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Chapter 8.1 

 

Summary and Discussion 
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The studies described in this thesis were intended to contribute to a better understanding of the 

genetic and immunological mechanisms underlying intestinal inflammation. 

The predisposition to develop IBD, of which Crohn’s disease (CD) and ulcerative colitis (UC) are the 

two major components, is largely genetically determined. The major difficulties in identifying these 

factors rely on the fact that CD and UC are complex genetic diseases which means that there are 

different genetic factors contributing to disease susceptibility. These susceptibility factors do not 

necessarily have to occur in each patient; in fact, the strongest genetic risk factor identified so far 

occurs only in a minority of patients. In addition, it is well appreciated that individual patients may vary 

widely in clinical manifestation of the disease, referred to as clinical heterogeneity. Finally, disease is 

greatly influenced by environmental factors, life style and gut flora. These factors combined have 

hampered identification of the disease genes as well as understanding their role in disease 

pathogenesis. The current knowledge on the etiology of IBD is summarized in Chapter 1. 

The pitfalls in unraveling the pathogenesis of IBD can in part be circumvented by the use of animal 

model systems. The advantage of these models is that they constitute a lower degree of genetic 

complexity and in addition, disturbing environmental factors can be kept stable. However one has to 

keep in mind that such models do not always fully reflect human disease, and that extrapolation has 

to be done with caution. Nevertheless, these models have been successfully applied to IBD research 

and have provided substantial information relevant to human disease. An overview of the various 

models used in IBD is given in Chapter 2. 

An important observation is that different strains of mice show different grades of susceptibility to 

colitis, indicating that there must be underlying genetic differences that cause this variation. In our 

search for novel genes involved in IBD, it is exactly the latter of these features of mice we applied in 

the first part of our studies (Chapter 3). 

In this study, we performed a genome screen on a G-protein α inhibitory chain 2 (Gαi2, encoded by 

Gnai2) deficient mouse model for colitis. C3H/HeN mice homozygous for the Gnai2 deficiency, when 

reared under specific-pathogen-free conditions, develop colitis as early as 6 weeks of age, whereas 

Gnαi2
-/-

 C57BL/6J mice maintained under identical circumstances, are highly resistant. 

The colitis in C3H/HeN Gnai2
-/-

 mice is characterized by severe diarrhea and weight loss, frequently 

accompanied by rectal prolapse and dilation of the colon. Microscopically, massive infiltrations of 

lymphocytic cells are seen, accompanied by depletion of goblet cells. Also, there is formation of crypt 

elongation, with high vascular density and transmural bowel wall thickening with ulceration. In 

general, only the distal half of the colon is involved, with a sharp demarcation between the involved 

and non-involved areas (See also Figure 2 in Chapter 3). Immunologically, the inflammation is 

characterized by a Th1 type inflammation with markedly high levels of IL-12, and low levels of IL-10. 

Gαi2 normally inhibits IL-12 production and thus in the absence of this molecule, IL-12 production and 

the Th1 response is greatly exaggerated 
1
. This could be one explanation as to why Gnai2

-/-
 mice 

develop colitis. A second possible explanation could lay within defects in B cell development. It has 

been shown that Gnai2
-/-

 mice display a reduction in specific types of B cells, that have the capacity to 

produce IL-10. Indeed, Gnai2
-/-

 mice show a decreased in vitro LPS-induced B cell IL-10 responses 
2
. 



 

 

 

By means of genome-wide microsatellite methodology we performed a genetic analysis to identify 

genetic susceptibility loci in Gnai2
-/-

 (C3H/HeN x C57BL/6J) F2 generation intercrosses. This genetic 

screening procedure allowed identification of a highly significant susceptibility locus on chromosome 

3, provisionally named Gpdc1. It is interesting to point out that exactly the same locus on 

chromosome 3 was identified in a different mouse model, the IL-10 deficient mouse model for colitis 
3
, 

indicating that the gene(s) located in this quantitative trait locus (QTL) have a profound effect on 

susceptibility to intestinal inflammation in the presence of another gene defect . In addition to this QTL 

on chromosome 3, other loci on chromosomes 1 (Gpdc2), 9 (Gpdc3), and the X-chromosome were 

found. 

Based on both their function in immune regulation or epithelial barrier function, there are several 

genes present in the identified loci that would make attractive candidate genes. The most prominent 

for the locus on chromosome 3 showing strongest linkage are the genes encoding the NF-κB p105 

transcription factor (Nfkb1, also discussed in more detail below), epithelial growth factor (Egf), and 

guanylate binding protein-1 (Gbp1).The gene most interesting due to its location closest to the peak 

linkage in Gpdc1, as well as its eminently important role in immune activation is the gene encoding 

Nfkb1. NF-κB designates a group of critical transcription factors controlling various promoters of pro-

inflammatory cytokines, cell-surface receptors, transcription factors, and adhesion molecules 
4
. The 

fact that IL-12 is a cytokine that is under transcriptional regulation of NF-κB makes this gene of even 

more interest, since in the Gnai2
-/-

 model, the IL-12 expression is clearly altered 
1
. Clearly, any 

mutation affecting the Nfkb1 gene would have major implications for a great variety of immunological 

and/or inflammatory processes, and could be explanatory for the strain differences in susceptibility in 

C57BL/6J mice and C3H/HeN mice. 

To address this possibility, we sequenced the coding region of Nfkb1 and aligned the sequences of 

both strains to each other and to the known sequences from GenBank. This study is described in 

Chapter 4, as an Addendum to Chapter 3. We found 5 single nucleotide polymorphisms (SNPs) of 

which one lays in the 3’-UTR of the gene whereas the remainder occur in the coding region. All the 

SNPs identified in the coding region of the gene are silent mutations, i.e. mutations that do not cause 

a change in amino acid composition of the protein. 

It must be noted however that we only sequenced the cDNA, omitting the 24 introns, the promoter 

and the 3’UTR. Mutations in the promoter, the introns, and even the 3’UTR could be involved in 

generating different splice variants or the expression of the gene. Ongoing studies in congenic mouse 

strains in which the QTL found on chromosome 3 is being transferred from the susceptible strain onto 

the resistant strain and vice versa will be helpful to further discern whether Nfkb1 is involved in colitis 

susceptibility in the Gnai2
-/-

 model, and if so if it could affect the IL-12 production in such a way that it 

would explain the elevated levels seen in both murine colitis and human CD. 

Indirect evidence that this gene might be important in the susceptibility to colitis comes from a recent 

study by Karban et. al. 
5
, who found an elevated frequency for a mutation in the promoter of the 

human gene NFKB1 in UC patients. These findings enthused us to investigate whether this 

polymorphism was also present in a group of Dutch Caucasian IBD patients from our outpatient clinic. 

As described in Chapter 5, this study demonstrates that the allele frequency of the –94 ATTG-
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deletion was also elevated in our cohort of UC patients, whereas this difference was not observed in 

CD. The association found in UC appeared to be a little stronger in men, and patients homozygous for 

the –94 ATTG-deletion allele (men and women together) had a significantly younger age of onset of 

disease. 

The exact mechanism underlying the association between NFKB1 gene polymorphism and 

susceptibility to UC remains so far to be determined, but one can think of several explanations. 

NF-κB activation is found to be upregulated in IBD patients, in the intestinal mucosa of both CD and 

UC patients 
6, 7

. This is seemingly in contradiction with the higher prevalence of the promoter 

polymorphism, since the deletion variant associated with UC showed strongly diminished binding of 

nuclear proteins isolated from normal human colonic tissue and cell lines 
5
. 

These effects can be explained in several ways. NFKB1 codes for the p105/p50 subunit of NF-κB 

complexes 
8
. To exert its effect, p50 binds to p65 to form biologically active heterodimers which 

translocate from the cytoplasm of the cell to the nucleus. Here, they bind to NF-κB binding sites in 

promoter sequences of genes coding for inflammatory proteins, and regulate their transcription. 

Alternatively, p50 is able to form homodimers which block transcription by binding to the NF-κB sites 

in the nucleus 
9
. Should the diminished NFKB1 transcription now lead to less available p50, fewer 

inhibitory p50/p50 homodimers can be formed, and this could in turn lead to a stronger activation of 

transcription of inflammatory genes, leading to the strong NF-κB induced immune response, as seen 

in UC. 

Alternatively, low levels of p50 could lead to a poor innate immune response. Bacteria that normally 

would have been recognized and eliminated by this first line of defense are now providing sustained 

antigenic signals leading to an ongoing inflammation. For example, mice lacking Nfkb1 are highly 

susceptible to colitis induction 
10-12

. On the other hand, mice overexpressing NF-κB p50 also show 

chronic inflammation and higher susceptibility to bacterial infections 
13

. Clearly, NF-κB needs to be 

regulated very accurately, and any disturbance of the balance can lead to aberrant immune 

responses 

NF-κB activation is involved in many inflammatory processes and is mandatory for the transcription of 

many cytokines involved in both UC and CD. As described in Chapter 2, it is well known from animal 

models of intestinal inflammation that virtually any disturbance of cytokine responses can lead to an 

increased susceptibility to intestinal inflammation. Therefore, genetic disturbances in key regulatory 

elements that drive these responses are likely candidates. Recognizing the importance of a disturbed 

Th1 mediated immune response in the etiology of intestinal inflammation, we expanded our studies on 

this subject. In Chapter 6 we studied polymorphism in the transcription factor interferon regulatory 

factor 1 (IRF1) and the IL-12 p40 chain (IL12B) genes in the susceptibility to celiac disease (CeD). 

CeD is an immune-mediated disorder of the small intestine caused by permanent intolerance to 

gluten, a dietary protein found in wheat, rye and oats 
14

. This disturbed immune response is 

characterized by a Th1 mediated immune response, however, the driving mechanism behind this Th1 

response has not been completely unraveled. Similar to IBD, genetic factors play a key role in CeD 

susceptibility 
15

. This genetic component can in part be attributed to a strong association with the HLA 

genes, but similar to IBD, CeD is a complex genetic disorder. Several chromosomal regions have 



 

 

 

been identified that harbor susceptibility genes to CeD, including a locus on chromosome 5q31-33 

(designated CELIAC2) 
16-23

. This QTLs harbors, among others, the genes IRF1 as well as IL12B. IRF-1 

is a member of the IRF family of transcription factors, and IRF-1 binding sites are present in the IL12B 

promoter 
24

. 

Given the linkage to this region and the profound Th1 response found in CeD, both IRF1 and IL12B 

would be likely candidates for susceptibility to CeD. We therefore studied previously described 

polymorphisms in these genes in a Dutch Caucasian population, however, we could not link these 

polymorphisms to an elevated susceptibility to CeD. This suggests that a primary defect in these 

genes is not responsible for the observed linkage with this region in CeD nor that they are at the basis 

of the exaggerated Th1 response found in both CD and CeD. 

 

Finding a gene and a mutation that is linked to a particular disease is only the first step in unraveling 

disease pathogenesis. As alluded to earlier, mutations in NOD2 are strongly associated with 

susceptibility to Crohn’s disease. The exact mechanisms by which NOD2 variants lead to CD however 

remain to be defined. NOD2 is expressed in several cell types in the intestine, including Paneth cells, 

and cells from the myeloid lineage 
25-28

. Recognition of its ligand muramyl dipeptide (MDP) by NOD2 

can lead to secretion of antimicrobial products by Paneth cells, and immune activation and cytokine 

secretion by macrophages and antigen presenting cells 
29, 30

. Lack of proper functioning of NOD2 has 

been shown to lead to a defective α-defensin production in Paneth cells 
31, 32

 and less production of 

pro-inflammatory cytokines 
29, 33-39

. This could in turn facilitate invading bacteria, and contribute to the 

ongoing inflammation as seen in IBD. 

Another explanation was provided by Watanabe et al. demonstrating that lack of NOD2 signaling in 

murine cells results in a lack of regulation of TLR2 mediated activation, resulting in an unwanted high 

production of IL-1β and IL-12, again leading to an exaggerated inflammatory response 
40, 41

. They 

demonstrated that NOD2 activation normally has an inhibitory effect on TLR2 mediated activation, in 

particular through inhibition of IL-12 responses. This effect is lost in NOD2 mutated mice, leading to a 

profound IL-12 response. This could provide a plausible explanation for the exaggerated IL-12 

responses seen in CD patients. 

Since it was unclear whether the latter explanation also applied to human disease, we tested this 

hypothesis in humans. As described in Chapter 7, we isolated and stimulated freshly isolated human 

monocytes from healthy controls and CD patients with or without mutations in the NOD2 gene. We 

found that cells with functional NOD2 respond in a biphasic manner to MDP. Thus, at a low or 

intermediate dose of MDP the cytokine production of the cells after TLR2 stimulation is enhanced. 

However when cells were incubated with higher doses of MDP, we saw a remarkable reduction in 

cytokine production after TLR2 stimulation. The biphasic effects of NOD2 stimulation were also 

reflected in NF-κB activation, as measured by NF-κB subunit translocation to the nucleus. In sharp 

contrast however, in monocytes from NOD2 mutated patients this initial potentiation was not 

downmodulated after addition of the high dose of MDP, indicating that also in humans, NOD2 is a 

regulating factor for TLR2 activation that can downmodulate cytokine production. We thus show here 

for the first time that human monocytes can respond in a biphasic manner, an effect that is lost in 
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patients carrying two mutated NOD2 alleles. This study bridges the initial ‘loss of function’ theories 

based on human PBMC studies with the ‘gain of function’ theories based on murine studies. 

In summary it is clear from the many genetic and functional studies that inflammatory bowel disease is 

a complex affection and that its etiology is far from known. This not only stems from the fact that a 

multitude of genes have now been identified to be associated  with the disease, but also because of 

the multitude of cell types involved, both at the level of the intestinal epithelium, but also at the level of 

the many players of the immune system. Better knowledge of the involvement and function of the 

various gene products associated with IBD on barrier function and immune system will help to unravel 

the underlying mechanisms and especially the coordinated action of geneticists and immunologists 

will lead to adequate prevention or therapy of the disease. 

 

Figure 1 Overview of genes studied in this thesis 

Simplified overview of the activation route in 
which all the genes studied in this thesis play 
a part. 
From bottom to top, IL-12 is a pro-
inflammatory Th1 type cytokine that is 
formed by two subunits, IL-12p40 and IL-
12p35. A promoter polymorphism in the 
gene coding for IL-12p40, IL12B was studied 
in Chapter 6, as well as IRF1. IRF1 encodes 
for the transcription factor IRF-1, that is 
involved in activating IL12B transcription. 
Likewise, IL-12 expression can also be 
induced by NF-κB. We determined the 
prevalence of a promoter polymorphism of 
the human form of NF-κBp50 (NFKB1) in 
IBD patients in Chapter 5, and sequenced 
the murine Nfkb1 in search for variant that 
could provide an explanation for the strain 
difference in colitis susceptibility between 
C57BL/6J and C3H/HeN mice (Chapter 4). 
This after we discovered a QTL on 
chromosome 3 in a Gnai2

-/-
 colitis model, 

using the same strains. Nfkb1 resides in this 
QTL, close to the area that showed the 
strongest linkage with colitis susceptibility. 
Next to these genetic studies, we explored 
the theory that NOD2 signaling interferes 
with TLR2 signaling, and that this has its 
effects on specifically IL-12 production. 
 

 

IKK, Inhibitor of nuclear factor kappa-B 
kinase; IL, interleukin; IRF, interferon 
regulatory factor; ISRE, interferon-stimulated 
responsive element; JNK, janus kinase; 
NEMO, NF-Kappa-B Essential Modulator; 
NF-κB, nuclear factor-κB; NOD2 nucleotide-
binding oligomerization domain 2; QTL, 
quantitative trait locus; RIP-2, Receptor-
Interacting Protein-2; STAT, Signal 
Transducer and Activator of Transcription; 
TLR2, Toll-like receptor 2. 
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