyme neutrophil elastase in sputum from individuals with cystic fibrosis. 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%=?%

The Journal of biological chemistry, 283(47), 32377-85. 
doi:10.1074/jbc.M803707200 

149. Tanaka, N., Fujioka, A., Tajima, S., Ishibashi, A., & Hirose, S. (2000). Elafin is 
induced in epidermis in skin disorders with dermal neutrophilic infiltration: 
interleukin-1 beta and tumour necrosis factor-alpha stimulate its secretion in vitro. 
The British journal of dermatology, 143(4), 728-32. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/11069448 

150. Sallenave, J. M., Shulmann, J., Crossley, J., Jordana, M., & Gauldie, J. (1994). 
Regulation of secretory leukocyte proteinase inhibitor (SLPI) and elastase-specific 
inhibitor (ESI/elafin) in human airway epithelial cells by cytokines and neutrophilic 
enzymes. American journal of respiratory cell and molecular biology, 11(6), 733-41. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/7946401 

151. Drannik, A. G., Henrick, B. M., & Rosenthal, K. L. (2011). War and peace between 
WAP and HIV: role of SLPI, trappin-2, elafin and ps20 in susceptibility to HIV 
infection. Biochemical Society transactions, 39(5), 1427-32. 
doi:10.1042/BST0391427 

152. van Wetering, S., van der Linden, A. C., van Sterkenburg, M. A., de Boer, W. I., 
Kuijpers, A. L., Schalkwijk, J., & Hiemstra, P. S. (2000). Regulation of SLPI and 
elafin release from bronchial epithelial cells by neutrophil defensins. American 
journal of physiology. Lung cellular and molecular physiology, 278(1), L51-8. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/10645890 

153. King, A. E., Critchley, H. O. D., Sallenave, J.-M., & Kelly, R. W. (2003). Elafin in 
human endometrium: an antiprotease and antimicrobial molecule expressed during 
menstruation. The Journal of clinical endocrinology and metabolism, 88(9), 4426-31. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/12970320 

154. Williams, S. E., Brown, T. I., R.oghanian, A., & Sallenave, J.M. (2006). SLPI and 
elafin: one glove, many fingers. Clinical Science; 110:21-
35.doi:10.1042/CS20050115 

155. Nobar, S. M., Zani, M.-L., Boudier, C., Moreau, T., & Bieth, J. G. (2005). Oxidized 
elafin and trappin poorly inhibit the elastolytic activity of neutrophil elastase and 
proteinase 3. The FEBS journal, 272(22), 5883-93. doi:10.1111/j.1742-
4658.2005.04988.x 

156. Shaw, L., & Wiedow, O. (2011). Therapeutic potential of human elafin. Biochemical 
Society transactions, 39(5), 1450-4. doi:10.1042/BST0391450 

157. Henriksen, P. A., Devitt, A., Kotelevtsev, Y., & Sallenave, J.-M. (2004). Gene 
delivery of the elastase inhibitor elafin protects macrophages from neutrophil 
elastase-mediated impairment of apoptotic cell recognition. FEBS letters, 574(1-3), 
80-4. doi:10.1016/j.febslet.2004.08.008 

158. Simpson, A. J., Maxwell, A. I., Govan, J. R., Haslett, C., & Sallenave, J. M. (1999). 
Elafin (elastase-specific inhibitor) has anti-microbial activity against gram-positive 
and gram-negative respiratory pathogens. FEBS letters, 452(3), 309-13. Retrieved 
from http://www.ncbi.nlm.nih.gov/pubmed/10386612 

159. Baranger, K., Zani, M.-L., Chandenier, J., Dallet-Choisy, S., & Moreau, T. (2008). 
The antibacterial and antifungal properties of trappin-2 (pre-elafin) do not depend on 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%=@%

its protease inhibitory function. The FEBS journal, 275(9), 2008-20. 
doi:10.1111/j.1742-4658.2008.06355.x 

160. Li, Q., Zhou, X. D., Xu, X. Y., & Yang, J. (2010). Recombinant human elafin 
protects airway epithelium integrity during inflammation. Molecular biology reports, 
37(6), 2981-8. doi:10.1007/s11033-009-9865-z 

161. Bellemare, A., Vernoux, N., Morin, S., Gagné, S. M., & Bourbonnais, Y. (2010). 
Structural and antimicrobial properties of human pre-elafin/trappin-2 and derived 
peptides against Pseudomonas aeruginosa. BMC microbiology, 10, 253. 
doi:10.1186/1471-2180-10-253 

162. Iqbal, S. M., Ball, T. B., Levinson, P., Maranan, L., Jaoko, W., Wachihi, C., Pak, B. 
J., et al. (2009). Elevated elafin/trappin-2 in the female genital tract is associated with 
protection against HIV acquisition. AIDS (London, England), 23(13), 1669-77. 
doi:10.1097/QAD.0b013e32832ea643 

163. Drannik, A. G., Nag, K., Yao, X.-D., Henrick, B. M., Jain, S., Ball, T. B., Plummer, 
F. A., et al. (2012). Anti-HIV-1 activity of elafin is more potent than its precursor’s, 
trappin-2, in genital epithelial cells. Journal of virology, 86(8), 4599-610. 
doi:10.1128/JVI.06561-11 

164. Kantyka, T., Latendorf, T., Wiedow, O., Bartels, J., Gläser, R., Dubin, G., Schröder, 
J.-M., et al. (2009). Elafin is specifically inactivated by RgpB from Porphyromonas 
gingivalis by distinct proteolytic cleavage. Biological chemistry, 390(12), 1313-20. 
doi:10.1515/BC.2009.136 

165. Meyer-Hoffert, U., Wichmann, N., Schwichtenberg, L., White, P. C., & Wiedow, O. 
(2003). Supernatants of Pseudomonas aeruginosa induce the Pseudomonas-specific 
antibiotic elafin in human keratinocytes. Experimental dermatology, 12(4), 418-25. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/12930298 

166. Butler, M. W., Robertson, I., Greene, C. M., O’Neill, S. J., Taggart, C. C., & 
McElvaney, N. G. (2006). Elafin prevents lipopolysaccharide-induced AP-1 and NF-
kappaB activation via an effect on the ubiquitin-proteasome pathway. The Journal of 
biological chemistry, 281(46), 34730-5. doi:10.1074/jbc.M604844200 

167. Butler, M. W., Robertson, I., Greene, C. M., O’Neill, S. J., Taggart, C. C., & 
McElvaney, N. G. (2006). Elafin prevents lipopolysaccharide-induced AP-1 and NF-
kappaB activation via an effect on the ubiquitin-proteasome pathway. The Journal of 
biological chemistry, 281(46), 34730-5. doi:10.1074/jbc.M604844200 

168. Taggart, C. C., Cryan, S.-A., Weldon, S., Gibbons, A., Greene, C. M., Kelly, E., 
Low, T. B., et al. (2005). Secretory leucoprotease inhibitor binds to NF-kappaB 
binding sites in monocytes and inhibits p65 binding. The Journal of experimental 
medicine, 202(12), 1659-68. The Rockefeller University Press. 
doi:10.1084/jem.20050768 

169. Roghanian, A., Williams, S. E., Sheldrake, T. A., Brown, T. I., Oberheim, K., Xing, 
Z., Howie, S. E. M., et al. (2006). The antimicrobial/elastase inhibitor elafin regulates 
lung dendritic cells and adaptive immunity. American journal of respiratory cell and 
molecular biology, 34(5), 634-42. doi:10.1165/rcmb.2005-0405OC 

170. Wilkinson, T. S., Dhaliwal, K., Hamilton, T. W., Lipka, A. F., Farrell, L., Davidson, 
D. J., Duffin, R., et al. (2009). Trappin-2 promotes early clearance of Pseudomonas 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%=A%

aeruginosa through CD14-dependent macrophage activation and neutrophil 
recruitment. The American journal of pathology, 174(4), 1338-46. 
doi:10.2353/ajpath.2009.080746 

171. Motta, J.-P., Magne, L., Descamps, D., Rolland, C., Squarzoni-Dale, C., Rousset, P., 
Martin, L., et al. (2011). Modifying the protease, antiprotease pattern by elafin 
overexpression protects mice from colitis. Gastroenterology, 140(4), 1272-82. 
doi:10.1053/j.gastro.2010.12.050 

172. Henriksen, P. A., Hitt, M., Xing, Z., Wang, J., Haslett, C., Riemersma, R. A., Webb, 
D. J., et al. (2004). Adenoviral gene delivery of elafin and secretory leukocyte 
protease inhibitor attenuates NF-kappa B-dependent inflammatory responses of 
human endothelial cells and macrophages to atherogenic stimuli. Journal of 
immunology (Baltimore, Md.  : 1950), 172(7), 4535-44. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/15034071 

173. Rogalski, C., Meyer-Hoffert, U., Proksch, E., & Wiedow, O. (2002). Human 
leukocyte elastase induces keratinocyte proliferation in vitro and in vivo. The Journal 
of investigative dermatology, 118(1), 49-54. doi:10.1046/j.0022-202x.2001.01650.x 

174. Alam, S. R., Newby, D. E., & Henriksen, P. a. (2012). Role of the endogenous 
elastase inhibitor, elafin, in cardiovascular injury: from epithelium to endothelium. 
Biochemical pharmacology, 83(6), 695-704. Elsevier Inc. 
doi:10.1016/j.bcp.2011.11.003 

175. Doucet, A., Bouchard, D., Janelle, M. F., Bellemare, A., Gagné, S., Tremblay, G. M., 
& Bourbonnais, Y. (2007). Characterization of human pre-elafin mutants: full 
antipeptidase activity is essential to preserve lung tissue integrity in experimental 
emphysema. The Biochemical journal, 405(3), 455-63. doi:10.1042/BJ20070020 

176. Simpson, A. J., Wallace, W. A., Marsden, M. E., Govan, J. R., Porteous, D. J., 
Haslett, C., & Sallenave, J. M. (2001). Adenoviral augmentation of elafin protects the 
lung against acute injury mediated by activated neutrophils and bacterial infection. 
Journal of immunology (Baltimore, Md.  : 1950), 167(3), 1778-86. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/11466403 

177. Stock, S. J., Duthie, L., Tremaine, T., Calder, A. A., Kelly, R. W., & Riley, S. C. 
(2009). Elafin (SKALP/Trappin-2/proteinase inhibitor-3) is produced by the cervix in 
pregnancy and cervicovaginal levels are diminished in bacterial vaginosis. 
Reproductive sciences (Thousand Oaks, Calif.), 16(12), 1125-34. 
doi:10.1177/1933719109341998 

178. Hosaka, Y., Koslowski, M., Nuding, S., Wang, G., Schlee, M., Schäfer, C., Saigenji, 
K., et al. (2008). Antimicrobial host defense in the upper gastrointestinal tract. 
European journal of gastroenterology & hepatology, 20(12), 1151-8. 
doi:10.1097/MEG.0b013e3283052ddb 

179. Schmid, M., Fellermann, K., Fritz, P., Wiedow, O., Stange, E. F., & Wehkamp, J. 
(2007). Attenuated induction of epithelial and leukocyte serine antiproteases elafin 
and secretory leukocyte protease inhibitor in Crohn’s disease. Journal of leukocyte 
biology, 81(4), 907-15. doi:10.1189/jlb.0906581 

180. Marischen, L., Wesch, D., Schröder, J.-M., Wiedow, O., & Kabelitz, D. (2009). 
Human gammadelta T cells produce the protease inhibitor and antimicrobial peptide 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%=B%

elafin. Scandinavian journal of immunology, 70(6), 547-52. doi:10.1111/j.1365-
3083.2009.02337.x 

181. Flach, C.-F., Eriksson, A., Jennische, E., Lange, S., Gunnerek, C., & Lönnroth, I. 
(2006). Detection of elafin as a candidate biomarker for ulcerative colitis by whole-
genome microarray screening. Inflammatory bowel diseases, 12(9), 837-42. 
doi:10.1097/01.mib.0000232469.23574.11 

182. Eriksson, A., Jennische, E., Flach, C.-F., Jorge, A., & Lange, S. (2008). Real-time 
PCR quantification analysis of five mucosal transcripts in patients with Crohn’s 
disease. European journal of gastroenterology & hepatology, 20(4), 290-6. 
doi:10.1097/MEG.0b013e3282f3557c 

183. Eriksson, A., Flach, C.-F., Lindgren, A., Kvifors, E., & Lange, S. (2008). Five 
mucosal transcripts of interest in ulcerative colitis identified by quantitative real-time 
PCR: a prospective study. BMC gastroenterology, 8, 34. doi:10.1186/1471-230X-8-
34 

184. Silva, M. a, Jury, J., Sanz, Y., Wiepjes, M., Huang, X., Murray, J. a, David, C. S., et 
al. (2012). Increased bacterial translocation in gluten-sensitive mice is independent of 
small intestinal paracellular permeability defect. Digestive diseases and sciences, 
57(1), 38-47. doi:10.1007/s10620-011-1847-z 

185. Black, K. E., Murray, J. A., & David, C. S. (2002). HLA-DQ determines the response 
to exogenous wheat proteins: a model of gluten sensitivity in transgenic knockout 
mice. Journal of immunology (Baltimore, Md.  : 1950), 169(10), 5595-600. Retrieved 
from http://www.ncbi.nlm.nih.gov/pubmed/12421937 

186. Pinier, M., Fuhrmann, G., Galipeau, H. J., Rivard, N., Murray, J. a, David, C. S., 
Drasarova, H., et al. (2012). The copolymer P(HEMA-co-SS) binds gluten and 
reduces immune response in gluten-sensitized mice and human tissues. 
Gastroenterology, 142(2), 316-25.e1-12. Elsevier Inc. 
doi:10.1053/j.gastro.2011.10.038 

187. Galipeau, H. J., Rulli, N. E., Jury, J., Huang, X., Araya, R., Murray, J. A., David, C. 
S., et al. (2011). Sensitization to gliadin induces moderate enteropathy and insulitis in 
nonobese diabetic-DQ8 mice. Journal of immunology (Baltimore, Md.  : 1950), 
187(8), 4338-46. doi:10.4049/jimmunol.1100854 

188. Marietta, E., Black, K., Camilleri, M., Krause, P., Rogers, R. S., David, C., 
Pittelkow, M. R., et al. (2004). A new model for dermatitis herpetiformis that uses 
HLA-DQ8 transgenic NOD mice. The Journal of clinical investigation, 114(8), 
1090-7. doi:10.1172/JCI21055 

189. Vergnolle, N., Sallenave, J.M., Langella, P. & Bermudez-Humaran, L. (2011). 
Recombinant probiotic bacteria for the treatment of inflammatory bowel disease 
(IBD) and irritable bowel syndrome (IBS). World Intellectual Property Organization 
Patent Application No. WO/2011?086172. Geneva:Switzerland. Retreived from: 
http://www.sumobrain.com/patents.WO2011086172.html 

190. Biagi, F., Luinetti, O., Campanella, J., Klersy, C., Zambelli, C., Villanacci, V., 
Lanzini, A., et al. (2004). Intraepithelial lymphocytes in the villous tip: do they 
indicate potential coeliac disease? Journal of clinical pathology, 57(8), 835-9. 
doi:10.1136/jcp.2003.013607 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%=C%

191. Di Cagno, R., De Angelis, M., Auricchio, S., Greco, L., Clarke, C., De Vincenzi, M., 
Giovannini, C., et al. (2004). Sourdough bread made from wheat and nontoxic flours 
and started with selected lactobacilli is tolerated in celiac sprue patients. Applied and 
environmental microbiology, 70(2), 1088-96. doi:10.1128/AEM.70.2.1088-
1096.2004 

192. Matysiak-Budnik, T., Candalh, C., Dugave, C., Namane, A., Cellier, C., Cerf-
Bensussan, N., & Heyman, M. (2003). Alterations of the intestinal transport and 
processing of gliadin peptides in celiac disease. Gastroenterology, 125(3), 696-707. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/12949716 

193. Schumann, M., Richter, J. F., Wedell, I., Moos, V., Zimmermann-Kordmann, M., 
Schneider, T., Daum, S., et al. (2008). Mechanisms of epithelial translocation of the 
alpha(2)-gliadin-33mer in coeliac sprue. Gut, 57(6), 747-54. 
doi:10.1136/gut.2007.136366 

194. Bethune, M. T., Ribka, E., Khosla, C., & Sestak, K. (2008). Transepithelial transport 
and enzymatic detoxification of gluten in gluten-sensitive rhesus macaques. PloS 
one, 3(3), e1857. doi:10.1371/journal.pone.0001857 

195. Ménard, S., Lebreton, C., Schumann, M., Matysiak-Budnik, T., Dugave, C., 
Bouhnik, Y., Malamut, G., et al. (2012). Paracellular versus transcellular intestinal 
permeability to gliadin peptides in active celiac disease. The American journal of 
pathology, 180(2), 608-15. doi:10.1016/j.ajpath.2011.10.019 

196. Zufferey, C., Erhart, D., Saurer, L., & Mueller, C. (2009). Production of interferon-
gamma by activated T-cell receptor-alphabeta CD8alphabeta intestinal intraepithelial 
lymphocytes is required and sufficient for disruption of the intestinal barrier integrity. 
Immunology, 128(3), 351-9. doi:10.1111/j.1365-2567.2009.03110.x 

197. Shibahara, T., Miyazaki, K., Sato, D., Matsui, H., Yanaka, A., Nakahara, A., & 
Tanaka, N. (2005). Alteration of intestinal epithelial function by intraepithelial 
lymphocyte homing. Journal of gastroenterology, 40(9), 878-86. 
doi:10.1007/s00535-005-1631-y 

198. Cenac, N., Andrews, C. N., Holzhausen, M., Chapman, K., Cottrell, G., Andrade-
Gordon, P., Steinhoff, M., et al. (2007). Role for protease activity in visceral pain in 
irritable bowel syndrome. The Journal of clinical investigation, 117(3), 636-47. 
doi:10.1172/JCI29255 

199. Spencer, J., Isaacson, P. G., Diss, T. C., & MacDonald, T. T. (1989). Expression of 
disulfide-linked and non-disulfide-linked forms of the T cell receptor gamma/delta 
heterodimer in human intestinal intraepithelial lymphocytes. European journal of 
immunology, 19(7), 1335-8. doi:10.1002/eji.1830190728 

200. Halstensen, T. S., & Brandtzaeg, P. (1995). TCR gamma/delta + and CD8+TCR 
alpha/beta + intraepithelial lymphocytes (IEL) express proliferation marker (Ki-67) 
in the coeliac lesion. Advances in experimental medicine and biology, 371B, 1333-8. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/7502812 

201. Troncone, R., Greco, L., Mayer, M., Mazzarella, G., Maiuri, L., Congia, M., Frau, F., 
et al. (1996). In siblings of celiac children, rectal gluten challenge reveals gluten 
sensitization not restricted to celiac HLA. Gastroenterology, 111(2), 318-24. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/8690196 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%=;%

202. Halstensen, T. S., Scott, H., & Brandtzaeg, P. (1989). Intraepithelial T cells of the 
TcR gamma/delta+ CD8- and V delta 1/J delta 1+ phenotypes are increased in 
coeliac disease. Scandinavian journal of immunology, 30(6), 665-72. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/2481336 

203. Abadie, V., Discepolo, V., & Jabri, B. (2012). Intraepithelial lymphocytes in celiac 
disease immunopathology. Seminars in immunopathology. doi:10.1007/s00281-012-
0316-x 

204. Goldblum, S. E., Rai, U., Tripathi, A., Thakar, M., De Leo, L., Di Toro, N., Not, T., 
et al. (2011). The active Zot domain (aa 288-293) increases ZO-1 and myosin 1C 
serine/threonine phosphorylation, alters interaction between ZO-1 and its binding 
partners, and induces tight junction disassembly through proteinase activated receptor 
2 activation. FASEB journal : official publication of the Federation of American 
Societies for Experimental Biology, 25(1), 144-58. doi:10.1096/fj.10-158972 

205. Wang, Z., Chen, F., Zhai, R., Zhang, L., Su, L., Lin, X., Thompson, T., et al. (2009). 
Plasma neutrophil elastase and elafin imbalance is associated with acute respiratory 
distress syndrome (ARDS) development. (R. E. Morty, Ed.)PloS one, 4(2), e4380. 
Public Library of Science. doi:10.1371/journal.pone.0004380 

206. Henriksen, P. A., & Sallenave, J.-M. (2008). Human neutrophil elastase: mediator 
and therapeutic target in atherosclerosis. The international journal of biochemistry & 
cell biology, 40(6-7), 1095-100. doi:10.1016/j.biocel.2008.01.004 

207. Mitic, L. L., & Anderson, J. M. (1998). Molecular architecture of tight junctions. 
Annual review of physiology, 60, 121-42. doi:10.1146/annurev.physiol.60.1.121 

208. Moffatt, J. D., Jeffrey, K. L., & Cocks, T. M. (2002). Protease-activated receptor-2 
activating peptide SLIGRL inhibits bacterial lipopolysaccharide-induced recruitment 
of polymorphonuclear leukocytes into the airways of mice. American journal of 
respiratory cell and molecular biology, 26(6), 680-4. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/12034566 

209. Lohman, R.-J., Cotterell, A. J., Suen, J., Liu, L., Do, A. T., Vesey, D. A., & Fairlie, 
D. P. (2012). Antagonism of protease-activated receptor 2 protects against 
experimental colitis. The Journal of pharmacology and experimental therapeutics, 
340(2), 256-65. doi:10.1124/jpet.111.187062 

210. Palmer, C., Bik, E. M., DiGiulio, D. B., Relman, D. A., & Brown, P. O. (2007). 
Development of the human infant intestinal microbiota. PLoS biology, 5(7), e177. 
doi:10.1371/journal.pbio.0050177 

211. Fallani, M., Amarri, S., Uusijarvi, A., Adam, R., Khanna, S., Aguilera, M., Gil, A., et 
al. (2011). Determinants of the human infant intestinal microbiota after the 
introduction of first complementary foods in infant samples from five European 
centres. Microbiology (Reading, England), 157(Pt 5), 1385-92. Society for General 
Microbiology. doi:10.1099/mic.0.042143-0 

212. Grönlund, M.-M., Grze!kowiak, "., Isolauri, E., & Salminen, S. (n.d.). Influence of 
mother’s intestinal microbiota on gut colonization in the infant. Gut microbes, 2(4), 
227-33. doi:10.4161/gmic.2.4.16799 

213. Nistal, E., Caminero, A., Herrán, A. R., Arias, L., Vivas, S., de Morales, J. M. R., 
Calleja, S., et al. (2012). Differences of small intestinal bacteria populations in adults 



!"#$"%&'()*)%+%!"%,"%-*(./()0%!$!1)2(3%45*6(3)*27%+%!(8*$19%#$*(5$(%

%=:%

and children with/without celiac disease: effect of age, gluten diet, and disease. 
Inflammatory bowel diseases, 18(4), 649-56. doi:10.1002/ibd.21830 

214. Dinan, T. G., & Cryan, J. F. (2012). Regulation of the stress response by the gut 
microbiota: Implications for psychoneuroendocrinology. Psychoneuroendocrinology. 
Elsevier Ltd. doi:10.1016/j.psyneuen.2012.03.007 

215. Zendo, T., Yoneyama, F., & Sonomoto, K. (2010). Lactococcal membrane-
permeabilizing antimicrobial peptides. Applied microbiology and biotechnology, 
88(1), 1-9. doi:10.1007/s00253-010-2764-3 


