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Abstract 
 

This Thesis explores aspects of disease pathogenesis in Crohn’s disease (CD) 

and ulcerative colitis (UC), investigates mechanisms of responsiveness to 

biologic treatment in inflammatory bowel disease (IBD), and describes the clinical 

and immunologic phenotype associated with a homozygous deletion in a 

disintegrin and a metalloproteinase (ADAM)17 gene. 

 

The role of interleukin (IL)-17A, IL-17E and IL-13 in human intestinal 

inflammation is not clear. IL-13 plays an important role in experimental colitis and 

in intestinal experimental fibrosis. However, contrasting observations exist on the 

levels and the role of IL-13 in inflamed IBD mucosa, and limited information is 

available on the role of IL-13 in CD intestinal fibrosis. We observed that IL-13 is 

not up-regulated in UC intestinal mucosa, and that it is unlikely to play a 

functional role in the mucosal pro-inflammatory response in the majority of 

patients with UC. Conversely, IL-17A is up-regulated in fibrostenosing CD 

intestine, and may contribute to intestinal fibrosis in CD. Our results indicate that 

IL-17E and IL-13 are not up-regulated in CD intestinal strictures, and are unlikely 

to play a role in intestinal fibrosis in CD. 

 

A considerable proportion of IBD patients do not respond to anti-tumour necrosis 

factor (TNF)- agents. Anti-TNF- agents exert their action in inflamed tissues, 

rich in matrix metalloproteinase (MMP)-3 and MMP-12, which in turn can 

degrade immunoglobulin (Ig)G1. We observed that MMP-3, MMP-12, and protein 

extracts from inflamed IBD mucosa, but not MMP-9, degrade the anti-TNF- 

agents infliximab, adalimumab and etanercept, however etanercept shows a 

higher susceptibility than infliximab and adalimumab. We also observed that a 

subgroup of IBD patients who did not respond to anti-TNF- agents have 

particularly high serum levels of MMP-3-/MMP-12-cleaved endogenous IgG and 

anti-hinge autoantibodies compared to IBD patients who subsequently 

responded to biologic therapy. 
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Finally, we observed that homozygous deletion in ADAM17 in humans is 

associated with a complex, neonatal-onset, multi-organ syndrome affecting 

mainly the skin, the intestine, and the cardiovascular system. In this condition, 

ADAM17 expression is down-regulated in the skin and in the duodenum, and 

soluble TNF- release by peripheral blood mononuclear cells (PBMCs) is 

substantially impaired. 

 

These results underline the heterogeneity characterising chronic intestinal 

inflammation, and may form the basis for subsequent studies with the aim to 

identify accurate serum biomarkers of disease progression and responsiveness 

to biologic therapy, and ultimately to develop effective strategies of patient 

stratification in IBD. 



 

 
9 

Acknowledgements 

 

First and foremost I would like to thank Prof Tom MacDonald for giving me the 
opportunity to do research in his lab and for supervising me during the PhD. His 
enthusiasm and guidance have been an invaluable source of motivation and 
support for me. 
 
I am deeply grateful to Prof Gino R Corazza and Dr Antonio Di Sabatino for their 
supervision during my clinical training in Pavia and for allowing me to undertake 
my research experience in London.  
 
I would like to thank Prof Andy Silver, who first encouraged me to start the PhD, 
and Prof Dan Pennington, who has been a precious advisor on both scientific 
and non-scientific questions. 
 
I am grateful to Prof Alastair Watson and Prof Alastair Forbes for their helpful 
feedback during the revision of the Thesis. 
 
I would like to express my appreciation and thanks to Dr Cinzia Papadia for her 
patience and continuous guidance in teaching me clinical skills and for her 
positive and cheerful attitude. 
 
I am grateful to Dr Claire Walshe and Dr Steve Webber from Topivert for 
supporting my research activity during the PhD. 
 
I would like to thank Prof David P Kelsell for allowing me to study the 
immunologic consequences of the ADAM17 mutation described in this thesis, 
and Dr Federica Facciotti for her help on the project about IL-13 in IBD. 
 
I would like to thank Dr Eleanor Wood, Dr Laura Marelli, Dr Nora Thoua and Joy 
Sadeghian for their help and advice during my time at the Homerton Hospital. 
 
I would like to thank Joana, Anil, Nick P, Renata, Laura, Iona, Paolo G, Nadja, 
Takahiro, Aijay, Aneta and Anna V for the pleasant time we spent together, at 
work or outside work. 
 
I am grateful to Francesca for her truthful friendship. 
 
Special thanks go to Bea. 
 
Finally but most importantly I want to express absolute gratitude to my parents 
Gianni and Marisa for their limitless and unwavering support. 



 

 
10 

Table of contents 

 Page 
  

Statement of originality 3 
Details of collaboration 3 
Details of publications – Original papers 4 
Details of publications – Review papers 4 
Details of presentations 6 
Abstract 7 
Acknowledgements 9 
List of tables 15 
List of figures 16 
List of abbreviations 20 
  
Chapter 1: General Introduction – Hypotheses 25 
1.1 The intestinal mucosal immune system 25 
 1.1.1  Constituents, organisation and development 25 
 1.1.2 The intestinal epithelium 29 
 1.1.3 The intestinal barrier 36 
 1.1.4 T cell populations in the intestinal lamina propria during 

homoeostasis 
41 

 1.1.5 The humoral intestinal mucosal immune response 48 
 1.1.6 Oral tolerance to food and microbial antigens 52 
 1.1.7 Compartmentalisation of the intestinal mucosal immune 

system 
56 

1.2 Proteases and their inhibitors 59 
 1.2.1 Proteases in intestinal homoeostasis and wound healing 65 
1.3 IBD – Clinical aspects 73 
 1.3.1 Definition and history 73 
 1.3.2 CD 76 
  1.3.2.1 Epidemiology 76 
  1.3.2.2 Diagnosis 76 
  1.3.2.3 Classification 78 
  1.3.2.4 Disease activity indices 79 
  1.3.2.5 Treatment 81 
 1.3.3 UC 89 
  1.3.3.1 Epidemiology 89 
  1.3.3.2 Diagnosis 89 
  1.3.3.3 Classification 91 
  1.3.3.4 Disease activity indices 92 
  1.3.3.5 Treatment 96 
1.4 IBD – Aetiopathogenesis 105 
 1.4.1 Genetic susceptibility in IBD 105 
 1.4.2 Environmental triggers in IBD 110 
 1.4.3 The intestinal microbiota in IBD 113 
 1.4.4 Inappropriate inflammatory reaction in IBD intestinal 116 



 

 
11 

mucosa 
 1.4.5 TNF- and TNF- neutralisation in IBD 128 

 1.4.6 Proteases in IBD intestinal mucosa 130 
 1.4.7 Mechanisms of intestinal fibrogenesis in CD 137 
1.5 Hypotheses 142 
  
Chapter 2: Materials and Methods 144 
2.1 Patients and tissues 144 
2.2 Organ culture 144 
2.3 Myofibroblast isolation and culture 145 
2.4 ELISA 146 
2.5 Collagen assay 146 
2.6 RNA extraction and analysis of mRNA expression by qRT-PCR 147 
2.7 Western blotting 148 
2.8 PBMC isolation 149 
2.9 Statistical analysis 150 
  
Chapter 3: The role of IL-17 in CD intestinal fibrosis 151 
3.1 Aims of the study 151 
3.2 Chapter-specific Materials and Methods 152 
 3.2.1 Patients and tissues 152 
 3.2.2 Study design 154 
 3.2.3 Wound-healing scratch assay 154 
3.3 Results 156 
 3.3.1 In vivo IL-17A and IL-17E tissue expression 156 
 3.3.2 In vivo IL-17RC and IL-17RB tissue expression 158 
 3.3.3 Ex vivo tissue production of IL-17A, IL-17E, IL-6, TNF-, 

collagen and TGF-1 

159 

 3.3.4 IL-17RC and IL-17RB expression on myofibroblasts 161 
 3.3.5 In vitro effect of rhIL-17A and rhIL-17E on MMP-3, MMP-

12, and TIMP-1 production by myofibroblasts 
162 

 3.3.6 In vitro effect of rhIL-17A and rhIL-17E on myofibroblast 
collagen production 

164 

 3.3.7 In vitro effect of rhIL-17A and rhIL-17E on myofibroblast 
migration 

166 

3.4 Results summary 168 
3.5 Discussion 169 
  
Chapter 4: The role of IL-13 in IBD 176 
4.1 Aims of the study 176 
4.2 Chapter-specific Materials and Methods 178 
 4.2.1 Patients and tissues 178 
 4.2.2 Study design 181 
 4.2.3 LPMC isolation and culture 182 
 4.2.4 Flow cytometry 183 
 4.2.5 T84 cell culture 184 



 

 
12 

4.3 Results 185 
 4.3.1 Ex vivo production of IL-13, IFN-, IL-17A, IL-4 and IL-5 

by mucosal biopsies 

185 

 4.3.2 Relative distribution of NKT cells among T-LPLs 188 
 4.3.3 Relative distribution of iNKT and Th2 cells among T-LPLs 189 
 4.3.4 Percentage of IL-13-producing NKT cells after anti-

CD3/CD28 stimulation 
191 

 4.3.5 In vitro production of IL-13, IFN-, IL-17A, IL-4 and IL-5 by 
LPMCs after activation with anti-CD3/CD28 antibodies  

193 

 4.3.6 In vitro production of IL-13, IFN-, IL-17A, IL-4 and IL-5 by 
LPMCs after activation with anti-CD2/CD28 antibodies  

196 

 4.3.7 In vivo expression of IL-13 and IL-5 transcripts in 
intestinal mucosa  

198 

 4.3.8 Ex vivo production of IL-13, IL-1, collagen and TGF-1 
in strictured CD tissue  

199 

 4.3.9 Surface expression of IL-4R, IL-13R1 and IL-13R2 on 
intestinal T cells and macrophages  

200 

 4.3.10 Cytoplasmic expression of IL-4R, IL-13R1 and IL-

13R2 in intestinal T cells  

205 

 4.3.11 Cytoplasmic expression of IL-4R, IL-13R1 and IL-

13R2 in intestinal macrophages  

208 

 4.3.12 Expression of IL-4R, IL-13R1 and IL-13R2 by 
intestinal myofibroblasts  

210 

 4.3.13 Effect of IL-13R2 and IL-4R neutralisation on IL-13 
production in UC 

212 

 4.3.14 Bioassay for the functional evaluation of rhIL-13, anti-IL-

13R2 and anti-IL-4R antibodies  

214 

 4.3.15 Effect of IL-13 on pro-inflammatory cytokine production in 
UC 

215 

 4.3.16 Effect of IL-13 on collagen production in CD 217 
4.4 Results summary 219 
4.5 Discussion 220 
  
Chapter 5: The effect of MMP-3, MMP-9 and MMP-12 on the integrity 

and the function of anti-TNF- agents in IBD 

237 

5.1 Aims of the study 237 
5.2 Chapter-specific Materials and Methods 238 
 5.2.1 Patients and tissues 238 
 5.2.2 Study design 240 
 5.2.3 Protein extraction 241 
 5.2.4 MMP activity assay 241 
 5.2.5 Cleavage reactions 241 
 5.2.6 Protein G binding assay 243 
 5.2.7 Luciferase assay 243 
 5.2.8 Cleaved anti-TNF- agent detection 244 

 5.2.9 Cleaved endogenous IgG detection 245 



 

 
13 

 5.2.10 Anti-hinge autoantibody detection 245 
5.3 Results 247 
 5.3.1 Effect of MMP-3, MMP-12 and MMP-9 on the integrity of 

anti-TNF- agents 

247 

 5.3.2 Sequential cleavage of anti-TNF- agents by MMP-3 and 
MMP-12 

250 

 5.3.3 Effect of MMP-3 and MMP-12 on protein G binding 

capacity of anti-TNF- agents 

251 

 5.3.4 Effect of MMP-3 and MMP-12 on TNF- neutralisation 

capacity of anti-TNF- agents 

252 

 5.3.5  Effect of MMP-3 and MMP-12 inhibition on TNF- 
neutralisation ability of MMP-exposed etanercept 

253 

 5.3.6 MMP-3/MMP-12 activity in IBD and control protein 
extracts 

255 

 5.3.7 Effect of mucosal protein extracts on the integrity of anti-

TNF- agents 

256 

 5.3.8 Effect of IBD mucosal protein extracts on TNF- 

neutralisation ability of anti-TNF- agents 

257 

 5.3.9 Effect of MMP-3 and MMP-12 inhibition on TNF- 

neutralisation ability of anti-TNF- agents exposed to IBD 
protein extracts  

258 

 5.3.10 Detection of MMP-3-/MMP-12-cleaved anti-TNF- agents 
in IBD sera 

260 

 5.3.11 Detection of MMP-3-/MMP-12-cleaved endogenous IgG 
in IBD and control sera 

260 

 5.3.12 Detection of anti-hinge autoantibodies in IBD and control 
sera 

261 

5.4 Results summary 264 
5.5 Discussion 265 
  
Chapter 6: Inflammatory skin and bowel disease linked to a deletion 
in ADAM17

277 

6.1 Aims of the study 277 
6.2 Case report 279 
6.3 Chapter-specific Materials and Methods 282 
 6.3.1 Patients and tissues 282 
 6.3.2 Study design 282 
 6.3.3 SNP mapping, targeted sequence capture and 

sequencing 
283 

 6.3.4 Immunofluorescence 283 
 6.3.5 PBMC culture 284 
6.4 Results 285 
 6.4.1 Genetic analyses 285 
 6.4.2 ADAM17 expression studies in the affected boy’s skin 

and in the affected siblings’ duodenum 
288 

 6.4.3 Epidermal barrier and immune cell investigations on the 291 



 

 
14 

affected boy’s skin 
 6.4.4 Cytokine production by PBMCs 293 
6.5 Results summary 297 
6.6 Discussion 298 
  
Chapter 7: General discussion and future directions 309 
  
Chapter 8: References 316 
 



 

 
15 

List of tables 

  Page 
   
Table 1.1 Characteristics of the four major classes of mammalian 

proteases  
60 

   
Table 1.2 Main substrates of MMPs 63 
   
Table 1.3 Clinical and pathological features of CD and UC  75 
   
Table 3.1 Clinical features of patients with fibrostenosing CD (n=29) 153 
   
Table 3.2 Clinical features of control subjects (n=27) 153 
   
Table 4.1 Clinical features of patients with CD (n=57) 179 
   
Table 4.2 Clinical features of patients with UC (n=51) 179 
   
Table 4.3 Clinical features of control subjects who provided intestinal 

perendoscopic biopsies (n=22) 
180 

   
Table 4.4 Clinical features of control subjects who underwent intestinal 

resection (n=17) 
180 

   
Table 4.5 IL-13, IFN-, IL-17A, IL-4 and IL-5 production by anti- 

()CD2/CD28-stimulated LPMCs  

197 

   
Table 5.1 Clinical features of IBD patients (n=16) 239 
   
Table 5.2 Clinical features of control subjects (n=8) 240 



 

 
16 

List of figures 

  Page 
Figure 1.1 Representative example of MMP activation process 61 
   
Figure 1.2 Effects of intestinal proteases on proteins forming 

intercellular junctions in the intestinal epithelium 
66 

   
Figure 1.3 Possible treatment strategies in CD 86 
   
Figure 1.4 Possible treatment strategies in chronically active UC 102 
   
Figure 1.5 Heterogeneity of loci containing immune response genes 

associated with IBD 
106 

   
Figure 1.6 Simplified representation of MMP-induced intestinal barrier 

damage in IBD 
132 

   
Figure 1.7 TGF- in CD intestinal fibrosis 139 

   
Figure 3.1 In vivo expression of IL-17A and IL-17E 157 
   
Figure 3.2 In vivo expression of IL-17RC and IL-17RB 158 
   
Figure 3.3 Levels of cytokines and pro-fibrogenic mediators in tissue 

explant culture supernatants 
160 

   
Figure 3.4 Expression of IL-17RC and IL-17RB on intestinal 

myofibroblasts 
161 

   
Figure 3.5 Effect of rhIL-17A and rhIL-17E on the production of MMP-

3, MMP-12, and TIMP-1 by intestinal myofibroblasts 
164 

   
Figure 3.6 Effect of rhIL-17A and rhIL-17E on the production of 

collagen by intestinal myofibroblasts 
165 

   
Figure 3.7 Effect of rhIL-17A and rhIL-17E on intestinal myofibroblast 

migration 
167 

   

Figure4.1 Ex vivo production of IL-13, IFN- and IL-17A by intestinal 
biopsies 

186 

   
Figure 4.2 Ex vivo production of IL-4 and IL-5 by intestinal biopsies 187 
   
Figure 4.3 Gating strategy used for the evaluation of NKT cell 

distribution in the intestinal lamina propria 
188 

   



 

 
17 

Figure 4.4 NKT cell distribution in the intestinal lamina propria 189 
   
Figure 4.5 Gating strategy used for the evaluation of iNKT and Th2 

cell distribution in the intestinal lamina propria  
190 

   
Figure 4.6 iNKT and Th2 cell distribution in the intestinal lamina 

propria 
191 

   
Figure 4.7 Gating strategy used for the evaluation of IL-13-producing 

NKT cells in the intestinal lamina propria 
192 

   
Figure 4.8 IL-13 production by NKT cells in the intestinal lamina 

propria 
193 

   
Figure 4.9 In vitro production of IL-13, IFN- and IL-17A by 

unstimulated LPMCs 

194 

   
Figure 4.10 In vitro production of IL-13, IFN- and IL-17A by activated 

LPMCs 

195 

   
Figure 4.11 In vitro production of IL-4 and IL-5 by LPMCs 196 
   
Figure 4.12 In vivo mucosal expression of IL-13 and IL-5 198 
   
Figure 4.13 Ex vivo production of IL-13 by strictured CD tissue 200 
   
Figure 4.14 Gating strategy used for the evaluation of surface 

expression of IL-4R, IL-13R1 and IL-13R2 on intestinal 
T cells and macrophages 

201 

   
Figure 4.15 Surface expression of IL-4R, IL-13R1 and IL-13R2 on 

intestinal T cells 

202 

   
Figure 4.16 Surface expression of IL-4R, IL-13R1 and IL-13R2 on 

intestinal macrophages 

205 

   
Figure 4.17 Gating strategy used for the evaluation of intracellular 

expression of IL-4R, IL-13R1 and IL-13R2 in intestinal 
T cells and macrophages 

206 

   
Figure 4.18 Intracellular expression of IL-4R, IL-13R1 and IL-13R2 

in intestinal T cells 

206 

   
Figure 4.19 Intracellular expression of IL-4R, IL-13R1 and IL-13R2 

in intestinal macrophages 

208 

   



 

 
18 

Figure 4.20 Gating strategy used for the evaluation of IL-4R, IL-

13R1 and IL-13R2 expression by intestinal 
myofibroblasts 

211 

   
Figure 4.21 IL-4R, IL-13R1 and IL-13R2 expression by intestinal 

myofibroblasts 

212 

   
Figure 4.22 Effect of IL-13R and IL-4R blockade on cytokine production 

by UC LPMCs 
213 

   
Figure 4.23 Functional evaluation of rhIL-13, anti- ()IL-13R2 and 

IL-4R antibodies 

215 

   
Figure 4.24 Effect of rhIL-13 on cytokine production by UC LPMCs 216 
   
Figure 4.25 Effect of rhIL-13 on collagen production by intestinal 

myofibroblasts 
218 

   

Figure 5.1 Degradation of anti-TNF- agents by MMP-3 and MMP-12 248 

   

Figure 5.2 Effect of MMP-9 on the integrity of anti-TNF- agents 249 

   

Figure 5.3 Sequential cleavage of infliximab and adalimumab by 
MMP-3 and MMP-12 

250 

   
Figure 5.4 Effect of MMP-3 and MMP-12 on protein G binding 

capacity of anti-TNF- agents 

252 

   

Figure 5.5 Effect of MMP-3 and MMP-12 on TNF- neutralising 

function of anti-TNF- agents 

253 

   

Figure 5.6 Effect of MMP inhibitors on TNF- neutralising function of 
MMP-exposed etanercept 

254 

   
Figure 5.7 MMP-3/MMP-12 activity in IBD and control protein extracts 255 

   

Figure 5.8 Effect of IBD mucosal protein extracts on anti-TNF- agent 
integrity 

256 

   
Figure 5.9 Effect of mucosal protein extracts on TNF- neutralisation 

capacity of anti-TNF- agents 

257 

   
Figure 5.10 Effect of MMP inhibitors on TNF- neutralising function of 

anti-TNF- agents exposed to IBD protein extracts  

259 

   



 

 
19 

Figure 5.11 Levels of MMP-3-/MMP-12-cleaved endogenous IgG in 
IBD and control sera 

261 

   
Figure 5.12 Levels of anti-hinge autoantibodies in IBD and control sera 262 
   
Figure 6.1 Clinical features of the syndrome 280 
   
Figure 6.2 Genetic studies 286 
   
Figure 6.3 Family pedigree 287 
   
Figure 6.4 Predicted structure of wild-type and mutant ADAM17 287 
   
Figure 6.5 Expression of ADAM17 in the skin 288 
   
Figure 6.6 Expression of ADAM17 in the duodenal mucosa 290 
   
Figure 6.7 ADAM17 and ADAM10 expression in keratinocytes 290 
   
Figure 6.8 DSG expression in the skin 291 
   
Figure 6.9 Expression of T cell markers in the skin of the affected boy 292 
   
Figure 6.10 Cytokine production by PBMCs 296 
 



 

 
20 

List of abbreviations 

 

ADAM  A disintegrin and a metalloproteinase 

A/E  Attaching-and-effacing 

AhR  Aryl hydrocarbon receptor 

APC  Antigen-presenting cell 

APMA  Aminophenylmercuric acetate 

APRIL  A proliferation-inducing ligand 

ASCA  Anti-Saccharomyces cerevisiae serum antibodies 

BAFF  B cell activating-factor of the tumour necrosis factor family 

CARD15  Caspase recruitment domain-containing protein 15 

CAI  Clinical Activity Index 

CCL  C-C chemokine ligand 

CCR  C-C chemokine receptor 

CD  Crohn’s disease 

CDAI  Crohn’s Disease Activity Index 

CDEIS  Crohn’s Disease Endoscopic Index of Severity 

CEACAM  Carcinoembryonic antigen-related cell adhesion molecule 

CRAMP  Cathelicidin-related antimicrobial peptide 

CRC  Colo-rectal cancer 

CroP  Citrobacter rodentium outer membrane protease 

CRP  C reactive protein 

CT  Computed tomography 

CTLA  Cytotoxic T lymphocyte antigen 

CXCL  Chemokine (C-X-C motif) ligand 

DC  Dendritic cell 

DMEM  Dulbecco’s modified Eagle’s medium 

DSG  Desmoglein 

DSS  Dextran sulfate sodium 

EAEC  Enteroaggregative Escherichia coli 

ECM  Extracellular matrix 



 

 
21 

EDTA  Ethylenediaminetetraacetic acid 

EGF  Epidermal growth factor 

EGFR  Epidermal growth factor receptor 

EHEC  Enterohaemorrhagic Escherichia coli 

EIEC  Adherent-invasive Escherichia coli 

ELISA  Enzyme-linked immunosorbent assay 

EPEC  Enteropathogenic Escherichia coli 

ESR  Erythrocyte sedimentation rate 

FAE  Follicle-associated epithelium 

FasL  Fas ligand 

FBS  Foetal bovine serum 

FcR  Fc receptor

FcRn  Neonatal Fc receptor 

GALT  Gut-associated lymphoid tissue 

GAPDH  Glyceraldehyde 3-phosphate dehydrogenase 

GWAS  Genome-wide association studies 

HLA  Human leukocyte antigen 

HSP  Heat shock protein 

IBD  Inflammatory bowel disease 

IBDU  IBD, type unclassified 

ICAM  Intercellular adhesion molecule 

IEC  Intestinal epithelial cells 

IEL  Intraepithelial lymphocytes 

IFN  Interferon 

Ig  Immunoglobulin 

IL  Interleukin 

IL-4R  Interleukin-4 receptor 

IL-6R  Interleukin-6 receptor 

IL-7R  IInterleukin-7 receptor 

IL-13R  Interleukin-13 receptor 

IL-17R  Interleukin-17 receptor 



 

 
22 

IL23R  Interleukin-23 receptor (gene) 

IL-23R  Interleukin-23 receptor (protein) 

ILC  Innate lymphoid cell 

ILC2  Type 2 innate lymphoid cells 

ILF  Isolated lymphoid follicle 

iNKT  Invariant natural killer T 

IRF  Interferon regulatory factor 

iRhom  inactive Rhomboid 

JAK  Janus kinase 

JAM  Junctional adhesion molecule 

KLH  Keyhole limpet haemocyanin 

LPMC  Lamina propria mononuclear cell 

LPS  Lipopolysaccharide 

LTi  Lymphoid tissue inducer 

MAdCAM  Mucosal addressin cell adhesion molecule 

MALT  Mucosa-associated lymphoid tissue 

MAPK  Mitogen-activated protein kinase 

MDP  Muramyl dipeptide 

MDR1  Multi-drug resistance type 1 

MHC  Major histocompatibility complex 

MLCK  Myosin light chain kinase 

MLN  Mesenteric lymph node 

MMP  Matrix metalloproteinase 

MRI  Magnetic resonance imaging 

MT  Transmembrane domain 

MyD88  Myeloid differentiation primary response gene 88 

NF  Nuclear factor 

NK  Natural killer

NKT  Natural killer T 

NLR  Nucleotide-binding domain and leucine-rich repeat containing 

receptor 
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NOD2  Nucleotide-binding oligomerisation domain containing 2 

OR  Odds ratio 

p-ANCA  Perinuclear anti-neutrophil cytoplasmic serum autoantibodies 

PBMC  Peripheral blood mononuclear cell 

PCR  Polymerase chain reaction 

PDAI  Perianal disease activity index 

PGP  Proline-glycine-proline 

PI3K  Phosphatidylinositol 3-kinase 

pIgA  Immunoglobulin A polymers 

pIgR  Polymeric Ig receptor 

PMA  Phorbol 12-myristate 13-acetate 

PP  Peyer’s patch 

PPAR  Peroxisome proliferator-activated receptor 

PRR  Pattern recognition receptor 

PUFA  Polyunsaturated fatty acid 

qRT  Quantitative reverse transcription 

RELM/FIZZ Resistin-like molecule /found in inflammatory zone

rh  Recombinant human 

RIPK  Receptor-interacting protein kinase 

ROR  Retinoic acid receptor-related orphan nuclear receptor 

SC  Secretory component 

SES-CD  Simple Endoscopic Score in Crohn’s Disease 

SFB  Segmented filamentous bacterium 

SIg  Secretory immunoglobulin 

SNP  Single nucleotide polymorphism 

STAT  Signal transducer and activator of transcription 

TCNB  50 mM Tris, 10 mM CaCl2, 150 mM NaCl, 0.05% Brij 35 

T-LPL  Lamina propria T lymphocyte 

TACE  Tumour necrosis factor- converting enzyme 

TR  Transforming growth factor- receptor 

TCR  T cell receptor 
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TGF  Transforming growth factor 

Th  T helper 

TIMP  Tissue inhibitor of metalloproteinase 

TL1A  Tumour necrosis factor-like ligand 1A 

TLR  Toll-like receptor 

TNBS  Trinitrobenzenesulfonic acid 

TNF  Tumour necrosis factor 

TNFR  Tumour necrosis factor- receptor 

Treg  Regulatory T cell 

TRUC  Tbx21-/-Rag2-/- ulcerative colitis 

TSLP  Thymic stromal lymphopoietin 

UC  Ulcerative colitis 

UCEIS  Ulcerative Colitis Endoscopic Index of Severity 

VCAM  Vascular cell adhesion molecule 
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Chapter 1: General Introduction – Hypotheses 

 

This Thesis explores aspects of disease pathogenesis and responsiveness to 

treatment in chronic inflammation in the human intestine. The following 

introductory Chapter provides an overview of the components and functional 

properties of the intestinal mucosal immune system, particularly regarding the 

intestinal barrier, mucosal T cells, and proteases, and outlines clinical and 

immunologic aspects of inflammatory bowel disease (IBD). In the last part of the 

Introduction, the background and hypotheses of the Results Chapters are 

described. Subsequently, after a general description of the Methods, the 

individual Results Chapters are focused on the involvement of cytokines 

produced by mucosal T cells in mechanisms of intestinal inflammation, on the 

effects of proteases on biologic agents, and on the immunologic consequences 

of a mutation in a particular protease gene. 

 

1.1 The intestinal mucosal immune system 

 

1.1.1 Constituents, organisation and development 

 

The intestinal mucosal immune system is divided into two compartments, namely 

inductive sites and effector sites. Inductive sites comprise the mucosa-associated 

lymphoid tissue (MALT), or gut-associated lymphoid tissue (GALT) in the 

intestine, and the mucosa-draining mesenteric lymph nodes (MLNs). Effector 

sites comprise the epithelium, the lamina propria and the stroma of exocrine 

glands (Brandtzaeg et al. 2004; Brandtzaeg et al. 2008). 

 

GALT and induction of the mucosal immune response 

 

GALT, which comprises Peyer’s patches (PPs), caecal and colonic patches, 

isolated lymphoid follicles (ILFs), and the appendix, is at the forefront of 

interaction between the immune system, food antigens and the intestinal 



 

 
26 

microbiota, and is important in controlling the intensity of immune response 

(Brandtzaeg et al. 2013). Similar to lymph nodes, GALT contains B cell follicles, 

interfollicular T cell areas, efferent lymphatics and antigen-presenting cells 

(APCs), but has neither capsule nor afferent lymphatics. PPs contain by 

definition between 5 and 200 aggregated lymphoid follicles, and can be 

considered immune sensors in the intestine and are important inductive sites for 

both antigen-specific humoral and cell-mediated immunity (Cornes 1965; Jung et 

al. 2010). PPs contain multiple B cell follicles with germinal centres, where 

isotype switching to immunoglobulin (Ig)A occurs, surrounded by the mantle zone 

filled with naïve B cells (Brandtzaeg 2010; Macpherson et al. 2012). Caecal and 

colonic patches are similar to PPs. ILFs are in close proximity to the intestinal 

epithelium, sample antigens through M cells, and contain germinal centers; 

however, ILFs contain relatively few T cells and no distinct T cell zones (Eberl et 

al. 2009). 

 

Dome-shaped PPs are covered by follicle-associated epithelium (FAE), which 

lacks villi and contains M cells, a particular type of epithelial cells that are 

effective in antigen uptake from the mucosal surface (Brandtzaeg et al. 2013). 

Dendritic cells (DCs) are localised underneath the FAE for capture, processing 

and presentation of antigens delivered by M cells, and subsequent initiation of 

antigen-specific immune responses (Fujihashi et al. 2013). Luminal antigen 

sampling can take place also outside inductive sites, in which case it is typically 

operated by lamina propria DCs, extending their dendrites between epithelial 

cells to reach the antigens, without compromising the integrity of the epithelial 

barrier (Rescigno et al. 2001). The interaction between antigens sampled from 

mucosal surfaces with naïve B and T cells can take place both in GALT and 

MLNs, and leads to the differentiation of memory and effector cells, which may 

first enter lymphatic, then peripheral blood circulation, then extravasate at 

mucosal effector sites. This process, named “homing”, is directed by tissue 

expression of vascular adhesion molecules and chemokines, and by the 

expression of integrins and chemokine receptors on the surface of B and T cells 
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(Brandtzaeg et al. 2008). It has been shown that DCs in PPs can educate 

antigen-specific T cells to acquire intestinal homing molecules, such as C-C 

chemokine receptor (CCR)9 and 47 integrin, via vitamin A and retinoic acid 

(Mora et al. 2003; Fujihashi et al. 2013). 

 

Development of the mucosal immune system 

 

Organogenesis of PPs, MLNs and ILFs is not synchronous. It has been shown 

that both PPs and MLNs are programmed to start developing in the sterile foetal 

environment (Eberl et al. 2009). Organogenesis of PPs and MLNs in mice 

requires the expression of lymphotoxin-12 on the surface of retinoic acid 

receptor-related orphan nuclear receptor (ROR)t-expressing CD3-CD4+ 

interleukin (IL)-7 receptor (IL-7R)+ lymphoid tissue inducer (LTi) cells, of 

haemopoietic origin (Eberl et al. 2003; van de Pavert et al. 2010). As a 

consequence, LTi cells can interact with lymphotoxin- receptor expressing 

stromal organiser cells, of mesenchymal lineage, and this is a pivotal event 

driving secondary lymphoid tissue development (van de Pavert et al. 2010). 

Whether similar processes occur in humans is difficult to determine, however a 

LTi cell which expresses IL-7R and RORc (the human orthologue of mouse 

RORt), but is CD4-, has been described in foetal human tissue (Cupedo et al. 

2009). In humans, PP precursors begin to form at 11 weeks of pregnancy, and at 

19 weeks of gestation organised small PPs with a FAE, primary B cell follicles, T 

cell areas and a population of CD11c+ DCs below the FAE can be distinguished. 

Soon after birth, presumably as a result of colonisation by the intestinal 

microbiota, early secondary follicles in developing germinal centres appear, and 

PPs enlarge to become macroscopically visible (Brandtzaeg et al. 2008). 

Approximately, there are 50 PPs at the beginning of the last trimester, 100 at 

birth, 250 at 15 years, and then the number of PPs progressively decreases to 

become approximately 100 between 70 and 95 years of age (Cornes 1965).  
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Unlike PPs and MLNs, organogenesis of other human GALT structures, including 

ILFs, commences only after birth upon bacterial colonisation of the intestine 

(Eberl et al. 2009). The different timings of appearance of intestinal lymphoid 

tissues strongly suggest that development is programmed in the case of MLNs 

and PPs, and environment-induced in the case of ILFs (Eberl et al. 2009). In 

germ-free mice, ILFs do not develop, and a comparable amount of small clusters 

of LTi cells, named cryptopatches, are present instead (Eberl et al. 2004; 

Bouskra et al. 2008). It has been suggested that cryptopatches are clusters of 

LTi cells that induce the formation of ILFs during bacterial colonisation (Bouskra 

et al. 2008). The size and number of ILFs depends on the levels of intestinal 

bacteria, and, during early life, microbial colonisation induces substantial 

changes in the epithelium, with important consequences on barrier integrity and 

function. In particular, the intestinal microbiota exerts an important influence on 

the maturation of the mucosal immune system by driving the development of 

secondary lymphoid follicles, induction of secretory Ig (SIg)A, differentiation of 

innate immune cells, and shaping of T cell subsets (Hooper et al. 2012). 
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1.1.2 The intestinal epithelium 

 

The intestinal epithelium is formed by a single layer of columnar and cuboidal 

intestinal epithelial cells (IECs) and a number of specialised epithelial cells, 

including mucus-releasing goblet cells, enteroendocrine cells, tuft cells and, in 

the small intestine, Paneth cells. M cells are one further type of specialised 

epithelial cells, which ensure controlled interaction between luminal antigens and 

cells of the intestinal mucosal immune system (Pickard et al. 2010). Furthermore, 

interspersed between IECs are intraepithelial lymphocytes (IELs). 

 

With a surface of approximately 300 m2, the intestinal epithelium is the largest 

interface between the body and the external environment, and is exposed to food 

components and to the luminal microbiota (Turner 2009; Barmeyer et al. 2015). 

The intestinal epithelium absorbs nutrients and water, but does so in an 

environment containing a high density of dietary and microbial antigens 

(Rescigno 2011). Hence, the integrity of the intestinal epithelium is critical for 

immune homoeostasis and its disruption may result in uncontrolled antigen 

ingress into the mucosa and the subsequent development of inflammatory 

reactions. The impermeability of the intestinal epithelium is regulated by 

intercellular junctions between IECs which, from the luminal to the baso-lateral 

side, are represented by the tight junctions (formed mainly by claudins and 

zonula occludens proteins), the adherens junctions (formed mainly by homotypic 

interactions involving E-cadherin) and the desmosomes (formed by interactions 

between desmoglein (DSG), desmocollin, desmoplakin and keratin filaments) 

(Turner 2009). 

 

IECs – Protein expression profile  

 

IECs express a wide range of receptors for cytokines, including pro-inflammatory 

tumour necrosis factor (TNF)-, IL-1, IFN-, and regulatory IL-22, as well as the 

common  chain, which is required for IL-2, IL-4, IL-7, IL-9 and IL-15 signalling 
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(Reinecker et al. 1995). In particular, TNF-, IL-1, IFN- and lipopolysaccharide 

(LPS) impair tight junction impermeability, thus accelerating the onset of 

experimental colitis (Moriez et al. 2005; Wang et al. 2005; Al-Sadi et al. 2008). IL-

13 can alter claudin expression and composition in the tight junctions, hence 

promoting intestinal barrier dysfunction. In particular, IL-13 up-regulates the 

expression of claudin 2 in monolayers of T84 and HT-29 cells, with consequent 

reduction of transepithelial resistance and up-regulation of paracellular 

permeability (Heller et al. 2005; Prasad et al. 2005; Weber et al. 2010). IL-22, 

produced by T helper (Th)17 cells and natural killer (NK) cells, plays an important 

role in intestinal wound healing by inducing the activation of signal transducer 

and activator of transcription (STAT)3 in IECs and consequently orchestrating a 

pro-regenerative, wound healing programme (Pickert et al. 2009). Moreover, IL-

17A enhances tight junction function between polarised IECs (Kinugasa et al. 

2000). 

 

IECs constitutively express major histocompatibility complex (MHC) class I 

molecules and, upon stimulation with pro-inflammatory molecules such as 

interferon (IFN)-, murine IECs can also express MHC class II, particularly in the 

small intestine (Thelemann et al. 2014). Moreover, on the surface of IECs there 

are non-classical MHC class I molecules, including CD1d and human leukocyte 

antigen (HLA)-E (Perera et al. 2007).IECs also express receptors called pattern 

recognition receptors (PRRs), that recognise structures common to both 

pathogens and commensal microorganisms, such as LPS, peptidoglycan, 

flagellin and lipoteichoic acid (Gewirtz et al. 2001; Lavelle et al. 2010; Fukata et 

al. 2013). In particular, PRRs include membrane-associated toll-like receptors 

(TLRs) and intracellular nucleotide-binding domain and leucine-rich repeat 

containing receptors (NLRs) (Lavelle et al. 2010). After ligand binding, 

intracellular signalling of most TLRs, except for TLR3, is dependent on myeloid 

differentiation primary response gene 88 (MyD88) (Fukata et al. 2013). Both 

MyD88 signalling and muramyl dipeptide (MDP)-sensing by the nucleotide-

binding oligomerisation domain containing 2 (NOD2) NLR induce nuclear factor 
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(NF)-B activation, whereas MyD88-independent TLR3 and TLR5 activation 

leads to caspase activation and type I IFN production (Baumgart et al. 2007a; 

Fukata et al. 2013). While IECs express only TLR2, TLR3, TLR4, TLR5 and 

TLR9, professional APCs express the full spectrum of PRRs (Iwasaki et al. 2003; 

Fukata et al. 2013). NOD2 is mainly expressed by Paneth cells (Lala et al. 2003).

 

Particularly in response to interaction with luminal pathogens, IECs can release a 

variety of cytokines and chemokines with chemoattracting effects on neutrophils, 

such as IL-8, also known as chemokine (C-X-C motif) ligand (CXCL)8, on 

macrophages and DCs, such as C-C chemokine ligand (CCL)2, and on 47 T 

cells, such as CCL25 (Kagnoff 2014). IEC expression of the carcinoembryonic 

antigen-related cell adhesion molecule (CEACAM)1 and CEACAM20, two Ig 

superfamily members which are important in the epithelial-lymphoid cell cross-

talk process, is regulated by the intestinal commensal microbiota (Kitamura et al. 

2015). At the steady state, IECs release regulatory molecules, including 

transforming growth factor (TGF)-, retinoic acid and thymic stromal 

lymphopoietin (TSLP), which have been shown to be essential in driving the 

development of CD103+ DCs in mice (Iliev et al. 2009). Moreover, epithelial-

derived TSLP plays an important role in immunologic tolerance by inhibiting IL-12 

release by DCs in response to bacteria (Rescigno et al. 2009).

 

Specialised epithelial cells in the intestine 

 

Goblet cells produce the mucin glycoproteins forming the mucus layers covering 

the epithelium (Birchenough et al. 2015). This provides both anchorage and 

nutrients to the intestinal microbiota, however it also minimises and regulates 

direct interaction of bacteria with the intestinal mucosa (Rescigno 2011). Tuft 

cells have been identified in the human intestine, however their function is still 

largely unknown (Gerbe et al. 2012). In the small intestine, an important action 

against bacterial invasion across the epithelium is provided by Paneth cells, 

specialised cells at the base of the crypts of the small intestine which produce 
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anti-microbial peptides such as defensins and lysozyme (Bevins et al. 2011). The 

mediators released by Paneth cells play an important role in shaping the 

composition of the intestinal microbiota, in controlling microbial growth, and in 

protecting against pathogens (Lai et al. 2009; Salzman et al. 2013). 

Enteroendocrine cells, which comprise at least 14 different cytotypes depending 

on their specific secretion profile, are considered chemosensors of the luminal 

intestinal content (Gribble et al. 2016). Serotonin-producing cells, also known as 

enterochromaffin cells, are the predominant enteroendocrine cell type and are 

situated among crypt and villous enterocytes throughout the entire intestinal 

mucosa, with maximum distribution in the small bowel (Sjölund et al. 1983). 

Serotonin exerts important immunologic effects, including stimulation of T cell 

recruitment and proliferation, DC activation, and pro-inflammatory cytokine 

production (Shajib et al. 2015). 

 

Development of the intestinal epithelium 

 

All throughout the intestine, the epithelium is continuously renewed every 4-5 

days by stem cells arising from the crypts of Lieberkühn. Stem cells localised at 

the base of the crypts give rise to the three cell types that move toward the 

luminal side during their differentiation (IECs, enteroendocrine cells, and goblet 

cells), and, in the small intestine, to the only cell type that stays at the base of the 

crypt, Paneth cells (Mowat et al. 2014). Crypt base columnar cells were 

confirmed to be long-lived, multipotent stem cells, characterised by the 

expression of the R-spondin receptor Lgr5, which enhances Wnt signalling 

strength (Barker et al. 2007; Koo et al. 2014). Paneth cells constitute the ideal 

niche for Lgr5+ stem cells in intestinal crypts by expressing epidermal growth 

factor (EGF), TGF- and Wnt3, all essential signals for stem cells maintenance in 

culture (Sato et al. 2011). 

 

The Wnt pathway is the major driver of epithelial cell renewal, and Wnt-mediated 

activation of the bipartite transcription factor -catenin/TCF is the central event in 
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establishing migratory pathways of cells in development, as well as in 

maintaining cellular boundaries in the intestinal epithelium (Batlle et al. 2002; Koo 

et al. 2014). Also Notch ligands are essential for the homoeostasis of intestinal 

stem cells, and Notch signalling promotes the preferential development of IECs 

and inhibition of secretory cell lineage differentiation (Koo et al. 2009). 

Conversely, inhibition of Notch signalling leads to the conversion of all epithelial 

cells into goblet cells (van Es et al. 2005). Neurogenin 3 promotes the 

development of a bipotential secretory progenitor to enteroendocrine cell rather 

than goblet cell fate (López-Díaz et al. 2007). Paneth cells appear and begin to 

express -defensins in the first trimester of gestation in humans and, after birth, 

the gene products of murine Paneth cells and the intestinal microbiota exert a 

reciprocal influence on each other. Wnt signalling is required for Paneth cell 

maturation and expression of anti-microbial peptides (McGuckin et al. 2013). It 

has been shown that crypt base columnar stem cells can be grown into budding 

cysts containing crypt- and villus-like domains, and harboring all 4 common 

lineages (IECs, enteroendocrine cells, goblet cells and Paneth cells), and these 

epithelial cysts can be expanded in culture over years (Sato et al. 2009). These 

structures, called intestinal organoids, can also be established from human Lgr5+ 

cells (Jung et al. 2011). 

 

IELs – Phenotype, functions and development 

 

IELs can be divided into “conventional” or “type A” IELs, which express a T cell 

receptor (TCR) in addition to the co-receptors CD8 or, less frequently, CD4, 

and are thought to derive from naïve T cells that have been activated in 

secondary lymph nodes; and “unconventional” or “type B” IELs, which lack 

CD8 and CD4, express either a TCR or a TCR, and typically express the 

activation marker CD8, thought to derive from agonist-selected autoreactive 

thymocytes (Mowat et al. 2014). 
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IELs share functional and phenotypical characteristics that distinguish them from 

lymphocytes present at other sites. In particular, IELs are almost exclusively T 

cells, and comprise a high proportion of  T cells. IELs are antigen-experienced, 

however they do not express the activation marker CD25. IELs are largely 

cytotoxic and display constitutive cytolytic activity driven by various pathways, 

including serine proteases, perforin release, and Fas-Fas ligand (FasL)-mediated 

programmed cell death, but they release only small amounts of cytokines 

(Cheroutre et al. 2013). CD8+TCR
+ IELs, which represent the majority of 

IELs in the small intestine, can be rapidly activated and provide immediate 

cytotoxic function. CD4+TCR
+ IELs include the classical Th1, Th2, Th17 and 

regulatory T cell (Treg) subsets. Treg IELs are particularly enriched in the small 

intestine, and can suppress other IEL subtypes (Cheroutre et al. 2013).



 IELs play an important role in preserving epithelial integrity, as suggested by 

the observations that  IEL-deficient mice have a defective expression of claudin 

3 and zonula occludens-1 in tight junction complexes and are more susceptible 

to epithelial transmigration of Salmonella typhimurium (Dalton et al. 2006), and 

are more susceptible to dextran sulfate sodium (DSS)-induced colitis due to lack 

of keratinocyte growth factor (Chen et al. 2002). Moreover,  IELs migrate close 

to IECs in direct contact with bacteria and limit the possible penetration of luminal 

microorganisms by releasing anti-microbial peptides (Ismail et al. 2009; Edelblum 

et al. 2015). It has been shown that, upon exposure to Salmonella or to 

commensals, IECs release IL-23, which in turn stimulates  IELs to produce IL-

22, and this latter triggers the synthesis of angiogenin 4 by Paneth cells (Walker 

et al. 2013). Among unconventional IELs, one subset has been identified which 

displays a repertoire of TCRs with a pattern of MHC restriction that does not 

overlap with that of CD4+ or CD8+ T cells, indicating that these IELs sense 

antigens that are not recognised by conventional T cell subsets (Mayans et al. 

2014). 
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Differently from the steady state, under inflammatory conditions, IELs may 

disrupt the epithelial integrity, and the close proximity of IELs with IECs may 

become a detrimental factor. Indeed, IELs can also produce IFN- and TNF-, 

and, in active coeliac disease, NKG2D receptors expressed by IELs may trigger 

potent cytotoxicity upon binding MHC class I polypeptide-related sequence 

(MIC)A on IECs (Hue et al. 2004). 

 

In the human intestinal epithelium, infiltration of T cells occurs from 12 to 14 

weeks of gestation, then IELs continue to rise. IEL distribution depends partly on 

age, species and environmental conditions. Germ-free mice have a markedly 

reduced number of IELs, and conventional IELs are especially depleted (Round 

et al. 2009). After birth, the increase in TCR IELs is not seen in germ-free 

conditions, indicating that their accumulation depends on the intestinal microbiota. 

Neonatal or foetal thymus grafting studies have demonstrated that all IELs are 

thymus-derived, but further maturation occurs in the intestine (McGuckin et al. 

2013). 
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1.1.3 The intestinal barrier 

 

The intestinal barrier is formed by the intestinal epithelium, by the mucus system, 

and by anti-microbial peptides released by IECs and Paneth cells (McGuckin et 

al. 2013). The tight junctions between IECs are another important component of 

the intestinal barrier, as they are rate-limiting for paracellular absorption of 

luminal contents (Watson 2015). 

 

The intestinal barrier protects against physical, chemical and biological insults, is 

selectively permeable at homoeostasis, prevents the direct contact between the 

luminal contents and the mucosal immune system, and regulates the interactions 

between microbial and dietary antigens and the different cell types populating the 

intestinal mucosa (Turner 2009). Although the large absorptive area of the 

intestinal epithelium could favour the persistence of microorganisms, the low 

bacterial concentration in the small intestine suggests that there are efficient 

mechanisms in place to prevent extensive bacterial colonisation of the epithelium. 

In particular, the physical separation and the tightly regulated interaction between 

the intestinal microorganisms and the epithelial surface, ensured by the intestinal 

barrier, have emerged as important factors for maintaining host-intestinal 

microbiota homoeostasis (Johansson et al. 2011). 

 

Tight junction and paracellular flux regulation 

 

There are at least two distinct pathways of paracellular flux, the so-called “leak 

pathway” and “pore pathway”, that depend on the regulation of tight junction 

protein expression by different cytokines (Turner et al. 2014). The main 

determinant of paracellular permeability is the expression of claudin family 

members and occludin within the tight junctions. In particular, it was originally 

observed in a murine model of T cell-mediated acute diarrhoea that TNF- 

activates myosin light chain kinase (MLCK), which in turn promotes endocytosis 

of the tight junction protein occludin within IECs, thereby enhancing the 
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paracellular permeability via the leak pathway (Clayburgh et al. 2005). On the 

other hand, IL-13 increases paracellular permeability via the pore pathway in 

intestinal epithelial monolayers in vitro by up-regulating claudin 2 expression 

within the tight junctions (Weber et al. 2010). 

 

Goblet cells and the intestinal mucus system 

 

Mucus is a highly hydrated viscous secretion released by goblet cells and 

permeable to macromolecules, and its main components are polymeric mucin 

glycoproteins. Goblet cells store large amounts of mucin granules which can be 

rapidly released in response to microbial or inflammatory signals (Birchenough et 

al. 2015). 

 

The main constituent of intestinal mucus is the MUC2 mucin, which needs to be 

appropriately folded in the endoplasmic reticulum before release, and is present 

in a polymeric form, resulting in the formation of enormous net-like polymeric 

sheets (Ambort et al. 2012). Other typical mucus components are FCGBP, 

CLCA1, ZG16, and AGR2 (Birchenough et al. 2015). It has been shown that 

mutated MUC2 accumulates into the endoplasmic reticulum as a result of 

misfolding, and this process leads to the development of experimental colitis 

(Heazlewood et al. 2008). The regulatory cytokine IL-10 can reduce protein 

misfolding and endoplasmic reticulum stress and promotes intestinal mucin 

production (Hasnain et al. 2013). MUC2 is synthesised as a transmembrane 

protein, and in the small intestine it is cleaved by meprin , which, in turn, is 

anchored to IEC membrane and needs to be cleaved by bacteria in order to be 

able to access MUC2. This is in keeping with the observation that, while in 

normal conditions mucus can be removed easily from the surface of the small 

intestine, in germ-free mice MUC2 mucin remains anchored to the goblet cells 

(Schütte et al. 2014). Moreover, germ-free mice have a decreased number of 

goblet cells and a reduced size of goblet cell granules, together with a 
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paradoxically thicker mucus layer, possibly due to reduced mucin degradation 

(Kandori et al. 1996; McGuckin et al. 2013). 

 

While in the small intestine there is a single layer of mucus, in the colon the 

mucus system is composed of an outer, looser layer, which can be easily 

removed and is highly populated by microorganisms, and of a dense inner layer, 

which is attached to goblet cells and is largely void of bacteria (Johansson et al. 

2008; Ermund et al. 2013). The pore size of the inner mucus layer hampers 

penetration of bacteria and luminal content, and endogenous proteases are 

responsible for the conversion of the inner layer into the outer one (Johansson et 

al. 2008). It has been shown that the outer mucus layer hosts a distinct microbial 

niche, including bacteria without specialised mucolytic capacity (Li et al. 2015). 

Mucus is continuously renewed by goblet cells, and this pushes microorganisms 

away from the epithelial surface toward the intestinal lumen. Moreover, without 

the mucus the anti-microbial peptides released by Paneth cells and IECs would 

be quickly diluted in the luminal content and would not be able to maintain 

microorganisms away from the epithelium (McGuckin et al. 2011). 

 

In addition to structural mucus components, goblet cells also release resistin-like 

molecule /found in inflammatory zone (RELM/FIZZ)2, which is also induced by 

IL-13 and plays an important effector role in counteracting nematode infections 

(Artis et al. 2003). Parasitic helminth infections trigger marked goblet cell 

hyperplasia and mucus hypersecretion via a Th2 response. In particular, IL-13 

has been shown to directly induce goblet cell hyperplasia and release of 

RELM/FIZZ2 via STAT6 signalling (Oeser et al. 2015). In addition, both IL-9 and 

IL-17E, also known as IL-25, promote goblet cell hyperplasia and mucus 

hypersecretion via IL-13-dependent pathways (Steenwinckel et al. 2009). Finally, 

IL-22-deficient mice show that goblet cell hyperplasia observed in response to 

parasitic infection is defective despite high levels of IL-4 and IL-13 (Turner et al. 

2013). 
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Intestinal anti-microbial peptides 

 

Intestinal anti-microbial peptides may be expressed constitutively or may be 

induced by exposure to microbial antigens, are typically activated by proteolysis, 

and in humans include defensins, cathelicidin LL-37, lysozyme C, 

phospholipases, and C-type lectins (Bevins et al. 2011). 

 

Defensins comprise - and -defensins, are major constituents of Paneth cells 

granules, and are present at high concentration at the point of release. Human 

Paneth cell -defensins comprise human -defensin 5 and human -defensin 6, 

and are expressed constitutively in the small intestine, whereas human -

defensins, which are expressed ubiquitously by several different cell types, 

including colonic IECs, are mostly inducible (Bevins et al. 2011). In addition to 

their disruptive effect on the microbial wall, defensins can exert other actions, as 

displayed by the chemoattractant activity of human -defensin 1 and human -

defensin 2 for cells expressing CCR6 (Yang et al. 1999). While pro--defensins 

in mouse small intestine are activated intracellularly by matrix metalloproteinase 

(MMP)-7 cleavage, human Paneth cells store unprocessed pro--defensin which 

is activated after secretion by trypsin (Ghosh et al. 2002). It has been shown that 

mouse pro--defensin can also be activated in the intestinal lumen by host and 

microbial proteases (Mastroianni et al. 2012).



Human cathelicidin LL-37 is expressed by neutrophils and IECs mainly in the 

small intestine, is activated by proteinase 3, prevents LPS from binding TLR4, 

and exerts a variety of immune effects, including chemotactic action on 

neutrophils and stimulation of the inflammasome activation (Vandamme et al. 

2012; Kahlenberg et al. 2013). Lysozyme C, which can specifically hydrolyse 

peptidoglycan, and phospholipases, which degrade both 

phosphatidylethanolamine and phosphatidylglycerol in the bacterial wall, are 

expressed mainly by Paneth cells and macrophages (Bevins et al. 2011). The 

main lectin in human Paneth cells is Reg3, which is under the control of MyD88 
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and, after activation by trypsin, can bind to peptidoglycan and is bactericidal 

against Gram-positive species (Salzman et al. 2013). A reduction of the intestinal 

microbiota following antibiotic treatment down-regulates IEC expression of Reg3, 

the mouse orthologue of Reg3 (Brandl et al. 2008). 

 

Th17-associated cytokines, such as IL-17A, IL-17F and IL-22 enhance the 

production of the anti-microbial molecules lipocalin-2 and calprotectin by IECs, 

and both IL-17A and IL-17F stimulate intestinal production of -defensins (Aujla 

et al. 2008; Ishigame et al. 2009; Raffatellu et al. 2009). These mechanisms 

potentially prevent bacterial dissemination from the intestinal mucosa, as 

suggested by the increased translocation of S. typhimurium to MLNs and spleen 

in mice lacking IL-17 receptor (IL-17R)A (Raffatellu et al. 2008). Interestingly, IL-

13, but not IFN-, has been shown to induce Paneth cell degranulation and 

release of anti-microbial peptides, suggesting that IL-13 may contribute to host 

defense and host-microbial homoeostasis (Stockinger et al. 2014). 

 

Anti-microbial peptides play an important role in defense from pathogens, as 

exemplified by the observation that transgenic mice expressing human -

defensin 5 or human -defensin 6 show enhanced survival upon challenge with S. 

typhimurium via the formation of nanonets, which bind to the surface proteins 

and entangle the bacteria (Chu et al. 2012; Salzman et al. 2013). Anti-microbial 

peptides exert an important influence on the composition of the intestinal 

microbiota, as shown by the observations of SFB depletion in the small intestine 

of transgenic mice expressing human -defensin 5, and of increased bacterial 

colonisation of the epithelial surface, with consequent humoral and Th1 response 

activation, in Reg3-deficient mice (Salzman et al. 2010; Vaishnava et al. 2011). 

Moreover, in the intestinal microbiota of MMP-7-/- mice, which lack mature -

defensins, the relative abundance of Firmicutes is increased and Bacteroidetes 

are depleted, whereas transgenic mice expressing human -defensin 5 show the 

reciprocal change in intestinal microbiota composition (Salzman et al. 2010). 



 

 
41 

1.1.4 T cell populations in the intestinal lamina propria during 

homoeostasis 

 

In the normal intestine, T cells constitute one third of the cells present in the 

lamina propria and in the GALT, and TCR T cells are predominant 

(MacDonald et al. 2011). Unlike in the epithelium, in the lamina propria CD4+ and 

CD8+ T cells are present at a ratio of approximately 2:1, and are thought to 

derive mainly from T cells that have been primed in secondary lymphoid organs 

(Mowat et al. 2014). The number and activity of lamina propria T lymphocytes (T-

LPLs) is regulated in order to ensure that intestinal homoeostasis is the default 

pathway and that the onset of spontaneous inflammation is prevented (Maynard 

et al. 2009). The various T cell phenotypes, including Tregs, Th1, Th2 and Th17 

cells, are differentially represented in the intestinal lamina propria during 

homoeostasis. 

 

The expression of 47 integrin on the cell surface provides T-LPLs with the 

ability to bind to mucosal addressin cell adhesion molecule (MAdCAM)-1, 

expressed on endothelial cells of the lamina propria microvasculature 

(MacDonald et al. 2013). The vitamin A metabolite all-trans retinoic acid drives 

intestinal homing of T cells present in PPs by inducing 47 integrin and CCR9 

expression on their cell surface (Iwata et al. 2004). 

 

Intestinal lamina propria Tregs – Phenotype and differentiation 

 

The normal lamina propria and the GALT are home to a relatively high number of 

Tregs (Maynard et al. 2009). Tregs are CD4+ T cells characterised by the 

expression of Foxp3, and can be defined as T cells able to suppress naïve T cell 

proliferation both in vitro and in vivo (O'Garra et al. 2004; Izcue et al. 2009). Two 

major Treg populations have been described, which have been designated as 

naturally occurring and induced Tregs (O’Garra et al. 2004; Barnes et al. 2009). 

Naturally occurring Tregs originate in the thymus, whereas naïve CD4+ T cells 
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can differentiate into induced Tregs when activated by TCR stimulation in the 

presence of TGF- and IL-2 (Chen et al. 2003; Barnes et al. 2009). TGF- plays 

an important role in the differentiation of naïve T cells into Tregs. Mice lacking the 

binding site for Smad3 on the Foxp3 locus, with consequently impaired TGF- 

signalling, have a decreased number of Tregs selectively in the intestine 

(Schlenner et al. 2012). Treg differentiation is promoted by the release of TGF- 

and retinoic acid by CD103+ DCs (Mangan et al. 2006; Coombes et al. 2007; 

Mucida et al. 2007; Sun et al. 2007; Li et al. 2008). These latter, in turn, develop 

upon the action of epithelium-derived TGF-, retinoic acid and TSLP (Rescigno 

et al. 2009), and have the ability to release TGF- upon in vitro stimulation with 

Lactobacillus paracasei and with Bifidobacterium breve culture supernatants 

(Bermudez-Brito et al. 2012; Bermudez-Brito et al. 2013). 

 

Effector T-LPLs – Phenotype and differentiation 

 

A substantial proportion of CD4+ T-LPLs at the steady state have the phenotype 

of effector-memory T cells, being CD45RO+, CD62lo, CD69hi, CD25+, Fas+ and 

FasL+ (MacDonald et al. 2013). Effector T-LPLs can be classified into Th cell 

types according to their expression of specific transcription factors and cytokines.  

 

Th1 cells are characterised by the expression of the transcription factor T-bet and 

the release of IFN- (Neurath et al. 2002). IL-12 is an important factor driving the 

development of Th1 cells, however it is mainly expressed by DCs in peripheral 

lymphoid tissue (Hue et al. 2006). IL-23 can induce IFN- release by memory 

CD4+ T cells, hence it has been suggested that during homoeostasis lamina 

propria Th1 cells are induced by an IL-23-dependent pathway or migrate to the 

lamina propria following induction in the periphery (Maynard et al. 2009). 

 

Th2 cells are characterised by the expression of the transcription factor GATA3 

and the release of IL-4, IL-5 and IL-13 (Neurath et al. 2002). Epithelium-derived 

IL-17E, also known as IL-25, is a major driver of Th2 differentiation (Fort et al. 
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2001). The main mechanism driving Th2 cell development is IL-4-mediated 

STAT6 activation, however Th2 cell differentiation may also occur in the absence 

of the IL-4/STAT6 pathway (Zhu 2015). 

 

Th17 cells are characterised by the expression of IL-23 receptor (IL-23R), CCR6 

and the transcription factor RORc, and by the release of IL-17A, IL-17F, IL-21 

and IL-22 (Zhou et al. 2007; Korn et al. 2009). Th17 cells are induced by a 

combination of IL-6 and TGF-, and their expansion is promoted by IL-23 (Zhou 

et al. 2007). IL-21 produced by Th17 cells, in turn, stimulates their expression of 

the IL-23R, further expanding this cell subtype by a positive autoregulatory 

feedback loop (Sarra et al. 2010). 

 

One further type of effector T cells has been reported, namely Th9 cells, which 

are characterised by the production of IL-9 and can be induced by antigenic 

stimulation of naïve T cells in the presence of TGF- and IL-4 (Dardalhon et al. 

2008), however their presence and function in the intestinal lamina propria at 

homoeostasis is currently unclear. 

 

Finally, natural killer T (NKT) cells are non-conventional T cells which express 

CD161 and recognise endogenous and/or exogenous glycolipid antigens when 

presented by the MHC class I-like molecule CD1d (Middendorp et al. 2009). NKT 

cells may express an invariant TCR chain which pairs with multiple TCR 

chains and responds to -galactosylceramide, hence these are called invariant 

NKT (iNKT) cells. Alternatively, NKT cells may express a diverse set of TCR 

chains, responding to a less well characterised group of lipid antigens, and are 

therefore named non-invariant NKT cells (Middendorp et al. 2009). NKT cells are 

present in the lamina propria at homoeostasis, however their precise function in 

this condition is unclear (O'Keeffe et al. 2004). 
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Functional properties of T-LPLs 

 

In the normal intestinal lamina propria, Tregs and effector T-LPLs are in close 

proximity to each other, suggesting that Tregs may exert a dominant suppressive 

action on effector T-LPL development (Maynard et al. 2009). Tregs exert their 

function by producing the anti-inflammatory cytokines IL-10 and TGF-, and by 

preventing both the activation and the effector function of T-LPLs that have 

escaped other mechanisms of tolerance (Valencia et al. 2006). 

 

In the intestinal lamina propria, Th1 cells are essential in the elimination of 

intracellular pathogens and viruses, whereas Th2 cells are protective against 

parasites (Neurath et al. 2002). Th1 cells are normally present in the intestinal 

lamina propria, whereas Th2 cells are rare or absent in the normal uninfected 

intestine, and this is likely to reflect the relative scarcity of parasites in the 

intestinal microbiota of humans living in countries with good hygienic conditions 

(Maynard et al. 2009). Th17 cells are well represented in the normal intestinal 

lamina propria, where they promote IL-17A-mediated neutrophil recruitment and 

play an important role in defense against extracellular bacteria and fungi (Korn et 

al. 2009). Moreover, Th17-associated cytokines, such as IL-17A, IL-17F and IL-

22, play an important role in mucosal immune responses to bacteria and favour 

epithelial barrier restitution and repair during resolution of inflammation (Maloy et 

al. 2008; Blaschitz et al. 2010). 

 

T cell phenotype plasticity 

 

It has been observed that T cells polarised towards a Th17 phenotype can shift 

toward a Th1-like phenotype in response to IL-12 (Xu et al. 2007). Th1/Th17 cells, 

which release both IFN- and IL-17A, have also been identified (Harrington et al. 

2005; Annunziato et al. 2007). Along a similar line, T cells cultured under mixed 

Th1 and Th2 conditions display a continuum of cytokine expression, with some 

IFN-+, some CD4+, and some double positive cells (Antebi et al. 2013).  
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Moreover, numerous data indicate that Tregs are characterised by substantial 

instability, especially when exposed to pro-inflammatory cytokines. It has been 

reported that Tregs stimulated with IL-6 can repress the expression of Foxp3 and 

express IL-17A, thereby acquiring the phenotype of Th17-like cells, which 

suggests that mature Tregs can become Th-like cells (Lee et al. 2009a). It has 

also been observed that, following peroxisome proliferator-activated receptor 

(PPAR), Th17 cells undergo phenotype switch and become Tregs (Carbo et al. 

2013). Furthermore, it has been observed using human naïve T cells that the 

addition of TGF- to IL-1, IL-6 and IL-23 leads to the differentiation of Th17 cells 

with immunosuppressive properties (Chalmin et al. 2012). 

 

Very little is known about the mechanisms underlying CD4+ T cell plasticity in the 

intestinal mucosa, however both microbial and dietary factors are likely to play an 

important role in this process, and the immunologic milieu surrounding a 

particular T cell appears to be an essential determinant for its phenotype 

(Brucklacher-Waldert et al. 2014). 

 

Effects of TGF- on T cell differentiation 

 

TGF- exerts important effects on T-LPLs. In addition to its role in Treg 

differentiation, TGF- inhibits the development of intestinal Th1 cells. This is 

indicated by the increased frequency of colonic Th1 cells in mice with a T cell-

specific deletion of Tgfb1 gene (Li et al. 2007). TGF- is essential for the 

prevention of Th1-mediated colitis following adoptive naïve T cell transfer in 

immunodeficient mice (Powrie et al. 1996). Culture of biopsies and lamina 

propria mononuclear cells (LPMCs) from human normal colon and ileum with an 

anti-TGF- neutralising antibody up-regulates IFN- production and T-bet 

expression (Di Sabatino et al. 2008). It has been observed that TGF- induces 

overexpression of micro-RNA-155 in human T-LPLs, and that this is associated 

with down-regulation of IL-2 and IFN- expression (Das et al. 2013). 
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The role of TGF- on Th17 cell differentiation is controversial, and has been 

studied mainly in other tissues and organs than the intestine. In the presence of 

IL-6, TGF- promotes the development of Th17 cells from murine naïve splenic T 

cells (Mangan et al. 2006; Yang et al. 2008) by inducing the expression of 

transcription factors RORt and ROR (Yang et al. 2008). Moreover, in the 

absence of TGF-, murine Th17 cells from the spleen and lymph nodes cultured 

with IL-12 and IL-23 start producing IFN- and stop releasing IL-17A and IL-17F 

(Lee et al. 2009b). However, TGF- blockade increases the production of IL-17A 

by both biopsies and LPMCs from human normal ileum and colon, which 

indirectly suggests an inhibitory effect of TGF- on Th17 differentiation (Di 

Sabatino et al. 2008). It has also been hypothesised that the gene expression 

profile of Th17 cells may be influenced by the presence or absence of TGF-. 

Indeed, stimulation of murine myelin-reactive Th17 cells with TGF- and IL-6 

abrogates their pathogenic function by inducing the production of the anti-

inflammatory IL-10 despite up-regulation of IL-17A (McGeachy et al. 2007). 

 

Effects of the intestinal microbiota on T-LPL differentiation 

 

Both the presence and the composition of the intestinal microbiota exert an 

important influence on the number and maturation of T-LPLs. Germ-free mice 

have fewer T-LPLs and impaired T cell homing and, following microbial 

colonisation, T-LPLs return to normal levels (Round et al. 2009). Colonisation of 

germ-free mice with human intestinal microbiota restores mucosal T cell numbers 

only partially, and mouse intestinal microbiota is required for full immune 

maturation and optimal protection from Salmonella infection (Chung et al. 2012).  

 

The symbiont Clostridia-related microorganism segmented filamentous bacterium 

(SFB) has the ability to potently induce Th17 cell differentiation in the small 

intestine, however SFB colonisation has protective effects on the host (Ivanov et 

al. 2009). SFB appear to colonise preferentially the surface of PPs, where they 
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can orchestrate mucosal T cell immunity at the inductive site. It has been shown 

using a bacterium-host cell co-culturing system that SFB growth in vitro induces 

a strong inflammatory and anti-microbial host response, with the transcription of 

TNF- and IL-1 and lactoferrin, and promotes an immunological environment 

that favours recruitment of neutrophils, T and B cells, and the transmigration of 

IgA (Schnupf et al. 2015). Colonisation of mice by a defined mix of Clostridium 

strains enhances colonic Treg number and function (Atarashi et al. 2011). Finally, 

short-chain fatty acids, such as butyrate, produced by bacteria in the large 

intestine, promote the development of colonic Tregs (Furusawa et al. 2013; 

Smith et al. 2013). 
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1.1.5 The humoral intestinal mucosal immune response 

 

The humoral immune response in the intestinal mucosa is mainly characterised 

by the production of antigen-specific SIgA by lamina propria plasma cells, and 

plays an important role in maintaining mucosal immune homoeostasis 

(Macpherson et al. 2005).  

 

Differentiation of intestinal lamina propria plasma cells 

 

Plasma cells are relatively abundant in the healthy intestinal lamina propria, and 

derive from B cells primed by luminal antigens in the GALT, a process which 

triggers B cell proliferation and differentiation, somatic hypermutation with 

commitment to IgA production by class switch recombination, and induction of 

regional homing molecules to specific parts of the intestine (Brandtzaeg et al. 

2008). During this process, activated B cells gradually lose CD19, CD20 and B 

cell receptor (BCR) expression (Brandtzaeg et al. 2013). B cells then enter 

lymphatic and blood vessels and, after about 14 days since antigen exposure, 

enter the intestinal lamina propria and differentiate into long-lived plasma cells 

that release IgA (Hapfelmeier et al. 2010). 

 

Interaction with the intestinal microbiota plays an important role in early B cell 

development in the lamina propria, in shaping the BCR repertoire, and in 

determining SIgA induction and composition (Hapfelmeier et al. 2010; 

Wesemann et al. 2013). Mucosal SIgA is nearly absent from germ-free mice 

(Benveniste et al. 1971). Upon colonisation, mice develop a long-lasting SIgA 

response, which is specific for the introduced species. In response to 

colonisation, SIgA induction occurs as a stepwise rather than a prime-boost 

response, and introduction of other microbial species shifts the specificity of the 

SIgA response against the new microbiota (Hapfelmeier et al. 2010). 
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IgA – Synthesis and release as SIgA in the intestinal lumen 

 

Humans have two IgA subclasses (IgA1 and IgA2), encoded by two distinct 

constant region genes. While plasma IgA occurs in a monomeric, four chain form, 

with two heavy  chains and two light  or  chains, in the intestinal lumen the 

most abundant form of IgA is SIgA, formed by two (IgA dimers) or four (IgA 

polymers, pIgA) monomeric IgA, one molecule of J chain and an additional 

glycoprotein, the secretory component (SC), acquired during transcytosis through 

IECs (Kaetzel et al. 2013). The daily production of IgA exceeds that of all other Ig 

types, and more than 50% of the total IgA in the human body is synthesised in 

the intestinal lamina propria and actively released as SIgA in the lumen. 

 

IgA are released in the intestinal lumen as SIgA via transcytosis through IECs. 

The model for the common epithelial transcytosis of IgA dimers and pIgA was 

proposed in 1974 (Brandtzaeg 1974). In particular, once released in the lamina 

propria, IgA dimers and pIgA bind to the polymeric Ig receptor (pIgR) on the 

basolateral surface of IECs. The pIgR-bound IgA is subsequently translocated 

via transcytotic vesicles to the luminal surface of IECs, where the pIgR is cleaved 

from the cell membrane and becomes the SC of SIgA, and ultimately the pIgR-

IgA complex is released in the intestinal lumen as SIgA (Brandtzaeg 1974; 

Mostov et al. 2003). Normally, pIgR expression by IECs is high in order to 

maintain an adequate release of IgA in the lumen, and is regulated by both 

microbial and host factors. The expression of pIgR is reduced in IECs of germ-

free mice, and is up-regulated by bacterial-derived butyrate and by pro-

inflammatory cytokines, including IFN-and TNF-, produced in response to 

bacterial antigens (Schneeman et al. 2005). 

 

Effects of TGF- on the induction of SIgA  

 

TGF- plays an important role in inducing the production of SIgA (Cerutti et al. 

2008; Cong et al. 2009). This has been demonstrated in different experimental 
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models: mice deficient for the inhibitory protein Smad7 show enhanced isotype 

switch to IgA (Li et al. 2006), and this process, conversely, is impaired in Smad2-

/- mice (Klein et al. 2006). Accordingly, TGF- receptor (TR)II-/- mice exhibit 

impaired SIgA responses both at the steady state and upon antigen stimulation, 

both systemically and in the intestine (Cazac et al. 2000). TGF- induces IgA 

class switch in cooperation with B cell activating-factor of the TNF family (BAFF), 

a proliferation-inducing ligand (APRIL), and IL-10 (Cerutti et al. 2008). Moreover, 

TGF- has a synergistic effect with retinoic acid, leading to enhanced IgA switch 

(Watanabe et al. 2010; Seo et al. 2013). DCs promote TGF--mediated induction 

of IgA class switch by up-regulating TRII expression on B cells through the 

production of inducible nitric oxide synthase (Tezuka et al. 2007). 

 

Functional properties of intestinal SIgA 

 

Intestinal SIgA reduce absorption of antigens from mucosal surfaces, a process 

called immune exclusion (Macpherson et al. 2015). In particular, SIgA can 

prevent microorganisms from gaining access to the epithelium by a sequential 

process involving formation of microbial aggregates (agglutination) through 

binding and cross-linking, entrapment in mucus, and clearance through 

peristalsis (Mantis et al. 2010). Of note, IL-21 produced by from microbiota-

specific Th17 promotes B cell trafficking to the intestine and SIgA production 

(Cao et al. 2015). On the other hand, certain pathogens can target SIgA to evade 

host defense. Despite the SC provides relative protection from proteolytic 

degradation and, unlike in peripheral blood, SIgA have a longer half-life 

compared to IgG in the protease-rich intestinal environment (Kaetzel et al. 2013), 

particular strains of Neisseria gonorrhoeae, Haemophilus influenzae and 

Streptococcus pneumoniae can secrete proteolytic enzymes that cleave specific 

post-proline peptide bonds within the extended hinge region of IgA1 (Senior et al. 

2000). The ability to release IgA-cleaving proteases is associated with virulence, 

as non-pathogenic strains are unable to produce proteolytic enzymes. 

Conversely, IgA2 lacks the susceptible aminoacid sequence, hence it is resistant 
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to proteolysis (Senior et al. 2000; Bonner et al. 2009). Moreover, IgA-cleaving 

proteases can inhibit phagocytic killing of S. pneumoniae by IgA1, but not IgA2, 

human anti-capsule monoclonal antibodies (Janoff et al. 2014). 

 

IgG transport and function in the intestinal mucosa 

 

While SIgA transport is unidirectional, the neonatal Fc receptor (FcRn), which is 

expressed in IECs throughout life, is responsible for the bidirectional transport of 

IgG between the lamina propria and the intestinal lumen (Pyzik et al. 2015). 

FcRn is expressed mostly in endosomes, and protects internalised IgG from 

degradation by diverting it away from lysosomes, thereby increasing half-life of 

circulating IgG (Akilesh et al. 2007). Unlike pIgR, FcRn is not cleaved once IgG is 

released, hence every FcRn molecule can mediate transport of multiple IgG. 

FcRn-mediated IgG transport is an important mechanism of antigen delivery to 

the mucosal immune system (Pyzik et al. 2015), and on the other hand it has 

been shown that pathogen-specific IgG are transported into the intestinal lumen 

by the FcRn (Yoshida et al. 2006). 

 

B cells, but not SIgA, are required for clearance of Citrobacter rodentium, a 

Gram-negative pathogenic bacterium widely used to model human infections with 

the attaching-and-effacing (A/E) human pathogens enteropathogenic Escherichia 

coli (EPEC) and enterohaemorrhagic E. coli (EHEC) (Maaser et al. 2004; Collins 

et al. 2014). The importance of mucosal IgG in the clearance of pathogens is 

illustrated by the observation that IgG specific for a virulence factor mediating 

epithelial attachment is released in the intestinal lumen of mice infected with C. 

rodentium, promoting engulfment and elimination by neutrophils. Conversely, 

phenotypically avirulent pathogens, which are unable to adhere to the epithelium, 

are eventually outcompeted by the intestinal microbiota (Kamada et al. 2015). 
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1.1.6 Oral tolerance to food and microbial antigens 

 

Oral tolerance can be defined as a state of both local and systemic 

unresponsiveness to orally administered and luminal antigens, such as dietary 

and microbial components (Brandtzaeg 2011; Pabst et al. 2012). The two main 

mechanisms by which oral tolerance is induced are the generation of Tregs, and 

the clonal deletion and anergy of T cells, depending on the dose of antigen 

administered. 

 

Main mechanisms of oral tolerance 

 

In human healthy volunteers, feeding with keyhole limpet haemocyanin (KLH), an 

antigen used in earlier studies of oral tolerance, has been shown to suppress the 

antigen-specific Th1 response of subsequent parenteral immunisation (Kapp et al. 

2010). The first event in the induction of oral tolerance is the antigen uptake from 

the intestinal lumen. This occurs not only in GALT, but also in the epithelium 

overlying effector sites, and it has been observed that antigen-loaded CD11c+ 

DCs are present in mouse lamina propria within minutes from dextran or 

ovalbumin feeding (Chirdo et al. 2005). Subsequently, antigens disseminate via 

lymph or blood and generate systemic tolerance, and the key event for this is 

antigen transport by CD103+ DCs to the MLNs, where Treg generation occurs 

(Pabst et al. 2012). CD103+ DCs are particularly potent in inducing the 

development of Tregs and in promoting the expression of intestinal homing 

molecules on T cells (Sun et al. 2007; Jaensson et al. 2008). Upon generation in 

the MLNs, Tregs can then enter the systemic circulation via lymphatic vessels, 

and ultimately home to the intestinal mucosa where they exert their suppressive 

function on effector T cells. Oral tolerance requires both the generation of Tregs 

in MLNs and 7-dependent ability of Tregs to home to the intestinal lamina 

propria (Hadis et al. 2011). Accordingly, CCR9-deficient mice display impaired 

oral tolerance, which can be restored upon transfer of wild-type T cells (Cassani 

et al. 2011). Within the lamina propria, Tregs undergo secondary expansion, and 
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local IL-10 is needed to maintain mucosal Treg function, both in the small bowel 

and in the colon (Murai et al. 2009; Hadis et al. 2011). 

 

Exposure to a high dose of antigen is considered to induce oral tolerance via 

another mechanism, namely clonal deletion and anergy of T cells (Weiner et al. 

2011), however it has been observed that Tregs can also be generated when 

using high doses of antigen (Siewert et al. 2008). 

 

Oral tolerance to the intestinal microbiota 

 

While oral tolerance to dietary components occurs in the small intestine, immune 

tolerance to the intestinal microbiota is mainly induced in the colon (Pabst et al. 

2012). Upon recognition of the intestinal microbiota, the mucosal immune system 

should trigger a stimulatory response in the case of pathogens, and a tolerogenic 

response in the case of commensal species (Chistiakov et al. 2015). Colonisation 

of germ-free mice with Bacteroides fragilis promotes the conversion of CD4+ T 

cells into IL-10-producing Tregs (Round et al. 2010). Similarly, colonisation of 

germ-free mice with Clostridium-containing human microbiota promotes the 

differentiation of mucosal IL-10-producing Tregs, thereby ameliorating 

trinitrobenzenesulfonic acid (TNBS)-induced colitis (Atarashi et al. 2011; Atarashi 

et al. 2013). Interaction with the colonic commensal microbiota results in the 

preferential generation of antigen-specific Tregs rather than effector T cells, and 

the TCR repertoire of colonic Tregs is influenced by the composition of the 

intestinal microbiota (Lathrop et al. 2011; Cebula et al. 2013). Regular stimulation 

by microbial antigens contributes to maintaining Tregs in the lamina propria, as 

suggested by the decrease in Treg proliferation in MLNs and GALT of mice 

treated with long-term antibiotics; however, this mechanism does not appear to 

be dependent on TLR stimulation, since mice deficient for various TLRs show 

normal, or even enhanced, Treg development (Atarashi et al. 2011; Cording et al. 

2013). 
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Additional mechanisms contributing to oral tolerance 

 

During homoeostasis, a number of mechanisms are in place to prevent abnormal 

intestinal immune activation following the interaction with the components of the 

luminal content. Colonic IECs discriminate between different commensal bacteria 

by producing different cytokine patterns, and the probiotic Lactobacillus 

rhamnosus can suppress pro-inflammatory cytokine production induced by other 

commensals (Lan et al. 2005). Moreover, colonic IECs have the ability to 

suppress the proliferation and to prevent activation of T cells (Cruickshank et al. 

2004). In the normal intestinal epithelium, TLR2 and TLR4 are expressed at low 

levels on the apical surface of IECs, thereby limiting the interaction with the 

intestinal microbiota and consequent possibility of an aberrant stimulatory 

immune response (Abreu et al. 2003). TLR5 is expressed only on the basolateral 

colonic IEC membrane, in the optimal position to detect flagellin and trigger an 

immune response only in case of epithelial injury (Gewirtz et al. 2001). Moreover, 

differentiated IECs have the ability to dampen the potential pro-inflammatory 

effects of PRR-mediated signals received from the apical side, whereas PRR 

signalling from the basolateral side stimulates the release of defensins in order to 

combat the infection (Artis 2008).  

 

Extraintestinal effects of oral tolerance 

 

Oral tolerance exerts an important influence on immune response not only in the 

intestinal mucosa, but also systemically and in other organs. Oral administration 

of polysaccharide A from B. fragilis protects mice from experimental autoimmune 

encephalomyelitis, with a process mediated by the induction of IL-10-producing 

Tregs in GALT (Ochoa-Repáraz et al. 2010). B. fragilis polysaccharide A has 

also been shown to enhance the development and the suppressive action of 

human Tregs in vitro (Telesford et al. 2015). Induction of oral tolerance to the 

triggering autoantigen has proved to be effective in the prevention of both 

experimental autoimmune encephalomyelitis, induced by immunisation with 
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myelin basic protein, and experimental arthritis, induced by collagen type II (Faria 

et al. 2006). However, autoimmune disease in humans is typically characterised 

by response to multiple autoantigens. This potential limitation to the application of 

oral tolerance is circumvented by the bystander suppression of Tregs, which, 

despite bearing an antigen-specific TCR, can inhibit local T cells in an antigen 

non-specific manner (Elson et al. 2013). 

 

Another important limitation to the application of oral tolerance in human 

autoimmune disease is that the immune response to the autoantigen has already 

been established. It has however been shown that KLH feeding in previously 

immunised humans decreases the proportion of IL-17A+ antigen-specific T cells 

at the end of the feeding, and increases IL-10+ T cells after re-immunisation 

(Hostmann et al. 2015). The mechanisms underlying the extraintestinal effects of 

oral tolerance are not entirely clear, however it has been speculated that they 

may be mediated by a fraction of the Tregs that have expanded in the lamina 

propria and have then entered the systemic circulation via the draining 

lymphatics or via the bloodstream (Pabst et al. 2012). 
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1.1.7 Compartmentalisation of the intestinal mucosal immune system 

 

Both the constituents and the organisation of the mucosal immune system 

display important distinctions between the different compartments of the gastro-

intestinal tract. The largest amount of lymphoid tissue in the gastro-intestinal tract 

is contained in the small intestine and in the colon, which constitute structurally, 

immunologically and functionally distinct compartments (Bowcutt et al. 2014). 

 

Structural differences between small and large intestine 

 

The small intestine is specialised for the digestion and absorption of food, 

whereas the primary function of the colon is water re-absorption and elimination 

of undigested luminal content. The mucosa of the small intestine is organised 

into multiple finger-like villi, and the luminal side of epithelial cells is shaped into 

an extensive brush border of microvilli that contain digestive enzymes, hence 

having an optimal structural organisation for nutrient absorption. Villi become 

shorter progressing through the small intestine, and are absent in the colon. In 

the small intestine, crypts contain undifferentiated proliferating progenitor cells, 

whereas villi are populated by differentiated non proliferating cells. A similar 

organisation exists in the colon, with proliferating cells localised in the lower part 

of the crypt, and differentiated cells found at the epithelial surface. Compared to 

those present in the small intestine, colonic crypts are smaller (Mowat et al. 

2014). 

 

Compartmentalisation of intestinal lymphoid structures  

 

PPs are localised on the antimesenteric side of the small intestine and increase 

in size and density from the jejunum to the ileum. PPs are particularly 

concentrated in the distal ileum, are rare in the duodenum (Cornes 1965), and 

are likely to be the main source of IgA-producing plasma cells that migrate to the 

small intestine (Masahata et al. 2014). Conversely, caecal and colonic patches 
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are important in the generation of IgA-producing plasma cells that migrate to the 

colon in response to the local intestinal microbiota (Masahata et al. 2014). The 

human small intestine contains at least 30,000 ILFs, increasing in density distally. 

In particular, in the healthy jejunum and ileum there is on average 1 ILF per 269 

villi and 1 ILF per 28 villi, respectively. The density of ILFs increases distally also 

in the colon (Brandtzaeg et al. 2008). Also MLNs draining the small intestine and 

the colon have been shown to be anatomically and functionally separate, and the 

DCs that migrate to either ileal or colonic MLNs are immunologically different 

(Houston et al. 2015). 

 

Compartmentalisation of intestinal specialised epithelial cells 

 

Paneth cells are only present in the small intestine, and they are particularly 

concentrated in the ileum. In the small intestine, -defensins secreted by Paneth 

cells are the major anti-microbial peptides, whereas -defensin 2 is highly 

expressed in the colon during inflammation and infections (O’Neil et al. 1999). 

The frequency of goblet cells increases progressively through the gastro-

intestinal tract, with goblet cells being 25% of all epithelial cells in the colon, and 

10% or less in the upper small intestine. In addition to the different organisation 

into a single layer and a double layer, also mucus composition differs 

substantially between the small and large intestine, however at both sites it is 

built on MUC2 mucin polymers (Birchenough et al. 2015). The mucus system is 

thickest in the colon, where the bacterial load is particularly abundant 

(Macpherson et al. 2013). 

 

Compartmentalisation of intestinal mucosal T cells and plasma cells 

 

IELs are progressively less frequent in the small intestine and relatively rare in 

the colon. Most IELs in the jejunum are TCR+CD8+ tissue-resident effector 

memory IELs, whereas the ileum and colon contain proportionally more 

TCR+CD4-CD8- IELs (Lundqvist et al. 1995). In the lamina propria, there are 
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marked differences in the distribution and function of CD4+ T cells along the 

intestine, and this may be due, at least in part, to variations in luminal content 

(Sathaliyawala et al. 2013). An inverse correlation between lamina propria Th17 

cells and Tregs has been reported in mice, with Th17 cell number progressively 

decreasing from the duodenum to the colon, and Treg number being highest in 

the colon (Denning et al. 2011). Conversely, in humans, a higher proportion of 

Th17 cells has been reported in the colon and ileum compared to the jejunum 

(Sathaliyawala et al. 2013). The frequencies of lamina propria Th1 and Th2 cells 

do not seem to vary significantly along the human intestine (Wolff et al. 2012). 

The density of plasma cells is highest at the most proximal and distal ends of the 

gastro-intestinal tract (Brandtzaeg 2010). Most of the plasma cells in the 

duodenum and jejunum produce IgA1, whereas the proportion of IgA2 increases 

from approximately 25% in the small intestine to >60% in the distal colon (Lin et 

al. 2014).

 

Compartmentalisation of PRR and adhesion molecule expression in the intestine 

 

Also the expression of PRRs varies throughout the intestine, and these 

differences are likely to be driven by the intestinal microbiota (Mowat et al. 2014). 

In particular, in mice TLR2 is highly expressed on IECs of the proximal colon, 

whereas it is present at low levels distally (Wang et al. 2010). Conversely, murine 

TLR4 and its co-receptor CD14 are expressed at higher levels in the colon than 

in the small intestine (Ortega-Cava et al. 2003).  

 

Several adhesion molecules and chemokines play an important role in immune 

cell compartmentalisation within the intestine. In particular, CCL25 is expressed 

by IECs in the small intestine, and its interaction with CCR9 is important in 

driving immune cell homing to the small intestine, but not the colon (Stenstad et 

al. 2007). Conversely, CCL28, which interacts with CCR10, is mostly expressed 

by colonic and rectal IECs (Pan et al. 2000). CCL20 and CCL9 are constitutively 

expressed by the FAE overlying PPs in the small intestine (Mowat et al. 2012).  
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1.2 Proteases and their inhibitors 

 

According to their mechanisms of action and their three-dimensional structure, 

proteases can be classified into metalloproteinases, serine proteases, cysteine 

proteases and aspartic proteases (Table 1.1). 

 

Metalloproteinases – MMPs and Adamalysins 

 

Metalloproteinases are a group of enzymes that exert an important role in tissue 

remodelling through their ability to digest the ECM (Sorokin 2010). Amongst the 

most important enzymes in this group are MMPs and adamalysins (Huxley-Jones 

et al. 2007). 

 

MMPs require Ca2+ for stability, cleave specific peptide bonds via a functional 

domain at neutral or near neutral pH, and contain both a catalytic domain with a 

highly conserved zinc-binding sequence essential for their action and a pro-

domain which maintains the enzyme in inactive form and is cleaved by trypsin, 

plasmin, plasminogen or active MMPs during the activation process (Nagase et 

al. 2006). Currently, 24 different mammalian MMPs have been identified, and can 

be subdivided into MMPs that are secreted in the ECM and those that are 

anchored to the cell surface by a transmembrane domain (MT), such as MMP-14, 

also known as MT1-MMP (Parks et al. 2004). Another subdivision of MMPs can 

be made, based on their primary substrate specificity, such as collagenases 

(MMP-1, MMP-8, MMP-13), gelatinases (MMP-2 and MMP-9), stromelysins 

(MMP-3, MMP-10, MMP-11), matrilysin (MMP-7) and elastase (MMP-12).  



 

 
60 

Table 1.1. Characteristics of the four major classes of mammalian proteases 
 

  Protease class 
 

Main members 
 

Alternative name 
 

Main (matrix; non-matrix) substrates 
 

Metalloproteinases 
 

        MMPs 

 

 
 

MMP-1 
 

MMP-2 
 

MMP-3 
 

MMP-7 
 

MMP-8 
 

MMP-9 
 

MMP-10 
 

MMP-11 
 

MMP-12 

 
 

MMP-13 
 

MMP-14 
 

MMP-15 
 

MMP-16 
 

MMP-17 
 

MMP-20 

 

 
 

Collagenase 1 
 

Gelatinase A
 

Stromelysin 1 
 

Matrilysin 
 

Collagenase 2 
 

Gelatinase B 
 

Stromelysin 2 
 

Stromelysin 3 
 

Macrophage 

metalloelastase 
 

Collagenase 3 
 

MT1-MMP 
 

MT2-MMP 
 

MT3-MMP 
 

MT4-MMP 
 

Enamelysin 

 

 
 

Collagen  (types I-V, IX) 
 

Gelatin, laminin, elastin, fibronectin; CCL7, CXCL12, pro-IL-1
 

Collagen (types IV, V, IX, X), laminin; IgG1, pro-IL-1, IL-1
 

Elastin, laminin: E-cadherin, tmTNF-, IgG1 
 

Collagen  (types I-V, IX) 
 

Gelatin, laminin; 1-antiproteinase, pro-TGF-, pro-IL-1
 

Gelatin, fibronectin 
 

Unknown 
 

Elastin, collagen type IV; IgG1, tmTNF-

 
 

Collagen  (types I-V, IX), gelatin 
 

Collagen (types I-III), gelatin, fibronectin, syndecan-1 
 

Fibrin 
 

Fibrin, syndecan-1 
 

Unknown 
 

Amelogenin 
 

        Adamalysins  
 

ADAM8 
 

ADAM9 
 

ADAM10 
 

ADAM15 
 

ADAM17 

 
 

ADAM19 

 

 
 

 
 

CD156c 
 

 
 

TNF- converting 

enzyme

 

 

Unknown; L-selectin 
 

Unknown; pro-EGF 
 

Unknown; E-cadherin, tmTNF-, pro-TGF-, DSGs, HER2 
 

Unknown; E-cadherin 
 

Unknown; tmTNF-, pro-TGF-, pro-EGF, DSGs, IL-6R, L-

selectin 
 

Unknown; tmTNF-
 

 

Serine proteases  

 

 

Plasminogen 

activators 
 

Trypsin 

 
 

Chymotrypsin 

 
 

Cathepsin G  

 
 

Neutrophil 

elastase 

 

 

 

 
 

 

 
 

  

 
 

 

 
 

ELA2 

 

 

 

Aggrecan, syndecan, fibronectin, laminin; plasminogen, 

trypsinogen, HGF, pro-TGF-
 

Unknown; trypsinogen, lysine-, arginine-containing proteins, -

defensin 
 

Unknown; tryptophan-, tyrosine-, phenylalanine-, leucine-

containing proteins 
 

Unknown; lysine-, arginine-, tryptophan-, tyrosine-, 

phenylalanine-, leucine-containing proteins 
 

Elastin 

 

 

Cysteine proteases  

 

 

Cathepsin B 

 
 

Cathepsin L 
 

Cathepsin N 
 

Cathepsin S  
 

Calpains 
 

Caspases 

 

 

 

 
 

 
 

 
 

  

 

 

-amyloid precursor protein, proteoglycans, collagen, 

connective tissue proteins 
 

Collagen type I 
 

-amyloid precursor protein 
 

Elastin 
 

Unknown; STIM1 
 

Unknown; Bax, Bcl-2, pro-IL-1, procaspases 1-14 
 

Aspartic proteases  
 

Pepsin 
 

Cathepsin D 
 

Renin 

 

 

 

 
 

 

 

-amyloid invariant chain, IgG 
 

MHC class II 
 

Unknown; angiotensinogen 

HER, human epidermal growth factor receptor; HGF, hepatocyte growth factor; IL-6R, IL-6 receptor; MT, transmembrane 

domain; tm, membrane-bound. 
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Most MMPs are released as inactive zymogens by epithelial cells and 

mesenchymal cells, monocytes, macrophages, neutrophils and T cells. MMP 

activation occurs in the extracellular space and is mediated by the cleavage of 

the pro-domain that maintains the molecule in its inactive form. This process is 

amplified by a cascade of autocatalytic reactions and cleavage processes by 

which MMPs can activate each other (Fig. 1.1) (Knäuper et al. 1993; Fridman et 

al. 1995; Knäuper et al. 1996; Makowski et al. 2005). 

 

 
 
Figure 1.1. Representative example of MMP activation process. Pro-MMPs 
are converted to the active form via proteolytic removal of their pro-domain. 
Active MMP-3 can amplify its own activation via autocatalytic cleavage, or 
alternatively can remove the pro-domain from pro-MMP-7, pro-MMP-9 and MMP-
13. Active MMP-7, in turn, exerts an activating action on pro-MMP-2, and active 
MMP-13 can activate both MMP-2 and MMP-9. Moreover, active MMP-2 can 
cleave MMP-13 and MMP-9 pro-domain. As shown in this example, proteolytic 
enzymes can therefore auto-activate themselves, mutually activate each other 
and trigger a cascade of protease activation processes. All these mechanisms 
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can lead to a broad proteolytic activation in diseased tissues. C, catalytic domain; 
F, fibronectin repeat; H, haemopexin-like domain; P, pro-domain. (From 
Biancheri et al. 2013). 
 

 

MMP proteolytic activity is regulated by differential transcription, activation, 

substrate availability and inhibition (Di Girolamo et al. 2006; Sorokin 2010). The 

latter is mediated by the four tissue inhibitors of metalloproteinases (TIMP)1-4, 

whereas the major endogenous serum MMP inhibitor is 2-macroglobulin 

(Sorokin 2010). ECM degradation and regulation of tissue turnover are not the 

only important functions of MMPs, which also exert their proteolytic action on 

non-structural molecules embedded within the matrix, leading to their activation 

or facilitating their catabolism (Parks et al. 2004). In particular, MMPs can act on 

intercellular junction proteins, chemokines, cytokines, IgG1 and microorganisms, 

potentiating or inhibiting their activity (Table 1.2). The effect of MMPs on 

cytokines is diverse. For example, MMP-2, MMP-3 and MMP-9 can cleave and 

activate the IL-1 precursor, however MMP-3 can also degrade the active form of 

this cytokine (Ito et al. 1997; Schönbeck et al. 1998). 

 

Adamalysins are a family of transmembrane proteinases crucially involved in 

ectodomain shedding of growth factors, cytokines, membrane receptors and 

adhesion molecules (Edwards et al. 2008). One of the most studied adamalysins 

is a disintegrin and a metalloproteinase (ADAM)17, also known as TNF- 

converting enzyme (TACE), a membrane-bound enzyme which cleaves the 

transmembrane form of TNF- to generate soluble TNF-, and which is also 

essential for the shedding of other cell surface proteins such as TGF-, IL-6 

receptor and L-selectin (Scheller et al. 2011), thus playing an important role in 

the control of inflammatory and regenerative responses. 
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Table 1.2. Main substrates of MMPs 
    

Type of substrate Molecule/species MMPs Effect 
    

    

ECM components Collagen I-IV MMP-1, MMP-3, MMP-7, MMP-8, 
MMP-10, MMP-12, MMP-13, MT1-
MMP 

Degradation 

    

 Collagen V MMP-1, MMP-3, MMP-8, MMP-13 Degradation 
    

 Collagen IX MMP-1, MMP-3, MMP-8, MMP-13 Degradation 
    

 Collagen X MMP-3 Degradation 
    

 Elastin MMP-2, MMP-7, MMP-12 Degradation 
    

 Laminin MMP-2, MMP-3, MMP-7, MMP-9, 
MMP-10, MMP-12 

Degradation 

    

 Fibronectin MMP-2, MMP-3, MMP-7, MMP-10, 
MMP-12, MT-MMP-1 

Degradation 

    

 Gelatin MMP-2, MMP-9, MMP-10, MMP-
13, MT1-MMP 

Degradation 

    

 Proteoglycan MMP-3, MMP-7, MMP-10 Degradation 
    

 Chondroitin sulfate MMP-12 Degradation 
    

 Aggrecan MMP-2, MT1-MMP Degradation 
    

    
Intercellular junction proteins E-cadherin MMP-7, enterotoxin, gelatinase E Degradation 
    

    
Cytokines/chemokines Pro-IL-1 MMP-2, MMP-3, MMP-9 Activation (by cleavage) 
    

 IL-1 MMP-3 Inactivation (by cleavage) 
    

 tmTNF- MMP-7, MMP-12, MMP-13 Conversion into soluble TNF-
    

 CXCL5/CXCL6 MMP-8 Activation (by cleavage) 
    

 CXCL8 (IL-8) MMP-9 Activation (by cleavage) 
    

 CCL7 MMP-2 Inactivation (by cleavage) 
    

 CXCL1 MMP-7 Generation of a chemotactic gradient 
by cleavage of CXCL1 ligand 
syndecan-1 

    

    
Antibodies IgG1 MMP-3, MMP-7, MMP-12 Cleavage 
    

    
Bacteria Staphylococcus aureus MMP-12 Inhibition 
    

 E. coli MMP-12 Inhibition 
    

 C. rodentium MMP-3 Increased clearance via regulation of T 
cell migration 

    

tm, membrane-bound. 

 

Serine proteases 

 

Another class of proteases is represented by serine proteases, which exert their 

action at neutral pH. Mammalian serine proteases include plasminogen 

activators, chymotrypsin, trypsin, and proteolytic enzymes produced by 

granulocytes and mast cells, such as cathepsin G and neutrophil elastase. 

Bacteria also produce serine proteases, such as subtilisin (Hedstrom 2002). 
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Cathepsin G and neutrophil elastase are stored in granules as inactive 

precursors and released as active forms in response to inflammatory or allergic 

reactions. Serine protease inhibitors, also known as serpins, include 1-

antitrypsin, 1-antichymotrypsin, antithrombin III, elafin, protease-nexin and the 

universal protease inhibitor 2-macroglobulin (Silverman et al. 2001). 

 

Cysteine proteases 

 

Cysteine proteases include mammalian lysosomal cathepsins B, K, L, N and S, 

which can degrade connective tissue proteins in vitro, and cytosolic calcium-

activated proteases, also known as calpains (Zavasnik-Bergant et al. 2006). 

These proteases are inhibited by cystatins, a superfamily including stefins, 

cystatin C and S and kininogens (Abrahamson et al. 2003). Caspases are 

intracellular cysteine-aspartic proteases involved in apoptosis, necrosis, and 

inflammation. Caspases, such as caspase-3, cleave a wide range of intracellular 

proteins, thereby inducing apoptotic cell death. Caspases are specifically 

associated with receptor-activated apoptosis, for example Fas/FasL-mediated 

programmed cell death. Finally, caspases, such as caspase-9, initiate a cascade 

of cleavage of other caspases, thereby activating them (Becker et al. 2013). 

 

Aspartic proteases 

 

Finally, aspartic proteases include bacterial penicillopepsin and mammalian 

pepsin, cathepsin D, and renin (Tang et al. 1997). Cathepsin D is involved in the 

enzymatic removal of invariant chain from class II MHC molecule during antigen 

processing and in the production of antigenic peptides in the phagolysosome of 

APCs (Villadangos et al. 1999). Both cysteine proteases and aspartic proteases 

exert their action at low pH values and are therefore often referred to as acidic 

proteases. 
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1.2.1 Proteases in intestinal homoeostasis and wound healing 

 

Proteases are constitutively expressed in the healthy human intestine, where 

they are produced mainly by IECs and by goblet cells in the epithelium, by 

immune and mesenchymal cells in the lamina propria, and by bacteria in the 

lumen (Ravi et al. 2007; Steck et al. 2012). Proteases are essential to preserve 

mucosal homoeostasis and physiologic tissue turnover, and are central players in 

the process of wound healing and re-epithelisation after injury. Moreover, 

proteases may exert important effects on the epithelial barrier (Fig. 1.2). 
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Figure 1.2 (see previous page). Effects of intestinal proteases on proteins 
forming intercellular junctions in the intestinal epithelium. Proteases can 
exert their actions on several elements of the intercellular junctions between 
IECs. In particular, matriptase, a trypsin-like transmembrane serine protease, co-
localises with E-cadherin in the adherens junction and is also present on the 
basolateral side of IECs. Matriptase regulates the expression of epithelial claudin 
2, a junctional protein which increases epithelial permeability. Another 
transmembrane protease, ADAM19, co-localises with zonula occludens-1 (Zo-1), 
a tight junction-associated protein. Goblet cells release the cysteine protease 
cathepsin K, which regulates E-cadherin and occludin expression, and protects 
from colitis by means of its potent anti-microbial activity. Activated mast cells in 
the lamina propria release the proteolytic enzyme tryptase, which decreases 
epithelial barrier function by reducing the expression of the tight junction protein 
junctional adhesion molecule (JAM)-A. Pathogenic bacteria (red), as well as 
opportunistic pathogens (yellow) and commensal bacteria (green) can release 
proteases which have important effects on components of the intercellular 
junctions. Vibrio cholerae produces haemagglutinin/protease, which can degrade 
occluding. Moreover, both the metalloproteinase gelatinase E, produced by the 
commensal bacterium Enterococcus faecalis, and the MMP fragilysin, released 
by B. fragilis, are capable of cleaving E-cadherin in the adherens junction. 
(Adapted from Giuffrida et al. 2014). 
 

 

Proteases produced by IECs 

 

Constitutive epithelial expression of matrilysin (MMP-7) has been shown to 

mediate defense against luminal bacteria in mice. In particular, mouse MMP-7 

activates intestinal pro--defensins, needed for the clearance of pathogenic E. 

coli and S. typhimurium (Wilson et al. 1999). MMP-7 can cleave transmembrane 

FasL, which induces apoptosis of target cells by binding to Fas receptor 

expressed on IEC surface (Powell et al. 1999). Epithelial MMP-7 expression is 

dependent on the exposure to intestinal bacteria (López-Boado et al. 2000; 

Salmela et al. 2004), essentially priming the epithelium for anti-bacterial activity. 

Moreover, IECs constitutively express high levels of meprin, a metalloproteinase 

which counteracts bacterial adhesion and invasion, thus representing an 

important host defense mechanism against pathogenic strains of E. coli (Vazeille 

et al. 2011). 
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After injury, collagenase 1 (MMP-1), MMP-7 and stromelysin 2 (MMP-10) are 

expressed by migrating IECs and promote re-epithelisation by facilitating the 

migration of IECs toward the wound edge (Salmela et al. 2004). MMP-7-/- mice 

show a complete lack of re-epithelisation after wounding (Parks et al. 2004). 

During lung injury, MMP-7 has been shown to degrade E-cadherin from 

adherens junctions, consequently promoting cell migration and tissue remodeling, 

however these findings have not been replicated in the intestine (McGuire et al. 

2003). Epithelium-derived MMP-7 can generate a chemotactic gradient by 

cleaving from the epithelial cell surface the proteoglycan syndecan-1, the ligand 

for the neutrophil chemoattractant CXCL1 (Li et al. 2002). MMP-1, MMP-7 and 

MMP-10 expression by IEC cell lines is up-regulated by EGF, TGF- and IL-1 

(Salmela et al. 2004).  

 

Matriptase is an epithelial trypsin-like transmembrane serine protease that co-

localises with E-cadherin in the apical junctional complex, is also present on the 

basolateral aspect of the cell, and is activated by a glycosylphosphatidylinositol-

anchored serine protease, prostasin (Buzza et al. 2010; Buzza et al. 2013). In 

mice, matriptase is encoded by St14 gene, and it has been shown that IEC-

specific St14-/- mice develop diarrhoea from birth, show megacolon and colitis 

and die early in life, however the small intestine is normal (List et al. 2009). 

Tamoxifen-inducible IEC-specific St14-/- mice become moribund 9-10 days after 

tamoxifen treatment. These animals show severe oedema and dissolution of the 

colonic mucosa and regenerative crypt hyperplasia, but the small intestine is 

normal (List et al. 2009). Mice hypomorphic for the St14 gene are viable but 

show increased permeability in the small intestinal barrier (Buzza et al. 2010). 

The addition of exogenous matriptase to the basolateral side of Caco-2 cells 

markedly increases transepithelial resistance, whereas when matriptase is 

knocked down in Caco-2 cells there is a decrease in transepithelial resistance 

and an increase in paracellular permeability (Buzza et al. 2010; Buzza et al. 

2013). Interestingly, knock-down of matriptase results in an increase in epithelial 

claudin 2, a tight junction protein known to enhance epithelial permeability 
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(Prasad et al. 2005; Buzza et al. 2010). Matriptase-hypomorphic mice are also 

particularly susceptible to DSS-induced colitis (Netzel-Arnett et al. 2012). 

 

Proteases produced by intestinal specialised epithelial cells 

 

Intestinal goblet cells produce the acidic cysteine protease cathepsin K, which 

has activity also at neutral pH and can degrade elastin, collagen, and gelatin. 

Cathepsin K-/- mice have increased amounts of type IV collagen in the intestinal 

epithelial basement membrane, increased E-cadherin at the apical junctions and 

disrupted expression of occludin (Arampatzidou et al. 2012). Cathepsin K-/- mice 

are significantly more susceptible to DSS colitis, possibly because cathepsin K 

has potent anti-microbial activity, and intrarectal administration of cathepsin K 

ameliorates DSS colitis (Sina et al. 2013). 

 

In the normal small bowel, Paneth cells activate caspase-8 to prevent IEC 

necroptosis (Becker et al. 2013). Mice with a conditional deletion of caspase-8 in 

intestinal cells of epithelial lineage show increased TNF--induced necroptosis 

and death of IECs and Paneth cells, spontaneously develop an inflammatory 

response in the terminal ileum and are highly susceptible to experimental colitis 

(Günther et al. 2011). Loss of Paneth cells, in turn, impairs anti-microbial defense 

and intestinal barrier function, potentially leading to the abnormal ingress of 

bacteria and, subsequently, immune activation (Becker et al. 2013). 

 

Proteases produced in the intestinal lamina propria 

 

During homoeostasis, mesenchymal cells and immune cells in the lamina propria 

release small, detectable amounts of stromelysin 1 (MMP-3) (Ravi et al. 2007). 

MMP-3 seems to be involved in T cell migration, as shown by the observation 

that MMP-3-/- mice infected with C. rodentium show an impaired migration of 

CD4+ cells in the lamina propria and a delayed bacterial clearance (Li et al. 2004). 

Macrophage metalloelastase (MMP-12) exerts a direct bactericidal effect on 
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Staphylococcus aureus and E. coli by disrupting bacterial cell wall, and MMP-12-/- 

mice have impaired survival to intraperitoneal E. coli administration (Houghton et 

al. 2009). 

 

Mast cell secretory granules contain large amounts of the cell-specific serine 

proteases chymases, tryptases and carboxypeptidase A (Douaiher et al. 2014). 

Mice lacking mast cells or mast cell chymase Mcpt4 have significantly reduced 

basal small intestinal permeability compared to wild-type mice (Groschwitz et al. 

2009). Upon performing kinetic analysis of IEC renewal in mast cell-deficient 

mice and Mcpt4-null mice, the reduced intestinal permeability has been found to 

be associated to defective IEC migration along the villus/crypt axis, altered 

intestinal morphology, and dysregulated claudin 3 crypt expression (Groschwitz 

et al. 2009). Studies on murine chymases are of limited applicability in humans, 

as there are 10 chymases in mice and only one chymase in humans (Douaiher et 

al. 2014). The addition of human chymase to Caco-2 cell monolayers in vitro 

down-regulates transepithelial resistance (Groschwitz et al. 2013). The increase 

in epithelial permeability induced by human mast cell chymase does not result 

from a direct effect on adherens junctions. Instead, chymase activates protease-

activated receptor-2 and induces the expression of gelatinase A (MMP-2), which 

mediates tight junction protein claudin 2 degradation (Groschwitz et al. 2013). 

Overall, however, MMP-2 appears to have a protective effect on the epithelial 

barrier, since MMP-2-/- mice show a higher susceptibility to experimental colitis 

and an increase in intestinal permeability (Garg et al. 2006). Tryptase is another 

mast cell-derived protease. When added to Caco-2 cell monolayers, tryptase 

decreases transepithelial resistance (Wilcz-Villega et al. 2013). This appears to 

be due to a reduction in the expression of tight junction protein junctional 

adhesion molecule-A (JAM-A) (Wilcz-Villega et al. 2013). 

 

After injury, MMPs promote leukocyte recruitment to the site of lesion, an 

important process in order to clear infection and damaged tissue. In particular, 

collagenase 2 (MMP-8) and gelatinase B (MMP-9) activate by cleavage the 
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chemokines CXCL5/CXCL6 and CXCL8 (IL-8) respectively, thereby promoting 

leukocyte recruitment at the site of damage (Van Den Steen et al. 2003). It has 

also been shown that the combined action of MMP-8, MMP-9 and prolyl-

endopeptidase generates collagen cleavage products, such as the tripeptide 

proline-glycine-proline (PGP) and its acetylated form N-acetyl-PGP, with 

chemoattractive effects on neutrophils (Koelink et al. 2014). MMPs produced in 

the lamina propria are involved also in the subsequent phases of tissue repair 

and wound healing. Upon activation, myofibroblasts express high amounts of 

MT1-MMP (MMP-14) and MMP-2, which increase their migration through 

synthetic matrix and therefore may enhance their wound healing potential 

(Pender et al. 2000). Moreover, it has been shown that MMP-14 promotes airway 

epithelial cell proliferation after injury (Atkinson et al. 2007). MMP-10, which is 

normally produced by stromal cells in the intestinal lamina propria, appears to be 

involved in wound healing and co-localises with MMP-1 at the migrating epithelial 

front (Ravi et al. 2007). 

 

Proteases produced by the intestinal microbiota 

 

The intestinal microbiota is an important source of proteases. In particular, both 

commensal and pathogenic bacteria can produce a wide range of proteolytic 

enzymes such as serine and aspartic proteases and metalloproteinases, which 

can exert profound effects on the integrity and the functions of the intestinal 

barrier (Steck et al. 2012). 

 

It has been shown that the commensal bacterium Enterococcus faecalis 

produces the metalloproteinase gelatinase E, which can degrade the junctional 

proteins occludin and E-cadherin (Steck et al. 2011). IL-10-/- mice mono-

associated with gelatinase E-producing E. faecalis develop colitis, whereas 

colonic inflammation is significantly reduced in the absence of bacteria-derived 

gelatinase E (Steck et al. 2011). Disruption of the intestinal epithelial barrier by 
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gelatinase E-producing E. faecalis occurs only in genetically susceptible hosts, 

before the onset of intestinal inflammation (Steck et al. 2011). 

 

Proteases can also be produced by opportunistic pathogens. Clostridium 

perfringens can produce collagenase A, which degrades mucus and collagen 

types I and IV (Pruteanu et al. 2011). The ability of B. fragilis to induce 

inflammatory diarrhoea depends on the production of the MMP fragilysin, also 

known as B. fragilis toxin, which can cleave E-cadherin from the surface of HT-29 

cells, and can mediate the pathogenic effects of B. fragilis by binding to a specific 

receptor expressed on colonic IECs (Wu et al. 2007; Sears et al. 2014). 

 

Both non-invasive and invasive pathogens release a wide range of proteases, 

which can exert important effects on the intestinal barrier and may be relevant for 

evading host defense mechanisms. Vibrio cholerae haemagglutinin/protease can 

degrade mucin and occludin, and thereby disrupt the intestinal barrier (Wu et al. 

2000). The protease domain in lymphostatin released by C. rodentium disrupts 

the integrity of epithelial barrier in the intestine of infected mice (Babbin et al. 

2009). Moreover, C. rodentium outer membrane protease (CroP) cleaves the 

murine cathelicidin-related antimicrobial peptide (CRAMP) (Brannon et al. 2015). 

The A/E human pathogens EPEC and EHEC, major causes of diarrhoeal disease 

worldwide, can inject into IECs the effector protein NleC, which degrades the p65 

subunit of NF-B (Shames et al. 2011). EHEC produces also the 

metalloproteinase StcE, which can cleave MUC7 mucin and potentially facilitate 

adherence to IECs (Grys et al. 2005). It has been shown that the OmpT outer 

membrane protease of EHEC and, to a lesser extent, EPEC degrades the human 

anti-microbial cathelicidin LL-37 (Thomassin et al. 2012). Pic, a secreted 

protease released by enteroaggregative E. coli (EAEC) and Shigella flexnerii, 

has the ability to degrade gelatin (Henderson et al. 1999). Adherent-invasive E. 

coli (AIEC) produces a protease called Vat-AIEC, which facilitates crossing of the 

intestinal mucus layer (Gibold et al. 2015). 
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Also parasites may release proteases affecting the intestinal barrier. Entamoeba 

histolytica also secretes a cysteine protease, which dissolves the intestinal 

mucus layer (Lidell et al. 2006). The nematode Trichuris muris secretes a 

number of proteases as excretory/secretory products. Excretory/secretory 

products can degrade the N-terminus of MUC2 mucin, thus reducing mucus 

viscosity, and since this property is inhibited by chymostatin but not inhibitors of 

other classes of proteases it is assumed that the proteolytic activity is due to a 

serine protease (Hasnain et al. 2012). Interestingly, serpins, natural inhibitors of 

serine proteases, are increased in the mucus layer during worm expulsion, 

suggesting a role in protective immunity (Hasnain et al. 2012). 
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1.3 IBD – Clinical aspects 

 

1.3.1 Definition and history 

 

IBD, including Crohn’s disease (CD) and ulcerative colitis (UC), is a group of 

chronic, inflammatory, spontaneously relapsing disorders of the gastrointestinal 

tract (Baumgart et al. 2012; Ordás et al. 2012). CD had been first observed by 

the German surgeon Wilhelm Fabry (aka Guilhelmus Fabricius Hildanus) in 1623 

(Anonymous 1964). In 1761 Giovanni Battista Morgagni, in his “De Sedibus et 

Causis Morborum”, gave the clinical description of a probable case of CD 

(Kirsner 1988). CD has been subsequently described in 1913 in six cases in 

which tuberculosis was excluded by careful bacteriological studies, and defined 

as “chronic interstitial enteritis” by the Scottish surgeon Thomas Kennedy Dalziel 

(Dalziel 1913), and has been later named after the US physician Burril B Crohn 

(Crohn et al. 1984). UC was first described in 1859 by the London physician Sir 

Samuel Wilks, who reported the case of a 42 year old woman who died after 

several months of diarrhoea and fever (Wilks 1859). Autopsy demonstrated 

ulcerative inflammation of the colon and terminal ileum which was designated as 

“simple UC”. Later on, in 1875, Wilks and Moxon described ulcerative 

inflammation in the entire colon in a young lady who died after severe bloody 

diarrhoea (Wilks et al. 1875). 

 

CD and UC have traditionally been considered a disease of developed Western 

countries, with the highest incidence in North America, Western Europe and 

Australia (Cosnes et al. 2011). However, since 1990 IBD have emerged in newly 

industrialised countries, and their prevalence is now rising in every continent 

(Kaplan 2015). Interestingly, the rise in UC incidence in developing countries 

often precedes that of CD by approximately one decade (Ananthakrishnan 2015). 

 

Both CD and UC have a fluctuating clinical course, with periods of remission 

alternating to flares of disease, and are characterised by a wide clinical 
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heterogeneity (Cosnes et al. 2011; Baumgart et al. 2012; Ordás et al. 2012). 

Extraintestinal manifestations are present in up to 40% of patients with IBD, 

involve mainly the joints, the eyes and the skin, and include peripheral 

seronegative arthritis, sacroileitis, ankylosing spondylitis, erythema nodosum, 

Pyoderma gangrenosum, episcleritis and uveitis (Williams et al. 2008; Ott et al. 

2013). By definition, CD can potentially affect any part of the gastrointestinal tract, 

from the mouth to the anus, however in three quarters of CD patients the lesions 

are localised in the terminal ileum and/or in the ascending colon. Inflammation in 

CD is usually patchy and transmural, as lesions can involve all the layers of the 

intestinal wall. Conversely, UC is a mucosal disease which always affects the 

rectum and can spread proximally up to the caecum with a continuous retrograde 

distribution, without patchiness or skip lesions (Baumgart et al. 2007b). The main 

clinical and pathological characteristics distinguishing CD and UC are 

summarised in Table 1.3. In approximately 5% of patients with colitis it is not 

possible to formulate a conclusive diagnosis or CD or UC, and this condition is 

termed IBD, type unclassified (IBDU) (Mowat et al. 2011). 
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Table 1.3. Clinical and pathological features of CD and UC 

 CD UC 
   

Clinical presentation    
 

 
 
 
 
 

 
 
 
 
 
Complications  
 

 
 

 
 
Endoscopic features 
 
 

 
 

 
 
 
 

 
Histologic features 
 

Severe abdominal pain, 
mainly in right iliac fossa 
 

Diarrhoea  
 

Possible abdominal mass in 
the right iliac fossa (inflamed 
or strictured ileum) 
 

Possible obstructive symptoms 
(intestinal stricture) 
 
Abscesses 
 

Intestinal strictures 
 

Fistulae 
 
Discontinuous, “patchy” 
distribution of lesions 
 

Ileal involvement 
 

Linear and serpiginous deep 
ulcers  
 

“Cobblestone” appearance 
 
Epithelioid granulomas 
 

Mucin preservation at active 
sites 
 

 

Transmural involvement 
 

Cramping abdominal pain, 
mainly in left iliac fossa 
 

Bloody diarrhoea 
 

Abdominal mass in the left 
iliac fossa (inflamed sigma) – 
Rare 
 

Rectal tenesmus, urgency 
 
 
Colorectal cancer 
 

Primary sclerosing 
cholangitis 
 

 
Continuous distribution of 
lesions 
 

Rectal involvement 
 

Superficial and diffuse ulcers  
 
 

Mucosal oedema 
 
Crypt architectural distortion 
 

Mucin depletion 
 

Basal cell plasmacytosis 
 

Mucosal involvement 
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1.3.2  CD 

 

1.3.2.1 Epidemiology 

 

The annual incidence of adult CD is up to 20.2 per 100,000 inhabitants in North 

America and up to 12.7 per 100,000 inhabitants in Europe, depending on 

different geographical areas (Ananthakrishnan 2015). In the UK, CD affects at 

least 115,000 patients, with a prevalence of approximately 200 in 100,000 

inhabitants (Mayberry et al. 2013). CD has its main peak of incidence between 

the second and third decade, and it is 20-30% more frequent in women than in 

men (Cosnes et al. 2011; www.crohnsandcolitis.org.uk). The incidence of adult 

CD in the UK has been rising markedly between the 1950s and the 1980s, 

whereas in the subsequent decades the rate of increase has been slower (Mowat 

et al. 2011). Conversely, from 1988 to 2007 the incidence of CD in Northern 

France has increased by 29% in the overall population and by 71% in the 10-19 

year-old age group (Chouraki et al. 2011), suggesting that the recent increase in 

incidence is primarily attributable to paediatric cases. Paediatric CD is more 

frequent in males than in females (Cosnes et al. 2011). 

 

1.3.2.2 Diagnosis 

 

The diagnosis of CD is based on a thorough clinical evaluation and a 

combination of endoscopic, histologic, laboratory and radiologic test results 

(Mowat et al. 2011). 

 

Clinical manifestations and laboratory investigations 

 

Clinical manifestations of CD are heterogeneous; however, they commonly 

include diarrhoea for more than six weeks, abdominal pain and/or weight loss 

(Van Assche et al. 2010a). In a subject with suspect CD, initial laboratory tests 

should include full blood count, urea and electrolytes, liver function tests, 

http://www.crohnsandcolitis.org.uk/
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erythrocyte sedimentation rate (ESR) and/or C reactive protein (CRP), ferritin, 

vitamin B12 and folate (Mowat et al. 2011). Faecal calprotectin, an anti-bacterial 

protein produced by neutrophils and activated macrophages, is a reliable marker 

of active colonic inflammation both in CD and UC (Mosli et al. 2015), and can be 

a useful marker in distinguishing IBD from functional diarrhoea (Mowat et al. 

2011). Anti-Saccharomyces cerevisiae serum antibodies (ASCA) are present in a 

significant proportion of CD patients and are very rare in UC, however there is no 

evidence base to recommend their routine use in clinical practice (Mowat et al. 

2011). 

 

Endoscopic, histologic and radiologic findings 

 

Pancolonoscopy with retrograde ileoscopy and multiple biopsies is the gold 

standard confirmatory exam for the diagnosis of ileo-colonic CD (Van Assche et 

al. 2010a). Typical endoscopic lesions in active CD are areas with aphtous 

ulcerations alternated with unaffected areas. This patchy discontinuity of lesions 

leads, in the most severe cases, to the development of a “cobblestone” pattern. 

Discontinuous distribution of the lesions, ileal involvement, and deep ulcerations 

are important endoscopic features in the differential diagnosis with UC. 

According to the guidelines of the British Society of Gastroenterology (Mowat et 

al. 2011), perendoscopic biopsy sampling (two biopsies from at least five 

intestinal segments including the ileum and the rectum) and histologic analysis 

should be performed and the differential diagnosis with UC should be attempted.  

 

The presence of non-caseating granulomas, focal or patchy lamina proprial 

chronic inflammation, conserved crypt architecture and a normal number of 

goblet cells (mucin depletion and crypt distortion are typical in UC) help confirm 

the diagnosis of CD (Baumgart et al. 2012; Feakins 2013). 

 

Radiological investigations are particularly useful to study the extent and 

complications in CD (Van Assche et al. 2010a). Magnetic resonance imaging 
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(MRI) allows rapid and accurate assessment of small bowel extent and activity of 

disease in CD, and may be useful in differentiating between inflammatory and 

fibrotic intestinal strictures (Mowat et al. 2011). Computed tomography (CT) 

enteroclysis and CT enterography provide similar information to MRI, are the 

gold standard for the study of abscesses, and are usually available out of hours; 

however, CT has the major disadvantage of high radiation exposure (Mowat et al. 

2011). 

 

Complications 

 

Especially in case of clinical manifestations such as fever, tenesmus, perianal 

pain and subocclusive symptoms, particular attention should be dedicated to the 

investigation of possible complications of CD. These include intra-abdominal or 

intraparietal perianal abscesses, fistulae – which abnormally connect the 

intestinal lumen with another part of the gastro-intestinal tract, or with a 

contiguous organ (e.g. bladder, ureter, vagina), or with the skin – and intestinal 

strictures, which are caused by intestinal inflammation and/or fibrosis and lead to 

the subsequent development of pre-stenotic dilatations (Van Assche et al. 

2010a). 

 

1.3.2.3 Classification 

 

According to the Montreal classification (Silverberg et al. 2005; Satsangi et al. 

2006), CD can be classified in clinical phenotypes depending on the age of onset 

(Montreal A-category), the localisation of intestinal lesions (Montreal L-category), 

and the disease behaviour (Montreal B-category). In particular, A1 indicates 

diagnosis < 16 years of age, A2 17-40 years and A3 > 40 years. L1 indicates 

lesions localised only in the ileum, L2 only in the colon, L3 ileo-colonic disease, 

L4 disease in the upper gastrointestinal tract, L4+L3 upper gastrointestinal tract + 

distal disease. Finally, B1 indicates non-stricturing non penetrating (also known 

as luminal) disease, B2 stricturing (also known as fibrostenosing) disease, B3 
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penetrating (also known as fistulising) disease, B3p perianally penetrating 

disease. The Montreal classification is useful for patient stratification, as different 

clinical phenotypes have different treatment options (Van Assche et al. 2010b). 

While disease localisation is usually stable, the behaviour tends to change over 

time. In particular, the large majority of patients have luminal disease at 

diagnosis, whereas after 25 years of follow-up most of CD patients evolve 

towards a B2 or B3 disease phenotype (Cosnes et al. 2011). 

 

1.3.2.4 Disease activity indices 

 

Several clinical, laboratory, endoscopic and radiologic indices of disease activity 

in CD have been developed as a means to objectively evaluate, particularly in 

the research and clinical trial settings, the response to treatment, and with a view 

to ultimately stratify patients according to their predicted disease course. 

However, none of the disease activity indices in CD has been formally validated 

according to the guidance of the US Food and Drug Administration for the 

development of patient-reported or clinician-reported outcomes (Levesque et al. 

2015). 

 

Crohn’s Disease Activity Index (CDAI) and Harvey-Bradshaw Index (HBI)  

 

The CDAI has been widely used as outcome measure in clinical trials since the 

publication of the National Crohn’s Disease Study trial in 1979 (Best et al. 1976). 

CDAI ranges from 0 to 600 according to the presence and severity of eight 

independent predictors (seven clinical manifestations and haematocrit). CDAI < 

150 indicates disease remission; between 150 and 219, mildly active disease; 

between 220 and 449, moderately active disease; > 450, severely active disease 

(Best et al. 1976). CDAI correlates poorly with endoscopic inflammation, serum 

CRP and faecal calprotectin, as symptoms of active CD overlap with conditions 

such as irritable bowel syndrome, small bowel bacterial overgrowth or bile salt 

malabsorption (Jones et al. 2008). 
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The HBI can be described as a simplified version of CDAI, and consists of five 

clinical predictors (which is a useful feature when laboratory test results are not 

available). Remission is defined as a score < 5 (Harvey et al. 1980). A 3-point 

change in HBI corresponds with a 100-point change in CDAI, and an HBI ≤ 4 

corresponds with a CDAI < 150 (Vermeire et al. 2010).  

 

Endoscopic disease activity indices 

 

In 1989 the Crohn’s Disease Endoscopic Index of Severity (CDEIS) was 

developed based on colonoscopy findings in 75 CD patients, and showed a 

remarkable interobserver agreement (Mary et al. 1989). The CDEIS considers 

five intestinal segments (ileum, right colon, transverse colon, left colon/sigmoid, 

rectum). For each of them four parameters are evaluated and graded from 0 to 3 

based on severity, namely the presence and size of ulcerations, the percentage 

of ulcerated surface, the percentage of inflamed surface, and the presence of 

strictures. The cut-off points for CDEIS have been different among different 

investigators. Complete endoscopic remission was subsequently defined by the 

same group as a score of < 3, endoscopic remission as a score of < 6, and 

endoscopic response as a decrease of > 5 points, whereas other studies have 

used different cut-off points (Rutgeerts et al. 2012; Hébuterne et al. 2013). In 

particular, mild, moderate and severe CD have been described as CDEIS < 5, 5 

to 15, and > 15, respectively (Geboes et al. 2005). 

 

In 2004, the Simple Endoscopic Score in Crohn’s Disease (SES-CD) was 

developed in order to make objective endoscopic assessment and grading of 

disease severity in CD easier and more applicable to clinical practice (Daperno et 

al. 2004). The five intestinal segments considered in the SES-CD are the same 

as in CDEIS, however the descriptors (presence/absence of deep ulcerations, 

presence/absence of superficial ulcerations, surface involved by disease and 
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surface involved by ulcerations, with an additional score for the presence of a 

stricture) are more immediate to determine than those of the CDEIS. 

 

Endoscopic mucosal healing in CD has been defined as the absence of intestinal 

ulcerations among patients with ulcerations at baseline (Hanauer et al. 2002; 

Colombel et al. 2010), and has been used as primary end point in the 

adalimumab EXTEND trial (Rutgeerts et al. 2012). The major limitation of using 

mucosal healing as an outcome measure is that partial resolution of ulcers is not 

considered (Levesque et al. 2015). However, a post-hoc analysis of the SONIC 

trial showed that both a 50% decrease in endoscopic activity indices (CDEIS and 

SES-CD) and mucosal healing are the most robust predictors of steroid-free 

remission at week 50 from the treatment start (Ferrante et al. 2013). 

 

The Lémann index 

 

In order to evaluate disease progression in CD, the Lémann index has been 

developed based on a comprehensive evaluation of cumulative structural 

intestinal damage, including strictures, fistulae, and surgical resections, using 

clinical, upper and lower endoscopic and abdominal and pelvic MRI assessment 

(Pariente et al. 2015). Using the Lémann index it has been reported that 62% of 

patients have substantial intestinal damage from 2 to 10 years from the diagnosis, 

and that high Lémann index scores at the first evaluation, time, persistent clinical 

activity, and intestinal resection are associated with damage (Gilletta et al. 2015). 

 

1.3.2.5 Treatment 

 

The key points in the therapeutic management of adult CD patients are the 

induction of remission during active disease and the maintenance of remission in 

order to prevent disease progression and development of complications. One of 

the most important measures to adopt in CD is to strongly recommend the 

patient to stop smoking, as this is associated with a 65% reduction in relapse risk 
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(Johnson et al. 2005). Treatment options for active CD include nutritional support 

and nutritional therapy, an expanding range of anti-inflammatory drugs and 

immunomodulators with considerable variability in specificity and targets, and 

surgery (Mowat et al. 2011). 

 

Nutritional support and nutritional therapy 

 

Malnutrition is a common feature in CD, and particular attention should be paid to 

the correction of micronutrient deficiencies such as calcium, vitamin B12, folate, 

iron and zinc (Mowat et al. 2011). Total parenteral nutrition may be required in 

CD patients who develop short bowel syndrome after surgical resection of 

affected intestine, or in the perioperative care of patients with significant weight 

loss (Mowat et al. 2011). Exclusive enteral nutrition is effective in inducing 

remission both in small bowel and colonic disease in 60-80% children with active 

CD, with no difference between elemental and polymeric diet. Liquid feeding has 

the great advantages of ensuring optimal growth and avoiding toxicity of 

corticosteroids in children with CD (Zachos et al. 2007; Mowat et al. 2011). A 

retrospective study showed that the combination of partial enteral nutrition and 

exclusion diet induces clinical remission in children and young adults with mildly 

and moderately active luminal CD (Sigall-Boneh et al. 2014). However, exclusive 

enteral nutrition is more effective than partial enteral nutrition in reducing 

mucosal inflammation in children with active CD (Lee et al. 2015b). It has been 

proposed that dietary intervention could be used as an adjunct therapy in specific 

subsets of patients in order to reduce the risk of relapse or the degree of 

immunosuppression necessary to control the disease (Lee et al. 2015a). 

 

Medical therapy 

 

The majority of patients with active CD are treated with anti-inflammatory drugs 

such as corticosteroids, immunosuppressive agents such as thiopurines and 

methotrexate, and biologic drugs with a specific target such as anti-TNF- and 
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anti-integrin agents (Danese 2012). While 5-aminosalicylates have limited 

efficacy in CD, corticosteroids such as prednisone have been used as first-line 

therapy in most patients with active CD (Dignass et al. 2010). Thiopurines, which 

include azathioprine and 6-mercaptopurine, are effective in inducing and 

maintaining remission and are associated with a 40% reduction of surgical 

resections in CD, however they have a slow onset of action and patients must be 

carefully monitored for the risk of haepatotoxicity, pancreatitis and leucopaenia 

(Chatu et al. 2014; Goel et al. 2015). Methotrexate is very appropriate in CD 

patients with arthropathy, as both disorders can benefit from this drug (Baumgart 

et al. 2012). Patients with perianal CD benefit from treatment courses with 

antibiotics such as metronidazole and ciprofloxacin, which are also used for the 

treatment of complications such as abscesses (Mowat et al. 2011). 

 

The management of active CD has been revolutionised by anti-TNF- agents, 

such as the chimaeric murine-human monoclonal antibody infliximab and the fully 

human monoclonal antibody adalimumab, which can induce both clinical 

remission and mucosal healing in luminal CD, as shown in the SONIC and 

EXTEND trials, and are also effective in fistulising CD (Colombel et al. 2010; 

Mowat et al. 2011; Rutgeerts et al. 2012). It has been shown that dose 

adjustment of infliximab based on serum trough level measurement is associated 

with fewer flares of CD during the course of treatment compared to clinically-

based dosing (Vande Casteele et al. 2015). In particular, the Authors recommend 

continued concentration-based infliximab dosing, aiming for serum trough levels 

≥3 and ≤7 g/ml, which maximise response to treatment and minimise costs and 

potential side effects (Vande Casteele et al. 2015). A relevant limitation in the 

use of anti-TNF- agents resides in their high cost. However, after the patent for 

infliximab has expired, the biosimilar infliximab has been developed and 

approved in Europe, UK and US. The cheaper price of biosimilars will enable 

access to anti-TNF- treatment to a wider population of patients, and this may 

have a substantial impact on therapeutic paradigms in CD (Schreiber 2015).  

 



 

 
84 

Other biologic agents with alternative mechanisms of action have also been 

successful in randomised clinical trials in CD. In particular, both ustekinumab, a 

fully human monoclonal antibody specific for IL-12 and IL-23 p40 subunit, and 

vedolizumab, an anti-47 integrin monoclonal antibody, have shown clinical 

efficacy in CD (Sandborn et al. 2012b; Sandborn et al. 2013b; Wils et al. 2016). 

Finally, mongersen, an oral antisense oligonucleotide targeting the inhibitor of 

TGF- signalling Smad7, has been shown to induce significantly higher clinical 

response and remission rates compared with placebo (Monteleone et al. 2015).

 

Surgical options 

 

When the outcome of medical therapy is not satisfactory and in case of 

complications such as internal or complicated perianal fistulae and fibrotic 

strictures, surgical management of CD should be considered. However, surgery 

is not curative in CD, and, rather than extensive destructive intestinal resections, 

the current trend is to resect or treat the segment responsible for the main 

symptoms and leave the rest of the affected intestine in place (Dignass et al. 

2010). The cumulative incidence of abdominal surgery in CD is 33% at 5 years 

and 47% at 10 years from the diagnosis (Frolkis et al. 2013). When the extent of 

CD lesions is very limited, such as in ileocaecal CD, surgical resection of the 

affected tract is a valid option. Typically, fibrotic strictures causing intestinal 

occlusive symptoms in the jejunum and ileum may be treated with stricturoplasty. 

Conversely, stricturoplasty in the colon is not recommended (Dignass et al. 2010). 

Seton drainage is commonly performed in perianal CD, whereas advancement 

flaps and fistula plugs may be appropriate for persistent or complex fistulae in 

combination with medical treatment. 

 

Unfortunately, most patients develop recurrence of CD lesions in the neo-

terminal ileum or at the anastomosis after surgical intestinal resection, however 

smoking cessation substantially reduces post-operative relapse (Mowat et al. 

2011). Macroscopic recurrence of lesions after surgery in CD can be graded 
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endoscopically according to the Rutgeerts’ score (Rutgeerts et al. 1990). In 

particular, 0 indicates absence of lesions; 1: less than 5 aphthous lesions; 2: 

more than 5 aphthous lesions with normal mucosa between the lesions, or skip 

areas of larger lesions, or lesions confined to the ileo-colonic anastomotic lining 

(< 1cm); 3: diffuse aphthous ileitis with diffusely inflamed mucosa; 4: diffuse ileal 

inflammation with larger ulcers, nodules, or narrowing. Hyperaemia and oedema 

alone are not considered as signs of recurrence (Rutgeerts et al. 1990). The 

POCER trial explored the optimal approach to prevent post-operative disease 

recurrence, and established that, after surgery, a strategy based on treatment 

with thiopurine or adalimumab in case of high clinical risk of recurrence (smoking 

and/or penetrating disease and/or previous resection) followed by colonoscopy 

after 6 months and treatment step-up in case of recurrence of lesions is more 

effective than conventional step-up management for the prevention of post-

operative recurrence in CD (De Cruz et al. 2015). 



Management strategies in CD – “Step-up”, “top down” and “treat-to-target”



The traditional way to treat active CD has been following the so-called “step-up” 

approach, with step-wise therapy intensification and change in drug class 

according to the response to treatment and to the frequency and severity of 

subsequent relapses (Fig. 1.3A). However, the decision to escalate treatment is 

often based on clinical assessment, and it is well known that there is poor 

correlation between clinical and endoscopic activity (Peyrin-Biroulet et al. 2011). 

Moreover, as a result of the incremental step-up approach, the decision to start 

immunosuppression or biologic therapy in the most aggressive cases of CD is 

delayed, with potential negative consequences on disease progression. It has 

been demonstrated that early combined immunosuppression with infliximab and 

azathioprine has superior efficacy compared with step-up therapy and to 

monotherapy with either infliximab or thiopurines in CD, and leads to sustained, 

steroid-free remission (D’Haens et al. 2008; Colombel et al. 2010). 
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Figure 1.3. Possible treatment strategies in CD. (A) The “step-up” treatment 
approach has been traditionally followed in order to induce remission in patients 
with active CD. Treatment is decided based on disease activity, and escalation to 
a more aggressive and/or effective treatment is dictated by non-responsiveness 
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or subsequent relapse. (B) Following the observation that early combined 
immunosuppression with infliximab and azathioprine has superior long-term 
efficacy compared with step-up therapy and to monotherapy with either infliximab 
or thiopurines, the alternative “top down” approach has been proposed for CD, 
with the idea that using a combination of biologic and immunosuppressant early 
in the disease may reduce the need for hospitalisation and surgery. (C) The 
“treat-to-target” approach in CD is based on the definition of a specific 
therapeutic target and the subsequent selection of the most appropriate 
treatment depending on the risk of disease progression. The achievement of the 
selected target is evaluated by regularly assessing response to treatment, and 
therapy adjustment is performed accordingly. In particular, assessment of 
response can be performed by clinical examination in case patient-reported 
outcomes such as clinical response and remission have been chosen as targets; 
by blood and stool tests in order to evaluate serologic (CRP) and biochemical 
(faecal calprotectin) remission; by ileocolonoscopy to assess endoscopic 
remission and mucosal healing. (Original Figure). 
 

 

Therefore, the alternative “top down” approach has been proposed, with the idea 

that starting with a combination of biologic and immunosuppressant and de-

escalate if possible may improve disease course and reduce the need for 

hospitalisation and surgery in CD (Fig. 1.3B). However, CD is a heterogeneous 

disease, and the top down strategy may lead to overtreatment in a substantial 

proportion of patients. One way to avoid this is to stratify CD patients at diagnosis 

according to the presence of risk factors for disease progression. In particular, 

age < 40 years at diagnosis, rectal or small bowel lesions, perianal disease, deep 

ulcerations and need for steroids to treat the first flare are all associated with 

disabling disease course in CD (Beaugerie et al. 2012). In the REACT trial, CD 

patients who failed to achieve clinical remission with a course of steroids were 

randomised to receive either conventional step-up therapy or early combined 

immunosuppression (Khanna et al. 2015). The rate of steroid-free clinical 

remission at 12 months did not differ between the two groups, however at 24 

months patients assigned to early combined immunosuppression had 

significantly lower rates of intestinal resections and CD complications such as 

fistulae and strictures, supporting the concept that management based on risk 

stratification may improve natural history in CD. 
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Clinical experience in rheumatoid arthritis has shown that management based on 

the regular assessment of pre-defined therapeutic targets with objective 

measures and consequent treatment adjustment leads to optimal outcomes for 

patients (Schipper et al. 2010). These considerations prompted the formulation of 

the “treat-to-target” approach for CD, in which the desired target is specified 

before starting the treatment, and the intervention is decided upon careful risk 

assessment, with a view to start early immunosuppression in high-risk patients 

(Fig. 1.3C) (Bouguen et al. 2015). Response to treatment is then assessed 

regularly until the target is reached, and drug therapy is adjusted accordingly. 

Consensus-based recommendations of therapeutic targets for CD have been 

formulated, and include both the patient-reported outcome of clinical remission, 

defined as resolution of abdominal pain and diarrhea/altered bowel habit, and 

endoscopic remission, defined as resolution of ulceration at ileocolonoscopy, or 

resolution of findings of inflammation on cross-sectional imaging in patients who 

cannot be adequately assessed with ileocolonoscopy, whereas serologic 

(CRP)/biochemical (faecal calprotectin) remission has been considered as an 

adjunctive target (Peyrin-Biroulet et al. 2015). It has been suggested that in a 

clinical setting the “treat-to-target” approach may be realistically feasible by 

performing a first endoscopic assessment every six months after the treatment 

start until disappearance of intestinal ulcers, then every 1-2 years thereafter 

(Bouguen et al. 2015). 
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1.3.3 UC 

 

1.3.3.1 Epidemiology 

 

The annual incidence of UC is up to 19.2 per 100,000 inhabitants in North 

America and up to 24.3 per 100,000 inhabitants in Europe, depending on 

different geographical areas (Ananthakrishnan 2015). In the UK, UC affects at 

least 146,000 patients, with a prevalence of approximately 240 in 100,000 

inhabitants (NICE 2013; www.crohnsandcolitis.org.uk). UC occurs at 

approximately the same rate in men and women (www.crohnsandcolitis.org.uk). 

The main peak of incidence in UC is between the ages of 15 and 25, with a 

second, smaller peak between 55 and 65 years, although this latter has not been 

conclusively demonstrated (NICE 2013). 

 

1.3.3.2 Diagnosis 

 

The diagnosis of UC is based on the presence of clinical symptoms confirmed by 

endoscopic and histologic findings (Dignass et al. 2012a). 

 

Clinical manifestations and laboratory investigations 

 

Typical manifestations of UC are rectal bleeding and diarrhoea, urgency and 

tenesmus. In severe cases, fever and tachycardia may be present. In a subject 

with suspect UC, initial laboratory tests should include full blood count, ESR 

and/or CRP, urea and electrolytes, liver function tests and ferritin (Dignass et al. 

2012a). Infectious colitis needs to be ruled out by performing stool cultures and 

by testing for Clostridium difficile toxin A and B (Dignass et al. 2012a). Faecal 

calprotectin is an accurate marker of colonic inflammation, it is more sensitive 

than CRP as a biomarker of endoscopic inflammation, and it may be useful in 

monitoring disease activity or response to therapy (Lewis et al. 2011; Mosli et al. 

2015). Serum perinuclear anti-neutrophil cytoplasmic antibodies (pANCA) are 

http://www.crohnsandcolitis.org.uk/
http://www.crohnsandcolitis.org.uk/
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present in up to 65% UC patients and in less than 10% CD patients, however 

their use in clinical practice is currently not recommended (Dignass et al. 2012a). 

 

Endoscopic and histologic findings 

 

Pancolonoscopy with retrograde ileoscopy and segmental biopsies including the 

rectum are the preferred procedures to establish the diagnosis of UC (Dignass et 

al. 2012a). In UC, colonoscopy reveals signs of inflammation such as mucosal 

erhytema and hyperemia on friable mucosa and multiple ulcerations, however no 

endoscopic feature is specific for UC (Dignass et al. 2012a). The continuous 

damage-regeneration process occurring in inflamed areas leads to the growth of 

pseudopolyps. The most indicative endoscopic signs of UC (as opposed to CD) 

are rectal involvement with a caudo-cranial extension and a continuous 

distribution (Dignass et al. 2012a). Disease extent should be assessed at 

diagnosis, because of prognostic and therapeutic implications. 

 

A reliable diagnosis of UC requires the histologic analysis of at least two biopsies 

from at least five intestinal segments, including the ileum and the rectum 

(Dignass et al. 2012a). Microscopically, crypt abscesses, crypt architectural 

distortion with branching and atrophy, mucin depletion, and basal cell 

plasmacytosis (presence of plasma cells around or below the crypts) are typical 

features of UC (Dignass et al. 2012a; Feakins 2013). 

 

Complications 

 

UC can be associated with primary sclerosing cholangitis, a chronic cholestatic 

liver disease characterised by a fibrosing inflammatory destruction of intrahepatic 

and extrahepatic bile ducts, which occurs in up to 3% of patients (Rothfuss et al. 

2006). The presence of primary sclerosing cholangitis increases the risk of both 

cholangiocarcinoma and colo-rectal cancer (CRC) (Van Assche et al. 2013). 
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Importantly, the risk of thromboembolism is doubled in patients with UC 

compared with control subjects (Van Assche et al. 2013). 

 

Patients with UC have a higher risk of CRC compared with the general 

population, and this is correlated with disease extent and duration (Van Assche 

et al. 2013). Indeed, it has been reported that the cumulative probability of CRC 

development is estimated at 2%, 8% and 18% respectively after 10, 20 and 30 

years of disease duration (Lakatos et al. 2008). The presence of severe and 

persistent disease activity, colonic pseudopolyps, primary sclerosing cholangitis 

and positive family history for CRC confer an additional risk for CRC in UC 

patients (Baars et al. 2011; Van Assche et al. 2013). Colon carcinogenesis in UC 

is characterised by a multi-step process from low-grade dysplasia (with stratified, 

bottom-placed, elongated, hyperchromatic nuclei and increased number of 

mitoses) to high-grade dysplasia (marked nuclear atypia, loss of cell polarisation, 

branched crypts) and finally to adenocarcinoma (Triantafillidis et al. 2009). 

Colonic stenosis seen endoscopically in UC should raise the suspicion of CRC, 

and prompt radiologic imaging in case intubation is not possible (Dignass et al. 

2012a). 

 

1.3.3.3 Classification 

 

According to the Montreal classification (Silverberg et al. 2005; Satsangi et al. 

2006), UC can be classified into different clinical phenotypes depending on the 

maximal extent of intestinal inflammation observed at colonoscopy (Montreal E-

category). In particular, E1 indicates proctitis, when only the rectum is involved; 

E2, left-sided colitis, extending up to splenic flexure; E3, more extensive disease, 

which can be defined as pancolitis when all the colon is involved (Silverberg et al. 

2005). At diagnosis, UC is limited to the rectum in approximately one third of 

patients, it extends up to the splenic flexure in another third, and proximally to the 

splenic flexure in another third, with 20-25% of patients having pancolitis. 

Disease extent tends to change over the course of UC: distal colitis progresses 
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proximally in about 50% of patients, whereas in more than 2/3 of pancolitic 

patients the extent of colonic involvement decreases over time (Cosnes et al. 

2011). Disease extent is an important predictor of colectomy and CRC (Ordás et 

al. 2012). 

 

1.3.3.4 Disease activity indices 

 

Since the first randomised controlled trial in UC (Truelove et al. 1955), several 

indices of disease activity based on clinical, laboratory, endoscopic or histologic 

variables have been developed in clinical trial design in UC. However, none of 

them has been formally and completely validated according to the guidance of 

the US Food and Drug Administration for the development of patient-reported or 

clinician-reported outcomes (Levesque et al. 2015). 

 

Truelove and Witts’ criteria 

 

The Truelove and Witts’ criteria (Truelove et al. 1955), which are derived from the 

Truelove and Witts Severity Index (Truelove et al. 1955), are the only disease 

activity index to be used routinely in clinical practice in UC, and define acute 

severe UC (ASUC) as the passage of six or more stools with blood per day 

associated with one or more signs of systemic toxicity (temperature > 37.8°C; 

tachycardia > 90 bpm; haemoglobin < 105 g/L; ESR > 30 mm/h; CRP > 30 mg/L). 

In particular, the Truelove and Witts’ criteria are used to identify UC patients in 

need of hospital admission and intensive treatment (Macken et al. 2015). 

 

Powell-Tuck Index, Clinical Activity Index (CAI) and Lichtiger score 

 

Other clinical indices of disease activity in UC include the Powell-Tuck Index 

(also known as St Mark’s Index) (Powell-Tuck et al. 1978), which considers 10 

gastrointestinal and systemic clinical variables and was subsequently modified to 

include macroscopic appearance at sigmoidoscopy (Powell-Tuck et al. 1982), 
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and the CAI (or Rachmilewitz Index) (Rachmilewitz 1989). This latter is 

composed of seven clinical variables (number of stools, blood in stools, 

investigator’s global assessment of symptomatic state, abdominal pain or cramps, 

temperature due to colitis, extraintestinal manifestations, and laboratory findings) 

and ranges from 0 to 29 points, with remission bein defined as a score ≤ 4. 

 

In the first pilot trial on the use of intravenous ciclosporin in ASUC, a modified 

Truelove and Witts Severity Index, also known as the Lichtiger score (Lichtiger et 

al. 1994), was used to assess response to treatment. The Lichtiger Score 

includes seven clinical variables and ranges from 0 to 21 points, ASUC is defined 

as a score > 10 points, and remission has been defined as a score ≤ 3 points 

(D’Haens et al. 2007; Laharie et al. 2012). 

 

Endoscopic or composite clinical and endoscopic disease activity indices 

 

In addition to clinical indices, multiple endoscopic or composite clinical and 

endoscopic indices of disease activity have been developed in UC. 

 

The Baron Score was developed to assess interobserver variability in describing 

rectosigmoid mucosa using a rigid proctoscope (Baron et al. 1964), and 

considered eight endoscopic descriptors such as friability, vascular pattern and 

spontaneous bleeding. The Modified Baron Score removed qualitative 

assessment of different levels of bleeding (moderately, severely), established five 

grades by categorical variables (0, normal; 1, granular; 2, friable; 3, bleeding; 4, 

ulcerated), and defined endoscopic response as an improvement of 2 grades and 

endoscopic remission as a score of 0 (Feagan et al. 2005). 

 

The Mayo Score (also known as Disease Activity Index) is a composite index that 

includes three clinical variables (stool frequency, rectal bleeding, physician’s 

global assessment) and endoscopic severity at flexible sigmoidoscopy, each one 

ranging from 0 to 3 (Schroeder et al. 1987). Complete remission is defined as a 
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subscore of 0 in all variables. The main limitation of the Mayo Score is that it 

assimilates symptoms and endoscopic variables that are not logically combinable 

and are difficult to appropriately weight, with consequent detrimental effect on 

measurement variability and statistical efficiency. A possible approach to 

overcome this limitation has been to independently assess endoscopic 

inflammation and clinical variables of the Mayo Score, using a 3-item (stool 

frequency, rectal bleeding and physician’s global assessment) or a 2-item (stool 

frequency, rectal bleeding) clinical Mayo score, and an endoscopic Mayo 

subscore (Levesque et al. 2015). In particular, in the endoscopic Mayo subscore, 

0 indicates normal or inactive disease; 1, mild disease with erythema, decreased 

vascular pattern, mild friability; 2, moderate disease with marked erythema, 

absent vascular pattern, friability, erosions; 3, severe disease with spontaneous 

bleeding and/or ulceration. 

 

Mucosal healing in UC has been classically defined as an endoscopic Mayo 

subscore 0 or 1 (Colombel et al. 2011). It has been shown that UC patients with 

an endoscopic Mayo subscore of 1 have a significantly higher risk of clinical 

relapse (defined as the need for therapy to induce remission, any treatment 

escalation, hospitalisation or colectomy) in the following 6-12 months compared 

with those with subscore of 0 (Barreiro-de Acosta et al. 2016; Boal Carvalho et al. 

2016), suggesting that the definition of mucosal healing should be limited to 

endoscopic Mayo subscore of 0. 

 

In contrast to the empirically developed endoscopic scoring systems described 

so far, the Ulcerative Colitis Endoscopic Index of Severity (UCEIS) has been 

developed upon the analysis of 630 assessments of 60 endoscopic videos by 10 

specialists (Travis et al. 2012b). Initially defined as an 11-point score, the UCEIS 

has been subsequently simplified to an 8-point score with the following variables: 

erosions and ulcers (score 0-3), vascular pattern (score 0-2) and bleeding (score 

0-3), and has shown high correlation with overall endoscopic assessment of 

severity (Travis et al. 2013). 
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Histologic disease activity indices 

 

Several histologic indices of activity have also been developed in UC, in most 

cases empirically (Mosli et al. 2014). The first one to be described was the 3-

grade (mild, moderate and severe) Truelove and Richards Index (Truelove et al. 

1956), which was used in a study showing that microscopic inflammation can be 

present in UC patients with macroscopically normal mucosa and predicts a 

higher risk of relapse. 

 

Originally developed as a 5-point scale evaluating the degree of chronic 

inflammatory infiltrate and tissue destruction (Riley et al. 1988), the Riley Score 

was subsequently designed as a 4-point scale (normal, mild, moderate, severe) 

assessment of six independent variables (neutrophil infiltrate, crypt abscesses, 

mucin depletion, surface epithelial integrity, chronic inflammatory cell infiltrate 

and crypt architectural irregularities) (Riley et al. 1991). Unlike endoscopic 

evidence of erythema, histologic inflammation, graded using the Riley Score, was 

shown to predict relapse of UC in patients with clinically quiescent disease and 

normal or erythematous rectal mucosa (Riley et al. 1991). The Modified Riley 

Score ranked the degree of inflammation hierarchically according to the presence 

of neutrophils in the epithelium (mild), neutrophil infiltration in the lamina propria 

(moderate), erosions or ulceration (severe) (Feagan et al. 2005). 

 

Finally, the more comprehensive Geboes Score incorporated a number of 

previously reported variables, including architectural changes, epithelial and 

lamina propria neutrophils, crypt destruction, erosion or ulceration (Geboes et al. 

2000). The Geboes Score showed a good interobserver agreement between 

pathologists for biopsies collected from endoscopically inflamed mucosa of UC 

patients (Geboes et al. 2000). Both the Modified Riley Score and the Geboes 

Score show a highly significant correlation with the Mayo endoscopic subscore in 

case of both severely active and inactive disease, however there is high diversity 

in mildly and moderately active disease (Lemmens et al. 2013). 
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1.3.3.5 Treatment 

 

The treatment goals in UC are to induce remission during a disease flare and to 

maintain remission in order to prevent complications and colectomy. Several anti-

inflammatory agents, immunosuppressants and immunomodulators may be used 

in active UC, however the choice of a specific agent and its way of administration 

depend on the different features of disease in a particular patient. The key 

aspects to consider when making therapeutic decisions in active UC are disease 

extent and severity, and outcomes of previous treatments (Mowat et al. 2011; 

Dignass et al. 2012b). 

 

Medical therapy for the induction of remission 

 

5-aminosalicylates such as mesalazine are the first-line therapy for patients with 

mild to moderate UC and can be administered topically (suppositories in case of 

proctitis or aenemas in case of more extensive disease) and/or orally (in case of 

left-sided colitis or pancolitis), depending on disease extent (Dignass et al. 

2012b). Addition oral mesalazine or topical steroids to topical mesalazine should 

be considered for escalation of treatment in proctitis (Dignass et al. 2012b). 

Topical steroids may be added to topical mesalazine, however they are less 

effective than mesalazine (Marshall et al. 2010). In left-sided colitis and more 

extensive mild to moderate UC, the first-line treatment is combined oral and 

topical mesalazine (Dignass et al. 2012b). 

 

If mesalazine fails to induce improvement in 2-4 weeks, oral corticosteroids 

should be started (Mowat et al. 2011; Dignass et al. 2012b; Ordás et al. 2012). 

While 70% patients respond to steroids, the remaining 30% do not respond or 

develop steroid-dependence and should be switched to thiopurines and/or anti-

TNF-agents (Ordás et al. 2012). Azathioprine is moderately effective in 

inducing clinical and endoscopic remission in steroid-dependent UC (Ardizzone 
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et al. 2006; Leung et al. 2008; Louis et al. 2014). Both infliximab and adalimumab 

have shown good ability to induce mucosal healing, defined as endoscopic Mayo 

subscore  1, in patients with moderate to severe chronically active UC 

(Rutgeerts et al. 2005; Reinisch et al. 2013). It has been shown that combination 

of infliximab and azathioprine is superior to either drug as monotherapy in 

moderate to severe chronically active UC (Panaccione et al. 2014), however 

further studies are needed before combination therapy can be conclusively 

recommended in UC, and an individualised approach appears currently 

preferable (Lee et al. 2014). 

 

Other therapeutic agents or interventions have been tested, and in certain cases 

approved, for the treatment of active UC. In particular, the fully human 

monoclonal anti-TNF- antibody golimumab was effective in inducing clinical 

remission and mucosal healing (endoscopic Mayo subscore  1) in patients with 

moderately to severely active UC (Sandborn et al. 2014). In the UK, golimumab 

has been recommended as an alternative to infliximab and adalimumab for UC 

patients with moderately or severely active disease who did not respond to or 

could not tolerate corticosteroids or thiopurines (NICE 2015a). The anti-47 

integrin humanised monoclonal antibody vedolizumab is significantly more 

effective than placebo in inducing clinical remission and mucosal healing 

(endoscopic Mayo subscore  1) in UC (Feagan et al. 2013), and in the UK 

vedolizumab has been recommended for moderately to severely active UC 

patients who failed therapy with conventional therapy or with an anti-TNF- agent 

(NICE 2015b). The oral Janus kinase (JAK) inhibitor tofacitinib induced clinical 

remission and mucosal healing (endoscopic Mayo subscore 0) in a dose-

dependent manner in moderately or severely active UC (Sandborn et al. 2012c), 

however its safety profile needs to be carefully evaluated before recommending 

its use in clinical practice to treat UC (Peyrin-Biroulet et al. 2013). 

 

Finally, faecal microbiota transplantation has given contrasting results in two 

randomised controlled clinical trials in mild to moderate UC, possibly due to 
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different route and frequency of administration (Moayyedi et al. 2015; Rossen et 

al. 2015). In particular, duodenal infusion of donor faeces, which is significantly 

more effective than vancomycin for recurrent C. difficile infection (van Nood et al. 

2013), had no significant effect on mild to moderate UC (Rossen et al. 2015). 

Conversely, weekly faecal microbiota transplantation via retention enema for six 

weeks induced endoscopic remission in a significantly higher proportion than 

placebo in patients with mild to moderate UC (Moayyedi et al. 2015), however 

this was achieved only in 24% of randomised patients. 

 

Management of ASUC 

 

The management of ASUC follows a different algorithm from chronically active 

UC. ASUC is a medical emergency which requires admission and intravenous 

hydrocortisone administration due to the high risk of colectomy (Macken et al. 

2015). A plain abdomen radiograph is required to exclude the presence of toxic 

megacolon or perforation, and an unprepared flexible sigmoidoscopy with 

biopsies may be important for the diagnosis and management, however it should 

not delay the treatment start (Macken et al. 2015). Moreover, patients admitted 

for ASUC require venous thromboembolism prophylaxis and fluid/electrolyte 

balance correction (Macken et al. 2015). Nutritional support is important in 

malnourished patients with ASUC (Dignass et al. 2012b). There is not sufficient 

evidence to recommend total parenteral nutrition with bowel rest in ASUC, 

whereas in this condition enteral nutrition is most appropriate and associated with 

significantly fewer complications than parenteral nutrition (Van Gossum et al. 

2009). 

 

Intravenous hydrocortisone induces remission in 70% patients with ASUC. 

However, failure of steroids by day 3, defined according to the Oxford criteria as 

stool frequency > 8/day, or stool frequency 3-8/day and a CRP > 45mg/L, 

predicts an 85% likelihood of requiring a colectomy, and prompts escalation to 

rescue therapy with infliximab or ciclosporin or tacrolimus, or referral for 
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colectomy (Dignass et al. 2012b; Macken et al. 2015). It has been shown that 

ciclosporin has equivalent efficacy to infliximab in steroid-resistant ASUC, with no 

significant difference between the two treatments in the rate or time to colectomy 

(Laharie et al. 2012). Colectomy should be considered in patients who do not 

respond to rescue therapy within 7 days from initiation (Macken et al. 2015). A 

retrospective study showed that patients with ASUC who were given an 

accelerated induction with three doses of infliximab within a median of 24 days 

had a significantly lower rate of colectomy at 3 months as compared with the 

standard 0, 2 and 6 week induction regimen (Gibson et al. 2015). 

 

Approximately 5% patients with ASUC develop toxic megacolon, which can be 

defined as a total or segmental non-obstructive dilatation of the colon (≥ 5.5 cm) 

on plain abdominal X-ray, associated with systemic toxicity (Gan et al. 2003). 

Hypomagnesaemia, hypokalaemia and anti-diarroheal medications are risk 

factors for toxic megacolon (Dignass et al. 2012b). In case of toxic megacolon, in 

addition to intravenous hydrocortisone, empirical treatment with oral vancomycin 

should be considered until stool is confirmed negative for C. difficile toxin, and 

surgical opinion should be seeked, as an early colectomy may be necessary 

(Dignass et al. 2012b). 

 

Medical therapy for the maintenance of remission 

 

Once active UC has been successfully treated, the therapeutic goal is to maintain 

steroid-free clinical and endoscopic remission. Oral mesalazine is the first-line 

therapy for maintenance of remission in UC patients (Mowat et al. 2011). MMX-

mesalazine administered once daily represents a valid alternative to traditional 

mesalazine and allows better patients’ compliance (Yang et al. 2011). 

Azathioprine and 6-mercaptopurine are effective for maintaining remission in UC 

(Timmer et al. 2012), and are recommended as maintenance therapy for patients 

who are intolerant to 5-aminosalicylates, ASUC patients responding to 

ciclosporin or tacrolimus for induction of remission, and as steroid-sparing agents 
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in steroid-dependent UC (Dignass et al. 2012b; Goel et al. 2015). Anti-TNF- 

therapy may also be continued as maintenance therapy in patients who initially 

respond to treatment (Dignass et al. 2012b), however this is not recommended in 

the UK (Mowat et al. 2011). 

 

CRC prevention strategies in UC 

 

Strategies to prevent CRC in UC include long-term treatment with mesalazine, 

which has an established chemopreventive effect, and colonoscopy surveillance 

with dye spray (chromoendoscopy) and targeted biopsies (Van Assche et al. 

2013). It has been shown that prolonged administration of mesalazine can 

reduce the risk of UC-associated CRC (Velayos et al. 2005), whereas 

maintenance with thiopurines does not have a significant protective effect on the 

development of CRC (Jess et al. 2014). Patients with CD colitis are now 

considered to have a similar risk of CRC as UC patients. 

 

According to the British Society of Gastroenterology guidelines (Cairns et al. 

2010), patients with colitis should have a screening chromoendoscopy with 

targeted biopsies 10 years after diagnosis. The subsequent follow-up is decided 

based on the endoscopic and histologic findings. In particular, in patients with 

dysplasia, colectomy should be considered; patients with extensive moderately 

or severely active colitis, or family history of CRC in first-degree relatives aged < 

50 years, or primary sclerosing cholangitis, or previous evidence of dysplasia and 

declining surgery should undergo yearly encdoscopic surveillance; patients with 

mildly active colitis, or family history of CRC in first-degree relatives aged < 50 

years, or pseudopolyps should undergo endoscopic surveillance every 3 years; 

patients with no evidence of inflammation should undergo surveillance 

colonoscopy every 5 years (Cairns et al. 2010). In the last decade the rate of 

CRC and colectomy in UC patients has decreased, likely due to surveillance 

programs and to the more widespread use of chemoprevention with mesalazine 

(Van Assche et al. 2013; Vester-Andersen et al. 2014). 
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Surgical options and pouchitis 

 

Unlike in CD, surgery can be curative in UC. Emergency surgery is indicated in 

ASUC and toxic megacolon not responsive to medical management, whereas 

elective surgery is mainly indicated in patients with dysplasia or CRC, and 

resistance or contraindication to medical management in active UC (Mowat et al. 

2011). The most frequently performed surgical technique is total proctocolectomy 

with ileal J-pouch-anal anastomosis that usually requires a temporary diverting 

ileostomy (Ordás et al. 2012). The cumulative probability of colectomy in UC is 

20-30% after 25 years, with disease extent and severity of symptoms at 

diagnosis being the most accurate predictors (Cosnes et al. 2011). 

 

Surgery may be complicated by the development of pouchitis, characterised by 

high stool frequency and faecal incontinence, which can be acute or chronic if 

symptoms last less or more than 4 weeks, respectively (Van Assche et al. 2013). 

The first-line treatment of acute pouchitis is metronidazole or ciprofloxacin, 

whereas chronic pouchitis can be treated with antibiotic combination or 

budesonide or, in refractory cases, infliximab (Van Assche et al. 2013). The best 

option both for maintaining antibiotic-induced remission and for preventing 

recurrences of pouchitis is represented by the probiotic preparation VSL#3 

(Holubar et al. 2010; Van Assche et al. 2013). 

 

Management strategies in UC – “Step-up” and “treat-to-target” 

 

The management of chronically active UC still largely relies on a “step-up” 

approach, with decisions on treatment escalation being guided by outcomes of 

previous therapy (Mowat et al. 2011; Dignass et al. 2012b) (Fig. 1.4A). 
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Figure 1.4. Possible treatment strategies in chronically active UC. (A) The 
management of UC in the outpatients setting still largely follows a “step-up” 
approach, with decisions on treatment escalation being guided by outcomes of 
previous therapy. (B) The “treat-to-target” approach in UC is based on the 
definition of a specific therapeutic target and the subsequent selection of the 
appropriate treatment depending on disease activity. Assessment of disease 
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activity is repeated at a pre-specified time point, and therapy adjustment is 
performed accordingly, with the view of leaving the therapeutic target unchanged. 
(Original Figure). 
 

 

Conversely, the management of ASUC, based on the application of the Truelove 

and Witts’ criteria to decide which patients need aggressive treatment in order to 

prevent colectomy, is a good example of patient stratification based on predicted 

risk of subsequent complications. 

 

Similarly to CD, the “treat-to-target” approach is emerging as a valuable strategy 

also in the medical management of chronically active UC, however the proposed 

algorithm in UC is based on disease activity assessment rather than on risk 

evaluation (Fig. 1.4B) (Levesque et al. 2015). The choice of the appropriate 

target is important in order to prevent long-term negative outcomes in UC, and, 

as a therapeutic goal, clinical remission has been surpassed by mucosal healing. 

Failure to achieve mucosal healing after the first course of steroids for newly 

diagnosed UC predicts a more aggressive disease course at 5 years (Ardizzone 

et al. 2011). Conversely, patients who achieve early mucosal healing 

(endoscopic Mayo subscore ≤1 at week 8 after treatment start) after infliximab 

induction are less likely to undergo hospitalisation and colectomy at one year 

compared with those with higher scores (Colombel et al. 2011). Histologic 

healing, which can be defined as the complete resolution of histologic 

abnormalities, is becoming a potential target not only for assessing disease, but 

also for predicting disease evolution and consequently for therapeutic decision 

making in UC (Peyrin-Biroulet et al. 2014; Marchal Bressenot et al. 2015). 

 

The feasibility of the “treat-to-target” approach in clinical practice was tested in a 

pilot study in which 60 UC patients were followed-up for 18 months by means of 

an endoscopic test and therapeutic adjustment within six months from treatment 

start/change until achievement of the pre-specified targets (mucosal healing – 

endoscopic Mayo subscore ≤1; and histologic healing). Most of the patients 
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underwent two or three endoscopic tests in 18 months, and high cumulative rates 

of mucosal and histologic healing were observed (60% and 50%, respectively) 

(Bouguen et al. 2014). 
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1.4 IBD – Aetiopathogenesis 

 

There is evidence that IBD arises as an inappropriate inflammatory reaction to 

stimuli including the intestinal microbiota in genetically susceptible individuals in 

response to environmental triggers. 

 

1.4.1 Genetic susceptibility in IBD 

 

A number of epidemiologic observations support an important role for genetic 

susceptibility in the development of IBD. Jewish populations have a higher 

prevalence compared with non-Jewish population living in the same area 

(Ananthakrishnan 2015). Additionally, studies on migrant populations showed 

that, with time, the risk of developing IBD tends to become similar to that of the 

general population living in the same geographical area. This is more evident 

particularly from the second generation after the migration, supporting the view 

that CD and UC arise from a combination of genetic and environmental factors 

(Cosnes et al. 2011). Studies on familial aggregation showed that 5-15% patients 

with IBD have a positive family history for IBD, and in case both parents are 

affected, the risk of developing IBD before the age of 30 is 33% (Halme et al. 

2006). The concordance rate in monozygotic twins is 20-50% for CD and 

approximately 15% for UC, suggesting that the heritable component is smaller in 

UC than in CD (Ananthakrishnan 2015).  

 

Several mutations and gene variants, many of which affecting loci containing 

genes involved in microbial handling and immune response, are associated with 

CD, UC, or both disease (Fig. 1.5) (Lees et al. 2011; Jostins et al. 2012; 

McGovern et al. 2015). A meta-analysis of genome-wide association studies 

(GWAS) and ImmunoChip data identified 163 loci associated with IBD, which 

explained 13.6% of CD and 7.5% of UC total disease variances (Jostins et al. 

2012), and a trans-ethnic analysis of genome-wide and ImmunoChip data 

identified 38 additional loci associated with CD and UC (Liu et al. 2015). The 
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majority of genetic variations are consistently found both in European and in non-

European cohorts, and are common to both forms of IBD (Jostins et al. 2012; Liu 

et al. 2015). On the other hand, not all loci are reported consistently between 

different GWAS, which underlines the heterogeneity of IBD (Baumgart et al. 

2007a). 

 

 

 

 

Figure 1.5. Heterogeneity of loci containing immune response genes 
associated with IBD. Some of the variants in the listed loci are specific for CD, 
few are specific for UC, and the majority, including several Th1- and Th17-related 
genes, are common to both forms of IBD. (Adapted from Lees et al. 2011). 
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NOD2 polymorphisms 

 

Three mutations in the gene encoding NOD2, also known as caspase recruitment 

domain-containing protein 15 (CARD15), on chromosome 16 are associated with 

a higher risk of CD (Hugot et al. 2001; Ogura et al. 2001), and studies from 

France, Germany, UK, and US have shown that up to 40% of patients with CD 

(compared with 14% of controls) have one or more of these mutations (Cho et al. 

2007a). Homozygous or compound heterozygous carriage of NOD2 risk alleles 

confers a 17-fold increased risk of CD, whereas heterozygous carriage of NOD2 

increases the risk of CD 2.4-fold (Cho et al. 2007b). NOD2 mutations are 

associated with ileal CD and with a higher likelihood of developing fibrostenosing 

complications (Abreu et al. 2002; Cho et al. 2007a). 

 

Several studies have been performed to clarify the functional link between NOD2 

mutations and susceptibility to CD. NOD2 plays an important role in microbial 

handling, as suggested by the observations that NOD2 stimulation by bacterial 

MDP induces the release of -defensins by Paneth cells, activates autophagy in 

DCs by intracellularly directing bacteria to the autophagosome, and promotes 

colonic IEC growth and survival (Cruickshank et al. 2008; Cooney et al. 2010; 

Tan et al. 2015). Mice with targeted NOD2 mutations show altered TLR signalling, 

leading to overproduction of pro-inflammatory cytokines and impaired -defensin 

release by Paneth cells (Watanabe et al. 2004; Kobayashi et al. 2005). 

Overexpression of NOD2 containing the fs1007 mutation associated with CD in 

transgenic mouse macrophages results in up-regulated IL-1 release following 

MDP stimulation (Maeda et al. 2005). Conversely, as compared to control 

subjects, peripheral blood mononuclear cells (PBMCs) from homozygous NOD2 

mutant CD patients fail to up-regulate IL-8 release upon stimulation with MDP, 

and do not show up-regulated TNF- and IL-1 release upon stimulation with 

TLR ligands (Van Heel et al. 2005). Overall, NOD2 mutations appear to promote 

a dysregulated mucosal immune response to microbial components, however the 

exact mechanisms are unknown, likely due to our incomplete understanding of 
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the interactions between the host immune system and the intestinal microbiota 

(Baumgart et al. 2007a). 

 

Polymorphisms in autophagy and in IL-23 receptor (IL23R) genes 

 

Variants in the autophagy genes ATG16L1 and ATG4B have been associated 

with CD (Hampe et al. 2007; Liu et al. 2015). In particular, the T300A ATG16L1 

polymorphism introduces a caspase-3 or caspase-7 cleavage sequence, 

resulting in more efficient degradation of the ATG16L1 allele, with consequent 

impaired autophagy (Lassen et al. 2014; Murthy et al. 2014). A study on Scottish 

population, which has high incidence of CD, the T300A ATG16L1 was found to 

be present in 61% adult-onset CD compared with 54% control subjects (Van 

Limbergen et al. 2008). Variants in IL23R gene are protective against CD (Duerr 

et al. 2006). In particular, the R381Q polymorphism, which is present in 

approximately 14% of the European population, is a loss-of-function allele which 

results in reduced IL-23 signalling (Sarin et al. 2011). It has been calculated by a 

meta-analysis of genetic association studies that the T300A ATG16L1 and the 

R381Q IL23R variants are associated with 38% increase and a 54% decrease in 

the risk for CD (Grigoras et al. 2015). 

 

Polymorphisms in other immune response and intestinal barrier function genes 

 

Single nucleotide polymorphisms (SNPs) in the HLA-DRA gene, encoding for the 

-chain of the MHC class II, are strongly associated with an increased risk of UC 

(McGovern et al. 2015). Variants in the gene encoding for IFN regulatory factor 

(IRF)5, which is a susceptibility gene for rheumatoid arthritis and systemic lupus 

erythematosus, and whose product induces cytokines such as IL-6, IL-12 and 

TNF- via TLR signalling, have been associated with UC (Anderson et al. 2011). 

A highly significant association with UC has also been observed for a common 

polymorphism in a region on chromosome 1q32 containing the IL10 gene, with 

only a very modest association observed in CD (Franke et al. 2008). However, it 
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has been found that the loss-of-function mutations in the IL-10 receptor gene 

results in early-onset IBD with a CD-like phenotype (Glocker et al. 2009; Kotlartz 

et al. 2012). GWAS have identified gene variants related to specific pathways of 

inflammation in IBD (Fig. 1.5). Variants in several genes centrally involved in Th1 

pro-inflammatory immune responses, namely STAT1, STAT4, IL12B, IFNG, and 

IL18RAP, are associated with increased susceptibility to CD and UC (McGovern 

et al. 2015). Polymorphisms in AHR, STAT3, RORC, and CCR6, a group of 

genes involved in Th17 immune response, are associated with a greater risk for 

both CD and UC (Duerr et al. 2006; McGovern et al. 2015). 

 

Finally, mutations in LAMB1, HNF4A, GNA12 and OSMR, which encode for 

important molecules for the intestinal barrier function, are associated with a 

higher risk of IBD (McGovern et al. 2015).  
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1.4.2 Environmental triggers in IBD 

 

There are important evidences that cigarette smoking and appendicectomy play 

a significant role in the aetiopathogenesis of IBD. Moreover, long-term intake of 

specific dietary factors is likely to influence the susceptibility to IBD, despite 

relatively few nutrients have been investigated so far, and some of the results 

have been inconstistent between different studies. 

 

Cigarette smoking 

 

Cigarette smoking is one of the most consistently replicated risk factors for CD 

(Ananthakrishnan 2015). Smoking is associated with a two-fold increase (odds 

ratio [OR] 1.76; 95% confidence interval [CI] 1.40-2.22) in the risk of CD and with 

a similar decrease (OR 0.58; 95% CI 0.45-0.75) in the risk of UC (Mahid et al. 

2006). Conversely, former smoking is associated with an increased (OR 1.79; 

95% CI 1.37-2.34) risk of UC, which remains persistently elevated over 20 years 

after smoking cessation (Mahid et al. 2006; Higuchi et al. 2012). Resumption of 

low dose smoking in a selected group of ex-smokers with treatment-resistant UC 

may ameliorate signs and symptoms (Calabrese et al. 2012). In CD, current 

smoking is associated with earlier age of onset and more frequent need for 

immunosuppression in women but not in men, worsens the disease course, 

favours fistula and stricture formation, and increases the number of flares and 

post-surgical relapses, whereas in UC current smoking is associated with later 

age of onset and lower risk of need for immunosuppression in men but not in 

women (Cosnes et al. 2004; van der Heide et al. 2009). Less than 40% CD 

patients are aware of the detrimental effects of smoking (De Bie et al. 2015). 

Current smoking is also associated with a reduced risk of primary sclerosing 

cholangitis in UC (van der Heide et al. 2009), which suggests that the effects of 

smoking may be systemic and not just limited to the colon. 
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Several hypotheses have been formulated to explain the reasons behind the 

complex relationship between smoking and IBD. Nicotine was believed to play an 

important role due to its ability to increase mucus production and to improve 

intestinal barrier function in experimental colitis (Cosnes 2004), however trials of 

nicotine patches or aenemas were not successful (McGrath et al. 2004; Ingram 

et al. 2005). PBMCs from smokers with CD, but not UC, show an impaired anti-

inflammatory protection against oxidative free radical stress because of lower 

levels of heat shock protein 70 (Bergeron et al. 2012). Polymorphisms in nicotine 

metabolising genes may influence the association between smoking and IBD 

(Ananthakrishnan et al. 2014b). Moreover, it has been shown that smoking is 

associated with changes in the intestinal microbiota composition in humans 

(Biedermann et al. 2014).  

 

Appendicectomy 

 

Appendicectomy appears to have a protective effect against the development of 

UC, since it has been shown to be associated with a 69% reduction in the 

subsequent risk of UC (Koutroubakis et al. 2002). Patients who develop UC after 

appendicectomy are diagnosed at an older age, are less likely to have recurrent 

symptoms, and have a reduced need for immunosuppression, however they 

have a higher risk of primary sclerosing cholangitis (Radford-Smith et al. 2002; 

Gardenbroek et al. 2012). As opposed to UC, a higher incidence of CD has been 

reported following appendicectomy, however it is not clear whether this results 

from diagnostic problems in patients with undiagnosed CD or whether it may 

relate to altered microbial handling by the mucosal immune system and failure to 

develop immune tolerance after appendicectomy (Baumgart et al. 2007a; Kaplan 

et al. 2008). The use of oral contraceptive agents is associated with an increased 

risk of CD, however this effect tends to disappear after suspension (Khalili et al. 

2013). 
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Dietary factors 

 

Currently, nutrients which have been investigated in prospective studies in IBD 

include polyunsaturated fatty acids (PUFAs), vitamin D, fibre, and protein. High 

dietary intake of the n-3 PUFA docosahexaenoic acid is associated to a reduced 

risk of developing CD (Chan et al. 2014). Another prospective study has shown 

that high intake of dietary long-chain n-3 PUFAs is associated with a reduced risk 

of UC, whereas high intake of trans-unsaturated fats appears to be associated 

with an increased risk of UC (Ananthakrishnan et al. 2014a). Higher predicted 

plasma levels of vitamin D, a micronutrient with anti-inflammatory properties, are 

associated with a reduced risk of developing CD (Ananthakrishnan et al. 2012). 

Interestingly, normalisation of plasma level of vitamin D is associated with a 

lower risk of surgery and hospitalisation in CD (Ananthakrishnan et al. 2013a). 

Long-term intake of dietary fibre, particularly from fruit, is associated with 

significantly lower risk of CD, but not UC (Ananthakrishnan et al. 2013b). Finally, 

in the French cohort of the EPIC-IBD study, a positive association between 

animal, but not vegetable, protein intake and risk of IBD has been reported 

(Jantchou et al. 2010), whereas in the whole European study no association 

between body mass index and risk of IBD has been reported (Chan et al. 2013). 
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1.4.3 The intestinal microbiota in IBD 

 

There is abundant evidence that the intestinal microbiota plays an important role 

in the pathogenesis of intestinal inflammation, and this is epitomised by the 

observation that, despite germ-free mice have increased susceptibility to 

infections, such as Salmonella, Shigella, Listeria and Leishmania, experimental 

colitis does not develop under germ-free conditions (Sartor 2004). 

 

Effects of intestinal microbiota alterations and constituents on experimental colitis 

 

It has been shown in various experimental models that, in genetically susceptible 

hosts, changes in the intestinal microbiota may be required for the development 

of intestinal inflammation. For example, Tbx21-/-Rag2-/- ulcerative colitis (TRUC) 

mice, which lack the transcription factor T-bet in the innate immune system and 

do not develop colitis spontaneously unless infected with the Proteobacterium 

species Helicobacter typhlonius (Powell et al. 2012). Mice with a mutation in 

ATG16L1 develop a dysfunction in Paneth cells and an altered response to DSS 

colitis resembling CD, which are both dependent on infection with Norovirus, and 

are prevented by broad-spectrum antibiotics (Cadwell et al. 2010). 

 

Conversely, a rational selection of Treg-inducing bacterial strains from the stool 

microbiota of a healthy volunteer has been shown to ameliorate TNBS-induced 

colitis (Atarashi et al. 2013). It has also been demonstrated that B. fragilis 

polysaccharide A, which can undergo processing by DCs and be presented to T 

cells despite being a polysaccharide, is responsible for protecting Rag-/- mice 

from T cell transfer colitis exacerbated by H. hepaticus (Mazmanian et al. 2008). 

B. fragilis polysaccharide A appears to exert its effect by promoting the 

differentiation of IL-10-producing Tregs and by inhibiting Th1 and Th17 response 

(Mazmanian et al. 2008). These observations suggest that targeted modulation 

of the intestinal microbiota may hold considerable therapeutic potential in IBD.  
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Alterations of the intestinal microbiota in IBD 

 

There are significant differences in the intestinal commensal microbiota 

composition between IBD patients and healthy individuals, and IBD patients have 

a reduced biodiversity of the intestinal microbial community compared to control 

subjects (Qin et al. 2010; Carding et al. 2015). Firmicutes and Bacteroidetes are 

underrepresented in the intestinal microbiota of CD patients, whereas 

Enterobacteriaceae and Proteobacteria are overrepresented (Kostic et al. 2014). 

In particular, the butyrate-producing Firmicutes species Faecalibacterium 

prausnitzii, which is less abundant in patients with IBD, appears to have a 

protective effect, as patients with high levels are less prone to recurrence 

following surgical resections (Sokol et al. 2008).  

 

High frequency of the pathogen Mycobacterium avium subspecies 

paratuberculosis has been reported in CD (Feller et al. 2007), and presentation 

of IBD occurs frequently after gastrointestinal infections (García Rodríguez et al. 

2006). AIEC has been found to preferentially colonise the ileal mucosa in CD 

patients (Darfeuille-Michaud et al. 2004). AIEC reduces levels of ATG16L1 in 

epithelial cells, and favours invasion both by inhibiting autophagy and by 

producing the mucin-degrading protease Vat-AIEC (Nguyen et al. 2014; Gibold et 

al. 2015). Finally, C. difficile infection is associated with a higher risk of mortality 

and morbidity in IBD patients (Ananthakrishnan et al. 2009). Dysbiosis in IBD is 

not limited to bacterial species. It has been shown that both CD and UC are 

associated with the expansion of Caudovirales, independently from bacterial 

dysbiosis (Norman et al. 2015), and aberrant immune response to indigenous 

fungi influences susceptibility to experimental colitis (Iliev et al. 2012). 

 

Evidences suggesting a contributing role of the intestinal microbiota in IBD 

 

Overall, IBD is more prevalent in the distal ileum and colon, consistent with the 

idea that they reflect aberrant inflammatory responses to the intestinal microbiota 
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(Knights et al. 2013). Remarkable differences in microbial composition between 

healthy control subjects and CD have been shown in a large cohort of paediatric 

new-onset and treatment-naïve CD patients, thereby minimising the influence of 

confounding factors, such as drugs and disease duration, on the intestinal 

microbiota and highlighting some important changes preceding the start of 

treatment (Gevers et al. 2014; Hall et al. 2014). In particular, in CD samples there 

was abundance of Pasteurellaceae, Veillonellaceae, Neisseriaceae, and 

Fusobacteriaceae, and depletion of Bacteroidetes, Faecalibacterium, and 

Bifidobacterium (Gevers et al. 2014). These differences were only revealed by 

analysis of mucosal tissue rather than faecal samples, suggesting that bacteria 

resident on the mucosal surface may be more relevant for disease development 

than those present in the lumen (Gevers et al. 2014; Hall et al. 2014). However, it 

is currently unclear whether changes in intestinal microbial composition observed 

in IBD contribute to, or rather are a consequence of the mucosal lesions (Carding 

et al. 2015). Moreover, it has been shown in a prospective study that serologic 

positivity for a combination of antibodies against E. coli outer membrane porin 

and flagellin, ASCA and pANCA predicts the development of IBD in a low-risk 

population (van Schaik et al. 2013). 

 

There is evidence to suggest that perturbation of the intestinal microbiota with 

antibiotics in early childhood may influence the mucosal immune response and 

confers high susceptibility to IBD. This is supported by the observations that, 

compared to 39% of the control subjects, 58% of paediatric patients with IBD 

received an antibiotic in their first year of life, and that the relative risk of CD in 

children who previously used antibiotics is 1.84 higher compared to non-users 

(Shaw et al. 2010; Hviid et al. 2011). Moreover, multiple antibiotic courses are 

associated with a higher risk of IBD than one single course (Kronman et al. 2012). 

On the other hand, antibiotics such as metronidazole and ciprofloxacine are 

effective in perianal disease and decrease the risk of post-operative recurrences 

in CD, and both probiotics and antibiotics are useful in the treatment of pouchitis 

(Mowat et al. 2011). 
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1.4.4 Inappropriate inflammatory reaction in IBD intestinal mucosa 

 

Dysregulation of the intestinal immune response in IBD involves several 

components of the mucosal immune system (Cader et al. 2013). This Section 

focuses on changes in intestinal barrier and epithelial function, on the aberrant 

mucosal B cell response, on the mucosal T cell response and the relative 

cytokines involved.

 

Impaired intestinal barrier and epithelial function in IBD 

 

One of the key initiating mucosal alterations in IBD is a defect in the intestinal 

barrier function. Multiple mouse models of colitis, such as IL-10-/- mice, TNFARE 

mice, and the CD45RBhi-adoptive transfer model, share a component of barrier 

loss and epithelial damage (Nalle et al. 2015). Interestingly, in IL-10-/- mice, 

barrier loss precedes the onset of colitis. Alterations in tight junction composition 

play an important role in inducing intestinal epithelial barrier dysfunction and in 

favouring inflammation. It has been observed that mice with constitutively 

activated MLCK and consequent increased paracellular permeability, when 

crossed with mice which spontaneously develop colitis, develop accelerated and 

more severe intestinal inflammation (Su et al. 2009). An important consequence 

of impaired intestinal barrier function is that it allows luminal antigens, including 

the microbiota, to interact with the components of the mucosal immune system 

directly and without regulation. It has been shown that, in IL-10-/- mice, before the 

onset of inflammation, the inner colonic mucus layer has a normal thickness but 

is penetrable to bacteria (Johansson et al. 2014). Moreover, it has been 

observed that conditional claudin 7 knock-out in IECs determines a selective loss 

of barrier function in the colon, which leads to the absorption of a bacterial 

chemoattractant for neutrophils, and to the consequent onset of intestinal 

inflammation (Tanaka et al. 2015). 
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Patients with IBD have increased intestinal permeability, not only in the inflamed 

mucosa, but also in non-inflamed areas (Söderholm et al. 2002; Hedin et al. 

2012). The defect in the intestinal barrier function in CD has a genetic component, 

as suggested by the observation that it occurs in healthy relatives of CD patients 

(May et al. 1993; Buhner et al. 2006). Moreover, intestinal barrier impairment has 

been shown to precede the onset of CD in a patient with positive family history 

(Irvine et al. 2000). Matriptase transcripts are significantly down-regulated in 

inflamed colonic mucosa of both CD and UC compared to control subjects, and 

this may promote the increase in intestinal permeability observed in IBD (Netzel-

Arnett et al. 2012). Finally, it has been shown that IBD patients in remission with 

intestinal barrier defect consequent to excessive IEC shedding and have a higher 

risk of relapse compared to those with an intact barrier (Kiesslich et al. 2012). 

 

IECs may contribute to the inflammatory process by releasing pro-inflammatory 

cytokines, such as IL-15 and IL-8, or by producing smaller amounts of the 

tolerogenic factor TSLP (Kaser et al. 2010). In the presence of pro-inflammatory 

cytokines such as IFN- and TNF-, IECs acquire overexpression of MHC 

molecules and may function as APCs and activate T cells (Cruickshank et al. 

2004). Co-culture of IECs from IBD patients has been shown to induce control 

CD4+ T cells to proliferate and produce IFN- (Dotan et al. 2007).Aberrant TLR 

signalling in IECs may contribute to the development of intestinal inflammation by 

altering the response to the intestinal microbiota, thereby facilitating tissue injury 

and pro-inflammatory responses (Cario 2010). It has been observed that, in the 

IL-2-/- mouse model of colitis, colonic IECs show decreased TLR4 

responsiveness and increased TLR2 responsiveness, with up-regulated 

production of IL-6 and IL-18 (Singh et al. 2005). PRR expression by IECs is 

dysregulated in IBD, with significant up-regulation of TLR4 in IBD, up-regulation 

of NOD2 in CD, and down-regulation of TLR3 in CD as compared to control 

subjects (Cario et al. 2000; Berrebi et al. 2003). Patients with UC show goblet 

cell and mucin depletion. Moreover, it has been shown that Paneth cells from 

ileal CD patients with NOD2 mutations express reduced levels of human -
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defensin 5 and human -defensin 6 (Wehkamp et al. 2005). Moreover, differently 

from PBMCs from control subjects, PBMCs from CD patients fail to restore 

defensin production by Paneth cells (Courth et al. 2015). CD patients who are 

homozygous for the T300A ATG16L1 polymorphism have marked abnormalities 

in the secretory apparatus of Paneth cells (Cadwell et al. 2008). Finally, features 

of unfolded protein response, which arises from endoplasmic reticulum stress in 

highly secretory cells such as Paneth cells, have been found to be present both 

in uninflamed and inflamed IBD epithelium, irrespective of genetic risk variants 

within this pathway (Kaser et al. 2011; Tréton et al. 2011). 

 

Aberrant mucosal B cell response in IBD 

 

There is evidence of dysregulated humoral immune response in IBD, and also 

this alteration may reflect aberrant handling of the intestinal microbiota by the 

mucosal immune system in this condition, as suggested by the frequent 

presence of antibodies directed against microbial components and ASCA in CD 

patients. Unlike CD, UC is often being regarded to as an autoimmune disease, 

and among the evidences quoted to support this concept are the frequent 

positivity of serum pANCA and anti-goblet cell autoantibodies, and the presence 

of genetic risk variants in the the HLA-DRA gene (Leiper et al. 2011). Moreover, 

the abnormal mucosal immune cell response in UC has been considered to be 

driven by B cell-promoting Th2 cells (Fuss et al. 2008). However, treatment with 

rituximab, a humanised antibody against the B cell surface marker CD20, has not 

been effective in a randomised clinical trial in UC (Leiper et al. 2011). 

 

The intestinal lamina propria in IBD is infiltrated by cytotoxic, granzyme B-

expressing CD19+ and IgA+ plasma cells, which may contribute to mucosal 

damage (Cupi et al. 2014). Mucosal production of pIgA, and J chain and pIgR 

expression are significantly decreased in IBD mucosa. Moreover, in this condition 

there is a substantial shift from IgA2 to IgA1 mucosal synthesis, which has 

important consequences as this latter subclass is less resistant to proteolytic 
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degradation. Impaired SIgA-mediated immune exclusion may contribute to the 

formation of autoantibodies and antibodies against microbial antigens commonly 

observed in IBD (Brandtzaeg et al. 2006). On a different line, it has been shown 

that faecal bacteria from IBD patients which are highly coated in SIgA confer a 

higher susceptibility to experimental colitis (Palm et al. 2014). Moreover, unlike 

uncoated microbial species, when SIgA-coated bacteria are transplanted into 

mice with DSS-induced colitis, they induce a substantial exacerbation of 

intestinal inflammation (Shapiro et al. 2015). 

 

Aberrant mucosal T cell response in IBD 

 

Several in vivo and in vitro evidences support the importance of both effector T 

cell overactivation and imbalance between effector T cells and Tregs in triggering 

and sustaining mucosal inflammation in IBD. A large number of mouse models of 

colitis, including TNBS-, DSS- and oxazolone-induced, T cell transfer, and IL-10-

deficient colitis, have been shown to be associated or dependent on an abnormal 

T cell response (Maynard et al. 2009). Furthermore, inflammatory lesions 

develop in small intestinal foetal explants cultured ex vivo with IL-12 and anti-

CD3 (Pender et al. 1996), and inhibition of T cell activation, for example upon 

selective blockade of calcium channels on T cell membrane, leads to a reduction 

in pro-inflammatory cytokine production both in vitro and ex vivo (Di Sabatino et 

al. 2009a).  

 

Excessive mucosal T cell activation in IBD may be promoted by the presence of 

an increased proportion of activated DCs in the lamina propria. Conversely, 

circulating immature DCs are depleted in active IBD, and display an aberrant 

response to bacterial CpG-DNA, suggesting a dysregulated interaction with the 

intestinal microbiota (Baumgart et al. 2005). Studies performed using KLH 

immunisation have shown that oral tolerance is defective in patients with IBD, 

and also in healthy family members, suggesting that this alteration may 

contribute to disease susceptibility (Kraus et al. 2006). A considerable effort has 
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been dedicated to the characterisation of the different mucosal effector T cell 

responses involved in CD and in UC. 

 

Th1 and Th2 cells and cytokines in IBD 

 

An abnormal mucosal Th1 immune response, triggered by increased mucosal 

levels of IL-18 and IL-12, is present in inflamed intestinal areas in CD 

(Monteleone et al. 1997; Monteleone et al. 1999; Podolsky 2002). Indeed, 

macrophage-derived IL-12 is overexpressed preferentially in CD (Monteleone et 

al. 1997). It has been observed that, while IFN- and IL-2 production by T-LPLs is 

undetectable in the majority of UC patients and control subjects, the proportion of 

IL-2- and IFN--producing T-LPLs ranges between 3 and 18% in CD patients. 

This was confirmed by Northern blot analysis, which showed the presence of 

IFN- mRNA in resected colonic mucosa of 5 out of 6 CD patients, as opposed to 

1 out of 5 UC patients, and none out of 9 control subjects (Breese et al. 1993). 

Accordingly, IFN- production by LPMCs measured by flow cytometry was 

significantly higher in CD patients compared to UC patients and control subjects 

(Noguchi et al. 1995). 

 

A few years later, it was demonstrated by LPMC isolation and culture and 

subsequent enzyme-linked immunosorbent assay (ELISA) assays that, upon 

activation via the CD2/CD28 pathway, CD4+ T-LPLs from CD patients release 

significantly higher IFN- concentrations (mean > 85000 pg/ml) than CD4+ T-

LPLs from UC patients (mean < 60000 pg/ml) or control subjects (mean < 60000 

pg/ml) (Fuss et al. 1996). Interestingly, upon activation via both the CD2/CD28 

and the CD3/CD28 pathways, CD4+ T-LPLs from both CD and UC patients 

produced significantly lower concentrations of IL-4 compared with CD4+ T-LPLs 

from control subjects, nevertheless the mean concentration was lower than 150 

ng/ml for all the groups studied (Fuss et al. 1996). Furthermore, upon activation 

of both the CD2/CD28 and the CD3/CD28 pathways, CD4+ T-LPLs from UC 

patients produced significantly higher levels of IL-5 than CD4+ T-LPLs from CD 
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patients and control subjects, nevertheless the mean concentration was lower 

than 300 ng/ml for all the groups studied (Fuss et al. 1996). These results were 

confirmed by subsequent studies from the same research group, showing that 

anti-CD2/CD28-activated LPMCs from CD patients produce significantly higher 

concentrations of IFN- (mean > 20000 pg/ml) than UC and control LPMCs 

(mean < 5000 pg/ml), significantly lower concentrations of IL-4 (mean < 20 pg/ml) 

than control LPMCs (mean > 60 pg/ml), and significantly lower concentrations of 

IL-5 (mean < 50 pg/ml) than UC LPMCs (mean > 150 pg/ml) (Fuss et al. 2004; 

Heller et al. 2005). 

 

It has been reported that anti-CD2/CD28-activated UC LPMCs release 

significantly higher concentrations of the Th2 cytokine IL-13 (mean > 900 pg/ml) 

compared to LPMCs from CD patients and control subjects (mean < 300 pg/ml) 

(Fuss et al. 2004; Heller et al. 2005). It has also been reported that the main 

source of IL-13 in UC mucosa is represented by non-invariant NKT cells, with up 

to 76% LPMCs being positive for IL-13 after anti-CD2/CD28 activation in UC, as 

opposed to less than 3% in CD patients and control subjects, and up to 24% 

being NKT cells, as opposed to 0.5% in CD patients and control subjects (Fuss 

et al. 2004). Subsequently, it has been reported that more than 30% LPMCs the 

colon of UC patients is constituted by non-invariant NKT cells which respond to 

stimulation with lyso-sulfatide glycolipid-loaded CD1d-tetramer by producing IL-

13 and by enhancing their cytotoxic effect on IECs (Fuss et al. 2014). 

Furthermore, IL-13 transcripts have been found to be detectable in 45% UC 

colonic samples, whereas they were undetectable in all samples from control 

subjects, and the frequency of UC samples positive for IL-13 mRNA was 

significantly higher in inflamed mucosa compared to uninflamed intestine 

(Kawashima et al. 2011). Finally, immunohistochemical characterisation of 

colonic mucosa showed that phosphorylated STAT6 is absent in paediatric CD 

patients and control subjects, whereas high expression levels are detectable in 

paediatric UC patients (Rosen et al. 2011). 
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Nevertheless, there have also been different observations about mucosal Th1 

and Th2 cytokines in IBD. Both inflamed CD and UC biopsies cultured ex vivo 

release significantly higher amounts of IFN- (mean 234 and 202 pg/ml, 

respectively) compared to control biopsies (mean 23 pg/ml), with no significant 

difference between CD and UC (Rovedatti et al. 2009). Similar observations have 

been reported by Bernardo et al. (Bernardo et al. 2012), who have described the 

presence of a mixed cytokine profile with predominance of IL-6 and absence of 

IL-13 in supernatants of UC biopsies cultured ex vivo. In another study, 

significantly lower levels of IL-13 were found in the colonic mucosa of UC 

patients (median 56 pg/mg of tissue) compared to CD patients and control 

subjects (82 pg/mg of tissue and 83 pg/mg of tissue, respectively) (Vainer et al. 

2000). Finally, evaluation of cytokine production by biopsies from paediatric 

patients with IBD cultured ex vivo revealed that IL-13 concentration were 

significantly lower in supernatants of UC biopsies compared to CD and control 

supernatants (Kadivar et al. 2004). 

 

IFN- is a potent pro-inflammatory cytokine produced by Th1 cells and by innate 

lymphoid cells (ILCs) (Neurath 2014). IFN- has been shown to play an important 

role in the pathogenesis of T cell transfer experimental colitis, and the 

administration of anti-IFN- antibodies to mice soon after T cell transfer prevents 

the onset of colitis (Powrie et al. 1994b). IFN- can activate a wide spectrum of 

immune cells, including endothelial cells, lymphocytes and macrophages, and 

stimulates macrophages to release TNF- (Boehm et al. 1997). Moreover, IFN- 

enhances the expression of MHC on APCs and promotes neutrophil migration by 

enhancing the expression of chemokines and their receptors (Colgan et al. 1993). 

 

IL-13 is a pleiotropic cytokine produced by T cells and NKT cells, with effects on 

many cell types, including macrophages, epithelial cells, smooth muscle cells 

and neurons (Wynn 2003). NKT cell-derived IL-13 has been implicated in the 

pathogenesis of an experimental model of colitis, namely oxazolone-induced 

colitis, in which disease can be prevented by treating mice with an IL-13 receptor 
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(IL-13R)2-Fc fusion protein (Heller et al. 2002). Interestingly, administration of 

neutralising antibodies against IL-17E, which is a potent inducer of Th2 cell 

development, before treatment with oxazolone ameliorates experimental colitis 

(Camelo et al. 2012). On the other hand, the observation that IL-13, in the 

absence of the decoy receptor IL-13R2, may suppress the development and 

function of Th1/Th17 cells in a murine model of colitis, does not support the pro-

inflammatory role of IL-13 in the intestine (Wilson et al. 2011). IL-13 activates the 

pro-apoptotic protease caspase-3 in mouse colonic IECs (Kawashima et al. 

2011). Moreover, IL-13 has a well-established role in enhancing epithelial 

permeability via the pore pathway by up-regulating claudin 2 expression within 

the tight junctions (Weber et al. 2010). 

 

Despite the contrasting observations regarding IL-13 expression and function in 

intestinal inflammation, CD has been thought to be characterised by a Th1 

immune response with predominant IFN- production, while UC has been 

considered as a Th2-mediated disease, with excessive production of IL-5 and IL-

13. In particular, based on data in experimental colitis, on the observations that 

IL-13 is up-regulated in UC, and on the in vitro establishment of plausible 

mechanisms of IL-13-mediated intestinal injury, neutralisation of this cytokine has 

been considered to be a promising therapeutic strategy in UC (Mannon et al. 

2012). 

 

Th17 cells and cytokines in IBD 

 

After the identification of genetic risk variants within the IL-23-Th17 pathway in 

IBD, the expression of Th17-associated cytokines has been studied in intestinal 

inflammation. Significantly higher transcript levels of IL-17A have been detected 

both in CD and UC mucosa in comparison to the normal intestine (Sugihara et al. 

2010). Moreover, T-LPLs from both CD and UC patients express significantly 

higher IL-17A transcript levels compared to those from control subjects 

(Kobayashi et al. 2008). It has been observed by immunohistochemistry that, 
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while IL-17A is undetectable in the lamina propria of control subjects, high levels 

of IL-17A are present in CD3+ and CD68+ cells in the lamina propria of IBD 

patients (Fujino et al. 2003). Moreover, inflamed mucosa from both CD and UC 

patients cultured ex vivo produces significantly higher levels of IL-17A (mean 188 

and 130 pg/ml, respectively) than control mucosa (mean 27 pg/ml) (Rovedatti et 

al. 2009). Moreover, the lamina propria of both CD and UC (mean 5.6% and 

6.7% of CD3+ LPMCs, respectively) patients contains significantly more Th17 

cells than the lamina propria of control subjects (mean 2.4% of CD3+ LPMCs) 

(Rovedatti et al. 2009). 

 

IL17A is a pleiotropic cytokine expressed mainly by T cells and ILCs, which acts 

on both immune and non-immune cells (Neurath 2014). IL17R is expressed on a 

wide range of cells, including fibroblasts, epithelial and endothelial cells (Toy et al. 

2006). It has been shown that IL-17A induces IL-6 and IL-8 production in vitro 

through mitogen-activated protein kinase (MAPK) pathways, thus favouring the 

recruitment of neutrophils at sites of inflammation, and triggers T cell proliferation 

and up-regulation of pro-inflammatory molecules, such as inducible nitric oxide 

synthase and IL-1 (Awane et al. 1999; Laan et al. 2001; Kolls et al. 2004). 

 

Th17 cells are also an important source of IL-21, an IL-2-related cytokine which 

is up-regulated in inflamed IBD mucosa (Monteleone et al. 2005; Sarra et al. 

2010). IL-21 enhances Th1 and Th17 immune responses in the intestine, as 

shown by the demonstration that IL-21-deficient mice are resistant to Th1/Th17 

cell-driven models of colitis and by the observation that IL-17A and IFN- 

production by activated LPMCs from IBD patients is inhibited when IL-21 is 

blocked (Monteleone et al. 2005; Fina et al. 2008). Finally, Th17 cells also 

produce IL-22, which regulates epithelial cell proliferation, wound healing 

processes, and expression of defensins and Reg3 (Pickert et al. 2009). It has 

been observed that IL-22-producing cells are significantly reduced in the inflamed 

mucosa of UC, but not CD, patients compared to control subjects (Leung et al. 

2014). 
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The importance of Th17 cells in intestinal inflammation has been demonstrated in 

vivo in T cell transfer colitis. In particular, it has been shown that, while transfer of 

T cells lacking the capacity to produce individual Th17 cytokines to RAG-deficient 

mice is sufficient to induce colitis, transfer of T cells from a RORt-deficient 

animal fails to induce colitis, indicating that at least one member of Th17 cytokine 

family is required for intestinal inflammation (Leppkes et al. 2009). The 

observation that blocking the p40 subunit, shared by IL-12 and IL-23, improves 

both murine colitis and active CD (Sandborn et al. 2008) has reinforced the 

hypothesis that not only the IL-12/Th1 axis, but also the IL-23/Th17 axis, may be 

playing an important pro-inflammatory role in IBD. However, secukinumab, a 

monoclonal antibody directed against IL-17A, has been ineffective in in active CD 

(Hueber et al. 2012). Indeed, neutralisation of IL-17A and IL-17F alone is 

ineffective or has a detrimental effect on T cell transfer experimental colitis 

(O'Connor et al. 2009), and treatment with IL-22 protects mice from T cell-

dependent colitis (Zenewicz et al. 2009). On the other hand, IL-21 deficiency 

significantly improves experimental colitis (Fina et al. 2008). These observations 

underline the complex effects of Th17 immune response in the intestinal mucosa, 

which can be pro- or anti-inflammatory depending on the model and the context 

considered, and on the predominant cytokine expression profile. 

 

Defective mucosal regulatory mechanisms in IBD 

 

Several mucosal immune regulatory mechanisms have been studied in IBD, 

including TGF- signalling, Tregs, and IL-17E expression and function. 

 

Both TNBS- and oxazolone-induced colitis are characterised by up-regulated 

expression of TGF- in inflamed tissue, associated with impaired TGF- 

signalling due to elevated levels of inhibitory Smad7, which in turn leads to 

reduced phosphorylated Smad3 (Boirivant et al. 2006). Moreover, Smad7 

overexpression in transgenic mice increases the severity of disease in DSS-
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induced colitis by inducing a prominent Th1 response (Rizzo et al. 2011). TGF- 

expression is increased in the inflamed colonic mucosa of IBD patients with 

active disease compared to control mucosa (Babyatsky et al. 1996). However, 

pre-incubation of IBD LPMCs with TGF- is unable to prevent TNF--induced 

NF-B activation, implying their resistance to TGF--mediated 

immunosuppression (Monteleone et al. 2004). Indeed, TGF- signalling pathway 

is defective in CD, as indicated by the reduced levels of phosphorylated Smad3 

and Smad3-bound Smad4 in inflamed CD intestinal mucosa (Monteleone et al. 

2001). This is due to the up-regulation of Smad7 in CD mucosa, where Smad7 is 

overexpressed by both T cells and non-T cells and critically impairs TGF- 

signalling (Monteleone et al. 2001). 

 

Transfer of CD4+ T cells depleted of Tregs into RAG-/- mice results in colitis, and 

Tregs suppress Th1-mediated experimental colitis (Powrie et al. 1994a; Fantini et 

al. 2006). The ability of Tregs to suppress intestinal inflammation in RAG-/- mice 

depends on their release of IL-10 and TGF- (Maloy et al. 2003). Tregs are 

depleted in peripheral blood of patients with active IBD compared to quiescent 

IBD patients and control subjects (Singh et al. 2001; Chamouard et al. 2009). 

Conversely, there is a higher number of Tregs in the intestinal mucosa of IBD 

patients compared to control subjects, and Tregs isolated from IBD intestinal 

mucosa display normal ability to suppress the proliferation of effector T cells in 

vitro (Maul et al. 2005; Saruta et al. 2007; Eastaff-Leung et al. 2010). An intact 

TGF- signalling, which is impaired in inflamed IBD mucosa because of up-

regulation of the inhibitory molecule Smad7, is required for Treg function 

(Monteleone et al. 2001; Fahlén et al. 2005). Effector T cells from IBD intestinal 

mucosa are hyporesponsive to Treg-mediated suppressive action, and this 

depends on defective TGF- signaling due to high Smad7 expression, as T cell 

responsiveness to Tregs is restored by the culture with Smad7 antisense 

oligonucleotide (Fantini et al. 2009). 
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IL-17E promotes Th2 cell differentiation and inhibits Th1 and Th17 responses 

(Monteleone et al. 2010). It has been showed that IL-17E, which in the human 

intestine is expressed mainly by subepithelial macrophages, is significantly 

reduced in the inflamed intestinal mucosa of subjects with IBD compared with 

control subjects (Caruso et al. 2009). Moreover, the addition of IL-17E to LPMCs 

isolated from inflamed IBD intestinal areas and stimulated with LPS or 

peptidoglycan significantly down-regulates the production of IL-12 and IL-23 

compared to the condition with LPS or peptidoglycan alone. The defect in the 

production of IL-17E in IBD could therefore be responsible for the upregulation of 

IL-12 and IL-23, with expansion of the mucosal Th1 and Th17 cells and 

consequent tissue damage (Caruso et al. 2009). 
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1.4.5 TNF- and TNF- neutralisation in IBD 

 

It is well established that TNF- expression, both at the transcript and protein 

levels, is markedly up-regulated in IBD inflamed intestinal mucosa compared to 

control mucosa (Dionne et al. 1997). Moreover, stool TNF- concentration has 

been shown to be significantly increased in paediatric CD and UC patients 

compared to control children (Braegger et al. 1992). Immunohistochemical 

staining has revealed that the median density of TNF--expressing cells in the 

lamina propria of CD and UC patients (148 and 145 cells/mm2, respectively) is 

significantly higher compared to control subjects (5.5. cells/mm2) (Murch et al. 

1993). It has been shown that a high proportion of CD14+ and CD4+ LPMCs from 

IBD patients express transmembrane TNF- and release soluble TNF- 

(Kamada et al. 2008; Atreya et al. 2011). 

 

TNF-, which signals via NF-B activation, is indeed produced by macrophages, 

DCs and T cells, and is biologically active as a homotrimeric transmembrane 

protein and as soluble TNF- after being cleaved by TACE (Scheller et al. 2011; 

Cabal-Hierro et al. 2014). TNF- receptor (TNFR)2 activation on T cells induces 

experimental colitis in vivo (Holtmann et al. 2002), and neutralisation of 

transmembrane, but not soluble, TNF- suppresses murine experimental colitis 

(Perrier et al. 2013). TNF- can exert a wide range of pro-inflammatory effects. In 

particular, TNF- induces intestinal barrier impairment by enhancing paracellular 

permeability via MLCK activation (Clayburgh et al. 2005), and by promoting IEC 

and Paneth cell necroptosis via receptor-interacting protein kinase (RIPK)3 

activation (Günther et al. 2011). TNF- also promotes the expression of 

MAdCAM-1 on endothelial cells in vitro (Oshima et al. 2001), thereby favouring 

the recruitment of T cells expressing 47 integrin to the intestinal mucosa. 

Moreover, TNF- may favour tissue damage by stimulating myofibroblasts to 

produce MMPs (Okuno et al. 2002). Finally, TNF- promotes macrophage 

activation in vitro (Wesemann et al. 2003). 
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The strongest evidence that TNF- plays a central role in the pathogenesis of 

IBD is provided by the therapeutic success of TNF- neutralisation in IBD. In 

particular, biologic therapies with agents which neutralise TNF- have 

revolutionised the treatment of human chronic inflammatory disease, including 

IBD (Kuek et al. 2007). Responsiveness, however, is difficult to predict, and there 

may be differences in efficacy and mode of action between different agents 

(Nesbitt et al. 2007; Tracey et al. 2008; Siegel et al. 2009). For example, 

infliximab and adalimumab are monoclonal IgG1 antibodies, whereas etanercept 

is a dimeric p75 TNF receptor-IgG Fc fusion protein (Sandborn et al. 2002; 

Rutgeerts et al. 2009). The fact that etanercept is not effective in CD (Sandborn 

et al. 2001), but is effective in rheumatoid arthritis and psoriasis (Weinblatt et al. 

1999; Leonardi et al. 2003), remains unexplained. 
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1.4.6 Proteases in IBD intestinal mucosa 

 

Excessive protease expression is a common feature of chronic inflammatory 

disorders, and elevated tissue levels of proteases are present in rheumatoid 

arthritis, asthma, chronic obstructive pulmonary disease, and IBD (Baugh et al. 

1999; Vandooren et al. 2004; Elkington et al. 2006; Shimshoni et al. 2015). In 

particular, during intestinal inflammation, several proteases are expressed at 

higher than normal levels, and dysregulated proteolysis leads to both structural 

and functional alterations in the intestinal barrier, which ultimately promote the 

development of intestinal lesions. 

 

Protease up-regulation in IBD inflamed mucosa 

 

Dysregulation of protease expression and activity in IBD mucosa has been 

repeatedly and consistently reported in several studies. MMP-1, MMP-2, MMP-3, 

MMP-7, MMP-8, MMP-9, MMP-10, MMP-12, collagenase 3 (MMP-13) and MMP-

14 are all up-regulated in IBD inflamed mucosa (Ravi et al. 2007; OʼShea et al. 

2014; O'Sullivan et al. 2015). Conversely, epilysin (MMP-28) is down-regulated in 

the inflamed mucosa of UC patients compared to control subjects (Rath et al. 

2010). 

 

Protein extracts from both inflamed and ulcerated intestinal mucosa of both CD 

and UC patients are characterised by an increased expression of MMP-1, MMP-

2, MMP-3, MMP-12, collagenase 3 (MMP-13) and MMP-14 compared to normal 

intestinal mucosa, and all these enzymes can be produced by stromal and 

immune cells in the lamina propria (Heuschkel et al. 2000; von Lampe et al. 

2000; Ravi et al. 2007). In situ hybridisation studies have shown high transcript 

levels of MMP-1, MMP-3 and MMP-12 in the granulation tissue around intestinal 

ulcerations of IBD patients, and myofibroblasts in these ulcers also express 

MMP-13 (Saarialho-Kere et al. 1996; Vaalamo et al. 1998; Di Sabatino et al. 

2009b). There is also evidence that another important source of MMP-3 in IBD 



 

 
131 

mucosa is represented by long-lived lamina propria IgG plasma cells (Gordon et 

al. 2008). MMP-9 is highly up-regulated in the inflamed mucosa of IBD patients, 

and mucosal MMP-9 levels correlate with disease activity in IBD (Baugh et al. 

1999). MMP-7 is also highly overexpressed in inflamed IBD mucosa, and its 

levels correlate with disease activity in UC (Matsuno et al. 2003; Salmela et al. 

2004). The epithelium at the edge of intestinal ulcers in IBD is strongly positive 

for MMP-7 and MMP-10 (Saarialho-Kere et al. 1996; Vaalamo et al. 1998). In 

particular, disruption of the basement membrane below the MMP-7-positive IECs 

has been reported in IBD (Saarialho-Kere et al. 1996), and immediately below 

MMP-10-expressing IECs there is loss of laminin staining, suggesting enzymatic 

degradation (Vaalamo et al. 1998). 

 

Proteases are dysregulated in IBD not only in terms of expression levels, but also 

in terms of main producing cell types. For example, in mucosal ulcers of IBD 

patients, MMP-1 is expressed by macrophages and myofibroblasts, but not by 

IECs (Arihiro et al. 2001). MMP-2 is highly up-regulated in IBD ulcers and is 

released in excess by IECs, lamina propria myofibroblasts, macrophages and 

lymphocytes (Kirkegaard et al. 2004). MMP-8 and MMP-9, which are essentially 

undetectable in the normal intestine, are produced in large amounts by IECs 

during active IBD (Pirilä et al. 2003; Ravi et al. 2007). 

 

The family of adamalysins is also involved in intestinal inflammation. ADAM15, a 

transmembrane metalloproteinase with chemotactic effects through its interaction 

with integrins on the surface of leukocytes, is highly overexpressed by IECs and 

endothelial cells in inflamed IBD intestine, and it is in close contact with cells 

expressing its integrin ligand 51, hence probably playing a role in inflammatory 

cell trafficking in this condition (Mosnier et al. 2006). Furthermore, the activity of 

ADAM17 has been reported to be up-regulated in UC but not in CD inflamed 

mucosa (Brynskov et al. 2002). Another study showed an increased ADAM17 

expression in inflamed CD mucosa and a correlation between ADAM17 levels 

and the intensity of neutrophil infiltration (Cesaro et al. 2009). The administration 
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of TNBS to rats stimulates ADAM17 expression and activity at the onset of colitis 

(Colón et al. 2001). Up-regulated ADAM17 activity may contribute to the excess 

of soluble TNF- that plays a crucial role in determining mucosal inflammation in 

IBD. Mucosal expression of TIMP-3, the endogenous inhibitor of ADAM17, is 

significantly down-regulated in CD patients compared to control subjects, while at 

the same time ADAM17 activity is up-regulated, resulting in increased shedding 

of TNF- from the cell membrane. Interestingly, TIMP-3 is a TGF--dependent 

gene, therefore its reduction in CD may be explained by the impairment in TGF- 

signaling present in this condition (Monteleone et al. 2012). While ADAM9 and 

ADAM10 mucosal expression is not different between IBD patients and control 

subjects, ADAM19 is significantly overexpressed in intestinal IBD biopsies 

compared to control biopsies (Franzè et al. 2013). 

 

Finally, elastinolytic activity is increased in mucosal samples from patients with 

IBD, and elafin is reduced in the intestinal epithelium (Motta et al. 2012). 

However, it has been reported that transcripts of the natural elastase inhibitor 

elafin are significantly up-regulated in IBD mucosa compared to control mucosa 

(Schmid et al. 2007), and that also serpin B1, another elastase inhibitor, is 

increased in the epithelium of IBD patients (Uchiyama et al. 2012). 

 

Functional consequences of protease dysregulation in intestinal inflammation 

 

Protease dysregulation contributes to the disruption of intestinal barrier and to 

the induction of intestinal lesions in IBD by multiple mechanisms (Fig. 1.6), which 

have been studied using several in vivo and in vitro experimental models. 

 
 
Figure 1.6 (see next page). Simplified representation of MMP-induced 
intestinal barrier damage in IBD. IECs, macrophages, LPMCs and 
myofibroblasts produce large and unbalanced amounts of MMPs in IBD inflamed 
intestinal mucosa. Once activated by proteolytic cleavage of their pro-domain, 
MMPs digest the ECM, causing tissue destruction and the development of 
ulcerations. The alteration of the epithelial barrier allows uncontrolled passage of 
luminal bacteria, amplifying their interactions with mucosal immune cells and 
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perpetuating the on-going pro-inflammatory immune response. (Adapted from 
Biancheri et al. 2013). 
 

 

The study of mice transgenic for MMPs has provided useful insights into the in 

vivo effect of MMPs in intestinal inflammation. Mucosal MMP-3 and MMP-10 up-

regulation precedes the onset of DSS-induced colitis, and RNA silencing of 

MMP-3 and MMP-10 reduces the severity of DSS-incuced colitis (Kobayashi et al. 

2006). Overexpression of MMP-9 results in reduced MUC2 expression and 

enhances susceptibility to DSS-induced colitis (Liu et al. 2013), whereas MMP-9 

deficiency protects mice from DSS- and S. typhimurium-induced colitis 

(Castaneda et al. 2005). Interestingly, MMP-9 is up-regulated and localises on 

the surface of colonic IECs in C. rodentium-induced colitis, however MMP-9 
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deficient mice are equally susceptible to colitis as wild-type mice in this particular 

model (Rodrigues et al. 2012). Fewer evidences are present on the functional 

role of MMP-12 in intestinal inflammation, however it has been observed that 

MMP-12-deficient mice are protected against TNBS-induced colitis (Pender et al. 

2006). Finally, MMP13-null mice are protected from DSS-induced colitis, and are 

resistant to LPS-induced shock. This appears to be due to the ADAM17-like 

ability of MMP-13 to cleave transmembrane TNF- into soluble TNF-, which 

damages the intestinal barrier (Vandenbroucke et al. 2013). Conversely, MMP-2- 

and MMP-10-deficient mice are more susceptible than wild-type mice to DSS-

induced colitis (Garg et al. 2006; Koller et al. 2012). Similar observations have 

been made in MMP-7-deficient mice, which are also more susceptible to DSS-

induced colitis, possibly due to defective wound healing or enhanced neutrophil 

migration (Shi et al. 2007; Swee et al. 2008). 

 

Neutrophil elastase-deficient mice are protected from DSS-induced colitis, 

treatment with neutrophil elastase inhibitors prevents DSS-induced colitis, and a 

similar effect is observed upon overexpression of elafin (Morohoshi et al. 2006; 

Motta et al. 2011). Likewise, feeding mice lactic acid bacteria engineered to 

overexpress elafin protects animals from both T cell transfer- and DSS-induced 

colitis (Motta et al. 2012). Neutrophil elastase plays an important role in leukocyte 

transmigration, and it has been shown that neutrophil elastase-deficient mice 

have defects in leukocyte adhesion and transmigration (Young et al. 2004). 

 

Several in vitro observations suggest that dysregulated protease expression has 

harmful effects on the integrity of the intestinal barrier and mucosa. Culture of 

human foetal intestinal explants with nanomolar concentrations of recombinant 

human (rh)MMP-3 causes tissue destruction in 24 hours, and can be prevented 

by the addition of an MMP-3 inhibitor to the culture (Pender et al. 1997). There is 

evidence that MMP-9 impairs re-epithelialisation, increases endothelial 

permeability, exerts a disruptive effect on the basement membrane and 

intercellular junction proteins, activates pro-inflammatory cytokines including IL-
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1 and IL-8 (Mohan et al. 2002; Van Den Steen et al. 2003; Ravi et al. 2007). 

Furthermore, the addition of MMP-2 and MMP-9 to Caco-2 cells worsens the 

damage induced by hypoxia in vitro (Zitta et al. 2012). MMP-12 effects have 

been studied mainly in atherosclerosis and chronic obstructive pulmonary 

disease, nevertheless it has been observed that ex vivo culture of IBD intestinal 

biopsies with rhMMP-12 induces epithelial and basement membrane destruction 

(Pender et al. 2006). The action of MMP-7 is complex, as on one hand it has 

been shown that MMP-7 ensures wound re-epithelisation and activates -

defensins (Wilson et al. 1999; Parks et al. 2004), whereas on the other hand 

MMP-7 can also disrupt the intestinal epithelium by degrading the epithelial 

adherens junction protein E-cadherin (Noë et al. 2001). PGP, which is generated 

by the combined action of MMP-8, MMP-9 and prolyl-endopeptidase, has 

chemoattractive effects on neutrophils and is up-regulated in IBD mucosa, and 

this suggests an additional mechanism by which MMPs can sustain the 

inflammatory infiltrate in this condition (Koelink et al. 2014). 

 

Pro-inflammatory cytokines involved in IBD pathogenesis have an important 

influence on MMP expression. In particular, TNF- promotes excessive release 

of a wide range of tissue-degrading MMPs by mucosal myofibroblasts cultured in 

vitro (Okuno et al. 2002). Moreover, both IL-21 and IL-17A induce a marked 

increase in MMP production by intestinal myofibroblasts in synergy with either 

TNF- or IL-1 (Bamba et al. 2003; Monteleone et al. 2006). Finally, TNF-, IL-

21 and IL-6 stimulate colonic IEC lines and normal colonic explants to 

overexpress ADAM19, which co-localises with zonula occludens-1, a tight 

junction-associated protein (Franzè et al. 2013).  

 

MMPs exert specific effects on IgG1. Interestingly, IgG1 has a Thr-His human 

neutrophil elastase cleavage site in the upper hinge, and there is a Pro-Glu 

scissile bond susceptible to cleavage by MMP-3 and MMP-12 in the lower hinge 

(Brezski et al. 2009; Brezski et al. 2010). Trastuzumab, a monoclonal antibody 

used in the treatment of breast cancer, can be degraded by several proteolytic 
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enzymes with consequent reduction of its immune effector functions (Fan et al. 

2012). Moreover, cleaved IgG have been detected within squamous cell 

carcinoma with a predominant localisation at the invasive front, a site particularly 

rich in proteases (Kinder et al. 2013). 
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1.4.7 Mechanisms of intestinal fibrogenesis in CD 

 

Fibrosis is a common end-stage of chronic inflammatory diseases in various 

tissues, and involves excessive accumulation of ECM components, including 

collagen and fibronectin, in the damaged tissue, leading to scarring and organ 

malfunction (Wynn et al. 2012). In CD, where inflammation is transmural, 

subsequent damage and repair processes may ultimately cause architectural 

distortion and thickening of all layers of the intestinal wall, thus leading to 

intestinal fibrosis and stricture development (Burke et al. 2007). This represents a 

significant clinical problem in CD, and patients with fibrostenosing disease may 

require surgical removal of the affected tract (Rieder et al. 2011). 

 

Chronic TNBS-induced murine colitis, which is accompanied by intestinal fibrosis, 

is characterised by the development of TGF--dependent intestinal fibrosis, as 

shown by the observation that chronic intrarectal TNBS-induced colonic fibrosis, 

marked by increased mucosal transcripts of TGF-1 (Lawrance et al. 2003), is 

effectively prevented by a TGF-1 peptide-based vaccine, able to suppress 

excessive TGF-1 activity (Ma et al. 2010). 

 

Collagen levels are increased in CD intestinal strictures compared to non-

strictured CD and control intestine (Graham et al. 1988). In the mucosa overlying 

CD strictures, MMP-3 and MMP-12 are down-regulated, whereas TIMP-1 is up-

regulated, and this may also contribute to the abnormal ECM accumulation 

observed in CD intestinal fibrosis (Di Sabatino et al. 2009b). In a murine model of 

intestinal fibrosis, TIMP-1, which is up-regulated, effectively inhibits ECM 

degradation by MMPs (Lawrance et al. 2003), and TIMP-1 has been found to be 

increased in collagenous colitis (Gunther et al. 1999). Moreover, in the 

uninflamed mucosa overlying intestinal strictures of CD patients, expression of 

the potent pro-fibrotic cytokine TGF- is higher compared to uninflamed mucosa 

overlying non-strictured areas (Di Sabatino et al. 2009b). 
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Intestinal myofibroblasts in CD fibrosis 

 

Intestinal myofibroblasts are primarily involved in modulating tissue remodelling 

through the production of proteases, and play an important role in fibrogenesis 

and stricture development in CD (Regan et al. 2000; Andoh et al. 2007; Rieder et 

al. 2009). Myofibroblasts isolated from the mucosa overlying intestinal strictures 

of CD patients show significantly higher collagen and TIMP-1 production (Fig. 

1.7), and have reduced migratory ability compared to those isolated from non-

strictured areas of CD patients or from control subjects, suggesting that this cell 

population exerts a pro-fibrogenic action in CD. Moreover, myofibroblasts 

isolated from the mucosa overlying CD strictures express increased TGF- 

transcripts, and release higher TGF- protein levels compared to myofibroblasts 

from uninflamed non-strictured CD and control areas (Di Sabatino et al. 2009b). 

 

 



 

 
139 

Figure 1.7 (see previous page). TGF- in CD intestinal fibrosis. The right part 
of the diagram represents an intestinal CD stricture, preceded by a pre-stenotic 
dilatation of an uninflamed non-strictured tract (left part of the diagram). In CD 

intestinal strictures, myofibroblasts produce excessive amounts of TGF-. 
Stricture development in CD is characterised by excessive synthesis and 
accumulation of collagen and other ECM components by intestinal 
myofibroblasts, by the reduction of tissue-degrading proteolytic enzymes, such 

as MMP-3 and MMP-12, and by the increase in TIMPs, including TIMP-1. TGF- 
enhances TIMP-1 secretion and reduces MMP-12 production by intestinal 
myofibroblasts. (Adapted from Biancheri et al. 2014). 
 

Within the normal intestinal mucosa, TGF- plays a pivotal role in the 

maintenance of immune homeostasis by preventing abnormal and harmful pro-

inflammatory responses against the normal constituents of the intestinal flora 

(Konkel et al. 2011), and it is centrally implicated in the physiologic processes of 

intestinal remodelling and wound healing (Iizuka et al. 2011). In fibrostenosing 

CD, however, TGF- plays a prominent pro-fibrogenic role by increasing TIMP-1 

production by myofibroblasts isolated from strictured, uninflamed non-strictured 

CD and control mucosa, and by reducing MMP-12 release by myofibroblasts 

isolated from uninflamed mucosa overlying non-strictured CD and control areas 

(McKaig et al. 2003; Di Sabatino et al. 2009b). 

 

In addition to TGF-, a number of cytokines can modulate myofibroblast function, 

including IL-1 and TNF- (Okuno et al. 2002), and those belonging to the IL-17 

family (Wynn 2004; Gaffen 2011). 
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Involvement of IL-17A and IL-17E in tissue fibrosis 

 

IL-17A, which is up-regulated in the intestinal mucosa of patients affected by IBD, 

has been shown in experimental studies to play an important role in tissue 

remodelling and fibrosis in a number of different tissues. In particular, IL-1-

induced and bleomycin-induced lung fibrosis seems to depend on the action of 

IL-17A, and IL-17A−/− mice show reduced susceptibility to experimental skin 

fibrosis (Okamoto et al. 2012; Wilson et al. 2010). IL-17A stimulates proliferation 

and migration of cardiac fibroblasts (Valente et al. 2012), promotes hepatic 

stellate cell activation into fibrogenic myofibroblasts (Meng et al. 2012; Tan et al. 

2013), induces collagen production by skin fibroblasts (Okamoto et al. 2012), and 

promotes epithelial-mesenchymal transition of lung epithelial cells (Mi et al. 2011). 

Unlike acute experimental colitis, chronic TNBS-induced murine colitis is driven 

predominantly by IL-17A-producing Th17 cells (Guan et al. 2011). The 

observation that targeting IL-23 (a key cytokine in Th17 cell development) with a 

p40 peptide-based vaccine ameliorates chronic TNBS-induced colitis, and 

reduces IL-17A, TGF- levels, and collagen deposition in the intestine (Guan et 

al. 2011), highlights the importance of IL-17A in intestinal experimental fibrosis. 

 

IL-17E exerts two distinct immunological functions: it promotes Th2 response in 

allergic diseases including asthma (Sharkhuu et al. 2006), and it dampens the 

inflammatory process in immune-mediated disorders, including IBD (Monteleone 

et al. 2010). It has been shown that IL-17E exerts a pro-fibrogenic role in 

experimental fibrotic disorders. Moreover, IL-17E up-regulates pro-inflammatory 

cytokine expression and collagen production by lung fibroblasts (Létuvé et al. 

2006; Gregory et al. 2013). IL-17E mediates pulmonary collagen deposition in 

mice exposed to house dust mite (Gregory et al. 2013), and intestinal TNBS-

induced fibrosis has been found to be associated in the early phase by a marked 

increase in IL-17E (Fichtner-Feigl et al. 2008a). 
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Involvement of IL-13 in lung and intestinal fibrosis 

 

IL-13 has been implicated in experimental lung and intestinal fibrosis. Treating 

mice with bleomycin induces IL-13-dependent pulmonary fibrosis (Fichtner-Feigl 

et al. 2006), and inhibition of IL-13 activity ameliorates TNBS-induced chronic 

colitis-associated fibrosis (Fichtner-Feigl et al. 2008b). IL-13 signalling through 

IL-13R2induces monocytes and macrophages to release TGF- (Lee et al. 

2001; Fichtner-Feigl et al. 2006; Fichtner-Feigl et al. 2008b), which in turn 

promotes collagen production (Feagins 2010). Interestingly, Akiho et al. (Akiho et 

al. 2005) showed that IL-13 enhances the contractility of smooth muscle cells 

isolated from the intestine of CD patients, and the study by Bailey et al. (Bailey et 

al. 2012) reported higher IL-13 transcripts in the intestinal muscle layer of fibrotic 

CD. 
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1.5 Hypotheses 

 

The roles of IL-17, IL-13, MMPs, and ADAM17 are not completely understood in 

IBD. I shall therefore test the following hypotheses in this Thesis. 

 

IL-17 

 

IL-17A and IL-17E expression in human intestinal fibrosis is not clear. Moreover, 

no information is available on IL-17R expression in the intestinal mucosa, or on 

the effect of IL-17A and IL-17E on the release of pro-fibrogenic mediators by 

intestinal myofibroblasts in vitro. 

 

In Chapter 3 of the present Thesis, we therefore tested the following hypotheses: 

- “IL-17A and IL-17E expression is dysregulated in fibrostenosing CD intestine”. 

 

- “IL-17A and IL-17E may contribute to intestinal fibrosis in CD”. 

 

IL-13  

 

IL-13 has been reported to be up-regulated in UC intestinal mucosa, and to play 

an important role in oxazolone-induced colitis and in intestinal experimental 

fibrosis. However, contrasting observations exist on the levels and the role of IL-

13 in inflamed IBD mucosa, and limited information is available on the role of IL-

13 in CD intestinal fibrosis. 

 

In Chapter 4 of the present Thesis, we therefore tested the following hypotheses: 

- “IL-13 expression is up-regulated in UC intestinal mucosa, and may play a 

functional role in the mucosal pro-inflammatory response in UC”. 

 

- “IL-13 is up-regulated in CD intestinal strictures, and may contribute to 

intestinal fibrosis in this condition”. 
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MMP-3, MMP-9 and MMP-12 

 

Information on the bioavailability of anti-TNF- agents in inflamed tissues, where 

they are expected to exert their effect, is lacking. MMPs are up-regulated in IBD 

inflamed mucosa, and can cleave human IgG1 near the hinge region. Anti-TNF- 

agents in use in clinical practice are IgG1 or have part of the amino acid 

sequence in common with Ig. 

 

In Chapter 5 of the present Thesis, we therefore tested the following hypotheses: 

- “MMPs and protein extracts from inflamed IBD mucosa impair the integrity 

and function of anti-TNF- agents”. 

 

- “Serum levels of cleaved anti-TNF- agents correlate with primary non-

responsiveness to biologic therapy in IBD”. 

 

ADAM17 

 

We performed genetic studies in a family of consanguineous parents and their 

three children, two of whom had the same clinical features, with skin and small 

intestine inflammatory lesions, and we identified a deletion in ADAM17. 

 

In Chapter 6 of the present Thesis, we therefore tested the following hypotheses: 

- “ADAM17 expression is reduced in the skin and small intestine of the 

affected siblings compared to the unaffected parents and control subjects”. 

 

- “Soluble TNF- release by PBMCs of the affected siblings is reduced 

compared to the unaffected parents and control subjects”. 
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Chapter 2: Materials and Methods 

 

Note: Materials and Methods common to all or most experimental Chapters have 

been pulled together into this Chapter. Each experimental Chapter is preceded 

by a Materials and Methods section that is specific for that Chapter alone. 

 

2.1 Patients and tissues 

 

In order to study the role of IL-17 in CD intestinal fibrosis, surgical specimens 

from ileum or colon of CD patients and control subjects were collected. The role 

of IL-13 in IBD was studied upon collecting biopsies or surgical specimens from 

the ileum or colon of IBD patients and control subjects. The effect of proteolytic 

cleavage on the integrity and the function of anti-TNF- agents was investigated 

using colonic biopsies and sera of IBD patients and control subjects. Finally, the 

disease and immunologic features associated to the deletion in ADAM17 in two 

affected siblings of consanguineous parents were studied on skin and duodenal 

biopsies collected from the family members and control subjects, and on PBMCs 

from the family members and control subjects. Detailed information on patients, 

samples and Ethics is reported in the Chapter-specific Patients and tissues 

paragraph of each experimental Chapter. 

 

2.2 Organ culture 

 

In order to evaluate the ex vivo production of IL-17A, IL-17E, IL-6, TNF-, IL-13, 

IL-1 and collagen, and the levels of TGF-1 transcripts, intestinal tissue 

explants (1 mm3 in size) from uninflamed areas of strictured and non-strictured 

ileum of patients with fibrostenosing CD and from normal ileum of control 

subjects were placed in 12-well tissue culture plates (BD Biosciences, Oxford, 

UK; one explant per well) and cultured at 37°C and 5% CO2 in 800 l serum-free 

HL-1 medium (Cambrex Bioscience, Wokingham, UK) supplemented with 100 

U/ml penicillin and 100 g/ml streptomycin. After 24 hour ex vivo culture, 
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supernatants were collected and stored at -70°C until used for cytokine 

measurement by ELISA or for collagen measurement by Sircol collagen assay, 

and intestinal explants were homogenised for subsequent evaluation of TGF-1 

expression by quantitative reverse transcription (qRT)-polymerase chain reaction 

(PCR). 

 

In order to evaluate the ex vivo production of IL-13, IL-17A, IFN-, IL-4 and IL-5 

by biopsies from inflamed and uninflamed colonic mucosa of CD and UC patients 

and control subjects, perendoscopic mucosal biopsies were placed in 24-well 

tissue culture plates (VWR International, Lutterworth, UK; one biopsy per well) in 

300 l serum-free HL-1 medium (Cambrex BioScience) supplemented with 100 

U/ml penicillin and 100 g/ml streptomycin, and cultured at 37°C and 5% CO2. 

After 24 hour ex vivo culture, supernatants were collected and stored at -70°C 

until used for cytokine measurement by ELISA. 

 

2.3 Myofibroblast isolation and culture 

 

Intestinal submucosal myofibroblasts were isolated as follows. The mucosa, 

muscle and serosa were dissected away from full thickness samples of bowel 

and discarded. The remaining tissue was cut into 1 mm-sized samples and 

cultured at 37°C in a humidified CO2 incubator in Dulbecco’s modified Eagle’s 

medium (DMEM; Sigma-Aldrich, Poole, UK) supplemented with 20% foetal 

bovine serum (FBS), 1% non-essential amino acids (Invitrogen Ltd, Paisley, UK), 

100 U/ml penicillin, 100 g/ml streptomycin, 50 g/ml gentamycin, and 1 g/ml 

amphotericin (Sigma-Aldrich). Myofibroblasts migrated out of the tissue after a 

few days. Established colonies of myofibroblasts were seeded into 25-cm2 

culture flasks and cultured in DMEM supplemented with 20% FBS and antibiotics. 

At confluence, the cells were passaged using trypsin-ethylenediaminetetraacetic 

acid (EDTA) in a 1:2 to 1:3 split ratio. Cells were grown to at least passage 4 

before there were enough to use in stimulation experiments. 

 



 

 
146 

In order to assess the effect of IL-17A and IL-17E on the production of MMP-3, 

MMP-12, TIMP-1 and collagen, and the effect of IL-13 on the production of 

collagen, subconfluent monolayers of myofibroblasts seeded in 12-well plates 

(BD Biosciences; 3x 105 cells/well) were starved in serum-free medium for 24 

hours at 37°C and 5% CO2 before being cultured for 24 hours at 37°C and 5% 

CO2 with DMEM containing antibiotics in the absence or presence of 10 ng/ml of 

rhIL-17A, or 10 ng/ml rhIL-17E, or 10 ng/ml rhTNF- (all from R&D Systems, 

Abingdon, UK), or 20 ng/ml rhIL-13 (PeproTech EC), or 20 ng/ml rhIL-13 plus 20 

ng/ml rhTNF-. 

 

2.4 ELISA 

 

Concentrations of IL-17A and IL-17E in tissue sample homogenates were 

measured using specific ELISA kits (all from R&D Systems), in accordance with 

the manufacturer’s instructions, and were normalized to the total protein 

concentration, determined by a protein assay (Bio-Rad Laboratories, Hemel 

Hempstead, UK). Concentrations of IL-17A, IL-17E, IL-6, TNF-, IL-13, IFN-, IL-

4, IL-5 and IL-1 in culture supernatants and tissue homogenates were assessed 

using specific ELISA kits (all from R&D Systems), in accordance with the 

manufacturer’s instructions. With regards to the sensitivity of the ELISA kits, the 

detection range of each kit is as follows: IL-17A, 15.6-1000 pg/ml; IL-17E, 46.9-

3000 pg/ml; IL-6, 9.4-600 pg/ml; TNF-, 15.6-1000 pg/ml; IL-13, 15.6-1000 

pg/ml; IFN-, 15.6-1000 pg/ml; IL-4, 31.2-2000 pg/ml; IL-5, 23.4-1500 pg/ml; IL-

1, 3.9-250 pg/ml. Since IL-13 measurements were central to my study, I also 

repeated the measurement of IL-13 in culture supernatants using a different 

ELISA kit (eBioscience, San Diego, CA), with higher sensitivity (detection range 

4-500 pg/ml) compared to the correspondent R&D Systems kit. 

 

2.5 Collagen assay 

 

Total soluble forms of collagen were measured in supernatants of tissue explants 
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and myofibroblasts using the Sircol Collagen Assay Kit (Biocolor Ltd, Belfast, UK), 

in accordance with the manufacturer’s instructions. The collagen content in each 

sample was calculated as an average of three readings. 

 

2.6 RNA extraction and analysis of mRNA expression by qRT-PCR 

 

In order to assess the expression of IL-13, IL-5, IL-17A and IFN- in IBD and 

control mucosa, and in order to evaluate the expression of TGF-1 in CD and 

control explants, RNA was extracted from snap-frozen mucosa of UC, CD and 

control subjects, and from cultured tissue explants. cDNAs were synthesized 

(Improm-II RT system; Promega, Southampton, UK) using random hexamers 

and 1 g of RNA in a final volume of 20 l. RT reactions were performed using 

the Improm-II reverse transcriptase enzyme from the kit. An RT reaction without 

reverse transcriptase enzyme was performed for each tissue type as a negative 

control for qPCR. IL-13, IL-5, IL-17A, IFN- and TGF-1 primers and probe sets 

were validated for use with the ∆∆CT method of quantification. The probe was 

labeled with a 59-reporter dye FAM (6-carboxy-fluorescein) and the 39-quencher 

dye TAMRA (6-carboxy-N,N,N’,N9-tetramethyl-rhodamine). RT reactions were 

diluted 1 in 10 in distilled water, and 5 l of template was added to 6.5 l of 2x 

master mix (Eurogentech, Seraing, Belgium) containing 1.2 mol/l forward and 

reverse primers and 0.248 mol/l of probe in a total volume of 12.5 l. The PCR 

protocol was as follows: 50°C for 2 minutes and 95°C for 10 minutes, followed by 

40 cycles of denaturation at 95°C for 15 seconds, and annealing/extension at 

60°C for 1 minute. Thermocycling and real-time detection of PCR products were 

performed on a sequence detection system (iCycler iQ; Bio-Rad Laboratories). 

Expression levels were normalized against 18S, -actin, and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), and values were calculated using the ∆∆CT 

method. 
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2.7 Western blotting 

 

In order to assess IL-17A, IL-17E, IL-17RB and IL-17RC expression in CD and 

control mucosa, in order to determine MMP-3, MMP-12 and TIMP-1 release by 

IL-17-stimulated CD and control myofibroblasts, in order to evaluate claudin 2 

expression by IL-13-stimulated T84 cells, and in order to study ADAM17, 

ADAM10 and DSG1/2 expression by keratinocytes, tissue samples or 

myofibroblasts or T84 cell monolayers or keratinocytes were homogenised in ice-

cold lysis buffer, and the amount of protein was determined by the DC Protein 

Assay (Bio-Rad Laboratories). Equal amounts of protein or 15 l of cell culture 

supernatants were loaded into each lane and run in 10% sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis gels under reducing conditions. After 

electrophoresis, protein was transferred onto nitrocellulose membranes (Bio-Rad 

Laboratories). Membranes were blocked with 5% non-fat dry milk, followed by 

incubation for 16 hours at 4°C with the following antibodies: goat anti-human IL-

17A (1 g/ml), goat anti-human IL-17E (0.1 g/ml) (both from R&D Systems), 

mouse anti-human IL-17RB (1:500 dilution; LifeSpan Biosciences, Seattle, WA), 

mouse anti-human IL-17RC (1:750 dilution), rabbit anti-human MMP-3 (1:200 

dilution), rabbit anti-human MMP-12 (1:1000 dilution) (all three from Abcam, 

Cambridge, UK), mouse anti-human TIMP-1 (1 μg/ml; Oncogene Research, 

Nottingham, UK), rabbit anti-human ADAM17 (1/500; Abcam), rabbit anti-human 

ADAM10 (1:500; Millipore, Bedford, MA), or mouse anti-human DSG1/2 (1 g/ml; 

Zymed, Cambridge, UK). Appropriate antibodies conjugated to horseradish 

peroxidase (Dako, High Wycombe, UK) were used as secondary antibodies. For 

the detection of claudin 2 expression by T84 cells, rabbit anti-human claudin 2 

antibody (2 g/ml; Invitrogen Ltd) and a goat anti-rabbit IgG antibody conjugated 

to horseradish peroxidase (Dako) were used as primary and secondary 

antibodies, respectively. Reactions were developed with enhanced 

chemiluminescence (ECL Plus Kit; Amersham Biosciences, Little Chalfont, UK). 

Blots were then stripped and analysed for -actin, as an internal loading control, 

using a rabbit anti--actin antibody (1:5000 dilution; Abcam). Blots on T84 cell 
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lysates were stripped and analysed for cytokeratin 19 as a loading control for 

epithelial proteins, using a mouse anti-human cytokeratin 19 antibody (1:1000 

dilution; Abcam). Bands were quantified by scanning densitometry using an LKB 

Ultrascan XL Laser Densitometer (Kodak Ltd, Hemel Hempstead, UK). 

 

The effect of proteases on the integrity of TNF- neutralising agents was 

assessed by immunoblotting under denaturing conditions. After co-incubation 

with active rhMMP-3 or rhMMP-12 or rhMMP-9 or IBD mucosal homogenates or 

control mucosal homogenates, TNF- neutralising agents were run on 10% 

sodium dodecyl sulphate-polyacrylamide gel electrophoresis gels under reducing 

or non-reducing conditions. After electrophoresis, proteins were transferred onto 

nitrocellulose membranes (Bio-Rad Laboratories). Membranes were then 

incubated with a rabbit anti-human Ig Fc antibody (1:3000 dilution; Fisher 

Scientific UK, Loughborough, UK), or a rabbit anti-human Ig  light chain 

antibody (1:2000 dilution; Abcam) followed by a horseradish peroxidase-

conjugated goat anti-rabbit Ig secondary antibody (Dako). Bands were quantified 

by scanning densitometry using ImageJ software program (NIH, Bethesda, MD). 

 

2.8 PBMC isolation 

 

PBMCs were isolated from heparinised peripheral venous blood within 10 

minutes from collection by Ficoll-Hypaque (Sigma-Aldrich) density-gradient 

centrifugation. Sample was centrifuged (1500 rpm, 30 minutes) and the resultant 

‘buffy coat’ containing the PBMCs collected. After further centrifugation (1500 

rpm, 10 minutes) and washing in 10 ml PBS containing  EDTA (2 mM), the final 

cell pellet was resuspended in 10 ml PBS containing EDTA (2 mM). Cells were 

counted and the final concentration adjusted to 1 x 106 cells/ml by resuspension 

in RPMI-1640 medium containing 10% FBS, 100 U/ml penicillin and 100 g/ml 

streptomycin, and kept on ice until used. The total processing time from 

collection to culture was less than 1 hour. 
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2.9 Statistical analysis 

 

Data were analysed by the GraphPad Prism statistical PC program (GraphPad 

Software, San Diego, CA) using the paired or unpaired t test, the Mann-Whitney 

U-test, or using the ANOVA One way analysis of variance followed by the 

Tukey’s multiple comparison test or by the Dunnett's multiple comparison test. 
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Chapter 3: The role of IL-17A and IL-17E in CD intestinal fibrosis 

 

Note: The wound-healing scratch assay on intestinal myofibroblasts and the 

analysis of the data (Paragraph 3.3.7) have been performed by Professor 

Antonio Di Sabatino’s group in the Laboratory of the First Department of Internal 

Medicine, St Matteo Hospital, University of Pavia, Pavia, Italy, and primary data 

are not available. These results have been published in the following paper, on 

which I am first Author (Biancheri P, Pender SL, Ammoscato F, Giuffrida P, 

Sampietro G, Ardizzone S, Ghanbari A, Curciarello R, Pasini A, Monteleone G, 

Corazza GR, MacDonald TT, Di Sabatino A. The role of interleukin 17 in Crohn's 

disease-associated intestinal fibrosis. Fibrogenesis Tissue Repair 2013;6:13). 

 

IL-17A and IL-17E expression in human intestinal fibrosis is not clear. Moreover, 

no information is available on IL-17R expression in the intestinal mucosa, or on 

the effect of IL-17A and IL-17E on the release of pro-fibrogenic mediators by 

intestinal myofibroblasts in vitro. Further information on the background to this 

Chapter is present in Section “1.4.7 Mechanisms of intestinal fibrogenesis in CD”. 

 

3.1 Aims of the study 

 

This study aims to explore the possible involvement of IL-17A and IL-17E in CD 

intestinal fibrosis using the following approach: 

1. Assessment of the expression of IL-17A and IL-17E in the intestine of 

patients with fibrostenosing CD and in the normal intestine of control subjects. 

2. Investigation of IL-17A and IL-17E production by intestinal tissue explants 

from CD strictured areas cultured ex vivo. 

3. Assessment of IL-17R (IL-17RC for IL-17A and IL-17RB for IL-17E, 

respectively) expression in the intestinal tissue and myofibroblasts from 

patients with fibrostenosing CD and from normal intestine of control subjects. 

4. Evaluation of the in vitro effects of IL-17A and IL-17E on CD and control 

intestinal myofibroblasts. 
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3.2 Chapter-specific Materials and Methods 

 

3.2.1 Patients and tissues 

 

Surgical specimens were collected from uninflamed areas of strictured and non-

strictured ileum or colon of 29 patients with fibrostenosing CD (Table 3.1). 

Diagnosis of CD was ascertained by standard clinical criteria (Van Assche et al. 

2010), and strictured areas were identified by colonoscopy, entero-magnetic 

resonance imaging (MRI), or enteroclysis (Maglinte et al. 2005). None of the 

patients with CD had been treated previously with ciclosporin, tacrolimus, 

methotrexate, or anti-TNF- antibodies. Intestinal samples were also collected 

from macroscopically and microscopically unaffected (at least 500 mm from the 

tumour mass) ileum or colon of 27 patients undergoing intestinal resection for 

colon cancer (Table 3.2), who were considered as control subjects. CD patients 

and control subjects were sex-matched, whereas control subjects were 

significantly (p<0.0001) older than CD patients, most likely due to differences in 

the age of clinical presentation between CD and colon cancer. This study was 

approved by the NRES Committee London - City & East (REC reference: 

10/H0704/74), and informed consent was obtained from all patients and control 

subjects. 
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Table 3.1. Clinical features of patients with fibrostenosing CD (n=29) 

Characteristics and parameters N. Median (range) 

Age (years) 
Sex (M/F) 
First attack 
Intestinal location 
        Small bowel and colon 
        Small bowel only 
        Colon only 
Duration of disease (months) 
Number of recurrences 
CDAI 
Treatment 
        Mesalazine 
        Topical steroids 
        Antibiotics 
        Azathioprine/6-MP/methotrexate 

 
16/13 

6 
 

15 
9 
5 
 
 
 
 

13 
3 
9 

14 

35.8 (23-61) 
 
 
 
 
 
 

81.2 (7-196) 
4 (0-9) 

223 (155-426) 
 

 6-MP, 6-mercaptopurine. 

 

Table 3.2. Clinical features of control subjects (n=27) 

Characteristics and parameters N. Median (range) 

Age (years) 
Sex (M/F) 
Comorbidities 
        Ischaemic heart disease 
        Hypertension 
        Hyperlipaemia 
        Diabetes 
        Chronic kidney disease         
        None 
Current medications 
        Anti-hypertensive 
        Diuretics 
        Anti-coagulants 
        Aspirin 
        Statins 
        Metformin 
        Proton pump inhibitors 
        Anti-depressants 
        None 

 
13/14 

 
4 
7 
6 
6 
2 

14 
 

7 
5 
1 
4 
6 
6 
8 
2 
9 

53.4 (45-71) 
 
 
 
 

 

 F, female; M, male. 
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3.2.2 Study design 

 

Since the excessive collagen deposition occurs in the submucosa and outer 

muscle layers, the mucosa was discarded upon dissection, and the muscle-

enriched fraction was used. Tissue from the ileum and colon of 12 CD patients 

and 11 control subjects was homogenised in order to study in vivo IL-17A, IL-17E, 

IL-17RC and IL-17RB tissue expression (Fig. 3.1, Fig. 3.2). The ex vivo tissue 

production of IL-17A, IL-17E and pro-fibrogenic mediators was evaluated in the 

supernatants of cultured tissue explants from the ileum of further six CD patients 

and seven control subjects (Fig. 3.3). Intestinal myofibroblasts were isolated from 

the ileum and colon of further 11 CD patients and nine control subjects, and used 

for experiments aimed at determining IL-17RC and IL-17RB expression (Fig. 3.4), 

MMP, TIMP and collagen production (Fig. 3.5, Fig. 3.6), and migration (Fig. 3.7) 

upon stimulation with IL-17A or IL-17E. 

 

3.2.3 Wound-healing scratch assay 

 

Myofibroblast migration was assessed in accordance with the modified method of 

Rodriguez et al. (Rodriguez et al. 2005; Di Sabatino et al. 2009b). Briefly, cells (2 

x 105) were seeded into cell culture dishes (Nalge Nunc International, Rochester, 

NY, USA) with 2 mm grids, size 35 x 10 mm, in 2 ml of DMEM supplemented 

with 20% FBS and antibiotics. The cells were maintained at 37°C and 5% CO2 

until confluent. Once confluent, each dish of monolayer cells was given a 

mechanical wound by scoring with a 200 l pipette tip, parallel to the grid bars 

along the central grid line. This permitted easy viewing of the cells growing back 

together, and ensured that the 2 mm grid could be used as a reference, so that 

the wound areas could be measured and compared. Wound placement was 

checked with an inverted microscope (CK2; Olympus UK Ltd, London, UK). The 

medium was then removed, and the cells were washed five times with HL-1 

serum-free medium (Cambrex Bioscience) supplemented with antibiotics, and 

then replaced with 1.5 ml HL-1 medium with or without 10 ng/ml rhIL-17A or rhIL-
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17E (both from R&D Systems). Photographs of the cells in each grid along the 

induced wound were taken at 0, 2, 4, 8, 16 and 24 hours, using a digital camera 

(Camedia; Olympus UK Ltd) with 34 to 40 zoom, and 20x magnification, attached 

to a light microscope. The computer program Image J was used to measure the 

area of initial damage (images taken at time 0) and of the remaining damage at 

subsequent time points. Each grid image was observed separately, and two 

points per grid at the same position at every time point were measured using 

imaging software at the same magnification. The percentage of wound repair 

was then calculated. 
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3.3 Results 

 

3.3.1 In vivo IL-17A and IL-17E tissue expression 

 

IL-17A and IL-17E levels were analysed by immunoblotting in tissue samples 

collected from uninflamed areas of strictured and non-strictured ileum and colon 

of 12 patients with fibrostenosing CD and from normal ileum and colon of 11 

control subjects (Fig. 3.1A). IL-17A expression was significantly (p<0.001) up-

regulated in strictured CD areas compared with non-strictured CD areas and 

control ileum and colon. No significant difference in IL-17A expression was found 

between non-strictured CD areas and control ileum and colon. IL-17E levels did 

not differ significantly between strictured and non-strictured CD areas and control 

ileum and colon. 

 

In parallel, IL-17A and IL-17E expression was analysed by ELISA in the same 

samples (Fig. 3.1B). IL-17A was significantly up-regulated in strictured CD (mean 

98.5  13.7 pg/g total protein) compared with non-strictured CD (mean 42.3  

11.0 pg/μg total protein, p<0.001) and control (mean 46.5  8.3 pg/g total 

protein, p<0.001) areas. There was no significant difference in IL-17A expression 

between non-strictured CD and control areas. IL-17E did not significantly differ 

between strictured CD (mean 222.5  32.4 pg/g total protein), non-strictured CD 

(mean 178.1  30.3 pg/g total protein), and control areas (mean 188.2  35.3 

pg/g total protein). 
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Figure 3.1. In vivo expression of IL-17A and IL-17E. IL-17A and IL-17E were 
detected by both (A) immunoblotting and (B) ELISA in uninflamed strictured 
(Strict uninfl) and non-strictured (Non-strict uninfl) ileum and colon of 12 patients 
with fibrostenosing CD and from normal ileum and colon of 11 control subjects 
(HCs). (A) Each blot shown in the upper panel displays IL-17A and IL-17E 
expression in uninflamed strictured and non-strictured ileum of one patient with 
fibrostenosing CD and from normal ileum of one HC, and is representative of 
experiments performed in 12 patients with CD and 11 HCs. Blots were stripped 

and analysed for -actin as an internal loading control. In the lower panel, 

densitometry of IL-17A and IL-17E expression normalised for -actin is shown. 

Results are mean  SEM. au, Arbitrary units. (B) Results, expressed as pg/100 

g of total protein, are mean  SEM. Data were analysed by ANOVA One way 



 

 
158 

analysis of variance followed by the Tukey’s multiple comparison test. *p<0.001 
versus Non-strict uninfl and HC tissue samples.  
 

 

3.3.2 In vivo IL-17RC and IL-17RB tissue expression 

 

IL-17RC and IL-17RB expression was then analysed by immunoblotting in the 

same tissue samples (Fig. 3.2). IL-17RC expression was not significantly 

different between CD strictured, CD non-strictured, and control ileum and colon 

(Fig. 3.2A). Similarly, IL-17RB expression did not differ between CD strictured, 

CD non-strictured and control ileum and colon (Fig. 3.2B). 

 
 
Figure 3.2. In vivo expression of IL-17RC and IL-17RB. (A) IL-17RC and (B) 
IL-17RB were detected by immunoblotting in uninflamed areas of strictured 
(Strict uninfl) and non-strictured (Non-strict uninfl) ileum and colon of 12 patients 
with fibrostenosing CD and from normal ileum and colon of 11 control subjects 
(HCs). Each blot shown in the left panels displays IL-17RC and IL-17RB 
expression in uninflamed strictured and non-strictured ileum of one patient with 
fibrostenosing CD and from normal ileum of one HC, and is representative of 
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experiments performed in all patients with CD and all HC subjects. Blots were 

stripped and analysed for -actin as an internal loading control. In the right 

panels, densitometry of IL-17RC and IL-17RB expression normalized for -actin 

is shown. Results are mean  SEM. Data were analysed by ANOVA One way 
analysis of variance followed by the Tukey’s multiple comparison test. au, 
Arbitrary units. 
 

 

3.3.3 Ex vivo tissue production of IL-17A, IL-17E, IL-6, TNF-, collagen and 

TGF-1 

 

Tissue explants (1 mm3 in size) from uninflamed areas of strictured and non-

strictured ileum of six patients with fibrostenosing CD and from normal ileum of 

seven control subjects were cultured ex vivo for 24 hours, and IL-17A, IL-17E, IL-

6, TNF-, and collagen concentration in the culture supernatant and TGF-1 

transcripts in the cultured tissue were measured (Fig. 3.3). IL-17A was 

significantly higher in the organ culture supernatants of strictured CD (mean 

110.0  23.8 pg/ml) than in those of non-strictured CD (mean 55.9  8.8 pg/ml, 

p<0.05) or normal ileum (mean 51.1  8.9 pg/ml, p<0.05). Concentrations of IL-

17E, IL-6, and TNF- did not differ significantly between the supernatants of 

strictured CD (mean 653.3  283.5 pg/ml, 26553  6647 pg/ml, and 43.4  7.6 

pg/ml, respectively), non-strictured CD (mean 1028.0  202.5 pg/ml, 31740  

3944 pg/ml, and 40.8  7.7 pg/ml, respectively), and normal ileum (mean 1068.0 

 282.8 pg/ml, 36784  2516 pg/ml, and 30.0  7.9 pg/ml, respectively). Collagen 

concentration was significantly higher in the supernatants of strictured CD (mean 

979.0  108.6 g/ml, respectively) than in those of non-strictured CD (mean 

604.6  97.5 g/ml, p<0.05) and normal ileal areas (mean 523.6  77.9 g/ml, 

p<0.01). TGF-1 transcripts were significantly higher in the cultured tissue 

explants from strictured CD than in those from non-strictured CD (p<0.01) and 

normal ileum (p<0.001). 
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Figure 3.3. Levels of cytokines and pro-fibrogenic mediators in tissue 

explant culture supernatants. Levels of IL-17A, IL-17E, IL-6, and TNF-, 

expressed as pg/ml, and collagen, expressed as g/ml, in the supernatants of 
tissue explants from uninflamed areas of strictured (Strict uninfl) and non-
strictured (Non-strict uninfl) ileum of six patients with fibrostenosing CD and from 
normal ileum of seven control subjects (HCs), cultured for 24 hours in the 

absence of stimuli, and levels of TGF-1, expressed as relative units compared 
with the median expression in HCs (which was assigned the value 1), in the 

same cultured tissue explants. Values are mean  SEM. Data were analysed by 
ANOVA One way analysis of variance followed by the Tukey’s multiple 
comparison test. r.u., Relative units. 
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3.3.4 IL-17RC and IL-17RB expression on myofibroblasts 

 

IL-17RC and IL-17RB expression was then studied by immunoblotting in lysates 

of myofibroblasts isolated from uninflamed areas of strictured and non-strictured 

ileum and colon of six patients with fibrostenosing CD, and from normal ileum 

and colon of seven control subjects (Fig. 3.4). Myofibroblasts isolated from 

strictured CD areas, non-strictured CD areas, and control ileum and colon 

expressed both IL-17RC (Fig. 3.4A) and IL-17RB (Fig. 3.4B). However, no 

significant difference in IL-17RC and IL-17RB expression was found between 

strictured, non-strictured CD, and control myofibroblasts. 

 

Figure 3.4. Expression of IL-17RC and IL-17RB on intestinal myofibroblasts. 
(A) IL-17RC and (B) IL-17RB were detected by immunoblotting on lysates of 
myofibroblasts isolated from uninflamed areas of strictured (Strict uninfl) and 
non-strictured (Non-strict uninfl) ileum and colon of six patients with 
fibrostenosing CD and from normal ileum and colon of seven control subjects 
(HCs). Each blot shown in the left panels displays IL-17RC and IL-17RB 
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expression in myofibroblasts from uninflamed strictured and non-strictured colon 
of one patient with fibrostenosing CD and from normal colon of one HC, and is 
representative of experiments performed in all patients with CD and all HC 

subjects. Blots were stripped and analysed for -actin as an internal loading 
control. In the right panels, densitometry of IL-17RC and IL-17RB expression 

normalized for -actin is shown. Results are mean  SEM. Data were analysed 
by ANOVA One way analysis of variance followed by the Tukey’s multiple 
comparison test. au, Arbitrary units. 
 

 

3.3.5 In vitro effect of rhIL-17A and rhIL-17E on MMP-3, MMP-12, and TIMP-

1 production by myofibroblasts 

 

The production of MMP-3, MMP-12, and TIMP-1 was evaluated by 

immunoblotting in supernatants of myofibroblasts from strictured or non-strictured 

ileum and colon of six patients with fibrostenosing CD, and from normal ileum 

and colon of six control subjects, stimulated with rhTNF-, rhIL-17A, or rhIL-17E 

(Fig. 3.5). Stimulation with rhIL-17A and rhIL-17E induced a significant (p<0.05) 

increase in MMP-3 and MMP-12 production by CD myofibroblasts from strictured 

and non-strictured areas and by control myofibroblasts. Stimulation with rhTNF- 

induced a significant (p<0.05) increase in both MMP-3 and MMP-12 production 

compared to control (myofibroblasts from the same group of patients cultured 

with medium alone). No significant difference in MMP-3 or MMP-12 production 

was found between rhTNF-, rhIL-17A, and rhIL-17E stimulation (Fig. 3.5A,B). 

Myofibroblasts from CD strictured areas showed a significantly (p<0.05) lower 

spontaneous release of MMP-12 than myofibroblasts from CD non-strictured 

areas or control ileum and colon (Fig. 3.5B). Myofibroblast stimulation with rhIL-

17A induced a significant (p<0.05) increase in TIMP-1 production compared with 

unstimulated cells. Stimulation with rhIL-17E did not induce any significant 

change in TIMP-1 production compared to control (myofibroblasts from the same 

group of patients cultured with medium alone). Stimulation with rhTNF- induced 

a significant (p<0.05) increase in TIMP-1 production compared to control 

(myofibroblasts from the same group of patients cultured with medium alone). No 
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significant difference in TIMP-1 production was found between rhTNF- and rhIL-

17A stimulation (Fig. 3.5C). 
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Figure 3.5 (see previous page). Effect of rhIL-17A and rhIL-17E on the 
production of MMP-3, MMP-12, and TIMP-1 by intestinal myofibroblasts. (A) 
MMP-3, (B) MMP-12, and (C) TIMP-1 in culture supernatants of myofibroblasts 
isolated from uninflamed areas of strictured (Strict uninfl) and non-strictured 
(Non-strict uninfl) ileum and colon of six patients with fibrostenosing CD and from 
normal ileum and colon of six control subjects (HCs), cultured for 24 hours with 

medium alone or rhTNF-, or rhIL-17A, or rhIL-17E. Each blot displays one 
experiment, and is representative of experiments performed in all patients with 
CD and HCs. Lower panels show densitometry of Western blots. Values are 

mean  SEM. Data were analysed by ANOVA One way analysis of variance 
followed by the Tukey’s multiple comparison test. *p<0.05 versus unstimulated 
myofibroblasts. §p<0.05 versus unstimulated Non-strict uninfl CD and HC 
myofibroblasts. 
 

 

3.3.6 In vitro effect of rhIL-17A and rhIL-17E on myofibroblast collagen 

production 

 

Myofibroblasts isolated from uninflamed areas of strictured and non-strictured 

ileum and colon of six patients with fibrostenosing CD, and from normal ileum 

and colon of six control subjects were cultured in the presence or absence of 

rhTNF-, rhIL-17A, or rhIL-17E, and measured collagen in the culture 

supernatants (Fig. 3.6). CD myofibroblast stimulation with rhIL-17A induced a 

significant (p<0.05) increase in mean collagen production (strictured CD 

myofibroblasts: 412  57 g/ml; non-strictured CD myofibroblasts: 154  17 

g/ml) compared to control (myofibroblasts from the same group of patients 

cultured with medium alone) (strictured CD myofibroblasts: 155  23 g/ml; non-

strictured CD myofibroblasts: 76  15 g/ml). Conversely, stimulation with rhIL-

17A did not induce a significant increase in collagen production by control 

myofibroblasts compared to culture with medium alone (114  12 g/ml and 67  

7 g/ml, respectively). Stimulation with rhIL-17E did not induce any significant 

change in mean collagen production by strictured CD myofibroblasts (181  37 

g/ml), non-strictured CD myofibroblasts (83  7 g/ml) or control myofibroblasts 

(61  10 g/ml) compared to myofibroblasts from the same group of patients 

cultured with medium alone. Stimulation with rhTNF- induced a significant 
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(p<0.05) increase in mean collagen production by strictured CD myofibroblasts 

(399  62 g/ml), non-strictured CD myofibroblasts (175  22 g/ml) and control 

myofibroblasts (124  18 g/ml) compared with unstimulated cells from the same 

group of patients. No significant difference in collagen production was found 

between cells cultured with rhTNF- and rhIL-17A. Strictured CD myofibroblasts 

produced significantly (p<0.05) higher amounts of collagen than did non-

strictured CD and control myofibroblasts cultured under the same conditions. No 

significant difference in collagen production was found between non-strictured 

CD and control myofibroblasts cultured under the same conditions. 

 

 

Figure 3.6. Effect of rhIL-17A and rhIL-17E on the production of collagen by 

intestinal myofibroblasts. Levels of collagen, expressed as g/ml, in the 
supernatants of myofibroblasts isolated from uninflamed areas of strictured (Strict 
uninfl) and non-strictured (Non-strict uninfl) ileum and colon of six patients with 
fibrostenosing CD and from normal ileum and colon of six control subjects (HCs), 

cultured for 24 hours with medium alone or rhTNF-, or rhIL-17A, or rhIL-17E. 

Values are mean  SEM. Data were analysed by ANOVA One way analysis of 
variance followed by the Tukey’s multiple comparison test. *p<0.05 versus 
unstimulated myofibroblasts. §p<0.05 versus Non-strict uninfl CD and HC 
myofibroblasts cultured with medium only. 
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3.3.7 In vitro effect of rhIL-17A and rhIL-17E on myofibroblast migration 

 

To evaluate the role of IL-17A and IL-17E on myofibroblast migration, a wound-

healing scratch assay was performed using subconfluent monolayers of 

myofibroblasts isolated from uninflamed areas of strictured and non-strictured 

ileum and colon of six patients with fibrostenosing CD, and from normal ileum 

and colon of seven control subjects. Cell migration was measured as the 

percentage of wound repair and results were expressed as mean percentage of 

wound repair (Fig. 3.7). rhIL-17A significantly (p<0.05) reduced migration of 

strictured CD, non-strictured CD and control myofibroblasts at 8 hours (3.2  

1.1%, 4.6  1.0%, and 6.4  1.6%, respectively), 16 hours (5.8  1.7%, 8.4  

1.8%, and 10.6  1.9%, respectively) and 24 hours (8.8  1.9%, 23.2  2.3%, and 

29.7  2.0%, respectively) compared with myofibroblasts from the same three 

groups cultured with medium alone and evaluated at the same time points (8 

hours 9.8  1.3%, 13.7  1.8%, and 14.6  1.7%, respectively; 16 hours: 15.6  

1.6%, 25.3  2.3%, and 20.3  1.1%, respectively; and 24 hours: 30.6  2.3%, 

49.1  1.9%, and 48.4  1.8%, respectively). Compared with medium alone, rhIL-

17E did not induce any significant change in strictured CD, non-strictured CD, 

and control myofibroblast migration (8 hours: 11.2  1.2%, 15.4  1.4%, 12.9  

1.5%, respectively; 16 hours: 16.2  1.4%, 28.2  1.7%, 25.1  1.1%, 

respectively; and 24 hours: 26.3  1.9%, 41.3  2.2%, 43.4  2.2%, respectively). 
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Figure 3.7. Effect of rhIL-17A and rhIL-17E on intestinal myofibroblast 
migration. Effect of rhIL-17A and rhIL-17E on the migration, assessed by an in 
vitro wound-healing scratch assay, of myofibroblasts isolated from uninflamed 
areas of strictured (Strict uninfl) and non-strictured (Non-strict uninfl) ileum and 
colon of six patients with fibrostenosing CD and from normal ileum and colon of 
seven control subjects (HCs). Myofibroblasts were cultured with rhIL-17A or rhIL-
17E or medium alone. Results, expressed as percentage of wound repair, are 

mean  SEM. *p<0.05 versus myofibroblasts cultured with medium only at 8, 16, 
and 24 hours. 
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3.4 Results summary 

 

In the current study, we found that: 

1. IL-17A, but not IL-17E, is overexpressed in strictured CD ileum and colon 

compared with non-strictured CD and control ileum and colon. 

2. Intestinal tissue explants from strictured CD ileum cultured ex vivo release 

significantly more IL-17A, but not IL-17E, compared with intestinal tissue 

explants from non-strictured CD and control ileum. 

3. Strictured CD, non-strictured CD, and control ileum and colon, and intestinal 

myofibroblasts from CD and control ileum and colon express both IL-17RC 

and IL-17RB, without significant differences between the groups studied. 

4. Stimulation with IL-17A significantly up-regulates MMP-3, MMP-12, TIMP-1 

and collagen release by intestinal myofibroblasts from CD and control ileum 

and colon cultured in vitro, whereas it significantly down-regulates the 

migratory ability of intestinal myofibroblasts from CD and control ileum and 

colon cultured in vitro. Stimulation with IL-17E significantly up-regulates 

MMP-3 and MMP-12, but not TIMP-1 and collagen release by intestinal 

myofibroblasts from CD and control ileum and colon cultured in vitro, and it 

has no significant effect on the migratory ability of intestinal myofibroblasts 

from CD and control ileum and colon cultured in vitro. 
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3.5 Discussion 

 

Our findings indicate that IL-17A, but not IL-17E, expression is up-regulated in 

fibrostenosing CD intestine, and that IL-17A, but not IL-17E, may contribute to 

intestinal fibrosis in CD. This Section focuses on the interpretation of our results 

in the context of the existing literature, on the limitations of our study, and on 

possible future experiments aimed at clarifying further the role of IL-17 in CD 

intestinal fibrosis. 

 

IL-17A and IL-17E expression in intestinal fibrosis 

 

IL-17A, which is produced by several cell types including T cells, NKT cells and 

neutrophils, can exert several pro-fibrogenic actions (Meng et al. 2012; Okamoto 

et al. 2012; Valente et al. 2012). In particular, it has been shown that in vitro 

stimulation with IL-17A enhances the expression of pro-fibrogenic mediators, 

such as TGF- and type I collagen, by pulmonary fibroblasts in bleomycin-

induced systemic sclerosis, and this effect is inhibited by anti-IL-17 treatment (Lei 

et al. 2016). Moreover, IL-17A produced by T cells is required for inflammation 

and destruction of the biliary system in a mouse model of virus-induced biliary 

atresia (Klemann et al. 2016). IL-17A plays an important role in liver fibrosis by 

promoting hepatic stellate cell activation, and defective IL-17 signalling has a 

protective effect on experimental cholestatic liver fibrosis (Meng et al. 2012; Hara 

et al. 2013; Tan et al. 2013). It has also been shown that treatment with an anti-

IL-17A monoclonal antibody attenuates liver fibrosis following bile duct ligation 

(Zhang et al. 2016). 

 

IL-17E is produced by various cell types, including T cells, epithelial cells and 

eosinophils, and has a well-established role in allergic diseases including asthma, 

and in the prevention of helminth infections (Iwakura et al. 2011). In the human 

intestinal mucosa, IL-17E is produced by subepithelial macrophages (Caruso et 

al. 2009), which may be involved in intestinal fibrosis. IL-17E has been shown to 
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promote Th2 and to suppress Th1 and Th17 immune responses, possibly by 

inhibiting the expression of IL-12 and IL-23 (Sharkhuu et al. 2006; Caruso et al. 

2009). IL-17E has known pro-fibrogenic properties, especially in the context of 

experimental pulmonary fibrosis (Létuvé et al. 2006; Gregory et al. 2013). On the 

other hand, the administration of IL-17E has been shown to ameliorate bile duct 

ligation-induced liver fibrosis in mice (Meng et al. 2012), suggesting that the 

inhibitory effect of IL-17E on Th17 cell development is predominant in this model. 

 

In the present study, we observed that IL-17A, but not IL-17E, is overexpressed 

in strictured CD ileum and colon compared with non-strictured CD and control 

ileum and colon. We collected samples from uninflamed areas of patients with 

fibrostenosing CD, in order to minimise any confounding effect of inflammation 

on IL-17A. It has been observed that IL-17A expression is higher in long-standing 

CD mucosa compared with early mucosal lesions (Zorzi et al. 2013), which is 

compatible with the possible involvement of IL-17A in CD intestinal fibrosis, as 

this latter is a late-stage process in CD. 

 

While ours is the first report on mucosal levels of IL-17 in fibrostenosing CD, 

there are data in the literature on intestinal IL-17 expression in experimental 

intestinal fibrosis. Mucosal up-regulation of both IL-17A and IL-17E has been 

reported to occur approximately 21 days after the first TNBS administration in 

chronic TNBS-induced colitis, which is associated to the development of 

intestinal fibrosis. Interestingly, mucosal IL-17E production continued to increase 

even after the levels of IL-17A reached a plateau, and was associated with the 

up-regulation of IL-13. In this particular model, collagen up-regulation occurs 

between day 35 and day 42, therefore both IL-17A and IL-17E overexpression 

appear to precede the onset of fibrosis (Fichtner-Feigl et al. 2008b). The 

functional relevance of the data on IL-17 family members in experimental 

intestinal fibrosis is still unclear. However, when considering the time of onset of 

the up-regulation of the different cytokines, one possible interpretation is that IL-

17E, which does not appear to influence the simultaneous IL-17A 
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overexpression, may contribute to Th2 cell development with consequent 

overexpression of IL-13, and that IL-17A up-regulation may exert a pro-fibrogenic 

action via an independent pathway. 

 

Functional role of IL-17A and IL-17E in intestinal fibrosis 

 

It is difficult to determine whether the IL-17A up-regulation that we observed in 

CD strictures is an epiphenomenon due to the persistence of a pre-existing 

inflammatory infiltrate, and therefore IL-17A is a by-stander in the process of 

fibrosis, or whether this cytokine plays a functional role in stricture formation in 

vivo. It is difficult to solve this problem using human tissue, since intestinal 

strictures in CD are the end-stage product of a long-standing process. 

Furthermore, there are no clear predictors of intestinal fibrosis in CD (Rieder et al. 

2014), which would allow the selection of a subset of patients to be studied 

prospectively in order to elucidate the relative contribution of different types of 

immune response and cytokines in the early phases of stricture development. 

 

The ideal tool to study the early phases of intestinal fibrosis would be an animal 

model with similar features to CD. Unfortunately, however, currently existing 

mouse models of intestinal fibrosis, such as chronic TNBS- and DSS-induced 

colitis, have few similarities to CD. One of the most relevant differences is that in 

the experimental model, unlike in CD, the causative agent of fibrosis is a pre-

determined chemical agent. Novel models are emerging, which are more similar 

to CD. One of them is the AIEC-induced colitis, in which mice, upon pre-

treatment with streptomycin, receive by gavage the AIEC NRG857 strain, 

isolated from the intestinal microbiota of CD patients, and as a result, they 

develop Th1-/Th17-mediated intestinal fibrosis (Small et al. 2013). This model 

has the advantage of using a microbial strain which has been found preferentially 

in the intestine of CD patients, however the degree of intestinal fibrosis is only 

mild. Another interesting mouse model to study the development and progression 

of intestinal fibrosis is represented by the SAMP mice, which spontaneously 
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develop terminal ileitis and subsequently fibrosis, and are characterised by 

impaired migration of DCs to MLNs, suggesting a defect in immunologic 

tolerance (Mikulski et al. 2015). It has been shown that the mucosal immune 

response in the early phases of intestinal inflammation in SAMP mice is 

characterised predominantly by a Th1 profile, which is subsequently replaced by 

a Th2 profile when fibrosis is established, however the role of IL-17 in this model 

has never been investigated (Ray et al. 2014). 

 

We have attempted to investigate the possible functional role of IL-17A in 

intestinal fibrosis by means of in vitro experiments using intestinal myofibroblasts. 

In keeping with the study of Bamba et al. (Bamba et al. 2003), we found that IL-

17A stimulation in vitro increases MMP-3 and MMP-12 production by 

myofibroblasts from strictured CD, non-strictured CD and control ileum and colon. 

In parallel, we observed that IL-17A up-regulates TIMP-1 and collagen release, 

and reduces the migration ability of CD and control myofibroblasts. Our results 

have been confirmed by Honzawa et al. (Honzawa et al. 2014), who showed that 

IL-17A promotes collagen I expression by intestinal subepithelial myofibroblasts 

from IBD patients via heat shock protein (HSP)47, and that HSP47 knock-down 

by mRNA interference in intestinal subepithelial myofibroblasts abrogates IL-17A-

induced collagen I up-regulation. Collectively, our in vitro data suggest that IL-

17A has a complex effect on the process of intestinal fibrosis, as the up-

regulation in tissue-degrading MMP-3 and MMP-12 is counterbalanced by the 

up-regulation of TIMP-1. Based on our in vitro data, however, the overall effect of 

IL-17A is more likely to be pro-fibrogenic, as suggested by the up-regulation of 

collagen release and the reduction in the migratory ability. The stimulation with 

IL-17E increases MMP-3 and MMP-12 production by myofibroblasts from CD and 

control ileum and colon, however we did not observe any influence of IL-17E on 

collagen or TIMP-1 production by CD myofibroblasts, or on their migratory ability. 

Based on the expression data and on the in vitro results, it is therefore difficult to 

imagine a prominent role of IL-17E in CD intestinal fibrosis. 
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Collectively, both the data present in the literature and our data suggest that IL-

17 family member, and more generally Th17 cells, play a complex role in 

intestinal inflammation and fibrosis. An example of this is represented by the 

observations that in vitro stimulation of CD myofibroblasts with an agonist of aryl 

hydrocarbon receptor (AhR), which is essential for Th17 cell differentiation and 

activation, induces the down-regulation of collagen synthesis, and that treatment 

with the same AhR agonist ameliorates TNBS-induced intestinal fibrosis 

(Monteleone et al. 2016). 

 

Limitations of our study 

 

In our study, we analysed the intestinal expression of IL-17 family members and 

IL-17Rs using Western blotting and ELISA assays, however other methods such 

as qRT-PCR and immunohistochemistry would be useful to corroborate our data, 

and should be used in the first part of a validation study. Moreover, the 

magnitude of IL-17A up-regulation which we observed in CD strictures compared 

with non-strictured CD areas and control intestine is in the range of a 2-3 fold 

factor, which raises the question whether this statistically significant difference 

has a biological relevance in CD intestinal fibrosis. 

 

Another limitation of our study is represented by the choice of ECM components 

and tissue remodelling enzymes which we used as read-outs to assess the pro-

fibrogenic potential in our in vitro experiments. We chose to evaluate the 

production of MMP-3, MMP-12 and TIMP-1 by intestinal myofibroblasts because 

of the prominent and established involvement in IBD pathogenesis, or because of 

existing data in the same context and experimental model, or because of the 

availability of the reagents and of an optimised detection protocol (Di Sabatino et 

al. 2009a). It would be appropriate to study the effects of IL-17A and IL-17E on 

the production of other proteases and their inhibitors, such as MMP-9, MMP-13 

and TIMP-3, however we decided not to study MMP-7 as fibrosis occurs in the 

submucosal and muscle layers, and we focused on these layers upon discarding 
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the mucosa of the intestinal samples. Nevertheless, the measurement of total 

collagen concentration in myofibroblast supernatants and myofibroblast migratory 

ability provides the evaluation of downstream events in the fibrogenic cascade, 

which may be more representative of the in vivo conditions than upstream 

mediators such as proteases and their inhibitors. 

 

Future experiments 

 

In addition to the experiments mentioned in the paragraph about study limitations, 

such as the measurement of intestinal IL-17 family member expression by qRT-

PCR and immunohistochemistry, and the evaluation of other pro-fibrogenic 

mediators, among which fibronectin and collagen subtypes appear to be 

particularly relevant, it would be important to assess the expression of other IL-17 

family members and Th17 cytokines, including IL-17F and IL-22, in the context of 

CD intestinal fibrosis. 

 

An important point still to be clarified is the evaluation of the mucosal expression 

levels and the contribution of different IL-17 family members to intestinal fibrosis 

during the phases that precede the onset of CD strictures. The first step in order 

to address this question could involve using AIEC-induced colitis and SAMP mice, 

which are currently the experimental models of intestinal fibrosis most closely 

related to CD. 

 

It has been shown that cathelicidin, an anti-microbial peptide with anti-

inflammatory properties, can reverse TNBS-induced intestinal fibrosis by 

inhibiting collagen production by colonic fibroblasts via a MAPK-dependent 

mechanism (Yoo et al. 2015). Additionally, cathelicidin down-regulates IL-17A 

and up-regulates TGF- production by monocyte-derived macrophages infected 

with M. tuberculosis (Torres-Juarez et al. 2015). It is known that AIEC NRG857 

strain has a pro-fibrogenic effect in experimental colitis, that anti-microbial 

peptides, albeit via their anti-inflammatory action, have an anti-fibrogenic effect, 
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and that components of the intestinal microbiota such as SFB have important 

effects on Th17 cells. Hence, it would be particularly interesting to investigate the 

effects of specific components of the intestinal microbiota and anti-microbial 

peptides on the mechanisms of intestinal fibrosis, with particular reference to the 

Th17 immune response. In the first instance, this could be done by characterising 

the intestinal microbiota of patients with fibrostenosing CD compared to non-

fibrostenosing CD patients, and subsequently by studying the in vitro effects of 

differentially represented species on the mechanisms of intestinal fibrosis. 

 

Finally, it will be important to clarify which cell types are the main responsible for 

the overproduction of specific Th17-related cytokines at different time points 

during intestinal stricture development in CD. A starting point to address this 

question will be to perform intracellular flow cytometry on freshly isolated cells 

from fibrostenosing CD patients, and to determine which cell types are 

responsible for the overproduction of IL-17A in this condition. Interestingly, it has 

been shown that, among Th17 cells, upon TCR stimulation, only a sub-

population with stable expression of multi-drug resistance type 1 (MDR1), but not 

their MDR1- counterparts, can produce IL-17A and IFN-, and no IL-10 or other 

anti-inflammatory molecules. MDR1+ Th17 cells are enriched in the intestinal 

mucosa of CD patients (Ramesh et al. 2014), hence in a subsequent validation 

study it would be appropriate to assess whether this cell population is involved in 

CD intestinal fibrosis. 
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Chapter 4: The role of IL-13 in IBD 

 

Note: The quantification of NKT, iNKT and Th2 cells within intestinal lamina 

propria and the evaluation of IL-13 production by mucosal NKT cells (Paragraphs 

4.3.2-4) have been performed by Dr F Facciotti in the Laboratories of the Istituto 

Nazionale di Genetica Molecolare, Milan, Italy. Primary data of the experiment 

are not available, therefore I could not repeat the statistical analysis using a 

different and more appropriate test, such as the ANOVA One way analysis of 

variance. These results have been published in the following paper, on which I 

am first Author (Biancheri P, Di Sabatino A, Ammoscato F, Facciotti F, Caprioli F, 

Curciarello R, Hoque SS, Ghanbari A, Joe-Njoku I, Giuffrida P, Rovedatti L, 

Geginat J, Corazza GR, MacDonald TT. Absence of a role for interleukin-13 in 

inflammatory bowel disease. Eur J Immunol 2014;44:370-85). Substantial help in 

the study of IL-4R and IL-13R expression by intestinal T cells, macrophages and 

myofibroblasts (Paragraphs 4.3.9-12) has been provided by Ms F Ammoscato in 

the Centre for Immunobiology Laboratory, Blizard Institute, Barts and The 

London School of Medicine and Dentistry, London, UK. 

 

IL-13 has been reported to be up-regulated in UC intestinal mucosa, and to play 

an important role in oxazolone-induced colitis and in intestinal experimental 

fibrosis. However, contrasting observations exist on the levels and the role of IL-

13 in inflamed IBD mucosa, and limited information is available on the role of IL-

13 in CD intestinal fibrosis. Further information on the background to this Chapter 

is reported in Sections “1.4.4 Inappropriate inflammatory reaction in IBD intestinal 

mucosa” and “1.4.7 Mechanisms of intestinal fibrogenesis in CD”. 

 

4.1 Aims of the study 

 

This study aims to explore the role of IL-13 in UC mucosal inflammation and in 

CD intestinal fibrosis using the following approach: 

5. Assessment of IL-13 production by mucosal intestinal explants and LPMCs 
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from UC patients, CD patients and control subjects. 

6. Evaluation of IL-13-producing cells in the intestinal mucosa of UC patients, 

CD patients and control subjects. 

7. Assessment of IL-13 production by intestinal tissue explants from 

fibrostenosing CD patients and control subjects. 

8. Assessment of IL-13R expression on mucosal T cells and macrophages from 

UC patients, CD patients and control subjects. 

9. Assessment of IL-13R expression on submucosal myofibroblasts of CD 

patients and control subjects. 

10. Study of the in vitro effects of IL-13 on UC LPMCs. 

11. Study of the in vitro effects of IL-13 on CD and control intestinal 

myofibroblasts. 
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4.2 Chapter-specific Materials and Methods 

 

4.2.1 Patients and tissues 

 

Colonic biopsies or surgical specimens were taken from macroscopically and 

microscopically inflamed or uninflamed mucosa of 44 patients affected by CD 

(Table 4.1) and 51 patients affected by UC (Table 4.2). Surgical specimens were 

also taken from uninflamed areas of strictured and non-strictured ileum of 13 

patients with fibrostenosing CD (Table 4.1). CD and UC patients were enrolled 

consecutively. Diagnosis of CD and UC was made according to standard clinical 

criteria (Van Assche et al. 2010), and the site and extent of the disease were 

confirmed by endoscopy. In CD patients, disease activity was assessed by 

Crohn’s Disease Activity Index (Best et al. 1976). Patients with scores below 150 

were classified as being in remission, whereas those with scores over 450 had 

severe disease (Best et al. 1976). In UC patients, disease activity was assessed 

according to the Clinical Activity Index (Rachmilewitz 1989). Clinical remission 

was defined as a score below 4. None of the IBD patients had been ever treated 

with cyclosporine, tacrolimus, methotrexate or anti-TNF- antibodies. Mucosal 

samples were collected perendoscopically from the ileum or the colon of 22 

subjects who had functional diarrhoea at the end of their diagnostic work-up 

(Table 4.3), who were considered as control subjects. Intestinal samples were 

also collected from macroscopically and microscopically unaffected (at least 500 

mm far from the tumour mass) ileal or colonic areas of 17 patients undergoing 

intestinal resection for colon cancer (Table 4.4), who were considered as control 

subjects. CD, UC patients and control subjects who provided intestinal 

perendoscopic biopsies were sex-matched, whereas control subjects subjects 

who underwent intestinal resection were significantly (p<0.001) older than CD 

and UC patients and than control subjects who provided intestinal perendoscopic 

biopsies. This study was approved by the NRES Committee London - City & East 

(REC reference: 10/H0704/74), and informed consent was obtained from all 

patients and control subjects. 
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Table 4.1. Clinical features of patients with CD (n=57) 

Characteristics and parameters N. Median (range) 

Age (years) 
Sex (M/F) 
First attack 
Intestinal location 
        Small bowel and colon 
        Colon only 
Disease behaviour 
        Fistulising 
        Fibrostenosing 
        Luminal 
Duration of disease (months) 
Number of recurrences 
CDAI 
Treatment 
        Mesalazine 
        Topical steroids 
        Antibiotics 
        Azathioprine/6-MP 

 
31/26 
14 

 
41 
16 

 
8 

13 
36 

 
 
 
 

42 
15 
12 
16 

32.5 (18-61) 
 
 
 
 
 
 
 

 
 

47.3 (1-188) 
3 (0-9) 

215 (73-412) 
 

 6-MP, 6-mercaptopurine. 

 

Table 4.2. Clinical features of patients with UC (n=51) 

Characteristics and parameters N. Median (range) 

Age (years) 
Sex (M/F) 
First attack 
Intestinal location 
        Pancolitis 
        Left-sided colitis 
Duration of disease (months) 
Number of recurrences 
CAI 
Treatment 
        Mesalazine 
        Mesalazine + topical steroids 
        Mesalazine + azathioprine/6-MP 

 
24/27 

6 
 

21 
30 

 
 

 
  

10 
22 
12 

34.5 (17-56) 
 
 

 
 

 
48.8 (1-173) 

3.5 (0-6) 
8 (5-13) 

 

 6-MP, 6-mercaptopurine; CAI, Clinical activity index. 
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Table 4.3. Clinical features of control subjects who provided intestinal 

perendoscopic biopsies (n=22) 

Characteristics and parameters N. Median (range) 

Age (years) 
Sex (M/F) 
Comorbidities 
        Hypertension 
        Hyperlipaemia 
        Diabetes 
        Chronic obstructive lung disease 
        Chronic kidney disease         
        None 
Current medications 
        Anti-hypertensive 
        Diuretics 
        Aspirin 
        Statins 
        Metformin 
        Bronchodilators 
        None 

 
12/10 

 
4 
4 
3 
1 
1 

13 
 

4 
2 
2 
3 
3 
1 

10 

38 (25-62) 
 
 
 
 

 

 F, female; M, male. 

 

 

Table 4.4. Clinical features of control subjects who underwent intestinal 

resection (n=17) 

Characteristics and parameters N. Median (range) 

Age (years) 
Sex (M/F) 
Comorbidities 
        Ischaemic heart disease 
        Hypertension 
        Hyperlipaemia 
        Diabetes 
        None 
Current medications 
        Anti-hypertensive 
        Diuretics 
        Aspirin 
        Statins 
        Metformin 
        None 

 
9/8 

 
3 
6 
8 
2 

13 
 

6 
1 
3 
5 
2 
8 

57 (42-72) 
 
 
 
 

 

 F, female; M, male. 
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4.2.2 Study design 

 

In order to study the involvement of IL-13 in intestinal inflammation, spontaneous 

IL-13 and pro-inflammatory cytokine production by intestinal biopsies from 10 CD 

patients, 13 UC patients and 10 control subjects cultured ex vivo was evaluated 

(Fig. 4.1, Fig. 4.2). Additionally, the production of IL-13 and pro-inflammatory 

cytokines by unstimulated or activated intestinal LPMCs isolated from additional 

15 CD patients, 15 UC patients and 15 control subjects was studied (Fig. 4.9, Fig. 

4.10, Fig.4.11, Table 4.5). The expression of IL-13 and other pro-inflammatory 

cytokines was studied in biopsy homogenates from additional nine CD patients, 

additional seven UC patients and 16 of the aforementioned control subjects (Fig. 

4.12). The distribution of NKT cells and their production of IL-13 were evaluated 

in LPMCs from the inflamed intestinal mucosa of additional four CD patients, 

seven UC patients, and in the normal intestinal mucosa of additional three control 

subjects (Fig. 4.4, Fig. 4.8). Moreover, the distribution of iNKT and Th2 cells was 

evaluated in LPMCs from the inflamed intestinal mucosa of additional three CD 

patients and three UC patients, and from the normal intestinal mucosa of 

additional three control subjects (Fig. 4.6). The expression of IL-13Rs and IL-4R 

by LPMCs isolated from the inflamed colon of additional three CD patients and 

three UC patients, and from the normal colon of additional three control subjects 

was then characterised (Fig. 4.15, Fig. 4.16, Fig. 4.18, Fig. 4.19). Finally, the 

effects of IL-13 or IL-13R blockade on LPMCs isolated from the inflamed colon of 

three additional UC patients were evaluated (Fig. 4.22, Fig. 4.24). 

 

In order to study the role of IL-13 in CD fibrosis, spontaneous IL-13 and pro-

fibrogenic mediator production by muscle layer explants from the ileum of six 

fibrostenosing CD patients, five additional control subjects and two of the 

aforementioned control subjects was evaluated (Fig. 4.13). The expression of IL-

13Rs and IL-4R by LPMCs isolated from the ileum of three additional 

fibrostenosing CD patients was then characterised (Fig. 4.15, Fig. 4.16, Fig. 4.18, 

Fig. 4.19). Ileal submucosal myofibroblasts from four additional fibrostenosing 
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CD patients, from one of the aforementioned fibrostenosing CD patients and from 

five of the aforementioned control subjects were isolated and, after characterising 

the expression of IL-13Rs and IL-4R (Fig. 4.21), were cultured with IL-13 and 

the production of collagen in the supernatant was measured (Fig. 4.25). 

 

4.2.3 LPMC isolation and culture 

 

LPMCs were isolated as follows within 30 minutes from biopsy/specimen 

collection. The epithelial layer was removed from the lamina propria with 1 mM 

EDTA (Sigma-Aldrich) treatment. After stirring for 1 hour at 37°C, the supernatant 

was removed and the remaining tissue was treated with type 1A collagenase (1 

mg/ml; Sigma-Aldrich) for 1 hour with stirring at 37°C. The crude cell suspension 

was allowed to stand for 5 minutes to permit debris sedimentation. Cells from the 

supernatant were washed twice, resuspended in 1 ml RPMI-1640 medium 

(Sigma-Aldrich) containing 10% FBS, 100 U/ml penicillin and 100 g/ml 

streptomycin, and kept on ice until used. Cells were not used if viability, as 

assessed by flow cytometry after propidium iodide staining, did not exceed 90%. 

Freshly isolated LPMCs were cultured (2 x 105 cells/well, in duplicate) in RPMI-

1640 medium (Sigma-Aldrich) supplemented with 10% FBS, 100 U/ml penicillin 

and 100 g/ml streptomycin, at 37°C, 5% CO2 for 48 hours in 96-well plates 

(VWR International) with medium alone or with rhIL-13 (PeproTech EC, London, 

UK), or in anti-CD3-coated 96-well plates (BD Biosciences) with soluble anti-

CD28 antibody (1 g/ml; eBioscience), in the absence or presence of the 

following stimuli: rhIL-13, polyclonal goat anti-IL-13R2 neutralising antibody 

(R&D Systems, goat IgG), monoclonal mouse anti-IL-4 receptor (IL-4R) 

neutralising antibody (R&D Systems, Mouse IgG2a), goat IgG (Sigma-Aldrich), 

mouse IgG2a (R&D Systems), soluble anti-CD2 (1 g/ml; BioLegend, Cambridge, 

UK) and soluble anti-CD28 antibody (1 g/ml; eBioscience). All the above 

mentioned antibodies and control IgG were used at a concentration of 10 g/ml, 

while rhIL-13 was used at 20 ng/ml. The total processing time from collection to 

cell resuspension was less than 3 hours. After culture, LPMC supernatants were 
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collected and stored at -70°C. For the purposes of analysis of IL-13 production by 

flow cytometry, LPMCs were cultured with immobilised anti-CD3 antibodies (2 

g/ml) in the presence of 2 g/ml anti-CD28 antibodies (BD Biosciences) for 44 

hours before addition for 4 hours of brefeldin A (Sigma-Aldrich). 

 

4.2.4 Flow cytometry 

 

LPMCs and myofibroblasts were stained with the following antibodies (or 

corresponding isotype control antibodies): FITC-anti-human CD3 (UCHT1, BD 

Biosciences; Mouse IgG1() isotype control), APC-anti-human CD4 (RPA-T4, BD 

Biosciences, Mouse IgG1() isotype control; VIT4, Miltenyi Biotec, Mouse 

IgG2a() isotype control), PE-anti-human CD294 (CRTH2) (BM16, Miltenyi Biotec, 

Rat IgG2a() isotype control), APC-anti-human CD161 (DX12, BD Biosciences, 

Mouse IgG1() isotype control), APC-anti-human CXCR3 (1C6, BD Biosciences, 

Mouse IgG1() isotype control), PE/Cy7-anti-human CD127 (HTK888, BioLegend, 

Rat IgG2a() isotype control), FITC-anti-human lineage cocktail (UCHT1, 

BioLegend, Mouse IgG1() isotype control), PE-anti-human V24 (6B11, 

BioLegend, Mouse IgG1() isotype control), APC-anti-human V11 (C21, Becton 

Dickinson, Mouse IgG2a() isotype control), APC-anti-human IL-4R (FAB230A, 

R&D Systems, Mouse IgG2a() isotype control), Alexa Fluor® 700-anti-human IL-

13R1 (FAB1462N, R&D Systems, Mouse IgG2a() isotype control), fluorescein-

anti-human IL-13R2 (FAB614F, R&D Systems, Mouse IgG2b() isotype control), 

biotinylated anti-human CD68 (Y1/82A, BioLegend, Mouse IgG2b() isotype 

control), PE-anti-human IL-13 (JES10-5A2, BD Biosciences, Rat IgG1 isotype 

control). Biotinylated monoclonal antibodies were revealed with Streptavidin-

APC-Cy7 (BD Biosciences). Samples were passed on a FACSCanto II flow 

cytometer (BD Biosciences). A minimum of 30,000 events/test tube for LPMC 

stainings, and a minimum of 10,000 events/test tube for myofibroblasts were 

collected. The doublets corresponding to cell aggregates were excluded by 

gating, and single cells were further analysed. Events were also gated to exclude 
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nonviable cells on the basis of light scatter, and to eliminate artefacts caused by 

poor flow. Gates were set up according to the isotype staining profiles, and 

differences in setting the gates for the same staining between different samples 

analysed are attributable to interindividual variability. Data were analysed using 

FlowJo software (Treestar, Ashland, OR). 

 

4.2.5 T84 cell culture 

 

Subconfluent monolayers of T84 cells were cultured in 24-well plates (VWR 

International) for 72 hours at 37°C, 5% CO2, with DMEM/Hams Nutrient F12 Mix 

(Invitrogen Ltd), supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 

100 g/ml streptomycin and 2 mM glutamine (Invitrogen Ltd), in the absence or 

presence of the following stimuli: rhIL-13 (PeproTech EC), polyclonal goat IL-

13R2 neutralising antibody (R&D Systems), monoclonal mouse anti-IL-4R 

neutralising antibody (R&D Systems), goat IgG (Sigma-Aldrich), mouse IgG2a 

(R&D Systems). All the above mentioned antibodies and control IgG were used 

at a concentration of 10 g/ml, while rhIL-13 was used at 20 ng/ml. 
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4.3 Results  

 

4.3.1 Ex vivo production of IL-13, IFN-, IL-17A, IL-4 and IL-5 by mucosal 

biopsies 

 

The spontaneous production of IL-13, IL-17A, IFN-, IL-4 and IL-5 by biopsies in 

organ culture from inflamed and uninflamed mucosa of 23 IBD patients (10 with 

CD and 13 with UC) and 10 control subjects was determined (Fig. 4.1 and 4.2). 

 

The concentration of IL-13 was the same in organ culture supernatants of IBD 

inflamed mucosa (CD: median 44 pg/ml, range 18-77; UC: median 37 pg/ml, 

range 0-96), IBD uninflamed mucosa (CD: median 39 pg/ml, range 15-62; UC: 

median 35 pg/ml, range 12-72), and control mucosa (median 31 pg/ml, range 10-

71) (Fig. 4.1). IL-13 measurement on the same supernatants was repeated using 

a different and more sensitive kit, and in this case IL-13 was actually 

undetectable in all the supernatants tested. 

 

Since it is well known that IL-17A and IFN- are elevated in CD and UC, these 

cytokines were also measured in the same supernatants (Fig. 4.1). IFN- was 

significantly higher in the supernatants of inflamed CD (median 235 pg/ml, range 

72-465; p<0.001) and inflamed UC (median 210 pg/ml, range 37-370; p<0.01) 

biopsies compared with those of control subjects (median 59 pg/ml, range 25-82). 

The concentration of IL-17A was significantly higher in the supernatants of 

inflamed CD (median 164 pg/ml, range 52-467; p<0.001) and inflamed UC 

(median 171 pg/ml, range 68-434; p<0.01) organ culture biopsies in comparison 

with those of uninflamed areas (CD: median 44 pg/ml, range 20-98; UC: median 

72 pg/ml, range 38-150) and control subjects (median 55 pg/ml, range 31-93; 

p<0.01). 

 

IL-4 and IL-5 were not detectable in all supernatants of inflamed and uninflamed 

IBD and control mucosa (Fig. 4.2). 
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Figure 4.1. Ex vivo production of IL-13, IFN- and IL-17A by intestinal 

biopsies. Levels of IL-13, IFN- and IL-17A expressed in pg/ml, in the 
supernatants of intestinal biopsies taken from the inflamed and uninflamed 
mucosa of 10 CD patients and 13 UC patients, and from the mucosa of 10 
control subjects (HC), and cultured for 24 hours in the absence of stimuli. Each 
point represents one patient. Horizontal bars are median values. Data were 
analysed by ANOVA One way analysis of variance followed by the Tukey’s 
multiple comparison test. 
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Figure 4.2. Ex vivo production of IL-4 and IL-5 by intestinal biopsies. Levels 
of IL-4 and IL-5 expressed in pg/ml, in the supernatants of intestinal biopsies 
taken from the inflamed and uninflamed mucosa of 10 CD patients and 13 UC 
patients, and from the mucosa of 10 control subjects (HC), and cultured for 24 
hours in the absence of stimuli. Each point represents one patient. Data were 
analysed by ANOVA One way analysis of variance followed by the Tukey’s 
multiple comparison test. 
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4.3.2 Relative distribution of NKT cells among T-LPLs 

 

Previous studies showed that NKT cells, iNKT cells and Th2 lymphocytes are 

among the most relevant producers of IL-13 in humans (van Dieren et al. 2007). 

Flow cytometry was used to determine the distribution of NKT cells, defined as 

CD3+ cells expressing CD161 (please see gating strategy in Fig. 4.3), among 

sorted T-LPLs from normal intestinal mucosa of three control subjects and from 

inflamed intestinal mucosa of four clinically active patients with CD and seven 

clinically active patients with UC (Fig. 4.4). NKT cells were significantly (p<0.01) 

reduced in UC (mean 12.02  4.39%) compared with control (mean 69.33  

4.90%) and CD T-LPLs (mean 38.00  16.19%). The percentage of NKT cells did 

not differ significantly between control and CD T-LPLs. 

 

 

Figure 4.3. Gating strategy used for the evaluation of NKT cell distribution 
in the intestinal lamina propria. LPMCs were isolated from the intestinal 
mucosa of IBD patients and control subjects, and were stained with FITC-anti-
human CD3 and APC-anti-human CD161. Subsequently, cells were analysed by 
flow cytometry. NKT cells were identified as CD161+ (gated on viable CD3+ cells). 
The dot plot displays one experiment, and is representative of experiments 
performed in all patients with IBD and control subjects. 
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Figure 4.4. NKT cell distribution in the intestinal lamina propria. Relative 
distribution of NKT cells in T-LPLs of control subjects (HC, n=3) and patients with 
CD (n=4) and UC (n=7). NKT cells were identified as CD161+ (gated on viable 
CD3+ cells). Each dot plot displays one experiment, and is representative of 
experiments performed in all patients with IBD and control subjects. Right 
histogram bar graph: mean percentage of NKT cells out of total viable T-LPLs 

from HC subjects and CD and UC patients. Bars represent mean  SEM. The 
Mann-Whitney U test was applied. *p<0.01 versus HC and CD T-LPLs. 
 

 

4.3.3 Relative distribution of iNKT and Th2 cells among T-LPLs 

 

Similarly, the percentage of iNKT cells, defined as CD3+ cells that express a 

semi-invariant TCR composed in humans by the V24 and V11 rearrangement, 

and of Th2 cells, defined as CD294 (CRTH2)+CD3+ cells was determined by flow 

cytometry (please see gating strategy in Fig. 4.5), among sorted T-LPLs from 

normal intestinal mucosa of three control subjects and from inflamed intestinal 

mucosa of three clinically active patients with CD and three clinically active 

patients with UC (Fig. 4.6). The percentage of iNKT did not differ statistically 

between control, CD and UC T-LPLs (mean 0.23  0.18%; mean 0.34  0.10%; 

mean 0.05  0.04%, respectively). Finally, the mean percentage of Th2 cells was 

comparable between control, CD and UC T-LPLs (1.43  0.50%; 1.14  0.20%; 
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0.80  0.14%, respectively). The mean percentage of V24+V11- T cells which 

we observed were the following: control T-LPLs: 7.32  2.13%; CD T-LPLs: 

22.31  22.64%; UC T-LPLs: 2.92  1.10%. 



 

Figure 4.5. Gating strategy used for the evaluation of iNKT and Th2 cell 
distribution in the intestinal lamina propria. LPMCs were isolated from the 
intestinal mucosa of IBD patients and control subjects, and were stained with 
FITC-anti-human CD3, APC-anti-human CD4, PE-anti-human CD294 (CRTH2), 

PE-anti-human V24, APC -anti-human V11. Subsequently, cells were 
analysed by flow cytometry. iNKT cells (upper panels) were identified as 

V24+V11+ cells (gated on viable CD3+ cells), whereas Th2 cells (lower 
panels) were identified as CD294 (CRTH2)+CD3+ cells (gated on viable CD4+ 
cells). The dot plots display one experiment, and are representative of 
experiments performed in all patients with IBD and control subjects. 
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Figure 4.6. iNKT and Th2 cell distribution in the intestinal lamina propria. 
Relative distribution of iNKT cells (upper panels) and Th2 cells (lower panels) 
in T-LPLs of control subjects (HC, n=3) and patients with CD (n=3) and UC (n=3). 
Each dot plot displays one experiment, and is representative of experiments 
performed in all patients with IBD and control subjects. Right histogram bar 
graphs: mean percentage of iNKT cells (upper panel) or Th2 cells (lower panel) 
out of total viable T-LPLs from HC subjects, CD and UC patients. Bars represent 

mean  SEM. The Mann-Whitney U test was applied. 
 

 

4.3.4 Percentage of IL-13-producing NKT cells after anti-CD3/CD28 

stimulation 



To determine the percentage of mucosal IL-13-producing cells in NKT cells after 

T cell activation, LPMCs from normal intestinal mucosa of three control subjects 

and from inflamed intestinal mucosa of four clinically active patients with CD and 

seven clinically active patients with UC were cultured in the presence of anti-
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CD3/CD28 antibodies, subsequently evaluating the production of IL-13 by 

intracellular flow cytometry (please see gating strategy in Fig. 4.7). Basal IL-13 

production by mucosal NKT cells was undetectable (data not shown). The 

percentage of IL-13+ NKT cells did not differ between control, CD and UC T-LPLs 

(mean 1.90  0.81%; mean 3.19  0.97%; mean 3.74  1.71%, respectively) (Fig. 

4.8). 

 

Figure 4.7. Gating strategy used for the evaluation of IL-13-producing NKT 
cells in the intestinal lamina propria. LPMCs were isolated from the intestinal 
mucosa of IBD patients and control subjects, and were stimulated for 48 hours 
with immobilised anti-CD3/CD28 monoclonal antibodies, with the addition of 
brefeldin A for the last 4 hours of culture. Intracellular IL-13 was measured on 
NKT cells. In particular, LPMCs were stained with FITC-anti-human CD3, APC-
anti-human CD161 and, after permeabilisation, with PE-anti-human IL-13. 
Subsequently, cells were analysed by flow cytometry. NKT cells were identified 
as CD161+ (gated on viable CD3+ cells). The dot plots display one experiment, 
and are representative of experiments performed in all patients with IBD and 
control subjects. 
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Figure 4.8. IL-13 production by NKT cells in the intestinal lamina propria. 
LPMCs isolated from intestinal mucosa of control subjects (HC, n=3) and from 
inflamed intestinal mucosa of clinically active patients with CD (n=4) and UC 
(n=7) were stimulated for 48 hours with immobilised anti-CD3/CD28 monoclonal 
antibodies, and intracellular IL-13 was subsequently measured on NKT cells. 
Each dot plot displays one experiment, and is representative of experiments 
performed in all patients with IBD and control subjects. Right histogram bar 
graph: mean percentage of IL-13-producing NKT cells out of total viable T-LPLs 

from HC subjects and CD and UC patients. Data are shown as mean  SEM. 
The Mann-Whitney U test was applied. 
 

 

4.3.5 In vitro production of IL-13, IFN-, IL-17A, IL-4 and IL-5 by LPMCs 

after activation with anti-CD3/CD28 antibodies  

 

The production of IL-13, IL-17A, IFN-, IL-4 and IL-5 by unstimulated and anti-

CD3/CD28-stimulated LPMCs from the inflamed mucosa of 22 IBD patients (11 

with CD and 11 with UC) and the normal mucosa of 11 control subjects was then 

evaluated by ELISA (Fig. 4.9, Fig. 4.10 and Fig. 4.11). 

 

No significant difference was found between control, CD and UC LPMCs in the 

production of IL-13 in unstimulated conditions (control subjects: median 12 pg/ml, 

range 0-40; CD: median 27 pg/ml, range 0-78; UC: median 30 pg/ml, range 0-72) 

(Fig. 4.9). In unstimulated conditions, LPMCs from CD and UC patients produced 

significantly (p<0.05) higher amounts of IFN- (median 547 pg/ml, range 170-
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832; UC: median 373 pg/ml, range 210-902) in comparison with control LPMCs 

(median 134 pg/ml, range 27-321). In unstimulated conditions, LPMCs from CD 

and UC patients produced significantly (p<0.05) higher amounts of IL-17A 

(median 392 pg/ml, range 120-1330; UC: median 436 pg/ml, range 138-532) in 

comparison with control LPMCs (median 59 pg/ml, range 19-242). No difference 

in IFN- and IL-17A production was found between unstimulated CD and UC 

LPMCs (Fig. 4.9). 

 

Figure 4.9. In vitro production of IL-13, IFN- and IL-17A by unstimulated 

LPMCs. Levels of IL-13, IFN- and IL-17A, expressed in pg/ml, in the 
supernatants of unstimulated LPMCs isolated from the inflamed intestinal 
mucosa of 11 CD patients and 11 UC patients, and from the mucosa of 11 
control subjects (HC), and cultured for 48 hours. Horizontal bars are median 
values. Data were analysed by ANOVA One way analysis of variance followed by 
the Tukey’s multiple comparison test. *p<0.05 versus concentration of the same 
cytokine in culture supernatants from HC LPMCs. 
 

Stimulation with anti-CD3/CD28 antibodies induced a significant (p<0.05) 

increase in IL-13 production by both CD and UC LPMCs, but did not influence 

significantly the release of IL-13 by control LPMCs (control subjects: median 40 

pg/ml, range 0-141; CD: median 38 pg/ml, range 0-190; UC: median 63 pg/ml, 

range 0-143) (Fig. 4.10). No significant difference in IL-13 production by anti-

CD3/CD28-stimulated LPMCs was found between control, CD and UC LPMCs. 

Of note, IL-13 levels in culture supernatants were never greater than 200 pg/ml. 
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After stimulation with anti-CD3/CD28 antibodies, IFN- production was 

significantly (p<0.0005) enhanced in comparison with unstimulated conditions in 

CD, UC and control subjects (CD: median 7281 pg/ml, range 4351-12210; UC: 

median 5432 pg/ml, range 2203-12302; control subjects: median 2026 pg/ml, 

range 951-6149). Of note, in three out of 11 CD and two out of 11 UC patients 

IFN- production exceeded 10000 pg/ml. Activation with anti-CD3/CD28 

antibodies also significantly enhanced also the production of IL-17A in CD, UC 

and control subjects (CD: median 6332 pg/ml, range 2079-12900, p<0.0005; UC: 

median 4232 pg/ml, range 2018-11200, p<0.0005; control subjects: median 1730 

pg/ml, range 830-5555, p<0.005). In three out of 11 CD and two out of 11 UC 

patients IL-17A concentration exceeded 10000 pg/ml. Anti-CD3/CD28 stimulation 

markedly increased IFN- and IL-17A release by LPMCs from all 11 CD, 11 UC 

patients and 11 control subjects. Conversely, the overall increase in IL-13 

production observed in CD and UC LPMCs upon anti-CD3/CD28 stimulation was 

mostly due to a subset of six out of 11 CD patients and five out of 11 UC patients 

who responded to anti-CD3/CD28 stimulation. Culture with anti-CD3/CD28 

antibodies enhanced IL-13 production by LPMCs from only four out of 11 control 

subjects. 

 

Figure 4.10. In vitro production of IL-13, IFN- and IL-17A by activated 

LPMCs. Levels of IL-13, IFN- and IL-17A, expressed in pg/ml, in the 

supernatants of unstimulated (-) and anti- ()CD3/CD28-stimulated (+) LPMCs 
isolated from the inflamed intestinal mucosa of 11 CD patients and 11 UC 
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patients, and from the mucosa of 11 control subjects (HC), and cultured for 48 
hours. Each set of connected points represents data from one patient. Horizontal 
bars are median values. The paired two-tailed t test was applied to compare 
between unstimulated and stimulated conditions, and the ANOVA One way 
analysis of variance followed by the Tukey’s multiple comparison test was 
applied to compare the same condition of culture in different patient populations. 
*p<0.05 versus unstimulated LPMCs of the respective group of patients; 
**p<0.005 versus unstimulated LPMCs of the respective group of patients; 
***p<0.0005 versus unstimulated LPMCs of the respective group of patients; 
§p<0.05 versus CD3/CD28-stimulated HC LPMCs. 
 

 

IL-4 and IL-5 were undetectable in all the supernatants of unstimulated or anti-

CD3/CD28-stimulated LPMCs from both IBD and control mucosa (Fig. 4.11). 

 

 

 
Figure 4.11. In vitro production of IL-4 and IL-5 by LPMCs. Levels of IL-4 and 
IL-5, expressed in pg/ml, in the supernatants of unstimulated (-) and anti- 

()CD3/CD28-stimulated (+) LPMCs isolated from the inflamed intestinal mucosa 
of 11 CD patients and 11 UC patients, and from the mucosa of 11 control 
subjects (HC), and cultured for 48 hours. Each set of connected points 
represents data from one patient. Horizontal bars are median values. The paired 
two-tailed t test was applied to compare between unstimulated and stimulated 
conditions, and the ANOVA One way analysis of variance followed by the 
Tukey’s multiple comparison test was applied to compare the same condition of 
culture in different patient populations. 
 

 

4.3.6 In vitro production of IL-13, IFN-, IL-17A, IL-4 and IL-5 by LPMCs 

after activation with anti-CD2/CD28 antibodies 

 

The production of IL-13, IL-17A, IFN-, IL-4 and IL-5 by anti-CD2/CD28-

stimulated LPMCs isolated from the inflamed mucosa of eight different IBD 



 

 
197 

patients (four with CD and four with UC) and the normal mucosa of four different 

control subjects was also investigated (Table 4.5). No significant difference was 

found in IL-13 production between control, CD and UC LPMCs in unstimulated 

and anti-CD2/CD28-stimulated conditions. In contrast, anti-CD2/CD28 

stimulation significantly enhanced IFN- and IL-17A production by CD and UC 

LPMCs, although IFN- and IL-17A in culture supernatants of anti-CD2/28-

stimulated LPMCs was 2-3 fold lower than in supernatants of anti-CD3/CD28-

stimulated LPMCs. Anti-CD2/CD28 stimulation led to a marked increase in IFN- 

and IL-17A production by control LPMCs, however this was not statistically 

significant after applying the paired two-tailed t test. IL-4 and IL-5 were 

undetectable in all the supernatants of unstimulated or anti-CD2/CD28-stimulated 

LPMCs from both IBD and control mucosa. 

 

Table 4.5. IL-13, IFN-, IL-17A, IL-4 and IL-5 production by anti- 

()CD2/CD28-stimulated LPMCs. IL-13, IFN-, IL-17A, IL-4 and IL-5 levels 

(pg/ml) in the supernatants of unstimulated and CD2/CD28-stimulated LPMCs 
isolated from the inflamed intestinal mucosa of four CD and four UC patients, and 
from the intestinal mucosa of four control subjects (HC), and cultured for 48 

hours. Results are shown as mean  SEM. The paired two-tailed t test was 
applied to compare between unstimulated and stimulated conditions, and the 
ANOVA One way analysis of variance followed by the Tukey’s multiple 
comparison test was applied to compare the same condition of culture in different 
patient populations. *p<0.05 versus unstimulated LPMCs of the respective group 

of patients; §p<0.05 versus CD3/CD28-stimulated HC LPMCs. 
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4.3.7 In vivo expression of IL-13 and IL-5 transcripts in intestinal mucosa 

 

We thought it important to use another methodology to analyse IL-13, IL-5, IFN- 

and IL-17A in IBD mucosa so we measured cytokine transcripts by qRT-PCR in 

snap frozen fresh intestinal biopsies from inflamed mucosa of seven patients with 

UC, nine patients with CD and from normal mucosa of 16 control subjects (Fig. 

4.12). The mean expression of IL-13 was uniformly low in all groups studied, and 

IL-5 expression was not significantly different in UC, CD and control mucosa. 

IFN- transcripts were significantly higher in CD patients in comparison with 

control subjects. As previously described (Fujino et al. 2003), IL-17A transcripts 

were also up-regulated in CD mucosa. 

 

Figure 4.12. In vivo mucosal expression of IL-13 and IL-5. Expression of IL-

13, IL-5, IFN- and IL-17A in inflamed intestinal mucosa of seven patients with 
UC, nine patients with CD, and from normal mucosa of 16 control subjects (HC). 

Levels were normalised to the mean expression of 18S, -actin and GAPDH. 

Data are shown as mean  SEM of the indicated number of donors, each 
examined once. Data were analysed by ANOVA One way analysis of variance 
followed by the Tukey’s multiple comparison test. r.u., relative units. 
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4.3.8 Ex vivo production of IL-13, IL-1, collagen and TGF-1 in strictured 

CD tissue 

 

Intestinal muscle layer explants (1mm3 in size) were then cultured ex vivo for 24 

hours from uninflamed areas of strictured and non-strictured ileum of 6 patients 

with fibrostenosing CD and from normal ileum of 7 control subjects, and IL-13, IL-

1 and collagen concentration in the culture supernatant and TGF-1 transcripts 

in the cultured tissue were measured (Fig. 4.13). The concentrations of IL-13 

were uniformly low in all samples (strictured CD ileum: median 24 pg/ml, range 

15-30; non-strictured CD ileum: median 19 pg/ml, range 9-28; normal ileum of 

control subjects: median 22 pg/ml, range 16-35). 

 

In contrast, both IL-1 and collagen were significantly higher in the organ culture 

supernatants of strictured CD ileum (median 372 pg/ml, range 226-595; median 

1159 g/ml, range 603-1429, respectively) compared with those of non-strictured 

CD ileum (median 188 pg/ml, range 95-255, p<0.01; median 508 g/ml, range 

248-958, p<0.05, respectively) and normal ileum of control subjects (median 111 

pg/ml, range 52-320, p<0.01; median 495 g/ml, range 325-933; p<0.01, 

respectively). Similarly, TGF-1 mRNA was significantly (p<0.001) higher in the 

cultured muscle layer tissue from strictured CD ileum compared with that in non-

strictured CD ileum and normal ileum of control subjects. 
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Figure 4.13. Ex vivo production of IL-13 by strictured CD tissue. Levels of IL-

13 and IL-1, expressed as pg/ml, and collagen, expressed as g/ml, in the 
supernatants of muscle layer explants from uninflamed areas of strictured (Strict) 
and non-strictured (Non-strict) ileum of 6 patients with fibrostenosing CD and 
from normal ileum of 7 control subjects (HC), cultured for 24 hours in the 

absence of stimuli, and levels of TGF-1 mRNA, expressed as relative units 
compared with the median expression in HCs that was assigned the value 1 in 
the same cultured tissue explants. Horizontal bars are median values. Data were 
analysed by ANOVA One way analysis of variance followed by the Tukey’s 
multiple comparison test. r.u., relative units. 
 

 

4.3.9 Surface expression of IL-4R, IL-13R1 and IL-13R2 on intestinal T 

cells and macrophages 

 

In parallel to the evaluation of IL-13 expression in normal and inflamed intestinal 

mucosa, we aimed to characterise which cell types may respond to IL-13 in the 

intestinal lamina propria of IBD patients and control subjects. In order to do so, 
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we used flow cytometry to measure IL-4R, IL-13R1 and IL-13R2 expression 

on the surface of both CD3+ and CD68+ LPMCs (please see gating strategy in 

Fig. 4.14) from three control subjects, from inflamed colonic mucosa of three UC 

patients, from inflamed colonic mucosa of three CD patients and from uninflamed 

ileal mucosa overlying strictured and non-strictured areas of three CD patients 

(Fig. 4.15, Fig. 4.16). Surface expression of IL-4, IL-13R1 and IL-13R2 by 

LPMCs isolated from normal mucosa of control subjects, from inflamed UC and 

CD mucosa and from the mucosa overlying CD strictures and CD mucosa above 

non-strictured areas was very low or not detectable, with no significant difference 

between all the groups of patients studied, in both T cells (Fig. 4.15) and 

macrophages (Fig. 4.16). 

 

 

Figure 4.14. Gating strategy used for the evaluation of surface expression 

of IL-4R, IL-13R1 and IL-13R2 on intestinal T cells and macrophages. 
LPMCs were isolated from the intestinal mucosa of IBD patients and control 

subjects, and were stained with FITC-anti-human CD3, APC-anti-human IL-4R, 

Alexa Fluor® 700-anti-human IL-13R1, fluorescein-anti-human IL-13R2, and, 
after permeabilisation, with biotinylated anti-human CD68. Subsequently, cells 
were analysed by flow cytometry. The doublets corresponding to cell aggregates 
were excluded by gating, and single cells were further analysed. Events were 
also gated to exclude nonviable cells on the basis of light scatter, and to 
eliminate artefacts caused by poor flow. T cells (upper panels) were identified as 
CD3+ cells, whereas macrophages (lower panels) were identified as CD68+ cells. 
The dot plots display one experiment, and are representative of experiments 
performed in all IBD patients and control subjects. 
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Figure 4.15 (see next page). Surface expression of IL-4R, IL-13R1 and IL-

13R2 on intestinal T cells. The expression of IL-4R, IL-13R1 and IL-13R2 
on the surface of CD3-gated LPMCs from the normal colon of a control subject 
(HC), from inflamed colonic mucosa of a UC patient, from inflamed colonic 
mucosa of a CD patient, and from uninflamed ileal mucosa overlying strictured 
and non-strictured areas of a fibrostenosing CD patient was determined by flow 
cytometry. Dashed line histograms display isotype control, while solid line 
histograms correspond to the receptor expression. Each histogram corresponds 
to one representative sample per group of independent experimental repeats 
(one for each patient analysed). The example is representative of independent 
experiments performed in three HC subjects, three UC patients, three luminal CD 
patients and three fibrostenosing CD patients. Data were analysed by ANOVA 
One way analysis of variance followed by the Tukey’s multiple comparison test. 
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Figure 4.16 (see previous page). Surface expression of IL-4R, IL-13R1 and 

IL-13R2 on intestinal macrophages. The expression of IL-4R, IL-13R1 and 

IL-13R2 on the surface of CD68-gated LPMCs from the normal colon of a 
control subject (HC), from inflamed colonic mucosa of a UC patient, from 
inflamed colonic mucosa of a CD patient, and from uninflamed ileal mucosa 
overlying strictured and non-strictured areas of a fibrostenosing CD patient was 
determined by flow cytometry. Dashed line histograms display isotype control, 
while solid line histograms correspond to the receptor expression. Each 
histogram corresponds to one representative sample per group of independent 
experimental repeats (one for each patient analysed). The example is 
representative of independent experiments performed in three HC subjects, three 
UC patients, three luminal CD patients and three fibrostenosing CD patients. 
Data were analysed by ANOVA One way analysis of variance followed by the 
Tukey’s multiple comparison test. 
 

 

4.3.10 Cytoplasmic expression of IL-4R, IL-13R1 and IL-13R2 in 

intestinal T cells 

 

Alongside the detection of IL-13R expression on the cell surface, we used part of 

the same LPMCs from IBD patients and control subjects for the assessment of 

intracellular expression of IL-4R, IL-13R1 and IL-13R2. In particular, we 

assessed by flow cytometry IL-4R, IL-13R1 and IL-13R2 expression in the 

cytoplasm of CD3+ LPMCs (please see gating strategy in Fig. 4.17) from three 

control subjects, from inflamed colonic mucosa of three UC patients, from 

inflamed colonic mucosa of three CD patients and from uninflamed ileal mucosa 

overlying strictured and non-strictured areas of three CD patients (Fig. 4.18). The 

intracellular expression of IL-4R and IL-13R2 by CD3+ LPMCs isolated from 

normal mucosa of control subjects, from inflamed UC and CD mucosa and from 

the mucosa overlying CD strictures and CD mucosa above non-strictured areas 

was very low or not detectable. Conversely, CD3+ LPMCs from inflamed CD 

mucosa expressed significantly (p<0.001) higher intracellular levels of IL-13R1 

(mean 33.5  12.5%) than CD3+ LPMCs from normal mucosa of control subjects 

(mean 1.2  0.3%), from inflamed UC mucosa (mean 1.4  0.7%) and from the 

mucosa overlying CD strictures (mean 0.8  0.3%) and CD mucosa above non-
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strictured areas (mean 1.1  0.6%). 

 

Figure 4.17. Gating strategy used for the evaluation of intracellular 

expression of IL-4R, IL-13R1 and IL-13R2 in intestinal T cells and 
macrophages. LPMCs were isolated from the intestinal mucosa of IBD patients 
and control subjects, and were stained with FITC-anti-human CD3 and, after 

permeabilisation, with APC-anti-human IL-4R, Alexa Fluor® 700-anti-human IL-

13R1, fluorescein-anti-human IL-13R2 and biotinylated anti-human CD68. 
Subsequently, cells were analysed by flow cytometry. The doublets 
corresponding to cell aggregates were excluded by gating, and single cells were 
further analysed. Events were also gated to exclude nonviable cells on the basis 
of light scatter, and to eliminate artefacts caused by poor flow. T cells (upper 
panels) were identified as CD3+ cells, whereas macrophages (lower panels) 
were identified as CD68+ cells. The dot plots display one experiment, and are 
representative of experiments performed in all IBD patients and control subjects. 
 
 

Figure 4.18 (see next page). Intracellular expression of IL-4R, IL-13R1 and 

IL-13R2 in intestinal T cells. The intracellular expression of IL-4R, IL-13R1 

and IL-13R2 by CD3-gated LPMCs from the normal colon of a control subject 
(HC), from inflamed colonic mucosa of a UC patient, from inflamed colonic 
mucosa of a CD patient, and from uninflamed ileal mucosa overlying strictured 
and non-strictured areas of a fibrostenosing CD patient was determined by flow 
cytometry. Dashed line histograms display isotype control, while solid line 
histograms correspond to the receptor expression. Each histogram corresponds 
to one representative sample per group of independent experimental repeats 
(one for each patient analysed). The example is representative of independent 
experiments performed in three HC subjects, three UC patients, three luminal CD 
patients and three fibrostenosing CD patients. Data were analysed by ANOVA 
One way analysis of variance followed by the Tukey’s multiple comparison test. 
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4.3.11 Cytoplasmic expression of IL-4R, IL-13R1 and IL-13R2 in 

intestinal macrophages 

 

In parallel, on the same LPMCs used for assessing intracellular IL-13R 

expression in T cells, we assessed by flow cytometry intracellular expression of 

IL-13Rs in CD68+ cells. In particular, we assessed by flow cytometry IL-4R, IL-

13R1 and IL-13R2 expression in the cytoplasm of CD68+ LPMCs (please see 

gating strategy in Fig. 4.17) from three control subjects, from inflamed colonic 

mucosa of three UC patients, from inflamed colonic mucosa of three CD patients 

and from uninflamed ileal mucosa overlying strictured and non-strictured areas of 

three CD patients (Fig. 4.19). The intracellular expression of IL-4R and IL-

13R2 by CD68+ LPMCs isolated from normal mucosa of control subjects, from 

inflamed UC and CD mucosa and from the mucosa overlying CD strictures and 

CD mucosa above non-strictured areas was very low or not detectable. 

Conversely, CD68+ LPMCs from inflamed CD mucosa expressed significantly 

(p<0.001) higher intracellular levels of IL-13R1 (mean 52.3  21.7%) than 

CD68+ LPMCs from normal mucosa of control subjects (mean 0.9  0.6%), from 

inflamed UC mucosa (mean 1.6  0.4%) and from the mucosa overlying CD 

strictures (mean 0.7  0.5%) and CD mucosa above non-strictured areas (mean 

0.9  0.3%). 

 

Figure 4.19 (see next page). Intracellular expression of IL-4R, IL-13R1 and 

IL-13R2 in intestinal macrophages. The intracellular expression of IL-4R, IL-

13R1 and IL-13R2 by CD68-gated LPMCs from the normal colon of a control 
subject (HC), from inflamed colonic mucosa of a UC patient, from inflamed 
colonic mucosa of a CD patient, and from uninflamed ileal mucosa overlying 
strictured and non-strictured areas of a fibrostenosing CD patient was 
determined by flow cytometry. Dashed line histograms display isotype control, 
while solid line histograms correspond to the receptor expression. Each 
histogram corresponds to one representative sample per group of independent 
experimental repeats (one for each patient analysed). The example is 
representative of independent experiments performed in three HC subjects, three 
UC patients, three luminal CD patients and three fibrostenosing CD patients. 
Data were analysed by ANOVA One way analysis of variance followed by the 
Tukey’s multiple comparison test. 
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4.3.12 Expression of IL-4R, IL-13R1 and IL-13R2 by intestinal 

myofibroblasts 

 

We also investigated by flow cytometry the expression of IL-4R, IL-13R1 and 

IL-13R2 on the surface and in the cytoplasm of submucosal myofibroblasts 

(please see gating strategy in Fig. 4.20) isolated from uninflamed areas of 

strictured and non-strictured ileum of three patients with fibrostenosing CD, and 

from normal ileum of three control subjects (Fig. 4.21). Surface expression of IL-

4R, IL-13R1 and IL-13R2 by myofibroblasts isolated from uninflamed areas 

of strictured and non-strictured CD ileum and from control ileum was very low or 

not detectable (Fig. 4.21A). 

 

Myofibroblasts isolated from uninflamed areas of strictured CD ileum expressed 

significantly (p<0.05) higher intracellular levels of IL-4R (mean 6.2  2.7%) than 

myofibroblasts isolated from uninflamed areas of non-strictured CD ileum (mean 

0.6  0.4%) and from control ileum (mean 0.4  0.3%) (Fig. 4.21B). 

Myofibroblasts isolated from uninflamed areas of both strictured and non-

strictured CD ileum expressed significantly (p<0.05) higher intracellular levels of 

IL-13R1 (mean 21.5  8.6%; mean 18.3  5.5%, respectively) and IL-13R2 

(mean 61.2  21.1%; mean 52.6  16.2%, respectively) than myofibroblasts 

isolated from control ileum (IL-13R1: mean 6.9  2.8%; IL-13R2: mean 11.2  

4.7%). 
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Figure 4.20 (see previous page). Gating strategy used for the evaluation of 

IL-4R, IL-13R1 and IL-13R2 expression by intestinal myofibroblasts. 
Submucosal intestinal myofibroblasts were isolated from CD patients and control 
subjects, and were then stained, before or after permeabilisation, with APC-anti-

human IL-4R, Alexa Fluor® 700-anti-human IL-13R1 and fluorescein-anti-

human IL-13R2. Subsequently, cells were analysed by flow cytometry. The dot 
plot displays one experiment, and is representative of experiments performed in 
all CD patients and control subjects. 
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Figure 4.21 (see previous page). IL-4R, IL-13R1 and IL-13R2 expression 
by intestinal myofibroblasts. (A) Surface or (B) intracellular expression of IL-

4R, IL-13R1 and IL-13R2 by submucosal myofibroblasts isolated from 
uninflamed areas of strictured and non-strictured ileum of a patient with 
fibrostenosing CD, and from normal ileum of a control subject (HC) was 
determined by flow cytometry. Dashed line histograms display isotype control, 
while solid line histograms correspond to the receptor expression. Each 
histogram corresponds to one representative sample per group of independent 
experimental repeats (one for each patient analysed). The example is 
representative of independent experiments performed in three fibrostenosing CD 
patients and three HC. Data were analysed by ANOVA One way analysis of 
variance followed by the Tukey’s multiple comparison test. 
 

 

4.3.13 Effect of IL-13R2 and IL-4R neutralisation on IL-13 production in 

UC 

 

Concentrations of cytokines in supernatants reflect both production and 

consumption. Since IL-13 can bind both to IL-13R2 and to the heterodimer 

formed by IL-13R1 and IL-4R (Rahaman et al. 2002; LaPorte et al. 2008), 

LPMCs from inflamed UC with anti-CD3/CD28 or anti-CD2/CD28 antibodies were 

cultured in the absence or presence of anti-IL-13R2 and anti-IL-4R 

neutralising antibodies or their control IgG, and IL-13 in the culture supernatants 

was measured by ELISA (Fig. 4.22). IL-13, IFN- and IL-17A concentrations in 

the supernatants of anti-CD3/CD28-stimulated UC LPMCs cultured with anti-IL-

13R2 and anti-IL-4R antibodies were not significantly different than those in 

the supernatants of anti-CD3/CD28-stimulated UC LPMCs cultured with the 

controls (Fig. 4.22). Similar results were observed in the supernatants of anti-

CD2/CD28-stimulated LPMCs (data not shown). These experiments suggest that 

consumption of IL-13 by LPMCs is not the reason for the low levels I observed in 

IBD. 
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Figure 4.22. Effect of IL-13R and IL-4R blockade on cytokine production by 

UC LPMCs. Levels of IL-13, IFN- and IL-17A, expressed in pg/ml, in the 
supernatants of LPMCs isolated from the inflamed colon of three UC patients and 

cultured for 48 hours with medium alone (-) or with anti-()CD3/CD28 antibodies 

(+), in the absence or presence of a polyclonal goat IL-13R2 neutralising 

antibody and a monoclonal mouse IL-4R neutralising antibody or their control 

IgG (goat IgG and mouse IgG2a). Bars represent mean  SEM. Data were 
analysed by ANOVA One way analysis of variance followed by the Tukey’s 
multiple comparison test. *p<0.05 versus unstimulated LPMCs. 
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4.3.14 Bioassay for the functional evaluation of rhIL-13, anti-IL-13R2 and 

anti-IL-4R antibodies 

 

IL-13 increases claudin 2 expression in T84 epithelial cells (Prasad et al. 2005). 

On this basis, in order to assess whether rhIL-13 and the IL-13R2 and IL-4R 

neutralising antibodies used in our in vitro assays were functionally active, T84 

cells were cultured with rhIL-13 in the presence of a polyclonal goat anti-IL-

13R2 neutralising antibody and a monoclonal mouse anti-IL-4R neutralising 

antibody or their respective control IgG, and we evaluated the expression of 

claudin 2 in the T84 cell lysates by immunoblotting (Fig. 4.23). Culture with rhIL-

13 induced a significant (p<0.05) increase in claudin 2 expression compared to 

culture with medium alone. The addition of anti-IL-13R2 and anti-IL-4R 

neutralising antibodies significantly (p<0.01) reduced the expression of claudin 2 

in rhIL-13-stimulated T84 cells, whereas the addition of the control IgG did not 

affect the expression of claudin 2 in rhIL-13-stimulated T84 cells. 
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Figure 4.23 (see previous page). Functional evaluation of rhIL-13, anti- ()IL-

13R2 and IL-4R antibodies. Expression of claudin 2, detected by 
immunoblotting on the lysates of T84 cells cultured for 72 hours with medium 

alone or with rhIL-13, in the absence or presence of a polyclonal goat IL-13R2 

neutralising antibody and a monoclonal mouse IL-4R neutralising antibody or 
the respective control IgG (goat IgG and mouse IgG2a). The example shown in 
the upper panel is representative of three separate experiments. Membranes 
were analyzed for cytokeratin 19 as a loading control for epithelial proteins. In the 
lower panel, densitometry of claudin 2 expression normalised for cytokeratin 19 is 
shown. Three independent repeats of the experiment were performed. Bars 

represent mean  SEM. au, arbitrary units. Data were analysed by ANOVA One 
way analysis of variance followed by the Tukey’s multiple comparison test. 
*p<0.05 versus T84 cells cultured with medium alone. §p<0.01 versus T84 cells 
cultured with rhIL-13 and versus T84 cells cultured with rhIL-13 + control IgG. 
 

 

4.3.15 Effect of IL-13 on pro-inflammatory cytokine production in UC 

 

In order to assess the potential effects of IL-13 on the pro-inflammatory immune 

response observed in UC, unstimulated or anti-CD3/CD28-stimulated LPMCs 

from inflamed UC were cultured with rhIL-13, and the production of TNF-, IFN- 

and IL-17A was measured by ELISA (Fig. 4.24). Stimulation with anti-CD3/CD28 

antibodies significantly (p<0.05) enhanced TNF-, IFN- and IL-17A production 

by UC LPMCs (mean 4263  705 pg/ml; mean 3977  1030 pg/ml; mean 4983  

1236 pg/ml, respectively) compared to unstimulated conditions (mean 95  14 

pg/ml; mean 268  92 pg/ml; mean 489  129 pg/ml, respectively). The addition 

of rhIL-13 did not have any significant effect on TNF-, IFN- and IL-17A 

production by both unstimulated (mean 97  24 pg/ml; mean 254  67 pg/ml; 

mean 413  112 pg/ml, respectively) and anti-CD3/CD28-stimulated LPMCs 

(mean 4327  292 pg/ml; mean 4537  778 pg/ml; mean 5243  1539 pg/ml, 

respectively). 
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Figure 4.24. Effect of rhIL-13 on cytokine production by UC LPMCs. Levels 

of TNF-, IFN- and IL-17A, expressed in pg/ml, in the supernatants of LPMCs 
isolated from the inflamed colon of three UC patients and cultured for 48 hours 

with medium only (-) or with anti- ()CD3/CD28 antibodies (+), in the absence or 

presence of 20 ng/ml rhIL-13. Bars represent mean  SEM. Data were analysed 
by ANOVA One way analysis of variance followed by the Tukey’s multiple 
comparison test. *p<0.05 versus LPMCs cultured with medium only or with rhIL-
13. 
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4.3.16 Effect of IL-13 on collagen production in CD 

 

Finally, submucosal myofibroblasts isolated from uninflamed areas of strictured 

and non-strictured ileum of 5 patients with fibrostenosing CD, and from normal 

ileum of 5 control subjects, were cultured with rhIL-13, rhTNF- or rhIL-13 + 

rhTNF-, and collagen was measured in the culture supernatants (Fig. 4.25). 

Myofibroblast stimulation with rhIL-13 did not induce any significant change in 

mean collagen production compared to culture with medium alone (control 

myofibroblasts: 153  38 g/ml versus 144  26 g/ml, respectively; non-

strictured CD myofibroblasts: 200  55 g/ml versus 175  47 g/ml, respectively; 

strictured CD myofibroblasts: 374  115 g/ml versus 336  124 g/ml, 

respectively). Compared to culture with medium alone, stimulation of strictured 

CD myofibroblasts with both rhTNF- or rhIL-13 + rhTNF- induced a significant 

increase in mean collagen production (804  154 g/ml and 814  153 g/ml, 

respectively). Compared to culture with medium alone, stimulation of control and 

non-strictured CD myofibroblast with both rhTNF- or rhIL-13 + rhTNF- induced 

an increase in mean collagen production (control myofibroblasts: 310  63 g/ml 

and 335  70 g/ml, respectively; non-strictured CD myofibroblasts: 390  70 

g/ml and 389  74 g/ml, respectively), which however did not reach statistical 

significance. No significant difference in collagen production was found between 

myofibroblasts cultured with rhTNF- and rhIL-13 + rhTNF-. Strictured CD 

myofibroblasts cultured with rhTNF- or rhIL-13 + rhTNF- produced significantly 

(p<0.05) more collagen than control myofibroblasts cultured in the same 

conditions. 
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Figure 4.25. Effect of rhIL-13 on collagen production by intestinal 

myofibroblasts. Levels of collagen, expressed as g/ml, in the supernatants of 
submucosal myofibroblasts isolated from uninflamed areas of strictured (Strict) 
and non-strictured (Non-strict) ileum of 5 patients with fibrostenosing CD, and 
from normal ileum of 5 control subjects (HC), cultured for 24 hours with medium 

alone or 20 ng/ml rhIL-13 or 20 ng/ml rhTNF-, or 20 ng/ml rhIL-13 + 20 ng/ml 

rhTNF-. Bars represent mean  SEM. Data were analysed by ANOVA One way 
analysis of variance followed by the Tukey’s multiple comparison test. *p<0.05 
versus Strict myofibroblasts cultured with medium alone; §p<0.05 versus HC 
myofibroblasts cultured in the same condition. 



 

 
219 

4.4 Results summary 

 

In the current study, we found that: 

1. IL-13 is not produced in excess by both mucosal explants and LPMCs from 

inflamed colon of UC patients in comparison to inflamed colon of CD patients 

and normal colon of control subjects. 

2. NKT cells are reduced in the inflamed colonic mucosa of clinically active UC 

patients compared with NKT cells found in CD and control subjects, and their 

production of IL-13 is not up-regulated in UC inflamed colon. 

3. Explants from strictured CD ileum produce small amounts of IL-13, not 

different from non-strictured CD or normal ileum. 

4. Surface expression of IL-4R, IL-13R1 and IL-13R2 on IBD and control 

CD3+ and CD68+ LPMCs is very low or not detectable. CD3+ and CD68+ 

LPMCs from inflamed CD mucosa contain high levels of IL-13R1. 

5. Surface expression of IL-4R, IL-13R1 and IL-13R2 on CD and control 

submucosal ileal myofibroblasts is very low or not detectable. Myofibroblasts 

from strictured CD ileum express significantly higher intracellular levels of IL-

4R, IL-13R1 and IL-13R2 than myofibroblasts isolated from control ileum. 

6. IL-13 has no significant effects on the production of pro-inflammatory 

cytokines by colonic UC LPMCs. 

7. IL-13 has no significant effects on the production of collagen by ileal CD and 

control myofibroblasts. 
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4.5 Discussion 

 

Our findings indicate that IL-13 is not up-regulated in UC intestinal mucosa, and it 

is unlikely to play a functional role in the mucosal pro-inflammatory response in 

UC. Moreover, our results indicate that IL-13 is not up-regulated in CD intestinal 

strictures, and it is unlikely to contribute to intestinal fibrosis in this condition. This 

Section focuses on the interpretation of our findings in the context of the existing 

literature, on the limitations of our study, and on possible future experiments 

aimed at clarifying the involvement of IL-13 in disease processes in IBD patients. 

 

IL-13 expression and production in intestinal inflammation 

 

IL-13, which has 25% homology with IL-4, is released by Th2 and NKT cells and 

can also be expressed by innate cells including ILCs, eosinophils, basophils, and 

mast cells (van Dieren et al. 2007; Mannon et al. 2012). IL-13 expression is 

regulated at the transcriptional level by the classical Th2 transcription factor 

GATA3, and its production can be stimulated by epithelial-derived molecules 

including IL-33, IL-17E and TSLP (Brandt et al. 2011). IL-13 signals upon binding 

two transmembrane receptors, namely IL-13R2 or the heterodimer formed by 

IL-13R1 and IL-4R (Rahaman et al. 2002; LaPorte et al. 2008). Upon binding 

the IL-13R1/IL-4Rheterodimer, IL-13 signals mostly through STAT6 

activation, although other pathways may be activated, such as MAPK and 

phosphatidylinositol 3-kinase (PI3K). Following IL-13R2 binding, it has been 

considered that no intracellular signalling occurs, however it has been shown that 

STAT3 and MAPK activation can take place (Mannon et al. 2012). Interestingly, 

IL-13 binds IL-13R2 with higher affinity compared to the IL-13R1/IL-

4Rheterodimer, and it is then rapidly internalised, therefore IL-13R2 has been 

traditionally considered as a scavenger or a decoy receptor for IL-13 (Kasaian et 

al. 2011). Moreover, IL-13R2 is mostly expressed as an intracellular protein and 

can be rapidly mobilised on the cell surface by IFN-, suggesting that Th1 

immune response can negatively regulate IL-13 signalling (Konstantinidis et al. 
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2008). It has been shown that a soluble form of IL-13R2 exists, which can be 

generated by alternative splicing in mice, and by MMP-8 cleavage of the 

extracellular domain in humans (Chen et al. 2009).

 

IL-13 is part of type 2 immunity and plays an important role in counteracting 

helminth infections, in suppressing Th1-mediated autoimmunity, and in regulating 

wound repair mechanisms (Wynn 2015). Dysregulated IL-13 expression has 

been shown to play an important role in the pathogenesis of airway and skin 

disease, especially in asthma and atopic dermatitis (Ong 2014; Gour et al. 2015). 

The most important effects of IL-13 in asthma include goblet cell hyperplasia and 

hypersecretion, fibroblast activation, bronchial hyperresponsiveness and IgE 

class switch (Corren 2013). It has been shown that both recruitment of 

eosinophils and, more importantly, aeroallergen-induced airway resistance 

depend on IL-13R1 signalling in mice exposed to Aspergillus (Rothenberg et al. 

2011). Excessive serum IL-13 has been reported in a subgroup of patients with 

atopic dermatitis associated with bronchial hyperresponsiveness (Lee et al. 

2016).

 

In the gastrointestinal tract, IL-13 plays an important role in mediating the 

immune response against helminth infections (Grencis et al. 2004). In particular, 

clearance of nematodes from the intestine is dependent on IL-13R1 signalling 

(Sun et al. 2016). Excessive oesophageal expression of IL-5, IL-13 and IL-13-

induced chemokines such as eotaxin-3 has been reported in patients with 

eosinophilic oesophagitis (Blanchard et al. 2011). Moreover, IL-5 and IL-13 are 

up-regulated in plasma of children with eosinophilic oesophagitis and food allergy 

(Frischmeyer-Guerrerio et al. 2011). Based mainly on results obtained on 

oxazolone-induced colitis, on the observation that IL-13-producing NKT cells are 

markedly increased in UC but not in CD inflamed mucosa, and on the existence 

of biologically plausible effects exerted in vitro by IL-13, such as the pro-apoptotic 

effect on IECs and the enhancement of epithelial permeability, IL-13 has been 

implicated in the pathogenesis of mucosal inflammation in UC (Heller et al. 2002; 
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Fuss et al. 2004; Heller et al. 2005). In particular, UC mucosal inflammation has 

been considered to be mediated by an atypical Th2 response, characterised by 

selective up-regulation of IL-13 and IL-5 in the absence of IL-4 up-regulation. 

This is consistent with an innate cell source of IL-13 and IL-5, as opposed to a 

classical Th2 response with overexpression of IL-4 (Mannon et al. 2012). There 

are, however, contrasting evidences on the role of IL-13 in intestinal immunity 

and inflammation. It has been shown in mice that both IL-4 and IL-13 play an 

important role in inducing intestinal goblet cell hyperplasia and mucin secretion, 

thereby promoting protective immunity against gastrointestinal helminths (Oeser 

et al. 2015), and goblet cell depletion is a classical histologic feature in inflamed 

UC mucosa. Furthermore, IL-13 plays a protective role in the IL10-/- model of 

experimental colitis by suppressing Th1 and Th17 immune response via IL-

13R1 signalling (Wilson et al. 2011). Finally, IL-13 stimulates epithelial cells to 

produce the anti-microbial RELM, thereby protecting from nematode infections 

(Herbert et al. 2009). 

 

In the present study, we found that the spontaneous production of IL-13 both by 

inflamed UC colonic biopsies cultured ex vivo for 24 hours and by unstimulated 

UC LPMCs cultured for 48 hours is low and not significantly different compared 

to that of CD patients and control subjects. Moreover, both IL-4 and IL-5 

concentrations in our experiments were uniformly undetectable. Our findings are 

in keeping with those of Bernardo et al. (Bernardo et al. 2012), who observed 

nearly no production of IL-13 by both inflamed and uninflamed UC mucosa. In 

particular, it has been reported that organ culture supernatants from UC patients 

contain concentrations of IL-13 below the limit of detection in the majority of 

cases (10 out of 11 from uninflamed mucosa and 6 out of 11 from inflamed 

biopsies), and these did not correlate with clinical severity. IL-13 concentrations 

in inflamed UC organ culture supernatants were similar in our study (range 0-96 

pg/ml) and in the study by Bernardo et al. (Bernardo et al. 2012) (range 0-

approximately 85 pg/ml). Previous studies have also found significantly lower 

concentrations of IL-13 in intestinal organ culture supernatants and biopsy 
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homogenates of UC patients compared to CD patients (Vainer et al. 2000; 

Kadivar et al. 2004). Finally, it has been shown by immunohistochemistry that IL-

13 expression is low or undetectable in active UC and control subjects, and it is 

low and limited to IECs in luminal CD (Scharl et al. 2013). 

 

We observed that IL-13 transcripts in inflamed UC and CD mucosa were not 

significantly different from control mucosa. Polymorphisms in IL-13 gene which 

alter the affinity for IL-13Rs have been reported in other diseases. In particular, 

the IL-13 variant Arg130Gln, which produces an IL-13 peptide with lower affinity 

for the IL-13R2, has been found to be associated with asthma, atopy and 

systemic sclerosis (Vladich et al. 2005; Granel et al. 2006). However, the 

presence of this polymorphism has not been reported in UC (Waterman et al. 

2006). It has been shown that intestinal IL-13 transcript levels are significantly 

lower in UC patients compared to control subjects (Verma et al. 2013). On the 

other hand, another study has reported that IL-13 mucosal transcripts are 

undetectable in control subjects, whereas 45% UC colonic samples tested are 

positive for IL-13 transcripts (Kawashima et al. 2011). Finally, mucosal transcripts 

for Th1, Th2 and Th17 cytokines have been investigated in inflamed ileal or 

colonic biopsies from UC and CD patients, and it has been shown that IL-21 and 

IL-13 display the largest difference in expression levels between the two 

diseases. However, the 5-marker set which has the highest discriminative power 

includes IL-21, IFN-, IL-12 p35, T-bet and GATA3, but does not include IL-13 

(Iboshi et al. 2014). 

 

Up-regulated expression of IL-4, IL-13 and IL-13R2 in CRC-derived cells is 

associated with liver invasion, metastasis and poor prognosis (Barderas et al. 

2012). Moreover, tumour-infiltrating lymphocytes isolated from patients with colon 

cancer express both IL-4 and IL-13, which may play a role in invasive properties 

of cancer cells by down-regulating the expression of adhesion molecules (Kanai 

et al. 2000). It may be hypothesised that the overall lack of difference in IL-13 

production between IBD patients and control subjects observed in our study may 
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derive from IL-13 up-regulation in samples from patients who underwent surgery 

for colon cancer. However, only part of the mucosal explants in our control group 

were collected from patients who underwent an intestinal resection for colon 

cancer, and samples were taken at least 50 cm far from the tumoral mass, which 

makes the possibility of collecting tumour-infiltrating lymphocytes unlikely. 

Moreover, samples used for the analysis of IL-13 transcript levels did not include 

patients undergoing surgery for colon cancer, and the results confirmed the 

absence of significant differences in IL-13 expression between control subjects 

and IBD patients. 

 

Internalisation upon binding to IL-13R2 is an established mechanism 

responsible for the rapid clearance of IL-13, and exposure to IL-13 induces the 

up-regulation of IL-13R2, thereby amplifying its effects (Kawakami et al. 2001; 

Kasaian et al. 2011). We hypothesised that the low levels of IL-13 observed in 

our culture supernatants might depend on its binding to IL-13Rs and subsequent 

internalisation by LPMCs. We therefore performed anti-CD2/CD28 and anti-

CD3/CD28-stimulations of UC LPMCs in the presence of blocking antibodies to 

IL-13R2 and IL-4R, however this did not induce any significant change in IL-13 

concentration in culture supernatants. 

 

Both anti-CD2/CD28 and anti-CD3/CD28 stimulations of LPMCs from inflamed 

UC and CD or normal colon, despite inducing a marked increase in both IFN- 

and IL-17A, overall had no significant effect on IL-13 release, without significant 

differences in the levels of this cytokine between the three groups studied. 

Despite the conditions of our experiments being similar, particularly regarding 

anti-CD2/CD28 stimulation, in the present study we could not replicate the 

findings of Fuss et al. (Fuss et al. 2004) and Heller et al. (Heller et al. 2005). In 

particular, compared to the previous studies, while anti-CD2/CD28 stimulation 

resulted in a significant increase in IFN- production, without significant difference 

between CD and UC LPMCs, we did not observe an increase in IL-13 

concentration in the supernatants of UC LPMCs cultured in the same conditions. 
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It is important to underline that, while anti-CD3/CD28 stimulation induced a clear 

up-regulation of IFN- and IL-17A production by LPMCs in all CD and UC 

patients and control subjects, the same stimulation largely failed to induce IL-13 

release. However, a small, but clear increase in IL-13 production after anti-

CD3/CD28 stimulation was present in LPMC supernatants from five out of 11 CD 

patients, five out of 11 UC patients and three out of 11 control subjects, 

suggesting that, upon T cell activation, IL-13 production may be up-regulated in a 

subset of IBD patients and control subjects. Nevertheless, when considering 

LPMCs which produced higher concentrations of IL-13 following anti-CD3/CD28 

stimulation, the up-regulation reached a maximum concentration of <200 pg/ml, 

as opposed to a mean concentration around 1000 pg/ml measured in 

supernatants of LPMCs cultured with anti-CD2/CD28 antibodies in the previous 

studies (Fuss et al. 2004; Heller et al. 2005). Unfortunately, in the previous 

studies, cytokine concentrations in the supernatants of stimulated LPMCs were 

presented as means  SEM, therefore it is not possible to determine the relative 

contribution of each sample to the overall results, and to evaluate the 

heterogeneity between different patients (Fuss et al. 2004; Heller et al. 2005). 

 

We can only speculate why we were not able to show enhanced IL-13 and IL-5 

expression and production in UC compared to other studies (Del Zotto et al. 

2003; Fuss et al. 2004; Heller et al. 2005; Kawashima et al. 2011). In particular, 

we believe that our experimental settings were adequate and appropriately 

sensitive in order to detect differential production of the cytokines examined in 

the different groups of patients studied. We were able to detect high production 

of IL-17A (>400 pg/ml in some IBD patients) and IFN-(>300 pg/ml in some IBD 

patients) in our 24 hour ex vivo organ cultures, and we observed high levels of 

IFN- (never <2000 pg/ml in IBD patients) and IL-17A (never <2000 pg/ml in IBD 

patients) in our 48 hour in vitro LPMC cultures. It should be noted that, when 

intestinal samples were collected, the large majority of CD and UC patients in our 

study were not on treatment with immunosuppressants, which profoundly 
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dampen cytokine secretion and may deplete T cell subsets by the induction of 

apoptosis. Conversely, immunosuppressants may have influenced the findings 

reported in other investigations. It has been shown that cyclosporine A, which is 

used intravenously as a rescue therapy in order to avoid colectomy in ASUC, 

induces T cell apoptosis and down-regulates IL-13 production by PBMCs isolated 

from UC, but not CD, patients (Steiner et al. 2015). In our study, however, none 

of the patients were on treatment or had been previously treated with 

cyclosporine A. Mucosal transcripts for IL-4, IL-5, and IL-13, have been reported 

to be increased compared to control subjects during all stages of CD (Zorzi et al. 

2013). We included patients with both early- and late-stage disease, and, while 

IFN- production by LPMCs seemed more prominent in early CD, we did not find 

any correlation or trend between disease duration and IL-13 production. 

 

Biopsies, unstimulated LPMCs and stimulated LPMCs from inflamed colon of 

both CD and UC patients produced significantly higher amounts of IFN- and IL-

17A than those from uninflamed UC, CD and control subjects, with no significant 

differences between CD and UC. This is a major discrepancy between our study 

and previous ones, which showed high IFN- expression and production by 

activated CD LPMCs, as opposed to significantly lower IFN- expression and 

release by activated UC and control LPMCs (Fuss et al. 2004; Heller et al. 2005; 

Sarra et al. 2010). Nonetheless, also in previous studies IFN- concentration in 

supernatants of anti-CD2/CD28-stimulated UC LPMCs was around 2000 pg/ml, 

whereas that of IL-5 was 150-200 pg/ml and that of IL-13 around 1000 pg/ml, 

highlighting the relative importance of IFN- compared to Th2 cytokines (Fuss et 

al. 2004; Heller et al. 2005). While differences between ours and the findings by 

Fuss et al. (Fuss et al. 2004) and Heller et al. (Heller et al. 2005) are difficult to 

explain since the experimental conditions are very similar, PMA plus ionomycin 

stimulation used in the study by Sarra et al. (Sarra et al. 2010) may induce 

different T cell responses. Moreover, we previously reported no difference 

between CD and UC in terms of IFN--producing T-LPLs after stimulation with 

PMA plus ionomycin (Rovedatti et al. 2009). Determinations performed using 
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different methods may lead to different results, and indeed in our qRT-PCR 

determination we could observe that IFN- expression is higher in CD than in UC 

and control subjects, however post-transcriptional modifications exist and may 

lead to discrepancy between mRNA and protein levels (Washburn et al. 2003; 

Laloo et al. 2009), which in turn may be responsible for the lack of difference in 

IFN- protein levels between CD and UC patients. 

 

Unlike IFN-, we found IL-17A to be similarly up-regulated in CD and UC as in 

the previous studies (Rovedatti et al. 2009; Sarra et al. 2010). Nevertheless, the 

magnitude of IL-17A up-regulation which we observed in supernatants from CD 

and UC inflamed colonic biopsies compared to those from uninflamed IBD 

biopsies was less than 2 folds, which raises the question whether this statistically 

significant difference has a biological relevance in IBD. In the study by Bernardo 

et al. (Bernardo et al. 2012), IFN-, IL-4, IL-6, IL-7 and TNF-, but not IL-17A, 

concentrations were all significantly higher in organ culture supernatants from 

inflamed UC mucosa compared to uninflamed UC mucosa, however IL-4 

concentrations were below 7.5 pg/ml in all cases tested, and the only cytokine 

which correlated with the endoscopic Mayo score was IL-6. Interestingly, it has 

been shown that serum IL-17A, TNF- and IL-6, but not IFN-, correlate both 

with CAI and with the endoscopic Mayo score in UC (Mańkowska-Wierzbicka et 

al. 2015). 

 

IL-13-producing cells in intestinal inflammation 

 

We observed a significantly reduced percentage of NKT cells, defined as 

CD3+CD161+ cells, among T-LPLs from the inflamed colon of UC patients 

compared to the inflamed colon of CD patients and to the normal colon of control 

subjects. Our observation confirms the findings by Shimamoto et al. (Shimamoto 

et al. 2007), who also observed that CD161+ T cells are significantly decreased in 

the inflamed mucosa of UC patients compared to control subjects. Even upon 

stimulation with anti-CD3/CD28, the intracellular production of IL-13 by mucosal 
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NKT cells was low in all the groups studied. This is different from the studies by 

Fuss et al. (Fuss et al. 2004; Fuss et al. 2014), who reported that up to 24% 

lamina propria NKT cells in UC release IL-13, and that more than 30% LPMCs in 

UC is constituted by non-invariant NKT cells which produce IL-13 upon 

stimulation with lyso-sulfatide-loaded CD1d-tetramer. 

 

In keeping with Fuss et al. (Fuss et al. 2004), we observed that there are no 

mucosal iNKT (CD3+V24+V11+) cells in UC. Conversely, in contrast to Fuss et 

al. (Fuss et al. 2004), who could not detect any lamina propria CD3+V24+V11- 

cells, we report the presence of a small but definite population of CD3+ LPMCs 

expressing V24, as would be expected for a commonly used  chain, which 

was not significantly increased in UC patients compared to CD patients and 

control subjects. Since we were mostly interested in iNKT cells, we chose the 

plots with the most representative iNKT cell populations, and since iNKT in UC 

were very low (<0.1% CD3+ LPMCs) we acquired more events (>50,000), hence 

CD3+V24+V11- LPMCs seem more frequent in UC, but percentage-wise this is 

not the case. The mean percentage of CD3+V24+V11- LPMCs in CD was 

higher, although not significantly, compared to UC and control LPMCs, however 

we only evaluated this on three patients per group, which limits the possibility to 

draw any conclusion, particularly with regards to positive observations. Moreover, 

the high mean percentage of CD3+V24+V11- LPMCs observed in CD was due 

to a single patient with 47% CD3+V24+V11- LPMCs, probably because of the 

random oligoclonality seen in intestinal T cells, where only a few clones make up 

the repertoire, in whom a dominant clone expressed V24. 

 

In vitro effects of IL-13 in intestinal inflammation 

 

The previous experiments are descriptive and suggest that IL-13 is not up-

regulated in the inflamed mucosa of the majority of UC patients, and that IL-13-

producing cells are a small proportion of mucosal immune cells in UC, at least in 

the patients examined. It is nevertheless important to remember that IL-13 has 
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important in vitro effects in the intestine. It has been shown in vitro using HT-29 

cells that IL-13 induces epithelial cell apoptosis, inhibitis restitution of epithelial 

cell monolayers, and disrupts epithelial permeability (Heller et al. 2005). 

Furthermore, it has been observed that IL-13 activates the pro-apoptotic 

protease caspase-3 in mouse colonic IECs (Kawashima et al. 2011), and that IL-

13 enhances epithelial permeability by up-regulating claudin 2 expression within 

the tight junctions (Weber et al. 2010). We performed functional experiments on 

LPMCs from inflamed UC mucosa. In particular, the addition of rhIL-13 to 

unstimulated or anti-CD3/CD28-stimulated LPMCs from inflamed colonic UC 

mucosa did not have any influence on their production of classical pro-

inflammatory cytokines such as TNF-, IFN- and IL-17A. In accordance with our 

results, it has been shown that culturing for 24 hours ex vivo UC biopsies from 

inflamed colon with anti-IL-13 antibody, or UC biopsies from uninflamed colon 

with rhIL-13 does not induce any significant difference on pro-inflammatory and 

regulatory cytokine concentration in culture supernatants (Bernardo et al. 2012). 

This observation is particularly interesting, since in the same study it has been 

reported that organ culture of uninflamed or inflamed UC intestinal biopsies with 

rhIL-6 or anti-IL-6 antibody, respectively, does influence the cytokines released in 

the supernatants, promoting a pro-inflammatory or an anti-inflammatory 

microenvironment, respectively. This suggests that the organ culture model used 

is responsive to exogenous stimuli and provides the opportunity to detect the 

effects of one specific cytokine or its neutralisation. One possible reason to 

explain our results is that rhIL-13, IL-13R2 and IL-4R neutralising antibodies 

used in our in vitro experiments were not biologically active, however this is not 

the case, as shown by the ability of anti-IL-13R2 and anti-IL-4R antibodies to 

inhibit rhIL-13-induced claudin 2 up-regulation in T84 cells. 

 

IL-13R expression in intestinal inflammation 

 

It has been shown that both IL-13R1 and IL-4R are expressed on the surface 

of HT-29 cells and IECs of UC patients and control subjects, and are responsible 
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for the effects of IL-13 on epithelial apoptosis and permeability (Heller et al. 

2005). It has subsequently been observed that lamina propria NKT cells in UC 

express high levels of IL-13R2 (Fuss et al. 2014). We therefore studied IL-13R 

expression by different LPMC subtypes in inflamed IBD and control mucosa. In 

particular, we assessed the expression of IL-4R, IL-13R1 and IL-13R2 by T 

cells (CD3+ LPMCs) and macrophages (CD68+ LPMCs) from normal mucosa of 

control subjects and from inflamed UC and CD mucosa. We observed that IL-

4R, IL-13R1 and IL-13R2 expression profile is similar between intestinal 

mucosal T cells and macrophages. Surface expression of IL-4R, IL-13R1 and 

IL-13R2 by both T cells and macrophages from normal mucosa of control 

subjects and from inflamed UC and CD mucosa was low or not detectable. We 

hypothesised that the low surface expression of IL-13Rs by LPMCs could derive 

from the removal of receptors by collagenase digestion during LPMC isolation. In 

order to investigate this, we repeated the same staining after overnight culture of 

freshly isolated LPMCs within low-adherence tissue culture plates, however the 

expression of IL-13Rs was not modified. 

 

Since IL-13R2 is present mostly within the cytoplasm (Konstantinidis et al. 

2008), we evaluated the levels of IL-13Rs in mucosal immune cells in IBD and 

control subjects by flow cytometry upon intracellular staining. We added the anti-

IL-4R, anti-IL-13R1 and anti-IL-13R2 antibodies after LPMC 

permeabilisation, and, since the surface expression of the receptors on the same 

cells was low or not detectable, we considered any positive signal as being the 

result of intracellular expression. The intracellular expression of IL-4R, IL-

13R1 and IL-13R2 by intestinal T cells and macrophages from normal mucosa 

of control subjects and from inflamed UC mucosa was low or not detectable. 

Intestinal T cells and macrophages from inflamed CD mucosa, which expressed 

low levels of IL-4R and IL-13R2, contained high levels of IL-13R1. It has 

been shown that non-responsiveness to infliximab treatment in UC, defined as 

lack of endoscopic and histologic healing, is associated to significantly higher 
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mucosal expression of IL-13R2 (Arijs et al. 2009), which is difficult to interpret, 

since TNF- is an inducer of IL-13R2, and higher IL-13R2 expression should 

dampen the effects of IL-13. Collectively, our data on IL-13R expression in UC 

are in keeping with our results showing the lack of pro-inflammatory effects of 

rhIL-13 on UC LPMCs. 

 

IL-13 and IL-13Rs in intestinal fibrosis 

 

IL-13 has an important role in experimental fibrosis and in diseases characterised 

by tissue fibrosis (Lee et al. 2001; Fichtner-Feigl et al. 2008a; Fichtner-Feigl et al. 

2008b). In particular, IL-13 has been shown to play an important pro-fibrogenic 

role in systemic sclerosis, asthma, and idiopathic pulmonary fibrosis (Wilson et 

al. 2009; Fuschiotti 2011; Agrawal et al. 2014). IL-13 is thought to exert its pro-

fibrogenic effects by stimulating the production of TGF- by macrophages via IL-

13R2 activation, and this mechanism has been shown to be responsible for 

intestinal fibrosis in oxazolone- and in chronic TNBS-induced colitis (Fichtner-

Feigl et al. 2006; Fichtner-Feigl et al. 2008b). However, intestinal stricture 

formation is rare in UC, and the involvement of IL-13 in CD intestinal fibrosis is 

unclear. 

 

We observed that muscle layer explants from strictured CD ileum release small 

amounts of IL-13, not significantly different from non-strictured CD or normal 

ileum. Conversely, IL-1and collagen levels in the supernatants and TGF-1 

transcripts in the homogenates of cultured explants were significantly higher in 

strictured CD compared to non-strictured CD or normal ileum. Our data are in 

contrast with Bailey et al. (Bailey et al. 2012), who observed that IL-13 mRNA is 

overexpressed in the lysates of fibrotic intestinal muscle of CD patients 

compared to control subjects. Post-transcriptional modifications may explain, at 

least in part, this discrepancy (Washburn et al. 2003; Laloo et al. 2009). 

Interestingly, it has been shown that IL-13 is highly expressed by transitional 
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cells lining fistulae in CD, and that IL-13 induces genes involved in cell invasion, 

which are likely to contribute to the formation of fistulae (Scharl et al. 2013). 

 

We observed that the surface and intracellular expression of IL-4R, IL-13R1 

and IL-13R2 by both T cells and macrophages from the mucosa overlying CD 

strictures and CD mucosa above non-strictured areas is low or not detectable. 

Furthermore, surface expression of IL-4R, IL-13R1 and IL-13R2 on 

submucosal myofibroblasts isolated from uninflamed areas of strictured and non-

strictured ileum of patients with fibrostenosing CD, and from normal ileum of 

control subjects was low or not detectable. In order to exclude that the low 

surface expression of IL-13Rs by submucosal myofibroblasts could derive from 

the removal of receptors by trypsin during the passage of cells, we repeated the 

same staining after overnight culture of freshly passaged myofibroblasts within 

low-adherence tissue culture plates, and we observed that the expression of IL-

13Rs was not modified. Conversely, compared to myofibroblasts isolated from 

control ileum, myofibroblasts isolated from uninflamed areas of strictured CD 

ileum expressed detectable and significantly higher intracellular levels of IL-4R, 

IL-13R1 and IL-13R2, and myofibroblasts isolated from uninflamed areas of 

non-strictured CD ileum expressed detectable and significantly higher 

intracellular levels of IL-13R1 and IL-13R2. It has been shown that 

myofibroblast-like transitional cells lining CD fistulae and epithelial-like cells close 

to the fistulae express high levels of IL-13R1 (Scharl et al. 2013). Another study 

has reported that IL-13R1, but not IL-13R2, is highly expressed by smooth 

muscle cells and ILCs infiltrating CD intestinal strictures (Bailey et al. 2012).  

 

Functional data on experimental intestinal fibrosis support an important role for 

IL-13, and there are several evidences that blocking IL-13 signalling at different 

levels improves intestinal fibrosis in mice. It has been shown that the PPAR 

activator GED-0507-34 Levo ameliorates chronic DSS-induced intestinal fibrosis, 

and this is associated with a significant down-regulation of mucosal IL-13 (Speca 

et al. 2016). However, it is unclear whether IL-13 down-regulation plays an active 
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role in the improvement of fibrosis. Indeed, it has been shown that the small 

molecule HSc025, which antagonises TGF- signalling, improves TNBS-induced 

intestinal fibrosis despite not having any effects on the mucosal levels of IL-13 

and TNF- (Imai et al. 2015). 

 

Since IL-13 and TNF- can exert a synergistic effect on the expression of IL-

13R2, and TNF- has a known pro-fibrogenic action (Fichtner-Feigl et al. 2006), 

we finally performed a functional experiment in vitro by testing the effect of 

exogenous rhIL-13 and/or rhTNF- on submucosal myofibroblasts isolated from 

strictured CD ileum and control ileum. As opposed to TNF-, which indeed 

increased the production of collagen, no direct effect was exerted by IL-13 on 

collagen release by CD and control myofibroblasts, in keeping with existing data 

(Bailey et al. 2012). It has to be noted that Bailey et al. performed in vitro 

experiments on fibroblasts isolated from the muscle layer (Bailey et al. 2012), 

whereas we studied submucosal myofibroblasts. This may provide a possible 

explanation for the different effect of TNF- on collagen production which we 

observed in our experiments. 

 

Limitations of the study 

 

Unfortunately, when working with human tissue, sample size can often be a 

relevant limitation. In our study, this affected mainly the experiments regarding 

IL-13R expression in intestinal cells from IBD patients and control subjects, and 

in vitro effects of IL-13 on UC LPMCs, for which only very few samples could be 

analysed (n=3). This needs to be taken into account in the interpretation of the 

results, particularly in the case of the up-regulated IL-13R1 expression in T cells 

and macrophages from inflamed CD mucosa, and in the case of the higher 

intracellular levels of IL-4R, IL-13R1 and IL-13R2 in CD myofibroblasts 

compared to myofibroblasts isolated from control ileum. With a very small sample 

size, particularly the positive results need to be interpreted with caution, as both 

interindividual and intraindividual variability are more likely to have a relevant 



 

 
234 

impact on the data, and should be validated in a larger cohort of patients before 

any conclusion can be made. 

 

Organ culture of intestinal biopsies has not been formally validated, however it 

has been recognised as a useful technique to investigate the abnormal immune 

response in IBD, as it recapitulates the architecture and organisation of the 

intestinal mucosa with the use of human tissue. Relevant shortcomings of the 

organ culture approach, particularly when compared to organoid generation and 

culture, are the limited time (maximum 36 hours) during which the tissue remains 

viable, and sample availability. One possible limitation of the organ culture 

system is that, in addition to the interindividual variability in the severity of 

mucosal inflammation and to the intraindividual variability due to heterogeneity in 

the severity of mucosal inflammation in different sections of the colon or the small 

intestine, there is additional variability due to the different size of biopsy samples. 

This, however, can be minimised by normalising the results by weight. As an 

example of the potential validity and predictive value of the organ culture model, 

the Smad7 antisense oligonucleotide inhibitor mongersen, which has been 

shown promising efficacy data in CD, was first tested on CD biopsies using the 

organ culture system (Monteleone et al. 2001; Monteleone et al. 2015). We are 

currently assessing the potential efficacy of novel molecules for the treatment of 

IBD using the organ culture system. In addition to organ culture, in our study we 

have assessed IL-13 expression and production in IBD inflamed mucosa using 

other methods, including qRT-PCR and LPMC isolation and culture, and the 

results were consistent with those obtained using organ culture. 

 

For the in vitro experiments, when available, we used reagents at concentrations 

based upon previous data existing in the literature (e.g. we used rhIL-13 and 

rhTNF- at 20 ng/ml, which is the same concentration used by Fichtner-Feigl et 

al. 2006). When no previous results were available, we decided the 

concentrations of the reagents based on the reagent data sheet, as in the case of 

anti-IL-4R and anti-IL-13R2 antibodies. The concentration of rhIL-13 that we 
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used in our in vitro experiments (20 ng/ml) is ten-fold higher than that reported to 

induce changes in epithelial permeability, and the same described to exert pro-

fibrogenic effects, so we have no doubt that we added active doses to the 

LPMCs (Kadivar et al. 2004; Prasad et al. 2005), and this is confirmed by the up-

regulation of claudin 2 expression induced by rhIL-13 in T84 cells. However, we 

are unable to draw any conclusion on the physiological relevance of this 

concentration in vivo, and there is the possibility that this is excessive compared 

to the in vivo levels in the intestinal mucosa, especially as IL-13 concentrations in 

culture supernatants were never >200 pg/ml. However, it is important to note that 

cytokines act locally, therefore the physiologically relevant concentration is the 

one present in close proximity of the target cells, and our data are not informative 

regarding this.  

 

Future experiments 

 

There is evidence of the importance of IL-13 in experimental models of colitis and 

intestinal fibrosis, however there is poor correlation between murine and human 

genomic response to acute inflammatory stress (Seok et al. 2013). Indeed, our 

results suggest that it is hard to envisage a prominent role for this cytokine in the 

overall population of patients with UC and fibrostenosing CD. Several 

experiments are needed to address specific aspects of IL-13 involvement in the 

gastrointestinal mucosal immune response, and to investigate the possibility that 

IL-13 contributes to the disease process in a subset of IBD patients.  

 

Our results on IL-13 expression and production in the intestinal mucosa were 

obtained using qRT-PCR and ELISA, however other methods such as 

immunohistochemical characterisation would be useful to corroborate the data, 

and should be used in a future validation study. Immunohistochemical 

characterisation of IL-13Rs would also be needed to draw more informative 

conclusions on the expression levels in the intestinal mucosa of the different 

groups studied, particularly considering the previous studies on this aspect 
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(Bailey et al. 2012; Scharl et al. 2013). 

 

It has been shown that a specific subset of ILCs, namely type 2 ILCs (ILC2), 

depend on GATA3 for their development and display a cytokine production 

profile characterised by the release of high amounts of IL-5, IL-13, and relatively 

small amounts of IL-4 (Zhu 2015). ILC2 are involved in the early disease phase 

in allergic skin and lung inflammation (Monticelli et al. 2011; Roediger et al. 

2013). The atypical Th2 cytokine profile expressed by ILC2 makes them a 

particularly interesting cell type to study in IBD, particularly in the early disease 

phase and in treatment-naïve patients. 

 

Regarding the involvement of IL-13 in CD intestinal fibrosis, we did not study the 

effects of IL-13 on the production of tissue remodelling enzymes such as MMPs 

and TIMPs by intestinal cells contributing to the process of stricture formation. 

This would be particularly important, as it has been shown that in vitro culture 

with IL-13 down-regulates spontaneous MMP-2 expression and TNF--induced 

MMP-1 and MMP-9 synthesis by intestinal smooth muscle CD fibroblasts (Bailey 

et al. 2012). On the other hand, it would be particularly interesting to explore the 

effects of MMPs on IL-13 signalling in the intestinal mucosa, as MMP-8 cleavage 

of the extracellular domain is responsible for the generation of soluble IL-13R2 

in humans (Chen et al. 2009).

 

Finally, using the IMPACT IL-13 assay, which has high sensitivity – in the range 

of fg/ml – and specificity, it has been reported that sera of patients with asthma, 

atopic dermatitis and idiopathic pulmonary fibrosis, have significantly higher 

concentrations of IL-13 compared to control sera (Cai et al. 2016). It would be 

interesting to study whether mucosal expression of IL-13 correlates with serum 

concentrations of IL-13 in UC, in order to identify by means of a simple biomarker 

test the subset of patients in whom this cytokine is more likely to play a 

pathogenic role. 
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Chapter 5: Effects of MMP-3, MMP-9 and MMP-12 on the integrity and 

function of anti-TNF- agents in IBD 

 

Information on the bioavailability of anti-TNF- agents in inflamed tissues, where 

they are expected to exert their effect, is lacking. MMPs are up-regulated in IBD 

inflamed mucosa, and can cleave human IgG1 near the hinge region. Anti-TNF- 

agents in use in clinical practice are IgG1 or have part of the amino acid 

sequence in common with Ig. Further information on the background to this 

Chapter is reported in Sections “1.4.5 TNF- and TNF- neutralisation in IBD” 

and “1.4.6 Proteases in IBD intestinal mucosa”. 

 

We have studied MMP-3 and MMP-12 due to their up-regulation in intestinal 

inflammation and to the fact that they can specifically cleave IgG1 at the same 

point in the lower hinge, and MMP-9 as it is one of the main proteolytic enzymes 

associated to intestinal inflammation. 

 

5.1 Aims of the study 

  

This study aims to explore the effects of MMPs on the integrity and function of 

anti-TNF- agents in the context of IBD, and to evaluate whether MMP 

degradation may be relevant in primary non-responsiveness to biologic therapy 

in IBD. We have used the following approach: 

1. Evaluation of the effects of MMP-3, MMP-9 and MMP-12 on the integrity and 

TNF- neutralisation function of anti-TNF- agents. 

2. Assessment of the effects of protein extracts from inflamed IBD mucosa on 

the integrity and TNF- neutralisation function of anti-TNF- agents. 

3. Study of serum levels of MMP-3-/MMP-12-cleaved anti-TNF- agents in IBD 

patients. 

4. Study of serum levels of MMP-3-/MMP-12-cleaved endogenous IgG and anti-

hinge autoantibodies in IBD patients and control subjects. 
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5.2 Chapter-specific Materials and Methods 

 

5.2.1 Patients and tissues 

 

In order to assess the effect of proteins from human intestinal mucosa on the 

integrity and function of TNF- neutralising agents, perendoscopic biopsies from 

the inflamed colon of eight CD and eight UC patients (Table 5.1) and from the 

normal colon of eight control subjects (Table 5.2) were collected and processed 

for protein extraction. Sera from 29 active CD and 33 active UC patients before 

and after infliximab treatment, and from 20 control subjects were collected. 

Responsiveness to infliximab treatment was defined as the concomitant 

presence of clinical remission and complete mucosal healing (Levesque et al. 

2015) at the first endoscopic examination after the treatment start. This study 

was approved by the NRES Committee London - City & East (REC reference: 

10/H0704/74), and informed consent was obtained from all IBD patients and 

control subjects from whom biopsies were collected. IBD sera were obtained 

from Professor Severine Vermeire’s clinic (Department of Gastroenterology, 

University Hospital Gasthuisberg, Leuven, Belgium). 
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Table 5.1. Clinical features of IBD patients (n=16) 

 
 

 

CD 
(n=8) 
 

 

 

UC 
(n=8) 

 

Median age – years (range) 
 

28 (20-55) 
 

30.5 (22-63) 
 
Male/Female (%) 

 
5/3 (62.5/37.5) 

 
4/4 (50/50) 

 
Median duration of disease – years (range) 

 
4 (0.5-11) 

 
3 (0-15) 

 
Extent of disease 

  

 Ileocolon – CD (%) 4 (50) NA 
 Colon – CD (%) 4 (50) NA 
 Left-sided colitis – UC (%) NA 5 (62.5) 
 Pancolitis – UC (%) NA 3 (37.5) 
 
Disease behaviour 

  

 Non-stricturing non-penetrating – CD (%) 8 (100) NA 
 Stricturing – CD (%) 0 (0) NA 
 Penetrating – CD (%) 0 (0) NA 
 
Clinical disease activity 

  

 Mild (%) 0 (0) 0 (0) 
 Moderate (%) 3 (37.5) 2 (25) 
 Severe (%) 5 (62.5) 6 (75) 
 
Grading of histologic inflammation 

  

 Mild (%) 0 (0) 0 (0) 
 Moderate (%) 0 (0) 1 (12.5) 
 Severe (%) 8 (100) 7 (87.5) 
 
Treatment 

  

 None 1 (12.5) 2 (25) 
 5-aminosalicylates (%) 2 (25) 4 (50) 
 Corticosteroids (%) 3 (37.5) 4 (50) 
 Immunosuppressants   
  Azathioprine/6-mercaptopurine (%) 2 (25) 3 (37.5) 
  Methotrexate (%) 1 (12.5) 0 (0) 
 Corticosteroids + immunosuppressants (%) 3 (37.5) 3 (37.5) 

 
 

CD, Crohn’s disease; NA, not applicable; UC, ulcerative colitis. 
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Table 5.2. Clinical features of control subjects (n=8) 

Characteristics and parameters N. Median (range) 

Age (years) 
Sex (M/F) 
Comorbidities 
        Hypertension         
        None 
Current medications 
        Anti-hypertensive 
        Proton pump inhibitors 
        None 

 
4/4 

 
2 
6 
 

2 
2 
5 

34 (26-45) 
 
 
 
 

 

 F, female; M, male. 

 

5.2.2 Study design 

 

First, cleavage reactions with rhMMP-3, rhMMP-12, rhMMP-9 and infliximab, 

adalimumab, etanercept were performed in order to study the effect of MMPs on 

the integrity and soluble TNF- neutralisation function of anti-TNF- agents. 

Then, the possibility to prevent the effect of rhMMP-3 and rhMMP-12 on anti-

TNF- agents using MMP inhibitors was investigated. Protein extracts from 

normal colonic biopsies of eight control subjects and from inflamed colonic 

biopsies of 16 IBD patients were subsequently prepared and, upon measuring 

MMP-3/MMP-12 activity, cleavage reactions were performed in the absence or 

presence of MMP inhibitors in order to study the effect of protein extracts on the 

integrity and soluble TNF- neutralisation function of anti-TNF- agents. Then, 

experiments were performed in order to assess whether cleaved antibodies could 

be identified in the sera of IBD patients and control subjects. In particular, ELISA 

assays aimed at detecting MMP-3-/MMP-12-cleaved anti-TNF- agents, MMP-3-

/MMP-12-cleaved endogenous IgG and anti-hinge autoantibodies were 

developed by testing sera of 29 active CD and 33 active UC patients either 

before (MMP-3-/MMP-12-cleaved endogenous IgG and anti-hinge 

autoantibodies) or after (MMP-3-/MMP-12-cleaved anti-TNF- agents) infliximab 

therapy, and sera of 20 control subjects.
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5.2.3 Protein extraction 

 

Biopsies were placed in PBS (Oxoid Ltd, Basingstoke, UK) and homogenised by 

sonication. Endogenous IgG were removed from the mucosal protein extracts by 

two cycles of Protein G SpinTrap (GE Healthcare, Little Chalfont, UK), and total 

protein concentration was normalised to 2 mg/ml by dilution in PBS. 

 

5.2.4 MMP activity assay 

 

MMP-3/MMP-12 activity in IBD and control mucosal protein extracts was 

measured using the fluorescence resonance energy transfer (FRET)-based 

Sensolyte® 520 MMP-12 assay kit from AnaSpec Inc. (Fremont, CA, USA). This 

kit uses a 5-FAM (fluorophore)- and QXL520™ (quencher)-labeled FRET peptide. 

In an intact FRET peptide, the fluorescence of 5-FAM is quenched by QXL520™. 

Upon cleavage of the FRET peptide by MMP-3 or MMP-12 (the FRET peptide 

provided with this kit is cleaved by both MMP-3 and MMP-12), the fluorescence 

of 5-FAM is recovered. Protein extracts were incubated with the FRET peptide at 

37°C for 1 hour and fluorescence was subsequently measured using 

(fluorescence detection mode, 490 nm/520 nm excitation/emission wavelengths) 

the Bio-tek Synergy™ HT Multi-Detection Microplate Reader (BioTek). Active 

rhMMP-3 and rhMMP-12, each one at the concentration of 1 g/ml, were used as 

positive controls. 

 

5.2.5 Cleavage reactions 

 

Upon activation, rhMMP-3 and rhMMP-12 were co-incubated with TNF- 

neutralising agents in order to subsequently evaluate their effect on the drug 

integrity and function. In particular, rhpro-MMP-3 and rhpro-MMP-9 (both from 

R&D Systems), at a concentration of 50 g/ml, were activated by 24 hour 

incubation at 37°C with p-aminophenylmercuric acetate (p-APMA; Sigma-Aldrich) 

1 mM in 50 mM Tris, 10 mM CaCl2, 150 mM NaCl, 0.05% Brij 35 (Sigma-Aldrich) 
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(TCNB) buffer, whereas rhpro-MMP-12 (R&D Systems) 50 g/ml was auto-

activated by 30 hour incubation at 37°C in TCNB buffer, following manufacturers’ 

instructions. Infliximab (Remicade®, Merck & Co., Inc., Whitehouse Station, NJ) 

or adalimumab (Humira®, Abbott Immunology, Chicago, IL) or etanercept 

(Enbrel®, Wyeth, Philadelphia, PA), each one at the concentration of 1 g/ml, 

were incubated for 24 hours at 37°C with either active MMP-3 or active MMP-12 

(0.001-1 g/ml) or active MMP-9 (1 g/ml) or p-APMA 0.02 mM in TCNB buffer or 

TCNB buffer alone. In parallel, infliximab or adalimumab or etanercept, each one 

at the concentration of 1 g/ml, were incubated for 24 hours at 37°C with 1 g/ml 

active MMP-3 or MMP-12 or p-APMA 0.2 mM in TCNB buffer or TCNB buffer 

alone, and the reaction was stopped at fixed time points (3, 6, 10 and 24 hours). 

In parallel, increasing concentrations (0.01-10 g/ml) of infliximab or adalimumab 

or etanercept were co-incubated for 24 hours with p-APMA 0.02 mM in TCNB 

buffer or 1 g/ml active MMP-3 or MMP-12. In parallel, etanercept 0.1 g/ml was 

incubated for 24 hours at 37°C with 1 g/ml active MMP-3 or MMP-12 or p-APMA 

0.2 mM in TCNB buffer or TCNB buffer alone, in the absence or presence of 

increasing concentrations (0.001-1 M) of the broad-spectrum MMP inhibitor 

marimastat (Sigma-Aldrich) or the selective MMP-3/MMP-12 inhibitor UK370106 

(Santa Cruz Biotechnology, Dallas, TX). Moreover, to assess the effect of 

mucosal protein extracts on TNF neutralizing agents, infliximab, adalimumab and 

etanercept, all at the concentration of 1 g/ml, were co-incubated for 24 hours 

with either PBS only or with mucosal protein extracts. In parallel, increasing 

concentrations (0.01-10 g/ml) of infliximab or adalimumab or etanercept were 

co-incubated for 24h with either PBS only or with mucosal protein extracts. In 

parallel, infliximab, adalimumab and etanercept, all at the concentration of 0.1 

g/ml, were incubated for 24h at 37°C with either PBS only or with IBD mucosal 

protein extracts, in the absence or presence of increasing concentrations (0.001-

1 M) of marimastat (Sigma-Aldrich) or UK370106 (Santa Cruz Biotechnology). 

Cleavage reaction products were then stored at -70°C until further analysis. 
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5.2.6 Protein G binding assay 

 

The effect of proteases on the Fc region of TNF- neutralising agents was 

assessed by means of a protein G binding assay. Untreated or MMP-3-/MMP-12-

treated TNF- neutralising agents were added to the wells of a protein G-coated 

plate (Fisher Scientific UK). While human IgG can bind to protein G through their 

Fc region, chicken antibodies are unable to bind to protein G. Therefore, chicken 

anti-human p75 TNF receptor antibody (Abcam) which had been previously 

conjugated with horseradish peroxidase using a commercial kit (Abcam), or 

horseradish peroxidase-conjugated chicken anti-human F(ab’)2 (Fisher Scientific 

UK) were then added to the plate as a method to detect, respectively, the amount 

of etanercept or infliximab and adalimumab bound to the plate. 

Tetramethylbenzidine was then added and after stopping the reaction the optical 

density was measured (absorbance detection mode, 450 nm wavelength) on the 

Bio-tek Synergy™ HT Multi-Detection Microplate Reader (BioTek, Swindon, UK). 

 

5.2.7 Luciferase assay 

 

The effect of proteases on the TNF--neutralising function of anti-TNF- agents 

was assessed by means of a HeLa cell line which had been stably transfected 

with the luciferase reporter gene under the control of NF-B enhancer elements 

(Kabouridis et al. 2002). HeLa cells were cultured for 6 hours in the absence or 

presence of 10 ng/ml rhTNF- (R&D Systems), with or without 1 g/ml active 

MMP-3 or MMP-12 or increasing concentrations (0.01-10 g/ml) of infliximab or 

adalimumab or etanercept, all pre-treated for 24 hours with either p-APMA 0.02 

mM in TCNB buffer or 1 g/ml active MMP-3 or MMP-12. In parallel, HeLa cells 

were cultured in the absence or presence of 10 ng/ml rhTNF-, with 0.1 g/ml 

etanercept, pre-incubated for 24 hours with TCNB or 1 g/ml active MMP-3 or 

MMP-12, in the absence or presence of increasing concentrations (0.001-1 M) 

of marimastat (Sigma-Aldrich) or UK370106 (Santa Cruz Biotechnology). In 
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parallel, HeLa cells were cultured with 10 ng/ml rhTNF-, with or without 

increasing concentrations (0.01-10 g/ml) of infliximab or adalimumab or 

etanercept, all pre-treated for 24 hours with either PBS or mucosal protein 

extracts prepared in PBS. In parallel, HeLa cells were cultured for 6 hours in the 

absence or presence of 10 ng/ml rhTNF-, with or without 0.1 g/ml of infliximab, 

adalimumab or etanercept, all pre-treated for 24 hours with either PBS or 

mucosal proteins from IBD patients, in the absence or presence of increasing 

concentrations (0.001-1 M) of marimastat (Sigma-Aldrich) or UK370106 (Santa 

Cruz Biotechnology). The direct effect of IBD protein extracts and MMP inhibitors 

on the production of luciferase by HeLa cells was also assessed. HeLa cells were 

cultured for 6 hours in the absence or presence of 10 ng/ml rhTNF- (R&D 

Systems), with or without IBD mucosal protein extracts prepared in PBS, in the 

absence or presence of 1 M marimastat (Sigma-Aldrich) or 1 M UK370106 

(Santa Cruz Biotechnology). After culture, HeLa cells were lysated and assayed 

for luciferase activity with a commercial kit (Promega UK), following the 

manufacturers’ instructions, using (luminescence detection mode, filters set in 

open position) the Bio-tek Synergy™ HT Multi-Detection Microplate Reader 

(BioTek). 

 

5.2.8 Cleaved anti-TNF- agent detection 

 

The presence of clipped infliximab or adalimumab in human sera of IBD patients 

was investigated by a newly set-up ELISA assay. rhTNF- (R&D Systems) 10 

g/ml was added to Nunc Clear Maxisorp 96-well plates (Sigma-Aldrich). After 16 

hour incubation at +4°C, plates were blocked for 30 minutes at 20-26°C in 3% 

bovine serum albumine (Sigma-Aldrich) in PBS. Three-fold serial dilutions of IBD 

sera, and of MMP-3- and MMP-12-cleaved infliximab (kindly provided by our 

collaborator R.J. Brezski – starting from 2 g/ml), which I used as standard, were 

added to the plates. After 1 hour at 20-26°C, 2.5 g/ml biotinylated rabbit anti-

human MMP-3/MMP-12 IgG hinge cleavage site monoclonal antibody (kindly 
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provided by R.J. Brezski) were added. After 1 hour at 20-26°C, horseradish 

peroxidase-conjugated streptavidin (R&D Systems) 1:10000 was added to the 

plates. After 1 hour and thorough washing, tetramethylbenzidine was added and 

after stopping the reaction the optical density was measured (absorbance 

detection mode, 450 nm wavelength) on the Bio-tek Synergy™ HT Multi-

Detection Microplate Reader (BioTek). 

 

5.2.9 Cleaved endogenous IgG detection 

 

The presence of clipped endogenous IgG in human sera of IBD patients and 

control subjects was studied by a newly set-up ELISA assay. Streptavidin 

(Sigma-Aldrich) 10 g/ml was added to Nunc Clear Maxisorp 96-well plates 

(Sigma-Aldrich). After 16 hour incubation at +4°C, plates were blocked for 30 

minutes at 20-26°C in 3% bovine serum albumine (Sigma-Aldrich) in PBS, then 

incubated for 1 hour at 20-26°C with 15 g/ml biotinylated rabbit anti-human 

MMP-3/MMP-12 IgG hinge cleavage site monoclonal antibody (kindly provided 

by our collaborator R.J. Brezski, Biologics Research, Janssen Research & 

Development, Spring House, PA). Plates were then incubated for 1 hour at 20-

26°C with three-fold serial dilutions of IBD and control sera, followed by an 

horseradish peroxidase-conjugated donkey anti-human IgG heavy and light chain 

antibody 1:10000 (Jackson ImmunoResearch, West Grove, PA), that has 

minimum cross-reactivity with rabbit IgG. After 1 hour and thorough washing, 

tetramethylbenzidine was added and after stopping the reaction the optical 

density was measured (absorbance detection mode, 450 nm wavelength) on the 

Bio-tek Synergy™ HT Multi-Detection Microplate Reader (BioTek). 

 

5.2.10 Anti-hinge autoantibody detection 

 

Finally, anti-hinge autoantibodies against the immunogenic neo-epitopes 

generated by the proteolytic cleavage of endogenous IgG in human sera of IBD 

patients and control subjects were measured by a newly set-up ELISA assay. 
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Streptavidin (Sigma-Aldrich) 10 g/ml was added to Nunc Clear Maxisorp 96-well 

plates (Sigma-Aldrich). After 16 hour incubation at +4°C, plates were blocked for 

30 minutes at 20-26°C in 3% bovine serum albumine (Sigma-Aldrich) in PBS, 

then incubated for 1 hour at 20-26°C with 1 M biotinylated 14mer peptide 

analogue of the human IgG1 hinge with a C-terminal amino acid corresponding 

to the MMP-3/MMP-12 cleavage site (kindly provided by our collaborator R.J. 

Brezski). Plates were then incubated for 1 hour at 20-26°C with three-fold serial 

dilutions of a chimaeric rabbit/human anti-human MMP-3/MMP-12 IgG hinge 

cleavage site monoclonal antibody – which I used as a standard – or sera from 

62 active IBD patients and from 20 control subjects, followed by an horseradish 

peroxidase-conjugated goat anti-human IgG Fc antibody 1:10000 (Jackson 

ImmunoResearch). After 1 hour and thorough washing, tetramethylbenzidine was 

added and after stopping the reaction the optical density was measured 

(absorbance detection mode, 450 nm wavelength) on the Bio-tek Synergy™ HT 

Multi-Detection Microplate Reader (BioTek). Similarly to a commercial ELISA, a 

concentration curve was constructed based on the optical densities recorded for 

the standard (which was added to the plate with two-fold serial dilutions starting 

from 10 ng/ml), and the corresponding equation (optical density = 

0.5143*concentration + 0.1344) allowed to convert serum anti-hinge 

autoantibody optical density into concentration (ng/ml). 
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5.3 Results 

 

5.3.1  Effect of MMP-3, MMP-12 and MMP-9 on the integrity of anti-TNF- 

agents 

 

Increasing concentrations (0.001-1 g/ml) of MMP-3 or MMP-12 were co-

incubated for 24 hours with 1 g/ml (therapeutic serum levels in patients) (Tracey 

et al. 2008) infliximab, adalimumab and etanercept, and cleavage patterns were 

analysed in reducing gels by immunoblotting using an anti-human IgG Fc 

antibody (Fig. 5.1). Infliximab, adalimumab and etanercept were clipped in a 

concentration-dependent manner by both MMP-3 and MMP-12, with the 

formation of a 32 kDa fragment, which likely corresponds to the Fc monomer 

observed after MMP digestion of native human IgG1 (Brezski et al. 2009) (Fig. 

5.1A). An additional 50 kDa etanercept fragment appeared at low MMP 

concentrations, which was not predicted based on the known MMP-3/MMP-12 

cleavage site on the lower hinge of human IgG1. Densitometry of the percentage 

of intact anti-TNF- agents remaining at each MMP concentration showed that 

etanercept is markedly more susceptible to clipping than infliximab and 

adalimumab (Fig. 5.1B). In parallel, 1 g/ml MMP-9 was co-incubated for 24 

hours with 1 g/ml infliximab, adalimumab and etanercept, and cleavage patterns 

were analysed in non-reducing gels by immunoblotting using an anti-human IgG 

Fc antibody (Fig. 5.2). Infliximab, adalimumab and etanercept were not cleaved 

by MMP-9. 
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Figure 5.1. Degradation of anti-TNF- agents by MMP-3 and MMP-12. (A) 

Infliximab, adalimumab and etanercept (1 g/ml) were co-incubated at 37°C for 

24 hours with increasing concentrations (0.001-1 g/ml) of p-APMA-activated 
rhMMP-3 or rhMMP-12, and were visualised by immunoblotting in reducing 
conditions using an anti-human IgG Fc primary antibody. The heavy chains of 

infliximab and adalimumab appeared as a single band of 55 kDa and the 
monomers of etanercept appeared as a single band of 75 kDa, and remained 
intact after 24 hour co-incubation with or without p-APMA alone (0h, 24h on the 

left of each blot). All TNF- neutralising agents were cleaved by MMP-3 or MMP-
12 with the formation of a 32 kDa band, likely to correspond to the Fc monomer 
observed after MMP digestion of native human IgG1. Cleavage occurred in a 
concentration-dependent manner, as shown by the increasing intensity of the 32 
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kDa band at higher MMP concentrations and the decreasing intensity of the 
bands correspondent to the intact heavy chain of infliximab and adalimumab and 
to the intact etanercept monomer. At the lowest MMP concentrations, another 

50 kDa etanercept fragment appeared. Blots are representative of six separate 
experiments. (B) Densitometric analysis of the intact infliximab and adalimumab 
heavy chain, and of the intact etanercept monomer, after co-incubation with 

increasing concentrations of activated rhMMP-3 or rhMMP-12. Etanercept was 
more susceptible to MMP degradation than infliximab and adalimumab, and the 
band corresponding to the intact etanercept monomer totally disappeared after 

co-incubation with 0.1 g/ml MMP-3 and MMP-12. Results are expressed as 

mean percentage of the intact anti-TNF- agent after MMP treatment compared 

to the correspondent untreated TNF- neutralising agent after 24 hour co-
incubation with or without p-APMA ± s.d. (n=6). Data were analysed by ANOVA 
One way analysis of variance followed by the Tukey’s multiple comparison test. 
*p<0.001 versus MMP-3-/MMP-12-treated etanercept at the correspondent MMP 
concentration. 
 
 
 

 
 

Figure 5.2. Effect of MMP-9 on the integrity of anti-TNF- agents. Infliximab, 

adalimumab and etanercept (1 g/ml) were co-incubated at 37°C for 24 hours 

with 1 g/ml activated rhMMP-9, and were visualised by immunoblotting in 
reducing conditions using an anti-human IgG Fc primary antibody. Infliximab, 
adalimumab and etanercept were not cleaved by MMP-9. Blots are 
representative of six separate experiments. 



 

 
250 

5.3.2  Sequential cleavage of anti-TNF- agents by MMP-3 and MMP-12 
 

Each anti-TNF- agent (1 g/ml) was also co-incubated with a fixed 

concentration (1 g/ml) of MMP-3 or MMP-12. Subsequent immunoblotting in 

non-reducing gels with anti-human Ig  light chain showed that degradation of 

infliximab and adalimumab occurs in a time-dependent sequential manner, with 

the formation of single-cleaved – upon removal of one Fc monomer – and, 

subsequently, double-cleaved – F(ab’)2 – intermediate products (Figure 5.3). 

Etanercept could not be visualised using anti-human Ig  primary antibody. 

 

 
 
Figure 5.3 Sequential cleavage of infliximab and adalimumab by MMP-3 and 

MMP-12. Infliximab and adalimumab (1 g/ml) were co-incubated at 37°C with 1 

g/ml activated rhMMP-3 or rhMMP-12. The incubation was interrupted at fixed 

time points (3, 6, 10 and 24 hours), and the anti-TNF- agents were visualised by 

immunoblotting in non-reducing conditions using an anti-human Ig  light chain 
antibody. Infliximab and adalimumab were cleaved in a time-dependent manner 

by either MMP-3 or MMP-12 with the sequential formation of two additional 130 

and 100 kDa bands, which likely correspond to single-cleaved Ig intermediate 
(scIg) and F(ab')2 fragments, respectively, and increased in intensity over time. 
Of note, the bands corresponding to intact infliximab and adalimumab decreased 
in intensity over time. 
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5.3.3 Effect of MMP-3 and MMP-12 on protein G binding capacity of anti-

TNF- agents 

 

To confirm that MMP-3 and MMP-12 had indeed removed the Fc region, an 

ELISA using protein G-coated plates was performed on samples of TNF- 

neutralising agents pre-incubated with increasing concentrations of activated 

MMP-3 and MMP-12, using chicken secondary antibodies against F(ab’)2 or p75 

TNFR (Fig. 5.4). In this experiment, only intact anti-TNF- agents can bind to the 

protein G-coated plate, are then recognised by secondary antibodies and give a 

positive signal, therefore the optical density can be considered as an indication of 

the amount of residual intact anti-TNF- agent. Untreated TNF- neutralising 

agents bound strongly to protein G, but after 24 hour of incubation with MMP-3 or 

MMP-12, binding decreased in a dose-dependent fashion. The kinetics of the 

loss of protein G binding were faster for etanercept than for the other agents 

tested. After pre-incubation with 0.1 g/ml of either MMP-3 or MMP-12, there was 

still substantial binding with infliximab and adalimumab, but etanercept binding 

was minimal. 
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Figure 5.4 (see previous page). Effect of MMP-3 and MMP-12 on protein G 

binding capacity of anti-TNF- agents. TNF- neutralising agents, all at the 

concentration of 1 g/ml, were co-incubated for 24 hours with increasing 

concentrations (0.001-1 g/ml) of active rhMMP-3 or rhMMP-12. Untreated or 

MMP-3- and MMP-12-treated TNF- neutralising agents were added to the wells 
of protein G-coated plates. Horseradish peroxidase-conjugated chicken anti-
human F(ab’)2 or anti-human TNF receptor II antibodies, which do not bind to 

protein G, were used to detect and quantify protein G binding to TNF- 

neutralising agents. Values, expressed as optical density (OD), are mean  s.d. 
of six separate experiments. Data were analysed by ANOVA One way analysis of 
variance followed by the Tukey’s multiple comparison test. *p<0.05 versus 
etanercept at the correspondent MMP concentration; **p<0.01 versus etanercept 
at the correspondent MMP concentration; #p<0.001 versus etanercept at the 
correspondent MMP concentration. 
 

 

5.3.4 Effect of MMP-3 and MMP-12 on TNF- neutralisation ability of anti-

TNF- agents 

 

A nuclear factor-B reporter cell line was then used to investigate the effect of 

MMP-3 and MMP-12 on the ability of each biologic agent to neutralise soluble 

TNF- (Fig. 5.5). In the absence of MMPs, infliximab, adalimumab and 

etanercept effectively inhibited TNF--induced luciferase activity. Neutralisation 

of TNF- by infliximab and adalimumab did not change after overnight incubation 

with MMP-3/MMP-12, whereas etanercept showed a significant reduction in its 

ability to neutralise TNF-. Collectively, these results show that the removal of 

the Fc region by MMP-3 and MMP-12 does not affect the ability of infliximab and 

adalimumab to neutralise soluble TNF- as F(ab’)2 fragments, even at the lowest 

anti-TNF/MMP concentration ratio of 1:10, but does compromise significantly the 

TNF- neutralising function of etanercept.  
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Figure 5.5. Effect of MMP-3 and MMP-12 on TNF- neutralising function of 

anti-TNF- agents. NF-B reporter HeLa cells were cultured for 6 hours in the 

absence or presence of 10 ng/ml rhTNF-, with increasing concentrations (0.01-

10 g/ml) of infliximab, adalimumab or etanercept, all pre-treated for 24 hours 

with p-APMA; w/o MMPs) or 1 g/ml active MMP-3 or MMP-12. After culture, 
HeLa cell lysates were assayed for luciferase activity. Values, expressed as 

arbitrary units (a.u.), are means  s.d. of six separate experiments. Data were 
analysed by ANOVA One way analysis of variance followed by the Tukey’s 

multiple comparison test. *p<0.001 versus TNF- plus p-APMA-treated 
etanercept at the correspondent concentration. 
 

 

5.3.5 Effect of MMP-3 and MMP-12 inhibition on TNF- neutralisation 

ability of MMP-exposed etanercept 

 

Subsequently, the ability of the broad-spectrum MMP inhibitor marimastat (which 

however has no inhibitory effect on MMP-12) or the selective MMP-3/MMP-12 

inhibitor UK370106 to prevent the loss of function of MMP-exposed etanercept 

was investigated (Fig. 5.6). In particular, based on my results showing maximal 

loss of TNF- neutralising ability when 0.1 g/ml etanercept was pre-incubated 

with 1 g/ml MMPs, I tested the effect of 1 g/ml active rhMMP-3 or MMP-12 on 
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0.1 g/ml etanercept in the absence or presence of increasing concentrations 

(0.001-1 M) of marimastat or UK370106. The addition of UK370106 to the 

cleavage reactions with either MMP-3 or MMP-12 effectively restored TNF- 

neutralising function of etanercept in a dose-dependent manner. Conversely, 

marimastat was able to prevent only MMP-3- but not MMP-12-induced loss of 

TNF- neutralising ability of etanercept. This shows that the loss of TNF- 

neutralising function of etanercept induced by MMP-3 and MMP-12 can be 

specifically prevented by the MMP inhibitors. 

 

 

 

Figure 5.6. Effect of MMP inhibitors on TNF- neutralising function of MMP-

exposed etanercept. Nuclear factor-B reporter HeLa cells were cultured for 6 

hours in the absence or presence of 10 ng/ml rhTNF-, with 0.1 g/ml 

etanercept, pre-incubated for 24 hours with 1 g/ml active rhMMP-3 or rhMMP-

12 in the absence or presence of increasing concentrations (0.001-1 M) of 
marimastat or UK370106. After culture, HeLa cell lysates were assayed for 

luciferase activity. Values, expressed as arbitrary units (a.u.), are means  s.d. of 
six separate experiments. Data were analysed by ANOVA One way analysis of 
variance followed by the Dunnett’s multiple comparison test. #p<0.01 versus 

TNF- plus MMP-treated etanercept; *p<0.001 versus TNF- plus MMP-treated 
etanercept.  
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5.3.6 MMP-3/MMP-12 activity in IBD and control protein extracts 

 

Subsequently, protein extracts from normal colonic biopsies of control subjects 

and from inflamed colonic biopsies of IBD patients were prepared, and 

differences in the amounts of tissue-extracted proteins from the different patient 

samples were controlled by measuring total protein concentration, then 

normalising it to 2 mg/ml by dilution in PBS. MMP-3/MMP-12 activity was then 

measured by a FRET assay, using rhMMP-3 and rhMMP-12 as positive controls 

(Fig. 5.7). IBD protein extracts showed a significantly higher MMP-3 and MMP-12 

activity compared to control protein extracts. No difference between CD and UC 

protein extracts was observed. Interestingly, MMP-3/MMP-12 activity in IBD 

protein extracts was significantly lower than rhMMP-3 and rhMMP-12, each one 

at the concentration of 1 g/ml. 

 

 

Figure 5.7. MMP-3/MMP-12 activity in IBD and control protein extracts. 
MMP-3/MMP-12 activity in the protein extracts of normal colonic biopsies of eight 
control subjects (HC) and in inflamed colonic biopsies of 16 IBD patients. Active 
rhMMP-3 and rhMMP-12 have been used as positive controls. Bars, expressed 

as arbitrary units (a.u.), are means  s.d. Data were analysed by ANOVA One 
way analysis of variance followed by the Tukey’s multiple comparison test. 
*p<0.01 versus HC biopsies. §p<0.05 versus rhMMP-3 and rhMMP-12. 
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5.3.7 Effect of mucosal protein extracts on the integrity of anti-TNF- 

agents 

 

Subsequently, the protein extracts from control subjects and inflamed IBD colonic 

mucosa were co-incubated with TNF- neutralising agents, and cleavage 

patterns were analysed in reducing gels by immunoblotting using an anti-human 

IgG Fc antibody (Fig. 5.8). No cleavage by control protein extracts was detected, 

whereas infliximab, adalimumab and etanercept were cleaved by IBD proteins, 

suggesting that the increased proteolytic activity present in chronically inflamed 

tissues may affect drug stability. While infliximab and adalimumab were partially 

cleaved, intact etanercept was completely lost after co-incubation with IBD 

protein extracts. In some cases the 32 kDa fragment, indicative of lower hinge 

cleavage by MMP-3/MMP-12 (Fig. 5.8 – patient #2), could be observed, 

nevertheless the heterogeneous clipping profile between different patients 

suggests that the tissue proteolytic profile varies among individuals and other 

proteases may also contribute to IgG cleavage. 

 

Figure 5.8. Effect of IBD mucosal protein extracts on anti-TNF- agent 
integrity. Infliximab, adalimumab and etanercept, all at the concentration of 1 

g/ml, were co-incubated for 24 hours with PBS only or with protein extracts from 
the colon of control subjects (HC) or from the colon of IBD patients. Infliximab, 
adalimumab and etanercept were visualised by immunoblotting in reducing 
conditions using an anti-human IgG Fc primary antibody. The heavy chains of 

infliximab and adalimumab appeared as a single band of 55 kDa, remained 
intact after 24 hour co-incubation with PBS or HC protein extracts, and were 

partially cleaved by IBD mucosal proteins with the appearance of 32, 35 and 
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40 kDa fragments. Etanercept, which was minimally cleaved by HC mucosal 
proteins, was completely cleaved by inflamed IBD mucosal proteins with the 

formation of 32, 35 and 40, 45 and 50 kDa fragments. The 32 kDa band is 
consistent with lower hinge cleavage. Blots are representative of experiments 
performed with colonic mucosal proteins from eight HC subjects and eight IBD 
patients. 
 

 

5.3.8 Effect of IBD mucosal protein extracts on TNF- neutralisation ability 

of anti-TNF- agents 

 

Additionally, the effect of tissue extracts from normal and IBD colonic mucosa on 

the ability of each agent to neutralise soluble TNF- was investigated (Fig. 5.9). 

The ability to neutralise TNF- by the three agents was not altered after 24 hour 

co-incubation with proteins from control colonic mucosa. At low concentration 

(0.1 g/ml), infliximab and adalimumab showed a reduction in their ability to 

neutralise soluble TNF- after co-incubation with IBD mucosal tissue extracts. 

Etanercept significantly lost its ability to neutralise TNF- after co-incubation with 

proteins from inflamed IBD mucosa. 

 

Figure 5.9 (see next page). Effect of mucosal protein extracts on TNF- 

neutralisation capacity of anti-TNF- agents. NF-B reporter HeLa cells were 

cultured for 6 hours in the absence or presence of 10 ng/ml rhTNF-, with or 

without increasing concentrations (0.01-10 g/ml) of infliximab, adalimumab or 
etanercept, all pre-treated for 24 hours with either PBS or mucosal proteins from 
eight control subjects (HC) or eight IBD patients. After culture, HeLa cell lysates 
were assayed for luciferase activity. Values, expressed as arbitrary units (a.u.), 

are means  s.d. of eight separate experiments. Data were analysed by ANOVA 
One way analysis of variance followed by the Tukey’s multiple comparison test. 

*p<0.001 versus TNF- plus PBS/HC-treated infliximab or adalimumab or 
etanercept at the correspondent concentration. 
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5.3.9 Effect of MMP-3 and MMP-12 inhibition on TNF- neutralisation 

ability of anti-TNF- agents exposed to IBD protein extracts 

 

The ability of marimastat or the selective MMP-3/MMP-12 inhibitor UK370106 to 

prevent the loss of function of anti-TNF- agents exposed to IBD mucosal protein 

extracts was then assessed (Fig. 5.10). In particular, based on my results 

showing maximal loss of TNF- neutralising ability when 0.1 g/ml etanercept 

was pre-incubated with IBD mucosal protein extracts, I tested the effect of IBD 

tissue extracts on 0.1 g/ml of each anti-TNF- agent in the absence or 

presence of increasing concentrations (0.001-1 M) of marimastat or UK370106. 

Marimastat, but not UK370106, was able to restore the ability of infliximab and 

adalimumab to neutralise soluble TNF- upon exposure to IBD tissue extracts. 

Both marimastat and, to a lesser extent, UK370106 were able to restore the 

ability of etanercept to neutralise soluble TNF- upon exposure to IBD tissue 

extracts. These findings suggest that, in addition to MMP-3 and MMP-12, other 

proteolytic enzymes may contribute significantly to the loss of TNF- neutralising 
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function of anti-TNF- agents exposed to IBD mucosal protein extracts. 

 

 
 

Figure 5.10. Effect of MMP inhibitors on TNF- neutralising function of anti-

TNF- agents exposed to IBD protein extracts. Nuclear factor-B reporter 
HeLa cells were cultured for 6 hours in the absence or presence of 10 ng/ml 

rhTNF-, with 0.1 g/ml infliximab, adalimumab or etanercept, all pre-treated for 
24h with either PBS or mucosal tissue extracts from eight IBD patients in the 

absence or presence of increasing concentrations (0.001-1 M) of marimastat or 
UK370106. After culture, HeLa cell lysates were assayed for luciferase activity. 

Values, expressed as arbitrary units (a.u.), are means  s.d. of eight separate 
experiments. Data were analysed by ANOVA One way analysis of variance 

followed by the Dunnett’s multiple comparison test. *p<0.05 versus TNF- plus 

the corresponding IBD tissue extract-treated anti-TNF- agent; #p<0.001 versus 

TNF- plus the corresponding IBD tissue extract-treated anti-TNF- agent.  
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5.3.10 Detection of MMP-3-/MMP-12-cleaved anti-TNF- agents in IBD sera 

 

In order to measure the concentration of clipped anti-TNF- agents in the serum 

of IBD patients, sera collected at the time of cannulation a few minutes before the 

following infliximab infusion were collected (i.e. at least two weeks after the 

previous one). Subsequently, an ELISA assay was developed in which sera were 

incubated on a TNF--coated plate, then a biotinylated antibody specific for the 

MMP-3 and MMP-12 cleavage sites on the hinge region of human IgG was used 

to reveal the presence of any clipped infliximab in the serum. Clipped infliximab 

was undetectable (data not shown), and this could be due to a number of 

reasons. The first could be that clipped anti-TNF- agents may not have the 

same affinity as intact anti-TNF- agents for TNF- absorbed on the plate. One 

further explanation may be the catabolism of degraded IgG in the samples 

collected immediately before the following administration. 

 

5.3.11 Detection of MMP-3-/MMP-12-cleaved endogenous IgG in IBD and 

control sera 

 

In order to test whether proteolytic cleavage occurs in vivo and has clinical 

relevance in IBD patients, we hypothesised that we could detect clipped 

endogenous IgG in patients’ sera. Indeed, the ELISA assay which was performed 

by absorbing on the plate the biotinylated antibody specific for the MMP-3 and 

MMP-12 cleavage sites on the hinge region of human IgG revealed that sera 

from active IBD patients contained significantly higher levels of MMP-3-/MMP-12-

cleaved endogenous IgG compared to control subjects (Fig. 5.11A). IBD patients 

were then stratified according to their subsequent response to biologic therapy, 

and, among patients who did not respond to infliximab or adalimumab therapy, a 

subset of patients had significantly higher serum levels of MMP-3-/-12-cleaved 

IgG than responders (Fig. 5.11B). 
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Figure 5.11. Levels of MMP-3-/MMP-12-cleaved endogenous IgG in IBD and 
control sera. (A) ELISA plates were coated with streptavidin, followed by a 
biotinylated rabbit anti-human MMP-3/MMP-12 IgG hinge cleavage site 
monoclonal antibody. Sera from 62 active IBD patients who were going to 
receive the first infliximab infusion, and from 20 control subjects (HC) were 
serially diluted and added to the plate, then a horseradish peroxidase-conjugated 
donkey anti-human IgG heavy and light chain antibody was used to detect bound 
cleaved IgG. Levels of clipped endogenous IgG are expressed as optical 
densities (OD). The horizontal bar indicates the mean OD. Data shown here refer 
to the highest serum dilution (1:12150) at which I could detect significantly 
different signals between HC and IBD sera. (B) Levels of clipped endogenous 
IgG in the serum of IBD patients were stratified as IBD responder patients (IBD 
resp; n=46) and IBD non-resp (n=16; 6 CD and 10 UC patients) according to 
their subsequent response to infliximab treatment. No difference in disease 
severity and/or CRP serum levels were present at baseline between IBD resp 
and IBD non-resp patients. Levels are expressed as OD. The horizontal bar 
indicates the mean OD. Data shown here were obtained at a 1:1350 dilution of 
the sera, which is the highest serum dilution at which I could detect significantly 
different signals between IBD resp and IBD non-resp sera. The unpaired two-
tailed t test was applied to compare between HC and IBD sera, and between IBD 
resp and IBD non-resp sera. *p<0.005 versus HC sera. **p<0.05 versus IBD resp 
sera. 
 

 

5.3.12 Detection of anti-hinge autoantibodies in IBD and control sera 

 

The IgG F(ab’)2 fragments generated as a result of proteolytic cleavage become 

self-antigens that lead to the formation of autoantibodies in the human population 

(Brezski et al. 2008), and serum anti-hinge autoantibodies are more frequent in 
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patients with rheumatoid arthritis compared to control subjects (Rispens et al. 

2012). An additional cause of the inability to detect clipped anti-TNF- agents 

could be the presence of anti-hinge autoantibodies bound to the drug, which may 

render the epitope inaccessible to the detection antibody. Therefore, an ELISA 

assay was developed and tested on the same IBD patient and control sera by 

coating the plate with the peptide sequence on the IgG hinge region generated 

by MMP-3/MMP-12 cleavage (Fig. 5.12). Sera from active IBD patients contained 

significantly higher concentrations of anti-hinge autoantibodies compared to 

control subjects (Fig. 5.12A). Moreover, among patients who subsequently did 

not respond to infliximab therapy, a subset of patients had significantly higher 

serum levels of anti-hinge autoantibodies compared to responders (Fig. 5.12B). 

 

 

 
Figure 5.12. Levels of anti-hinge autoantibodies in IBD and control sera. (A) 
ELISA plates were coated with streptavidin, followed by the biotinylated 14mer 
peptide analogue of the human IgG1 hinge with a C-terminal amino acid 
corresponding to the MMP-3/MMP-12 cleavage site. A chimaeric rabbit/human 
anti-human MMP-3/MMP-12 IgG hinge cleavage site monoclonal antibody, used 
as a standard, or sera from 62 active IBD patients who were going to receive the 
first infliximab infusion, and from 20 control subjects (HC) were serially diluted 
and added to the plate, then a horseradish peroxidase-conjugated goat anti-
human IgG Fc antibody was used as detection antibody. A concentration curve 
was constructed based on the OD recorded for the standard, and the 
corresponding equation allowed to convert serum anti-hinge autoantibody OD 
into ng/ml. The horizontal bar indicates the mean concentration. (B) Levels of 
anti-hinge autoantibodies in the serum of IBD patients were stratified as IBD resp 
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(n=46) and IBD non-resp (n=16; 6 CD and 10 UC patients) according to their 
response to infliximab treatment. The horizontal bar indicates the mean 
concentration. Data shown here were obtained at a 1:1350 dilution of the sera, 
which is the highest serum dilution at which I could detect significantly different 
signals between HC and IBD sera, and between IBD resp and IBD non-resp sera. 
The unpaired two-tailed t test was applied to compare between HC and IBD sera, 
and between IBD resp and IBD non-resp sera. *p<0.05 versus HC sera. **p<0.05 
versus IBD resp sera. 



 

 
264 

5.4 Results summary 

 

In the current study, we found that: 

8. MMP-3 and MMP-12, but not MMP-9, cleave infliximab, adalimumab and 

etanercept in vitro in a dose-dependent manner. As a result of MMP 

degradation, only etanercept loses its TNF- neutralisation ability. 

9. None of the anti-TNF- agents studied are degraded by proteins from control 

colonic mucosa. Protein extracts from inflamed IBD colonic mucosa impair 

the integrity of infliximab, adalimumab, and etanercept. At low concentration, 

infliximab, adalimumab, and etanercept lose TNF- neutralisation ability after 

co-incubation with protein extracts from inflamed IBD colonic mucosa. 

10. We were unable to detect MMP-3-/MMP-12-cleaved infliximab in IBD sera. 

11. Overall, sera from active IBD patients and from IBD patients who 

subsequently do not respond to biologic therapy contain significantly higher 

levels of MMP-3-/MMP-12-cleaved endogenous IgG and anti-hinge 

autoantibodies compared to control subjects and to IBD patients who 

subsequently respond to biologic therapy. It needs to be noted, however, that 

there is a high degree of overlap between the groups considered. 
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5.5 Discussion 

 

Our findings indicate that MMP-3, MMP-12, and protein extracts from inflamed 

IBD mucosa degrade infliximab, adalimumab and etanercept in vitro, however 

etanercept shows a higher susceptibility than infliximab and adalimumab. 

Furthermore, sera from active IBD patients contained higher levels of MMP-3-

/MMP-12-cleaved endogenous IgG and anti-hinge autoantibodies compared to 

control subjects. This Section focuses on the interpretation of our findings in the 

context of the existing literature, on the limitations of our study, and on possible 

future experiments aimed at clarifying the relevance of MMP degradation as a 

mechanism of primary non-responsiveness to biologic therapy in IBD. 

 

Effects of MMPs and IBD mucosal protein extracts on anti-TNF- agents 

 

Anti-TNF- agents, despite being a powerful tool in the management of IBD, are 

burdened with high costs and relevant risks, and a significant percentage of 

patients do not respond to treatment. Non-responsiveness can be defined as 

primary, when patients do not show any improvement after the treatment start, or 

secondary, when patients initially improve and subsequently lose response to 

treatment (Komaki et al. 2016). 

 

Multiple factors contribute to non-responsiveness to anti-TNF- agents in IBD. 

One important factor may be represented by the high degree of disease 

heterogeneity present in IBD. Insufficient dosing may represent an alternative to 

disease heterogeneity in explaining primary non-responsiveness. As an example, 

a high body mass index may influence responsiveness to adalimumab, which, 

unlike infliximab, is administered at a fixed dose rather than based on the 

patient’s weight (Travis et al. 2012a). The formation of anti-drug antibodies, 

especially against infliximab, exerts a profound influence on the persistence of 

functional TNF- neutralising agents in the circulation and, more importantly, in 

the inflamed mucosa (Nanda et al. 2013). However, anti-drug antibodies are 
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important in the late induction phase, and are unlikely to play a role in primary 

non-responsiveness. The application of treatment algorithms based on serum 

trough levels of anti-TNF- agents, and on the presence or absence of anti-drug 

antibodies, has shown promising results in IBD (Afif et al. 2010; Vande Casteele 

et al. 2014).

 

One of the mechanisms mediating the pro-inflammatory effects of T cell-derived 

cytokines in the inflamed IBD mucosa is represented by the overexpression of 

proteolytic enzymes, which can degrade ECM components and promote the 

formation of intestinal ulcers (Ravi et al. 2007). Proteolytic enzymes cleave 

human IgG1 at different points on the amino acid sequence. In particular, 

proteases that cleave IgG1 in the lower hinge region include MMP-3 and MMP-

12; MMP-7, that has the same cleavage site as pepsin; and cathepsin G. As a 

result of the exposure to these proteases, F(ab’)2 fragments are released. 

Conversely, neutrophil elastase cleaves IgG1  in the upper hinge region, between 

the plasmin and the papain cleavage sites, thereby generating single F(ab’) 

fragments (Brezski et al. 2010). After MMP-3, MMP-12 and MMP-7 cleavage, a 

32 kDa single-chain fragment is released, which is part of the Fc portion (Brezski 

et al. 2009). TNF- neutralising biologic agents have at least part of their amino 

acid sequence in common with IgG1 (Rutgeerts et al. 2009). 

 

We observed that MMP-3 and MMP-12, but not MMP-9, cleave infliximab, 

adalimumab and etanercept in vitro in a dose-dependent, time-dependent, and 

sequential manner. MMP-3 and MMP-12 are capable of cleaving human IgG1 

exactly at the same point in the hinge region (Brezski et al. 2010). This explains 

why the analysis of anti-TNF- integrity after digestion with these two MMPs 

displays very similar profiles. IBD mucosal protein extracts, which showed up-

regulated MMP-3/MMP-12 activity compared to control mucosal protein extracts, 

were able to cleave infliximab and adalimumab. However, the degradation profile 

was heterogeneous, with evidence of several different fragments, suggesting that 
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various proteolytic enzymes present in IBD mucosa may degrade IgG1 also in 

other points on the amino acid sequence than in the hinge region.

 

Anti-TNF- agents may exert their therapeutic action via multiple mechanisms, 

including induction of apoptosis of activated immune cells, antibody-dependent 

cell-mediated cytotoxicity, and complement activation (Nesbitt et al. 2007). 

Similarly to what had been demonstrated for the monoclonal antibodies 

trastuzumab and rituximab (Clynes et al. 2000), the presence of the Fc region is 

necessary for antibody-dependent cell-mediated cytotoxicity and complement 

activation. A genetic polymorphism in IgG Fc receptor (FcR)IIIa that enhances 

its affinity for IgG1 is associated to increased biological response to infliximab in 

CD (Louis et al. 2004). Moreover, Vos et al. (Vos et al. 2011) have shown that 

the Fc region is required for the ability of anti-TNF- monoclonal antibodies to 

promote the development of regulatory M2 macrophages, which are induced by 

infliximab in responder, but not in non-responder, IBD patients (Vos et al. 2012). 

 

Proteolytic digestion by MMP-3 and MMP-12 leads to the complete removal of 

the Fc region of anti-TNF- agents. Following exposure to MMP-3 or MMP-12, 

infliximab and adalimumab are still able to neutralise soluble TNF- as F(ab’)2 

fragments, even at the lowest anti-TNF-/MMP concentration ratio of 1:10. 

However, proteolytic degradation of anti-TNF- agents may be clinically relevant 

in IBD patients due to the consequent impairment of Fc-mediated properties. 

Moreover, since binding of the IgG to the FcRn has been shown to protect them 

from catabolism (Akilesh et al. 2007), the removal of the Fc region from anti-TNF-

 agents operated by MMP-3 and MMP-12 may result in decreased serum 

trough levels of these drugs. Upon exposure to IBD mucosal protein extracts, 

infliximab and adalimumab, at low concentration, display an impaired ability to 

neutralise soluble TNF-. 

 

Human IgG2 are resistant to proteolytic cleavage by MMPs, however their Fc-

dependent immunologic functions are weak (Brezski et al. 2011). Specific 
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mutations can be incorporated into the Fc region of protease-resistant 

monoclonal IgG1 antibodies, resulting in enhanced cell killing properties (Kinder 

et al. 2013). Therefore, it may be possible to apply the same strategy in order to 

generate anti-TNF- agents resistant to proteolytic cleavage, without 

compromising their immunologic properties. 

 

Our findings provide an explanation for the failure in CD of etanercept (Sandborn 

et al. 2001), which is highly susceptible to proteolytic cleavage. Etanercept is the 

only anti-TNF- agent, among those studied, that loses its TNF- neutralisation 

ability after Fc removal by MMP-3 and MMP-12, and that, even at high 

concentrations, loses its TNF- neutralisation ability after exposure to IBD 

mucosal protein extracts. The effect of MMP-3 and MMP-12 on the ability of 

etanercept to neutralise TNF- may be related to a conformational change in the 

p75 TNF receptor when cleaved from the IgG Fc. Conversely, the effect of IBD 

mucosal protein extracts on the ability of etanercept to neutralise TNF- may 

depend on the possible degradation of the p75 TNF receptor itself by different 

proteolytic enzymes present in IBD mucosa. 

 

Nevertheless, etanercept is clinically useful in rheumatoid arthritis (Weinblatt et al. 

1999), and there are many reports showing that MMP-3 is elevated in the 

rheumatoid joint (Vandooren et al. 2004). However, concentration and activity of 

MMPs and their natural inhibitors in the affected tissues may be different in 

different diseases affecting different tissues, therefore local quantification of 

proteolytic activity would be important for interpretation of our results and 

translation into practical consequences. Nevertheless, in diseases such as IBD, 

cleavage and loss of function of biologic agents may be quantitatively greater 

than in the rheumatoid joint. The high susceptibility of etanercept to proteolytic 

cleavage suggests that there may be an inherent problem with Fc receptor fusion 

proteins at sites of inflammation rich in proteases. The failure of the cytotoxic T 

lymphocyte antigen (CTLA)-4-IgG fusion protein abatacept both in CD and in UC 

(Sandborn et al. 2012a) supports this idea. 
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The addition of the specific MMP-3/MMP-12 inhibitor UK370106 to the cleavage 

reactions prevented both MMP-3- and MMP-12-induced loss of TNF- 

neutralisation ability of etanercept. Conversely, the broad-spectrum MMP 

inhibitor marimastat was able to restore TNF- neutralisation ability of etanercept 

following exposure to MMP-3, but not MMP-12, in keeping with its known activity 

profile. On the other hand, marimastat showed a stronger effect than UK370106 

in restoring TNF- neutralisation ability of anti-TNF- agents exposed to IBD 

mucosal protein extracts, supporting the view that multiple proteases contribute 

to the cleavage process in the inflamed mucosa. 

 

Biomarker studies on IgG cleavage in IBD sera 

 

In our study, we were particularly interested in exploring proteolytic degradation 

as a possible mechanism underlying lack of response to anti-TNF- therapy in 

IBD. However, the demonstration that this mechanism is biologically plausible 

was the starting point for investigating the possibility to develop a biomarker, 

which may ultimately help identify the subset of IBD patients with the highest 

likelihood of responding to anti-TNF- agents. 



Different IBD patients are characterised by extensive disease heterogeneity, 

which involves genetic, immunologic, and clinical aspects. There are 

considerable ongoing efforts in order to develop biomarkers involving different 

clinical aspects of IBD. As an example, gene array profiling has been used to 

identify IBD patients with poor prognosis. In particular, based on transcriptional 

signatures of circulating CD8+ T cells, it is possible to identify at diagnosis, both 

in CD and in UC, the subgroup of patients with higher incidence of relapses (Lee 

et al. 2011). Regarding anti-TNF- therapy in IBD, biomarkers capable of 

predicting patients who will or will not respond to treatment are not currently 

available in the clinical practice. Patients with high serum concentrations of CRP 

show significantly higher responsiveness and remission rates compared to those 
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with normal CRP (Jürgens et al. 2011). A decrease in faecal calprotectin early 

after the start of infliximab treatment predicts remission in UC patients (De Vos et 

al. 2012), however this can only be evaluated after the start of anti-TNF- 

treatment. One gene array profiling study in UC has identified a mucosal gene 

expression panel able to distinguish responders from non-responders to 

infliximab (Arijs et al. 2009), and another gene expression profiling study based 

on TNF- signalling has allowed discrimination between responders and non-

responders, both in UC and in CD (Westra et al. 2013). 

 

In order to evaluate whether signs of anti-TNF- degradation in IBD could be 

detected in the serum of patients, we tried to measure clipped infliximab in IBD 

patients’ sera collected immediately after the first or before the second infusion, 

however these experiments were uniformly negative. This may be due to the low 

ratio of clipped versus intact drug within the sera collected one hour after the 

infusion, or to the catabolism of degraded IgG in the samples collected before the 

following administration. An additional reason may be the fact that the F(ab’)2 

fragments generated as a result of proteolytic cleavage become self-antigens 

that are recognised by autoantibodies (Brezski et al. 2008). This may prevent the 

possibility to detect clipped infliximab with an immunoassay directed against the 

same epitope. Interestingly, patients with rheumatoid arthritis have a higher 

incidence of serum anti-hinge autoantibodies compared to control subjects 

(Rispens et al. 2012). We performed an ELISA on IBD and control sera upon 

coating the plate with the peptide sequence on the IgG hinge region generated 

by MMP-3/MMP-12 cleavage. We observed that sera from active IBD patients 

contain significantly higher concentrations of anti-hinge autoantibodies compared 

to control subjects, and that, overall, IBD patients who subsequently did not 

respond to treatment with anti-TNF- agents have significantly higher levels of 

anti-hinge autoantibodies than responders. 

 

Finally, we also hypothesised that, in parallel to exogenous IgG, as it is the case 

with anti-TNF- agents, cleavage of higher quantities of endogenous IgG occurs 
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in the inflamed IBD intestinal mucosa compared to the normal mucosa of control 

subjects, and that this is reflected in the serum. We therefore performed an 

ELISA on IBD and control sera after absorbing on the plate the biotinylated 

antibody specific for the MMP-3 and MMP-12 cleavage sites on the hinge region 

of human IgG, and we observed that sera from active IBD patients contain 

significantly higher serum levels of MMP-3-/MMP-12-cleaved endogenous IgG 

than control subjects. We then stratified IBD patients according to their response 

to biologic therapy, and we observed that, overall, those who subsequently did 

not respond to treatment have significantly higher levels of MMP-3-/MMP-12-

cleaved endogenous IgG than responders. 

 

Limitations of the study and possible confounding factors 

 

In our in vitro experiments we have only studied LPMC-derived MMP-3, MMP-12 

and MMP-9, and we have not assessed the effects of a range of other proteases 

with known ability to cleave IgG, including IEC-derived MMP-7, MMP-13 or the 

serine proteases neutrophil elastase and cathepsin G (Brezski et al. 2009; 

Brezski et al. 2010), which may play a relevant role in biologic agent clipping in 

vivo. Moreover, in our experiments we used single doses of MMPs added at a 

single time and we do not know if these reflect the in vivo situation, where it is 

likely that there is continuous production of MMPs by myofibroblasts and 

inflammatory cells into the pericellular spaces. 

 

The highest concentration of rhMMP-3 and rhMMP-12 (1 g/ml) that we used in 

our in vitro experiments when we tested them as positive controls on the MMP-

3/MMP-12 activity assay had a higher activity than IBD protein extracts. 

Nevertheless, in the MMP-3 and MMP-12 cleavage reactions for the integrity 

analysis and the protein G assay we used a range of rhMMP concentrations 

(0.001-1 g/ml), which most likely include physiologically relevant activity levels 

in IBD inflamed mucosa. Moreover, in some of the Western blots of anti-TNF- 

agents after incubation with MMP-3 and MMP-12, we observed a disparity 
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between the intensity of intact anti-TNF- agents and the cumulative intensity of 

the fragments produced after MMP-3 and MMP-12 cleavage. We are unable to 

exclude that this could be due to additional cleavage at different sites than the 

known cleavage sequence in the hinge region of IgG1, with consequent formation 

of fragments which may not be recognised by the anti-Fc antibody used as a 

primary antibody for immunoblotting. 

 

In the protein G assay, only intact anti-TNF- agents can bind to the protein G-

coated plate, are then recognised by secondary antibodies against F(ab’)2 or p75 

TNFR (chicken antibodies, which are unable to bind to protein G) and give a 

positive signal, therefore the optical density can be considered as an indication of 

the amount of intact anti-TNF- agent. The reduction of positive signal observed 

upon MMP cleavage of anti-TNF- agents suggests that the Fc region has been 

removed by MMP-3 and MMP-12. Based on our experiments, we cannot exclude 

that free/cleaved Fc fragments may interfere/compete with intact anti-TNF- 

agents for binding to the plates, and a possible way to evaluate this would be to 

perform the protein G assay with Fc fragments (commercially available) plus 

intact anti-TNF- agents at different concentrations. Nevertheless, if present, 

interference/competition by free/cleaved Fc fragments in the cleavage reaction 

product would amplify, rather than diminish, the possibility to detect and quantify 

Fc removal by MMPs in the protein G assay. 

 

There is considerable heterogeneity in the MMP mucosal expression profile in 

different IBD patients, which requires further investigation. Moreover, the multiple 

bands detected after incubation of adalimumab and infliximab with IBD mucosal 

protein extracts do not correspond to the 32 kDa band seen with recombinant 

MMP-3 and MMP-12, suggesting that, in the complex situation of inflammation, 

clipping of biologic agents may be variable in different patients. The interpretation 

of the clinical relevance of our data regarding the effect of inflamed IBD mucosal 

protein extracts on anti-TNF- agents may be confounded by the fact that we do 

not exactly know what proportion of systemically administered anti-TNF- agents 
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access the intestinal mucosa. However, an indirect suggestion that anti-TNF- 

agents exert their action in the intestinal mucosa is provided by the study by 

Atreya et al. (Atreya et al. 2014), who showed by confocal laser endomicroscopy 

that CD patients with high numbers of transmembrane TNF-+ cells in the colonic 

mucosa have a substantially better response rate to adalimumab compared to 

patients with low numbers of transmembrane TNF-+ cells in the colonic mucosa. 

Moreover, we do know that IBD mucosal protein extracts have a significantly 

higher MMP-3/MMP-12 activity compared to control protein extracts, without any 

difference between CD and UC patients, and that several other proteases are up-

regulated in IBD inflamed mucosa. Further studies on the effects of proteolysis 

on the function of anti-TNF- agents in IBD mucosa seem therefore appropriate. 

 

Our data on serum levels of cleaved IgG and anti-hinge autoantibodies need to 

be interpreted with caution, as there is a high degree of overlap between the 

groups considered. At the same time, there is also a high degree of 

heterogeneity in the serum levels of both MMP-3-/MMP-12-cleaved endogenous 

IgG and anti-hinge autoantibodies within the same patient group, especially 

among IBD patients. Moreover, the sample size in our analysis, particularly with 

regards to the comparison between responder and non-responder IBD patients, 

is considerably small. Nevertheless, even among a small number of non-

responder IBD patients, there is a subgroup with high levels of MMP-3-/MMP-12-

cleaved endogenous IgG, which may be the biomarker of high mucosal 

proteolytic activity contributing to non-responsiveness to treatment. Moreover, it 

should be pointed out that there are multiple factors which can contribute to 

primary non-responsiveness to biologic therapy, and that ours was a pilot study 

on a small cohort of patients. 

 

Future experiments 

 

While our study has provided evidence that proteolytic degradation is a 

biologically plausible mechanism which may contribute to primary non-
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responsiveness to anti-TNF- agents in IBD by affecting their bioavailability in 

the intestinal mucosa, it forms the starting point for a number of future 

investigations. 

 

In the present study we have not examined the possibility that proteolytic 

cleavage by inflamed IBD protein extracts may influence the efficacy of anti-TNF-

 agents by means of in vivo experiments. This could instead be the focus of a 

future preclinical interventional study on the treatment of experimental colitis with 

anti-TNF- antibodies combined with the broad-spectrum MMP inhibitor 

marimastat. Although this approach would not provide clear evidence that MMP-

3 and MMP-12 are the key enzymes involved in proteolytic degradation, it will be 

useful in order to evaluate whether MMP inhibition may enhance the efficacy of 

anti-TNF- therapy. 

 

Furthermore, we will clarify the effects of other proteases with known ability to 

cleave IgG1, including MMP-7, MMP-13, the serine proteases neutrophil elastase 

and cathepsin G, which may play a relevant role in biologic agent degradation in 

vivo, on the integrity and function of anti-TNF- agents. Furthermore, we will 

investigate the effects of proteases on biologic agents with different mechanism 

of action that are becoming increasingly relevant in the treatment of IBD, such as 

the anti-47 integrin monoclonal antibody vedolizumab (Feagan et al. 2013; 

Sandborn et al. 2013b), the anti-7 integrin monoclonal antibody etrolizumab 

(Vermeire et al. 2014), and the anti-p40 monoclonal antibody ustekinumab 

(Sandborn et al. 2012b). We are also going to clarify the presence of a class-

specific increased susceptibility of Ig Fc fusion proteins, such as etanercept and 

the CTLA-Ig abatacept, to proteolytic degradation. 

 

In addition to soluble TNF- neutralisation, anti-TNF- agents are supposed to 

exert their therapeutic effect by inducing immune cell apoptosis by reverse 

signalling upon binding transmembrane TNF- (Tracey et al. 2008). Although this 

is not an Fc-dependent property, it would be important to evaluate the effect of 
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MMP-3, MMP-12, and of other proteases with the potential ability to degrade also 

the F(ab’), on the ability of anti-TNF- agents to induce apoptosis of immune 

cells. Moreover, in addition to the ability to promote the development of 

regulatory M2 macrophages (Vos et al. 2011), anti-TNF- agents have been 

shown, at least in vitro, to exert important effects on immune cells by two other 

Fc-dependent properties, namely antibody-dependent cell-mediated cytotoxicity 

upon binding the IgG Fc receptor, and complement-dependent cytotoxicity 

(Nesbitt et al. 2007). We will investigate the effects of proteolytic cleavage on 

these properties of anti-TNF- agents, which we have not evaluated in the 

present study, in a future confirmation study. 

 

In our study we focused on serum markers of IgG proteolytic cleavage, and we 

did not perform in situ analysis of cleaved anti-TNF- agents – or cleaved 

endogenous IgG – on colonic biopsy sections from responder and non-responder 

IBD patients. This, which can be performed by immunofluorescence using the 

same biotinylated antibody specific for the MMP-3 and MMP-12 cleavage sites 

on the hinge region of human IgG that we used to measure MMP-3-/MMP-12-

cleaved endogenous IgG by ELISA, should be assessed in a future validation 

study. Moreover, since it is likely that, in addition to MMP-3 and MMP-12, other 

proteases with different cleavage site specificity contribute to anti-TNF- and IgG 

cleavage in the inflamed intestinal mucosa, it would be important to characterise 

further and to quantify anti-TNF- and IgG fragments in IBD inflamed mucosa 

and serum. It has been shown that faecal loss of infliximab through the ulcerated 

intestinal mucosa is associated with primary non-responsiveness in UC (Brandse 

et al. 2015), and it will be interesting to investigate the proportion of intact and 

cleaved anti-TNF- in the stool of IBD patients, and to assess whether it 

correlates with response to biologic therapy. 

 

Finally, therapeutic drug monitoring by serial measurement of serum trough 

levels of anti-TNF- agents and anti-drug antibodies is a valuable strategy for 

optimising the management of non-responsiveness to biologic therapy in IBD 
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(Afif et al. 2010; Ben-Horin et al. 2014; Vande Casteele et al. 2015). However, 

there is a strong need to develop biomarkers able to stratify IBD patients 

according to their subsequent possibility to respond to biologic therapy. For this 

purpose, a large, prospective validation study is needed to explore the possibility 

to use the quantification of serum levels of cleaved IgG and anti-hinge 

autoantibodies as biomarkers of responsiveness to biologic therapy in IBD.  
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Chapter 6: Inflammatory skin and bowel disease linked to a deletion in 

ADAM17 

 

Note: Genetic analysis, ADAM17 and ADAM10 expression studies in patients’ 

skin and small intestine, and DSG expression and immune cell quantification in 

patient’s skin (Paragraphs 6.4.1-3) have been performed by Professor David P 

Kelsell’s group in the Centre for Cell Biology and Cutaneous Research laboratory, 

Blizard Institute, Barts and the London School of Medicine and Dentistry, London, 

UK. Primary data of these experiments are not available, therefore I could not 

show scale bars and magnification values on all micrographs, and I could not 

include immunohistochemical characterisation of B cells, natural killer cells, 

neutrophils and dendritic cells in the skin of the affected boy, as well as isotype 

control antibody stainings, which were however performed for all experiments. 

These results have been published in the following paper, on which I am second 

Author (Blaydon DC, Biancheri P, Di WL, Plagnol V, Cabral RM, Brooke MA, van 

Heel DA, Ruschendorf F, Toynbee M, Walne A, O'Toole EA, Martin JE, Lindley K, 

Vulliamy T, Abrams DJ, MacDonald TT, Harper JI, Kelsell DP. Inflammatory skin 

and bowel disease linked to ADAM17 deletion. N Engl J Med 2011;365:1502-8). 

 

We performed genetic studies in a family of consanguineous parents and their 

three children, two of whom had the same clinical features, with skin and small 

intestine inflammatory lesions, and we identified a deletion in ADAM17. Further 

information on the background to this Chapter is reported in Paragraph “1.2 

Proteases and their inhibitors” and in Section “1.4.6 Proteases in IBD intestinal 

mucosa”. 

 

6.1 Aims of the study 

 

This study aims to explore the consequences of a deletion in ADAM17, identified 

in a family of consanguineous parents and their three children, on skin barrier 

function and pro-inflammatory immune response. We have used the following 
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approach: 

5. Evaluation of ADAM17 expression in the skin and keratinocytes from the 

affected boy and control subjects, and in duodenal biopsy sections from the 

affected siblings and control subjects. 

6. Assessment of pro-inflammatory cytokine production by PBMCs from the 

affected boy, the unaffected mother and control subjects. 
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6.2 Case report 

 

Two out of three children born to consanguineous parents (first cousins) of 

Lebanese origin had the same clinical features involving the skin, hair, and small 

intestine. Both skin lesions and diarrhoea developed from the second day of life. 

Professor David P Kelsell and his research group are interested in cutaneous 

syndromes, and particularly those with a phenotypic indication of a desmosomal 

disorder, such as the hair phenotype. Moreover, they are also interested in 

helping to deliver a genetic diagnosis in difficult and rare cases. The skin, hair, 

and small bowel disorder affecting the boy could not be defined with a specific 

diagnosis, neither did the similar disorder of the affected girl. Thus, when 

approached by the Great Ormond Street Hospital, Professor David P Kelsell and 

his research group took on the challenge. The unknown diagnosis, together with 

the similarity between the disorder affecting the two siblings, and the 

consanguinity of the parents prompted to hypothesise that a genetic mutation 

could contribute to the syndrome. 

 

The affected girl had died at 12 years of age from fulminant Parvovirus B19-

associated myocarditis, and, on subsequent investigation, the affected boy was 

found to have left ventricular dilatation (end diastolic dimension 60 mm) with 

borderline systolic function (ejection fraction 55%). 

 

The skin lesions were perioral and perianal erythemas with fissuring and a 

generalised pustular rash that developed into psoriasiform erythroderma, with 

flares of erythema, scaling, and widespread pustules (Fig. 6.1A, B). The skin of 

the affected siblings, in the first years of life, was prone to infection with S. 

aureus, resulting in recurrent blepharitis and otitis externa. Their hair was short or 

broken, and their eyelashes and eyebrows were wiry and disorganised (Fig. 

6.1A). They had thickened nails, with frequent paronychia caused by Candida 

and Pseudomonas infections (Fig. 6.1C). Microscopic examination of the affected 

siblings’ hair showed an unusual hair shaft abnormality with severe weathering 
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and a markedly damaged cuticle. A skin biopsy showed patchy vacuolation of the 

basal layer over much of the biopsy and pigment incontinence, with a 

perivascular lymphocytic infiltrate involving vessels of the papillary dermis. 

 

 

Figure 6.1. Clinical features of the syndrome. The affected boy is shown at 
five years of age, with (A) facial erythema and scaling, short scalp hair, and 
disorganised, wiry eyebrows; (B) widespread pustules and erythema; and (C) 
swelling of the distal phalanges, abnormal nails, and a susceptibility to 
paronychia. 
 

 

The chronic diarrhoea in the affected girl was associated, at four months of age, 

with failure to thrive. The diarrhoea was predominantly bloody with malabsorptive 

characteristics, worsening in parallel with increases in the severity of the skin 

disease and exacerbated by intercurrent gastrointestinal infections. The affected 

girl underwent gastroscopy at the age of three years and the duodenal biopsies 

revealed a plasma cell duodenitis and chronic gastritis. The affected boy 

underwent gastroscopy and colonoscopy at the age of six years, and duodenal 
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biopsies revealed a plasma cell duodenitis with crypt hyperplasia, villous atrophy 

and mucosal eosinophilia. 

 

Both affected siblings had extensive immunological investigations, including IgG, 

IgA and IgM, Ig subclasses, vaccine responses (Haemophilus influenzae B, 

tetanus and pneumococcus), which were all normal with no evidence of an 

immunodeficiency. Both affected siblings did have moderately raised IgE levels. 

 

Treatments included acitretin, ciclosporin, methotrexate and adalimumab, none 

of which produced a significant sustained improvement in the skin or bowel 

disease. The skin infections initially responded best to systemic antibiotics, but 

this has become problematic because of increased resistance and a limited 

choice of antibiotics. 
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6.3 Chapter-specific Materials and Methods 

 

6.3.1 Patients and tissues 

 

Skin samples were obtained from family members as well as control subjects 

undergoing cosmetic (facelift or “tummy tuck”) surgery, and blood specimens for 

collection of PBMCs were obtained from family members and control subjects. 

This study was approved by the NRES Committee London - City & East (REC 

reference: 08/H1102/73), and informed consent was obtained from the family 

members and control subjects. None of the control subjects were age- or sex-

matched. It was not possible to study matched control subjects due to the age of 

the affected boy. 

 

6.3.2 Study design 

 

All family members (both parents, the affected boy, the affected girl and the 

unaffected boy) were genotyped and analysed by SNP-homozygosity mapping 

and targeted next-generation sequencing of the regions of linkage on the 

genome. Upon the identification of a deletion in ADAM17, the protein expression 

levels of ADAM17 were studied in the skin and keratinocytes from the affected 

boy and control subjects, and in duodenal biopsy sections from the affected 

siblings and control subjects. Moreover, the expression of desmogleins was 

investigated in the skin and keratinocytes from the affected boy and control 

subjects, and the distribution of immune cells was studied in the skin of the 

affected boy. Finally, peripheral venous blood was collected once from the 

affected boy and three male control subjects of the same age as the affected boy, 

and another time from the affected boy, the unaffected mother and three control 

subjects. PBMCs were isolated from peripheral blood samples and cultured with 

various stimuli, and subsequently pro-inflammatory cytokine levels were 

measured in culture supernatants. Unfortunately, the affected girl died before the 

start of this study, therefore it was only possible to study the expression of 
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ADAM17 in her duodenum on paraffin-embedded tissue sections of duodenal 

biopsies. 

 

6.3.3 SNP mapping, targeted sequence capture and sequencing 

 

Due to the consanguinity within the family, homozygosity mapping using 

Affymetrix 10K SNP arrays (Affymetrix, Santa Clara, CA, USA) was performed. 

All five family members (both parents, the affected boy, the affected girl and the 

unaffected boy) were genotyped and analysed using Allegro software 

(Gudbjartsson et al. 2005). Quality control and data conversion of the SNP array 

data was made with the software ALOHOMORA (Rüschendorf et al. 2005). All 

exons within regions of putative linkage (identified via UCSC and Ensembl) were 

then included on a sequence capture array (Roche Nimblegen Inc., Madison, WI). 

The DNA from the affected male was pooled with the DNA extracted from four 

irrelevant other individuals (from unrelated projects) and hybridised to the array. 

The subsequent DNA “library” was then sequenced by next generation 

sequencing on a GAII sequencer (Illumina Inc., San Diego, CA). Raw 76bp 

paired end fastq reads were aligned to the human reference sequence (hg19) 

using novoalign (www.novocraft.com), including the soft clipping, adapter 

trimming, and quality calibration options. Filtering for clonal reads, pileup 

generation and SNP calling were performed using in-house perl/C++ scripts. 

SNP calling used a Bayesian approach adapted to deal with the presence of 

multiple haplotypes in the pool. Insertion/deletion (indels) calls were based 

directly on the novoalign output and were filtered. Indels likely to be true events 

were called if found in at least three independent reads. 

 

6.3.4 Immunofluorescence 

 

Primary keratinocytes were isolated from skin biopsies for Western blotting and 

immunofluorescence staining was performed on frozen or paraffin-embedded 

tissue sections collected from skin and duodenal biopsies from the affected 
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siblings and control subjects. Immunofluorescence and Western blotting studies 

were performed using antibodies against ADAM17 (skin immunofluorescence: 

ab39161, Abcam Ltd; small intestine immunofluorescence: ab39163, Abcam Ltd; 

Western blotting: ab2051, Abcam Ltd), ADAM10 (AB19026, Millipore, Bedford, 

MA) and DSG1/2 (DG3.10, Zymed, Cambridge, UK). For ADAM17 staining, 

paraffin sections were de-waxed, antigen retrieved and blocked with 3% serum in 

PBS and avidin/biotin blocking solution (Vector Laboratories, Burlingame, CA). 

The sections were then incubated with rabbit anti-ADAM17 antibody in 1:150 

dilutions for 16 hours at 4°C. Sections were further incubated with biotinylated 

anti-rabbit IgG antibody for 1 hour and FITC-streptavidin conjugates for 30 

minutes. For DSG staining, frozen sections were fixed in 1:1 methanol:acetone 

incubated with the relevant antibody in 1:250 dilution for 16 hours at 4°C followed 

by incubation of anti-mouse or anti-rabbit IgG conjugated with FITC. Stained 

tissues were imaged using a Zeiss laser confocal microscopy 710 (Carl Zeiss, 

Welwyn Garden City, UK) and images were processed using Adobe Photoshop 

CS (Adobe Systems Inc, San Jose, CA). 

 

6.3.5 PBMC culture 

 

PBMCs were isolated and cultured at 37°C for 24 hours in 96-well plates (BD 

Biosciences) (2x105 cells/well), in the presence or absence of 0.1-1000 ng/ml 

LPS (InvivoGen, San Diego, CA), or 100 ng/ml phorbol 12-myristate 13-acetate 

(PMA; Sigma-Aldrich) plus 500 ng/ml ionomycin (Sigma-Aldrich), or in anti-CD3-

coated 96-well plates (BD Biosciences) with 1g/ml anti-CD28 antibody 

(eBioscience). In particular, in one first experiment PBMCs from the affected boy 

and three control subjects were cultured with 10-1000 ng/ml LPS or with anti-

CD3/anti-CD28 antibodies, and another time, in a separate experiment, PBMCs 

from the affected boy, the unaffected mother and three control subjects were 

cultured with 0.1-1000 ng/ml LPS or with anti-CD3/anti-CD28 antibodies or PMA 

plus ionomycin. Subsequently, TNF-, IL-1, IL-6 and IFN- concentrations were 

measured by ELISA in cell culture supernatants. 
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6.4 Results 

 

6.4.1  Genetic analyses 

 

Analysis of the SNP array data revealed putative linkage (maximum lod score of 

1.8) to three large stretches of SNP homozygosity, seen in DNA from both 

affected siblings, on chromosomes 2, 5, and 21 (Fig. 6.2A). After ruling out nine 

plausible candidate genes by using standard Sanger sequencing (data not 

shown), we included probes for all exons from these three regions of the genome 

on a capture array. A total of 1468 exons corresponding to 439 kb of DNA were 

captured in the affected boy and sequenced. After ruling out known SNPs 

(accessing dbSNP and 1000 Genome project via the Seattle SNP website url: 

http://pga.gs.washington.edu/), we identified 22 nonsynonymous single-

nucleotide variants in coding regions. In parallel, we assessed the sequence data 

for insertion-deletion variations and discovered a new deletion of 4 bp in exon 5 

of ADAM17 (c.603-606delCAGA) on chromosome 2 that segregated with the 

disease in this family (Fig. 6.2B, Fig. 6.3). The unaffected boy lacked this deletion. 

We were unable to find rare variants, predicted to result in loss of function, within 

ADAM17 in the dbSNP database or the 1000 Genomes database. Bioinformatic 

analysis predicted that the mutation would introduce a frameshift and a 

premature stop codon (p.Asp201GlufsX11) separated by 10 codons. Thus, the 

mutation predicts a severely truncated protein consisting of the signal peptide 

and pro-domain of ADAM17 and lacking the catalytic domain, disintegrin domain, 

transmembrane segment, and cytosolic tail (Fig. 6.4). Given the likely deleterious 

nature of the 4 bp deletion identified in ADAM17 and the role of ADAM17 in 

processing TNF-, this was likely to be the disease-associated mutation and the 

rest of the study focussed on ADAM17. 
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Figure 6.2. Genetic studies. (A) Due to the consanguinity within the family, 
homozygosity mapping using Affymetrix 10K SNP arrays was performed. All five 
family members (both parents, the affected boy, the affected girl and the 
unaffected boy) were genotyped and analysed using Allegro software Linkage 
analysis performed on SNP array data using Allegro revealed three regions of 
linkage on chromosomes 2, 5 and 21. (B) All exons within regions of putative 
linkage were then included on a sequence capture array. Sanger sequence 
traces showing a new homozygous deletion of 4 bp in exon 5 of ADAM17 (c.603-
606delCAGA) on chromosome 2 that segregated with the disease in this family. 
The parents are both heterozygous carriers and the unaffected boy is wild-type. 
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Figure 6.3. Family pedigree. The family pedigree shows the two affected 
siblings and the unaffected boy from a consanguineous marriage of first cousins; 
segregation of the c.603-606delCAGA ADAM17 mutation is also shown. Squares 
and circles represent male and female family members, respectively; double 
horizontal lines indicate consanguinity; solid symbols and open symbols indicate 
affected and unaffected family members, respectively; and the slash indicates 
the deceased affected girl. 
 
 

 
 
Figure 6.4. Predicted structure of wild-type and mutant ADAM17. Schematic 
illustrating the domain structure of wild-type ADAM17 protein (SP, signal peptide; 
Pro, pro-domain; catalytic domain; disintegrin domain; TM, transmembrane 
region; cytosolic tail) and the predicted structure of the p.Asp201GlufsX11 mutant 
protein if expressed. 
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6.4.2 ADAM17 expression studies in the affected boy’s skin and in the 

affected siblings’ duodenum 

 

Immunofluorescence of control skin using an ADAM17 antibody which reacts 

with the pro-domain revealed expression throughout the epidermis with a 

cytoplasmic distribution (Fig. 6.5A). However, in the skin from the affected boy 

there was a marked reduction of ADAM17 expression (Fig. 6.5B).  

  

Figure 6.5. Expression of ADAM17 in the skin. Immunofluorescence staining 
with an ADAM17 antibody (green) that reacts with an epitope in the active site of 
ADAM17 (consisting of a cysteine switch and furin cleavage sites) was 
performed in paraffin-embedded sections of skin biopsies from the affected boy 
and one control subject. (A) In control skin ADAM17 is expressed throughout the 
epidermis, with a cytoplasmic staining pattern, whereas (B) ADAM17 expression 
is clearly reduced in the affected boy’s skin. Control staining of the nuclei with 
4’,6-diamidino-2-phenylindole (DAPI; blue), without the addition of the ADAM17 
antibody, is shown for (C) a section of control skin and (D) the affected boy’s skin. 
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Histologic analysis and immunofluorescence for ADAM17 on duodenal biopsies 

from both affected siblings was performed. Compared with the normal findings in 

the control subject (Fig. 6.6A), in the affected girl there was evidence of a 

mononuclear cell infiltrate, villus blunting, and lengthening of crypts (Fig. 6.6B); 

although the findings were more variable, also in the duodenum of the affected 

boy there was evidence of a mononuclear cell infiltrate and villus blunting (Fig. 

6.6C). ADAM17 was expressed in the enterocytes of the small intestine in a 

control subject (Fig. 6.6D), but was absent in the small intestine of the affected 

girl (Fig. 6.6E) and the affected boy (Fig. 6.6F). 
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Figure 6.6 (see previous page). Expression of ADAM17 in the duodenal 
mucosa. (A-C) Haematoxylin and eosin staining of duodenal biopsies was 
performed in a control subject and in the two affected siblings. (D-I) 
Immunofluorescence staining with an ADAM17 antibody (green) that reacts with 
an epitope in the active site of ADAM17 (consisting of a cysteine switch and furin 
cleavage sites) was performed on duodenal biopsies from a control subject and 
the two affected siblings. (G-I) Control staining of the nuclei with 4’,6-diamidino-2-
phenylindole (DAPI; blue), without the addition of the ADAM17 antibody, is 

shown. (A-C) Scale bar = 250 m. (D-I) Scale bar = 20 m. 
 

Furthermore, Western blotting of both PBMCs and keratinocyte lysates obtained 

from the affected boy showed an absence of ADAM17 expression, in contrast 

with the findings in control subjects and the unaffected mother (Fig. 6.7A). Of 

note, PBMCs from the unaffected mother showed lower ADAM17 expression, 

which may reflect her being heterozygous carrier of the ADAM17 mutation, 

however it is not possible to exclude that it is the result of interindividual 

variability. The expression of ADAM10, whose substrates overlap with those of 

ADAM17, was similar in keratinocytes from the affected boy and from a control 

patient undergoing cosmetic surgery (Fig. 6.7B). 

 

Figure 6.7. ADAM17 and ADAM10 expression in keratinocytes. (A) Western 
blotting for ADAM17, with the use of an antibody that reacts with the C-terminal 
of ADAM17, on lysates of PBMCs from three control subjects (HC), from the 
affected boy (AB) and the unaffected mother (UM), and on lysates of primary 
human keratinocytes (hKs) from one HC and the AB. Blots were stripped and 
analysed for GAPDH as an internal loading control. (B) Western blotting for 
ADAM10 on lysates of primary hKs from one HC and the AB. Blots were stripped 

and analysed for -actin as an internal loading control. 
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6.4.3 Epidermal barrier and immune cell investigations on the affected 

boy’s skin 

 

ADAM17 functions as a sheddase with the ability to cleave and thereby release a 

multitude of different membrane-bound substrates, including desmogleins 

(DSGs), from the cell surface. Immunofluorescence analysis of skin sections and 

Western blotting of primary keratinocytes showed that expression of DSG (DSG1, 

DSG2, or both) is greater in the affected boy than in one control subject (Fig. 6.8). 

suggesting that DSG is retained on the plasma membrane in the control subject 

studied. 

 

 

Figure 6.8. DSG expression in the skin. Immunofluorescence staining for 
DSG1 and DSG2 (green) was performed on frozen skin sections obtained from 
(A) a control subject and (B) the affected boy. Nuclei were stained with propidium 
iodide (red). (C) Western blotting for DSG1 and DSG2 on protein lysates of 
primary human keratinocytes from one control subject (HC) and the affected boy 

(AB). Blots were stripped and analysed for -actin as an internal loading control. 
 

Further immunohistochemical characterisation of the affected boy showed an 

infiltrate of T cells (CD3+) around the skin follicles and in the epidermis. We 

observed CD4+ T cells in the perifollicular region and CD8+ T cells in the 

epidermis at the neck of the follicle (Fig. 6.9). There were some B cells (CD20+), 

natural killer cells (CD56+), or neutrophils (elastase+) present, and levels of 

dendritic cells (S100+) were normal (negative data not shown). 
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Figure 6.9. Expression of T cell markers in the skin of the affected boy. 
Immunohistochemistry revealed (A) anti-CD3-stained, (B) anti-CD4-stained and 
(C) anti-CD8-stained cells in the skin of the affected boy. Continuous arrows 
indicate the epidermis, dashed arrows indicate skin follicles. 
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6.4.4 Cytokine production by PBMCs 

 

ADAM17 converts membrane-bound TNF- into soluble TNF-. Bearing in mind 

the inflammatory aspect of the disease phenotype, cytokine production by 

PBMCs isolated from the affected boy, his unaffected mother and three control 

subjects was investigated (Fig. 6.10). Due to limited availability of blood samples 

from the affected patient and the unaffected mother, only a total of two cell 

stimulations could be performed, with the second one being more extensive, with 

additional conditions of culture. Due to the low number of replicates (n=1 or n=2) 

of stimulation performed on PBMCs from the affected boy and the unaffected 

mother, statistical analysis could not be done. For the conditions with more than 

one experimental replicate, the mean cytokine concentration in pg/ml  SEM is 

reported below, whereas in case a condition was tested only once, the cytokine 

concentration in pg/ml was reported. TNF- concentrations in the supernatants of 

PBMCs from the affected boy cultured with 0.1, 1, 10, 100 or 1000 ng/ml LPS 

were 168; 184; 399  128; 386  148; 405  119, respectively. TNF- 

concentrations in the supernatants of control PBMCs cultured with 0.1, 1, 10, 100 

or 1000 ng/ml LPS were 785  59; 956  72; 1128  86; 1381  85; 1465  92, 

respectively. TNF- concentrations in the supernatants of PBMCs from the 

unaffected mother cultured with 0.1, 1, 10, 100 or 1000 ng/ml LPS were 580; 

1256; 1452; 1693; 1843, respectively. TNF- concentrations in the supernatants 

of PBMCs from the affected boy, the unaffected mother and control subjects 

cultured with medium alone were 0 pg/ml. IL-1 concentrations in the 

supernatants of PBMCs from the affected boy cultured with 0.1, 1, 10, 100 or 

1000 ng/ml LPS were 1418; 2503; 4620  1433; 4788  1610; 4875  1298, 

respectively. IL-1 concentrations in the supernatants of control PBMCs cultured 

with 0.1, 1, 10, 100 or 1000 ng/ml LPS were 1213  262; 1436  334; 1599  

282; 2050  365; 2214  369, respectively. IL-1 concentrations in the 

supernatants of PBMCs from the unaffected mother cultured with 0.1, 1, 10, 100 

or 1000 ng/ml LPS were 2733; 3138; 3264; 3749; 3870, respectively. IL-1 
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concentration in the supernatants of PBMCs from the affected boy cultured with 

medium alone was 141  141 pg/ml. IL-1 concentrations in the supernatants of 

PBMCs from the unaffected mother and control subjects cultured with medium 

alone were 0 pg/ml. IL-6 concentrations in the supernatants of PBMCs from the 

affected boy cultured with 0.1, 1, 10, 100 or 1000 ng/ml LPS were 5556; 6390; 

9315  1219; 11440  864.0; 14270  1650, respectively. IL-6 concentrations in 

the supernatants of control PBMCs cultured with 0.1, 1, 10, 100 or 1000 ng/ml 

LPS were 2095  447; 3159  573; 2347  792; 3505  850; 4671 ± 1137, 

respectively. IL-6 concentrations in the supernatants of PBMCs from the 

unaffected mother cultured with 0.1, 1, 10, 100 or 1000 ng/ml LPS were 5711; 

7043; 9260; 9532; 10532, respectively. IL-6 concentrations in the supernatants of 

PBMCs from the affected boy cultured with medium alone were 2926  2926 

pg/ml. IL-6 concentrations in the supernatants of PBMCs from the unaffected 

mother and control subjects cultured with medium alone were 0 pg/ml.In 

summary, stimulation with LPS induced a strong and concentration-dependent 

increase in TNF- production in PMBCs from controls and from the unaffected 

mother, whereas the increase in TNF-production elicited by LPS in PBMCs 

from the affected boy was at least three-fold smaller. PBMCs from all samples 

showed similarly increased production of IL-1 and IL-6 after LPS stimulation 

(Fig. 6.10A).

 

TNF- concentrations in the supernatants of PBMCs from the affected boy, his 

unaffected mother and control subjects cultured with anti-CD3/CD28 antibodies 

were 1180  343, 10581 and 8809  911, respectively. IFN- concentrations in 

the supernatants of PBMCs from the affected boy, his unaffected mother and 

control subjects cultured with anti-CD3/CD28 antibodies were 9774  654, 12920 

and 7458  532, respectively. TNF- concentrations in the supernatants of 

PBMCs from the affected boy, his unaffected mother and control subjects 

cultured with PMA plus ionomycin were 639, 8695 and 5725  1055, respectively. 

IFN- concentrations in the supernatants of PBMCs from the affected boy, his 
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unaffected mother and control subjects cultured with PMA plus ionomycin were 

5320, 9293 and 5149  894, respectively. In summary, stimulation with anti-

CD3/CD28 antibodies evoked strong TNF- production in PMBCs from controls 

and from the unaffected mother, whereas the increase in TNF-production 

elicited by LPS in PBMCs from the affected boy was more than seven times 

smaller. PBMCs from all samples showed similarly high levels of IFN- 

production after stimulation with anti-CD3/CD28 antibodies (Fig. 6.10B). 

Shedding of transmembrane proteins including TNF- on immune cells has been 

shown to be stimulated by activators of protein kinase C, such as PMA (Peschon 

et al. 1998). In response to PMA and ionomycin, similarly high amounts of IFN- 

were secreted by PBMCs from all samples, whereas TNF- production by 

PBMCs was more tha eight times smaller in the affected boy than in the control 

subjects and the unaffected mother (Fig. 6.10C). 
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Figure 6.10 (see previous page). Cytokine production by PBMCs. Pro-
inflammatory cytokine production by PBMCs from the affected boy, his 
unaffected mother, and three control subjects (HC) was evaluated. (A) 

Production of TNF-, IL-1 and IL-6 by PBMCs cultured for 24 hours in medium 

alone or LPS at concentrations of 0.1 to 1000 ng/ml. (B) Production of TNF- 

and IFN- by PBMCs cultured for 24 hours with medium alone (Control) or in the 

presence of anti-CD3/CD28 antibodies. (C) Production of TNF- and IFN- by 
PBMCs cultured for 24 hours with medium alone (Control) or in the presence of 
PMA plus ionomycin. Cytokine levels were measured in cell culture supernatants 
by ELISA. A total of two cell stimulations were performed due to limited 
availability of blood samples from the affected patient and the unaffected mother. 
All conditions of culture were tested in duplicate. Data displayed here, expressed 
as pg/ml, are those of the second experiment, and are representative of data 
relative to the same condition of culture (medium alone, 10-1000 ng/ml LPS and 
anti-CD3/anti-CD28 antibodies) performed in the first experiment on PBMCs from 
the affected boy and HC. 
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6.5 Results summary 

 

In the current study, we found that: 

12. Compared to the unaffected mother and control subjects, ADAM17 

expression is down-regulated in the skin and keratinocytes from the affected 

boy, and in duodenal biopsy sections from the affected siblings. 

13. After LPS stimulation, PBMCs from the affected boy produced comparable 

amounts of IL-1 and IL-6, but substantially less soluble TNF- compared to 

the unaffected mother and control subjects. After stimulation with anti-

CD3/CD28 antibodies or PMA plus ionomycin, PBMCs from the affected boy 

produced comparable amounts of IFN-, but substantially less soluble TNF- 

compared to the unaffected mother and control subjects. 
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6.6 Discussion 

 

Our findings indicate that homozygous deletion in ADAM17 gene in humans is 

associated with a complex, neonatal-onset, multi-organ syndrome affecting 

mainly the intestine, the skin, and the cardiovascular system. In this condition, 

ADAM17 expression is down-regulated in the skin and in duodenal biopsy 

sections, and soluble TNF- release by PBMCs is substantially reduced 

compared to control subjects. This Section focuses on the interpretation of our 

findings in the context of the existing literature, on the limitations of our study, 

and on possible future studies to be performed on newly identified humans with 

genetic ADAM17 deficiency, in order to better understand the consequences of 

ADAM17 dysregulation, both at the systemic and the mucosal levels. 

 

ADAM17 homozygous mutations in humans and mice 

 

Inflammatory disorders of the skin and the intestine, including eczema, psoriasis 

and IBD have been linked to changes in barrier function and immune responses, 

by means of genetic and functional studies. Large case-control studies combined 

with GWAS have identified common genetic risk factors, with low penetrance, for 

a plethora of human disorders. Such studies have also identified numerous SNPs 

in some of the genes linked to the regulation of immunity and inflammation 

affecting epithelial tissues (Liu et al. 2008; Dubois et al. 2010). High-throughput 

sequence technology can be used to identify rare but penetrant disease-

associated mutations in affected members of families with Mendelian conditions 

(Ng et al. 2010; Rehman et al. 2010; Volpi et al. 2010; Kahrizi et al. 2011). 

 

We combined high-throughput sequence technology with SNP-homozygosity 

mapping and targeted sequence capture to investigate likely causative genes in 

a syndrome of neonatal-onset inflammatory skin and bowel disease in two 

affected siblings born from consanguineous parents, and we identified the first 

described human mutation in the ADAM17 gene. The mutation is predicted to 
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lead to a truncated protein that lacks all functional domains, including the 

catalytic domain required for the sheddase function of ADAM17. We suggest that 

the deletion mutation in ADAM17 present in the homozygous state in both 

affected siblings is a major contributor to their disease. The existence of the 

syndrome has been confirmed by the study by Bandsma et al. (Bandsma et al. 

2015), who reported the case of a child born from non consanguineous parents, 

who presented with severe diarrhoea, skin rash, and recurrent episodes of sepsis, 

eventually leading to her death at the age of 10 months. In this case, a different 

homozygous frameshift mutation in ADAM17, leading to a premature stop codon, 

has been identified. Also in this case the mutation has been predicted to lead to a 

truncated ADAM17 or to the absence of ADAM17 protein as a consequence of 

nonsense-mediated mRNA decay (Bandsma et al. 2015). 

 

ADAM17 is a transmembrane metalloproteinase that exerts an important 

influence on development and disease via its effects on the EGF receptor 

(EGFR) and the TNF- signalling pathways. In particular, ADAM17 converts 

transmembrane TNF- into soluble TNF-, but it can also cleave both TNFR1 

and TNFR2 (Bell et al. 2007). Moreover, a substantial proportion of substrates on 

which ADAM17 exerts its sheddase activity are molecules with important immune 

functions (Scheller et al. 2011). ADAM17 cleaves adhesion molecules, including 

intercellular adhesion molecule (ICAM)-1, vascular cell adhesion molecule 

(VCAM)-1, and L-selectin, thereby limiting the adhesion of immune cells to the 

endothelium, and it has been shown that leukocyte recruitment in the inflamed 

peritoneum is up-regulated in mice expressing non-cleavable L-selectin (Venturi 

et al. 2003). ADAM17 can cleave MHC class I-related chain A/B and B7-H6, 

which are ligands for receptors expressed on NK, NKT and cytotoxic T cells, 

thereby possibly contributing to the escape from immunosurveillance by cancer 

cells (Schlecker et al. 2014). Finally, IL-6 receptor (IL-6R) is another important 

substrate of ADAM17 sheddase activity (Boutet et al. 2009; Schumacher et al. 

2015). In particular, IL-6R is only expressed on hepatocytes and leukocytes, 

whereas the transmembrane protein gp130 is ubiquitously expressed. Upon 
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cleavage, soluble IL-6R can bind IL-6, and this complex may subsequently bind 

gp130 and promote intracellular signalling in cell types that otherwise would not 

respond to IL-6 (Rose-John 2012). This process is known as trans-signalling, and 

it is particularly important for the pleiotropic functions of IL-6. 

 

Mice with a homozygous mutation in the zinc-binding sequence of 

ADAM17/TACE (taceZn/Zn mice), which is essential for its metalloproteinase 

action, display a severely impaired survival rate. In particular, evaluation of the 

genetic composition of the mouse population between two-three weeks of age 

revealed that live mice with homozygous taceZn/Zn mutation are only 1.3% of 

total mice, as opposed to the expected Mendelian ratio of 25%, with the majority 

of homozygous taceZn/Zn mice dying between embryonic day 17.5 and the first 

day after birth (Peschon et al. 1998). All taceZn/Zn mutant fetuses at embryonic 

day 17.5 have open eyelids, resulting from a failure of eyelid fusion, and lack a 

conjunctival sac. The few taceZn/Zn mice which survive for several weeks show 

a 20-40% reduction in body weight compared to wild-type littermates, and display 

corneal inflammation, perturbed hair coats, and curly vibrissae (Peschon et al. 

1998). Histologic sections of taceZn/Zn skin show disorganised distribution and 

structures of hair follicles, and histologic analysis of taceZn/Zn mutant fetuses at 

embryonic day 17.5 shows delayed or impaired maturation in multiple organs. In 

particular, the proximal small intestinal epithelium displays blunted villi and a 

hypercellular, pseudostratified mucosal epithelium, with altered cell polarity 

(Peschon et al. 1998). Lethality in taceZn/Zn mutant mice can not be attributed to 

soluble TNF- deficiency, as mice lacking TNF- show a normal development 

(Pasparakis et al. 1996). The taceZn/Zn mutation is also lethal in TNFR-deficient 

mice, indicating that the survival impairment is not due to inappropriate signalling 

by uncleaved transmembrane TNF-. Indeed, this extensively abnormal 

phenotype has been attributed to the effects of TACE on a plethora of other 

molecules, including TGF- and EGF (Peschon et al. 1998). 
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The hair, skin and eye defects observed in mice with taceZn/Zn mutation are 

similar to those reported in mice lacking TGF-. In particular, ADAM17 cleaves 

transmembrane TGF- to soluble TGF-, which appears to be essential for hair 

follicle development and eyelid fusion in vivo (Luetteke et al. 1993; Mann et al. 

1993). The epithelial maturation defects observed in mice with taceZn/Zn 

mutation are similar to those of mice lacking EGFR (Miettinen et al. 1995), which 

is the obligate receptor for several ligands cleaved by ADAM17, including EGF, 

TGF- and amphiregulin (Scheller et al. 2011). In particular, EGFR-/- mice suffer 

from impaired development in several organs, including the skin, the lungs, and 

the gastrointestinal tract (Miettinen et al. 1995). 

 

Using exon-induced translational stop strategy, mice with a marked reduction, 

but not complete deficiency, of ADAM17 in all tissues (ADAM17ex/ex mice) have 

been developed (Chalaris et al. 2010). ADAM17ex/ex mice are viable, and have 

skin, hair and eye defects similar to those of TGF--deficient mice. Despite not 

showing overt histologic intestinal abnormalities, ADAM17ex/ex mice are more 

susceptible to DSS-induced colitis than wild-type mice (Chalaris et al. 2010). 

Mice with an N-ethyl-N-nitrosourea-induced mutation in ADAM17 (wavedX mice) 

have also been developed, and express predominantly immature ADAM17, with 

impaired sheddase activity. Intestinal histology of wavedX mice is normal, 

however, similarly to ADAM17ex/ex mice, they also have a higher susceptibility to 

DSS-induced colitis than wild-type mice (Brandl et al. 2010). 

 

Association of human ADAM17 mutations with a multi-organ syndrome 

 

When considering the affected siblings described in our study, it would appear 

that, differently from mice, in humans homozygous ADAM17 deficiency is 

compatible with survival. However, the affected girl in our study died at 12 years 

of age, and in the case reported by Bandsma et al. (Bandsma et al. 2015) the 

affected child, despite showing considerable similarities with the cases described 

in our study, died at the age of 10 months for respiratory insufficiency related to a 
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respiratory syncytial virus infection. This suggests that it is premature to draw any 

conclusion on the probability of long-term survival in this syndrome on the basis 

of the three cases described so far. 

 

Both the affected siblings in our study had diarrhoea from the second day of life, 

which later spontaneously resolved, and also in the study by Bandsma et al. 

(Bandsma et al. 2015) the affected child developed watery diarrhoea during the 

first week of life, which did not disappear after discontinuation of feeding. It has 

been suggested that, similarly to DSS-induced colitis in ADAM17ex/ex and 

wavedX mice, a trigger may have been necessary to induce diarrhoea in early 

childhood in the affected siblings described in our study (Brandl et al. 2012). 

However, diarrhoea in the homozygous ADAM17 mutant children studied started 

very early in life and, unlike for ADAM17 mutant mice, the triggering event is 

unclear. Furthermore, it needs to be noted that multiple reasons, unrelated to 

ADAM17 deficiency, exist for early-onset diarrhoea with resolution later in life, 

and that changes in gastrointestinal tract physiology and function during 

development, with particular regards to the composition of the intestinal 

microbiota, may account for or contribute to episodes of acute diarrhoea. 

Duodenal biopsies, collected from the affected boy and the affected girl at the 

age of six and three years, respectively, showed only mild inflammatory changes, 

and the presence of villous atrophy. In the study by Bandsma et al. (Bandsma et 

al. 2015), a duodenal biopsy of the affected child showed mild focal villous 

atrophy and crypt hyperplasia without intraepithelial lymphocytosis. These 

alterations are similar to those observed in the small intestine of mice with 

taceZn/Zn mutation (Peschon et al. 1998), and may be related at least in part to a 

maturation defect in the intestinal epithelium, however the cause of the intestinal 

problems in both affected siblings has not been satisfactorily resolved and 

requires more investigation. 

 

ADAM17 deficiency in humans has important immunologic consequences on the 

systemic immune response. PMA induces protein kinase C activation, which, in 
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turn, activates ADAM17 (Xu et al. 2010). Bandsma et al. (Bandsma et al. 2015) 

reported that both CD4+ and CD8+ peripheral blood T cells from the affected child 

showed normal activation following stimulation with PMA, phytohaemagglutinin, 

or staphylococcal enterotoxin B. It has been observed that TACE inhibition 

promotes IL-1 and IFN- production by PBMCs (Sharma et al. 2013). However, 

in our study, levels of LPS-induced production of IL-1 and levels of PMA- or 

anti-CD3/CD28-induced production of IFN- by PBMCs isolated from the affected 

boy at 17 years of age were comparable to those of the unaffected mother and 

control subjects. Interestingly, in the same experiments, levels of LPS-induced 

production of IL-6 by PBMCs from the affected boy were higher than those of 

control subjects. Conversely, levels of LPS-, PMA-, and anti-CD3/CD28-induced 

soluble TNF- produced by PBMCs isolated from the affected boy were 

substantially impaired compared to those of the unaffected mother and control 

subjects, and this is likely to be a consequence of reduced TACE activity due to 

ADAM17 mutation. Using intracellular staining and flow cytometry, Bandsma et al. 

(Bandsma et al. 2015) reported that peripheral blood T cells from the affected 

child in their study displayed up-regulated IFN- and down-regulated IL-2 and 

TNF-. It is difficult to explain their result on TNF- production, as ADAM17 is 

known to exert its TACE activity on transmembrane, rather than intracellular, 

TNF-. Other molecules with TACE activity, such as ADAM9, ADAM10, and 

ADAM19, may contribute to the residual production of soluble TNF- by PBMCs 

from humans with ADAM17 deficiency. Conditional knock-out mice lacking 

ADAM17 in myeloid cells are protected from TNF--mediated endotoxin shock 

(Horiuchi et al. 2007). On the other hand, the impaired production of soluble 

TNF- might have contributed to the increased susceptibility of the affected boy 

to opportunistic infections of the skin, such as otitis externa from S. aureus and 

paronychia from Candida.  

 

The affected boy in our study presented with a generalised pustular rash with 

flares of erythema and scaling. The skin of both affected siblings, in the first 
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years of life, was prone to infection with S. aureus. Also, in the study by 

Bandsma et al. (Bandsma et al. 2015) the affected child developed skin lesions, 

including pustular rash and erythema, and skin biopsies revealed parakeratosis, 

neutrophil infiltration, and spongiosis, with bacterial swabs of the skin being 

positive for S. aureus on multiple occasions. Keratinocytes from the affected boy 

in our study expressed ADAM10, which has substrates in common with ADAM17 

(Le Gall et al. 2009). The desmosomal cadherin DSG2, expressed in the less 

differentiated layers of the epidermis and hair follicle, has been shown to be a 

substrate of both ADAM17 and ADAM10 (Bech-Serra et al. 2006). The up-

regulation in DSG2 expression that we observed in skin and keratinocytes of the 

affected boy suggests that ADAM17-mediated regulation of DSG2 availability at 

intercellular junctions is important in the skin (Klessner et al. 2009). 

 

Finally, both the affected siblings in our study showed cardiac abnormalities. In 

particular, the affected girl died from fulminant Parvovirus B19-associated 

myocarditis, and the affected boy had left ventricular dilatation, with end diastolic 

dimension of 60 mm. Interestingly, in the study by Bandsma et al. (Bandsma et al. 

2015), the affected child developed systolic hypertension and had mild 

pulmonary valve stenosis and a small atrial septum defect. DSG2 is the 

predominant DSG expressed in cardiac myocytes, and DSG2 mutations are 

associated with arrhythmogenic and dilated cardiomyopathies (Syrris et al. 2007; 

Posch et al. 2008). The relationship between myocarditis and possible early-

onset arrhythmogenic cardiomyopathy is well recognised (Delmar et al. 2010), 

and impaired DSG2 regulation by ADAM17 may be responsible for the cardiac 

manifestations in the affected siblings. In addition, the lack of TNF- may have 

been, at least in part, responsible for the affected girl’s death, given the 

cardioprotective role of TNF- in acute myocarditis (Wada et al. 2001). 

 

Relevant similarities with the clinical features present in the humans with 

ADAM17 deficiency have been reported in a patient with inherited homozygous 

loss-of-function missense mutation in EGFR gene. In particular, this patient 
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showed dry skin and alopecia during his first year of life. Subsequently, pustules 

and papules were present, similar to those described among the side effects of 

EGFR inhibitors (Lacouture 2006), associated with dysregulated differentiation of 

keratinocytes. The patient died at 2.5 years of age due to extensive skin and 

chest infections and electrolyte imbalance (Campbell et al. 2014). 

 

Both our observations and the findings by Bandsma et al. (Bandsma et al. 2015) 

suggest that ADAM17 deficiency in humans is associated with down-regulated 

TNF- signalling. Interestingly, the affected boy in our study had been previously 

treated with the anti-TNF- agent adalimumab, and this did not induce any 

significant improvement, which would not be surprising given the impairment in 

TNF- production. It has been reported that almost 5% IBD patients treated with 

anti-TNF- agents develop psoriasiform skin lesions. These are characterised by 

infiltrates of IL-17A/IL-22-expressing Th17 cells and IFN--expressing Th1 cells, 

and show a high response rate to the anti-IL-12/IL-23 monoclonal antibody 

ustekinumab (Tillack et al. 2014). The mechanism proposed to explain the 

paradoxical skin inflammation induced by anti-TNF- agents involves the binding 

of the anti-TNF- Fc region to the FcRI of macrophages, and the subsequent 

activation and production of IL-23 (Niess et al. 2014). In genetic ADAM17 

deficiency in humans, it does not seem likely that the skin lesions, which 

represent one of the predominant clinical features in all three cases described so 

far, derive directly from the impairment in TNF- signalling. Nevertheless, the 

multiple effects of ADAM17 on the immune response may influence Th1 and 

Th17 cell development in specific tissues, including the skin.

 

Limitations of the study 

 

Both in our study and in that of Bandsma et al. (Bandsma et al. 2015), patients 

showed features compatible with functional ablation of ADAM17, however we 

have not formally proved that the predicted truncated version of ADAM17 is 

expressed in humans with genetic ADAM17 deficiency, and whether residual or 
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truncated forms of ADAM17 are non-functional. It needs to be noted that 

mutations at different sites on the ADAM17 gene produce specific alterations in 

ADAM17 protein. Therefore, comparing transgenic mice that express no 

ADAM17 with patients that may have some residual and potentially active protein 

may prove to be misleading and requires caution. Nevertheless, there are 

similarities between the phenotypes of taceZn/Zn mutant mice and humans with 

genetic ADAM17 deficiency. ADAM17ex/ex mutant mice, which have a marked 

reduction, but not a complete deficiency, of ADAM17 also present with skin and 

hair alterations (Chalaris et al. 2010). 

 

One of the main limitations in our study was the availability of a small number of 

samples to analyse, which made it difficult to draw definitive conclusions 

regarding the consequences of ADAM17 deletion. Unfortunately, the affected girl 

died before the start of our study, therefore it was not possible to perform the 

same investigations as in the affected boy, and it was also not possible to study 

matched control subjects due to the age of the affected boy. An example of the 

consequences of the limited number of samples and experiments is our 

observation that PBMCs from the unaffected mother showed down-regulated 

ADAM17 expression. This may reflect her being heterozygous carrier of the 

ADAM17 mutation, however it is not possible to exclude that this is the effect of 

interindividual variability, and it has to be noted that this is the result of a single 

experiment. Nevertheless, the production of soluble TNF- by PBMCs from the 

unaffected mother was comparable to control subjects. 

 

Future studies 

 

Unfortunately, due to the limited availability of samples from the affected boy and 

the unaffected relatives, we could only perform basic assays on cytokine release 

by PBMCs from the affected boy and the unaffected mother. In a future study on 

newly identified humans with genetic ADAM17 deficiency, it will be important to 

study the effects of ADAM17 mutation on other important substrates, including 
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EGF, TGF- amphiregulin, IL-6R and L-selectin. Furthermore, it will be 

interesting to characterise the type of immune response driving the onset of 

cutaneous lesions, with particular focus on Th1 and Th17 cells and cytokines. 

 

In parallel to impaired soluble TNF- release by immune cells, ADAM17 

deficiency could be associated to up-regulated transmembrane TNF- 

expression due to defective cleavage. Transmembrane TNF- accumulation, in 

turn, would have important consequences on intestinal inflammation (Mitoma et 

al. 2005). Despite being possible to assess the expression of the transmembrane 

form of TNF- by flow cytometry using a commercially available antibody specific 

for transmembrane TNF-, in the present study we could not perform this 

experiment due to the limited availability of samples. Hence, in a future study on 

newly identified humans with genetic ADAM17 deficiency, it will be important not 

only to confirm the down-regulation of intracellular TNF- reported by Bandsma 

et al. (Bandsma et al. 2015), but also to explore the expression of 

transmembrane TNF- on immune cells and the consequences on the systemic 

and mucosal immune response. 

 

Inactive Rhomboid (iRhom)1 and iRhom2 are catalytically inactive intracellular 

serine proteases expressed in the endoplasmic reticulum that have emerged as 

important upstream regulators of ADAM17 (Lemberg et al. 2007; McIlwain et al. 

2012). In particular, iRhom2, which is preferentially expressed in immune cells, 

promotes furin-mediated maturation and trafficking of ADAM17 to the cell 

membrane (Adrain et al. 2012). Moreover, iRhom2 has been shown to be the 

main regulator of ADAM17 in the skin (Brooke et al. 2014). Both iRhom2-/- mice, 

which display defective TNF- signalling, and iRhom1-/- mice do not show any 

developmental abnormalities (Issuree et al. 2013; Li et al. 2015). Interestingly, 

iRhom2-/- mice are protected from experimental arthritis, similarly to mice lacking 

ADAM17 in myeloid cells or TNF--deficient mice (Issuree et al. 2013). 

Conversely, iRhom1/2 double knock-out mice display a severely impaired 
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survival rate and multi-organ abnormalities which resemble those of ADAM17-/- 

and EGFR-/- mice (Li et al. 2015). On the other hand, it has been shown that 

deletions in the cytoplasmic domain of iRhom1 and iRhom2 enhance ADAM17 

activity in vitro in fibrosarcoma cells, thereby stimulating TNFR shedding (Maney 

et al. 2015). Furthermore, it has been reported that iRhom2 expression is up-

regulated by TNF- signalling (Adrain et al. 2012). In a future study on newly 

identified humans with genetic ADAM17 deficiency, it will be interesting to study 

whether there is any consequence on the expression of iRhom1 and iRhom2, 

such as a compensatory up-regulation, or a down-regulation consequent to 

impaired TNF- signalling. More generally, it would be particularly intriguing to 

investigate iRhom1 and iRhom2 expression in IBD inflamed mucosa, where 

ADAM17 activity has been reported to be up-regulated (Monteleone et al. 2012), 

and to be a possible factor contributing to the excessive production of soluble 

TNF-. 
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Chapter 7: General discussion and future directions 

 

In this Thesis, we investigated aspects of disease pathogenesis and 

responsiveness to treatment in chronic intestinal inflammation using human 

tissue and various model systems. Experiments performed using human 

intestinal tissue, although not formally validated and not allowing mechanistic 

evaluations, may represent an informative tool to study the mucosal immune 

response in IBD. 

 

Advances in the pathogenesis of human intestinal inflammation 

 

Our results on the role of IL-17 and IL-13 in CD intestinal fibrosis, and of IL-13 in 

IBD inflamed mucosa, overall, suggest a pro-fibrogenic action of IL-17A in CD 

intestinal fibrosis. Moreover, our observations point towards the absence of a role 

for IL-17E and IL-13 in CD intestinal fibrosis, and suggest that IL-13 does not 

play an important role in IBD intestinal inflammation. A substantial proportion of 

our data derives from descriptive, cross-sectional observations and experiments. 

When evaluating the relevance of a certain pathway in IBD, results which report 

the up-regulation or down-regulation of specific molecules in the intestinal 

mucosa of CD and UC patients have often been used as supportive evidence, in 

addition to data obtained in experimental models of intestinal inflammation. 

Nevertheless, the rationale underlying the first application of anti-TNF- agents in 

CD was based on the observation of up-regulated concentrations of TNF- in the 

intestinal mucosa, stool and serum of patients compared to control subjects 

(Kaser 2014). We also performed in vitro functional experiments on the role of IL-

17 and IL-13 in IBD. For this purpose, we used cells isolated from CD and UC 

patients instead of cell lines derived from CRC, and our results were in 

agreement with our descriptive observations, supporting the biologic plausibility 

of the pro-fibrogenic role of IL-17A in CD, the absence of effects of IL-17E in CD 

intestinal fibrosis, and the lack of involvement of IL-13 in UC inflammation. 
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Investigations on the pathogenesis of IBD have largely involved the use of animal 

models of intestinal inflammation. One of the main advantages of this approach 

is the possibility to perform mechanistic in vivo experiments, and to obtain direct 

information on the immunologic processes underlying the onset of intestinal 

lesions. Nevertheless, several murine models of colitis, including DSS-induced, 

oxazolone-induced and TNBS-induced colitis, differ considerably from IBD, as 

they are triggered by the administration of a single, specific chemical agent to 

animals with a wild-type genetic background. While disease mechanisms 

underlying several experimental models of colitis have been dissected, animal 

models have shown limited ability to predict the efficacy of novel molecules for 

the treatment of intestinal inflammation, and numerous biologic agents that were 

successful in improving murine colitis have not been effective when subsequently 

tested in clinical trials in IBD (MacDonald 2010; Chang et al. 2014).  

 

In addition to animal models, in vitro experiments, and observations using human 

tissue, the critical analysis of data from clinical trials – especially those with 

immunotherapies – is an important method to evaluate the relevance of a certain 

pathway or molecule in IBD (Auer et al. 2014; Kaser 2014). In particular, our 

observations on the absence of a role for IL-13 in the overall population of UC 

patients are in keeping with the results of the two phase IIa clinical trials with 

monoclonal antibodies against IL-13, anrukinzumab and tralokinumab, in active 

UC (Reinisch et al. 2015; Danese et al. 2015; Tilg et al. 2015). Treatment with 

anrukinzumab did not result in any significant change in faecal calprotectin at 

week 14 compared to baseline in UC, and at the highest dose an increase in this 

biomarker of intestinal inflammation has been observed, reflecting disease 

deterioration (Reinisch et al. 2015). Despite showing a significant effect in 

inducing clinical remission (18% in the tralokinumab group compared to 6% in 

the placebo group), tralokinumab has been ineffective in achieving the primary 

endpoint, which was defined as clinical response at week 8, in moderate-to-

severe UC (Danese et al. 2015). 
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Another indirect indication that intestinal inflammation in the overall population of 

UC patients is not driven by IL-13 is represented by the results of two 

randomised clinical trials on the effects of the nematode T. suis in active UC and 

CD, respectively (Summers et al. 2005; Sandborn et al. 2013a). The study 

performed in UC showed a significantly higher clinical efficacy of T. suis 

compared to placebo (Summers et al. 2005). Although the quality of these 

studies was not sufficient to draw any conclusion regarding the efficacy of T. suis 

in IBD (Garg et al. 2014), this treatment, which should by definition trigger a Th2 

mucosal immune response, was not associated with significantly more adverse 

events compared to placebo. 

 

The anti-IL-17A monoclonal antibody secukinumab has been ineffective in a 

clinical trial in active CD (Hueber et al. 2012). This is not in disagreement with 

our results on the involvement of IL-17A in CD intestinal fibrosis, since patients 

with strictures causing obstructive symptoms were excluded from the clinical trial 

with secukinumab (Hueber et al. 2012). While ours and other groups’ results 

suggest that IL-17A is indeed involved in CD intestinal fibrosis, they need to be 

validated with in situ analyses and on larger numbers of patients before this 

cytokine can be considered as a promising therapeutic target in fibrostenosing 

CD. 

 

Finally, we cannot exclude that intestinal inflammation in humans with ADAM17 

deficiency may be related to their genetic mutation. This would highlight the 

heterogeneity of the possible mechanisms underlying intestinal inflammation, 

which would therefore develop regardless of the impaired ability to produce 

soluble TNF-. Due to its TACE activity, ADAM17 is an attractive target for the 

treatment of chronic inflammatory diseases characterised by excessive TNF- 

production (Arribas et al. 2009; Saftig et al. 2011), including IBD, psoriasis and 

rheumatoid arthritis. However, ADAM17 has a multitude of different substrates, 

including molecules playing an important role in tissue development and 

maturation, epithelial barrier function, and immune response, and this is reflected 
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by the alterations affecting the intestine, eyes, skin and hair observed in mice 

with ADAM17 deficiency. Also humans with genetic ADAM17 deficiency develop 

lesions involving the intestine, the skin, and the cardiovascular system. These 

aspects need to be carefully taken into account when considering ADAM17 as a 

therapeutic target. Finally, the long-term survival rate in humans with ADAM17 

deficiency is currently unknown, and further studies are needed to establish 

whether short-term inhibition of the ADAM17 pathway has similar effects to those 

observed in homozygous ADAM17 mutations. 

 

Biomarker development in IBD 

 

In our study on the proteolytic degradation of anti-TNF- agents and its 

correlation with response to biologic treatment in IBD, we initially performed 

functional in vitro experiments that demonstrated the biologic plausibility of this 

mechanism in the context of IBD inflamed mucosa. Subsequently, we studied 

whether we could detect signs of proteolytic degradation in the mucosa and in 

the serum of IBD patients, and we observed that there was overall correlation 

between response to anti-TNF- therapy and serum levels of MMP-3-/MMP-12-

cleaved endogenous IgG and anti-hinge autoantibodies.

 

In addition to their significance towards gaining a better understanding of the 

immunologic mechanisms underlying intestinal lesions and responsiveness to 

treatment in IBD, our results are potentially relevant for disease biomarker 

development in this condition. In particular, as it is often the case when 

performing studies on human tissues, the most important feature emerging from 

our findings is the considerable degree of heterogeneity between different 

patients in IBD. Our findings on levels of IL-17A and IL-13 in IBD intestinal tissue 

show that there is a high degree of heterogeneity in mucosal cytokine expression 

between different patients. This is consistent with previous studies, which 

showed that IL-13 transcripts are not always detectable in samples from UC 

inflamed mucosa (Kawashima et al. 2011), and that IFN- and IL-17A expression 
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in IBD inflamed mucosa is variable across different patients (Kobayashi et al. 

2008). We observed that there is also a high level of heterogeneity in MMP 

mucosal expression profile in different IBD patients, and that among IBD patients 

there are substantial differences in serum levels of MMP-3-/MMP-12-cleaved 

endogenous IgG and anti-hinge autoantibodies. 

 

The high degree of immunologic heterogeneity present in IBD may have 

important diagnostic and therapeutic implications. Both IL-13 and IL-17A 

blockade have been ineffective in unselected groups of active CD and UC 

patients. The lack of efficacy of anti-IL-13 and anti-IL17A antibodies in IBD may 

not be due to the absence of involvement of these cytokines in the majority of 

patients, but rather to the fact that they may play a pro-inflammatory or pro-

fibrogenic role only in a specific subset of patients. Furthermore, even in the case 

that IL-17A may play a role in the majority of patients with fibrostenosing CD, it is 

conceivable that its neutralisation would be effective only in the early phase of 

stricture development. Hence, the development of a biomarker capable to predict 

the onset of intestinal fibrosis, which is currently not available (Rieder et al. 2014), 

would be important for patient stratification and consequent therapeutic 

management in CD.

 

A similar approach has been developed and successfully applied in asthma. 

Based on the molecular mechanisms and the main cytokines involved, asthmatic 

patients have stratified in different “endotypes”, and response to specific biologic 

treatments varies accordingly (Kau et al. 2014; Agusti et al. 2016). In particular, it 

has been shown that therapies targeting IL-4, IL-5 and IL-13 are highly effective 

in patients with “type 2 high” asthma (Fajt et al. 2015). Furthermore, treatment 

with the anti-IL-13 monoclonal antibody lebrikizumab in asthma is more effective 

when patients are stratified according to molecular biomarkers, such as serum 

levels of periostin (Corren et al. 2011; Durham et al. 2016; Izuhara et al. 2016).  
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It has been shown that the humanised anti-7 integrin monoclonal antibody 

etrolizumab, that selectively binds the heterodimeric 47 and E7 integrins, is 

significantly more effective than placebo in inducing clinical remission in 

moderate to severe active UC (Vermeire et al. 2014). In UC patients treated with 

etrolizumab, high colonic expression of granzyme A and E integrin is associated 

to significantly higher rates of clinical remission and mucosal healing (Tew et al. 

2016). Regarding anti-TNF- therapy, it has been shown that CD patients with 

higher levels of transmembrane TNF-+ cells in the colon respond better to 

adalimumab than patients with low numbers of transmembrane TNF-+ cells in 

the colonic mucosa (Atreya et al. 2014). Interestingly, a subgroup analysis 

revealed that, differently from placebo, secukinumab induced a significant 

decrease in faecal calprotectin in CD patients with a specific polymorphism 

(rs4263839) in the TNF-like ligand 1A (TL1A) gene, which plays a role in Th17 

differentiation (Hueber et al. 2012). Further clinical trials on IL-17A and IL-13 

blockade in CD and UC, designed using strategies of patient stratification based 

on data from ours and future immunological studies, may prove to be more 

successful than unselective blockade of these cytokines in IBD. 

 

Our results may contribute to clarifying the mechanisms underlying primary non-

response to TNF- neutralising agents, especially in severely active IBD patients 

who are likely to have a high mucosal proteolytic activity and therefore may 

benefit from a higher anti-TNF-a loading dose (Gibson et al. 2015). It has been 

reported in a pharmacokinetic study that UC patients have a faster clearance of 

the anti-IL-13 monoclonal antibody anrukinzumab compared to control subjects 

and patients with asthma (Hua et al. 2015). It will be interesting to investigate 

whether this derives from general metabolic differences, or whether proteolytic 

cleavage may influence half-life and effectiveness of monoclonal antibodies 

against IL-13 and IL-17A in IBD. Finally, our preliminary observations that serum 

levels of cleaved IgG and anti-hinge autoantibodies against cleaved IgG are 

particularly high in a subgroup of IBD patients who do not respond to anti-TNF- 

agents may form the basis for subsequent, prospective studies, with the aim to 
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identify accurate serum biomarkers of responsiveness to biologic therapy, and 

ultimately to develop effective strategies of patient stratification in IBD. 

 

In conclusion, we believe that results from ours and other studies underline the 

complexity and the high degree of disease heterogeneity in human intestinal 

inflammation. Future studies should aim to achieve a better definition of the 

different immunologic components involved in individual IBD patients, which is 

necessary in order to develop a pathway-based approach to the treatment of IBD 

(Bamias et al. 2016). This will involve the development of reliable biomarkers and 

predictors of disease progression, and the formulation of stratification strategies 

and treatment algorithms that will form the basis for personalised, precision 

medicine in IBD. 



 

 
316 

Chapter 8: References 

 

Abrahamson M, Alvarez-Fernandez M, Nathanson CM. Cystatins. Biochem Soc 

Symp 2003;70:179-99. 

Abreu MT, Taylor KD, Lin YC, Hang T, Gaiennie J, Landers CJ, Vasiliauskas EA, 

Kam LY, Rojany M, Papadakis KA, Rotter JI, Targan SR, Yang H. 

Mutations in NOD2 are associated with fibrostenosing disease in patients 

with Crohn's disease. Gastroenterology 2002;123:679-88. 

Abreu MT, Thomas LS, Arnold ET, Lukasek K, Michelsen KS, Arditi M. TLR 

signaling at the intestinal epithelial interface. J Endotoxin Res 2003;9:322-

30. 

Adrain C, Zettl M, Christova Y, Taylor N, Freeman M. Tumor necrosis factor 

signaling requires iRhom2 to promote trafficking and activation of TACE. 

Science 2012;335:225-8. 

Afif W, Loftus EV Jr, Faubion WA, Kane SV, Bruining DH, Hanson KA, Sandborn 

WJ. Clinical utility of measuring infliximab and human anti-chimeric antibody 

concentrations in patients with inflammatory bowel disease. Am J 

Gastroenterol 2010;105:1133-9. 

Agrawal S, Townley RG. Role of periostin, FENO, IL-13, lebrikzumab, other IL-13 

antagonist and dual IL-4/IL-13 antagonist in asthma. Expert Opin Biol Ther 

2014;14:165-81. 

Agusti A, Bel E, Thomas M, Vogelmeier C, Brusselle G, Holgate S, Humbert M, 

Jones P, Gibson PG, Vestbo J, Beasley R, Pavord ID. Treatable traits: 

toward precision medicine of chronic airway diseases. Eur Respir J 

2016;47:410-9. 

Akiho H, Lovato P, Deng Y, Ceponis PJ, Blennerhassett P, Collins SM. 

Interleukin-4- and -13-induced hypercontractility of human intestinal muscle 

cells-implication for motility changes in Crohn's disease. Am J Physiol 

Gastrointest Liver Physiol 2005;288:G609-15. 

Akilesh S, Christianson GJ, Roopenian DC, Shaw AS. Neonatal FcR expression 

in bone marrow-derived cells functions to protect serum IgG from 



 

 
317 

catabolism. J Immunol 2007;179;4580-8. 

Al-Sadi R, Ye D, Dokladny K, Ma TY. Mechanism of IL-1beta-induced increase in 

intestinal epithelial tight junction permeability. J Immunol 2008;180:5653-61. 

Ambort D, Johansson ME, Gustafsson JK, Nilsson HE, Ermund A, Johansson 

BR, Koeck PJ, Hebert H, Hansson GC. Calcium and pH-dependent packing 

and release of the gel-forming MUC2 mucin. Proc Natl Acad Sci U S A 

2012;109:5645-50. 

Ananthakrishnan AN, Issa M, Binion DG. Clostridium difficile and inflammatory 

bowel disease. Gastroenterol Clin North Am 2009;38:711-28. 

Ananthakrishnan AN, Khalili H, Higuchi LM, Bao Y, Korzenik JR, Giovannucci EL, 

Richter JM, Fuchs CS, Chan AT. Higher predicted vitamin D status is 

associated with reduced risk of Crohn's disease. Gastroenterology 

2012;142:482-9. 

Ananthakrishnan AN, Cagan A, Gainer VS, Cai T, Cheng SC, Savova G, Chen P, 

Szolovits P, Xia Z, De Jager PL, Shaw SY, Churchill S, Karlson EW, 

Kohane I, Plenge RM, Murphy SN, Liao KP. Normalization of plasma 25-

hydroxy vitamin D is associated with reduced risk of surgery in Crohn's 

disease. Inflamm Bowel Dis 2013a;19:1921-7. 

Ananthakrishnan AN, Khalili H, Konijeti GG, Higuchi LM, de Silva P, Korzenik JR, 

Fuchs CS, Willett WC, Richter JM, Chan AT. A prospective study of long-

term intake of dietary fiber and risk of Crohn's disease and ulcerative colitis. 

Gastroenterology 2013b;145:970-7. 

Ananthakrishnan AN, Khalili H, Konijeti GG, Higuchi LM, de Silva P, Fuchs CS, 

Willett WC, Richter JM, Chan AT. Long-term intake of dietary fat and risk of 

ulcerative colitis and Crohn's disease. Gut 2014a;63:776-84. 

Ananthakrishnan AN, Nguyen DD, Sauk J, Yajnik V, Xavier RJ. Genetic 

polymorphisms in metabolizing enzymes modifying the association between 

smoking and inflammatory bowel diseases. Inflamm Bowel Dis 

2014b;20:783-9. 

Ananthakrishnan AN. Epidemiology and risk factors for IBD. Nat Rev 

Gastroenterol Hepatol 2015;12:205-17. 



 

 
318 

Anderson CA, Boucher G, Lees CW, Franke A, D'Amato M, Taylor KD, Lee JC, 

Goyette P, Imielinski M, Latiano A, Lagacé C, Scott R, Amininejad L, 

Bumpstead S, Baidoo L, Baldassano RN, Barclay M, Bayless TM, Brand S, 

Büning C, Colombel JF, Denson LA, De Vos M, Dubinsky M, Edwards C, 

Ellinghaus D, Fehrmann RS, Floyd JA, Florin T, Franchimont D, Franke L, 

Georges M, Glas J, Glazer NL, Guthery SL, Haritunians T, Hayward NK, 

Hugot JP, Jobin G, Laukens D, Lawrance I, Lémann M, Levine A, Libioulle 

C, Louis E, McGovern DP, Milla M, Montgomery GW, Morley KI, Mowat C, 

Ng A, Newman W, Ophoff RA, Papi L, Palmieri O, Peyrin-Biroulet L, Panés 

J, Phillips A, Prescott NJ, Proctor DD, Roberts R, Russell R, Rutgeerts P, 

Sanderson J, Sans M, Schumm P, Seibold F, Sharma Y, Simms LA, 

Seielstad M, Steinhart AH, Targan SR, van den Berg LH, Vatn M, 

Verspaget H, Walters T, Wijmenga C, Wilson DC, Westra HJ, Xavier RJ, 

Zhao ZZ, Ponsioen CY, Andersen V, Torkvist L, Gazouli M, Anagnou NP, 

Karlsen TH, Kupcinskas L, Sventoraityte J, Mansfield JC, Kugathasan S, 

Silverberg MS, Halfvarson J, Rotter JI, Mathew CG, Griffiths AM, Gearry R, 

Ahmad T, Brant SR, Chamaillard M, Satsangi J, Cho JH, Schreiber S, Daly 

MJ, Barrett JC, Parkes M, Annese V, Hakonarson H, Radford-Smith G, 

Duerr RH, Vermeire S, Weersma RK, Rioux JD. Meta-analysis identifies 29 

additional ulcerative colitis risk loci, increasing the number of confirmed 

associations to 47. Nat Genet 2011;43:246-52. 

Andoh A, Bamba S, Brittan M, Fujiyama Y, Wright NA. Role of intestinal 

subepithelial myofibroblasts in inflammation and regenerative response in 

the gut. Pharmacol Ther 2007;114:94-106. 

Annunziato F, Cosmi L, Santarlasci V, Maggi L, Liotta F, Mazzinghi B, Parente E, 

Filì L, Ferri S, Frosali F, Giudici F, Romagnani P, Parronchi P, Tonelli F, 

Maggi E, Romagnani S. Phenotypic and functional features of human Th17. 

J Exp Med 2007;204:1849-61. 

Anonymous. Wilhelm Fabry (1560–1624): the other fabricius. JAMA 

1964;190:933. 

Antebi YE, Reich-Zeliger S, Hart Y, Mayo A, Eizenberg I, Rimer J, Putheti P, 



 

 
319 

Pe'er D, Friedman N. Mapping differentiation under mixed culture conditions 

reveals a tunable continuum of T cell fates. PLoS Biol 2013;11:e1001616. 

Arampatzidou M, Schütte A, Hansson GC, Saftig P, Brix K. Effects of cathepsin K 

deficiency on intercellular junction proteins, luminal mucus layers, and 

extracellular matrix constituents in the mouse colon. Biol Chem 

2012;393:1391-403. 

Ardizzone S, Maconi G, Russo A, Imbesi V, Colombo E, Bianchi Porro G. 

Randomised controlled trial of azathioprine and 5-aminosalicylic acid for 

treatment of steroid dependent ulcerative colitis. Gut 2006;55:47-53. 

Ardizzone S, Cassinotti A, Duca P, Mazzali C, Penati C, Manes G, Marmo R, 

Massari A, Molteni P, Maconi G, Porro GB. Mucosal healing predicts late 

outcomes after the first course of corticosteroids for newly diagnosed 

ulcerative colitis. Clin Gastroenterol Hepatol 2011;9:483-9. 

Arihiro S, Ohtani H, Hiwatashi N, Torii A, Sorsa T, Nagura H. Vascular smooth 

muscle cells and pericytes express MMP-1, MMP-9, TIMP-1 and type I 

procollagen in inflammatory bowel disease. Histopathology 2001;39:50-9. 

Arijs I, Li K, Toedter G, Quintens R, Van Lommel L, Van Steen K, Leemans P, 

De Hertogh G, Lemaire K, Ferrante M, Schnitzler F, Thorrez L, Ma K, Song 

XY, Marano C, Van Assche G, Vermeire S, Geboes K, Schuit F, Baribaud F, 

Rutgeerts P. Mucosal gene signatures to predict response to infliximab in 

patients with ulcerative colitis. Gut 2009;58:1612-9. 

Arribas J, Esselens C. ADAM17 as a therapeutic target in multiple diseases. Curr 

Pharm Des 2009;15:2319-35. 

Artis D, Wang ML, Keilbaugh SA, He W, Brenes M, Swain GP, Knight PA, 

Donaldson DD, Lazar MA, Miller HR, Schad GA, Scott P, Wu GD. 

RELMbeta/FIZZ2 is a goblet cell-specific immune-effector molecule in the 

gastrointestinal tract. Proc Natl Acad Sci U S A 2004;101:13596-600. 

Artis D. Epithelial-cell recognition of commensal bacteria and maintenance of  

immune homeostasis in the gut. Nat Rev Immunol 2008;8:411-20. 

Atarashi K, Tanoue T, Shima T, Imaoka A, Kuwahara T, Momose Y, Cheng G, 

Yamasaki S, Saito T, Ohba Y, Taniguchi T, Takeda K, Hori S, Ivanov II, 



 

 
320 

Umesaki Y, Itoh K, Honda K. Induction of colonic regulatory T cells by 

indigenous Clostridium species. Science 2011;331:337-41. 

Atarashi K, Tanoue T, Oshima K, Suda W, Nagano Y, Nishikawa H, Fukuda S, 

Saito T, Narushima S, Hase K, Kim S, Fritz JV, Wilmes P, Ueha S, 

Matsushima K, Ohno H, Olle B, Sakaguchi S, Taniguchi T, Morita H, Hattori 

M, Honda K. Treg induction by a rationally selected mixture of Clostridia 

strains from the human microbiota. Nature 2013;500:232-6. 

Atkinson JJ, Toennies HM, Holmbeck K, Senior RM. Membrane type 1 matrix 

metalloproteinase is necessary for distal airway epithelial repair and 

keratinocyte growth factor receptor expression after acute injury. Am J 

Physiol Lung Cell Mol Physiol 2007;293:L600-10. 

Atreya R, Zimmer M, Bartsch B, Waldner MJ, Atreya I, Neumann H, Hildner K, 

Hoffman A, Kiesslich R, Rink AD, Rau TT, Rose-John S, Kessler H, 

Schmidt J, Neurath MF. Antibodies against tumor necrosis factor (TNF) 

induce T-cell apoptosis in patients with inflammatory bowel diseases via 

TNF receptor 2 and intestinal CD14⁺ macrophages. Gastroenterology 

2011;141:2026-38. 

Atreya R, Neumann H, Neufert C, Waldner MJ, Billmeier U, Zopf Y, Willma M, 

App C, Münster T, Kessler H, Maas S, Gebhardt B, Heimke-Brinck R, 

Reuter E, Dörje F, Rau TT, Uter W, Wang TD, Kiesslich R, Vieth M, 

Hannappel E, Neurath MF. In vivo imaging using fluorescent antibodies to 

tumor necrosis factor predicts therapeutic response in Crohn's disease. Nat 

Med 2014;20:313-8. 

Auer K, Trachter R, Van den Bogaerde J, Bassaganya-Riera J, Sorrentino D. 

Translational research and efficacy of biologics in Crohn's disease: a 

cautionary tale. Expert Rev Clin Immunol 2014;10:219-29. 

Aujla SJ, Chan YR, Zheng M, Fei M, Askew DJ, Pociask DA, Reinhart TA, 

McAllister F, Edeal J, Gaus K, Husain S, Kreindler JL, Dubin PJ, Pilewski 

JM, Myerburg MM, Mason CA, Iwakura Y, Kolls JK. IL-22 mediates mucosal 

host defense against Gram-negative bacterial pneumonia. Nat Med 

2008;14:275-81. 



 

 
321 

Awane M, Andres PG, Li DJ, Reinecker HC. NF-kappa B-inducing kinase is a 

common mediator of IL-17-, TNF-alpha-, and IL-1 beta-induced chemokine 

promoter activation in intestinal epithelial cells. J Immunol 1999;162:5337-

44. 

Baars JE, Looman CW, Steyerberg EW, Beukers R, Tan AC, Weusten BL, 

Kuipers EJ, van der Woude CJ. The risk of inflammatory bowel disease-

related colorectal carcinoma is limited: results from a nationwide nested 

case-control study. Am J Gastroenterol 2011;106:319-28. 

Babbin BA, Sasaki M, Gerner-Schmidt KW, Nusrat A, Klapproth JM. The 

bacterial virulence factor lymphostatin compromises intestinal epithelial 

barrier function by modulating rho GTPases. Am J Pathol 2009;174:1347-

57. 

Babyatsky MW, Rossiter G, Podolsky DK. Expression of transforming growth 

factors alpha and beta in colonic mucosa in inflammatory bowel disease. 

Gastroenterology 1996;110:975-84. 

Bailey JR, Bland PW, Tarlton JF, Peters I, Moorghen M, Sylvester PA, Probert 

CS, Whiting CV. IL-13 promotes collagen accumulation in Crohn's disease 

fibrosis by down-regulation of fibroblast MMP synthesis: a role for innate 

lymphoid cells? PLoS One 2012;7:e52332. 

Bamba S, Andoh A, Yasui H, Araki Y, Bamba T, Fujiyama Y. Matrix 

metalloproteinase-3 secretion from human colonic subepithelial 

myofibroblasts: role of interleukin-17. J Gastroenterol 2003;38:548-54. 

Bamias G, Pizarro TT, Cominelli F. Pathway-based approaches to the treatment 

of inflammatory bowel disease. Transl Res 2016;167:104-15. 

Bandsma RH, van Goor H, Yourshaw M, Horlings RK, Jonkman MF, Schölvinck 

EH, Karrenbeld A, Scheenstra R, Kömhoff M, Rump P, Koopman-Keemink 

Y, Nelson SF, Escher JC, Cutz E, Martín MG. Loss of ADAM17 is 

associated with severe multiorgan dysfunction. Hum Pathol 2015;46:923-8. 

Barderas R, Bartolomé RA, Fernandez-Aceñero MJ, Torres S, Casal JI. High 

expression of IL-13 receptor α2 in colorectal cancer is associated with 

invasion, liver metastasis, and poor prognosis. Cancer Res 2012;72:2780-



 

 
322 

90. 

Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, Cozijnsen M, 

Haegebarth A, Korving J, Begthel H, Peters PJ, Clevers H. Identification of 

stem cells in small intestine and colon by marker gene Lgr5. Nature 

2007;449:1003-7. 

Barmeyer C, Schulzke JD, Fromm M. Claudin-related intestinal diseases. Semin 

Cell Dev Biol 2015;42:30-8. 

Barnes MJ, Powrie F. Regulatory T cells reinforce intestinal homeostasis. 

Immunity 2009;31:401-11. 

Baron JH, Connell AM, Lennard-Jones JE. Variation between observers in 

describing mucosal appearances in proctocolitis. BMJ 1964;1:89-92. 

Barreiro-de Acosta M, Vallejo N, de la Iglesia D, Uribarri L, Bastón I, Ferreiro-

Iglesias R, Lorenzo A, Domínguez-Muñoz JE. Evaluation of the Risk of 

Relapse in Ulcerative Colitis According to the Degree of Mucosal Healing 

(Mayo 0 vs 1): A Longitudinal Cohort Study. J Crohns Colitis 2016;10:13-9. 

Batlle E, Henderson JT, Beghtel H, van den Born MM, Sancho E, Huls G, 

Meeldijk J, Robertson J, van de Wetering M, Pawson T, Clevers H. Beta-

catenin and TCF mediate cell positioning in the intestinal epithelium by 

controlling the expression of EphB/ephrinB. Cell 2002;111:251-63. 

Baugh MD, Perry MJ, Hollander AP, Davies DR, Cross SS, Lobo AJ, Taylor CJ, 

Evans GS. Matrix metalloproteinase levels are elevated in inflammatory 

bowel disease. Gastroenterology 1999;117:814-22. 

Baumgart DC, Metzke D, Schmitz J, Scheffold A, Sturm A, Wiedenmann B, 

Dignass AU. Patients with active inflammatory bowel disease lack immature 

peripheral blood plasmacytoid and myeloid dendritic cells. Gut 2005;54:228-

36. 

Baumgart DC, Carding SR. Inflammatory bowel disease: cause and 

immunobiology. Lancet 2007a;369:1627-40. 

Baumgart DC, Sandborn WJ. Inflammatory bowel disease: clinical aspects and 

established and evolving therapies. Lancet 2007b;369:1641-57. 

Baumgart DC, Sandborn WJ. Crohn's disease. Lancet 2012;380:1590-605. 



 

 
323 

Beaugerie L, Sokol H. Clinical, serological and genetic predictors of inflammatory 

bowel disease course. World J Gastroenterol 2012;18:3806-13. 

Bech-Serra JJ, Santiago-Josefat B, Esselens C, Saftig P, Baselga J, Arribas J, 

Canals F. Proteomic identification of desmoglein 2 and activated leukocyte 

cell adhesion molecule as substrates of ADAM17 and ADAM10 by 

difference gel electrophoresis. Mol Cell Biol 2006;26:5086-95. 

Becker C, Watson AJ, Neurath MF. Complex roles of caspases in the 

pathogenesis of inflammatory bowel disease. Gastroenterology 

2013;144:283-93. 

Bell JH, Herrera AH, Li Y, Walcheck B. Role of ADAM17 in the ectodomain 

shedding of TNF-alpha and its receptors by neutrophils and macrophages. 

J Leukoc Biol 2007;82:173-6. 

Ben-Horin S, Kopylov U, Chowers Y. Optimizing anti-TNF treatments in 

inflammatory bowel disease. Autoimmun Rev 2014;13:24-30. 

Benveniste J, Lespinats G, Adam C, Salomon JC. Immunoglobulins in intact, 

immunized, and contaminated axenic mice: study of serum IgA. J Immunol 

1971;107:1647-55. 

Bergeron V, Grondin V, Rajca S, Maubert MA, Pigneur B, Thomas G, Trugnan G, 

Beaugerie L, Cosnes J, Masliah J, Sokol H, Seksik P, Bachelet M. Current 

smoking differentially affects blood mononuclear cells from patients with 

Crohn's disease and ulcerative colitis: relevance to its adverse role in the 

disease. Inflamm Bowel Dis 2012;18:1101-11. 

Bermudez-Brito M, Muñoz-Quezada S, Gomez-Llorente C, Matencio E, Bernal 

MJ, Romero F, Gil A. Human intestinal dendritic cells decrease cytokine 

release against Salmonella infection in the presence of Lactobacillus 

paracasei upon TLR  activation. PLoS One 2012;7:e43197. 

Bermudez-Brito M, Muñoz-Quezada S, Gomez-Llorente C, Matencio E, Bernal 

MJ, Romero F, Gil A. Cell-free culture supernatant of Bifidobacterium breve 

CNCM I-4035 decreases pro-inflammatory cytokines in human dendritic 

cells challenged with Salmonella typhi through TLR activation. PLoS One 

2013;8:e59370. 



 

 
324 

Bernardo D, Vallejo-Díez S, Mann ER, Al-Hassi HO, Martínez-Abad B, 

Montalvillo E, Tee CT, Murugananthan AU, Núñez H, Peake ST, Hart AL, 

Fernández-Salazar L, Garrote JA, Arranz E, Knight SC. IL-6 promotes 

immune responses in human ulcerative colitis and induces a skin-homing 

phenotype in the dendritic cells and Tcells they stimulate. Eur J Immunol 

2012;42:1337-53. 

Berrebi D, Maudinas R, Hugot JP, Chamaillard M, Chareyre F, De Lagausie P, 

Yang C, Desreumaux P, Giovannini M, Cézard JP, Zouali H, Emilie D, 

Peuchmaur M. Card15 gene overexpression in mononuclear and epithelial 

cells of the inflamed Crohn's disease colon. Gut 2003;52:840-6. 

Best WR, Becktel JM, Singleton JW, Kern F Jr. Development of a Crohn's 

disease activity index. National Cooperativehi Crohn's Disease Study. 

Gastroenterology 1976;70:439-44. 

Bevins CL, Salzman NH. Paneth cells, antimicrobial peptides and maintenance 

of intestinal homeostasis. Nat Rev Microbiol 2011;9:356-68. 

Biancheri P, Di Sabatino A, Corazza GR, MacDonald TT. Proteases and the gut 

barrier. Cell Tissue Res 2013;351:269-80. 

Biancheri P, Giuffrida P, Docena GH, MacDonald TT, Corazza GR, Di Sabatino 

A. The role of transforming growth factor (TGF)-β in modulating the immune 

response and fibrogenesis in the gut. Cytokine Growth Factor Rev 

2014;25:45-55. 

Biedermann L, Brülisauer K, Zeitz J, Frei P, Scharl M, Vavricka SR, Fried M, 

Loessner MJ, Rogler G, Schuppler M. Smoking cessation alters intestinal 

microbiota: insights from quantitative investigations on human fecal 

samples using FISH. Inflamm Bowel Dis 2014;20:1496-501. 

Birchenough GM, Johansson ME, Gustafsson JK, Bergström JH, Hansson GC. 

New developments in goblet cell mucus secretion and function. Mucosal 

Immunol 2015;8:712-9. 

Blanchard C, Stucke EM, Rodriguez-Jimenez B, Burwinkel K, Collins MH, Ahrens 

A, Alexander ES, Butz BK, Jameson SC, Kaul A, Franciosi JP, Kushner JP, 

Putnam PE, Abonia JP, Rothenberg ME. A striking local esophageal 



 

 
325 

cytokine expression profile in eosinophilic esophagitis. J Allergy Clin 

Immunol 2011;127:208-17. 

Blaschitz C, Raffatellu M. Th17 cytokines and the gut mucosal barrier. J Clin  

Immunol 2010;30:196-203. 

Boal Carvalho P, Dias de Castro F, Rosa B, Moreira MJ, Cotter J. Mucosal 

healing in ulcerative colitis - when zero is better. J Crohns Colitis 

2016;10:20-5. 

Boehm U, Klamp T, Groot M, Howard JC. Cellular responses to interferon-

gamma. Annu Rev Immunol 1997;15:749-95. 

Boirivant M, Pallone F, Di Giacinto C, Fina D, Monteleone I, Marinaro M, Caruso 

R, Colantoni A, Palmieri G, Sanchez M, Strober W, MacDonald TT, 

Monteleone G. Inhibition of Smad7 with a specific antisense oligonucleotide 

facilitates TGF-beta1-mediated suppression of colitis. Gastroenterology 

2006;131:1786-98. 

Bonner A, Almogren A, Furtado PB, Kerr MA, Perkins SJ. The nonplanar 

secretory IgA2 and near planar secretory IgA1 solution structures 

rationalize their different mucosal immune responses. J Biol Chem 

2009;284:5077-87. 

Bouguen G, Levesque BG, Pola S, Evans E, Sandborn WJ. Feasibility of 

endoscopic assessment and treating to target to achieve mucosal healing in 

ulcerative colitis. Inflamm Bowel Dis 2014;20:231-9. 

Bouguen G, Levesque BG, Feagan BG, Kavanaugh A, Peyrin-Biroulet L, 

Colombel JF, Hanauer SB, Sandborn WJ. Treat to target: a proposed new 

paradigm for the management of Crohn's disease. Clin Gastroenterol 

Hepatol 2015;13:1042-50. 

Bouskra D, Brézillon C, Bérard M, Werts C, Varona R, Boneca IG, Eberl G. 

Lymphoid tissue genesis induced by commensals through NOD1 regulates 

intestinal homeostasis. Nature 2008;456:507-10. 

Boutet P, Agüera-González S, Atkinson S, Pennington CJ, Edwards DR, Murphy 

G, Reyburn HT, Valés-Gómez M. Cutting edge: the metalloproteinase 

ADAM17/TNF-alpha-converting enzyme regulates proteolytic shedding of 



 

 
326 

the MHC class I-related chain B protein. J Immunol 2009;182:49-53. 

Bowcutt R, Forman R, Glymenaki M, Carding SR, Else KJ, Cruickshank SM. 

Heterogeneity across the murine small and large intestine. World J 

Gastroenterol 2014;20:15216-32. 

Boyko EJ, Perera DR, Koepsell TD, Keane EM, Inui TS. Effects of cigarette 

smoking on the clinical course of ulcerative colitis. Scand J Gastroenterol 

1988;23:1147-52. 

Braegger CP, Nicholls S, Murch SH, Stephens S, MacDonald TT. Tumour 

necrosis factor alpha in stool as a marker of intestinal inflammation. Lancet. 

1992;339:89-91. 

Brandl K, Plitas G, Mihu CN, Ubeda C, Jia T, Fleisher M, Schnabl B, DeMatteo 

RP, Pamer EG. Vancomycin-resistant enterococci exploit antibiotic-induced 

innate immune deficits. Nature 2008;455:804-7. 

Brandl K, Sun L, Neppl C, Siggs OM, Le Gall SM, Tomisato W, Li X, Du X, 

Maennel DN, Blobel CP, Beutler B. MyD88 signaling in nonhematopoietic 

cells protects mice against induced colitis by regulating specific EGF 

receptor ligands. Proc Natl Acad Sci U S A 2010;107:19967-72. 

Brandl K, Tomisato W, Beutler B. Inflammatory bowel disease and ADAM17 

deletion. N Engl J Med 2012;366:190. 

Brandse JF, van den Brink GR, Wildenberg ME, van der Kleij D, Rispens T, 

Jansen JM, Mathôt RA, Ponsioen CY, Löwenberg M, D'Haens GR. Loss of 

Infliximab Into Feces Is Associated With Lack of Response to Therapy in 

Patients With Severe Ulcerative Colitis. Gastroenterology 2015;149:350-5. 

Brandt EB, Sivaprasad U. Th2 Cytokines and Atopic Dermatitis. J Clin Cell 

Immunol 2011;2:110. 

Brandtzaeg P. Presence of J chain in human immunocytes containing various 

immunoglobulin classes. Nature 1974;252:418-20. 

Brandtzaeg P, Pabst R. Let's go mucosal: communication on slippery ground. 

Trends Immunol 2004;25:570-7. 

Brandtzaeg P, Carlsen HS, Halstensen TS. The B-cell system in inflammatory 

bowel disease. Adv Exp Med Biol 2006;579:149-67. 



 

 
327 

Brandtzaeg P, Kiyono H, Pabst R, Russell MW. Terminology: nomenclature of 

mucosa-associated lymphoid tissue. Mucosal Immunol 2008;1:31-7. 

Brandtzaeg P. Function of mucosa-associated lymphoid tissue in antibody 

formation. Immunol Invest 2010;39:303-55. 

Brandtzaeg P. The gut as communicator between environment and host: 

immunological consequences. Eur J Pharmacol 2011;668(Suppl.1):S16-32. 

Brandtzaeg P, Pabst R. Overview of the mucosal immune system structure. In: 

Smith PD, MacDonald TT, Blumberg RS (eds). Principles of mucosal 

immunology. Garland Science, New York 2013;1-18. 

Brannon JR, Thomassin JL, Gruenheid S, Le Moual H. Antimicrobial Peptide 

Conformation as a Structural Determinant of Omptin Protease Specificity. J 

Bacteriol 2015;197:3583-91. 

Breese E, Braegger CP, Corrigan CJ, Walker-Smith JA, MacDonald TT. 

Intereukin-2- and interferon-gamma-secreting T cells in normal and 

diseased human intestinal mucosa. Immunology 1993;78:127-31. 

Brezski RJ, Luongo JL, Petrone D, Ryan MH, Zhong D, Tam SH, Schmidt AP, 

Kruszynski M, Whitaker BP, Knight DM, Jordan RE. Human anti-IgG1 hinge 

autoantibodies reconstitute the effector functions of proteolytically 

inactivated IgGs. J Immunol 2008;181:3183-92. 

Brezski RJ, Vafa O, Petrone D, Tam SH, Powers G, Ryan MH, Luongo JL, 

Oberholtzer A, Knight DM, Jordan RE. Tumor-associated and microbial 

proteases compromise host IgG effector functions by a single cleavage 

proximal to the hinge. Proc Natl Acad Sci U S A 2009;106:17864-9. 

Brezski RJ, Jordan RE. Cleavage of IgGs by proteases associated with invasive 

diseases: an evasion tactic against host immunity? MAbs 2010;2:212-20. 

Brezski RJ, Oberholtzer A, Strake B, Jordan RE. The in vitro resistance of IgG2 

to proteolytic attack concurs with a comparative paucity of autoantibodies 

against peptide analogs of the IgG2 hinge. MAbs 2011;3:558-67. 

Brooke MA, Etheridge SL, Kaplan N, Simpson C, O'Toole EA, Ishida-Yamamoto 

A, Marches O, Getsios S, Kelsell DP. iRHOM2-dependent regulation of 

ADAM17 in cutaneous disease and epidermal barrier function. Hum Mol 



 

 
328 

Genet 2014;23:4064-76. 

Brucklacher-Waldert V, Carr EJ, Linterman MA, Veldhoen M. Cellular Plasticity of 

CD4+ T Cells in the Intestine. Front Immunol 2014;5:488. 

Brynskov J, Foegh P, Pedersen G, Ellervik C, Kirkegaard T, Bingham A, 

Saermark T. Tumour necrosis factor alpha converting enzyme (TACE) 

activity in the colonic mucosa of patients with inflammatory bowel disease. 

Gut 2002;51:37-43. 

Buhner S, Buning C, Genschel J, Kling K, Herrmann D, Dignass A, Kuechler I, 

Krueger S, Schmidt HH, Lochs H. Genetic basis for increased intestinal 

permeability in families with Crohn's disease: role of CARD15 3020insC 

mutation? Gut 2006;55:342-7. 

Burke JP, Mulsow JJ, O’Keane C, Docherty NG, Watson RW, O’Connell PR. 

Fibrogenesis in Crohn’s disease. Am J Gastroenterol 2007;102:439-48. 

Buzza MS, Netzel-Arnett S, Shea-Donohue T, Zhao A, Lin CY, List K, Szabo R, 

Fasano A, Bugge TH, Antalis TM. Membrane-anchored serine protease 

matriptase regulates epithelial barrier formation and permeability in the 

intestine. Proc Natl Acad Sci U S A 2010;107:4200-5. 

Buzza MS, Martin EW, Driesbaugh KH, Désilets A, Leduc R, Antalis TM. 

Prostasin is required for matriptase activation in intestinal epithelial cells to 

regulate closure of the paracellular pathway. J Biol Chem 2013;288:10328-

37. 

Cabal-Hierro L, Rodríguez M, Artime N, Iglesias J, Ugarte L, Prado MA, Lazo PS. 

TRAF-mediated modulation of NF-kB AND JNK activation by TNFR2. Cell 

Signal 2014;26:2658-66. 

Cader MZ, Kaser A. Recent advances in inflammatory bowel disease: mucosal 

immune cells in intestinal inflammation. Gut 2013;62:1653-64. 

Cadwell K, Liu JY, Brown SL, Miyoshi H, Loh J, Lennerz JK, Kishi C, Kc W, 

Carrero JA, Hunt S, Stone CD, Brunt EM, Xavier RJ, Sleckman BP, Li E, 

Mizushima N, Stappenbeck TS, Virgin HW 4th. A key role for autophagy 

and the autophagy gene Atg16l1 in mouse and human intestinal Paneth 

cells. Nature 2008;456:259-63. 



 

 
329 

Cadwell K, Patel KK, Maloney NS, Liu TC, Ng AC, Storer CE, Head RD, Xavier R, 

Stappenbeck TS, Virgin HW. Virus-plus-susceptibility gene interaction 

determines Crohn's disease gene Atg16L1 phenotypes in intestine. Cell. 

2010;141:1135-45. 

Cai F, Hornauer H, Peng K, Schofield CA, Scheerens H, Morimoto AM. 

Bioanalytical challenges and improved detection of circulating levels of IL-

13. Bioanalysis 2016;8:323-32. 

Cairns SR, Scholefield JH, Steele RJ, Dunlop MG, Thomas HJ, Evans GD, 

Eaden JA, Rutter MD, Atkin WP, Saunders BP, Lucassen A, Jenkins P, 

Fairclough PD, Woodhouse CR; British Society of Gastroenterology; 

Association of Coloproctology for Great Britain and Ireland. Guidelines for 

colorectal cancer screening and surveillance in moderate and high risk 

groups (update from 2002). Gut 2010;59:666-89. 

Calabrese E, Yanai H, Shuster D, Rubin DT, Hanauer SB. Low-dose smoking 

resumption in ex-smokers with refractory ulcerative colitis. J Crohns Colitis 

2012;6:756-62. 

Camelo A, Barlow JL, Drynan LF, Neill DR, Ballantyne SJ, Wong SH, Pannell R, 

Gao W, Wrigley K, Sprenkle J, McKenzie AN. Blocking IL-25 signalling 

protects against gut inflammation in a type-2 model of colitis by suppressing 

nuocyte and NKT derived IL-13. J Gastroenterol 2012;47:1198-211. 

Campbell P, Morton PE, Takeichi T, Salam A, Roberts N, Proudfoot LE, Mellerio 

JE, Aminu K, Wellington C, Patil SN, Akiyama M, Liu L, McMillan JR, 

Aristodemou S, Ishida-Yamamoto A, Abdul-Wahab A, Petrof G, Fong K, 

Harnchoowong S, Stone KL, Harper JI, McLean WH, Simpson MA, Parsons 

M, McGrath JA. Epithelial inflammation resulting from an inherited loss-of-

function mutation in EGFR. J Invest Dermatol 2014;134:2570-8. 

Cao AT, Yao S, Gong B, Nurieva RI, Elson CO, Cong Y. Interleukin (IL)-21 

promotes intestinal IgA response to microbiota. Mucosal Immunol 

2015;8:1072-82. 

Carbo A, Hontecillas R, Kronsteiner B, Viladomiu M, Pedragosa M, Lu P, 

Philipson CW, Hoops S, Marathe M, Eubank S, Bisset K, Wendelsdorf K, 



 

 
330 

Jarrah A, Mei Y, Bassaganya-Riera J. Systems modeling of molecular 

mechanisms controlling cytokine-driven CD4+ T cell differentiation and 

phenotype plasticity. PLoS Comput Biol 2013;9:e1003027. 

Carding S, Verbeke K, Vipond DT, Corfe BM, Owen LJ. Dysbiosis of the gut 

microbiota in disease. Microb Ecol Health Dis 2015;26:26191. 

Cario E, Podolsky DK. Differential alteration in intestinal epithelial cell expression 

of toll-like receptor 3 (TLR3) and TLR4 in inflammatory bowel disease. 

Infect Immun 2000;6:7010-7. 

Cario E. Toll-like receptors in inflammatory bowel diseases: a decade later. 

Inflamm Bowel Dis 2010;16:1583-97. 

Caruso R, Sarra M, Stolfi C, Rizzo A, Fina D, Fantini MC, Pallone F, MacDonald 

TT, Monteleone G. Interleukin-25 inhibits interleukin-12 production and Th1 

cell-driven inflammation in the gut. Gastroenterology 2009;136:2270-9. 

Cassani B, Villablanca EJ, Quintana FJ, Love PE, Lacy-Hulbert A, Blaner WS, 

Sparwasser T, Snapper SB, Weiner HL, Mora JR. Gut-tropic T cells that 

express integrin α4β7 and CCR9 are required for induction of oral immune 

tolerance in mice. Gastroenterology 2011;141:2109-18. 

Castaneda FE, Walia B, Vijay-Kumar M, Patel NR, Roser S, Kolachala VL, Rojas 

M, Wang L, Oprea G, Garg P, Gewirtz AT, Roman J, Merlin D, Sitaraman 

SV. Targeted deletion of metalloproteinase 9 attenuates experimental colitis 

in mice: central role of epithelial-derived MMP. Gastroenterology 

2005;129:1991-2008. 

Cazac BB, Roes J. TGF-beta receptor controls B cell responsiveness and 

induction of IgA in vivo. Immunity 2000;13:443-51. 

Cebula A, Seweryn M, Rempala GA, Pabla SS, McIndoe RA, Denning TL, Bry L, 

Kraj P, Kisielow P, Ignatowicz L. Thymus-derived regulatory T cells 

contribute to tolerance to commensal microbiota. Nature 2013;497:258-62.. 

Cerutti A, Rescigno M. The biology of intestinal immunoglobulin A responses. 

Immunity 2008;28:740-50. 

Cesaro A, Abakar-Mahamat A, Brest P, Lassalle S, Selva E, Filippi J, Hébuterne 

X, Hugot JP, Doglio A, Galland F, Naquet P, Vouret-Craviari V, Mograbi B, 



 

 
331 

Hofman PM. Differential expression and regulation of ADAM17 and TIMP3 

in acute inflamed intestinal epithelia. Am J Physiol Gastrointest Liver 

Physiol 2009;296:G1332-43. 

Chalaris A, Adam N, Sina C, Rosenstiel P, Lehmann-Koch J, Schirmacher P, 

Hartmann D, Cichy J, Gavrilova O, Schreiber S, Jostock T, Matthews V, 

Häsler R, Becker C, Neurath MF, Reiss K, Saftig P, Scheller J, Rose-John 

S. Critical role of the disintegrin metalloprotease ADAM17 for intestinal 

inflammation and regeneration in mice. J Exp Med 2010;207:1617-24. 

Chalmin F, Mignot G, Bruchard M, Chevriaux A, Végran F, Hichami A, Ladoire S, 

Derangère V, Vincent J, Masson D, Robson SC, Eberl G, Pallandre JR, 

Borg C, Ryffel B, Apetoh L, Rébé C, Ghiringhelli F. Stat3 and Gfi-1 

transcription factors control Th17 cell immunosuppressive activity via the 

regulation of ectonucleotidase expression. Immunity 2012;36:362-73. 

Chamouard P, Monneaux F, Richert Z, Voegeli AC, Lavaux T, Gaub MP, 

Baumann R, Oudet P, Muller S. Diminution of Circulating CD4+CD25 high T 

cells in naïve Crohn's disease. Dig Dis Sci 2009;54:2084-93. 

Chan SS, Luben R, Olsen A, Tjonneland A, Kaaks R, Teucher B, Lindgren S, 

Grip O, Key T, Crowe FL, Bergmann MM, Boeing H, Hallmans G, Karling P, 

Overvad K, Palli D, Masala G, Kennedy H, vanSchaik F, Bueno-de-

Mesquita B, Oldenburg B, Khaw KT, Riboli E, Hart AR. Body mass index 

and the risk for Crohn's disease and ulcerative colitis: data from a European 

Prospective Cohort Study (The IBD in EPIC Study). Am J Gastroenterol 

2013;108:575-82. 

Chan SS, Luben R, Olsen A, Tjonneland A, Kaaks R, Lindgren S, Grip O, 

Bergmann MM, Boeing H, Hallmans G, Karling P, Overvad K, Venø SK, van 

Schaik F, Bueno-de-Mesquita B, Oldenburg B, Khaw KT, Riboli E, Hart AR. 

Association between high dietary intake of the n-3 polyunsaturated fatty 

acid docosahexaenoic acid and reduced risk of Crohn's disease. Aliment 

Pharmacol Ther 2014;39:834-42. 

Chang JT, Sandborn WJ, Ernst PB. Studies in human intestinal tissues: is it time 

to reemphasize research in human immunology? Gastroenterology 



 

 
332 

2014;147:26-30. 

Chatu S, Subramanian V, Saxena S, Pollok RC. The role of thiopurines in 

reducing the need for surgical resection in Crohn's disease: a systematic 

review and meta-analysis. Am J Gastroenterol 2014;109:23-34. 

Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, McGrady G, Wahl SM. 

Conversion of peripheral CD4+CD25- naive T cells to CD4+CD25+ 

regulatory T cells by TGF-beta induction of transcription factor Foxp3. J Exp 

Med 2003;198:1875-86. 

Chen W, Sivaprasad U, Tabata Y, Gibson AM, Stier MT, Finkelman FD, Hershey 

GK. IL-13R alpha 2 membrane and soluble isoforms differ in humans and 

mice. J Immunol 2009;183:7870-6. 

Chen Y, Chou K, Fuchs E, Havran WL, Boismenu R. Protection of the intestinal 

mucosa by intraepithelial gamma delta T cells. Proc Natl Acad Sci U S A 

2002;99:14338-43. 

Cheroutre H, Lefrancois L, van Wijk F. Intraepithelial lymphocytes: unusual T 

cells at epithelial surfaces. In: Smith PD, MacDonald TT, Blumberg RS 

(eds). Principles of mucosal immunology. Garland Science, New York 

2013;69-86. 

Chirdo FG, Millington OR, Beacock-Sharp H, Mowat AM. Immunomodulatory 

dendritic cells in intestinal lamina propria. Eur J Immunol 2005;35:1831-40. 

Chistiakov DA, Bobryshev YV, Kozarov E, Sobenin IA, Orekhov AN. Intestinal 

mucosal tolerance and impact of gut microbiota to mucosal tolerance. Front 

Microbiol 2015;5:781. 

Cho JH, Abraham C. Inflammatory bowel disease genetics: Nod2. Annu Rev 

Med 2007a;58:401-16. 

Cho JH, Weaver CT. The genetics of inflammatory bowel disease. 

Gastroenterology 2007;133:1327-39. 

Chouraki V, Savoye G, Dauchet L, Vernier-Massouille G, Dupas JL, Merle V, 

Laberenne JE, Salomez JL, Lerebours E, Turck D, Cortot A, Gower-

Rousseau C, Colombel JF. The changing pattern of Crohn's disease 

incidence in northern France: a continuing increase in the 10- to 19-year-old 



 

 
333 

age bracket (1988-2007). Aliment Pharmacol Ther 2011;33:1133-42. 

Chu H, Pazgier M, Jung G, Nuccio SP, Castillo PA, de Jong MF, Winter MG, 

Winter SE, Wehkamp J, Shen B, Salzman NH, Underwood MA, Tsolis RM, 

Young GM, Lu W, Lehrer RI, Bäumler AJ, Bevins CL. Human α-defensin 6 

promotes mucosal innate immunity through self-assembled peptide 

nanonets. Science 2012;337:477-81. 

Chung H, Pamp SJ, Hill JA, Surana NK, Edelman SM, Troy EB, Reading NC, 

Villablanca EJ, Wang S, Mora JR, Umesaki Y, Mathis D, Benoist C, Relman 

DA, Kasper DL. Gut immune maturation depends on colonization with a 

host-specific microbiota. Cell 2012;149:1578-93. 

Clayburgh DR, Barrett TA, Tang Y, Meddings JB, Van Eldik LJ, Watterson DM, 

Clarke LL, Mrsny RJ, Turner JR. Epithelial myosin light chain kinase-

dependent barrier dysfunction mediates T cell activation-induced diarrhea in 

vivo. J Clin Invest 2005;115:2702-15. 

Clynes RA, Towers TL, Presta LG, Ravetch JV. Inhibitory Fc receptors modulate 

in vivo cytotoxicity against tumor targets. Nat Med 2000;6:443-6. 

Colgan SP, Parkos CA, Delp C, Arnaout MA, Madara JL. Neutrophil migration 

across cultured intestinal epithelial monolayers is modulated by epithelial 

exposure to IFN-gamma in a highly polarized fashion. J Cell Biol 

1993;120:785-98. 

Collins JW, Keeney KM, Crepin VF, Rathinam VA, Fitzgerald KA, Finlay BB, 

Frankel G. Citrobacter rodentium: infection, inflammation and the microbiota. 

Nat Rev Microbiol 2014;12:612-23. 

Colombel JF, Sandborn WJ, Reinisch W, Mantzaris GJ, Kornbluth A, 

Rachmilewitz D, Lichtiger S, D'Haens G, Diamond RH, Broussard DL, Tang 

KL, van der Woude CJ, Rutgeerts P; SONIC Study Group. Infliximab, 

azathioprine, or combination therapy for Crohn's disease. N Engl J Med 

2010;362:1383-95. 

Colombel JF, Rutgeerts P, Reinisch W, Esser D, Wang Y, Lang Y, Marano CW, 

Strauss R, Oddens BJ, Feagan BG, Hanauer SB, Lichtenstein GR, Present 

D, Sands BE, Sandborn WJ. Early mucosal healing with infliximab is 



 

 
334 

associated with improved long-term clinical outcomes in ulcerative colitis. 

Gastroenterology 2011;141:1194-201. 

Colón AL, Menchén LA, Hurtado O, De Cristóbal J, Lizasoain I, Leza JC, 

Lorenzo P, Moro MA. Implication of TNF-alpha convertase 

(TACE/ADAM17) in inducible nitric oxide synthase expression and 

inflammation in an experimental model of colitis. Cytokine 2001;16:220-6. 

Cong Y, Feng T, Fujihashi K, Schoeb TR, Elson CO. A dominant, coordinated T 

regulatory cell-IgA response to the intestinal microbiota. Proc Natl Acad Sci 

USA 2009;106:19256-61. 

Coombes JL, Siddiqui KR, Arancibia-Cárcamo CV, Hall J, Sun CM, Belkaid Y, 

Powrie F. A functionally specialized population of mucosal CD103+ DCs 

induces Foxp3+ regulatory T cells via a TGF-beta and retinoic acid-

dependent mechanism. J Exp Med 2007;204:1757-64. 

Cooney R, Baker J, Brain O, Danis B, Pichulik T, Allan P, Ferguson DJ, 

Campbell BJ, Jewell D, Simmons A. NOD2 stimulation induces autophagy 

in dendritic cells influencing bacterial handling and antigen presentation. 

Nat Med 2010;16:90-7. 

Cording S, Fleissner D, Heimesaat MM, Bereswill S, Loddenkemper C, Uematsu 

S, Akira S, Hamann A, Huehn J. Commensal microbiota drive proliferation 

of conventional and Foxp3(+) regulatory CD4(+) T cells in mesenteric lymph 

nodes and Peyer's patches. Eur J Microbiol Immunol (Bp) 2013;3:1-10. 

Cornes JS. Number, size, and distribution of Peyer's patches in the human small 

intestine: Part I The development of Peyer's patches. Gut 1965;6:225-9. 

Corren J, Lemanske RF, Hanania NA, Korenblat PE, Parsey MV, Arron JR, 

Harris JM, Scheerens H, Wu LC, Su Z, Mosesova S, Eisner MD, Bohen SP, 

Matthews JG. Lebrikizumab treatment in adults with asthma. N Engl J Med. 

2011;365:1088-98. 

Corren J. Role of interleukin-13 in asthma. Curr Allergy Asthma Rep 

2013;13:415-20. 

Cosnes J. Tobacco and IBD: relevance in the understanding of disease 

mechanisms and clinical practice. Best Pract Res Clin Gastroenterol 



 

 
335 

2004;18:481-96. 

Cosnes J, Nion-Larmurier I, Afchain P, Beaugerie L, Gendre JP. Gender 

differences in the response of colitis to smoking. Clin Gastroenterol Hepatol 

2004;2:41-8. 

Cosnes J, Gower-Rousseau C, Seksik P, Cortot A. Epidemiology and natural 

history of inflammatory bowel diseases. Gastroenterology 2011;140:1785-

94. 

Courth LF, Ostaff MJ, Mailänder-Sánchez D, Malek NP, Stange EF, Wehkamp J. 

Crohn's disease-derived monocytes fail to induce Paneth cell defensins. 

Proc Natl Acad Sci U S A 2015;112:14000-5. 

Crohn BB, Ginzburg L, Oppenheimer GD. Landmark article Oct 15, 1932. 

Regional ileitis. A pathological and clinical entity. By Burril B. Crohn, Leon 

Ginzburg, and Gordon D. Oppenheimer. JAMA 1984;251:73-9. 

Cruickshank SM, McVay LD, Baumgart DC, Felsburg PJ, Carding SR. Colonic 

epithelial cell mediated suppression of CD4 T cell activation. Gut 

2004;53:678-84. 

Cruickshank SM, Wakenshaw L, Cardone J, Howdle PD, Murray PJ, Carding SR. 

Evidence for the involvement of NOD2 in regulating colonic epithelial cell 

growth and survival. World J Gastroenterol 2008;14:5834-41. 

Cupedo T, Crellin NK, Papazian N, Rombouts EJ, Weijer K, Grogan JL, Fibbe 

WE, Cornelissen JJ, Spits H. Human fetal lymphoid tissue-inducer cells are 

interleukin 17-producing precursors to RORC+ CD127+ natural killer-like 

cells. Nat Immunol 2009;10:66-74. 

Cupi ML, Sarra M, Marafini I, Monteleone I, Franzè E, Ortenzi A, Colantoni A, 

Sica G, Sileri P, Rosado MM, Carsetti R, MacDonald TT, Pallone F, 

Monteleone G. Plasma cells in the mucosa of patients with inflammatory 

bowel disease produce granzyme B and possess cytotoxic activities. J 

Immunol 2014;192:6083-91. 

Dalziel TK. Chronic interstitial enteritis. Br Med J 1913;2:1068-70. 

Dalton JE, Cruickshank SM, Egan CE, Mears R, Newton DJ, Andrew EM, 

Lawrence B, Howell G, Else KJ, Gubbels MJ, Striepen B, Smith JE, White 



 

 
336 

SJ, Carding SR. Intraepithelial gammadelta+ lymphocytes maintain the 

integrity of intestinal epithelial tight junctions in response to infection. 

Gastroenterology 2006;131:818-29. 

Danese S. New therapies for inflammatory bowel disease: from the bench to the 

bedside. Gut 2012;61:918-32. 

Danese S, Rudziński J, Brandt W, Dupas JL, Peyrin-Biroulet L, Bouhnik Y, 

Kleczkowski D, Uebel P, Lukas M, Knutsson M, Erlandsson F, Hansen MB, 

Keshav S. Tralokinumab for moderate-to-severe UC: a randomised, double-

blind, placebo-controlled, phase IIa study. Gut 2015;64:243-9. 

Daperno M, D'Haens G, Van Assche G, Baert F, Bulois P, Maunoury V, Sostegni 

R, Rocca R, Pera A, Gevers A, Mary JY, Colombel JF, Rutgeerts P. 

Development and validation of a new, simplified endoscopic activity score 

for Crohn's disease: the SES-CD. Gastrointest Endosc 2004;60:505-12. 

Dardalhon V, Awasthi A, Kwon H, Galileos G, Gao W, Sobel RA, Mitsdoerffer M, 

Strom TB, Elyaman W, Ho IC, Khoury S, Oukka M, Kuchroo VK. IL-4 

inhibits TGF-beta-induced Foxp3+ T cells and, together with TGF-beta, 

generates IL-9+ IL-10+ Foxp3(-) effector T cells. Nat Immunol 2008;9:1347-

55. 

Darfeuille-Michaud A, Boudeau J, Bulois P, Neut C, Glasser AL, Barnich N, 

Bringer MA, Swidsinski A, Beaugerie L, Colombel JF. High prevalence of 

adherent-invasive Escherichia coli associated with ileal mucosa in Crohn's 

disease. Gastroenterology 2004;127:412-21. 

Das LM, Torres-Castillo MD, Gill T, Levine AD. TGF-beta conditions intestinal T 

cells to express increased levels of miR-155, associated with down-

regulation of IL-2 and itk mRNA. Mucosal Immunol 2013;6:167-76. 

De Bie C, Ballet V, Hendriks N, Coenen S, Weyts E, Van Assche G, Vermeire S, 

Ferrante M. Smoking behaviour and knowledge of the health effects of 

smoking in patients with inflammatory bowel disease. Aliment Pharmacol 

Ther 2015;42:1294-302. 

De Cruz P, Kamm MA, Hamilton AL, Ritchie KJ, Krejany EO, Gorelik A, Liew D, 

Prideaux L, Lawrance IC, Andrews JM, Bampton PA, Gibson PR, Sparrow 



 

 
337 

M, Leong RW, Florin TH, Gearry RB, Radford-Smith G, Macrae FA, 

Debinski H, Selby W, Kronborg I, Johnston MJ, Woods R, Elliott PR, Bell SJ, 

Brown SJ, Connell WR, Desmond PV. Crohn's disease management after 

intestinal resection: a randomised trial. Lancet 2015;385:1406-17. 

De Vos M, Dewit O, D'Haens G, Baert F, Fontaine F, Vermeire S, Franchimont D, 

Moreels T, Staessen D, Terriere L, Vander Cruyssen B, Louis E; behalf of 

BIRD. Fast and sharp decrease in calprotectin predicts remission by 

infliximab in anti-TNF naïve patients with ulcerative colitis. J Crohns Colitis 

2012;6:557-62. 

Del Zotto B, Mumolo G, Pronio AM, Montesani C, Tersigni R, Boirivant M. TGF-

beta1 production in inflammatory bowel disease: differing production 

patterns in Crohn's disease and ulcerative colitis. Clin Exp Immunol 

2003;134:120-6. 

Delmar M, McKenna WJ. The cardiac desmosome and arrhythmogenic 

cardiomyopathies: from gene to disease. Circ Res 2010;107:700-14. 

Denning MF, Guy SG, Ellerbroek SM, Norvell SM, Kowalczyk AP, Green KJ. The 

expression of desmoglein isoforms in cultured human keratinocytes is 

regulated by calcium, serum, and protein kinase C. Exp Cell Res 

1998;239:50-9. 

Denning TL, Norris BA, Medina-Contreras O, Manicassamy S, Geem D, Madan 

R, Karp CL, Pulendran B. Functional specializations of intestinal dendritic 

cell and macrophage subsets that control Th17 and regulatory T cell 

responses are dependent on the T cell/APC ratio, source of mouse strain, 

and regional localization. J Immunol 2011;187:733-47. 

D'Haens G, Sandborn WJ, Feagan BG, Geboes K, Hanauer SB, Irvine EJ, 

Lémann M, Marteau P, Rutgeerts P, Schölmerich J, Sutherland LR. A 

review of activity indices and efficacy end points for clinical trials of medical 

therapy in adults with ulcerative colitis. Gastroenterology 2007;132:763-86. 

D'Haens G, Baert F, van Assche G, Caenepeel P, Vergauwe P, Tuynman H, De 

Vos M, van Deventer S, Stitt L, Donner A, Vermeire S, Van de Mierop FJ, 

Coche JC, van der Woude J, Ochsenkühn T, van Bodegraven AA, Van 



 

 
338 

Hootegem PP, Lambrecht GL, Mana F, Rutgeerts P, Feagan BG, Hommes 

D; Belgian Inflammatory Bowel Disease Research Group; North-Holland 

Gut Club. Early combined immunosuppression or conventional 

management in patients with newly diagnosed Crohn's disease: an open 

randomised trial. Lancet 2008;371:660-7. 

Di Girolamo N, Indoh I, Jackson N, Wakefield D, McNeil HP, Yan W, Geczy C, 

Arm JP, Tedla N. Human mast cell-derived gelatinase B (matrix 

metalloproteinase-9) is regulated by inflammatory cytokines: role in cell 

migration. J Immunol 2006;177:2638-50. 

Di Sabatino A, Pickard KM, Rampton D, Kruidenier L, Rovedatti L, Leakey NA, 

Corazza GR, Monteleone G, MacDonald TT. Blockade of transforming 

growth factor beta upregulates T-box transcription factor T-bet, and 

increases T helper cell type 1 cytokine and matrix metalloproteinase-3 

production in the human gut mucosa. Gut 2008;57:605-12. 

Di Sabatino A, Jackson CL, Pickard KM, Buckley M, Rovedatti L, Leakey NA, 

Picariello L, Cazzola P, Monteleone G, Tonelli F, Corazza GR, MacDonald 

TT, Pender SL. Transforming growth factor beta signalling and matrix 

metalloproteinases in the mucosa overlying Crohn’s disease strictures. Gut 

2009a;58:777-89. 

Di Sabatino A, Rovedatti L, Kaur R, Spencer JP, Brown JT, Morisset VD, 

Biancheri P, Leakey NA, Wilde JI, Scott L, Corazza GR, Lee K, Sengupta N, 

Knowles CH, Gunthorpe MJ, McLean PG, MacDonald TT, Kruidenier L. 

Targeting gut T cell Ca2+ release-activated Ca2+ channels inhibits T cell 

cytokine production and T-box transcription factor T-bet in inflammatory 

bowel disease. J Immunol 2009b;183:3454-62. 

Dignass A, Van Assche G, Lindsay JO, Lémann M, Söderholm J, Colombel JF, 

Danese S, D'Hoore A, Gassull M, Gomollón F, Hommes DW, Michetti P, 

O'Morain C, Oresland T, Windsor A, Stange EF, Travis SP; European 

Crohn's and Colitis Organisation (ECCO). The second European evidence-

based Consensus on the diagnosis and management of Crohn's disease: 

Current management. J Crohns Colitis 2010;4:28-62. 



 

 
339 

Dignass A, Eliakim R, Magro F, Maaser C, Chowers Y, Geboes K, Mantzaris G, 

Reinisch W, Colombel JF, Vermeire S, Travis S, Lindsay JO, Van Assche G. 

Second European evidence-based consensus on the diagnosis and 

management of ulcerative colitis part 1: definitions and diagnosis. J Crohns 

Colitis 2012a;6:965-90. 

Dignass A, Lindsay JO, Sturm A, Windsor A, Colombel JF, Allez M, D'Haens G, 

D'Hoore A, Mantzaris G, Novacek G, Oresland T, Reinisch W, Sans M, 

Stange E, Vermeire S, Travis S, Van Assche G. Second European 

evidence-based consensus on the diagnosis and management of ulcerative 

colitis part 2: current management. J Crohns Colitis 2012b;6:991-1030. 

Dionne S, Hiscott J, D'Agata I, Duhaime A, Seidman EG. Quantitative PCR 

analysis of TNF-alpha and IL-1 beta mRNA levels in pediatric IBD mucosal 

biopsies. Dig Dis Sci 1997;42:1557-66. 

Dotan I, Allez M, Nakazawa A, Brimnes J, Schulder-Katz M, Mayer L. Intestinal 

epithelial cells from inflammatory bowel disease patients preferentially 

stimulate CD4+ T cells to proliferate and secrete interferon-gamma. Am J 

Physiol Gastrointest Liver Physiol 2007;292:G1630-40. 

Douaiher J, Succar J, Lancerotto L, Gurish MF, Orgill DP, Hamilton MJ, Krilis SA, 

Stevens RL. Development of mast cells and importance of their tryptase 

and chymase serine proteases in inflammation and wound healing. Adv 

Immunol 2014;122:211-52. 

Dubois PC, Trynka G, Franke L, Hunt KA, Romanos J, Curtotti A, Zhernakova A, 

Heap GA, Adány R, Aromaa A, Bardella MT, van den Berg LH, Bockett NA, 

de la Concha EG, Dema B, Fehrmann RS, Fernández-Arquero M, Fiatal S, 

Grandone E, Green PM, Groen HJ, Gwilliam R, Houwen RH, Hunt SE, 

Kaukinen K, Kelleher D, Korponay-Szabo I, Kurppa K, MacMathuna P, Mäki 

M, Mazzilli MC, McCann OT, Mearin ML, Mein CA, Mirza MM, Mistry V, 

Mora B, Morley KI, Mulder CJ, Murray JA, Núñez C, Oosterom E, Ophoff 

RA, Polanco I, Peltonen L, Platteel M, Rybak A, Salomaa V, Schweizer JJ, 

Sperandeo MP, Tack GJ, Turner G, Veldink JH, Verbeek WH, Weersma RK, 

Wolters VM, Urcelay E, Cukrowska B, Greco L, Neuhausen SL, McManus 



 

 
340 

R, Barisani D, Deloukas P, Barrett JC, Saavalainen P, Wijmenga C, van 

Heel DA. Multiple common variants for celiac disease influencing immune 

gene expression. Nat Genet 2010;42:295-302. 

Duerr RH, Taylor KD, Brant SR, Rioux JD, Silverberg MS, Daly MJ, Steinhart AH, 

Abraham C, Regueiro M, Griffiths A, Dassopoulos T, Bitton A, Yang H, 

Targan S, Datta LW, Kistner EO, Schumm LP, Lee AT, Gregersen PK, 

Barmada MM, Rotter JI, Nicolae DL, Cho JH. A genome-wide association 

study identifies IL23R as an inflammatory bowel disease gene. Science 

2006;314:1461-3. 

Durham AL, Caramori G, Chung KF, Adcock IM. Targeted anti-inflammatory 

therapeutics in asthma and chronic obstructive lung disease. Transl Res 

2016;167:192-203. 

Eastaff-Leung N, Mabarrack N, Barbour A, Cummins A, Barry S. Foxp3+ 

regulatory T cells, Th17 effector cells, and cytokine environment in 

inflammatory bowel disease. J Clin Immunol 2010;30:80-9. 

Eberl G, Littman DR. The role of the nuclear hormone receptor RORgammat in 

the development of lymph nodes and Peyer's patches. Immunol Rev 

2003;195:81-90. 

Eberl G, Littman DR. Thymic origin of intestinal alphabeta T cells revealed by 

fate mapping of RORgammat+ cells. Science 2004;305:248-51. 

Eberl G, Lochner M. The development of intestinal lymphoid tissues at the 

interface of self and microbiota. Mucosal Immunol 2009;2:478-85. 

Edelblum KL, Singh G, Odenwald MA, Lingaraju A, El Bissati K, McLeod R, 

Sperling AI, Turner JR. γδ Intraepithelial Lymphocyte Migration Limits 

Transepithelial Pathogen Invasion and Systemic Disease in Mice. 

Gastroenterology 2015;148:1417-26. 

Edwards DR, Handsley MM, Pennington CJ. The ADAM metalloproteinases. Mol 

Aspects Med 2008;29:258-89. 

Elkington PT, Friedland JS. Matrix metalloproteinases in destructive pulmonary 

pathology. Thorax 2006;61:259-66. 

Elson CO, Mayer L. Mucosal tolerance. In: Smith PD, MacDonald TT, Blumberg 



 

 
341 

RS (eds). Principles of mucosal immunology. Garland Science, New York 

2013;219-30. 

Ermund A, Schütte A, Johansson ME, Gustafsson JK, Hansson GC. Studies of 

mucus in mouse stomach, small intestine, and colon. I. Gastrointestinal 

mucus layers have different properties depending on location as well as 

over the Peyer's patches. Am J Physiol Gastrointest Liver Physiol. 

2013;305:G341-7. 

Fahlén L, Read S, Gorelik L, Hurst SD, Coffman RL, Flavell RA, Powrie F. T cells 

that cannot respond to TGF-beta escape control by CD4(+)CD25(+) 

regulatory T cells. J Exp Med 2005;201:737-46. 

Fajt ML, Wenzel SE. Asthma phenotypes and the use of biologic medications in 

asthma and allergic disease: the next steps toward personalized care. J 

Allergy Clin Immunol 2015;135:299-310. 

Fan X, Brezski RJ, Fa M, Deng H, Oberholtzer A, Gonzalez A, Dubinsky WP, 

Strohl WR, Jordan RE, Zhang N, An Z. A single proteolytic cleavage within 

the lower hinge of trastuzumab reduces immune effector function and in 

vivo efficacy. Breast Cancer Res 2012;14:R116. 

Fantini MC, Becker C, Tubbe I, Nikolaev A, Lehr HA, Galle P, Neurath MF. 

Transforming growth factor beta induced FoxP3+ regulatory T cells 

suppress Th1 mediated experimental colitis. Gut 2006;55:671-80. 

Fantini MC, Rizzo A, Fina D, Caruso R, Sarra M, Stolfi C, Becker C, Macdonald 

TT, Pallone F, Neurath MF, Monteleone G. Smad7 controls resistance of 

colitogenic T cells to regulatory T cell-mediated suppression. 

Gastroenterology 2009;136:1308-16. 

Faria AM, Weiner HL. Oral tolerance: therapeutic implications for autoimmune 

diseases. Clin Dev Immunol 2006;13:143-57. 

Feagan BG, Greenberg GR, Wild G, Fedorak RN, Paré P, McDonald JW, Dubé 

R, Cohen A, Steinhart AH, Landau S, Aguzzi RA, Fox IH, Vandervoort MK. 

Treatment of ulcerative colitis with a humanized antibody to the 

alpha4beta7 integrin. N Engl J Med 2005;352:2499-507. 

Feagan BG, Rutgeerts P, Sands BE, Hanauer S, Colombel JF, Sandborn WJ, 



 

 
342 

Van Assche G, Axler J, Kim HJ, Danese S, Fox I, Milch C, Sankoh S, 

Wyant T, Xu J, Parikh A; GEMINI 1 Study Group. Vedolizumab as induction 

and maintenance therapy for ulcerative colitis. N Engl J Med 2013;369:699-

710. 

Feagins LA. Role of transforming growth factor- in inflammatory bowel disease 

and colitis-associated colon cancer. Inflamm Bowel Dis 2010;16:1963-8. 

Feakins RM. British Society of Gastroenterology. Inflammatory bowel disease 

biopsies: updated British Society of Gastroenterology reporting guidelines. J 

Clin Pathol 2013;66:1005-26. 

Feller M, Huwiler K, Stephan R, Altpeter E, Shang A, Furrer H, Pfyffer GE, 

Jemmi T, Baumgartner A, Egger M. Mycobacterium avium subspecies 

paratuberculosis and Crohn's disease: a systematic review and meta-

analysis. Lancet Infect Dis 2007;7:607-13. 

Ferrante M, Colombel JF, Sandborn WJ, Reinisch W, Mantzaris GJ, Kornbluth A, 

Rachmilewitz D, Lichtiger S, D'Haens GR, van der Woude CJ, Danese S, 

Diamond RH, Oortwijn AF, Tang KL, Miller M, Cornillie F, Rutgeerts PJ; 

International Organization for the Study of Inflammatory Bowel Diseases. 

Validation of endoscopic activity scores in patients with Crohn's disease 

based on a post hoc analysis of data from SONIC. Gastroenterology 

2013;145:978-86. 

Fichtner-Feigl S, Strober W, Kawakami K, Puri RK, Kitani A. IL-13 signaling 

through the IL-13alpha2 receptor is involved in induction of TGF-beta1 

production and fibrosis. Nat Med 2006;12:99-106. 

Fichtner-Feigl S, Strober W, Geissler EK, Schlitt HJ. Cytokines mediating the 

induction of chronic colitis and colitis-associated fibrosis. Mucosal Immunol 

2008a;1(Suppl.1):S24-S27. 

Fichtner-Feigl S, Young CA, Kitani A, Geissler EK, Schlitt HJ, Strober W. IL-13 

signaling via IL-13R alpha2 induces major downstream fibrogenic factors 

mediating fibrosis in chronic TNBS colitis. Gastroenterology 

2008b;135:2003-13. 

Fina D, Sarra M, Fantini MC, Rizzo A, Caruso R, Caprioli F, Stolfi C, Cardolini I, 



 

 
343 

Dottori M, Boirivant M, Pallone F, Macdonald TT, Monteleone G. Regulation 

of gut inflammation and th17 cell response by interleukin-21. 

Gastroenterology 2008;134:1038-48. 

Franke A, Balschun T, Karlsen TH, Sventoraityte J, Nikolaus S, Mayr G, 

Domingues FS, Albrecht M, Nothnagel M, Ellinghaus D, Sina C, Onnie CM, 

Weersma RK, Stokkers PC, Wijmenga C, Gazouli M, Strachan D, McArdle 

WL, Vermeire S, Rutgeerts P, Rosenstiel P, Krawczak M, Vatn MH; IBSEN 

study group, Mathew CG, Schreiber S. Sequence variants in IL10, ARPC2 

and multiple other loci contribute to ulcerative colitis susceptibility. Nat 

Genet 2008;40:1319-23. 

Franzè E, Caruso R, Stolfi C, Sarra M, Cupi ML, Ascolani M, Sedda S, Antenucci 

C, Ruffa A, Caprioli F, MacDonald TT, Pallone F, Monteleone G. High 

expression of the "A Disintegrin And Metalloprotease" 19 (ADAM19), a 

sheddase for TNF- in the mucosa of patients with inflammatory bowel 

diseases. Inflamm Bowel Dis 2013;19:501-11. 

Fridman R, Toth M, Peña D, et al. Activation of progelatinase B (MMP-9) by 

gelatinase A (MMP-2). Cancer Res 1995;55:2548-55. 

Frischmeyer-Guerrerio PA, Guerrerio AL, Chichester KL, Bieneman AP, Hamilton 

RA, Wood RA, Schroeder JT. Dendritic cell and T cell responses in children 

with food allergy. Clin Exp Allergy 2011;41:61-71. 

Frolkis AD, Dykeman J, Negrón ME, Debruyn J, Jette N, Fiest KM, Frolkis T, 

Barkema HW, Rioux KP, Panaccione R, Ghosh S, Wiebe S, Kaplan GG. 

Risk of surgery for inflammatory bowel diseases has decreased over time: a 

systematic review and meta-analysis of population-based studies. 

Gastroenterology 2013;145:996-1006. 

Fujihashi K, Kiyono H, Mestecki J. Immunological and functional differences 

between individual compartments of the mucosal immune system. In: Smith 

PD, MacDonald TT, Blumberg RS (eds). Principles of mucosal immunology. 

Garland Science, New York 2013;27-36. 

Fujino S, Andoh A, Bamba S, Ogawa A, Hata K, Araki Y, Bamba T, Fujiyama Y. 

Increased expression of interleukin 17 in inflammatory bowel disease. Gut 



 

 
344 

2003;52:65-70. 

Fukata M, Michelsen KS, Eri R, Thomas LS, Hu B, Lukasek K, Nast CC, 

Lechago J, Xu R, Naiki Y, Soliman A, Arditi M, Abreu MT. Toll-like receptor-

4 is required for intestinal response to epithelial injury and limiting bacterial 

translocation in a murine model of acute colitis. Am J Physiol Gastrointest 

Liver Physiol 2005;288:G1055-65. 

Fukata M, Arditi M. The role of pattern recognition receptors in intestinal 

inflammation. Mucosal Immunol 2013;6:451-63. 

Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, Nakanishi Y, 

Uetake C, Kato K, Kato T, Takahashi M, Fukuda NN, Murakami S, Miyauchi 

E, Hino S, Atarashi K, Onawa S, Fujimura Y, Lockett T, Clarke JM, Topping 

DL, Tomita M, Hori S, Ohara O, Morita T, Koseki H, Kikuchi J, Honda K, 

Hase K, Ohno H. Commensal microbe-derived butyrate induces the 

differentiation of colonic regulatory T cells. Nature 2013;504:446-50. 

Fuschiotti P. Role of IL-13 in systemic sclerosis. Cytokine 2011;56:544-9. 

Fuss IJ, Neurath M, Boirivant M, Klein JS, de la Motte C, Strong SA, Fiocchi C, 

Strober W. Disparate CD4+ lamina propria (LP) lymphokine secretion 

profiles in inflammatory bowel disease. Crohn's disease LP cells manifest 

increased secretion of IFN-gamma, whereas ulcerative colitis LP cells 

manifest increased secretion of IL-5. J Immunol 1996;157:1261-70. 

Fuss IJ, Heller F, Boirivant M, Leon F, Yoshida M, Fichtner-Feigl S, Yang Z, 

Exley M, Kitani A, Blumberg RS, Mannon P, Strober W. Nonclassical CD1d-

restricted NK T cells that produce IL-13 characterize an atypical Th2 

response in ulcerative colitis. J Clin Invest 2004;113:1490-7. 

Fuss IJ, Strober W. The role of IL-13 and NK T cells in experimental and human 

ulcerative colitis. Mucosal Immunol 2008;1(Suppl.1):S31-3. 

Fuss IJ, Joshi B, Yang Z, Degheidy H, Fichtner-Feigl S, de Souza H, Rieder F, 

Scaldaferri F, Schirbel A, Scarpa M, West G, Yi C, Xu L, Leland P, Yao M, 

Mannon P, Puri RK, Fiocchi C, Strober W. IL-13Rα2-bearing, type II NKT 

cells reactive to sulfatide self-antigen populate the mucosa of ulcerative 

colitis. Gut 2014;63:1728-36. 



 

 
345 

Gaffen SL. Recent advances in the IL-17 cytokine family. Curr Opin Immunol 

2011;23:613-9. 

Gan SI, Beck PL. A new look at toxic megacolon: an update and review of 

incidence, etiology, pathogenesis, and management. Am J Gastroenterol 

2003;98:2363-71. 

García Rodríguez LA, Ruigómez A, Panés J. Acute gastroenteritis is followed by 

an increased risk of inflammatory bowel disease. Gastroenterology 

2006;130:1588-94. 

Gardenbroek TJ, Eshuis EJ, Ponsioen CI, Ubbink DT, D'Haens GR, Bemelman 

WA. The effect of appendectomy on the course of ulcerative colitis: a 

systematic review. Colorectal Dis 2012;14:545-53. 

Garg P, Rojas M, Ravi A, Bockbrader K, Epstein S, Vijay-Kumar M, Gewirtz AT, 

Merlin D, Sitaraman SV. Selective ablation of matrix metalloproteinase-2 

exacerbates experimental colitis: contrasting role of gelatinases in the 

pathogenesis of colitis. J Immunol 2006;177:4103-12. 

Garg SK, Croft AM, Bager P. Helminth therapy (worms) for induction of remission 

in inflammatory bowel disease. Cochrane Database Syst Rev 

2014;1:CD009400. 

Geboes K, Riddell R, Ost A, Jensfelt B, Persson T, Löfberg R. A reproducible 

grading scale for histological assessment of inflammation in ulcerative 

colitis. Gut 2000;47:404-9. 

Geboes K, Rutgeerts P, Opdenakker G, Olson A, Patel K, Wagner CL, Marano 

CW. Endoscopic and histologic evidence of persistent mucosal healing and 

correlation with clinical improvement following sustained infliximab 

treatment for Crohn's disease. Curr Med Res Opin 2005;21:1741-54. 

Gerbe F, Legraverend C, Jay P. The intestinal epithelium tuft cells: specification 

and function. Cell Mol Life Sci 2012;69:2907-17. 

Gerlach K, Hwang Y, Nikolaev A, Atreya R, Dornhoff H, Steiner S, Lehr HA, Wirtz 

S, Vieth M, Waisman A, Rosenbauer F, McKenzie AN, Weigmann B, 

Neurath MF. TH9 cells that express the transcription factor PU.1 drive T 

cell-mediated colitis via IL-9 receptor signaling in intestinal epithelial cells. 



 

 
346 

Nat Immunol 2014;15:676-86. 

Gevers D, Kugathasan S, Denson LA, Vázquez-Baeza Y, Van Treuren W, Ren B, 

Schwager E, Knights D, Song SJ, Yassour M, Morgan XC, Kostic AD, Luo 

C, González A, McDonald D, Haberman Y, Walters T, Baker S, Rosh J, 

Stephens M, Heyman M, Markowitz J, Baldassano R, Griffiths A, Sylvester 

F, Mack D, Kim S, Crandall W, Hyams J, Huttenhower C, Knight R, Xavier 

RJ. The treatment-naive microbiome in new-onset Crohn's disease. Cell 

Host Microbe 2014;15:382-92. 

Gewirtz AT, Navas TA, Lyons S, Godowski PJ, Madara JL. Cutting edge: 

bacterial flagellin activates basolaterally expressed TLR5 to induce 

epithelial proinflammatory gene expression. J Immunol 2001;167:1882-5. 

Ghosh D, Porter E, Shen B, Lee SK, Wilk D, Drazba J, Yadav SP, Crabb JW, 

Ganz T, Bevins CL. Paneth cell trypsin is the processing enzyme for human 

defensin-5. Nat Immunol 2002;3:583-90. 

Gibold L, Garenaux E, Dalmasso G, Gallucci C, Cia D, Mottet-Auselo B, Faïs T, 

Darfeuille-Michaud A, Nguyen HT, Barnich N, Bonnet R, Delmas J. The 

Vat-AIEC protease promotes crossing of the intestinal mucus layer by 

Crohn's disease-associated Escherichia coli. Cell Microbiol 2015 [Epub 

ahead of print]. 

Gibson DJ, Heetun ZS, Redmond CE, Nanda KS, Keegan D, Byrne K, Mulcahy 

HE, Cullen G, Doherty GA. An accelerated infliximab induction regimen 

reduces the need for early colectomy in patients with acute severe 

ulcerative colitis. Clin Gastroenterol Hepatol 2015;13:330-5. 

Gilletta C, Lewin M, Bourrier A, Nion-Larmurier I, Rajca S, Beaugerie L, Sokol H, 

Pariente B, Seksik P, Cosnes J. Changes in the Lémann Index Values 

During the First Years of Crohn's Disease. Clin Gastroenterol Hepatol 

2015;13:1633-40. 

Giuffrida P, Biancheri P, MacDonald TT. Proteases and small intestinal barrier 

function in health and disease. Curr Opin Gastroenterol 2014;30:147-53. 

Glocker EO, Kotlarz D, Boztug K, Gertz EM, Schäffer AA, Noyan F, Perro M, 

Diestelhorst J, Allroth A, Murugan D, Hätscher N, Pfeifer D, Sykora KW, 



 

 
347 

Sauer M, Kreipe H, Lacher M, Nustede R, Woellner C, Baumann U, Salzer 

U, Koletzko S, Shah N, Segal AW, Sauerbrey A, Buderus S, Snapper SB, 

Grimbacher B, Klein C. Inflammatory bowel disease and mutations affecting 

the interleukin-10 receptor. N Engl J Med 2009;361:2033-45. 

Goel RM, Blaker P, Mentzer A, Fong SC, Marinaki AM, Sanderson JD. 

Optimizing the use of thiopurines in inflammatory bowel disease. Ther Adv 

Chronic Dis 2015;6:138-46. 

Gordon JN, Pickard KM, Di Sabatino A, Prothero JD, Pender SL, Goggin PM, 

MacDonald TT. Matrix metalloproteinase-3 production by gut IgG plasma 

cells in chronic inflammatory bowel disease. Inflamm Bowel Dis 

2008;14:195-203. 

Gour N, Wills-Karp M. IL-4 and IL-13 signaling in allergic airway disease. 

Cytokine 2015;75:68-78. 

Graham MF, Diegelmann RF, Elson CO, Lindblad WJ, Gotschalk N, Gay S, Gay 

R. Collagen content and types in the intestinal strictures of Crohn's disease. 

Gastroenterology 1988;94:257-65. 

Granel B, Chevillard C, Allanore Y, Arnaud V, Cabantous S, Marquet S, Weiller 

PJ, Durand JM, Harlé JR, Grange C, Frances Y, Berbis P, Gaudart J, de 

Micco P, Kahan A, Dessein A. Evaluation of interleukin 13 polymorphisms 

in systemic sclerosis. Immunogenetics 2006;58:693-9. 

Gregory LG, Jones CP, Walker SA, Sawant D, Gowers KH, Campbell GA, 

McKenzie AN, Lloyd CM. IL-25 drives remodelling in allergic airways 

disease induced by house dust mite. Thorax 2013;68:82-90. 

Grencis RK, Bancroft AJ. Interleukin-13: a key mediator in resistance to 

gastrointestinal-dwelling nematode parasites. Clin Rev Allergy Immunol 

2004;26:51-60. 

Gribble FM, Reimann F. Enteroendocrine Cells: Chemosensors in the Intestinal 

Epithelium. Annu Rev Physiol 2016;78:277-99 

Grigoras CA, Ziakas PD, Jayamani E, Mylonakis E. ATG16L1 and IL23R variants 

and genetic susceptibility to Crohn's disease: mode of inheritance based on 

meta-analysis of genetic association studies. Inflamm Bowel Dis 



 

 
348 

2015;21:768-76. 

Groschwitz KR, Ahrens R, Osterfeld H, Gurish MF, Han X, Abrink M, Finkelman 

FD, Pejler G, Hogan SP. Mast cells regulate homeostatic intestinal epithelial 

migration and barrier function by a chymase/Mcpt4-dependent mechanism. 

Proc Natl Acad Sci U S A 2009;106:22381-6. 

Groschwitz KR, Wu D, Osterfeld H, Ahrens R, Hogan SP. Chymase-mediated 

intestinal epithelial permeability is regulated by a protease-activating 

receptor/matrix metalloproteinase-2-dependent mechanism. Am J Physiol 

Gastrointest Liver Physiol 2013;304:G479-89. 

Grys TE, Siegel MB, Lathem WW, Welch RA. The StcE protease contributes to 

intimate adherence of enterohemorrhagic Escherichia coli O157:H7 to host 

cells. Infect Immun 2005;73:1295-303. 

Guan Q, Ma Y, Hillman CL, Qing G, Ma AG, Weiss CR, Zhou G, Bai A, 

Warrington RJ, Bernstein CN, Peng Z. Targeting IL-12/IL-23 by employing a 

p40 peptide-based vaccine ameliorates TNBS-induced acute and chronic 

murine colitis. Mol Med 2011;17:646-56. 

Gudbjartsson DF, Thorvaldsson T, Kong A, Gunnarsson G, Ingolfsdottir A. 

Allegro version 2. Nat Genet 2005;37:1015-6. 

Günther C, Martini E, Wittkopf N, Amann K, Weigmann B, Neumann H, Waldner 

MJ, Hedrick SM, Tenzer S, Neurath MF, Becker C. Caspase-8 regulates 

TNF-α-induced epithelial necroptosis and terminal ileitis. Nature 

2011;477:335-9. 

Gunther U, Schuppan D, Bauer M, Matthes H, Stallmach A, Schmitt-Gräff A, 

Riecken EO, Herbst H. Fibrogenesis and fibrolysis in collagenous colitis. 

Patterns of procollagen types I and IV, matrix-metalloproteinase-1 and -13, 

and TIMP-1 gene expression. Am J Pathol 1999;155:493-503. 

Hadis U, Wahl B, Schulz O, Hardtke-Wolenski M, Schippers A, Wagner N, Müller 

W, Sparwasser T, Förster R, Pabst O. Intestinal tolerance requires gut 

homing and expansion of FoxP3+ regulatory T cells in the lamina propria. 

Immunity 2011;34:237-46. 

Hall LJ, Walshaw J, Watson AJ. Gut microbiome in new-onset Crohn's disease. 



 

 
349 

Gastroenterology 2014;147:932-4. 

Halme L, Paavola-Sakki P, Turunen U, Lappalainen M, Farkkila M, Kontula K. 

Family and twin studies in inflammatory bowel disease. World J 

Gastroenterol 2006;12:3668-72. 

Hampe J, Franke A, Rosenstiel P, Till A, Teuber M, Huse K, Albrecht M, Mayr G, 

De La Vega FM, Briggs J, Günther S, Prescott NJ, Onnie CM, Häsler R, 

Sipos B, Fölsch UR, Lengauer T, Platzer M, Mathew CG, Krawczak M, 

Schreiber S. A genome-wide association scan of nonsynonymous SNPs 

identifies a susceptibility variant for Crohn disease in ATG16L1. Nat Genet 

2007;39:207-11. 

Hanauer SB, Feagan BG, Lichtenstein GR, Mayer LF, Schreiber S, Colombel JF, 

Rachmilewitz D, Wolf DC, Olson A, Bao W, Rutgeerts P; ACCENT I Study 

Group. Maintenance infliximab for Crohn’s disease: the ACCENT I 

randomised trial. Lancet 2002;359:1541-9. 

Hapfelmeier S, Lawson MA, Slack E, Kirundi JK, Stoel M, Heikenwalder M, 

Cahenzli J, Velykoredko Y, Balmer ML, Endt K, Geuking MB, Curtiss R 3rd, 

McCoy KD, Macpherson AJ. Reversible microbial colonization of germ-free 

mice reveals the dynamics of IgA immune responses. Science 

2010;328:1705-9. 

Hara M, Kono H, Furuya S, Hirayama K, Tsuchiya M, Fujii H. Interleukin-17A 

plays a pivotal role in cholestatic liver fibrosis in mice. J Surg Res 

2013;183:574-82. 

Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, 

Weaver CT. Interleukin 17-producing CD4+ effector T cells develop via a 

lineage distinct from the T helper type 1 and 2 lineages. Nat Immunol 

2005;6:1123-32. 

Harvey RF, Bradshaw JM. A simple index of Crohn's-disease activity. Lancet 

1980;1:514. 

Hasnain SZ, McGuckin MA, Grencis RK, Thornton DJ. Serine protease(s) 

secreted by the nematode Trichuris muris degrade the mucus barrier. PLoS 

Negl Trop Dis 2012;6:e1856. 



 

 
350 

Hasnain SZ, Tauro S, Das I, Tong H, Chen AC, Jeffery PL, McDonald V, Florin 

TH, McGuckin MA. IL-10 promotes production of intestinal mucus by 

suppressing protein misfolding and endoplasmic reticulum stress in goblet 

cells. Gastroenterology 2013;144:357-68. 

Heazlewood CK, Cook MC, Eri R, Price GR, Tauro SB, Taupin D, Thornton DJ, 

Png CW, Crockford TL, Cornall RJ, Adams R, Kato M, Nelms KA, Hong NA, 

Florin TH, Goodnow CC, McGuckin MA. Aberrant mucin assembly in mice 

causes endoplasmic reticulum stress and spontaneous inflammation 

resembling ulcerative colitis. PLoS Med 2008;5:e54. 

Hébuterne X, Lémann M, Bouhnik Y, Dewit O, Dupas JL, Mross M, D'Haens G, 

Mitchev K, Ernault É, Vermeire S, Brixi-Benmansour H, Moreels TG, Mary 

JY, Marteau P, Colombel JF. Endoscopic improvement of mucosal lesions 

in patients with moderate to severe ileocolonic Crohn's disease following 

treatment with certolizumab pegol. Gut 2013;62:201-8. 

Hedin CR, Stagg AJ, Whelan K, Lindsay JO. Family studies in Crohn's disease: 

new horizons in understanding disease pathogenesis, risk and prevention. 

Gut 2012;61:311-8. 

Hedstrom L. Serine protease mechanism and specificity. Chem Rev 

2002;102:4501-24. 

Heller F, Fuss IJ, Nieuwenhuis EE, Blumberg RS, Strober W. Oxazolone colitis, a 

Th2 colitis model resembling ulcerative colitis, is mediated by IL-13-

producing NK-T cells. Immunity 2002;17:629-38. 

Heller F, Florian P, Bojarski C, Richter J, Christ M, Hillenbrand B, Mankertz  J, 

Gitter AH, Bürgel N, Fromm M, Zeitz M, Fuss I, Strober W, Schulzke JD. 

Interleukin-13 is the key effector Th2 cytokine in ulcerative colitis that 

affects epithelial tight junctions, apoptosis, and cell restitution. 

Gastroenterology 2005;129:550-64. 

Henderson IR, Czeczulin J, Eslava C, Noriega F, Nataro JP. Characterization of 

pic, a secreted protease of Shigella flexneri and enteroaggregative 

Escherichia coli. Infect Immun 1999;67:5587-96. 

Herbert DR, Yang JQ, Hogan SP, Groschwitz K, Khodoun M, Munitz A, Orekov T, 



 

 
351 

Perkins C, Wang Q, Brombacher F, Urban JF Jr, Rothenberg ME, 

Finkelman FD. Intestinal epithelial cell secretion of RELM-beta protects 

against gastrointestinal worm infection. J Exp Med 2009;206:2947-57. 

Heuschkel RB, MacDonald TT, Monteleone G, Bajaj-Elliott M, Smith JA, Pender 

SL. Imbalance of stromelysin-1 and TIMP-1 in the mucosal lesions of 

children with inflammatory bowel disease. Gut 2000;47:57-62. 

Higuchi LM, Khalili H, Chan AT, Richter JM, Bousvaros A, Fuchs CS. A 

prospective study of cigarette smoking and the risk of inflammatory bowel 

disease in women. Am J Gastroenterol 2012;107:1399-406. 

Holtmann MH, Douni E, Schütz M, Zeller G, Mudter J, Lehr HA, Gerspach J, 

Scheurich P, Galle PR, Kollias G, Neurath MF. Tumor necrosis factor-

receptor 2 is up-regulated on lamina propria T cells in Crohn's disease and 

promotes experimental colitis in vivo. Eur J Immunol 2002;32:3142-51. 

Holubar SD, Cima RR, Sandborn WJ, Pardi DS. Treatment and prevention of 

pouchitis after ileal pouch-anal anastomosis for chronic ulcerative colitis. 

Cochrane Database Syst Rev 2010;6:CD001176. 

Honzawa Y, Nakase H, Shiokawa M, Yoshino T, Imaeda H, Matsuura M, 

Kodama Y, Ikeuchi H, Andoh A, Sakai Y, Nagata K, Chiba T. Involvement of 

interleukin-17A-induced expression of heat shock protein 47 in intestinal 

fibrosis in Crohn's disease. Gut 2014;63:1902-12. 

Hooper LV, Littman DR, Macpherson AJ. Interactions between the microbiota 

and the immune system. Science 2012;336:1268-73. 

Horiuchi K, Kimura T, Miyamoto T, Takaishi H, Okada Y, Toyama Y, Blobel CP. 

Cutting edge: TNF-alpha-converting enzyme (TACE/ADAM17) inactivation 

in mouse myeloid cells prevents lethality from endotoxin shock. J Immunol 

2007;179:2686-9. 

Hostmann A, Meyer T, Maul J, Preiss J, Boortz B, Thiel A, Duchmann R, Ullrich 

R. Preexisting antigen-specific immune responses are modulated by oral 

KLH feeding in humans. Eur J Immunol 2015;45:1991-6. 

Houghton AM, Hartzell WO, Robbins CS, Gomis-Rüth FX, Shapiro SD. 

Macrophage elastase kills bacteria within murine macrophages. Nature 



 

 
352 

2009;460:637-41. 

Houston SA, Cerovic V, Thomson C, Brewer J, Mowat AM, Milling S. The lymph 

nodes draining the small intestine and colon are anatomically separate and 

immunologically distinct. Mucosal Immunol 2015 [Epub ahead of print]. 

Hua F, Ribbing J, Reinisch W, Cataldi F, Martin S. A pharmacokinetic 

comparison of anrukinzumab, an anti- IL-13 monoclonal antibody, among 

healthy volunteers, asthma and ulcerative colitis patients. Br J Clin 

Pharmacol 2015;80:101-9. 

Hue S, Mention JJ, Monteiro RC, Zhang S, Cellier C, Schmitz J, Verkarre V, 

Fodil N, Bahram S, Cerf-Bensussan N, Caillat-Zucman S. A direct role for 

NKG2D/MICA interaction in villous atrophy during celiac disease. Immunity 

2004;21:367-77. 

Hue S, Ahern P, Buonocore S, Kullberg MC, Cua DJ, McKenzie BS, Powrie F, 

Maloy KJ. Interleukin-23 drives innate and T cell-mediated intestinal 

inflammation. J Exp Med 2006;203:2473-83. 

Hueber W, Sands BE, Lewitzky S, Vandemeulebroecke M, Reinisch W, Higgins 

PD, Wehkamp J, Feagan BG, Yao MD, Karczewski M, Karczewski J, 

Pezous N, Bek S, Bruin G, Mellgard B, Berger C, Londei M, Bertolino AP, 

Tougas G, Travis SP, Secukinumab in Crohn’s Disease Study Group. 

Secukinumab, a human anti-IL-17A monoclonal antibody, for moderate to 

severe Crohn’s disease: unexpected results of a randomised, double-blind 

placebo-controlled trial. Gut 2012;61:1693-700. 

Hugot JP, Chamaillard M, Zouali H, Lesage S, Cézard JP, Belaiche J, Almer S, 

Tysk C, O'Morain CA, Gassull M, Binder V, Finkel Y, Cortot A, Modigliani R, 

Laurent-Puig P, Gower-Rousseau C, Macry J, Colombel JF, Sahbatou M, 

Thomas G. Association of NOD2 leucine-rich repeat variants with 

susceptibility to Crohn's disease. Nature 2001;411:599-603. 

Huxley-Jones J, Clarke TK, Beck C, Toubaris G, Robertson DL, Boot-Handford 

RP. The evolution of the vertebrate metzincins; insights from Ciona 

intestinalis and Danio rerio. BMC Evol Biol 2007;7:63. 

Hviid A, Svanström H, Frisch M. Antibiotic use and inflammatory bowel diseases 



 

 
353 

in childhood. Gut 2011;60:49-54. 

Iboshi Y, Nakamura K, Ihara E, Iwasa T, Akiho H, Harada N, Nakamuta M, 

Takayanagi R. Multigene analysis unveils distinctive expression profiles of 

helper T-cell-related genes in the intestinal mucosa that discriminate 

between ulcerative colitis and Crohn's disease. Inflamm Bowel Dis 

2014;20:967-77. 

Izuhara K, Conway SJ, Moore BB, Matsumoto H, Holweg CT, Matthews JG, 

Arron JR. Roles of Periostin in Respiratory Disorders. Am J Respir Crit Care 

Med 2016 [Epub ahead of print]. 

Iizuka M, Konno S. Wound healing of intestinal epithelial cells. World J 

Gastroenterol 2011;17:2161-71. 

Iliev ID, Mileti E, Matteoli G, Chieppa M, Rescigno M. Intestinal epithelial cells 

promote colitis-protective regulatory T-cell differentiation through dendritic 

cell conditioning. Mucosal Immunol 2009;2:340-50. 

Iliev ID, Funari VA, Taylor KD, Nguyen Q, Reyes CN, Strom SP, Brown J, Becker 

CA, Fleshner PR, Dubinsky M, Rotter JI, Wang HL, McGovern DP, Brown 

GD, Underhill DM. Interactions between commensal fungi and the C-type 

lectin receptor Dectin-1 influence colitis. Science 2012;336:1314-7. 

Imai J, Hozumi K, Sumiyoshi H, Yazawa M, Hirano K, Abe J, Higashi K, Inagaki 

Y, Mine T. Anti-fibrotic effects of a novel small compound on the regulation 

of cytokine production in a mouse model of colorectal fibrosis. Biochem 

Biophys Res Commun 2015;468:554-60. 

Ingram JR, Thomas GA, Rhodes J, Green JT, Hawkes ND, Swift JL, Srivastava 

ED, Evans BK, Williams GT, Newcombe RG, Courtney E, Pillai S. A 

randomized trial of nicotine enemas for active ulcerative colitis. Clin 

Gastroenterol Hepatol 2005;3:1107-14. 

Ishigame H, Kakuta S, Nagai T, Kadoki M, Nambu A, Komiyama Y, Fujikado N, 

Tanahashi Y, Akitsu A, Kotaki H, Sudo K, Nakae S, Sasakawa C, Iwakura Y. 

Differential roles of interleukin-17A and -17F in host defense against 

mucoepithelial bacterial infection and allergic responses. Immunity 

2009;30:108-19. 



 

 
354 

Ismail AS, Behrendt CL, Hooper LV. Reciprocal interactions between commensal 

bacteria and gamma delta intraepithelial lymphocytes during mucosal injury. 

J Immunol 2009;182:3047-54. 

Issuree PD, Maretzky T, McIlwain DR, Monette S, Qing X, Lang PA, Swendeman 

SL, Park-Min KH, Binder N, Kalliolias GD, Yarilina A, Horiuchi K, Ivashkiv 

LB, Mak TW, Salmon JE, Blobel CP. iRHOM2 is a critical pathogenic 

mediator of inflammatory arthritis. J Clin Invest 2013;123:928-32. 

Ito A, Mukaiyama A, Itoh Y, Nagase H, Thogersen IB, Enghild JJ, Sasaguri Y, 

Mori Y. Degradation of interleukin 1beta by matrix metalloproteinases. J Biol 

Chem 1997;271:14657-60. 

Ivanov II, Atarashi K, Manel N, Brodie EL, Shima T, Karaoz U, Wei D, Goldfarb 

KC, Santee CA, Lynch SV, Tanoue T, Imaoka A, Itoh K, Takeda K, 

Umesaki Y, Honda K, Littman DR. Induction of intestinal Th17 cells by 

segmented filamentous bacteria. Cell 2009;139:485-98. 

Iwakura Y, Ishigame H, Saijo S, Nakae S. Functional specialization of interleukin-

17 family members. Immunity 2011;34:149-62. 

Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune 

responses. Nat Immunol 2004;5:987-95. 

Iwata M, Hirakiyama A, Eshima Y, Kagechika H, Kato C, Song SY. Retinoic acid 

imprints gut-homing specificity on T cells. Immunity 2004;21:527-38. 

Izcue A, Coombes JL, Powrie F. Regulatory lymphocytes and intestinal 

inflammation. Annu Rev Immunol 2009;27:313-38. 

Jaensson E, Uronen-Hansson H, Pabst O, Eksteen B, Tian J, Coombes JL, Berg 

PL, Davidsson T, Powrie F, Johansson-Lindbom B, Agace WW. Small 

intestinal CD103+ dendritic cells display unique functional properties that 

are conserved between mice and humans. J Exp Med 2008;205:2139-49. 

Janoff EN, Rubins JB, Fasching C, Charboneau D, Rahkola JT, Plaut AG, 

Weiser JN. Pneumococcal IgA1 protease subverts specific protection by 

human IgA1. Mucosal Immunol 2014;7:249-56. 

Jess T, Lopez A, Andersson M, Beaugerie L, Peyrin-Biroulet L. Thiopurines and 

risk of colorectal neoplasia in patients with inflammatory bowel disease: a 



 

 
355 

meta-analysis. Clin Gastroenterol Hepatol 2014;12:1793-800. 

Johansson ME, Phillipson M, Petersson J, Velcich A, Holm L, Hansson GC. The 

inner of the two Muc2 mucin-dependent mucus layers in colon is devoid of 

bacteria. Proc Natl Acad Sci U S A 2008;105:15064-9. 

Johansson ME, Hansson GC. Microbiology. Keeping bacteria at a distance. 

Science 2011;334:182-3. 

Johansson ME, Gustafsson JK, Holmén-Larsson J, Jabbar KS, Xia L, Xu H, 

Ghishan FK, Carvalho FA, Gewirtz AT, Sjövall H, Hansson GC. Bacteria 

penetrate the normally impenetrable inner colon mucus layer in both murine 

colitis models and patients with ulcerative colitis. Gut 2014;63:281-91. 

Johnson GJ, Cosnes J, Mansfield JC. Review article: smoking cessation as 

primary therapy to modify the course of Crohn's disease. Aliment 

Pharmacol Ther 2005;21:921-31. 

Jones J, Loftus EV Jr, Panaccione R, Chen LS, Peterson S, McConnell J, 

Baudhuin L, Hanson K, Feagan BG, Harmsen SW, Zinsmeister AR, Helou 

E, Sandborn WJ. Relationships between disease activity and serum and 

fecal biomarkers in patients with Crohn's disease. Clin Gastroenterol 

Hepatol 2008;6:1218-24. 

Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, Hui KY, Lee JC, 

Schumm LP, Sharma Y, Anderson CA, Essers J, Mitrovic M, Ning K, 

Cleynen I, Theatre E, Spain SL, Raychaudhuri S, Goyette P, Wei Z, 

Abraham C, Achkar JP, Ahmad T, Amininejad L, Ananthakrishnan AN, 

Andersen V, Andrews JM, Baidoo L, Balschun T, Bampton PA, Bitton A, 

Boucher G, Brand S, Büning C, Cohain A, Cichon S, D'Amato M, De Jong 

D, Devaney KL, Dubinsky M, Edwards C, Ellinghaus D, Ferguson LR, 

Franchimont D, Fransen K, Gearry R, Georges M, Gieger C, Glas J, 

Haritunians T, Hart A, Hawkey C, Hedl M, Hu X, Karlsen TH, Kupcinskas L, 

Kugathasan S, Latiano A, Laukens D, Lawrance IC, Lees CW, Louis E, 

Mahy G, Mansfield J, Morgan AR, Mowat C, Newman W, Palmieri O, 

Ponsioen CY, Potocnik U, Prescott NJ, Regueiro M, Rotter JI, Russell RK, 

Sanderson JD, Sans M, Satsangi J, Schreiber S, Simms LA, Sventoraityte J, 



 

 
356 

Targan SR, Taylor KD, Tremelling M, Verspaget HW, De Vos M, Wijmenga 

C, Wilson DC, Winkelmann J, Xavier RJ, Zeissig S, Zhang B, Zhang CK, 

Zhao H; International IBD Genetics Consortium (IIBDGC), Silverberg MS, 

Annese V, Hakonarson H, Brant SR, Radford-Smith G, Mathew CG, Rioux 

JD, Schadt EE, Daly MJ, Franke A, Parkes M, Vermeire S, Barrett JC, Cho 

JH. Host-microbe interactions have shaped the genetic architecture of 

inflammatory bowel disease. Nature 2012;491:119-24. 

Jung C, Hugot JP, Barreau F. Peyer's Patches: The Immune Sensors of the 

Intestine. Int J Inflam 2010;2010:823710. 

Jung P, Sato T, Merlos-Suárez A, Barriga FM, Iglesias M, Rossell D, Auer H, 

Gallardo M, Blasco MA, Sancho E, Clevers H, Batlle E. Isolation and in vitro 

expansion of human colonic stem cells. Nat Med 2011;17:1225-7. 

Jürgens M, Mahachie John JM, Cleynen I, Schnitzler F, Fidder H, van 

Moerkercke W, Ballet V, Noman M, Hoffman I, van Assche G, Rutgeerts PJ, 

van Steen K, Vermeire S. Levels of C-reactive protein are associated with 

response to infliximab therapy in patients with Crohn's disease. Clin 

Gastroenterol Hepatol 2011;9:421-7. 

Kabouridis PS, Hasan M, Newson J, Gilroy DW, Lawrence T. Inhibition of NF-

kappa B activity by a membrane-transducing mutant of I kappa B alpha. J 

Immunol 2002;169;2587-93. 

Kadivar K, Ruchelli ED, Markowitz JE, Defelice ML, Strogatz ML, Kanzaria MM, 

Reddy KP, Baldassano RN, von Allmen D, Brown KA. Intestinal interleukin-

13 in pediatric inflammatory bowel disease patients. Inflamm Bowel Dis 

2004;10:593-8. 

Kaetzel CS, Mestecki J, Woof JM. Overview of the mucosal immune system 

structure. In: Smith PD, MacDonald TT, Blumberg RS (eds). Secretory 

immunoglobulins and their transport. Garland Science, New York 2013;121-

40. 

Kagnoff MF. The intestinal epithelium is an integral component of a 

communications network. J Clin Invest 2014;124:2841-3. 

Kahlenberg JM, Kaplan MJ. Little peptide, big effects: the role of LL-37 in 



 

 
357 

inflammation and autoimmune disease. J Immunol 2013;191:4895-901. 

Kahrizi K, Hu CH, Garshasbi M, Abedini SS, Ghadami S, Kariminejad R, Ullmann 

R, Chen W, Ropers HH, Kuss AW, Najmabadi H, Tzschach A. Next 

generation sequencing in a family with autosomal recessive Kahrizi 

syndrome (OMIM 612713) reveals a homozygous frameshift mutation in 

SRD5A3. Eur J Hum Genet 2011;19:115-7. 

Kamada N, Hisamatsu T, Okamoto S, Chinen H, Kobayashi T, Sato T, Sakuraba 

A, Kitazume MT, Sugita A, Koganei K, Akagawa KS, Hibi T. Unique CD14 

intestinal macrophages contribute to the pathogenesis of Crohn disease via 

IL-23/IFN-gamma axis. J Clin Invest 2008;118:2269-80. 

Kamada N, Sakamoto K, Seo SU, Zeng MY, Kim YG, Cascalho M, Vallance BA, 

Puente JL, Núñez G. Humoral Immunity in the Gut Selectively Targets 

Phenotypically Virulent Attaching-and-Effacing Bacteria for Intraluminal 

Elimination. Cell Host Microbe 2015;17:617-27. 

Kanai T, Watanabe M, Hayashi A, Nakazawa A, Yajima T, Okazawa A, 

Yamazaki M, Ishii H, Hibi T. Regulatory effect of interleukin-4 and 

interleukin-13 on colon cancer cell adhesion. Br J Cancer 2000;82:1717-23. 

Kandori H, Hirayama K, Takeda M, Doi K. Histochemical, lectin-histochemical 

and morphometrical characteristics of intestinal goblet cells of germfree and 

conventional mice. Exp Anim 1996;45:155-60. 

Kaplan GG, Jackson T, Sands BE, Frisch M, Andersson RE, Korzenik J. The risk 

of developing Crohn's disease after an appendectomy: a meta-analysis. Am 

J Gastroenterol 2008;103:2925-31. 

Kaplan GG. The global burden of IBD: from 2015 to 2025. Nat Rev Gastroenterol 

Hepatol 2015;12:720-7. 

Kapp K, Maul J, Hostmann A, Mundt P, Preiss JC, Wenzel A, Thiel A, Zeitz M, 

Ullrich R, Duchmann R. Modulation of systemic antigen-specific immune 

responses by oral antigen in humans. Eur J Immunol 2010;40:3128-37. 

Kasaian MT, Raible D, Marquette K, Cook TA, Zhou S, Tan XY, Tchistiakova L. 

IL-13 antibodies influence IL-13 clearance in humans by modulating 

scavenger activity of IL-13R2. J Immunol 2011;187:561-9. 



 

 
358 

Kaser A, Zeissig S, Blumberg RS. Inflammatory bowel disease. Annu Rev 

Immunol 2010;28:573-621. 

Kaser A, Blumberg RS. Autophagy, microbial sensing, endoplasmic reticulum 

stress, and epithelial function in inflammatory bowel disease. 

Gastroenterology 2011;140:1738-47. 

Kaser A. Not all monoclonals are created equal - lessons from failed drug trials in 

Crohn's disease. Best Pract Res Clin Gastroenterol 2014;28:437-49. 

Kau AL, Korenblat PE. Anti-interleukin 4 and 13 for asthma treatment in the era 

of endotypes. Curr Opin Allergy Clin Immunol 2014;14:570-5. 

Kawashima R, Kawamura YI, Oshio T, Son A, Yamazaki M, Hagiwara T, Okada 

T, Inagaki-Ohara K, Wu P, Szak S, Kawamura YJ, Konishi F, Miyake O, 

Yano H, Saito Y, Burkly LC, Dohi T. Interleukin-13 damages intestinal 

mucosa via TWEAK and Fn14 in mice-a pathway associated with ulcerative 

colitis. Gastroenterology 2011;141:2119-29. 

Khalili H, Higuchi LM, Ananthakrishnan AN, Richter JM, Feskanich D, Fuchs CS, 

Chan AT. Oral contraceptives, reproductive factors and risk of inflammatory 

bowel disease. Gut 2013;62:1153-9. 

Khanna R, Bressler B, Levesque BG, Zou G, Stitt LW, Greenberg GR, 

Panaccione R, Bitton A, Paré P, Vermeire S, D'Haens G, MacIntosh D, 

Sandborn WJ, Donner A, Vandervoort MK, Morris JC, Feagan BG; REACT 

Study Investigators. Early combined immunosuppression for the 

management of Crohn's disease (REACT): a cluster randomised controlled 

trial. Lancet 2015;386:1825-34. 

Kiesslich R, Duckworth CA, Moussata D, Gloeckner A, Lim LG, Goetz M, 

Pritchard DM, Galle PR, Neurath MF, Watson AJ. Local barrier dysfunction 

identified by confocal laser endomicroscopy predicts relapse in 

inflammatory bowel disease. Gut 2012;61:1146-53. 

Kinder M, Greenplate AR, Grugan KD, Soring KL, Heeringa KA, McCarthy SG, 

Bannish G, Perpetua M, Lynch F, Jordan RE, Strohl WR, Brezski RJ. 

Engineered protease-resistant antibodies with selectable cell-killing 

functions. J Biol Chem 2013;288:30843-54. 



 

 
359 

Kinugasa T, Sakaguchi T, Gu X, Reinecker HC. Claudins regulate the intestinal 

barrier in response to immune mediators. Gastroenterology 2000; 

118:1001-11. 

Kirkegaard T, Hansen A, Bruun E, Brynskov J. Expression and localisation of 

matrix metalloproteinases and their natural inhibitors in fistulae of patients 

with Crohn's disease. Gut 2004;53:701-9. 

Kirsner JB. Historical aspects of inflammatory bowel disease. J Clin 

Gastroenterol 1988;10:286-97. 

Kitamura Y, Murata Y, Park JH, Kotani T, Imada S, Saito Y, Okazawa H, Azuma 

T, Matozaki T. Regulation by gut commensal bacteria of carcinoembryonic 

antigen-related cell adhesion molecule expression in the intestinal 

epithelium. Genes Cells 2015;20:578-89. 

Klein J, Ju W, Heyer J, Wittek B, Haneke T, Knaus P, Kucherlapati R, Böttinger 

EP, Nitschke L, Kneitz B. B cell-specific deficiency for Smad2 in vivo leads 

to defects in TGF-beta-directed IgA switching and changes in B cell fate. J 

Immunol 2006;176:2389-96. 

Klemann C, Schröder A, Dreier A, Möhn N, Dippel S, Winterberg T, Wilde A, Yu 

Y, Thorenz A, Gueler F, Jörns A, Tolosa E, Leonhardt J, Haas JD, Prinz I, 

Vieten G, Petersen C, Kuebler JF. Interleukin 17, Produced by γδ T Cells, 

Contributes to Hepatic Inflammation in a Mouse Model of Biliary Atresia and 

Is Increased in Livers of Patients. Gastroenterology 2016;150:229-41. 

Klessner JL, Desai BV, Amargo EV, Getsios S, Green KJ. EGFR and ADAMs 

cooperate to regulate shedding and endocytic trafficking of the desmosomal 

cadherin desmoglein 2. Mol Biol Cell 2009;20:328-37. 

Knäuper V, Wilhelm SM, Seperack PK, et al. Direct activation of human 

neutrophil procollagenase by recombinant stromelysin. Biochem J 

1993;295:581-6. 

Knäuper V, Will H, López-Otin C, et al. Cellular mechanisms for human 

procollagenase-3 (MMP-13) activation. Evidence that MT1-MMP (MMP-14) 

and gelatinase a (MMP-2) are able to generate active enzyme. J Biol Chem 

1996;271:17124-31. 



 

 
360 

Knights D, Lassen KG, Xavier RJ. Advances in inflammatory bowel disease 

pathogenesis: linking host genetics and the microbiome. Gut 2013;62:1505-

10. 

Kobayashi KS, Chamaillard M, Ogura Y, Henegariu O, Inohara N, Nuñez G, 

Flavell RA. Nod2-dependent regulation of innate and adaptive immunity in 

the intestinal tract. Science 2005;307:731-4. 

Kobayashi K, Arimura Y, Goto A, Okahara S, Endo T, Shinomura Y, Imai K. 

Therapeutic implications of the specific inhibition of causative matrix 

metalloproteinases in experimental colitis induced by dextran sulphate 

sodium. J Pathol 2006;209:376-83. 

Kobayashi T, Okamoto S, Hisamatsu T, Kamada N, Chinen H, Saito R, Kitazume 

MT, Nakazawa A, Sugita A, Koganei K, Isobe K, Hibi T. IL23 differentially 

regulates the Th1/Th17 balance in ulcerative colitis and Crohn’s disease. 

Gut 2008;57:1682-9. 

Koelink PJ, Overbeek SA, Braber S, Morgan ME, Henricks PA, Abdul Roda M, 

Verspaget HW, Wolfkamp SC, te Velde AA, Jones CW, Jackson PL, 

Blalock JE, Sparidans RW, Kruijtzer JA, Garssen J, Folkerts G, Kraneveld 

AD. Collagen degradation and neutrophilic infiltration: a vicious circle in 

inflammatory bowel disease. Gut 2014;63:578-87. 

Komaki Y, Komaki F, Sakuraba A, Cohen R. Approach to Optimize Anti-TNF-

Therapy in Patients With IBD. Curr Treat Options Gastroenterol 2016 

[Epub ahead of print]. 

Konkel JE, Chen W. Balancing acts: the role of TGF-beta in the mucosal immune 

system. Trends Molecular Med 2011;17:668-76. 

Koller FL, Dozier EA, Nam KT, Swee M, Birkland TP, Parks WC, Fingleton B. 

Lack of MMP10 exacerbates experimental colitis and promotes 

development of inflammation-associated colonic dysplasia. Lab Invest 

2012;92:1749-59. 

Kolls JK, Lindén A. Interleukin-17 family members and inflammation. Immunity 

2004;21:467-76. 

Koo BK, Lim HS, Chang HJ, Yoon MJ, Choi Y, Kong MP, Kim CH, Kim JM, Park 



 

 
361 

JG, Kong YY. Notch signaling promotes the generation of EphrinB1-positive 

intestinal epithelial cells. Gastroenterology 2009;137:145-55. 

Koo BK, Clevers H. Stem cells marked by the R-spondin receptor LGR5. 

Gastroenterology 2014;147:289-302. 

Korn T, Bettelli E, Oukka M, Kuchroo WK. IL-17 and Th17 Cells. Annu Rev 

Immunol 2009;27:485-517. 

Konstantinidis AK, Puddicombe SM, Mochizuki A, Sheth PD, Yang IA, Yoshisue 

H, Wilson SJ, Davies DE, Holgate ST, Holloway JW. Cellular localization of 

interleukin 13 receptor alpha2 in human primary bronchial epithelial cells 

and fibroblasts. J Investig Allergol Clin Immunol 2008;18:174-80. 

Kostic AD, Xavier RJ, Gevers D. The microbiome in inflammatory bowel disease: 

current status and the future ahead. Gastroenterology 2014;146:1489-99. 

Kotlarz D, Beier R, Murugan D, Diestelhorst J, Jensen O, Boztug K, Pfeifer D, 

Kreipe H, Pfister ED, Baumann U, Puchalka J, Bohne J, Egritas O, Dalgic B, 

Kolho KL, Sauerbrey A, Buderus S, Güngör T, Enninger A, Koda YK, 

Guariso G, Weiss B, Corbacioglu S, Socha P, Uslu N, Metin A, Wahbeh GT, 

Husain K, Ramadan D, Al-Herz W, Grimbacher B, Sauer M, Sykora KW, 

Koletzko S, Klein C. Loss of interleukin-10 signaling and infantile 

inflammatory bowel disease: implications for diagnosis and therapy. 

Gastroenterology 2012;143:347-55. 

Koutroubakis IE, Vlachonikolis IG, Kouroumalis EA. Role of appendicitis and 

appendectomy in the pathogenesis of ulcerative colitis: a critical review. 

Inflamm Bowel Dis 2002;8:277-86. 

Kraus TA, Cheifetz A, Toy L, Meddings JB, Mayer L. Evidence for a genetic 

defect in oral tolerance induction in inflammatory bowel disease. Inflamm 

Bowel Dis 2006;12:82-8. 

Kronman MP, Zaoutis TE, Haynes K, Feng R, Coffin SE. Antibiotic exposure and 

IBD development among children: a population-based cohort study. 

Pediatrics 2012;130:e794-803. 

Kuek A, Hazleman BL, Ostör AJ. Immune-mediated inflammatory diseases 

(IMIDs) and biologic therapy: a medical revolution. Postgrad Med J 



 

 
362 

2007;83:251-60. 

Kugathasan S, Saubermann LJ, Smith L, Kou D, Itoh J, Binion DG, Levine AD, 

Blumberg RS, Fiocchi C. Mucosal T-cell immunoregulation varies in early 

and late inflammatory bowel disease. Gut 2007;56:1696-705. 

Laan M, Lötvall J, Chung KF, Lindén A. IL-17-induced cytokine release in human 

bronchial epithelial cells in vitro: role of mitogen-activated protein (MAP) 

kinases. Br J Pharmacol 2001;133:200-6. 

Lacouture ME. Mechanisms of cutaneous toxicities to EGFR inhibitors. Nat Rev 

Cancer 2006;6:803-12. 

Laharie D, Bourreille A, Branche J, Allez M, Bouhnik Y, Filippi J, Zerbib F, 

Savoye G, Nachury M, Moreau J, Delchier JC, Cosnes J, Ricart E, Dewit O, 

Lopez-Sanroman A, Dupas JL, Carbonnel F, Bommelaer G, Coffin B, 

Roblin X, Van Assche G, Esteve M, Färkkilä M, Gisbert JP, Marteau P, 

Nahon S, de Vos M, Franchimont D, Mary JY, Colombel JF, Lémann M; 

Groupe d'Etudes Thérapeutiques des Affections Inflammatoires Digestives. 

Ciclosporin versus infliximab in patients with severe ulcerative colitis 

refractory to intravenous steroids: a parallel, open-label randomised 

controlled trial. Lancet 2012;380:1909-15. 

Lai Y, Gallo RL. AMPed up immunity: how antimicrobial peptides have multiple 

roles in immune defense. Trends Immunol 2009;30:131-41. 

Lakatos PL, Lakatos L. Risk for colorectal cancer in ulcerative colitis: changes, 

causes and management strategies. World J Gastroenterol 2008;14:3937-

47. 

Lan JG, Cruickshank SM, Singh JC, Farrar M, Lodge JP, Felsburg PJ, Carding 

SR. Different cytokine response of primary colonic epithelial cells to 

commensal bacteria. World J Gastroenterol 2005;11:3375-84. 

Lala S, Ogura Y, Osborne C, Hor SY, Bromfield A, Davies S, Ogunbiyi O, Nuñez 

G, Keshav S. Crohn's disease and the NOD2 gene: a role for paneth cells. 

Gastroenterology 2003;125:47-57. 

Laloo B, Simon D, Veillat V, Lauzel D, Guyonnet-Duperat V, Moreau-Gaudry F, 

Sagliocco F, Grosset C. Analysis of post-transcriptional regulations by a 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lakatos%20PL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lakatos%20L%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus


 

 
363 

functional, integrated, and quantitative method. Mol Cell Proteomics 

2009;8:1777-88. 

LaPorte SL, Juo ZS, Vaclavikova J, Colf LA, Qi X, Heller NM, Keegan AD, Garcia 

KC. Molecular and structural basis of cytokine receptor pleiotropy in the 

interleukin-4/13 system. Cell 2008;132:259-72. 

Lassen KG, Kuballa P, Conway KL, Patel KK, Becker CE, Peloquin JM, 

Villablanca EJ, Norman JM, Liu TC, Heath RJ, Becker ML, Fagbami L, Horn 

H, Mercer J, Yilmaz OH, Jaffe JD, Shamji AF, Bhan AK, Carr SA, Daly MJ, 

Virgin HW, Schreiber SL, Stappenbeck TS, Xavier RJ. Atg16L1 T300A 

variant decreases selective autophagy resulting in altered cytokine signaling 

and decreased antibacterial defense. Proc Natl Acad Sci U S A 

2014;111:7741-6. 

Lathrop SK, Bloom SM, Rao SM, Nutsch K, Lio CW, Santacruz N, Peterson DA, 

Stappenbeck TS, Hsieh CS. Peripheral education of the immune system by 

colonic commensal microbiota. Nature 2011;478:250-4. 

Lavelle EC, Murphy C, O'Neill LA, Creagh EM. The role of TLRs, NLRs, and 

RLRs in mucosal innate immunity and homeostasis. Mucosal Immunol 

2010;3:17-28. 

Lawrance IC, Wu F, Leite AZ, Willis J, West GA, Fiocchi C, Chakravarti S. A 

murine model of chronic inflammation-induced intestinal fibrosis down-

regulated by antisense NF-kappa B. Gastroenterology 2003;125:1750-61. 

Le Gall SM, Bobé P, Reiss K, Horiuchi K, Niu XD, Lundell D, Gibb DR, Conrad D, 

Saftig P, Blobel CP. ADAMs 10 and 17 represent differentially regulated 

components of a general shedding machinery for membrane proteins such 

as transforming growth factor alpha, L-selectin, and tumor necrosis factor 

alpha. Mol Biol Cell 2009;20:1785-94. 

Lee CG, Homer RJ, Zhu Z, Lanone S, Wang X, Koteliansky V, Shipley JM, 

Gotwals P, Noble P, Chen Q, Senior RM, Elias JA. Interleukin-13 induces 

tissue fibrosis by selectively stimulating and activating transforming growth 

factor beta(1). J Exp Med 2001;194:809-21. 

Lee D, Albenberg L, Compher C, Baldassano R, Piccoli D, Lewis JD, Wu GD. 



 

 
364 

Diet  in the pathogenesis and treatment of inflammatory bowel diseases. 

Gastroenterology 2015a;148:1087-106. 

Lee D, Baldassano RN, Otley AR, Albenberg L, Griffiths AM, Compher C, Chen 

EZ, Li H, Gilroy E, Nessel L, Grant A, Chehoud C, Bushman FD, Wu GD, 

Lewis JD. Comparative Effectiveness of Nutritional and Biological Therapy 

in North American Children with Active Crohn's Disease. Inflamm Bowel Dis 

2015b;21:1786-93. 

Lee E, Lee SH, Kwon JW, Kim Y, Cho HJ, Yang SI, Jung YH, Kim HY, Seo JH, 

Kim BJ, Kim HB, Lee SY, Kwon HJ, Hong SJ. Atopic dermatitis phenotype 

with early onset and high serum IL-13 is linked to the new development of 

bronchial hyperresponsiveness in school children. Allergy 2016 [Epub 

ahead of print]. 

Lee JC, Lyons PA, McKinney EF, Sowerby JM, Carr EJ, Bredin F, Rickman HM, 

Ratlamwala H, Hatton A, Rayner TF, Parkes M, Smith KG. Gene 

expression profiling of CD8+ T cells predicts prognosis in patients with 

Crohn disease and ulcerative colitis. J Clin Invest 2011;121:4170-9. 

Lee YK, Mukasa R, Hatton RD, Weaver CT. Developmental plasticity of Th17 

and Treg cells. Curr Opin Immunol 2009a;21:274-80. 

Lee YK, Turner H, Maynard CL, Oliver JR, Chen D, Elson CO, Weaver CT. Late 

developmental plasticity in the T helper 17 lineage. Immunity 2009b;30:92-

107. 

Lee YY, Gangireddy V, Khurana S, Rao SS. Are we ready for combination 

therapy in moderate-to-severe ulcerative colitis? Gastroenterology 

2014;147:544. 

Lees CW, Barrett JC, Parkes M, Satsangi J. New IBD genetics: common 

pathways with other diseases. Gut 2011;60:1739-53. 

Lei L, Zhao C, Qin F, He ZY, Wang X, Zhong XN. Th17 cells and IL-17 promote 

the skin and lung inflammation and fibrosis process in a bleomycin-induced 

murine model of systemic sclerosis. Clin Exp Rheumatol 2016 [Epub ahead 

of print]. 

Leiper K, Martin K, Ellis A, Subramanian S, Watson AJ, Christmas SE, Howarth 



 

 
365 

D, Campbell F, Rhodes JM. Randomised placebo-controlled trial of 

rituximab (anti-CD20) in active ulcerative colitis. Gut 2011;60:1520-6. 

Lemberg MK, Freeman M. Functional and evolutionary implications of enhanced 

genomic analysis of rhomboid intramembrane proteases. Genome Res 

2007;17:1634-46. 

Lemmens B, Arijs I, Van Assche G, Sagaert X, Geboes K, Ferrante M, Rutgeerts 

P, Vermeire S, De Hertogh G. Correlation between the endoscopic and 

histologic score in assessing the activity of ulcerative colitis. Inflamm Bowel 

Dis 2013;19:1194-201. 

Leonardi CL, Powers JL, Matheson RT, Goffe BS, Zitnik R, Wang A, Gottlieb AB; 

Etanercept Psoriasis Study Group. Etanercept as monotherapy in patients 

with psoriasis. N Engl J Med 2003;349:2014-22. 

Leppkes M, Becker C, Ivanov II, Hirth S, Wirtz S, Neufert C, Pouly S, Murphy AJ, 

Valenzuela DM, Yancopoulos GD, Becher B, Littman DR, Neurath MF. 

RORgamma-expressing Th17 cells induce murine chronic intestinal 

inflammation via redundant effects of IL-17A and IL-17F. Gastroenterology 

2009;136:257-67. 

Létuvé S, Lajoie-Kadoch S, Audusseau S, Rothenberg ME, Fiset PO, Ludwig MS, 

Hamid Q. IL-17E upregulates the expression of proinflammatory cytokines 

in lung fibroblasts. J Allergy Clin Immunol 2006;117:590-6. 

Leung JM, Davenport M, Wolff MJ, Wiens KE, Abidi WM, Poles MA, Cho I, 

Ullman T, Mayer L, Loke P. IL-22-producing CD4+ cells are depleted in 

actively inflamed colitis tissue. Mucosal Immunol 2014;7:124-33. 

Leung Y, Panaccione R, Hemmelgarn B, Jones J. Exposing the weaknesses: a 

systematic review of azathioprine efficacy in ulcerative colitis. Dig Dis Sci 

2008;53:1455-61. 

Levesque BG, Sandborn WJ, Ruel J, Feagan BG, Sands BE, Colombel JF. 

Converging goals of treatment of inflammatory bowel disease from clinical 

trials and practice. Gastroenterology 2015;148:37-51. 

Lewis JD. The utility of biomarkers in the diagnosis and therapy of inflammatory 

bowel disease. Gastroenterology 2011;140:1817-26. 



 

 
366 

Li CK, Pender SL, Pickard KM, Chance V, Holloway JA, Huett A, Gonçalves NS, 

Mudgett JS, Dougan G, Frankel G, MacDonald TT. Impaired immunity to 

intestinal bacterial infection in stromelysin-1 (matrix metalloproteinase-3)-

deficient mice. J Immunol 2004;173:5171-9. 

Li H, Limenitakis JP, Fuhrer T, Geuking MB, Lawson MA, Wyss M, Brugiroux S, 

Keller I, Macpherson JA, Rupp S, Stolp B, Stein JV, Stecher B, Sauer U, 

McCoy KD, Macpherson AJ. The outer mucus layer hosts a distinct 

intestinal microbial niche. Nat Commun 2015;6:8292. 

Li MO, Wan YY, Flavell RA. T cell-produced transforming growth factor-beta1 

controls T cell tolerance and regulates Th1- and Th17-cell differentiation. 

Immunity 2007;26:579-91. 

Li MO, Flavell RA. Contextual regulation of inflammation: a duet by transforming 

growth factor-beta and interleukin-10. Immunity 2008;28:468-76. 

Li Q, Park PW, Wilson CL, Parks WC. Matrilysin shedding of syndecan-1 

regulates chemokine mobilization and transepithelial efflux of neutrophils in 

acute lung injury. Cell 2002;111:635-46. 

Li R, Rosendahl A, Brodin G, Cheng AM, Ahgren A, Sundquist C, Kulkarni S, 

Pawson T, Heldin CH, Heuchel RL. Deletion of exon I of SMAD7 in mice 

results in altered B cell responses. J Immunol 2006;176:6777-84. 

Li X, Maretzky T, Weskamp G, Monette S, Qing X, Issuree PD, Crawford HC, 

McIlwain DR, Mak TW, Salmon JE, Blobel CP. iRhoms 1 and 2 are 

essential upstream regulators of ADAM17-dependent EGFR signaling. Proc 

Natl Acad Sci U S A 2015;112:6080-5. 

Lichtiger S, Present DH, Kornbluth A, Gelernt I, Bauer J, Galler G, Michelassi F, 

Hanauer S. Cyclosporine in severe ulcerative colitis refractory to steroid 

therapy. N Engl J Med 1994;330:1841-5. 

Lidell ME, Moncada DM, Chadee K, Hansson GC. Entamoeba histolytica 

cysteine proteases cleave the MUC2 mucin in its C-terminal domain and 

dissolve the protective colonic mucus gel. Proc Natl Acad Sci U S A 

2006;103:9298-303. 

Lin M, Du L, Brandtzaeg P, Pan-Hammarström Q. IgA subclass switch 



 

 
367 

recombination in human mucosal and systemic immune compartments. 

Mucosal Immunol 2014;7:511-20. 

List K, Kosa P, Szabo R, Bey AL, Wang CB, Molinolo A, Bugge TH. Epithelial 

integrity is maintained by a matriptase-dependent proteolytic pathway. Am J 

Pathol 2009;175:1453-63. 

Liu JZ, van Sommeren S, Huang H, Ng SC, Alberts R, Takahashi A, Ripke S, 

Lee JC, Jostins L, Shah T, Abedian S, Cheon JH, Cho J, Daryani NE, 

Franke L, Fuyuno Y, Hart A, Juyal RC, Juyal G, Kim WH, Morris AP, 

Poustchi H, Newman WG, Midha V, Orchard TR, Vahedi H, Sood A, Sung 

JJ, Malekzadeh R, Westra HJ, Yamazaki K, Yang SK; International Multiple 

Sclerosis Genetics Consortium; International IBD Genetics Consortium, 

Barrett JC, Franke A, Alizadeh BZ, Parkes M, B K T, Daly MJ, Kubo M, 

Anderson CA, Weersma RK. Association analyses identify 38 susceptibility 

loci for inflammatory bowel disease and highlight shared genetic risk across 

populations. Nat Genet 2015;47:979-86. 

Liu H, Patel NR, Walter L, Ingersoll S, Sitaraman SV, Garg P. Constitutive 

expression of MMP9 in intestinal epithelium worsens murine acute colitis 

and is associated with increased levels of proinflammatory cytokine Kc. Am 

J Physiol Gastrointest Liver Physiol 2013;304:G793-803. 

Liu Y, Helms C, Liao W, Zaba LC, Duan S, Gardner J, Wise C, Miner A, Malloy 

MJ, Pullinger CR, Kane JP, Saccone S, Worthington J, Bruce I, Kwok PY, 

Menter A, Krueger J, Barton A, Saccone NL, Bowcock AM. A genome-wide 

association study of psoriasis and psoriatic arthritis identifies new disease 

loci. PLoS Genet 2008;4:e1000041. 

López-Boado YS, Wilson CL, Hooper LV, Gordon JI, Hultgren SJ, Parks WC. 

Bacterial exposure induces and activates matrilysin in mucosal epithelial 

cells. J Cell Biol 2000;148:1305-15. 

López-Díaz L, Jain RN, Keeley TM, VanDussen KL, Brunkan CS, Gumucio DL, 

Samuelson LC. Intestinal Neurogenin 3 directs differentiation of a 

bipotential secretory progenitor to endocrine cell rather than goblet cell fate. 

Dev Biol 2007;309:298-305. 



 

 
368 

Louis E, El Ghoul Z, Vermeire S, Dall'Ozzo S, Rutgeerts P, Paintaud G, Belaiche 

J, De Vos M, Van Gossum A, Colombel JF, Watier H. Association between 

polymorphism in IgG Fc receptor IIIa coding gene and biological response 

to infliximab in Crohn's disease. Aliment Pharmacol Ther 2004;19:511-9. 

Louis E, Irving P, Beaugerie L. Use of azathioprine in IBD: modern aspects of an 

old drug. Gut 2014;63:1695-9. 

Luetteke NC, Qiu TH, Peiffer RL, Oliver P, Smithies O, Lee DC. TGF deficiency 

results in hair follicle and eye abnormalities in targeted and waved-1 mice. 

Cell 1993;73:263-78. 

Lundqvist C, Baranov V, Hammarström S, Athlin L, Hammarström ML. Intra-

epithelial lymphocytes. Evidence for regional specialization and extrathymic 

T cell maturation in the human gut epithelium. Int Immunol 1995;7:1473-87. 

Ma Y, Guan Q, Bai A, Weiss CR, Hillman CL, Ma A, Zhou G, Qing G, Peng Z. 

Targeting TGF-beta1 by employing a vaccine ameliorates fibrosis in a 

mouse model of chronic colitis. Inflamm Bowel Dis 2010;16:1040-50. 

Maaser C, Housley MP, Iimura M, Smith JR, Vallance BA, Finlay BB, Schreiber 

JR, Varki NM, Kagnoff MF, Eckmann L. Clearance of Citrobacter rodentium 

requires B cells but not secretory immunoglobulin A (IgA) or IgM antibodies. 

Infect Immun 2004;72:3315-24. 

MacDonald TT, Monteleone G. Immunity, inflammation, and allergy in the gut. 

Science 2005;307:1920-5. 

MacDonald TT. Inside the microbial and immune labyrinth: totally gutted. Nat 

Med 2010;16:1194-5. 

MacDonald TT, Monteleone I, Fantini MC, Monteleone G. Regulation of 

homeostasis and inflammation in the intestine. Gastroenterology 

2011;140:1768-75. 

MacDonald TT, Weaver CT. Lymphocyte populations within the lamina propria. 

In: Smith PD, MacDonald TT, Blumberg RS (eds). Principles of mucosal 

immunology. Garland Science, New York 2013;87-101. 

Macken L, Blaker PA. Management of acute severe ulcerative colitis (NICE CG 

166). Clin Med 2015;15:473-6. 



 

 
369 

Macpherson AJ, Geuking MB, McCoy KD. Immune responses that adapt the 

intestinal mucosa to commensal intestinal bacteria. Immunology 

2005;115:153-62. 

Macpherson AJ, Geuking MB, Slack E, Hapfelmeier S, McCoy KD. The habitat, 

double life, citizenship, and forgetfulness of IgA. Immunol Rev. 

2012;245:132-46. 

Macpherson AJ, McCoy KD. Stratification and compartmentalisation of 

immunoglobulin responses to commensal intestinal microbes. Semin 

Immunol 2013;25:358-63. 

Macpherson AJ, Köller Y, McCoy KD. The bilateral responsiveness between 

intestinal microbes and IgA. Trends Immunol 2015;36:460-70. 

Maeda S, Hsu LC, Liu H, Bankston LA, Iimura M, Kagnoff MF, Eckmann L, Karin 

M. Nod2 mutation in Crohn's disease potentiates NF-kappaB activity and IL-

1beta processing. Science 2005;307:734-8. 

Maglinte DD, Kelvin FM, Sandrasegaran K, Nakeeb A, Romano S, Lappas JC, 

Howard TJ. Radiology of small bowel obstruction: contemporary approach 

and controversies. Abdom Imaging 2005;30:160-78. 

Maloy KJ, Salaun L, Cahill R, Dougan G, Saunders NJ, Powrie F. CD4+CD25+ 

T(R) cells suppress innate immune pathology through cytokine-dependent 

mechanisms. J Exp Med 2003;197:111-9. 

Maloy KJ, Kullberg MC. IL-23 and Th17 cytokines in intestinal homeostasis. 

Mucosal Immunol 2008;1:339-49. 

Mahid SS, Minor KS, Soto RE, Hornung CA, Galandiuk S. Smoking and 

inflammatory bowel disease: a meta-analysis. Mayo Clin Proc 

2006;81:1462-71. 

Makowski GS, Ramsby ML. Autoactivation profiles of calcium-dependent matrix 

metalloproteinase-2 and -9 in inflammatory synovial fluid: effect of 

pyrophosphate and bisphosphonates. Clin Chim Acta 2005;358:182-91. 

Maney SK, McIlwain DR, Polz R, Pandyra AA, Sundaram B, Wolff D, Ohishi K, 

Maretzky T, Brooke MA, Evers A, Vasudevan AA, Aghaeepour N, Scheller J, 

Münk C, Häussinger D, Mak TW, Nolan GP, Kelsell DP, Blobel CP, Lang 



 

 
370 

KS, Lang PA. Deletions in the cytoplasmic domain of iRhom1 and iRhom2 

promote shedding of the TNF receptor by the protease ADAM17. Sci Signal 

2015;8:ra109. 

Mangan PR, Harrington LE, O'Quinn DB, Helms WS, Bullard DC, Elson CO, 

Hatton RD, Wahl SM, Schoeb TR, Weaver CT. Transforming growth factor-

beta induces development of the T(H)17 lineage. Nature 2006;441:231-4. 

Mańkowska-Wierzbicka D, Swora-Cwynar E, Poniedziałek B, Adamski Z, 

Dobrowolska A, Karczewski J. Usefulness of selected laboratory markers in 

ulcerative colitis. Eur Cytokine Netw 2015;26:26-37. 

Mann GB, Fowler KJ, Gabriel A, Nice EC, Williams RL, Dunn AR. Mice with a 

null mutation of the TGF gene have abnormal skin architecture, wavy hair, 

and curly whiskers and often develop corneal inflammation. Cell 

1993;73:249-61. 

Mannon P, Reinisch W. Interleukin 13 and its role in gut defence and 

inflammation. Gut 2012;61:1765-73. 

Mantis NJ, Rol N, Corthésy B. Secretory IgA's complex roles in immunity and 

mucosal homeostasis in the gut. Mucosal Immunol 2011;4:603-11. 

Marchal Bressenot A, Riddell RH, Boulagnon-Rombi C, Reinisch W, Danese S, 

Schreiber S, Peyrin-Biroulet L. Review article: the histological assessment 

of disease activity in ulcerative colitis. Aliment Pharmacol Ther 

2015;42:957-67. 

Marshall JK, Thabane M, Steinhart AH, Newman JR, Anand A, Irvine EJ. Rectal 

5-aminosalicylic acid for induction of remission in ulcerative colitis. 

Cochrane Database Syst Rev 2010;1:CD004115. 

Mary JY, Modigliani R. Development and validation of an endoscopic index of the 

severity for Crohn's disease: a prospective multicentre study. Groupe 

d'Etudes Thérapeutiques des Affections Inflammatoires du Tube Digestif 

(GETAID). Gut 1989;30:983-9. 

Masahata K, Umemoto E, Kayama H, Kotani M, Nakamura S, Kurakawa T, 

Kikuta J, Gotoh K, Motooka D, Sato S, Higuchi T, Baba Y, Kurosaki T, 

Kinoshita M, Shimada Y, Kimura T, Okumura R, Takeda A, Tajima M, 



 

 
371 

Yoshie O, Fukuzawa M, Kiyono H, Fagarasan S, Iida T, Ishii M, Takeda K. 

Generation of colonic IgA-secreting cells in the caecal patch. Nat Commun 

2014;5:3704. 

Mastroianni JR, Costales JK, Zaksheske J, Selsted ME, Salzman NH, Ouellette 

AJ. Alternative luminal activation mechanisms for paneth cell α-defensins. J 

Biol Chem 2012;287:11205-12. 

Matsuno K, Adachi Y, Yamamoto H, Goto A, Arimura Y, Endo T, Itoh F, Imai K. 

The expression of matrix metalloproteinase matrilysin indicates the degree 

of inflammation in ulcerative colitis. J Gastroenterol 2003;38:348-54. 

Maul J, Loddenkemper C, Mundt P, Berg E, Giese T, Stallmach A, Zeitz M, 

Duchmann R. Peripheral and intestinal regulatory CD4+ CD25(high) T cells 

in inflammatory bowel disease. Gastroenterology 2005;128:1868-78. 

May GR, Sutherland LR, Meddings JB. Is small intestinal permeability really 

increased in relatives of patients with Crohn's disease? Gastroenterology 

1993;104:1627-32. 

Mayans S, Stepniak D, Palida SF, Larange A, Dreux J, Arlian BM, Shinnakasu R, 

Kronenberg M, Cheroutre H, Lambolez F. αβT cell receptors expressed by 

CD4(-)CD8αβ(-) intraepithelial T cells drive their fate into a unique lineage 

with unusual MHC reactivities. Immunity 2014;41:207-18. 

Mayberry JF, Lobo A, Ford AC, Thomas A. NICE clinical guideline (CG152): the 

management of Crohn's disease in adults, children and young people. 

Aliment Pharmacol Ther 2013;37:195-203. 

Maynard CL, Weaver CT. Intestinal effector T cells in health and disease. 

Immunity 2009;31:389-400. 

Mazmanian SK, Round JL, Kasper DL. A microbial symbiosis factor prevents 

intestinal inflammatory disease. Nature 2008;453:620-5. 

McGeachy MJ, Bak-Jensen KS, Chen Y, Tato CM, Blumenschein W, 

McClanahan T, Cua DJ. TGF-beta and IL-6 drive the production of IL-17 

and IL-10 by T cells and restrain T(H)-17 cell-mediated pathology. Nat 

Immunol 2007;8:1390-7. 

McGovern DP, Kugathasan S, Cho JH. Genetics of Inflammatory Bowel 



 

 
372 

Diseases. Gastroenterology 2015;149:1163-76. 

McGrath J, McDonald JW, Macdonald JK. Transdermal nicotine for induction of 

remission in ulcerative colitis. Cochrane Database Syst Rev. 

2004;4:CD004722. 

McGuckin MA, Lindén SK, Sutton P, Florin TH. Mucin dynamics and enteric 

pathogens. Nat Rev Microbiol 2011;9:265-78. 

McGuckin MA, Ouellette AJ, Wu GD. Secreted effectors of the innate mucosal 

barrier. In: Smith PD, MacDonald TT, Blumberg RS (eds). Principles of 

mucosal immunology. Garland Science, New York 2013;37-52. 

McGuire JK, Li Q, Parks WC. Matrilysin (matrix metalloproteinase-7) mediates E-

cadherin ectodomain shedding in injured lung epithelium. Am J Pathol 

2003;162:1831-43. 

McIlwain DR, Lang PA, Maretzky T, Hamada K, Ohishi K, Maney SK, Berger T, 

Murthy A, Duncan G, Xu HC, Lang KS, Häussinger D, Wakeham A, Itie-

Youten A, Khokha R, Ohashi PS, Blobel CP, Mak TW. iRhom2 regulation of 

TACE controls TNF-mediated protection against Listeria and responses to 

LPS. Science 2012;335:229-32. 

McKaig BC, McWilliams D, Watson SA, Mahida YR. Expression and regulation of 

tissue inhibitor of metalloproteinase-1 and matrix metalloproteinases by 

intestinal myofibroblasts in inflammatory bowel disease. Am J Pathol 

2003;162:1355-60. 

Meng F, Wang K, Aoyama T, Grivennikov SI, Paik Y, Scholten D, Cong M, 

Iwaisako K, Liu X, Zhang M, Osterreicher CH, Stickel F, Ley K, Brenner DA, 

Kisseleva T. Interleukin-17 signaling in inflammatory, Kupffer cells, and 

hepatic stellate cells exacerbates liver fibrosis in mice. Gastroenterology 

2012;143:765-76. 

Mi S, Li Z, Yang HZ, Liu H, Wang JP, Ma YG, Wang XX, Liu HZ, Sun W, Hu ZW. 

Blocking IL-17A promotes the resolution of pulmonary inflammation and 

fibrosis via TGF-beta1-dependent and -independent mechanisms. J 

Immunol 2011;187:3003-14. 

Middendorp S, Nieuwenhuis EE. NKT cells in mucosal immunity. Mucosal 



 

 
373 

Immunol 2009;2:393-402. 

Miettinen PJ, Berger JE, Meneses J, Phung Y, Pedersen RA, Werb Z, Derynck R. 

Epithelial immaturity and multiorgan failure in mice lacking epidermal growth 

factor receptor. Nature 1995;376:337-41. 

Mikulski Z, Johnson R, Shaked I, Kim G, Nowyhed H, Goodman W, Chodaczek 

G, Pizarro TT, Cominelli F, Ley K. SAMP1/YitFc mice develop ileitis via loss 

of CCL21 and defects in dendritic cell migration. Gastroenterology 

2015;148:783-93. 

Mitoma H, Horiuchi T, Hatta N, Tsukamoto H, Harashima S, Kikuchi Y, Otsuka J, 

Okamura S, Fujita S, Harada M. Infliximab induces potent anti-inflammatory 

responses by outside-to-inside signals through transmembrane TNF-alpha. 

Gastroenterology 2005;128:376-92. 

Moayyedi P, Surette MG, Kim PT, Libertucci J, Wolfe M, Onischi C, Armstrong D, 

Marshall JK, Kassam Z, Reinisch W, Lee CH. Fecal Microbiota 

Transplantation Induces Remission in Patients With Active Ulcerative Colitis 

in a Randomized Controlled Trial. Gastroenterology 2015;149:102-9. 

Mohan R, Chintala SK, Jung JC, Villar WV, McCabe F, Russo LA, Lee Y, 

McCarthy BE, Wollenberg KR, Jester JV, Wang M, Welgus HG, Shipley JM, 

Senior RM, Fini ME. Matrix metalloproteinase gelatinase B (MMP-9) 

coordinates and effects epithelial regeneration. J Biol Chem 

2002;277:2065-72. 

Monteiro M, Almeida CF, Caridade M, Ribot JC, Duarte J, Agua-Doce A, 

Wollenberg I, Silva-Santos B, Graca L. Identification of regulatory Foxp3+ 

invariant NKT cells induced by TGF-beta. J Immunol 2010;185:2157-63. 

Monteleone G, Biancone L, Marasco R, Morrone G, Marasco O, Luzza F, 

Pallone F. Interleukin 12 is expressed and actively released by Crohn's 

disease intestinal lamina propria mononuclear cells. Gastroenterology 

1997;112:1169-78. 

Monteleone G, Trapasso F, Parrello T, Biancone L, Stella A, Iuliano R, Luzza F, 

Fusco A, Pallone F. Bioactive IL-18 expression is up-regulated in Crohn's 

disease. J Immunol 1999;163:143-7. 



 

 
374 

Monteleone G, Kumberova A, Croft NM, McKenzie C, Steer HW, MacDonald TT. 

Blocking Smad7 restores TGF-beta1 signaling in chronic inflammatory 

bowel disease. J Clin Invest 2001;108:601-9. 

Monteleone G, Mann J, Monteleone I, Vavassori P, Bremner R, Fantini M, Del 

Vecchio Blanco G, Tersigni R, Alessandroni L, Mann D, Pallone F, 

MacDonald TT. A failure of transforming growth factor-beta1 negative 

regulation maintains sustained NF-kappaB activation in gut inflammation. J 

Biol Chem 2004;279:3925-32. 

Monteleone G, Monteleone I, Fina D, Vavassori P, Del Vecchio Blanco G, 

Caruso R, Tersigni R, Alessandroni L, Biancone L, Naccari GC, MacDonald 

TT, Pallone F. Interleukin-21 enhances T-helper cell type I signaling and 

interferon-gamma production in Crohn's disease. Gastroenterology 

2005;128:687-94. 

Monteleone G, Caruso R, Fina D, Peluso I, Gioia V, Stolfi C, Fantini MC, Caprioli 

F, Tersigni R, Alessandroni L, MacDonald TT, Pallone F. Control of matrix 

metalloproteinase production in human intestinal fibroblasts by interleukin 

21. Gut 2006;55:1774-80. 

Monteleone G, Pallone F, Macdonald TT. Interleukin-25: a two-edged sword in 

the control of immune-inflammatory responses. Cytokine Growth Factor 

Rev 2010;21:471-5. 

Monteleone G, Neurath MF, Ardizzone S, Di Sabatino A, Fantini MC, Castiglione 

F, Scribano ML, Armuzzi A, Caprioli F, Sturniolo GC, Rogai F, Vecchi M, 

Atreya R, Bossa F, Onali S, Fichera M, Corazza GR, Biancone L, Savarino 

V, Pica R, Orlando A, Pallone F. Mongersen, an oral SMAD7 antisense 

oligonucleotide, and Crohn's disease. N Engl J Med 2015;372:1104-13. 

Monteleone I, Federici M, Sarra M, Franzè E, Casagrande V, Zorzi F, Cavalera 

M, Rizzo A, Lauro R, Pallone F, MacDonald TT, Monteleone G. Tissue 

inhibitor of metalloproteinase-3 regulates inflammation in human and mouse 

intestine. Gastroenterology 2012;143:1277-87. 

Monteleone I, Zorzi F, Marafini I, Fusco DD, Dinallo V, Caruso R, Izzo R, Franzè 

E, Colantoni A, Pallone F, Monteleone G. Aryl hydrocarbon receptor-driven 



 

 
375 

signals inhibit collagen synthesis in the gut. Eur J Immunol 2016 [Epub 

ahead of print]. 

Monticelli LA, Sonnenberg GF, Abt MC, Alenghat T, Ziegler CG, Doering TA, 

Angelosanto JM, Laidlaw BJ, Yang CY, Sathaliyawala T, Kubota M, Turner 

D, Diamond JM, Goldrath AW, Farber DL, Collman RG, Wherry EJ, Artis D. 

Innate lymphoid cells promote lung-tissue homeostasis after infection with 

influenza virus. Nat Immunol 2011;12:1045-54. 

Mora JR, Bono MR, Manjunath N, Weninger W, Cavanagh LL, Rosemblatt M, 

Von Andrian UH. Selective imprinting of gut-homing T cells by Peyer's 

patch dendritic cells. Nature 2003;424:88-93. 

Moriez R, Salvador-Cartier C, Theodorou V, Fioramonti J, Eutamene H, Bueno L. 

Myosin light chain kinase is involved in lipopolysaccharide-induced 

disruption of colonic epithelial barrier and bacterial translocation in rats. Am 

J Pathol 2005;167:1071-9. 

Morohoshi Y, Matsuoka K, Chinen H, Kamada N, Sato T, Hisamatsu T, Okamoto 

S, Inoue N, Takaishi H, Ogata H, Iwao Y, Hibi T. Inhibition of neutrophil 

elastase prevents the development of murine dextran sulfate sodium-

induced colitis. J Gastroenterol 2006;41:318-24. 

Mosli MH, Feagan BG, Sandborn WJ, Dʼhaens G, Behling C, Kaplan K, Driman 

DK, Shackelton LM, Baker KA, Macdonald JK, Vandervoort MK, Geboes K, 

Levesque BG. Histologic evaluation of ulcerative colitis: a systematic review 

of disease activity indices. Inflamm Bowel Dis 2014;20:564-75. 

Mosli MH, Zou G, Garg SK, Feagan SG, MacDonald JK, Chande N, Sandborn 

WJ, Feagan BG. C-Reactive Protein, Fecal Calprotectin, and Stool 

Lactoferrin for Detection of Endoscopic Activity in Symptomatic 

Inflammatory Bowel Disease Patients: A Systematic Review and Meta-

Analysis. Am J Gastroenterol 2015;110:802-19. 

Mosnier JF, Jarry A, Bou-Hanna C, Denis MG, Merlin D, Laboisse CL. ADAM15 

upregulation and interaction with multiple binding partners in inflammatory 

bowel disease. Lab Invest 2006;86:1064-73. 

Mostov K, Su T, ter Beest M. Polarized epithelial membrane traffic: conservation 



 

 
376 

and plasticity. Nat Cell Biol 2003;5:287-93. 

Motta JP, Magne L, Descamps D, Rolland C, Squarzoni-Dale C, Rousset P, 

Martin L, Cenac N, Balloy V, Huerre M, Fröhlich LF, Jenne D, Wartelle J, 

Belaaouaj A, Mas E, Vinel JP, Alric L, Chignard M, Vergnolle N, Sallenave 

JM. Modifying the protease, antiprotease pattern by elafin overexpression 

protects mice from colitis. Gastroenterology 2011;140:1272-82. 

Motta JP, Bermúdez-Humarán LG, Deraison C, Martin L, Rolland C, Rousset P, 

Boue J, Dietrich G, Chapman K, Kharrat P, Vinel JP, Alric L, Mas E, 

Sallenave JM, Langella P, Vergnolle N. Food-grade bacteria expressing 

elafin protect against inflammation and restore colon homeostasis. Sci 

Transl Med 2012;4:158ra144. 

Mowat AM, Agace WW. Regional specialization within the intestinal immune 

system. Nat Rev Immunol 2014;14:667-85. 

Mowat C, Cole A, Windsor A, Ahmad T, Arnott I, Driscoll R, Mitton S, Orchard T, 

Rutter M, Younge L, Lees C, Ho GT, Satsangi J, Bloom S; IBD Section of 

the British Society of Gastroenterology. Guidelines for the management of 

inflammatory bowel disease in adults. Gut 2011;60:571-607. 

Mucida D, Park Y, Kim G, Turovskaya O, Scott I, Kronenberg M, Cheroutre H. 

Reciprocal TH17 and regulatory T cell differentiation mediated by retinoic 

acid. Science 2007;317:256-60. 

Murai M, Turovskaya O, Kim G, Madan R, Karp CL, Cheroutre H, Kronenberg M. 

Interleukin 10 acts on regulatory T cells to maintain expression of the 

transcription factor Foxp3 and suppressive function in mice with colitis. Nat 

Immunol 2009;10:1178-84. 

Murch SH, Braegger CP, Walker-Smith JA, MacDonald TT. Location of tumour 

necrosis factor alpha by immunohistochemistry in chronic inflammatory 

bowel disease. Gut 1993;34:1705-9. 

Murthy A, Li Y, Peng I, Reichelt M, Katakam AK, Noubade R, Roose-Girma M, 

DeVoss J, Diehl L, Graham RR, van Lookeren Campagne M. A Crohn's 

disease variant in Atg16l1 enhances its degradation by caspase 3. Nature. 

2014;506:456-62. 



 

 
377 

Nagase H, Visse R, Murphy G. Structure and function of matrix 

metalloproteinases and TIMPs. Cardiovasc Res 2006;69:562-73. 

Nalle SC, Turner JR. Intestinal barrier loss as a critical pathogenic link between 

inflammatory bowel disease and graft-versus-host disease. Mucosal 

Immunol 2015;8:720-30. 

Nanda KS, Cheifetz AS, Moss AC. Impact of antibodies to infliximab on clinical 

outcomes and serum infliximab levels in patients with inflammatory bowel 

disease (IBD): a meta-analysis. Am J Gastroenterol 2013;108:40-7. 

Nesbitt A, Fossati G, Bergin M, Stephens P, Stephens S, Foulkes R, Brown D, 

Robinson M, Bourne T. Mechanism of action of certolizumab pegol 

(CDP870): in vitro comparison with other anti-tumor necrosis factor alpha 

agents. Inflamm Bowel Dis 2007;13:1323-32. 

Netzel-Arnett S, Buzza MS, Shea-Donohue T, Désilets A, Leduc R, Fasano A, 

Bugge TH, Antalis TM. Matriptase protects against experimental colitis and 

promotes intestinal barrier recovery. Inflamm Bowel Dis 2012;18:1303-14. 

Neumann B, Luz A, Pfeffer K, Holzmann B. Defective Peyer's patch 

organogenesis in mice lacking the 55-kD receptor for tumor necrosis factor. 

J Exp Med 1996;184:259-64. 

Neurath MF, Finotto S, Glimcher LH. The role of Th1/Th2 polarization in mucosal 

immunity. Nat Med 2002;8:567-73. 

Neurath MF. Cytokines in inflammatory bowel disease. Nat Rev Immunol 

2014;14:329-42. 

Ng SB, Bigham AW, Buckingham KJ, Hannibal MC, McMillin MJ, Gildersleeve HI, 

Beck AE, Tabor HK, Cooper GM, Mefford HC, Lee C, Turner EH, Smith JD, 

Rieder MJ, Yoshiura K, Matsumoto N, Ohta T, Niikawa N, Nickerson DA, 

Bamshad MJ, Shendure J. Exome sequencing identifies MLL2 mutations as 

a cause of Kabuki syndrome. Nat Genet 2010;42:790-3. 

Nguyen HT, Dalmasso G, Müller S, Carrière J, Seibold F, Darfeuille-Michaud A. 

Crohn's disease-associated adherent invasive Escherichia coli modulate 

levels of microRNAs in intestinal epithelial cells to reduce autophagy. 

Gastroenterology 2014;146:508-19. 



 

 
378 

NICE Clinical Guideline. Ulcerative colitis. Management in adults, children and 

young people. 2013. 

NICE Clinical Guideline. Infliximab, adalimumab and golimumab for treating 

moderately to severely active ulcerative colitis after the failure of 

conventional therapy. 2015a. 

NICE Clinical Guideline. Vedolizumab for treating moderately to severely active 

ulcerative colitis. 2015b. 

Niess JH, Danese S. Anti-TNF and skin inflammation in IBD: a new paradox in 

gastroenterology? Gut 2014;63:533-5. 

Noë V, Fingleton B, Jacobs K, Crawford HC, Vermeulen S, Steelant W, Bruyneel 

E, Matrisian LM, Mareel M. Release of an invasion promoter E-cadherin 

fragment by matrilysin and stromelysin-1. J Cell Sci 2001;114:111-8. 

Noguchi M, Hiwatashi N, Liu Z, Toyota T. Enhanced interferon-gamma 

production and B7-2 expression in isolated intestinal mononuclear cells 

from patients with Crohn's disease. J Gastroenterol 1995;30(Suppl.8):52-5. 

Norman JM, Handley SA, Baldridge MT, Droit L, Liu CY, Keller BC, Kambal A, 

Monaco CL, Zhao G, Fleshner P, Stappenbeck TS, McGovern DP, 

Keshavarzian A, Mutlu EA, Sauk J, Gevers D, Xavier RJ, Wang D, Parkes 

M, Virgin HW. Disease-specific alterations in the enteric virome in 

inflammatory bowel disease. Cell 2015;160:447-60. 

O'Connor W Jr, Kamanaka M, Booth CJ, Town T, Nakae S, Iwakura Y, Kolls JK, 

Flavell RA. A protective function for interleukin 17A in T cell-mediated 

intestinal inflammation. Nat Immunol 2009;10:603-9. 

O'Garra A, Vieira P. Regulatory T cells and mechanisms of immune system 

control. Nat Med 2004;10:801-5. 

O'Keeffe J, Doherty DG, Kenna T, Sheahan K, O'Donoghue DP, Hyland JM, 

O'Farrelly C. Diverse populations of T cells with NK cell receptors 

accumulate in the human intestine in health and in colorectal cancer. Eur J 

Immunol 2004;34:2110-9. 

O'Neil DA, Porter EM, Elewaut D, Anderson GM, Eckmann L, Ganz T, Kagnoff 

MF. Expression and regulation of the human beta-defensins hBD-1 and 



 

 
379 

hBD-2 in intestinal epithelium. J Immunol 1999;163:6718-24. 

OʼShea NR, Smith AM. Matrix metalloproteases role in bowel inflammation and 

inflammatory bowel disease: an up to date review. Inflamm Bowel Dis 

2014;20:2379-93. 

O'Sullivan S, Gilmer JF, Medina C. Matrix metalloproteinases in inflammatory 

bowel disease: an update. Mediators Inflamm 2015;2015:964131. 

Ochoa-Repáraz J, Mielcarz DW, Wang Y, Begum-Haque S, Dasgupta S, Kasper 

DL, Kasper LH. A polysaccharide from the human commensal Bacteroides 

fragilis protects against CNS demyelinating disease. Mucosal Immunol 

2010;3:487-95. 

Oeser K, Schwartz C, Voehringer D. Conditional IL-4/IL-13-deficient mice reveal 

a critical role of innate immune cells for protective immunity against 

gastrointestinal helminths. Mucosal Immunol 2015;8:672-82. 

Ogura Y, Bonen DK, Inohara N, Nicolae DL, Chen FF, Ramos R, Britton H, 

Moran T, Karaliuskas R, Duerr RH, Achkar JP, Brant SR, Bayless TM, 

Kirschner BS, Hanauer SB, Nuñez G, Cho JH. A frameshift mutation in 

NOD2 associated with susceptibility to Crohn's disease. Nature 

2001;411:603-6. 

Okamoto Y, Hasegawa M, Matsushita T, Hamaguchi Y, Huu DL, Iwakura Y, 

Fujimoto M, Takehara K. Potential roles of interleukin-17A in the 

development of skin fibrosis in mice. Arthritis Rheum 2012;64:3726-35. 

Okuno T, Andoh A, Bamba S, Araki Y, Fujiyama Y, Fujiyama M, Bamba T. 

Interleukin-1beta and tumor necrosis factor-alpha induce chemokine and 

matrix metalloproteinase gene expression in human colonic subepithelial 

myofibroblasts. Scand J Gastroenterol 2002;37:317-24. 

Ong PY. New insights in the pathogenesis of atopic dermatitis. Pediatr Res 

2014;75:171-5. 

Ordás I, Eckmann L, Talamini M, Baumgart DC, Sandborn WJ. Ulcerative colitis. 

Lancet 2012;380:1606-19. 

Ortega-Cava CF, Ishihara S, Rumi MA, Kawashima K, Ishimura N, Kazumori H, 

Udagawa J, Kadowaki Y, Kinoshita Y. Strategic compartmentalization of 



 

 
380 

Toll-like receptor 4 in the mouse gut. J Immunol 2003;170:3977-85. 

Oshima T, Pavlick KP, Laroux FS, Verma SK, Jordan P, Grisham MB, Williams L, 

Alexander JS. Regulation and distribution of MAdCAM-1 in endothelial cells 

in vitro. Am J Physiol Cell Physiol 2001;281:C1096-105. 

Ott C, Schölmerich J. Extraintestinal manifestations and complications in IBD. 

Nat Rev Gastroenterol Hepatol 2013;10:585-95. 

Pabst O, Mowat AM. Oral tolerance to food protein. Mucosal Immunol 

2012;5:232-9. 

Palm NW, de Zoete MR, Cullen TW, Barry NA, Stefanowski J, Hao L, Degnan 

PH, Hu J, Peter I, Zhang W, Ruggiero E, Cho JH, Goodman AL, Flavell RA. 

Immunoglobulin A coating identifies colitogenic bacteria in inflammatory 

bowel disease. Cell 2014;158:1000-10. 

Pan J, Kunkel EJ, Gosslar U, Lazarus N, Langdon P, Broadwell K, Vierra MA, 

Genovese MC, Butcher EC, Soler D. A novel chemokine ligand for CCR10 

and CCR3 expressed by epithelial cells in mucosal tissues. J Immunol 

2000;165:2943-9. 

Panaccione R, Ghosh S, Middleton S, Márquez JR, Scott BB, Flint L, van 

Hoogstraten HJ, Chen AC, Zheng H, Danese S, Rutgeerts P. Combination 

therapy with infliximab and azathioprine is superior to monotherapy with 

either agent in ulcerative colitis. Gastroenterology 2014;146:392-400. 

Parks WC, Wilson CL, López-Boado YS. Matrix metalloproteinases as 

modulators of inflammation and innate immunity. Nat Rev Immunol 

2004;4:617-29. 

Pariente B, Mary JY, Danese S, Chowers Y, De Cruz P, D'Haens G, Loftus EV Jr, 

Louis E, Panés J, Schölmerich J, Schreiber S, Vecchi M, Branche J, 

Bruining D, Fiorino G, Herzog M, Kamm MA, Klein A, Lewin M, Meunier P, 

Ordas I, Strauch U, Tontini GE, Zagdanski AM, Bonifacio C, Rimola J, 

Nachury M, Leroy C, Sandborn W, Colombel JF, Cosnes J. Development of 

the Lémann index to assess digestive tract damage in patients with Crohn's 

disease. Gastroenterology 2015;148:52-63. 

Pasparakis M, Alexopoulou L, Episkopou V, Kollias G. Immune and inflammatory 



 

 
381 

responses in TNF alpha-deficient mice: a critical requirement for TNF alpha 

in the formation of primary B cell follicles, follicular dendritic cell networks 

and germinal centers, and in the maturation of the humoral immune 

response. J Exp Med 1996;184:1397-411. 

Pender SL, Lionetti P, Murch SH, Wathan N, MacDonald TT. Proteolytic 

degradation of intestinal mucosal extracellular matrix after lamina propria T 

cell activation. Gut 1996;39:284-90. 

Pender SL, Tickle SP, Docherty AJ, Howie D, Wathen NC, MacDonald TT. A 

major role for matrix metalloproteinases in T cell injury in the gut. J Immunol 

1997;158:1582-90. 

Pender SL, Salmela MT, Monteleone G, Schnapp D, McKenzie C, Spencer J, 

Fong S, Saarialho-Kere U, MacDonald TT. Ligation of alpha4ss1 integrin on 

human intestinal mucosal mesenchymal cells selectively Up-regulates 

membrane type-1 matrix metalloproteinase and confers a migratory 

phenotype. Am J Pathol 2000;157:1955-62. 

Pender SL, Li CK, Di Sabatino A, MacDonald TT, Buckley MG. Role of 

macrophage metalloelastase in gut inflammation. Ann N Y Acad Sci 

2006;1072:386-8. 

Erratum in: Ann N Y Acad Sci. 2008 Apr;1126:333. 

Perera L, Shao L, Patel A, Evans K, Meresse B, Blumberg R, Geraghty D, Groh 

V, Spies T, Jabri B, Mayer L. Expression of nonclassical class I molecules 

by intestinal epithelial cells. Inflamm Bowel Dis 2007;13:298-307. 

Perrier C, de Hertogh G, Cremer J, Vermeire S, Rutgeerts P, Van Assche G, 

Szymkowski DE, Ceuppens JL. Neutralization of membrane TNF, but not 

soluble TNF, is crucial for the treatment of experimental colitis. Inflamm 

Bowel Dis 2013;19:246-53. 

Peschon JJ, Slack JL, Reddy P, Stocking KL, Sunnarborg SW, Lee DC, Russell 

WE, Castner BJ, Johnson RS, Fitzner JN, Boyce RW, Nelson N, Kozlosky 

CJ, Wolfson MF, Rauch CT, Cerretti DP, Paxton RJ, March CJ, Black RA. 

An essential role for ectodomain shedding in mammalian development. 

Science 1998;282:1281-4. 



 

 
382 

Peyrin-Biroulet L, Ferrante M, Magro F, Campbell S, Franchimont D, Fidder H, 

Strid H, Ardizzone S, Veereman-Wauters G, Chevaux JB, Allez M, Danese 

S, Sturm A; Scientific Committee of the European Crohn's and Colitis 

Organization. Results from the 2nd Scientific Workshop of the ECCO. I: 

Impact of mucosal healing on the course of inflammatory bowel disease. J 

Crohns Colitis 2011;5:477-83. 

Peyrin-Biroulet L, Danese S. Tofacitinib: janus bifrons in ulcerative colitis 

treatment. Gastroenterology 2013;144:1136-8. 

Peyrin-Biroulet L, Bressenot A, Kampman W. Histologic remission: the ultimate 

therapeutic goal in ulcerative colitis? Clin Gastroenterol Hepatol 

2014;12:929-34. 

Peyrin-Biroulet L, Sandborn W, Sands BE, Reinisch W, Bemelman W, Bryant RV, 

D'Haens G, Dotan I, Dubinsky M, Feagan B, Fiorino G, Gearry R, 

Krishnareddy S, Lakatos PL, Loftus EV Jr, Marteau P, Munkholm P, 

Murdoch TB, Ordás I, Panaccione R, Riddell RH, Ruel J, Rubin DT, 

Samaan M, Siegel CA, Silverberg MS, Stoker J, Schreiber S, Travis S, Van 

Assche G, Danese S, Panes J, Bouguen G, O'Donnell S, Pariente B, Winer 

S, Hanauer S, Colombel JF. Selecting Therapeutic Targets in Inflammatory 

Bowel Disease (STRIDE): Determining Therapeutic Goals for Treat-to-

Target. Am J Gastroenterol 2015;110:1324-38. 

Pickard JM, Chervonsky AV. Sampling of the intestinal microbiota by epithelial M 

cells. Curr Gastroenterol Rep 2010;12:331-9. 

Pickert G, Neufert C, Leppkes M, Zheng Y, Wittkopf N, Warntjen M, Lehr HA, 

Hirth S, Weigmann B, Wirtz S, Ouyang W, Neurath MF, Becker C. STAT3 

links IL-22 signaling in intestinal epithelial cells to mucosal wound healing. J 

Exp Med 2009;206:1465-72. 

Pirilä E, Ramamurthy NS, Sorsa T, Salo T, Hietanen J, Maisi P. Gelatinase A 

(MMP-2), collagenase-2 (MMP-8), and laminin-5 gamma2-chain expression 

in murine inflammatory bowel disease (ulcerative colitis). Dig Dis Sci 

2003;48:93-8. 

Podolsky DK. Inflammatory bowel disease. N Engl J Med 2002;347:417-29. 



 

 
383 

Posch MG, Posch MJ, Geier C, Erdmann B, Mueller W, Richter A, Ruppert V, 

Pankuweit S, Maisch B, Perrot A, Buttgereit J, Dietz R, Haverkamp W, 

Ozcelik C. A missense variant in desmoglein-2 predisposes to dilated 

cardiomyopathy. Mol Genet Metab 2008;95:74-80. 

Powell N, Walker AW, Stolarczyk E, Canavan JB, Gökmen MR, Marks E, 

Jackson I, Hashim A, Curtis MA, Jenner RG, Howard JK, Parkhill J, 

MacDonald TT, Lord GM. The transcription factor T-bet regulates intestinal 

inflammation mediated by interleukin-7 receptor+ innate lymphoid cells. 

Immunity 2012;37:674-84. 

Powell WC, Fingleton B, Wilson CL, Boothby M, Matrisian LM. The 

metalloproteinase matrilysin proteolytically generates active soluble Fas 

ligand  and potentiates epithelial cell apoptosis. Curr Biol 1999;9:1441-7. 

Powell-Tuck J, Bown RL, Lennard-Jones JE. A comparison of oral prednisolone 

given as single or multiple daily doses for active proctocolitis. Scand J 

Gastroenterol 1978;13:833-7. 

Powell-Tuck J, Day DW, Buckell NA, Wadsworth J, Lennard-Jones JE. 

Correlations between defined sigmoidoscopic appearances and other 

measures of disease activity in ulcerative colitis. Dig Dis Sci 1982;27:533-7. 

Powrie F, Correa-Oliveira R, Mauze S, Coffman RL. Regulatory interactions 

between CD45RBhigh and CD45RBlow CD4+ T cells are important for the 

balance between protective and pathogenic cell-mediated immunity. J Exp 

Med 1994a;179:589-600. 

Powrie F, Leach MW, Mauze S, Menon S, Caddle LB, Coffman RL. Inhibition of 

Th1 responses prevents inflammatory bowel disease in scid mice 

reconstituted with CD45RBhi CD4+ T cells. Immunity 1994b;1:553-62. 

Powrie F, Carlino J, Leach MW, Mauze S, Coffman RL. A critical role for 

transforming growth factor-beta but not interleukin 4 in the suppression of T 

helper type 1-mediated colitis by CD45RB(low) CD4+ T cells. J Exp Med 

1996;183:2669-74. 

Prasad S, Mingrino R, Kaukinen K, Hayes KL, Powell RM, MacDonald TT, 

Collins JE. Inflammatory processes have differential effects on claudins 2, 3 



 

 
384 

and 4 in colonic epithelial cells. Lab Invest 2005;85:1139-62. 

Pruteanu M, Hyland NP, Clarke DJ, Kiely B, Shanahan F. Degradation of the 

extracellular matrix components by bacterial-derived metalloproteases: 

implications for inflammatory bowel diseases. Inflamm Bowel Dis 

2011;17:1189-200. 

Pyzik M, Rath T, Lencer WI, Baker K, Blumberg RS. FcRn: The Architect Behind 

the Immune and Nonimmune Functions of IgG and Albumin. J Immunol 

2015;194:4595-603. 

Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, Nielsen T, Pons N, 

Levenez F, Yamada T, Mende DR, Li J, Xu J, Li S, Li D, Cao J, Wang B, 

Liang H, Zheng H, Xie Y, Tap J, Lepage P, Bertalan M, Batto JM, Hansen T, 

Le Paslier D, Linneberg A, Nielsen HB, Pelletier E, Renault P, Sicheritz-

Ponten T, Turner K, Zhu H, Yu C, Li S, Jian M, Zhou Y, Li Y, Zhang X, Li S, 

Qin N, Yang H, Wang J, Brunak S, Doré J, Guarner F, Kristiansen K, 

Pedersen O, Parkhill J, Weissenbach J; MetaHIT Consortium, Bork P, 

Ehrlich SD, Wang J. A human gut microbial gene catalogue established by 

metagenomic sequencing. Nature 2010;464:59-65. 

Rachmilewitz D. Coated mesalazine (5-aminosalicylic acid) versus 

sulphasalazine in the treatment of active ulcerative colitis: a randomised 

trial. BMJ 1989;298:82-6. 

Radford-Smith GL, Edwards JE, Purdie DM, Pandeya N, Watson M, Martin NG, 

Green A, Newman B, Florin TH. Protective role of appendicectomy on onset 

and severity of ulcerative colitis and Crohn's disease. Gut 2002;51:808-13. 

Raffatellu M, Santos RL, Verhoeven DE, George MD, Wilson RP, Winter SE, 

Godinez I, Sankaran S, Paixao TA, Gordon MA, Kolls JK, Dandekar S, 

Bäumler AJ. Simian immunodeficiency virus-induced mucosal interleukin-17 

deficiency promotes Salmonella dissemination from the gut. Nat Med 

2008;14:421-8. 

Raffatellu M, George MD, Akiyama Y, Hornsby MJ, Nuccio SP, Paixao TA, Butler 

BP, Chu H, Santos RL, Berger T, Mak TW, Tsolis RM, Bevins CL, Solnick 

JV, Dandekar S, Bäumler AJ. Lipocalin-2 resistance confers an advantage 



 

 
385 

to Salmonella enterica serotype Typhimurium for growth and survival in the 

inflamed intestine. Cell Host Microbe 2009;5:476-86. 

Rahaman SO, Sharma P, Harbor PC, Aman MJ, Vogelbaum MA, Haque SJ. IL-

13R(alpha)2, a decoy receptor for IL-13 acts as an inhibitor of IL-4-

dependent signal transduction in glioblastoma cells. Cancer Res 

2002;62:1103-9. 

Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R. 

Recognition of commensal microflora by toll-like receptors is required for 

intestinal homeostasis. Cell 2004;118:229-41. 

Ramesh R, Kozhaya L, McKevitt K, Djuretic IM, Carlson TJ, Quintero MA, 

McCauley JL, Abreu MT, Unutmaz D, Sundrud MS. Pro-inflammatory 

human Th17 cells selectively express P-glycoprotein and are refractory to 

glucocorticoids. J Exp Med 2014;211:89-104. 

Rath T, Roderfeld M, Halwe JM, Tschuschner A, Roeb E, Graf J. Cellular 

sources of MMP-7, MMP-13 and MMP-28 in ulcerative colitis. Scand J 

Gastroenterol 2010;45:1186-96. 

Ravi A, Garg P, Sitaraman SV. Matrix metalloproteinases in inflammatory bowel 

disease: boon or a bane? Inflamm Bowel Dis 2007;13:97-107. 

Ray S, De Salvo C, Pizarro TT. Central role of IL-17/Th17 immune responses 

and the gut microbiota in the pathogenesis of intestinal fibrosis. Curr Opin 

Gastroenterol 2014;30:531-8. 

Regan MC, Flavin BM, Fitzpatrick JM, O’Connell PR. Stricture formation in 

Crohn’s disease: the role of intestinal fibroblasts. Ann Surg 2000;231:46-50. 

Rehman AU, Morell RJ, Belyantseva IA, Khan SY, Boger ET, Shahzad M, 

Ahmed ZM, Riazuddin S, Khan SN, Riazuddin S, Friedman TB. Targeted 

capture and next-generation sequencing identifies C9orf75, encoding 

taperin, as the mutated gene in nonsyndromic deafness DFNB79. Am J 

Hum Genet 2010;86:378-88. 

Reinecker HC, Podolsky DK. Human intestinal epithelial cells express functional 

cytokine receptors sharing the common gamma c chain of the interleukin 2 

receptor. Proc Natl Acad Sci U S A 1995;92:8353-7. 



 

 
386 

Reinisch W, Sandborn WJ, Panaccione R, Huang B, Pollack PF, Lazar A, 

Thakkar RB. 52-week efficacy of adalimumab in patients with moderately to 

severely active ulcerative colitis who failed corticosteroids and/or 

immunosuppressants. Inflamm Bowel Dis 2013;19:1700-9. 

Reinisch W, Panés J, Khurana S, Toth G, Hua F, Comer GM, Hinz M, Page K, 

O'Toole M, Moorehead TM, Zhu H, Sun Y, Cataldi F. Anrukinzumab, an 

anti-interleukin 13 monoclonal antibody, in active UC: efficacy and safety 

from a phase IIa randomised multicentre study. Gut 2015;64:894-900. 

Rescigno M, Urbano M, Valzasina B, Francolini M, Rotta G, Bonasio R, Granucci 

F, Kraehenbuhl JP, Ricciardi-Castagnoli P. Dendritic cells express tight 

junction proteins and penetrate gut epithelial monolayers to sample bacteria. 

Nat Immunol 2001;2:361-7. 

Rescigno M, Di Sabatino A. Dendritic cells in intestinal homeostasis and disease. 

J Clin Invest 2009;119:2441-50. 

Rescigno M. The intestinal epithelial barrier in the control of homeostasis and 

immunity. Trends Immunol 2011;32:256-64. 

Rieder F, Fiocchi C. Intestinal fibrosis in IBD – a dynamic, multifactorial process. 

Nat Rev Gastroenterol Hepatol 2009;6:228-35. 

Rieder F, Lawrance IC, Leite A, Sans M. Predictors of fibrostenotic Crohn's 

disease. Inflamm Bowel Dis 2011;17:2000-7. 

Rieder F, de Bruyn JR, Pham BT, Katsanos K, Annese V, Higgins PD, Magro F, 

Dotan I. Results of the 4th scientific workshop of the ECCO (Group II): 

markers of intestinal fibrosis in inflammatory bowel disease. J Crohns Colitis. 

2014;8:1166-78. 

Riley SA, Mani V, Goodman MJ, Herd ME, Dutt S, Turnberg LA. Comparison of 

delayed-release 5-aminosalicylic acid (mesalazine) and sulfasalazine as 

maintenance treatment for patients with ulcerative colitis. Gastroenterology 

1988;94:1383-9. 

Riley SA, Mani V, Goodman MJ, Dutt S, Herd ME. Microscopic activity in 

ulcerative colitis: what does it mean? Gut 1991;32:174-8. 

Rispens T, de Vrieze H, de Groot E, Wouters D, Stapel S, Wolbink GJ, Aarden 



 

 
387 

LA. Antibodies to constant domains of therapeutic monoclonal antibodies: 

anti-hinge antibodies in immunogenicity testing. J Immunol Methods 

2012;375:93-9. 

Rizzo A, Waldner MJ, Stolfi C, Sarra M, Fina D, Becker C, Neurath MF, 

Macdonald TT, Pallone F, Monteleone G, Fantini MC. Smad7 expression in 

T cells prevents colitis-associated cancer. Cancer Res 2011;71:7423-32. 

Rodrigues DM, Sousa AJ, Hawley SP, Vong L, Gareau MG, Kumar SA, Johnson-

Henry KC, Sherman PM. Matrix metalloproteinase 9 contributes to gut 

microbe homeostasis in a model of infectious colitis. BMC Microbiol 

2012;12:105. 

Rodriguez LG, Wu X, Guan JL. Wound-healing assay. Methods Mol Biol 

2005;294:23-9. 

Roediger B, Kyle R, Yip KH, Sumaria N, Guy TV, Kim BS, Mitchell AJ, Tay SS, 

Jain R, Forbes-Blom E, Chen X, Tong PL, Bolton HA, Artis D, Paul WE, 

Fazekas de St Groth B, Grimbaldeston MA, Le Gros G, Weninger W. 

Cutaneous immunosurveillance and regulation of inflammation by group 2 

innate lymphoid cells. Nat Immunol 2013;14:564-73. 

Rose-John S. IL-6 trans-signaling via the soluble IL-6 receptor: importance for 

the pro-inflammatory activities of IL-6. Int J Biol Sci 2012;8:1237-47. 

Rosen MJ, Frey MR, Washington MK, Chaturvedi R, Kuhnhein LA, Matta P, 

Revetta FL, Wilson KT, Polk DB. STAT6 activation in ulcerative colitis: a 

new target for prevention of IL-13-induced colon epithelial cell dysfunction. 

Inflamm Bowel Dis 2011;17:2224-34. 

Rossen NG, Fuentes S, van der Spek MJ, Tijssen JG, Hartman JH, Duflou A, 

Löwenberg M, van den Brink GR, Mathus-Vliegen EM, de Vos WM, 

Zoetendal EG, D'Haens GR, Ponsioen CY. Findings From a Randomized 

Controlled Trial of Fecal Transplantation for Patients With Ulcerative Colitis. 

Gastroenterology 2015;149:110-8. 

Rothenberg ME, Wen T, Shik D, Cole ET, Mingler MM, Munitz A. IL-13 receptor 

1 differentially regulates aeroallergen-induced lung responses. J Immunol 

2011;187:4873-80. 



 

 
388 

Rothfuss KS, Stange EF, Herrlinger KR. Extraintestinal manifestations and 

complications in inflammatory bowel diseases. World J Gastroenterol 

2006;12:4819-31. 

Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune 

responses during health and disease. Nat Rev Immunol 2009;9:313-23. 

Round JL, Mazmanian SK. Inducible Foxp3+ regulatory T-cell development by a 

commensal bacterium of the intestinal microbiota. Proc Natl Acad Sci U S A. 

2010;107:12204-9. 

Rovedatti L, Kudo T, Biancheri P, Sarra M, Knowles CH, Rampton DS, Corazza 

GR, Monteleone G, Di Sabatino A, Macdonald TT. Differential regulation of 

interleukin 17 and interferon gamma production in inflammatory bowel 

disease. Gut 2009;58:1629-36. 

Rüschendorf F, Nürnberg P. ALOHOMORA: a tool for linkage analysis using 10K 

SNP array data. Bioinformatics 2005;21:2123-5. 

Rutgeerts P, Geboes K, Vantrappen G, Beyls J, Kerremans R, Hiele M. 

Predictability of the postoperative course of Crohn's disease. 

Gastroenterology 1990;99:956-63. 

Rutgeerts P, Sandborn WJ, Feagan BG, Reinisch W, Olson A, Johanns J, 

Travers S, Rachmilewitz D, Hanauer SB, Lichtenstein GR, de Villiers WJ, 

Present D, Sands  BE, Colombel JF. Infliximab for induction and 

maintenance therapy for ulcerative colitis. N Engl J Med 2005;353:2462-76. 

Rutgeerts P, Vermeire S, Van Assche G. Biological therapies for inflammatory 

bowel diseases. Gastroenterology 2009;136:1182-97. 

Rutgeerts P, Van Assche G, Sandborn WJ, Wolf DC, Geboes K, Colombel JF, 

Reinisch W; EXTEND Investigators, Kumar A, Lazar A, Camez A, Lomax 

KG, Pollack PF, D'Haens G. Adalimumab induces and maintains mucosal 

healing in patients with Crohn's disease: data from the EXTEND trial. 

Gastroenterology 2012;142:1102-11. 

Saarialho-Kere UK, Vaalamo M, Puolakkainen P, Airola K, Parks WC, 

Karjalainen-Lindsberg ML. Enhanced expression of matrilysin, collagenase, 

and stromelysin-1 in gastrointestinal ulcers. Am J Pathol 1996;148:519-26. 



 

 
389 

Saftig P, Reiss K. The “A Disintegrin And Metalloproteases” ADAM10 and 

ADAM17: novel drug targets with therapeutic potential? Eur J Cell Biol 

2011;90:527-35. 

Salmela MT, Pender SL, Karjalainen-Lindsberg ML, Puolakkainen P, Macdonald 

TT, Saarialho-Kere U. Collagenase-1 (MMP-1), matrilysin-1 (MMP-7), and 

stromelysin-2 (MMP-10) are expressed by migrating enterocytes during 

intestinal wound healing. Scand J Gastroenterol 2004;39:1095-104. 

Salzman NH, Hung K, Haribhai D, Chu H, Karlsson-Sjöberg J, Amir E, Teggatz P, 

Barman M, Hayward M, Eastwood D, Stoel M, Zhou Y, Sodergren E, 

Weinstock GM, Bevins CL, Williams CB, Bos NA. Enteric defensins are 

essential regulators of intestinal microbial ecology. Nat Immunol 

2010;11:76-83. 

Salzman NH, Bevins CL. Dysbiosis--a consequence of Paneth cell dysfunction. 

Semin Immunol 2013;25:334-41. 

Sandborn WJ, Hanauer SB, Katz S, Safdi M, Wolf DG, Baerg RD, Tremaine WJ, 

Johnson T, Diehl NN, Zinsmeister AR. Etanercept for active Crohn's 

disease: a randomized, double-blind, placebo-controlled trial. 

Gastroenterology 2001;121:1088-94. 

Sandborn WJ, Targan SR. Biologic therapy of inflammatory bowel disease. 

Gastroenterology 2002;122:1592-608. 

Sandborn WJ, Feagan BG, Lichtenstein GR. Medical management of mild to 

moderate Crohn's disease: evidence-based treatment algorithms for 

induction and maintenance of remission. Aliment Pharmacol Ther 

2007;26:987-1003. 

Sandborn WJ, Feagan BG, Fedorak RN, Scherl E, Fleisher MR, Katz S, Johanns 

J, Blank M, Rutgeerts P; Ustekinumab Crohn's Disease Study Group. A 

randomized trial of Ustekinumab, a human interleukin-12/23 monoclonal 

antibody, in patients with moderate-to-severe Crohn's disease. 

Gastroenterology 2008;135:1130-41. 

Sandborn WJ, Colombel JF, Sands BE, Rutgeerts P, Targan SR, Panaccione R, 

Bressler B, Geboes K, Schreiber S, Aranda R, Gujrathi S, Luo A, Peng Y, 



 

 
390 

Salter-Cid L, Hanauer SB. Abatacept for Crohn's disease and ulcerative 

colitis. Gastroenterology 2012a;143:62-69. 

Sandborn WJ, Gasink C, Gao LL, Blank MA, Johanns J, Guzzo C, Sands BE, 

Hanauer SB, Targan S, Rutgeerts P, Ghosh S, de Villiers WJ, Panaccione 

R, Greenberg G, Schreiber S, Lichtiger S, Feagan BG; CERTIFI Study 

Group. Ustekinumab induction and maintenance therapy in refractory 

Crohn's disease. N Engl J Med 2012b;367:1519-28. 

Sandborn WJ, Ghosh S, Panes J, Vranic I, Su C, Rousell S, Niezychowski W; 

Study A3921063 Investigators. Tofacitinib, an oral Janus kinase inhibitor, in 

active ulcerative colitis. N Engl J Med 2012c;367:616-24. 

Sandborn WJ, Elliott DE, Weinstock J, Summers RW, Landry-Wheeler A, Silver 

N, Harnett MD, Hanauer SB. Randomised clinical trial: the safety and 

tolerability of Trichuris suis ova in patients with Crohn's disease. Aliment 

Pharmacol Ther 2013a;38:255-63. 

Sandborn WJ, Feagan BG, Rutgeerts P, Hanauer S, Colombel JF, Sands BE, 

Lukas M, Fedorak RN, Lee S, Bressler B, Fox I, Rosario M, Sankoh S, Xu J, 

Stephens K, Milch C, Parikh A; GEMINI 2 Study Group. Vedolizumab as 

induction and maintenance therapy for Crohn's disease. N Engl J Med 

2013b;369:711-21. 

Sandborn WJ, Feagan BG, Marano C, Zhang H, Strauss R, Johanns J, 

Adedokun OJ, Guzzo C, Colombel JF, Reinisch W, Gibson PR, Collins J, 

Järnerot G, Hibi T, Rutgeerts P; PURSUIT-SC Study Group. Subcutaneous 

golimumab induces clinical response and remission in patients with 

moderate-to-severe ulcerative colitis. Gastroenterology 2014;146:85-95. 

Sarin R, Wu X, Abraham C. Inflammatory disease protective R381Q IL23 

receptor polymorphism results in decreased primary CD4+ and CD8+ 

human T-cell functional responses. Proc Natl Acad Sci U S A 

2011;108:9560-5. 

Sarra M, Monteleone I, Stolfi C, Fantini MC, Sileri P, Sica G, Tersigni R, 

Macdonald TT, Pallone F, Monteleone G. Interferon-gamma-expressing 

cells are a major source of interleukin-21 in inflammatory bowel diseases. 



 

 
391 

Inflamm Bowel Dis 2010;16:1332-9. 

Sartor RB. Therapeutic manipulation of the enteric microflora in inflammatory 

bowel diseases: antibiotics, probiotics, and prebiotics. Gastroenterology 

2004;126:1620-33. 

Saruta M, Yu QT, Fleshner PR, Mantel PY, Schmidt-Weber CB, Banham AH, 

Papadakis KA. Characterization of FOXP3+CD4+ regulatory T cells in 

Crohn's disease. Clin Immunol 2007;125:281-90. 

Sathaliyawala T, Kubota M, Yudanin N, Turner D, Camp P, Thome JJ, Bickham 

KL, Lerner H, Goldstein M, Sykes M, Kato T, Farber DL. Distribution and 

compartmentalization of human circulating and tissue-resident memory T 

cell subsets. Immunity 2013;38:187-97. 

Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, van Es 

JH, Abo A, Kujala P, Peters PJ, Clevers H. Single Lgr5 stem cells build 

crypt-villus structures in vitro without a mesenchymal niche. Nature 

2009;459:262-5. 

Sato T, van Es JH, Snippert HJ, Stange DE, Vries RG, van den Born M, Barker N, 

Shroyer NF, van de Wetering M, Clevers H. Paneth cells constitute the 

niche for Lgr5 stem cells in intestinal crypts. Nature 2011;469:415-8. 

Satsangi J, Silverberg MS, Vermeire S, Colombel JF. The Montreal classification 

of inflammatory bowel disease: controversies, consensus, and implications. 

Gut 2006;55:749-53. 

Scharl M, Frei S, Pesch T, Kellermeier S, Arikkat J, Frei P, Fried M, Weber A, 

Jehle E, Rühl A, Rogler G. Interleukin-13 and transforming growth factor β 

synergise in the pathogenesis of human intestinal fistulae. Gut 2013;62:63-

72. 

Scheller J, Chalaris A, Garbers C, Rose-John S. ADAM17: a molecular switch to 

control inflammation and tissue regeneration. Trends Immunol 2011;32:380-

7. 

Schipper LG, van Hulst LT, Grol R, van Riel PL, Hulscher ME, Fransen J. Meta-

analysis of tight control strategies in rheumatoid arthritis: protocolized 

treatment has additional value with respect to the clinical outcome. 



 

 
392 

Rheumatology (Oxford) 2010;49:2154-64. 

Schlecker E, Fiegler N, Arnold A, Altevogt P, Rose-John S, Moldenhauer G, 

Sucker A, Paschen A, von Strandmann EP, Textor S, Cerwenka A. 

Metalloprotease-mediated tumor cell shedding of B7-H6, the ligand of the 

natural killer cell-activating receptor NKp30. Cancer Res 2014;74:3429-40. 

Schlenner SM, Weigmann B, Ruan Q, Chen Y, von Boehmer H. Smad3 binding 

to the foxp3 enhancer is dispensable for the development of regulatory T 

cells with the exception of the gut. J Exp Med 2012;209:1529-35. 

Schmid M, Fellermann K, Fritz P, Wiedow O, Stange EF, Wehkamp J. 

Attenuated induction of epithelial and leukocyte serine antiproteases elafin 

and secretory leukocyte protease inhibitor in Crohn's disease. J Leukoc Biol 

2007;81:907-15. 

Schneeman TA, Bruno ME, Schjerven H, Johansen FE, Chady L, Kaetzel CS. 

Regulation of the polymeric Ig receptor by signaling through TLRs 3 and 4: 

linking innate and adaptive immune responses. J Immunol 2005;175:376-84. 

Schnupf P, Gaboriau-Routhiau V, Gros M, Friedman R, Moya-Nilges M, Nigro G, 

Cerf-Bensussan N, Sansonetti PJ. Growth and host interaction of mouse 

segmented filamentous bacteria in vitro. Nature 2015;520:99-103. 

Schönbeck U, Mach F, Libby P. Generation of biologically active IL-1 beta by 

matrix metalloproteinases: a novel caspase-1-independent pathway of IL-1 

beta processing. J Immunol 1998;161:3340-6. 

Schreiber S. An update on biosimilar drugs for inflammatory bowel disease. 

Expert Rev Gastroenterol Hepatol 2015;9(Suppl.1):1-3. 

Schroeder KW, Tremaine WJ, Ilstrup DM. Coated oral 5-aminosalicylic acid 

therapy for mildly to moderately active ulcerative colitis. A randomized study. 

N Engl J Med 1987;317:1625-9. 

Schumacher N, Meyer D, Mauermann A, von der Heyde J, Wolf J, Schwarz J, 

Knittler K, Murphy G, Michalek M, Garbers C, Bartsch JW, Guo S, Schacher 

B, Eickholz P, Chalaris A, Rose-John S, Rabe B. Shedding of Endogenous 

Interleukin-6 Receptor (IL-6R) Is Governed by A Disintegrin and 

Metalloproteinase (ADAM) Proteases while a Full-length IL-6R Isoform 



 

 
393 

Localizes to Circulating Microvesicles. J Biol Chem 2015;290:26059-71. 

Schütte A, Ermund A, Becker-Pauly C, Johansson ME, Rodriguez-Pineiro AM, 

Bäckhed F, Müller S, Lottaz D, Bond JS, Hansson GC. Microbial-induced 

meprin β cleavage in MUC2 mucin and a functional CFTR channel are 

required to release anchored small intestinal mucus. Proc Natl Acad Sci U 

S A 2014;111:12396-401. 

Sears CL, Geis AL, Housseau F. Bacteroides fragilis subverts mucosal biology: 

from symbiont to colon carcinogenesis. J Clin Invest 2014;124:4166-72. 

Senior BW, Dunlop JI, Batten MR, Kilian M, Woof JM. Cleavage of a recombinant 

human immunoglobulin A2 (IgA2)-IgA1 hybrid antibody by certain bacterial 

IgA1 proteases. Infect Immun 2000;68:463-9. 

Seo GY, Jang YS, Kim HA, Lee MR, Park MH, Park SR, Lee JM, Choe J, Kim 

PH. Retinoic acid, acting as a highly specific IgA isotype switch factor, 

cooperates with TGF-β1 to enhance the overall IgA response. J Leukoc Biol 

2013;94:325-35. 

Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker HV, Xu W, Richards DR, 

McDonald-Smith GP, Gao H, Hennessy L, Finnerty CC, López CM, Honari 

S, Moore EE, Minei JP, Cuschieri J, Bankey PE, Johnson JL, Sperry J, 

Nathens AB, Billiar TR, West MA, Jeschke MG, Klein MB, Gamelli RL, 

Gibran NS, Brownstein BH, Miller-Graziano C, Calvano SE, Mason PH, 

Cobb JP, Rahme LG, Lowry SF, Maier RV, Moldawer LL, Herndon DN, 

Davis RW, Xiao W, Tompkins RG; Inflammation and Host Response to 

Injury, Large Scale Collaborative Research Program. Genomic responses in 

mouse models poorly mimic human inflammatory diseases. Proc Natl Acad 

Sci U S A 2013;110:3507-12. 

Shajib MS, Khan WI. The role of serotonin and its receptors in activation of 

immune responses and inflammation. Acta Physiol (Oxf) 2015;213:561-74. 

Shames SR, Bhavsar AP, Croxen MA, Law RJ, Mak SH, Deng W, Li Y, Bidshari 

R, de Hoog CL, Foster LJ, Finlay BB. The pathogenic Escherichia coli type 

III secreted protease NleC degrades the host acetyltransferase p300. Cell 

Microbiol 2011;13:1542-57. 



 

 
394 

Shapiro JM, Cho JH, Sands BE, LeLeiko NS. Bridging the gap between host 

immune response and intestinal dysbiosis in inflammatory bowel disease: 

does immunoglobulin A mark the spot? Clin Gastroenterol Hepatol 

2015;13:842-6. 

Sharkhuu T, Matthaei KI, Forbes E, Mahalingam S, Hogan SP, Hansbro PM, 

Foster PS. Mechanism of interleukin-25 (IL-17E)-induced pulmonary 

inflammation and airways hyper-reactivity. Clin Exp Allergy 2006;36:1575-

83. 

Sharma M, Mohapatra J, Acharya A, Deshpande SS, Chatterjee A, Jain MR. 

Blockade of tumor necrosis factor-α converting enzyme (TACE) enhances 

IL-1β and IFN- via caspase-1 activation: a probable cause for loss of 

efficacy of TACE inhibitors in humans? Eur J Pharmacol 2013;701:106-13. 

Shaw SY, Blanchard JF, Bernstein CN. Association between the use of 

antibiotics in the first year of life and pediatric inflammatory bowel disease. 

Am J Gastroenterol 2010;105:2687-92. 

Shi J, Aono S, Lu W, Ouellette AJ, Hu X, Ji Y, Wang L, Lenz S, van Ginkel FW, 

Liles M, Dykstra C, Morrison EE, Elson CO. A novel role for defensins in 

intestinal homeostasis: regulation of IL-1beta secretion. J Immunol 

2007;179:1245-53. 

Shimamoto M, Ueno Y, Tanaka S, Onitake T, Hanaoka R, Yoshioka K, 

Hatakeyama T, Chayama K. Selective decrease in colonic CD56(+) T and 

CD161(+) T cells in the inflamed mucosa of patients with ulcerative colitis. 

World J Gastroenterol 2007;13:5995-6002. 

Shimshoni E, Yablecovitch D, Baram L, Dotan I, Sagi I. ECM remodelling in IBD: 

innocent bystander or partner in crime? The emerging role of extracellular 

molecular events in sustaining intestinal inflammation. Gut 2015;64:367-72. 

Siegel CA, Melmed GY. Predicting Response to Anti-TNF Agents for the 

Treatment of Crohn's Disease. Therap Adv Gastroenterol 2009;2:245-251. 

Siewert C, Lauer U, Cording S, Bopp T, Schmitt E, Hamann A, Huehn J. 

Experience-driven development: effector/memory-like alphaE+Foxp3+ 

regulatory T cells originate from both naive T cells and naturally occurring 



 

 
395 

naive-like regulatory T cells. J Immunol 2008;180:146-55. 

Sigall-Boneh R, Pfeffer-Gik T, Segal I, Zangen T, Boaz M, Levine A. Partial 

enteral nutrition with a Crohn's disease exclusion diet is effective for 

induction of remission in children and young adults with Crohn's disease. 

Inflamm Bowel Dis 2014;20:1353-60. 

Silverberg MS, Satsangi J, Ahmad T, Arnott ID, Bernstein CN, Brant SR, Caprilli 

R, Colombel JF, Gasche C, Geboes K, Jewell DP, Karban A, Loftus EV Jr, 

Peña AS, Riddell RH, Sachar DB, Schreiber S, Steinhart AH, Targan SR, 

Vermeire S, Warren BF. Toward an integrated clinical, molecular and 

serological classification of inflammatory bowel disease: report of a Working 

Party of the 2005 Montreal World Congress of Gastroenterology. Can J 

Gastroenterol 2005;19(Suppl.A):5A-36A. 

Silverman GA, Bird PI, Carrell RW, Church FC, Coughlin PB, Gettins PG, Irving 

JA, Lomas DA, Luke CJ, Moyer RW, Pemberton PA, Remold-O'Donnell E, 

Salvesen GS, Travis J, Whisstock JC. The serpins are an expanding 

superfamily of structurally similar but functionally diverse proteins. Evolution, 

mechanism of inhibition, novel functions, and a revised nomenclature. J Biol 

Chem 2001;276:33293-6. 

Sina C, Lipinski S, Gavrilova O, Aden K, Rehman A, Till A, Rittger A, Podschun 

R, Meyer-Hoffert U, Haesler R, Midtling E, Pütsep K, McGuckin MA, 

Schreiber S, Saftig P, Rosenstiel P. Extracellular cathepsin K exerts 

antimicrobial activity and is protective against chronic intestinal 

inflammation in mice. Gut 2013;62:520-30. 

Singh B, Read S, Asseman C, Malmström V, Mottet C, Stephens LA, 

Stepankova R, Tlaskalova H, Powrie F. Control of intestinal inflammation by 

regulatory T cells. Immunol Rev 2001;182:190-200. 

Singh JC, Cruickshank SM, Newton DJ, Wakenshaw L, Graham A, Lan J, Lodge 

JP, Felsburg PJ, Carding SR. Toll-like receptor-mediated responses of 

primary intestinal epithelial cells during the development of colitis. Am J 

Physiol Gastrointest Liver Physiol 2005;288:G514-24. 

Sjölund K, Sandén G, Håkanson R, Sundler F. Endocrine cells in human 



 

 
396 

intestine: an immunocytochemical study. Gastroenterology 1983;85:1120-

30. 

Small CL, Reid-Yu SA, McPhee JB, Coombes BK. Persistent infection with 

Crohn's disease-associated adherent-invasive Escherichia coli leads to 

chronic inflammation and intestinal fibrosis. Nat Commun 2013;4:1957. 

Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly-Y M, 

Glickman JN, Garrett WS. The microbial metabolites, short-chain fatty acids, 

regulate colonic Treg cell homeostasis. Science 2013;341:569-73. 

Söderholm JD, Olaison G, Peterson KH, Franzén LE, Lindmark T, Wirén M, 

Tagesson C, Sjödahl R. Augmented increase in tight junction permeability 

by luminal stimuli in the non-inflamed ileum of Crohn's disease. Gut 

2002;50:307-13. 

Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermúdez-Humarán LG, Gratadoux 

JJ, Blugeon S, Bridonneau C, Furet JP, Corthier G, Grangette C, Vasquez 

N, Pochart P, Trugnan G, Thomas G, Blottière HM, Doré J, Marteau P, 

Seksik P, Langella P. Faecalibacterium prausnitzii is an anti-inflammatory 

commensal bacterium identified by gut microbiota analysis of Crohn 

disease patients. Proc Natl Acad Sci U S A 2008;105:16731-6. 

Sorokin L. The impact of the extracellular matrix on inflammation. Nat Rev 

Immunol 2010;10:712-23. 

Speca S, Rousseaux C, Dubuquoy C, Rieder F, Vetuschi A, Sferra R, Giusti I, 

Bertin B, Dubuquoy L, Gaudio E, Desreumaux P, Latella G. Novel PPARγ 

Modulator GED-0507-34 Levo Ameliorates Inflammation-driven Intestinal 

Fibrosis. Inflamm Bowel Dis 2016;22:279-92. 

Steck N, Hoffmann M, Sava IG, Kim SC, Hahne H, Tonkonogy SL, Mair K, 

Krueger D, Pruteanu M, Shanahan F, Vogelmann R, Schemann M, Kuster 

B, Sartor RB, Haller D. Enterococcus faecalis metalloprotease 

compromises epithelial barrier and contributes to intestinal inflammation. 

Gastroenterology 2011;141:959-71. 

Steck N, Mueller K, Schemann M, Haller D. Bacterial proteases in IBD and IBS. 

Gut 2012;61:1610-8. 



 

 
397 

Steenwinckel V, Louahed J, Lemaire MM, Sommereyns C, Warnier G, McKenzie 

A, Brombacher F, Van Snick J, Renauld JC. IL-9 promotes IL-13-dependent 

paneth cell hyperplasia and up-regulation of innate immunity mediators in 

intestinal mucosa. J Immunol 2009;182:4737-43. 

Steiner S, Daniel C, Fischer A, Atreya I, Hirschmann S, Waldner M, Neumann H, 

Neurath M, Atreya R, Weigmann B. Cyclosporine A regulates pro-

inflammatory cytokine production in ulcerative colitis. Arch Immunol Ther 

Exp (Warsz) 2015;63:53-63. 

Stenstad H, Svensson M, Cucak H, Kotarsky K, Agace WW. Differential homing 

mechanisms regulate regionalized effector CD8alphabeta+ T cell 

accumulation within the small intestine. Proc Natl Acad Sci U S A 

2007;104:10122-7. 

Stockinger S, Albers T, Duerr CU, Ménard S, Pütsep K, Andersson M, Hornef 

MW. Interleukin-13-mediated paneth cell degranulation and antimicrobial 

peptide release. J Innate Immun 2014;6:530-41. 

Su L, Shen L, Clayburgh DR, Nalle SC, Sullivan EA, Meddings JB, Abraham C, 

Turner JR. Targeted epithelial tight junction dysfunction causes immune 

activation and contributes to development of experimental colitis. 

Gastroenterology 2009;136:551-63. 

Sugihara T, Kobori A, Imaeda H, Tsujikawa T, Amagase K, Takeuchi K, Fujiyama 

Y, Andoh A. The increased mucosal mRNA expressions of complement C3 

and interleukin-17 in inflammatory bowel disease. Clin Exp Immunol 

2010;160:386-93. 

Summers RW, Elliott DE, Urban JF Jr, Thompson RA, Weinstock JV. Trichuris 

suis therapy for active ulcerative colitis: a randomized controlled trial. 

Gastroenterology 2005;128:825-32. 

Sun CM, Hall JA, Blank RB, Bouladoux N, Oukka M, Mora JR, Belkaid Y. Small 

intestine lamina propria dendritic cells promote de novo generation of Foxp3 

T reg cells via retinoic acid. J Exp Med 2007;204:1775-85. 

Sun R, Urban JF Jr, Notari L, Vanuytsel T, Madden KB, Bohl JA, Ramalingam 

TR, Wynn TA, Zhao A, Shea-Donohue T. IL-13Rα1-dependent responses 



 

 
398 

in the intestine are critical to parasite clearance. Infect Immun 2016 [Epub 

ahead of print]. 

Swee M, Wilson CL, Wang Y, McGuire JK, Parks WC. Matrix metalloproteinase-

7 (matrilysin) controls neutrophil egress by generating chemokine gradients. 

J Leukoc Biol 2008;83:1404-12. 

Syrris P, Ward D, Asimaki A, Evans A, Sen-Chowdhry S, Hughes SE, McKenna 

WJ. Desmoglein-2 mutations in arrhythmogenic right ventricular 

cardiomyopathy: a genotype-phenotype characterization of familial disease. 

Eur Heart J 2007;28:581-8. 

Tan G, Zeng B, Zhi FC. Regulation of human enteric α-defensins by NOD2 in the 

Paneth cell lineage. Eur J Cell Biol 2015;94:60-6. 

Tan Z, Qian X, Jiang R, Liu Q, Wang Y, Chen C, Wang X, Ryffel B, Sun B. IL-

17A plays a critical role in the pathogenesis of liver fibrosis through hepatic 

stellate cell activation. J Immunol 2013;191:1835-44. 

Tanaka H, Takechi M, Kiyonari H, Shioi G, Tamura A, Tsukita S. Intestinal 

deletion of Claudin-7 enhances paracellular organic solute flux and initiates 

colonic inflammation in mice. Gut 2015;64:1529-38. 

Tang J, Wong RN. Evolution in the structure and function of aspartic proteases. J 

Cell Biochem 1987;33:53-63. 

Telesford KM, Yan W, Ochoa-Reparaz J, Pant A, Kircher C, Christy MA, Begum-

Haque S, Kasper DL, Kasper LH. A commensal symbiotic factor derived 

from Bacteroides fragilis promotes human CD39(+)Foxp3(+) T cells and 

Treg function. Gut Microbes 2015;6:234-42. 

Tew GW, Hackney JA, Gibbons D, Lamb CA, Luca D, Egen JG, Diehl L, 

Eastham Anderson J, Vermeire S, Mansfield JC, Feagan BG, Panes J, 

Baumgart DC, Schreiber S, Dotan I, Sandborn WJ, Kirby JA, Irving PM, De 

Hertogh G, Van Assche GA, Rutgeerts P, O'Byrne S, Hayday A, Keir ME. 

Association Between Response to Etrolizumab and Expression of Integrin 

αE and Granzyme A in Colon Biopsies of Patients With Ulcerative Colitis. 

Gastroenterology 2016;150:477-487. 

Tezuka H, Abe Y, Iwata M, Takeuchi H, Ishikawa H, Matsushita M, Shiohara T, 



 

 
399 

Akira S, Ohteki T. Regulation of IgA production by naturally occurring 

TNF/iNOS-producing dendritic cells. Nature 2007;448:929-33. 

Thelemann C, Eren RO, Coutaz M, Brasseit J, Bouzourene H, Rosa M, Duval A, 

Lavanchy C, Mack V, Mueller C, Reith W, Acha-Orbea H. Interferon-γ 

induces expression of MHC class II on intestinal epithelial cells and protects 

mice from colitis. PLoS One 2014;9:e86844. 

Thomassin JL, Brannon JR, Gibbs BF, Gruenheid S, Le Moual H. OmpT outer 

membrane proteases of enterohemorrhagic and enteropathogenic 

Escherichia coli contribute differently to the degradation of human LL-37. 

Infect Immun 2012;80:483-92. 

Tilg H, Kaser A. Failure of interleukin 13 blockade in ulcerative colitis. Gut 

2015;64:857-8. 

Tillack C, Ehmann LM, Friedrich M, Laubender RP, Papay P, Vogelsang H, 

Stallhofer J, Beigel F, Bedynek A, Wetzke M, Maier H, Koburger M, Wagner 

J, Glas J, Diegelmann J, Koglin S, Dombrowski Y, Schauber J, Wollenberg 

A, Brand S. Anti-TNF antibody-induced psoriasiform skin lesions in patients 

with inflammatory bowel disease are characterised by interferon-γ-

expressing Th1 cells and IL-17A/IL-22-expressing Th17 cells and respond 

to anti-IL-12/IL-23 antibody treatment. Gut 2014;63:567-77. 

Timmer A, McDonald JW, Tsoulis DJ, Macdonald JK. Azathioprine and 6-

mercaptopurine for maintenance of remission in ulcerative colitis. Cochrane 

Database Syst Rev 2012;9:CD000478. 

Torres-Juarez F, Cardenas-Vargas A, Montoya-Rosales A, González-Curiel I, 

Garcia-Hernandez MH, Enciso-Moreno JA, Hancock RE, Rivas-Santiago B. 

LL-37 immunomodulatory activity during Mycobacterium tuberculosis 

infection in macrophages. Infect Immun 2015;83:4495-503. 

Toy D, Kugler D, Wolfson M, Vanden Bos T, Gurgel J, Derry J, Tocker J, 

Peschon J. Cutting edge: interleukin 17 signals through a heteromeric 

receptor complex. J Immunol 2006;177:36-9. 

Tracey D, Klareskog L, Sasso EH, Salfeld JG, Tak PP. Tumor necrosis factor 

antagonist mechanisms of action: a comprehensive review. Pharmacol Ther 



 

 
400 

2008;117:244-79. 

Travis S, Feagan BG, Rutgeerts P, van Deventer S. The future of inflammatory 

bowel disease management: combining progress in trial design with 

advances in targeted therapy. J Crohns Colitis 2012a;6(Suppl.2):S250-9. 

Travis SP, Schnell D, Krzeski P, Abreu MT, Altman DG, Colombel JF, Feagan 

BG, Hanauer SB, Lémann M, Lichtenstein GR, Marteau PR, Reinisch W, 

Sands BE, Yacyshyn BR, Bernhardt CA, Mary JY, Sandborn WJ. 

Developing an instrument to assess the endoscopic severity of ulcerative 

colitis: the Ulcerative Colitis Endoscopic Index of Severity (UCEIS). Gut 

2012b;61:535-42. 

Travis SP, Schnell D, Krzeski P, Abreu MT, Altman DG, Colombel JF, Feagan 

BG, Hanauer SB, Lichtenstein GR, Marteau PR, Reinisch W, Sands BE, 

Yacyshyn BR, Schnell P, Bernhardt CA, Mary JY, Sandborn WJ. Reliability 

and initial validation of the ulcerative colitis endoscopic index of severity. 

Gastroenterology 2013;145:987-95. 

Tréton X, Pédruzzi E, Cazals-Hatem D, Grodet A, Panis Y, Groyer A, Moreau R, 

Bouhnik Y, Daniel F, Ogier-Denis E. Altered endoplasmic reticulum stress 

affects translation in inactive colon tissue from patients with ulcerative colitis. 

Gastroenterology 2011;141:1024-35. 

Triantafillidis JK, Nasioulas G, Kosmidis PA. Colorectal cancer and inflammatory 

bowel disease: epidemiology, risk factors, mechanisms of carcinogenesis 

and prevention strategies. Anticancer Res 2009;29:2727-37. 

Truelove SC, Witts LJ. Cortisone in ulcerative colitis; final report on a therapeutic 

trial. Br Med J 1955;2:1041-8. 

Truelove SC, Richards WC. Biopsy studies in ulcerative colitis. Br Med J 

1956;1:1315-8. 

Turner JR. Intestinal mucosal barrier function in health and disease. Nat Rev 

Immunol 2009;9:799-809. 

Turner JE, Stockinger B, Helmby H. IL-22 mediates goblet cell hyperplasia and 

worm expulsion in intestinal helminth infection. PLoS Pathog 

2013;9:e1003698. 



 

 
401 

Turner JR, Buschmann MM, Romero-Calvo I, Sailer A, Shen L. The role of 

molecular remodeling in differential regulation of tight junction permeability. 

Semin Cell Dev Biol 2014;36:204-12. 

Uchiyama K, Naito Y, Takagi T, Mizushima K, Hirai Y, Hayashi N, Harusato A, 

Inoue K, Fukumoto K, Yamada S, Handa O, Ishikawa T, Yagi N, Kokura S, 

Yoshikawa T. Serpin B1 protects colonic epithelial cell via blockage of 

neutrophil elastase activity and its expression is enhanced in patients with 

ulcerative colitis. Am J Physiol Gastrointest Liver Physiol 2012;302:G1163-

70. 

Vaalamo M, Karjalainen-Lindsberg ML, Puolakkainen P, Kere J, Saarialho-Kere 

U. Distinct expression profiles of stromelysin-2 (MMP-10), collagenase-3 

(MMP-13), macrophage metalloelastase (MMP-12), and tissue inhibitor of 

metalloproteinases-3 (TIMP-3) in intestinal ulcerations. Am J Pathol 

1998;152:1005-14. 

Vainer B, Nielsen OH, Hendel J, Horn T, Kirman I. Colonic expression and 

synthesis of interleukin 13 and interleukin 15 in inflammatory bowel disease. 

Cytokine 2000;12:1531-6. 

Vaishnava S, Yamamoto M, Severson KM, Ruhn KA, Yu X, Koren O, Ley R, 

Wakeland EK, Hooper LV. The antibacterial lectin RegIIIgamma promotes 

the spatial segregation of microbiota and host in the intestine. Science 

2011;334:255-8. 

Valencia X, Stephens G, Goldbach-Mansky R, Wilson M, Shevach EM, Lipsky 

PE. TNF downmodulates the function of human CD4+CD25hi T-regulatory 

cells. Blood 2006;108:253-61. 

Valente AJ, Yoshida T, Gardner JD, Somanna N, Delafontaine P, Chandrasekar 

B. Interleukin-17A stimulates cardiac fibroblast proliferation and migration 

via negative regulation of the dual-specificity phosphatase MKP-1/DUSP-1. 

Cell Signal 2012;24:560-8. 

Vallance BA, Gunawan MI, Hewlett B, Bercik P, Van Kampen C, Galeazzi F, 

Sime PJ, Gauldie J, Collins SM. TGF-beta1 gene transfer to the mouse 

colon leads to intestinal fibrosis. Am J Physiol Gastrointest Liver Physiol 



 

 
402 

2005;289:G116-28. 

Van Assche G, Dignass A, Panes J, Beaugerie L, Karagiannis J, Allez M, 

Ochsenkühn T, Orchard T, Rogler G, Louis E, Kupcinskas L, Mantzaris G, 

Travis S, Stange E. European Crohn's and Colitis Organisation (ECCO). 

The second European evidence-based Consensus on the diagnosis and 

management of Crohn's disease: Definitions and diagnosis. J Crohns Colitis 

2010a;4:7-27. 

Van Assche G, Dignass A, Reinisch W, van der Woude CJ, Sturm A, De Vos M, 

Guslandi M, Oldenburg B, Dotan I, Marteau P, Ardizzone A, Baumgart DC, 

D'Haens G, Gionchetti P, Portela F, Vucelic B, Söderholm J, Escher J, 

Koletzko S, Kolho KL, Lukas M, Mottet C, Tilg H, Vermeire S, Carbonnel F, 

Cole A, Novacek G, Reinshagen M, Tsianos E, Herrlinger K, Oldenburg B, 

Bouhnik Y, Kiesslich R, Stange E, Travis S, Lindsay J; European Crohn's 

and Colitis Organisation (ECCO). The second European evidence-based 

Consensus on the diagnosis and management of Crohn's disease: Special 

situations. J Crohns Colitis 2010b;4:63-101. 

Van Assche G, Dignass A, Bokemeyer B, Danese S, Gionchetti P, Moser G, 

Beaugerie L, Gomollón F, Häuser W, Herrlinger K, Oldenburg B, Panes J, 

Portela F, Rogler G, Stein J, Tilg H, Travis S, Lindsay JO; European 

Crohn's and Colitis Organisation. Second European evidence-based 

consensus on the diagnosis and management of ulcerative colitis part 3: 

special situations. J Crohns Colitis 2013;7:1-33. 

van der Heide F, Dijkstra A, Weersma RK, Albersnagel FA, van der Logt EM, 

Faber KN, Sluiter WJ, Kleibeuker JH, Dijkstra G. Effects of active and 

passive smoking on disease course of Crohn's disease and ulcerative colitis. 

Inflamm Bowel Dis 2009;15:1199-207. 

van de Pavert SA, Mebius RE. New insights into the development of lymphoid 

tissues. Nat Rev Immunol 2010;10:664-74. 

Van Den Steen PE, Wuyts A, Husson SJ, Proost P, Van Damme J, Opdenakker 

G. Gelatinase B/MMP-9 and neutrophil collagenase/MMP-8 process the 

chemokines human GCP-2/CXCL6, ENA-78/CXCL5 and mouse GCP-2/LIX 



 

 
403 

and modulate their physiological activities. Eur J Biochem 2003;270:3739-

49. 

van Dieren JM, van der Woude CJ, Kuipers EJ, Escher JC, Samsom JN, 

Blumberg RS, Nieuwenhuis EE. Roles of CD1d-restricted NKT cells in the 

intestine. Inflamm Bowel Dis 2007;13:1146-52. 

van Es JH, van Gijn ME, Riccio O, van den Born M, Vooijs M, Begthel H, 

Cozijnsen M, Robine S, Winton DJ, Radtke F, Clevers H. Notch/gamma-

secretase inhibition turns proliferative cells in intestinal crypts and 

adenomas into goblet cells. Nature 2005;435:959-63. 

Van Gossum A, Cabre E, Hébuterne X, Jeppesen P, Krznaric Z, Messing B, 

Powell-Tuck J, Staun M, Nightingale J; ESPEN. ESPEN Guidelines on 

Parenteral Nutrition: gastroenterology. Clin Nutr 2009;28:415-27. 

van Heel DA, Ghosh S, Butler M, Hunt KA, Lundberg AM, Ahmad T, McGovern 

DP, Onnie C, Negoro K, Goldthorpe S, Foxwell BM, Mathew CG, Forbes A, 

Jewell DP, Playford RJ. Muramyl dipeptide and toll-like receptor sensitivity 

in NOD2-associated Crohn's disease. Lancet 2005;365:1794-6. 

Van Limbergen J, Russell RK, Nimmo ER, Drummond HE, Smith L, Anderson 

NH, Davies G, Gillett PM, McGrogan P, Weaver LT, Bisset WM, Mahdi G, 

Arnott ID, Wilson DC, Satsangi J. Autophagy gene ATG16L1 influences 

susceptibility and disease location but not childhood-onset in Crohn's 

disease in Northern Europe. Inflamm Bowel Dis 2008;14:338-46. 

van Nood E, Vrieze A, Nieuwdorp M, Fuentes S, Zoetendal EG, de Vos WM, 

Visser CE, Kuijper EJ, Bartelsman JF, Tijssen JG, Speelman P, Dijkgraaf 

MG, Keller JJ. Duodenal infusion of donor feces for recurrent Clostridium 

difficile. N Engl J Med 2013;368:407-15. 

van Schaik FD, Oldenburg B, Hart AR, Siersema PD, Lindgren S, Grip O, 

Teucher B, Kaaks R, Bergmann MM, Boeing H, Carbonnel F, Jantchou P, 

Boutron-Ruault MC, Tjønneland A, Olsen A, Crowe FL, Peeters PH, van 

Oijen MG, Bueno-de-Mesquita HB. Serological markers predict 

inflammatory bowel disease years before the diagnosis. Gut 2013;62:683-8. 

Vandamme D, Landuyt B, Luyten W, Schoofs L. A comprehensive summary of 



 

 
404 

LL-37, the factotum human cathelicidin peptide. Cell Immunol 2012;280:22-

35. 

Vande Casteele N, Feagan BG, Gils A, Vermeire S, Khanna R, Sandborn WJ, 

Levesque BG. Therapeutic drug monitoring in inflammatory bowel disease: 

current state and future perspectives. Curr Gastroenterol Rep 2014;16:378. 

Vande Casteele N, Ferrante M, Van Assche G, Ballet V, Compernolle G, Van 

Steen K, Simoens S, Rutgeerts P, Gils A, Vermeire S. Trough 

concentrations of infliximab guide dosing for patients with inflammatory 

bowel disease. Gastroenterology 2015;148:1320-9. 

Vandenbroucke RE, Dejonckheere E, Van Hauwermeiren F, Lodens S, De 

Rycke R, Van Wonterghem E, Staes A, Gevaert K, López-Otin C, Libert C. 

Matrix metalloproteinase 13 modulates intestinal epithelial barrier integrity in 

inflammatory diseases by activating TNF. EMBO Mol Med 2013;5:932-48. 

Vandooren B, Kruithof E, Yu DT, Rihl M, Gu J, De Rycke L, Van Den Bosch F, 

Veys EM, De Keyser F, Baeten D. Involvement of matrix metalloproteinases 

and their inhibitors in peripheral synovitis and down-regulation by tumor 

necrosis factor alpha blockade in spondylarthropathy. Arthritis Rheum 

2004;50:2942-53. 

Vazeille E, Bringer MA, Gardarin A, Chambon C, Becker-Pauly C, Pender SL, 

Jakob C, Müller S, Lottaz D, Darfeuille-Michaud A. Role of meprins to 

protect ileal mucosa of Crohn's disease patients from colonization by 

adherent-invasive E. coli. PLoS One 2011;6:e21199. 

Velayos FS, Terdiman JP, Walsh JM. Effect of 5-aminosalicylate use on 

colorectal cancer and dysplasia risk: a systematic review and metaanalysis 

of observational studies. Am J Gastroenterol 2005;100:1345-53. 

Venturi GM, Tu L, Kadono T, Khan AI, Fujimoto Y, Oshel P, Bock CB, Miller AS, 

Albrecht RM, Kubes P, Steeber DA, Tedder TF. Leukocyte migration is 

regulated by L-selectin endoproteolytic release. Immunity 2003;19:713-24. 

Verma R, Verma N, Paul J. Expression of inflammatory genes in the colon of 

ulcerative colitis patients varies with activity both at the mRNA and protein 

level. Eur Cytokine Netw 2013;24:130-8. 



 

 
405 

Vermeire S, Schreiber S, Sandborn WJ, Dubois C, Rutgeerts P. Correlation 

between the Crohn's disease activity and Harvey-Bradshaw indices in 

assessing Crohn's disease severity. Clin Gastroenterol Hepatol 2010;8:357-

63. 

Vermeire S, O'Byrne S, Keir M, Williams M, Lu TT, Mansfield JC, Lamb CA, 

Feagan BG, Panes J, Salas A, Baumgart DC, Schreiber S, Dotan I, 

Sandborn WJ, Tew GW, Luca D, Tang MT, Diehl L, Eastham-Anderson J, 

De Hertogh G, Perrier C, Egen JG, Kirby JA, van Assche G, Rutgeerts P. 

Etrolizumab as induction therapy for ulcerative colitis: a randomised, 

controlled, phase 2 trial. Lancet 2014;384:309-18. 

Vester-Andersen MK, Prosberg MV, Jess T, Andersson M, Bengtsson BG, Blixt T, 

Munkholm P, Bendtsen F, Vind I. Disease course and surgery rates in 

inflammatory bowel disease: a population-based, 7-year follow-up study in 

the era of immunomodulating therapy. Am J Gastroenterol 2014;109:705-14. 

Vijay-Kumar M, Sanders CJ, Taylor RT, Kumar A, Aitken JD, Sitaraman SV, 

Neish AS, Uematsu S, Akira S, Williams IR, Gewirtz AT. Deletion of TLR5 

results in spontaneous colitis in mice. J Clin Invest 2007;117:3909-21. 

Villadangos JA, Bryant RA, Deussing J, Driessen C, Lennon-Duménil AM, Riese 

RJ, Roth W, Saftig P, Shi GP, Chapman HA, Peters C, Ploegh HL. 

Proteases involved in MHC class II antigen presentation. Immunol Rev 

1999;172:109-20. 

Vladich FD, Brazille SM, Stern D, Peck ML, Ghittoni R, Vercelli D. IL-13 R130Q, 

a common variant associated with allergy and asthma, enhances effector 

mechanisms essential for human allergic inflammation. J Clin Invest 

2005;115:747-54. 

Volpi L, Roversi G, Colombo EA, Leijsten N, Concolino D, Calabria A, Mencarelli 

MA, Fimiani M, Macciardi F, Pfundt R, Schoenmakers EF, Larizza L. 

Targeted next-generation sequencing appoints c16orf57 as clericuzio-type 

poikiloderma with neutropenia gene. Am J Hum Genet 2010;86:72-6. 

von Lampe B, Barthel B, Coupland SE, Riecken EO, Rosewicz S. Differential 

expression of matrix metalloproteinases and their tissue inhibitors in colon 



 

 
406 

mucosa of patients with inflammatory bowel disease. Gut 2000;47:63-73. 

Vos AC, Wildenberg ME, Duijvestein M, Verhaar AP, van den Brink GR, 

Hommes DW. Anti-tumor necrosis factor- antibodies induce regulatory 

macrophages in an Fc region-dependent manner. Gastroenterology 

2011;140:221-30. 

Vos AC, Wildenberg ME, Arijs I, Duijvestein M, Verhaar AP, de Hertogh G, 

Vermeire S, Rutgeerts P, van den Brink GR, Hommes DW. Regulatory 

macrophages induced by infliximab are involved in healing in vivo and in 

vitro. Inflamm Bowel Dis 2012;18:401-8. 

Wada H, Saito K, Kanda T, Kobayashi I, Fujii H, Fujigaki S, Maekawa N, Takatsu 

H, Fujiwara H, Sekikawa K, Seishima M. Tumor necrosis factor-alpha (TNF-

alpha) plays a protective role in acute viralmyocarditis in mice: A study 

using mice lacking TNF-alpha. Circulation 2001;103:743-9. 

Walker CR, Hautefort I, Dalton JE, Overweg K, Egan CE, Bongaerts RJ, Newton 

DJ, Cruickshank SM, Andrew EM, Carding SR. Intestinal intraepithelial 

lymphocyte-enterocyte crosstalk regulates production of bactericidal 

angiogenin 4 by Paneth cells upon microbial challenge. PLoS One 

2013;8:e84553. 

Wang F, Graham WV, Wang Y, Witkowski ED, Schwarz BT, Turner JR. 

Interferon-gamma and tumor necrosis factor-alpha synergize to induce 

intestinal epithelial barrier dysfunction by up-regulating myosin light chain 

kinase expression. Am J Pathol 2005;166:409-19. 

Wang Y, Devkota S, Musch MW, Jabri B, Nagler C, Antonopoulos DA, 

Chervonsky A, Chang EB. Regional mucosa-associated microbiota 

determine physiological expression of TLR2 and TLR4 in murine colon. 

PLoS One 2010;5:e13607. 

Washburn MP, Koller A, Oshiro G, Ulaszek RR, Plouffe D, Deciu C, Winzeler E, 

Yates JR 3rd. Protein pathway and complex clustering of correlated mRNA 

and protein expression analyses in Saccharomyces cerevisiae. Proc Natl 

Acad Sci U S A 2003;100:3107-12. 

Watanabe K, Sugai M, Nambu Y, Osato M, Hayashi T, Kawaguchi M, Komori T, 



 

 
407 

Ito Y, Shimizu A. Requirement for Runx proteins in IgA class switching 

acting downstream of TGF-beta 1 and retinoic acid signaling. J Immunol 

2010;184:2785-92. 

Watanabe T, Kitani A, Murray PJ, Strober W. NOD2 is a negative regulator of 

Toll-like receptor 2-mediated T helper type 1 responses. Nat Immunol 

2004;5:800-8. 

Waterman M, Karban A, Nesher S, Weiss B, Shamir R, Eliakim R. [The 

significance of IL-13 gene +2044G/A mutation in patients with inflammatory 

bowel disease]. Harefuah 2006;145:789-92. 

Watson AJ. Claudins and barrier dysfunction in intestinal inflammation: cause or 

consequence? Gut 2015;64:1501-2. 

Weber CR, Raleigh DR, Su L, Shen L, Sullivan EA, Wang Y, Turner JR. 

Epithelial myosin light chain kinase activation induces mucosal interleukin-

13 expression to alter tight junction ion selectivity. J Biol Chem 

2010;285:12037-46. 

Wehkamp J, Salzman NH, Porter E, Nuding S, Weichenthal M, Petras RE, Shen 

B, Schaeffeler E, Schwab M, Linzmeier R, Feathers RW, Chu H, Lima H Jr, 

Fellermann K, Ganz T, Stange EF, Bevins CL. Reduced Paneth cell alpha-

defensins in ileal Crohn's disease. Proc Natl Acad Sci U S A 

2005;102:18129-34. 

Weinblatt ME, Kremer JM, Bankhurst AD, Bulpitt KJ, Fleischmann RM, Fox RI, 

Jackson CG, Lange M, Burge DJ. A trial of etanercept, a recombinant tumor 

necrosis factor receptor:Fc fusion protein, in patients with rheumatoid 

arthritis receiving methotrexate. N Engl J Med 1999;340:253-9. 

Weiner HL, da Cunha AP, Quintana F, Wu H. Oral tolerance. Immunol Rev 

2011;241:241-59. 

Wesemann DR, Benveniste EN. STAT-1 alpha and IFN-gamma as modulators of 

TNF-alpha signaling in macrophages: regulation and functional implications 

of the TNF receptor 1:STAT-1 alpha complex. J Immunol 2003;171:5313-9. 

Wesemann DR, Portuguese AJ, Meyers RM, Gallagher MP, Cluff-Jones K, 

Magee JM, Panchakshari RA, Rodig SJ, Kepler TB, Alt FW. Microbial 



 

 
408 

colonization influences early B-lineage development in the gut lamina 

propria. Nature 2013;501:112-5. 

Westra W, Hoang V, Laifenfeld D. A single biomarker panel predicts response to 

infliximab in patients with Crohn’s disease and ulcerative colitis. 

Gastroenterology 2013;144(Suppl.1):S192. 

Wilcz-Villega EM, McClean S, O’Sullivan MA. Mast cell tryptase reduces 

junctional adhesion molecule-A (JAM-A) expression in intestinal epithelial 

cells: implications for the mechanisms of barrier dysfunction in irritable 

bowel syndrome. Am J Gastroenterol 2013;108:1140-51. 

Wilks S. Morbid appearances in the intestine of Miss Bankes. London Medical 

Gazette 1859;2:264. 

Wilks S, Moxon W. Lectures on Pathological Anatomy. 2nd Ed. Philadelphia 

Lindsay and Blakiston 1875. 

Williams H, Walker D, Orchard TR. Extraintestinal manifestations of inflammatory 

bowel disease. Curr Gastroenterol Rep 2008;10:597-605. 

Wils P, Bouhnik Y, Michetti P, Flourie B, Brixi H, Bourrier A, Allez M, Duclos B, 

Grimaud JC, Buisson A, Amiot A, Fumery M, Roblin X, Peyrin-Biroulet L, 

Filippi J, Bouguen G, Abitbol V, Coffin B, Simon M, Laharie D, Pariente B; 

Groupe d'Etude Thérapeutique des Affections Inflammatoires du Tube 

Digestif (GETAID). Subcutaneous Ustekinumab Provides Clinical Benefit for 

Two-Thirds of Patients With Crohn's Disease Refractory to Anti-Tumor 

Necrosis Factor Agents. Clin Gastroenterol Hepatol 2016;14:242-50. 

Wilson CL, Ouellette AJ, Satchell DP, Ayabe T, López-Boado YS, Stratman JL, 

Hultgren SJ, Matrisian LM, Parks WC. Regulation of intestinal alpha-

defensin activation by the metalloproteinase matrilysin in innate host 

defense. Science 1999;286:113-7. 

Wilson MS, Wynn TA. Pulmonary fibrosis: pathogenesis, etiology and regulation. 

Mucosal Immunol 2009;2:103-21. 

Wilson MS, Madala SK, Ramalingam TR, Gochuico BR, Rosas IO, Cheever AW, 

Wynn TA. Bleomycin and IL-1beta-mediated pulmonary fibrosis is IL-17A 

dependent. J Exp Med 2010;207:535-52. 



 

 
409 

Wilson MS, Ramalingam TR, Rivollier A, Shenderov K, Mentink-Kane MM, 

Madala SK, Cheever AW, Artis D, Kelsall BL, Wynn TA. Colitis and 

intestinal inflammation in IL10-/- mice results from IL-13R2-mediated 

attenuation of IL-13 activity. Gastroenterology 2011;140:254-64. 

Wolff MJ, Leung JM, Davenport M, Poles MA, Cho I, Loke P. TH17, TH22 and 

Treg cells are enriched in the healthy human cecum. PLoS One 

2012;7:e41373. 

Wu S, Rhee KJ, Zhang M, Franco A, Sears CL. Bacteroides fragilis toxin 

stimulates intestinal epithelial cell shedding and gamma-secretase-

dependent E-cadherin cleavage. J Cell Sci 2007;120:1944-52. 

Wu Z, Nybom P, Magnusson KE. Distinct effects of Vibrio cholera 

haemagglutinin/protease on the structure and localization of the tight 

junction-associated proteins occludin and ZO-1. Cell Microbiol 2000;2:11-7. 

www.crohnsandcolitis.org.uk/about-inflammatory-bowel-disease/crohns-disease. 

www.crohnsandcolitis.org.uk/about-inflammatory-bowel-disease/ulcerative-colitis.  

Wynn TA. IL-13 effector functions. Annu Rev Immunol 2003;21:425-56. 

Wynn TA. Fibrotic disease and the T(H)1/T(H)2 paradigm. Nat Rev Immunol 

2004;4:583-94. 

Wynn TA, Ramalingam TR. Mechanisms of fibrosis: therapeutic translation for 

fibrotic disease. Nat Med 2012;18:1028-40. 

Wynn TA. Type 2 cytokines: mechanisms and therapeutic strategies. Nat Rev 

Immunol 2015;15:271-82. 

Xu L, Kitani A, Fuss I, Strober W. Cutting edge: regulatory T cells induce 

CD4+CD25-Foxp3- T cells or are self-induced to become Th17 cells in the 

absence of exogenous TGF-beta. J Immunol 2007;178:6725-9. 

Xu P, Derynck R. Direct activation of TACE-mediated ectodomain shedding by 

p38 MAP kinase regulates EGF receptor-dependent cell proliferation. Mol 

Cell 2010;37:551-66. 

Yang D, Chertov O, Bykovskaia SN, Chen Q, Buffo MJ, Shogan J, Anderson M, 

Schröder JM, Wang JM, Howard OM, Oppenheim JJ. Beta-defensins: 

linking innate and adaptive immunity through dendritic and T cell CCR6. 

http://www.crohnsandcolitis.org.uk/about-inflammatory-bowel-disease/crohns-disease
http://www.crohnsandcolitis.org.uk/about-inflammatory-bowel-disease/ulcerative-colitis


 

 
410 

Science 1999;286:525-8. 

Yang LP, McCormack PL. MMX® Mesalazine: a review of its use in the 

management of mild to moderate ulcerative colitis. Drugs 2011;71:221-35. 

Yang XO, Pappu BP, Nurieva R, Akimzhanov A, Kang HS, Chung Y, Ma L, Shah 

B, Panopoulos AD, Schluns KS, Watowich SS, Tian Q, Jetten AM, Dong C. 

T helper 17 lineage differentiation is programmed by orphan nuclear 

receptors ROR alpha and ROR gamma. Immunity 2008;28:29-39. 

Yoo JH, Ho S, Tran DH, Cheng M, Bakirtzi K, Kukota Y, Ichikawa R, Su B, Tran 

DH, Hing TC, Chang I, Shih DQ, Issacson RE, Gallo RL, Fiocchi C, 

Pothoulakis C, Koon HW. Anti-fibrogenic effects of the anti-microbial 

peptide cathelicidin in murine colitis-associated fibrosis. Cell Mol 

Gastroenterol Hepatol 2015;1:55-74. 

Yoshida M, Kobayashi K, Kuo TT, Bry L, Glickman JN, Claypool SM, Kaser A, 

Nagaishi T, Higgins DE, Mizoguchi E, Wakatsuki Y, Roopenian DC, 

Mizoguchi A, Lencer WI, Blumberg RS. Neonatal Fc receptor for IgG 

regulates mucosal immune responses to luminal bacteria. J Clin Invest 

2006;116:2142-51. 

Young RE, Thompson RD, Larbi KY, La M, Roberts CE, Shapiro SD, Perretti M, 

Nourshargh S. Neutrophil elastase (NE)-deficient mice demonstrate a 

nonredundant role for NE in neutrophil migration, generation of 

proinflammatory mediators, and phagocytosis in response to zymosan 

particles in vivo. J Immunol 2004;172:4493-502. 

Zachos M, Tondeur M, Griffiths AM. Enteral nutritional therapy for induction of 

remission in Crohn's disease. Cochrane Database Syst Rev 

2007;1:CD000542. 

Zavasnik-Bergant T, Turk B. Cysteine cathepsins in the immune response. 

Tissue Antigens 2006;67:349-55. 

Zenewicz LA, Yancopoulos GD, Valenzuela DM, Murphy AJ, Stevens S, Flavell 

RA. Innate and adaptive interleukin-22 protects mice from inflammatory 

bowel disease. Immunity 2008;29:947-57. 

Zhang S, Huang D, Weng J, Huang Y, Liu S, Zhang Q, Li N, Wen M, Zhu G, Lin 



 

 
411 

F, Gu W. Neutralization of Interleukin-17 Attenuates Cholestatic Liver 

Fibrosis in Mice. Scand J Immunol 2016;83:102-8 

Zhou L, Ivanov II, Spolski R, Min R, Shenderov K, Egawa T, Levy DE, Leonard 

WJ, Littman DR. IL-6 programs T(H)-17 cell differentiation by promoting 

sequential engagement of the IL-21 and IL-23 pathways. Nat Immunol 

2007;8:967-74. 

Zhu J. T helper 2 (Th2) cell differentiation, type 2 innate lymphoid cell (ILC2) 

development and regulation of interleukin-4 (IL-4) and IL-13 production. 

Cytokine 2015;75:14-24. 

Zitta K, Meybohm P, Bein B, Heinrich C, Renner J, Cremer J, Steinfath M, Scholz 

J, Albrecht M. Serum from patients undergoing remote ischemic 

preconditioning protects cultured human intestinal cells from hypoxia-

induced damage: involvement of matrixmetalloproteinase-2 and -9. Mol 

Med 2012;18:29-37. 

Zorzi F, Monteleone I, Sarra M, Calabrese E, Marafini I, Cretella M, Sedda S, 

Biancone L, Pallone F, Monteleone G. Distinct profiles of effector cytokines 

mark the different phases of Crohn’s disease. PLoS One 2013;8:e54562. 

 


