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  Pref ace   

 If you are picking up this book for the very fi rst time you might be asking yourself 
why it is entirely dedicated to the topic of the  Molecular Genetics of IBD —or more 
specifi cally, why IBD and why now? The simplest answer is that research in Crohn’s 
disease (CD) and ulcerative colitis (UC), together known as the infl ammatory bowel 
diseases (IBD), has truly seen a revolution in the last 5–10 years. For example, in 
2005 there were less than a handful of validated genetic risk factors known for IBD, 
while in 2013 that number increased to 163! 

 In the following chapters you will discover how these genetic discoveries have 
led to the identifi cation of biological functions not previously associated with IBD 
pathophysiology (e.g., autophagy), how multiple genetic risk factors for IBD con-
verge on given biological functions and that together the identifi ed variants in these 
genes have predisposing and protective roles (e.g., the multiple variants in the 
receptor for the    IL23 cytokine and its signaling cascade), and how having such a 
large number of known genetic risk factors has changed our understanding not only 
about the genetic and molecular overlap between CD and UC but also between these 
diseases and other chronic infl ammatory diseases (e.g., psoriasis, multiple sclerosis, 
type 1 diabetes, and many others). 

 While it is clear that the genetic makeup of an individual is tremendously impor-
tant in determining whether they will develop CD or UC, nongenetic risk factors 
play an equally important role. Of these environmental risk factors, two have pre-
dominated in the fi eld of IBD: smoking and the gut microbiome. Although much 
work needs still to be done, great advances have been made recently in our ability 
to assess and understand the impact of environmental risk factors, be it at the level 
of how these environmental risk factors lead to structural changes to the DNA or 
their infl uence on the local gut milieu which can be considered not only as a meeting 
point for gut fl ora, epithelial cells, and immune cells but also as an important inter-
face between genetic and nongenetic risk factors. 
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 Ultimately, we all hope, these advances in our knowledge will lead to better 
diagnosis, prognosis and treatment of these debilitating, lifelong diseases whose 
prevalence can be as high as one in every 150 individuals 1 . At a conceptual level, it 
is easy to understand that different patients have developed IBD due to different 
combinations of genetic and nongenetic risk factors. It then follows that a better 
understanding of these individual differences will move the fi eld forward in its goals 
for better clinical management of IBD patients. Part of the answer lies in the identi-
fi cation and understanding of the key biological mechanisms/pathogenic pathways 
that lead to IBD, as this will help in the stratifi cation of this complex mix of IBD 
patients and to tailor the development and application of therapies accordingly. As 
you will read, another part of the equation is that in IBD there is a multitude of 
informative cellular and animal models, and access to relevant clinical tissues (e.g., 
immune cells, gut biopsies), that give a certain advantage over multiple other dis-
eases in terms of resources to better understand disease mechanisms as well as to 
develop, screen and evaluate novel therapies for IBD. Finally, as you progress 
through this book, each chapter written by experts in the fi eld, we hope that you will 
share our optimism that IBD is well positioned to deliver on the promise of translat-
ing basic research into a better clinical management of IBD, and hopefully may 
even plant the seeds that will lead to achieving a more long-term and audacious goal 
of preventing and curing these chronic diseases once and for all.  

    Stockholm ,  Sweden       Mauro     D’Amato   
   Montreal ,  QC ,  Canada       John     D.     Rioux      

1   Rocchi et al. (2012) Can J Gastroenterol 26(11):811–817. 

Preface
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    Abstract     The infl ammatory bowel diseases are chronic, relapsing disorders 
 characterized by infl ammation and ulceration in part of or the entire gastrointestinal 
tract. IBD affects people worldwide but is most prevalent in northern Europe and 
North America. Etiologically, the current consensus is that the intestinal infl amma-
tion is largely caused by an aberrant and excessive immune response to environ-
mental triggers (intestinal bacterial infection, medications, or other agents) in 
genetically susceptible individuals. IBD exerts a heavy toll on patients’ quality of 
life and imposes a considerable economic burden on the healthcare system. Some 
forms of IBD lead to severe complications such as formation of fi stulae and intesti-
nal strictures, for which management options are very limited. Moreover, many IBD 
patients develop drug tolerance and toxic responses, which severely compromise 
the disease control. Over the past decade, modern genetics has led to a new era of 
IBD research. Up to 163 genes have been identifi ed to be associated with IBD. 
A growing number of new diagnostic tools and therapeutic agents resulted from the 
IBD genetics have already been implemented in the management of IBD; however, 
unmet needs persist. By utilizing new experimental tools such as powerful next-
generation DNA sequencing machines along with accessing large cohorts of IBD 
patients, genetic studies will lead to a better understanding of the causes of  individual 
IBD, more diagnostic tools to aid in evaluating the disease course and responsive-
ness to treatment, more novel targets to be identifi ed for new drug development, and 
ultimately the most desirable strategies for IBD prevention.  

      Chapter 1
A Primer on IBD: Phenotypes, Diagnosis, 
Treatment, and Clinical Challenges 

             Xinjun     Cindy     Zhu      and     Richard     P.     MacDermott   

        X.  C.   Zhu, M.D. (*) •         R.  P.   MacDermott, M.D.    
  Division of Gastroenterology, Department of Medicine ,  Albany Medical College , 
  Albany ,  NY ,  USA   
 e-mail: zhux@mail.amc.edu  
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        Introduction 

 The infl ammatory bowel diseases (IBD) are idiopathic, chronic, relapsing disorders 
of the small and/or large bowel, characterized pathologically by infl ammation and 
ulceration of the mucosal and submucosal layers or mucosal layer only. The princi-
pal categories of IBD are ulcerative colitis (UC), Crohn’s disease (CD), and indeter-
minate colitis (IC) [ 1 ]. 

 The incidence of both CD and UC has particular geographic patterns, with the 
highest prevalence in Western developed countries, including Europe and North 
America, and intermediate prevalence in countries such as Japan, Korea, Hong 
Kong, South Africa, and Israel. In less developed countries, the prevalence is low. 
The overall prevalences of UC and CD in North America are similar. It is estimated 
that the prevalence of UC is approximately 37–246 cases per 100,000 persons and 
for CD it is 26–199 cases per 100,000 persons [ 2 ]. In general, there are no gender 
differences in terms of the frequency of UC and CD. The onset of UC and CD 
occurs at any age, but the peak incidence is more likely to be around late adoles-
cence and early adulthood. In female CD patients there is also a second peak dur-
ing the sixth and seventh decades of life. Multiple studies suggest there is a 
tendency in early onset CD for upper GI involvement, including gastric, duodenal, 
and the proximal small bowel, whereas in late onset CD, colonic infl ammation is 
more common [ 2 ]. 

 The etiology of IBD remains unknown. The current consensus is that intestinal 
infl ammation is largely caused by an aberrant and excessive immune response to 
environmental triggers (intestinal bacterial infection, medications, or other agents) 
in genetically susceptible individuals [ 3 ,  4 ]. IBD, particularly CD and to a lesser 
extent UC, tends to cluster in families, suggesting there is a strong genetic compo-
nent to the pathology [ 5 ,  6 ]. Interestingly, environmental factors appear also to play 
an important role, as demonstrated by the fact that both CD and UC appeared to be 
more frequent in northern parts of the United States than in southern and in urban 
more than rural parts [ 7 ,  8 ]. Intestinal microfl ora may also be a contributing factor. 
In geographic areas of low IBD prevalence such as Asia, people tend to have the 
highest frequency of indigenous intestinal infections, including helminthic infesta-
tions. Recent studies have found that intestinal bacteria are altered in IBD [ 9 ]. The 
role of the microbiota in IBD is an interesting area worthy of intensive investiga-
tion. Other environmental factors have also been found to have an impact on IBD. 
For example, smoking increases the risk of CD, but intriguingly it lowers the risk 
of UC [ 10 ,  11 ]. Clinical and endoscopic recurrence in CD and disease activity after 
surgery were affected by active smoking, and transdermal nicotine patches have 
been shown to improve symptoms in UC patients [ 12 ]. The use of nonsteroidal 
anti- infl ammatory drugs has been shown to increase disease fl ares in IBD patients 
[ 13 ]. In general, the interface between gut mucosa, luminal bacteria, environmen-
tal factors, and immune cells may determine the onset and course of disease in 
susceptible individuals.  

X.C. Zhu and R.P. MacDermott
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    Clinical Manifestations and Phenotypes of IBD 

 In UC, the symptoms tend to begin gradually, typically presenting with rectal bleed-
ing, diarrhea, and abdominal cramping pain. The Mayo score system (ranging from 
0 to 12) is commonly used to assess UC activity in clinical trials and is based on 
stool pattern, rectal bleeding, endoscopic fi ndings, and overall assessment by a phy-
sician, with higher scores correlating with greater severity [ 14 ]. In contrast to UC, 
the clinical manifestations of CD are variable and sometimes insidious, featuring 
diarrhea and abdominal cramping pain associated with iron defi ciency anemia, 
fatigue, weight loss, and fever [ 15 ]. Rectal bleeding is less severe in CD, except in 
CD affecting the colon only, also referred to as Crohn’s colitis. Fistula and abscess 
formation preferentially occur in CD due to transmural bowel infl ammation. 
Patients with CD affecting the upper GI tract are younger at onset, with clinical 
presentations of abdominal pain and cramps, nausea and vomiting, and general 
malaise and fatigue [ 16 ]. It can present with aphthous ulcers in the mouth and dif-
fi culty or pain in swallowing. CD is also characterized by malabsorption of bile 
acids, iron, calcium, water-soluble vitamins such as folic acid and vitamin B12, 
fat-soluble  vitamins—such as vitamins A, D, E, and K—and trace minerals such as 
zinc, resulting in diarrhea, gallstones, iron defi ciency anemia, vitamin B12 defi -
ciency, vitamin D defi ciency, hypocalcemia, and vague abdominal pain. In Crohn’s 
ileitis, excessive oxalate is absorbed in the colon, leading to calcium oxalate kidney 
stone formation. Perianal complications include perirectal abscesses, anorectal fi s-
tulas, and anal fi ssures, all of which are accompanied by perianal pain and discom-
fort. Both CD and UC can have extraintestinal manifestations, and about 50–60 % 
of patients suffer from joint pain due to arthropathies and sacroiliitis [ 17 ], osteope-
nia or osteoporosis [ 18 ], skin lesions (such as erythema nodosum and pyoderma 
gangrenosum) [ 19 ], uveitis and iritis [ 20 ], which are often correlated with disease 
activity [ 21 ]. Mild abnormality in liver function tests may be present, and primary 
sclerosing cholangitis (PSC) occurs more frequently in UC than CD. PSC is known 
to be associated with an increased risk for colorectal cancer [ 1 ,  22 ,  23 ]. 

 UC is characterized by diffuse mucosal infl ammation restricted to the colon but 
varying in extent from the rectum to the cecum. Based on the affected anatomy, UC 
can be clinically divided into distal and more extensive forms. Distal UC is defi ned 
as colitis with features of infl ammation confi ned to the rectum (proctitis) or rectum 
and sigmoid colon (proctosigmoiditis). The more extensive forms of UC include 
left-sided UC with infl ammation extending up to the splenic fl exure and pancolitis, 
with infl ammation that extends proximal to the splenic fl exure, affecting the entire 
colon. The Montreal consensus classifi ed UC based on anatomic extent into three 
categories, ulcerative proctitis (E1), distal or left-sided UC (E2), and extensive UC 
involving the colon proximal to splenic fl exure (E3) [ 1 ]. The severity of UC was 
also classifi ed into mild, moderate, and severe based on daily frequency of bowel 
movements including bloody stool and the presence of systemic toxicity. In addi-
tion, age of onset is considered to be one of the important factors for classifi cation 
of UC subtypes [ 1 ]. In contrast, CD can affect any part of the gastrointestinal (GI) 

1 A Primer on IBD: Phenotypes, Diagnosis, Treatment, and Clinical Challenges
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tract from mouth to anus, with a characteristic feature of patchy and transmural 
infl ammation. It may be further defi ned based on the location of infl ammation 
 (terminal ileal (L1), colonic (L2), ileocolic (L3), isolated upper GI (L4)) or the pat-
tern of clinical complications (non-stricturing and non-penetrating (B1), structuring 
(B2), penetrating (B3), or perianal disease (p)) [ 1 ,  24 – 27 ]. Both L4 and p can coex-
ist with L1–L3 and B1–B3 disease. Additionally, by considering age at diagnosis as 
a risk factor for developing severe complications, CD is also classifi ed into A1 (<16 
years old), A2 (17–40 years old), and A3 (>40 years old) [ 1 ]. Although the majority 
of CD patients (approximately 80 %) have small bowel involvement, 20 % have 
infl ammation limited to the colon only [ 24 ,  28 ]. In contrast to the invariable involve-
ment of the rectum in patients with UC, the rectum is spared in 50 % of CD patients 
[ 24 ]. Further subdivision of CD is as follows: about 50 % of patients have ileocoli-
tis, which refers to involvement of both the ileum and colon, and 14–30 % have 
disease only involving the distal ileum (ileitis). About 37 % of patients with Crohn’s 
colitis have perianal infl ammation, such as perianal CD and perianal fi stula forma-
tion [ 29 ]. Less than 5 % of patients have involvement of the upper GI tract, includ-
ing the mouth, esophagus, gastroduodenal area, and the proximal small bowel [ 24 , 
 28 ]. It is worth noting that about 5–10 % of IBD patients are unclassifi able, referred 
to as IC, and they have pathological features of both UC and CD. IC occurs more 
often in children (12.7 %) than in adults (6.0 %) [ 30 – 33 ]. 

 Other chronic, nonspecifi c colitides include microscopic colitis (either collage-
nous or lymphocytic), in which the colon appears normal, but lymphocyte infi ltra-
tions are present on biopsy [ 34 ]; diversion colitis, which occurs in the part of the 
colon that is excluded from the fecal stream [ 35 ]; diverticular colitis, which is lim-
ited to portions of the colon with diverticula present [ 36 ]; and pouchitis, which 
occurs in nearly half of patients with UC who have undergone ileal pouch-anal 
anastomosis [ 32 ].  

    Diagnosis and Management of UC and CD 

 The diagnosis of IBD can be made by clinical history and physical examination in 
combination with radiologic, endoscopic, and histologic fi ndings [ 21 ]. Endoscopy 
and histology are considered the gold standard for diagnosing IBD, monitoring the 
effectiveness of treatment and relapses of disease, and IBD-related cancer surveil-
lance [ 37 ]. The severity of UC can be determined by colonoscopy as mild (duller, 
redder mucosa with a “granular” or fi ne sandpaper-like texture, and decreased vas-
cular pattern), moderate (gross pitting mucosa with friability), and severe (diffuse 
ulceration with mucopurulent exudate and spontaneous hemorrhage) (see Fig.  1.1a–c ) 
[ 1 ]. The histology of UC includes crypt distortion, crypt atrophy, distorted or 
branched glands, and neutrophilic microabscesses inside the lumen of crypts. UC 
also displays diffuse lamina propria infl ammation, caused by increased acute and 
chronic infl ammatory cells. Basal plasmacytosis and basal lymphoid hyperplasia 
are apparently unique to UC [ 37 – 39 ].

X.C. Zhu and R.P. MacDermott
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   Pathological changes in the infl ammatory intestine of CD depend on disease sever-
ity, ranging from discrete pouched-out aphthae, irregular stellate ulcers, and longitu-
dinal ulcers to macroulcerations and pseudopolyps (see Fig.  1.1d–f ). Endoscopic 
indices, such as Rutgeerts’ score, have been used for grading disease severity follow-
ing ileocolonic resection. Histologically, CD is characterized by patchy, segmental, 

  Fig. 1.1    Endoscopic features of UC and CD. Colonoscopic examination determines the severity 
of UC and CD. ( a – c ) UC can be graded as mild (duller, redder mucosa with granular texture) ( a ), 
moderate (mucosa with ulceration, friability, and loss of normal vascular pattern) ( b ), and severe 
(diffuse ulceration with mucopurulent exudates and spontaneous hemorrhage) ( c ). ( d – f ) CD can be 
graded as mild (discrete pouched-out aphthous ulcers) ( d ), moderate (stellate ulcers and longitudi-
nal ulcers) ( e ), and severe (macroulcerations and pseudopolyps) ( f )       
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and transmural infl ammation, consisting of small collections of polymorphonuclear 
cells and chronic infl ammatory cells. The hallmark of CD is the presence of epitheli-
oid granuloma. In addition, serum markers of infl ammation, such as ESR, CRP, and 
platelet count, are also used for monitoring disease activity [ 40 ]. 

 Therapy for IBD is a fast-evolving fi eld and new agents are continuously emerg-
ing. The primary aims of medical treatment for UC and CD are to control infl amma-
tion and reduce symptoms, achieve steroid-free clinical remission, and if possible 
achieve mucosal healing. The choices of therapy for UC and the mode of delivery 
of medications depend largely on clinical severity and anatomic extent of the dis-
ease (Table  1.1 ). Mildly to moderately active UC can be treated with 5-aminosali-
cylic acid (5-ASA) derivatives. Oral and topical mesalamine are effective in inducing 
and maintaining remission in distal UC [ 41 ]. An additive benefi t is achieved in 
patients with distal UC who received the combination of topical rectal mesalamine 
(4 g rectal enema once nightly) and oral mesalamine (2.4 g/day), which produced 
results similar to those achieved with a higher dose of oral mesalamine (4.8 g/day) 
[ 42 ]. Corticosteroids are only used for controlling fl are of UC in patients with more 
severe symptoms, but are not recommended for long-term use [ 43 ]. Moderate to 
severe UC can be treated with steroid-free regimens such as immunomodulatory 
agents (AZA or 6-MP) or biologics (such as anti-TNF monoclonal antibodies) or 
both. AZA and 6-MP have slow onset of action (3–6 months) and are associated 
with severe adverse events which limit their use, including bone marrow suppres-
sion, infection, hepatotoxicity, pancreatitis, and malignancies, particularly hepato-
splenic T-cell lymphoma. Two FDA-approved anti-TNF monoclonal antibodies, 
infl iximab and adalimumab, are currently used for the treatment of moderately to 
severely active UC in adults [ 44 ,  45 ].    Cyclosporine can be used as a salvage therapy 
for severe and refractory UC for less than 3–6 months and as a bridge for thiopurine 
therapy [ 46 ]. Additional new drugs, such as Tofacitinib, an anti-JAK antibody [ 47 ], 
are currently under development (Table  1.1 ).

   The choice of CD therapy also depends on the anatomic location and severity of 
the disease [ 48 ]. The Crohn’s Disease Activity Index (CDAI) is mostly used to 
evaluate disease severity in clinical trials as follows: asymptomatic remission 
(CDAI <150), mild to moderate (CDAI 150–220), moderate to severe (CDAI 220–
450), and severe-fulminant disease (CDAI >450). A drop in the CDAI of 70 points 
is considered to be responsiveness. Current medications include oral 5-ASA deriva-
tives, antibiotics, glucocorticoids, nonsystemic glucocorticoids, immunomodula-
tors, and biologic therapies. 

 The use of 5-ASA medications for CD is not as effective as in UC patients. 
Generally 5-ASA drugs are used to treat mild ileitis, ileocolitis, or Crohn’s colitis. 
Antibiotics such as metronidazole, ciprofl oxacin, and rifaximin are recommended as 
an adjuvant therapy for active luminal Crohn’s colitis, perianal fi stulizing CD (espe-
cially when requiring draining of abscess), postoperative recurrence of ileocolitis, 
UC, and pouchitis [ 49 ,  50 ]. Short-course use of oral or intravenous glucocorticoids 
with tapering is often used to treat patients with moderate to severe disease at the 
initial presentation or during fl ares [ 51 ]. A steroid-sparing regimen should be used 
concomitantly with the steroid and continued as maintenance therapy once 
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    Table 1.1    Drugs used in the treatment of IBD   

 Medications  Clinical applications  References 

 5-ASA  First line therapy for remission and maintenance in mild UC  [ 41 ] 
  Mesalazine  High dose 4.8 g/day, the faster resolution of symptoms of UC  [ 41 ] 
  Sulfasalazine  May reduce the risk of colorectal cancer by up 75 %  [ 42 ] 
  Topical 5-ASA  Combination with oral 5-ASA has been shown to be more 

effective in UC 
 Metronidazole  Following ileocecal resection, 20 mg/kg/day for 3 months 

reduces risk of recurrence of CD 
 [ 49 ] 

 Treat perianal disease and pouchitis  [ 50 ] 
 Ciprofl oxacin  Greater benefi t than metronidazole in perianal disease and 

pouchitis 
 Corticosteroids  Potent reagent for inducing remission in moderate to severe 

UC and CD 
 [ 51 ] 

 Rectal steroids are effective adjuvants but less effective than 
topical 5-ASA 

 [ 52 ] 

 Budesonide  Therapeutic benefi t in ileocecal CD or UC  [ 53 ] 
 Thiopurines  Moderate to severe UC with clinical and endoscopic 

remission in 53 % patients in UC 
 [ 55 ] 

 Effective for both induction and maintenance of remission in 
moderate and severe CD 

 [ 56 ] 

 Modestly prevent postoperative recurrence of CD (at 1 year 
8–13 % and 15 % for clinical and endoscopic remission, 
respectively) 

 [ 46 ] 

 Methotrexate  Effective for the induction and maintenance of remission in 
CD in RCT 

 Cyclosporine  Rapid effective as a salvage therapy for severe and refractory 
UC for less than 3–6 months and as a bridge for thiopu-
rine therapy 

 Infl iximab  Moderate to severe refractory CD with 81 % response rate at 
4 weeks and 48 % at week 12 

 [ 44 ] 

 Effi cacy for fi stula closure is 36 %  [ 45 ] 
 Effective in severe UC, corticosteroid-refractory UC  [ 59 ] 

 Adalimumab  Moderate to severe refractory CD in TNF naïve patients and 
those who failed infl iximab 

 [ 57 ] 

 Effi cacy for fi stula closure is 33 % at week 56 compared with 
13 % given placebo 

 Effective to moderate to severe UC and intolerance to 
infl iximab 

 Certolizumab  Effective in induction and maintenance of response and 
remission in complicated CD 

 [ 57 ] 

 Natalizumab  Moderate to severe refractory CD who failed IFX therapy  [ 62 ] 

remission is achieved. The nonsystemic glucocorticoid budesonide may be effective 
for short-term (up to 6 months to 1 year) maintenance of remission in mild to moder-
ate ileitis or ileocolitis [ 52 ,  53 ]. Patients with severe forms of CD at initial presenta-
tion, who relapse or fail to respond, or who exhibit steroid dependency usually 
require a top-down therapy starting with immunomodulators (6MP, AZA, or metho-
trexate) or biologics (infl iximab, adalimumab, certolizumab). 6MP and AZA are 
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effective in inducing remission and maintenance [ 54 ,  55 ] but require 4–6 weeks due 
to their long half-life. Methotrexate (25 mg/week intramuscularly) is effective for 
induction and maintenance of remission in CD [ 57 ]. All anti-TNF agents are effi ca-
cious in induction and maintenance of remission in patients with active luminal CD 
and penetrating diseases. For perianal diseases, including abscess and fi stula forma-
tion, combination therapy should be recommended including metronidazole and cip-
rofl oxacin [ 49 ,  50 ] and infl iximab, adalimumab, and certolizumab [ 57 ,  58 ,  59 ], in 
addition to surgical intervention. To confi rm loss of response, patients should 
undergo endoscopic or radiologic imaging to confi rm the presence of active infl am-
mation and to rule out other causes of symptoms such as infection. There are increas-
ing percentage of  Clostridium diffi cile  infections and hospitalizations among IBD 
patients [ 60 ]. 

 Severe forms of both CD and UC are managed medically using similar 
 combinatorial therapies, including immunomodulators, biologics, or both. Disease 
relapse in both conditions is fairly common. It is recommended to measure infl ix-
imab and human anti-chimeric antibody (HACA) concentrations in patients with 
disease relapse for therapy stratifi cation. When detectable HACA is present, patients 
should be switched to another anti-TNF medication. When a subtherapeutic anti-
TNF level is detected, the drug dose should be escalated to achieve clinical response. 
For active CD patients with nonresponse, loss of response, or intolerance to infl ix-
imab, switching to adalimumab has shown some effi cacy [ 61 ]. Natalizumab, an 
anti-α4 integrin antibody, has shown to be effective in treating moderate to severe 
refractory CD who failed anti-TNF therapy [ 62 ]. 

 If patients develop toxic megacolon with uncontrolled active infl ammation, 
demyelinating disease, congestive heart failure, drug-induced lupus, drug-induced 
psoriasis, vasculitis, or various infections, including hepatitis, viral infection, and 
granulomatous infections (tuberculosis, histoplasmosis), it is recommended to 
change to a drug of a different category or discontinue medical management. 

 Total colectomy can be considered particularly in patients with moderately to 
severely active disease who are refractory or intolerant to available medical thera-
pies. However, disease recurrence postoperatively is common in CD and in UC with 
pouchitis. Anti-TNF medications have been shown to prevent postoperative recur-
rence of CD, as evidenced by less clinical and endoscopic relapse [ 63 ]. 

 Progression of IBD to complications is common. Such complications are stric-
ture, fi stula, abscess, malnutrition, surgical resection-related complications, infec-
tion, and depression. Therefore, IBD management requires a coordinated effort 
involving specialists from multiple disciplines, including, but not limited to, 
 surgeon, internist, nutritionist, and psychiatrist. 

 Management of IBD remains a formidable challenge. Although mild CD can be 
controlled by conventional medical therapy, most cases of IBD inevitably progress 
to more severe forms with complications or become tolerant to current treatment 
regimens and require aggressive therapy such as biologics. However, about 50–60 % 
of patients respond to aggressive therapies at the beginning and only 30–40 % of 
patients remain in remission.  
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    Understanding Genetics in IBD Facilitates Coping 
with Clinical Challenges 

 Despite much progress in IBD over the past decade, various challenges are still 
encountered in managing IBD patients to achieve accurate diagnosis, effective con-
trol of infl ammation, and prevention of severe complications. The goals of under-
standing the genetics of IBD are to identify those at risk for IBD, to provide tools 
for diagnosis, to evaluate disease course and responsiveness of treatment, to develop 
new therapeutics, and to prevent disease from developing. 

 First of all, there is a need for additional diagnostic tools to assist separation of 
IBD subtypes. Classifi cation within IBD is required for aiding patient counseling, 
prediction of disease progression, and ultimately delivery of optimal therapy to the 
individual patient. Though UC and CD have relatively distinct pathological and 
clinical characteristics and perhaps unique etiologies, making an accurate diagnosis 
is sometimes still diffi cult in IC cases. Moreover, IBD can be further categorized 
into subtypes based on the location of infl ammation, onset of age, and the pattern of 
clinical complications. Therefore, understanding the genetic determinants underly-
ing the predisposition to clinical phenotypes would also be extremely desirable for 
guiding treatment and prognosis. 

 Advances in medical genetics and human genetics, particularly over the past 
decade, have been truly phenomenal. Genetic epidemiological studies have revealed 
signifi cantly higher risk among relatives in both UC and CD, suggesting that genetic 
factors play an important role in the pathogenesis of IBD. This is further exemplifi ed 
by the fact that Ashkenazi Jews tend to have an overall increased risk for IBD, and 
there is concordance for IBD between monozygotic twins. In addition, more than 100 
loci have been found to be signifi cantly associated with IBD from genome- wide asso-
ciation [ 64 ]. These genes are involved in a diverse array of functions, including micro-
bial recognition, lymphocyte activation, survival and proliferation, T-cell activation, 
IL-7 receptor, cytokine signaling, autophagy, and intestinal epithelial defense [ 65 ,  66 ]. 

 Many IBD susceptibility genes discovered from GWAS are associated with both 
UC and CD. Interestingly, genetic studies have also uncovered that some of these 
genes are selectively associated with subtypes of IBD [ 67 ,  68 ]. It is conceivable that 
these genes could be used as diagnostic markers to aid clinicians in differentiating 
IBD subtypes from each other. 

 About 50 % of patients with IC will be eventually diagnosed with either CD or UC. 
The remaining cases are still undetermined. Therefore it is of great importance to 
develop a diagnostic test using genetic tools to be able to categorize phenotypic IC as 
it occurs more frequently among children who tend to develop a much more severe 
course with a greater chance of requiring colectomy and with pouch failure. In a 
recent study, several variants in genes, including  ICAM1 ,  BTNL2 , and  SH2B1 , were 
found to be closely associated with IC at a young age [ 69 ]. Further study is needed to 
determine if this fi nding can be extended to a larger population of IC patients. 

 Second, it is of importance to stratify risk factors with a goal of appropriate care 
of patients with IBD to prevent severe complications and delay the time period for 
requiring surgery. These risk factors include age of onset, involvement of ileum, and 
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disease behaviors. Up to a quarter of patients develop IBD prior to 18 years of age. 
Despite many similarities of IBD features between adult onset and early onset, 
early-onset IBD tends to be much more severe with more rapid progression and a 
higher risk of complications. Pediatric IBD has less involvement of the rectum but 
more frequent infl ammation in the upper GI tract such as the stomach and duode-
num. Very-early-onset CD occurs at ages younger than 8 years, featuring less peri-
anal disease, a higher male-to-female ratio, higher anti- Saccharomyces cerevisiae  
antibodies, and seropositivity rates, and preferentially in Jewish individuals [ 70 ]. 
The exact genetic factors that contribute to early susceptibility to IBD remain 
unknown. Several variants of genes appear to be uniquely associated with early- 
onset IBD by GWAS and candidate-gene analysis (Table  1.2 ) [ 70 – 79 ]. These genes 
govern various biological functions including cytokine signaling, neutrophil and 
macrophage phagocytosis, involvement of the proinfl ammatory response and acti-
vation of NFκB, autophagy, microbial recognition, and intestinal epithelial perme-
ability. Among these gene candidates, several research groups have repeatedly 
demonstrated that IL-10 and IL-10 receptor defi ciency are associated with early 
onset of severe forms of IBD [ 74 ,  75 ]. Thus, IL-10 and IL-10R can potentially serve 
as important genetic indicators for initiation of aggressive treatment.

   CD affecting the ileum typically displays a unique clinical phenotype associated 
with developing severe complications such as formation of fi stulae and intestinal 
stricture. There are very limited options available for effective management of these 
pathologies. In most cases, surgery becomes inevitable to attenuate disease 

   Table 1.2    Gene variants and clinical phenotypes of early-onset IBD   

 Genes variants  Characteristics  Mechanisms of action  References 

  OCTN SLC22A4 1672T , 
 SLC22A5 - 207  

 Pediatric onset CD; 
mean 12 years old 

 Transport organic cations, 
e.g., carnitine 

 [ 71 ] 

  IBD5  risk allele  Pediatric onset CD  A region containing 
immunoregulatory genes 

 [ 72 ] 

 ( IRF1 ,  OCTN1 ,  OCTN2 , 
 PDLIM 4 ,  P4HA2 ) 

 Extensive 
infl ammation 

 ( IL4 ,  II 13 ,  IL5  and  IRF1 )  [ 73 ] 

  IL 10 RA  rs2228054 
and rs2228055 

 Infantile UC and 
severe arthritis 

 Cytokine signaling  [ 74 ] 

  IL 10 RB  SNPs  Infantile CD  Cytokine signaling  [ 74 ] 
  IL 10  and IL 10R 

defi ciency 
 Infantile CD  Cytokine signaling  [ 75 ] 

  NCF2 c . 113 G / A R38Q   Infantile CD (L2, L3 
and p) 

 A component of NADPH 
oxidase complex 

 [ 76 ] 

  XIAP  p.C203Y  Infantile CD; fi stulizing 
CD 

 Activation of NFκB  [ 77 ] 

  IRGM  rs1000113 and 
rs4958847 

 Childhood CD  Autophagy pathway  [ 78 ] 

  NOD2 / CARD15   Colonic CD, a higher 
male/female ratio 

 Microbial recognition  [ 70 ] 

  DLG5  rs2165047  Pediatric CD (<19 
years old) 

 Intestinal epithelial 
permeability 

 [ 79 ] 
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progression after an average of 7–15 years from diagnosis. It is therefore benefi cial 
to initiate aggressive treatment during the early course of disease or postoperatively, 
if severe complications are anticipated. Genetics has been shown to play a role in 
the susceptibility to ileal CD and development of severe complications. Several 
gene variants have been discovered to be closely associated with ileal CD (Table  1.3 ), 
including  NOD2  1007fs,  ATG16L1  rs2241879 and rs2241880,  IRGM  rs4958847, 
calcium-activated potassium channel 4 ( KCNN4 ) rs2306801,  AK097548  gene 
rs1363670 G,  IL - 10  promoter 627 CA, and  TCF - 4  rs3814570 [ 67 ,  80 – 85 ]. Other 
gene variants have been linked to structuring disease, such as  NOD2  1007fs, 
 ATG16L1  rs2241879 and rs2241880,  AK097548  gene rs1363670 G,  TCF - 4  
rs3814570,  IL - 10  promoter 627 CA,  CXCL16  p.Ala181Val, and  TGFB1  codon 25 
[ 80 ,  81 ,  83 – 90 ]. Perianal diseases including fi stulae formation have distinct gene 
variants such as  NCF4 ,  XIAP ,  IRGM  rs4958847,  NOD2  1007fs,  DLG5  rs2165047, 
the carnitine/organic cation transporter ( OCTN ) on 5q31 ( IBD5 ), and  CDKAL1  
rs6908425 [ 76 – 79 ,  83 ,  91 – 94 ]. Interestingly, some of these gene variants associated 
with ileal CD were found to overlap with those linked to either stricturing or peri-
anal diseases, suggesting that these genes perhaps refl ect severe clinical phenotypes, 
a connection which might be exploited for clinical application. These gene variants 
associated with structuring or penetrating disease are fairly distinctive. However, it 
requires verifi cation in a larger population of IBD patients.

   Genetic testing has begun to provide a new approach to better determine the sub-
types in IBD patients. For example, mutation of the  NOD2  gene is closely associated 
with CD, and genetic testing for  NOD2  mutations (or variants) is already available. 
However, the challenge is how to best utilize these tests for the benefi t of patient care 
in general. Apparently, monitoring the  NOD2  gene alone is not suffi cient as a diag-
nostic test because 70 % of CD patients have no  NOD2  major variants. Moreover, 
around 10 % of the healthy population carries  NOD2  major variants. Therefore use 
of a panel of genes in genetic testing may be the better molecular methods for IBD 
diagnosis. In addition to providing tools for assisting in diagnosis, clinicians may 
eventually utilize genetic information to guide decision-making in IBD therapy, 
especially to manage IBD and to avoid severe complications. For example, as noted 
above,  NOD2  and  IL - 10 / IL - 10R  mutations tend to be associated with severe early 
onset of IBD with severe complications. These gene variants could be used to guide 
early aggressive therapy (using biologics and immunomodulators) so that severe 
complications such as irreversible fi brostenotic disease could be prevented. 

 It is worth mentioning that extraintestinal manifestations are common in patients 
with IBD, suggesting that IBD may represent an intestinal manifestation of syn-
dromes with multiorgan involvement due to immunological disorders. GWAS 
results revealed that some genes appear to be associated with IBD along with other 
chronic infl ammatory diseases. These gene variants are  STAT41  rs11889341,  HLA - 
B    *27,  B *58,  HLA - DRB1 * 0103 ,  1031 TNFA , and  GPR35  rs3749171(Thr/Met) 
(Table  1.4 ) [ 95 – 98 ], which could potentially be used as genetic markers to further 
refi ne those IBD subgroups with extraintestinal symptoms and to further assist 
decision- making in treatment choice.
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   Table 1.3    Association of gene variants with different phenotypes of CD   

  NOD2   Ileal CD  Microbe recognition  [ 86 ] 
 (1007fs and other 

variants) 
 [ 80 ] 

  ATG16L1   Ileal CD  Autophagy  [ 81 ] 
 (rs2241879 and 

rs2241880) 
 [ 88 ] 

  AK097548  
(rs1363670G) 

 Ileal CD  Encoding for hypothetical protein 
near the  IL12B gene  

 [ 83 ] 

  TCF - 4  rs3814570  Ileal CD  Wnt signaling pathway 
transcription factor 

 [ 85 ] 

  IL10 promoter 627 CA   Ileal CD  Cytokine  [ 84 ] 
  CXCL16  p.Ala181Val  Stricturing 

behavior 
 A chemokine for defense against 

bacteria 
 [ 89 ] 

  TGF beta1  codon 25  Stricturing behavior  Growth factor  [ 90 ] 

  Penetrating (B3)  
  NCF4   Perianal CD  A component of NADPH oxidase 

complex 
 [ 91 ] 

  NCF2  c.113 G/A R38Q  Infantile CD with 
penetrating and 
perianal Disease 

 A component of NADPH oxidase 
complex 

 [ 76 ] 

  XIAP  p.C203Y  Infantile CD with 
fi stulizing CD 

 Activation of NFκB  [ 77 ] 

  IRGM  rs4958847  Ileocolonic CD, 
frequent surgery 
and perianal fi stula 

 Autophagy  [ 92 ] 

  OCTN , 5q31 (IBD5)  Perianal and 
penetrating CD 

 The carnitine/organic cation 
transporter 

 [ 93 ] 

  TNF2  allele  Penetrating disease  Cytokine signaling  [ 94 ] 
  CDKAL1  rs6908425  Development of 

perianal fi stula 
 A methylthiotransferase modifying 

tRNA-Lysine 
 [ 83 ] 

  Perianal (p)  
  DLG5  rs2165047  Pediatric-onset CD and 

perianal disease 
 Intestinal epithelial permeability  [ 79 ] 

  OCTN  on 5q31 (IBD5)  Perianal and 
penetrating CD 

 The carnitine/organic cation 
transporter 

 [ 93 ] 

  NCF2  c.113 G/A R38Q  Infantile CD with 
penetrating and 
perianal disease 

 A component of NADPH oxidase 
complex 

 [ 76 ] 

  NCF4   Fistula formation  A component of NADPH oxidase 
complex 

 [ 91 ] 

  IRGM  rs4958847  Ileocolonic CD and 
frequent surgery; 
perianal fi stula 

 Autophagy  [ 78 ] 

  OCTN , 5q31 (IBD5)  Perianal and 
penetrating CD 

 The carnitine/organic cation 
transporter 

 [ 93 ] 

  CDKAL1  rs6908425  Perianal fi stula  A methylthiotransferase modifying 
tRNA-Lysine 

 [ 83 ] 
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   Thirdly, as managing IBD requires long-term medical therapy, drug tolerance and 
toxicity clearly become a major issue that severely compromise infl ammation con-
trol. Knowledge of the genetics of IBD has been increasingly translated into clinical 
applications (pharmacogenetics). Recent studies revealed that genetic determinants 
play a role in unresponsiveness to drugs [ 79 ,  99 ,  100 ]. For example, variants in genes 
such as  HLA - DR8 ,  ILRA ,  and NALP1  ( L155H ) are linked to treatment failure of 
budesonide and intravenous use of steroid. In contrast,  IL  23R  genotype status along 
with disease activity and antineutrophil cytoplasmic antibody (ANCA) positivity are 
good indicators closely correlating with infl iximab response in UC. It is hoped that 
genetic studies in the near future will pinpoint the genetic determinants underlying 
drug responsiveness and toxicity in individuals to enable choice of the most appro-
priate medical regimen or prompt switching to another class of medications. 

 Lastly, genetic studies have identifi ed many genes associated with IBD, which 
potentially provide many new therapeutic targets. Physicians continue to face many 
challenges in managing severe IBD because of a lack of effective therapeutics and 
patients developing tolerance to conventional therapeutic regimens. Some severe 
forms of IBD require aggressive treatment, for example, biologics. However, only a 
portion of patients display a positive response to currently available medications and 
remain in remission. There is a pressing need for new effective therapeutics. By char-
acterizing the altered intracellular pathways caused by candidate genes identifi ed from 
genetic studies, new drugs could be developed to target specifi c subtypes of IBD. 

 Discovery of a large array of candidate genes associated with IBD from genetic 
studies will help to interpret the diverse clinical phenotype of IBD, including sever-
ity, and drug responsiveness, which will lead to many utilitarian improvements such 
as diagnostic tools, prognostic indicators, and more refi ned therapeutic regimens. 
However, challenges remain, for example, how to sort out the long list of IBD sus-
ceptibility genes and translate the genetic discoveries into real clinical applications. 
Of particular note, loss-of-function mutations in many IBD susceptibility genes do 
not seem to be suffi cient to cause IBD. This supports the notion that IBD disorders 
are multifactorial, triggered in susceptible individuals when environmental factors 
become unfavorable. For example, the gut microbiome is now recognized as an 
important factor and could contribute to the observed familial clustering or geo-
graphic prevalence of IBD. It has become increasingly clear that specifi c genetic 
variations are associated with increased susceptibility to IBD and that environmen-
tal factors such as intestinal bacteria may serve as cofactors or triggers to the 

   Table 1.4    Association of related genes and extrainstestinal manifestations in IBD   

 Genes involved  Characteristics  Mechanisms of action  References 

  STAT41  rs11889341  Joint pain  Signal transduction and 
activation of transcription 

 [ 95 ] 

  HLA - B * 27 ,  B * 58   Uveitis  Autoimmunity  [ 96 ] 
  HLA - DRB1 * 0103   Uveitis  Autoimmunity  [ 96 ] 
 − 1031 TNF - alpha   Erythema nodosum  Cytokine  [ 96 ] 
  GPR35  rs3749171 (Thr/Met)  UC and PSC  G-protein coupled receptor 

signaling 
 [ 97 ] 
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development of IBD. It is therefore of interest to understand how interactions 
between genetics (mutations in IBD susceptibility genes) and environmental factors 
create a perfect storm that leads to intestinal infl ammation. Studying these interac-
tions may lead to discovery of an effective preventive strategy. 

 In summary, results from genetic studies could provide enormous benefi ts in 
guiding overall patient management. The more we know of the genetics of IBD, 
the environmental factors and triggers, and the genetics of drug responsiveness, 
the closer we will be to delivering truly personalized medicine that effectively 
treats IBD.     
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    Abstract     The infl uence of genetics in the etiology of infl ammatory bowel disease 
(IBD) was initially demonstrated by epidemiological data, including differences in 
prevalence among different ethnic groups, familial aggregation of IBD, concor-
dance in twins, and association with genetic syndromes. These early observations 
commenced the successful era of molecular genetics in IBD that has illuminated the 
complexity of the genetic and environmental interaction in IBD. Recent advances in 
molecular genetics have dramatically improved the resolution of the IBD genome. 
Yet, some of the key epidemiological observations are still unanswered from a 
molecular perspective. Based on analyzes of the DNA sequence, the observed high 
heritability in Crohn’s disease is only partly understood. Possible contributions of 
other molecular mechanisms of heritability, such as epigenetics, are yet to be 
explored. Similarly, pronounced phenotypic similarities have been observed within 
multiplex families and especially within concordant monozygotic twin pairs with 
Crohn’s disease, suggesting that genetics also infl uences the phenotype of the dis-
ease. However, it has been diffi cult to establish any fi rm genotype–phenotype asso-
ciations beyond  NOD2 . Thus, it can be questioned if the observed phenotypic 
concordance within epidemiological studies rather refl ects the exposure to shared 
environmental factors. The possible infl uence of disease tolerance, that is, differ-
ences in susceptibility to tissue damage, in contrast to disease resistance, also needs 
to be taken into consideration in this perspective. Future longitudinal studies with 
periodic measurements in subjects at high risk, that is, siblings and offspring below 
or around the peak age of onset of IBD, will probably become an important tool to 
elucidate the genetic and environmental interactions underlying these archetypal 
complex diseases.  

      Chapter 2
Genetic Epidemiology of Infl ammatory Bowel 
Disease, Early Twin and Family Studies 
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     There has been great progress within the fi eld of molecular genetics in  infl ammatory 
bowel disease (IBD). The infl uence of genetics in the etiology of IBD was initially 
supported by epidemiological data, including differences in prevalence among dif-
ferent ethnic groups, familial aggregation of IBD, concordance in twins, and asso-
ciation with genetic syndromes. These early epidemiological fi ndings, and especially 
the observed concordance within twin pairs, were the major triggers that commenced 
the successful era of molecular genetics in IBD. Even today, these key observations 
can bring important pieces to our understanding the pathogenesis of IBD. 

    Ethnic Differences 

 IBD has traditionally been associated with considerable geographic and ethnic 
 differences in incidence and prevalence [ 1 ,  2 ]. Generally, the incidence of both 
Crohn’s disease and ulcerative colitis has gradually increased since the Second 
World War, especially in northern Europe and North America, where the highest 
incidence rates have been reported [ 3 ]. During the 1970s and 1980s, the incidence 
of Crohn’s disease seemed to level off in some areas, like certain parts of Scandinavia 
and the United States (USA), with a stable high incidence [ 4 – 9 ]. Other areas have 
reported a continued increase, either during the entire period or after a temporary 
plateau [ 10 – 14 ]. Especially striking is the increasing age-specifi c incidence of pedi-
atric Crohn’s disease [ 12 ,  13 ,  15 ]. However, in several areas with traditionally low 
occurrence of IBD, such as Asia and Africa, increasing fi gures have been reported 
in recent years [ 16 – 18 ]. Japan is a striking example, where the reported incidence 
of Crohn’s disease has increased from 2.9 cases per 10 5  persons in 1986 to 13.5 
cases per 10 5  persons in 1998 [ 19 ]. Similarly, a quadrupled prevalence of ulcerative 
colitis from 7.57 cases per 10 5  persons in 1997 to 30.87 cases per 10 5  persons in 
2005 has been reported from South Korea (see Fig.  2.1 ) [ 20 ]. A recent, comprehen-
sive, systematic review has confi rmed a statistically signifi cant increase in the inci-
dence of IBD over time [ 2 ]. A continuous increase in the incidence of Crohn’s 
disease beyond the year 1980 was also observed in the majority of studies. For 
ulcerative colitis the pattern was less consistent, with approximately one-third of 
the studies showing a continuous increase. On the other hand, a signifi cant decrease 
in the incidence of ulcerative colitis was only observed in 6 % of the studies and 
none for Crohn’s disease. Although historical differences could be infl uenced by a 
number of factors, including different types of biases, these shifts in the risk of 
developing IBD within limited period of times can barely be explained by changes 
in the genome but rather provide evidence for the importance of exposure to envi-
ronmental factors in the disease pathogenesis.

   However, different prevalence rates of IBD have also been observed in different 
ethnic groups within the same geographic region. The prevalence of IBD among 
Caucasians in the USA has been reported to be higher than among non-Caucasians 
[ 21 ]. Similarly, the prevalence of Crohn’s disease per 100,000 was reported to be 
43.6 among whites, 29.8 among African-Americans, 4.1 among Hispanics, and 5.6 
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  Fig. 2.1    Worldwide Crohn’s disease prevalence for countries reporting data before ( a ) 1960 and ( b ) 
after 1980. Worldwide ulcerative colitis prevalence for countries reporting data, before ( c ) 1960 and 
( d ) after 1980. Prevalence rates were ranked into quintiles representing low ( dark  and  light blue ) to 
intermediate ( green ) to high ( yellow  and  red ) incidence of disease. Reprinted from Gastroenterology, 
142/1, Natalie A. Molodecky, Ing Shian Soon, Doreen M. Rabi, William A. Ghali, Mollie Ferris, 
Greg Chernoff, Eric I. Benchimol, Remo Panaccione, Subrata Ghosh, Herman W. Barkema, Gilaad 
G. Kaplan, Increasing Incidence and Prevalence of the Infl ammatory Bowel Diseases With Time, 
Based on Systematic Review, 46–54.e42, Copyright (2013), with permission from Elsevier         
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Fig. 2.1 (continued)

J. Halfvarson



27

among Asians in a mail-based study performed in 1982–1988 [ 22 ]. These fi ndings 
could refl ect different genetic susceptibility within different ethnic groups, but 
could also be explained by differences in socioeconomic circumstances and access 
to and/or organization of health care as well as environmental exposure. A more 
recent study reported the incidence rates of Crohn’s disease and ulcerative colitis 
per 100,000 to be 7–12 and 5–7, respectively, in African-Americans in Georgia, 
suggesting that previous observed interethnic differences within certain geographic 
areas might be less pronounced today [ 23 ]. The observed low occurrence of IBD in 
fi rst-generation Asian immigrants in the United Kingdom (UK), but a high occur-
rence in the second generation [ 24 ], is further reason to question the role of dispari-
ties in genetic susceptibility in different ethnic groups. This observation rather 
speaks in favor of the importance of exposure to environmental factors early in life, 
especially since these second-generation immigrants were at higher risk of develop-
ing IBD than the indigenous population in the UK. 

 Although many earlier observed geographic differences in the occurrence of IBD 
seem to have diminished, some ethnic differences still exist. The prevalence of IBD 
is 2–4 times higher among Jews than in any other population [ 25 ], with the highest 
numbers in Ashkenazi Jews compared with Sephardic or Oriental Jews [ 26 ,  27 ]. 
The difference between Jewish and non-Jewish populations, seem to persist, irre-
spective of geographic location or time period, refl ecting a more pronounced genetic 
predisposition in Jews [ 28 ]. Similarly, the higher rate of Crohn’s disease in 
Ashkenazi Jews than in non-Ashkenazi Jews has been reported from different geo-
graphic regions, such as California and Israel [ 29 ,  30 ].  

    Family Studies 

    Risk for Relatives 

 The familial nature of IBD was fi rst recognized in 1909 [ 31 ] and was soon reported 
by several others [ 32 – 37 ]. In 1963 Kirsner et al. published the fi rst controlled fam-
ily study of IBD [ 38 ]. Since then, aggregation of cases of IBD in families has been 
widely confi rmed, with 5–23 % of patients with IBD having an affected fi rst-degree 
relative (Table  2.1 ) [ 28 ,  39 – 51 ]. In general, population-based studies have reported 
fi gures in the lower interval, that is, 5–10 % of patients with IBD reporting a posi-
tive family history [ 41 ,  43 ,  45 ,  52 ]. In contrast, the higher fi gures have been 
reported in case series that probably have been biased due to the effect of referral. 
Families with multiple affected individuals, the so-called multiplex families, are 
most often concordant for disease type, that is, family members having either 
Crohn’s disease or ulcerative colitis [ 3 ]. However, approximately one-fourth of the 
families are mixed, with relatives having Crohn’s disease and ulcerative colitis. 
This argues for a model in which some genetic variants are disease specifi c and 
some variants are common to both ulcerative colitis and Crohn’s disease, whereby 
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environmental factors might infl uence disease phenotype. This theory is supported 
by the effect of smoking, being the most extensively described environmental fac-
tor in IBD. Active smoking increases the risk of Crohn’s disease, but protects 
against ulcerative colitis [ 53 ]. Bridger et al. studied the infl uence of smoking in 23 
mixed sibling pairs, with one sibling suffering from Crohn’s disease and one from 
ulcerative colitis, discordant for smoking habits at diagnosis [ 54 ]. In 21/23 pairs 
Crohn’s disease occurred in the smoker and ulcerative colitis in the nonsmoker. 
This supports the hypothesis that environmental factors can act on genetic predis-
position in IBD and shift the disease phenotype towards either Crohn’s disease or 
ulcerative colitis. More recently, molecular genetics has confi rmed that certain 
genetic variants are shared by Crohn’s disease and ulcerative colitis and that other 
variants are disease specifi c [ 55 – 57 ]. An association between methylation of the 
genome and disease status has also been shown in Crohn’s disease [ 58 ]. This may 
indicate that environmental factors infl uence disease phenotype in IBD by epigen-
etic modifi cations of the genome.

   The greatest risk for developing IBD is having a relative with the disease. The 
population relative risk  λ  R  (lambda) of developing IBD in fi rst-degree relatives of 
affected individuals, in comparison with the general population, is an estimate of 
the genetic contribution to disease pathogenesis. This relative risk can be assessed 
by either cohort studies or case–control studies. Danish cohort data, by Orholm 
et al., demonstrated a population relative risk, standardized for age and sex, of 10 
for relatives of patients with Crohn’s disease as well as for relatives of patients with 
ulcerative colitis [ 39 ]. An increased relative risk of the other of the two diagnoses 

     Table 2.1    Studies of fi rst-degree relatives in a proband with IBD   

 Population 

 Proband with CD  Proband with UC 

 First-degree 
relatives with CD 

 First-degree 
relatives with IBD 

 First-degree 
relatives with UC 

 First-degree 
relatives with IBD 

 Welsh [ 42 ]  5.0 % ( n  = 139)  9.3 % ( n  = 139)  –  – 
 USA [ 41 ]  15.1 % ( n  = 522)  16.7 % ( n  = 522)  15.5 % ( n  = 316)  15.8 % ( n  = 316) 
 Dutch [ 46 ]  8.0 % ( n  = 400)  9.5 % ( n  = 400)  –  – 
 Swedish [ 43 ]  5.7 % ( n  = 963)  5.7 % ( n  = 963)  –  – 
 USA [ 47 ]  16.2 % ( n  = 80)  22.5 % ( n  = 80)  8.9 % ( n  = 101)  13.9 % ( n  = 101) 
 Swedish [ 45 ]  6.9 % ( n  = 1,048)  6.9 % ( n  = 1,048)  –  – 
 Danish [ 39 ]  2.2 % ( n  = 133)  5.2 % ( n  = 133)  7.5 % (504)  8.1 ( n  = 504) 
 USA [ 28 ]  7.4 % ( n  = 258)  14.0 % ( n  = 258)  7.1 % ( n  = 269)  8.6 % ( n  = 269) 
 UK [ 51 ]  9.4 % ( n  = 424)  10.4 % ( n  = 424)  6.2 % ( n  = 469)  6.8 % ( n  = 469) 
 UK [ 59 ]  Not stated  11.5 % ( n  = 433)  –  – 
 USA [ 44 ]  12.2 % ( n  = 554)  Not stated  –  – 
 Belgian [ 48 ]  13.6 % ( n  = 640)  14.5 % ( n  = 640)  –  – 
 French [ 50 ]  7.5 % ( n  = 1,316)  8.4 % ( n  = 1,316)  –  – 
 Finnish [ 116 ]  10.9 % ( n  = 257)  15.6 % ( n  = 257)  11.3 % ( n  = 436)  13.8 % ( n  = 436) 
 Canadian [ 117 ]  8.7 % ( n  = 1,000)  Not stated  –  – 

   CD  Crohn’s disease,  IBD  infl ammatory bowel disease,  UC  ulcerative colitis  
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in fi rst-degree relatives of patients with Crohn’s disease and patients with  ulcerative 
colitis was also observed,  λ  R  (lambda) 4.4 and 1.8, respectively. Similar data have 
been generated by case–control studies. Peeters et al. reported a prevalence of IBD 
of 14.5 % in fi rst-degree relatives of patients affected by Crohn’s disease, corre-
sponding to a relative risk of 13 [ 48 ]. The observed prevalence rates were 3.3 % in 
siblings, 1.6 % in parents, and 2.0 % in offspring. Similar data have been reported 
from Oxford, with a prevalence of IBD among fi rst-degree relatives of 2.6 %, cor-
responding to a population relative risk of developing IBD of 15, based on an 
estimated prevalence of IBD of 170/100,000 in the background population [ 59 ]. 
On the whole, the estimated relative risk to a sibling  λ  S  (lambda) of a patient with 
Crohn’s disease is 13–36 and for ulcerative colitis 7–17 [ 25 ]. This compares with 
a  λ  S  (lambda) of 9 for schizophrenia, 15 for type 1 diabetes, and 500 for cystic 
fi brosis [ 25 ]. 

 However, from a clinical perspective the relative risk of developing IBD is of 
less interest. It is the absolute risk of IBD in fi rst-degree relatives and especially in 
the patient’s offspring that is requested. There are limited studies addressing this 
clinically relevant question, and quoted absolute risks differ between the studies. 
The studies give a lifetime risk of developing IBD for fi rst-degree relatives of a 
Crohn’s disease patient of 4.8–5.2 % for non-Jews and 7.8 % for Jews [ 28 ,  47 ,  48 ]. 
The corresponding fi gures for fi rst-degree relatives of a patient with ulcerative coli-
tis are 1.6 % for non-Jews and 5.2 % for Jews [ 28 ]. Similarly, the age-corrected risk 
for offspring of a Crohn’s disease patient developing IBD is 0–10.4 % in non-Jews 
and 7.4–15.8 % in Jews. The equivalent fi gures for offspring of a patient with ulcer-
ative colitis are 11 % and 2.9–7.4 %, respectively [ 28 ,  47 ,  48 ]. 

 The risk of IBD in an offspring increases dramatically if both parents suffer from 
IBD. Case series have estimated the risk of IBD in the offspring to be 33–52 %, 
depending on follow-up [ 60 ,  61 ].  

    Phenotypic Similarities Within Families with IBD 

 IBD has traditionally been categorized as Crohn’s disease, ulcerative colitis, or 
 colitis unclassifi ed (IBD-U), based on clinical, endoscopic, radiological, and histo-
logical criteria [ 62 ,  63 ]. However, there are great heterogeneities within the three 
different diagnoses, suggesting the existence of subgroups based on clinical charac-
teristics like age at diagnosis, location or extent of infl ammation, disease behavior, 
disease activity, and response to therapy. Several attempts have been made to defi ne 
phenotypic subgroups based on these different clinical characteristics, especially 
within Crohn’s disease, but more recently also within ulcerative colitis. 

 The initial attempts to classify Crohn’s disease were based on anatomic distribu-
tion of the infl ammation in the gastrointestinal tracts [ 64 ]. Subsequent studies 
showed that the location of infl ammation in Crohn’s disease infl uenced the response 
to medical and surgical therapy [ 64 – 68 ]. Greenstein et al. reported that disease 
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behavior was another distinct subgroup, independent of anatomic distribution [ 69 ]. 
Recurrent postoperative disease was shown to follow the same behavior as the pri-
mary disease, and the disease behavior also infl uenced the risk of postoperative 
recurrence [ 69 ,  70 ]. Perforating disease with fi stulas and/or abscesses was more 
aggressive and separated from the more benign non-perforating disease. Based on 
these observational data, a formal classifi cation of subgroups in Crohn’s disease 
was proposed in 1992 [ 71 ]. The objectives were to standardize the description of 
study populations in clinical trials and to support the association of different possi-
ble etiological factors with specifi c clinical phenotypes. The proposal was refi ned in 
1998, when age at diagnosis was incorporated and the Vienna classifi cation was 
presented [ 72 ]. The classifi cation was developed further in 2005 when the Montreal 
classifi cation, also including ulcerative colitis, was introduced [ 73 ]. 

 Epidemiological studies from the mid-1990s of familial IBD, that is, of fami-
lies with multiple affected individuals, suggest that there could be a genetic basis 
for these different subgroups. In general, a high degree of clinical similarities of 
IBD has been observed within multiplex families, and data are especially striking 
for Crohn’s disease. Bayless et al. observed concordance rates of 86 % for loca-
tion of infl ammation and 82 % for disease behavior in a group of 133 patients with 
Crohn’s disease within 60 families [ 44 ]. In a family study from Oxford, 76 % of 
siblings were concordant for disease extent and 84 % for extraintestinal manifes-
tations [ 74 ]. The phenotypes were less similar in parent–child pairs than within 
sibling pairs. In a French series of 176 patients with Crohn’s disease within 72 
families, a concordance rate of 56 % was observed for disease location [ 75 ]. The 
concordance rates increased with the number of affected relatives within the fam-
ily, and in families with more than two affected individuals, 83 % were concor-
dant for disease location. Similarly, concordance rates of 58 % for location, 44 % 
for disease behavior, and 42 % for number of bowel resections were observed in 
a Belgian study [ 48 ]. Using the к (kappa) statistics, they showed a strong agree-
ment for age at diagnosis and initial disease location within generations. On the 
other side, Lee and Lennard- Jones could not observe any concordance in extent, 
type of disease, or extraintestinal manifestations in a large study of 67 families 
with three or more affected fi rst-degree relatives [ 76 ]. However, sporadic cases 
were not included in the study, and the results might have been biased by the use 
of historical controls. 

 Less is known about concordance within families with multiple affected mem-
bers with ulcerative colitis. Satsangi et al. observed agreement in disease extent in 
53 % of 27 parent–child pairs and in 69 % in 35 sibling pairs [ 74 ]. Similar fi ndings 
have been reported from an Italian study encompassing 64 families, where con-
cordance rates of 33 % for disease extent, 47 % for need for corticosteroids, and 
34 % for relapse were observed [ 77 ]. These fi gures are lower than the observed 
concordance rates within families with Crohn’s disease in the two studies, which 
supports a smaller contribution of genetics to disease susceptibility in ulcerative 
colitis than in Crohn’s disease. The infl uence of genetics in disease characteristics 
of Crohn’s disease is further supported by a study of married couples with IBD. In 
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the 17 couples where both partners suffered from Crohn’s disease, no signifi cant 
similarities were identifi ed for disease location or behavior [ 61 ]. However, it can-
not be ruled out that the observed concordance in disease characteristics within 
families with IBD is an effect of shared environment within the families, rather 
than of genetic predisposition.  

    Familial and Sporadic IBD 

 Based on the fi ndings in family studies, it has even been proposed that familial IBD 
could be a different entity than sporadic disease, but the evidence for phenotypic 
differences between these two groups is sparse, and the literature rather contradic-
tory. An earlier age at onset for familial cases of IBD than for patients without any 
family history of IBD is probably the most consistent observation. In a US study of 
552 consecutive patients with Crohn’s disease, 17 % had positive family history of 
IBD [ 49 ]. This subgroup of patients was younger at diagnosis, 21.8 vs. 26.7 years 
in the group of sporadic Crohn’s disease. Similar fi ndings have been reported in a 
French study, where the median age at diagnosis of Crohn’s disease was 22 years in 
the familial form and 26.5 years in the sporadic form [ 75 ]. The even younger age at 
diagnosis in multiplex families with more than two affected individuals in the 
French cohort adds further support to this observation. Similarly, Carbonnel et al. 
observed younger age in familial than in sporadic Crohn’s disease, although the dif-
ference did not reach statistical signifi cance [ 50 ]. On the other side, Lee and 
Lennard-Jones reported younger age at diagnosis in familial Crohn’s disease only in 
the second generation in their large study of families with three or more fi rst-degree 
relatives [ 76 ]. However, due to absence of controls, that is, sporadic cases, the fi nd-
ings are diffi cult to interpret. 

 Beyond younger age at diagnosis, predominance of female cases has also been 
reported in familial Crohn’s disease. A predominance of women is normally 
observed in Crohn’s disease, but the observed female-to-male ratio of 1.23:1 to 
1.68:1 outnumbers the ratio in sporadic cases as well as the expected ratio [ 45 ,  75 , 
 76 ]. In a study where both a parent and a child had IBD, transmission of the disease 
was more common from mother to child than among father to child, 93 vs. 42 fami-
lies, respectively [ 78 ]. Similarly, Zelinkova et al. reported 55 transmissions from 
mother to child and 32 transmissions from father to child in their cohort of 608 cases 
with familial IBD [ 79 ]. The female imprinting was specifi cally related to Crohn’s 
disease, and also a higher female-to-female transmission compared with female-to- 
male transmission was observed. The authors proposed that a female sex-specifi c 
epigenetic inheritance pattern for Crohn’s disease is a major contributing factor in 
the family-specifi c risk in Crohn’s disease. 

 Possible differences in disease location, behavior, extraintestinal manifestations, 
and disease severity between familial and sporadic Crohn’s disease have been 
explored in numerous studies. However, the defi nitions used differ between the 
studies, and interpretation of the data is diffi cult, since the majority of the studies 
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are based on univariate analyzes, and associations between different clinical char-
acteristics exist. Higher frequencies of ileal and ileocolonic disease, and less fre-
quent occurrence of pure colonic disease, have been reported from both Belgian 
and French cohorts with familial Crohn’s disease [ 75 ,  80 ]. Similarly, a positive 
family history of IBD was less frequently reported in a series of Italian patients with 
colonic Crohn’s disease than in those with ileal or ileocolonic disease [ 81 ]. However, 
these fi ndings might be secondary to the observed earlier age at diagnosis in the 
familial form, since consistent associations between age at diagnosis and disease 
location have been reported. Historically, a younger age at diagnosis was associated 
with ileal and ileocolonic disease. In contrast, pure colonic disease was more com-
mon in patients with late onset. However, the recently reported increasing incidence 
of colonic Crohn’s disease in the pediatric population challenges this dogma [ 15 ]. 
So far, there is no widely accepted index of severity, although the LéMann score has 
recently been proposed [ 82 ]. Instead, pseudomarkers of disease severity, such as 
requirements for medical or surgical therapy, have been used to evaluate the possi-
ble infl uence of a family history on severity of Crohn’s disease. Polito et al. observed 
an association between family history for Crohn’s disease and risk of surgery for 
abscess or perforation [ 49 ]. There was no difference in disease behavior in patients 
with family history of IBD and patients without family history of IBD. In contrast, 
Carbonnel et al. did not observe any difference in incidence or extent of Crohn’s 
disease-related resections between familial and sporadic Crohn’s disease [ 50 ]. In 
addition, based on log rank test, the estimated time to prescription of immunosup-
pressive drugs and fi rst intestinal resection was similar in familial and sporadic 
cases. 

 There are fewer data on possible phenotypic differences between familial and 
sporadic ulcerative colitis. However, younger age at diagnosis in familial cases has 
also been reported in ulcerative colitis. In a study primarily analyzing possible dif-
ferences between Jews and non-Jews, the mean age at diagnosis of ulcerative colitis 
was 23.3 years in patients with positive family history of IBD and 28.6 years in 
patients with the sporadic form [ 28 ]. Similarly, a preponderance of women has also 
been reported in ulcerative colitis, with a female-to-male ratio of 1.4:1 in familial 
cases [ 76 ]. In contrast, among all cases, ulcerative colitis seems to be slightly more 
common among males, if any gender-related difference exists [ 53 ]. However, com-
parisons with the total ulcerative colitis population might be misleading since envi-
ronmental factors, such as smoking, infl uence the risk of developing the disease. 

 In conclusion, the observed possible differences between familial and sporadic 
IBD are diffi cult to evaluate [ 83 ]. In general, the studies are limited by their retro-
spective design. Family history as such might introduce differential bias, including 
recruitment bias and reporting bias, especially recall bias. The observed difference 
in age at diagnosis between familial and sporadic cases is the most signifi cant fi nd-
ing, and other possible phenotypic differences could be secondary phenomena. 
However, with a few exceptions, the family studies have not standardized their fi nd-
ings according to age [ 28 ,  47 ,  48 ], a systematic weakness that might jeopardize the 
overall results.   
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    Genetic Anticipation 

 Based on the observed earlier age at onset within families with IBD than in cases 
of sporadic disease, it has been suggested that this might be due to genetic anticipa-
tion, a pattern of inheritance in which a hereditary illness strikes earlier, and often 
more severely, in succeeding generations. Genetic anticipation is molecularly 
explained by amplifi cation of trinucleotide repeats. The phenomenon has been 
observed in diseases like Fragile X [ 84 ], myotonic dystrophy [ 85 ], and Huntington’s 
disease [ 86 ], where the length and instability of the repeats are associated with an 
age of onset and the severity of the disease. Based on the consistent fi nding of an 
earlier age at onset in children than in parents in families with Crohn’s disease, it 
has been suggested since the mid-1990s that this observation might be due to 
genetic anticipation [ 87 – 90 ]. However, this theory has been heavily questioned 
because of possible biases. First, the results have not been adjusted for age and 
thereby observation period; that is, healthy individuals within the younger genera-
tion might develop IBD later in life. Second, since the studies were retrospective, 
parents were interviewed at an older age, with the risk of report bias and especially 
recall bias. Third, the median age at diagnosis of IBD in the affected parents was 
higher than among the sporadic cases with Crohn’s disease, pointing towards 
selection bias and lower inclusion of parents with early onset of disease. The 
importance of these plausible biases is highlighted by the reanalysis of the initial 
study. By adjusting the analysis to include patients who were at least 40 years of 
age at the time of study entry and had the diagnosis before the age of 40 years, the 
intergeneration difference in age of diagnosis was reduced from >10 years to 
around 1 year [ 87 ,  91 ].  

    Twin Studies 

 Twin studies provide a powerful tool to disentangle the relative contribution of 
genetics and environmental factors to the etiology of complex diseases like IBD. 
Monozygotic twins are genetically identical and share the intrauterine environment 
and, to a high extent, but necessarily not all, external factors during childhood. 
Dizygotic twins share environment to the same extent as monozygotic pairs, but on 
average, only half of the genes. Thus, the infl uence of genetics in disease pathogen-
esis would be refl ected by a higher rate of concordance, both twins being affected, 
within monozygotic twin pairs than within dizygotic twin pairs. In contrast, a dis-
ease caused purely by exposure to environmental factors would predict equivalent 
rates of concordance in monozygotic and dizygotic twin pairs. 

 In 1988 Tysk et al. published the fi rst unbiased study showing a higher concor-
dance rate in monozygotic twin pairs than in dizygotic twin pairs with Crohn’s 
disease, refl ecting the infl uence of genetics in the disease pathogenesis [ 92 ]. Since 
then, data on twins with IBD have been reported from the United Kingdom, 
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Denmark, and Germany [ 93 – 97 ]. The design of the studies differs between 
 countries, with the Scandinavian studies being based on the national twin registry in 
each country [ 92 ,  93 ]. In contrast, the British study was set up by an appeal for twins 
with IBD in a newsletter distributed to members of the National Association for 
Crohn’s and Colitis, an IBD patient support group in the United Kingdom with 
approximately 20,000 members [ 94 ,  95 ,  97 ]. In addition, gastroenterologists within 
the London IBD Forum were asked to refer twins with IBD attending their outpa-
tient clinics. Similarly, the German cohort was established by several calls for twins 
with IBD, using advertisements as well as the nationwide newsletter of the German 
Crohn’s and Colitis Association [ 96 ]. The concordance rate in twin pairs can be 
calculated in different ways. The pair concordance rate simply refl ects the propor-
tion of concordant pairs. However, the pair concordance varies with the thorough-
ness of ascertainment, which makes comparisons between different studies diffi cult. 
Thus, to be able to compare reported concordance rates in different twin studies, the 
proband concordance should be used. Tysk et al. observed proband concordance 
rates of 58 % and 4 % in monozygotic and dizygotic twins with Crohn’s disease, 
respectively, refl ecting the pronounced genetic predisposition [ 92 ]. The correspond-
ing fi gures for twins with ulcerative colitis were 6 % and 0 %, respectively. Orholm 
et al. later confi rmed these fi ndings in the Danish cohort, where proband concor-
dance rates of 58 % and 0 % were observed in monozygotic and dizygotic twins 
with Crohn’s disease, respectively [ 93 ]. Similarly, the corresponding rates in twins 
with ulcerative colitis were 18 % and 4 %, respectively. Follow-ups of the two 
Scandinavian cohorts, extending the observation period in previous healthy twin 
siblings, had only marginal effects on the concordance rates, since just a few addi-
tional twins had been diagnosed during the extended observation (Table  2.1 ) [ 98 , 
 99 ]. In general, these additionally diagnosed twins were symptomatic, but without 
suffi cient evidence for a defi nite diagnosis at the time of the initial studies [ 98 ,  99 ]. 
The population-based data from the Scandinavian twin registries are supported by 
the German and British twin studies (Table  2.2 ) [ 94 – 97 ], although the British study 
does not include any information on proband concordance rates. Recently, the 
extraordinarily high concordances in monozygotic twins have been questioned. The 
very short observation periods between the year of birth in national twin cohorts and 
the year of study might have biased the inclusion towards twins with early onset 
disease and possibly with a more aggressive disease course, disease phenotypes that 
could be associated with a more pronounced genetic predisposition [ 100 ]. In con-
trast to some of the previous family studies in IBD, none of the original twin studies 
have standardized their fi ndings according to age. Similarly, the follow-ups of the 
Scandinavian cohorts have studied twin pairs included in the original publications 
only, not extending their analyzes to potential new twin pairs within the total back-
ground twin population in each country. Appropriate concordance rates can be 
achieved either by standardizing previous results by age or by extending the obser-
vation periods. By rerunning the Swedish hospital discharge register with the 
Swedish twin registry and restricting the analyzes to twins born during the original 
studied period, that is, 1886–1958, the proband concordance rates in monozygotic 
and dizygotic twins with Crohn’s disease were corrected to 38 % and 2 %, 
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respectively [ 100 ]. The corresponding fi gures for twins with ulcerative colitis were 
15 % and 8 %, respectively. 

 Although the observed concordance slightly varies between the four countries, 
probably due to the differences in study design, the overall picture is similar 
(Table  2.2 ). The concordance is higher in monozygotic than in dizygotic pairs, and 
the difference is more pronounced in Crohn’s disease than in ulcerative colitis [ 101 ]. 
In addition, monozygotic twin pairs with one twin suffering from Crohn’s disease 
and one from ulcerative colitis are very uncommon, and only a few pairs have been 
reported in the literature [ 100 ,  102 ].

   The heritability, providing an estimate of the relative contribution of genetics to 
disease etiology, can be calculated from the difference in concordance rates between 
monozygotic and dizygotic twin pairs. Utmost high heritability for Crohn’s disease 
has been reported in the twin studies. However, the methods for calculating the heri-
tability vary with the studies, and the confi dence intervals when reported are wide. 
Thus, reported heritability for Crohn’s disease and ulcerative colitis, respectively, 
needs to be interpreted with caution and to be considered as rough estimates. 
Undoubtedly, the heritability of Crohn’s disease is high and within the same range 
as other diseases with a pronounced genetic contribution, like type 1 diabetes. Yet, 
in spite of the fact that monozygotic twins share each other’s genome, fewer than 
50 % of the pairs with Crohn’s disease are concordant, refl ecting the infl uence of 
environment. A higher relative risk for concordant disease has also been observed 
in dizygotic twins than in ordinary siblings [ 103 ]. This would point towards the 
importance of shared internal intrauterine factors and/or shared external childhood 
environment, although the conclusion should be treated with some caution, since 
the results are based on small numbers and a less robust method. 

 Concordance in clinical characteristics has also been observed within twin pairs 
where both twins are affected by IBD. This was fi rst reported in the follow-up of the 
original Swedish twin study [ 98 ]. In spite of the limited number of concordant 
monozygotic twins with CD, a remarkable phenotypic similarity was observed sta-
tistically within twin pairs, considering age at diagnosis, location of the disease, and 
progress in extent of infl ammation. In six out of nine pairs, the diagnosis was made 
2 years or less apart in each twin, but in three pairs the time interval was consider-
ably longer. The onset of symptoms showed similar time aspects. The location of 
disease at diagnosis according to the Vienna classifi cation was identical in seven of 
nine pairs, but differed slightly in 2. During the observation period, the extent of the 
infl ammation in each twin could progress or remain within the same part of the 
gastrointestinal tract. In eight pairs, the twins showed the same pattern in this 
respect. The probability for the observed overall concordance in the nine monozy-
gotic twin pairs was 6.5 × 10 −9 , which strongly speaks against an association by 
chance. Although the similarity in disease behavior was of borderline signifi cance 
only, concordance in disease behavior has been confi rmed more recently in the 
combined Swedish–Danish twin cohort [ 104 ]. The observation of concordance in 
disease behavior also includes the entity perianal disease. In the Scandinavian study, 
15 of 17 monozygotic twin pairs with CD were concordant for presence or absence 
of perianal disease [ 104 ]. 
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 Beyond the similarity in clinical characteristics at diagnosis of Crohn’s disease, 
phenotypic concordance has also been reported longitudinally during the disease 
course. In total, 11 of 16 monozygotic pairs concordant for Crohn’s disease had 
identical disease location, and 13 pairs had identical behavior of disease 10 years 
after diagnosis in the population-based combined Scandinavian cohort. Only one of 
the 16 monozygotic twin pairs concordant for CD and observed for ≥10 years had 
been living together during the course of the disease. These fi ndings point towards 
a pronounced genetic impact on clinical characteristics. However, beyond 
 NOD2 / CARD15 , studies based on molecular genetics, including genome-wide 
association studies, have not shown any fi rm genotype–phenotype associations 
[ 55 ]. This absence of genotype–phenotype associations could suggest that the phe-
notypic similarity within monozygotic twin pairs concordant for Crohn’s disease is 
due to shared internal intrauterine factors and/or shared external childhood environ-
ment rather than to genetic predisposition. Actually, the latter might be supported by 
serologic data, where it has been suggested that commensal bacteria trigger and 
perpetuate a more complicated disease behavior in individuals predisposed to CD 
[ 105 ]. Also still to be explored is the possible infl uence of disease tolerance, that is, 
differences in susceptibility to tissue damage, in contrast to disease resistance [ 106 ]. 
Comparison of the degree of phenotypic similarity within monozygotic and dizy-
gotic twin pairs where both twins are affected by Crohn’s disease could disentangle 
the possible infl uence of genetics vs. the environment in disease characteristics. 
Unfortunately, concordant dizygotic twin pairs with Crohn’s disease are rare, and so 
far, no comparisons have been performed. 

 In contrast to the high degree of similarity within pairs with Crohn’s disease, 
phenotypic concordance has been observed for age at diagnosis and symptomatic 
onset only in monozygotic twins where both twins are affected by ulcerative colitis 
[ 98 ,  99 ,  104 ]. In the combined Scandinavian twin cohort, only four of nine mono-
zygotic twin pairs had identical extent of infl ammation at diagnosis, and only three 
were concordant for extent 10 years after diagnosis. Seven of nine pairs (78 %) were 
concordant for “colectomy or not,” as they had not undergone surgery.  

    Associated Syndromes and Diseases with Well-Recognized 
Genetic Susceptibility 

 The observed associations of IBD with genetically determined syndromes, includ-
ing Turner syndrome [ 107 ], Hermansky–Pudlak syndrome [ 108 ], glycogen storage 
disease Ib [ 109 ], cystic fi brosis [ 110 ], and pachydermoperiostosis [ 111 ], also pro-
vide epidemiological evidence for a role of genetics in IBD. An increased preva-
lence of IBD has also been observed in other infl ammatory disorders with strong 
evidence of genetic susceptibility, like ankylosing spondylitis [ 112 ], psoriasis [ 113 ], 
multiple sclerosis [ 114 ], and celiac disease [ 115 ]. In more recent years, molecular 
studies have confi rmed that a number of immune-mediated and infl ammatory dis-
eases have susceptibility genes in common [ 50 ,  55 ].     
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    Abstract     Experimental animal models of intestinal infl ammation that mimic 
infl ammatory bowel disease (Nat Genet 2010, 42(4), 332–337) have become 
increasingly common over the last 2 decades. These include experimentally induced 
and genetically altered models as well as models of spontaneous intestinal infl am-
mation. None of these models exactly replicate all features of Crohn’s disease and 
ulcerative colitis, the two major subtypes of human IBD, but they have furthered our 
understanding and defi ne the pathogenesis underlining intestinal infl ammation. Of 
particular note is the recognition that enteric microorganisms play a central role in 
the maintenance of normal mucosal immune homeostasis and the development of 
pathologic innate and adaptive immune responses that lead to mucosal infl amma-
tion and disease. In this review, we summarize the data gathered from commonly 
utilized animal models of IBD. In addition, we review experimental models devel-
oped to defi ne the role of recently identifi ed human IBD susceptibility genes. These 
genes may regulate host responsiveness against microbial and environmental fac-
tors and control immune effector molecules during infl ammation. These models not 
only promise to increase our understanding of the pathogenesis of IBD but also 
provide rationale for new therapeutic strategies.  
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  Abbreviations 

   Ab    Antibody   
  APC    Antigen-presenting cell   
     ATG    Autophagy-related protein   
  BCR    B cell receptor   
  BMDC    Bone marrow-derived dendritic cells   
  BrdU    5-Bromo-2′-deoxyuridine   
  CD    Crohn’s disease   
  cdcs1    Cytokine defi ciency-induced colitis susceptibility-1   
  CECs    Colonic epithelial cells   
  DC    Dendritic cells   
  Defcr    Defensin-related cryptdin   
  DKO    Double knockout   
  DTH       Delayed-type hypersensitivity   
  ER    Endoplasmic reticulum   
  FM    Follicular mature   
  GF    Germfree   
  GWAS    Genome-wide association studies   
  HM    Hypomorphic   
  IBD    Infl ammatory bowel disease   
  IEL    Intraepithelial lymphocytes   
  IFN    Interferon   
  Igμ    Immunoglobulin mu   
  IL or Il    Interleukin   
  KO    Knockout   
  LPS    Lipopolysaccharide   
  LRR    Leucine-rich repeat   
  LTi    Lymphoid tissue inducer   
  MAPK    Mitogen-activated protein kinase   
  MDP    Muramyl dipeptide   
  MHC    Major histocompatibility complex   
  MLN    Mesenteric lymph nodes   
   MyD88     Myeloid differentiation primary response gene 88   
  MZ    Marginal zone   
  NADPH    Nicotinamide adenine dinucleotide phosphate   
     NoD2    Nucleotide-binding oligomerization domain-containing protein 2   
  PD    Parkinson’s disease   
  PKCθ    Protein kinase C theta   
   Rag, V ( D )  J     Recombination activation gene   
  SNP    Single-nucleotide polymorphism   
  SPF    Specifi c pathogen-free   
  STAT    Signal transducer and activator of transcription   
  TCRα    T cell receptor alpha-chain   
  TH    T helper   
  TLR    Toll-like receptor   
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  TNBS    2,4,6-Trinitrobenzene sulfonic acid   
  TNF    Tumor necrosis factor   
  TRIF    TIR-domain-containing adapter-inducing interferon-β   
  TRUC    T-bet and Rag-2 DKO   
  UC    Ulcerative colitis   
  XBP-1    X-box-binding protein-1   
  γc    Common gamma chain   
  γδ    Gamma delta   

             Introduction 

 Infl ammatory bowel disease (IBD), including Crohn’s disease (CD) and ulcerative 
colitis (UC), is a group of intestinal chronic infl ammatory conditions that affect 
individuals throughout life [ 1 ,  2 ]. Although the mechanisms involved in the patho-
genesis of IBD are complex, continuous microbial stimulation resulting in patho-
genic immune responses in a genetically susceptible host likely plays a key role in 
the development of IBD [ 3 ,  4 ]. Recent human genome-wide association studies 
(GWAS) have identifi ed 140 risk loci/genes in CD and 133 risk loci/genes in UC 
[ 3 ,  5 – 7 ]. Polymorphisms in genes, which regulate intestinal homeostasis and immu-
nity, including  IL10R  and its signaling components, are strongly associated with the 
pathogenesis of human IBD [ 3 ,  8 – 10 ]. Therefore, analysis of animal models that 
manipulate these IBD susceptibility identifi ed by GWAS is likely to enhance our 
understanding of their role in IBD pathogenesis. 

 More than 60 different animal models of IBD have been established to study 
intestinal infl ammation [ 11 ]. These include genetically manipulated animal models 
[conventional/conditional knockout (KO), knockin, or transgenic mice] that sponta-
neously develop colitis and/or ileitis [ 11 – 13 ]. Other models use chemical com-
pounds or adaptive cell transfer to induce intestinal infl ammation to investigate 
different phases of intestinal infl ammation [ 14 – 16 ]. These experimental models 
have provided a way to dissect mechanisms that may underlie the pathogenesis of 
human IBD. Here, we summarize fi ndings in commonly utilized as well as IBD 
susceptibility gene-manipulated animal models (Table  3.1 ) of intestinal infl amma-
tion and assess their value in human IBD.

       Spontaneous Colitis Models 

    C3H/HeJBir Mouse Strain 

 C3H/HeJBir (C3Bir) mice, a substrain of inbred C3H/HeJ mice generated at the 
Jackson Laboratory, spontaneously develop infl ammation in the cecum and right 
colon [ 17 ]. C3H/HeJ mice have a missense mutation in the third exon of the Toll- 
like receptor-4 gene ( Tlr4 ) and therefore express a defective response to the biologic 
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    Table 3.1    Categories of murine models of colitis   

 Category  Animal models  Sections in this chapter 

 Spontaneous colitis 
models 

 C3H/HeJBir  “ C3H/HeJBir  Mouse Strain” 
 SAMP/Yit  “SAMP/Yit Fc Mouse Strain” 

 Induced models 
of colitis 

 Acetic acid 
 DSS  “DSS-Induced Colitis” 
 TNBS  “TNBS-Induced Colitis” 
 Oxazolone  “Oxazolone-Induced Colitis” 
 CD45RBhi cell transfer  “CD45RBhi Cell Transferred 

Model” 
 CD3ε transgenic model 
 CD8 transfer 
 Anti-CD40 mAb-induced  “Anti-CD40 mAb-Induced Colitis” 

 Bacterial infectious 
colitis 

  Salmonella  
  Citrobacter  
 AIEC 
 ECOVA 

 Genetically manipulated 
colitis (conventional 
KO only) 

  Il - 2  KO  “Il2 KO and Il2R KO Mice” 
  Il - 2R  KO  “ Il2  KO and Il2R KO Mice” 
  Il - 10  KO  “ IL-10  KO Mice” 
  Tcrα  KO  “Tcra KO Mice” 
  Gαi2  KO  “Gαi2 KO Mice” 
  Tbet  x  Rag  DKO (TRUC)  “ T-bet/Rag-2  DKO (TRUC) Mice” 
  Wasp  KO  “ Wasp  KO Mice” 
  Integrin  αV KO 
  Jak3  KO 
  A20  KO 
  Tgfβ  KO 
  Mdr1a  KO 
  Tlr5  KO 
  Muc2  KO 
  Ship1  KO 
  Keratin 8  KO 
  Gpx1 / 2  KO 

 IBD susceptibility 
gene related models 

  Il - 10  KO  “IL-10 KO Mice” 
  Il - 10R  KO 
  Nod2  KO  “Nod2 KO Mice” 
  Atg5  KO  “ Atg5  KO and Atg16l1 Mutant 

Mice” 
  Il  23R  KO  “IL23 receptor KO Mice” 
  Stat3  KO  “Conditional Stat3 KO Mice” 
  Xbp1  KO  “Xbp1 KO Mice” 
  Lrrk2  KO  “Lrrk2 KO Mice” 
  P40phox  KO  “ p40   phox   KO Mice” 

  Selected models of colitis (as noted above) have been described in the chapter  
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effects of lipopolysaccharide (LPS) [ 18 ,  19 ]. C3Bir mice also express this unre-
sponsiveness [ 20 ]. The infl ammation involving the right colon and cecum peaks at 
around 3–6 weeks of age with resolution by 12 weeks of age. However, a mild 
recurrence of colitis is sporadically observed after 1 year of age [ 17 ]. Using Western 
blot analysis, sera from colitic C3Bir mice show a unique reactivity to antigen 
extracts from cecal contents (bacteria), while sera from colitic C3H/HeJ mice do not 
show such reactivity [ 21 ]. 

 Histologically, focal infl ammation involving the cecum extends to the right 
colon with presence of mixed acute and chronic infl ammation, colonic crypt hyper-
plasia, and submucosal scarring. In severe cases, crypt abscess formation is observed 
[ 22 ]. Enteric microfl ora plays a central role in the pathogenesis of intestinal infl am-
mation in these mice [ 21 ]. Cell transfer studies with C3Bir CD4 +  T cells into com-
bined immunodefi ciency mice ( scid , which have absent or atypical T cells and B 
cells) suggest that only cecal bacterial antigen-reactivated C3Bir CD4 +  T cells are 
the predominant pathogenic population to induce colitis [ 23 ]. 

 The ll-10-defi cient C3Bir ( C3Bir . Il10  KO) mice developed much more severe 
colitis in the cecum and colon as early as 4 weeks of age, as compared to  B6 . Il10  
KO mice [ 24 ]. Severe infl ammation with ulceration, epithelial hyperplasia, and exu-
berant exudates can be seen in the colons of  C3Bir . Il10  KO [ 25 ]. Genetic analysis 
revealed that  Cdcs1     (cytokine defi ciency-induced colitis susceptibility-1) on chro-
mosome 3 has a strong linkage to the control of multiple colitogenic subphenotypes 
in C3Bir mice. The C3Bir  Cdcs1  susceptibility allele confers a reduced responsive-
ness to Tlr2, Tlr5, Tlr9, and Nod2-mediated bacteria sensor signaling. Compensatory 
mechanisms of adaptive immune responses in turn induce the hyperactivation of 
nuclear factor-kappa B (NF-κB) signaling in macrophages [ 25 ].   

    SAMP/YitFc Mouse Strain 

 A colony of the senescence-accelerated mouse (SAM1–10) was developed at Kyoto 
University after an unintentional outcross between a non-AKR strain and AKR/J 
strain [ 26 ]. Subsequently, a SAMP/Yit substrain was generated from the SAMP1 
line that exhibited severe intestinal infl ammation (restricted to the ileum and cecum 
with a skip pattern) and skin lesions [ 27 ]. A distinct substrain (SAMP1/YitFc) dis-
plays unique features of intestinal infl ammation including perianal disease with fi s-
tula formation in a subset of mice (approximately 5 %). These mice developed 
ileitis as early as 10 weeks of age with elevated interferon gamma (   IFN-γ) and 
tumor necrosis factor alpha (   TNF-α) levels. The incidence of skin lesions was 
inversely correlated with the occurrence of ileitis [ 28 ,  29 ]. By 30 weeks of age, both 
SAMP/Yit and SAMP1/YitFc mice develop transmural and discontinuous infl am-
mation in the terminal ileum with 100 % penetrance [ 27 ,  28 ]. In SAMP1/YitFc 
mice, the earliest histological change entails a dramatic expansion of epithelial cells 
of the secretory lineage (e.g., Paneth, goblet, and intermediate cells) [ 30 ]. In addi-
tion, global expansion of the crypt epithelial stem cell population can be seen as 
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disease severity progresses [ 30 ,  31 ]. In infl amed areas, SAMP mice show an 
increased number of apoptotic intestinal epithelial cells (IRCs), which are normal-
ized after anti-TNF treatment [ 32 ]. These epithelial alterations are considered to be 
the primary defects that trigger ileitis in this model [ 33 ]. The mice also develop 
 Helicobacter -negative, immune-mediated gastritis [ 34 ]. 

 The spontaneous ileitis in SAMP1/YitFc mice resembles human Crohn’s disease 
[ 35 ]. In a genome-wide scan performed in two cohorts of F2 mice (SAMP1Yit/Fc x 
C57Bl/6J), a single SAMP-derived susceptibility locus ( Ibdq1 ) was identifi ed on 
chromosome 9 (Chr9) [ 35 ]. Both IL-10 receptor alpha ( Il10ra ) and IL-18 ( Il18 ) 
genes, which regulate infl ammatory responses, are located on  Ibdq1 . Comparative 
sequencing detected two single-nucleotide insertions at positions 732 and 3098 of 
introns 1 and 3 of the  Il10ra  gene in SAMP/YitFc strain as compared to AKR/J or 
C57Bl6/J mice, but no polymorphisms were detected for  Il18  among the three mouse 
strains [ 35 ]. However, recent studies have identifi ed association of polymorphisms in 
the promoters of  Il18  [ 36 ] and the  Il18  gene haplotype-2 [ 37 ], suggesting the involve-
ment of an undetected alteration in the  Il18  locus of the SAMP1/YitFc mice [ 35 ]. 

 Both Th1 and Th2 responses are exaggerated in SAMP/YitFc mice. In particular, 
Il13 and Il5 expression levels are signifi cantly (>25-fold) increased in the infl amed 
mucosa between 9 and 16 weeks of age [ 38 ,  39 ]. The Th2 pathway appears to con-
tribute to the amplifi cation of the infl ammatory process during the chronic stage in 
SAMP mice [ 38 ] as the administration of anti-IL-4 monoclonal antibody after 15 
weeks of age (with established disease) signifi cantly decreases ileitis. Administration 
of anti-IL-15 antibody also ameliorates SAMP ileitis [ 39 ]. SAMP B cells also con-
tribute to ileitis by producing immunoglobulins that specifi cally recognize antigenic 
epitopes resulting in immune complex formation in the gut mucosa [ 40 ]. A variety 
of experimental treatments including anti-TNF [ 32 ,  41 ] have been shown effective 
in treating the ileitis in SAMP mice studies.  

    Commonly Utilized Induced Models of Colitis 

 These models include colitis induced by the administration of chemicals or by the 
transfer of cells or antibodies. Although these models do not represent the spontane-
ous nature of human IBD, the induced intestinal infl ammation may refl ect various 
pathophysiological aspects of human IBD (Table  3.1 ). Furthermore, these models 
are often used to reveal susceptibility to mucosal injury and infl ammation in geneti-
cally altered mice that may not develop spontaneous intestinal infl ammation. 
Selected induced models of colitis are summarized in this chapter. 

    DSS-Induced Colitis 

 The dextran sodium sulfate (DSS; C 6 H 7 Na 3 O 14 S 3 )-provoked colitis is one of the 
most widely used chemically induced colitis models. Approximately 2–5 % DSS 
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(molecular weight of approximately 40 kDa) is orally administered in the drinking 
water to induce acute or chronic colitis in mice by inducing direct hyperosmotic 
damage to epithelial cells [ 42 ]. One cycle of 3–5 % DSS administration for 5–7 
days, followed by regular drinking water intake, results in extensive colonic injury 
with complete crypt depletion in the acute phase and subsequently regeneration of 
epithelial cells in the recovery phase followed by regeneration of epithelial cells in 
the recovery phase. The C57Bl/6 strain is relatively resistant to this colitis, while the 
C3H/HeJ strain is highly susceptible [ 43 ]. 

 After 5–10 % DSS administration for 8–9 continuous days, Balb/c mice gradu-
ally develop weight loss and diarrhea with presence of occult blood. The colon 
shows multiple mucosal erosive lesions with infl ammatory cell infi ltration of mono-
nuclear cells (lymphocytes, macrophages) and polymorphonuclear cells [ 44 ]. 
Occasional crypt abscesses and regenerative epithelium are also seen in the colonic 
mucosa. After termination of DSS treatment, the colonic mucosa recovers gradually 
from the acute colonic injury. Therefore, DSS-induced colitis has been used for 
studying epithelial wound healing and regulatory immune cells during the recovery 
phase [ 45 ]. Chronic colitis can be induced by treating mice with repeated (3–5) 
cycles of DSS; each cycle consists of DSS administration for 7 days followed by 
drinking water for the subsequent 10 consecutive days [ 44 ]. In chronic DSS colitis, 
lymphoid follicular formation accompanied by regenerative and dysplastic changes 
of the mucosal epithelium is frequently seen in the left side of the large intestine and 
the transverse colon [ 44 ]. Long-term DSS administration with repeated cycles pro-
duces colorectal dysplasia and/or adenocarcinoma, which is reported to be similar 
to human IBD-associated colon cancer [ 43 ]. 

 Acute DSS colitis can be induced in the absence of acquired immunity as  scid  
mice are also susceptible. In the infl ammatory lesions of DSS-treated  scid  mice, 
abundant proinfl ammatory cytokines such as IL-1β, TNF-α, and IL-6 are detected. 
These cytokines are mainly produced by activated macrophages after exposure to 
luminal bacterial components or products. Since the colitis is ameliorated by treat-
ment with selected antibiotics (metronidazole, or vancomycin-imipenem combina-
tion) [ 46 ], an antibiotic-sensitive component of luminal bacteria is involved in the 
pathogenesis of DSS-induced colitis. However, mice kept in a germfree (GF) facil-
ity or treated with wide-spectrum antibiotics (mixture of vancomycin, neomycin, 
metronidazole, and ampicillin) develop more severe and even lethal DSS-induced 
colitis accompanied by massive intestinal bleeding [ 47 ,  48 ]. This fi nding is sup-
ported by the observation that  MyD88  KO and  Tlr4  KO mice developed lethal  colitis 
after DSS administration [ 48 ]. Therefore, signaling through TLRs, in particular 
TLR2, TLR4, and TLR9, is important in maintaining epithelial homeostasis and 
protection from direct epithelial injury induced by DSS. This is accomplished by 
directly inducing the expression of several factors, including heat shock proteins, 
TNF, IL-6, keratinocyte-derived chemokine-1 (KS), and/or type I IFN, which are 
involved in tissue repair and cytoprotection [ 48 ,  49 ]. The concentration of DSS, 
treatment periods, genetic background of mice, and microbial environment of facili-
ties can infl uence the results of the experiments.   

3 Insights from Recent Advances in Animal Models of Infl ammatory Bowel Disease



52

    TNBS-Induced Colitis 

 TNBS (2,4,6-trinitrobenzene sulfonic acid; C 6 H 3 N 3 O 9 S) is a nitroaryl oxidizing 
acid. Simultaneous rectal administration of TNBS (between 0.5 and 6 mg per 
mouse) and ethanol (between 35 and 50 %) induces colonic infl ammation [ 50 ]. 
A high dose of TNBS causes an acute necrotizing enterocolitis in mice [ 51 ]. C3H/
HeJ, SJL/J, and Balb/c mice are highly susceptible to TNBS as compared to C57Bl/6 
and DBA/2 mice [ 52 ,  53 ]. 

 Acute colitis induced by rectally administered TNBS/ethanol leads to massive 
transmural infl ammation associated with loose stools, rectal prolapse, and weight 
loss. After 2–3 days of TNBS administration, discrete foci of acute necrosis and 
mucosal infl ammatory cell infi ltration with focal basal cryptitis are observed. The 
acute infl ammation is followed by mononuclear cell infi ltration, which lasts for a 
variable amount of time [ 22 ]. The infl ammation, which peaks a few days after TNBS 
administration, is mainly mediated by Th1-type immune responses with increased 
production of Th1 cytokines (e.g., IFN-γ, IL-2) and IL-12p70 (IL-12p40/p35) in the 
affected colon. However, the colitis is mediated by Th2 cytokine (e.g., IL-4) in 
Balb/c strain [ 54 ]. Generally, mice are sacrifi ced in the fi rst or third week after 
TNBS administration depending on the stage of infl ammation to be evaluated [ 55 ]. 
Chronic TNBS-associated colitis, induced by several weekly intrarectal administra-
tions of TNBS in ethanol, is associated with IL23 (IL-12p40/p19) and IL-17 produc-
tion by lamina propria mononuclear cells. Pathogenic IL23, but not IL-12p70, is 
associated with this type of colitis [ 56 ]. Zhang et al. demonstrated the importance of 
IL-17 during the development of chronic infl ammation in TNBS- induced colitis, by 
utilizing IL-17 receptor A ( Il17ra ) KO mice [ 57 ]. Furthermore, administration of 
IL-17RA IgG1 fusion protein ameliorated colitis. IL-13 (a Th2- type cytokine), 
which triggers TGF-β-dependent tissue fi brosis, is also involved in this model [ 58 ]. 

 By sensitizing mice with TNBS 6–7 days before the rectal administration of TNBS, 
the role of delayed hypersensitivity (DTH) reaction on colitis development can be 
studied [ 51 ]. The reaction is mediated by “hapten-modifi ed self-antigen” followed by 
a local immune response through the activation of T cells and macrophages [ 59 ]. 

 The TNBS-induced colitis model has been widely utilized for drug screening and 
examination of the effect of IBD susceptibility genetic variants in animal models 
[ 22 ,  56 ]. The relevance of the TNBS colitis model to CD is refl ected in the experi-
ments showing that  Nod2  (a key CD susceptibility gene) protects mice from TNBS 
colitis [ 60 ]. CD-associated frameshift-mutated  Nod2  in mice leads to increased sen-
sitivity to colitis, compared to control mice carrying wild-type  Nod2  [ 61 ].  

    Oxazolone-Induced Colitis 

 Oxazolone (4-ethoxymethylene-2-phenyloxazol), a haptenating agent, has been 
used to elicit intestinal infl ammation in mice. Intrarectal administration of 6 mg of 
oxazolone in 150 μL of 50 % ethanol in SJL mice leads to rapid onset of colitis 
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marked by diarrhea, weight loss, and development of hemorrhagic colitis in the 
distal colon with patchy ulceration, submucosal edema, and presence of mucosal 
infl ammatory infi ltrate (lymphocytes and neutrophils) [ 62 ]. The infl ammatory pro-
cess is resolved by 10–12 days. Anti-IL-4, but not anti-IL-12, antibody leads to 
amelioration of colitis. In C57Bl/10 mice, pre-sensitization with 3 % oxazolone by 
skin painting 5 days before rectal challenge with 1 % oxazolone leads to marked 
edema of the colonic wall with mucosal ulceration and dense infi ltration of superfi -
cial mucosa by neutrophils [ 63 ]. IL-13 but not IL-4 increases in the infl amed tis-
sues, and mice treated with IL-13Rα2-Fc are protected from colitis. NK T cells are 
essential for the induction of colitis. Interestingly, lamina propria T cells from UC 
patients may produce more IL-13 than cells from healthy controls with a clear 
expansion of IL-13-producing CD161+ nonclassical NK T cells [ 64 ]. 

 Studies in  Ifng  KO and  Il4  KO mice indicate that both Th1 and Th2 cytokines 
play a crucial pathogenic role in oxazolone colitis in C57BL/6 and BALB/c mice 
[ 65 ]. Recent studies indicate that IL-6 is also essential for the induction of oxazo-
lone colitis; IL-6 production is regulated by the nuclear factor of activated T cells 
[ 66 ]. Oxazolone colitis can be suppressed by TNF-α by promoting local glucocorti-
coid synthesis [ 67 ].  

    CD45RB hi  Cell Transferred Model 

 CD4+ T cell population can be subdivided by CD45 antigen expression in the rat, 
mouse, and human [ 68 ]; naïve CD4 +  T cells are included within the CD45RB high  
fraction, whereas antigen-primed CD4 +  memory T cells are in the CD45RB low  frac-
tion. These two populations have direct lineage relationship [ 69 ]. Adoptive transfer 
of CD4 +  CD45RB high  T cells (from the spleen of WT mice) into  scid  mice results in 
colitis [ 70 ,  71 ]. Severe colitis is found approximately 6–12 weeks after reconstitu-
tion of mice with 1–5 × 10 5  CD4 +  CD45RB high  T cells. The characteristic features 
of colitis include transmural mononuclear cell infi ltration, crypt hyperplasia, and 
goblet cell depletion. The induction of colitis is strain independent and can also be 
seen in nonobese diabetic mice [ 72 ],  Rag1  KO mice,  Cd3  KO mice, or athymic 
nude rats [ 73 ]. 

 This model allows examination of the earliest immunological events associated 
with the induction/perpetuation of colitis [ 74 ]. Reconstitution of immunodefi cient 
mice with CD4 +  CD45RB high  T cells shows polarized Th1 cells with increased pro-
duction of IFN-γ and TNF-α in the infl amed colon. The colitis is inhibited by treat-
ment of CD45RB high  cells with anti-IFN-γ or anti-TNF-α monoclonal antibodies 
[ 71 ,  75 ]. In addition to Th1 cells, Th17 cells may also have a colitogenic effect in 
this model [ 76 ,  77 ]. However, other studies have shown that Th17 cells may not play 
any role in IBD [ 78 – 80 ]. In mice with colitis, CD4 +  T cells isolated from the spleen, 
mesenteric lymph nodes (MLN), and colonic lamina propria produce both Th1 and 
Th17 types of cytokines [ 74 ,  81 ]. IL-6 trans-signaling is also required for the devel-
opment of colitis [ 82 ] as IL-6 inhibits the generation of inducible regulatory T cells 
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from naïve T cells [ 83 ]. IL-4 plays a role in the pathogenesis of CD45RB hi  colitis by 
blocking the generation of TGF-β-induced Foxp3 +  Treg cells and by inducing a 
population of IL-9 +  IL-10 +  Foxp3(−) Th9 cells, which have no regulatory function 
despite producing abundant IL-10 [ 84 ]. 

 This model has been very useful in the identifi cation of regulatory T cell subsets 
involved in the suppression of colitis development.  Scid  mice that received 
CD45RB high  and CD45RB low  fractions together do not show severe colitis because of 
the presence of regulatory T cells within the CD45RB low  fraction [ 70 ,  71 ]. The regu-
latory effect of CD45RB low  cells is inhibited by anti-TGF-β, suggesting the critical 
role of TGF-β-producing CD4 +  T (Th3) cells in the regulation of this form of colitis 
[ 85 ]. IL-10 drives the generation of a CD4 +  T regulatory cell 1 (Tr1), which produce 
high levels of IL-10, low levels of IL-2, and no IL-4. Tr1 cells actively suppress 
pathogenic immune responses in this model in an antigen-dependent manner [ 86 ]. 
Furthermore, IL-10 produced by CD11b +  myeloid cells is a critical regulator since 
Treg cells could not maintain Foxp3 expression and regulatory activity in IL-10- 
defi cient  Rag1  KO mice [ 87 ]. However, this observation is challenged by a recent 
fi nding that Foxp3 expression can be preserved in IL-10R-defi cient Treg cells [ 88 ].  

    Anti-CD40 mAb-Induced Colitis 

 CD40 is a type I membrane glycoprotein and is expressed in many cell types includ-
ing B cells, dendritic cells, monocytes/macrophages, fi broblasts, and activated 
endothelial cells [ 89 – 92 ]. The ligation of CD40 and CD154 (CD40L) activates the 
pathogenic signals in intestinal infl ammation including TNBS-induced colitis [ 93 ] 
and CD45RB high  T cell transferred into  scid  mice [ 94 ,  95 ]; inhibition of CD40- 
CD40L interactions prevents or ameliorates the colonic infl ammation. By generat-
ing a positive feedback loop, CD40 +  APCs and CD40L +  T cells are further activated 
after CD40-CD40L ligation [ 92 ,  96 ]. 

 A new colitis model was developed by injecting agonistic anti-CD40 monoclo-
nal antibody FGK45 into  Rag1  KO or  scid  mice leading to body weight loss, diar-
rhea, and anal infl ammation within the fi rst 4 days after antibody treatment [ 97 ]. On 
day 7, the mice showed splenomegaly, hepatopathy, and lymphadenopathy (MLN) 
with colonic wall thickening. The colitis is characterized by epithelial hyperplasia 
with goblet cell depletion, epithelial cell damage, and infl ammatory cell infi ltration 
in the lamina propria. The colitis starts resolving by day 10 with complete resolu-
tion by day 21. Therefore, activation of CD40-CD40L pathway in the innate immune 
cells is suffi cient to induce colitis in the absence of T and B cells and is mediated by 
TNF-α, IL-12p40, and IL23 (p19). Interestingly, IL23p19 controls CD40-induced 
colitis, and IL-12p35 is involved in the systemic manifestation of this colitis, includ-
ing wasting disease and serum proinfl ammatory cytokine production. IL-12 (p40/
p35) and IL23p19 initiate the release of proinfl ammatory cytokines by dendritic 
cells [TNF-α, IFN-γ, and IL-6] and by NK cells [IFN-γ] [ 97 ]. The major source of 
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IL23 is CD11c +  DCs after anti-CD40 or bacterial stimulations [ 98 – 100 ]. Human 
and murine dendritic cells and macrophages not only produce IL23 but also express 
IL23R, which support the activation of autocrine loop within the innate immune 
response [ 97 ,  101 ,  102 ]. Thus, IL23 is a critical cytokine which initiates a primary 
response in the mucosal infl ammatory cytokine cascade in this model. 

 Anti-CD40 monoclonal antibody-mediated colitis cannot be induced in mice 
lacking the orphan nuclear receptor RORγt. The RORγt-defi cient mice do not have 
LTi (lymphoid tissue inducer) cells, lymph nodes, or intestinal lymphoid clusters 
[ 103 ,  104 ]. A subsequent study revealed that RORγt-defi cient NKR (natural killer 
cell receptor)-expressing LTi cells, which produce IFN-γ in IL23-dependent man-
ner and upregulate perforin and granzyme B expression, are required for colitis 
development in anti-CD40 monoclonal antibody-treated  Rag1  KO mice [ 105 ]. In 
contrast, RORγt +  NKR-LTi cells produce IL-22, which may be involved in repairing 
tissue damage. The expression of RORγt in innate lymphoid cells determines their 
distinct function. 

 All in all, anti-CD40 monoclonal antibody-mediated colitis is a useful model to 
analyze the role of innate immune system in intestinal infl ammation.  

    Genetically Manipulated Colitis Models 

    Il2 KO and Il2R KO Mice 

 IL-2 is a key cytokine in the regulation of immune and infl ammatory responses and 
is necessary for the development of Treg population [ 106 ,  107 ]. IL-2 specifi cally 
binds with an IL-2 receptor complex consisting of IL-2Rα (CD25), IL-1Rβ 
(CD122), and common gamma chain (γc) (CD132) and subsequently activates 
important signaling (e.g., PI3K/Akt, Ras/MAPK, JAK/STAT) cascades for main-
taining the immune system [ 108 ].  Il2  KO mice [ 109 ] develop chronic colitis within 
10–25 weeks of age when raised under SPF conditions [ 110 ]. Approximately 50 % 
of  Il2  KO mice die before 9 weeks of age with severe splenomegaly, lymphade-
nopathy, and anemia preceding colitis, and the remaining 50 % of mice developing 
colitis with 100 % penetrance [ 110 ]. Clinical signs of severe colitis in  Il2  KO mice 
include enlarged colon, rectal prolapse, splenomegaly, and lymphadenopathy. The 
chronic infl ammation in the colon is characterized by crypt hyperplasia and trans-
mural mononuclear cellular infi ltration of lymphocytes and plasma cells [ 110 ]. 
T cells, but not B cells or autoantibodies, are necessary for the development of this 
disease [ 111 ].  Il2  KO mice raised under GF conditions continue to develop 
 splenomegaly, lymphadenopathy, and mild and focal colitis, manifested by mild 
infi ltration with mononuclear cells and the loss of goblet cells, despite absence of 
clinical signs of disease (e.g., diarrhea, rectal prolapse, weight loss) or mortality up 
to 46 weeks of age [ 112 ]. When mono-colonized with  E .  coli  mpk,  Il2  KO mice 
raised in GF conditions develop chronic colitis when mono-colonized with 
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 E .  coli  mpk [ 113 ]. In contrast, mice colonized with  Bacteroides vulgatus  mpk 
remain healthy by promoting differentiation of semi-mature dendritic cells in the 
colonic lamina propria [ 114 ]. 

 IL-2 specifi cally binds to the high-affi nity IL-2 receptor (IL-2R), composed of 
three component chains, IL-2Rα, IL-2Rβ, and IL-2Rγ [ 115 – 117 ]. Both IL-2Rβ and 
IL-2Rγ chains form a low-affi nity IL-2 receptor and induce signal transduction 
upon ligation with IL-2. In contrast, IL-2Rα cannot function independently but 
forms high-affi nity IL-2R associated with the other two chains [ 118 ]. Both  Il2ra  KO 
[ 119 ] and  Il2rg  KO [ 120 ] mice develop colitis spontaneously. Colitis, characterized 
by colonic shortening, mucosal hypertrophy, diarrhea, rectal bleeding, and rectal 
prolapse, in  Il2rg  KO mice manifest within 4 months of age. Histologically, colonic 
epithelial hyperplasia, loss of goblet cells, crypt distortion, and macrophage/lym-
phocyte infi ltration in colonic lamina propria are observed [ 120 ].  Il2ra  KO mice 
develop massive enlargement of MLN and the spleen around 4–6 weeks of age due 
to the expansion of CD4 + /CD8 +  T cells and IgM + B220 +  B cells. Approximately 
25 % of  Il2ra  KO mice die due to a severe anemia at approximately 8–20 weeks of 
age. The majority of the surviving mice begin to develop severe colitis at 12–16 
weeks of age. The colitis is characterized by a marked thickening of the colonic 
mucosa and epithelial destruction with mucosal ulceration, infi ltration by lympho-
cytes/neutrophils, and presence of crypt abscesses [ 119 ].  

     IL-10  KO Mice 

 IL-10 is an important anti-infl ammatory, immunoregulatory cytokine that is mainly 
produced by monocytes/macrophages, T cells, B cells, thymocytes, and keratino-
cytes upon activation [ 121 ,  122 ]. IL-10 inhibits antigen-specifi c T cell responses by 
downregulating the MHC (major histocompatibility complex) class II molecule on 
the surface of monocytes in an autoregulatory manner [ 123 ,  124 ].  Il10  KO mice in 
a conventional facility demonstrate growth retardation, anemia, and chronic entero-
colitis with normal development of B and T cells [ 125 ]. After 3 months of age, 
underweight  Il10  KO mice develop chronic enterocolitis involving the entire intes-
tinal tract with marked regenerative crypt hyperplasia in the colon [ 125 ]. The colitis 
in  Il10  KO mice of C57Bl/6 background is much milder than the colitis seen in mice 
of C3H or Balb/c background. As the colitis can be accelerated after administration 
of nonsteroidal anti-infl ammatory drugs (NSAID) such as piroxicam [ 126 ], NSAID 
treatment is useful in inducing rapid and reproducible colitis in  Il10  KO mice. 

 Under SPF conditions, the infl ammation in  Il10  KO mice is in the proximal part 
of the colon but not in the small intestine. Development of colitis in  Il10  KO mice 
has been shown to be dependent on  Helicobacter  species [ 127 ]. T cells, in particular 
TCRαβ + CD4 + CD8α −  and CD4 +  CD8α +  T cells, but not B cells, mediate chronic 
colitis in  Il10 KO  mice [ 128 ]. 

 The chronic colitis in  Il10  KO mice is initiated by the IFN-γ-producing Th1 cells 
driven by IL-12 produced by antigen-presenting cells (APCs). Early treatment with 
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anti-IFN-γ mAb or anti-IL-12p40 mAb (which neutralizes both IL-12 and IL23) 
prevents colitis [ 129 ,  130 ]. In contrast, anti-IL-12p40, but not anti-IFN-γ mAb, 
reverses ongoing colitis in  Il10  KO mice as well as  Rag -KO mice reconstituted with 
IL-10 KO CD4+ T cells [ 130 ]. IL23 (IL-12p19/p40), not IL-12p70 (IL-12p35/p40), 
is essential for the development of chronic colitis in  Il10  KO mice, and the colitis is 
initiated by a unique subset of tissue-homing memory T cells, specifi cally activated 
by the proinfl ammatory mediators IL-17 and IL-6 [ 131 ]. IFN-γ has an anti-infl am-
matory effect in the initiation phase of this colitis as IFN-γ-defi cient  Il10  KO mice 
demonstrate signifi cantly increased colonic infl ammation as compared to  Il10  KO 
mice [ 132 ]. IFN-γ exerts its regulatory function by targeting the colonic CD11b +  
cells, which are a primary source of IL23 during the development of colitis in  Il10  
KO mice. Although earlier studies suggested that the colitis in  Il10  KO is “Th1 
mediated,” more recent studies indicate that the colitis is Th17 mediated [ 56 ]. 
Interestingly, Th1 (IFN-γ) may play a protective role during the development of 
chronic colitis in  Il10  KO mice [ 56 ]. 

 TLR signaling in effecters CD4 +  T cells plays distinct roles depending on the 
nature of TLR ligand/TLR interaction in  Il10  KO mice. IL-10-defi cient  Tlr9  KO 
mice do not develop colitis by 8 months of age. In contrast, IL-10-defi cient  Tlr4  KO 
mice develop accelerated colitis as early as 8 weeks of age, suggesting that TLR4- 
mediated signaling has a protective role in the colitis of  Il10  KO mice [ 127 ,  133 ]. 
LPS stimulation of TLR4-expressing CD4 +  T cells inhibits MAPK (mitogen- 
activated protein kinase) p42/p44 activation upon subsequent TCR stimulation by 
interacting with MAP kinase phosphate 3, suggesting that TLR4 signaling plays an 
inhibitory role in TCR-dependent colitogenic CD4 +  T cell responses independent of 
TLR4 expression on innate immune cells [ 133 ]. However, chronic colitis in  Il10  KO 
mice seems to be partially mediated by MyD88 (myeloid differentiation primary 
response gene 88)-dependent TLR signaling since the presence of colitogenic 
CD11c +  MHC class II high cells in the MLN is completely abolished upon MyD88 
defi ciency in Il10 ×  MyD88  double knockout (DKO) mice [ 134 ,  135 ]. 

 Recent GWAS have identifi ed  Il10  as a key susceptibility gene for both UC and 
CD [ 3 ,  5 ,  6 ,  136 ]. Of note, the  Il10  gene is associated with other immune-mediated 
disorders (e.g., sarcoidosis, Behçet’s disease, type 1 diabetes mellitus, systemic 
lupus erythematosus) and is part of the “shared loci,” which are enriched for many 
genes, including  IL23 ,  IL21 ,  IL7R , and  IFNG , involved in Th1 and Th17 cell dif-
ferentiation [ 5 ]. Furthermore, recent reports show that loss of IL-10 signaling with 
IL-10 and/or IL-10R defi ciency is associated with early onset of IBD and allogeneic 
hematopoietic stem cell transplantation can induce remission in patients with 
IL-10R defi ciency [ 137 ,  138 ]. In summary, IL-10 is a critical cytokine capable of 
suppressing infl ammatory immune responses.  

     Tcra  KO Mice 

 T cell receptor (TCR) is a specifi c receptor expressed on the surface of T cells and 
is responsible for recognizing antigens presented by APC via MHC restriction. The 
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majority of T cells express α and β chains, while a small number of T cells express 
γ and δ chains.  Tcra  KO mice spontaneously developed Th2-mediated colitis after 
4–5 months of age, and about 60 % of the mice developed chronic colitis at 6 months 
of age under SPF conditions [ 139 ,  140 ]. The colitis is strain dependent; C57Bl/6 
strain mice are more susceptible as compared to C3H/HeJ or Balb/c strains [ 140 ]. 
Like UC, the infl ammation is restricted to the colonic mucosa with elongation of 
crypts, goblet cell depletion, and a mixed cellular infi ltration into the lamina propria 
[ 140 – 142 ]; occasional crypt abscesses are present in severe colitis. Unlike UC, 
mucosal ulceration or erosion is not generally observed in  Tcra  KO mice [ 141 ]. 
However, ulceration becomes detectable in CD1d-defi cient  Tcra  KO mice [ 143 ]. 
Interestingly, the lack of both IL-4 and B cells in  Tcra  KO mice resulted in the 
development of granulomatous infl ammation in the mucosa and submucosa of the 
colon and in the ileocecal junction at approximately 24 weeks of age [ 144 ]. 

 Several factors are involved in the pathogenesis of colitis in  Tcra  KO mice [ 56 ]. 
 Tcra  KO mice develop unique CD4 +  TCR α − β +  T cells, which express TCRβ chains 
without TCRα chain and primarily recognize superantigens. These unique T cells 
are immunologically functional and actively produce IL-4, which results in sponta-
neous colitis development [ 139 ,  145 ,  146 ]. The colitis is associated with the pres-
ence of restricted diversity of Vβ8.2 +  T cell subsets, which are characterized by a 
specifi c TCR motif [ 147 ]. These T cells can survive under Th2 conditions with 
colonic epithelial cells (CECs), suggesting the requirement of self-antigen(s) for the 
survival of pathogenic Th2 cells in  Tcra  KO mice. In addition, TCRVα7.2 chain 
transgenic  Tcra  KO mice developed rapid onset of colitis as compared to  Tcra  KO 
mice. The TCRVα7.2 chain may have a chaperone function that extends the half-life 
of the newly synthesized TCRβ chain of pathogenic T cells, which clonally expand 
in  Tcra  KO mice [ 148 ]. Protein kinase C theta (PKCθ) is an important component 
in the intracellular signaling cascade and plays a fundamental role in  Tcra  KO mice; 
 Tcra  x  Prkcq  DKO mice develop a milder form of colitis, as compared to  Tcra  KO 
mice [ 149 ] with reduced proliferation and production of IL-17 as well as Th2 cyto-
kines (e.g., IL-4, IL-13) but unaltered apoptosis. Gamma delta (γδ) T cells may play 
a pathogenic role in colitis development in  Tcra  KO mice [ 150 ]. TNF-α/TNFR2 
[ 151 ], IL-6 [ 151 ], IL-7 [ 152 ,  153 ], IL-1 [ 142 ], lipoteichoic acid [ 154 ], galectin-4 
[ 155 ], and chitinase 3-like 1 [ 156 ] are also involved in the pathogenesis of chronic 
colitis in  Tcra  KO mice. 

  Tcra  KO mice fail to develop colitis under GF conditions [ 157 ]. Interestingly, the 
development of colitis is suppressed when  Tcra  KO mice are maintained for several 
generations in a conventional facility, as compared to a SPF facility [ 158 ,  159 ]. In 
contrast, B cell-defi cient  Tcra  KO mice continue to develop severe colitis in conven-
tional facilities, suggesting that B cells, in particular B-1 B cells, contribute to the 
suppression of colitis [ 159 ]. There is no evidence for primary epithelial barrier dis-
ruption, as determined by mannitol transmural fl ux, in  Tcra  KO mice between 6 and 
25 weeks of age [ 160 ]. Similar to the  Il10  KO mouse model, treatment with piroxi-
cam, which directly induces epithelial cell apoptosis and weakens the mucosal bar-
rier function [ 161 ], accelerates the development of colitis in  Tcra  KO mice 
presumably by facilitating the invasion of luminal bacteria into the colonic mucosa 
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[ 162 ]. Of note,  Helicobacter hepaticus  infection is not necessary for intestinal 
 disease in  Tcra  KO mice although this infection is suffi cient to cause chronic prolif-
erative colitis in  Tcrb  KO mice [ 163 ]. Interestingly,  Helicobacter  species infection 
shifts the cytokine profi le of  Tcra  KO mice from Th2- to Th1-dominant responses 
[ 164 ]. In addition,  Tcra  KO mice maintained in SPF conditions develop spontane-
ous left-side colon, while  Helicobacter -infected  Tcra  KO mice develop typhlitis 
(infl ammation in cecum). 

 The colitis in  Tcra  KO mice can be regulated by several factors. In  Tcra  KO 
mice, resection of the cecal patch (equivalent to human appendectomy) before 3 
weeks of age results in decreased number of MLN cells and signifi cantly lower 
incidence of colitis (<3.3 %) at 6–7 months as compared to the sham-operated mice 
(>80 %) [ 165 ]. This suggests that the appendix lymphoid follicle (cecal patch) may 
be the priming site for pathogenic cells leading to the development of colitis in  Tcra  
KO mice. Recent studies show that cigarette smoke (carbon monoxide) and heme 
oxygenase (HO-1) induction ameliorates active colitis in  Tcra  KO mice by sup-
pressing the colonic production of IL-1β, TNF, and IL-4 [ 166 ]. Of interest, elemen-
tal diet-fed  Tcra  KO mice showed no pathogenic features of colitis, with reduced 
production of Th2-type cytokine, low incidence of  Bacteroides vulgatus  infection, 
and diversifi cation of Vβ usage of TCRα − β +  T cell population, as compared to regu-
lar diet-fed  Tcra  KO mice [ 167 ]. Oral administration of small-size (less than 10 μm 
in diameter) chitin, a polymer of  N -acetylglucosamine, suppresses the development 
of  Tcra  KO mice [ 168 ]. Furthermore, regulatory B cells (Breg), which produce large 
amounts of IL-10 or IL-12p70, contribute to the suppression of colitis in these mice 
[ 143 ,  169 ]. Local delivery of Il-22 (an IL-10 cytokine member) gene in the colon 
enhanced STAT3 activation specifi cally within CECs and ameliorated mucosal 
infl ammation by enhancing the restitution of mucus-producing goblet cells [ 170 ]. 
This result strongly suggests that the local  Il22  gene-delivery system could be a use-
ful therapeutic strategy for treating UC.  

     Gαi2  KO Mice 

 G proteins are important signal transducing factors, which couple a large family of 
receptors to effectors, including phospholipase C, adenyl cyclase, and ion channels. 
They are composed of αβγ (alpha, beta, gamma) heterotrimers that are referred to 
by their α-subunits [ 171 ]. The α-subunit of G i2  (so-called Gαi2) has been listed as a 
potential IBD susceptibility gene based on linkage studies in human IBD [ 172 , 
 173 ]. Rudolph et al. generated  Gαi2  KO mice by homologous recombination in 
embryonic stem cells, in which  Gαi2  was disrupted at the  Nco I site in exon 3 [ 173 ]. 
After 16–20 weeks of age, every  Gαi2  KO mouse on 129/Sv background develops 
chronic active infl ammation of the colon with mixed infl ammatory cellular infi ltra-
tion in the lamina propria [ 173 ]. Of note, nonpolypoid adenocarcinoma resembling 
neoplastic change seen with UC develops in approximately 30–40 % of  Gαi2  KO 
mice [ 173 ]. Studies so far suggest that dysfunction of Th1-polarized T cells 
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potentially contributes to the development of chronic colitis as well as colonic 
 adenocarcinoma in  Gαi2  KO mice [ 173 ]. Furthermore,  Gαi2  KO mice on a 129SvEv 
[ 125 ] background developed earlier and more severe colitis as compared to those on 
a C57Bl/6 background, accompanied by greater levels of IFN-γ, IL-6, IL-12p40, 
IL-17, and TNF-α in the colon [ 174 ]. The difference can be explained by the distinct 
signaling pathways in bone marrow-derived dendritic cells (BMDCs) between these 
two strains. BMDCs in the 129Sv  Gαi2  KO mice displayed increased MAPKp38 
signal activation followed by TLR9 ligand (CpG) stimulation and less anti- 
infl ammatory IL-10 production than the C57Bl/6  Gαi2  KO mice. This result also 
supports previous observations that colitis in  Gαi2  KO mice is mediated mainly by 
Th1- but not Th2-type cytokines [ 175 ,  176 ]. Under both conventional and SPF con-
ditions,  Gαi2  KO mice developed severe colitis and colonic adenocarcinoma, sug-
gesting that the disease was mediated by normal fl ora. In addition,  Gαi2  KO mice 
have impaired TGF-β responses in peripheral T cells via decreased phosphorylation 
of Smad2 and Smad3 [ 177 ]. 

 Dysregulated B cell subpopulations, including regulatory B cells, may be associ-
ated with the development of chronic colitis in these mice [ 178 ].    In particular, IL-10 
producing CD1d  hi , CD23 hi , and CD21 intermediate  B cells, which are also observed in 
other infl ammatory disorders [ 179 ], may be altered or diminished in  Gαi2  KO mice, 
suggesting an important role of Gαi2 protein in the development of immunoregula-
tory B cell populations.  

     T-bet/Rag-2  DKO (TRUC) Mice 

 T-bet protein, encoded by the  TBX21  gene in humans, is a member of the T-box 
transcription factor family, which orchestrates adaptive and innate immune systems 
by initiating proinfl ammatory Th1 lineage development from naïve T helper precur-
sor cells [ 180 ,  181 ]. However, the precise role(s) of T-bet protein in autoimmunity 
or neoplastic diseases is not well understood [ 182 ,  183 ]. Garrett et al. examined 
T-bet defi ciency in the innate immune compartment by generating  T-bet  and  Rag-2  
DKO (named TRUC) mice [ 184 ]. Although  T-bet  KO mice do not develop sponta-
neous colitis, TRUC mice spontaneously developed colitis that resembles human 
UC after 4 weeks of age, characterized by rectal prolapse and continuous infl amma-
tion of the rectum/left-side colon with mucosal infl ammatory infi ltrate and ulcer-
ation [ 184 ]. Interestingly, the colitis in TRUC mice is transmittable to T-bet-suffi cient 
wild-type mice both vertically (by cross fostering) and horizontally (by cohousing). 
In culture of colon explants from 4-week-old TRUC mice, TNF-α production was 
signifi cantly higher as compared to those of  Rag-2  KO control mice, while there 
were no apparent difference in the levels of other infl ammatory cytokines, including 
IFN-γ, IL-1α, IL-1β, IL-6, IL-10, IL-12, IL-13, or IL23 [ 184 ]. The major source of 
TNF-α in the colon was from the CD11c +  dendritic cells. T-bet may control the 
mucosal immune system by downregulating TNF-α production negatively in colonic 
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dendritic cells at the initial stage of the colitis development. Since intestinal den-
dritic cells are constantly  interacting with abundant microbes in the colonic lumen 
and maintaining intestinal homeostasis by controlling the clearance of entero-inva-
sive pathogens [ 185 ,  186 ], perhaps T-bet defi ciency in dendritic cells allows for the 
growth of potentially pathogenic organisms. Therefore, different antibiotics regi-
mens were examined for potential therapeutic benefi t. It was found that a combina-
tion of  vancomycin, metronidazole, neomycin, and ampicillin, as well as selective 
treatment with metronidazole alone, signifi cantly ameliorated colitis. This suggests 
that colitis in TRUC mice is dependent on the presence of certain microbes, in par-
ticular anaerobic pathogenic bacteria. A later study by the same group, utilizing 16S 
 rRNA-based analysis in fecal samples, showed that  Klebsiella pneumoniae  and 
 Proteus mirabilis , both gram-negative facultative organisms, correlate with the 
development of colitis in TRUC mice [ 187 ] and can induce disease given to wild- 
type recipients. 

 Interestingly, over 96 % of TRUC mice spontaneously develop colonic high- 
grade dysplasia and rectal adenocarcinoma by 6 months of age as a consequence of 
MyD88-independent intestinal infl ammation [ 188 ]. Restoration of T-bet expression 
in colonic dendritic cells in TRUC mice reduces colonic infl ammation and prevents 
colonic neoplastic development [ 188 ].  

     Wasp  KO Mice 

 A model of IBD had been developed by deletion of gene that encodes for the 
Wiskott–Aldrich syndrome protein (WASP). Although this model is not widely 
utilized, we have included it as one of the Th2 type of colitis models in this chapter 
given its unique characteristic of being one of a few models with a human corre-
late.  Wasp  encodes a cytoplasmic protein involved in regulating actin cytoskeleton 
[ 189 ], which is defective or absent in patients with Wiskott–Aldrich syndrome, a 
subset of whom suffer from colitis.  Wasp  KO mice also develop T cell-mediated 
colitis by 6 months of age with markedly thickened colons seen grossly and crypt 
hyperplasia and a mixed lymphocytic and neutrophilic infi ltrate seen histologically 
[ 190 ]. Lamina propria lymphocytes from  Wasp  KO mice secrete exaggerated lev-
els of IFN-γ, IL-4, and IL-13 without much difference in IL-6 as compared to 
controls; there were no difference in IL-17 levels [ 190 ]. The colitis in  Wasp  KO 
mice is ameliorated by treatment with antibody against IL-4, but not to IFN-γ. 
Interestingly,  Wasp  KO mice have a decreased number of naturally occurring 
CD4 + CD25 + Foxp3 +  cells [ 88 ]. These Treg cells were found to be markedly defec-
tive in their ability to ameliorate colitis using CD45RB hi  transfer model [ 191 ]; the 
initiating pathogenic defi ciency appears to lie in the innate immune cell popula-
tion.  Wasp  KO mice represent a model of colitis with a human correlate, poten-
tially mediated by Th2 cytokines and associated with altered innate immune cell 
and regulatory T cell defects.   
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    Genetically Manipulated Models Associated 
with the IBD Susceptibility Genes 

    Nod2 KO Mice 

 NOD2 (nucleotide-binding oligomerization domain 2) is a member of the NOD-
leucine- rich repeat (LRR) protein family.  Nod2  gene codes an intracellular receptor 
of muramyl dipeptide (MDP), which is a moiety of bacterial cell wall peptidogly-
can. In 2001, it was reported that  Nod2  variants confer an increased risk for develop-
ment of CD [ 192 ,  193 ] and Blau syndrome, which is an autosomal dominant 
syndrome characterized by familial granulomatous arthritis, uveitis (iritis), and skin 
granulomas [ 194 ]. A mouse model, which carries a  Nod2 -2939insC ( Nod2  2839ic ) 
frameshift mutation similar to human CD-associated  Nod2 -3020insC ( Nod2  3020ic ) 
frameshift mutation, shows signifi cantly more severe DSS-induced colitis with 
ulceration and increased infi ltration of F4/80-positive macrophages, as compared to 
wild-type controls [ 195 ]. The DSS-induced acute injury in Nod2-defi cient mice is 
exacerbated under GF conditions as compared to SPF conditions, suggesting that 
the  Nod2  gene plays a pivotal role in commensal fl ora-mediated immunoregulatory 
function during recovery from acute injury [ 48 ]. To assess the immunobiological 
function of Nod2, other groups examined  Nod2  KO mice containing deletion of 
exon 1 [ 196 ] or exon 3 [ 197 ]. In humans, these  Nod2  mutations show defective 
NF-κB activation after cell stimulation with bacterial products, including LPS and 
MDP [ 193 ,  198 ,  199 ]. In APCs of  Nod2  KO mice, IL-12p70 production was signifi -
cantly increased in response to TLR2 ligation, suggesting that Nod2 signaling 
inhibits a potentially infl ammatory Th1 response mediated by TLR2 signal [ 196 ]. 
The  Nod2  KO mice, which were generated by the deletion of exon 3, are healthy and 
fertile and demonstrate a normal lymphoid architecture and development in the 
 thymus and spleen [ 197 ]. Since     Nod2  plays a pivotal role in the innate immune 
responses against host/microbial interactions, handling of  Listeria monocytogenes , 
a gram-positive intracellular bacteria, was examined in wild-type and  Nod2  KO 
mice [ 197 ]. There was no signifi cant difference survival between the wild-type and 
 Nod2  KO mice injected intravenously or intraperitoneally with  L .  monocytogenes . 
In contrast,  Nod2  KO mice challenged with  L .  monocytogenes  via intragastric route 
showed a signifi cantly increased bacterial burden in the spleen and liver, but not in 
Peyer’s patches, as compared to wild-type mice. Furthermore, expression of anti-
bacterial peptides [defensin, defensin-related cryptdin 4 (Defcr4), and Defcr-related 
sequence 10 (Defcr-rs10)], preferentially produced in intestinal Paneth cells, was 
signifi cantly reduced in bacterial infected  Nod2  KO as compared to wild-type mice. 
This suggests that Nod2 plays a protective role specifi cally in Paneth cell, but not 
Peyer’s patch-dependent route of bacterial infection in intestine. The expression of 
 Nod2  is dependent on the presence of commensal bacteria, since wild-type mice 
raised in GF conditions expressed signifi cantly less Nod2 expression, with restora-
tion of expression after infection with commensal bacteria [ 200 ]. Interestingly, this 
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 Nod2  KO mouse strain is susceptible to granulomatous infl ammation restricted to 
the ileocecal region in the context of  Helicobacter  infection [ 201 ]. In summary, the 
studies in  Nod2  KO mice support that mutations in the  Nod2  gene are important 
genetic risk factors in a subset of patients with CD.  

     Atg5  KO  and Atg16l1  Mutant Mice 

 An autophagy gene,  ATG16L1 , has been identifi ed as a susceptibility allele for CD 
by GWAS [ 202 – 204 ]. There was a signifi cant increased risk for CD risk between 
markers rs22141880 (a SNP coding for T300A) in the  ATg16L1  gene and the estab-
lished  NOD2  susceptibility variants. ATG16L1 protein is an essential component of 
autophagy, which is the major intracellular degradation system of a cell’s own com-
ponents (autophagy) [ 205 ,  206 ]. Autophagy is involved in the clearance of intracel-
lular components such as apoptotic bodies and organelles as well as microbes 
(xenophagy), which results in protection against infectious intracellular pathogens 
[ 207 ]. In addition to ATG16L1, ATG5 is another essential autophagy protein, which 
is important for the biological functions of antibacterial peptide-containing Paneth 
cells. 

 Cadwell et al. generated two mouse lines with hypomorphic (HM) for the expres-
sion of the ATG16L1 protein (ATG16L1 HM1  and ATG16L1 HM2 ) and a third-line 
knocking out  Atg5  expression in IECs specifi cally ( Atg  fl ox/fl ox   villin - Cre  mice) [ 8 ]. 
Abnormalities in both  Atg16l1   HM   and  Atg5  conditional KO mice were confi rmed to 
only Paneth cells with a lack of lysosome staining in the mucus and disorganized/
decreased numbers of granules [ 8 ]. Even    with  L .  monocytogenes  infection by oral 
gavage, the lack of any changes in the spleen, liver, and MLN indicate that Atg16l1 
and Nod2 have a distinct function in maintaining the integrity of Paneth cells. 
Electron microscopic analysis also revealed that Paneth cells in  Atg16l1   HM   mice 
showed signifi cantly increased numbers in cytoplasmic vesicles; a similar abnor-
mality is present in CD patients [ 8 ]. Dendritic cells obtained from CD patients with 
 NOD2  or  ATG16L1  mutation showed functional defects in autophagy, bacterial 
 processing/handling, and antigen presentation [ 208 ]. However, recent observations 
strongly suggest that intracellular sensors of NOD are critical for the autophagic 
responses [ 209 – 211 ]. 

 Akira’s laboratory generated  Atg16l1  mutant mice [ 212 ], which express deleted 
forms of the ATG16L1 protein, lacking the entire coiled-coil domain, that is essen-
tially required for processing autophagy [ 206 ]. ATG16L1-defi cient macrophages 
showed increased production of IL-1β at the posttranscriptional level, as compared 
to wild-type control, while both message and protein levels of TNF-α, IL-6, and 
IFN-β in response to LPS stimulation show no obvious difference between the two 
groups. The increased IL-1β production was due to the TRIF (Toll/IL-1 receptor 
domain-containing adaptor inducing IFN-β)-dependent activation of caspase 1. 
Interestingly, chimeric mice with ATG16L1-defi cient hematopoietic cells are highly 
susceptible to DSS-induced colitis with severe ulceration, increased infl ammatory 
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cell infi ltration, and increased serum levels of IL-1β/IL-18 and 100 % mortality, 
which can be ameliorated by neutralizing these cytokines [ 212 ]. Cadwell et al. ele-
gantly demonstrated that murine norovirus-infected  Atg16l1  KO mice have aberrant 
DSS-induced changes with increased productions of TNF-α and IFN-γ as compared 
to wild-type mice [ 208 ]. Therefore, ATG16L1 is an essential factor in controlling 
endotoxin- as well as virus-induced infl ammatory immune responses. 

 In summary, ATG16L1 and ATG5 play a central role in the secretion of granules 
in Paneth cells that may alter/exclude intestinal microorganisms effi ciently. 
However, how  Atg16l1  polymorphisms affect the biological function of differenti-
ated Paneth cells is still unclear [ 8 ].  

    IL23 Receptor KO Mice 

 IL23 is a heterodimeric cytokine comprising of p40 and p19 subunits [ 101 ]. The 
IL23 receptor is also composed of two subunits, IL-12Rβ1 and IL23R, and is mainly 
expressed on T cells and innate immune cells [ 102 ]. IL23 is produced by dendritic 
cells and macrophages in response to pathogenic bacteria such as  Mycobacterium 
tuberculosis  [ 213 ],  Streptococcus pyogenes  [ 214 ], and  Klebsiella pneumoniae  
[ 215 ]. IL23 stimulates macrophages to produce TNF-α and serves as a maintenance 
factor of Th17 T cells producing IL-17A and IL-17F. 

 The ligation of IL23 receptor is involved in the pathogenesis of many infl amma-
tory disorders, including those involving the joints [ 216 ], brain [ 217 ], and intestine 
[ 131 ,  218 ,  219 ]. Therefore, IL23 is a key cytokine in several autoimmune diseases. 
Recent GWAS have demonstrated that polymorphisms of the     IL23  receptor are 
negatively associated with the development of both UC and CD [ 220 ]. By analyz-
ing 14,500 non-synonymous SNPs from 1,000 cases of autoimmune disorders and 
breast cancer, Burton et al. identifi ed that the  IL23R  locus has an initial association 
with ankylosing spondylitis. This disease shows occasional strong association with 
CD development [ 221 ]. Following high-throughput re-sequencing of DNA pools, 
the protective effects of low-frequency coding variants (p.Arg381Gln, p.Gly149Arg 
and p.Val362Ile) against IBD were confi rmed [ 10 ]. This piece of data added to the 
already known fact that  IL12B  (IL-12p40) has been identifi ed as an IBD-associated 
gene [ 222 ]. 

 Recently, Powrie et al. showed that IL23R signaling in intestinal T cells sup-
presses the IL-10 production by T cells as well as generation of FoxP3+ cells 
induced by adaptive transferring the CD4 + CD45RB hi  (naïve) T cells (isolated from 
wild-type or  Il23R  KO mice) into  Rag1  KO mice [ 223 ]. The majority of mice recon-
stituted with  Il23R  KO CD4 +  T cells, developed milder colitis than those transferred 
with wild-type CD4 +  T cells. Interestingly, IL23R-defi cient T cells do not accumu-
late in the colon after the adaptive transfer into  Rag1  KO mice. In contrast, these 
cells accumulate in the spleen and liver, suggesting that IL23 signaling in T cells is 
specifi cally necessary for effector T cell accumulation in the colon rather than sys-
temic lymphoid organs [ 223 ]. Interestingly,  IL23R  and  NOd2  genes can encode 
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truncated variants that inhibit their signaling pathways [ 224 ,  225 ]. Th17 cells iso-
lated from subjects with an  IL23R R381Q  gene variant show reduced production of 
IL-17A in response to IL23, suggesting the importance of IL23-related pathways in 
both CD and UC [ 226 ].  

    Conditional  Stat3  KO Mice 

 STAT3 (signal transducer and activator of transcription 3) is a member of the STAT 
protein family, which acts as transcription activators after being phosphorylated by 
receptor-associated kinase [ 227 ]. STAT3 was the fi rst molecule identifi ed as a mem-
ber of this family, which is effi ciently activated by IL-6 family cytokines [ 227 ,  228 ] 
and is known to be involved in cell survival and proliferation [ 229 ]. STAT3 proteins 
form either a homodimer or heterodimer when combined with STAT1 and rapidly 
translocate into the cell nucleus after activation [ 230 ,  231 ]. STAT3 is involved in a 
broad spectrum of innate and adaptive immune functions, including epithelial 
regeneration and Th17 differentiation. The importance of STAT3 in IBD is recog-
nized after recent human GWAS as one of the genes associated with increased sus-
ceptibility to both CD and UC [ 5 ,  6 ,  220 ,  232 ]. 

 Since conventional  Stat3  KO mice are embryonically lethal [ 233 ], the function 
of  Stat3  gene has to be analyzed in a cell or tissue-specifi c gene KO systems. Takeda 
et al. generated mice, in which STAT3 is defi cient specifi cally in macrophages and 
neutrophils ( LysMcre / Stat   fl ox/− ) where cells have one fl oxed  Stat3  allele and one 
disrupted  Stat3  allele [ 234 ]. These defi cient mice exhibited mortality to endotoxin 
shock with increased production of proinfl ammatory cytokines including TNF-α, 
IL-6, IL-1, and IFN-γ within 24 h after the injection of a small amount of LPS 
(20 μg), while the wild-type mice survived over 4 days after the injection. 
Furthermore,  LysMcre / Stat   fl ox/−  mice spontaneously developed leukocytosis, ane-
mia, and colitis at the age of 20 weeks. The markedly thickened colonic wall showed 
reduced crypts, goblet cell depletion, regenerative epithelium, mixed cellular infi l-
tration in the lamina propria, frequent crypt abscesses, and occasional mucosal 
ulcers. The development of colitis is strongly associated with a decreased produc-
tion of IL-10 by macrophages and enhanced production of IFN-γ by Th1 cells. 
Interestingly, the conditional  Stat3  KO mice do not develop colitis when crossed 
with  Rag - 1  KO mice [ 235 ], suggesting the requirement of intact STAT3 signaling in 
the adaptive immune compartment. 

 To analyze the effect of STAT3 activation in multiple cell types by triggering 
type I IFN, mice carrying a  STAT3fl oxed  allele were crossed with  MX - Cre  trans-
genic mice expressing Cre recombinase under the control of IFN-responsive  Mx1  
promoter ( MX+ ;  STAT3   fl  / fl   ) [ 236 ]. In  MX+; STAT3   fl  / fl    mice, most of the enteric epi-
thelial STAT3 signals disappeared. These mice developed a severe wasting syn-
drome with an aggressive form of colitis within 2–3 weeks after the injection of 
synthetic double-stranded RNA (pIpC), which almost completely deleted STAT3 
expressions in liver, bone marrow, and adipose tissues. These mice produced high 
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amounts of IL-6, IL-12p40, IFN-γ, and IL-10 as compared to  MX - ; STAT3   fl  / fl    mice. 
Treatment with the anti-IL-12p40 antibody, but not neutralization of CD4 +  or NK 
cells, or treatment with oral antibiotics (2.5 mg/mL streptomycin/bacitracin in 
drinking water 7 days prior to pIpC injection) prevented the development of colitis, 
suggesting a crucial role of STAT3 in the maintenance of intestinal homeostasis. In 
addition, Pickert et al. showed that specifi c deletion of  STAT3  in epithelial cells 
increases susceptibility of mice to DSS-induced colitis [ 45 ], suggesting that STAT3 
activation in innate versus adaptive immune responses plays distinctly different 
roles in the pathogenesis of colitis. 

 To further dissect the functional role of STAT3 on T cells during the develop-
ment of colitis, Durant et al. utilized the CD45RB high  CD4 +  T cell transfer into   Rag - 2  
KO colitis mouse model. The recipient  Rag - 2  KO mice were reconstituted with 
naïve CD4 +  T cells from control ( Stat3   fl ox / fl ox  ) or  Stat3  KO ( cd4 Cre; Stat3   fl ox / fl ox  ) 
mice.  Rag - 2  KO recipient mice that received  Stat3  KO T cells had no colonic 
infl ammation, while the mice that received control T cells developed marked colitis 
at 9 weeks of age [ 237 ]. Interestingly, chromatin immunoprecipitation and massive 
parallel sequencing analysis revealed that STAT3 directly binds to multiple survival 
gene promoters, including  Bcl2 ,  ler3 ,  Fos ,  Jun , and  Fos12 , suggesting that STAT3 
directly regulates genes that are involved in the survival as well as proliferation of 
CD4 +  T cells.  

     Xbp1  KO Mice 

 The transcription factor XBP-1 (X-box-binding protein-1) is a key component for 
the stress response in the endoplasmic reticulum (ER) and is required for ER 
expansion, the development of highly secretory cells, and adaptation of tumor cells 
to stressful (e.g., low glucose, hypoxia) conditions [ 238 – 240 ]. ER stress is known 
to be increased in the IECs isolated from patients with IBD, and infl ammation-
induced ER stress is effi ciently inhibited by IL-10 in vivo [ 241 ]. XBP-1 is expressed 
in the IECs and  Xbp1  deletion results in increased ER stress as well as the exacer-
bation of DSS-induced colitis [ 242 ]. To further analyze the role of XBP-1 on 
colonic epithelial homeostasis, intestinal epithelial-specifi c  Xbp1  KO ( Xbp   fl ox / fl ox   
 villin - Cre ) mice were generated [ 243 ]. About 60 % of  Xbp1  KO mice and 30 % of 
 Xbp1+ /− mice spontaneously developed small intestinal infl ammation in associa-
tion with ER stress, suggesting a pivotal role for mono-allelic expression of  Xbp1  
in inducing the organ-specifi c infl ammation [ 244 ]. The small intestinal infl amma-
tion was characterized by polymorphonuclear infi ltration in the lamina propria 
with occasional crypt abscesses and mucosal ulceration. Paneth cells were com-
pletely absent and goblet cells were reduced in the small intestine. In contrast, the 
morphology and function of absorptive epithelium and enteroendocrine cells were 
intact [ 244 ] and the colon did not demonstrate any abnormalities. Examination of 
a German patient cohort (1103 controls, 550 CD, and 539 UC patients) found that 
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the  Xbp1  variant rs35873774 had the strongest association with both CD and UC 
among the 20 candidate SNPs studied [ 244 ]. In summary, XBP-1 is one of the 
susceptibility factors for IBD, and its abnormality in IECs is associated with spon-
taneous ileitis development.  

     Lrrk2  KO Mice 

 LRRK (leucine-rich repeat kinase 2) is a large (285 kDa) protein, which contains a 
Ras of complex GTPase domain, a C-terminal of Ras of complex domain and an 
MAPK kinase domain. Point mutations in  Lrrk2  are the most common genetic 
cause of both familial and apparently sporadic forms of Parkinson’s disease (PD) 
[ 245 ,  246 ]. A PD-related G2019S substitution in the kinase domain of LRRK2 
enhances the phosphorylation of putative protein kinases ezrin, radixin, and the 
moesin (ERM) family proteins, which links the actin cytoskeleton with membrane 
proteins [ 247 ,  248 ]. The G2019S substitution likely increases kinase activity in 
LRRK2 [ 249 ,  250 ]. In addition,  LRRK2  PD-associated mutations induce an altera-
tion of cell death and autophagy function [ 251 ,  252 ]. Of note, LRRK2 forms a 
protein complex with heat shock protein 90 (HSP90). Since inhibition of the Hsp90 
chaperone function dramatically decreases the stability of LRRK2, Hsp90 may sup-
press the accumulation of mutant  LRRK2 , which is strongly related to pathogenic 
activities in neurons [ 253 ]. Tong et al. generated  Lrrk2  KO mice to analyze its 
physiological role in vivo.  Lrrk2  KO mice appear normal, but gross morphological 
abnormalities in the kidney (altered size, weight, color, and texture) become evident 
at 3–4 months of age [ 254 ]. Increased accumulation of autofl uorescent granules in 
proximal renal tubules becomes obvious in  Lrrk2  KO mice with increasing age, 
although kidney fi ltration function is intact [ 255 ]. The impaired autophagy function 
in  Lrrk2  KO kidneys is observed by accumulation of lipofuscin granules, altered 
levels of LC3-1/II, a reliable marker for autophagy, and increased number of apop-
totic cells [ 254 ,  255 ]. 

 A recent GWAS identifi ed a single-nucleotide polymorphism (SNP) rs11175593 
as a risk factor for CD. The  LRRK2  gene is located downstream from this SNP 
[ 232 ].  LRRK2  is mainly expressed in immune cells including B cells, monocytes, 
and dendritic cells, based on the microarray data using  LRRK2  probes from the 
Genomics Institute of the Novartis Research Foundation and RIKEN data sets 
[ 256 ]. The expression of  LRRK2  is signifi cantly upregulated in the lamina propria 
cells of infl amed intestinal tissues obtained from CD patients, as compared to the 
cells from noninfl amed areas from the same CD patients or from infl amed tissues 
from UC patients [ 256 ]. The same group also demonstrated that  LRRK2  is an IFN-γ 
target gene upregulated during bacterial infection, and it is one of the activators of 
the NF-κB pathway: LRRK2-induced NF-κB activation is IKK dependent but is 
independent of LRRK2 kinase activity. These results suggest that LRRK2 might be 
involved in the regulation of mucosal immune responses by activating the NF-κB 
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signaling pathway, which is relevant to CD pathogenesis. Utilization of  Lrrk2  KO 
mice in chemically induced or bacterial infectious colitis models could provide 
 further knowledge regarding the role of LRRK2 on regulation of the immune 
response to pathogen or epithelial injury.  

     p40    phox   KO Mice 

 In phagocytes, reactive oxygen species (ROS), generated by NADPH oxidase, play 
a pivotal role in regulating proinfl ammatory signaling and in killing pathogens by 
phagocytosis. The NADPH oxidase complex is composed of fi ve subunits including 
gp91 phox , p47 phox , p22 phox , p67 phox , and p40 phox  [ 257 ]. Recent genetic studies have 
revealed an association between increased susceptibility for CD and  NCF4  (which 
encodes p40 phox ) and  NCF2  (which encodes p67 phox ) polymorphism [ 203 ,  258 ]. 
Functional studies have confi rmed that impaired p40 phox  promotes intestinal infl am-
mation with impaired ROS production [ 259 ]. In addition, neutrophils isolated from 
 P40   phox   KO mice have severe defects in NADPH oxidase regulation as well as oxi-
dant-dependent in killing of  Staphylococcus aureus,  both in vitro and in vivo [ 260 ]. 
The  p40   phox   KO mice showed enhanced intestinal infl ammation during the acute and 
recovery phases of DSS colitis through upregulation of the chemokine receptor 1 
and downregulation of enzymes for glycan modifi cations: these results were 
obtained by using an integrative bioinformatics approach [ 261 ].   

    Conclusions/Future Prospective 

 Although the intestinal infl ammation seen in animal models does not exactly repli-
cate human IBD, studies utilizing these models have provided important insights 
into the pathogenesis of IBD. One principle concept is the central role of the intes-
tinal microbiota in the development of the innate and adaptive immune responses 
that can result in intestinal infl ammation. Migratory patterns of immune cells and 
the effects of mucosal immune dysregulation and alteration of mucosal epithelial 
barrier during initiation and maintenance of intestinal infl ammation can also be 
learned from these models. Furthermore, the development of animal models that 
incorporate variants of human IBD susceptibility genes has provided a means to 
directly examine the role of these genes in intestinal infl ammation. Application of 
new technology will refi ne and extend our current knowledge thus far obtained from 
these models.     
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    Abstract     The study of the genetic underpinning of heritable human diseases 
stretches back nearly a century. While thousands of mutations in single genes 
have been found that cause severe “Mendelian” disorders, attempts to fi nd such 
single genes for complex diseases have been relatively unsuccessful. Instead it has 
become clear that complex diseases, like IBD, are affected by many (likely hun-
dreds or even thousands) different genes as well as environmental factors. Here we 
describe the process by which that discovery was made, as well as the technological 
advances from small-scale candidate gene to genome-wide association studies. 
These approaches, especially when undertaken in large-scale collaborations, have 
unlocked thousands of complex disease genes, including 163 associated with IBD. 
Despite these exciting developments, the discovery of genes represents the fi rst 
stage in translating that knowledge into biological understanding of disease and 
possible future treatments.  

        Background 

 It has long been appreciated that genetics plays an important role in susceptibility to 
a wide variety of complex human diseases. Indeed it has been almost 100 years 
since R. A. Fisher and others reconciled the discrete Mendelian inheritance of 

      Chapter 4
Complex Disease Genes and Their Discovery 

             Jeffrey     C.     Barrett       and     Mark     J.     Daly     

        J.  C.   Barrett ,  B.S., D.Phil.      (*) 
  Wellcome Trust Sanger Institute ,   Wellcome Trust Genome Campus, Hinxton , 
 Cambridge ,  CB10 1HH ,  UK   
 e-mail: barrett@sanger.ac.uk   

    M.  J.   Daly ,  Ph.D.      
  Simches Research Center ,  Massachusetts General Hospital , 
  185 Cambridge Street, CPZN 6818 ,  Boston ,  MA   02114 ,  USA    

  Analytic and Translational Genetics Unit, Department of Medicine ,  Massachusetts 
General Hospital ,   185 Cambridge Street, CPZN 6818 ,  Boston ,  MA   02114 ,  USA   
 e-mail: mjdaly@atgu.mgh.harvard.edu  



88

individual genes with the continuous distribution of complex heritable traits, such 
as height [ 1 ]. The earliest geneticists at that time were realizing that while most 
traits were correlated among relatives and thereby appeared “heritable,” only a few 
of them strictly followed Mendel’s laws of inheritance. Instead, the majority of heri-
table traits and diseases quite evidently involved the action of many genes (as well 
as nongenetic or environmental factors). The suggestion that individual genetic 
variants might have relatively modest effects on these traits, and that if they were 
suffi ciently numerous, would give rise to normal distributions in general popula-
tions is one which continues to reverberate through the most cutting-edge genetic 
studies of today. 

 Indeed, the history of complex disease genetics has been a story of reconciling 
the obvious family clustering of these diseases with an evolving understanding of 
the types of genetic variation that exist in human populations and how they affect 
disease risk. In this chapter we will describe how that process moved (over many 
decades) from relatively fruitless searches to fi nd single genes explaining disease in 
individual families to international collaborations studying tens of thousands of 
patients with complex diseases at once. At each stage, a combination of dedicated 
clinical researchers, statistical analysts, and new technologies enabled new discov-
eries to be made. We will try to illustrate this process with examples from IBD 
and conclude by considering what biological lessons have been learned and what 
 challenges remain.  

    Chasing a Successful Paradigm: Linkage Studies 
in Complex Disease 

 Even in the simplest, so-called “Mendelian” diseases, the earliest studies of inherited 
phenotypes often showed that two genetic traits cosegregated—that is, were corre-
lated in their transmission from parents to children. This is of course the conse-
quence of the genes being “linked” or closely located on the same chromosome, 
such that from generation to generation, the pair of genes is passed on intact from the 
same parental chromosome without intervening meiotic recombination. Sturtevant 
and Morgan 100 years ago conceived that this cosegregation of phenotypes could be 
used to create a linear map of the underlying order of the genes responsible for those 
phenotypes—thus creating the fi rst linkage map [ 2 ] (in this instance in fruit fl ies). 
Mathematically, the principles of linkage analysis were worked out independent of 
even the defi nition of the structure of DNA [ 3 ], but it was not until the 1970s and 
1980s that the molecular techniques to clone and sequence DNA permitted the 
experimental connection of genetic linkage maps of phenotypes to underlying DNA 
variation and thus to identify genes responsible for phenotype via linkage analysis, 
followed by detailed sequencing and functional studies to defi ne the specifi c under-
lying causal gene and mutation—so-called positional cloning. 

 Use of this strategy to approach human disease was outlined at this time [ 4 ,  5 ] 
and fi rst successfully demonstrated in the localization of the Huntington’s disease 
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gene in 1983 [ 6 ]—later coming to fruition in the identifi cation of genes for cystic 
fi brosis and Duchenne muscular dystrophy as the 1980s drew to a close. Family- 
based linkage studies in humans are the most direct approach to analyzing the 
 simple consequences of Mendelian inheritance from one generation to the next and 
the resulting sharing of relatively long segments of DNA  identical by descent . 
Consider families with multiple individuals affected with a rare disease (see Fig.  4.1 ) 
such as Huntington’s disease (   which affects a handful of individuals per 100,000 
populations [ 7 ]): it is very unlikely that such co-occurrence would happen by 
chance, so a genetic explanation is likely. If the family is large, with a suffi cient 
number of affected individuals, a classic pattern of Mendelian inheritance might be 
clear, such as  recessive  (requiring two copies of a damaging mutation to be affected, 
one from each parent) or  dominant  (individuals with one copy of the mutation, from 
either parent, are affected—the pattern seen in Huntington’s). Because the segments 
of shared chromosomes between nearby relatives are large (tens of megabases among 
fi rst-degree relatives), it is possible to identify which parts of which chromosomes 
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  Fig. 4.1    Three illustrations of the spectrum of disease genes. Six images of imaginary “patient 
genomes” with  red circles  corresponding to risk alleles for a particular disease. Three columns 
( a – c ) correspond to different disorders, with two patients of each for comparison. ( a ) Some single 
gene, or Mendelian, disorders, such as sickle cell disease, are caused by mutations in the same 
gene in all patients. ( b ) Other disorders, such as intellectual disability, are often caused by a single 
mutation in each patient, but can be in a variety of genes. ( c ) Complex diseases, like IBD, are 
instead affected by a large number of individually weak variants across the genome, none individu-
ally as strong as the Mendelian variants       
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are shared between affected individuals with relatively few DNA markers. If one 
chromosomal segment is shared in a consistent way among all affected family mem-
bers, but not those who are healthy, it likely carries a mutation that causes disease. 
The same region (containing the relevant gene) will be “linked” in this way in many 
different families, even if the individual mutations responsible vary across families.

   For this reason, the earliest studies of complex disease genetics built upon the 
successes of family-based linkage studies in mapping Mendelian disease genes. The 
linkage approach was rapidly applied across a range of rare diseases suspected of 
Mendelian inheritance, leading to the identifi cation of hundreds of disease genes 
throughout the 1990s. These successes led to the application of the same approach 
to more common, complex diseases, such as type 2 diabetes and infl ammatory 
bowel disease. Much like Mendelian disease, these diseases were known to run in 
families, and studies of disease concordance in monozygous and dizygous twins 
rigorously established that genetics plays an important role in their etiology. With a 
few exceptions (see next chapters), however, linkage studies in these complex dis-
eases did not lead to the discovery of major genetic risk factors. 

 The principal insight from this failure was the lesson learned from the earliest 
genetic studies in fruit fl ies, specifi cally that, in contrast to Mendelian disease, there 
was not a single gene (nor even a very small number) for most complex diseases. 
This was partially unsurprising, as multiply affected families with these diseases did 
not display the classic Mendelian patterns of inheritance, but instead appeared to be 
driven by combinations of many genetic factors each exerting a relatively weak 
effect—just as predicted by the biometrical models of Fisher. These realizations 
lead to the invention of more sophisticated statistical techniques for linkage analysis 
[ 8 ] aimed at discovering loci which only partially explain the disease state of family 
members. 

 A key observation was made [ 9 ] that the power of linkage studies falls rapidly 
with decreasing effect size of the associated genetic variant. If the genetic basis of 
complex disease was completely unlike Mendelian disease, and instead consisted of 
dozens or hundreds of small effects, then linkage would never, for practical pur-
poses, be able to discover them.  Association studies , where one simply compared 
the allele frequency of a particular variant between unrelated cases and controls, had 
the potential to discover these tiny effects. At the time of this publication, however, 
technology did not exist to make such studies possible, nor was there even a com-
pelling estimate of how much genetic variation existed in the human population. By 
contrast to genome-wide linkage mapping, where the recombination map of humans 
had been described for a decade and could be conveniently assayed by fewer than 
1,000 polymorphic markers, genome-wide association would need to wait.  

    Motivated by Biology: Candidate Gene Studies 

 The complex disease genetics community was thus faced with the twin realities that 
linkage mapping would be unlikely to discover risk loci for these diseases and 
that genome-wide application of the association study paradigm was still 
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technologically impossible. One possible solution to this problem would be to 
 prioritize genes for genetic study that seemed biologically plausible candidates for 
particular diseases. For instance, one of the few success stories in complex disease 
linkage mapping was the identifi cation of a tandem repeat polymorphism in  INS  
(the gene encoding the insulin protein) associated with type 1 diabetes [ 10 ]. This 
discovery fi t neatly into the developing biological understanding of the disease and 
suggested that perhaps genetic discoveries could be made by fi rst guessing the rel-
evant candidates. 

 Unfortunately, three problems undermined this candidate gene approach. First, 
and perhaps most importantly, the ability of researchers to predict which genes 
would be associated with which diseases was poor: obvious connections like insulin 
and type 1 diabetes were not common. Second, the available patient collections 
typically numbered in dozens or low hundreds: too small to detect the very weak 
effects that would come to typify the contribution of common alleles to complex 
diseases. Finally even with the good fortune of picking the right gene, it was not 
possible to select SNPs that represented the diversity of variation within that gene in 
a systematic fashion. Just as it had been impossible to query the reference sequence 
of a gene before the draft human genome was fi nished, it was now impossible to 
look up how a particular gene commonly varied within a population of interest.  

    Maps of Common Human Genetic Variation 

 As noted above, a common feature of candidate gene studies was the selection of 
only a handful of SNPs in each gene being considered to test for association. This 
limitation was largely a result of a lack of comprehensive databases of genetic varia-
tion throughout the human genome. The fi rst project aimed at producing such a 
database was the SNP Consortium [ 11 ], which undertook large-scale genome re- 
sequencing and identifi ed over one million SNPs. This effort provided the substrate 
for a wide array of subsequent investigations into the number, distribution, and fre-
quency of SNPs throughout the genome. 

 One research area transformed by this new abundance of variation data was the 
study of population genetics: the quantity and frequency of, and patterns of correla-
tion among, genetic variation in different populations around the world provided 
empirical data with which to fi t models of human demography and selection. Two 
forces increase variation in the genome: mutation, which introduces new variants, 
and recombination, which reshuffl es the existing patterns. Random drift, evolution-
ary selection (either positive or negative), and human population history then shape 
this pool of variation into the patterns seen in modern humans. Previous population 
genetics work could be used to make very specifi c predictions about the extent of 
correlation between nearby SNPs (known as  linkage disequilibrium , or LD) given 
certain assumptions about the history of humans and, crucially, that recombination 
occurred uniformly throughout the genome. Two simultaneous observations 
 suggested, however, that recombination was instead clustered in punctate 
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“hotspots”—the vast majority of historical human recombinations had happened in 
a relatively small fraction of the genome sequence. Molecular typing of multiple 
sperm from a single individual showed clustering of directly observable recombina-
tions [ 12 ], and an analysis of the precise positions where LD decayed in a survey of 
general population variation suggested this process was consistently concentrated 
over many generations [ 13 ]. 

 Prompted by these insights, the International HapMap [ 14 ] project was launched 
to create a genome variation reference for medical genetics in multiple human pop-
ulations across the entire genome. The project was undertaken in two main phases 
which yielded a map of the frequencies and LD patterns of over 2.5 million SNPs in 
individuals of European, West African, and East Asian ancestry. The HapMap pro-
vided both a generic variation reference and revealed new specifi c insights into 
human population history, such as strong support for the out-of-Africa hypothesis of 
human migration and a realization that a huge fraction of variation is shared across 
the world. In addition, this large-scale collaboration contributed heavily to the 
development of high-throughput genotyping technologies. In the course of the proj-
ect, it became possible to move from genotyping dozens of SNPs to thousands and 
then hundreds of thousands—technological advances which would prove to be just 
as transformative as the scientifi c discoveries of the project. 

 Nowhere were the implications of these data and technologies greater than for 
the study of the role of genetic variation in disease risk. It became clear that it was 
possible to select a small number of SNPs from a particular region of the genome 
that were highly correlated with all nearby SNPs. These “tag” SNPs could then be 
genotyped as an effi cient means of capturing all the information contained in the 
full complement of SNPs in the region [ 15 ]. This tagging approach was quickly 
shown to be scalable genome wide, so that fewer than 500,000 carefully chosen 
SNPs could capture nearly all the common variation in populations of European 
descent [ 16 ]. The stage was set for a revolution in the discovery of genetic risk loci 
for common diseases.  

    Genome-Wide Association Studies 

 Several developments from the HapMap project presented new opportunities for 
disease gene mapping: an understanding of genome-wide LD patterns, algorithms 
and tools for selecting effi cient tag SNP sets, and affordable technologies for geno-
typing hundreds of thousands of SNPs. Taken together, these offered the ability to 
genotype large groups of healthy individuals and cases of particular diseases in a 
way which captured nearly all the common variation in individuals of European 
ancestry on an affordable scale. It was also recognized that robust genome-wide 
statistics would likely only emerge from much larger sample collections than cus-
tomarily used in candidate gene studies, and indeed even at this time both the lack 
of consistent marker maps and small samples with inconclusive statistical support 
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were creating a cacophony of inconsistent candidate gene studies for many gene, 
disease pairings. These early  genome - wide association studie s (GWAS) showed 
some early successes [ 17 ]; they also confi rmed the increasing suspicion that indi-
vidual common risk alleles generally exercised very weak effects on disease risk: 
few odds ratios were >1.2. Crohn’s disease (as will be described in future chapters) 
benefi ted from a number of early GWAS discoveries, increasing the number of 
 confi rmed loci to a dozen [ 18 – 20 ]. 

 It quickly became clear that data quality control of GWAS data was essential to 
producing interpretable and reproducible results [ 21 ]. While the genotyping plat-
forms produced data that were extremely high quality on average, the sheer size of 
the datasets compared to earlier studies meant that even very low error rates could 
produce spurious associations. A suite of quality control metrics, including missing 
data rates, Hardy–Weinberg equilibrium, and overall heterozygosity quickly 
became standards in GWAS analysis, and geneticists became familiar with 
QQ-plots and other statistical tools as a rapid transition from genetic studies where 
each genotyping assay was manually inspected and scored to automated genome-
wide typing technologies took place. It was also recognized that, even if genotyp-
ing data were perfect, false inference of association could arise if the ancestries of 
cases and controls were not well matched and the frequency differences character-
istic of different populations were confounded with case–control status. Here a 
parallel set of methods emerged [ 22 ,  23 ] to measure and control for population 
structure in association studies that, like the QC standards, are still in wide use. 
Furthermore, the genetics community insisted on stringent statistical signifi cance 
thresholds ( p  < 5 × 10 −8  being a common criterion for genome-wide signifi cance 
[ 24 ]) and replication of any putative fi ndings in independent samples [ 25 ] to gener-
ate ultimate assurance that novel genetic fi ndings constituted truly durable insights 
into disease pathogenesis. 

 These rigorous guidelines for GWAS produced a substantial shift away from the 
contentious and generally irreproducible fi ndings from linkage and candidate gene 
studies and rapidly produced a swath of bona fi de associations to a wide variety of 
common diseases. Despite these early GWAS successes, however, it became appar-
ent that associations from the fi rst generation of studies explained only a very small 
fraction of the total genetic contribution to disease [ 26 ]. A variety of hypotheses 
were proposed to explain this so-called missing heritability, including a preponder-
ance of rare variants, copy number variation, and complex interactions among risk 
loci [ 27 ]. None of these explanations lent themselves to straightforward post-GWAS 
experimentation nor had direct evidence that they explained the majority of what 
was not yet found. What was clear was that the confi rmed fi ndings from GWAS 
were both numerous and generally barely strong enough to have been detected, sug-
gesting that many more results might lie just beneath the surface. Thus, the natural 
next step was for geneticists to set aside historical competitions in favor of combin-
ing GWAS datasets studying the same disease to investigate what additional 
 associations might be discovered via collaboration.  
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    Meta-analysis and the Importance of Sample Size 

 Early examples of GWAS  meta - analysis , where individual scans were combined, 
often using summary association statistics from individual projects, began shortly 
after the initial GWAS publications [ 28 ,  29 ]. These studies, which typically con-
sisted of a few thousand individuals, rapidly confi rmed the suspicion that a large 
number of additional common alleles of small effect were waiting to be identifi ed. 
Reassuringly, and in contrast to the experience of both complex disease linkage and 
candidate gene studies, GWAS meta-analyses also confi rmed nearly all the previ-
ously published associations in the smaller scans. 

 The possibilities of this approach were most clearly realized by researchers 
studying quantitative traits, such as height or cholesterol levels, which had been 
measured in hundreds of thousands of individuals subjected to GWAS analysis. 
Unlike specifi c disease studies, which were limited by the incidence of diseases and 
the diffi culty of recruiting large numbers of cases, these quantitative trait studies 
could draw samples collected for any number of different study designs, so long as 
the measurement of interest had been recorded in a consistent way. In the most 
recent meta-analysis of height GWAS [ 30 ], for instance, nearly 200 independent 
genomic loci showed signifi cant association. A similar trend was observed across a 
wide variety of traits and diseases: as sample sizes increased, so did the number of 
associated loci. What often differed, however, was the number of samples required 
to make the earliest discoveries (i.e., fi nd the biggest effects in that disease) and the 
rate at which loci subsequently accumulated. It is still unclear whether fundamental 
differences in genetic architecture, heterogeneity of diagnoses, or other factors 
might explain this locus discovery “coeffi cient.” IBD once again reaped the benefi ts 
of these approaches via a series of successively larger meta-analyses culminating in 
the discovery of 163 independent loci [ 28 ,  31 – 33 ]. 

 In addition to unleashing a torrent of individual associations across hundreds of 
diseases and traits, large meta-analysis sample sizes encouraged the application of 
newly developed statistical methods that analyzed the entire genome at once. Rather 
than focus on the most statistically signifi cant associations, these methods [ 34 ] aimed 
to evaluate the total amount of phenotypic variance explained by common variation 
across the entire genome. These models suggested that a much larger fraction of total 
variance in many traits and risk of diseases could be explained by common variation 
than was explained by the genome-wide signifi cant loci. It may be, therefore, that 
seeking to fully uncover the “missing heritability” is a fruitless effort since these 
hundreds or thousands of tiny effects will be impossible to pinpoint individually.  

    Biological Insights from Disease Gene Mapping 

 In parallel to the goal of trying to identify the specifi c regions of the genome associ-
ated with disease risk, or particular DNA variants which cause those associations or 
the overall contribution of common variation in general, disease gene mapping also 
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provides an opportunity to better understand the biological mechanisms of health 
and disease. Indeed, given the diffi culty in accurately predicting disease susceptibil-
ity from GWAS-type analyses [ 35 ], it is likely that new biological insights will be the 
most important long-term benefi ts of studying the genetics of complex diseases. 

 GWAS studies of fetal hemoglobin (HbF) levels in sickle cell disease (SCD) 
patients offer an informative example of this process. In some ways, SCD is the 
fundamental example of a Mendelian genetic disease, as the recessive mutation (in 
the hemoglobin beta gene) which causes the disease has been known for over 60 
years [ 36 ]. It has also been long known that increased levels of HbF (encoded by a 
different gene and typically not expressed after birth) substantially reduce the sever-
ity of SCD. This observation led to a GWAS for HbF level [ 37 ], which identifi ed a 
strong effect of variants near the  BCL11A  gene on persistence of HbF after birth. 
This discovery was followed by the remarkable discovery that reducing the activity 
of  BCL11A  could substantially alleviate SCD in mice [ 38 ]. A single new GWAS 
discovery opened a potential therapeutic avenue that had remained undetected 
despite decades of biologically motivated research into the relationship between 
HbF and SCD. 

 The discovery of  BCL11A  as a key regulator of HbF also serves as an illustration 
of the caution needed when predicting how quickly GWAS results will enable new 
diagnostics or treatments. They serve as a critical starting point, a biological truth 
that some functional unit in a particular part of the genome is related to disease risk. 
That piece of information alone offers little clue how to then move towards more 
complete knowledge of disease processes but certainly offers better prospects than 
aimlessly trying to make sense of those same processes in the context of the entirety 
of human biology.  

    Future Directions 

 The most substantial change to mapping complex disease genes at the present is the 
transition from GWAS-style data (where only a subset of common variation is 
studied) to complete genome sequencing, enabled by the plunging cost of sequenc-
ing compared to genotyping [ 39 ]. These technological shifts have the potential to 
open up the study of a wide spectrum of variation beyond the common alleles tar-
geted by GWAS. It will be important, however, not to forget the lessons of that era 
principally that large sample sizes are critical to success. In addition to broadening 
the types of genetic variation which can be detected, sequencing-based studies 
(either directly or indirectly through imputation in projects like 1,000 Genomes) 
have the potential to more rapidly proceed from region of association to specifi c 
causal variants. While these discoveries only slightly affect the amount of variation 
explained in a disease or trait of interest, they have great potential to aid the bio-
logical inferences described above. 

 In a very real sense the progression of gene mapping described in this chapter is 
approaching its fi nal stages: it will soon be possible to analyze the complete genome 
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sequence of nearly all the patients seen with a particular disease. It is likely that 
even at that point, it will be impossible to perfectly predict an individual’s risk of 
disease. Instead, we must ask whether we can use this limited information in a clini-
cally useful way (in a similar sense to currently used risk measures, like cholesterol 
levels, which are strongly but imperfectly predictive of outcomes like heart disease) 
and simultaneously promote the utility of genetic association results in more funda-
mental biological studies of human health.     
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    Abstract     This chapter summarises progress in understanding the genetic basis of 
Crohn’s disease (CD). It starts with a brief review of family studies for CD epide-
miology and then summarises fi ndings of the so-called “linkage era”. Given the 
success of genome-wide association studies (GWAS) in terms of identifying CD 
susceptibility loci, the focus of this chapter is on the key GWAS studies and their 
main results. These have demonstrated association with multiple Th17 pathway 
components and strongly implicated defects in innate immunity, particularly in 
autophagy and the handling of intracellular bacteria, as playing key roles in CD 
pathogenesis. Besides GWAS for adult-onset CD, paediatric-onset GWAS are dis-
cussed. Although  paediatric-onset CD presents with more extensive disease and 
rapid progression compared to adult- onset CD, genetic studies have shown marked 
molecular  similarities between the two disease forms. Not only have single GWAS 
contributed to completing the molecular map of CD genetics, but also systematic 
cross-phenotype analyses and meta-analyses of several CD GWAS, both of which 
are discussed in the current chapter. Lastly, the fi rst sequencing studies for CD as 
well as future challenges are described.  
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        Introduction 

 This chapter summarises progress in understanding the genetic basis of Crohn’s 
 disease (CD). It starts with a brief review of family studies for CD epidemiology and 
then summarises fi ndings of the so-called “linkage era”. Given the success of genome-
wide association studies (GWAS) in terms of identifying CD susceptibility loci, the 
focus of this chapter is on the key GWAS studies and their main results. These have 
demonstrated association with multiple Th17 pathway components and strongly 
implicated defects in innate immunity, particularly in autophagy and the handling of 
intracellular bacteria, as playing key roles in CD pathogenesis. Besides GWAS for 
adult-onset CD, paediatric-onset GWAS are discussed. Although paediatric- onset 
CD presents with more extensive disease and rapid progression compared to adult-
onset CD, genetic studies have shown marked molecular similarities between the two 
disease forms. Not only have single GWAS contributed to completing the molecular 
map of CD genetics, but also systematic cross-phenotype analyses and meta-analyses 
of several CD GWAS, both of which are discussed in the current chapter. Lastly, the 
fi rst sequencing studies for CD as well as future challenges are described. 

 Over the last 5 years, genetic studies have provided major new insights regarding 
key pathogenic mechanisms underlying Crohn’s disease and ulcerative colitis. To 
date these have mostly been based on genome-wide association studies, but newer 
genomics technologies are now beginning to complement GWAS fi ndings and add 
to our understanding of the molecular genetic universe of infl ammatory bowel dis-
ease [ 1 ]. Ultimately the improved understanding of IBD pathogenic mechanisms, 
including clues regarding environmental factors, can help in the design of improved 
therapies and development of better preventative strategies in individuals identifi ed 
as being at risk. 

 IBD has for many years been recognised to result from a complex interaction of 
genetic susceptibility with environmental risk factors, producing dysregulation of the 
mucosal immune system and an infl ammatory response targeting the gut fl ora. 
Epidemiological studies have highlighted the contribution of smoking and factors 
which perturb the epithelial barrier and have hinted at the importance of dysbiosis, for 
example, relating to childhood exposure to antibiotics and the potential importance of 
enteric infection as a trigger for IBD. Likewise, in the immunological heyday of the 
1990s, multiple immune and cytokine pathways were noted to be abnormal in IBD. 
However, analysis of these entities is diffi cult—particularly in separating cause from 
effect in individuals in whom IBD has already developed. An attraction of studying 
germline genetic variation is the ability to say with certainty what came fi rst.  

    Family Studies and Genetic Epidemiology 

 Epidemiological and family studies, in the 1980s and 1990s, provided convincing 
evidence for a genetic contribution to IBD susceptibility [ 2 – 11 ]. The increased risk 
can be quantitated by the  λ  s  ratio, which describes the increased risk to siblings 
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compared to the background population risk. For Crohn’s disease this is 17–35 and 
for UC is 8–15. By comparison, the  λ  s  for coronary artery disease is ~3, and for type 
1 diabetes (T1D) it is ~15, but with ~50 % of this accounted for by the strong MHC 
association—early indicators that IBD would prove fertile ground for hunting 
down non-MHC susceptibility genes. Twin and family studies and their importance 
in the initial identifi cation of the genetic component of IBD are reported and dis-
cussed in “Chapter 2.”  

    Early Molecular Genetic Studies 

 Early approaches to identifying susceptibility genes for IBD hinged mainly on can-
didate gene studies. The main success in this regard came with the identifi cation of 
association between UC and specifi c alleles of the MHC class 2 region. This was 
initially identifi ed in Japanese cohorts—Asakura et al. reporting  HLA - DR2  to be 
associated with UC, with Sugimura et al. subsequently identifying the  DRB1 * 1502  
allele as responsible for this [ 12 ,  13 ]. Association between UC and the MHC was 
subsequently identifi ed in Europeans, with the  DRB1 * 0103  allele implicated in both 
severe UC and extra-intestinal manifestations of IBD [ 14 ,  15 ]. Interestingly, the 
contribution of the MHC to Crohn’s disease susceptibility appears to be modest in 
Europeans and largely confi ned to the subgroup of patients with exclusively Crohn’s 
colitis [ 16 ]. This illustrates how different CD is to classic autoimmune diseases and 
supports the clinical impression that colon-only CD may actually be closer to UC 
than to small bowel CD in terms of its aetiology. 

 Genome-wide linkage studies using large panels of affected sibling pairs domi-
nated the IBD genetic fi eld in the late 1990s (see Fig.  5.1 , [ 17 ]). Their yield was 
relatively modest and refl ected the lack of statistical power of this technique for 
detecting the loci of modest effect size that we now know typifi es complex disease. 
 NOD2  represents the exception, which proved this rule, and was identifi ed within a 
large linkage interval in the peri-centromeric region of chromosome 16 using a 
combination of positional cloning and positional candidate gene analysis [ 6 ,  8 ]. 
Much has been written about NOD2 in the last 10 years, and it will be discussed in 
“Chapter 10”. Suffi ce to say the discovery of NOD2 provided the fi rst major insight 
into the critical contribution of innate immunity to CD pathogenesis. NOD2 is an 
intracellular receptor for muramyl dipeptide, a ubiquitous component of bacterial 
cell walls. Both the original report from Hugot et al. and subsequent detailed rese-
quencing studies have identifi ed the fact that the CD risk variants cluster in the por-
tion of the gene encoding the “leucine rich region” which recognises and binds 
muramyl dipeptide. Carriage of a single risk variant confers an odds ratio (OR) of 
1.5–3, while in homozygotes the OR rises to 17–40—with the association being 
almost exclusively with small bowel CD. East Asian populations lack the 
CD-associated coding variants in  NOD2 —perhaps explaining in part the lower 
prevalence of CD in East Asia and the relative preponderance of UC. Functional 
analyses have implicated a variety of mechanisms by which NOD2 variants might 
predispose to CD—including aberrant activation of NF-κB, altered modulation of 
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TLR signalling, disrupted Paneth cell function with reduced mucosal defensin pro-
duction and defective autophagy [ 18 ]. All highlight the central role played by NOD2 
in innate immunity and regulation of the cellular response to bacteria, and it may be 
precisely because of NOD2’s pleiotropic roles in innate immune responses that its 
mutation exerts such a powerful effect in predisposing to Crohn’s disease.

       GWAS 

    Introduction 

 Genome-wide association study (GWAS) technology allows an unbiased survey of 
the genome for regions showing association with IBD. By identifying genes, which 
map within the association intervals, particularly if they are further implicated by, 

  Fig. 5.1    The major focus of genetic research in the mid-1990s was the identifi cation of disease 
susceptibility loci using GWAS. A large number of markers distributed across the genome are 
typed in individuals from multiply affected families. Markers that are inherited together with a 
disease in a family are used to defi ne these regions. Genome-wide scans have identifi ed suscepti-
bility loci on a number of chromosomes. These include  IBD1 , the fi rst and most consistently rep-
licated IBD locus identifi ed on chromosome 16, which is exclusive to CD. This area harbours the 
 NOD2  gene. Another replicated area of linkage termed  IBD3  is found on chromosome 6. This 
harbours the HLA region. Modifi ed from Ahmad T, Satsangi J, McGovern D, Bunce M, Jewell DP. 
Review article: the genetics of infl ammatory bowel disease. Alimentary pharmacology & thera-
peutics. 2001;15(6):731–48. Epub 2001/05/31. With kind permission from Elsevier Limited       

 

A. Franke and M. Parkes



103

for example, association with coding variants or correlation of genotype with gene 
expression, inferences can be drawn regarding their primary contribution to IBD 
pathogenesis. Downstream studies are still required to delineate precise causal vari-
ants and explore the allelic spectrum by sequencing and fi ne mapping, to understand 
the impact of associated variants on gene expression in relevant cell types and to 
explore their functional impact on cell biology, immunology and microbial interac-
tion. However, it was GWAS, which have revolutionised our understanding of IBD 
genetic susceptibility. For more details on the GWAS method, see also “Chapter 4”. 

 GWAS studies have proven successful in IBD on a number of levels—but particu-
larly in terms of the large number of loci identifi ed which show confi rmed associa-
tion with IBD susceptibility, the new pathogenic insights gained and the understanding 
of the molecular genetic relationship between CD and UC. The index GWAS studies 
have now been complemented by large GWAS meta-analyses and replication studies 
from the International IBD Genetics Consortium (IIBDGC). These have included 
tens of thousands of IBD patients globally and have led to the most recent identifi ca-
tion of a total of 163 confi rmed IBD susceptibility loci to date [ 7 ] (see Fig.  5.2 ) [ 19 ].

       Overview of Large-Scale CD Association Studies 

 Several large-scale association studies (with at least 10,000 SNPs per screen) have 
been carried out in the last years and enhanced signifi cantly our understanding on 
the causes of CD. Table  5.1  summarises the study design and most important results 

  Fig. 5.2    Exponential increase of disease-gene fi ndings for CD       
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   Table 5.1    Overview of large-scale CD association studies   

 Study  References  Platform  Disease  Ancestry  New loci 

 Yamazaki et al.  [ 21 ]  73 k  CD  Japan  1 ( TNFSF15 ) 
 Duerr et al.  [ 22 ]  Illumina 300 k  Ileal CD  North America  1 ( IL23R ) 
 Hampe et al.  [ 23 ]  Non- 

synonymous 
SNP 20 k 

 CD/UC  Germany  1 ( ATG16L1 ) 

 Franke et al.  [ 60 ]  Affymetrix 
[92,387] 

 CD  Germany  1 ( NELL1 ) 

 Rioux et al.  [ 24 ]  Illumina 
[304,413] 

 Ileal CD  North America  1 (10q21.1) 

 Libioulle et al.  [ 25 ]  Illumina 
[302,451] 

 CD  France/
Belgium 

 1 ( 5p13 . 1 , 
upstream of 
 PTGER4 ) 

 WTCCC  [ 26 ]  Affymetrix 
[469,557] 

 CD  Europe  9 

 Parkes et al.  [ 27 ]  Affymetrix 
[469,557] 

 CD  UK  4 

 Raelson et al.  [ 29 ]  Perlegen 
[164,279] 

 CD  Québec 
founder 
population, 
Germany 

 – 

 Franke et al.  [ 41 ]  Affymetrix 
[83,360] 

 CD and SA  Germany  1 ( 10p12 . 2 , 
shared CD/
SA) 

 Barrett et al.  [ 46 ]  Affymetrix and 
Illumina 
[635,547] 
(imputed) 

 CD  UK, North 
America, 
France/
Belgium 

 19 

 Franke et al.  [ 40 ]  Affymetrix and 
Illumina 
[953,241] 
(imputed) 

 CD  Europe  39 

 McGovern 
et al. 

 [ 32 ]  Illumina 
[304,825] 

 CD  Europe  6 

 Wang et al.  [ 44 ]  Illumina 550 k  CD/UC/T1D  Caucasian  6 
 Festen et al.  [ 43 ]  Affymetrix and 

Illumina 
[471,504] 

 CD and 
CelD 

 Europe  7 (shared CD/
Cel) 

 Ellinghaus 
et al. 

 [ 45 ]  Affymetrix, 
Illumina 
and 
Perlegen 
[1,116,213] 
(imputed) 

 CD and PS  Europe, North 
America 

 1 (SOCS1) 

 Kenny et al.  [ 61 ]  Affymetrix and 
Illumina 
[1,060,934] 
(imputed) 

 CD  Ashkenazi 
Jews 

 5 

 Kugathasan 
et al. 

 [ 36 ]  Illumina 550 k  Early-onset 
IBD 

 North 
America, 
Italy 

 2 (20q13, 
21q22) 

 Imielinski et al.  [ 38 ]  Illumina 550 k  Early-onset 
IBD 

 North 
America, 
Scotland, 
Italy 

 5 
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of all large association studies published so far. The next sections briefl y go into 
detail by highlighting key studies.

      Early Studies 

 The fi rst ever GWAS was published in 2005, for age-related macular degeneration 
[ 20 ], followed 6 months later by the fi rst GWAS for CD [ 21 ]. Here, Yamazaki and 
colleagues successfully genotyped 72,738 SNPs in 94 Japanese CD patients and 
752 healthy control individuals. One thousand eight hundred and eighty-eight sig-
nifi cantly associated SNPs were then further tested in a Japanese replication sample. 
Several SNPs in the  TNFSF15  gene region on chromosome 9q32 were successfully 
replicated, and a subset of SNPs was then further tested in a study sample from the 
UK in which the locus was also replicated. The neighbouring  TNFSF8  gene was 
excluded as a candidate gene by dense SNP fi ne mapping, which showed that both 
genes are located on distinct LD blocks.  TNFSF15  encodes the protein TL1A (TNF 
ligand-related molecule 1A), a tumour necrosis factor (TNF) family member. It is 
important to note that despite the small sample size (hence low statistical power) 
and low SNP coverage (more than 500,000 SNPs should be genotyped and then 
subjected to imputation for adequate genomic coverage according to current 
 standards)—Yamazaki and colleagues identifi ed a novel CD candidate gene that 
subsequently replicated in both Asian- and Caucasian-descent patients and controls. 
 TNFSF15  thus represents the fi rst IBD gene to be identifi ed by GWAS, and it is 
notable that its contribution to disease susceptibility is not restricted to a single 
ethnic group. 

 Over a year later, a larger association study was reported for Crohn’s disease by 
an American research group. Duerr and colleagues [ 22 ] tested 308,332 SNPs in 547 
ileal CD patients (non-Jewish, European ancestry) and 548 healthy controls. Besides 
the known risk locus  NOD2 , a coding variant in the  IL23R  gene was identifi ed as 
signifi cantly associated. This coding polymorphism is non-synonymous—that is, it 
affects the open reading frame of the transcript leading to a change of a single amino 
acid in the resulting IL23R protein. In the original study, the glutamine variant of 
the SNP Arg381Gln was found to be signifi cantly less common than the arginine 
allele, with an allelic frequency of 1.9 % in the non-Jewish patients with ileal CD 
vs. 7.0 % in non-Jewish controls. The glutamine allele appeared to protect against 
development of CD in both non-Jewish [OR = 0.26] and Jewish [OR = 0.45] case–
control cohorts. Following this, several other groups replicated the Arg381Gln asso-
ciation fi nding, and additional independent variants were identifi ed at the  IL23R  
locus that is associated with both CD and UC. 

 Also in 2006, a genome-wide candidate SNP association study was published by 
Hampe et al. [ 23 ]. In their study, 7,159 informative non-synonymous SNPs were 
tested in 735 healthy controls and 368 CD patients. The best-associated 72 SNPs 
from the screening stage were then tested for association in 380 independent CD 
trios, 498 CD singleton cases and 1,032 controls. Disease association of rs2241880 
in the autophagy-related 16-like 1 gene ( ATG16L1 ) was replicated in these samples 
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and confi rmed in a UK panel. By haplotype and regression analysis, the authors 
found that marker rs2241880, a coding SNP (T300A), carries virtually all the dis-
ease risk exerted by the  ATG16L1  locus. This study implicated the autophagy 
 pathway in CD pathophysiology for the fi rst time, with the  ATG16L1  association 
being replicated later by several other groups [ 24 ] (see also “Chapter 12”).  

    The “GWAS Era” 

 Beginning of 2007, Rioux and colleagues published the fi rst high-density GWAS 
study in CD with >300,000 SNPs under study, these being examined in 998 ileal CD 
cases and 1007 healthy controls [ 24 ]. This study replicated the  ATG16L1  fi nding—
additionally demonstrating the importance of this protein in the autophagy pathway 
by several in vitro studies. Recent functional studies in ATG16 hypomorphic mice 
have shown abnormal Paneth cell morphology and elegantly demonstrated the com-
plex interaction between genetic susceptibility, environmental stressors, intact gut 
fl ora and the need for a particular (noroviral) trigger to elaborate the full phenotype 
of intestinal infl ammation—thereby perhaps beginning to approach the complexity 
seen in human IBD. Two other CD GWAS studies were also published in 2007. 
A French–Belgian team also used the Illumina 300K SNP array [ 25 ] and identifi ed 
a CD-associated region at  5p13 . 1 . This localises to a 250 kb linkage disequilibrium 
(LD) block, which maps to a 1.25 Mb gene desert. Despite the lack of protein- 
coding genes in this interval, Libioulle et al. nevertheless showed that the Crohn’s 
disease-associated alleles in this gene desert correlate with quantitative expression 
levels of the prostaglandin receptor EP4, encoded by  PTGER4 . This gene resides 
closest to the associated region is but still 270 kb away from the most associated 
SNP. This nicely demonstrates that disease-associated variants can affect regulatory 
regions, which in consequence can infl uence the expression of distant genes. This 
and other related studies led to systematic genome-wide SNP-expression correla-
tion analyses, known as eQTL (expression quantitative trait locus) mapping studies. 
Although the expression patterns of these eQTL studies were not always measured 
in the disease-relevant tissue(s) of a particular phenotype—in most cases lympho-
blastoid cell line resources were exploited—these analyses signifi cantly increased 
the knowledge on the infl uence of genetic variation on gene expression in general, 
besides generating several plausible hypotheses for noncoding disease-associated 
variants identifi ed by GWAS. 

 The UK CD GWAS was also published in 2007 as part of the Wellcome Trust 
Case Control Consortium [ 26 ] and set new standards for association studies. The 
WTCCC included seven common diseases—amongst them CD with ca. 2000 
patients—comprising altogether 14,000 patients and 3,000 shared controls. Besides 
the statistical    and technological advance, this so far largest study for CD identifi ed 
four novel disease loci ( 3p21 – 22 ,  5q33 . 1 ) [ IRGM ],  10q24  [ NKX2 - 3 ] and  18p11  
[ PTPN2 ]; follow-up described in [ 27 ] and replicated the  IL23R ,  NOD2 ,  5p13 . 1 , 
 5q31 ,  ATG16L1  and the previously found intergenic region on  10q21 . 1  [ 24 ]. For the 
novel  3p21  locus, Goyette and colleagues later showed that the R689C variant 
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(rs3197999) in  MST1  is the most likely causative variant at this locus [ 28 ].  MST1  
encodes macrophage-stimulating protein (MSP), a protein regulating the innate 
immune responses to bacterial ligands. R689C is predicted to interfere with MSP 
binding to its receptor, suggesting a role for this gene in the pathogenesis of IBD. 
Dense fi ne mapping of the  3p21  locus was also carried out in the study by Raelson 
et al. [ 29 ]. For the novel WTCCC study locus on  5q33 . 1 , Parkes and colleagues 
implicated variants at the  IRGM  gene locus as the strongest associated signals in 
this region [ 27 ]. IRGM belongs to the p47 immunity-related GTPase family. Its 
mouse homologue, LRG-47 (encoded by Lrgm), critically controls intracellular 
pathogens by autophagy, and Lrgm−/− mice show markedly increased susceptibil-
ity to  Toxoplasma gondii  and  Listeria monocytogenes . Consistent with this, IRGM 
induces autophagy—another demonstration of the importance of this pathway in 
CD aetiology—and thereby controls intracellular  Mycobacterium tuberculosis  in 
human macrophages. McCarroll et al. identifi ed a 20 kb deletion polymorphism 
upstream of  IRGM  carried by ~40 % of the Caucasian population, which correlates 
with expression of  IRGM  and which is in complete LD with the neighbouring 
GWAS lead SNP rs13361189. Whether this structural variant is causal remains a 
topic of debate, particularly as Prescott et al. subsequently reported the fi nding of an 
insertion–deletion (“indel”) polymorphism in the 5′UTR of  IRGM  which disrupts a 
transcription factor-binding site, and most recently Brest et al. reported that an asso-
ciated synonymous SNP in the coding sequence of  IRGM  alters a microRNA- 
binding domain, hence affecting mRNA stability and gene translation [ 30 ]. 
Corroborating the expression data suggesting that the Crohn’s disease-associated 
IRGM variants result in reduced gene expression, Lapaquette et al. reported that 
knockdown of IRGM by siRNA in human macrophages permitted a substantial 
increase in the number of adherent  E .  coli  able to survive within these macrophages 
and suggested that this effect was specifi c for the LF82 serotype which this group 
have demonstrated plays a key role in triggering Crohn’s disease [ 31 ]. While the 
complexity inherent in the multiple other genes and loci associated with Crohn’s 
disease susceptibility must not be ignored, this example nicely illustrates one poten-
tially important pathway all the way from associated gene variant to impact on gene 
expression and functional impact on innate immunity, allowing a recognised envi-
ronmental agent to exert its IBD-predisposing effect. 

 One of the most recent GWAS for CD is the study by McGovern and colleagues 
who analysed >300,000 SNPs in 896 CD cases and 3,204 healthy controls, all of 
Caucasian descent [ 32 ]. Besides replicating 21 previously known loci, they identi-
fi ed suggestive associations with genes involved in tight junctions/epithelial integ-
rity ( ASHL ,  ARPC1A ), innate immunity ( EXOC2 ), dendritic cell biology [ CADM1  
( IGSF4 )], macrophage development ( MMD2 ), TGF-β signalling ( MAP3K7IP1 ) and 
 FUT2 . The association at the  FUT2  locus was then further replicated and is of par-
ticular interest as the gene product is a physiological trait that regulates gastrointes-
tinal mucosal expression of blood group A and B antigens. About 20 % of Caucasians 
are so-called nonsecretors who do not express ABO antigens in saliva as a result of 
being homozygous for the nonsense variant of the  FUT2  W134X SNP (rs601338). 
No excess of heterozygotes in CD were observed compared to controls, which the 
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authors speculated is in line with the proposed hypothesis that the  FUT2  association 
is “driven” by an association between nonsecretor status and  FUT2 . The W143X 
SNP displays evidence of being maintained by strong selective pressure. A large 
body of evidence suggests that this maintenance may be because of numerous trade- 
offs surrounding host–microbe interactions. For example, nonsecretors are resistant 
to infection with the Norwalk (Noro) and respiratory viruses but are more suscepti-
ble to duodenal ulcers, rheumatic fever and cholera. Furthermore, the breast milk of 
secreting mothers provides protection against  Campylobacter jejuni  to their off-
spring by exploiting the binding affi nity of the bacterium to fucosyloligosaccha-
rides. In a follow-up study by Rausch and colleagues [ 33 ], it was observed that the 
 FUT2  genotype explained substantial differences in microbial community composi-
tion, diversity and structure in biopsies of the large intestine. They further identifi ed 
several bacterial species displaying disease-by-genotype associations. These fi nd-
ings indicated that alterations in resident microbial communities may in part be 
explained by the variety of host susceptibilities surrounding nonsecretor status and 
that  FUT2  is an important genetic factor infl uencing host–microbial diversity. Future 
studies that examine the genotype–microbiome interactions (which seem to play a 
crucial role in CD aetiology) at genome-wide levels are likely following soon. It has 
already been demonstrated in mice that a very early interaction between the host and 
bacteria is necessary to allow a normal response to infl ammatory stimuli later in life 
[ 34 ]—supporting the hygiene hypothesis for chronic infl ammatory diseases. While 
the genome seems to partially infl uence which bacteria will “like” or “dislike” their 
host, the epigenome seems to be the “mediator” and the “memory” of the various 
interactions (for more details on host–microbe interactions, see “Chapter 14”).  

   GWAS for Early-Onset CD 

 Studying early-onset presentations of complex disease is appealing to geneticists 
because of the expectation that these efforts have a higher chance of identifying 
novel risk variants. Implicit in this strategy is the assumption that these patients 
represent a more severe, more genetically infl uenced group of affected individuals. 
15–20 % of IBD patients present in childhood or adolescence with epidemiological 
and natural history studies clearly demonstrating a rising incidence in this age 
group. Although early-onset disease is characterised by particular phenotypic fea-
tures, such as more extensive disease at onset and rapid progression, two recent 
genome-wide association studies (GWAS) carried out exclusively in this age group 
have demonstrated marked genetic similarities to adult disease [ 35 ]. 

 In the fi rst study, which used a case–control panel that was a subset of that used 
in the second, Kugathasan et al. performed a GWAS using DNA from 1,011 indi-
viduals with paediatric-onset IBD (647 CD and 317 UC) and 4,250 matched con-
trols [ 36 ]. They replicated several known loci from non-paediatric association 
studies ( NOD2 ,  IL23R ,  HLA ,  TNFSF15 ) and identifi ed two novel disease-associated 
loci,  20q13  and  21q22 . Although the authors were unable to pinpoint the causal 
gene in the  20q13  region, they considered the  TNFRSF6B  gene the most compelling 
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candidate based on the critical role of specifi c polymorphisms within genes involved 
in the TNF pathway in the pathogenesis of IBD. It is of interest that the protein 
product for  TNFRSF6B  acts as a decoy receptor (protein called DCR3) in prevent-
ing FasL-induced cell death, and a resistance to FasL-dependent apoptosis has pre-
viously been shown for T lymphocytes in CD. The authors also observed that the 
mean serum DCR3 concentration was signifi cantly increased in individuals with 
IBD carrying the major allelic variants compared to IBD carrying the minor allelic 
variants. The  21q22  signal resides in a small region of LD that harbours no genes, 
with the nearest gene being  PSMG1  (proteasome assembly chaperone 1). 
A Canadian study for early-onset CD (410 patients) later replicated the  20q13  but 
not the  21q22  fi nding [ 37 ]. 

 In the second GWAS for early-onset IBD, Imielinski and colleagues [ 38 ] analysed 
550,000 SNPs in 3,426 affected individuals (1,636 CD, 724 UC, 53 unclassifi ed) and 
11,963 genetically matched controls, recruited through international collaborations in 
Europe and North America. The authors identifi ed fi ve new regions associated with 
early-onset IBD susceptibility, including  16p11  near the cytokine gene  IL27  
(rs8049439),  22q12  (rs2412973),  10q22  (rs1250550),  2q37  (rs4676410) and  19q13 . 11  
(rs10500264). The scan also detected associations at 23 of 32 loci previously impli-
cated in adult-onset CD and at 8 of 17 loci implicated in adult-onset UC, highlighting 
the close pathogenetic relationship between early- and adult-onset IBD. 

 Essers and colleagues later demonstrated, by analysing 35 common established 
CD susceptibility loci in early-onset patients (average age of onset of 11.7 years), 
that paediatric patients do not carry signifi cantly more risk alleles than adult CD 
patients [ 39 ]. This does not exclude the hypothesis though that adult and/or paedi-
atric patients carry signifi cantly different risk variants which are yet unknown. 
Future large-scale resequencing studies will most likely clarify this hypothesis. As 
described elsewhere in the text, a small handful of studies have already identifi ed 
monogenic forms of severe early-onset infl ammatory bowel disease. It should be 
noted here that out of the aforementioned two and fi ve novel loci identifi ed by 
Kugathasan et al. and Imielinski et al., respectively, none and two were genome- 
wide signifi cant in the below-mentioned meta-analysis for CD [ 40 ], including 
mostly adult-onset patients, respectively.  

   Combined Analyses with Other Phenotypes 

 As predicted from their close clinical relationship, many key susceptibility loci are 
shared between Crohn’s disease and ulcerative colitis. However, a less expected 
fi nding prior to the GWAS era was the extent to which overlap would be seen for 
multiple loci across many immune-mediated diseases (discussed in more detail in 
“Chapter 7”). 

 Given this overlap, one topic which continues to be the source of signifi cant 
debate is what statistical thresholds are appropriate for “claiming” association 
between a given locus and, for example, CD if the same locus has already demon-
strated genome-wide signifi cant association with UC or indeed with another 
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immune-mediated disease. Using the conventional genome-wide signifi cance 
threshold of  p  < 5 × 10 −8  is clearly overly conservative given the markedly high prior 
probability for association. This issue has been addressed in more detail in the 
recent report of the analysis of Immunochip data from the IIBDGC [ 7 ]. 

 Some of the overlap between immune-mediated diseases refl ects known 
 co- morbidities—for example, Crohn’s disease and psoriasis, both appearing often 
in the same patient, share a signifi cant portion of their genetic risk map. Therefore, 
in some instances, researchers have combined more than one disease in GWAS to 
identify such shared risk genes or to search for differences.    To this end, CD GWAS 
data sets were combined with GWAS for sarcoidosis [ 41 ]; one novel shared locus 
on  10p12 . 2 , replicated recently in [ 42 ]; celiac disease [ 43 ];  TAGAP  and  PUS10  as 
novel shared loci, T1D and UC [ 44 ]; e.g., T1D risk loci HLA,  PTPN22 ,  IL27 , 
 IL18RAP  and  IL10  are protective for CD and psoriasis [ 45 ]; seven shared non-HLA 
loci plus  SOCS1  on  16p13  as a novel CD risk locus. Ongoing research efforts of the 
“Immunochip Consortium” are aiming at combining and jointly analysing GWAS 
data sets for most known autoimmune diseases, an effort that will enlarge the genetic 
risk map even further.  

   Meta-Analyses of CD GWAS Studies 

 While the index GWAS studies were able to identify loci conferring (in complex 
disease genetic terms) larger effect sizes, they were, in retrospect, underpowered to 
detect the many more loci that confer an OR of disease of <1.2. Reliable identifi ca-
tion of such loci requires analysis of substantially larger sample sets. This becomes 
possible with subsequent work from the IIBDGC which has conducted two meta- 
analyses of CD GWAS studies [ 40 ,  46 ] and undertaken a large collaborative experi-
ment using the Immunochip [ 7 ]. Each of these studies has identifi ed multiple new 
CD susceptibility loci of progressively smaller effect size. While critics might argue 
that these loci exert such a weak effect that their impact on CD pathogenesis is neg-
ligible, a more rounded view is that these loci very much help to “join the dots”, 
aiding informatics analyses such as GRAIL in identifying causal genes and helping 
to defi ne entire pathways where index GWAS studies highlighted just single com-
ponents. The latter is particularly important where proteins participate in several 
distinct pathways or where their function has previously been only partially eluci-
dated—such as had been the case for  IRGM , which some authorities dismissed as a 
pseudogene until the evidence from CD GWAS corroborated its putative function in 
autophagy. An additional and potentially important point is that the biological 
impact may be out of proportion to the strength of the genetic association signal for 
a particular variant. This is illustrated by the modest association between HMG- 
CoA reductase gene variants and hypercholesterolaemia, and yet this gene product 
represents the target of a class of drugs called statins, one of the most effective 
therapies for reducing cholesterol population-wide. 

 A detailed discussion of all the CD genes and loci identifi ed in these three 
IIBDGC studies—amounting to in excess of 100 independent CD susceptibility 
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loci—is beyond the scope of this chapter, and interested readers are referred to the 
original publications for all details [ 40 ,  47 ]. Below we focus on some of the key 
themes and key pathways identifi ed. 

 The Franke et al. meta-analysis published in 2010 comprised GWAS data on 
6,333 cases and 15,056 controls and followed up the top association signals in 
15,694 cases, 14,026 controls and 414 parent–offspring trios. It identifi ed 30 new 
susceptibility loci meeting genome-wide signifi cance. Following in silico analyses 
and manual curation, a number of positional candidate genes were identifi ed as 
being of interest, including  SMAD3 ,  ERAP2 ,  IL10 ,  IL2RA ,  TYK2 ,  FUT2 ,  DNMT3A , 
 DENND1B ,  BACH2  and  TAGAP . 

 These meta-analyses have demonstrated association between CD and an ever- 
increasing number of loci encoding IL23/Th17 pathway components, such as  TYK2 , 
 JAK2 ,  STAT3 ,  ICOSLG  and  CCR6 . Intuitively the IBD-associated variants in  IL23R  
might be predicted to exert their effect on adaptive immunity via CD4+ and Th17 
pathways. There has been increasing evidence for a major role of Th17 cells in IBD 
pathogenesis in recent years, signifi cantly spurred by the genetic evidence. However, 
caution is required before jumping to this conclusion as polymorphisms in  IL23  
pathway genes may also impact innate immunity. For example, Buonocore et al. 
recently reported the accumulation of CD3 negative, IL23-responsive innate lym-
phoid cells in the colon, these being capable of producing IL17 and IFN-γ and 
mediating innate colitis in mice [ 48 ]. Production of Th17 cytokines by analogous 
cells in humans appeared higher in colons from IBD cases vs. controls. Additional 
functional interrogation is required to explore the role of Th17 pathways in mediat-
ing mucosal homeostasis and microbial interaction, particularly in light of a recent 
clinical study demonstrating that anti-IL17 antibody therapy leads to worse clinical 
outcomes than placebo when trialled in Crohn’s disease. 

 The region encoding interleukin-10 was also found to be associated with CD in 
the Franke et al. meta-analysis. This locus was originally identifi ed as associated 
with IBD in a German GWAS in ulcerative colitis, association being documented 
with noncoding variants upstream of the  IL10  gene [ 49 ]. Additional interest in this 
pathway derived from a study, which identifi ed mutations in the interleukin-10 
receptor as causing an extreme form of IBD in infants. The latter study, which was 
based on analysis of two consanguineous families by exome sequencing, identifi ed 
homozygous mutations in both the  IL10RA  and  IL10RB  genes as abrogating inter-
leukin-10 signalling and leading to severe intestinal infl ammation [ 50 ,  51 ]. IL-10 is 
known to play an important regulatory role in immune homeostasis, and  IL10  
knockout mice represent one of the best animal models of IBD (see also “Chapter 
3”). Attempts at manipulating IL-10 signalling for therapeutic benefi t in IBD have 
so far been unsuccessful—but this probably refl ects the need for a better under-
standing of the functional impact of the disease-predisposing variants and improved 
timing and targeting of any IL-10-based treatment. 

 Another exome-sequencing study this time in a large panel of IBD cases identi-
fi ed association, with a rare variant in the  CARD9  gene.  CARD9  mediates signalling 
between pattern recognition receptors such as NOD2 and the pro-infl ammatory 
transcription factor NF-κB, and the genomic interval in which it lies was originally 
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implicated in the Barrett et al. CD meta-analyses. Here, the lead SNP was a  common 
noncoding variant associated with increased disease risk, and in eQTLs data sets, 
this SNP was found to correlate with strongly increased expression of the  CARD9  
gene. The subsequent exome-sequencing study by Rivas et al. neatly mirrored this 
by identifying a novel low-frequency splice site variant in  CARD9  which impairs 
the function of the protein and is associated with reduced disease risk [ 52 ]. From 
these fi ndings, we can see that the genetic universe of IBD encompasses the whole 
allele frequency spectrum from common variants, identifi ed in GWAS studies, low-
frequency variants, identifi ed by targeted exome sequencing in large panels, and 
private mutations identifi ed by whole exome sequencing of extreme cases in fami-
lies, as exemplifi ed by the  IL10  receptor mutations. 

  SMAD3  showed association with CD in the Franke et al. meta-analysis. 
Phosphorylated following TGF-β signalling through its receptor, the SMAD3 pro-
tein complexes with SMAD4 and is then translocated to the nucleus to modulate 
target gene expression and exert broadly immunosuppressive effects. Involvement 
of TGF-β signalling pathways in CD pathogenesis has recently been corroborated 
by the fi ndings from Immunochip, which identify association with several other 
components of the TGF-β pathway including SMAD7, SMURF1 and FURIN [ 7 ]. 
These all play important roles in the TGF-β-mediated induction of Foxp3+ regula-
tory T cells, with SMAD3 defi ciency reciprocally enhancing Th17. TGF-β is also 
critically involved in epithelial restitution in the gut, where its potent pro-fi brogenic 
effects may be relevant both to mucosal repair and intestinal stricture formation 
which is a hallmark of Crohn’s disease [ 53 ]. 

 Association between CD and variants at the  ERAP2  locus is intriguing, particu-
larly as the CD-associated variant correlates strongly with  ERAP2  gene expression 
in published eQTL data sets. Regulated by NF-κB,  ERAP2  encodes one of two 
human endoplasmic reticulum aminopeptidases, which work in concert to trim pep-
tides for presentation on MHC class I and hence critically affect antigen presenta-
tion to T cells. Ankylosing spondylitis and psoriasis are also associated with this 
locus, but with a pattern of associated variants more closely implicating  ERAP1 . 
Given the close clinical relationship between Crohn’s disease and ankylosing spon-
dylitis, and the strong association of HLA-B27 with the latter but not with the for-
mer, the divergent association of these closely related molecules is intriguing and 
will refocus interest on the MHC class I associations in Crohn’s disease. 

 As already indicated above, the NF-κB pathway is another for which multiple 
components show genetic association with CD susceptibility. NF-κB is a master 
transcriptional regulator of multiple cytokine genes involved in the infl ammatory 
response and controls epithelial integrity and mucosal immune homeostasis in the 
presence of gut microfl ora [ 54 ]. Association with the  TNFAIP3  gene locus was fi rst 
seen in Wang et al. comparative GWAS analysis [ 44 ] and is now recognised as a 
pleiotropic locus associated with multiple other immune-mediated diseases includ-
ing rheumatoid arthritis, SLE, celiac disease, T1D and psoriasis. This gene encodes 
the ubiquitin-editing protein A20 protein, a TNF-α-inducible zinc fi nger protein 
thought to limit NF-κB-mediated immune responses. Recent data from the 
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Immunochip experiment have identifi ed a number of other key constituents of the 
NF-κB pathway as being associated with CD, including  REL  on chromosome 2, 
 RELA  on chromosome 11 and  NF - κB  itself on chromosome 4. 

 The fi rst meta-analyses of CD and UC GWAS studies undertaken by IIBDGC 
treated each form of IBD as a separate phenotype. Even from these analyses, which 
used overly conservative thresholds for association in view of the higher “priors” for 
loci meeting genome-wide signifi cance in one phenotype, it was evident that mul-
tiple susceptibility loci were shared between the two phenotypes [ 40 ,  47 ]. This 
applied, for example, to multiple components of the Th17 pathway, namely, 
CARD9, IL-10 and ICOS ligand as well as many others. Given the phenotypic over-
lap between CD and UC, such overlap is not surprising. This issue has been evalu-
ated more thoroughly in the analysis of Immunochip data by the IIBDGC, in which 
it is clear that over 100 of the 163 loci which are associated at genome-wide signifi -
cance with some form of IBD contribute to both phenotypes [ 7 ]—albeit in some 
instances the association with one form is stronger than with the other. As interest-
ing, and perhaps even more informative with regard to specifi c pathogenic mecha-
nisms, is the identifi cation of loci, which appear disease-specifi c. Par excellence this 
applies to  NOD2  but also to  ATG16L1 , both of which are associated exclusively 
with CD—indeed  NOD2  variants are actually modestly protective against UC. 
Evidently the innate immune mechanisms of processing of intracellular bacteria 
mediated by the protein products of these genes critically infl uence IBD phenotype. 
Corroborating this, functional studies of both have implicated a variety of poten-
tially pathogenic mechanisms, including processing of bacterial antigens and dis-
ruption of Paneth cells, which are key mediator of innate immunity in the ileum. 

 It is intriguing that variants in genes linked to epithelial barrier function seem to 
be specifi cally associated with UC and not Crohn’s disease—the converse of  NOD2  
and the autophagy genes. While many complex explanations might exist, these 
observations correlate nicely with UC being confi ned to the superfi cial layers of the 
colon, while the transmural infl ammation of Crohn’s disease is caused by defects in 
cellular innate immunity and bacterial handling in the deeper layers of the lamina 
propria and beyond.    

    Future Challenges 

 To date based on loci meeting genome-wide signifi cance thresholds, approximately 
25 % of the heritability of CD has been accounted for. This proportion can be 
increased signifi cantly based on reanalysis of GWAS data if one accounts for the 
many hundreds of additional common variants that individually contribute only a 
tiny fraction of overall variance of disease risk [ 55 ]. Nonetheless, accounting for the 
additional “missing heritability”, or at least enough of it to allow substantial prog-
ress towards understanding pathogenic mechanisms in CD, is a signifi cant chal-
lenge to the IBD genetic community, and various approaches are being adopted. 
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One of the most important of these is rare variant studies—attempting to identify 
(possibly highly penetrant) low-frequency and rare variants associated with CD sus-
ceptibility. It is already apparent from the relatively limited sequencing efforts con-
ducted to date that rare variants, for example, within GWAS loci, contribute 
independently to disease risk. The question is whether and to what extent this 
applies more broadly to loci, which lie outside GWAS intervals and which within 
multiply affected families make a signifi cant contribution to disease risk. The ana-
lytic and logistic challenges are substantial, but high-throughput whole-genome 
sequencing efforts are underway to identify new variants to take forward into large- 
scale association studies. 

 Additional genomics methodologies are also being applied, increasingly at a 
genome-wide level. This applies to expression analyses and their correlation with 
germline genetic variation. Such studies are particularly helpful when undertaken in 
separated cells rather than homogenised tissue or mixed cell populations, due to the 
now good evidence that gene-regulatory mechanisms are often cell-type specifi c 
[ 56 ]. A challenge to the IBD community is to ensure that such analyses are under-
taken in cell types of potential relevance to CD—including leukocyte subsets and 
intestinal epithelial cells, but not forgetting less “obvious” candidates such as stro-
mal cells and stem cells. 

 Genome-wide epigenetic analyses are also increasingly being applied [ 57 – 59 ] to 
better understand how core regulatory mechanisms such as methylation, histone 
binding, chromatin remodelling and microRNAs might affect CD susceptibility. 
The same issues regarding the need to conduct such studies in separated cell types 
pertain, but efforts are now underway to tackle the logistic challenges involved and 
understand the interaction between germline variation and environmental factors 
(infection, gut microbiota, smoking and diet) with such epigenetic mechanisms. 

 A major aspiration for genetic studies is that they will provide substantial insights 
regarding environmental triggers and drivers of CD. This is already playing out, and 
the overlap between susceptibility loci for CD and mycobacterial infection has been 
strongly highlighted in the Immunochip analysis [ 7 ]. Genomic and particularly 
sequencing technologies are increasingly being used to characterise the microbiota 
in CD vs. health and seek bacterial and viral triggers for IBD. 

 As the genetic story unfolds, so interest will refocus on the functional impact of 
the implicated genetic mechanisms and the extent to which they can be manipulated 
or subjugated to therapeutic benefi t. Preventative strategies may also become rele-
vant at the point that we are better able to identify, by prediction algorithms, those 
at signifi cant absolute risk of developing disease. Further goals commensurate with 
clinical translation include detailed pharmacogenetic studies and prognostic model-
ling to separate patients destined to run a severe disease course from those less 
likely to have trouble. Clinical translation must remain the ultimate goal for the CD 
genetic community, and with the exciting progress that has been made over the last 
5 years in understanding the pathogenesis of CD, the hope is that CD will be one of 
the fi rst common diseases that can be cured.     
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    Abstract     While it has been known for several decades that susceptibility to 
 ulcerative colitis (UC), one of the two major forms of infl ammatory bowel disease 
(IBD), is in part inherited, it is only recently that considerable progress has been 
made in identifying some of the key genetic determinants playing a role in predis-
position to disease. The advent of genome-wide association studies (GWAS) has 
provided geneticists with an extremely powerful tool for the identifi cation of caus-
ative genes in complex diseases. To date, 163 IBD risk loci have been identifi ed, 
and functional insight obtained from genes mapping to these associated regions has 
highlighted the importance of immune function and gut interaction with bacteria, as 
well as the maintenance of epithelial barrier in UC pathogenesis. The functional 
characterization of the remaining genes, as well as the identifi cation of rare caus-
ative variants in these associated regions, represents a considerable challenge for 
the future, but promises to unravel novel biological pathways that may be amenable 
to exploitation for the design of innovative therapeutic strategies in UC.  

     Ulcerative colitis (UC) was described for the fi rst time in 1859 by British physician 
Sir Samuel Wilks [ 1 ]. One hundred and fi fty years of scientifi c studies and careful 
observation of its clinical manifestations and yet the pathogenesis of this debilitat-
ing infl ammatory bowel disease (IBD) remains, for a large part, a mystery. Only in 
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the last decade have tremendous improvements been made in the knowledge of the 
molecular pathways underlying disease onset and chronic infl ammation. These are 
primarily attributable to large-scale genetic studies that aimed to identify genetic 
risk factors in UC and led to the discovery of specifi c genes and associated biologi-
cal pathways contributing to disease susceptibility. 

 Early UC genetic studies focussed on the major histocompatibility complex 
(MHC) located on chromosome 6p; linkage and association to this locus repre-
sented the fi rst discoveries of genetic susceptibility to UC [ 2 ]. Following this came 
a series of mostly unsuccessful targeted association studies, unsuccessful owing to 
limited power to detect signifi cant association due to the number of markers and the 
size cohorts tested. The technical innovations and discoveries that followed the pub-
lication of the complete sequence of the human genome set the stage for the advent 
of genome-wide association studies (GWAS) [ 3 ,  4 ]. Today, recent GWAS, meta- 
analyses of GWAS and replication studies testing very large patient cohorts obtained 
through extensive international collaborations have identifi ed 133 genomic regions 
associated to UC susceptibility, which cumulatively contribute to explain 7.5 % of 
disease variance [ 5 – 7 ]. 

    The MHC and UC Susceptibility 

 In 1967, the MHC region was fi rst identifi ed to be involved in immune-mediated 
disease when the expression of HLA-B antigens was found to be higher in patients 
with Hodgkin’s lymphoma [ 8 ]. Variations in the MHC locus have since then been 
associated to autoimmune, infl ammatory and also infectious disease, confi rming 
this locus to be of paramount importance in immunity. Traditionally, the MHC is 
split into class I, class II and class III regions, each class containing multiple genes, 
including human leukocyte antigen (HLA)-encoding genes as well as non-HLA- 
encoding genes. The sequencing of the 3.44 Mb MHC region identifi ed 224 differ-
ent genes [ 9 ]. Class I ( HLA - A ,  HLA - B ,  HLA - C ) and class II (HLA-DP, HLA-DQ, 
HLA-DR) genes are involved in antigen presentation and stimulation of T helper 
cells (T H  cells). Class III region genes encode several proteins with immune func-
tions, including components of the complement system, cytokines and heat shock 
proteins. The MHC region exhibits striking sequence variability; for example, the 
 HLA - B  gene is the most polymorphic gene in the human genome, with over 2,000 
alleles already identifi ed in different populations [ 10 ]. Another particular feature of 
the MHC region is the presence of haplotypes with very strong and extensive link-
age disequilibrium (LD), which often limit the exact localization of causative asso-
ciation signals in classical genetic studies. 

 Since the 1970s, several linkage and association studies have tried to verify 
whether specifi c HLA alleles are implicated in UC susceptibility. More often than 
not, these early studies produced confl icting results. This can mostly be explained 
by inadequate coverage of genetic variability in the region, by different typing 
methodologies and by low statistical power owing to limited cohort sizes. In 1999, 
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Stokkers et al. published a meta-analysis of several previously reported association 
studies of HLA alleles, in order to estimate the contribution of the HLA class II 
alleles to IBD. Specifi cally, they analyzed 18 association studies of the MHC region 
in UC [ 2 ]. In the pooled results, HLA-DR2, HLA-DR9 and HLA-DRB1*0103 were 
associated with UC risk, while a protective effect of allele HLA-DR4 was detected. 
A similar effort published by Fernando et al. a decade later aimed to review 35 years 
of MHC genetic research and pool the results in an updated meta-analysis [ 11 ]. This 
particular study examined the association of the MHC alleles to six different dis-
eases, and 37 independent studies were considered for UC [ 2 ]. This new meta- 
analysis confi rmed the association of UC to HLA-DRB1*0103 and HLA-DRB1*1502 
and detected a weak association to the MHC class I related gene A ( MICA ), which 
had been previously reported [ 12 ]. The study identifi ed novel associations to 
HLA-DR5, HLA- A19 and HLA-A24. 

 In 2009, the International MHC and Autoimmunity Genetics Network (IMAGEN) 
published an extensive association study of the MHC region [ 13 ]. A total of 1,472 
single nucleotide polymorphisms (SNPs) covering common MHC variation were 
genotyped in over 10,000 DNA samples from cohorts of patients suffering from one 
of seven immune-related diseases. The cohort for UC consisted of 667 patients from 
Italy, and three different signals associated to increased UC risk were identifi ed, 
namely, in the  HLA - DRB1  gene (with HLA-DRB1*1101 possibly responsible for 
the association signal), the  NOTCH4  gene region and a third locus containing the 
 BAT8 ,  C2 ,  RDBP  and  SKIV2L  genes. 

 As of today, the MHC is still one of the strongest and most consistently replicated 
association signals in UC. This remains the case even within the context of the more 
recent genome-wide SNP-based association studies. One of the fi rst in UC was a 
genome-wide scan of non-synonymous SNPs from Fisher et al. [ 14 ]. This study 
identifi ed a 400-kb haplotype block containing  BTNL2  as well as loci HLA- DQA1, 
 HLA - DRA ,  HLA - DRB5  and  HLA - DRB1 . The fi rst true GWAS (>100,000 SNPs) of 
UC to fi nd an association to the MHC was of IBD patients with early- onset disease 
[ 15 ]. Association to the MHC has since been detected in every subsequent GWAS 
and meta-analyses of GWAS. However, as for many other immune-mediated dis-
eases with association in the MHC, the complexity of the region makes it diffi cult to 
pinpoint the actual causal gene(s) or variant(s) for UC.  

    Limited Success of Early Targeted Associated Studies 

 Before the GWAS era, association studies to candidate genes outside the MHC were 
attempted, but they generally resulted in limited success and no locus was consis-
tently replicated. These early association studies were generally performed in small 
cohorts from different populations and ethnic groups, and the coverage of genetic 
variability in the queried genes or genomic regions was often low. Two loci that 
stand out, however, are the  ABCB1  locus and  IL2 - IL21  locus as multiple studies 
have shown consistent results. 
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 The ATP-binding cassette subfamily B member 1 gene ( ABCB1 ), also known as 
the multidrug resistance gene 1 (MDR1), encodes P-glycoprotein 170. This trans-
membrane protein is an effl ux transporter pump that regulates the fl ow of substances 
in and out of the cell. It is highly expressed in epithelial cells of the intestinal tract 
and infl uences the response to many drugs, including glucocorticoids used it the 
treatment of IBD [ 16 ].  Abcb1  knockout mice develop severe spontaneous colitis 
that can be cured with antibiotics, which suggested that intestinal fl ora is necessary 
to maintain infl ammation in mouse models of IBD [ 17 ]. Several candidate gene 
studies from the last decade have confi rmed that genetic variation in the  ABCB1  
gene is associated with UC. While a meta-analysis of six targeted association stud-
ies published until 2006 concluded that the T allele of  ABCB1  SNP rs1045642 is 
signifi cantly associated with UC risk [ 18 ], a more recent meta-analysis of 16 asso-
ciation studies suggested the association with this allele is only marginal [ 19 ]. In 
addition, this locus was not among the 163 genetic risk factors identifi ed in the most 
recent GWAS of IBD, suggesting that if truly associated with UC, its effect is likely 
to be quite modest [ 6 ]. 

 Before being described in UC, the locus 4q27 had already been characterized as 
a well-established immune-related locus, because of its association with celiac 
 disease, type 1 diabetes, Grave’s disease, SLE, rheumatoid arthritis and psoriasis 
[ 20 – 24 ]. This locus contains the cytokine  IL2  and  IL21  genes, which are both func-
tionally interesting candidates. IL21 is involved in the differentiation of T H 17 cells 
implicated in the pathogenesis of IBD [ 25 ], and its expression is increased in intes-
tinal tissue from UC patients compared to controls [ 26 ], while     il2  knockout mice 
develop an IBD-like condition [ 27 ]. The fi rst study to implicate the  IL2 - IL21  locus 
in IBD susceptibility was published by Festen et al. [ 28 ], who reported the genotyp-
ing of four SNPs in a three-stage association study on a total of 3,195 UC cases 
from North America, the Netherlands and Italy. Association signals at all four SNP 
sites reached genome-wide signifi cance. The identifi ed locus covers a 480 kb region 
of high linkage disequilibrium (LD) and contains  IL2 ,  IL21  and two other genes, 
namely,  TENR  and  KIAA1109 , which are less plausible biological candidates to 
play a role in UC. Soon after, the associations were replicated in German and 
Spanish studies [ 29 ,  30 ] and later replicated in a large meta-analysis of GWAS [ 5 ]. 
Additionally, the locus is also associated in Chinese populations where LD is less 
extensive than in Caucasian populations, allowing for the identifi cation of two 
apparently independent association signals for the  IL2  and  IL21  genes [ 31 ]. 

    The GWAS Revolution 

 The limited success of targeted gene-candidate association studies made it clear that 
a new strategy would be needed to allow for the identifi cation of genes underlying 
this complex disease. Success in hypothesis-driven association studies, such as 
gene-candidate studies, is restricted by the limited knowledge of disease molecular 
pathogenesis. Early association studies were also plagued by the low statistical 
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power of small cohorts to identify risk genes with modest effect size, which often 
resulted in false-positive fi ndings. Knowledge of the complete sequence of the 
human genome, availability of markers covering most of the common variation in 
the human genome and microarray technology for mass parallel genotyping allowed 
the introduction of GWAS. Access to large cohorts and stringent statistical methods 
contributed to the success of GWAS in identifying complex disease genes by inter-
national teams of collaborators. 

 Since 2008, fi ve groups published independent GWAS on UC [ 14 ,  15 ,  32 – 38 ]. 
The fi ndings from these GWAS and from their fi rst comprehensive meta-analysis 
(Table  6.1 ) recently led to identifi cation of 47 loci associated with UC susceptibility 
[ 5 ]. This number has recently been brought to 133 (23 UC-specifi c loci and 110 loci 
associated with both CD and UC), thanks to a major collaborative effort from the 
International IBD Genetics Consortium (IIBDGC), who studied genetic informa-
tion coming from a total of 38,565 IBD patients (17,865 UC and 20,700 CD) and 
37,747 controls from 17 participating countries around the world [ 6 ].

   Historically, the fi rst GWAS in IBD was performed in 2006 for Crohn’s disease, 
when CD-risk variants in the interleukin 23 receptor gene ( IL23R ) were identifi ed 
[ 39 ]. Replication was performed in cohorts of both CD and UC patients, and  IL23R  
was found to be a gene common to both IBD subphenotypes [ 39 ], with the coding 
variant Arg381Gln conferring protection against both CD and UC.  IL23R  represents 
one of the fi rst genes, outside of the MHC, to be successfully associated to UC, and 
has opened up new avenues for potential therapeutic exploitation (see “Chapters 11 
and 15” for more detail). 

 The fi rst large-scale association study specifi cally targeting UC was published in 
2008 by a UK group [ 14 ], who studied 10,886 non-synonymous SNPs and MHC tag 
SNPs. The screening cohort was composed of 905 UC patients recruited in the UK 
and 1,465 controls from the 1958 British Birth Cohort [ 40 ], and replication was 
performed in an independent cohort of similar size and origin. This scan resulted in 
the identifi cation of three UC loci, namely, the MHC region (which confi rmed pre-
vious fi ndings); the gene encoding the extracellular matrix protein 1 ( ECM1 ), 
expressed in the small and large intestine and involved in NF-κB activation [ 41 ]; 
and the macrophage stimulating gene  MST1 , previously associated to CD and UC 
[ 42 ] and confi rmed as a CD locus [ 43 ]. 

 The fi rst true GWAS targeting the entire genome in UC was published in 2008 
by a German group [ 37 ]. The genotyping of 355,262 SNPs (post-quality control) 
was performed in a screening cohort composed of 1,167 UC cases from Germany 
and Norway and 777 controls, while three replication cohorts included patients 
from Germany, the UK and Belgium, for a total of 1,855 UC and 3,091 controls. 
Again, association signals in the MHC region were detected, together with addi-
tional independent loci containing the anti-infl ammatory interleukin 10 (    IL10 ) gene 
and the  ARPC2  gene, respectively. This group also reported an analysis of 50 
Crohn’s disease risk loci in UC [ 44 ], which revealed variants in  BSN ,  IL12B , 
 NKX2 - 3 ,  PTPN2 ,  KIF21B ,  CCNY ,  HERC2 ,  STAT3  and 10q21.2 (intergenic) loci to 
be relevant also to UC. 
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 The second GWAS in UC was performed by a North American group [ 34 ]. 
Genotyping for the screening stage of this study was performed on 1,052 UC 
patients and 2,571 controls from Caucasians of European ancestry, while the repli-
cation phase was performed on cohorts from North America (768 UC patients and 
721 controls) and Italy (619 UC and 394 controls). Confi rming the association with 
MHC and IL23R, this GWAS also identifi ed two new UC loci: 1p36 (RNF186, 
OTUD3, PLA2G2E) and 12q15 ( INFG ,  IL26 ,  IL22 ). 

   Table 6.1    Genome-wide association studies of ulcerative colitis   

 Study  Type 
 Cohort size 
(screen)  Ethnic origin  Main fi ndings 

 New 
Loci a  

 Replicated 
loci 

 [ 14 ]     GWAS scan 
of nsSNPs 

 905 UC  UK  ECM1  3  MHC 
 1,465 HC  MST1 

 [ 15 ]  GWAS of 
early- onset 

 317 UC  North America  20q13 b   2  IL23R 
 4,250 HC  21q22 b   MHC 

 [ 37 ]  GWAS  1,167 UC  Germany  IL10  2  MHC 
 777 HC  Norway  ARP2C 

 [ 34 ]  GWAS  1,052 UC  North America  1p36  2  IL23R 
 2,571 HC  12q15  MHC 

 [ 35 ]  GWAS  2,361 UC  UK  HNF4A  3  23 
 5,417 HC  16q22 

 LAMB1 
 [ 36 ]  GWAS  749 UC  Japan  FCGR2A  3  3 

 2,031 HC  13q12 
 SLC26A3 

 [ 38 ]  GWAS of 
early- onset 
IBD 

 724 UC  North America  Suggestive 
association to 
2q37 

 1  8 
 6,158 HC  Italy 

 Scotland 
 [ 33 ]  GWAS  1,043 UC  Germany  IL17REL a   2  MHC 

 1,703 HC  7q22 a  
 [ 32 ]  Meta- analysis   2,693 UC  North America  5p15  3  14 

 6,791 HC  Sweden  2p16 
 ORMDL3 

 [ 5 ]  Meta- analysis   6,687 UC  All cohorts of 
Caucasian 
ancestry 

 16 % of heritability 
explained 

 29  18 
 19,718 HC 

 [ 6 ]  Meta- analysis   10,920 UC  All cohorts of 
Caucasian 
ancestry 

 IBD genetic 
architecture 
shaped by 
host-microbe 
co-evolution 

 55  44 

 15,977 HC 

   UC  ulcerative colitis,  HC  healthy controls,  IBD  infl ammatory bowel diseases,  GWAS  genome- 
wide association study 
  a Did not reached genome-wide signifi cance in fi rst screen and was genotyped in replication stage 
after inclusion criteria were lowered 
  b Signifi cant results from IBD (CD + UC) cohorts  
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 The third UC GWAS was performed by the UK IBD Genetics Consortium [ 35 ], 
who genotyped a total of 4,682 UC patients and 10,235 controls and identifi ed three 
new loci on 20q13, 16q22 and 7q31. Each of these loci contains candidate genes 
that are biologically relevant in the context of infl ammation. Locus 20q13.12 maps 
to the 3′ untranslated region of gene hepatocyte nuclear factor 4α ( HNF4A ), which 
is involved in cell adherence, and rare variants have been associated to maturity- 
onset diabetes of the young [ 45 ,  46 ]. Locus 16q22 encodes several genes including 
 CDH1 , the gene encoding glycoprotein E-cadherin that is involved in cell adhesion 
in the intestinal epithelium and whose expression is reduced in the infl amed colon 
of UC patients [ 47 ]. The strongest candidate gene for locus 7q31 is  LAMB1  encod-
ing laminin β1 subunit. Laminins are present in the lamina propria of the intestines 
where they help in anchoring the epithelial layer, and expression of laminins is 
decreased in the colonic mucosa of UC patients [ 48 ]. While this study also repli-
cated previously associated UC loci (including 1p36, the MHC,  IL23R ,  MST1  and 
 NKX2 - 3 ), further data from the UK IBDGC group implicated nine CD loci in UC 
including  KIF21B ,  IL18RAP ,  IL12B ,  JAK2  and  STAT3  [ 49 ]. 

 The fourth UC GWAS (and the fi rst executed in a non-Caucasian population) 
was performed by a Japanese group [ 36 ] on a total of 1,384 cases and 3,057 controls 
(index and replication cohorts), with three additional UC loci identifi ed:  FCGR2A , 
13q12.13 (intergenic) and  SLC26A3  (7q31). The  FCGR2A  gene encodes a member 
of the family of immunoglobulin Fc receptor genes that is expressed on platelets, 
macrophages and neutrophils where it is involved in the phagocytosis of IgG-coated 
particles [ 50 ]. The  SLC26A3  gene is located in locus 7q31, which was previously 
identifi ed by the UK group, but the association signal appears to somewhat differ in 
the two populations (stronger for LAMB1 and SLC26A3, respectively, in the UK 
and Japanese cohorts). 

 In 2010, the German group carried out an extension of their fi rst GWAS [ 33 ], 
with the goal to increase coverage of the genome-wide variability by using a com-
bination of a new genome-wide SNP genotyping chip (the Affymetrix 6.0) that 
allowed more SNPs to be studied and of novel imputation approaches. In addition 
to the known MHC signal, association to new loci,  IL17REL  and 7q22 (near 
 SMURF1 ,  KPNA7 ), was identifi ed.  IL17REL  encodes interleukin 17 receptor E-like, 
a poorly characterized member of the IL17 receptor gene family with no known 
ligand, which may bind specifi c IL17 cytokines to drive T H 17 infl ammatory 
responses [ 51 ]. In an effort to further characterize the function of these loci in UC 
pathogenesis, the authors studied expression quantitative trait loci (eQTLs) by look-
ing at expression signatures related to the associated SNPs at both loci. Differential 
immune gene expression was detected, with  IL17REL  variants modulating the 
expression of the  IL17RE  receptor, the cytokine  CSF3  and the modulator of T cell 
response  CD276 , while alleles at SNP rs7809799 in the 7q22 locus modulated the 
expression of the cytokine  IL1F10 , the transcription regulator of B cell development 
 FOXP1  and the MHC-associated gene  BTN3A .   
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    Early-Onset Ulcerative Colitis 

 In an effort to identify modest effect genes that had not been identifi ed in previous 
adult-onset studies, a large collaborative GWAS of early-onset IBD was performed 
[ 15 ]. The rationale presented was that it should be easier to identify signals previ-
ously missed in (predominantly) adult-onset studies because of the clearer ascer-
tainment of patients (early-onset IBD patients usually present extensive colitis) and 
stronger family history in early-onset IBD. All patients were diagnosed before turn-
ing 19 years old, were of European ancestry and were ascertained in various centres 
across the USA and one centre in Rome, Italy. The genotyping of the screening 
cohort (1,011 early-onset IBD patients including 317 UC patients) and replication 
of association signals led to the identifi cation of two new IBD loci on chromosome 
20q13 and 21q22. These loci were found as general IBD loci as they were found to 
be associated to both CD and UC. The 20q13 locus harbours several candidate 
genes, among which the authors highlighted  TNFRSF6B  because of the importance 
of the TNF pathway in IBD pathogenesis [ 52 ] and their detection of higher 
 TNFRSF6B  expression in colonic biopsies in relation to mucosal infl ammation. The 
21q22 locus is intergenic but the nearest gene codes for the proteasome assembly 
chaperone 1 ( PSMG1 ), which showed a modestly increased expression in IBD 
patients compared to control. 

 A follow-up early-onset IBD GWAS was also published by the same group [ 38 ], 
including genotyping of adult-onset loci in their cohorts. While no new UC risk 
locus was identifi ed in the study, this effort led to the association of two CD loci 
with UC:  ICOSLG  (21q22) and  ORMDL3  (17q12). ICOSLG is the ligand of ICOS 
expressed on activated T cells [ 53 ], while ORMDL3 is involved in cellular Ca 2+  
homeostasis and appears to be a general infl ammation and multi-diseases locus, as 
it was previously associated to asthma [ 54 ].  

    Meta-analyses: The Power of Many 

 The next phase in the evolution of association studies in UC was underlined by the 
activities of the IIBDGC. This consortium comprises several research groups from 
16 different countries, who joined forces by sharing data and expertise in order to 
increase cohort size and improve statistical power to detect modest effect loci in 
large meta-analysis efforts [ 55 ]. 

 The fi rst meta-analysis in UC pooled GWAS data from the previously mentioned 
North American study, along with new North American and Swedish GWAS [ 32 ]. 
This fi rst UC meta-analysis included a total of 2,693 UC patients and 6,791 controls 
for the discovery phase, as well as 2,009 UC patients and 1,580 controls for the 
replication phase. A total of 13 loci achieved genome-wide signifi cance including 
four new loci: 1q21 ( FCGRA2 —previously identifi ed in the Japanese GWAS), 
2p16 ( REL - PUS10 ), 17q12 ( ORMDL3 ) and 5p15. Locus 2p16 contains the RNA 
chaperon gene  PUS10  and the gene encoding C-Rel (REL), one of the NF-κB 
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 proteins, while for the 5p15 locus, the nearest gene  CEP72  encodes a regulator of 
microtubule organization during mitosis [ 56 ]. Additionally, 14 loci that were previ-
ously either formally or suggestively identifi ed were replicated in this study, includ-
ing  IL23R ,  IL12B ,  TNFRSF15 , IBD5 and  IL10 . Ten traditional CD loci were also 
identifi ed in this UC meta-analysis including  IRGM ,  STAT3 ,  CCL2 - CCL7  and 
21q21. Following the publication of this fi rst UC meta-analysis, the authors 
 estimated that less than 10 % of UC genetic variance could be explained by the 
associated loci known at the time [ 32 ]. 

 The GWAS meta-analyses of CD and UC that followed had a dramatic impact on 
our knowledge of IBD genetic risk factors and again are the result of the efforts of 
the IIBDGC. Specifi cally, at the beginning of 2011, there were 18 loci signifi cantly 
associated with UC identifi ed by a few different independent studies. The same 
year, an IIBDGC meta-analysis of all these studies, including a total of 16,000 UC 
cases and 32,000 controls, discovered 29 additional loci, bringing the number of 
known UC loci to 47 and the estimated heritability they explain to 16 %. In order to 
identify relevant causal gene(s) at each locus, the authors used literature mining 
(GRAIL), eQTL databases, 1,000 genome sequencing data to search for correlated 
non-synonymous SNPs and physical proximity within the loci. Only a year later, the 
IIBDGC expanded the breadth of these analyses reporting one of the largest meta- 
analyses ever performed, based on 75,000 IBD cases and controls and including 
data from 15 different GWAS and additional typing on the immunochip, an array 
specifi cally designed to capture variation at 200 known risk loci for 12 common 
autoimmune diseases [ 6 ]. In this study, 71 new causative regions were identifi ed, 
which brought the total tally to 163 independent IBD risk loci, far more than 
reported for any other complex disease. Of these, 110 appear to be relevant to both 
Crohn’s disease and ulcerative colitis, while 23 show risk effects that are UC spe-
cifi c (the remaining 30 are CD-only loci). Fundamental contribution from this study 
was also the realization that a large portion of IBD risk loci are shared with other 
complex immune-mediated diseases (particularly ankylosing spondylitis and pso-
riasis), primary immunodefi ciencies and mycobacterial disease, pointing to an 
essential role for host factors involved in defence against infection in IBD. 

 In addition to identifying hundreds of regions associated with increased IBD 
risk, most recent meta-analyses have also provided key information as to the poten-
tial biological pathways involved in UC pathogenesis. Among other methods, func-
tional annotation of the identifi ed UC genes allows to cluster them in pathways and 
clarify the molecular origin of the disease. In the latest meta-analysis from IIBDGC, 
where the highest number of UC loci was identifi ed, the most signifi cantly enriched 
Gene Ontology [ 57 ] term was regulation of cytokine production, specifi cally IFN-γ, 
IL-12, TNF-α and IL10 signalling. T, B and NK cell activation was the next most 
signifi cant, and strong enrichment was also seen for response to molecules of bacte-
rial origin and for the JAK-STAT signalling pathway. These pathways add to those 
already suspected to be relevant from individual gene functions such as, for instance, 
transcriptional regulation ( PRDM1 ,  IRF5  and  NKX2 - 3 ) and intestinal barrier func-
tions ( GNA12 ,  HNF4A  and  LAMB1 ). A list of prioritized candidate UC-risk genes 
and their functional properties is reported in Fig.  6.1 .
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       Many UC Genes Are General IBD Risk Factors 

 Overlapping phenotype and aggregation of both CD and UC in some families have 
suggested that part of the genetic risk is common to both diseases. Many genetic 
studies have tested the association of Crohn’s disease loci to UC and vice versa (as 
mentioned earlier in this chapter). The large meta-analyses of CD and UC, respec-
tively, by Franke et al. and Anderson et al. enabled one of the fi rst systematic analy-
ses of loci shared by these two diseases. Specifi cally, Anderson et al. identifi ed 
common loci by comparing the results of these large GWAS studies in CD and UC: 
common loci were defi ned when genome-wide signifi cant loci for one disease 
( P  < 5 × 10 −8 ) reached  P  < 1 × 10 −4  in the other disease, and at least 28 shared loci 
were identifi ed by this means [ 5 ]. Among those, many are involved in T cell dif-
ferentiation (e.g. cytokines  IL21 ,  IL10 ,  IFNG  and cytokine receptor  IL7R ). Some of 
them are more specifi cally associated with the IL23R pathway ( IL23R ,  JAK2 , 
 STAT3 ,  IL12B  and  PTPN2 ), which is involved in the maintenance of T H 17 cells and 
has been involved in several other diseases (see “Chapters 7 and 11”). T H 17 cells are 
thought to coordinate defence against specifi c pathogen and mediate infl ammation 
[ 58 ], and the original identifi cation of IL23R as an IBD risk factor shattered the 
paradigm of CD and UC being primarily T H 1- and T H 2-mediated diseases, respec-
tively [ 39 ]. Genes involved in TNF signalling are also well represented among 

  Fig. 6.1    UC risk genes grouped by function. The list of genes and corresponding biological 
 functions is based on the prioritization at their respective risk loci based on the results included in 
the most recent UC meta-analysis [ 6 ]       

 

M. D’Amato et al.



129

 common IBD genes ( TNFRSF9 ,  TNFRSF14  and  TNFSF15 ), and they encode 
proteins with various immune effects including systemic infl ammation and activa-
tion of infl ammatory transcription factor NF-κB. As mentioned, the latest meta-
analysis has brought the number of common CD-UC shared loci to 110 [ 6 ], while 23 
appear to be the risk loci with UC-specifi c genetic effects. Interestingly, however, 
most of these UC-specifi c genes show the same direction of effect in Crohn’s dis-
ease, suggesting that nearly all of the biological mechanisms involved in one disease 
have some role in the other. One intriguing exception is NOD2, which still repre-
sents the strongest causal gene in CD but shows signifi cant protective effects in UC, 
an observation that may refl ect biological differences between the two diseases. 

    Associated Loci Differ Between Ethnic Groups 

 With the exception of a Japanese study [ 58 ], all UC GWAS carried out to date have 
been performed on Caucasians of European descent. Considering the interethnic dif-
ferences in genomic architectures that refl ect genetic drift, mutations and evolution-
ary factors, it is likely that some risk variants may be relevant in some populations but 
not others. One of the ultimate goals of current genetic studies is their exploitation for 
the design of novel therapeutic approaches, and it is therefore crucial to understand 
what portion of the genetic risk is detectable and hence also relevant in individual 
populations. The increasing number of association studies performed in cohorts of 
individuals of non-European descent, some of these GWAS, allows for some initial 
information to be evaluated in this context. The risk gene  IL23R , for example, might 
not be associated in all ethnic groups, as it was not detected in the Japanese GWAS of 
UC [ 36 ] and in a targeted association study based on a Korean case-control cohort 
[ 59 ]. This may be at least in part due to the fact that some European  IL23R  variants 
are less common or absent in the Japanese population, like in the case of the protec-
tive  IL23R  381Q allele (1 % compared to 7 % in Caucasians). Evidence for similar 
interethnic differences exists for other IBD loci, for instance,  NOD2  and     ATG16L1  
[ 60 ,  61 ,  62 ], and large-scale analyses are currently at the core of IIBDGC interethnic 
studies that aim to shed further light on this important question.   

    Many Risk Factors Are Still to Be Discovered 

 Surprisingly, the total number of 133 UC risk loci (a number by far higher than in 
most other complex diseases) is still estimated to cumulatively account only for a 
minor portion of disease variance, namely, 7.5 % [ 6 ]. It should be noted that several 
additional loci narrowly miss the genome-wide-signifi cance threshold of signifi -
cance ( P  < 5 × 10 −8 ) and thus are not considered to be validated loci; however, this 
observation suggests that other risk loci are still to be discovered. It has been pro-
posed that additional loci or causative rare variants may not be captured by GWAS 
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platforms that primarily test common variants. Deep re-sequencing of risk loci is a 
way to identify these rare variants, and next-generation sequencing (NGS) tech-
nologies have greatly reduced per sample costs and process time, thus allowing such 
studies to be feasibly performed on adequate numbers of cases and controls. The 
fi rst large-scale re-sequencing study performed in IBD was published in October 
2011 [ 63 ]. Fifty six CD loci were re-sequenced in two DNA pools from 350 CD 
cases and 350 healthy controls for variants discovery, and follow-up genotyping of 
115 low-frequency SNPs (non-synonymous, nonsense or splice-site variants) was 
performed in 16,054 CD and 12,153 UC patients and 17,575 healthy controls. The 
study identifi ed a protective splice-site variant in the  CARD9  gene, and additional 
IBD susceptibility variants were also detected in  IL23R ,  CUL2 ,  PTPN22  and 
 C1orf106 . In total, the authors estimated that 1–2 additional percent of CD herita-
bility (and likely less for UC) is explained by these rare variants. These fi ndings 
appear to be very modest but they give an important insight into complex disease 
genetics, where common variants of modest effect and rare variants of higher pen-
etrance coexist in the same genes. Additional UC-focussed re-sequencing efforts 
will likely allow for the identifi cation of other rare risk variants that may help to 
both pinpoint exact causative genes (in multiple-gene loci) and improve our under-
standing of the functional consequences of genetic variation at specifi c UC risk loci.  

    The Future of UC Genetics 

 The last few years have seen tremendous progress and important discoveries in UC 
genetics; however, most of the known disease heritability is still to be explained. As 
mentioned, one favoured hypothesis is that the remaining heritability is to be found 
in new risk loci and in additional rare variants located in known and yet to be identi-
fi ed UC loci. One of the obstacles to these discoveries is the statistical power that 
will be required, given that current loci have required tens of thousands of samples. 
Additional independent GWAS and the pooling of these new GWAS into increas-
ingly bigger meta-analyses will certainly lead to the identifi cation of new loci. 
Re-sequencing studies that aim to identify rare causal variants will be essential 
companions to these GWAS, and the analysis of news markers such as copy number 
variations (CNVs) will hopefully provide additional insight into disease heritability. 
In addition, long-distance regulatory variants need to be more carefully evaluated 
given that some associated loci are gene deserts, as well as individual SNPs for their 
potential role in altering epigenetic signatures in DNA methylation, histone acetyla-
tion, microRNA binding, etc. Genotyping cohorts of different ethnic background 
will be helpful in fi ne-mapping-associated loci. Genetic variation patterns are often 
different in different populations, and, for example, African populations have more 
diversity and the linkage disequilibrium blocks are generally shorter than in popula-
tion of European ancestry, thus allowing for the identifi cation of new or refi ned 
association signals. 
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 Finally, there is great need for integrative genomic and system biology approaches 
where multilayer data are collectively analyzed and exploited to decipher the mys-
teries of the genome. Together with the avalanche of data coming from several 
GWAS and their meta-analysis, the considerable challenge of having to understand 
the role of each and individual genetic risk factor from hundreds of loci has emerged. 
In this endeavour, large-scale functional studies into the transcriptome and the pro-
teome are now indispensable. The amount of work still ahead in UC genetics seems 
to be no less than what it was some years ago, but we certainly now have a very solid 
foundation of knowledge upon which we can build.     
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    Abstract     The infl ammatory bowel diseases (IBDs) Crohn’s disease and ulcer-
ative colitis have seen tremendous success in the identifi cation of disease suscep-
tibility alleles, over the past 5 years. Presently 163 susceptibility loci are described 
in the published literature. Whilst formal fi ne mapping is largely awaited, initial 
analysis and refi nement of these loci has been carried out using various analytical 
methods, including eQTL, nsSNP and literature-mining tools (GRAIL). Study of 
the implicated genes within each loci has yielded multiple novel insights into dis-
ease biology. These include the role of innate immunity and killing of intracellular 
bacteria in Crohn’s disease (e.g. NOD2 and autophagy) and the probable pathoge-
netic role of a defective mucosal barrier in ulcerative colitis. Several pathways, 
most notably IL23 signalling, have multiple components that are associated with 
not only both Crohn’s disease and ulcerative colitis but also multiple other 
immune- and nonimmune- mediated diseases. These suggest, for example, that 
IL23 signalling plays a general role not only in susceptibility to intestinal infl am-
matory disease but also in immune-mediated disease as a whole. The fi nely tuned 
immune balance in individuals with susceptibility alleles is tipped in favour of 
developing chronic infl ammation likely following a requisite and largely unde-
fi ned environmental trigger/insult. Further intriguing overlaps are described with 
IBD- and nonimmune- mediated diseases, notably diabetes mellitus where a poten-
tial shared aetiology within the handling of the gut microbiota has started to 
emerge. Of most potential relevance to the aetiology of IBD is the fascinating 
overlap between Crohn’s disease and mycobacterial leprosy, where shared suscep-
tibility genes include  NOD2 ,  IL23R ,  TNFSF15  and  RIPK2 . These emerging data 
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suggest a selective pressure on alleles that on the one hand confer susceptibility to 
chronic intestinal infl ammation whilst offering protection against infectious 
 disease. These and many other insights  waiting to be uncovered will shed new 
light on disease biology across many fi elds and help to focus drug discovery efforts 
over many years to come.  

        Introduction 

 Genome-wide association studies have transformed the landscape of complex dis-
ease genetics since their widespread adoption in the past 5 years. To date, over 1,700 
GWAS have been published analysing hundreds of complex diseases and/or traits. 
Curation of these data is a major challenge. Presently, the National Human Genome 
Research Institute (NHGRI) catalogue of published GWAS (accessed 22 March 
2013) includes 1,556 publications and 9,811 SNPs [ 1 ]. The primary aim of these 
studies is to understand disease biology through gene discovery. GWAS are not, as 
is often incorrectly stated, ‘hypothesis-free’—the null hypothesis is that there is no 
difference between the allelic structure in cases and appropriately matched healthy 
controls. But they are ‘assumption-free’—i.e. no a priori assumption is made as to 
which variants predispose/protect from disease ‘a’ or trait ‘b’, and hence existing 
dogmas about the underlying biology of a disease can be challenged. 

 One of the most intriguing and challenging aspects to consider with GWAS data 
is the overlap in susceptibility genes between different complex diseases. In so 
doing we can potentially elucidate shared pathogenetic mechanisms and foster a 
new wave of cross-fertilisation linking groups of scientists and clinicians, along 
with their industry partners, who would not have previously considered their ‘dis-
tinct’ diseases, were in the same book let alone on the same page. 

 Several groups have attempted to look at a section of the GWAS data, e.g. auto-
immune disease, and analysed the genetic overlap between all the different diseases 
studied (some results and challenges of these analyses are described in Box  7.1 ). In 
this chapter we are taking the infl ammatory bowel diseases (IBDs), Crohn’s disease 
and ulcerative colitis, as our starting point. To date, there are about 100 independent, 
defi nitive IBD susceptibility loci described with most recent results bringing the 
number to 163 during the preparation of this chapter [ 2 ,  3 ]. We have reviewed the 
literature to ascertain where the overlap exists (‘ulcerative colitis    OR Crohn’s dis-
ease OR IBD AND disease x’) and manually searched through the NHGRI cata-
logue of published genome-wide association studies. Before describing the genetic 
overlap, we will fi rst review several pertinent aspects about the clinical picture of 
IBD—notably the classical extra-intestinal manifestations described—and second 
delve into the epidemiological evidence for clustering of other diseases in patients 
with Crohn’s disease and ulcerative colitis.  
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    Clinical Features 

 Crohn’s disease and ulcerative colitis are the two major forms of IBD. They are still 
considered distinct diseases but share many clinical and pathological features. 
Crohn’s disease can affect any part of the gastrointestinal tract, from mouth to anus, 
although typically affects regions harbouring the highest concentrations of luminal 
microbiota—terminal ileum and colon. The infl ammatory disease process is 
 transmural and discontinuous with granulomatous infl ammation seen histologi-
cally. In contrast, ulcerative colitis only affects the colon with continuous mucosal 
infl ammation extending variably from the rectum to involve anything up to the 
entire colon. Both diseases are thought to arise as a result of an exaggerated muco-
sal immune response to microbiota in the gut lumen in genetically susceptible indi-
viduals. It is presently unknown why cigarette smoking is positively associated 
with the development of Crohn’s disease, whilst being clearly protective for ulcer-
ative colitis. 

 Both Crohn’s disease and ulcerative colitis are associated with important extra- 
intestinal manifestations in a signifi cant proportion of patients. Some of these are 
probably primarily complications of an uncontrolled systemic infl ammatory 
response, e.g. venous thromboembolic (VTE) disease, whilst most are somehow 
related to the underlying immune-mediated process. These poorly understood phe-
nomena include those affecting joints (enteropathic arthropathies, seronegative 
arthritides, sacro-ileitis   ), skin (erythema nodosum, pyoderma gangrenosum), 
hepato- biliary system (autoimmune hepatitis, primary sclerosing cholangitis), blood 
(lymphoma, VTE) and kidneys (renal oxalate stones). Clearly some of these pro-
cesses are separate diseases in their own right, whilst others may represent compli-
cations of immunosuppressive therapy and/or the underlying disease (e.g. 
lymphoma). We will therefore now consider the epidemiologic evidence for cluster-
ing of other disease with Crohn’s disease and ulcerative colitis.  

    Epidemiologic Evidence for Disease Clustering with IBD 

 To begin our interpretation of the genetic overlap between IBD and other diseases, 
it is fi rst pertinent to consider the evidence for clustering of other diseases. The pres-
ently available epidemiologic data indicate that there is probably an increased inci-
dence of the following diseases in patients suffering from Crohn’s disease or 
ulcerative colitis: asthma [ 4 ,  5 ], ankylosing spondylitis [ 6 – 8 ], atopic dermatitis [ 9 , 
 10 ], psoriasis [ 4 ,  5 ,  11 ], multiple sclerosis [ 12 ] and primary sclerosing cholangitis 
[ 13 ]. Of the other diseases where there is a genetic overlap with IBD, no clinical 
clustering is apparent (or has yet to be clearly demonstrated) for systemic lupus 
erythematosus [ 14 ], sarcoidosis [ 15 ], coeliac disease [ 16 – 18 ], type 1 diabetes 
 mellitus [ 4 – 6 ], and type 2 diabetes mellitus.  
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    Genetic Overlap 

 Following the publication of the two large meta-GWAS in Crohn’s disease [ 19 ] and 
ulcerative colitis [ 20 ], the tally of IBD susceptibility genes was about 100. Of these, 
roughly one third were associated with Crohn’s disease specifi cally, one third with 
ulcerative colitis specifi cally and one third with both (i.e. with the development of 
IBD as a whole). An examination of these various susceptibility genes led to the 
following observations: (1) Crohn’s disease results from defective processing of 
intracellular bacteria (defects in innate immunity including autophagy), (2) ulcer-
ative colitis results from a defective mucosal barrier and (3) defects in both the 
IL23/Th17 and IL10 immune pathways predispose generally to the development of 
idiopathic intestinal infl ammation [ 3 ]. 

 A fascinating related exercise, and the primary purpose of this chapter, centres 
on the study of the genetic overlap between IBD susceptibility genes and those for 
other diseases, and what novel insights this potentially yields into (a) disease biol-
ogy and (b) common targets for therapeutic intervention. 

 For those immune-mediated diseases where there is both clinical and genetic 
overlap, we might postulate that common susceptibility alleles predispose to 
chronic infl ammation in different end organs dependent on some, probably 
unknown, environmental trigger: for example, the gut microbiota in IBD or an 
airway allergen in asthma. Presently, however, there is little direct evidence to 
support this supposition. Even more intriguing are the diseases where there is no 
clinical clustering and no apparent (or at least no known) common pathogenetic 
mechanism. The most striking example here is the genetic overlap between IBD 
and diabetes mellitus, where there is a glut of common susceptibility genes (see 
Fig.  7.1 ). Already, however, recently emerging data would point to a potential role 
for common defects in the handling/processing of the gut microbiota by the 
mucosal immune system as central to disease pathogenesis of type 1 diabetes 
mellitus [ 21 ].

   Clearly this is a rapidly evolving fi eld of scientifi c enquiry, with vast amounts of 
novel data being released into the public domain almost daily. Therefore, rather 
than attempt to describe the entire spectrum of genetic overlap between IBD and 
other diseases, we will focus in on a couple of key areas. Box  7.1  describes the 
genetic overlap between immune-mediated diseases as a whole, including the many 
roles that the IL23/Th17 signalling pathway plays in chronic infl ammation. We will 
then describe and discuss the overlap between (1) Crohn’s disease, ulcerative coli-
tis and coeliac disease and (2) Crohn’s disease and infectious disease, before con-
sidering the important future challenges with (3) data analysis, (4) fi ne mapping of 
disease loci and (5) implications for biotech/big pharma and the challenges of 
future drug design.    
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  Fig. 7.1    Disease overlap between IBD, coeliac disease and other immune- and nonimmune- 
mediated diseases. To ensure clarity of present data as well as presentation, only those genes that 
have attained genome-wide levels of signifi cance in all diseases are depicted here. IBD loci (CD 
and UC) are depicted in  black , CD only loci in  red  and UC only loci in  blue . From Lees CW, 
Barrett JC, Parkes M, Satsangi J. New IBD genetics: common pathways with other diseases. Gut 
2011;60:1739–53 (reprinted with permission from BMJ Publishing Group Ltd)       

    Box 7.1 Genetic Overlap Among Autoimmune Diseases as a Whole 

 The emerging observation from GWAS fi ndings is extensive sharing of 
genetic loci associated to various immune-related diseases. With every new 
published study, the number of disease-specifi c loci for any disease goes 
down. Meta-analysis and cross-studies of diseases suggest that up to 30 % of 
genetic risk factors are directly shared between different immune-related dis-
eases (e.g. coeliac disease and T1DM and Crohn’s disease and arthritis) [ 22 –
 25 ]. From 39 genome-wide signifi cant loci reported for coeliac disease, only 
ten are not reported to be associated with other immune-related diseases [ 26 ]. 

 Moreover, many disease-associated genes are known to be closely related 
in the shared immunological pathways. For example,  IL12A  gene is associ-
ated to coeliac disease and multiple sclerosis, whereas  IL12B —the other sub-
unit of IL12 molecule—is associated with Crohn’s disease and psoriasis. It is 
now evident that many loci which we call ‘disease specifi c’ may also be

(continued)
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Box 7.1 (continued)

associated with other immune-related diseases, but with a weaker effect and 
therefore undetected so far. This possibility is supported by the recent fi nd-
ings of cross-disease meta-analyses. 

 The puzzle of shared and specifi c associations in immune-related diseases 
is complicated by two opposite observations. On the one hand, associations to 
different molecules often point to the same immunological pathways. For 
example, shared and specifi c associations of  CTLA4 ,  PTPN2 ,  PTPN22  and 
 ICOSLG  point to a shared role for  T  cell activation in immune-related dis-
eases. On the other hand, the direct sharing of associated loci does not neces-
sarily mean the same underlying mechanisms play a role. For example, the 
functional R620W variant in  PTPN22  confers susceptibility to SLE, T1D and 
RA but protection to Crohn’s disease. Similar picture is observed in the HLA 
locus, which is shared by all immune-related diseases, but the nature of asso-
ciation is clearly different in the various diseases. 

 In Fig.  7.2  we selected IL23 signalling as one of the most shared pathway 
identifi ed by GWAS and relevant in IBD biology. Multiple molecules in this 
pathway are associated with a wide variety of immune-mediated diseases [ 27 ].  

  Fig. 7.2    IL23 ( left ) and IL12 ( right ) signalling depicting confi rmed disease susceptibility 
loci.  IBD  infl ammatory bowel disease,  RA  rheumatoid arthritis,  AS  ankylosing spondylitis, 
 SLE  systemic lupus erythematosus,  PBC  primary biliary cirrhosis       
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     Ulcerative Colitis, Crohn’s Disease and Coeliac Disease 

 Coeliac disease is another common gastrointestinal disease, which affects at least 
1 % of the Western population [ 28 ]. It is a multifactorial disease caused by many 
different genetic factors that act in combination with non-genetic causes. One of the 
most important environmental trigger is dietary gluten, a storage protein of wheat, 
barley and rye. In genetically predisposed individuals gluten peptide triggers a cas-
cade of immune responses and leads to the destruction of the intestinal epithelium 
and mucosa and to the lymphocytic infi ltration of the small bowel [ 29 ]. Clinical 
manifestation of this disease includes both classic forms, such as diarrhoea, abdom-
inal distension and short stature, as well as extra-intestinal, atypical presentation, 
including anaemia, neurological symptoms, dermatitis herpetiformis and osteopo-
rosis. Coeliac disease is a life-long condition and the only known treatment is to 
completely exclude gluten from the diet. 

 Coeliac disease is one of the best-understood immune-related diseases to date. 
Firstly, the environmental triggering factor (gluten) [ 30 ,  31 ] is known. Secondly, the 
major genetic risk factor—presence of HLA DQ2 or HLA DQ8 molecules—is pres-
ent in almost all patients. The mechanism of HLA association to coeliac disease is 
well established [ 30 ,  31 ]. The HLADQ molecules function as cell surface receptors 
for exogenous peptide antigens (gluten in the case of coeliac disease) on antigen 
presenting cells, presenting them to T helper cells. Practically, only individuals 
positive for DQ2 or DQ8 develop coeliac disease. Thirdly, similar to majority of 
immune-related diseases, there is involvement of non-HLA disease susceptibility 
genes [ 26 ]. Many of these genes are shared with other autoimmune diseases. 

 The history of genetic studies in coeliac disease goes back to 1974, when the 
association to HLA was described for the fi rst time [ 32 ]. Since then multiple linkage 
and candidate gene studies have been performed without major success. With the 
era of GWAS, the situation changed dramatically, and in the result of two GWAS, 
several replication efforts and fi ne mapping of immune-related loci, 57 independent 
non-HLA genetic variants, located in 39 loci, showed genome-wide signifi cant 
association to coeliac disease (<5 × 10 −8 ) [ 33 ,  34 ]. 

 Studies on the co-occurrence of coeliac disease and IBD suggest that the fre-
quency of both Crohn’s disease and ulcerative colitis is elevated in coeliac disease 
patients [ 35 – 37 ]. Leeds et al. reported that the risk of developing IBD was tenfold 
higher in a population of coeliac disease patients than in the general population. 
However, the prevalence of coeliac disease in patients with IBD does not appear to 
be increased [ 16 ]. Similar prevalence of coeliac disease in IBD patients and in 
healthy individuals is expected from the similar frequency of HLA DQ2/DQ8, 
which is required for developing coeliac disease. Increased frequency of IBD in 
coeliac patients may suggest shared genetics and pathogenesis. Indeed, from 39 
non-HLA loci associated to coeliac disease, 14 are reported to be associated to IBD 
(CD or UC or both) in the GWAS catalogue [ 1 ] (see Fig.  7.3 ). Six loci    are shared in 
coeliac disease and Crohn’s disease ( IL18RAP ,  BACH2 ,  TAGAP ,  ZMIZ1 ,  ZFP36L1 ), 
four are shared with ulcerative colitis ( MMEL1 / TNFRSF14 ,  TNFAIP3 ,  IL2 / IL21  
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and  CIITA ) and fi ve are coeliac-IBD loci— REL / PUS10 ,  ICOSLG ,  PTPN2 , 
 UBE2L3 / YDJC  and  KIF21B / C1orf106 . For most of the shared loci, association is 
not limited to these diseases, but is also reported in other autoimmune and infl amma-
tory conditions (see Fig.  7.4 ). Shared coeliac-IBD loci mostly point to the immune-
mediated genes, whereas autophagy pathway, associated to Crohn’s disease 
(including  NOD2 ,  ATG16L1 ,  IRGM  and  LRRK2  genes), and epithelial barrier genes, 
implicated in UC ( ECM1 ,  HNF4A ,  CDH1 ,  LAMB1  and  GNA12 ), remain specifi c for 
these diseases and did not show association to coeliac disease (see Fig.  7.5 ).

         Crohn’s Disease and Infectious Diseases 

 When in 1913 Thomas Dalziel, an Edinburgh-trained surgeon working in Glasgow, 
fi rst described chronic interstitial enteritis in a seminal paper in the British Medical 
Journal, he was struck by the pathophysiological similarities to Johne’s disease 
[ 38 ]. This is a chronic granulomatous disease affecting the intestines of cattle; the 

  Fig. 7.3    Shared and non-shared genes in coeliac disease and IBD. Majority of loci associated to 
both coeliac disease and IBD contain genes associated to immune response, in particular genes 
involved in Th17 signalling. The cluster of genes involved in response to bacteria is specifi cally 
associated to Crohn’s disease, whereas in ulcerative colitis a group of specifi c genes involved in 
intestinal barrier is associated.  Red —immune mediated,  black —others,  green —innate,  orange —
Th17,  blue —epithelial barrier       
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causative organism is known to be  Mycobacterium avium paratuberculosis  (MAP). 
The IBD clinical and research community retains a nagging doubt that a single 
infectious aetiological agent remains to be discovered, akin to Barry Marshall’s 
description of the role Helicobacter pylori plays in peptic ulcer disease. MAP has 
been described as a putative agent, but the balance of evidence in the literature 
strongly argues against this, not least the defi nitive Australian anti-mycobacterial 
therapy trial which showed no difference in outcomes between long-term antibiotic 
therapy and placebo. 

 However, the role of microorganisms in the aetiology of Crohn’s disease has 
come back into stark focus in the past 5 years. This is largely because we now have 
the requisite sequencing and analytical tools to study the gut microbiota. Indeed, the 
generally accepted hypothesis for the pathogenesis of IBD is of an exaggerated 
mucosa immune response to normal gut microbiota (as opposed to a single patho-
genic organism) in genetically susceptible hosts. However, further interest has been 
derived directly from gene discovery. The  NOD2  association with ileal Crohn’s 
disease, fi rst described in 2001 [ 39 ,  40 ], initially directed intense research activity 
at the innate immune system. But, subsequent to the discovery of  ATG16L1  and 
 IRGM  as Crohn’s disease susceptibility genes in 2008 [ 41 ,  42 ], attention shifted to 
understanding how autophagy contributes to disease pathogenesis. In a series of 
elegant function experiments, independent groups then demonstrated how these 
autophagy genes function in co-operation with  NOD2  to process intracellular 

  Fig. 7.4    Genetic overlap of coeliac disease and IBD with other immune-mediated diseases. 
Overlapping associated loci are indicated under the disease names.  T1D  type 1 diabetes,  VL  vitil-
igo,  RA  rheumatoid arthritis,  MS  multiple sclerosis,  SLE  systemic lupus erythematosus,  CeD  coe-
liac disease,  IBD  infl ammatory bowel disease (either Crohn’s disease or ulcerative colitis)       
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  Fig. 7.5    ( a ) Major pathways involved in IBD and CelD and shared genes within the pathways. 
Immune-related genes. ( b ) Major pathways involved in IBD and CelD and shared genes within the 
pathways. Th1 (in  blue ) and Th17 (in  black ) pathway. ( c ) Major pathways involved in IBD and CelD 
and shared genes within the pathways. Epithelial barrier (in  blue ) and others (in  black ) pathway           
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bacteria. Defects in any of these innate immunity genes ultimately result in  defective 
killing (and hence persistence) of intracellular bacteria. The parallel description of 
the role  IRGM  plays in killing mycobacterial tuberculosis [ 43 ] turned some com-
mentators back to those earlier thoughts of Dalziel. 

 This discussion took an expected twist, again from a large-scale GWAS. But this 
time the GWAS analysed the inherited contribution to mycobacterial leprosy. 
Studying patients with leprosy in China [ 44 ], Zhang and colleagues found that sev-
eral Crohn’s disease susceptibility genes were also associated with the development 
of leprosy, notably  NOD2 ,  IL23R  and  RIPK2 . This is a complicated, emerging story 
as it is not yet clear from present data how the disease susceptibility alleles in these 
genes compare directly between Crohn’s and leprosy. The allelic frequency and 
haplotypic structure vary considerably between the Caucasian populations with 
Crohn’s disease and the HAN Chinese with leprosy (as it does between healthy 
controls in these two distinct populations). Whilst we await the precise detailing of 
this relationship, an intriguing hypothesis begins to emerge: the selective advantage 
conferred on these alleles by protecting individuals from the ravages of leprosy, 
have in the modern, Westernised ‘hygenic’ world predisposed people exposed to the 
right environmental/microbiological triggers to developing Crohn’s disease. 

 Whilst much of this argument remains speculative at present, there are several 
other supporting strands of evidence from the recent gene discovery. One such 

Fig. 7.5 (continued)
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example is the  FUT2  gene. About 20 % of healthy people carry a variant G428A 
that blocks secretion of ABO antigens onto epithelial surfaces. These individuals 
have almost complete protection against symptomatic norovirus infection as has 
been demonstrated through studies of various outbreaks of this ‘winter vomiting 
bug’ [ 45 ,  46 ]. However, this same genotype predisposes to the development of 
Crohn’s disease [ 19 ]. Again we see a variant that potentially protects against an 
infectious disease whilst predisposing to the development of Crohn’s disease.  

    Future Directions 

    Fine Mapping of Disease Loci 

 One major limitation to present analytical efforts to directly compare disease sus-
ceptibility genes/alleles between different diseases is the present lack of genetic 
resolution in the data. The majority of existing datasets derive from GWAS which 
do not attempt to describe the causal variant. At best the linkage disequilibrium 
blocks most associated with disease are refi ned as much as possible with supporting 
evidence then garnered to attempt and defi ne the causative gene (but not allele(s)). 
This has variously involved (1) eQTL analysis in different datasets from relevant 
tissue/cell types, (2) literature-mining tools (e.g. GRAIL), (3) nsSNP analysis and 
(4) refi nement based purely on genomic location. 

 Current experimental approaches to fi ne-map disease susceptibility loci include 
deep re-sequencing efforts, custom-designed gene chip arrays (immunochip) and 
genome-wide sequencing. Pertinent to IBD genetics are the deep re-sequencing 
efforts led by Mark Daly [ 47 ] and the IIBDGC immunochip experiment [ 48 ]. This 
chip array contains over 200 k SNPs chosen by experts in twelve immune-mediated 
diseases. For Crohn’s disease and ulcerative colitis, the SNP selection was chosen 
to allow (1) deep replication of the meta-GWAS analysis and (2) fi ne mapping of 
confi rmed disease susceptibility loci. All publically available SNPs (and some 
derived from pilot re-sequencing experiments) [ 34 ] were included. These data in 
themselves present a massive analytical challenge. Once solved for IBD, compari-
son with other diseases will require similar resolution in their genetic data. Similar 
analysis in coeliac disease has recently been published; analysis in other diseases is 
ongoing. The next step in these studies will be combination of datasets for the more 
specifi c identifi cation of shared loci and alleles. Only then may a true picture of 
the genetic architecture and interrelatedness of complex genetic disease emerge. In 
the meantime we will continue to take the lead from the fascinating back stories 
starting to emerge from this present genetic revolution. 

 Correlation of associated variants with gene expression is another powerful tool 
for fi ne mapping of the associated variants on the gene level. Most of the signals 
associated to immune-related diseases localise in the plausible regulatory regions in 
proximity to or within the 5′ and 3′ ends of transcription. This suggests that the 
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associated variants can infl uence the disease mechanism via deregulation of gene 
expression. Indeed, about 50 % of genetic variants associated to coeliac disease 
infl uence expression of the genes located in the proximity of the associated SNP 
cis-eQTL (expression quantitative trait locus mapping) [ 33 ]. Overall, genome-wide 
studies of gene expression linked with GWAS data have shown that approximately 
40 % of disease-associated SNPs affect expression levels of genes in cis [ 49 ]. One 
example of using the eQTL as fi ne mapping is association of rs917997, located on 
LD block which includes  IL1RL1 ,  IL18R1 ,  IL18RAP  and  SLC9A4  genes. All four 
genes are attractive functional candidates for coeliac disease and IBD; however, 
strong effect of rs917997 on the expression level of  IL18RAP  allows prioritising the 
 IL18RAP  among other genes in the block [ 33 ].  

    Common Targets for Therapeutic Intervention 

 There is an emerging trend to personalise the way patients are treated based on 
 clinical, (pharmaco) genetic, biochemical and serological markers. This fi eld of pre-
cision medicine is still very much in its infancy. It aims to direct the use of a particu-
lar therapeutic agent to those individuals who are (a) predicted to gain most benefi t 
from the drug ‘a’ at timepoint ‘b’ in disease course, (b) predicted to respond to drug 
‘a’ and (c) predicted to have a favourable side effect profi le to drug ‘a’. This is of 
potential concern for big pharma who are keen to maximise the fi nancial return to 
offset huge research and development costs (and of course to keep shareholders on 
side). Combining insights from the present line of enquiry (i.e. genetic/function 
overlap between different diseases) with ‘intelligent’ drug design (targeting only 
those individuals with e.g. defective autophagy, plus incorporation of 
 pharmacogenetic readouts) may be the most fruitful way out of this catch.   

    Conclusions 

 Novel insights into disease biology and therapeutics have arisen from the study of 
the genetic overlap between the IBDs and other immune- and nonimmune-mediated 
complex diseases. The rapid phase of gene discovery now requires a period of con-
solidation for curation and refi nement of susceptibility loci. Fine-mapping strate-
gies currently being adopted include the immunochip effort, deep re-sequencing 
and whole-genome sequencing. We should not expect associated variants to be del-
eterious mutations, because individuals with intestinal infl ammatory diseases born 
and develop normally. These are rather regulatory variants which all together and in 
combination with environmental factors lead to fi ne-tuning our immune and infl am-
matory response and can shift a balance towards a particular disease. Meanwhile, 
does our present lack of genetic resolution limit application of the present data? 
Probably not; we should be in a position to apply our knowledge for treatment 
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modalities before knowing the particular associated variant. An understanding of 
the different shared and specifi c molecular pathways underlying diseases may 
already provide new targets for therapeutic interventions (e.g. IL23 pathway in 
Crohn’s disease, ulcerative colitis, psoriasis and ankylosing spondylitis).     

   References 

     1.   A catalog of published genome-wide association studies. Division of Genomic Medicine. 
  http://www.genome.gov/gwastudies/index.cfm?pageid=26525384#searchForm      

    2.    Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, Hui KY et al (2012) Host-microbe 
interactions have shaped the genetic architecture of infl ammatory bowel disease. Nature 
491(7422):119–124, Epub 2012/11/07  

     3.    Lees CW, Barrett JC, Parkes M, Satsangi J (2011) New IBD genetics: common pathways with 
other diseases. Gut 60(12):1739–1753, Epub 2011/02/09  

      4.    Bernstein CN, Wajda A, Blanchard JF (2005) The clustering of other chronic infl ammatory 
diseases in infl ammatory bowel disease: a population-based study. Gastroenterology 
129(3):827–836, Epub 2005/09/07  

     5.    Weng X, Liu L, Barcellos LF, Allison JE, Herrinton LJ (2007) Clustering of infl ammatory 
bowel disease with immune mediated diseases among members of a northern California- 
managed care organization. Am J Gastroenterol 102(7):1429–1435, Epub 2007/04/18  

     6.    Cohen R, Robinson D Jr, Paramore C, Fraeman K, Renahan K, Bala M (2008) Autoimmune 
disease concomitance among infl ammatory bowel disease patients in the United States, 
2001–2002. Infl amm Bowel Dis 14(6):738–743, Epub 2008/02/27  

   7.    Palm O, Moum B, Ongre A, Gran JT (2002) Prevalence of ankylosing spondylitis and other 
spondyloarthropathies among patients with infl ammatory bowel disease: a population study 
(the IBSEN study). J Rheumatol 29(3):511–515, Epub 2002/03/23  

    8.    Wright V, Watkinson G (1965) Sacro-iliitis and ulcerative colitis. Br Med J 2(5463):675–680, 
Epub 1965/09/18  

    9.    Hammer B, Ashurst P, Naish J (1968) Diseases associated with ulcerative colitis and Crohn’s 
disease. Gut 9(1):17–21, Epub 1968/02/01  

    10.    Pugh SM, Rhodes J, Mayberry JF, Roberts DL, Heatley RV, Newcombe RG (1979) Atopic 
disease in ulcerative colitis and Crohn’s disease. Clin Allergy 9(3):221–223, Epub 1979/05/01  

    11.    Yates VM, Watkinson G, Kelman A (1982) Further evidence for an association between pso-
riasis, Crohn’s disease and ulcerative colitis. Br J Dermatol 106(3):323–330, Epub 1982/03/01  

    12.    Gupta G, Gelfand JM, Lewis JD (2005) Increased risk for demyelinating diseases in patients 
with infl ammatory bowel disease. Gastroenterology 129(3):819–826, Epub 2005/09/07  

    13.    Olsson R, Danielsson A, Jarnerot G, Lindstrom E, Loof L, Rolny P et al (1991) Prevalence 
of primary sclerosing cholangitis in patients with ulcerative colitis. Gastroenterology 100
(5 Pt 1):1319–1323  

    14.    Nitzan O, Elias M, Saliba WR (2006) Systemic lupus erythematosus and infl ammatory bowel 
disease. Eur J Intern Med 17(5):313–318  

    15.    Black H, Mendoza M, Murin S (2007) Thoracic manifestations of infl ammatory bowel dis-
ease. Chest 131(2):524–532  

     16.    Casella G, D’Inca R, Oliva L, Daperno M, Saladino V, Zoli G et al (2010) Prevalence of celiac 
disease in infl ammatory bowel diseases: an IG-IBD multicentre study. Dig Liver Dis 42(3):
175–178  

   17.    Gao Y, Linet MS, Gridley G, Mellemkjaer L, Hemminki K, Goldin LR et al (2008) Shared 
susceptibility for celiac disease and infl ammatory bowel disease? Scand J Gastroenterol 
43(10):1279–1280  

C.W. Lees and A. Zhernakova

http://www.genome.gov/gwastudies/index.cfm?pageid=26525384#searchForm


149

    18.    Leeds JS, Horoldt BS, Sidhu R, Hopper AD, Robinson K, Toulson B et al (2007) Is there an 
association between coeliac disease and infl ammatory bowel diseases? A study of relative 
prevalence in comparison with population controls. Scand J Gastroenterol 42(10):1214–1220  

     19.    Franke A, McGovern DP, Barrett JC, Wang K, Radford-Smith GL, Ahmad T et al (2010) 
Genome-wide meta-analysis increases to 71 the number of confi rmed Crohn’s disease suscep-
tibility loci. Nat Genet 42(12):1118–1125  

    20.    Anderson CA, Boucher G, Lees CW, Franke A, D’Amato M, Taylor KD et al (2011) Meta- 
analysis identifi es 29 additional ulcerative colitis risk loci, increasing the number of confi rmed 
associations to 47. Nat Genet 43(3):246–252, Epub 2011/02/08  

    21.    Wen L, Ley RE, Volchkov PY, Stranges PB, Avanesyan L, Stonebraker AC et al (2008) Innate 
immunity and intestinal microbiota in the development of type 1 diabetes. Nature 455(7216):
1109–1113  

    22.    Coenen MJ, Trynka G, Heskamp S, Franke B, van Diemen CC, Smolonska J et al (2009) 
Common and different genetic background for rheumatoid arthritis and coeliac disease. Hum 
Mol Genet 18(21):4195–4203  

   23.    Hinks A, Martin P, Flynn E, Eyre S, Packham J, Barton A et al (2010) Investigation of type 1 
diabetes and coeliac disease susceptibility loci for association with juvenile idiopathic arthri-
tis. Ann Rheum Dis 69(12):2169–2172  

   24.    Smyth DJ, Plagnol V, Walker NM, Cooper JD, Downes K, Yang JH et al (2008) Shared 
and distinct genetic variants in type 1 diabetes and celiac disease. N Engl J Med 359(26):
2767–2777, Epub 2008/12/17  

    25.    Zhernakova A, Stahl EA, Trynka G, Raychaudhuri S, Festen EA, Franke L et al (2011) Meta- 
analysis of genome-wide association studies in celiac disease and rheumatoid arthritis identi-
fi es fourteen non-HLA shared loci. PLoS Genet 7(2):e1002004  

     26.    Kumar V, Wijmenga C, Withoff S (2012) From genome-wide association studies to disease 
mechanisms: celiac disease as a model for autoimmune diseases. Semin Immunopathol 34(4):
567–580  

    27.    Ahern PP, Schiering C, Buonocore S, McGeachy MJ, Cua DJ, Maloy KJ et al (2010) 
Interleukin-23 drives intestinal infl ammation through direct activity on T cells. Immunity 
33(2):279–288, Epub 2010/08/25  

    28.    Sollid LM (2002) Coeliac disease: dissecting a complex infl ammatory disorder. Nat Rev 
Immunol 2(9):647–655  

    29.    Jabri B, Sollid LM (2009) Tissue-mediated control of immunopathology in coeliac disease. 
Nat Rev Immunol 9(12):858–870  

     30.    Kim CY, Quarsten H, Bergseng E, Khosla C, Sollid LM (2004) Structural basis for HLA-DQ2- 
mediated presentation of gluten epitopes in celiac disease. Proc Natl Acad Sci U S A 101(12):
4175–4179  

     31.    Tjon JM, van Bergen J, Koning F (2010) Celiac disease: how complicated can it get? 
Immunogenetics 62(10):641–651  

    32.    Mulder DJ (1974) Letter: HL-A antigens and coeliac disease. Lancet 2(7882):727  
      33.    Dubois PC, Trynka G, Franke L, Hunt KA, Romanos J, Curtotti A et al (2010) Multiple 

 common variants for celiac disease infl uencing immune gene expression. Nat Genet 42(4):
295–302  

     34.    Trynka G, Hunt KA, Bockett NA, Romanos J, Mistry V, Szperl A et al (2011) Dense genotyp-
ing identifi es and localizes multiple common and rare variant association signals in celiac 
disease. Nat Genet 43(12):1193–1201  

    35.    Cottone M, Marrone C, Casa A, Oliva L, Orlando A, Calabrese E et al (2003) Familial occur-
rence of infl ammatory bowel disease in celiac disease. Infl amm Bowel Dis 9(5):321–323, 
Epub 2003/10/14  

   36.    Tursi A, Giorgetti GM, Brandimarte G, Elisei W (2005) High prevalence of celiac disease 
among patients affected by Crohn’s disease. Infl amm Bowel Dis 11(7):662–666  

    37.    Yang A, Chen Y, Scherl E, Neugut AI, Bhagat G, Green PH (2005) Infl ammatory bowel dis-
ease in patients with celiac disease. Infl amm Bowel Dis 11(6):528–532  

7 Genetic Overlap Between Infl ammatory Bowel Disease and Other Diseases



150

    38.      K. D (1913) Classic articles in colonic and rectal surgery. BMJ  
    39.    Hugot JP, Chamaillard M, Zouali H, Lesage S, Cezard JP, Belaiche J et al (2001) Association 

of NOD2 leucine-rich repeat variants with susceptibility to Crohn’s disease. Nature 411(6837):
599–603  

    40.    Ogura Y, Bonen DK, Inohara N, Nicolae DL, Chen FF, Ramos R et al (2001) A frameshift 
mutation in NOD2 associated with susceptibility to Crohn’s disease. Nature 411(6837):
603–606  

    41.    Hampe J, Franke A, Rosenstiel P, Till A, Teuber M, Huse K et al (2007) A genome-wide asso-
ciation scan of nonsynonymous SNPs identifi es a susceptibility variant for Crohn disease in 
ATG16L1. Nat Genet 39(2):207–211  

    42.    Parkes M, Barrett JC, Prescott NJ, Tremelling M, Anderson CA, Fisher SA et al (2007) 
Sequence variants in the autophagy gene IRGM and multiple other replicating loci contribute 
to Crohn’s disease susceptibility. Nat Genet 39(7):830–832, Epub 2007/06/08  

    43.    Singh SB, Davis AS, Taylor GA, Deretic V (2006) Human IRGM induces autophagy to 
 eliminate intracellular mycobacteria. Science 313(5792):1438–1441  

    44.    Han JW, Zheng HF, Cui Y, Sun LD, Ye DQ, Hu Z et al (2009) Genome-wide association study 
in a Chinese Han population identifi es nine new susceptibility loci for systemic lupus erythe-
matosus. Nat Genet 41(11):1234–1237  

    45.    Carlsson B, Kindberg E, Buesa J, Rydell GE, Lidon MF, Montava R et al (2009) The G428A 
nonsense mutation in FUT2 provides strong but not absolute protection against symptomatic 
GII.4 Norovirus infection. PLoS One 4(5):e5593  

    46.    Lindesmith L, Moe C, Marionneau S, Ruvoen N, Jiang X, Lindblad L et al (2003) Human 
susceptibility and resistance to Norwalk virus infection. Nat Med 9(5):548–553  

    47.    Rivas MA, Beaudoin M, Gardet A, Stevens C, Sharma Y, Zhang CK et al (2011) Deep rese-
quencing of GWAS loci identifi es independent rare variants associated with infl ammatory 
bowel disease. Nat Genet 43(11):1066–1073, Epub 2011/10/11  

    48.     http://www.ibdgenetics.org/      
    49.    Fehrmann RS, Jansen RC, Veldink JH, Westra HJ, Arends D, Bonder MJ et al (2011) Trans- 

eQTLs reveal that independent genetic variants associated with a complex phenotype converge 
on intermediate genes, with a major role for the HLA. PLoS Genet 7(8):e1002197    

C.W. Lees and A. Zhernakova

http://www.ibdgenetics.org/


151M. D’Amato and J.D. Rioux (eds.), Molecular Genetics of Infl ammatory Bowel Disease, 
DOI 10.1007/978-1-4614-8256-7_8, © Springer Science+Business Media New York 2013

    Abstract     There is an unmet need for molecular markers to defi ne and predict 
 disease outcome as reported clinical features are not accurate enough and as more 
therapeutic classes become available. It is the ultimate goal of physicians treating 
patients with IBD, to have a molecular (serum, DNA, tissue-based) profi le of the 
patient which allows the most appropriate management: What is the most likely 
course of disease? Which is the most appropriate therapy with highest chances of 
success? Which should be the intensity of follow-up? Pharmacogenetic research in 
IBD has also had only modest success so far. One reason is that identifying molecu-
lar markers which infl uence the response to a drug is more diffi cult than, for instance, 
the study of genetic markers that infl uence toxicity. In addition, treatment response 
in a heterogenic disease like IBD is infl uenced by many factors such as disease 
duration, behavior, and severity. Only TPMT testing prior to start of thiopurine 
analogues has shown clinical applicability, but does not replace blood monitoring 
during treatment. What is needed in pharmacogenetic and other predictive studies to 
advance the fi eld are patients treated with standardized doses of the drug and fi xed 
endpoints and criteria for response. The setting of a clinical trial may well be the 
preferred method for this, and attempts to collect DNA from these patients should 
be enforced. Recently, the International IBD Genetics Consortium (IIBDGC) has 
prioritized a number of projects on prediction of side effects of therapy (anti-TNF 
and demyelinization, 5-ASA and nephrotoxicity, azathioprine-induced pancreatitis 
and leucopenia) and has collected an unprecedented number of DNA samples 
worldwide.  
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        Introduction 

 Crohn’s disease (CD) and ulcerative colitis (UC), collectively called infl ammatory 
bowel diseases (IBD), are disorders of multifactorial etiology and present as a mul-
titude of phenotypes, clinical behaviors, and severity. The heterogeneity of the dis-
ease has important implications towards clinical management: patients with a more 
severe disease course might benefi t from early introduction of immunomodulators 
and/or biologicals, while patients with a favorable disease prognosis could be spared 
from intense treatment and possible side effects. 

 Once patients are identifi ed as requiring early aggressive therapy, a new need 
arises: the need to predict the response to the therapeutic strategy. Given the potential 
toxicity, loss of response and antibody development, and high cost of treatment with 
biologicals, reliable prediction of response may enable better selection of candi-
dates for treatment with biologicals, thus decreasing morbidity in patients with a 
low likelihood of response and enhancing cost-effective use.  

    Patient Classifi cation 

 An accurate classifi cation of a complex disease, like IBD, has several benefi ts with 
respect to patient counseling, assessing risk for disease progression, and particularly 
with respect to choosing the most appropriate therapy for an individual patient. 
Tailoring therapy to the individual patient should be a natural behavior when man-
aging IBD patients. This already starts at diagnosis since important differences in 
initial disease presentation exist, and furthermore, during the disease course, not all 
patients have the same disease behavior. In addition, other factors including specifi c 
contraindications, anticipation of side effects, and special circumstances (traveling, 
pregnancy, cancer, long-lasting remission) will infl uence not only the choice of the 
drugs but also their dosing and the choice between mono- or combination therapy. 

 Also for basic scientists, classifi cations allowing better understanding the patho-
physiology of the different manifestations of CD and UC are welcomed.  

    The Classic Clinical Classifi cation: From Rome to Vienna, 
Montreal, and Paris 

 Over the years, three separate phenotypic classifi cations have been reported, all 
resulting from international working groups. Even before the fi rst Rome classifi ca-
tion in 1988, Farmer et al. had reported on an anatomical classifi cation of CD into 
ileal, colonic, and ileocolonic disease [ 1 ]. Subsequently, the team from Mount Sinai 
in New York showed the importance of distinguishing the different behaviors of the 
disease [ 2 ]. All three international working groups (Rome in 1988, Vienna in 1998, 
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and Montreal in 2005) agreed that not only the anatomic location and the clinical 
behavior were important variables to include in the classifi cation of CD patients but 
also the age at onset of disease. The classifi cation of Montreal modifi ed the Vienna 
Crohn’s disease classifi cation, mainly by acknowledging that perianal disease 
should be classifi ed separately from internal fi stulizing behavior and by further 
refi ning age at onset [ 3 ]: early onset of disease is now categorized separately for 
patients diagnosed below 16 years, whereas A2 and A3 account, respectively, 
for ages of diagnosis 17–40 and above 40 years (Table  8.1 ). This was an important 
modifi cation to add, as several (genetic) studies have linked the young subgroup to 
specifi c genetic markers. The decision to separate perianal fi stulizing disease from 
fi stulizing disease as a whole was taken from observations that perianal fi stulizing 
disease is not necessarily associated with intestinal fi stulizing disease. Also, peri-
anal disease in more recent studies was shown to be a marker of bad outcome 
(Table  8.1 ).

   In 2011, pediatric IBD experts proposed a modifi cation of the Montreal classifi -
cation to allow the more dynamic changes in children including failure to thrive. 
This results in the Paris classifi cation which reported as most important modifi ca-
tions further division of age at diagnosis into A1a (0 to <10 years), A1b (10 to <17 
years), A2 (17–40 years), and A3 (>40 years); second, distinction of disease above 
the distal ileum as L4a (proximal to ligament of Treitz) and L4b (ligament of Treitz 
to above distal ileum); third, allowing both stenosing and penetrating disease to be 
classifi ed in the same patient (B2B3); and last, to report on the presence or absence 
of growth failure (G(1) vs. G(0), respectively) [ 4 ]. 

 For UC, the fi rst classifi cation was proposed in Montreal. It was concluded that 
age at onset, disease extent, and severity were important parameters for subgroup-
ing of patients (Tables  8.2  and  8.3 ). Also severity of disease was a parameter which 
was included in the classifi cation of UC and was again driven mainly by the fact that 
this dictates the choice of treatment (oral vs. intravenous, steroids or not) (Table  8.3 ).

    Table 8.1    Vienna and Montreal classifi cation for Crohn’s disease   

 Vienna  Montreal 

 Age at diagnosis  A1 below 40 years  A1 below 16 years 
 A2 above 40 years  A2 between 17 and 40 

 A3 above 40 years 
 Location  L1 ileal  L1 ileal 

 L2 colonic  L2 colonic 
 L3 ileocolonic  L3 ileocolonic 
 L4 upper  L4 isolated upper disease a  

 Behavior  B1 non-stricturing, non-penetrating  B1 non-stricturing, non-penetrating 
 B2 stricturing  B2 stricturing 
 B3 penetrating  B3 penetrating 

 p perianal disease modifi er b  

   a L4 is a modifi er that can be added to L1–L3 when concomitant upper GI disease is present 
  b “p” is added to B1–B3 when concomitant perianal disease is present  
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        Towards a New Clinical Classifi cation: Prediction 
of a “Complicated Disease Course” 

 In 2002, Cosnes et al. demonstrated in a large tertiary referral cohort that the majority 
of CD patients evolve over time from a noncomplicated (non-stricturing, non- 
penetrating) disease behavior to a more complicated disease with stenosis and/or 
 fi stulas [ 5 ]. The group of Liege also confi rmed that—in contrast to the disease location—
the clinical behavior changes as disease duration becomes longer [ 6 ]. Together with the 
introduction of anti-TNF agents over a decade ago, this has added a new  discussion to 
the fi eld: can we predict disease progression and thus patient selection for these thera-
pies? The primary goal of all treatments for patients is remission, no steroids, and 
mucosal healing, and this goal should be achieved in a timely manner. Recent clinical 
trials in CD clearly illustrate that treatment with biological agents in combination with 
azathioprine early in the disease course results in higher steroid- free remission rates 
and higher mucosal healing rates. However, not all patients are good candidates for 
such a strategy as immunomodulators and biological agents are not free from adverse 
events, including opportunistic infections and lymphomas. Therefore, predictors of 
complicated disease behavior are needed to help select those patients who will benefi t 
most from early aggressive therapy. 

 Predicting the course of the disease has been challenging. Most attempts to identify 
prognostic markers have focused on clinical parameters. 

 Beaugerie et al. defi ned a young age at diagnosis (<40 years), the presence of 
perianal disease, and the requirement for steroids at diagnosis as risk factors for a 

   Table 8.2    Montreal classifi cation of extent of UC   

 Extent  Anatomy 

 E1  Ulcerative proctitis  Involvement limited to the rectum, i.e., proximal 
extent of infl ammation is distal to the rectosigmoid 
junction 

 E2  Left-sided ulcerative 
colitis (distal UC) 

 Involvement limited to a proportion of the colorectum 
distal to the splenic fl exure 

 E3  Extensive ulcerative 
colitis (pancolitis) 

 Involvement extends proximal to the splenic fl exure 

    Table 8.3    Montreal classifi cation of severity of UC   

 Severity  Defi nition 

 S0  Clinical remission  Asymptomatic 
 S1  Mild ulcerative 

colitis 
 ≤4 stools per day (with or without blood), absence of 

systemic disease, normal infl ammatory markers (ESR) 
 S2  Moderate ulcerative 

colitis 
 >4 stools per day, but with minimal signs of systemic 

toxicity 
 S3  Severe ulcerative 

colitis 
 ≥6 bloody stools daily, pulse rate ≥90 bpm, temperature 
≥37.5 °C, hemoglobin <10.5 g/dL, and ESR ≥30 mm 
per hour 
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subsequent 5-year disabling course of CD [ 7 ]. This observation was partially 
 confi rmed by Loly et al. who identifi ed ileocolonic involvement as another predic-
tive factor of a disabling disease course [ 8 ]. Using another defi nition, these authors 
also demonstrated that stricturing behavior and weight loss at diagnosis were both 
predictive of a severe disease course. In two independent studies using population- 
based cohorts from New Zealand and Olmsted County, perianal involvement at 
diagnosis was confi rmed not only as predictive of complicated disease behavior but 
also of more rapid progression of CD [ 9 ,  10 ]. Other clinical features which point 
towards a more severe disease with a potential bad outcome include extensive small 
bowel involvement, deep ulcers at endoscopy, and the presence of growth failure in 
children [ 11 ]. 

 Although a number of clinical risk factors for complicated disease have been 
described that would be useful in the daily decision making of physicians regarding 
whether or not to treat “more aggressively,” they lack specifi city and hence are not 
useful for prediction of disease course in clinical practice [ 7 ,  8 ]. Another problem 
of these studies is that defi nitions for complicated, severe, and disabling CD vary 
between them, for example, from the need for two courses of steroids to formation 
of ileostomy.  

    Value of Serology in Classifying Patients 

 Given the limitations of clinical factors in identifying patients at risk of a 
 complicated disease course, serological and genetic markers have been explored as 
alternative predictors. In the past 20 years, several serologic markers have been 
associated with IBD and CD in particular. These markers are antibodies directed 
against bacterial antigens, including anti-Saccharomyces cerevisiae antibodies 
(ASCA), anti- laminarobioside carbohydrate antibodies (ALCA), anti-laminarin 
carbohydrate antibodies (anti-L), anti-chitobioside carbohydrate antibodies 
(ACCA), anti-chitin carbohydrate antibody (anti-C), anti-mannobioside carbohy-
drate antibodies (AMCA), anti-outer membrane protein C of Escherichia coli anti-
bodies (anti-OmpC), anti- Pseudomonas fl uorescens antibodies (anti-I2), and 
anti-fl agellin antibodies (CBir1). In UC a strong antibody response is found against 
neutrophil antigens (pANCA) [ 12 – 14 ]. Although these serologic markers were 
originally investigated as a diagnostic tool, their clinical value may turn out to be 
their association with a “complicated” disease course (development of strictures, 
fi stulas, abscesses, and necessity for resections). However, a conditio sine qua non 
before pronouncing on the predictive value of these markers is the stability of anti-
body responses over time, and this has not always been the case. The observed 
increased antibody responses in CD patients with longer disease duration in a large 
Belgian cohort highlight the importance of prospective longitudinal studies [ 15 ]. 
Up to now, one relatively small pediatric longitudinal study has reported a relation 
between the presence and titer of antibodies (ASCA, anti-OmpC, anti-I2, anti-
CBir1), at a time when no fi stula or strictures were clinically apparent, and the 
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subsequent development of complicated disease behavior during a median 
 follow-up of 18 months [ 16 ]. Similar conclusions were drawn by Rieder et al. in an 
adult population [ 17 ].  

    Molecular Profi ling of IBD Subtypes 

    Genetic Profi ling 

 Compared to serologic factors genetic factors are more appealing for risk stratifi cation 
since they are present long before the onset of the disease and before any environ-
mental factor plays a role. They remain stable over time and are unaffected by 
 disease fl ares. Moreover, as several studies have correlated microbial seroreactivity 
with genetic mutations in pattern recognition receptors [ 18 ,  19 ], genetic markers 
might well prove superior to antibodies for use in daily clinical practice. 

 Many studies have suggested that  NOD2  variants are associated with a shorter 
time to onset of stricturing disease as well as the need for surgery [ 20 – 22 ]. 
Specifi cally, a large study by Seiderer et al. demonstrated a strong risk increase for 
1,007 fs homozygotes ( n  = 19) for ileal stenoses and risk for surgery [ 23 ]. The same 
group confi rmed these fi ndings in a prospective study [ 24 ]. Recently, a meta- 
analysis was performed to get an accurate estimate of the prognostic power of 
 NOD2  in complicated CD [ 25 ]. They found that while the predictive power associ-
ated with a single  NOD2  mutation is weak, the presence of two  NOD2  mutations 
had 98 % specifi city for complicated disease. The sensitivity however remained 
poor. It should be noted that the meta-analysis was limited by the fact that most 
studies included did not differentiate between 1,007 fs heterozygotes and 1,007 fs 
homozygotes. 

 With the identifi cation of several other susceptibility genes through genome- 
wide association studies (GWA studies), the research on genetic markers and their 
role in disease progression has recently gained more attention. One analysis demon-
strated a signifi cant increase in frequency of the G-allele of  ATG16L1  in patients 
with ileal disease with or without colonic involvement (61.7 %,  n  = 652) compared 
to those with pure colonic disease (52.2 %,  n  = 253,  p  = 0.00025) [ 26 ]. In a large 
Dutch cohort, Weersma et al. not only described a higher odds ratio for CD suscep-
tibility with an increasing number of risk alleles in some of the known susceptibility 
variants ( NOD2 ,  IBD5 ,  DLG5 ,  ATG16L1 ,  IL23R ) but also a more severe disease, a 
greater need for surgery, and a younger age at onset [ 27 ]. Henckaerts et al. studied 
the infl uence of known CD-associated susceptibility loci on changes in disease 
behavior. They reported a higher risk of stricturing behavior in patients who were 
homozygous for the rs1363670 G-allele in AK097548, located near  IL12B  [ 28 ]. 
The GG genotype was also associated with a shorter time to development of stric-
tures, especially in patients with ileal involvement. In the same cohort, male patients 
carrying at least one rs12704036 T-allele in a gene desert on chromosome 7q36 had 
the shortest time to development of non-perianal fi stula, while presence of a C-allele 
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at the  CDKAL1  rs6908425 SNP and absence of  NOD2  variants were both indepen-
dently associated with development of perianal fi stula, particularly in smokers with 
colonic involvement. 

 Although these retrospective cohort studies point towards a role for CD-associated 
polymorphisms in disease progression, they often lack confi rmation in other 
 (prospective) cohorts. In fact, the only gene reproducibly associated with a more 
severe disease course is  NOD2 . So why were these studies not more successful? The 
SNPs tested mostly are known susceptibility markers for IBD when compared to 
healthy controls and might thus be more generally applicable to  all  IBD patients and 
less useful to differentiate patients. It is also hypothesized that CD genetics consists 
of disease susceptibility genes/loci on the one side and disease modifying genes/loci 
on the other. Work from the International IBD Genetics Consortium (IIBDGC) 
underscores this idea: it was shown that reanalysis of GWA study data in function 
of disease behavior (mild vs. aggressive disease) identifi ed a number of SNPs that 
specifi cally predispose to a more aggressive disease course in CD. The same SNPs 
however were not associated with the disease overall in the original GWA study 
[ 29 ]. So far, ca 160 loci have been associated with IBD (including the results of the 
GWA studies and Immunochip meta-analysis) [ 30 ]. For most of the identifi ed loci, 
the causal variant(s) still need(s) to be determined. Another problem the genotype- 
subphenotype analyses are faced with is that the defi nition of subphenotypes is 
often subjective and different in different studies. 

 It should be considered that genetic markers alone will probably never fully 
explain or predict evolution of disease, because of the incomplete penetrance of 
phenotypes, the rather low absolute risk in the general population, and the role of 
environmental factors in shaping the disease (gene-environment interactions). 

 We recently tried to reclassify the disease purely on the basis of genetic variants 
[ 31 ]. A number of subgroups could be identifi ed in CD patients, which differed 
from healthy controls and which could also not be detected by the classical pheno-
types of disease anatomy, behavior, or age at onset. Validation of these fi ndings in 
the large dataset of the IIBDGC is ongoing.  

    Transcriptional Profi ling 

 In oncology, gene expression profi ling has been successfully used to identify 
 transcriptional signatures that predict several aspects of disease behavior, including risk 
of metastasis and response to chemotherapy [ 32 – 34 ]. These gene expression-based 
biomarkers have also been translated into clinical practice. In autoimmune and 
infl ammatory conditions, such techniques have generally not detected signatures 
with equivalent prognostic utility. Typically, the tissues examined (PBMC, mucosal 
biopsies) are heterogeneous and, hence, any transcriptional variation detected will 
predominantly refl ect differences in the cellular composition between samples. 
Researchers from the University of Cambridge recently reported a transcriptional 
signature in separated CD8+  T  cells which predicted prognosis in CD and UC 
patients [ 35 ]. Interestingly, the same signature was previously also found to predict 
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disease prognosis in systemic lupus erythematosus and in ANCA-associated 
 vasculitis patients [ 36 ]. There was a higher incidence of relapsing disease in the 
subgroup of patients who had an elevated expression of genes involved in antigen-
dependent T-cell responses, including signaling initiated by both IL-7 and TCR 
ligation. The fact that this signature could be found across several autoimmune and 
immune- mediated diseases suggests that, although being distinct autoimmune and 
infl ammatory conditions, the course of these diseases may be infl uenced by com-
mon pathways. These subgroups, which can be identifi ed by measuring expression 
of only three genes, raise the prospect of individualized therapy and suggest new 
potential therapeutic targets in autoimmunity.  

    Response to Therapy 

 As in almost all human diseases necessitating medical therapy, a variable response 
is also observed for most drugs used in IBD. Between 20 and 30 % of patients are 
refractory to any given medication despite optimal dose and duration. Besides the 
response, side effects and toxicity are also variable. The need for prediction of 
response to therapy is as pressing as the need to predict the disease course and will 
become even more important as more therapeutic classes (anti-TNF, cell adhesion 
molecule inhibitors) are becoming available.   

    Clinical Predictors 

 Several clinical predictors have been suggested. Concurrent use of immunosuppres-
sive medication, younger age, nonsmoking, shorter duration of disease, and colonic 
location of disease are confi rmed clinical predictors of response to anti-TNF (mostly 
infl iximab) in independent cohorts. Clinical predictors alone, however, do not 
 adequately predict the response to infl iximab in many patients. Moreover, the mech-
anism by which they infl uence response is poorly understood.  

    Serological Predictors 

 Supplementary to the clinical assessment, serological markers could be useful to 
follow up the response to therapy. 

    Serological Antibodies 

 Similar as for prediction of disease course, serological antibodies have been 
 suggested as predictor for response to therapy. In the case of prediction of response 

I. Cleynen and S. Vermeire



159

to anti-TNF therapy, several studies have been performed. No clear association 
between patterns of serological markers and response to anti-TNF therapy could be 
shown, with some studies showing an association while others did not [ 12 ,  37 ,  38 ].  

    Infl ammatory Proteins 

 The most commonly used acute phase protein is C-reactive protein (CRP). CRP is 
a pentameric molecule produced and released by hepatocytes on triggering by the 
cytokines interleukin (IL)-6, IL-1, and TNFα. CRP plays an important role as non-
invasive infl ammatory marker in patients with IBD and especially in patients with 
CD. However, its upregulation is heterogeneous; where a strong CRP response has 
been observed in CD, this response is only modest in UC [ 39 – 42 ]. The Leuven 
group investigated whether CRP is helpful in optimizing therapy with infl iximab in 
the individual patient with moderate to severe CD. In patients on infl iximab mainte-
nance therapy, they showed that more patients with high baseline levels of CRP 
responded to infl iximab than patients with normal levels (90.8 % vs. 82.6 %). Early 
normalization of CRP levels in turn correlated with sustained long-term response, 
and CRP levels remained signifi cantly higher among patients who lost their response 
to infl iximab, compared with those with a sustained response. CRP thus appears a 
good marker of disease activity in patients treated with infl iximab, with increased 
levels of CRP indicating mucosal infl ammation and a likelihood of clinical relapse.   

    Molecular Predictors 

    Genetics 

 The success of genetic markers in predicting outcome to CD or UC therapy has been 
limited, in contrast to other fi elds such as oncology, where molecular markers have 
demonstrated clinical utility in predicting response to chemotherapy. For example, 
the response to cetuximab, a monoclonal antibody to epidermal growth factor recep-
tor in metastatic colorectal cancer is infl uenced by the KRAS mutation status, as the 
benefi t of cetuximab seems limited to patients with KRAS wild-type tumors [ 43 ]. 
Likewise, germ line mutations may also correlate with clinical outcome to chemo-
therapy. A sub-analysis of a large phase III study with bevacizumab (Avastin), a 
humanized monoclonal antibody to vascular endothelial growth factor (VEGF), in 
metastatic pancreatic cancer, showed that overall survival and progression-free 
 survival were infl uenced by SNPs in the tyrosine kinase domain of the VEGF recep-
tor- 1 [ 44 ]. GWAS technology has been successfully applied to identify genetic 
risk variants for fl ucloxacillin-induced hepatotoxicity. With only 51 cases of 
fl ucloxacillin- induced liver injury and 282 controls, a clear association was seen for 
the major histocompatibility complex (MHC) region at rs2395029, a marker in 
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complete linkage disequilibrium with  HLA - B * 5701 . Likewise, a GWAS study in 85 
subjects with statin-induced myopathy and 90 controls identifi ed common variants 
in  SLCO1B1  that were strongly associated with an increased risk of statin-induced 
myopathy [ 45 ,  46 ]. 

 In oncology, and in (auto-)immune disease, the response to treatment can be 
infl uenced by polymorphisms in specifi c drug-metabolizing enzymes (affecting 
active drug concentrations [ 47 ]) and drug sensitivity proteins (drug receptor genetic 
variants) and by heterogeneity in the patient’s genetic background. 

 Most research on genetic predictive factors for drug response in IBD has been 
conducted on azathioprine, corticosteroids, and infl iximab.  

    Azathioprine 

 The only class of drugs where genetic testing for response/adverse event prediction 
is useful and recommended are the thiopurine analogues. Azathioprine is metabo-
lized by the enzyme thiopurine methyl transferase (TPMT), and the activity of this 
enzyme is under genetic control [ 48 ]. Genetic variants in the  TPMT  gene result in 
lower TPMT enzyme activity, and this is associated with an increased risk for hema-
topoietic toxicity. In practice, genotyping the most common  TPMT  variants or 
 measuring TPMT enzyme activity can be done. Both techniques have advantages, 
and which technique is used is in part dependent on the availability. TPMT enzyme 
activity is measured in red blood cells with a radiochemical or high-performance 
liquid chromatography assay. The results can be infl uenced by blood transfusions, 
but also other drugs may interfere with the TPMT enzyme activity (e.g., diuretics, 
5-aminosalicylic acid). TPMT enzyme activity will identify patients with high 
TPMT activity that metabolize 6-mercaptopurine (6-MP) to 6-methyl-MP and 
therefore may be resistant to treatment with thiopurine drugs. 

 Genotyping is easier, but genotypes do not fully correlate with the enzyme activ-
ity, especially in the case of wild-type (some patients will have reduced TPMT 
activity) or heterozygous (some will have a normal TPMT activity) individuals 
[ 49 – 52 ]. Therefore, measuring TPMT enzyme activity will give a more accurate 
picture. In patients, in whom  TPMT  genetic testing is performed, azathioprine or 
6-MP can be initiated at normal doses (2.5 and 1.5 mg/kg, respectively) in the case 
of a wild-type genotype or normal TPMT enzyme activity. When TPMT activity is 
intermediate, or when patients are heterozygous for the common  TPMT  variants, a 
dose reduction of 50 % is recommended. Finally, low or absent TPMT activity and/
or compound heterozygous/homozygous mutant patients should not be initiated on 
azathioprine or 6-MP, given the high risk of myelotoxicity. Socioeconomic analyses 
show that TPMT phenotyping or genotyping is cost-effective [ 53 ]. However, also in 
patients with a normal TPMT activity, hematologic toxicity can develop. Monitoring 
of blood counts and liver transaminases thus remains necessary in all patients, as 
long as they are taking this drug.  
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    Corticosteroids 

 Corticosteroids (CS) are potent inhibitors of T-cell activation and cytokine secretion 
and mediate their anti-infl ammatory effect through binding the intracellular gluco-
corticoid (GC) receptor (GRα). They are effective as induction therapy in moderate 
to severe active UC and CD. The long-term outcome data look less promising, 
 however, as European as well as North American studies showed that 25–30 % of 
patients became steroid dependent and 20 % steroid resistant within 1 year [ 54 ,  55 ]. 

 Several mechanisms have been proposed for the resistance to CS. Overexpression 
of MDR1 (multidrug resistance) and subsequent elevated P-glycoprotein-mediated 
effl ux of the drug was the fi rst [ 56 ]. The  MDR1  gene encodes the drug effl ux pump 
P-glycoprotein-170 (Pgp-170) and is expressed on the surface of lymphocytes and 
intestinal epithelial cells.  MDR1  maps to the IBD susceptibility locus on chromo-
some 7, and  mdr1  knockout mice spontaneously develop colitis, making it an excel-
lent functional and positional candidate gene for susceptibility to IBD. Indeed, 
associations between  MDR1  C3435T and UC and  MDR1  G2677C/T and IBD have 
been described [ 57 ,  58 ]. In addition to the  MDR1  C3435T association, Potocnik 
et al. [ 59 ] reported an association between particular SNPs in introns 13 and 16 of 
the  MDR1  gene and CS-refractory CD and UC. 

 Several other associations with SNPs in the  TNF  (tumor necrosis factor) gene 
and the macrophage  MIF  (migration inhibitory factor) gene and CS dependency or 
sensitivity have also been reported [ 60 ,  61 ]. 

 What is evident from reviewing the literature on this topic is that trials in patient 
cohorts treated with fi xed doses of CS and followed with well-defi ned response 
criteria are needed. In this respect, a very nice recent study used available RCTs and 
was able using GWAS to identify and confi rm novel pharmacogenetic determinants 
in the  GLCCI1  gene predicting response to inhaled glucocorticoids [ 62 ].  

    Anti-TNF Therapy 

 The use of monoclonal antibodies to TNF has greatly improved the quality of life of 
patients suffering from IBD, but this therapy is expensive and not free from side 
effects. Also, 10–30 % of the patients do not respond to anti-TNF therapy (primary 
nonresponders). If early (and sustained) response could be accurately predicted, 
management could be optimized. 

 Several hypotheses have been tested: (1) early studies looking at genetic variants 
with respect to anti-TNF outcome focused logically on the TNF and TNF receptor 
pathway. Specifi c mutations in these genes were studied but results were either 
 negative, or positive results could not be confi rmed in larger cohorts [ 38 ,  63 ,  64 ]. 
(2) Since nuclear factor-κB signaling and TNFα levels are lower in cells carrying a 
CD-associated  NOD2  variant, it was also hypothesized that patients carrying a muta-
tion in the  NOD2  gene respond differently to treatment with a TNF-blocking agent. 
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However, in three independent cohorts of patients, including the ACCENT study 
cohort, no signifi cant associations were found [ 65 ,  66 ]. (3) One of the mechanisms 
of action of infl iximab is induction of apoptosis of monocytes and T-lymphocytes 
[ 67 ,  68 ]. It was therefore postulated that failure to induce apoptosis would be asso-
ciated with lack of effi cacy. We analyzed the effect of polymorphisms in apoptotic 
genes on outcome [ 69 ]. In luminal CD, there was a response rate of 74.7 % in 
patients with the Fas ligand  FasL  -843 CC/CT genotype compared with a response 
rate of 38.1 % in patients with the TT genotype (OR = 0.11 [0.08–0.56],  p  < 0.01). 
Patients with the  caspase - 9  93 TT genotype all responded, in contrast with 66.7 % 
of patients with the CC and CT genotypes (OR = 1.50 [1.34–1.68],  p  = 0.04). The 
poorer outcome in patients with the  FasL  -843 CC/CT genotype and carrying  cas-
pase - 9  -93C could be overcome by concomitant use of azathioprine. It is of interest 
that a similar effect was observed for the  Fas  -670 GG genotype. (4) Building on the 
hypothesis that infl iximab leads to complement activation and antibody- dependent 
cellular cytotoxicity (ADCC), polymorphisms in the Fcγ receptor 3A gene 
( FCGR3A ) have been studied. Fcγ receptors bind the Fc portion of the immuno-
globulin and have a well-defi ned role in triggering activation of innate effector cells 
and adaptive immune responses. The  FCGR3A  158 V allotype displays a higher 
affi nity for IgG1 and an increased ADCC and infl uences the therapeutic response to 
rituximab, an anti-CD20 IgG1 used in the treatment of non-Hodgkin lymphomas 
[ 70 ]. Similarly, Louis et al. [ 71 ] showed an association between  FCGR3A  158 V/F 
and biological (50 % decrease of CRP) and possibly clinical response to infl iximab 
in CD. This association could not be confi rmed in a subset of 344 patients from the 
large and well-defi ned ACCENT 1 cohort of 573 patients [ 72 ]. However, there was 
again a trend towards a greater decrease in CRP after infl iximab in V/V homozy-
gotes as compared with V/F heterozygotes and F/F homozygotes (−79.4 %, −76.5 %, 
and −64.3 %, respectively, at week 6,  p  = 0.085; one-tailed  p  = 0.043). We extended 
the analysis to also include variants in  FCGR3B . In a cohort of 719 CD patients 
treated with infl iximab, we showed that the V allele variant for  FCGR3A  158 V/F 
was associated with higher biological response to IFX (CRP back to normal levels). 
Being NA1 positive for  FCGR3B  was associated with decreased short-term biologi-
cal response [ 73 ]. As  FCGR3A  158 V/F, the  FCGR3B  NA1 polymorphism also 
results in a higher affi nity for IgG in neutrophils, where FCGR3B is exclusively 
expressed. Although these fi ndings might not have immediate clinical impact, they 
may enhance the understanding of the complex mechanisms of action of anti-TNF 
agents in CD. 

 Dubinsky et al. performed a GWA study to look for associations of novel 
 “pharmacogenetic” genome-wide identifi ed loci with primary nonresponse to anti-
TNFα in pediatric IBD patients. Three pharmacogenetic GWAS loci were signifi -
cant in a fi nal predictive model: TACR1 which is a receptor for substance P, a known 
pro- infl ammatory molecule; PHACTR3 (phosphatase and actin regulator 3) which 
is associated with the nuclear scaffold in proliferating cells; and FAM19A4 which 
is thought to be structurally related to MIP1α and functions as a chemokine. 

 Besides predicting response to anti-TNF, our group has investigated if the 
 psoriasiform eruptions, which occur in about 20 % of anti-TNF-treated patients, 
would have a genetic predisposition [ 74 ]. We showed associations between occurrence 
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of these skin-related adverse events and the  IL23R  and  IL12B  genes. This fi nding is 
noteworthy given that these genes have been implicated in the susceptibility to 
psoriasis. 

 Finally, for drugs such as methotrexate, cyclosporin, and tacrolimus, which are 
used less often in IBD, no or very few studies on genetic predictive factors have 
been conducted.  

    Transcriptomics 

 Another suggestion to explain the resistance to CSs (also see above) is altered 
 functions of the GR and an excessive synthesis of pro-infl ammatory cytokines. For 
example, steroid-resistant asthma patients do not respond to high doses of inhaled 
CS. In these patients, reduced peripheral T-lymphocyte GR-binding affi nity and 
increased expression of GRβ (a truncated splice variant of the normal isoform GRα) 
are observed. GRβ is unable to activate steroid-responsive genes. Honda et al. [ 75 ] 
reported GRβ mRNA expression in 83 % of the patients with steroid-resistant UC 
compared to only 9 % in steroid-responsive patients and 10 % in healthy controls 
and chronic active CD patients. These results were confi rmed in a recent study from 
Japan, where the authors looked at the frequency of GRα- and GRβ-positive cells in 
colonic biopsies of GC-sensitive ( n  = 6) and GC-resistant ( n  = 8) UC patients [ 76 ]. 
They also found that there were signifi cantly more GRβ-positive cells in the 
CS-resistant group than in the CS-sensitive and the control groups. Whereas GRα 
mRNA was expressed in all UC patients, GRβ mRNA was expressed in only one 
patient in the CS-sensitive group and in seven patients in the CS-resistant group. 
Interestingly, the Foxp3+ cell count was also signifi cantly higher in the CS-sensitive 
group. This points towards a possible predictive value of specifi c expression levels 
in the response to therapy. 

 Instead of looking for specifi c candidate genes, hypothesis-free mucosal 
 expression studies looking at differences between responsive and resistant patients 
may pave the way. Microarray technology has been applied to advance our under-
standing on the reasons for nonresponse to anti-TNF agents. To identify predictive 
gene profi les, Arijs et al. studied mucosal gene expression in infl iximab-naive CD 
and UC patients [ 77 ,  78 ]. By comparing pretreatment colonic mucosal expression 
profi les of responders with nonresponders, mucosal gene signatures predictive for 
(non-)response in UC and Crohn’s colitis (CDc) were identifi ed. In UC, these mark-
ers separated responders from nonresponders with 95 % sensitivity and 85 % speci-
fi city. A great overlap of the predictive genes identifi ed in UC and the ones identifi ed 
in CDc was observed, suggesting that the mechanism of resistance to infl iximab 
therapy is the same for both diseases. These predictive genes showed a lower expres-
sion at baseline in responders vs. nonresponders. The proteins encoded by these 
genes were predominantly involved in immune signaling, indicating that there may 
be a larger immune burden at baseline in nonresponders than in responders. 
  IL - 13Rα2  (interleukin receptor alpha 2) was one of the key  biomarkers to predict 
nonresponse of infl iximab. This molecule was also found to drive fi brosis [ 79 ].   
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    Conclusion 

 Whereas older classifi cations have focused on anatomy, disease behavior, and age at 
onset, more recently the need has arisen to also subdivide patients based on their 
natural disease course. In this respect, clinical predictors of poor outcome in CD 
have been identifi ed as young age (<40 years) at diagnosis, extensive small bowel 
disease, perianal fi stulizing disease, and needing corticosteroids at diagnosis. 
Patients with these features will have a signifi cant risk of complicated disease 
behavior and will benefi t from early aggressive therapy. The search for molecular 
markers to defi ne and predict disease outcome further has moved forward rapidly 
with the help of modern technologies. However, we are not ready to implement this 
part of molecular research into clinical practice yet. As physicians treating patients 
with IBD, the ultimate goal is to have at our disposal a molecular (serum, DNA, 
tissue-based) profi le of the patient which allows the most appropriate management: 
What is the most likely course of disease? Which is the most appropriate therapy 
with highest chances of success? Which should be the intensity of follow-up? 

 Pharmacogenetic research in IBD has witnessed only modest success. One reason 
is that identifying molecular markers which infl uence the response to a drug is more 
diffi cult than, for instance, the study of genetic markers that infl uence toxicity. Side 
effects are usually easy to defi ne and identify, in contrast to effi cacy scores, which 
are often less well defi ned. In addition and as already explained, treatment response 
in a heterogenic disease like IBD is infl uenced by many factors such as disease 
duration, behavior, and severity. At the moment, only TPMT testing prior to start of 
thiopurine analogues has shown clinical applicability, but does not replace blood 
monitoring during treatment. Other reported genetic associations for the different 
therapeutic classes in IBD have not (yet) shown consistent or robust results. Studies 
looking at mucosal gene expression profi les could reveal novel pathways of nonre-
sponse. What is needed in pharmacogenetic and other predictive studies to advance 
the fi eld are patients treated with standardized doses of the drug and fi xed endpoints 
and criteria for response. The setting of a clinical trial may well be the preferred 
method for this, and attempts to collect DNA from these patients should be enforced. 

 Recently, the IIBDGC has prioritized a number of projects on prediction of side 
effects of therapy (anti-TNF and demyelinization, 5-ASA and nephrotoxicity, aza-
thioprine-induced pancreatitis and leucopenia) and is collecting DNA samples from 
these patients worldwide.     
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    Abstract     The term epigenome refers to the tissue- and cell-type-specifi c collection 
of DNA methylation, histone modifi cations, and chromatin accessibility and the set 
of coding and noncoding RNA molecules (Bernstein et al., Cell 125:315–326, 2006) 
that are dynamically modulated throughout the lifetime of an individual. Epigenetic 
modifi cations are critical for regular developmental processes in the intestine, but 
variation in the epigenome has also been associated with the development of intes-
tinal diseases, including infl ammatory bowel disease (Vavricka et al., Infl ammatory 
Bowel Diseases 17:1530–1539, 2011). We hypothesize that plasticity of the epig-
enome in different cellular compartments links genetic susceptibility and environ-
mental infl uences and may determine “decision points” in the progression towards 
disease onset (i.e., manifestation) and/or progression of IBD. This chapter reviews 
selected aspects of IBD research with the aim to link the current knowledge of 
genetic, epigenetic, and functional studies into an integrated view on the role of 
epigenetic variation in intestinal infl ammation.  
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        Introduction 

 The term epigenome refers to the tissue- and cell-type-specifi c collection of DNA 
methylation, histone modifi cations, and chromatin accessibility and the set of cod-
ing and noncoding RNA molecules [ 1 ] that are dynamically modulated throughout 
the lifetime of an individual. Epigenetic modifi cations are critical for regular devel-
opmental processes in the intestine, but variation in the epigenome has also been 
associated with the development of intestinal diseases, including infl ammatory 
bowel disease (IBD). We hypothesize that plasticity of the epigenome in different 
cellular compartments links genetic susceptibility and environmental infl uences and 
may determine “decision points” in the progression towards disease onset (i.e., 
manifestation) and/or progression of IBD. This chapter reviews selected aspects of 
IBD research with the aim to link the current knowledge of genetic, epigenetic, and 
functional studies into an integrated view on the role of epigenetic variation in intes-
tinal infl ammation.  

    Epigenetics: Background, Technology, and Potential 
for Common Disease Research 

 Epigenetics can be viewed as paradigm for phenotypic plasticity and was intro-
duced as a separate fi eld to complement genetics by Conrad Waddington in the early 
1940s when studying how the genotype relates to different phenotypes. Although 
the underlying mechanisms were unknown at the time, Waddington envisioned the 
existence of an “epigenotype” to explain the phenotypic plasticity observed during 
normal development [ 2 ]. Since then, many of the mechanisms have been worked 
out in the context of a wide range of biological processes, such as X-chromosome 
inactivation in female mammals [ 3 ], parent-of-origin-specifi c gene expression 
(imprinting) [ 4 ], and developmental [ 5 ] and cellular [ 6 ] reprogramming to name but 
a few. Furthermore, altered epigenetic mechanisms have been linked to cancer as 
early as 1983 [ 7 ] and more recently also to other common diseases [ 8 ,  9 ]. Based on 
these fi ndings, our perception of epigenetics has changed over the years and was 
recently redefi ned as “structural adaptation of chromosomal regions so as to regis-
ter, signal or perpetuate altered activity states” [ 10 ]. 

 Great progress has also been made in elucidating the types of epigenetic marks 
that register, signal, and perpetuate the activity states and the enzymes that read, 
write, and erase these marks which, in concert with other modifi ers, bring about the 
structural adaptation of chromosomal regions. There is ongoing debate on what 
constitutes a true epigenetic mark but also agreement that all marks under consider-
ation at least modulate the epigenome and hence are here referred to as chromatin 
or epigenome modulators of which there are three main categories. The best studied 
is DNA methylation in the context of CpG dinucleotides. Low methylation at 
 promoters and high methylation at gene bodies are usually associated with gene 
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expression and, conversely, high promoter and low gene body methylation are 
 associated with gene silencing [ 11 ]. This simple on/off concept has recently 
become more complex following the discovery of non-CpG methylation and 
other cytosine modifi cations [ 12 ]. Based on current knowledge, genomic cytosine 
bases can exist in at least six states (unmethylated, C5-methylated, N3-methylated, 
C5-hydroxymethylated, C5-formylated, C5-carboxylated) and more modifi cations 
may exist and at other bases as well. On the protein level, histone tails are the target 
for an ever-increasing number of posttranslational modifi cations (that form the sec-
ond category), including acetylation, methylation, phosphorylation, ribosylation, 
ubiquitylation, sumoylation, citrullination, and some even more exotic modifi ca-
tions [ 13 ]. With respect to function, they can loosely be grouped into activating, 
repressive, or bivalent modifi cations. The latter defi ne a combination of activating 
(e.g., H3K4Me3) and repressive (H3K427Me3) modifi cations that have been shown 
to mark poised chromatin which is typical for developmental genes [ 1 ]. The third 
and fi nal category comprises all the remaining modulators, including the enzymes 
that lay down the modifi cations (the “writers”), the proteins that recognize them 
(the “readers”), and the enzymes that remove them (the “erasers”) as well as nucleo-
somes, chromatin-remodeling complexes, and noncoding RNAs. Collectively, these 
chromatin modifi ers provide function to the genome and defi ne the epigenome. 

 The main bottleneck that has hampered epigenetic analysis of common diseases 
in the past has been technology. While genome-wide association studies (GWAS) 
[ 14 ] using single-nucleotide polymorphisms (SNPs) uncovered well over 1,000 new 
disease loci across all investigated human diseases with a tally of over 160 loci in 
IBD and signifi cantly advanced the genetic analysis [ 15 ], no comparable technol-
ogy was available for epigenetic analysis. This has changed with the emergence of 
genome-wide methods [ 16 ,  17 ] for the analysis of DNA methylation which is the 
most informative and accessible epigenetic modifi cation in a clinical context. The 
currently most promising platform with respect to accuracy, coverage, throughput, 
and cost is the Illumina 450k Infi nium BeadChip which is essentially the epigenetic 
equivalent of the 500k SNP chip that proved highly successful for GWAS. An obvi-
ous next step was to adapt GWAS to epigenetic analysis to enable epigenome- wide 
association studies (EWAS). Although both analyses have much in common, EWAS 
also presents new challenges. As the epigenotype is cell-type specifi c, special care 
must be taken to select the correct study material. In other words, blood-derived 
DNA (which is suitable for all GWAS) is not necessarily suitable for all EWAS. 
Another problem is a phenomenon known as reverse causality. While GWAS asso-
ciations are usually linked to the underlying causal variation by linkage disequilib-
rium, EWAS associations can also be the consequence (rather than the cause) of the 
phenotype under investigation. This problem can be overcome by inclusion of pro-
spectively sampled individuals in the study design as demonstrated in the fi rst 
EWAS for type 1 diabetes [ 18 ]. As the genotype and epigenotype are inherently 
linked, the need to distinguish genetic from epigenetic effects adds further complex-
ity but can be addressed, e.g., by using monozygotic twins that are disease discor-
dant for the discovery phase [ 19 ]. These advances have paved the way to apply 
epigenetic analysis to common diseases, and the fi rst wave of EWAS is now well 
underway, including for infl ammatory bowel diseases.  
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    Clinical Relevance of Epigenetic Events in Infl ammatory 
Bowel Diseases 

 Infl ammatory bowel diseases are complex disorders, which are known to be strongly 
infl uenced by the genetic background [ 20 ]. The high familiar concordance observed 
in IBD initially introduced this concept [ 21 ]. Further studies identifying various 
disease-associated variants supported this hypothesis [ 22 ]. Several identifi ed vari-
ants additionally provide insight into potential disease relevant molecular mecha-
nisms. A prominent example is  NOD2 , which was the fi rst disease gene identifi ed 
for Crohn’s disease [ 23 ,  24 ] and which is functionally linked to bacterial recogni-
tion. Variants of  IL23R  [ 25 ] and  IL12B  [ 26 ] are associated with both Crohn’s dis-
ease and ulcerative colitis and are involved in immune system activation. 

 As for many complex disorders, the identifi ed genetic variants cannot explain the 
entire disease risk: In Crohn’s disease, currently 140 variants are known to be disease 
associated, and similarly, in ulcerative colitis the number of currently identifi ed vari-
ants is 133 [ 27 ]. In this context, one has to keep in mind that the probability of accu-
mulating all the variants at once in one single genome is extremely low, especially 
since many of those variants have very low frequencies. Consequently, the disease risk 
explained by genetics for a given genome is of purely theoretical nature. Twin concor-
dance rates, which are higher than the currently explained disease risk [ 28 ], indicate 
that several variants are not identifi ed yet. The resulting gap is generally referred as 
missing heritability [ 29 ]. However, the space beyond this gap is even less explored. 

 By defi nition, complex disorders are infl uenced not only by the genetic back-
ground. Environmental factors, such as nutrition, toxin exposure, or the intestinal 
microbiota—to name but few—are being discussed as potential contributors to dis-
ease risk and manifestation. Similarly, a high family concordance rate does not neces-
sarily have to be attributed to the genetic background exclusively. Shared environment, 
nutrients, or toxins could also explain part of the family concordance. Finally, all these 
factors may interact leading to additional events of pathophysiological relevance [ 30 ]. 

 One integral part of this disease risk which cannot be explained by the genetic 
background exclusively is epigenetic modifi cations. Traditionally, epigenetic events 
are defi ned as heritable modifi cations in DNA expression without changing the 
DNA sequence in itself [ 31 ]. Besides DNA methylation, histone modifi cation and 
nucleosome positioning are integrated in this defi nition. More recent defi nitions 
include micro-RNAs as regulators of gene activity in the absence of DNA sequence 
variation [ 8 ]. In complex disorders, a combination of heritable as well as de novo 
events is being considered potentially disease relevant.  

    Epigenetic Events in Complex Diseases: Heading the Way 
to Infl ammatory Disorders 

 Several scenarios, most of them with an oncological background, are known where 
epigenetic modifi cations lead to disease manifestation. A popular example is the 
global hypomethylation often observed in cancer cells [ 32 ]. In the same line, it has 
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been shown that hypomethylation of several genes (e.g., 16 INK4a – p14   ARF  ( CDKN2A ) 
and  MGMT ) can be a causal event in early tumorigenesis [ 33 ]. Following the 
expanded defi nition of epigenetics, miRNAs which are widely downregulated in 
human tumors [ 34 ] as a result of hypomethylated miRNA promoters may play an 
important epigenetic role in cancers [ 35 ]. Beside the large number of studies in 
cancer, various other diseases have been the target of epigenetic research, showing 
the pathophysiological relevance of epigenetic modifi cations and their interactions 
to environmental factors [ 9 ,  36 – 39 ]. Interestingly, only very few studies address 
epigenetic events in infl ammatory diseases, where a regulatory network of signal- 
specifi c and gene-specifi c functions is required controlling appropriate responses 
[ 40 ]. Initial studies have shown a link between the hypomethylation of Toll-like 
receptor 2 (TLR2) and increased proinfl ammatory response to bacterial peptidogly-
can in cystic fi brosis [ 41 ]. Bacterial infection as an environmental factor was shown 
to have impact on the epigenetic status of the genome [ 42 ], while a recent study 
presented a functional map of the psoriasis epigenome [ 43 ], illustrating how this 
potentially could be linked to the transcriptome. Similar transcriptional control is 
provided by micro-RNAs, who are believed to target up to 30 % of all genes [ 44 ]. 
In concordance with DNA methylation, micro-RNAs have been shown to have sig-
nifi cant impact on diseases, including infl ammatory disorders [ 45 ,  46 ].  

    Disease-Associated DNA Methylation in Infl ammatory 
Bowel Disease 

 Taken together, this illustrates the potential impact epigenetic modifi cations may 
have on disease risk, manifestation, and progression in Crohn’s disease and ulcer-
ative colitis. In fact, several studies have addressed this issue. First approaches in 
1996 showed that DNA hypomethylation is a common pattern observed in the rectal 
mucosa of ulcerative colitis patients [ 47 ]. Interestingly, this effect was observed in 
patients with long-standing ulcerative colitis, supporting the hypothesis that epigen-
etic modifi cations in a given tissue are increasing over time. Epigenetic maturation 
and its potential impact on the onset of disease which is in early adulthood have 
been studied in mouse models indicating that mucosal epigenetic maturation contin-
ues after early adulthood in mouse, which could play a role in age-associated 
increase in colitis susceptibility [ 48 ]. 

 Most studies in this fi eld focused on the methylation of individual infl ammation 
or immune-process-associated target genes. IFNγ methylation was investigated in 
various cell types present in the human gut, concluding that its methylation status is 
relevant for the modulation of cytokine secretion in the mucosa [ 49 ]. This subject 
was followed up in 2011, where IFNγ methylation levels correlated with immune 
response to microbial components and expression of IFNγ in ulcerative colitis 
patients, suggesting a categorization of patients based on this response [ 50 ]. 
Quantifi cation of DNA methylation of the promoter region of interferon regulatory 
factor 5 ( IRF5 ) aimed to create a link between epigenetics and genetics, since 
A 5-bp insertion-deletion (indel) polymorphism in the promoter of  IRF5  has been 
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associated with infl ammatory bowel diseases [ 51 ]: However, the results implicate 
that epigenetic dysregulation of the  IRF5  promoter is unlikely to be associated 
with IBD [ 52 ]. 

 Recently, evolving technology enabled assessment of disease-associated meth-
ylation in tissues derived from patients infl ammatory bowel disease on a broader 
scale: Quantifi cation of CpG methylation in a set of 1,505 CpG sites corresponding 
to 807 genes identifi ed seven sites being differentially methylated between healthy 
and disease individuals [ 53 ]. This was expanded to a genome-wide level in Crohn’s 
disease, where 50 methylation sites were identifi ed to be epigenetically modifi ed, 
including several genes involved in immune activation such as  MAPK13 ,  FASLG , 
 PRF1 ,  S100A13 ,  RIPK3 , and  IL21R  [ 54 ]. We have recently published a fi rst epig-
enome-wide DNA methylation analysis (EWAS) combining 27k Illumina, MedIP-
Chip and expression arrays from intestinal biopsies of twins discordant for UC. The 
integrated analysis identifi ed 61 epigenetic disease loci, which were validated in a 
larger case-control cohort of unrelated individuals [ 62 ]. 

 One of the major drawbacks in current approaches investigating the pathophysio-
logical impact of epigenetic modifi cations is the lack of tools to specifi cally validate 
single CpG modifi cations in a model system. Currently, only demethylation agents, 
such as azacitidine and decitabine, which have been used in the treatment of myelo-
dysplastic syndrome, are available [ 55 ,  56 ]. By inhibiting methyltransferases, these 
agents work genome wide. Consequently, it is unclear to which extent the observed 
cellular effects can be attributed to primary modifi cations of the methylation of 
target genes, or to secondary effects, or to interactions of all these.  

    Regulatory miRNA Networks in the Pathophysiology 
of Infl ammatory Bowel Diseases 

 In contrast to DNA methylation, epigenetic research in the fi eld of micro-RNAs 
(miRNAs) has access to such target-specifi c tools: Sequences, complementary to 
the micro-RNAs, so-called anti-miRs (or antagomirs), can be used to modulate 
endogenous miRNA levels. In addition, reporter gene assays represent a powerful 
tool to validate miRNA fi ndings in model systems. After their discovery in 1992 
[ 57 ], miRNAs have been found in all eukaryotes, and recent genome-wide compu-
tational screens for miRNA targets in humans predict that at least 10 % [ 58 ] to 30 % 
[ 44 ] of all genes are regulated by iRNAs. Several studies indicate that miRNAs play 
an important role in infl ammatory scenarios [ 59 – 61 ], including the hypothesis that 
miRNAs are required to control and balance a specifi c infl ammatory response [ 62 ]. 
Several miRNAs were identifi ed to play a potential pathophysiological role in 
infl ammatory bowel diseases, especially when addressing the disease subtypes spe-
cifi cally: In Crohn’s disease miRNAs were associated with ileal and colonic mani-
festations [ 63 ], suggesting that the specifi city of miRNA patterns may help to 
identify disease subtypes. In ulcerative colitis, variants in a noncoding region were 
shown to alter miRNA functionality [ 64 ], providing an explanation on how these 
variants could exhibit their functional effect. Similarly, a variant in the  IL23R  gene, 
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which is associated with IBD, has been reported to result in inhibition of miRNA 
binding to this allele, altering the control of this gene which fi nally may lead to 
sustained IL23R signaling, promoting the chronicity of IBD [ 65 ]. This was fol-
lowed by recent approaches creating genome-wide maps of circulating miRNAs in 
ulcerative colitis, supporting the hypothesis that many previously identifi ed variants 
located in noncoding regions might contribute to disease susceptibility by altering 
miRNA sequences [ 66 ]. Interestingly, some abnormally expressed miRNA could be 
linked to inactive colonic mucosa of patients with IBD [ 67 ], suggesting that not 
only an active infl ammation results in dysregulation of miRNAs. 

 In summary, the results of studies targeting DNA methylation as well as miRNAs 
in infl ammatory bowel disease represent not only a set of independent disease- 
associated mechanisms but also create a link between variants in noncoding regions 
and effects on pathophysiologically relevant target genes. Finally, epigenetics might 
help to answer the question whether we not only inherit the genetic background of 
our ancestors but also the footprints of their lifestyle.  

    Dialogue Between Epigenetics, Environmental Infl uences, 
and the Intestinal Microbiome in Infl ammatory Bowel Disease 

 Due to the increasing prevalence of IBD in industrialized societies, the question 
arises which environmental factors lead to changing manifestation of disease, as 
this observation cannot be attributed to changes in genetic background of the respec-
tive populations [ 20 ]. While many factors have been discussed, the most drastic 
lifestyle changes within the last century are likely related to childhood infection 
rates (due to vaccination and antibiotics), increased hygiene in general and nutri-
tional habits. It has been shown in epidemiological studies that improvement of 
hygienic conditions (such as warm water or water toilets) is positively correlated 
with incidence rates for Crohn’s disease [ 68 ,  69 ]. Likewise in Europe there is a 
striking north–south and west–east gradient of IBD prevalence, and immune- 
mediated diseases in general are much more common in larger cities than in rural 
areas and are related to the presence of bacterial antigens [ 70 – 72 ]. Of course, it 
could be speculated that all these observations are infl uenced by mere confounding 
and the true factors are yet to be identifi ed. Still, several striking hypotheses have 
been raised by genetic studies as well as functional underpinnings that point to a 
crucial role of the balance of intestinal host–microbiome interactions, and it is 
tempting to speculate that this long-term infl uencing factor actually is a major deter-
minant of epigenetic profi les along the entire gastrointestinal tract. For this hypoth-
esis several facts about this type of stable host–microbe interaction are important. 
Large international efforts have been made to systematically profi le the properties 
and functional repertoires of human microbial communities [ 73 ,  74 ]. These studies 
have clearly shown a huge diversity of microbial species that is specifi c to the body 
region as well as to the individual (microbial “fi ngerprint”). Even after drastic life 
history events, e.g., intestinal infections or courses of combination antibiotic 
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therapies, intestinal microbial consortia display evidence of resilience, i.e., after a 
certain time the specifi c consortia return to their previous diversity that is similar to 
the one before the event. It has been proposed that only few stable states of the 
human intestinal core microbiome exist, the so-called enterotypes [ 75 ]. These 
metagenomic states, representing differences in core metabolic activities and path-
ways, could be caused by the genetic (and epigenetic) makeup of the host, but on the 
other hand the enterotypes together may also imprint on the long-term epigenetic 
(and thus functional) profi les in the different cellular compartments of the intestinal 
mucosa [ 76 ]. Exciting data point to long-term infl uences of dietary modifi cations on 
microbial communities that in turn cause functional changes in the human host. 
This principle was fi rst described in animal models of obesity, where microbial 
communities that were transplanted from obese individuals led to increased energy 
harvest and weight gain in lean individuals [ 77 ]. This principle of microbiota- 
transmissible susceptibility has now been expanded to a number of immune- 
mediated diseases including IBD. In a genetic model of amino acid malnutrition 
resulting in dysbiotic microbial communities and increased susceptibility to colitis, 
it has been shown that long-term dietary supplement with chemically modifi ed tryp-
tophan resulted in changes of antimicrobial peptide profi les and decreased infl am-
matory responses [ 78 ]. Interestingly, the infl ammatory phenotype could be 
transmitted to germfree wild-type animals by stool transplantation pointing to a 
crucial role of the microbiome in exerting this long-term effect. Further, the state of 
the intestinal microbiome has been shown to imprint on long-term functional prop-
erties of natural killer cells that result in different outcomes after experimental 
induction of colitis [ 79 ]. This effect was only restricted to a defi ned “vulnerable” 
period in the immunological life history and linked to changes in DNA methylation 
patterns making it likely that changes in the cell-type-specifi c epigenomes may 
modulate infl ammatory responses in the long term. Along this line, in a larger cohort 
of monozygotic twins, stable correlations between the presence of distinct bacterial 
species and certain host transcripts or transcript profi les have been shown [ 80 ]. In 
IBD twins, this stable correlation is lost, which points to a gradual loss of epigenetic 
control of this two-way interaction. 

 It will thus be interesting to link the more classical view of nutrigenomics that is 
regularly defi ned as the investigation of how food components impact on pheno-
type–genotype interactions [ 81 ] with the “other” dimension of our intestinal 
genome, the microbiome, and related epigenetic marks. The advent of large-scale 
sequencing now allows for time and cost-effi cient investigation of different sequence 
spaces, including the many epigenomes of the intestinal tract and their potential 
functional consequences (see Fig.  9.1 ). For the fi rst time, the hypothesis that epigen-
etic modifi cations are the missing connection between genetic predisposition, envi-
ronmental infl uences, and disease manifestation can be tested and put into a 
functional and clinical perspective. Several consortia have been launched within the 
framework of the International Human Epigenome Consortium (IHEC) including 
the BLUEPRINT [ 82 ] and DEEP networks that exactly address these questions in 
the different cellular compartments of the intestinal mucosa.
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       Is Epigenetics the Missing Link Between Infl ammation 
and Cancer? 

 Tissue damage, wound healing, and continuously increased cell proliferation are 
only a few mechanisms of infl ammation, which are believed to contribute to the 
initiation and development of cancer [ 83 ]. However, many elements of this link are 
still not understood. Since tumor tissue is often found to be globally hypomethyl-
ated and locally hypermethylated [ 32 ] which is believed to inactivate tumor sup-
pressor genes [ 84 ], a key question is how infl ammation can promote such changes 
in methylation. A general principle discussed in this context is infl ammation- 
mediated cytosine damage: DNA damage caused by infl ammatory agents such as 
reactive oxygen species can lead to inappropriate methylation, fi nally resulting in 
the development of cancer [ 85 ]. One pioneering study in this fi eld demonstrated that 
epigenetic modifi cation of the promoter of E-cadherin is associated with ulcerative 
colitis in patients undergoing colectomy [ 86 ], hypothesizing about its role in the 
progression from chronic infl ammation to cancer. Interestingly, assessment of the 
methylation of 11 genes comparing 48 ulcerative colitis-associated cancers, 21 
ulcerative colitis-associated dysplasias and 69 sporadic colorectal cancers could not 
show that epigenetic modifi cations lead to more aggressive clinical courses [ 87 ]. In 
contrast to that, other studies linked altered methylation in several target genes to 

  Fig. 9.1    Scheme of cellular compartments of the intestinal mucosa that are potentially infl uenced 
by epigenetic alterations in IBD       
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predisposition, manifestation, or progression of colorectal cancer in patients with 
ulcerative colitis as well as in model systems: Studies on the alternate reading frame 
p14 (ARF) [ 88 ], WNT signaling pathway genes [ 89 ], DNA mismatch repair genes 
[ 90 ], genes coding for the tumor suppressors ESR1 and N33 [ 91 ], and death- 
associated protein kinase DAPK [ 92 ] supported this concept. 

 Similarly, several miRNAs have been shown to potentially play a role in infl am-
matory bowel-associated neoplastic transformation: miRNA-31 dysregulation was 
presented as a candidate in the context of chronic infl ammation progressing into 
tumor. This micro-RNA has been also shown to increase with disease progression 
in IBD patients [ 93 ]. Neurotensin, which promotes infl ammation and colon cancer 
by activating neurotensin-1 receptor, has been shown to stimulate the expression of 
miR-21 and miR-155, suggesting a functional link. Furthermore, tissue levels of 
both micro-RNAs correlated with tumor stage in human colon tumor samples [ 94 ]. 
Recent studies have identifi ed several miRNAs being regulated during the progres-
sion from dysplasia to cancer in patients with IBD (miR-122, miR-181a, miR-
146b- 5p, let-7e, miR-17, miR-143) [ 95 ]. 

 As the potential development of colorectal cancer is one of the most serious 
complications for patients with IBD, the need of a more detailed understanding how 
infl ammation can progress is evident. Epigenetic modifi cations, especially DNA 
methylation, may represent an infl ammatory memory in the intestinal mucosa. 
However, as many of the studies provide mostly an exemplary view on a selected 
group of patients, drawing conclusions on the validity of the results for larger 
cohorts should be undertaken carefully. Further functional studies, documenting 
both the functional background and the clinical validity, will be required to further 
progress in this fi eld.  

    Outlook: Epigenetic Strategies in Diagnostics and Treatment 
of Infl ammatory Bowel Disease 

 Biomarkers to classify diseases or disease subtypes have been always a major goal 
in epigenetic research. However, providing validated biomarkers of adequate diag-
nostic value is a challenging and considerably expensive endeavor. Most publica-
tions are descriptive and use the term biomarker in the context of an observed 
molecular pattern, without the fi nal validation which could demonstrate the validity 
of this observation in a clinical setting. In fact, most current approaches cannot 
afford taking their fi ndings into very large cohorts. Such cohorts could be only cre-
ated in joint efforts between academia and industry [ 96 ]. As epigenetic modifi ca-
tions in IBD have been linked to cancer, several therapeutical avenues from the fi eld 
of cancer drugs could be potentially of interest in the therapy of IBD. However, it 
has been recently questioned whether premature claims on the effectiveness of 
some drugs are the result of peer pressure rather than the result of validated clinical 
research [ 97 ]. 

R. Häsler et al.



181

 Independent of these shortcomings, several studies aimed to utilize the  specifi city 
of observed epigenetic patterns. Easily accessible biomaterials, such as peripheral 
blood, are of particular interest in this context: In children, where noninvasive meth-
ods are often favored, a study has presented 11 CD-associated serum miRNAs 
potentially suitable for diagnostic purposes [ 98 ]. Similarly, differentiating active 
ulcerative colitis from Crohn’s disease was possible using a defi ned set of miRNAs 
from peripheral blood in adults [ 99 ], further supporting the hypothesis of specifi c 
patterns. A recent study confi rmed this concept with a different and reduced set of 
miRNAs in circulating blood [ 100 ], which suggests that the number of specifi c sig-
nals is substantially larger than the number of biomarkers currently published. 

 A major issue of the upcoming large-scale epigenomic studies in IBD will be the 
elucidation of cellular specifi city of such epigenetic events. As epigenetic profi les 
are highly cell-type specifi c [ 16 ,  17 ,  101 ], most of the previous studies aiming to 
develop clinical biomarkers or novel therapeutic principles suffer from the fact that 
sum signals (i.e., the entire mucosa or whole peripheral blood) were investigated. 
Even reproducible changes could thus refl ect secondary differences in cellular com-
position rather than pathophysiologically relevant differences in epigenetic profi les. 
If epigenetic marks are to be translated to clinical therapies, the molecular chain of 
events has to be detected and linked to defi ned cell populations. It is evident that 
epigenetic variation may have broad consequences on cellular phenotypes in all 
functional compartments of the intestinal mucosa (see Fig.  9.1 ). It is thus important 
to experimentally understand the impact of certain marks in a functional context, 
e.g., how are lineage decisions infl uenced by epigenetic alterations in intestinal epi-
thelial stem cells? What is the impact of epigenetic modifi cations on tolerance to 
microbial stimuli in professional migratory immune cells? Is there a trans-genera-
tional effect of infl ammatory effects that can be attributed to epigenetic principles? 
If these aims can be reached, it is likely that we can start looking for epigenetic 
marks (that could possibly be linked to microbiome changes) even prior to clinical 
manifestation of disease. It will be a challenge to identify therapeutic principles that 
specifi cally target single epigenetic modifi cations; so far compounds like HDAC 
inhibitors completely lack target specifi city, but still have been found effi cacious in 
defi ned infl ammatory indications like systemic sclerosis. Patterns of epigenetic 
marks represent a dynamic picture into etiology. The ultimate goal of EWAS is to 
merge high-resolution information on epigenetic variation such as differential DNA 
methylation or miRNA levels with functional consequences on mRNA regulation 
and clinical phenotypes into a molecular risk map that will contribute to a clearer 
understanding of the etiology of IBD. This map will help bridging the gap between 
unexplained disease susceptibility and disease manifestation and may lead to the 
identifi cation of novel diagnostic and therapeutic targets. Broadening the scope of 
such studies to longitudinal studies that follow high-risk populations (e.g., IBD kin-
dred cohorts) into manifestation may even result in biomarkers for identifying sus-
ceptible individuals prior to disease manifestation. Applying targeted preventive 
measures (e.g. modifi cation of the intestinal microbiome) in such high-risk indi-
viduals would—for the fi rst time—aim for a causative intervention, which in the 
end may only be possible before the onset of clinically overt disease.     
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    Abstract     The mammalian host has evolved to develop a diverse array of innate 
immune receptors and strategies to defend itself against infection by microbial 
pathogens. These germ-line-encoded and conserved microbial receptors, called pat-
tern recognition receptors (PRRs), are associated with the membranes or within the 
cytosol of host cells. PRRs enable the host to rapidly respond to pathogen- associated 
molecular patterns (PAMPs), as a fi rst line of defence against microbial intrusion. 
Signalling via PAMPs enables the host to mount a rapid and non-specifi c immune 
response that results in infl ammation and ultimately the activation of the adaptive 
immune system. 

 The host has a variety of PRRs, including the membrane-bound toll-like recep-
tors (TLRs) and the cytoplasmic nucleotide-binding oligomerisation domain (Nod)-
like receptor (NLR) protein family. In this chapter, we will focus predominantly on 
Nod1 and Nod2, which are members of the NLR family of proteins, and the role 
they have in the initiation and development of an immune response to bacteria. We 
will discuss the various methods whereby bacteria are detected and can induce sig-
nalling via Nod receptors and the role of Nod proteins in human disease, especially 
Nod2’s role in Crohn’s disease.  
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        Nod-Like Receptors 

 Mammalian cells express one or more types of cytosolic PRRs that play important 
roles in host defence against microbial pathogens, in addition to their recognition of 
“danger signals” from within eukaryotic cells. One family of mammalian PRRs is 
the nucleotide oligomerisation domain (Nod) family, which have a central role in 
host defence against microbial pathogens [ 1 ]. Since the initial discovery of the fi rst 
Nod-like receptors (NLRs), being Nod1 and Nod2, this family of PRRs expanded to 
currently consist of 23 genes in humans and 34 genes in mice [ 2 ,  3 ]. Hence, due to 
the rapid expansion of this group of cytoplasmic PRRs, it has been renamed the 
nucleotide-binding domain (NBD) and leucine-rich repeat (LRR) containing, or 
NLR family [ 4 ]. 

 The NLR family is comprised of cytoplasmic proteins that are suggested to be 
sentinel receptors at front-line mucosal surfaces as well as in immune cells [ 5 ]. 
NLR proteins share some common features, being a C-terminal LRR-containing 
domain and central NACHT NBD(s) [ 1 ,  6 ]. The NLR family is now divided into 
four subfamilies based on the composition of the n-terminal effector domain of 
these receptors [ 4 ]. The Nod proteins, Nod1 and Nod2, contain a caspase-activated 
recruitment domain (CARD) at their n-terminus and are classifi ed within the NLRC 
subfamily. This chapter will predominantly focus on the expression, detection and 
immunoregulation initiated by Nod1 and Nod2 in response to bacterial pathogens 
and their contribution to the regulation of gastrointestinal homeostasis, infl amma-
tion and immunity.  

    Nod1 and Nod2 

 The mammalian Nod proteins, Nod1 and Nod2, are critical in the regulation of 
infl ammation and host defence against bacterial infections [ 2 ]. Nod1 and Nod2 pro-
teins are located within the cytosolic compartment of host cells, and it has been sug-
gested that their role in controlling the intestinal microbiota may have been a major 
selective pressure throughout evolution [ 3 ]. Nods are comprised of three domains: 
the fi rst being a central nucleotide-binding oligomerisation domain (Nod) that is 
required for self-oligomerisation of the receptor. Secondly, Nods have a C-terminal 
LRR domain that contains multiple LRRs whose function is to sense the bacterial 
pathogen-associated molecular pattern (PAMP), being peptidoglycan. Finally, all 
Nods have a CARD. The CARD is essential for the homodimerisation of the recep-
tor, and the recruitment of downstream adaptor proteins through homophilic and 
heterophilic protein interactions that are required to facilitate the pro- infl ammatory 
signalling cascade in response to bacterial PAMP recognition [ 7 ]. Nod1 contains 
only one CARD domain, whereas Nod2 contains two CARD domains. 

 Initially, Nod1 and Nod2 were proposed to be intracellular sensors of bacterial 
lipopolysaccharide (LPS) [ 8 ,  9 ] and were suggested to have a role in regulating 
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apoptosis and the NF-kappaB pathway [ 10 ]. However, the initial fi nding that Nods 
detected LPS was incorrect due to contaminants contained within the LPS prepara-
tions used in these studies. Further refi nement and purifi cation of bacterial cell 
preparations resulted in the identifi cation that Nods sense bacterial peptidoglycan 
fragments contained within the cell wall of bacteria; however, the motifs recognised 
by Nod1 and Nod2 differ [ 11 ,  12 ]. 

 In the host, Nod1 is expressed ubiquitously by most cell types [ 13 – 15 ]. Nod1 
detects a specifi c and conserved structure of peptidoglycan that is commonly found 
in almost all Gram-negative bacterial peptidoglycan, as well as some Gram-positive 
bacteria such as  Bacillus subtilis  and  Listeria monocytogenes  [ 16 ,  17 ]. The muro-
peptide structure detected by Nod1 is composed of a disaccharide moiety, 
 N -acetylglucosamine– N -acetylmuramic acid (GlcNAc–MurNAc), linked to a tri-
peptide of which the terminal amino acid is  meso -diaminopimelate (mDAP), also 
known as GM-TriDAP [ 16 ,  17 ]. Most Gram-negative organisms contain mDAP 
within their cell wall [ 18 ]. Furthermore, most Gram-positive bacteria contain a 
lysine residue at the terminal position of their peptidoglycan, rendering their pepti-
doglycan incapable of signalling via Nod1. Interestingly, recognition of peptidogly-
can by Nod1 is host specifi c, as human Nod1 specifi cally detects the GM-TriDAP 
structure of peptidoglycan [ 17 ]. However, murine Nod1 is most responsive to a 
tetrapeptide muropeptide containing  l -alanine– d- glutamate– meso DAP– d -alanine 
(GM-TetraDAP) [ 19 ]. 

 Nod2 was fi rst identifi ed approximately 10 years ago [ 20 ], and similar to Nod1, 
it also is composed of a NBD and multiple C-terminal LRRs; however, it has two 
N-terminal CARDs. Nod2 expression is mainly restricted to leukocytes consisting 
of T cells [ 21 ], neutrophils [ 22 ], macrophages [ 20 ] and dendritic cells. In addition, 
Nod2 is expressed at low levels by intestinal epithelial cell lines and primary intes-
tinal epithelial cells [ 10 ,  23 ,  24 ]. The expression of Nod2 is basal within these cells; 
however, its expression can be induced by a variety of infl ammatory signals such as 
LPS, tumour necrosis factor (TNF) and interferon gamma (IFN-gamma) [ 23 – 25 ]. In 
contrast to Nod1, Nod2 is considered to be a sensor of both Gram-negative and 
Gram-positive bacteria due to its ability to detect muramyl dipeptide (MDP), a com-
ponent common to the peptidoglycan of both classes of bacteria [ 11 ,  12 ]. Therefore, 
Nod2 regulates the production of infl ammatory mediators in response to all types of 
bacterial pathogens in order to maintain gut homeostasis [ 6 ]. 

 More recently, the importance and impact of Nods on immune responses and in 
pathogenesis now extends beyond detecting bacteria. Nods have been implicated in 
the progression and development of gut homeostasis, chronic asthma, arthritis, der-
matitis, IBD, multiple sclerosis [ 26 ], obesity [ 27 ], Chagas disease [ 28 ] and malaria 
[ 29 ,  30 ]. Conversely, over-activation of Nods can result in the development of auto-
infl ammatory diseases such as Blau syndrome and sarcoidosis [ 31 ]. Collectively, 
these studies highlight that Nods may contribute to the progression and develop-
ment of disease of various aetiologies; however, the mechanisms whereby they con-
tribute to these diseases are not well understood and remain to be elucidated.  
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    Nods Initiate a Pro-infl ammatory Signalling Cascade 

 The detection of bacterial peptidoglycan by Nods initiates a signalling cascade that 
ultimately results in the production of pro-infl ammatory cytokines and the develop-
ment of an infl ammatory innate immune response (see Fig.  10.1 ). The classical path-
way of Nod signalling is as follows. Upon Nod recognition of peptidoglycan via its 
LRRs, it is speculated that Nod receptors self-oligomerise via their Nod domains. 
This activation and homodimerisation of Nods enables them to mediate the recruit-
ment and oligomerisation of the RIP-like interacting CLARP kinase (RICK) [ 9 ,  32 ,  33 ], 
also known as receptor-interacting protein-2 (RIP-2), a member of the receptor- 
interacting protein kinase family [ 34 ]. RIP-2 subsequently interacts via an electrostatic 
interaction with the CARD domain(s) contained within Nod receptors [ 33 ,  35 ]. The 
interaction between the CARD of RIP-2 and Nods is specific and essential to 
the signalling process, as Nod1 signalling can be abolished when a truncated form of 
RIP-2 lacking the CARD is transfected into cells [ 20 ]. The homophilic CARD–CARD 

  Fig. 10.1    Pro-infl ammatory signalling mediated by Nod1 and Nod2. Nod1 and Nod2 detect 
their peptidoglycan ligands,  N -acetylglucosamine– N -acetylmuramic acid- l -Ala– d -Glu–
meso- diaminopimelic acid (GM-triDAP) and muramyl dipeptide (MDP), respectively, to trigger 
infl ammation. Through their recruit of Rip2, Nod1 and Nod2 trigger NFkappaB and MAPK path-
ways to drive infl ammatory cytokine production. Nod1 has also been shown to active IRF7 down-
stream of TBK1 and IKK epsilon leading to type I interferon production (IFB-beta) (Courtesy of 
artist: Priya Alwis)       
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interaction between Nods and RIP-2 results in RIP-2 being subsequently 
K63-polyubiquitinated within its kinase domain by the E3 ubiquitin ligases cIAP1, 
cIAP2 and xIAP [ 36 ,  37 ]. This in turn initiates the K63-linked polyubiquitination of 
NEMO, a scaffolding protein and regulator of the IkappaB kinase (IKK) complex 
[ 38 ,  39 ]. Therefore, the polyubiquitination of RIP-2 is essential for the activation 
of IKK, which in the case of Nod2 signalling, subsequently mediates via polyubiq-
uitinated NEMO the recruitment of the transforming growth factor-beta (TGF-
beta)-associated kinase (TAK1) [ 32 ], in addition to the TAB1 and TAB2 complex. 
The interaction between Nods, IKK and TAK1 results in the phosphorylation and 
degradation of the IKK complex, and the degradation of IkappaB proteins by the 
proteasome [ 10 ,  20 ,  32 ,  33 ]. This in turn ultimately facilitates the dissociation of 
the NF-kappaB p50 and p65 complex and the phosphorylation and translocation of the 
p65 subunit into the nucleus, enabling it to bind to consensus binding sites within 
pro-infl ammatory genes. This allows the transcription of pro- infl ammatory mole-
cules including CXCL5, CXCL8 and its murine homologue CXCL2 (or macro-
phage infl ammatory protein-2, Mip-2) [ 17 ,  24 ,  40 ].

   Although signifi cant advances have been made to broaden our understanding of 
the mechanisms and pathway(s) of Nod activation and Nod-dependent pro- 
infl ammatory responses, certain key components of this pathway are yet to be elu-
cidated. For example, the mechanism and location(s) where Nods directly interact 
with peptidoglycan and RIP-2 remain unknown. It has been proposed that when 
Nods are in an inactive state, their LRR remain folded over the Nod region and upon 
sensing their ligand undergo conformational changes that allow the homodimerisa-
tion of the receptors [ 1 ,  41 ]. Furthermore, our knowledge of Nod binding partners 
is limited. Two different protein interaction screens identifi ed the LRR- and PDZ 
domain-containing family member Erbin as a binding partner of Nod2; however, the 
cellular impact of this interaction and its role in Nod signalling remains unclear [ 42 , 
 43 ]. Additional screens have also found other Nod2 interactors, including Grim19 
[ 30 ] and, more recently, carbamoyl phosphate synthetase/aspartate transcarbamy-
lase/dihydroorotase (CAD [ 44 ]), but their overall contribution to bacterial detection 
and Crohn’s disease pathogenesis is still unclear. Moreover, researchers have postu-
lated that additional cytoplasmic host structures may be required for Nod signalling, 
similar to the infl ammasome, and hence, the existence of a “Nodosome” or “Nod 
signalosome” has been proposed [ 45 ,  46 ]. Further studies are required to address 
these key steps in the process of Nod activation and ligand recognition.  

    Outcome of Nod Signalling 

    The Production of Antimicrobial Peptides 

 Signalling via the Nod1 and Nod2 receptor pathways results in the production 
of antimicrobial peptides, known as defensins, by epithelial cells. The production of 
defensins in response to Nod2 signalling is essential for the regulation of commensal 
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organisms and maintaining gut homeostasis, as Nod2-deffi cient mice have an 
impaired regulation of bacterial load in their terminal ileum [ 47 ]. This study was 
performed by Petnicki-Ocwieja and colleagues, who isolated the intestinal crypts of 
wild-type C57BL/6 and Nod2 knockout mice and subsequently cultured them with 
bacteria. The supernatant obtained from wild-type crypts cultured with bacteria dis-
played potent antimicrobial activity against  Escherichia coli ,  Salmonella  and 
 Listeria monocytogenes  in a dose-dependent manner. Whereas supernatants from 
crypts isolated from Nod2 or RIP-2 knockout mice and stimulated with bacteria 
were hindered in their antimicrobial function [ 47 ]. The antimicrobial activity was 
attributed to Nod2 signalling inducing the production of alpha-defensins, which are 
small, cationic antimicrobial peptides produced by Paneth cells of the intestine [ 47 ]. 
In addition, a second study identifi ed that both Nod2 and RIP-2 expressed by epi-
thelial cells located within the intestinal ileal crypts facilitated the protection of 
mice against intestinal  Helicobacter hepaticus -induced infl ammation, due to the 
production of alpha-defensins which function in controlling the pathogen [ 48 ]. 
Furthermore, Nod2-dependent production of alpha-defensins protects mice against 
the intracellular pathogen  Listeria , as Nod2 knockout mice display an inability to 
produce intestinal antimicrobial alpha-defensin peptides, known as cryptdins [ 49 ]. 
These fi ndings have been corroborated in vivo by Wehkamp and colleagues, who 
identifi ed that the production of alpha-defensins by Paneth cells in the intestine of 
Crohn’s disease patients was reduced, and this decrease was most pronounced in 
patients with mutations in  Nod2 , suggesting that Nod2 and alpha-defensins may 
have a role in regulating the integrity and homeostasis of the gastrointestinal tract 
[ 50 ]. It should be noted that a Nod2-independent, MyD88-dependent mechanism 
for the production of antimicrobial peptides by Paneth cells has been reported [ 51 ], 
and this system may potentially function in unison with Nod2 to regulate the level 
of microbial fl ora within the gut, which will be discussed in detail below. 

 Indeed, a similar role for Nod1 in maintaining the intestinal microbiota homeo-
stasis has been reported. Bouskra et al., identifi ed that Nod1 knockout mice have a 
greater total number of bacteria in their gut, possibly due to the lack of beta- defensin 
antimicrobials produced at the intestinal epithelial surface in the absence of Nod1 
signalling [ 52 ]. The antimicrobial peptides human beta-defensins (HBDs) are small 
cationic, low molecular weight peptides with immunomodulatory properties 
required for host defence from bacterial pathogens [ 53 ]. HBDs are endogenously 
produced by epithelial cells and their expression can be upregulated during infec-
tion in a Nod1-dependent manner. We, and others, identifi ed that the gastric patho-
gen  Helicobacter pylori  induced the production of HBD2 by human epithelial cells 
in an NF-kappaB and Nod1-dependent manner [ 54 ,  55 ]. Furthermore, we demon-
strated that culture supernatants obtained from  H .  pylori -stimulated epithelial cells 
contained HBD2 which exerted potent antimicrobial activity against  H .  pylori , and 
that Nod1 was essential for the production of this functional antimicrobial [ 55 ]. 
Similarly, the ability of Nod2 to induce the expression of HBDs has been demon-
strated using MDP [ 56 ]. Collectively, these studies identify the ability of Nods to 
induce the production of alpha- and beta-defensins that function to regulate the 
overall number of the intestinal microbiota and reduce the ability of pathogenic 
bacteria to colonise the gastrointestinal tract.  
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    The Production of Type I Interferons (IFNs) 

 Work by Watanabe and colleagues identifi ed a novel pathway of Nod1 signalling, 
resulting in the induction of type I interferons (IFNs), an immune response typically 
associated with a viral infection [ 57 ]. The authors demonstrated that  H .  pylori  stim-
ulation of gastrointestinal epithelial cells initiated Nod1 signalling, the activation of 
RIP-2 and its interaction with the TNF receptor-associated factor 3 (TRAF3). This 
resulted in the sequential activation of TANK-binding kinase 1 (TBK1), IκB kinase 
epsilon (IKK epsilon) and the IFN regulatory factor 7 (IRF7). Subsequently, IRF7 
can activate the transcription factor complex IFN-stimulated gene factor 3 (ISGF3), 
composed of Stat1, Stat2 and IRF9, enabling it to bind to an IFN-stimulated response 
element (ISRE), resulting in the production of the pro-infl ammatory cytokines 
CXCL10, also known as IP-10 and IFN-beta [ 57 ] (see Fig.  10.1 ). The authors pro-
pose that this will in turn result in the generation of a pro-infl ammatory T helper1 
(Th1) response as a result of  H .  pylori  infection.  

    The Production of Infl ammatory Cytokines and the Recruitment 
of Innate Immune Cells 

 One of the key outcomes of Nod signalling is the production of cytokines, resulting 
in the recruitment and activation of pro-infl ammatory innate immune cells. Studies 
using knockout animals have clarifi ed the contribution of Nods to pathogen- initiated 
infl ammation. Work by Masumoto and colleagues identifi ed that administration of 
a Nod1 ligand intraperitoneally to wild-type mice induced neutrophil recruitment 
and the production of CCL2, also known as monocyte chemotactic protein-1 (MCP- 
1), and CXCL2 in the serum of these animals. However, Nod1 knockout mice dis-
played an inability to produce CCL2 in their serum in response to Nod1 ligand 
administration. Their fi ndings clearly identifi ed a role for Nod1 in the production of 
pro-infl ammatory cytokines that functions to recruit monocytes and dendritic cells 
to the site of infection, further enhancing the development of a cellular innate and 
adaptive immune response [ 58 ]. In addition, Nod1-mediated neutrophil recruitment 
is an important immune response against the enteric Gram-positive pathogen 
 Clostridium diffi cile  [ 59 ].  C .  diffi cile  is normally located within the intestinal tract 
of healthy individuals, where its levels are maintained by the intestinal microbiota; 
however, in antibiotic-treated individuals, it is the causative agent of pseudomem-
branous colitis [ 60 ]. Work by Hasegawa and colleagues identifi ed that Nod1 knock-
out mice infected with  C .  diffi cile  in their intestinal tract were more prone to lethality 
due to an impaired clearance of the pathogen, compared to wild-type controls [ 59 ]. 
The impaired clearance of  C .  diffi cile  in Nod1 knockout animals was dependent on 
a defect in the ability of these animals to produce CXCL1 and induce the recruit-
ment of neutrophils to the infected site. 

 Similarly, Nod2 signalling by pathogens results in the secretion of pro- infl ammatory 
cytokines and the recruitment of infl ammatory cells, and some examples are listed 
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below. Clearance of the enteric pathogen  Citrobacter rodentium  is regulated by 
Nod2-induced production of CCL2, which enables the recruitment of infl ammatory 
monocytes into the colon and the induction of an adaptive immune response [ 61 ]. 
 Streptococcus pneumoniae  infection of phagocytes results in the production of CCL2, 
which propagates the infl ammatory response by inducing the recruitment of macro-
phages to the site of infection to assist in the clearance of the pathogen [ 62 ]. Furthermore, 
it was shown in vivo using Nod2 knockout mice that Nod2 was also required for the 
generation of an antibody response specifi c for  S .  pneumoniae  [ 62 ]. Also, infection 
with the Nod2-signalling bacterium  Mycobacterium , infl uences the production of 
TNFα and IL1-β by macrophages in addition to regulating the ability of macrophages 
to control the intracellular growth of this pathogen [ 63 ]. This fi nding was validated in 
vitro using siRNA to knockdown of Nod2 and observing that the lack of Nod2 enhanced 
growth of  Mycobacterium  in macrophages [ 63 ]. A genetic association of Nod2 in 
regulating  M .  leprae  infection was identifi ed by performing a genome analysis of 
patients with leprosy, revealing that these infected individuals had a single-nucleotide 
polymorphism (SNP) in Nod2 that may be attributed to the disease outcome [ 64 ]. 
Moreover, using RIP-2 knockout animals, and peripheral blood mononuclear cells 
from individuals homozygous for a Nod2 polymorphism, it was determined that Nod2 
plays a key role in the production of the pro-infl ammatory cytokines IL-10, IL-6 and 
IL-1β in response to  Borrelia , the causative agent of Lyme disease [ 65 ]. Finally, 
 Legionella pneumophila  has been reported to activate both Nod1 and Nod2, resulting 
in the induction of NF-kappaB and IFN-beta [ 66 ]. These researchers also showed 
that Nod1 is essential for the clearance of  L .  pneumophila  in vivo [ 66 ].  

    The Production of Reactive Oxygen Species 

 In addition to driving innate immune cells to produce pro-infl ammatory cytokines 
and facilitate the further recruitment of innate immune cells, Nod signalling can 
enhance the production of reactive oxygen species by innate immune cells. 
Moreover, Nod expression can be upregulated in the presence of pro-infl ammatory 
cytokines, further enhancing the innate immune response initiated via Nod signal-
ling. A study by Totemeyer and colleagues identifi ed that IFN-gamma increased the 
expression of Nod2 within macrophages, heightening the production of the antimi-
crobial nitric oxide (NO) [ 67 ]. Furthermore, Nod1 stimulation with Gram-negative 
peptidoglycan or bacteria resulted in the expression of inducible nitric oxide syn-
thase and NO production in combination with IFN-gamma in a diverse range of host 
cell types including bone marrow-derived dendritic cells [ 68 ] macrophages [ 19 ,  69 ], 
hepatocytes [ 70 ], mesothelial cells and smooth muscle cells [ 71 ]. An in vivo exam-
ple of the requirement of Nods in the clearance of pathogens via NO production has 
been reported using  Chlamydophila pneumoniae  [ 72 ]. Clearance of  C .  pneumoniae  
in Nod1, Nod2 and RIP-2 knockout animals was impaired, due to an inability to 
induce iNOS expression and NO production, which subsequently resulted in delayed 
neutrophil recruitment to the lungs [ 72 ].  
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    Enhanced Phagocytosis by Innate Immune Cells 

 Nod1 stimulation can promote and enhance the ability of innate immune cells such 
as macrophages and neutrophils to phagocytose pathogenic organisms. Indeed, pep-
tidoglycan fragments from the Gram-negative organism  Haemophilus infl uenzae  
were capable of inducing neutrophils to phagocytose opsonised Gram-positive 
 S pneumoniae  [ 73 ]. This fi nding was further corroborated using a murine infection 
model, whereby neutrophils from mice treated with purifi ed peptidoglycan ligands 
or Nod1-signalling  H .  infl uenzae  displayed increased killing of  S .  pneumonia  in a 
Nod1-dependent manner. Moreover   , the requirement for Nod1 to facilitate phago-
cytosis of bacterial pathogens by neutrophils was further validated in vivo, as Nod1 
knockout mice administered with  H .  infl uenzae  prior to infection with  S .  pneu-
moniae  had an impaired ability to clear the pathogen [ 73 ]. In addition, a second 
study reported that peptidoglycan originating from the intestinal microbiota may 
facilitate in priming bone marrow-derived neutrophils to display enhanced killing of 
 S .  pneumoniae  and  Staphylococcus aureus  [ 22 ]. The authors demonstrated by colo-
nising germ-free mice with  Escherichia coli  containing radiolabelled peptidoglycan 
that during colonisation, peptidoglycan from intestinal organisms can translocate 
across the intestinal mucosa, entering the circulation where it can facilitate in the 
development of neutrophil function [ 22 ].  

    Autophagy 

 Autophagy is a cellular cytoplasmic process that targets intracellular components 
for degradation and occurs downstream of the early endosome pathway [ 74 ,  75 ]. 
The process of autophagy is essential for the clearance of cytosolic cargo, being 
either damaged host organelles or proteins, or as a defence mechanism for the deg-
radation of internalised bacterial or viral pathogens [ 74 ,  75 ]. 

 Three studies have recently reported the ability of Nods to regulate the intracel-
lular degradation process of autophagy in response to bacterial pathogens. We identi-
fi ed that both Nod1 and Nod2 are required for autophagy in response to bacteria, 
using the invasive pathogen  Shigella fl exneri  [ 76 ]. Furthermore, we identifi ed that 
Nods interacted with ATG16L1, a component of the autophagosome, enabling its 
recruitment to the cellular site of bacterial entry into host cells to establish autoph-
agy. Indeed, mutations in ATG16L1 are linked to susceptibility of Crohn’s disease, 
providing a possible physiological relevance for the requirement of Nods in bacterial- 
induced autophagy, discussed in further detail below. Other research groups have 
also established a requirement for Nods in the development of bacteria-induced 
autophagy and the regulation of an infl ammatory response in Nod-stimulated human 
dendritic and colonic epithelial cells [ 77 ,  78 ]. However, there are some key differ-
ences between the fi ndings reported by all three groups. Cooney et al. identifi ed that 
Nod2 was required for the induction of autophagy in dendritic cells and promoting 
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the generation of an adaptive immune response as a result of autophagy-induced 
increased antigen presentation within MHC II complexes [ 77 ]. This    study also iden-
tifi ed that Nod2-dependent autophagy required the autophagy-related proteins ATG5, 
ATG7 and ATG16L and was dependent on RIP-2 [ 77 ]. Similarly, Homer and col-
leagues also identifi ed that Nod-2 dependent autophagy required RIP-2 [ 78 ]. 
Whereas, contrary to these fi ndings, work by Travassos and colleagues showed that 
Nod1-induced autophagy of intracellular bacteria was RIP-2 independent, as ATG16 
could co-localise with Nod1-signalling  Shigella  in RIP-2-defi cient mouse embryonic 
fi broblasts (MEFs). This clear discrepancy in fi ndings for the requirement of RIP-2 
between groups may potentially be a difference in the cell type examined, or the 
pathogen model used, as Travassos focused on epithelial cells and murine macro-
phages using a  Shigella  pathogen model [ 76 ]. Whereas work by Cooney and Homer 
focused specifi cally on human dendritic cells stimulated with Nod-ligands [ 77 ] and 
 Salmonella -infected colonic cells, respectively [ 78 ]. Further work is required to elu-
cidate the exact role of RIP-2 in Nod-induced autophagy.  

    Development of the Gut Microbiota 

 The importance of Nods in the development of the intestinal microbiota is in part 
due to their location at the mucosal surfaces, in addition to their rapid ability to 
sense the presence of bacteria and produce antimicrobial peptides that function to 
control the bacterial burden at these sites. Using Nod2 knockout animals, it has been 
identifi ed that this pattern recognition molecule (PRM) plays a key role in the com-
position of the intestinal microbiota during development [ 79 ]. Rehman and col-
leagues examined the faecal and ileal microbiota compositions in wild-type 
C57BL/6 and Nod2 knockout animals by generating a 16s ribosomal RNA clone 
library. This study identifi ed that there was a shift in the composition of the ileal and 
faecal microbiota composition in Nod2 knockout animals when compared to 
C57BL/6 control mice [ 79 ]. Indeed, they identifi ed that in the absence of Nod2, 
elevated total bacterial numbers were present within the faeces and terminal ileum 
of mice compared to their wild-type controls, and that Nod2 knockout mice dis-
played increased numbers of  Bacteroidetes  and  Firmicutes  compared to control 
mice [ 79 ]. In addition, a second study reported of a similar increase in the numbers 
of  Bacteroides ,  Firmicutes  and  Bacillus  spp. present in the terminal ilea of Nod2-
defi cient or RIP-2-defi cient animals [ 47 ]. Interestingly, the regulation of Nod2 in 
the development of the gastrointestinal microbiota occurred early in the develop-
mental stage of these animals, as an altered microbial composition was evident 
upon weaning of these mice [ 79 ]. 

 The importance of the increased number of  Firmicutes  and  Bacteroides spp . in 
these knockout animals is apparent when comparisons are made to the microbiota 
of Crohn’s disease patients. Individuals who were homozygous for the Nod2 SNP13, 
commonly associated with Crohn’s disease, displayed elevated numbers of 
 Firmicutes  and  Bacteroides  in their ileum compared to their healthy counterparts, 
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suggesting that Nod2 regulation of the intestinal microbiota is associated with a 
genetic predisposition to Crohn’s disease [ 79 ]. This genetic alteration may account 
for the dysregulation in the intestinal microbiota of Crohn’s disease patients, as 
Nod2 may be required to suppress the levels of opportunistic pathogens in these 
individuals [ 79 ].  

    Role in Intestinal Development 

 In addition to controlling the bacterial composition of the intestinal tract, Nod sig-
nalling induced by the microbial fl ora also contributes to the development of lym-
phoid follicles within the intestinal tract. Bouskra et al. identifi ed that Nod1 
signalling by the microbiota present within intestinal crypts resulted in the produc-
tion of defensins and CCR6 signalling, ultimately facilitating the development and 
formation of lymphoid follicles [ 52 ]. Using bone marrow chimaeras, it was deter-
mined that Gram-negative bacterial commensals signalling via Nod1 present within 
intestinal epithelial cells, and not haematopoietic cells, were responsible for the 
development of intestinal lymphoid follicles within animals [ 52 ]. The result of 
Nod1 signalling in epithelial cells by the intestinal microbiota subsequently enabled 
the host to generate polymeric IgA antibodies, that are immunoreactive against the 
intestinal fl ora, and progress the development of Peyer’s patches and mesenteric 
lymph nodes that drain the intestinal tissue [ 52 ]. Ultimately, these studies identifi ed 
that the impaired development of intestinal lymphoid follicles in Nod1 knockout 
animals resulted in an altered microbial fl ora, in addition to identifying a direct 
function of microbial Nod1 signalling in the development of the lymphoid compart-
ment and the generation of secondary lymphoid tissues [ 52 ]. These fi ndings have 
been implicated as having a role in shaping the development of the mucosal lym-
phoid compartment of Crohn’s disease individuals.  

    The Development of Adaptive Immune Responses 

 Innate immune responses initiated by PRRs such as Nods are broad, have been 
 conserved throughout evolution and ultimately result in the recruitment of pro-
infl ammatory cells such as dendritic cells, macrophages or neutrophils to the site of 
infection. These activated innate immune cells produce cytokines, as described in 
the aforementioned sections, and facilitate further the recruitment of adaptive 
infl ammatory immune cells. Activation of the adaptive immune system results in 
the generation of a pathogen-specifi c response and involves T cells that are respon-
sible for the progression of infl ammation, or B cells that are required for the genera-
tion of a humoral, antibody-mediated response. 

 To date, most of the studies examining Nod-dependent adaptive immune 
responses have used Nod ligands as an adjuvant in conjunction with model antigens, 
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such as the chicken egg ovalbumin protein, OVA. A study by Fritz and colleagues 
was one of the fi rst to report the requirement for Nod1 in priming antigen-specifi c T 
cell development and humoral antibody responses in vivo [ 80 ]. Indeed, using Nod1- 
defi cient mice, and Nod1-defi cient animals reconstituted with bone marrow from 
Nod1-competent animals, this study reported that Nod1 stimulation in non- 
haematopoietic cells was responsible for priming antigen-specifi c Th2 immunity in 
response to injection with the Nod1 ligand FK156 and ovalbumin as an antigen 
[ 80 ]. The Th2 immune response observed was characterised by the presence of 
IL-4- and IL-5-producing CD4 +  T cells and antibodies of the IgG1 subtype [ 80 ]. 
This study has subsequently been validated and expanded upon by Magalhães and 
colleagues, who showed that both Nod1 and Nod2 activation results in the develop-
ment of a Th2-dependent immune response in vivo and that RIP-2 is essential for 
the establishment of Nod-dependent adaptive immune responses [ 81 ]. Again, this 
study relied on the injection of Nod agonists into wild-type and Nod knockout ani-
mals, and adaptive immune responses to OVA were determined. The authors identi-
fi ed that wild-type mice administered with both FK156 and OVA displayed elevated 
IL-4- and IL-5-producing cells in their spleens in addition to IgG1 antibody 
responses, which were abrogated in RIP-2-defi cient animals [ 81 ]. Indeed, using 
bone marrow chimeric mice, a second study by the same authors identifi ed that 
these responses are dependent on Nod1 and Nod2 expression by cells within the 
stromal compartment, and not by dendritic cells, considered as the most potent 
antigen- presenting cell in the host [ 82 ]. Therefore, the initial Nod1-signalling 
response triggered in epithelial cells can direct the hosts dendritic cells to initiate the 
development of a T helper 1 (Th1) infl ammatory response and T helper 2 (Th2) 
humoral response, resulting in antibody production. Furthermore, Nod1 can function 
in combination with toll-like receptor (TLR) stimulation to enhance the adaptive 
immune response and initiate the development of a Th1, Th2 and Th17 responses [ 80 ]. 

 In addition to Nod1, Nod2 signalling is also capable of facilitating the develop-
ment of the adaptive arm of the immune response. Nod2-defi cient T cells have an 
impaired ability to induce the production of IL-2 and IFN-gamma and function 
similarly to T cells that lack CD28, a costimulatory molecule required to enable the 
clonal expansion of T cells and the generation of Th1 immunity [ 83 ]. However, it 
should be noted that this fi nding was observed using a model of the intracellular 
parasite,  Toxoplasma gondii  [ 83 ]. Furthermore, Nod2 expressed by human dendritic 
cells seems to be required for bacterial processing and handling, via autophagy, and 
the generation of CD4 +  T cell responses, possibly due to presentation of antigen via 
MHC class II to T cells [ 77 ]. This fi nding was validated using human dendritic cells 
with impaired Nod2 function displaying an inferior ability to induce antigen- specifi c 
T cell responses [ 77 ]. 

 Th17 CD4 +  T cells are one of the most recently discovered adaptive immune 
cells and are characterised by their secretion of IL-17 which functions in recruiting 
neutrophils to the site of infl ammation [ 84 ]. In addition, Th17 cells also produce 
IL-22, which facilitates the production of antimicrobial peptides and tissue repair 
factors by epithelial cells [ 85 ]. Recently, the role of Nods in the generation of innate 
Th17 immune cells during microbial infection was determined [ 86 ]. Using the 
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animal models of  Citrobacter rodentium - and  S .  typhimurium -induced colitis, it was 
identifi ed that both Nod1 and Nod2 were essential for the induction of mucosal 
Th17 immune responses early during infection, being 4 days and 24 h postinfection 
with the respective pathogens. The Th17 immune response initiated by innate Th17 
cells (iTh17) was dependent on the expression of IL-6, and these cells were essen-
tial for the development of mucosal immunity against both bacterial pathogens [ 86 ]. 
Using Nod1 and Nod2 knockout animals, it was determined that Nods were essen-
tial for the generation of Th17 responses to mucosal pathogens, as these knockout 
animals displayed an increase in the burden of infection and reduced pathology, 
when compared to wild-type control mice [ 86 ]. This is the fi rst identifi cation of the 
requirement for Nods in the development of the third arm of the adaptive immune 
response, being the rapid development of iTh17 immunity, which may function to 
fi ll the immune gap until the mature adaptive immune response develops [ 86 ]. 

 Finally, Nods have been identifi ed as having a role in regulating the development 
of an adaptive immune response, via the generation and regulation of Foxp3 express-
ing suppressive T regulatory cells (Tregs) [ 21 ]. Tregs function to maintain self- 
tolerance in the host and suppress autoreactive T cells in the periphery via their 
production of the immunosuppressive cytokine IL-10 [ 87 ]. Peripheral blood mono-
nuclear cells from Crohn’s disease patients expressing a mutation in their Nod2 
gene had a low production of the immunosuppressive cytokine IL-10, indicating a 
potential role for Nod2 in facilitating the suppression of immunoreactive T cells 
located within the periphery [ 88 ]. Furthermore, Rahman and colleagues reported 
the ability of the Nod2 agonist MDP to activate NF-kappaB in Tregs, hence protecting 
them from Fas-mediated apoptosis or programmed cell death [ 21 ]. Moreover, this 
study reported of a defi ciency in Tregs located within the lamina propria of patients 
who were homozygous for  nod2  variants, providing a possible explanation for the 
chronic infl ammatory response observed in these Crohn’s disease patients [ 21 ].   

    How Bacteria Signal via Nod1 and Nod2 

 Bacteria utilise numerous mechanisms to release their peptidoglycan and facilitate 
its entry into host cells. Similarly, the host uses a variety of mechanisms to enable 
the uptake of peptidoglycan into the cytoplasm to initiate Nod signalling. These 
mechanisms are discussed in detail below and are summarised in Fig.  10.2 .

      Invasion 

 A number of bacteria have been reported to be capable of inducing Nod signalling, 
with a dependence on the bacteria being viable or actively invading host cells (see 
Fig.  10.2 ). One of the earliest examples identifying that invasive pathogens could 
initiate NF-kappaB-dependent IL-8 production potentially via intracellular Nod1 
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was demonstrated using invasive  Shigella fl exneri  [ 9 ]. This study also reported that 
NF-kappaB-dependent IL-8 production was not induced by noninvasive nor heat- 
killed  Shigella  [ 9 ]. This fi nding was subsequently confi rmed, as viable and invasive 
 Chlamydophila pneumoniae  could induce Nod1 signalling and the secretion of IL-8 
by human endothelial cells, whereas this was not evident when epithelial cells were 
stimulated with heat-inactivated organisms [ 89 ]. Furthermore, a third study demon-
strated that transfection of heat-killed bacteria into epithelial cells enabled Nod1 
signalling to occur [ 89 ]. This same group also subsequently identifi ed that invasive 
 Listeria monocytogenes  was capable of inducing IL-8 production by human endo-
thelial cells, in a Nod1 and p38 MARK-dependent manner [ 90 ]. Since    then, numer-
ous studies have reported that Nod1 signalling, resulting in NF-kappaB-dependent 
IL-8 production, can be induced in host epithelial and haematopoietic cells by the 
invasive enteric pathogens  Escherichia coli  [ 91 ],  Listeria  [ 92 ],  Salmonella enterica  
serovar Typhimurium [ 68 ] and  Mycobacterium avium  ssp.  paratuberculosis , which 
is associated with Crohn’s disease [ 93 ]. In addition,  Moraxella catarrhalis , a lung 
pathogen, is capable of invading bronchial epithelial and primary small airway 

  Fig. 10.2    Mechanisms that facilitate entry of Nod ligands into the cytoplasm of target cells. There 
are a number of ways that peptidoglycan has been shown to enter into the cytoplasm to interact 
with either Nod1 or Nod2. These include (1) phagocytosis, (2) endocytosis, (3) entry through pores 
made by pore-forming toxins, (4) delivery through outer membrane vesicles (OMVs), (5) peptide 
transporters and (6) bacterial secretion systems (Courtesy of artist: Priya Alwis)       
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epithelial cells, resulting in the generation and secretion of IL-8 in a Nod1-dependent 
manner [ 94 ]. 

 Similarly, invasive pathogens can signal via Nod2, as is the case for  Mycobacterium 
tuberculosis  [ 95 ,  96 ] and  Mycobacterium bovis  infected macrophages [ 96 ]. The 
requirement for Nod2 in the recognition of  M .  tuberculosis  and cytokine production 
was demonstrated using mononuclear cells isolated from individuals homozygous 
for the 3020insC Nod2 mutation, revealing a defective cytokine production in 
response to infection [ 95 ]. Intracellular  Salmonella  can also activate Nod2, result-
ing in killing of the pathogen, and mutations in Nod2 enable intracellular  Salmonella  
to survive within host cells [ 23 ]. In addition,  S. pneumoniae  can transiently invade 
epithelial and endothelial cells, resulting in further upregulation of Nod2 expression 
in vivo and in vitro [ 97 ]. The authors reported that RIP2 and the signal-transducing 
molecules IRAK, IRAK2, TRAF6, NIK, TAB2, and TAK1 are involved in this pro-
cess [ 97 ].  

    Uptake of Bacteria by Phagocytosis and the Degradation 
of Their Peptidoglycan by Lysosomes 

 The cellular process of phagocytosis enables the uptake of large particles by host 
phagocytic cells, predominantly by macrophages. Phagocytosis of Gram-negative 
and Gram-positive pathogens by host phagocytes enables intracellular Nods capa-
ble of detecting bacterial peptidoglycan and initiating a pro-infl ammatory response, 
via the degradation of the internalised pathogen by phagolysosomal fusion. The 
host produces enzymes that can degrade peptidoglycan to subunits that are capable 
of being recognised by Nod1 and Nod2. The most prevalent host enzyme responsi-
ble for peptidoglycan degradation is lysozyme, which is found in host mucosal 
secretions and in granules contained within phagocytes. An analysis of lysosomal 
extracts obtained from human innate immune cells revealed that lysosome-degraded 
peptidoglycan components were capable of activating the Nod-signalling pathway 
in host cells [ 98 ]. Therefore, the authors of this study proposed that intracellular 
peptidoglycan traffi cs to the lysosome, where it is degraded into smaller soluble 
subunits, enabling more effi cient recognition by the intracellular Nod receptors [ 98 ].  

    Release of Peptidoglycan by Hydrolases or Remodelling 
That Can Be Internalised by Host Cells 

 Bacteria are required to constantly remodel their peptidoglycan layer during the 
process of bacterial growth and division. During the process of cellular remodelling 
and biosynthesis, bacteria shed their peptidoglycan into their extracellular environ-
ment, and this shedding is particularly high during the stage of exponential growth 
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[ 99 ]. Furthermore, bacterial MDP can be released after degradation of ingested 
 bacteria by host lysozyme [ 100 ]. 

 Some bacteria are very effi cient at recycling their peptidoglycan and minimising 
the amount that is released into the surrounding environment during this remodel-
ling process.    For example,  E .  coli  is very effi cient at recycling its peptidoglycan as 
it only releases approximately 6 % of its total peptidoglycan content [ 101 ], whereas 
 Bacilli  can release between 30 and 50 % of their peptidoglycan during remodelling, 
which may have a function in its pathogenesis [ 102 ]. Indeed, it has been suggested 
that some pathogens such as  Neisseria gonorrhoeae  and  Bordetella pertussis  release 
peptidoglycan to facilitate invasive disease due to destruction of the epithelial cell 
barrier [ 2 ]. Released peptidoglycan can ultimately be taken up by host cells via 
endocytosis or peptide transporters, as discussed below.  

    Bacterial Secretion Systems 

 Some of the more virulent  H .  pylori  strains harbour a cag pathogenicity island 
(cagPAI), which encodes for a type 4 secretion system (T4SS). It was well estab-
lished that  H .  pylori cag PAI-positive bacteria harbouring a T4SS are able to induce 
IκB degradation and the nuclear translocation of NF-kappaB [ 103 ,  104 ]. Work by 
Viala and colleagues identifi ed that  H .  pylori cag PAI-positive bacteria are able to 
translocate their peptidoglycan into host epithelial cells via the T4SS [ 40 ] (see 
Fig.  10.2 ). We have furthered these fi ndings and identifi ed that  H .  pylori cag PAI-
positive bacteria can also activate p38 and extracellular signal-related kinase (ERK) 
MAPKs and AP-1 in a Nod1-dependent manner, identifying a novel pathway of 
Nod signalling in response to Gram-negative bacterial infection [ 105 ]. Moreover, 
we reported that the T4SS of  H .  pylori  interacts with integrins located within 
lipid rafts on the host cell membrane to facilitate Nod1 signalling [ 106 ]. A sec-
ond pathogen,  C .  rodentium , which expresses a functional type III secretion sys-
tem, has similarly been reported to initiate the production of cytokines via both 
Nod1 and Nod2 pathways [ 107 ].  

    Endocytosis and Peptide Transporters 

 Non-phagocytic epithelial cells are capable of endocytosing peptidoglycan in a 
clathrin-mediated and dynamin-dependent process. Lee and colleagues used 
HEK293T cells to show that the internalisation of Nod1 ligands was pH dependent 
and was optimal at pH 5.5–6, suggesting that the intracellular location of peptido-
glycan was within early endosomes. Similarly, Nod2-stimulating peptidoglycan 
was capable of entering human epithelial cell lines in an identical manner to Nod1- 
signalling peptidoglycan [ 108 ]. In addition, a putative transporter for Nod1 ligands 
was suggested to exist within early endosomes, being SLC15A4, which was 
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confi rmed by knocking down expression of this transporter using siRNA. Indeed, 
the expression of this putative transporter, whose optimal function is at pH 5.5–6, 
was highly expressed in tissues obtained from IBD patients, suggesting a potential 
role for Nod detection of peptidoglycan in IBD-affected individuals [ 108 ]. 
Furthermore, a second study also reported the mechanism of Nod2-signalling pep-
tidoglycan entry into host cells, being macrophages [ 109 ]. The authors expanded on 
the current knowledge that MDP is internalised into acidifi ed vesicles in macro-
phages and identifi ed that MDP enters macrophages in a clathrin- and dynamin-
mediated manner [ 109 ]. It was previously identifi ed that MDP could cross the 
plasma membrane of host cells and enter the cytoplasm via a plasma membrane 
transporter hPepT1 [ 110 ,  111 ], initially identifi ed as a transporter of oligopeptides 
[ 112 ]. Two studies reported that the hPepT1 transporter was responsible for trans-
porting Nod2- stimulating MDP, but not Nod1-inducing peptidoglycan, into the 
cytoplasm of intestinal epithelial cells [ 110 ,  111 ]. However, a second group reported 
that MDP uptake and subsequent Nod2-dependent signalling in macrophages did 
not require the peptide transporter PepT1 [ 109 ]. The contribution of the hPepT1 
transporter in facilitating MDP translocation into the cytoplasm may be a cell-
specifi c phenomenon, and further research is required to clarify the requirement of 
this transporter within different cells. Collectively, these studies indicate that the 
endocytic pathway enables the uptake of Nod-stimulating peptidoglycan ligands 
into host cells in a pH- dependent manner.  

    Outer Membrane Vesicles 

 Almost all Gram-negative bacteria secrete outer membrane vesicles (OMVs) or 
“blebs” as part of their normal growth. OMVs are spherical, bilayered membrane 
nano-structures ranging from 20 to 300 nm in size, which are released naturally 
both in vitro and in vivo [ 113 ]. We have recently identifi ed that OMVs from 
 H .  pylori ,  Pseudomonas aeruginosa  and  N. gonorrhoea  contain peptidoglycan 
[ 114 ]. We have shown that Gram-negative bacterial OMVs enter non-phagocytic 
host epithelial cells via lipid rafts, rendering their peptidoglycan-containing cargo 
accessible to Nod1. Indeed, depletion of lipid rafts on the surface of epithelial cells 
impaired the ability of OMVs to enter and signal via Nod1, and this was restored 
once lipid rafts were replenished on the host cellular membrane [ 114 ]. Similarly, a 
second study also has shown the ability of OMVs from  E .  coli  to enter host cells in 
a lipid raft-dependent manner and release toxin within the host cell [ 115 ]. In addition, 
work by Bielig and colleagues confi rmed the ability of Gram-negative bacterial 
OMVs to induce Nod-dependent responses using the pathogen  Vibrio cholerae  [ 116 ]. 

 Furthermore, oral administration of  H .  pylori  OMVs to wild-type and Nod1 
knockout animals revealed that OMVs could initiate rapid innate immune responses 
within the gastric tissue of immunocompetent animals, whereas no infl ammatory 
responses were observed in Nod1 knockout mice [ 114 ]. Moreover, oral OMV 
administration to wild-type animal resulted in the development of an OMV-specifi c 
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antibody response that was absent in Nod1 knockout animals. Collectively, these 
fi ndings identifi ed a mechanism whereby Gram-negative mucosal pathogens can 
initiate Nod1-dependent innate and adaptive immune responses in the absence of 
cellular invasion or bacterial secretion systems.  

    Direct Binding of Ligands to Nod Receptors 

 Since the discovery of Nod1 and Nod2 and the identifi cation of peptidoglycan as the 
bacterial product triggering the activation of these receptors, scientists have debated 
whether or not these molecules directly bound their respective ligands. Early work 
had suggested that this was likely the case. Indeed, mouse Nod1 prefers the tetra-
peptide,  l -Ala– d -Glu–mesoDAP– d -Ala, whereas human Nod1 is better triggered 
by  l -Ala– d -Glu–mesoDAP; therefore, by swapping their LRR domains, the sensing 
specifi cities of these two molecules could be switched [ 19 ]. 

 Recently, three papers demonstrated direct in vitro binding of their ligands. The 
fi rst paper showed using surface plasmon resonance and atomic force microscopy 
that Nod1 can directly bind to  l -Ala-γ– d -Glu– meso -diaminopimelic acid but not 
MDP, the Nod2 ligand. Following this, two papers showed the direct interaction of 
Nod2 with MDP, one using chips coated with MDP self-assembled monolayers and 
surface plasmon resonance to measure Nod2–MDP interactions [ 117 ] and the other, 
binding of recombinant Nod2 to biotinylated MDP [ 118 ]. The signifi cance of these 
studies is that now these kinds of assays can be used to develop screens for identify-
ing novel inhibitors or activators of Nod proteins, which might reveal interesting 
small molecules for the treatment of Crohn’s disease.   

    Role of Nods in Crohn’s Disease 

  Nod2  was the fi rst susceptibility gene linked to Crohn’s disease. In 2001, two groups 
reported that mutations in  Nod2 , and in particular, a frame-shift mutation caused by 
a cytosine insertion at nucleotide position 3020, were linked to Crohn’s disease 
susceptibility [ 8 ,  119 ]. For Nod1, its link to infl ammatory bowel disease has been 
less clear. Although some studies have shown associations of  Nod1  polymorphisms 
with Crohn’s disease [ 120 ], this has not been supported in other populations [ 121 ]. 

    Nod2 Genetics and Crohn’s Disease 

 The original paper by Hugot et al., which fi rst described  Nod2  as susceptibility loci 
for Crohn’s disease, identifi ed two variants of  Nod2 , termed SNP8 and SNP12, in 
addition to the frame-shift mutation, termed SNP13. While SNP13 lies within the 
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LRR region of Nod2 and results in impaired sensing of MDP [ 11 ,  12 ], SNP12 is 
proximal to SNP13 within the LRR and SNP8 is within the NOD domain. 
Interestingly, these two mutations have a variable affect on MDP sensing and at 
high MDP doses, approach wild-type levels of cell activation [ 122 ]. On the other 
hand, individuals homozygous for the frame-shift mutation are completely unable 
to detect MDP at any dose [ 122 ]. With this in mind, these fi ndings call into question 
whether a lack of ability to detect MDP really underlies Crohn’s disease pathogen-
esis. Alternatively, these fi ndings may suggest that treating patients with MDP, 
especially  Nod2  heterozygous and compound heterozygous individuals, might ame-
liorate disease. 

 More recently, deep sequencing of GWAS-identifi ed loci found fi ve new variants 
of  Nod2  associated with Crohn’s disease [ 123 ]. Functional analyses of two of these 
 Nod2  variants showed diminished responsiveness to MDP compared to wild-type 
Nod2 transfected cells, yet not as profound as cells transfected with the Nod2 frame- 
shift mutant [ 123 ]. Further studies into how these  Nod2  variants are impaired in 
their activity will certainly shed light onto our understanding of Crohn’s disease 
pathogenesis.  

    Lessons Learned from Colitis Models 

 No animal model can mimic all aspects of human disease. Nevertheless, much 
insight into how Nod2 potentially regulates intestinal homeostasis has been gained 
from models of colitis in Nod2-defi cient mice. The most commonly used chemical 
models are the dextran sulphate sodium (DSS) and trinitrobenzene sulfonic acid 
(TNBS)-induced models, where the chemical insult damages the epithelial layer 
leading to intestinal infl ammation that is driven by exposure of damaged mucosal 
tissue to the commensal microbiota. Bacteria-induced models of colitis are milder 
and perhaps more physiologically relevant models of induced colitis, which have 
been extensively used in the past few years. Again, while no model is perfect, dif-
ferent aspects governing the regulation of intestinal infl ammation can be revealed 
by these different models. 

 In the DSS and TNBS models, Nod2 triggering has been shown to be important 
to protect mice from severe disease. Treatment of wild-type mice with the Nod2 
ligand, MDP, ameliorates colitis induced by DSS, and this effect was gone in DSS- 
treated Nod2-defi cient animals [ 36 ,  124 ]. Moreover, in a TNBS colitis model, a 
 Lactobacillus  strain producing a highly active Nod2 ligand within its peptidoglycan 
was also able to ameliorate colitis in a Nod2-dependent fashion [ 125 ]. In the TNBS 
model, Nod2-defi cient mice have been reported to develop more severe colitis [ 126 , 
 127 ]. Interestingly, one group showed that the protective Nod2-dependent signals 
emanate from the bone marrow since chimeric mice with a Nod2-defi cient hemato-
poietic compartment were as susceptible as Nod2-defi cient mice [ 127 ]. However, it 
is not yet known how these bone marrow-derived Nod2 signals are protective in 
colitis and, indeed, what these factors might be. 

10 Nod1 and Nod2 and the Immune Response to Bacteria



210

 The role of Nod2 in host defence against microbial infection and subsequent 
colitis has been examined in different bacterial infection models. Nod2-defi cient 
mice are more susceptible to  Helicobacter hepaticus  infection, demonstrating 
increased intestinal infl ammation and increased frequency of IFN-gamma secreting 
Th1 cells in Peyer’s patches. Interestingly, over-expression of alpha-defensins in 
Nod2-defi cient Paneth cells was able to dampen intestinal infl ammation [ 48 ]. Nod2- 
defi cient mice were also shown to display a delayed intestinal clearance of 
 Citrobacter rodentium  due to reduced CCL2 expression in the colon and resulting 
in impaired recruitment of infl ammatory monocytes [ 61 ]. Our group, on the other 
hand, found only in the background of Nod1 defi ciency that Nod2-defi cient mice 
were more susceptible to  C .  rodentium  infection [ 86 ] and, indeed,  Salmonella 
enterica  serovar Typhimurium infection [ 128 ]. The reason for this discrepancy is 
unclear but likely points to the ever-growing understanding that differences in com-
mensal microbiota between animal facilities impact disease susceptibility. Finally, a 
knock-in mouse strain carrying the frame-shift mutation in  Nod2 , which is associ-
ated with human Crohn’s disease, was generated recently and, similar to Nod2- 
defi cient mice, this mutant Nod2 strain exhibits severely impaired sensing of MDP 
and increased susceptibility to the enteric organism  Enterococcus faecalis  [ 129 ]. It 
will be interesting in the future to explore the mechanisms of intestinal homeostasis 
dysregulation in this mouse model.   

    Conclusion and Perspectives 

    Nod1 and Nod2 were the fi rst characterised NLR family of cytosolic PRRs. As 
described in this chapter, much research has focused on how these receptors detect 
their ligand, peptidoglycan, and how this triggers an infl ammatory response. More 
recent fi ndings have highlighted that Nod signalling at the intestinal mucosa, espe-
cially Nod2, is critical for the maintenance of the integrity of the gut barrier and the 
regulation of infl ammatory pathways that control both homeostasis and protection 
against intrusion by microbial pathogens. The challenge for the future will be to 
understand how dysregulation of Nod2 signalling leads to infl ammation in Crohn’s 
disease patients. What is still unclear is what cell type is critical for Nod2-dependent 
homeostatic regulation, be it hematopoietic cells or epithelial cells of the intestine, 
including Paneth cells. Moreover, a key question for the future will be to understand 
whether Nod2’s ability to detect MDP is linked to intestinal homeostasis. As pointed 
out above, while cells derived from patients with the homozygous frame-shift muta-
tion in  Nod2  cannot detect MDP, cells with other mutations still retain some ability 
to respond to this bacterial product. In the future, understanding the pathogenic 
implications of these Crohn’s disease- associated mutations in  Nod2 , beyond the 
frame-shift mutation, will help to unravel the mysteries behind this disease as well 
as point to new avenues for treatment.     
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    Abstract     Over the past 5 years, a wealth of data has emerged from experimental 
models linking the IL23/Th17 axis with chronic intestinal infl ammation. Clinical 
studies have also reported elevated levels of IL23 and Th17 cytokines in the 
infl amed intestine of IBD patients, and recent GWAS have associated polymor-
phisms in  IL23R , and in other Th17-related genes, with susceptibility to IBD. 
However, the precise mechanisms through which the IL23-Th17 axis contributes to 
intestinal homeostasis are not fully understood. Recent studies have revealed that 
IL23 drives intestinal infl ammation by stimulating conserved effector responses, 
characterised by the production of IL-17A, IFN-γ and IL-22, from several popula-
tions of innate and adaptive intestinal leukocytes. However, the effects of individual 
Th17 cytokines are complex, ranging from disease protective to highly pathogenic, 
and are governed by the context in which they are expressed and by the presence of 
additional factors in the intestine. More recently, it has been shown that distinct 
members of the intestinal microbiota can modulate the Th17 axis and can regulate 
the balance between Th17 and Treg cells in the intestine. In addition, several 
approaches using pharmacological or biological inhibitors of the IL23/Th17 axis 
have been demonstrated to alleviate autoimmune pathology. These fi ndings suggest 
that strategies targeting the IL23/Th17 axis could constitute novel therapies for 
IBD. However, a better understanding of how the IL23/Th17 axis interacts with 
host genetic factors and the intestinal microbiota in the normal and diseased intes-
tine is necessary to ensure that these novel therapies are applied to appropriate 
patient cohorts.  

      Chapter 11
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        Introduction 

 Chronic infl ammatory disorders, including infl ammatory bowel diseases (IBD) that 
affect the gastrointestinal tract, are an important cause of morbidity in the developed 
world [ 1 ]. In the last decade, technical innovations such as genome-wide associa-
tion studies (GWAS) and deep sequencing of the intestinal microbiota, together 
with continued progress in understanding the regulation of immune and infl ammatory 
networks, have driven tremendous advances in identifi cation of genetic, environ-
mental and immune factors that together determine IBD susceptibility [ 2 ]. Despite 
these advances, our understanding of IBD pathogenesis is far from complete, and 
there is a growing acceptance that the heterogeneous clinical features of IBD may 
refl ect the expression of distinct combinations of risk factors in individual patients 
[ 3 ]. A corollary of this concept is the realisation that a global ‘cure’ for IBD may be 
an unrealistic aspiration and instead, the focus should be on developing new thera-
pies that can be employed in appropriate patient subgroups exhibiting shared patho-
genic pathways. The successful employment of biological therapies targeting 
TNF-α, which have been shown to have potent disease-ameliorating effects in a 
signifi cant proportion of IBD patients, illustrates the utility of this approach. 
However, additional therapies need to be developed to target alternative infl amma-
tory pathways that may predominate in other patient subgroups that respond poorly 
to conventional therapies [ 4 ]. 

 In parallel to more detailed characterization of IBD patients, complementary 
studies on intestinal immunity have revealed a plethora of new cellular and molecu-
lar factors that can contribute to protective and pathogenic immune responses in the 
gut [ 3 ]. These fi ndings have refi ned our view of intestinal immune homeostasis and 
have led to a re-evaluation of IBD pathogenesis by identifying new players in intes-
tinal infl ammatory responses. One key fi nding to emerge from these studies was an 
association of the pro-infl ammatory cytokine IL23 with chronic intestinal infl am-
mation, both in preclinical mouse models of the disease and in IBD patient cohorts 
GWAS [ 2 ,  3 ]. Furthermore, IL23 has been strongly associated with Th17 CD4 +  T 
cell responses, which have been implicated in immune pathology in several infl am-
matory diseases. As such, there is currently enormous interest in the development of 
therapies targeting the IL23/Th17 axis for the treatment of autoimmune and infl am-
matory disease. In this review, I will summarise the data linking the IL23/Th17 axis 
with intestinal infl ammation as well as the mechanisms responsible, and I will 
 consider how manipulation of this axis may be achieved and whether this strategy 
may prove useful in the treatment of IBD.  

    Linking the IL23-Th17 Axis to Intestinal Pathology 

 Early molecular profi ling of cytokines and T cells present in intestinal lesions in 
IBD gave rise to the paradigm that Crohn’s disease (CD) was associated with IFN-γ 
and IL-12 and was therefore a Th1-mediated disorder, whereas ulcerative colitis 
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(UC) was predominantly associated with Th2 responses, characterised by IL-5 and 
IL-13 [ 5 ]. This paradigm was reinforced by studies in experimental IBD models 
where depletion of IL-12, through genetic ablation of the IL-12p40 subunit, or using 
anti-p40 monoclonal antibodies (mAb), led to amelioration of colitis [ 5 ]. However, 
the discovery that the IL-12p40 subunit could also pair with a p19 subunit to form 
the heterodimeric cytokine IL23 [ 6 ] led to a reappraisal of the relative contributions 
of IL-12 and IL23 to infl ammatory pathology. 

 Seminal studies in mouse models of autoimmune disease, such as experimental 
autoimmune encephalitis (EAE) and collagen-induced arthritis (CIA), demonstrated 
that IL-12 was not required for disease, whereas IL23 was indispensable for tissue 
immune pathology [ 7 ]. In addition, IL23-driven autoimmune pathology was associ-
ated with the accumulation of a new infl ammatory CD4 +  T cell subset, termed Th17 
cells on account of their secretion of the cytokines IL-17A and IL-17F, but which have 
subsequently been shown to be highly heterogeneous and to produce additional cyto-
kines, such as IL-22 and IL-21 [ 7 – 9 ]. A series of parallel studies in experimental mod-
els of IBD reported similar fi ndings, identifying IL23 as the  central driver of chronic 
intestinal pathology. Selective depletion of IL23, either through genetic ablation or 
using a p19-specifi c mAb, was found to prevent spontaneous colitis in  IL - 10  −/−  mice 
[ 10 ], to attenuate intestinal infl ammation in  Rag  −/−  recipients of naïve CD45RB hi CD4 +  
T cells [ 11 ] and to inhibit the typhlocolitis that was triggered in wild-type mice by 
infection with the intestinal bacterium  Helicobacter hepaticus  and concomitant block-
ade of IL-10R signals [ 12 ]. In addition to these models of T cell-mediated IBD, IL23 
was also shown to drive innate immune-mediated intestinal infl ammation in  Rag  −/−  
mice induced either by infection with  Helicobacter hepaticus  [ 11 ] or by injection of 
agonistic anti-CD40 mAb [ 14 ]. Similar to what had been described in autoimmune 
tissue pathology, IL23- mediated intestinal pathology was found to be associated with 
high levels of Th17 cytokines in the infl amed intestine [ 11 ,  12 ]. Interestingly, although 
intestinal pathology in these diverse IBD models was accompanied by a range of sys-
temic infl ammatory responses such as splenomegaly and liver infl ammation, elevated 
IL23 and Th17 responses were largely restricted to the infl amed gut, with the systemic 
immune pathology often driven by IL-12 [ 11 ,  13 ], suggesting that IL23 and IL-12 dif-
ferentially regulate infl ammatory responses at different sites. 

 The data derived from the various mouse IBD models were consistent with 
reports of elevated levels of Th17 cytokines in human IBD tissue samples [ 14 – 16 ]. 
However, the key fi nding that cemented the link between IL23 and human IBD 
resulted from GWAS studies of large cohorts of IBD patients, which identifi ed single 
nucleotide polymorphisms (SNPs) in the  IL23R  gene locus that were associated with 
either susceptibility or resistance to CD [ 17 ,  18 ]. These fi ndings were  replicated by 
subsequent studies, which also extended the associations to UC, indicating that 
 IL23R  SNPs may contribute to susceptibility to both major forms of IBD [ 19 – 21 ]. 
The mechanisms through which  IL23R  polymorphisms control susceptibility to IBD 
are not yet clear and are complicated by the fi ndings that both protective and suscep-
tibility alleles have been identifi ed and that some of the SNPs are in non-coding 
regions [ 17 – 21 ]. However, a major protective  IL23R  allele contains a  non-synonymous 
SNP (R381Q) in the cytoplasmic domain of the IL23R, and T cells expressing this 
 IL23R  variant exhibited reduced STAT3 phosphorylation and decreased IL-17A 

11 The IL23-Th17 Axis in Intestinal Infl ammation



222

production in response to IL23 stimulation [ 22 ,  23 ], suggesting that impaired IL23R 
signalling confers a signifi cant degree of protection from IBD. Alternatively, protec-
tive SNPs in non-coding regions may cause alternative splicing leading to the pro-
duction of soluble truncated forms of the IL23R that can inhibit signalling by the 
full-length receptor [ 24 ]. These fi ndings are consistent with a pathogenic role of 
IL23R signalling in IBD and with clinical evidence of elevated production of IL23 
in the infl amed lesions of IBD patients [ 25 ,  26 ]. It remains to be established whether 
risk-associated  IL23R  SNPs result in constitutively active IL23R signalling or in 
attenuated production of decoy receptors. It is important to consider that IL23R 
expression is not restricted to effector T cells, but has also been reported for NK cells 
and various mononuclear phagocyte cells, including macrophages and dendritic 
cells [ 27 ]. Thus, further studies on both innate and  adaptive leukocytes expressing 
risk-associated or protective  IL23R  alleles should illuminate additional pathways 
through which IL23R signals control infl ammatory responses in the intestine.  

    IL23 Stimulates Conserved Effector Responses from Innate 
and Adaptive Intestinal Leukocytes 

 IL23 is secreted by activated macrophages and DC in response to microbial 
 stimulation [ 28 ] and is constitutively expressed by a population of lamina propria 
DC in the ileum, a site that is often affected in CD patients [ 29 ]. IL23 expression 
was increased in the infl amed intestine in mouse IBD models, particularly within 
colonic CD11c +  DC, although CD11b + CD11c −  monocytic populations also 
expressed high levels of IL23 [ 11 ,  14 ]. A population of myeloid DC present in the 
mesenteric lymph node of CD patients was shown to secrete elevated levels of IL23 
upon bacterial stimulation, when compared to the same DC population isolated 
from control subjects or UC patients [ 30 ]. However, CD patients have also been 
reported to harbour a subset of CD14 +  macrophages in the intestinal lamina propria 
that secreted high levels of IL23 and could drive the differentiation of Th17 and Th1 
cells [ 26 ,  31 ]. Moreover, a recent study in mice reported that a CD103 + CD11b +  
lamina propria DC subset rapidly responded to bacterial fl agellin stimulation by 
producing high amounts of IL23 [ 32 ]. Thus, it appears that both mucosal DC and 
macrophages may contribute to IL23 production in the intestine, especially during 
infection or chronic infl ammation. However, as pattern recognition receptor (PRR) 
stimulation by the same microbial agonists also drives IL-12 secretion, it is not yet 
clear what determines whether particular populations of intestinal macrophages and 
DC predominantly secrete IL23 or IL-12. 

 Early studies on IL23 in autoimmune disease models established a strong asso-
ciation between IL23-driven pathology and the development of Th17 CD4 +  T cell 
responses [ 7 – 9 ]. Although Th17 cells were fi rst described as a population of IL23R +  
memory CD4 +  T cells, Th17 cell differentiation from naïve T cells is driven by TCR 
activation in the presence of STAT-3-activating cytokines, such as IL-6 and IL-21, 
together with TGF-β and IL-1β, and is dependent on the transcription factor RORγt 
(called RORC in humans) [ 7 – 9 ]. These factors promote IL23R expression on 
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activated T cells, and IL23R signals enhance Th17 differentiation and survival [ 7 –
 9 ]. Th17 cells are highly heterogeneous and individual Th17 cells may secrete vari-
ous combinations of IL-17A, IL-17F, IL-22, IL-21 as well as other cytokines [ 7 – 9 ]. 
In addition, Th17 cells exhibit considerable plasticity, meaning that they can further 
differentiate and acquire functions attributed to other effector Th cell subsets, such 
as the production of IFN-γ or IL-10 [ 9 ,  33 ]. The instability of the Th17 lineage is 
thought to be due to epigenetic modifi cations that permit the reactivation of key 
transcription factors that can drive reprogramming of Th17 cells [ 34 ,  35 ]. Th17 
cells preferentially accumulate at mucosal surfaces, particularly the intestine, but 
they share this niche with other leukocyte populations, including immune suppres-
sive FoxP3 +  regulatory cells that exhibit a reciprocal relationship with Th17 cells 
[ 36 ]. Maintenance of an appropriate balance between Th17 and Treg cells in the 
intestine plays a key role in regulating intestinal immune homeostasis [ 36 ]. 

 Mouse IBD models have identifi ed several mechanisms through which IL23 pro-
motes pathogenic T cell response in the intestine. In the T cell transfer model of 
IBD, where naïve CD45RB hi  CD4 +  T cells induce severe chronic colitis and wasting 
disease following adoptive transfer into lymphopenic (SCID or  Rag  −/− ) recipients 
[ 37 ],  IL  23  −/−  Rag  −/− mice did not develop colitis following reconstitution with WT 
naïve CD45RB hi  CD4 +  T cells [ 11 ]. The absence of intestinal pathology in 
  IL  23      −/−  Rag  −/− recipients correlated with decreased IL-17A and IFN-γ levels in the 
intestine and with reduced frequencies of both Th1 and Th17 cells in the MLN [ 11 ]. 
Similar fi ndings were reported in models of  Helicobacter hepaticus -triggered 
T cell-mediated typhlocolitis, where a lack of intestinal pathology in  IL  23  −/−  mice 
again correlated with a reduction in both Th1 and Th17 responses [ 12 ]. In humans, 
a population of gut-homing CD161 + CD4 +  Th17 cells was identifi ed and found to be 
enriched within intestinal lesions of CD patients [ 38 ]. Furthermore, in contrast to 
the CD161 + CD4 +  T cells present in healthy controls, those from CD patients secreted 
high levels of IL-17A and IFN-γ in response to IL23, suggesting that IL23 drives 
similar T cell effector responses in the infl amed intestine in humans [ 38 ]. Direct 
IL23 signalling into CD4 +  T cells is required for the development of T cell- mediated 
intestinal infl ammation because  IL  23R  −/−  naïve CD4 +  T cells were unable to induce 
colitis in  Rag  −/−  recipients [ 39 ]. In addition, T cell intrinsic IL23R signals promoted 
the accumulation of a population of IL-17A + IFN-γ +  double producer (DP) T cells 
within the infl amed colon, suggesting that IL23 may potentiate the pathogenic 
potential of Th17 cells [ 39 ]. Although the precise role of these IL-17A + IFN-γ +  DP 
cells in intestinal pathology remains to be determined, similar T cells have been 
isolated from infl ammatory lesions of CD patients [ 40 ]. IL23 also potentiates 
infl ammatory T cell responses in the gut by limiting the development of Treg 
responses. For example, in the naïve CD4 +  T cell transfer colitis model, a higher 
frequency of FoxP3 + Treg cells developed when the  Rag  −/−  recipients could not pro-
duce IL23 [ 41 ]. Similarly,  IL  23R  −/− naïve CD4 +  T cells showed an enhanced ability 
to differentiate into FoxP3 + Treg cells and to secrete IL-10, compared to WT naïve 
CD4 +  T cells following transfer into  Rag  −/−  mice [ 39 ]. Thus, IL23 drives chronic 
intestinal infl ammation by promoting a range of pathogenic effector Th cell 
responses in the infl amed intestine, encompassing Th1, Th17 and IL-17A + IFN-γ +  
DP cells, and by inhibiting the development of FoxP3 + Treg cells. 
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 IL23 was also shown to drive colitis in T cell-defi cient mice, and this innate 
immune intestinal pathology was also associated with elevated production of 
IL-17A, IFN-γ and IL-22 [ 11 ,  13 ,  42 ]. In colitic  Rag  −/−  mice, a population of 
Thy Hi Sca-1 + RORγt + IL23R +  cells was identifi ed as the key source of IL-17A, IFN-γ 
and IL-22 in the infl amed intestinal lamina propria, and depletion of these cells 
using anti-Thy1 mAb ameliorated intestinal pathology [ 42 ]. Phenotypic analysis 
revealed that these cells were negative for myeloid and lymphocyte lineage markers 
(Lin − ) but that they shared some markers with NK cells and LTi cells and were 
therefore termed innate lymphoid cells (ILC) [ 42 ]. A similar population of ILC that 
produced Th17 cytokines in response to IL23 was increased in the infl amed intes-
tine of CD patients [ 43 ]. Furthermore, a series of parallel studies have described a 
variety of additional RORγt + IL23R +  innate leukocyte populations found in the 
intestine and skin of mice and humans that secrete Th17 cytokines in response to 
IL23, including γδ T cells, NK T cells, NKp46 +  cells and LTi cells [ 44 ]. These 
innate populations rapidly respond to signals associated with stress, infection or 
injury by secreting IL-17A and IL-22 and other mediators that are important for 
early tissue-protective and antimicrobial responses at mucosal surfaces [ 44 ,  45 ]. 
It is not yet clear whether these other innate populations can contribute to IBD 
pathogenesis, although NKp46 +  cell populations secreting IFN-γ were increased in 
the intestinal mucosa in CD patients [ 46 ]. 

 It has become apparent that the colitis-promoting effects of IL23 can be exacer-
bated by IL-1β, another pro-infl ammatory cytokine that has been linked to Th17 
responses. A recent study found that IL-1β synergised with IL23 to promote innate 
and adaptive pathogenic Th17 responses in the gut [ 47 ]. In innate immune colitis, 
IL-1β enhanced IL23R expression by ILC and promoted the accumulation of 
IL-17A-producing ILC in the colon [ 47 ]. Conversely, IL23R signals enhanced 
IL-1R1 expression on CD4 +  T cells which enhanced Th17 cell accumulation and 
survival in the gut [ 47 ]. Similarly, IL-1β also synergized with IL23 to induce maxi-
mal production of IL-17 and IFN-γ from CD161 +  CD4 +  T cells isolated from CD 
patients [ 38 ]. In summary, it has become clear that IL23 mediates chronic intestinal 
infl ammation by driving the expression of conserved infl ammatory cytokine 
responses from both innate leukocytes and T cells in the intestine and that this activ-
ity can be amplifi ed by additional infl ammatory mediators.  

    Protective and Pathogenic Functions of Th17 Cytokines 
in the Intestine 

 IBD arises as a consequence of aberrant or chronic over-expression of protective 
immune mechanisms, and Th17 cells have been shown to be important for protection 
against pathogenic infections of mucosal surfaces, particularly by extracellular bacte-
rial and fungal pathogens [ 48 ]. The heterogeneous nature of Th17 cells, together with 
the increased focus on biological therapies for the treatment of chronic infl ammatory 
disorders, has prompted efforts to dissect the roles of distinct Th17 cytokines in intes-
tinal homeostasis. These studies have revealed that the activities of individual 
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cytokines are complex and may encompass both pathogenic and protective effects in 
the intestine. In one sense this is not surprising, since infl ammation and tissue repair 
are tightly linked processes and the intestine is often considered a site of controlled 
infl ammation. Tissue-protective effects may refl ect direct fortifi cation or repair of the 
epithelial barrier or may be related to host-protective immune responses that limit 
pathogen colonisation or invasion in the gut [ 49 ,  50 ]. The latter activity is exemplifi ed 
by studies on  Citrobacter rodentium  infection in mice, which serves as a mouse sur-
rogate of enteropathogenic/enterohaemorrhagic  E .  coli  (EPEC/EHEC) infection of 
humans [ 51 ].  C .  rodentium  is an attaching-effacing (A/E) bacterial pathogen, forming 
pedestals on infected intestinal epithelial cells (IEC), and in WT mice disease mani-
fests as transient weight loss, diarrhoea and mild intestinal infl ammation, which abate 
with clearance of the pathogen after around 3 weeks [ 51 ]. IL23 is essential for protec-
tion from  C .  rodentium  as  IL  23  −/−  mice succumbed to this normally self-limiting infec-
tion [ 52 ]. Several Th17 cytokines have been shown to play a role in protection, as 
 IL - 17A  −/−  mice,  IL - 17F  −/− mice and  IL - 22  −/−  mice all exhibited increased  C .   rodentium  
colonisation that was frequently associated with marked systemic bacterial penetra-
tion [ 53 ,  54 ]. Impaired antibacterial immunity correlated with decreased production of 
β-defensins in  IL - 17A  −/− and  IL - 17F      −/−  mice [ 53 ] and with a reduction in RegIIIβ and 
RegIIIγ expression in  IL - 22  −/−  mice [ 54 ], confi rming that these Th17 cytokines were 
potent inducers of antimicrobial peptides [ 55 ]. Importantly, this host-protective type 
17 response is not an exclusive function of adaptive CD4 +  Th17 cells, because produc-
tion of IL-22 by a CD90 + LTi-like ILC population has been shown to provide  protection 
against  C .  rodentium  during the very early stages of infection [ 56 ]. These fi ndings are 
consistent with the hypothesis that IL23 co-ordinates both early and long-term 
 protection to extracellular mucosal pathogens by triggering immediate type 17 
responses from tissue-resident ILC and by promoting the development of adaptive 
Th17 responses which endow memory and specifi city to the response [ 42 ,  44 ]. 

 Studies in the acute colitis model induced by administration of dextran sulphate 
sodium (DSS) to mice have identifi ed divergent protective and pathogenic activities 
of distinct Th17 cytokines during acute disruption of the intestinal epithelial barrier. 
DSS, administered in the drinking water for 5–7 days, is toxic to IEC, resulting in 
barrier disruption and translocation of intestinal bacteria into the lamina propria. This 
triggers an acute infl ammatory response and transient weight loss, which are followed 
by restitution and repair of the epithelial barrier. Blockade of IL-17A, using neutralis-
ing mAbs or by genetic ablation, resulted in exacerbated intestinal infl ammation in 
DSS-treated mice, indicating a protective role for IL-17A [ 57 ,  58 ]. Similarly, IL-22 
also has a protective role during DSS colitis as  IL - 22  −/− mice exhibited increased mor-
bidity and mortality following DSS administration [ 59 ]. Although the mechanisms 
responsible for the protective effects of IL-17A and IL-22 in DSS colitis are incom-
pletely understood, these cytokines have been shown to fortify intestinal barrier integ-
rity in several ways: by stimulating the production of the tight junction protein claudin 
[ 60 ], by stimulating IEC proliferation and mucosal wound healing [ 16 ,  61 ], and by 
promoting goblet cell restitution and mucin production [ 62 ]. In addition, as noted 
above, IL-17A and IL-22 have been reported to induce AMP production [ 53 ,  54 ], 
which may also limit bacterial colonisation and translocation across the damaged 
epithelium and thus temper local and systemic infl ammatory responses. 
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 In contrast to the protective activity of IL-17A and IL-22, other Th17 cytokines 
have been found to have a pathogenic role in DSS colitis. For example,  IL - 17F  −/− mice 
exhibited attenuated intestinal pathology after DSS administration when compared 
with wild-type mice [ 58 ], suggesting that IL-17F promotes acute intestinal infl am-
mation in this model. This fi nding was somewhat surprising, since IL-17F is highly 
homologous to IL-17A and has overlapping functions, particularly in terms of 
induction of cytokines and chemokines that promote recruitment of neutrophils to 
infl ammatory sites [ 63 ]. In addition, both IL-17A and IL-17F signal through the 
same IL-17RA/RC receptor complex, although the downstream signal transduction 
pathways are still poorly defi ned [ 64 ]. Moreover, the demonstration that Th17 cells 
can also produce a functional IL-17A/F heterodimer [ 65 ,  66 ], further complicates 
dissection of their respective roles. Interestingly,  IL - 17RA  −/−  mice phenocopy  IL - 
17F      −/−  mice in showing attenuated colitis after DSS administration, suggesting that 
the pathogenic effects of IL-17F may dominate the protective effects of IL-17A 
during acute colitis [ 67 ]. Further studies on the precise interactions of IL-17A and 
IL-17F with their functional receptors, the cellular distributions of IL-17RA and 
IL-17RC, and the downstream signalling cascades triggered by receptor engage-
ment may illuminate the mechanisms through which IL-17A and IL-17F have 
 differential effects [ 64 ]. IL-21 is another Th17 cytokine that appears to play a 
 pathogenic role in acute colitis, as  IL - 21  −/−  mice exhibited reduced intestinal infl am-
mation following administration of DSS or TNBS and treatment of wild type with 
an IL-21R-Fc fusion protein led to an attenuation of DSS colitis [ 68 ]. Based on its 
ascribed functions, there are several potential ways in which IL-21 might contribute 
to infl ammatory responses in the intestine, including promoting the secretion of 
chemokines such as MIP3α from IEC [ 69 ], inducing tissue-degrading enzymes such 
as matrix metalloproteinases (MMP) from intestinal fi broblasts [ 70 ], and amplify-
ing effector Th17 and Th1 responses while inhibiting Treg responses [ 71 – 75 ]. 
Taken together, these results indicate different Th17 cytokines play distinct roles 
following acute disruption of the intestinal epithelial barrier, with IL-21 and IL-17F 
exacerbating acute infl ammatory responses, whereas IL-17A and IL-22 co-ordinate 
tissue- protective antimicrobial responses and wound healing. 

 Additional insights into the dichotomous functions of Th17 cytokines in the 
infl amed intestine have been derived from studies with mouse models of chronic intes-
tinal infl ammation. In the T cell transfer model of colitis,  IL - 17A  −/−  naïve CD45RB hi  
CD4 +  T cells induced severe colitis that was indistinguishable from that observed in 
 Rag  −/−  recipients of wild-type naïve CD45RB hi  CD4 +  T cells, showing that T cell-
derived IL-17A was not required for chronic intestinal pathology [ 41 ,  76 ]. These stud-
ies were confi rmed and extended by Leppkes et al., who reported that naïve CD45RB hi  
CD4 +  T cells isolated from  IL - 17F  −/−  or  IL - 22  −/−  mice had equivalent colitogenic 
potential to their WT counterparts following transfer into  Rag  −/−  recipients, demon-
strating that T cell-derived IL-17F or IL-22 was also dispensable for chronic intestinal 
pathology [ 77 ]. Although these results argued against an essential role for Th17 cyto-
kines in T cell-mediated colitis, the same study reported that naïve CD45RB hi CD4 +  T 
cells lacking the RORγt transcription factor, which drives Th17 differentiation, were 
unable to induce colitis in  Rag  −/−  recipients, suggesting that Th17 responses were 
required for T cell-mediated colitis [ 77 ]. They provided a potential explanation for 

K.J. Maloy



227

these puzzling fi ndings by showing that treatment with an anti-IL-17A depleting mAb 
completely ameliorated colitis in  Rag  −/−  mice that were reconstituted with  IL - 17F  −/−  
naïve CD45RB hi  CD4 +  T cells, suggesting that IL-17A or IL-17F could play a redun-
dant pathogenic role in T cell transfer colitis [ 77 ]. A number of further studies have 
demonstrated a pathogenic role for Th17 cells and IL-17A in chronic intestinal infl am-
mation. For example, when polarised Th1 or Th17 cell lines reactive with enteric 
bacterial antigen were adoptively transferred into SCID mice, the Th17 cell line 
induced much more severe disease than the Th1 cell line [ 78 ]. Furthermore, colonisa-
tion of multiple intestinal neoplasia (Min) mice with an enterotoxigenic strain of the 
human commensal  Bacteroides fragilis  rapidly induced colitis and colon cancer devel-
opment that was dominated by Th17 cells and could be attenuated by anti-IL-17A 
mAb [ 79 ]. Neutralisation of IL-17A also attenuated innate immune-mediated intesti-
nal pathology in  Helicobacter hepaticus -infected  Rag  −/−  mice [ 42 ]. Moreover, trans-
genic mice with selective ablation of STAT3 or IL-10R in FoxP3 +  Treg cells developed 
spontaneous colitis due to dysregulated Th17 cell responses, with IL-17A again shown 
to play a key pathogenic role [ 80 ,  81 ]. In contrast to IL-17A, most studies thus far 
suggest that IL-22 plays a protective role in chronic intestinal infl ammation. Local 
gene delivery of IL-22 ameliorated Th2-mediated UC-like colitis in  TCR α −/−  mice, by 
restoring mucus secretion from goblet cells [ 62 ]. Furthermore, in the naïve CD4 +  T 
cell transfer colitis model, accelerated onset of pathology was observed in   IL - 22      −/−  Rag  −/−  
recipients, suggesting that innate sources of IL-22 conferred some protection against 
intestinal infl ammation [ 59 ]. However, a recent study by the same group found that 
IL-22 played a pathogenic role in colitis mediated by adoptive transfer of CD45RB lo  
effector CD4 +  T cells into  Rag  −/− recipients [ 82 ]. The reasons for this difference are 
unclear and further studies are required to more clearly defi ne the activities of IL-22 
in the chronically infl amed intestine. 

 It is not clear why in some cases Th17 cells and cytokines appear to play a 
 predominantly pathogenic role, while in others they may contribute to protection 
from intestinal infl ammation. It is likely to depend on several factors, including the 
combination of cytokines that these cells produce, the nature of the infl ammatory 
stimulus in the gut and the composition of the local cytokine microenvironment. 
These factors shape the functional plasticity and heterogeneity observed in Th17 
cells, leading to a spectrum of potential Th17 effector responses [ 33 ,  34 ]. For exam-
ple, studies in an experimental model of airway infl ammation demonstrated that, in 
the absence of IL-17A, IL-22 mediated a tissue-protective response in the lung, 
whereas when IL-17A was present, IL-22 contributed to tissue pathology [ 83 ]. 
As    noted earlier, the infl amed colon of both mice and CD patients contains a small 
population of IL-17A + IFN-γ +  DP T cells that have been identifi ed [ 39 ,  40 ], but 
whether they represent a more pathogenic version of Th17 cells remains to be deter-
mined [ 50 ]. Elegant fate-mapping studies using IL-17A-eYFP reporter mice sub-
jected to EAE induction demonstrated that these IL-17A + IFN-γ +  DP T cells arose 
from IL-17A + IFNγ −  classical Th17 cells and that their acquisition of IFN-γ expres-
sion was dependent on IL23 [ 84 ]. Similarly, the failure of  IL  23R  −/−  CD4 +  T cells to 
induce T cell transfer colitis was associated with reduced development of 
IL-17A + IFN-γ +  DP T cells in the intestine, consistent with the hypothesis that they 
represent a pathogenic Th17 phenotype [ 39 ]. It is also possible that while Th17 
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cytokines may identify pathogenic leukocyte populations in the infl amed intestine, 
the pathogenic activities of these cells may be mediated by additional factors. For 
example, in the case of EAE, recent reports indicated that GM-CSF was an essential 
factor required for the induction of autoimmune pathology in the brain by Th17 
cells [ 85 ,  86 ]. However, in the T cell transfer model of IBD, it was found that  Rag  −/−  
recipients of  GM - CSF  −/−  CD4 +  T cells developed equivalent colitis to recipients of 
WT CD4 +  T cells, indicating that T cell-derived GM-SCF is not essential for T cell- 
mediated IBD [ 47 ]. Thus, factors present within the intestinal tissue microenviron-
ment may modulate the expression profi le and pathogenic potential of Th17 cells, 
with IL23R and IL-1R stimulation associated with a more pro-infl ammatory 
 phenotype, whereas TGF-β may promote a more regulated IL-10-secreting Th17 
population [ 33 ,  34 ]. The divergent tissue-protective and pathological activities of 
Th17 cytokines in the gut are summarised in Fig.  11.1 .

  Fig. 11.1    Protective and pathogenic activities of the IL23/Th17 axis in the intestine. Acute dam-
age or infection of the intestinal epithelium stimulates intestinal DC to secrete IL23, which induces 
rapid responses from resident RORγt+IL23R+ innate leukocyte populations, such as ILC, LTi and 
NKp46+ cells. These innate populations secrete the Th17 cytokines IL-17A, IL-17F and IL-22, 
which co-ordinate tissue- protective responses from the epithelium. This includes fortifi cation of 
the epithelial barrier by increasing AMP and mucus secretion and expression of tight junction 
proteins and stimulating IEC proliferation. In addition, CCL20 secretion recruits neutrophils to 
combat any translocated intestinal bacteria. During chronic intestinal infl ammation, increased IL23 
secretion by intestinal DC and macrophages, in concert with IL-1β, induces differentiation and 
activation of Th17, Th1 and IL-17A+IFN-γ+ DP T cells, resulting in sustained secretion of high 
levels of a potent cocktail of pro-infl ammatory cytokines. These promote recruitment and overacti-
vation of myeloid cells leading to the production of further infl ammatory cytokines that mediate 
chronic intestinal infl ammation. In addition, the excessive induction of MMP secretion and IEC 
proliferation is indicative of a hyperactivated wound-healing response leading to dysregulated epi-
thelial hyperplasia and tissue remodelling       
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       Modulation of the Th17 Axis by Intestinal Microbiota 

 The relative enrichment of Th17 responses in the intestine suggests that local 
 environmental factors can drive their differentiation or accumulation in the gut. 
Indeed, in the last few years, emerging evidence has implicated a key role for the 
intestinal microbiota in the stimulation of Th17 responses. The paucity of Th17 
cells present in germ-free (GF) mice indicated a requirement for the intestinal 
microfl ora, although the bacteria involved were not identifi ed [ 87 – 90 ]. A key break-
through was reported by two parallel studies which demonstrated that colonisation 
of mice with segmented fi lamentous bacteria (SFB) led to the differentiation of 
Th17 cells in the intestine [ 91 ,  92 ]. In one study, a disparity in intestinal Th17 levels 
between genetically identical C57BL/6 strains from different commercial vendors 
was shown to correlate with the presence of SFB [ 91 ]. Subsequently, mono-coloni-
sation of GF mice with SFB was shown to drive the differentiation of intestinal 
Th17 cells [ 91 ]. The other study reported that the intestinal immune maturation 
induced in GF mice following colonisation with intestinal microbiota was largely 
dependent on the presence of nonculturable,  Clostridia -related, sporulated bacteria 
[ 92 ]. This led them to SFB as a potential candidate, and they demonstrated that 
mono-colonisation of GF mice with SFB could recapitulate the induction of intesti-
nal T cell responses observed in mice with a conventional diverse microbiota [ 92 ]. 
Exactly how SFB drive Th17 differentiation is incompletely understood, although it 
was associated with the induction of serum amyloid A which conditioned DC to 
promote Th17 cell differentiation from naïve CD4 + T cells [ 91 ]. The microbial fac-
tors that are responsible for SFB-induced Th17 differentiation have not been char-
acterised, although the recent complete genome sequencing of SFB may offer a 
starting point from which to identify such factors [ 93 ,  94 ]. In contrast to the free-
living microbiota that dominate the intestinal lumen, SFB are intimately embedded 
within the epithelial cell layer in the ileum, raising the question as to whether they 
are viewed as innocuous commensals or as potentially pathogenic agents [ 95 ]. 
Indeed, although mono-colonisation of GF mice with SFB was associated with 
improved resistance to the mucosal pathogen  Citrobacter rodentium  [ 91 ], it was 
recently shown to promote systemic Th17 responses that accelerated autoimmune 
arthritis and to exacerbate the development of EAE [ 96 ,  97 ]. In addition, it should 
be noted that SFB colonisation of GF mice did not only induce the differentiation of 
Th17 cells but also simultaneously promoted the development of intestinal Th1 
cells, Th2 cells and FoxP3 + Treg cells and induced potent IgA responses [ 92 ]. Thus, 
rather than exclusively promoting intestinal Th17 cell development, SFB stimulates 
a diverse range of adaptive immune responses in and beyond the gut. 

 Although the studies on SFB colonisation have provided an excellent illustrative 
example of how an individual microbe can promote Th17 cell differentiation, a 
human equivalent of SFB has yet to be identifi ed, suggesting that distinct microbes 
drive intestinal Th17 responses in humans. Indeed, mounting evidence indicates 
that additional intestinal microbes and environmental factors may also regulate 
intestinal Th17 development. This includes ATP derived from the intestinal micro-
fl ora, which has been shown to indirectly promote Th17 differentiation in the 
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intestine by stimulating a population of CD70 + CD11c +  lamina propria DC to 
 produce Th17 polarising factors, such as IL-6, IL23 and TGF-β [ 87 ]. In addition, 
sensing of microfl ora-derived DNA through TLR9 was reported to promote Th1 
and Th17 accumulation and to limit Treg cell numbers in the small intestine [ 88 ]. 
The key role of Th17 cells in anti-fungal responses, together with evidence that 
stimulation of dectin receptors and the associated signalling adapter CARD9 can 
promoteTh17 differentiation, indicates that fungi can also potently induce Th17 
responses [ 98 ]. 

 Other components of the intestinal microbiota may negatively regulate Th17 
responses through the induction of Treg cells. For example,  Bacteroides fragilis , a 
prominent human commensal, expresses a unique surface polysaccharide (PSA) 
that has been shown to bind to TLR2 on CD4 +  T cells to promote murine Treg matu-
ration, to promote IL-10 production and to suppress Th17 responses [ 99 ]. 
Furthermore, colonisation of GF mice with a cocktail of 46 indigenous commensal 
 Clostridium  strains belonging to clusters XIVa and IV led to a dramatic induction of 
FoxP3 +  Treg in the colon [ 100 ]. In addition, mice with increased levels of  Clostridia  
clusters XIVa and IV exhibited reduced susceptibility to DSS colitis [ 100 ], and it is 
interesting that both  Clostridium  cluster XIVa (Lachnospiraceae) and  Clostridium  
cluster IV ( Faecalibacterium prausnitzii ) have been reported to be signifi cantly 
reduced in the intestines of IBD patients [ 101 – 103 ]. Another recent study described 
how colonisation of GF mice with the limited altered Schaedler fl ora (ASF), a 
benign microbiota comprising eight of the most common intestinal bacterial com-
mensal species but lacking SFB, induced Foxp3 +  Treg cell development in the colon 
[ 104 ]. However, when Treg induction or activation was blocked during the colonisa-
tion of GF mice with ASF, potent Th17 cell responses were induced in the colonic 
lamina propria [ 104 ]. Finally, TCR sequencing of colonic Treg cells indicates that 
many of them are specifi c for antigens derived from the intestinal microbiota [ 105 ]. 
Thus, Treg cell induction by the commensal microbiota plays a key role in inhibit-
ing Th17 cell differentiation in the intestine, and additional studies are required in 
order to defi ne the microbiota-derived molecules that drive the differentiation of 
distinct CD4 +  T cell subsets in the gut.  

    Therapeutic Strategies for Targeting the IL23/Th17 Axis 

 The strong association of the IL23/Th17 axis with a range of autoimmune diseases 
has stimulated the development of biological agents targeting this pathway for the 
treatment of chronic immune-mediated disorders. As illustrated with TNF-α block-
ers, it is likely that some biologicals developed to target the IL23/Th17 axis in sys-
temic autoimmune disease will prove also to be useful for the treatment of IBD [ 4 ]. 
Consistent with this concept of shared pathogenic pathways in different types of 
chronic infl ammatory diseases, more than 50 % of IBD susceptibility loci have also 
been associated with other infl ammatory diseases, including the  IL - 23R  SNPs which 
have been linked with susceptibility to psoriasis and ankylosing spondylitis [ 2 , 

K.J. Maloy



231

 106 ]. The early studies in mouse IBD models showing that targeted ablation of 
the shared IL-12/23p40 subunit ameliorate intestinal pathology have provided a 
 rationale for IL-12/23p40 blockade in human IBD. A humanised mAb [ 107 ]  specifi c 
for the shared IL-12/23p40 subunit, which had been previously shown to be effec-
tive in psoriasis [ 108 ,  109 ], was found to have benefi cial effects in a phase II trial in 
patients with moderate-to-severe active CD [ 107 ]. In mouse chronic IBD models, 
treatment with a specifi c anti-IL23p19 mAb has been shown to prevent the 
 development of IBD and also to reverse active disease when given therapeutically 
[ 11 ,  78 ]. Further clinical trials with antibodies or drugs that specifi cally target IL23 
are required in order to test the effectiveness of IL23 blockade in IBD patients. 

 With respect to targeting Th17 responses, numerous clinical trials are under way 
to evaluate blockade of IL-17A in chronic infl ammatory disorders. Early results in 
autoimmune diseases have been very promising, with anti-IL-17A mAb treatment 
reported to have benefi cial effects in psoriasis, rheumatoid arthritis and autoimmune 
uveitis [ 110 ,  111 ]. However, the heterogeneous nature of pathogenic T cell effector 
responses observed in IBD may necessitate blockade of multiple pathways in order 
to signifi cantly attenuate disease. This concept is supported by studies in mouse 
IBD models. For example, combined treatment with neutralising anti-IL-17A plus 
anti-IL-6 mAb was shown to more effectively attenuate T cell transfer colitis than 
blocking either cytokine alone [ 10 ], and treatment with anti-IL-6R mAb signifi -
cantly reduced intestinal pathology in  Rag  −/−  mice that had been reconstituted with 
 IL - 17A  −/−  CD45RB hi  CD4 +  T cells [ 76 ]. Interestingly, a humanised anti-IL-6R mAb 
(tocilizumab) with proven effi cacy in rheumatoid arthritis was also reported to have 
benefi cial effects in CD patients [ 1 ]. The synergistic effects of IL-1β and IL23 on 
intestinal Th17 responses and the attenuating effects of IL-1β ablation in mouse 
IBD models, together with the high levels of IL-1β present in IBD lesions, suggest 
that IL-1β depletion may have benefi cial effects on chronic intestinal infl ammation 
[ 47 ]. However, although biological targeting of IL-1β using the soluble IL-1R 
antagonist (anakinra) has been shown to be very effective in controlling IL-1β- 
mediated systemic auto-infl ammatory disorders [ 112 ], it has not yet been evaluated 
in IBD. Despite high levels of local and systemic IL-22 correlating with the severity 
of intestinal infl ammation in CD [ 113 ], the documented epithelial protective effects 
of this cytokine caution against targeting IL-22 in IBD. However, chronic over-
expression of IL-22 in the infl amed gut may stimulate an excessive epithelial 
wound-healing response that could predispose to the development of colon cancer, 
and IBD is a known risk factor for colon cancer development [ 1 ,  3 ]. 

 Alternative strategies to block Th17 responses could involve targeting the 
 transcription factors that drive Th17 differentiation, such as RORγt and STAT3. For 
example, pioglitazone, an agonist of the nuclear receptor PPARγ, selectively inhib-
ited Th17 differentiation by suppressing the induction of RORγt by TGF-β/IL-6 and 
blocked the development of EAE autoimmune pathology [ 114 ]. Similarly, the car-
diac glycoside digoxin was also shown to specifi cally inhibit Th17 differentiation by 
antagonising RORγt/RORC activity and to suppress autoimmune disease in the 
mouse CNS [ 115 ]. Importantly, although high concentrations of digoxin are toxic for 
human cells, non-toxic synthetic derivatives of digoxin were shown to similarly 
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suppress Th17 differentiation [ 115 ]. Another recent study described a synthetic 
RORγt ligand that repressed RORγt activity, which inhibited Th17 cell development 
and was also able to attenuate autoimmune pathology in mice [ 116 ]. Furthermore, 
zinc, a trace element that is required by many enzymes and transcription factors, was 
shown to inhibit Th17 responses by suppressing STAT3 activation, and zinc treat-
ment could suppress the development of EAE and CIA in mice [ 117 ]. Thus, a variety 
of pharmacological agents have been identifi ed that can suppress deleterious Th17 
responses in mice, by antagonising key transcription factors involved in Th17 dif-
ferentiation. However, it remains to be determined whether these small molecule 
compounds are able to ameliorate chronic intestinal pathology. Alternatively, other 
‘natural’ pharmacological agents may also be employed. For example, low levels of 
vitamin D have been associated with an increased incidence of multiple sclerosis 
(MS) and IBD [ 118 ], and polymorphisms in the vitamin D receptor (VDR) gene have 
been associated with susceptibility to IBD [ 119 ]. Furthermore, VDR-defi cient mice 
exhibited increased susceptibility in both acute and chronic ( IL - 10  −/−  mice) IBD 
models, and treatment with active vitamin D resulted in attenuation of intestinal 
infl ammation [ 118 ]. The suppressive effects of vitamin D treatment on EAE pathol-
ogy were associated with VDR-mediated suppression of IL-17A expression in 
T cells, by blocking the Th17-promoting transcription factors Runx1 and NFAT 
[ 120 ]. Thus, stimulation of the VDR pathway could represent a potential therapeutic 
approach to target pathogenic Th17 responses in the gut [ 118 ]. 

 Therapies that preferentially induce regulatory T cell populations in the intestine 
may represent an alternative way to control pathogenic Th17 responses. The critical 
role of FoxP3 +  Treg cells in suppressing chronic intestinal infl ammation is well 
documented and has been shown to be dependent on their production of immune 
suppressive factors, especially IL-10 [ 121 ,  122 ]. Using a modifi ed version of the T 
cell transfer colitis model in which pathogenic Th17 cells were injected into  Rag  −/−  
mice, it was recently demonstrated that Th17-mediated colitis was suppressed by 
cotransfer of Foxp3 +  or Tr1 Treg cells in an IL-10-dependent fashion [ 123 ]. IL-10 
signals through STAT3 and STAT3 signalling in Treg cells was essential for their 
control of colitogenic Th17 responses, because mice with selective ablation of 
STAT3 in FoxP3 +  Treg cells developed lethal Th17-mediated colitis [ 80 ]. These 
observations were complemented by another recent study which found that  IL -
 10R  −/−  Foxp3 +  Treg cells were unable to suppress Th17-mediated intestinal infl am-
mation [ 81 ]. Thus, IL-10 appears to play a dual role in suppressing colitogenic Th17 
responses, by directly inhibiting proliferation of Th17 cells and by promoting the 
regulatory functions of Foxp3 +  Treg [ 80 ,  81 ,  123 ]. The critical role of IL-10 signals 
in regulating intestinal homeostasis in humans is illustrated by clinical reports 
showing that mutations in the  IL - 10RA ,  IL - 10RB  or  IL - 10  genes can result in severe, 
early-onset IBD [ 124 ,  125 ]. It is worth noting that Th17 cells themselves can pro-
duce IL-10 and that this was enhanced by TGF-β and was associated with abrogated 
pathogenicity in EAE, suggesting that IL-10 can also act in an autocrine-negative 
feedback loop to inhibit Th17 cell-mediated infl ammatory responses [ 126 ]. Taken 
together, these fi ndings suggest that boosting IL-10 regulatory circuits may consti-
tute a powerful means of suppressing pathogenic Th17 responses in the intestine. 
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 As reported with biological therapies targeting TNF-α, one important caveat of 
blocking host cytokines may be a loss of effi cient protective immunity against cer-
tain pathogens [ 4 ]. Indeed, a number of recent human genetic studies have demon-
strated that defi ciencies in Th17 responses are associated with impaired protective 
immunity to extracellular fungal and bacterial pathogens. Thus, mutations in  STAT3 , 
 DECTIN1  or  CARD9  have all been reported to lead to reduced numbers of Th17 
cells and to increased susceptibility to chronic mucocutaneous candidiasis (CMC) 
[ 127 – 129 ]. Similarly, patients suffering from autoimmune polyendocrine syn-
drome- 1 (APS-1) caused by mutations in the autoimmune regulator gene  AIRE  also 
develop neutralising autoantibodies to Th17 cytokines and frequently suffer from 
CMC [ 130 ,  131 ]. Finally, patients harbouring rare loss-of-function mutations in 
  IL - 17RA     or dominant negative mutations in  IL - 17F  are also highly susceptible to 
CMC and staphylococcal infections [ 132 ]. Taken together, these studies highlight 
the key protective role played by Th17 responses against the opportunistic patho-
gens  Candida albicans  and  Staphylococcus aureus , but the limited range of 
 infections to which patients with Th17 defi ciencies are predisposed suggests that 
manageable therapeutic manipulation of this pathway may be possible.  

    Conclusions 

 There is now solid evidence that the IL23-Th17 axis plays a key role in chronic 
intestinal infl ammation, but the cellular and molecular pathways involved remain 
incompletely characterised. Recent advances have enhanced our knowledge of 
Th17 differentiation, have highlighted the extreme heterogeneity and plasticity of 
this CD4 +  T cell subset and have indicated that many different types of innate and 
adaptive leukocytes have the potential to express Th17 cytokines in the gut. The 
plasticity of Th17 responses and their modulation by host and environmental fac-
tors indicate that a broad range of approaches could potentially be employed to 
suppress or modulate Th17 responses in the gut. In addition, data from preclinical 
IBD models, as well as from clinical trials in patients with autoimmune diseases, 
have demonstrated the potential benefi ts of targeting the IL23-Th17 axis to prevent 
immune pathology. However, the effects of individual Th17 cytokines are com-
plex, ranging from disease protective to highly pathogenic, and are governed by 
the context in which they are expressed and by the presence of additional factors in 
the intestine. Thus, a more complete characterisation of the pathological lesions in 
individual IBD patients, coupled with an improved understanding of how genetic 
factors control susceptibility to IBD, is necessary in order develop tailored thera-
pies targeted to defi ned IBD patient subgroups who will be most likely to benefi t.     
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    Abstract     Studies using human genetics have identifi ed more than 160 loci that 
affect the risk of developing infl ammatory bowel disease (IBD), including Crohn’s 
disease (CD) and ulcerative colitis (UC). Several of these genes have been found to 
play key roles in the process of autophagy, a lysosome-based degradation pathway. 
Although historically considered to be a relatively nonselective process of degrada-
tion of cytosolic contents, autophagy has recently been revealed to have several 
selective and immune-specifi c functions that are relevant to the maintenance of 
intestinal homeostasis, including xenophagy, mitophagy, antigen presentation, 
secretion, and infl ammasome regulation. In this chapter, we review the evidence 
that links autophagy-related genes, their immune-specifi c functions, and possible 
mechanisms of IBD pathogenesis. We summarize the basic molecular events under-
lying general and selective autophagy and present evidence suggesting possible 
pathogenic mechanisms revealed by studies of IBD-associated risk alleles of 
 ATG16L1  and  IRGM . Finally, we review chemical biology-based experimental 
approaches for identifying autophagy regulatory pathways that may have implica-
tions for the development of therapeutics.  
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        Introduction 

 Genome-wide association studies (GWAS) of IBD have been a major success story 
for genome-level studies of complex human disease. One of the particularly  exciting 
results from these studies was the identifi cation of autophagy as an unanticipated 
player in determining risk of IBD. This pathway, long considered to be a relatively 
nonselective process of bulk cytoplasmic degradation by the lysosome, is thought to 
have evolutionary roots as a mechanism to maintain metabolic homeostasis in 
response to decreased nutrient levels [ 1 ]. However, studies over the last 10 years 
have expanded the functions of autophagy to include roles in organelle clearance, 
antigen presentation, cell death, development, and the degradation of intracellular 
pathogens, among others. The role of autophagy in immune-related processes [ 2 – 4 ] 
was particularly unexpected and has served as a guide in many studies seeking to 
connect human genetics to mechanisms of IBD pathogenesis [ 5 – 7 ]. 

 These genetic studies have identifi ed multiple genes within the autophagy 
 network as playing a role in CD, including  ATG16L1 ,  IRGM ,  NOD2 , and  LRRK2  
[ 8 – 11 ]. In the case of UC, the autophagy-related genes  DAP1  and  SMURF1  have 
also been identifi ed as determinants of risk [ 12 ,  13 ]. Further studies subsequently 
identifi ed polymorphisms in  ULK1 ,  ATG2A , and  GABARAPL1  as harboring signifi -
cant associations with CD [ 14 ,  15 ]. Although autophagy has been implicated in the 
disease process in a range of other disorders, including neurodegenerative disease 
[ 16 ,  17 ], atherosclerosis, and cancer, to date no compelling genetic association has 
been found between autophagy and many immune-related diseases, including  multiple 
sclerosis, celiac disease, rheumatoid arthritis, and psoriasis. However, targeting 
sequencing studies have also begun to identify coding mutations in essential autoph-
agy genes as playing roles in disease, raising the possibility that more disease- 
associated autophagy-related polymorphisms have yet to be uncovered [ 18 ,  19 ]. 

 In this chapter, we review studies that have employed human genetics to under-
stand the link between autophagy and IBD. We begin by examining the idea of the 
intestinal mucosa as a physiological system wherein homeostasis is particularly 
 vulnerable to disruptions in autophagy. We then present a basic overview of the 
molecular events involved in autophagy, followed by discussions of how autophagy 
may function as a selective process with critical roles in IBD-related immunity. 
These roles include (1) degradation of intracellular pathogens (xenophagy), (2) 
mitophagy, (3) antigen presentation, (4) secretion, and (5) infl ammasome regula-
tion. In the cases of xenophagy, mitophagy, and antigen presentation, we present 
detailed evidence of how autophagy functions in these pathways. Next, we review 
results from studies of two particularly well-examined CD risk single-nucleotide 
polymorphisms (SNPs), rs2241880 (ATG16L1, coding variant T300A) and 
rs13361189 (IRGM). Finally, we discuss approaches from the fi eld of chemical 
biology that may be used to identify autophagy regulatory pathways with possible 
implications for therapeutics development.  
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    Autophagy in the Intestinal Mucosa 

 As mentioned above, autophagy has been implicated in several immune-related 
 processes that infl uence IBD pathogenesis, including xenophagy, mitophagy, anti-
gen presentation, secretion and vesicular traffi cking, and cytokine-based regulation 
of infl ammasome activity. One major point of intersection between these processes 
is their critical importance in the intestinal mucosa. This complex environment must 
maintain a delicate balance of immune responses, which are continuously stimu-
lated by metabolic stresses and antigens from food. Microbes also play a major role 
in this milieu, which carries the highest bacterial load in the body. This tissue, there-
fore, may be especially susceptible to disruption in autophagy, with consequent 
alteration of homeostatic processes. For example, mice with conditional knockout 
of  Atg7  in intestinal epithelial cells show increased severity of colitis when exposed 
to the infectious pathogen  Citrobacter rodentium , while mice with defi ciency in the 
core autophagy gene  Atg16l1  in hematopoietic cells show increased susceptibility 
to chemically induced models of colitis [ 20 ,  21 ]. 

 Studies in human genetics have provided evidence that microbial stimulation 
may exist as a node of functional interaction between CD susceptibility genes, 
including  ATG16L1  and  NOD2 . For example, expression of the ATG16L1 
CD-associated risk allele (ATG16L1 T300A) results in impairment of autophagy 
and antigen presentation, both of which are enhanced by muramyl dipeptide (MDP), 
the bacterial ligand for the receptor NOD2 [ 22 ,  23 ]. Although no evidence has been 
found for an epistatic interaction between these two genes, this type of functional 
interaction suggests that autophagy may operate as a key point of intersection 
among multiple susceptibility genes.  

    Basic Molecular Events in Autophagy 

 The process of autophagy begins with an appearance of a fl at membrane sheet 
termed the isolation membrane (also known as the phagophore assembly site in 
yeast), the origin of which remains unknown. The membrane elongates and expands 
to encompass its cargo, eventually fusing to form a double-membrane structure 
known as an autophagosome. The outer autophagosomal membrane then fuses with 
the lysosomal membrane, forming a degradative autolysosome. It should be noted 
that the source of the autophagosomal membrane is still a highly debated topic and 
the existence of multiple sources cannot be excluded. In the case of the ER, a novel 
Ω (omega)-shaped vesicle called the omegasome has been identifi ed, which resides 
on the ER and might precede the appearance of the isolation membrane [ 24 ]. 

 Many of the molecular events underlying the assembly and elongation of autoph-
agy membranes were initially identifi ed by genetic screens in  Saccharomyces cere-
visiae  [ 25 ,  26 ]. These screens have identifi ed approximately 35 core autophagy 
proteins, about half of which have clear homologues in mammals. For the purposes 
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of this chapter, we divide these genes into fi ve functional categories: (1) the ULK 
 complex (ATG1 complex in yeast); (2) ATG9; (3) Vps34 complexes; and (4, 5) two 
ubiquitin-like conjugation systems anchored by ATG12 and ATG8, respectively. 

 The ULK complex (composed of ATG13, FIP200, and either ULK1 or ULK2) 
plays a central role in starvation-induced autophagy and is thought to be involved in 
the initiation of the autophagic cascade. The complex is recruited to sites of autopha-
gosome formation, where it likely acts to recruit and disassemble other ATG protein 
complexes [ 27 – 30 ]. ATG9, a transmembrane protein, shuttles between autophago-
somes, the trans-Golgi network, and late endosomes in a cycling process that may 
involve the ULK complex. ATG9 is of special interest to studies of xenophagy, since 
a recent report suggested that ATG9 is essential for the formation of the isolation 
membrane in anti- Salmonella  autophagy in mouse embryonic fi broblasts (MEFs) 
[ 31 ]. In mammals, the Vps34 complex is likely required for the recruitment of sev-
eral autophagy proteins to sites of autophagosome formation. This complex plays a 
critical role in supplying phosphatidylinositol 3-phosphate (PI3P) to the growing 
autophagosome, where it acts as an essential driving force in autophagosome assem-
bly [ 32 – 36 ]. Furthermore, depending on the identity of its protein components, 
some alternative versions of the Vps34 complex may serve regulatory roles in 
autophagosome maturation and autophagosome-lysosome fusion [ 32 – 34 ,  37 – 39 ]. 

 Two ubiquitin-like conjugation systems play important roles in autophagosome 
formation and maturation. The ATG12-based conjugation system is initiated by the 
E1-like ATG7, which activates and transfers ATG12 to the E2-like ATG10. ATG12 
is then subsequently conjugated to ATG5 [ 40 ,  41 ]. ATG5 and ATG12 then bind with 
ATG16L1, forming a complex that is essential for autophagosome formation [ 42 ]. 
In addition to a key role in autophagosome formation, the second ubiquitin-like 
conjugation system may play additional roles in cargo recognition [ 43 ]. In this sys-
tem, ATG8 is activated by the E1-like ATG7, is transferred to the E2-like ATG3, and 
is conjugated to phosphatidylethanolamine through the E3-like action of the ATG5- 
ATG12 complex. The conjugation of phosphatidylethanolamine to ATG8 allows 
subsequent incorporation of ATG8 into the inner and outer membranes of autopha-
gosomes [ 44 – 46 ]. Mammals appear to have two families of ATG8 homologues, 
known as LC3s and GABARAPs. While all ATG8 homologues can be incorporated 
into the autophagosomal membrane, the incorporation of LC3s and GABARAPs 
might occur at different stages, with LC3s acting at the stage of biogenesis and 
GABARAPs playing a more important role in autophagosome maturation [ 47 ]. 
Given that ATG8 remains associated with autophagosomes even after their fusion 
with lysosomes, tracking ATG8 and its homologues allows for localization of 
autophagosomes. Furthermore, since the inner membranes of autophagosomes are 
degraded upon formation of autolysosomes, tracking ATG8 enables the measure-
ment of autophagic fl ux as refl ected by ATG8 degradation [ 44 ,  45 ]. 

 Several layers of regulation exist in the initiation and progression through the 
steps of autophagic degradation. One important regulatory infl uence is the cytoskel-
eton. Autophagosome traffi cking involves movement along microtubules, which 
facilitates fusion with lysosomes [ 48 ,  49 ]. Changes in lysosome positioning regu-
late mTORC1 signaling, since peripheral localization of lysosomes and mTORC1 
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increases mTORC1 activity, while perinuclear lysosomal clustering decreases 
 activity [ 49 ]. Heat shock protein beta-1 (HSPB1), a protein that interacts with and 
mediates reorganization of the actin cytoskeleton, is also linked to mitophagy [ 50 ]. 
Disruption of HSPB1 signaling can lead to accumulation of dysfunctional mito-
chondria, mitochondrial fragmentation, and effects in mitochondrial respiration in 
MEFs [ 51 ]. 

 Transcription also serves as a regulatory infl uence in the autophagic process. 
Autophagosome and lysosome biogenesis appear to be transcriptionally coregu-
lated by the transcription factor EB (TFEB) [ 52 ]. Overexpression of TFEB induces 
autophagy, while a block of TFEB expression by RNAi decreases autophagy. 
Interestingly, TFEB action is implicated in basal as well as starvation-induced 
autophagy, and therefore TFEB might represent a transcriptional master regulator of 
the autophagy pathway. Furthermore, translocation of TFEB from the cytosol to the 
nucleus is strongly enhanced upon removal of nutrients, suggesting that TFEB function 
is sensitive to nutrients and growth factors. Under fed conditions, phosphorylation 
on serine 142 of TFEB can be mediated by the extracellular signal-regulated kinase 
2 (ERK2) and might be suffi cient to retain TFEB in the cytosol. A comprehensive 
analysis of 51 genes with known functions in the autophagy pathway sheds some 
light on transcriptional regulation of autophagy in the context of starvation and 
TFEB function. Strikingly, TFEB-dependent transcription patterns generally cor-
relate with starvation effects, further emphasizing the role of TFEB as an autophagy 
regulator that can directly or indirectly sense nutritional status [ 52 ]. However, the 
transcription of the majority of genes is not signifi cantly affected by starvation or 
TFEB expression levels [ 52 ], suggesting that transcription factors other than TFEB 
control the expression of most autophagy and autophagy-related genes, possibly in 
a nutrient-insensitive fashion.  

    Xenophagy 

 Autophagy has now been well described as playing a key role in the degradation of 
intracellular pathogens, including bacteria, in a specialized process known as 
xenophagy. However, the environment of the intestinal mucosa provides special 
challenges to this function. As this tissue is exposed to both commensal and patho-
genic bacteria, the interactions between these fl ora and host immune responses must 
be tightly controlled. 

    Molecular Basis of Xenophagy 

 The molecular events surrounding the process of xenophagy follow the same basic 
pattern as those involved in autophagic degradation of other cellular contents, such 
as organelles or aggregated protein deposits. However, the mechanisms underlying 
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the selection of cargo for degradation by xenophagy remain largely unknown. 
Components of the innate immune response can interact with autophagy proteins to 
target bacteria for autophagic degradation. Mechanisms involved in xenophagy of 
other species of bacteria may share some components with anti- Salmonella  xenoph-
agy, but to date, detailed molecular mechanisms have been best explored for 
 Salmonella . 

 Upon infection of epithelial cells,  Salmonella enterica  serotype Typhimurium 
( S . Typhimurium) resides in  Salmonella - containing  vacuoles (SCVs). The environ-
ment of the SCV promotes bacterial survival and replication. The SCV protective 
niche is established by effectors of two type III secretion systems (T3SSs) encoded 
by  Salmonella  pathogenicity islands 1 and 2 (SP-1 and SP-2). The secretion and 
activity of T3SS components is highly regulated both temporally and spatially. For 
example, pH sensing regulates the transition from translocon protein secretion and 
pore formation to effector secretion [ 53 ]. Once secreted into the host cell, the activity 
of effectors can be modulated. For example, the T3SS SP-1 effectors SopA, SopE, 
SptP, and SopB are all ubiquitinated shortly after infection by the host cell machinery 
[ 54 ]. The phosphoinositide phosphatase activity of SopB regulates several processes 
that promote internalization and survival of  S . Typhimurium, including cytoskeletal 
rearrangements that promote invasion, SCV biogenesis and maturation, and prosur-
vival Akt activation [ 54 ]. The ability of SopB to regulate these functions is dependent 
upon its ubiquitination status [ 54 ,  55 ]. A SopB mutant that cannot be ubiquitinated 
has a number of defects, including a failure to relocalize from the plasma membrane 
to SCVs, disrupted recruitment of Rab5 to SCVs, and perturbed  S . Typhimurium 
replication [ 54 ]. Thus, ubiquitination-dependent relocalization of SopB to SCVs 
promotes the establishment of SCVs as a niche environment for replication. This is 
due in part to the ability of SopB to reduce the net negative charge of PI(4,5)P2 and 
phosphatidylserine lipids on SCV membranes, thereby disrupting maturation and 
fusion with lysosomes [ 55 ]. 

 Although most  S . Typhimurium resides in SCVs, a small but signifi cant fraction is 
released into the cytosol from damaged SCVs. This cytosolic  S . Typhimurium rapidly 
becomes ubiquitinated. Ubiquitinated bacteria may be recognized by selective cargo 
receptors, including p62 and NBR1, which act as bridging factors that bind to both 
ubiquitin and the autophagosome. p62 and NBR1 share a similar protein structure and 
domain composition and may show some level of redundancy, particularly in degrada-
tion of protein aggregates (aggrephagy) and mitochondria (mitophagy). However, 
while p62 is important for the autophagic clearance of  Salmonella , NBR1 is not [ 56 ]. 
Therefore, the mechanism of xenophagy, which relies on ubiquitination events on or 
around intracellular bacteria, might differ from other ubiquitin-dependent selective 
autophagy events. Interestingly, nuclear dot protein 52 (NDP52), in addition to p62, 
has been implicated in the recognition of ubiquitin-coated invasive bacteria, but not in 
other forms of selective autophagy [ 57 ]. NDP52 contains a putative LIR motif at its N 
terminus, can directly bind ubiquitin through a C-terminal ubiquitin-binding zinc fi n-
ger, and can form homo- oligomers via its coiled-coil domain [ 57 – 59 ]. p62 and NDP52 
appear to act cooperatively in the recognition and killing of  S . Typhimurium,  Listeria 
monocytogenes , and  Shigella fl exneri  [ 60 ,  61 ]. However, p62 and NDP52 are recruited 
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to distinct microdomains of invading  Salmonella , suggesting that ubiquitin coats on 
 Salmonella  might be heterogeneous [ 60 ]. 

 Interestingly, in macrophages but not in epithelial cells, proteasomes localize to 
ubiquitin-coated  Salmonella  with potential effects on effi cient rupture of damaged 
SCVs and major histocompatibility complex (MHC) class I antigen presentation 
[ 62 ,  63 ]. Taken together, ubiquitin-dependent autophagic targeting of intracellular 
pathogens and by-products has implications for pathogen growth and the regulation 
of infl ammatory responses. However, in most cases, the E3 ubiquitin ligases, the 
nature of ubiquitin modifi cations, and the substrates involved in ubiquitin- dependent 
xenophagy are not known and may be pathogen- as well as cell type-specifi c. One 
important exception is LRSAM1, an LRR- and RING-domain protein that was 
recently identifi ed as an E3 ubiquitin ligase crucial for ubiquitin-dependent autoph-
agy of  S . Typhimurium [ 64 ]. Interestingly, LRSAM1 was required for ubiquitina-
tion of intracellular bacteria but dispensable for ubiquitination of aggregated 
proteins, confi rming that LRSAM1 serves as a selective and novel antibacterial sen-
sor that mediates target selection for the xenophagy pathway. To date, however, 
LRSAM1 remains the only known ubiquitin ligase associated with antibacterial 
autophagy, and a detailed biochemical characterization of the aforementioned fac-
tors will yield critical insights into host–pathogen interactions and may boost the 
development of novel pharmaceuticals aimed to combat infectious diseases.  

    Xenophagy and IBD Risk Genes 

 As mentioned above, intestinal tissues are in constant interaction with both com-
mensal and pathogenic bacteria. To prevent inappropriate responses to commensal 
bacteria, the cells of the intestinal mucosa must be educated to tolerate these 
microbes and their products [ 65 ]. Breakdown of this tolerance, with consequent 
inappropriate infl ammation, has been proposed to play a major role in the pathogen-
esis of IBD. This model is supported by the fi nding that the IBD-associated genes 
 ATG16L1 ,  IRGM , and  ULK1  all play roles in the process of xenophagy. ATG16L1, 
IRGM, and ULK1 each function in the degradation of  S . Typhimurium, while 
ATG16L1 and IRGM also play a role in antibacterial autophagy of a CD-relevant 
strain of  Escherichia coli  (adherent-invasive  E. coli , or AIEC) [ 10 ,  66 – 69 ]. ULK1 
may also function in the degradation of  L. monocytogenes . Furthermore, the func-
tion of LRRK2 in reactive oxygen species (ROS)-driven bacterial killing, as well as 
its role in autophagy, raises the possibility that this protein may also be involved in 
xenophagy of gut bacteria [ 70 – 72 ]. Defects in these gene products might lead to 
impaired bacterial handling, promoting an environment of chronic infl ammation 
and inappropriate host responses to commensal bacteria. 

 Some intracellular pathogens have also been highlighted as potential contribu-
tors to risk of CD, including mycobacteria. Genetic loci that include  IRGM ,  LRRK2 , 
and  NOD2  have been associated with increased susceptibility to leprosy and tuber-
culosis, suggesting an interesting point of interaction between autophagy genes, 
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CD, and mycobacteria. These studies, combined with reports that autophagy may 
play a key role in control of  Mycobacterium tuberculosis , have led to the suggestion 
that control of mycobacteria might be altered in CD [ 73 ,  74 ]. Genetic studies appear 
to support this idea, especially in the context of granulomas, a histological hallmark 
of both CD and tuberculosis: polymorphisms in loci containing the autophagy genes 
 ATG2A  and  GABARAPL1  have been linked to granulomas in CD patients. To date, 
however, connections between CD and the mycobacterioses remain largely specula-
tive, to be answered perhaps by future well-powered GWAS for tuberculosis [ 75 ]. 

 The recent wealth of data from the human microbiome project has also high-
lighted how little we understand of the complex relationship between IBD and 
microbial stimulation. Certainly the diversity and composition of the gut microbiota 
are major factors infl uencing gut homeostasis, and particular dietary nutrients and 
metabolites are likely to interact with host genetics to infl uence host-microbiome 
interactions. An imbalance in the composition of the gut microbiome, termed dys-
biosis, has been associated with IBD, including shifts in relative abundances of 
bacterial taxa, decreases in the diversity of the bacterial community, and alterations 
in the functional composition of the microbiome.   

    Mitophagy 

 The autophagic processing of mitochondria (mitophagy) was directly implicated in 
the context of IBD by a recent study that identifi ed  SMURF1  as a susceptibility gene 
for UC [ 13 ]. This gene is an ubiquitin ligase that was recently identifi ed, through an 
image-based genome-wide siRNA screen, as an important mediator of selective 
viral autophagy and mitophagy [ 76 ]. 

    Molecular Basis of Mitophagy 

 In contrast to other substrates for selective autophagy, for example, surplus peroxi-
somes or ribosomes, mitophagy is well studied and underlying biochemical mecha-
nisms for this process are emerging. Upon loss of mitochondrial membrane 
potential, PTEN-induced putative kinase 1 (PINK1) accumulates on the outer mito-
chondrial membrane [ 77 ,  78 ]. This step is accompanied by stabilization of PINK1 
protein and may involve a membrane potential-dependent block of PINK1 proteoly-
sis by the mitochondrial inner membrane protease presenilin-associated rhomboid- 
like protein (PARL). This protease is effective in healthy mitochondria but impaired 
in damaged mitochondria [ 77 ,  79 ]. PINK1 then recruits Parkin1 to damaged mito-
chondria, which results in Parkin1-dependent ubiquitination of some mitochondrial 
proteins such as voltage-dependent anion channel 1 (VDAC1) and mitofusins 
[ 80 – 83 ]. p62 accumulates around ubiquitin-decorated damaged mitochondria and 
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PB1-domain-mediated oligomerization of p62 results in mitochondrial clustering, 
eventually leading to autophagic degradation of mitochondria [ 80 ]. It should be 
noted that the mitochondrial ubiquitination event required for mitophagy may 
involve multiple substrates and/or may be cell type-specifi c, as p62 recruitment to 
damaged mitochondria and mitophagy is not impaired in VDAC1-defi cient MEFs 
[ 78 ]. In addition, activating molecule in beclin 1-regulated autophagy (Ambra1), an 
autophagy-regulating protein initially identifi ed in neuronal cells [ 84 ], is recruited 
to damaged mitochondria in a Parkin1-dependent fashion [ 85 ] and knockdown of 
Ambra1 expression results in impairment of mitophagy. Interestingly, Ambra1 
recruitment most likely involves direct binding to Parkin1, but Ambra1 is not a 
substrate for Parkin1-mediated ubiquitination [ 85 ]. Thus, Parkin1-mediated mitoph-
agy relies at least in part on effects other than ubiquitination.  

    Mitophagy and IBD Risk Genes 

 As mentioned above, the best evidence linking mitophagy to IBD comes from the 
identifi cation of  SMURF1  as a gene associated with susceptibility to UC. SMURF1 is 
a HECT domain-containing E3 ubiquitin ligase that interacts with the selective 
autophagy factor p62 [ 76 ]. Smurf1 −/−  MEFs show defects in the degradation of Sindbis 
and herpes simplex virus as well as impaired clearance of damaged mitochondria. 
Supporting this observation, Smurf1-defi cient mice display an accumulation of dam-
aged mitochondria in the heart, brain, and liver. Interestingly, Smurf1 −/−  MEFs are 
competent for starvation-induced bulk autophagy, indicating that Smurf1 is a specifi c 
mediator of selective autophagy. However, a mechanistic link between  SMURF1  
polymorphisms and IBD pathogenesis remains to be examined.   

    Antigen Presentation 

 Evidence for a link between IBD, antigen presentation, and autophagy originates 
from studies of CD-associated risk variants in NOD2 and ATG16L1. Although a 
role for autophagy in antigen presentation has been well described in basic studies, 
how this function may be altered in the context of IBD remains relatively unknown. 

    Molecular Basis of Autophagy in Antigen Presentation 

 MHC molecules on the cell surface present peptide antigens to T cells. MHC class 
I molecules interact with the T cell receptor (TCR) of CD8 +  cytotoxic T cells, while 
MHC class II molecules interact with the TCR of CD4 +  helper T cells. MHC class I 
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antigens are derived from proteasomal degradation of cytosolic proteins. In  contrast, 
MHC class II antigens are delivered to the lysosome before transfer to the MHC 
class II loading compartment and transport to the cell surface. Delivery of these 
antigens to the lysosome can occur either via endocytosis of protein antigens from 
the extracellular space or by autophagy of cytoplasmic material [ 86 – 88 ]. Autophagy 
also plays an important role in the presentation of pathogen antigens by dendritic 
cells (DCs). Mice lacking Atg5 specifi cally in DCs show impaired CD4 +  T cell 
priming following infection with herpes simplex virus, an impairment that is due to 
a decreased ability of Atg5-defi cient DCs to process and present antigens for pre-
sentation on MHC class II molecules [ 89 ]. Furthermore, these cells show delayed 
fusion of phagosomes to lysosomes. Autophagic degradation may also combine 
with vesicular traffi cking to facilitate presentation of citrullinated self-peptides by 
DCs to CD4 +  T cells. This fi nding is particularly relevant to IBD, since immune 
responses against citrullinated self-proteins are associated with autoimmunity [ 90 ,  91 ].  

    Antigen Presentation and IBD Risk Genes 

 Interestingly, DCs from patients with CD-associated risk variants of ATG16L1 or 
NOD2 show defects in autophagy induction, bacterial traffi cking, and MHC class II 
antigen presentation to CD4 +  T cells [ 23 ]. Furthermore, autophagy was recently 
reported to destabilize the immune synapse between DCs and T cells; in this report, 
decreased expression of ATG16L1 or IRGM resulted in hyperstable interactions 
between DCs and T cells as well as increased activation of T cells, suggesting a 
mechanism by which adaptive immunity might be increased in patients with CD 
who carry ATG16L1 risk alleles [ 92 ].   

    Vesicular Traffi cking and Secretion 

 The suggestion that the secretory pathway might be modulated by autophagy in the 
context of CD arose from the GWAS-based identifi cation of  ATG16L1  as a common 
CD-associated risk gene. Patients carrying the CD-associated variant of this gene 
(ATG16L1 T300A), as well as Atg16l1 hypomorphic (Atg16l1 HM ) mice, were found 
to show abnormalities in specialized epithelial cells called Paneth cells. These cells 
play a central role in innate immunity and are an important source of antimicrobial 
peptides in the small intestine, serving to prevent microbial invasion and control the 
composition of the gut microfl ora [ 93 ]. ATG16L1 T300A patients and Atg16l1HM 
mice exhibit decreased numbers of granules and diffuse staining for lysozyme in their 
Paneth cells, raising the possibility that autophagy plays a key role in secretion in 
these cells [ 94 ,  95 ]. Supporting this hypothesis, mice lacking Atg5 or Atg7 in 
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intestinal epithelial cells also show Paneth cell defects [ 96 ]. Interestingly, the Paneth 
cell phenotype in Atg16l1 HM  mice can be infl uenced by exposure to a pathogen, since 
the cellular defects can be eliminated by maintaining mice in a virus-free environment 
[ 94 ]. Paneth cell defects have also been observed in mice lacking other CD-associated 
genes, including  Nod2  and  Xbp1  [ 97 ,  98 ]. More recently, a role was reported for 
Paneth cells in sensing nutrient availability, demonstrating that caloric restriction 
reduces Paneth cell-specifi c signaling by mTORC1, a regulator of autophagy [ 99 ]. 
Taken together, these reports suggest that Paneth cell homeostasis and function are 
intimately linked to autophagy. However, whether autophagy directly regulates vesic-
ular traffi cking and secretion remains unknown, since the molecular mechanisms by 
which ATG16L1 might regulate these cellular functions are poorly understood.  

    Infl ammasome Hyperactivation and Cytokine Secretion 

 Infl ammasomes are molecular scaffolds that activate caspase 1 and maturation 
of the proinfl ammatory cytokines interleukin (IL)-1β and IL-18. Several types of 
infl ammasomes have been described, which are activated by a number of endoge-
nous and exogenous signals. 

 Recent studies have shown that autophagy defects can lead to infl ammasome 
hyperactivation. For example, stimulation of Atg16l1 −/−  fetal macrophages with lipo-
polysaccharide (LPS) induces elevated levels of activate caspase 1 and enhanced 
secretion of IL-1β and IL-18 [ 21 ]. Mice with specifi c deletion of Atg16l1 in hemato-
poietic cells also show higher serum levels of IL-1β and IL-18 in response to dextran 
sulfate sodium (DSS), accompanied by increased infl ammation and mortality. 

 The underlying mechanism linking autophagy to regulation of the infl ammasome 
remains unknown. One possibility is that defects specifi cally in mitophagy result in 
increased levels of ROS, which are known to cause hyperactivation of infl ammatory 
activity [ 100 – 102 ]. Supporting this idea, Atg16l1 −/−  macrophages treated with a ROS 
scavenger did not show the increased IL-1β secretion described above [ 21 ]. 

 Samples from patients have also shown ATG16L1 coding variant-dependent 
alterations in IL-1β secretion. In these studies, stimulation of peripheral blood 
mononuclear cells with MDP, but not LPS, resulted in a relative increase of IL-1β 
secretion from ATG16L1 T300A-expressing cells. Although no difference was 
found in levels of activated caspase 1, protein levels of pro-IL-1β and mRNA levels 
of IL-1β were increased in the context of the ATG16L1 risk allele [ 103 ]. 

 The autophagy adapter p62 may also provide a connection between IL-1β signal-
ing and ATG16L1 [ 104 ]. In a recent study, we showed that levels of p62 are nor-
mally regulated by ATG16L1-based activation of the ubiquitin ligase Cullin-3, 
which promotes proteasomal degradation of p62. Loss of ATG16L1, however, can 
result in decreased levels of Cullin-3 and decreased degradation of p62. As p62 can 
act as a scaffold in the IL-1β signaling pathway, elevated levels of p62 may result in 
amplifi ed IL-1β signaling [ 104 ].  
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    ATG16L1 T300A 

 One of the best-studied CD-associated risk alleles is the T300A coding polymor-
phism in  ATG16L1 . Atg16l1−/− mice are not viable [ 21 ], but an alternative hypo-
morphic model (Atg16l1 HM ) has yielded important clues to how the T300A coding 
polymorphism may result in altered autophagy and increased infl ammation [ 94 ,  95 ]. 
The site of the T300A polymorphism is near a WD-repeat domain, which is present 
in mammalian  ATG16L1  but absent in yeast Atg16. This domain is not required for 
autophagy, consistent with the fi nding that the T300A polymorphism does not affect 
classical autophagy [ 42 ,  67 ]. 

 As a core autophagy protein,  ATG16L1  has been shown to play multiple roles in 
IBD-relevant processes, including xenophagy, antigen presentation, IL-1β produc-
tion, and secretion (see Fig.  12.1 ). Interestingly, the CD-associated risk allele 

  Fig. 12.1    Immune-related autophagy functions. ( a ) Paneth cells from CD patients expressing the 
CD-associated ATG16L1 T300A allele, as well as mice expressing a hypomorphic allele of 
Atg16l1 (Atg16l1HM), show altered granule morphology, suggesting a role for autophagy in secre-
tion of antimicrobial peptides. Another role for autophagy in secretion is suggested by observa-
tions in macrophages, in which secretion of active IL-1β (as well as active IL-18, not shown) upon 
LPS stimulation is regulated by autophagy at two levels. In this pathway, loss of ATG16L1 expres-
sion is associated with increased cytokine secretion. ( b ) Autophagy can also act as a sensor for 
bacterial products. In dendritic cells, activation of NOD2 by MDP induces autophagy that leads to 
MHC class II antigen presentation. This pathway appears to be altered in the context of 
CD-associated SNPs in  ATG16L1  and  NOD2 . ( c ) Autophagy plays a role in targeting bacteria and 
bacterial products for degradation/killing. In one pathway, observed in primary blood mononuclear 
cells, activation of NOD2 by MDP induces autophagy that leads to production of pro-IL-1β and 
secretion of active IL-1β. The CD-associated variant ATG16L1 T300A is associated with increased 
amounts of active IL-1β upon MDP stimulation. Autophagy can also directly degrade bacteria. In 
epithelial cells, bacteria become ubiquitinated and targeted for autophagic degradation in a process 
that requires the CD-associated genes  ATG16L1  and IRGM       
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appears to have different effects on these functions depending on the cell type exam-
ined [ 42 ,  67 ]. It is perhaps not surprising, then, that T300A has also been associated 
with defects in antigen presentation increases in IL-1β production and abnormalities 
in Paneth cell secretion in patient samples [ 23 ,  95 ,  103 ]. In addition, antibacterial 
autophagy of  Salmonella  is affected by the presence of the ATG16L1 CD risk allele 
[ 67 ], and patients with the T300A allele show increased susceptibility to infection 
by  Helicobacter pylori  [ 105 ]. These fi ndings illustrate that disease genes are likely 
to have specifi c functions in specifi c cell types, and researchers must consider the 
cell type- and stimulation-specifi c contexts used to examine disease-associated 
phenotypes.

       IRGM rs13361189 

  IRGM  (immunity-related GTPase family M) is a human gene recently identifi ed as 
playing an important role in antibacterial and antiviral autophagy. To date, xenoph-
agy of pathogens including  S . Typhimurium,  M .  tuberculosis , and CD-associated 
AIEC has been reported to be dependent on IRGM [ 66 ,  68 ,  69 ,  106 ]. 

 A synonymous SNP within the human  IRGM  locus (rs13361189) is associated 
with CD, and a 20 kb deletion polymorphism within the 5′ untranslated region of 
 IRGM  is in perfect linkage disequilibrium with this SNP [ 68 ,  107 ]. However, both 
rs13361189 and the deletion polymorphism have also been reported to be in perfect 
linkage disequilibrium with a synonymous exonic SNP (rs10065172). This SNP is 
associated with decreased binding of the microRNA miR-196 to the 3′ UTR of 
 IRGM , an event that downregulates expression of IRGM [ 69 ]. This fi nding is con-
sistent with the observation that expression of miR-196 is increased in epithelial 
cells of the infl amed ileum and colon of CD patients compared with controls [ 69 ]. 
This result may be relevant to autophagic targeting of pathogenic bacteria, since 
knockdown of IRGM or overexpression of miR-196 affects the autophagic targeting 
of AEIC. Furthermore, an additional  IRGM  polymorphism (−261TT) is associated 
with an increase of IRGM expression and protection against  M .  tuberculosis  [ 74 ].  

    Autophagy Interaction Network 

 Despite the approaches described in the studies above, in which individual autoph-
agy genes are examined in relative isolation, it is important to note that a complex 
network of autophagy-related proteins exists in the cell and that cellular functions 
captured within this network likely extend beyond the strict bounds of lysosomal 
degradation. 

 As mentioned above, autophagy is implicated in many cellular pathways, 
 including adaptations to changes in environmental factors such as nutrient 
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availability. Many autophagy and autophagy-related proteins have been characterized, 
and distinct autophagic complexes with functions in autophagosome assembly and 
maturation have been identifi ed and analyzed in great detail. The current picture 
suggests a stepwise process, but the precise regulation of autophagy in changing 
environmental settings—including fl uctuations in growth factor supply, cytokine 
signaling, and the presence of pathogens—likely involves complex cross talk 
between pathway components. Behrends and colleagues recently used an approach 
which might be described as “pathway proteomics” to investigate the network orga-
nization of the human autophagy system [ 108 ]. In doing so, they provided a basis 
for understanding the autophagy network on a protein level. In brief, interaction 
partners for 32 epitope-tagged stably expressed proteins, representing core autophagy 
as well as autophagy-related processes, were identifi ed using mass spectrometry 
following immunoprecipitation of the respective tagged protein. A subset of pro-
teins interacting with primary baits were used as baits in secondary screens, leading 
to the identifi cation of 751 high-confi dence candidate interactions between a total of 
65 baits and an additional 409 proteins. A high coverage of known interactions, a 
high level of validation (reciprocal immunoprecipitations and in vitro assays), and 
validation of autophagy functions of network components via RNAi allow for the 
designation of these results as a true autophagy protein interaction network. 
Interestingly, different autophagy subnetworks such as the ULK complex, Vps34 
complex, ATG8 conjugation system, and PI3P signaling members were revealed to 
have an underappreciated high level of interconnectivity. Novel interaction partners 
for the mammalian ATG8 homologues were also identifi ed. These interactors may 
be shared among all ATG8 homologues, specifi c for LC3 or GABARAP subfamily 
members or specifi c for individual ATG8 homologues. However, differential  cellular 
abundance of distinct ATG8 homologues could in part account for different effi cien-
cies with respect to the co-immunoprecipitation of ATG8 interaction partners [ 108 ]. 
Nevertheless, differences in LC3-interacting region (LIR) motif composition among 
different ATG8 homologues can affect binding to p62, NBR1 [ 109 ], and possibly 
control differential requirements of LC3 and GABARAP subfamily members in 
early or late phases of autophagosome biogenesis [ 47 ]. In addition, it will be inter-
esting to see if some of the novel ATG8 interactors might function as receptors for 
certain types of selective autophagy. Good candidates might be recovered by a com-
parison of ATG8 interactors identifi ed by these proteomics studies and a list of 
proteins predicted to combine LIR and  ubiquitin-binding motifs (Kay Hofmann, 
unpublished data in [ 110 ]). 

 Interestingly, pharmacological induction of autophagy led to alterations of pro-
tein–protein interactions within some, but not all, subnetworks [ 108 ]. It will be 
interesting to see if such clusters might be targets of microRNAs, which generally 
modify the translation of multiple genes at the same time. In addition, it is possible 
that different subnetworks are altered by different stimuli, possibly in a cell type- 
specifi c fashion, which could ultimately help in the design of disease-specifi c 
autophagy-enhancing or autophagy-inhibiting drugs.  
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    Chemical Modulators of Autophagy 

 As highlighted throughout this chapter, many unanswered questions remain regarding 
the mechanistic basis of multiple autophagy functions. We believe that the fi eld of 
chemical biology is poised to help answer these questions, providing the tools to 
dissect the regulatory nodes that exist at the intersections of autophagy and immu-
nity. Furthermore, studies in this fi eld may help to identify druggable targets within 
the autophagy pathway and its regulatory infl uences. 

 Small molecules have been proven to be useful tools in autophagy research, 
demonstrating success by increasing our knowledge of autophagy regulation while 
simultaneously identifying potential therapeutic compounds. Small-molecule 
screens are particularly important in identifying probes for dissecting complex bio-
logical processes such as autophagy, as they allow the dissection of multiple steps 
in a pathway, provide temporal control over target function, and are often reversible. 
These screens are also particularly powerful in enabling researchers to identify mol-
ecules that parallel gene activity. Furthermore, by pursuing the mechanism of action 
(MOA) of active compounds, novel regulatory pathways can be identifi ed. 

 Target identifi cation and MOA determination is a rate-limiting step to small- 
molecule discovery in phenotype-based screens and relies on the integration of mul-
tiple complementary approaches. One such approach is candidate based, which can 
be used to determine whether novel small molecules target known MOAs. Several 
unbiased approaches to determine small-molecule MOAs can also be used, includ-
ing (1) combining quantitative proteomics (SILAC) with affi nity enrichment to 
identify proteins that interact with the small molecule and yield the observed phe-
notype, (2) compound profi ling and connectivity analysis using gene expression 
signatures, and (3) genetic complementation of small-molecule effects by RNAi or 
overexpression screening to identify genes that function in the same pathway as the 
small molecule [ 111 ,  112 ]. 

 Several forward chemical screens have been used to identify compounds with 
relevance to autophagy. These cell-based phenotypic screens employed libraries of 
FDA-approved drugs and known bioactive compounds to identify chemical modu-
lators of autophagy [ 113 – 116 ]. Various readouts were used to measure autophagic 
activity, including GFP-LC3 puncta formation, the clearance of mutant huntingtin 
and A53T α (alpha)-synuclein aggregates, and degradation of luciferase-fused LC3. 
Autophagy-related small molecules discovered in these screens can be broadly clas-
sifi ed into two groups: (1) mTOR-dependent molecules, which consist of com-
pounds that induce autophagy, and (2) mTOR-independent molecules, which can be 
either inducers or suppressors of autophagy. The fi rst group includes inhibitors of 
class I PI3K/Akt/mTOR signaling, such as allosteric and ATP-competitive mTOR 
kinase, Akt, PI3K, and dual mTOR/PI3K inhibitors. The second (mTOR- 
independent) group includes inhibitors of cAMP-Epac-PLC-ε (epsilon)-IP3 and 
Ca 2+ -calpain-Gs-α (alpha) signaling [ 117 ]. 

 Results from such chemical screens have been carried forward into cell and ani-
mal models of autophagy-related diseases. For example, (SMER) compounds were 
originally identifi ed in a screen for enhancers of rapamycin-induced growth defects 
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in  S. cerevisiae  [ 115 ]. SMERs 10, 18, or 28 were found to be active in mammalian 
cell models of Huntington’s and Parkinson’s disease, promoting autophagic clear-
ance of mutant huntingtin and A53T α (alpha)-synuclein aggregates [ 115 ]. In vivo, 
SMERs protect against neurodegeneration in a  Drosophila  model of Huntington’s 
disease [ 115 ]. 

 Like the SMERs, the pan-nitric oxide synthase (NOS) inhibitor Nω (omega)-
nitro- l -arginine methyl ester hydrochloride (L-NAME) can block neurodegenera-
tion in the same  Drosophila  Huntington’s disease model and, similar to rapamycin, 
can clear mutant huntingtin aggregates in a zebrafi sh Huntington’s disease model, 
suggesting that NOS inhibitors have therapeutic potential [ 118 ]. L-NAME triggers 
functional autophagy in a variety of cell types as measured by LC3 processing, the 
accumulation of RFP-LC3 puncta, and the ATG5-dependent clearance of mutant 
huntingtin aggregates [ 118 ]. While NOS inhibitors such as L-NAME decrease NO, 
complementary experiments to increase NO levels using NO donors and NO syn-
thase overexpression revealed an inhibitory role for NO in autophagy [ 118 ]. The 
MOA of NO was found to involve two different mechanisms of inhibiting autoph-
agy. First, S-nitrosylation of JNK1 impairs phosphorylation of BCL2, leading to 
increased BCL2-belin 1 interaction. Second, S-nitrosylation of IKKβ promotes the 
TSC2-dependent activation of mTORC1 [ 118 ]. 

 The role of HMGB1 in regulating mitophagy following rotenone-induced dis-
ruption of oxidative phosphorylation is a further example that highlights the utility of 
small-molecule–gene interactions in identifying key autophagy pathways [ 51 ]. 
Mitochondrial stress mediated by rotenone, a small molecule that inhibits complex I in 
the electron transport chain, led to mitophagy that was facilitated by HMGB1 and its 
transcriptional target HSPB1. HMGB1 and HSPB1 were found to control mitochon-
drial homeostasis, as knockdown of either HMGB1 or HSPB1 resulted in perturbed 
morphology, glycolysis, ATP production, and mitochondrial fragmentation [ 51 ,  119 ]. 
Furthermore, rotenone-induced mitophagy was disrupted by cytochalasin D, suggesting 
a role for the actin cytoskeleton in HMGB1-HSPB1-mediated mitophagy [ 51 ]. 

 To enhance the therapeutic utility of small molecules, the relationships between 
compound structure and biological activity (structure-activity relationships or 
SARs) can be studied to determine which chemical groups present in the compound 
are important for activity and how modifi cations of the structure can improve selec-
tivity and potency. In one example, Chen et al. synthesized a novel set of diphenyl-
butylpiperidines that demonstrated tenfold improved potency over lead compounds 
fl uspirilene and penfl uridol as measured by LC3-GFP puncta [ 120 ]. 

 In addition to autophagy activators, autophagy inhibitors can also be useful as 
probes in determining whether a given state is dependent on classical autophagy or 
whether a compound truly induces autophagic fl ux. PI3K inhibitors 3-MA and 
wortmannin and the vacuolar H +  ATPase inhibitor bafi lomycin A1 are typically 
used for these purposes. Autophagy inhibitors can also have therapeutic potential. 
Chou and colleagues identifi ed DBeQ, a reversible ATP-competitive inhibitor of the 
p97 ATPase [ 121 ]. Inhibition of p97 following DBeQ treatments triggers diverse 
phenotypes, including a blockage of autophagosome maturation, activation of 
caspase 3 and 7, and inhibition of cancer cell proliferation, suggesting a potential 
therapeutic utility for p97 inhibitors in cancer [ 121 ]. 
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 Unlike the PI3K class I inhibitors discussed above, the discovery of potent and 
selective inhibitors of class III VPS34 has proven diffi cult. Class III VPS34 contains 
a smaller, more rigid ATP binding pocket compared to class I p110γ, possibly add-
ing to the diffi culty in fi nding inhibitors [ 122 ]. 3-MA, a widely used inhibitor of 
VPS34, is typically used at millimolar concentrations, thus likely triggering many 
off-target effects that complicate results. To gain insight into developing VPS34 
selective inhibitors, the structures of VPS34 in complexes with 3-MA, PIK-90, PIK- 
93, and PI103 were solved [ 122 ]. By employing structure-based design, Miller and 
colleagues were able to synthesize PT210, an analog of PIK-93, with tenfold more 
selectivity for VPS34 than for class I p110γ [ 122 ]. Improved VPS34 inhibitors will 
be useful to probe the role of VPS34 in autophagy with more selectivity and without 
confounding effects of class I p110γ inhibition. 

 The success of small-molecule screens in identifying and dissecting autophagy 
regulatory pathways is notable for its repercussions for therapeutics. The identifi ca-
tion of new druggable targets may lead, after extensive optimization, to potential 
therapeutics in human diseases with autophagy-dependent and/or autophagy- 
modulatory features. Experimental results such as those obtained using SMERs and 
NOS inhibitors suggest that small molecules may also be employed to target anti-
bacterial autophagy at multiple stages.  

    Concluding Remarks 

 Recent research has provided signifi cant insight into autophagic functions in immu-
nity, including xenophagy, mitophagy, antigen presentation, vesicular traffi cking 
and secretion, and cytokine activity. However, substantial questions remain regard-
ing the mechanistic basis of such functions as well as how individual disease risk 
alleles modulate these functions. In particular, studies of the microbiome may be 
critically important in understanding the relationship between xenophagy, immu-
nity, and IBD. We anticipate that microbiome-wide studies (MWAS), in combina-
tion with detailed insights into the function of autophagy in health and disease, will 
help inform the development of novel biological and chemical entities for the treat-
ment of patients suffering from these infl ammatory disorders.     
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    Abstract     The intestinal epithelium is the body’s fi rst line of defense against harmful 
contents of the gut, and defects in the epithelial barrier are thought to contribute to 
the initiation and perpetuation of infl ammatory bowel diseases. Recent genome- 
wide association studies have identifi ed a number of mutations in genes implicated 
in the regulation of the intestinal epithelium, which may result in barrier dysfunc-
tion and thereby predispose to the development of IBD.    In this chapter, we will 
review the role of the epithelial barrier in the pathogenesis of intestinal infl amma-
tion and introduce relevant animal models that link epithelial barrier defects to 
increased colitis susceptibility and IBD susceptibility genes that are associated with 
epithelial barrier regulation.  

     The intestinal epithelium consists of a cohesive monolayer of epithelial cells that 
separate the content of the gut lumen from underlying tissues. The epithelium has 
two major functions; it absorbs nutrients and water from the digestive tract, while at 
the same time acting as an impermeable barrier for potentially harmful foreign 
materials, such as bacteria and viruses. To maintain stringent barrier function despite 
continuous antigen exposure and mechanical stress, intestinal epithelial cells (IEC) 
are constantly being replenished by a small pool of highly proliferative stem cells at 
the base of epithelial crypts. The progeny of these intestinal stem cells  differentiates 
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into specialized epithelial cells as cells migrate along the crypt-surface axis, and 
senescent IEC at the surface tip are ultimately shed into the gut lumen. Thus, the 
intestinal epithelium undergoes complete renewal every 5–7 days, without compro-
mising barrier integrity. 

    Structure and Function of the Epithelial Tight Junction Complex 

 IEC are anchored to one another and to the surrounding connective tissue through 
various transmembrane proteins, which are clustered in distinct cell–cell and cell- 
matrix adhesion structures and connect to the cytoskeleton of the cell (see Fig.  13.1 ). 
Among these, the apical junctional complex—consisting of the tight junction at the 
apex of the lateral cell membrane and the more basally located adherens junction—
is of critical importance for the regulation of paracellular solute fl ux and cell migra-
tion [ 1 ,  2 ]. In particular, claudin proteins in the epithelial tight junction form a 
belt-like continuous barrier around the cell, which restricts water and small mole-
cule movement from the tissue into the lumen and vice versa. To date, 27 claudin 
protein family members have been identifi ed [ 3 ]. Based on their preference to 
 promote or restrict paracellular permeability, several claudins have been separated 
into “leaky” or “tight” functional groups, and their respective expression pattern is 
thought to confer tissue-specifi c barrier properties (e.g., low permeability in the 
epidermis and high permeability in the kidney). Consequently, genetic deletion of 
individual claudins in transgenic mice is typically associated with epithelial barrier 
dysfunction and—in some cases—chronic infl ammation, although functionally 
related claudins can often compensate the loss of just one family member [ 4 ].

       Epithelial Barrier Defects in IBD Pathogenesis 

 Considering the crucial importance of the epithelial barrier in the regulation of 
intestinal homeostasis, it would be expected that preexisting barrier dysfunction can 
result in a pronounced infl ammatory response caused by increased antigen translo-
cation across the epithelium. Indeed, numerous studies have demonstrated increased 
intestinal permeability in IBD patients [ 5 – 8 ], which suggests that epithelial barrier 
function is severely compromised in intestinal infl ammation. The results present a 
chicken-and-egg problem, however: is intestinal infl ammation triggered by 
increased transepithelial antigen translocation caused by a congenital barrier defect, 
or is barrier function in IBD patients secondary to mucosal leukocyte infi ltration 
and cytokine secretion (see Fig.  13.2 )? The answer, more likely than not, is “both.” On 
the one hand, it is well known that various infl ammatory mediators increase tran-
sepithelial permeability and disrupt epithelial homeostasis. For example, the promi-
nent pro-infl ammatory cytokines interleukin IL-4, interferon IFN-γ, and tumor 
necrosis factor TNF-α, whose expression is upregulated in the intestinal mucosa of 
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persons with IBD, impair barrier function both by inducing aberrant IEC apoptosis 
and by disassembling the apical junctional complex [ 9 ]. Studies from our laboratory 
and others have shown that key tight junction and adherens junction molecules, 
including E-cadherin, JAM-A, and occludin, are internalized or degraded during 
active intestinal infl ammation [ 2 ]. In addition, it is thought that chronic IBD is asso-
ciated with a switch from a “tight” to a “leaky” claudin expression profi le in epithe-
lial cells, which exacerbates barrier dysfunction and perpetuates infl ammation. For 
example, it has been shown that in active Crohn’s disease (CD) mucosa the pore- 
forming claudin-2 is upregulated, whereas the sealing claudin-5 and claudin-8 are 
downregulated and removed from epithelial tight junctions [ 10 ].

  Fig. 13.1    Schematic representation of epithelial junctional complexes. Transmembrane adhesion 
molecules are shown in  red ; intracellular scaffold proteins are represented in  blue        
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   On the other hand, there is evidence that at least in some cases, barrier defects 
may precede leukocyte infi ltration and overt infl ammation. Daniel Hollander and 
colleagues [ 11 ] found that healthy relatives of CD patients had increased transepi-
thelial small molecule permeability, which was much higher than in controls. 
Although this observation raises the possibility that an inherited barrier defect may 
increase IBD susceptibility, the fi ndings have remained controversial because no 
such effect was observed in subsequent studies [ 12 – 14 ]. Interestingly, however, 
Soderholm et al. [ 15 ] reported that baseline intestinal permeability was elevated in 
CD patients and their spouses, rather than their fi rst-degree relatives. In contrast, 
after acetylsalicylic acid administration, small molecule fl ux was strongly increased 
in patients and relatives, whereas spouses responded like healthy controls. It is thus 
possible that normal transepithelial permeability is determined by environmental 
factors such as nutrition and that genetic predisposition alters the response of the 
intestinal epithelium to luminal or mucosal stimuli. However, this intriguing hypoth-
esis remains to be further investigated in future studies.  

    Animal Models of Intestinal Epithelial Barrier Dysfunction 

 The remarkable clinical heterogeneity of chronic intestinal infl ammation and the 
limited tools to study epithelial permeability defects in the human gut make it 
 challenging to evaluate the contribution of barrier dysregulation to IBD etiology. 

  Fig. 13.2    Epithelial barrier defects contribute to the pathogenesis of intestinal infl ammation. 
Breaches in the epithelial barrier result in bacterial translocation into the lamina propria, which 
causes leukocytes infi ltration and the release of infl ammatory cytokines. Many cytokines, includ-
ing IL-1β, IL-4, and IFN-γ increase epithelial permeability, thereby perpetuating the cycle of 
infl ammation       
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Considerable interest has been paid to animal models of barrier dysfunction, and 
there is growing evidence that innate defects in the epithelial barrier increase sus-
ceptibility to intestinal infl ammation. Although no perfect in vivo model for human 
IBD has been described to date, results from multiple lines of investigation (sum-
marized in Table  13.1  and discussed below) point toward a common pathological 
 phenotype resulting from diverse genetic defects in IEC homeostatic pathways.

      SAMP1/YitFc Mice 

 One of the most intriguing rodent models of intestinal infl ammation is the SAMP1/
YitFc (SAMP) mouse, which was derived by repeated brother–sister mating of 
senescence-accelerated mice (SAM). Matsumoto and colleagues [ 16 ] observed that 
in addition to frequent skin ulceration described in earlier studies, SAMP mice 
develop spontaneous infl ammatory skip lesions in the ileum and cecum, with strik-
ing similarities to CD. Disease onset was dependent on the enteric microfl ora, as 
germfree mice showed no signs of infl ammation, whereas enteritis was inducible by 
colonization with commensals. More recently, work from Theresa Pizzaro’s 
 laboratory showed that SAMP mice exhibit a pronounced intestinal epithelial bar-
rier defect, which precedes the development of overt intestinal infl ammation [ 17 ]. 

   Table 13.1    Select transgenic mouse models of epithelial barrier dysfunction and intestinal 
infl ammation   

 Model  Intestinal phenotype 
 AJC molecular 
changes  Reference(s) 

  SAMP1 / YitFc   Spontaneous chronic ileitis 
preceded by increased intestinal 
permeability 

 Claudin-2 ↑; 
occludin ↓ 

 [ 16 ,  17 ] 

  Il10  −/−   Spontaneous severe enterocolitis 
preceded by increased intestinal 
permeability 

 Not determined  [ 19 ,  20 ] 

  p120 - catenin  −/−  a    Spontaneous severe enterocolitis 
caused by epithelial barrier 
disruption 

 E-cadherin ↓; 
α-catenin ↓; 
β-catenin ↓ 

 [ 21 ] 

  JAM - A  −/−   Enlarged lymphoid follicles and 
enhanced susceptibility to 
experimental colitis associated 
with intestinal barrier defect 

 Claudin-10 ↑; 
claudin-15 ↑ 

 [ 24 ] 

  Muc2  −/−   Spontaneous chronic colitis 
associated with epithelial barrier 
dysfunction 

 Claudin-10 ↑; 
claudin-1 ↓; 
claudin-5 ↓ 

 [ 29 ] 

  Hnf4α  −/−  a    Enhanced susceptibility to 
experimental colitis associated 
with intestinal barrier defect 

 Claudin-2 ↑; 
claudin-7 ↓; 
ZO-1 ↓ 

 [ 35 ,  36 ] 

  Mlck  transgene a   Enhanced susceptibility to 
experimental colitis associated 
with intestinal barrier defect 

 None detected  [ 38 ] 

   AJC  apical junctional complex 
  a Intestine-specifi c  
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When compared to the founder AKR mouse strain, SAMP mice have a signifi cantly 
higher mRNA expression of the “leaky” claudin-2 and, conversely, reduced expres-
sion of occludin. Interestingly, barrier dysfunction was also observed in germfree 
mice, which strongly suggests that the primary epithelial barrier defect is causally 
linked to the development of intestinal infl ammation in these animals. Although the 
underlying reason for barrier dysfunction in SAMP mice remains to be determined, 
genetic analyses have implicated mutations in several apical junctional complex- 
associated genes, including  Cldn2  (claudin-2),  Cdh1  (E-cadherin), and  Mllt4  (afadin), 
which alone or in combination may compromise junction integrity [ 18 ].  

    Il10-Defi cient Mice 

 Similar to SAMP mice, mice with targeted deletion of the  Il10  gene spontaneously 
develop intestinal infl ammation at around 10 weeks after birth [ 19 ]. However, 
infl ammation in these animals extends throughout most of the intestinal tract, and 
local infl ammation restricted to the proximal colon can also be observed in germfree 
mice, indicative of a more severe disease phenotype. Importantly, mutations in the 
IL10 pathway are strongly associated with increased susceptibility to IBD in 
humans, consistent with reduced anti-infl ammatory signaling. Although IL10 defi -
ciency primarily affects the function of the innate immune system, there is evidence 
that loss of IL10 also results in a pronounced epithelial barrier defect. Madsen et al. 
[ 20 ] reported that  Il10 -defi cient mice have microbiota-dependent, increased intestinal 
permeability which was observed weeks before the onset of infl ammation. Taken 
together, these data suggest that barrier dysfunction contributes to disease develop-
ment in animals with compromised immune homeostasis.  

    p120-Catenin-Defi cient Mice 

 The stability of epithelial adherens junctions is in part regulated by the catenin  protein 
family, which are intracellular binding partners of E-cadherin. As reported recently, 
mice defi cient for p120-catenin in IEC suffer from early-onset, wasting enterocolitis, 
with notable fragility of the epithelial monolayer [ 21 ]. Structural analysis revealed 
increased intestinal permeability and neutrophil recruitment in transgenic mice, which 
was caused by a loss of E-cadherin, as well as α-catenin and β-catenin from the IEC 
lateral membrane. Thus, genetic impairment of adherens junction integrity results in a 
breakdown of the epithelial barrier and catastrophic infl ammation.  

    JAM-A-Defi cient Mice 

 Junctional adhesion molecule JAM-A is a tight junction-associated adhesion molecule 
with important roles in mediating cell–cell contacts, cell migration, and epithelial cell 
proliferation [ 22 ,  23 ]. Studies from our laboratory have shown that mice with genomic 
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deletion of the JAM-A coding gene ( F11r ) exhibit increased intestinal permeability 
and bacterial translocation across the epithelium [ 24 ]. Unlike the transgenic animals 
introduced above,  F11r  −/−  mice do not develop spontaneous colitis; however, we 
observed that JAM-A-defi cient mice show signs of subclinical mucosal immune acti-
vation, as indicated by enlarged lymphoid follicles and higher myeloperoxidase activ-
ity resulting from an increased number of lamina propria neutrophils. In addition, 
JAM-A-defi cient mice were found to be more susceptible to chemically induced 
 colitis, with an earlier disease onset, more severe tissue damage, and increased mortal-
ity compared to wild-type controls. Structurally, we observed that IEC from JAM-
A-defi cient mice had increased expression of claudin- 10 and claudin-15, indicative of 
a leaky epithelial barrier. 

 Of importance to human pathology, although no JAM-A ( F11R ) defect has been 
observed in IBD patients, it has been shown that mutations in the  MAGI2  gene are 
associated with the development of ulcerative colitis [ 25 ]. MAGI proteins are PDZ 
domain-containing scaffold proteins that localize to the tight junction and promote 
the formation of intracellular signaling complexes, which are at least in part stabi-
lized by JAM family members. It is thus feasible that loss of JAM-associated proteins 
may compromise the epithelial barrier and increase IBD susceptibility.  

    Mouse Models of Mucus Layer Defects 

 The intestinal epithelial barrier is itself protected by a layer of mucus secreted by a 
specialized type of IEC, the goblet cell. The mucus gel physically limits access of 
bacteria to surface IEC and stores antimicrobial peptides mainly derived from small 
intestinal Paneth cells, thereby creating a comparatively germfree environment in 
the immediate vicinity of the intestinal epithelium. It is thus feasible that alterations 
in the mucus layer may contribute to IBD pathogenesis, and indeed, changes in 
mucin deposition and glycosylation have been observed in CD and ulcerative colitis 
(UC) patients, as well as in some of their healthy relatives [ 26 ]. Importantly, a recent 
study additionally identifi ed goblet cells as an interface for immune cell education 
[ 27 ]. McDole et al. observed that goblet cells in the small intestine act as passages 
for luminal antigens, which are processed by tolerogenic dendritic cells in the 
 lamina propria. 

 In agreement with these reports, several recent studies have shown that mice with 
various genetic defects in goblet cell function and mucus secretion or assembly are 
prone to intestinal infl ammation. For example, mice defi cient for mucin 2, the major 
component of the intestinal mucus layer, spontaneously develop mild colitis and are 
exceptionally susceptible to chemically induced infl ammation [ 28 ]. Loss of mucus 
integrity in these animals was found to be associated with a pronounced epithelial 
barrier defect, as evidenced by increased claudin-10 mRNA expression and 
decreased claudin-1 and claudin-5 message levels [ 29 ]. Interestingly, aberrant 
mucin 2 production was also observed in  Il10  −/−  mice, suggesting that loss of IL-10 
signaling results in a multifactorial imbalance in mucosal homeostasis [ 30 ]. Similar 
to  Muc2  gene-defi cient animals, mice lacking core-1- and core-3-derived O-glycans 
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(i.e., mucin-bound oligosaccharide side chains), or the mucin 2-modifying enzyme 
AGR2, exhibit varying degrees of colitis susceptibility [ 31 – 33 ]. Although the exact 
nature of the barrier defect in these animal models remains to be determined, col-
lectively the studies suggest that multiple genetic defects converging on mucus 
secretion and modifi cation can compromise epithelial barrier function, resulting in 
enhanced bacterial translocation and increased intestinal infl ammation.  

    HNF4α-Defi cient Mice 

 A somewhat unexpected candidate gene for the development of IBD,  HNF4A , 
 coding for the transcription factor hepatocyte nuclear factor (HNF)-4α, was recently 
identifi ed in genome-wide association scans (GWASs) [ 34 ]. HNF-4α is strongly 
expressed in the intestinal epithelium and has been implicated in downregulation of 
epithelial cell proliferation pathways controlled by Wnt/β-catenin signaling. In par-
ticular, it has been shown that IEC-specifi c deletion of HNF-4α increases epithelial 
turnover and IEC differentiation into goblet cells [ 35 ,  36 ]. In parallel, Cattin et al. 
[ 36 ] reported that  Hnf4α -defi cient mice exhibit increased intestinal permeability, 
which is associated with increased claudin-2 expression and reduced claudin-7 and 
zonula occludens [ 37 ] -1 levels. HNF-4α may thus indirectly control intestinal per-
meability, through transcriptional regulation of epithelial differentiation pathways.   

    MLCK Transgenic Mice 

 Additional support for the hypothesis that an innate barrier defect promotes intesti-
nal infl ammation comes from a report on mice with IEC-specifi c over-expression of 
a constitutively active myosin light chain kinase construct (   CA-MLCK) [ 38 ]. 
Myosin-dependent contractility of the perijunctional actin belt is an important 
mechanism regulating tight junction integrity and, consequently, activation of 
MLCK results in partial disassembly of the apical junctional complex [ 2 ]. Similar 
to     F11r  and  Hnf4α -defi cient animals,  CA-MLCK    transgenic mice do not spontane-
ously develop colitis, but show signs of heightened immune activation in the mucosa 
and are susceptible to experimental colitis.  

    IBD Susceptibility Genes Implicated in Epithelial Barrier 
Regulation 

 As we have seen, a multitude of studies on transgenic animals suggest that single 
genetic mutations are suffi cient to upset fi ne-tuning of homeostatic regulation of the 
intestinal epithelial barrier that may promote development and perpetuation of 
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chronic intestinal infl ammation. The obvious questions, of course, are if and how 
these fi ndings translate to human disease and what lessons we can learn from the 
animal models. We further discuss here possible roles of recently identifi ed IBD 
susceptibility genes—summarized in Table  13.2 —in the regulation of intestinal epi-
thelial homeostasis and barrier function. Notably, many of the mutations found in 
humans result in similar phenotypes observed in transgenic mice and suggest that 
animal models are valuable aids in studies of IBD pathobiology.

      CDH1 (E-cadherin) 

 E-cadherin is the main adhesion molecule in the epithelial adherens junction. Loss 
of E-cadherin expression results in catastrophic failure of the epithelial barrier, and 
downregulation of E-cadherin can be seen in active IBD mucosa [ 39 ]. A recent 
GWAS identifi ed a new UC susceptibility region harboring, among others, the 
 CDH1  gene encoding E-cadherin [ 34 ]. Although complete loss of function is 
unlikely because deletion of E-cadherin is incompatible with life, it is possible that 
genomic mutations of  CDH1  result in a functionally restricted form of the protein 
that compromises epithelial barrier function. Indeed, Muise and colleagues [ 40 ] 
reported that a common polymorphism in  CDH1  results in a truncated E-cadherin 
isoform that does not correctly localize to the plasma membrane. Importantly, 
these authors additionally found that this mutation is a risk allele for CD, but 

   Table 13.2    Select susceptibility loci and candidate genes for IBD with a possible role in epithelial 
barrier regulation, identifi ed in genome-wide association scans (GWAS)   

 Locus  Candidate gene (protein)  Function in intestinal epithelial cells  Reference(s) 

 16q22   CDH1  (E-cadherin)  Principal cell adhesion molecule of the 
epithelial adherens junction 

 [ 34 ] 

 1q21   ECM1  (extracellular 
matrix protein 1) 

 Secreted glycoprotein that contributes 
to cell proliferation 

 [ 41 ,  43 ] 

 7p22   GNA12  (guanine 
nucleotide- binding 
protein α12) 

 Inhibits tight junction assembly by 
phosphorylation of ZO proteins 
through Src and HSP90 

 [ 37 ,  44 ] 

 20q13   HNF4A  (hepatocyte 
nuclear factor 4α) 

 Transcription factor that regulates 
differentiation along the intestinal 
crypt-surface axis 

 [ 34 ,  36 ] 

 1q23   ITLN1  (intelectin-1)  Lectin thought to protect the brush 
border membrane 

 [ 54 ,  55 ] 

 7q31   LAMB1  (laminin β1)  Secreted protein involved in enterocyte 
differentiation 

 [ 34 ,  59 ] 

 18p11   PTPN2  (protein tyrosine 
phosphatase N2) 

 Inhibits IFN-γ-induced expression of 
claudin-2 

 [ 56 ,  57 ] 

 7q22   MUC3A  (mucin 3A)  Essential glycoprotein in the protective 
mucus layer 

 [ 52 ,  60 ] 

 12q12   MUC19  (mucin 19)  Essential glycoprotein in the protective 
mucus layer 

 [ 51 ] 
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interestingly, it was not observed for UC. Nevertheless, these fi ndings indicate that 
functional changes in E-cadherin impair the epithelial barrier and promote intestinal 
infl ammation.  

    Extracellular Matrix Protein 1 

 Extracellular matrix protein 1 (ECM1) is a secreted glycoprotein implicated in number 
of biological processes, including endothelial cell proliferation and angiogenesis; how-
ever, its function in epithelial homeostasis is less well understood. It has been reported 
that expression of ECM1 is enhanced in epithelial cancers and that it promotes tumor 
growth through as yet unknown mechanisms [ 41 ,  42 ]. The genomic cluster containing 
the  ECM1  gene has been identifi ed as an UC susceptibility region, and it has been 
 suggested that mutations in  ECM1  may impair epithelial homeostasis, potentially by 
reduced activation of NF-κB signaling pathways [ 43 ]. Considering that NF-κB is a 
major regulator of the mucosal immune response and cell survival pathways, it is thus 
possible that loss of ECM1 may increase cytokine- induced epithelial cell apoptosis and, 
conversely, reduce proliferation; however, this hypothesis remains to be addressed.  

    GNA12 (Guanine Nucleotide-Binding Protein α12) 

 Another recently discovered UC-risk gene is  GNA12 , encoding the heterotrimeric G 
protein α12 (Gα12) [ 37 ]. G proteins are crucial signaling mediators, which relay signals 
from cell surface receptors to intracellular molecules, but little is known about how 
Gα12 may regulate epithelial cell homeostasis. It has been shown that Gα12 associates 
with the tight junction scaffold protein ZO-1 and that it inhibits tight junction integrity 
in kidney epithelial cells by activation of tyrosine kinase Src, which in turn disrupts the 
interaction of ZO-1 with claudin-1 and occludin [ 44 ]. Interestingly, the authors found 
that Gα12 itself is activated by heat shock protein (HSP) 90, a stress response chaperone 
whose expression is increased during infl ammation. Recently, these authors reported 
that reactive oxygen species, which have been shown to accelerate epithelial regenera-
tion [ 45 ], activate Gα12 and disrupt the barrier function of kidney epithelial cells [ 46 ]. 
In light of these observations, it appears counterintuitive that  GNA12  mutations might 
confer susceptibility for chronic colitis. However, it is possible that Gα12 may have dif-
ferent functions in IEC or that the polymorphisms in UC patients increase its activity.  

    HNF4A (Hepatocyte Nuclear Factor-4α) 

 As we have discussed in the previous section, HNF-4α is a transcription factor that 
regulates epithelial homeostasis and barrier function in the intestine. The specifi c 
function of HNF-4α in the human remains enigmatic at this time; however, studies 
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using inducible gene-defi cient mice revealed that HNF-4α regulates IEC homeostasis 
by Wnt/β-catenin signaling-dependent modulation of cell proliferation and differ-
entiation [ 36 ], which may—directly or indirectly—have potent effects on regulation 
of barrier function.  

    MUC3A and MUC19 (Mucin 3A and 19) 

 Considering the strong evidence from animal models that defective goblet cell 
 differentiation and epithelial mucin secretion may predispose to the development of 
chronic intestinal infl ammation, it would be expected that impaired goblet cell function 
may similarly contribute to human IBD. Indeed, it has been noted that mucin composi-
tion changes during infl ammation, with increased secretion of mucins 1, 2, and 5 and 
reduced expression of mucins 9 and 17 [ 47 – 50 ]. Recent genome-wide association stud-
ies identifi ed rare coding mutation in  MUC19  as a risk factor for Crohn’s disease and 
ulcerative colitis [ 51 ]. In addition, Kyo et al. discovered multiple single-nucleotide 
polymorphisms in the  MUC3A  gene that are weakly associated with the development 
of Crohn’s disease and ulcerative colitis [ 52 ,  53 ]. The specifi c function and expression 
of these mucins has not been investigated to date; however, considering the critical role 
of the mucus layer in the protection of the intestinal epithelium, it is not surprising that 
even minor alterations in goblet cell function may contribute to IBD pathobiology.  

    Intelectin-1, Laminin β1, and Protein Tyrosine Phosphatase N2 

 Multiple additional risk factors identifi ed in genome-wide association studies are 
thought to protect the intestinal epithelial barrier; however, their specifi c roles are some-
what enigmatic. Intelectin-1 (ITLN1) is a  d -galactosyl-specifi c lectin expressed in 
Paneth and goblet cells [ 54 ] that was recently found to increase susceptibility for 
Crohn’s disease [ 55 ]. Although intelectin-1 has been suggested to promote epithelial 
barrier function, how this is achieved is poorly understood. Most likely intelectin- 1 
binds bacteria at the brush border membrane and thus restricts access of potential 
pathogens to IEC. Alternatively, it is possible that intelectin-1 physically stabilizes the 
apical membrane of enterocytes, which prevents the release of digestive enzymes into 
the gut lumen. Laminins are integral structural proteins in the extracellular matrix, and 
 LAMB1  mutations are associated with increased risk of ulcerative colitis [ 34 ]. The 
effect of loss of function of laminin β1 (LAMB1) in the intestine has not been investi-
gated at this point. Considering the function of laminins as anchoring proteins for 
 epithelial cells, it is conceivable that  LAMB1  mutations weaken the attachment of the 
epithelium to the basal lamina and thereby drive sloughing off of the mucosa in infl amed 
tissue. Finally,  PTPN2  has been identifi ed as a risk allele for Crohn’s disease [ 56 ]. 
Scharl et al. [ 57 ] found that protein tyrosine phosphatase N2 (PTPN2) is induced by 
IFN-γ and that it attenuates IFN-γ-mediated activation of STAT 1 and 2. Consequently, 
loss of  PTPN2  results in increased  transepithelial permeability and may be involved in 
the perpetuation of intestinal infl ammation.   
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    Concluding Remarks 

 Taken together, the above observations strongly support a model in which genetic 
alterations of proteins involved in the regulation of the epithelial barrier promote the 
activation of the mucosal immune system, most likely by allowing more luminal 
antigens to cross into the lamina propria. It is interesting to note that these proteins 
encompass a wide spectrum of functions, ranging from cell–cell adhesion mole-
cules to cytokines and transcription factors, and that their loss results in a remark-
ably similar intestinal phenotype (see Fig.  13.3 ). Not all of the mutations investigated 
in transgenic animal models are associated with overt infl ammation, but rather 

  Fig. 13.3    Schematic representation of IBD susceptibility genes, implicated in regulating the epi-
thelial barrier.  Arrows  indicate potential functional connections to intracellular signaling pathways 
and other structural proteins       
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  Fig. 13.4    Proposed model of 
the progression from primary 
intestinal barrier dysfunction 
to chronic colitis. Innate and 
adaptive immunity dampen 
the pathological response to 
increased mucosal antigen 
translocation. Additional 
defects in the immune 
system result in chronic 
infl ammation       

appear to universally increase the susceptibility to colitis. This observation is 
 compatible with the hypothesis that in most cases, the development of IBD requires 
two “hits,” for example, a host immune defect in conjunction with intestinal dysbio-
sis [ 58 ]. It appears that even when the integrity of the epithelial barrier is impaired, 
both innate and adaptive immunities are able to suppress infl ammation (see 
Fig.  13.4 ). Like man, mice may thus be able to compensate to some extent for the 
loss of barrier- promoting proteins, but will be affl icted with intestinal infl ammation 
if mucosal homeostasis is compromised further.

    Also of note is the fact that most of the known susceptibility genes related to 
epithelial barrier function appear to increase the risk for developing ulcerative 
 colitis, but are not associated with Crohn’s disease. It is therefore feasible to speculate 
that a primary barrier defect can initiate the extensive crypt erosion and superfi cial 
infl ammation seen in UC, but may not contribute to the striking transmural infl am-
matory phenotype found in CD. If this is the case, treatment aimed specifi cally at 
restoring epithelial barrier function may emerge as a valuable tool for inducing and 
sustaining remission in ulcerative colitis patients.     
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    Abstract     Host–bacteria interactions are highly diverse in humans and animals in 
general. In the gastrointestinal tract they can range from mutualistic to pathogenic 
interactions. Host and intestinal symbionts form a superorganism where  co- evolution 
has set up a dynamic but fragile homeostasis. Symbiotic bacteria are contained in 
the intestinal lumen by tightly controlled innate immune mechanisms referred as 
“physiological infl ammation”, which is tightly regulated by sustained mechanisms 
of innate immune tolerance responding to host–bacteria cross talks that remain to be 
fully deciphered. Conversely, pathogenic bacteria need to be quickly perceived and 
discriminated from symbiotic bacteria in order for the host to develop rapid and 
effi cient bactericidal responses referred as “pathologic infl ammation”. Recognition 
of pathogen/microbe-associated molecular patterns (P/MAMP) by pathogen recog-
nition receptors (PRR) can hardly account for discriminating bacterial symbionts 
from bacterial pathogens, which largely share similar PAMPs. Unlike bacterial 
symbionts, the pathogens engage the host epithelial surface by tightly adhering to 
cells, possibly invading them, multiplying intracellularly, introducing massive 
amounts of PAMPs in their cytosol and altering their membranes by the secretion of 
pore-forming toxins and various secretory translocators. A large part of these 
“aggressive” events is recognized by dedicated systems, for instance, the toll- like 
receptors (TLR) or the cytosolic NOD-like receptors (NLR) that activate major pro-
infl ammatory pathways such as the NF-κB cascade and the infl ammasome, leading 
to the release of the potent infl ammatory cytokine IL-1β. These danger signals are 
amplifi ed by endogenous signals, the damage-associated molecular patterns 
(DAMPs), derived from the damage induced to the host and mediated by PRRs 
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and other receptors such as purinergic receptors for ATP. On the top of the 
 PRR- associated fi rst wave of signalling, this second wave of signalling that is 
strongly related to pathogen-associated dangers will complete the discrimination 
and innate infl ammatory response to pathogens. However, bacterial classifi cation in 
symbionts versus pathogens is far too simple and may not refl ect the reality of host–
bacteria interactions. The existence of pathobionts as well as the emergence of 
infl ammatory bowel diseases associated with a loss of bacterial mutualism indicates 
that there is a spectrum of situations between the mutualistic and pathogenic poles.  

        Introduction 

 The human gastrointestinal tract is continuously exposed to microorganisms, ranging 
from symbionts to pathogens. These bacteria establish complex and dynamic interac-
tions with the intestinal mucosa. Symbiotic bacteria have adapted to selective pressure 
exerted by the host through evolution and activate innate immune responses, leading 
to “physiological infl ammation” and contributing actively to intestinal immune 
homeostasis. Pathogens can also interact with the intestinal mucosa to promote inva-
sion, thus compromising intestinal homeostasis. They penetrate intestinal host tissues, 
proliferate and disseminate to other hosts, inducing “pathological infl ammation” and 
resulting in damage or death. Thus the mammalian innate immune system has to deal 
with symbiotic and pathogenic bacteria, in sickness and in health, in order to maintain 
or re-establish intestinal homeostasis. As proposed by Janeway [ 1 ], microbial struc-
tures called pathogen/microbe-associated molecular patterns (P/MAMP) are recog-
nized by host pathogen recognition receptors (PRRs) of the innate immune system. 
This recognition can lead to activation or regulation of the innate and adaptive immune 
systems. However both symbionts and pathogens produce these molecular structures 
such as lipopolysaccharide (LPS) or peptidoglycan (PGN). This recognition raises the 
question of the discrimination between symbionts and pathogens by the host immune 
system. How does the intestinal mucosa face the challenge to be simultaneously 
tolerant to symbiotic bacteria that populate the gut lumen and release PAMPs and 
antigenic molecules but also highly responsive to the occurrence of pathogenic bacteria 
that have evolved strategies for attaching to and invading mucosal surfaces? 

 In this chapter we will mainly focus on the discrimination between symbionts 
and pathogens by the host immune system. We fi rst discuss how host and bacteria 
interact to enable the establishment of a stable intestinal microbiota that participates 
in host fi tness. This microbiota is benefi cial to the host as it constitutes a physical 
barrier against pathogenic infection but also stimulates the development of the 
innate immune system. However this physiological infl ammation that contributes to 
the containment of the microbiota in the intestinal lumen is not suffi cient to coun-
teract the attack by true pathogens. These bacteria indeed developed virulence strat-
egies to cross the intestinal epithelial barrier, breach innate immune host defences, 
manipulate host signalling and invade deeper host tissues. Thus the innate immune 
system has to mount rapid and effi cient responses to limit the infection. We will 
then focus on the recognition of this pathogenic threat by the host innate immune 
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system and we will try to decipher the mechanisms that permit the discrimination 
between symbionts and pathogens necessary to set up a specifi c and adapted 
response. We will consider that, in addition to recognition of PAMPs, the immune 
system responds to other signals associated with infection or infl ammation, allow-
ing the discrimination between harmless and virulent bacteria. The host immune 
system would then adapt its response to the level of encountered threat. In particu-
lar, damaged cells can release in the extracellular milieu endogenous molecules that 
signal the danger such as molecules associated to cell death [ 2 ,  3 ]. These molecules, 
called DAMPs (damage-associated molecular patterns), are thus not strictly specifi c 
to pathogenic infection but translate the emergence of a danger coming from either 
a pathogen or a “harmful symbiont”, namely, pathobionts, but also from a sterile 
infl ammation. Indeed these DAMPs are not necessarily due to the pathogens them-
selves but can be released after the induction of damage by the host innate immune 
response and the activation of pathologic infl ammation.  

    Host–Symbionts Interactions: Adapted to Live 
with Our Best Enemies 

 Until recently, microbes associated with humans were largely described as aggressors 
engaging host surfaces, controlling host immune defences, expanding their population 
and propagating to other hosts. Microorganisms were essentially considered as patho-
gens and interactions between host and bacteria were mostly associated with infection 
[ 4 ]. Studies of the host immune system were thus based on the dichotomy between 
recognition and elimination of microorganisms and tolerance of self-molecules to 
maintain host homeostasis. However it is increasingly recognized that interactions 
between microorganisms and their hosts are not exclusively detrimental. Indeed these 
interactions can range from a symbiotic association to a deadly infection. “Illness is 
the exception rather than the rule”, state Scott Merrell and Stanley Falkow [ 5 ]. As a 
matter of fact, the dominant forms of human–bacteria interactions are those in which 
microorganisms—now collectively called microbiota—do not cause harm (commen-
sal interactions) or even benefi t to the host (mutualistic interactions). Obligate and 
facultative symbionts associate with eukaryotes and both partners can take advantage 
from these interactions, forming superorganisms in which homeostasis is preserved. 
We thus share a complex and subtle relationship with our microbiota. 

 Humans acquire a resident microbiota at birth. A complex and dense microbial 
fl ora colonizes the adult intestinal tract, with its highest density in the terminal 
ileum and in the colon. The human gastrointestinal tract harbours from 10 to 100 
trillion microorganisms, most of which are anaerobic bacteria. Many studies have 
focused on determining the core elements of the microbiota that are far from being 
fully defi ned. It was estimated that more than 500 bacterial species are present in the 
intestine [ 6 ]. The number and composition change along the gastrointestinal tract. 
Predominant communities belong to two major groups, the Firmicutes (Gram- 
positive anaerobes) and the Bacteroidetes (Gram-negative anaerobes), suggesting 
that selective pressure may participate to this diversity. Despite the high variability 
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of bacterial abundance and variety, metagenomic sequencing points out the exis-
tence of a common core of microbial genes, shared among at least 50 % of individu-
als [ 7 ,  8 ]. Moreover other vertebrates are colonized by related but distinct microbiota 
from those described in humans. These symbionts contribute to many functions that 
are benefi cial to the host, especially by their metabolic capacities [ 9 ]. They achieve 
fermentation of non-digestible substrates, produce essential vitamins, generate 
short-chain fatty acids from glycans and contribute to ionic absorption of calcium or 
magnesium. Furthermore they shape the gut immune system, affect components of 
the enteric nervous system, contribute to oral tolerance to food antigens and play a 
role in wound repair of the intestinal mucosa after epithelial damage. Finally, these 
symbionts participate in immune homeostasis and protect the host against coloniza-
tion and invasion of pathogenic bacteria by secreting bactericidal substances and 
competing for nutrients and niche colonization [ 10 ]. 

 Since the most ancient time, the bacterial communities have been selected, meaning 
that competing organisms underwent biological co-evolution and co- adaptation to per-
sist in specifi c host niches. Each host has co-evolved with its own microbiota. 
Mechanisms have been selected to promote and maintain mutualistic interactions 
between bacteria and eukaryotes, particularly in the gastrointestinal tract [ 11 ]. In the 
intestinal lumen, symbiotic bacteria benefi t from a situation of active host tolerance. 
Indeed co-evolution has selected host immune mechanisms at mucosal surfaces that 
control immune overresponse to the microbiota and help maintaining a low level of 
responsiveness that is nevertheless suffi cient to contain the symbionts intraluminally 
(i.e. physiological infl ammation), while keeping the ability to recognize and fi ght 
pathogens. Compelling evidences show that the microbiota can infl uence the host 
immune response and elicit immune mechanisms that modify the balance between 
proinfl ammatory and regulatory responses [ 12 ]. In case of dysbiosis, the microbiota 
composition is altered, leading to inappropriate host immune response and possibly to 
infl ammatory disorders [ 13 ,  14 ]. The “hygiene hypothesis” [ 15 ] or the “disappearing 
microbiota” hypothesis [ 16 ] state that alterations in the human microbiota, mainly due 
to hygiene and antibiotics, could be an important factor increasing the incidence of 
some diseases such as allergy, asthma, infl ammatory bowel diseases, obesity and dia-
betes. A major issue is now to decipher the role of indigenous microbial communities 
in human health and disease. A cellular microbiology of symbiosis is quickly emerging 
which necessitates the development of a novel array of cell and animal models.  

    The Law of the Strongest: The Pathogenic Attack 

 Pathogenic bacteria constitute only a small proportion of bacterial species. 
Historically however, these bacteria have been the cause of deadly and widespread 
epidemics like the medieval “Great Plague”, or “Black Death”, and pox that marked 
the spirit of mankind. Work by Louis Pasteur, Robert Koch and their schools, at the end 
of the nineteenth century, enlightened the beginning of host–pathogen interaction 
studies. In spite of the implementation of hygiene, vaccination and antibiotic 
 treatment in the last century that reduced the global morbidity and mortality of 
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infectious diseases, pathogens remain an important public health threat in low- income 
countries, and more than 300 new infectious diseases emerged since 1940 [ 17 ] with 
87 “novel” pathogens identifi ed since 1980 [ 5 ,  18 ]. When a pathogen breaches a 
host anatomic barrier, the innate immune system provides immediate defence 
against infection to limit bacterial entry, proliferation and propagation. Activation 
of innate immunity by invading microorganisms needs to be very rapid and bacterial 
recognition is central to innate immunity [ 19 ,  20 ]. Invading pathogens are rapidly 
sensed in a non-specifi c manner by the host innate immune system using a limited 
set of receptors. Pathogen recognition leads to the immediate activation of humoral 
and cellular components of the innate immune system. This participates in bacterial 
clearance and favours immune cell recruitment to sites of infection but also crucial 
activation of the adaptive immune system, which confers fi nal eradication capacity 
and long-lasting immune memory [ 21 ]. 

 The host immune system and pathogens have co-evolved, leading to an evolu-
tionary arm race [ 22 ] that can be deleterious for both players. A tempting hypothe-
sis has been proposed by May and Anderson [ 23 ], according to which virulence was 
the fi rst step on the way to a symbiotic interaction. It was also assumed that immune 
processes evolved to avoid overreaction to pathogens to eventually achieve mutual-
ism [ 24 ]. The best example of this ultimate symbiosis could be the mitochondria. 
According to the endosymbiotic theory, this organelle may derive from primitive 
bacteria, contributing to oxidative metabolism when oxygen appeared on earth [ 25 ]. 

 Pathogenic and symbiotic bacteria may belong to the same genus or species, but 
are different by the relationships they maintain with the host. Symbiotic bacteria 
provide a fi rst line of defence against pathogenic bacteria as they compete with 
pathogens for nutrients and constitute a colonization barrier [ 22 ]. However, most 
enteric pathogens are not as well metabolically equipped as symbionts [ 26 ]. Indeed 
their genomes contain a limited number of genes involved in saccharide uptake and 
hydrolysis compared to symbiotic bacteria. Unnecessary or detrimental metabolic 
pathways may have been lost to confer advantages in a selective niche. Therefore 
they may be less adapted to compete with symbionts for nutrients and the virulence 
strategies they developed allow them to gain access to host tissues, thus possibly 
resolving these nutritional issues and replicating [ 27 ,  28 ]. In parallel, symbionts are 
devoid of genes that promote invasion and subversion of host tissues [ 29 ]. 

 Pathogenic bacteria can cross the intestinal epithelial barrier, breach innate 
immune host defences and invade deeper host tissues. The main differences between 
symbionts and pathogenic bacteria thus reside in the latter producing effectors 
mediating adherence or penetration of the intestinal epithelium, but also innate 
immune response evasion (Box  14.1 ). 

 Pathogens inherited specifi c pathogenicity genes usually organized in pathoge-
nicity islands [ 30 ]. The gene clusters present on pathogenicity islands encode for 
adhesins, invasins, secretory apparatus such as the type-three secretion system 
(TTSS) and their dedicated effectors, enzymes, toxins and hemolysins. These bacte-
rial factors are necessary for the pathogens to adhere to and colonize the epithelial 
surface or to breach the epithelial barrier. Further they participate in host-cell manip-
ulation and subversion of immune responses to promote bacterial survival, coloniza-
tion, proliferation and dissemination to other sites. Pathogens are able to dampen 

14 Host Interactions with Bacteria: From “Entente Cordiale” to “Casus Belli”



286

innate immune defences at any stage of their progression, such as inhibiting expression 
of antimicrobial peptides and mucins, evading or suppressing phagocytic killing. 
This ability to overcome and/or manipulate host innate immune responses also 
defi nes the identity of being a pathogen. Intracellular colonization by pathogens con-
tributes to mucosal infl ammation as invaded epithelial cells produce proinfl amma-
tory molecules that recruit immune cells, and ultimately to epithelial destruction.    

     Microbial Sensing by Host Receptors: The Crossroad 
Between Infl ammation and Tolerance 

 Innate immunity is the initial step of defence against bacterial infection. The front- line 
target cells need to recognize microorganisms with prokaryote-specifi c receptors to 
induce antimicrobial innate immune responses. Invariant microbial structures called 
pathogen-associated molecular patterns (PAMP) are recognized by a variety of 

   Box 14.1 Virulence Factors of Pathogenic Bacteria 

•     Virulence factors are produced by pathogenic bacteria to elicit adhesion, 
colonization, immunoevasion and proliferation into host tissues  

•   They are mainly encoded by pathogenicity islands  
•   They include:

 –    Adhesion factors to promote adherence to host cells and invasion  
 –   Fimbriae or pili  
 –   Non-pilus adhesins and invasins  
 –   Flagella  
 –   Invasion factors for digestion of the host extracellular matrix and poly-

saccharides to invade deeper host tissues after bacterial adhesion  
 –   Hyaluronidase, collagenase, neuraminidase, lecithinase, hemolysin and 

phospholipase  
 –   Toxins that modify the host–cell environment, subvert host-cell 

 processes and modulate host defence. They can be at the surface of the 
bacteria or secreted  

 –   Endotoxins  
 –   Pore-forming toxins  
 –   Exotoxins with enzymatic activity such as mucinases. These effectors 

can also inhibit the immune response, affect the host-cell cytoskeleton 
or mimic host-cell proteins to hijack host signalling  

 –   Secretion systems that participate in the transport of bacterial toxins 
from the bacterial cytoplasm into host cells  

 –   Type I–VI secretion systems, and especially the TTSS from entero-
pathogenic bacteria  

 –   Outer membrane vesicles       
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germ line-encoded pattern recognition receptors (PRR) [ 31 ]. Receptor activation 
induces a response characterized by a burst of infl ammation in the infection site, 
tissue destruction and recruitment of immune cells such as phagocytes and antigen- 
presenting cells. PRRs play an important role in costimulation of the adaptive 
immune system. They recognize foreign organisms, i.e. viruses, bacteria, parasites 
and fungi. Different types of ligands activate these receptors such as LPS, PGN, 
non-methylated DNA, RNA, fl agellins, lipopeptides, toxins and fi mbriae. Four 
 families of PRRs cooperate to recognize microorganisms: the toll-like receptors 
(TLR), the nucleotide oligomerization domain-like (NOD) receptors (NLR), the 
RIG-I-like receptors (RLR) and the C-type lectin receptors (CLR). They may be 
secreted in the extracellular fl uid (such as mannan-binding lectin, C-reactive protein 
or serum  amyloid protein), intracellular (such as members of the NLR family, 
MDA-5 or RIG-1) or membrane-anchored such as the TLRs that are expressed 
either at the cell surface or associated with endosomes. 

 TLRs represent a family of highly conserved transmembrane molecules with an 
intracellular domain similar to the cytoplasmic domain of the Interleukin-1 receptor 
(IL-1R) [ 32 ]. The extracellular domain is the recognition site. It is characterized by 
leucine-rich repeats (LRR) and determines the ligand specifi city. Some TLRs are 
present at the surface membrane (TLR1, 2, 6, 4 and 5) whereas others are defi ned to 
intracellular endosomal compartments (TLR3, 7, 8 and 9). The ligand specifi city 
also depends on TLRs association, as they may homo- or heterodimerize. TLR 
specifi cities have been widely studied. One of the most described is TLR4 that rec-
ognizes LPS of the outer cell membrane of Gram-negative bacteria. TLR expression 
was fi rst detected on blood monocytes, but intestinal epithelial cells (IECs) also 
express at least a subset of these TLRs. 

 Bacterial ligands are moreover recognized intracellularly by NLRs [ 33 ]. These 
multidomain proteins usually contain an LRR domain that determines the recogni-
tion specifi city, a nucleotide-binding and self-oligomerization domain called 
NACHT domain and effector-binding domains that can be either caspase recruit-
ment domains (CARD) for the NLRC family that comprises NOD1 and NOD2 or 
pyrin effector domains (PYR) for the NLRP subclass. This binding domain interacts 
with adaptor molecules to initiate signalling cascades following receptor activation 
[ 34 ]. NOD1 and NOD2 are key cytosolic sensors. They recognize muropeptides 
that are fragments of the PGN, a component of the bacterial cell wall. PGN consists 
of carbohydrate chains of β (1–4) linked, alternating  N -acetylglucosamine and 
 N -acetylmuramic acid sugars, cross-linked by short peptide chains. NOD1 is found 
in all cell types and binds to a diaminopimelate containing the GlcNAc-MurNAc 
tripeptide (GM-TriDAP or DAP) found in mainly Gram-negative bacterial PGN, 
whereas NOD2 detects muramyl dipeptide (MDP), the minimal bioactive PGN 
motif shared by all bacteria, in myelomonocytic and IECs [ 35 – 37 ]. 

 Activation of most of these PRRs initiates signal transduction pathways that con-
verge on the key transcription factor Nuclear Factor-κB (NF-κB) and leads to antimi-
crobial and proinfl ammatory gene expression and also recruitment of immune cells to 
the site of infection [ 34 ]. NOD1 and NOD2 are the only NLR members able to acti-
vate the NF-κB pathway upon stimulation. Other members of the NLR family, the 
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NLRPs, participate in the activation of caspase-1 by the infl ammasome (described in 
chapter “Genetic Overlap Between Infl ammatory Bowel Disease and Other Diseases”). 

 Symbiotic and pathogenic bacteria share many striking similarities. Notably, the 
microbial structures that are recognized by the host innate immune system are com-
mon. The molecular motifs recognized by NLRs or TLRs are ubiquitously present 
in intestinal bacteria and are therefore important not only for mucosal host defence 
but also for intestinal homeostasis. As these immune activators are found in symbiotic 
and pathogenic bacteria, it was proposed to rename these components MAMPs for 
microbial-associated molecular patterns. These similarities make them, in general, 
unlikely candidates for discrimination between symbiotic and pathogenic microor-
ganisms. How does the intestinal mucosa avoid the continuous activation of infl am-
matory responses by symbionts that are a source of proinfl ammatory PAMPs? The 
association found between mutations affecting NOD2 and Crohn’s disease illustrates 
this question [ 38 ,  39 ]. PRRs do not generally effi ciently discriminate between 
pathogenic and symbiotic microorganisms because none of the PAMPs is specifi c to 
one category, and they do not recognize pathogenicity-specifi c components. TLRs 
expressed by IECs can sense mucosal surfaces to monitor bacterial densities 
refl ected by MAMPs concentration [ 40 ,  41 ]; thus, they play important functions to 
maintain intestinal epithelial homeostasis [ 42 ]. Innate immune recognition of sym-
biotic bacteria by TLRs at the mucosal surface is also necessary under steady-state 
conditions to limit infl ammation within the intestine [ 43 ]. Similarly, NOD1 and 
NOD2 participate to host defence but also to intestinal homeostasis [ 44 ,  45 ].  

    Symbionts and Pathogens: Persona Non Grata 
Beyond the Mucosal Barrier 

 Controlling bacterial interactions at the intestinal mucosal surfaces is an important 
host strategy to limit bacterial contacts and prevent bacterial invasion. Symbiotic 
bacteria are contained in the intestinal lumen and tolerated. A general view is that 
most of the microbiota is maintained, as a complex population, away from the epi-
thelial surface, by a process earlier qualifi ed as “physiological infl ammation” (see 
Fig.  14.1a ). It is a complex mixture of a physical barrier, largely achieved by the 

Fig. 14.1 (continued) Tight-junction opening, secretion of pore-forming toxins (PFT), insertion of 
secretory translocators such as the type-three secretion system (TTSS) and secretion of toxins and 
effectors (mucinases, adhesins, invasins) are necessary for host tissue invasion. Activation of PRRs 
initiates signal transduction pathways that lead to proinfl ammatory gene expression but also recruit-
ment and activation of immune cells to the site of infection such as DCs, macrophages, T cells and 
polymorphonuclear neutrophils (PMN). Endogenous signals amplify this response. Indeed, damage-
associated molecular patterns (DAMPs) derived from the damage induced to the host such as cell 
lysis or cytoskeleton modifi cations and mediated by PRRs and other receptors such as P2X7, the 
receptor for ATP, participate in the formation of molecular scaffolds named infl ammasomes that 
induce a caspase-1-dependent cellular death called pyroptosis, but also cytokine activation such as 
IL-1β (beta) and IL-18       

N. Lhocine and P.J. Sansonetti



  Fig. 14.1    Host–bacteria interactions in health and disease. The human gastrointestinal tract is 
continuously exposed to microorganisms, ranging from symbionts to pathogens, including patho-
bionts. These bacteria establish complex and dynamic interactions with the intestinal mucosa. ( a ) 
Symbiotic bacteria participate in immune homeostasis and protect the host against colonization 
and invasion of pathogenic bacteria by secreting bactericidal substances and competing for nutri-
ents and niche colonization. Symbionts communicate among themselves by releasing small mol-
ecules such as autoinducers. They are contained in the intestinal lumen by tightly controlled innate 
immune mechanisms referred as “physiological infl ammation”, contributing to intestinal immune 
homeostasis. Intestinal epithelial cells (IECs) are attached together by tight junctions that form a 
sealed barrier to the luminal environment, preventing bacterial penetration. The production of mucus 
by goblet cells, NOS, ROS, antimicrobial peptides and microvillus-derived vesicles (MDV) contain-
ing catalytically active intestinal alkaline phosphatase by IECs and IgA by subepithelial B cells pre-
vents the overt stimulation of intestinal innate immunity by symbionts and limit mucosal infl ammation. 
Microbial structures called PAMP are recognized by host PRRs of the innate immune system such as 
toll-like receptors (TLR) and NOD-like receptors (NLR), inducing regulatory signalling cascades 
that participate in intestinal homeostasis by inducing the production of regulatory cytokines and 
chemokines. Several subtypes of differentiated T cells are associated with the epithelial layer and 
participate to the mucosal immune response, the same as dendritic cells [ 117 ]. They produce effector 
cytokines necessary to contain bacteria to the intestine and stimulate macrophages located in the 
subepithelial area of the lamina propria to quickly phagocytose and kill the symbionts that would 
cross the epithelial barrier. To avoid overt immune responses, PRRs expression is restricted and 
 limited to certain cell populations and the localization of the receptors on the cells is restricted. Host 
cells may also modify PAMPs to limit their agonist function on PRRs. Symbiotic bacteria may 
directly participate to the tolerogenic process by producing weakly stimulatory PAMPs. ( b ) Bacteria 
venturing towards the epithelial surface are quickly killed unless they can resist surface defence 
molecules. This is the case of a subcategory of symbionts called the pathobionts, illustrated by the 
segmented fi lamentous bacteria (SFB)  Clostridium . Pathobionts are contained by innate immune 
mechanisms. They may be considered “good bacteria” as they achieve maturation of the mucosal 
immune system, inducing the maturation of naïve T cells into infl ammatory (i.e. Th17) lymphocytes 
that are essential to the maintenance of mucosal innate immune protection. However, if the density of 
pathobionts is not balanced by suffi cient density and diversity of symbionts, they may express their 
pathogenic potential and account for chronic infl ammation of the gut. ( c ) Pathogenic bacteria engage 
the host epithelial surface by tightly adhering to cells, possibly invading them, multiplying intracel-
lularly, introducing massive amounts of PAMPs in their cytosol and altering their membranes. 
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mucus, a great majority of the bacteria residing in its softer outer layer and of chem-
ical compounds, such as NOS, ROS and antimicrobial peptides, embedded in the 
denser lattice of mucins that forms the inner mucus layer in close apposition to the 
epithelial surface [ 12 ,  34 ]. The mucus layer, composed of mucin glycoproteins pro-
duced by goblet cells, covers the intestinal epithelium and protects the mucosal 
surface from invasion, defi ning a relatively “germ-free” zone [ 46 ]. Bacteria are thus 
prevented to adhere directly to the intestinal epithelium [ 47 ]. Mucin 2-defi cient 
mice do not exhibit this bacteria-free area and develop spontaneous colonic mucosal 
infl ammation [ 48 ,  49 ]. Similarly, mucin upregulation is observed after infection 
with enteropathogenic bacteria such as  Salmonella ,  Yersinia  or  Shigella  [ 50 ,  51 ].

   IECs play an important role in maintaining intestinal homeostasis. These cells 
produce and secrete microbicidal molecules such as antimicrobial proteins, mainly 
defensins or cathelicidins [ 50 – 53 ]. Some of these molecules are constitutively pro-
duced, but others are controlled by bacterial activation. IECs lining the gut lumen 
also produce microvillus-derived vesicles that are released and accumulate in the 
lumen. These vesicles contain catalytically active intestinal alkaline phosphatase, 
an enzyme responsible for LPS dephosphorylation, preventing intestinal infl amma-
tion [ 54 – 57 ]. These vesicles cluster on the luminal bacteria, inhibiting bacterial 
attachment to the host cells and limiting bacterial growth in the intestinal lumen 
[ 58 ]. In addition to their production of bactericidal molecules that keep the cellular 
apical environment relatively clear of symbiotic bacteria, IECs are attached together 
by tight junctions that form a sealed barrier to the luminal environment, preventing 
bacterial penetration. Another epithelial cell, the Paneth cell, secretes antimicrobial 
proteins at the base of the small intestinal crypts. Paneth cells contain microbicidal 
granules that they discharge when they sense bacteria, controlling the invasion by 
symbiotic and pathogenic bacteria. 

 Adaptive immunological responses are also induced to protect the intestinal sur-
face and limit bacterial interactions with the mucosal surface. It is largely based 
upon IgA production by subepithelial B cells located in the lamina propria. Mice 
lacking IgA exhibit an increase in mucosa-associated bacteria [ 59 ]. Dendritic cells 
located in intestinal lymphoid structures called Peyer’s patches or solitary nodules 
in the colon sample bacteria translocated through epithelial M cells. They interact 
with B cells that differentiate into plasma cells to produce IgA that transcytose 
across the epithelium [ 60 ]. In parallel, several subtypes of differentiated T cells are 
associated with the epithelial layer and participate to the mucosal immune response. 
They produce effector cytokines necessary to contain bacteria to the intestine [ 61 ] 
and stimulate macrophages located in the subepithelial area of the lamina propria to 
quickly phagocytose and kill the symbionts that would cross the epithelial barrier. 

 Bacteria venturing towards the epithelial surface are therefore quickly killed 
unless they can resist surface defence molecules. This is the case of a subcategory 
of symbionts called the pathobionts, illustrated by the segmented fi lamentous bac-
teria (SFB)  Clostridium  in the murine intestine [ 62 ], and probably Enterobacteriaceae 
and Enterococci in humans (see Fig.  14.1b ). Pathobionts are contained by these 
innate immune mechanisms but may quickly trespass the mucosal barrier in case of 
immune failure such as immunosuppressive chemotherapies for cancer, leukemias 
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and organ transplantation [ 63 ]. From their “distant” site of residence, symbionts 
communicate among themselves as any complex microbial population in various 
environments, releasing small molecules such as autoinducers [ 64 ] and PAMPs. 
This collection of molecules is sensed by the front line of IECs, which are likely, on 
this basis, to gauge the bacterial density and accordingly adjust its response that 
encompasses the dual necessity to fi ne tune its bactericidal response to the exact 
level of threat, and to elicit the signals maintaining the tolerogenic process. 
Microbiota detection therefore activates host mechanisms involved in mucosal 
homeostasis [ 65 ]. 

 All the strategies that control the symbiotic luminal content are also involved in 
the fi ght against pathogenic infection, particularly the sensing of PAMPs, thus 
reemphasizing the need to better understand how the host can discriminate between 
symbionts, including their more adventurous companions, the pathobionts and the 
true pathogens. A characteristics of the pathogens is their capacity to engage the 
epithelial barrier and possibly to achieve its subversion and invasion [ 66 ]. One could 
therefore operationally discriminate symbionts and pathogens on the capacity of the 
latter to trespass the epithelial barrier, thus generating a systemic immune response, 
instead of the controlled mucosally localized response that is characteristic of the 
microbiota [ 67 ].  

    Mesenteric Lymph Nodes as Immune Firewalls 
Between Tolerance and Ignorance 

 Symbionts do not induce a strong systemic infl ammatory reaction, indicating that 
the host immune system is highly adapted to the microbiota. On the contrary host–
pathogen interaction leads to a strong systemic response. A major problem is again 
to understand how the immune system can distinguish pathogenic bacteria from 
symbiotic bacteria. The development of the mucosal immune system depends on 
colonization by the microbiota. Comparisons between germ-free and specifi c 
pathogen- free (SPF) animals indicate that the mucosal immune system is underde-
veloped in germ-free animals. They exhibit a strong decrease in IgA-producing 
plasma cells in the lamina propria, a reduction in some subclasses of intraepithelial 
lymphocytes and hypoplastic lymphoid follicles. Interestingly, expansion of the 
structures of the spleen and lymph nodes is also dependent upon the presence of the 
microbiota, even if these organs are not in direct contact with the microbiota [ 68 ]. 
While the microbiota is restricted to the intestinal lumen, some symbionts can be 
sampled by mucosal lymphoid organs such as Peyer’s patches where they interact 
with dendritic cells. A local immune response is induced but these primed dendritic 
cells are not found farther than the draining mesenteric lymph nodes (MLN). This 
indicates that these primed dendritic cells are limited to the mucosal immune sys-
tem, thus restricting symbiont dissemination. Symbiotic bacteria normally do not 
penetrate beyond the draining MLNs that form a “fi rewall” between the mucosal 
and the systemic immune system. As symbionts do not go further, they are poorly 
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recognized by the systemic immune system. The intravenous injection of symbiotic 
bacteria in mice induces a systemic immune response [ 69 ]. In parallel their  ignorance 
by the adaptive systemic immune response disappears when MLNs are surgically 
removed [ 59 ]. This indicates that symbiotic bacteria normally do not prime the 
systemic immune response, mucosal immunity being suffi cient to their contain-
ment. This highly compartmentalized immune response preserves the host capacity 
to mount an effi cient systemic response against bacteria breaching the epithelial 
barriers. Conversely, pathogenic bacteria are able to trespass the draining MLN 
“barrier”. Infection is not confi ned to mucosal tissues; therefore, pathogenic  bacteria 
prime the adaptive systemic immune system. 

 The TLR-MYD88 (myeloid differentiation primary-response protein 88) signal-
ling pathway can sense symbiotic bacteria and is important for the establishment 
and the maintenance of host–symbionts homeostasis. Classically the activation of 
this pathway leads to the induction of an infl ammatory response that participates in 
bacterial clearance. This cascade is involved in many diverse processes such as the 
production of antimicrobial proteins like RegIIIγ, enlightening the importance of 
symbiotic bacteria in the activation of the host innate immune response [ 70 ]. 
Interestingly, innate immune defects such as a defi ciency in TLR signalling adaptor 
molecules can result in the priming of adaptive immune system by symbiotic bacte-
ria. Mice lacking MYD88 or TRIF (TIR-domain-containing adaptor protein induc-
ing IFN-β) adaptors exhibit a complete loss of host–symbionts compartmentalization 
and produce IgG responses against symbionts, probably because many symbiotic 
bacteria cross the epithelial barrier and are not effi ciently eliminated by phagocytes 
[ 71 ]. The systemic adaptive immune system can thus compensate a loss of the 
mucosal innate immunity. Therefore the activation of the systemic immune response 
is essentially a matter of balance. This balance is disrupted in the presence of patho-
gens or in the absence of an effi cient mucosal immunity necessary to contain the 
symbionts upstream the MLNs.  

    Active Immune Tolerance Towards Symbiotic Bacteria 

 To avoid the overt stimulation of intestinal innate immune receptors by symbiotic 
PAMPs and to limit mucosal infl ammation, several sophisticated strategies have 
been developed by symbiotic bacteria and host tissues. 

 PRRs expression is restricted and limited to certain cell populations. For exam-
ple, intestinal macrophages show reduced PRRs expression contrary to macro-
phages present in other tissues [ 72 – 74 ]. Also TLR4 expression is restricted to crypt 
epithelial cells, limiting its activation by bacterial ligands. Paneth cells located at the 
base of these intestinal crypts express high levels of TLR4 and NOD2, protecting 
the crypts and probably the stem cells from bacteria [ 75 ,  76 ]. 

 Second, the localization of the receptors on the cells can be restricted. Indeed 
intracellular localization of some receptors such as NOD2 requires the transport of 
the ligands into IECs or microbial invasion of the cytosol, thus likely avoiding major 
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receptor activation by extracellular muropeptides and non-invasive bacteria [ 44 ,  77 ]. 
Similarly, TLRs distribution is restricted at the apical surface of IECs. TLR5, 
responsible for bacterial fl agellin recognition, is only exposed at the basolateral side 
of differentiated IECs [ 78 ,  79 ]. 

 Third, signalling regulations may prevent or modify immune activation. Indeed 
many negative regulators of the TLR signalling pathways have been described. For 
example, the negative regulator Tollip is expressed in IECs and directly interacts 
with IRAK-1, preventing its autophosphorylation and inhibiting any further signal-
ling [ 80 ,  81 ]. Host cells may also modify PAMPs to limit their agonist function    on 
PRRs as exemplifi ed by IECs producing hydrolases, cleaving acyl chains from lipid 
A, the endotoxin moiety of LPS in Gram-negative bacteria [ 82 ,  83 ] or producing an 
alkaline phosphatase that dephosphorylates the lipid A [ 54 ], thus in both cases 
attenuating endotoxin activity on TLR4. 

 In parallel, symbiotic bacteria may directly participate to the tolerogenic process 
by producing weakly stimulatory PAMPs such as hypoacylated lipid A in  Bacteroides 
fragilis  [ 84 ,  85 ]. Symbiotic bacteria may also actively suppress epithelial proin-
fl ammatory signalling by interfering with NF-κB activation. For example, 
 Bacteroides thetaiotaomicron  promotes nuclear export of the NF-κB p65 subunit in 
a peroxisome proliferator-activated receptor γ-dependent manner [ 86 ]. Also the 
probiotic species  Lactobacillus casei  inhibits the degradation of the inhibitor I-κB 
in order to avoid proinfl ammatory gene induction [ 87 ].  

    Invasion, Damage and Infl ammation Are Hallmarks 
of Pathogenic Bacteria 

 Intestinal homeostasis that prevails between the intestinal mucosa and symbiotic 
bacteria is fragile and can be subverted by pathogens (see Fig.  14.1c ). Indeed entero-
pathogens have the capacity to disturb the intestinal epithelium, invade host cells 
and induce the infl ammatory destruction of the intestinal mucosa with the help of 
virulence factors that are specifi c to pathogenic bacteria [ 66 ]. Pathogen recognition 
by host cells mainly occurs through PAMPs and PRRs. However this recognition 
may not be straightforward due to the recognition of harmless bacteria by PRRs or 
to PAMPs modifi cations by pathogens to subvert immune recognition, making dif-
fi cult the discrimination between symbionts and pathogens. As a matter of fact, 
other signals are clearly necessary to activate a full immune response in case of true 
pathogens. In 1994, Polly Matzinger pioneered the concept of “danger signal” [ 3 ], 
suggesting that the host perceives the presence of pathogens or pathological condi-
tions as much as the cellular damage they cause. The molecules that signal tissue 
and host damage (i.e. “danger molecules”) may have two different origins: (1) host 
molecules released during the infectious process and called DAMPs or alarmins and 
(2) cellular structures affected by pathogenic factors [ 88 ]. Consequently tissues that 
undergo destruction and loss of integrity would trigger the immune system. These 
danger signals recruit and activate the innate immune system and participate in the 
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restoration of the destroyed tissue. Notably some alarmins can signal through TLRs 
and NLRs to induce infl ammatory and immune responses, suggesting that these 
receptors can also sense “self-ligands” [ 89 ]. 

 Cells dying by necrosis release DAMPs like ATP, uric acid, DNA and DNA- 
binding proteins such as high-mobility group box-1 protein (HMGB1) into the 
extracellular milieu [ 88 ]. These secondary stimulatory molecules have a high proin-
fl ammatory impact. Necrotic cell lysates are a source of endogenous factors such as 
HSPs or uric acid that induce dendritic cell activation. Extracellular HSPs interact 
with several receptors including TLRs, leading to secretion of proinfl ammatory 
cytokines. HMGB-1 is a nuclear protein that binds to the nucleosome. When cells 
die by necrosis, this protein is released extracellularly. HMGB-1 has chemotactic 
activities on immune cells such as monocytes, macrophages, neutrophils and den-
dritic cells, but also proangiogenic and immunostimulatory activities. Similarly an 
increase of extracellular ATP concentration refl ects the presence of dying cells and 
leads to its binding to the ligand-gated ion channel P2X purinergic receptor 7 
(P2X7). This receptor is important for ion transport and allows potassium effl ux 
after activation [ 90 ,  91 ]. Tissue architecture disorder during bacterial infection may 
also send signals to the immune system [ 92 ]. Blood vessel rupture and infl ammation 
induce the extravascular relocation of fi brinogen that can activate macrophages 
through TLR4. Disruption of the extracellular matrix and basement membranes by 
bacterial proteases are also sensed like danger signals. Soluble fragments of heparin- 
sulphate proteoglycans released from cell surface and basement membranes can 
also activate TLR4 of dendritic cells. Host membrane recruitment is also considered 
as a danger signal, the same as membrane integrity disruption by the insertion of 
secretory systems such as the TTSS of enteropathogens. Indeed it may lead to 
expression of proinfl ammatory cytokines [ 93 ]. 

 The innate immune system recognizes invading microbes, tissue damage or 
stress through conserved receptors such as the TLRs and NLRs that are activated by 
PAMPs or DAMPs. These PRRs activate signalling cascades that converge in the 
transcription of cytokines, chemokines and proteins involved in bacterial clearance 
[ 94 ]. Among the NLRs, NOD1 and NOD2 play major roles in the intestinal epithe-
lium as they detect intracellular ligands and activate NF-κB signalling leading to the 
transcription of proinfl ammatory genes. However other NLRs are also important for 
the innate immune response to activate infl ammation and limit microbial invasion. 
Especially some NLRs are involved in the post-translational activation of infl amma-
tory caspases and participate in the formation of molecular scaffolds named infl am-
masomes [ 93 ]. These large multiprotein complexes are activated by 
pathogen-associated signatures or endogenous molecules of similar structure pro-
duced after tissue damage. Infl ammasome activation leads to autocatalytic cleavage 
and activation of caspase-1, and processing and secretion of proinfl ammatory cyto-
kines such as IL-1β and IL-18 [ 95 ]. Whereas IL-1β induces IL-17 release from 
Th17 cells to amplify early effector responses, IL-18 stimulates CD8 +  T cells and 
Th1 cells to secrete IFN-γ [ 96 ,  97 ]. Infl ammasome activation induces a caspase-1- 
dependent cellular death called pyroptosis, but also autophagy and bacterial degra-
dation [ 98 ]. Several types of infl ammasome may be distinguished according to the 
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NLR that is involved and the ligand that activates this platform. For example, the 
NLRP1 infl ammasome is activated after MDP or anthrax lethal toxin recognition 
and the NLRC4 infl ammasome after fl agellin sensing. The most studied infl amma-
some is the one containing NLRP3. This complex is activated by different stimuli 
such as crystals, pore-forming toxins, bacteria and viruses. Some cytosolic proteins 
like AIM2 and RIG-I, which do not belong to the NLR family, also form infl am-
masomes in response to cytosolic DNA and virus respectively. Bacterial infection 
can activate several infl ammasomes [ 99 ]. For example,  Listeria monocytogenes  
induces via listeriolysin O, fl agellin and bacterial DNA the NLRP3, NLRC4 and 
AIM2 infl ammasomes, whereas  Shigella fl exneri  and  Salmonella typhimurium  acti-
vate the NLRP3 and NLRC4 platforms [ 95 ]. However, the contribution or redun-
dancy of these different complexes is not clear. Interestingly, deregulated activation 
of infl ammasomes is associated with autoinfl ammatory syndromes and other 
pathologies [ 99 ].  

    Host Responses Manipulation by Pathogens 

 Enteric bacteria have developed sophisticated strategies to overcome the innate 
immune system and successfully hijack host signalling. Manipulation is the hall-
mark of pathogens. Pathogenic bacteria secrete factors that fi rst favour infection and 
bacterial survival inside the cells. These virulence factors target cytoskeletal com-
ponents, host cell receptors and signalling molecules. For instance,  Shigella fl exneri  
secretes IpaB that prevents rapid epithelial turnover to maintain its replicative niche 
but also inhibits IEC detachment by delivering the OspE effector through the TTSS, 
reinforcing epithelial adhesion to the basal lamina [ 100 ,  101 ]. Some bacterial fac-
tors manipulate host membrane and regulate actin cytoskeleton remodelling to per-
mit bacterial adhesion, invasion and propagation. Rho GTPases regulation enables 
tight junction opening, barrier function reduction and bacterial entry, for example. 
The bacterial effectors SopB, SopE, SopE2 and SipA participate in tight junction 
disruption during  Salmonella typhimurium  infection, for example, but also induce 
an infl ammatory response [ 102 – 104 ]. Bacterial effectors can affect post- translational 
modifi cations on host cells by mimicking the corresponding activities such as ubiq-
uitination or sumoylation to hijack signalling pathways. Some intracellular bacteria 
have also the capacities to escape from the early vacuole after invasion in order to 
avoid the unfriendly environment present in this compartment. Then they hijack 
host cytoskeleton to move intracellularly and disseminate. 

 In parallel, pathogenic bacteria have expanded mechanisms to avoid recognition 
by the host innate immune response. First they developed strategies to modify their 
PGN and thus avoid recognition by the innate immune receptors. Many modifi ca-
tions of the PGN are possible to ensure resistance to antibiotics or host degradative 
enzymes that target the cell wall but also impairment of detection by PRRs to avoid 
innate immune signalling. During the course of a bacterial infection, the structure 
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and composition of PGN is likely to be modifi ed through the action of bacterial 
enzymes. For instance, SltY, a bacterial lytic transglycosylase involved in PGN pro-
cessing, is highly up-regulated during the infection of IECs by  Shigella fl exneri  
[ 105 ]. Many modifi cations are observed in pathogenic species, mainly GlcNAc 
N-deacetylation and MurNAc O-acetylation.  Listeria monocytogenes  is a gram- 
positive bacteria that plays on PGN structure. This pathogen produces and secretes 
autolysins important for the virulence such as the endopeptidase p60 and the 
 N -acetylmuramidase NamA. These two enzymes    cleave the PGN to generate the 
NOD2 agonist, thus modulating the infl ammatory response and the microbial 
 recognition [ 106 ]. 

 Several mechanisms to circumvent and overcome innate immune responses also 
exist. Among these strategies, the secretion of bacterial effectors through the TTSS 
enables bacteria to manipulate a broad array of host pathways by regulating or mim-
icking host proteins in order to survive and colonize host tissues [ 107 ]. Some patho-
gens have evolved strategies to avoid phagocytosis by delivering effectors that 
impair the signalling downstream of phagocytic receptors such as YopH, YopE and 
YopT effectors secreted by  Yersinia  to inhibit phagocytosis [ 108 ]. Many bacterial 
effectors can directly modulate host proinfl ammatory pathways to suppress detri-
mental infl ammation during invasion steps. Given the role of the NF-κB pathway in 
the immune responses, enteric bacteria have developed mechanisms to interfere 
with this cascade [ 109 ]. First pathogenic factors contribute to the inhibition of the 
cascade at the level of the TLRs by host protein mimicking. Indeed pathogenic 
effectors can share sequence or structural homology with the TLR domain neces-
sary for the signalling, which is the TIR domain responsible for adaptation recruit-
ment, interfering with TLR signalling and preventing thus further innate host 
defence. An example of bacterial mimicry is  Salmonella  effector TIR-like protein A 
(TlpA) that impairs TLR4-mediated NF-κB activation [ 110 ]. Secondly bacterial 
effectors act at different levels of the pathway to prevent its activation by regulating 
phosphorylation, acetylation, ubiquitination and neddylation of host proteins 
required for NF-κB activation [ 111 ]. This modulation can be focused on a specifi c 
protein or affect a more general mechanism such as the ubiquitin pathway. A major 
strategy to regulate infl ammation and maintain this control for long periods may be 
epigenetic regulation by bacterial effectors. OspF, an effector produced by  Shigella , 
directly inhibits in the nucleus the activation of NF-κB target genes. Indeed OspF is 
a phosphothreonine lyase that dephosphorylates irreversibly and inactivates the 
enzymes responsible for histone H3 phosphorylation in the nucleus, the MAPKs 
p38 and ERK2 [ 112 ]. Finally, enteric pathogens have evolved stratagems to block 
deleterious infl ammation and to evade infl ammasome activation. Enteropathogenic 
 Yersinia enterocolitica  bacteria exploit several processes to prevent caspase-1 acti-
vation and secretion of IL-1β and IL-18 after infl ammasome activation [ 113 ]. 
Symbiotic bacteria have also developed means to control their recognition by the 
host and the activation of the host immune system. However these mechanisms are 
much less developed and do not enable such bacteria to invade tissues and prolifer-
ate in the case of immune homeostatic balance.  
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    Symbionts, Pathobionts and Pathogens: Evolutionary 
Distant Relatives? 

 Host–bacteria interactions have evolved thanks to their high capacities for genomic 
modifi cations. Compared to multicellular eukaryotes, bacteria have higher genera-
tion times and highly effi cient properties to increase their genetic variability, mainly 
by horizontal gene transfer. These characteristics allow bacteria to evolve and con-
tinuously adapt to the selective pressure imposed by environmental changes, par-
ticularly in the host. A Manichean view of the microbial world often classifi es 
bacteria into two different types: the “good bacteria” versus the “bad bacteria” and 
symbionts versus pathogens. However this classifi cation is far too simplistic. There 
is increasing evidence for a continuous and linear evolution between the “bona fi de” 
symbionts and the “bona fi de” pathogens. Between these two ends of the spectrum, 
a vast “grey zone” comprises species like  Escherichia coli  that affect a large number 
of intermediate isolates between strictly symbiotic or pathogenic strains, depending 
upon the number, variety and complementarity of pathogenic or metabolic traits 
present in their respective genomes, in addition to their common core genome [ 114 ]. 

 In this “grey zone”, emerge a category of microorganisms called the pathobionts 
[ 115 ]. Pathobionts may still be considered “good bacteria” as they achieve matura-
tion of the mucosal immune system. For instance, in mice, the segmented fi lamen-
tous bacterium clostridial strain SFB adheres to Peyer’s patches in the healthy 
terminal ileum where it induces IgA production and activates B cells [ 116 ]. It also 
induces the maturation of naïve T cells into infl ammatory (i.e. Th17) lymphocytes 
that are essential to the maintenance of mucosal innate immune protection [ 14 , 
 117 ]. However, if the density of pathobionts is not balanced by suffi cient density 
and diversity of symbionts, they may express their pathogenic potential and account 
for chronic infl ammation of the gut [ 118 ]. In this context, the immune status of the 
host is essential to determine whether bacteria will be harmful or harmless to the 
host. Immunodefi cient mice (SCID mice) reconstituted with CD4 + CD45Rb high  T 
cells and colonized with SFB develop severe colitis and intestinal infl ammation 
[ 119 ]. SFB does not only affect the gastrointestinal tract, it may affect the whole 
fi tness of the host as SFB reconstitution in germ-free mice also increases rheuma-
toid arthritis and multiple sclerosis susceptibility [ 62 ,  120 ]. Similarly,  Helicobacter 
hepaticus  colonizes mucosal surfaces of the gastrointestinal tract and the liver. 
These bacteria trigger in wild-type animals infl ammatory and tolerogenic responses 
that participate in physiological infl ammation. However immunocompromised 
mice such as SCID and  Il10  −/−  mice reconstituted with CD4 + CD45Rb high  T cells or 
 Rag2  −/−  mice exhibit pathogenic infl ammation after  H .  hepaticus  infection and can 
develop rapid colitis or even colon cancer [ 121 – 123 ]. In immunocompromised ani-
mals,  H .  hepaticus  induces a deregulated infl ammatory response that leads to patho-
logical infl ammation. The type VI secretion system of  H .  hepaticus  mediates these 
effects as deletion of this apparatus leads to higher colonization and elevated infl am-
matory response in immunocompromised hosts, suggesting that it is involved in the 
tolerogenic responses [ 63 ]. However the secreted effectors involved in this process 
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have not been identifi ed. Host interactions with  Bacteroides fragilis  have been  better 
deciphered. This pathobiont closely associates to mucosa and produces an anti- 
infl ammatory capsular polysaccharide A (PSA) that induces the differentiation of 
IL-10 secreting Foxp3 (+) Treg cells [ 124 ,  125 ]. These bacteria thus protect mice 
from  H .  hepaticus -induced colitis [ 124 ]. Enterotoxigenic  B .  fragilis  (ETBF) has 
been recently characterized [ 126 ]. This strain secretes a proinfl ammatory toxin 
called BFT that stimulates colonic infl ammation in predisposed multiple intestinal 
neoplasia (MIN) mice [ 127 ,  128 ]. 

 An example of pathobiont in humans is  Helicobacter pylori . This species inter-
acts with the gastric mucosa and is responsible for gastritis, peptic ulcer and gastric 
adenocarcinoma. Although found in 50 % of the human population, however, only a 
few percent of this population will develop these pathologies, and the advantageous 
aspects of colonization by  H. pylori  remain to be demonstrated, even if colonization 
with this strain seems to decrease the risk of oesophageal carcinomas and asthma 
[ 129 – 131 ]. Virulent strains of  H. pylori  translocate into gastric epithelial cells the 
virulence factor CagA that hijacks host signalling pathways involved in infl amma-
tion and oncogenesis [ 132 ,  133 ]. However this bacterial protein is not suffi cient to 
induce pathogenesis as asymptomatic carriers exist, suggesting that other factors are 
required such as host genetic polymorphisms for the IL-1β   proinfl ammatory gene 
[ 134 ]. Other bacteria such as γ-proteobacteria, particularly Enterobacteriaceae, also 
present proinfl ammatory characteristics that may turn out to be deleterious for the 
host in case of host immunological failure or dysbiosis [ 135 ].  

    Conclusion and Perspectives 

 Compelling evidence shows that regulation of bacterial interactions with the intes-
tinal mucosal surface is a critical stage for the establishment and maintenance of 
intestinal homeostasis. Discrimination between harmful and harmless bacteria is a 
matter of survival for the host. PRRs play an essential role in PAMPs and DAMPs 
recognition, leading to activation of immune defence mechanisms. In a healthy 
host, this recognition leads to physiological or pathological infl ammation, in the 
case of symbiotic bacteria or pathogenic bacteria respectively. However, the existence 
of pathobionts indicates the existence of a continuum in between. The recognition 
of host damage is a more effi cient mechanism to detect harmful bacteria rather than 
the discrimination between symbionts and pathogens. 

 Many questions remain unanswered concerning host–bacteria interactions. 
Immunity qualitatively and quantitatively shapes the microbiota. However, despite 
many metagenomic studies, we still know little about microbiota composition and 
how mucosa-associated bacterial species are distinct from those that are in the 
lumen. Virulence factors that are used by pathogens are well described. On the contrary, 
colonization or symbiosis factors are poorly known. Moreover bacteria–bacteria 
interactions are even less known and are highly diffi cult to grasp and to decipher in 
the context of the intestinal mucosa. These bacteria have co-evolved into a 
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“community behaviour”, that could be important to understand, for instance, in the 
context of mechanisms triggering infl ammatory bowel diseases. Interpreting the 
behaviour and the fate of host–bacteria interactions will provide clues and biomark-
ers to anticipate and predict the evolution of host–bacteria interactions, and as a 
consequence the evolution of infectious and infl ammatory processes. This ecosys-
tem may also be considered a “gold mine” to identify novel bioactive molecules, 
from host and microbial origin that will contribute to the development of original 
therapeutic and preventive approaches. The fi eld of prebiotics, probiotics and post-
biotics is likely to undergo a revolution, thanks to the global application of cellular 
microbiology principles to the study of the symbiosis-to-pathogenesis transition.     
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    Abstract     Erroneous communication between the innate and adaptive immune 
 systems through cytokines results in exaggerated or attenuated immune response. 
It is not known whether the pathologic immune response in infl ammatory bowel 
disease has its origin in a dysbalance of pro- and anti-infl ammatory cytokine release 
or whether it is secondary in subsequence of a defective intestinal barrier or the 
destructive power of aggressive microbiota in the gut lumen. 

 Many cytokines have been found upregulated in patients with infl ammatory 
bowel diseases in correlation with disease activity. A central role seem to play cyto-
kines that coordinate the T helper cell response. Although big scientifi c efforts have 
been made until today, only TNF blockers reached the clinical routine and many 
anti-cytokine strategies were only effective in rodent models of colitis. This chapter 
gives an overview about relevant pathomechanisms in mucosal immunology of the 
gut and focuses on the key cytokines that have been identifi ed as targets for novel 
therapeutic strategies in human IBD.  
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        Introduction 

 Infl ammatory bowel diseases (IBD) comprise ulcerative colitis (UC) and Crohn’s 
disease (CD). Both are chronic, relapsing infl ammatory conditions of the gut. UC is 
usually limited to the colon but CD can affect the whole GI tract discontinuously. 
While UC affects the mucosa/submucosa only, CD may involve the whole bowel 
wall leading to fi stula formation. The pathogenesis of both UC and CD is not com-
pletely understood. The aberrant immune response is thought to result from a patho-
logic interaction between the microbial fl ora of the intestinal lumen and the mucosal 
immune system in genetically predisposed individuals. There are three potential 
levels of disease origin that do all result in an exaggerated immune response: an 
abnormal composition of the microbial fl ora, disintegration of the intestinal epithe-
lium, or pathologic interaction between the different immune cell subtypes of the 
mucosal immune system per se may all ultimately result in colitis. 

 Immune cells communicate through peptides termed cytokines. An unknown ini-
tial pathogenetic insult in IBD pathogenesis leads to the perturbation of the fi rst line 
of mucosal defense comprising the innate immune cell system. The consecutive 
release of increased amounts of proinfl ammatory cytokines ultimately leads to an 
overwhelming infl ammatory, destructive process within the gut. An individual 
 cytokine profi le driven by Th1/Th17 or Th2 cells leads to the manifestation of the 
two clinically separate disease entities, Crohn’s disease and ulcerative colitis, 
respectively. 

 Understanding the characteristic cytokine profi les that are involved in IBD 
pathogenesis is the key to novel therapeutic approaches. Elucidating these pathways 
gives the opportunity to selectively dampen the infl ammatory reaction by either 
blockage of certain proinfl ammatory cytokines or induction of anti-infl ammatory 
cytokine pathways.  

    Pleiotropic Cytokines with Central Roles in Immune 
Regulation and IBD 

 The fi rst line of mucosal immunity comprises dendritic cells and macrophages that 
secrete characteristic cytokines to fi rst induce a local infl ammatory response. These 
cells have also antigen-presenting capabilities (antigen-presenting cells, APCs) and 
thus involve the adaptive immune system in the second line. TNF-α is one of the 
central proinfl ammatory cytokines. It is secreted by cells of the innate immune sys-
tem (macrophages, monocytes, neutrophils, NK-cells) following their stimulation 
by bacterial lipopolysaccharides. In addition, Th1 and Th2 cells produce TNF-α. 
TNF-α exists in two forms: membrane-bound TNF (mTNF) and a soluble form 
(sTNF) which is generated by proteolytic cleavage via the TNF-α-converting 
enzyme. The two receptors, tumor necrosis factor receptor 1 (TNFR1) (p55) and 
TNFR2 (p75), mediate its biological effects [ 1 ,  2 ]. Numerous studies have shown 
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increased TNF-α and TNF-receptor I and II levels in the intestinal mucosa and 
plasma in patients with IBD and its correlation with clinical and laboratory indices 
[ 3 – 8 ]. Anti-TNF-antibody treatment is meanwhile an established therapy in steroid- 
refractory CD patients, in fi stulizing CD and active UC [ 9 ]. However, the molecular 
mechanism of its therapeutic effect is not yet completely understood. A central 
mechanism seems to be the induction of lamina propria T-cell apoptosis mediated 
by the proapoptotic proteins Bax and Bak [ 10 ,  11 ]. In line with these results, infl ix-
imab induced apoptosis in a T-cell line. An interesting observation and therapeutic 
feature was that apoptosis was only induced in activated (CD3/CD28 stimulated) 
but not unstimulated T cells. Supporting data was derived from another TNF- 
antibody (adalimumab) that also induced apoptosis in peripheral blood monocytes 
[ 12 ]. However, in contrast to this paradigm, another TNF-antibody, certolizumab 
[ 13 ], which was clinically effective did not mediate increased levels of apoptosis in 
peripheral blood monocytes or lymphocytes [ 14 ]. Further studies are needed to 
clarify this discrepancy. Interestingly, Atreya et al. recently found that the clinically 
effective anti-TNF antibodies infl iximab, adalimumab, and certolizumab pegol all 
induced T-cell apoptosis by blocking the interaction between mTNF on APCs and 
TNFR2 on T cells [ 15 ]. Thus, these three antibodies appear to target T-cell apopto-
sis via a specifi c molecular pathway. 

 The introduction of anti-TNF therapies in 1998 had a major impact on IBD man-
agement and prognosis [ 16 ]. Although often very effective TNF blockers bear the 
risk for severe infections and some patients have to cope with loss of response and 
development of antidrug antibodies. In some patients, the loss of response is associ-
ated with low serum trough levels [ 17 ] as a consequence of increased clearance. 
Optimizing serum levels by repeated measurements and customized application of 
the drugs may increase response rates. The therapeutic strategies to battle antidrug 
antibodies include scheduled use of anti-TNF agents [ 18 ] and concomitant use of 
immunosuppressive drugs [ 19 ,  20 ] or corticosteroids [ 21 ]. Another option for 
patients that present with low trough levels in the presence of antidrug antibodies is 
switching the anti-TNF agent. However, a deeper understanding of therapeutic 
mechanisms of TNF blockage is necessary to understand why a relevant proportion 
of IBD patients are nonresponders to this type of therapy. 

 Alternative strategies to inhibit TNF signaling are currently tested in clinical 
studies. For example, the small molecule ATN-103 is a single heavy-chain variable 
domain [ 22 ], the smallest known antigen-binding antibody fragment, and demon-
strates higher stability than conventional antibodies. For the about 30–40 % of CD 
patients that are primary nonresponders to classical anti-TNF agents, another prom-
ising strategy is the immunization of patients against TNF [ 23 ]. However, since 
such immunization generates a humoral response, a boost is required every 3–4 
months. Another approach is the oral administration of Lactococcus lactis secreting 
an anti-TNF Fab. However, large clinical trials will be necessary to demonstrate the 
effi cacy of this anti-TNF agent. 

 In addition to TNF, some reports suggest a functional relevance of the cytokine 
IL-1. There are two functionally almost equivalent forms of IL1, IL1-α, and IL1-β 
(both 17 kDa) that are encoded by two different genes. IL1-β is the predominant 
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form in humans [IL1-α in mice]. There is an inverse correlation between IBD 
 activity and the interleukin 1 receptor a (IL-1Ra)/IL-1 ratio, suggesting a critical 
role of the IL-1 cytokine system in contribution to chronic gut infl ammation [ 24 ]. 
The main source of IL-1 in the colonic mucosa of IBD patients are stimulated 
colonic macrophages that induce interleukin IL-1-converting enzyme (ICE) to pro-
duce large amounts of mature IL1-β [ 25 ]. Proinfl ammatory biological effects of 
IL-1 include the increased expression of adhesion molecules on vascular endothe-
lium and chemokines [ 26 ,  27 ]. IL1-β and TNF-α induce the synthesis of matrix 
metalloproteinases (MMPs) that exert devastating effects by causing tissue degrada-
tion and ulceration [ 28 ]. Both IL1-β and TNF-α are produced in excess in IBD. The 
majority of these IL-1/TNF-induced infl ammatory pathways are mediated by acti-
vation of a central proinfl ammatory transcription factor denoted as NF-kappaB. 
NF-kappaB inhibitors showed therapeutic benefi t in mice with experimental colitis 
which led to the development of NF-kappaB blockers for IBD treatment [ 29 ]. But 
large clinical trials are still missing. However, NF-kappaB function depends on the 
cell type. While it augments proinfl ammatory cytokine production by immune cells, 
it is essential for maintaining epithelial integrity of intestinal epithelial cells [ 30 ]. 
Thus, selective targeting rather than general inhibition of NF-kappaB activity in the 
gut is desirable in IBD. 

 IL-6 is another central cytokine in immunity per se, and increased levels are cor-
related with clinical and histological severity of CD and UC [ 31 ,  32 ]. Intestinal 
macrophages and CD4+ T cells are the main producers of IL-6 [ 33 ]. Interestingly, 
elevated serum IL-6 levels after steroid-induced remission were highly predictive 
for relapse [ 34 ,  35 ], ascribing this cytokine an important role as a serological bio-
marker in patients with IBD. IL-6 exerts its biological effects not only through bind-
ing to its membrane-bound receptor but also through a soluble IL-6 receptor 
(sIL-6R) and can thus stimulate numerous cells that express only the signal- 
transducing subunit gp130, a process referred to as IL-6 trans-signaling. The solu-
ble IL-6 receptor is mainly produced by macrophages [ 36 ]. A recombinant sgp130 
protein fused to the Fc region of human IgG1, which selectively blocked sIL-6R 
[ 37 ], had the same effi cacy as an IL-6R antibody in experimental colitis models 
which emphasizes the biological importance of trans-signaling. Steroid-responsive 
IBD patients showed a decrease in serum sIL-6R concentrations under therapy [ 38 ]. 
Upstream, LPS-induced activation of macrophages induces a cytokine named 
macrophage- migration inhibitory factor (MIF) which again induces IL-6. 
Experimental murine colitis was successfully treated with monoclonal antibodies 
against MIF [ 39 ]. Downstream, IL-6 signals through signal transducer and activator 
of transcription-3 (STAT3) and STAT3 phosphorylation were found to be increased 
in CD4 +  T cells in both CD and UC [ 33 ,  40 ,  41 ]. This IL-6/STAT3 pathway links the 
innate to the adaptive immune system. STAT-3 induces the antiapoptotic factors 
Bcl-2 and Bcl-xL thereby mediating T-cell resistance against apoptosis [ 33 ,  42 ], and 
consecutive accumulation of T cells results in chronic colitis in humans [ 33 ,  43 ]. 
This hypothesis was elegantly proven by the use of a monoclonal antibody against 
the IL-6 receptor which led to abolishment of murine colitis by inhibiting the 
recruitment of leukocytes and increasing T-cell apoptosis [ 35 ]. In a proof of concept 
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study, lamina propria T cells from patients with IBD were treated with anti-IL-6R 
agents, which led to enhanced in vitro apoptosis [ 33 ]. Targeting total STAT3 activity 
directly may not be benefi cial as STAT3 not only conveys proinfl ammatory but also 
anti-infl ammatory effects, however [ 44 ]. The humanized antihuman IL-6R IgG1 
antibody tocilizumab (Roche/Chugai Pharmaceutical Co. Ltd., Tokyo, Japan) that 
binds both membrane bound and soluble forms of the human IL-6R was tested in a 
fi rst small placebo-controlled CD study [ 45 ]. The results were promising with clini-
cal response rates of 80 % compared to 31 % in the placebo group. 

 It has to be emphasized that the named cytokines TNF-α, IL-1β, and IL-6 are 
associated with both forms of human IBD as they exert multiple downstream effects 
[ 46 ,  47 ]. These cytokines activate the NF-kappaB and mitogen-activated protein 
kinases (MAPK) pathways, and both have tremendous effects in proinfl ammatory 
cascades. Moreover, IL-6 and IL-1β were also shown to act upstream to induce Th17 
responses [ 48 ,  49 ]. Recently, TL1A (tumor necrosis factor-like ligand) was linked to 
IBD. This cytokine is produced by both antigen-presenting and T cells. It activates 
the DR3 receptor (which belongs to the family of TNF receptors) that is mainly 
found on T cells. TLA1 is induced in APCs by TLR ligands on one hand and FcR 
cross-linking on the other. T cells secrete TLA1 upon TCR stimulation [ 50 ]. This 
cytokine has relevant biological effects in colitis. In the DSS model TLA1 injection 
increased colonic Th1 and Th17 responses in mice [ 51 ], and TLA1 antibodies or 
DR3 blockers ameliorated TNBS and DSS colitis [ 52 ,  53 ]. TL1A inhibits the induc-
tion of adaptive Foxp3+ regulatory T cells but induces the expansion of existing ones 
[ 54 ]. Mice having a TL1A transgene expressed in T cells show increased baseline 
T-cell and B-cell activation via TCR stimulation which ultimately leads to a unique 
spontaneous gut infl ammation predominantly in the terminal ileum resembling 
Crohn’s disease [ 52 ]. The fact that this type of infl ammation was driven by IL-13 
synthesis once again shuffl es the concept of polarized Th cell responses in IBD, 
since oxazolone colitis which resembles human UC in some aspects is also driven by 
IL-13 (see below). In human studies elevated levels of TLA1 were found in both 
forms of IBD suggesting TLA1 to function as a biological enhancer rather than a 
direct proinfl ammatory cytokine driving Th cell differentiation [ 50 ,  51 ,  55 ,  56 ].  

    Cytokines and the Adaptive Immune System in IBD 

 The second line of immune defense comprises the adaptive immune system, and 
there is consensus about the important role of CD4+ T cells in the pathogenesis of 
IBD. Intestinal lamina propria T cells are unique in a way that they are hyporespon-
sive to T-cell receptor stimulation [ 57 ]. Hence, mucosal T lymphocytes are critically 
dependent on costimulation driven by luminal antigens and mediated by the innate 
immune system which is capable of producing cytokines. In addition to differences 
in localization in the GI tract, CD and UC differ in the characteristic cytokine profi le 
driven by specifi c subsets of T helper cells (see Fig.  15.1 ). CD is associated with a 
Th1/Th17 T-cell-mediated response. IL-12 is the major cytokine of Th1-mediated 
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immune responses. IL-12 is a heterodimeric 70 kDa glycoprotein (IL12-p70) con-
sisting of a 40 kDa subunit (IL12-p40) and a 35 kDa subunit (IL12-p35) linked by 
disulfi de bonds that are essential for the biological activity of IL-12. IL-12 was 
originally identifi ed to play a pivotal role in TNBS colitis, a rodent model of colitis 
that resembles CD. Treatment with a monoclonal antibody against IL-12p40 abro-
gated TNBS colitis in mice [ 58 ]. It was suggested that the prevention of Th1 T-cell 
activation and the induction of Fas-mediated T-cell apoptosis were responsible for 
the anti-infl ammatory net effect [ 58 – 61 ]. Increased levels of IL-12 were also found 
in the lamina propria of patients with CD [ 59 ]. However, it is not yet fully under-
stood whether other members of the IL-12 family play a more dominant role in 
intestinal infl ammation. The IL-12 cytokine family comprises IL-12 p35/p40, IL23 
p19/p40, IL-27 EBI3 (Epstein–Barr virus-induced gene 3)/p28 and IL-35 p35/EBI3 
[ 62 ], and several other heterodimeric proteins. Recent data suggested that IL23 
rather than IL-12 drives experimental colonic infl ammation [ 63 ], independently of 
T-cell activation. IL23 thus may directly activate cells of the innate mucosal immune 
system to produce proinfl ammatory cytokines. Clinical studies utilizing a human 
anti-IL-12p40 antibody for the treatment of CD showed some effi cacy in CD 
patients resistant to TNF-alpha blockade [ 64 ,  65 ]. The results of a Phase III study 
with ustekinumab (Stelara ® , Centocor, PA, USA) are currently awaited.

  Fig. 15.1    Complex interplay between the Th1, Th17, and Treg lineages of T helper cells. Th17 
cells appear to have a dual role at different stages of the infl ammatory reaction. They may act both 
permissive and inhibitory of the Th1 response. IL23 is critically involved in these interactions       
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   The fact that anti-IL-12p40 antibody treatment is effective in CD does not 
 necessarily identify the Th1 response as the master T helper cell population in this 
disease. Both IL-12 and IL23 are heterodimers that consist of one p40 chain [ 66 ]. 
The function of IL23 is to interact with differentiated Th17 cells, which leads to 
stabilization of differentiation and expansion of proinfl ammatory Th17 cells [ 49 , 
 67 – 69 ]. If IL23 is lacking Th17 cells produce the anti-infl ammatory cytokine IL-10 
and therefore become weak inducers of infl ammation [ 70 ]. As a matter of fact, the 
major cytokines in CD arise from Th1 and Th17 CD4+ T-cell differentiation and 
consist of interferon-γ and  IL - 22 / IL - 17 . Several studies underline the importance of 
the Th17 response in the mouse model of transfer colitis.  Rag  (recombination- 
activating gene)-defi cient mice lacking IL-23p19 did not develop colitis upon trans-
fer of naïve T cells, whereas  Rag  KO defi cient in IL-12p35 did [ 63 ,  71 ]. 

 Another experimental therapeutic approach utilized the same principle of block-
ing the IL-12/IL23 pathways by selective inhibition of the translocation of c-Rel, a 
member of the NF-kappaB family of transcription factors, into the nucleus, thus 
blocking both p40 and p35 promoter activity [ 72 ]. The compound apilimod mesyl-
ate (Synta Pharmaceuticals, MA, USA) was recently tested in a randomized, double- 
blind, placebo-controlled trial in 220 active CD patients. Apilimod mesylate was 
found to be safe; however, the clinical response rate was even lower than in the 
placebo group. It is hard to say whether this contradicts the principle of therapeutic 
effi cacy of p40 block in CD. Alternatively, local drug concentrations of this orally 
administered drug might have been too low to effi ciently block p40 gene expres-
sion. Further clinical trials with different dosages will be required to fi nally evaluate 
the potential of this drug. 

 The effects of the major Th17 cytokine IL-17 in colitis are contradictory and 
were critically depending on the mouse model used.  Il17a  knockout (KO) mice 
demonstrated increased susceptibility to dextran sulfate sodium [ 73 ] colitis [ 74 ]. 
Contradictory data were shown in the adoptive transfer model, where both protec-
tive and neutral roles of IL-17A were described [ 75 ,  76 ]. 

 However, the transfer of IL-17R-defi cient T cells resulted in a comparable 
degree of colitis than wild-type T cells did [ 75 ]. Interestingly,  Il17ra KO  mice or 
wild-type mice treated with an IL-17RA IgG1 fusion protein were protected 
against trinitrobenzenesulfonic acid (TNBS)-induced colitis [ 77 ]. Another rele-
vant cytokine might be IL-17F [ 78 ]. A recent report showed that  Il - 17f  KO mice 
were largely resistant against DSS colitis [ 74 ].  Il23 -defi cient mice show greatly 
reduced levels of other proinfl ammatory cytokines [TNF-α and IFN-γ] [ 79 ]. IL23 
enhanced intestinal T-cell proliferation and lamina propria levels of IL-17 and 
IFN-γ, supposedly derived from a special subset of TH17 cells that also produce 
IFN-γ. Compelling evidence for the role of the TH17 T helper cell subset was 
generated from a modifi ed model of transfer colitis where SCID mice were trans-
ferred previously polarized Th1 or Th17 that mainly produce IFN-γ and IL-17, 
respectively. Surprisingly, only Th17 cells but not Th1 could induce transfer coli-
tis. Furthermore, in Th17- induced transfer colitis, anti-IL-23p19 treatment showed 
both prophylactic and therapeutic effi cacy. It has to be mentioned that the TH17 
cells that produced primarily IL-17 before T-cell transfer demonstrated also high 
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levels of IFN-γ production during transfer colitis. Disappointingly, targeting IFN-γ 
with fontolizumab (HuZAF™), a humanized IgG1 antibody against recombinant 
human IFN-γ (Protein Design Labs), was ineffective in the treatment of CD in an 
i.v./s.c. regimen [ 80 ,  81 ]. However, the achieved reduction of CRP levels in the 
patients’ serum raises hope for potentially reasonable effects of this compound 
when using it in a combined approach. Combination with TNF blockers seems 
promising due to the fact that in vitro neutralization of IFN-γ did not reduce TNF 
production by monocytes, and this sustained TNF production may be responsible 
for the therapeutic failure of IFN-γ blocking strategies. 

 There is interesting data on the plasticity of Th17 cells. Adequately stimulated, 
e.g., with IL-12 or IL-23, they can convert into the Th1 lineage [ 79 ,  82 ,  83 ]. The 
“class switch” from IL-17A to IFN-γ production occurs in a TGF-β1-free environ-
ment [ 84 ,  85 ]. IL-12, IL-23, and Smad7 (which abrogates TGF-beta1 activity) are 
highly upregulated in the gut of IBD patients which makes it conceivable that IFN-
γ- producing T cells are derived at least in part from classical IL-17A-expressing 
Th17 cells [ 58 ]. Per se Th17 cells can produce IL-17A, IL-17F, IL-21, IL-22, IL-26, 
and IL-9 [ 89 – 92 ], but the fact that not all of the Th17 cells produce the complete 
arsenal of cytokines suggests that the “biological truth” is even more complex and 
that different subsets of Th17 cells may exist. In summary, both Th1 and Th17 
cytokines seem to promote infl ammation in the gut, and compounds interfering 
with Th1 and Th17 cell activity could be useful future therapeutics for IBD. 
Therefore, another promising target may be IL-21. This cytokine stimulates both 
Th1 and Th17 immunity [ 93 ,  94 ]. Increased levels of IL-21 were detected in IBD 
patients and murine models of infl ammatory bowel disease. The production of 
Th17-related cytokines was found reduced when mice were treated with a neutral-
izing IL-21R fusion protein that attenuated DSS colitis. In accord, DSS and TNBS 
colitis were abrogated in  Il - 21  KO mice, and this protection was accompanied by a 
distinct reduction of IL-17A and F levels [ 95 ]. Many other biological features of 
IL-21 ultimately promote gut infl ammation. These effects include inhibition of dif-
ferentiation of regulatory T cells (Tregs) and at the same time increasing the resis-
tance of CD4+ T cells towards Treg-mediated immune suppression [ 95 ]. 
Furthermore, IL-21 increases levels of tissue-degrading proteases by stimulation of 
stromal cells [ 96 ]. Via the IL-21-receptor in human intestinal epithelial cells, IL-21 
stimulates production and secretion of T-cell chemoattractant macrophage infl am-
matory protein-3a [ 97 ]. 

 To date there is no unequivocal evidence for a predominant role of Th17 cyto-
kines in experimental colitis. Transfer colitis in RAG1-defi cient mice also defi cient 
of IL-23p19 and Th17 responses only develops in the absence of IL-10 or TGF-β 
suggesting that these cytokines effectively suppress proinfl ammatory Th17 
responses [ 98 ]. Moreover, transfer colitis develops in  Rag1 / Il23  KO mice that also 
lack Foxp3+ regulatory T cells, although the absence of IL-23p19 hampers an ade-
quate Th17 response [ 79 ]. In addition, there is evidence that IL23 directly sup-
presses Treg development, and thus the biological effect of IL23 blockage may be 
rather to facilitate regulatory T-cell responses than proinfl ammatory TH17-mediated 
effects. However, the recent discovery that decreased susceptibility to both forms of 
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IBD was associated with a single-nucleotide polymorphism in the  IL23R  gene 
raised new interest in the role of Th17 responses in IBD. Although there is consen-
sus that Th17 responses may play some role in the infl ammatory process of Crohn’s 
disease, they are overrided by a quantitatively stronger Th1 response. Unfortunately, 
two different neutralizing antibodies against the IL-23/p40 subunit were recently 
tested in clinical trials in CD with relatively disappointing outcomes [ 64 ,  68 ]. 
Moreover, this year the fi rst randomized, double-blind, placebo-controlled clinical 
trial with an anti-IL-17A monoclonal antibody [ 99 ] for moderate to severe Crohn’s 
disease was published. Disappointingly, this therapeutic regimen was ineffective 
with even higher rates of adverse events compared to placebo [ 99 ]. However, inac-
tivation of the Th17 master transcription factor RORgammaT prevented T-cell 
transfer colitis effectively suggesting that other approaches targeting Th17 cells 
may be more promising than anti-IL-17A antibody therapy [ 75 ]. 

 However, recent studies even gave rise to the idea of an anti-infl ammatory role of 
Th17 cells. They produced large amounts of IL-22 which was shown to ameliorate 
experimental colitis. Furthermore  Il22  KO mice showed DSS colitis aggravation 
compared to controls [ 100 ]. In addition to its direct immunological effects, IL-22 
conveys intestinal epithelial integrity by induction of STAT3 [ 101 ]. IL-22 promotes 
colitis protection through stimulation of epithelial cell growth, goblet cell restitu-
tion, as well as mucus and antimicrobial production [ 100 ,  102 ]. 

 Another cytokine of the IL-12 family, IL-27, has also been shown to have impor-
tant effects on T-cell function. It activated the transcription factors STAT1 and 
STAT3 in naive CD4+ T cells. Whereas STAT1 phosphorylation by IL-27 induced 
the expression of the Th1 master transcription factor, T box protein expressed in T 
cells (T-bet), STAT3 activation was pivotal for T-cell proliferation. Recently, the 
role of IL-27 in a T-cell-mediated model of colitis (transfer colitis) was studied in 
IL-27 receptor α (Il27ra)-defi cient mice [ 103 ]. These mice demonstrated attenuated 
colitis and reduced weight loss. This suggested proinfl ammatory role of IL-27 
seems to be mediated by a restrained development of regulatory T cells that are 
known to play an anti-infl ammatory role in vivo. Additionally, T effector cell pro-
liferation was reduced in IL-27ra-defi cient mice, which was accompanied by 
reduced levels of IFN-γ. Thus, previously described distinct effects of IFN-γ on 
epithelial cell function may also contribute to the effects observed in IL-27ra- 
defi cient mice [ 104 ]. 

 Elevated IFN-γ levels induced tight junction internalization which resulted in a 
disruption of the intestinal epithelial barrier [ 105 ]. It was also shown to inhibit epi-
thelial cell migration [ 106 ] and to impair epithelial wound healing via endocytosis 
of β1-integrin and gap junction communication via connexin 43 [ 107 ,  108 ]. 
Intriguingly, IFN-γ also enables intestinal epithelial cells to function as nonprofes-
sional APCs by induction of the expression of major histocompatibility complex 
[ 109 ] class II molecules [ 110 ,  111 ]. IL-27 infl uences intestinal epithelial cell prolif-
eration and restitution also by direct activation of ERK, p38 MAPKs, as well as Akt, 
STAT1, STAT3, and STAT6. IL-27 was furthermore ascribed a pivotal role in the 
induction of antibacterial and anti-infl ammatory proteins such as indoleamine 2, 
3-dioxygenase (IDO1) and DMTB1 [ 112 ]. However, there is a vital debate about 
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whether IL-27 acts pro- or anti-infl ammatory in vivo. In a recent study, IL-27 
 inhibited chemically induced murine colitis by TNBS (2, 4, 6-trinitrobenzene sul-
fonic acid). Supposedly, this effect was mediated by inhibition of Th17 cell differ-
entiation, a subpopulation of proinfl ammatory T helper cells [ 113 ]. 

 The recently identifi ed cytokine IL-35 (p35/EBI3) was suggested to control reg-
ulatory T-cell function since p35- and EBI3-defi cient T cells failed to cure experi-
mental colitis. Since EBI3 is also a part of the IL-27 heterodimer,  Ebi3 -defi cient 
mice and  Il27 -defi cient mice with spontaneous or T-cell transfer-induced colitis 
were compared. EBI3-defi cient mice showed worse colitis compared to  Il27 - 
defi cient  mice or wild types suggesting a superior role of IL-35 over IL-27 in colon 
protection. Cytokine levels characteristic for the TH1 and Th17 profi le were ele-
vated in the intestinal mucosa of  Ebi3  knockout mice. Recombinant IL-35 signifi -
cantly inhibited various experimental colitis models which were accompanied by 
reduced levels of Th1 and Th17 cytokines [ 114 ]. 

 The discovery of the oxazolone model of colitis confi rmed the concept of two 
distinct pathways of T helper cell-mediated forms of colitis (see Fig.  15.2 ). 
Oxazolone colitis resembled human UC in some aspects, since it led to a superfi cial 
mucosal infl ammation associated with micro ulcerations of the epithelium and 
showed a proximo-distal gradient of colitis aggravation. Initial cytokine analyses 
demonstrated increased amounts of IL-4 and TGF-β but not IFN-γ—a cytokine pat-
tern that mirrors Th2 conditions. Anti-IL-4 treatment prevented the disease; how-
ever, intriguingly, anti-IL-12p40 exacerbated oxazolone colitis. A more chronic 
variant of the oxazolone model where mice were presensitized with oxazolone 
revealed that IL-13 produced by natural killer T cells (NKT cells) was the driving 
cytokine [ 115 ]. In line with this observation,  Cd1 -defi cient mice and Jα281 KO 
mice that show defi cits in antigen presentation to NKT cells or NKT cell function 
per se were protected from oxazolone colitis [ 27 ].

   However, human UC is characterized by a typical T-cell cytokine response, since 
it is associated with increased IL-13 and IL-5 (but not IL-4) production in the 
absence of an increased IFN-γ response. Flow cytometric studies revealed that UC 
rather than CD patients have high levels of lamina propria CD4+ T cells producing 
IL-13 [ 116 – 118 ]. B cells transfected with CD1d preferentially activate NKT cells. 
When these cells were co-incubated with lamina propria T cells from UC patients, 
they produced high levels of IL-13. However, these lamina propria NKT cells were 
atypical as they were lacking invariant T-cell receptors [ 119 ]. Until today clinical 
evidence is lacking that IL-13 plays a role in the pathogenesis of UC or that block-
age of this cytokine is of clinical relevance. A recent small clinical trial, however, 
demonstrated that clinical response and remission in patients treated with IFN-β-1a 
was accompanied by reduced IL-13 levels in serum and lamina propria mononu-
clear cells [ 120 ]. Currently, a trial is running to evaluate clinical effi cacy of an IL-13 
antibody in CD patients with perianal fi stulae [ 115 ]. 

 IL-2 is a promiscuous cytokine which is mainly produced by activated T cells 
and promotes the differentiation of CD4+ T cells into Th1 and Th2 effector subsets, 
is critical for Treg development, and at the same time inhibits Th17 differentiation 
[ 121 ]. Its receptor (IL-2Ra, CD25) levels are found to be increased in UC [ 122 ] and 
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CD patients [ 123 ]. The fundamental role of IL-2 in immunity is underlined by the 
observation that the lacking of IL-2 or CD25 causes severe autoimmune diseases. 
Monoclonal antibodies neutralizing IL-2R (CD25) (daclizumab [Roche] and basil-
iximab [Novartis]) were tested in UC (but not yet CD) patients. Both compounds 
initially showed promising response rates in open-label studies [ 124 ], which were 
not confi rmed in large randomized, double-blind, placebo-controlled trials 
[ 125 – 127 ].  

    Targeting Regulatory Cytokines 

 Instead of blocking proinfl ammatory cytokines, another approach to restore intesti-
nal homeostasis is to support the function of the regulatory cytokines such as TGF- 
β, IL-11, or IL-10. IL-10 has pleiotropic inhibitory effects on various immune cells 
such as macrophages, T, and B cells but also promotes the development of Tregs [ 128 ]. 

  Fig. 15.2    The TNBS and oxazolone models are due to an initial toxic insult (coadministration of 
ethanol) leading to barrier disruption and translocation of bacterial antigens from the commensal 
microfl ora. TNBS and oxazolone act as haptens and bind to unknown antigens of the intestinal 
epithelium and/or microbiota. The fl ood of antigen exposure leads to an exaggerated immune 
response that is characterized by a mixed Th1/Th17 phenotype in TNBS colitis. In contrast, oxa-
zolone colitis is associated with a Th2-like cytokine pattern       
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Importantly, IL-10-defi cient mice spontaneously develop colitis [ 129 ]; thus, it 
seemed mandatory to test recombinant human IL-10 in human IBD. Several large 
double-blinded, placebo-controlled studies that used increasing doses of recombi-
nant human IL-10 did not show clinical effi cacy of IL-10 therapy in CD [ 130 – 132 ]. 
Instead, dose-dependent anemia and thrombocytopenia were major clinical set-
backs. Assuming that local IL-10 concentrations at the site of infl ammation were 
too low, IL-10 was delivered by the means of genetically modifi ed L. lactis (LL–
Thy12) in a subsequent study [ 133 ]. Again, the fi rst small non-controlled trial 
showed some clinical response in UC patients but could not be confi rmed by a large 
multicenter double-blind, placebo-controlled, dose-escalation study [ 134 ]. Another 
regulatory cytokine IL-11 belongs to the IL-6 family and exerts many anti-infl am-
matory effects on macrophages and T cells [ 135 ]. Additionally, it plays a direct role 
in mucosal protection in the intestine by inhibiting epithelial cell apoptosis [ 136 ]. 
Experimental colitis models in rodents had suggested a therapeutic effi cacy of 
recombinant IL-11 [ 137 ,  138 ]. In clinical CD trials, IL-11 induced higher remission 
rates when compared to placebo [ 139 ] but was less effi cient than prednisolone. 
Observed over a period of 3 months, IL-11 therapy was poor in maintaining remis-
sion in CD patients [ 140 ].  

    Conclusive Remarks 

 To date, anti-TNF strategies remain the most effective biological therapies for IBD. 
It remains unclear whether study designs, unavailability of compounds at the site of 
infl ammation, or the heterogeneity of patient populations is responsible for the poor 
effi cacy of alternative cytokine therapies. In the future, identifi cation of individual 
cytokine patterns by analysis of mucosal biopsies in combination with blood tests 
before initiating a treatment regimen may lead to successful personalized therapies. 
The failure of many approaches targeting only a single cytokine makes it reasonable 
to thoroughly investigate combined anti-cytokine therapies in detailed large placebo- 
controlled trials.     
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    Abstract     There has been very signifi cant progress to characterizing the IBD 
genome with more than 160 IBD loci now identifi ed. Now, the real challenge for 
researchers is the bidirectional translation of these fi ndings in order to understand 
the functional and clinical consequences of this genetic variation. The infl uence of 
other factors including, but not limited to, epigenetic phenomena and environmental 
exposures, including the microbiome, cannot be ignored. The realistic hope is that, 
in the near future, patients will benefi t from these advances as multi-omic modali-
ties facilitate the path to a more personalized approach to disease management.  

        Introduction 

 The recent pace of discovery in our understanding of the genetic etiology of the 
infl ammatory bowel diseases has been staggering. However, like many fi elds in 
scientifi c research, these advances have posed as many questions as they have 
answered. The rapid pace of “gene” discovery has meant that understanding the 
functional sequelae of disease-associated genetic variants and the sub-phenotype 
and disease behavior associations with known IBD loci are lagging far behind! It is 
a sobering thought for the research community that more than 10 years after the 
discovery of  NOD2 / CARD15  as the fi rst IBD gene, there remains considerable 
debate regarding the functional consequences of the three common CD-associated 
 NOD2  variants. The fact that  NOD2  was not an immediately targetable therapeutic 
target was a signifi cant disappointment and “reality check” for the fi eld. Nevertheless, 
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the huge investments in projects such as the Human Genome Project, the HapMap 
project, and the 1,000 Genomes Project mandate some signifi cant progress towards 
improving outcomes for patients in genetically complex diseases.  

    Very Recent Advances 

 The recurrent observations of shared immune disease-associated loci from both 
GWAS and also more targeted studies prompted the international community to 
collaborate in the development of the immunochip (Illumina™, San Diego, CA, 
USA). Research groups, studying type 1 diabetes, ankylosing spondylitis, celiac 
disease, multiple sclerosis, psoriasis, autoimmune thyroid disease, IgA defi ciency, 
primary biliary cirrhosis, systemic lupus erythematosis (SLE), rheumatoid arthritis 
as well as IBD, “pooled” both their collective experience and association data 
(including associated loci that had not reached the accepted criteria for genome- 
wide signifi cance in their individual scans) in the design of the immunochip. The 
immunochip consists of approximately 200,000 SNPs in total containing not only 
index SNPs from immune disease-associated loci but also multiple polymorphisms 
around these loci that will greatly facilitate future fi ne-mapping studies. The immu-
nochip also contains a dense SNP map across the HLA, which may be very informa-
tive particularly in UC and Crohn’s colitis. The benefi t of international collaboration 
has been clearly demonstrated. The very large number of these chips likely to be 
sold enabled Illumina to retail the chip at approximately $40 thereby allowing many 
thousands of samples to be genotyped in a very cost-effective manner. The IIBDGC 
adopted a strategy of performing a meta-analysis of all available IBD GWAS (no 
combined IBD GWAS of all available studies had been published previously) 
together with newly genotyped immunochip cases. In total, over 38,000 cases and 
over 37,000 controls were included in the study [ 1 ]. This included 14,763 CD cases, 
10,920 UC cases, and nearly 16,000 controls. In summary a total of 71 new IBD loci 
(meeting the association criteria of  p  > 5.0 × 10 –8 ) were identifi ed, bringing to 163 
the total number of IBD loci. Interestingly, the majority of these loci, 110 in total, 
were associated with both CD and UC, while 30 were CD-specifi c and 23 
UC-specifi c. The  HLA  region was very UC-specifi c with little signal seen from CD. 
In contrast both  NOD2  and  PTPN22  were very signifi cantly associated with CD, 
and in fact the CD-risk alleles at these two loci conferred protection from UC. While 
many loci were shared between UC and CD, it is clear that some have a much 
greater effect in one condition than the other (e.g.,  IL23R —CD > UC), whereas 
other loci such as  IL12B  or  CARD9  appear to have equal effects in both UC and CD. 

 Over 70 % of the identifi ed IBD loci shared association with other genetically 
complex conditions with particular enrichment seen for ankylosing spondylitis (13- 
fold enrichment), psoriasis (14-fold enrichment), and type 1 diabetes (tenfold 
enrichment). Other interesting overlaps included associations seen with known lep-
rosy and primary immunodefi ciency syndromes (including Mendelian susceptibil-
ity to mycobacterial disease (46-fold enrichment)). 
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 The identifi cation of susceptibility loci is, of course, just the fi rst process in 
 identifying causative variants. The investigators in the immunochip paper recog-
nized this and so performed in silico analyses in order to highlight and help priori-
tize genes at the identifi ed loci. Nevertheless the real task of identifying the 
functional consequences of these genetic variants has yet to be realized.  

    Missing Heritability 

 It has been calculated that the 160 loci identifi ed in the recently published paper 
account for 13.6 % of CD and 7.5 % of UC heritability. This is likely to be a very 
signifi cant underestimate as this study only included the “lead” tagging SNP for each 
locus. This assertion is supported by previously published GWAS meta- analysis that 
utilized only a single SNP for tagging the  NOD2  locus. In this study the  NOD2  con-
tribution to CD was estimated at only 0.8 %, whereas other studies, which have 
included the three common CD-associated  NOD2  variants, have estimated the con-
tribution to be of the order of 5 % [ 2 ]. This suggests that fi ne mapping of these loci 
will greatly increase the estimated heritability for these loci. In addition to refi ning 
the true signal at loci, these studies will likely discover additional associated variants 
at many of the loci. In parallel to these studies, additional variants may be identifi ed 
through sequencing strategies. Sequencing of known IBD-associated loci has already 
revealed additional disease-associated variants at loci such as  NOD2  and  CARD9  [ 3 ]. 

 Additional genetic strategies will also be required including epigenetic 
approaches. Epigenetic phenomena have been, to date, largely understudied in IBD. 
One study performed by a group from Edinburgh identifi ed more than 1,000 dif-
ferentially methylated sites in patients with ileal CD [ 4 ]. Altered methylation in 
pathways, involved in immune responses and defense response to bacteria as well 
as dendritic cell activity, and the TH17 pathway were implicated in this study. Other 
studies have assessed the role of epigenetics at single loci such as interferon-γ 
(INFγ) and determined the effect of altered methylation patterns on gene expression 
[ 5 ]. Additional studies have found no real or limited associations with altered meth-
ylation [ 6 ]. It is clear that this area of research in IBD genetics is in its infancy and 
that further studies are warranted in larger and well-characterized cohorts. 

 It has been understood for some time that environmental factors also contribute 
to IBD pathogenesis and future studies should assess the role of gene–environment 
interactions in disease susceptibility and natural history. Such studies should con-
centrate on well-established environmental factors including smoking and NSAIDs. 
Recent advances in our understanding of the microbiome and its role in the develop-
ment of IBD have prompted researchers to study the role of host genetic profi le on 
the microbiome. One group examined the role of CD-associated  fucosyltransferase 
2  ( FUT2 ) variants and suggested that  FUT2  status explained substantial differences 
in community composition, diversity, and structure, indicating that  FUT2  is an 
important genetic factor infl uencing host-microbial diversity [ 7 ]. Studies of geneti-
cally manipulated mice have suggested that researchers should not solely 
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concentrate on the bacterial component of the microbiome but should also be 
 considering other aspects including the fungiome and viriome. The potential role of 
the viriome and its interaction with host genetic profi le in IBD pathogenesis was 
demonstrated by the elegant studies in the hypomorphic  atg16l1  mouse that devel-
oped a Crohn’s- like phenotype, but only in the presence of both commensal fl ora 
and murine norovirus [ 8 ]. Similarly  dectin - 1  ( clec7a ) knockout mice develop a 
more severe colitis that is responsive to antifungal therapy [ 9 ]. The intriguing fi nd-
ing in humans, from the same study, was that  DECTIN - 1  variants were associated 
with a more severe form of colitis requiring colectomy.  

    Future “Genetic” Directions 

 It is clear that while there has been signifi cant progress in identifying IBD suscepti-
bility loci, there is much work to be done, and the examples above suggest a number 
of important indicators of where the fi eld needs to move including:

•    Fine-mapping and sequencing approaches in order to discover both common and 
rare functional variants  

•   Clustering or networking of genetic variants for studying function in order to 
understand the functional complexities in a more realistic “physiological” 
environment  

•   An emphasis on non-Caucasian populations for both novel discovery and trans- 
ethnic mapping of susceptibility loci that transcend ethnic boundaries  

•   The study of genetic variants in the context of the environment around them 
including their role in shaping the microbiome  

•   The inclusion of nonclassical genetic associations with both disease susceptibil-
ity and natural history including studying the epigenome, the role of micro- 
RNAs, and copy number variation among others     

    The Future and Personalized Medicine 

 The IBDs are potentially a perfect vehicle for the development of personalized med-
icine given the clinically heterogenous nature of both ulcerative colitis and Crohn’s 
disease. In addition, the recent introduction of the biological therapies, with anti- 
TNF at the vanguard, means that clinicians now have access to disease-modifying 
therapies. Furthermore Eric Green and Mark Guyer in their Nature Perspectives 
article “Charting a course for genomic medicine from base pairs to bedside” identi-
fi ed a number of criteria that needed to be met in order to bridge the bench-bedside 
divide including [ 10 ]:

    1.    Defi ning the genetic components of disease.   
   2.    An understanding of the role of the human microbiome in health and disease.   
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   3.    Making genomics-based diagnostics/prognostics routine.   
   4.    Add practical systems for clinical genomics informatics.    

  It can be argued that researchers in IBD are making signifi cant advances in all 
of these fi elds. Points 1 and 2 have been discussed in this chapter and in more 
detail elsewhere in this book. IBD clinicians have been used to incorporating clini-
cal and other parameters for prognostication for many years as clinical and social 
factors including extensive disease, smoking, and the presence of extra-intestinal 
manifestations are associated with more severe disease in Crohn’s disease. 
Increasingly, clinicians are using other biomarkers including serum CRP and IBD-
associated serology to complement the known clinical risk factors. Clinicians have 
also developed some experience in using genetic information in the clinic setting 
as the majority of gastroenterologists will check a thiopurine methyltransferase 
(TPMT) genotype or activity prior to introducing a thiopurine therapy in order to 
avoid bone marrow toxicity in the approximately 10 % of individuals who carry a 
 TPMT  polymorphism. It will not be a huge leap for clinicians to integrate genomic 
data into these algorithms as long as these are available in a readily digestible 
form. This is the fourth challenge issued by Green and Guyer in their plea for 
“practical systems for clinical genomics informatics.” Clinicians will need easy 
ways to enter and visualize individual patients’ data with meaningful outputs that 
can be readily applied to the individual patient in their clinic. A number of groups 
are working on developing these tools using both genetic and integrated multi-
omic datasets. 

 It is easy to see how, in the near future, clinicians may utilize these data in their 
assessment of a recently diagnosed or possible case of IBD. These include the 
following. 

    Diagnosis 

 IBD can present in similar ways to many conditions including colorectal cancer 
and so it is extremely unlikely that genomics alone would be utilized as a diagnos-
tic test. In addition the low pretest probability of these conditions makes genetic 
testing of low yield for IBD. This concern is supported by one study that utilized a 
number of commercially available direct to consumer genetic “tests” for IBD with 
contradictory “diagnoses” in identical patients [ 11 ]. Where genomics may show 
some utility as a diagnostic aid, is in distinguishing between UC and colonic CD in 
the cases that are currently termed as IBD unspecifi ed. The ability to accurately 
diagnose CD or UC in these cases would be of great benefi t to clinicians as differ-
ent therapeutic and particularly surgical options are optimal for the different diag-
noses. While many genes are shared between UC and CD, it is clear that they may 
have differential effect sizes on these conditions and it is possible that composite 
scores based on genetic variants and other parameters may be of clinical utility in 
this setting.  
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    Prognosis 

 It would be a major clinical advance to have validated biomarkers that predict which 
patients were at risk of severe disease and therefore those most likely to benefi t from 
earlier intervention with more aggressive therapy. This would allow clinicians to 
target therapies with the potential for severe adverse events to individuals where the 
risk-benefi t is appropriate. A number of studies have shown genetic associations 
with more severe disease including the relationship between the rare HLA class II 
allele,  HLA DRB1*0103 , and extensive UC. This allele is found in approximately 
2 % of the Caucasian population, but this increases up to 11 % of those with a pan-
colitis and up to 16 % in patients requiring colectomy [ 12 ]. Another locus that has 
been associated with a more severe phenotype of both extensive and severe UC and 
more complicated CD is the multidrug resistance gene ( ABCB1 / MDR1 ) and its 
product, P-glycoprotein 170. This gene is a relevant candidate gene for both disease 
susceptibility and natural history given the  mdr1  knockout mouse is susceptible to 
colitis and that drugs used to treat IBD including ciclosporin and corticosteroids are 
substrates for the P-glycoprotein 170. Ho et al. identifi ed an  MDR1  haplotype 
strongly associated with UC and particularly extensive UC and, using conditional 
analyses, was able to demonstrate at least two signals from this locus including a 
well- documented C345T polymorphism known to alter drug pharmacokinetics [ 13 ]. 

 Learning from the experience of using whole-genome approaches to identify 
associated loci, one study utilized this approach in order to identify SNPs associated 
with medically refractory UC (MRUC) [ 14 ]. In the study by Haritunians et al., over 
300 cases of UC requiring colectomy for disease resistant to medical therapy were 
compared fi rstly with over 500 cases with “mild” UC cases not requiring colectomy. 
Demographic analyses demonstrated associations between MRUC and both exten-
sive disease and a positive family history of UC. In addition, a number of SNPs 
were associated with the need for surgery although none reached a level consistent 
with genome-wide signifi cance. Nevertheless, the authors combined the “risk” 
SNPs in a scoring system that was strongly associated with the need for surgery. 
Individuals with UC who fell into the highest group had an 84 % chance of surgery 
by 5 years compared to the lowest risk group who had a 0 % chance of going to 
surgery. This model clearly requires independent validation but demonstrates the 
potential clinical utility of combining a number of markers of modest effect. This 
study also highlights the potential benefi t of utilizing an unbiased genome-wide 
approach to searching for disease behavior genes. Furthermore, the experience of 
the subsequent power of combining cohorts when searching for susceptibility genes 
suggests that researchers should, in the future, perform similar studies on sub- 
phenotypes but in appropriately powered cohorts. A major challenge for researchers 
is ensuring uniformity across centers in sub-phenotypic defi nitions. 

 Similar studies have been performed in CD including a meta-analysis confi rming 
the relationship between  NOD2  and stricturing disease [ 15 ]. A study from the 
Leuven group identifi ed an association between an SNP located adjacent to  IL12B  
and stricturing disease and the need for surgery in CD, and a Dutch study 
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demonstrated that cumulative numbers of CD-associated variants were associated 
with more younger onset, more severe disease, and the need for surgery [ 16 ,  17 ]. 
What is clear is that future studies should be performed on large, well-characterized, 
and preferably, prospective cohorts. Prospective cohorts such as the Crohn’s and 
Colitis Foundation of America sponsored RISK cohort have been developed pri-
marily to answer these questions. In addition, it is likely that severity-associated 
variants are likely to be independent of disease-associated variants and that research-
ers should adopt unbiased whole-genome approaches to these questions. 

 Researchers should not limit themselves to genetic variant-based analyses alone. 
A group from the UK identifi ed a gene expression profi ling of CD8+ T cells that is 
associated with more severe disease in both CD and UC [ 18 ]. Interestingly, this 
approach identifi ed many genes that overlapped between CD and UC severity as 
well as between the IBDs and SLE. In addition the authors estimated that their gene 
expression profi le was superior to ASCA in predicting time to medication escala-
tion in CD. Taken together, these data suggest that a number of “-omic” profi les 
including serological, genetic, gene expression, and microbiome may be profi led in 
a newly diagnosed case of IBD in order to prognosticate as to the likelihood of that 
individual having a more severe disease course if left untreated. These models will 
inform both clinicians and patients about a more appropriate risk-benefi t approach 
to induction and maintenance of remission.  

    Response to Therapy 

 One of the great hopes for clinicians with the advances of genetic discovery was in 
the fi eld of pharmacogenetics and the potential ability, a priori, to predict risk of 
adverse events and likelihood of response to therapy thereby avoiding unnecessary 
toxicity in patients not likely to respond to treatment. These expectations have, to 
date, unfortunately not been realized. There have been a number of studies that have 
identifi ed polymorphisms associated with response/nonresponse to agents such as 
anti-TNF therapies, but the majority of these have been performed in relatively 
small and retrospective cohorts. One study in CD identifi ed clinical factors together 
with an apoptotic pharmacogenetic index (API) that could assign patients into a low, 
medium, and high response to fi rst infusion of CD although the authors concede that 
further studies were warranted [ 19 ]. UC individuals homozygous for IBD-associated 
 IL23R  variants were more likely to respond to infl iximab than individuals homozy-
gous for IBD risk-decreasing variants (74.1 % vs. 34.6 %;  p  = 0.001) [ 20 ]. The 
Leuven group utilized preclinical colonic mucosal gene expression and tested for 
association in UC infl iximab responders and nonresponders [ 21 ]. Five genes 
involved in adaptive immune responses were the most differentially regulated 
(osteoprotegerin, stanniocalcin-1, prostaglandin-endoperoxide synthase 2, interleu-
kin 13 receptor alpha, and interleukin 11), and a combination of these expression 
profi les “predicted” nonresponse to infl iximab with a 95 and 96 % sensitivity. While 
these studies suggest that genomic modalities may be useful in discriminating 
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subsets of disease and individuals that differentially respond to interventions, there 
have not been validated studies in prospective cohorts facilitating the transfer of 
these “tests” to the clinic. This is in part due to the pharmaceutical industries wari-
ness of including these translational type analyses in prospective clinical trials, 
arguably the best vehicle for investigating these issues. Recent philosophical and 
policy changes from the FDA and other regulatory agencies have encouraged the 
pharmaceutical industry to incorporate parallel translational studies. This encour-
agement, together with the realization that the presence of biomarkers that help 
distinguish populations likely to respond to their particular agent may give them a 
competitive edge on their competitors (in addition to being good for patients!), is 
likely to signifi cantly advance the fi eld. 

 Another strategy of potential therapeutic utility is through an understanding of 
which pathways are important in driving any given individuals disease. Given the 
clinical and genetic heterogeneity of the IBDs, it will come as no surprise that no one 
therapy is effective in all patients. An understanding of the underlying pathogenesis 
of disease in a given individual may highlight therapeutic approaches that are opti-
mal for that patient. A possible example of this involves the  IL10  pathway.  IL10  
variation is associated with both CD and UC and these associations compliment the 
animal model fi ndings such as the  il10  knockout mice that are more sensitive to 
colitis [ 1 ]. IL10, being anti-infl ammatory cytokine, is a good therapeutic target for 
IBD although results to date have been disappointing [ 22 ,  23 ]. However, it may be 
that this strategy may only show benefi t in individuals where the IL10 pathway 
appears to be important in disease pathogenesis. An extreme example of this 
approach and its possible effi cacy has been shown to be of benefi t in an infant with 
severe IBD caused by an  IL10R2  variant who responded well to bone marrow trans-
plantation after failing conventional medical strategies [ 24 ]. There are a number 
targetable pathways identifi ed by genetic associations with IBD that may benefi t 
from this approach and now that the pharmaceutical industry is overcoming its reluc-
tance to perform these studies, real advances may be imminent. In addition an under-
standing of these pathways may greatly reduce the number of individuals needed for 
clinical trials as informed clinical trial design with mechanism of action studies in 
targeted individuals may become a viable fi rst alternative to large-scale randomized 
controlled trials. This would, likely, lead to a very signifi cant reduction in both the 
time and cost of the development of urgently needed new therapies in the future.   

    Summary and Future Directions 

 The pace of discovery has been truly amazing in identifying susceptibility genes for 
IBD with over 160 independent loci now identifi ed. Sub-phenotype analyses and an 
understanding of the genetic contribution to response to therapy and natural history 
are in their infancy, but researchers studying in this fi eld would do well to heed the 
lessons of the benefi ts of large-scale international collaboration seen in the disease 
susceptibility studies. The spectacular success seen in identifying susceptibility 
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IBD loci is only the start of a process that will ultimately, hopefully, lead to a much 
better understanding of the underlying causes of these conditions. There are likely 
additional loci which may, in part, be identifi ed from the identifi cation of more 
homogenous groups based on clinical and para-clinical or intermediate phenotypes 
such as disease extent, behavior, and response to therapy. Again, it is likely that 
large-scale and multicenter studies will be necessary in order to achieve the neces-
sary power for these approaches. Other areas for development include the need for 
non-Caucasian-based studies including Hispanic, African ancestry populations and 
additional Asian studies in order to generate “IBD genomes” in these populations. 
Furthermore, other genetic modalities including the microbiome and epigenetic 
phenomena have, in preliminary studies, demonstrated the ability to distinguish 
subgroups of IBD and need to be developed further [ 5 ,  9 ,  25 ]. 

 Clinicians can foresee the time when a newly diagnosed patient or suspected new 
onset IBD case comes to see their physician who, in conjunction with a history, 
physical exam, and radiological work up, will request an “IBD genome.” This will 
help clarify the diagnosis (CD vs. UC) and identify which pathogenic subgroup or 
pathways are important in the patient as well as revealing information about prog-
nosis, natural history, development of complications, and response to therapy. 
Clinicians may well have access to additional modalities including microbiome and 
gene expression profi les that, in addition to the other parameters, are combined into 
models that can be adapted and easily communicated to both clinician and patient. 
The recent study “Personal omics profi ling reveals dynamic molecular and medical 
phenotypes” [ 26 ] demonstrated the utility of repeated multi-omic analyses over 1 
year in a single individual. The development of cheaper, near-patient, and validated 
multi-omic markers that monitor disease activity would be a further enhancement of 
the molecular monitoring of these debilitating diseases, perhaps allowing clinicians 
to anticipate fl ares of disease, for example. 

 The great hope, and expectation, is that the huge investment that has generated 
these genetic advances will lead to signifi cant enhancement of clinical practice—
there is a robust platform from which to start, but the major challenges for bridging 
the gap from the “bench to the bed” are yet to be overcome and this remains the 
major challenge for researchers in the future.     
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