
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

On genes and inflammatory bowel disease

Stokkers, P.C.F.

Publication date
1999

Link to publication

Citation for published version (APA):
Stokkers, P. C. F. (1999). On genes and inflammatory bowel disease. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/on-genes-and-inflammatory-bowel-disease(1f28ef53-d773-47d4-8262-06c8ca04b8d8).html


Chapter 1 

Genetic aspects of inflammatory bowel disease 





Genetic aspects of IBD 

1. INTRODUCTION 

Our most intimate contact with the outside world takes place at the 5000 square 

meter surface of the intestines. Strikingly, this contact usually seems to pass off 

without any troubles: considering the often hostile environment it is remarkable that 

inflammation is a relative infrequent event. The key for this pax intestina is found in 

both tolerance and immune reactivity. The immune system in the intestine takes 

critical decisions whether to react towards an antigen or to suppress the immune 

response. For this purpose a large immuno-competent cell pool of 10 to 40 T-cells 

per 100 epithelial cells are present in the mucosal epithelium of the gut (1, 2). About 

80% of these intra-epithelial lymfocytes are CD8 and CD45RO positive 

lymphocytes, i.e. predominantly cytotoxic T-cells (3, 4) in close contact with antigen 

(5). In the lamina propria the phenotypic distribution of CD4 and CD8 positive T-

cells is similar to that of peripheral blood. (6) The CD4+ T-cells in the lamina 

propria predominantly have the "memory phenotype" and are thought to play a 

regulatory role in the immune response (7, 8). It has become clear that most of these 

antigen - T-cell interactions, in particular those with ubiquitous antigen, lead to 

tolerance caused by induction of anergy or clonal deletion of the T-cells (9-11). 

Thus, the intestinal immune cells distinguish between self and non-self, tolerating 

non-infectious non-self and combating infectious non-self. In inflammatory bowel 

disease this homeostasis is disturbed, probably via different immune pathways, 

resulting in mucosal inflammation. 

2. INFLAMMATORY BOWEL DISEASE 

Inflammatory bowel diseases (IBD) are chronic inflammatory conditions of the 

gastrointestinal tract, which clinically present as one of two disorders, Crohn's 

disease (CD) or ulcerative colitis (UC). The inflammation of the intestinal mucosa in 

IBD is characterized by an influx of a large number of neutrophils and macrophages 

that are recruited by chemokines and pro-inflammatory cytokines. The neutrophils 

and macrophages produce cytokines, eicosanoids, proteolytic enzymes and free 

radicals that finally lead to tissue damage. The initiating events that give rise to this 

non-specific inflammation remain elusive, although for CD it has now become clear 

that CD4+Th-1 cells are central in the pathogenesis (12). Nonetheless, chronic 

inflammatory bowel disease is most likely the endpoint of several, possibly many, 

distinct patho-physiological processes. Clinicians acknowledge this disease 

heterogeneity when faced with IBD patients: although IBD can on clinical and histo-

pathological grounds be divided into two disease categories, ulcerative colitis and 
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Crohn's disease, it is often impossible to make this distinction (13). Furthermore, the 

clinical course, prognosis, and efficacy of therapy seem to vary in the different 

disease groups, suggesting that within the UC and CD syndromes distinct categories 

may be defined (14, 15). Unraveling the heterogeneity and pathogenesis of IBD will 

assist the clinician in making a proper diagnosis, in assessing prognosis, and in 

developing new therapeutic strategies. 

Studies on the pathogenesis involve both extrinsic and intrinsic factors. 

Extrinsic factors are all non-self factors that affect the immune response in such a 

way that it results in chronic inflammation. Specific pathogens like the measles virus 

(16-18), Mycobacterium paratuberculosis ( 19) and Listeria monocytogenes (20) have 

been implicated in the pathogenesis of Crohn's disease, but the results are 

controversial and a persistent infection with these micro-organisms seems unlikely 

(21). Nevertheless, considerable evidence from clinical IBD and experimental 

models indicates that resident luminal micro-organisms play a role in the 

pathogenesis of IBD. Indeed, the presence of a microbial flora is critical for disease 

expression in various animal models of IBD (22, 23) and a loss of tolerance towards 

the intestinal flora has been suggested to underlie TNBS induced colitis in mice (24). 

Tolerance appears also broken in patients with active IBD (25). Mucosal contact with 

luminal contents is an important factor for disease recurrence in the terminal ileum. 

Inflammation usually does not recur as long as the fecal stream is diverted by an 

ileostomy proximal to ileo-colonic anastomosis (26). Even more compelling 

evidence for the importance of luminal agents is provided by infusing intestinal 

luminal contents into excluded ileum (ileum isolated from the fecal stream by 

temporary loop-ileostomy) of CD patients: inflammatory cells invade the mucosa, 

macrophages become activated and HLA-DR expression on antigen presenting is 

enhanced (27). Finally, therapeutic responses to antibiotics in Crohn's disease 

support a pathogenic role for luminal bacteria. Metronidazol reduces the recurrence 

rate of Crohn's disease after ileal resection (28) and ciprofloxacin is as effective as 

conventional anti-inflammatory therapy in mild Crohn's disease (29). 

Other extrinsic factors such as diet, smoking, stress and medication may play 

a role in the pathogenesis of IBD (30). Presumably, all extrinsic factors mentioned 

cause disease through interactions with intrinsic factors that define disease 

susceptibility: the genes that regulate the immune response. 

3 GENETIC PREDISPOSITION TO IBD 

Evidence for a role of genetic factors in the pathogenesis of IBD is derived from 

epidemiological studies and animal models. These data allow speculation on the 
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number of genes involved, their penetrance, the mode of inheritance (recessive or 

dominant) and the heritability of the disease. 

3.1 Animal models 

Experimental animal models have led to more detailed knowledge of the different 

components of the immune pathway leading to chronic intestinal inflammation (23). 

Some mouse strains are more susceptible to colitis induction than others, which 

underscores the importance of genetic predisposition. Comparison of the genetic 

background of the different strains may reveal the genes that are responsible for 

disease susceptibility. Moreover, in mice, genetic factors can be studied by gene 

targetting and gene disruption. 

The mouse C3H/HeJBir substrain spontaneously develops colitis (31). 

Although the development of colitis is clearly genetically determined, the responsible 

gene has not yet been found. The contact allergen trinitrobenzene sulfonic acid 

(TNBS) induces colitis in BALB/c and C3H/HeJ mice, whereas other strains, such as 

C57BL/6, appear resistant (32) (L. Camoglio, personal communication). Apparently 

the susceptibility to TNBS colitis is also influenced by genetic factors. Indeed, 

BALB/c mice express a variant interleukin-4 receptor with reduced interleukin-4 

binding capacity (33). Interleukin-4 is a potent down regulator of the T-helper 1 

mediated immune response that plays a role in TNBS induced colitis (23, 34). 

Moreover, a recent study reported that BALB/c mice express a variant Fas ligand 

(FasL) that was much more functionally effective than the FasL found in other 

strains (36). FasL is a membrane protein of the tumor necrosis factor family and it 

induces apoptosis upon binding (a receptor that resembles the TNT-receptor 1). FasL 

induces cell death in three distinct situations: 1) activation-induced apoptosis of T-

cells; this type of killing also mediates peripheral tolerance. 2) killing of immune 

cells by immune privileged tissue such as the eye and testis; immuno-reactive T-cells 

are killed when FasL binds the Fas that is expressed on the membrane of the 

activated T-cell. 3) cytotoxic T-cell mediated killing of target cells; cytotoxic T-cells 

kill the target cell by binding to the MHC-antigen complex on the cell surface and 

subsequent FasL/Fas mediated killing of the target cell (37). The former two 

mechanisms are expected to counteract immune responses, but the role of FasL in the 

increased susceptibility for TNBS colitis in BALB/c mice remains unknown. 

I. 
Involvement of interleukin-4 in the pathogenesis of IBD in humans has been suggested as well. 
Mononuclear cells from peripheral blood and the lamina propria of IBD patients showed a 
diminished responsiveness to the anti inflammatory effect of interleukin-4 in vitro (35). 
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Several models of intestinal inflammation in mutant mice are known. Functional 

inactivation of genes leading to grossly impaired T-cell function, such as interleukin-

2 and the T-cell receptor knock-outs, results in spontaneous inflammation of the gut 

(38, 39). Interleukin-10 knock-out mice show a normal lymphocyte development and 

antibody responses, but later in life these mice develop chronic intestinal 

inflammation (40), which can be prevented but not cured by administration of 

interleukin-10 (41). Like interleukin-4, interleukin-10 is a potent inhibitor of the 

cellular, T-helper 1 mediated, immune response (42). 

In conclusion, the data from animal studies indicate that several alterations of 

the regulation or function of immuno-reactive cells can disrupt the delicate balance 

between tolerance and immune response towards contents of the intestinal lumen. 

Such genetic heterogeneity is likely to play a pivotal role in human inflammatory 

bowel disease. 

3.2 Epidemiological studies 

Epidemiological studies have provided evidence for a genetic predisposition to IBD 

in humans. We here briefly discuss the higher prevalence of IBD in some ethnic 

groups, the familial aggregation of IBD, data from twin studies, the genetic 

anticipation and the association with other genetic disorders. Several reviews have 

discussed these issues in more detail (30, 43-46). 

3.2. J Ethnic aggregation 

Studies in Jewish populations have been in the center of a dispute between 

"environmentalists" and "geneticists". The first "school of thought" argued that the 

higher incidence rates of IBD among Jews born in Europe and North America, 

compared to those born in Israel, were in agreement with an environmental cause 

(30, 47, 48). Supportive evidence was found in the North to South gradient, which 

was observed in both Europe and America, higher incidence rates being observed in 

the North (49, 50). The other school focused on the consistently higher incidence of 

IBD in Jews, independently from the geographical area in which they were born (30). 

Moreover, disease susceptibility among Jews appeared to vary among different 

subgroups: Ashkenazian Jews more often suffer from IBD than other Jewish 

subgroups (44, 51, 52). Interestingly, Ashkenazian Jews originating from middle 

Europe had higher disease rates than those from Russia and Poland (52). 

Nonetheless, these data do not completely rule out the influence of environmental 

factors, such as diet or cultural habits. Clearly, the ethnic aggregation that is 

observed in IBD is modified by both genetic and environmental factors.2 
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Box 1: Glossary 

Association study: method that compares the frequency of marker alleles in a group 
of patients and controls in order to detect an association of the marker 
alleles with disease. 

Heritability: lite degree to which the presence of a trial is genetically determined in a 
population 

Inheritance, mode of: the phenotypic expression of an allele related to the alternative 
alleles (recessive, dominant, co-dominant). 

ibd= Identical by descent: an allele sharing method that assesses how often a 
particular marker allele is inherited from a common ancestor within the 
pedigree. 

ibs= Identical bv state: an allele sharing method that assesses how often members of 
a pedigree inherit the same marker alleles. 

Genetic anticipation .The phenomenon that onset of disease occurs earlier, and is 
often more severe in the younger generations than in the older generations. 

Linkage annalysis: method that assesses the segregation of marker alleles in 
pedigrees in order to detect co-segregation with disease susceptibility. 

Ä, = Sibling risk: Prevalence of disease in siblings divided by the prevalence of the 
disease in the general population. This risk is often used as an estimation of 
the genetic contribution to the pathogenesis of the disease. 

Penetrance: the correspondence between genotype and phenotype. Incomplete 
penetrance is often found in complex traits: some individuals who inherit a 
predisposing allele do not develop disease. 

Phenocopy: The occurrence of disease in individuals that do not carry the disease 
predisposing allele as a result of environmental causes or random causes. 

Polygenic model: multiple mutant alleles of more than one genetic locus with a 

small and cumulative effect.' 

Proband: First affected individual identified in each pedegree 

Oligogenic model: the simultaneous involvement of mutant alleles at more than one 
genetic locus. 

Recombination fraction (6): The extent of segregation of a marker locus with 
another marker (e.g. the disease locus), winch is used as a indicator of the 
distance between the loci. Suppose gene A is causing disease with full 
penetrance. In that case gene A is always found together with disease D. 
However, when gene A is not causing the disease it may or may not 
segregate \\ ith the disease. When gene A is causing the disease, 
recombination is 0 because the disease will always be inherited with gene 
A. When A is not causing disease it will segregate with the disease in 50% 
of the cases, because half of the genes are passed along to the offspring. 
Therefore the recombination fraction is 0.5. In genetics recombination or 
recombination fraction is depicted by the Greek symbol 6. (theta) 
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3.2.2 Familial aggregation 

A positive family history for IBD is the strongest known risk factor for disease. 

Reported percentages of a positive family history ranged from 5% to 35% in 

different studies (44, 57-65). This corresponds to a 10 to 50 fold increase in disease 

prevalence among siblings (A,s) compared to the general population (60, 62, 63, 66). 

The sibling risk, which is often used as an estimation for the genetic contribution to 

trait, is relatively high for IBD when compared to other complex genetic traits such 

as diabetes mellitus type I ((ks =15), schizophrenia (ks =8.6), diabetes mellitus type II 

(Xs =3.8) and asthma (A,s =2) (67). The frequency of UC is increased among relatives 

of UC patients and for CD this finding is even more pronounced (57). Furthermore, 

concurrence of CD and UC in these families is more frequently encountered than 

could be expected from the disease frequencies in the general population (44). When 

corrected for lifetime empiric risk, the data of family studies are even more dramatic. 

The finding of highly frequent disease-causing genes in certain populations can be explained hy a so-

called "founder effect ". This concept implies that a disease causing gene was introduced by a founder 

of a new population, which thrived along in relative isolation. For example, the autosomal dominant 

disease porphyria variegata is frequent among the Afrikaner population of South Africa. All 30.000 

carriers of the disease causing gene turned out to be descendants of the Dutch couple Gerrit Jansz 

and Ariaantje Jacobs, who emigrated to South Africa in the 1680's (53). 

Particularly in humans, the founder effect plays a role, because humans used to live in small 

communities and mating was not random but limited by factors as birth place, language, religion, 

social class etc. (54). A similar force is called genetic drift: in a small population, without selective 

pressure, a mutation tends to become either fairly frequent or rather rare, whereas in a very large 

population the frequency clusters around 0.5 (54). However, natural selection will eventually 

eliminate deleterious genes and the founder effect may not readily explain the maintenance of certain 

genes, such as the HLA genes, which cause a general defect in the immune system predisposing for all 

sorts of autoimmune disorders. Therefore, compensating beneficial effects for such genes mav be 

active. (55) 

For example, the disease causing gene may confer disease resistance towards other 

disorders. Thus, the gene encoding for sickle cell anaemia is protective against malaria. Such 

selective benefit may also ha\'e exerted the pressure in the past. For example, Tay-Sachs disease is 

common in Ashkenazian Jews from middle European origin. The Tay Sachs gene is supposed to 

confer resistance towards tuberculosis, which acted on the Ashkenazian Jews from that area as a 

s'-onger selective force than on Ashkenazian Jews in other areas. In Austria and Hungary, these Jews 

were confined to ghettos in the cities where tuberculosis was highly prevalent. (56) Interestingly, IBD 

shows the same ethnic aggregation as Tay-Sachs disease. The question arises whether the same 

genetic mechanism has acted on genes that predispose for IBD. 
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The lifetime risk for first degree relative has been estimated 7.8% in Jews and 5.25% 

in non-Jews. For CD this corrected risk is 16.8% for siblings of CD patients in 

Jewish families (57, 68). 

3.2.3 Twit? studies 

Even more compelling evidence for genetic predisposition comes from twin studies: 

Monozygotic twins were significantly more often concordant for disease than 

dizygotic twins in studies from Sweden and the UK (69, 70). However, the 

concordance rate between monozygotic twins in the British study was only 17% 

whereas the Swedish reported a concordance rate of 80%. This finding has often 

been used as an argument for the importance of environmental factors in the 

pathogenesis of IBD. However, when these data are combined there still is 

substantial evidence for genetic determination of disease susceptibility. Moreover, 

the IBD of prevalence in dizygotic twins is comparable to the frequency in siblings 

of IBD patients, which suggests that the environmental effect is ubiquitous and 

constant in time (44). On the other hand, a primary environmental cause does not 

explain the finding that the risk for disease is not increased in spouses of IBD 

patients, whereas it is dramatically increased for siblings (previous section). Hence, 

the reduced penetrance of IBD in monozygotic twins is presumably the result of 

gene/environment interaction. It should be noted that the development of the immune 

repertoire depends on recombination of genes and interaction between self and non-

self The outcome of this stochastic process is not blueprinted in the genetic code 

(44). 

3.2.4 Genetic anticipation 

Genetic anticipation to the phenomenon that onset of disease occurs earlier, and is 

often more severe in the younger generations than in the older generations. Genetic 

anticipation has been described in inheritable diseases such as fragile X syndrome, 

Huntington disease, and myotonic dystrophy (54, 71). Amplification of trinucleotide 

repeats has been found to underlie genetic anticipation in these diseases (71, 72). 

Studies of familial Crohn's disease have revealed that the offspring 

developed disease at a younger age than their parents (73-76). Interestingly, 

trinucleotide (CAG) repeat expansions were reported in some parent-child pairs with 

Crohn's disease (77). These data would add CD to the long list of diseases in which 

genetic anticipation has been observed (71). However, there are some pitfalls in the 

interpretation of these observations. First, it is very difficult to quantify the severity 

of CD, for disease extent is a dynamic parameter in time, and other classifications 

remain controversial (15, 78). Secondly, so-called first ascertainment bias influences 
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the observations: members of the younger generation have not yet lived through their 

years of disease susceptibility, they may develop disease in later life, yet they are not 

included in the study. Third, early onset of CD in the older generation could be 

expected to reduce fertility. These parents will either have fewer children or no 

children at all and therefore will not be included in family studies (79, 81). Finally, 

children of IBD patients suffering from intestinal discomfort will receive medical 

attention earlier than others. Consequently, diagnosis and age of disease-onset will be 

earlier in offspring of IBD patients. 

Recently, an European study confirmed the finding that CD occurred earlier 

in familial CD, but it appeared that it was not independent of the parents' age at 

diagnosis. The authors argued that true anticipation due to a genetic cause should be 

independent of the parents' age at diagnosis. Aware of the pitfalls described above, 

they concluded that first ascertainment bias could not be ruled out in these kind of 

studies (82). 

3.2.5 Associations with other genetic disorders 

IBD is frequently found in well defined genetic diseases, such as Turner's syndrome 

(83-88), Hermansky-Pudlak syndrome (89, 90, 91) and glycogen storage disease type 

lb. Neutropenia and abnormal neutrophil function characterize the latter syndrome, 

which could very well be the predisposing factor for intestinal inflammation (44). 

The relationship between Turner syndrome and IBD has been studied 

retrospectively (92). A high frequency of the relatively infrequent karyotype 

46XiXq, one normal X-chromosome and one iso-chromosome consisting of two long 

arms has been found in 15 Turner patients with concomitant IBD In this group of 15 

cases one patient with early disease onset had the very rare karyotype 47XiXqiXq, 

which contains five long arms of the X-chromosome. The authors hypothesized a 

dosage effect of a putative disease-causing gene on the long arm of the X-

chromosome. The frequent finding of father-son cases in familial IBD supports a 

putative susceptibility gene on the X-chromosome that plays a role in a subgroup of 

patients. A recent study on familial CD also reported a sex-linked distortion in the 

transmission of disease: transmission occurred much more often from mother to 

child. This phenomenon was noted in non-Jewish families but was not apparent in 

Jewish families (93). The authors remarked that this transmission distortion was also 

apparent in earlier studies, but remained unnoted (58, 65, 94). A recent genome scan 

has found suggestive evidence for linkage to the X-chromosome, in particular UC 

(Hampe et a/, this thesis). 
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3.2.6 Associations with other disorders 

IBD, in particular UC, is associated with several other immune mediated disorders 

such as primary sclerosing cholangitis (PSC), ankylosing spondylitis (AS) thyroiditis 

and multiple sclerosis (44, 95, 96). This finding indicates that these disorders may 

share a common pathogenic factor. In this context, the HLA genes are important 

candidates, because strong HLA associations have been reported for each of these 

diseases (97) (see below). 

3.3 Models of inheritance 

Segregation analysis can be used to distinguish between monogenic disorders, 

polygenic and environmental disorders (98). Based on evidence obtained from 

segregation analysis, simple Mendelian models for the inheritance of IBD have been 

proposed. For UC a rare additive gene was proposed, for which UC patients with a 

positive family history should be heterozygous (99), and in CD a recessive gene with 

incomplete penetrance was suggested to play a role in a subgroup of patients (7%-

28%) (100, 101). These simple Mendelian models were challenged by other data: 

1) Jews with a first degree relative with IBD had a higher risk for IBD than non-

Jews in the same situation. Assuming a simple Mendelian inheritance such 

differences are not to be expected, because the likelihood of inheriting the gene is 

solely dependent on presence in the family and independent of the frequency of 

the disease susceptibility gene in the ethnic group (57). 

2) "Mixed IBD" families, with one member suffering from CD and another from 

UC have frequently been described (57, 68). This condition was more often 

encountered than could be expected from the relative frequency of the disease in 

the general population. This indicates that CD and UC are genetically related. 

3) In a genome scan using 265 markers the whole genome was excluded from 

linkage with CD when esthablished parameters from the segregation analysis 

were applied (102). 

Taken together, it can be postulated that UC and CD share at least one gene, which 

predisposes for intestinal inflammation. 

Polygenic models explain non-Mendelian inheritance by assuming multiple 

genes with small effects. In these models the gene effects add up to give rise to the 

phenotypes CD and UC. It has been hypothesized that the cumulative effects of 

relatively few susceptibility genes would result in UC, whereas carriage of more 

susceptibility genes would lead to the CD phenotype (44). As discussed previously, 

polygenic multifactorial inheritance models do not agree with several segregation 

19 



Chapter 1 

studies In a polygenic model, disease severity should correlate with the number of 

patients affected in a family, but IBD disease expression was not more severe in 

children with a positive family history for IBD when compared to children that did 

not have a positive family history (44, 103). 

Summarizing, it appears that current models of inheritance do not clarify the 

familial aggregation that is found in IBD. This is most likely due to the genetic 

heterogeneity that underlies this disease, which seems to comprise several etiological 

and genetically distinct disorders, that share a similar clinical expression. The finding 

of "mixed" UC/CD families strongly argues for such a model (57, 68). In addition, 

familial cases of CD showed a greater than expected concordance for site, clinical 

type of disease, and age of onset of disease, when compared to sporadic cases (73, 

75, 104, 105). Only one study failed to show such similarities (106). 

4 GENE HUNTING IN INFLAMMATORY BOWEL DISEASE 

Genetic studies become complicated, when the simple correspondence between 

genotype and phenotype breaks down due to effects of chance, environment, 

interaction with other genes or genetic heterogeneity. From the previous section it 

has become clear that inflammatory bowel disease is such a complex trait. The 

genetic analysis of complex traits relies linkage analysis, allele sharing methods, 

association studies and transmission disequilibrium tests (TDT).3 

3 

LINILAGE ANALYSIS (54) 

Consider the situation in which gene A is close to gene that causes disease. In most cases gene A will 

be inherited with the disease causing gene, but recombination, due to a cross-over event during 

meiosis can occur. Therefore, the recombination fraction (6) is a value between 0 and 0.5. 0 

approaches 0 when the distance of gene A (a genetic marker) to the disease causing gene becomes 

smaller. When the distance of the markers increases, the likelihood of a cross-over will increase and 0 

will approach 0.5. Under free recombination, for example when the marker and the gene are on 

different chromosomes, 0 will be 0.5. Conversely, recombination fractions correspond with the map 

distance of two markers on the genome. These distances are expressed in Morgans (M) and 

centimorgans; IcM corresponds with I % recombination or 9=0.01. 

For measurement of linkage the "logarithm of the odds" score (LOD-score) has been 

developed. The LOD score is calculated by estimating the likelihood (L) that the observed inheritance 

of the marker and the disease gene are conform the situation under free recombination (9=0.5) and 

the likelihood that the inheritance is conform the situation under a certain recombination fraction. (9) 

The ratio of those two likelihoods expresses the odds for and against linkage. The logarithm of this 

ratio is then taken to add up the score for all families tested. In formula: 

Z=logw[L9/LI-2] 
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During the last two decades the genetic background of IBD has been analyzed by 

these methods. Most of these studies focused on candidate genes: genes that are 

likely to predispose for IBD because the gene products have some immunological 

action. Their candidature resulted from their degree of polymorphism (HLA genes) 

and the altered concentrations of their secreted products in disease. Recently, boosted 

(3 continued) 

Bv substituting different values for 6 (ranging from 0 to 0.5) the maximum likelihood can he estimated 
(MLE) and subsequently, the maximal LOD-score can be found. A LOD-score higher than 3 is 
generally accepted as evidence for linkage (107). In practice not one genetic marker, but a set of 
genetic markers forming a genetic map is used to estimate linkage (multipoint linkage analysis). 

Linkage analysis necessitates the definition of a model of inheritance pattern of a disease. In 
such models allele frequencies, disease penetrance and the mode of inheritance have to be defined. 
For simple Mendelian traits an inheritance model is often easily defined and therefore linkage 
analvsis has been particularly successful in identifying predisposing genes for these diseases (108). 
We have noted that attempts to define inheritance models for inflammatory bowel disease remain 
inconclusive (Section 3.3 Models of inheritance) Therefore, the value of linkage analysis for the 
dissection of genetic background will be limited. 

ALLELE SHARING METHODS 

Allele sharing methods aim to prove that the inheritance pattern of a marker allele is not consistent 

with random Mendelian segregation by showing that affected members of a pedigree inherit identical 

copies of the marker alleles more often than expected by chance (allele sharing) (67). Allele sharing 

occurs in two ways: identical by decent (ibd) and identical by state (ibs). Generally, in sib-pair 

analvsis "identical by decent" sharing is assessed, whereas in more extended families with distantly 

related members "identical by state " sharing in the affected pedigree member method may by 

applied. 

Affected sib-pair analysis supposes that if a genetic marker is linked with a disease 

susceptibility gene, then affected siblings of affected persons are more likely to receive the same allele 

from a common ancestor (identical by descent (IBD)). The average number of alleles that are shared 

IBD among sib-pairs is 1 (see box 2) Usuallv, the mean proportion of alleles shared IBD is reported. 

A proportion of 0.5 alleles shared IBD is indicative for absence of linkage with disease susceptibility. 

The higher the proportion of alleles shared the stronger the evidence for linkage. The computer 

program SIBPAL estimates the proportion (n) of alleles that are shared IBD by sibs pairs at a given 

locus. This proportion is assessed for sib-pairs that are concordantly affected, concordantly 

unaffected and discordant for disease, and compared with the expected n of 0.5 by means of a one 

side z-test. When linkage is present, an increase of nin the concordant (both affected and unaffected) 

and a decrease ofnin the discordant sib-pairs is expected (109). 

The affected pedigree member method (110) relies on the fact that affected pedigree 

members tend to share disease susceptibility alleles regardless whether these alleles are inherited 

IBD or not. This type of sharing is called identical by slate (IBS). In this type of analvsis the sharing 

of rare alleles is a stronger indication for linkage, than sharing of more frequent alleles. Therefore, 

the allele frequencies are accounted for in the statistical analysis. The GENEHUNTER computer 

program is based on the affected pedigree member method that calculates non-paramelrically a 

"LOD score" called NPL score and significance level (111). 
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by the availability of dense genetic maps, genome wide screenings have been 
undertaken and have resulted in the identification of susceptibility loci. The first 
results of fine mapping of these loci now become available. 

(3 continued) 

ASSOCIA TION STUDIES 

Association studies assess the frequency of marker alleles in, or nearby, candidate genes in a group of 

diseased individuals and a matched control group. Candidate genes are all genes that possibly plav a 

role in the pathogenesis of the disease. The term "association " applies to the situation where a higher 

frequency of a certain marker allele is found in the diseased group. Positive associations can arise for 

three reasons: 

1) The marker allele is the actual cause of the disease. 

2) The marker allele is on the same chromosome and nearby the disease causing mutation 

(the marker is in linkage disequilibrium with the disease causing mutation). 

3) The association is a false positive result. One of the major pitfalls in association studies 

is inadequate matching of the control and disease group. Thus, ethnic differences can 

yield false positive association results. For example, both HLA allele frequencies and 

IBD prevalence vary among different ethnic groups. Association studies in populations, 

with admixture of other ethnic groups in the population history, must take these 

confounding factors into account. 

In spite of these pitfalls, a positive association between a genetic marker and disease is a strong 

argument for further analysis of the gene in relation with the pathogenesis of the disease. Association 

studies have been widely applied in the quest for elucidation of the genetic predisposition to IBD. 

Several candidate genes ha\>e been studied and these data will briefly be discussed in section 5 of this 

chapter. 

TRA NSMISSION DISEQ UILIBRIUM TEST 

Since association studies frequently yield spurious associations due to population admixture, an 

association must always be supplemented by evidence for linkage. However, linkage analysis may be 

hampered by lack of sensitivity due to the fact that the disease alleles are common and have modest 

effects. The transmission disequilibrium test (TDT) is considered to combine the advantages of 

linkage and association studies. (112) (113) This test compares the number of times that the parents 

transmit a marker allele to an affected offspring with the number of times that they transmit the 

alternative marker allele. Under the hypothesis of no linkage, the expected number of allele 

transmissions is equal. This situation is compared to the observed number of allele transmissions bv a 

Chi-square statistic: 

(A-B//(A+B) 

Here A is the total number of transmissions of the marker allele and B is the total number of 

transmissions of the alternative marker allele to affected offspring. The transmission disequilibrium 

test requires a sample of patients and the parents of these patients. Obviously, these parents should be 

heterozygous for the marker alleles, because in homozygous méioses transmission disequilibrium can 

not occur. 
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Box 2: Sharing of alleles 

Assume a family with four members, two parents one of which affected and two affected children. 
Father is earning the disease causing gene, here assumed to be dominant in expression. Full 
information on inheritance is obtained from the marker alleles ml to m4. 

Figure A depicts die situation when no linkage exist between A and any of the marker 
alleles. Combinations of alleles will occur in 16 probable ways (16 lines), leading to sharing of 2 
alleles among die siblings widi a probability of 0.25 (4 black lines), and sharing of 1 allele with a 
probability of 0.50 (8 gray lines) and 0.25 for the probability of sharing 0 alleles (4 dotted lines). 

Figure B depicts die situaüon where A and Ml are linked. Now. in die case of total 
linkage die haplotype A-M2 will not be found. The probability of sharing 2.1 or 0 alleles is 0.50 (2 
black lines), 0.50 (2 gray lines) and 0 respectively. When linkage is not complete, when A is 
located at some distance of Ml. recombinaüon can occur and the probability of sharing 2,1 or 0 
alleles will be >0.25, 0.50, <0.25. Wiüi an increasing distance between A and Ml die probabilities 
will become more alike the situation depicted in figure A. Some methods also assess marker 
sharing between affected and unaffected siblings. When disease and markers are linked, the 
observed allele sharing should be inversely to the sharing among affected sibs. 

Disease and marker are not linked 

A / a 
ml / m2 

5 

o 
a / a 
m3 / m4 

Affected sibs share 2 alleles: p=0.25 
Affected sibs share 1 allele: p=0.50 
Affected sibs share 0 alleles: p=0.25 

Disease and marker are linked 

A 1 a 
ml I m2 

1 Ö" 

O 
a I a 
m3 I m4 

1 
a / a A / a A / a J p3 ml / m3 ml / m3 ml / m3 J p3 
a / a A / a A / a /l m4 ml / m4 ml / m4 ml / m4 

m4 

a / 
m2 / 

a 
m3 

A 
m2 
/ 
/ 
a 
m3 

A 
m2 

/ 
/ 
a 
m3 m2 m3 

a / 
m2 / 

a 
m4 

A 
m2 

/ 
/ 
a 
m4 

A 
m2 
/ 
/ 
a 
m4 m2 

• 
m4 

Affected sibs share 2 alleles: p=0.50 
Affected sibs share 1 allele: p=0.50 
Affected sibs share 0 alleles: p=0 
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4.1 Studies on candidate genes 

Below we discuss the results of genetic studies on candidate genes in inflammatory 

bowel disease. These genes include those that are involved in specific immune 

response such as cytokine genes and the genes of the major histocompatibility 

complex. Other genes are mediators of innate immunity: the complement genes, the 

natural resistance associated macrophage protein genes and the mucin genes. 

4.1.1 The genes of the major histocompatibility complex 

The major histocompatibility complex (MHC) is a cluster of genes that are intimately 

involved in the immune response. The MHC is located on the short arm of 

chromosome 6 and it includes among the HLA class I and II genes, the genes for the 

complement factors (HLA class III), the tumor necrosis factor (TNF) genes and 

several others (fig 1) (114). 

Different alleles of the MHC genes are found in tight linkage disequilibrium, 

thus forming so-called ancestral haplotypes (AH) The reason for this clustering 

remains unknown, but it has been proposed that a functional relationship between the 

immune related genes in this area drives selection of these haplotypes. In other 

words, the effect of one allele would be particularly advantageous in conjunction 

with the effect of another MHC allele leading to selection of the haplotype 

containing both alleles (114)4 As a consequence, associations between disease 

susceptibility and a MHC allele can either be due to an effect ofthat particular allele, 

or to a haplotic effect. 

The following sections address the genes of the MHC region that have been 
studied in relation to IBD. 

4.1.1.1 The human leukocyte antigen genes 

The human leukocyte antigen (HLA) genes encode molecules that play a central role 

in the immune response The HLA-genes are the most polymorphic genes known and 

this feature has made them the first candidates for linkage and association studies in 

IBD (115-118). 

The HLA class 1 genes encode the HLA-A, HLA-B and HLA-C molecules 

that are present on most nucleated cells. The molecules consist of an a-chain, which 

4 

The very complex situation could occur that class II allele associated with earlv onset of a deleterious 

autoimmune disease might become associated with alleles of linked genes that confer protection 

against that particular autoimmune disorder. Paradoxically, such protective alleles could be found 

more frequently among affected individuals than in controls. 
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Chapter 1 

is highly polymorphic and a constant ß2 microglobulin chain (119). The class 1 

molecules present viral or tumor derived peptides from the cytosol, that have been 

processed in the cell. Cytotoxic T-lymphocytes (CTL) recognise the complex and kill 

the cell upon binding. The class I molecules are also involved in alloreactivity, in 

which CTLs kill cells that carry foreign class 1 molecules. In these cases it is 

assumed that the combination of a "self peptide with a "foreign" class 1 specificity 

leads to recognition of a "foreign complex" (120). 

The class II molecules are expressed on the surface of antigen presenting 

cells, such as B-lymphocytes and macrophages. The complex consists of an a-chain 

and a ß-chain that form a groove in which the antigenic peptide, a part of the antigen 

that is processed by the APC, is presented to the T-cell receptor (121, 122). 

Following recognition of the complex by a matching T-lymphocyte receptor, the T-

cell is activated and a specific response results (123). This response can either lead to 

proliferation and differentiation of the T-cells or to inhibition of the T-cell expansion 

or effector functions, depending on the type of co-stimulatory signals that are 

effectuated. Thus, antigen presentation in concert with signalling of the co-

stimulatory molecules B7 and CD 28 leads to T-cell activation, whereas B7 binding 

to the CTLA-4 molecules leads to functional unresponsiveness (124). Moreover, the 

production rate of regulatory cytokines seems to be antigen dependent (125). 

The polymorphic residues of the a-chain of the class I molecules and the ß-

chain of the class II molecules line the peptide binding cleft of the molecule. 

Different allelic products bind to different peptides with different affinity. The allelic 

abundance that is found in humans is supposed to benefit the species: the more 

alleles a population has, the better it is able to cope with infections by several 

pathogens (126). Similarly, differences in susceptibility towards autoimmune 

disorders could be explained by differences in the binding characteristics of the 

allelic products. Numerous studies have focused on allelic associations with immune 

mediated disorders, and several have been reported (54, 127). 

Studies of the HLA class I and II genes and IBD have yielded conflicting 

results (44, 45, 128). In part, this is explained by the fact that initial studies have used 

serological typing techniques, which are relatively non-specific (129). Small sample 

size and inadequate matching of disease and control groups have further contributed 

to the confusion. The relation of HLA phenotypes and IBD will be addressed below 

in detail. 
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HLA-DR2 associai ion 

The most consistent finding in the HLA association studies is an association of 

ulcerative colitis with HLA-DR2 or its "split-antigen" DR15, and indirectly (on the 

same haplotype) with the class I allele HLA-B5(2) (44, 45, 128 this thesis). The 

strongest associations have been found in Japanese patients and the 

HLADRB1*1502 allele is responsible for this association (130-134). Data on the 

DR2 association in Caucasian UC patients are inconclusive (128, 135-143). It 

appears that the DR2 sub-specificity B1*DR1501 and 1502 are positively associated 

with UC, whereas the DRB1*1601 sub-specificity are negatively associated (128, 

138). A meta-analysis on studies from the literature shows an overall association of 

UC with DR2 and DR15, but not with DR16 (this thesis). In subgroup analysis a 

relationship between p-ANCA positive UC and HLA-DR2 have been suggested but 

could not be confirmed (128, 135). 

Associations with HLA-DR2 have also been found for multiple sclerosis 

(MS), Goodpasture syndrome, and narcolepsia (54, 127). In turn, MS has been 

associated with IBD (144-148) and, as noted herein, in UC an increased frequency of 

other autoimmune disease is found (section 3.2.6) (44). These findings can be 

explained by a generalized defect of the immune system, which predisposes to 

several different autoimmune disorders. The HLA-DR2 allele and its extended 

haplotype DR51 are important candidate susceptibility loci in this respect. Other 

genes within the DR2 haplotype may also be involved. It is interesting to note that 

DR2 is associated with low levels of TNT production, whereas individuals carrying 

DR3 or DR4, both negatively associated with UC (see below), are almost always 

high producers of TNT (149, 150, 151). 

HLA-DR3 association 

HLA-DR3 is part of an ancestral haplotype, HLA-A1-B8-DR3 (152), that has been 

associated with various autoimmune disorders." DR3 is in strong linkage 

disequilibrium with a polymorphism at position -308 of the promoter region of the 

TNT-a gene (TNTA). (153) Both DR3 and the -308 polymorphism have been 

associated with an immune response that is characterised by high TNT-a production 

levels (see below) (149, 154, 155). 

5 
The following disorders have been associated with DR3 or its extended haplotype A1-BH: dermatitis 

herpetiformis, celiac disease, sicca syndrome, idiopathic Addison disease. Graves disease, insulin-

dependent diabetes, mystenia grm'is, systemic lupus erythematosus, idiopathic membranous 

nephropathy and IgA deficiency. (54) 
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Several studies have noted that DR3 confers disease resistance towards UC (138)and 

CD (142, 156, 157). A meta-analysis demonstrates a significantly lower frequency of 

DR3 in CD but not in UC (this thesis). In a subgroup of CD patients, suffering from 

peri-anal fistulas, a low DR3 frequency and a normal allele frequency of the -308 

polymorphism in the promotor region of TNFA have been found. Considering the 

strong linkage disequilibrium between the two loci equal frequencies are to be 

expected. The authors suggest that the observed recombination may play a role in 

this subgroup of CD patients (158). In UC patients requiring a surgical intervention, 

an increased frequency of the DR3-DQ2 haplotype has been observed (139, 141). 

HLA-DR4 association 

Several studies have shown that DR4 confers disease resistance towards UC (131, 

132, 141, 159) whereas it would predispose to CD (160-163). The latter findings are 

not confirmed by the meta-analysis (this thesis). Like DR3 positive individuals, 

carriers of DR4 are inclined to produce high levels of TNF. However, no association 

between the TNF genes and UC have been reported (see below). 

Other HLA associations 

The rare allele DRB1*103 has been associated with disease in UC patients from the 

UK (141). Recently, this association was confirmed in Dutch UC patients (164) (this 

thesis) and carriers of the DRB 1*103 had more severe disease as measured by the 

need for surgery (139). 

HLA-DR7 has been positively associated with CD. (156, 157) Meta-analysis 

of the data from literature reveals an overall disease association of DR7 with CD 

(this thesis). 

The DR1-DQ5 haplotype has been associated with CD (156, 159). 

Interestingly, this haplotype is in linkage disequilibrium with an extended TNF gene 

haplotype that has been associated with CD (see below) (165). 

Recently, a very strong association between CD and the HLADRB3*0301 

allele has been found (142). However, we cannot confirm this finding in Dutch IBD 

patients (this thesis). 

HLA linkage studies: 

Early studies using the HLA-A and B antigens as markers remain inconclusive on the 

question of HLA linkage to IBD (118, 166-168). Subsequent studies, using more 

extended typing including the HLA-D genes, conclude that HLA genes are not 

responsible for the genetic predisposition for CD (94, 141, 169, 170). One study has 

found evidence for a rather important role of HLA-class II UC (141), but another 
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study concludes that there is no evidence for such a linkage to the HLA region. The 

latter study includes families with more than three affected members (94). It has been 

suggested that in these families rarer, highly penetrant genes confer susceptibility 

(171). A recent genome scan suggests linkage of both UC and CD with the short arm 

of chromosome 6, which contains the MHC locus (Hampe et al, this thesis). 

In conclusion, the association between UC and DR2 (15) is well established. 

However, it remains elusive whether this association is functionally related to the 

disease process or other genes in linkage disequilibrium cause the association 

Linkage analysis and association studies indicate that HLA genes are less important, 

and their role may be limited to a subgroup of patients. 

4.1.1.2 Tumor necrosis factor genes 

The tumor necrosis factor gene family cluster is located between the MHC class III 

and class I genes (172-175) (fig 1). From telomere towards centromere the genes 

TNFB, TNFA and LTB respectively encode the cytokines LT-a (lymfotoxin-a or 

tumor necrosis factor ß), TNF-a (tumor necrosis factor a ) and LT-ß (lymfotoxin ß) 

(176, 177). These cytokines induce cytotoxic, activatory and proliferative responses 

in target cells, and are the primary mediators of the inflammatory response. 

Sustained TNF activity leads to a chronic inflammatory status and cachexia and has 

been implicated in several immune related disorders (178-182). 

TNF-a is by far the most extensively studied member of the family. In 

contrast to LT-a and LT-ß, which have a restricted pattern of expression, TNF-a is 

expressed by many cell types including T-lymphocytes, B-lymphocytes, mast cells, 

keratinocytes and astrocytes (181). Similarly, a wide range of target cells express the 

receptors for TNF-a (183). TNF-a comes in three distinct forms, membrane bound, 

soluble and intracellular. The soluble form exerts paracrine, autocrine and endocrine 

actions including up-regulation of adhesion molecules on endothelium and 

leukocytes, and induction of pro-inflammatory cytokines and pro-coagulant activity. 

The membrane bound variant is involved in cytotoxic action, and serves as a cellular 

store that can rapidly be released (178, 181). Given these distinct forms the multiple 

cellular sources and targets, the pleiotropic actions of TNF-a are readily explained. 

Stable interindividual differences in TNF production were found although in 

pre-menopausal females some fluctuations were noted (149). These results suggested 

that the difference in TNF response is influenced by sex hormones but is also due to 

heritable interindividual variations (149). Subsequently, TNF-a production levels 

were shown to be dependent of HLA phenotypes (149, 151, 184, 185). DR2 positive 
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individuals were shown to produce low levels of TNF (151, 154) whereas the DR3 

and DR4 phenotypes are characterized as high producers (149). Moreover, in a 

family with multiple affected SLE patients, the high TNF producing phenotype 

segregated with DR3/4 and the low producing phenotype with DR2 (149). 

Thus, it appeared that higher levels of TNF production were associated with 

certain HLA phenotypes, in particular the autoimmune haplotype A1B8DR3 (186), 

but it remained unclear which genes were responsible. Obviously, the issue was 

raised whether the differences in TNF production could be attributed to sequence 

variants in the TNF genes themselves. Several polymorphisms in the TNF gene 

region have been described (187-196) (fig 1) and two of them appeared to be related 

to the observed differences in the TNF production. An Ncol RFLP in the TNF ß 

gene (TNFB) was associated with higher levels of TNF ß (197) and TNF-a (198, 

199), and the infrequent allele of a RFLP at position -308 in the promotor region of 

the TNF-a gene (TNFA) was related to higher TNF-a levels (154, 155). In addition, 

this latter polymorphism is in strong linkage disequilibrium with the A1-B8-DR3 

haplotype (153). However, functional analyses of the promotor region of TNF A have 

not resulted in unequivocal evidence for a functional role of the -308 RFLP in gene 

transcription (200-202). Others have claimed that increased TNF production is due 

rather to influences on the mRNA translation than to enhancement of the gene 

transcription (203, 204). To date, no polymorphisms in the 3' untranslated region are 

known. 

Several lines of evidence suggest an important role for TNF in the 

inflammatory reaction in IBD. TNF levels are increased in the mucosa and stools of 

IBD, in particular CD patients with active inflammation. (205-207) In parallel with 

these histopathological findings, TNF producing cells in CD patients are found 

throughout the mucosa, whereas in UC patients only sub-epithelial macrophages 

produce TNF (206). Moreover, the T-helper 1 response that defines the immuno-

pathology in CD is characterized by an enhanced production of TNF-a (208). 

Although the precise mechanism of action is unknown, the administration of anti-

TNF antibodies was effective in animal models for intestinal inflammation and they 

have successfully been applied as a treatment for therapy resistant Crohn's disease 

(209,210). 

Few studies have investigated the polymorphisms in the TNF genes in 

relation with inflammatory bowel disease (211-213), but no associations were found. 

One study found a significant association between CD and a TNF haplotype defined 

as TNFa2blc2d4el, which is in linkage disequilibrium with the CD associated 

haplotype DR1-DQ5 (165). Interestingly, in a subgroup of CD patients with peri-anal 
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fistulas, a lower frequency of HLA-DR3 was reported by a normal frequency of the 

linked -308 A allele (158). This could indicate that in these CD patients 

recombination between DR3 and the TNF -308 allele may play a role. 

4.1.1.3 The complement factor genes 

The complement system consists of a series of at least ten different serum proteins. 

Upon binding of antibodies to antigen, the factors are activated in a reaction cascade, 

which finally leads to membrane damage of the target cell (214). The by-products of 

complement activation have important inflammatory properties and the complement 

factors C5a and C3a are responsible for increased vascular permeability, and 

Chemotaxis of neutrophils and leukocytosis. The genes for the complement factors 

C2 and C4 are located between the tumor necrosis factor genes and the HLA class II 

genes. Both genes display polymorphisms and are part of extended MHC haplotypes 

(152) (fig 1). 

Rare complement deficiencies may lead to inflammatory bowel disease (44) 

and in some Crohn's disease patients defects in the complement system have been 

found (215, 217). In addition, complement levels were shown to vary with disease 

activity in IBD patients suggesting a role in the pathophysiology of the disease(218-

220). However, no association studies of the C2 and C4 alleles have been reported in 

literature to date. One study has reported a weak association between the infrequent 

allele of the C3 gene, which is located on chromosome 19 and CD (221). No data are 

available on the relation between the other complement factors and inflammatory 

bowel disease. 

4.1.1.4 The TAP genes 

The TAP (transporter associated with antigen processing) genes, TAPI and TAP 2, 

are located within the MHC class 2 region between loci DQA and DPB (fig 1) (222). 

These genes encode the two sub-units of the TAP complex, a protein that transfers 

antigenic peptides through the endoplasmic reticulum membrane before their 

association with MHC class 1 molecules (223, 225). In rodents it was shown that 

mutations of the TAP genes result in alterations of the spectrum of presented 

peptides (226) or an altered surface expression of class 1 molecules (227). 

Polymorphisms have also been found in the human TAP genes (228, 229). Moreover, 

these polymorphisms are in linkage disequilibrium with DRB1 and DQ alleles and 

are therefore candidate genes for diseases that have been associated with these class 

2 alleles (230, 233). 

Despite these high notes for a role in the pathogenesis, only one group has 

studied the TAP genes in relation with IBD. No associations between UC and TAP 
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genes have been found (135). However, the TAP2 A allele (234) and the AA 

genotype (235) are positively associated with CD patients that respond to steroid 

therapy. 

4.1.2 The interleukin-1 family genes 

The interleukin-1 a (ILIA), interleukin-lß (IL1B) and interleukin-lra (IL1RN) genes 

are located in a cluster on chromosome 2q 12-21 of which the genomic sequence is 

completely known (236-243). Interleukin-lß (IL-1 ß) and interleukin-1 a (IL-la) are 

potent proinflammatory cytokines and interleukin-lra (IL-Ira) is a naturally 

occurring antagonist (244-247). 

Increased levels of IL-1 have been found both in serum and in the mucosa of 

1BD patients (248-255). Several studies have shown that IL-Ira is an important 

functional antagonist of IL-1 (247, 256). Mice overexpressing IL-lra are more 

susceptible than controls to infection with Listeria Monocytogenes and they are less 

susceptible to lethal endotoxemia, with inverse responses in IL-lra deficient mice 

(257). Immune complex colitis in rabbits can be prevented by administration of 

recombinant IL-lra (258) and neutralisation of endogenous IL-lra prolonged 

intestinal inflammation in this model (259). Rather than decreased levels of IL-lra, 

however, increased levels of this cytokine are found in both serum and mucosa of 

IBD patients (260). On the other hand, a reduced ratio of IL-lra and IL-lß has been 

observed in colonic tissue from patients with active IBD (261). Subsequent studies 

have argued that an imbalance between the proinflammatory cytokine IL-1 and its 

constitutively expressed antagonist may be of importance in the pathogenesis of 

intestinal inflammation (260, 262, 263). In rheumatoid arthritis (RA) such an 

imbalance has also been noted (264) and clinical trials of gene therapy with IL-lra 

cDNA in patients with RA have been initiated. 

Several polymorphisms in the interleukin-1 family are known (265-273) and 

the finding of an association between UC and allele 2 of a variable number of tandem 

repeats in the IL-lra gene has boosted research in this field (213). However, 

subsequent studies are inconsistent on this association, some confirming the 

association (274), while others only find an association with disease severity in UC 

(139, 275, 276) or no association at all (212, this thesis). Contrasting results are also 

reported in studies that analyzed polymorphisms in both IL1B and IL1RN. Two 

studies report that UC patients less often carries the combination of the infrequent 

alleles of the Taql RFLP in IL IB and allele 2 of the VNTR in IL1RN (276, 275), 

and one study finds an increased number of UC patients carrying both alleles when 

compared to controls (this thesis). These two polymorphisms have both been 
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associated with cytokine production levels. The infrequent allele of the Taql RFLP 

in IL1B has been associated with higher production levels of IL-1 ß in vitro (272). 

The allele 2 of the 1L1RN VNTRhas been associated with higher serum levels of IL-

lra (277) and a lower mucosal production of this cytokine (260). It should be noted 

that the associations with serum cytokine levels were established in a small group of 

subjects (272, 277) and cannot be confirmed by a similar study in a group of 60 

healthy individuals (this thesis). Furthermore, allele-specific mRNA assessment does 

not reveal differences in transcription between the alleles of the VNTR in IL1RN in 

keratinocytes (278). 

In summary, an imbalance between the proinflammatory cytokine and the 

anti-inflammatory cytokine IL-lra may play a role in the pathogenesis of intestinal 

inflammation. Two findings indicate that such an imbalance may be genetically 

determined and may be relevant for IBD. First, in some populations allele 2 of the 

VNTR in IL1RN and UC are associated, and this allele was related to a lower 

mucosal production rate of IL-lra. 

4.1.3 The natural resistance associated macrophage proteins 

The natural resistance associated macrophage proteins are members of a highly 

conserved protein family. In mammals two highly similar proteins (78% homology) 

of this family have been identified: the natural resistance associated macrophage 

protein-1 and 2 (NRAMP1 & NRAMP2) (279-281). Phylogenical studies have 

revealed that NRAMP homologues exist in distant species such as flies (Drosphila 

melanogaster, 73% homology), plants (Oryza saliva, 58% homology), yeast 

(Saccharomyces cerevisiae, 46% homology) and bacteria {Mycobacterium leprae) 

(282-285). During evolution the membrane-associated structural units and transport 

properties (ion transport) of these proteins have been well conserved (279-281 ). 

Sequence evolution within the same organisms has led to differential gene expression 

and divergent sequence evolution.6 

NRAMP1 was first identified in mice as Ity LshBcg, the gene controlling 

6 

It was suggested that NRAMP 1 and NRAMP2 evolved by gene duplication to produce two isoforms, 

NRAMP2 possibly fulfilling a housekeeping role (Fe2+ metabolism) and NRAMP1 a myeloid specific 

function (lysosomal function). (283) Similarly the plant OsNrampl, OsNramp2 and Nramp3 mav 

have evolved; the first is specifically expressed in roots, the second in leaves and the last in both 

lecn'es and roots. (286) No data prevail on the function of these three plant genes. In the flv 

Drosophila Megalogaster the Nramp homologue is designated malvolio and is expressed in the 

nervous system and phagocytes. Mutations in mavolio cause a beha\'ioral defect in taste 

discrimination. (285) 
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susceptibility towards intra-cellular pathogens such as Salmonella typhimurium, 

Leishmania donvani and Mycobacterium bovis (279, 287, 288). The human 

homologue NRAMP1 has been sequenced and mapped to band q35 on chromosome 

2(280, 289, 290). 

Functional studies have revealed that Nrampl is almost exclusively expressed 

in myeloid cells and that it regulates antimicrobial activity of macrophages (291, 

292, 293). Nrampl is recruited to the membrane of phagosomes by fusion of 

endosomes with phagosome following phagocytosis (294). It has been suggested that 

Nrampl modulates the acidification of the phagosomal lumen (295) which is 

believed to be essential for microbicidal activity (296). In macrophages defective for 

Nrampl phagosomal acidification is impaired, only when containing live 

mycobacteria. When the phagosomes contain dead mycobacteria or latex beads, no 

defect in acidification is observed, indicating that Nrampl antagonises a 

mycobacterial factor that interferes with phagosomal maturation (295). In the 

Nrampl knockout mice a phagosomal acidification defect is also observed (288) 

(297). In human NRAMP1 several polymorphisms have been identified and recently 

associations between these polymorphisms and susceptibility to mycobacterial 

infection (298) and leprosy have been found (299). 

The role of NRAMP1 in innate immunity is of particular interest, because the 

pathogenesis of Crohn's disease has repeatedly been linked to infection with 

intracellular pathogens such as M paraluberculosis and L.monocytogenes (19, 20). 

Although the pathogenic role of these pathogens in IBD is controversial, Crohn's 

disease may still be triggered by an intracellular pathogen in genetically predisposed 

individuals (300). However, an association study that assessed the allele frequency of 

two RFLP's in NRAMP1 did not reveal any differences between UC patients, CD 

patients and healthy controls (this thesis). Therefore, NRAMP1 is not likely to play a 

role in the pathogenesis of IBD. 

A family member of NRAMP1 was recently identified and named NRAMP2. 

NRAMP2 is located on chromosome 12, within the region that is linked to IBD. 

Therefore, NRAMP2 is an important positional candidate gene. 

Although the natural resistance associated macrophage protein-2 (NRAMP2) 

is very homologous to NRAMP1 (80% identical), unlike the latter, it is ubiquitously 

expressed (280, 281). The rat homologue of NRAMP2, DCT1 (=divalent-cation 

transporter), was shown to translocate Fe2+, Zn2+, Mn2+, Cd2+ and several other 

cations, and abundant expression was found in the enterocytes of the small intestine 

in a pattern consistent with the primary site of iron absorption (301, 302). DCT1 

expression was markedly increased in the small intestine following diet induced iron 

deficiency (301). Moreover, mice bearing a mutation in the Nramp2 gene suffer from 
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severe microcytic anaemia, indicating that Nramp2 is a major transferrin-

independent Fe2+ uptake system of the intestine (303). Considering these data, 

NRAMP2 is a candidate gene for heriditary hemochromatosis (HHC) (304). HHC is 

caused by mutations in the HFE gene in 88% of the cases, but the remaining cases 

are unexplained (305). 

For several reasons NRAMP2 is also a candidate gene for 1BD. First, 

NRAMP2 is located on band 13 of the long arm of chromosome 12 (281). This 

region has been identified as a susceptibility locus in several genome scans (306, 

307, Hampe et al, this thesis). Second, some patients with Crohn's disease suffer 

from a form of severe anaemia that is difficult to treat with conventional dietary iron 

suppletion therapy (308, 309). Finally, NRAMP2 is ubiquitously expressed 

throughout the body and it may mediate transport of a variety of divalent-cations. 

Many enzymatic reactions are catalyzed by divalent cations, which are therefore 

essential elements for most organisms (310). Therefore NRAMP2 could, besides iron 

uptake in the small intestine, be involved in many processes, varying from innate 

immunity to signal transduction. 

So far, one study has focused on the putative relation between NRAMP2 and 

IBD (this thesis). In a panel of 30 Crohn's disease patients with a positive family 

history a sequence analysis of NRAMP2 was performed. Although several sequence 

variants were identified, none were likely to have functional implications. 

Association studies showed a weak association between an infrequent genotype and 

Crohn's disease in a cohort of 170 CD patients and 240 healthy controls and linkage 

analysis in 69 families with IBD remained inconclusive (this thesis). These data 

suggest that NRAMP2 is not the genetic risk factor that is located on the IBD 

susceptibility locus on chromosome 12. 

4.1.5 The interleukin-10 gene 

Interleukin-10 (IL-10) is a 35 kD, non-covalently linked, homodimeric 

cytokine, that is produced by T-lymphocytes, B-cells, keratinocytes, monocytes and 

mast cells (42). This cytokine has potent immunosuppressive effects and 

downregulates the production of proinflammatory cytokines, chemokines and 

immune related growth factors. On the other hand, IL-10 is a co-stimulator of B-

cells, mast cells and thymocytes (42). A suppressive effect of IL-10 on bone 

formation has been described and is probably due to a reduction of TGF-ß synthesis. 

Several lines of evidence indicate that IL-10 is of particular importance for 

maintaining the immunological homeostasis in the intestinal mucosa. Mice lacking 

the IL-10 gene develop a chronic enterocolitis, that is most likely due to a T-
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lymphocyte mediated immune response to the endogenous bacterial flora (40, 41). A 

specific subset of T-lymphocytes (CD45RBh'eh) cause enterocolitis in SCID mice 

(311, 312), mimicking the lesions in human IBD (313). No colitis develops when 

these cells are obtained from transgenic mice, carrying the IL-10 gene under control 

of the interleukin-2 promoter (314). Even when this CD45RBhish subset is transferred 

to SCID mice mixed with CD45RBh'Bh cells from control mice, disease can be 

prevented. In addition, the colitis induced in these mice can be treated with repeated 

subcutaneous injections of IL-10 (315). In other animal models a similar action for 

IL-10 has been noted (24, 316, 317) and recently it has been shown that in vivo IL-10 

suppresses the antigen-specific immune response by generating a T-lymphocyte 

subset that prevents colitis (318). In human foetal gut expiant cultures activated T-

lymphocytes are inhibited by IL-10, thus preventing mucosal damage (319). 

Interleukin-10 reduces the HLA class II expression on antigen presenting cells (320) 

(321). It also prevents macrophage activation by inhibiting the production 

proinflammatory cytokines (322-324) and may thus be effective in these animal 

models for colitis. 

In IBD patients T-lymphocyte subsets comparable to those found in animal 

models for colitis may be important mediators of the immunopathology (23, 125). In 

the serum of patients with active inflammatory bowel disease increased 

concentrations of IL-10 have been found (325), but in homogenates of inflamed 

intestinal mucosa the levels are similar to controls (326). A dose finding study on 

treatment of CD patients with doses of recombinant IL-10 shows encouraging 

results, 50% of the patients experiencing a complete remission and 31% showing a 

clinical response (327). 

The IL-10 gene maps to chromosome Iq in an area near other immune related 

genes such as the genes for the Fc-gamma receptors and components of the 

complement system (328). Recently, IL-10 production was shown to be under 

genetic control: a promotor region polymorphism at position -1082 controls 

interleukin-10 synthesis in vitro (329) and both CD patients and UC patients more 

often carry the low producing genotype (330). However, this association has not 

been confirmed in larger groups of patients (331-332). In 198 sib-pairs genotyped for 

a dinucleoitide repeat in this gene, linkage analysis and the transmission 

disequilibrium test cannot confirm the contribution of the IL-10 gene to the risk of 

developing IBD (333). 
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4.2 Genome scans 

Four genome scans on multiple IBD affected families have been performed and 

resulted in the identification of several putative IBD susceptibility loci (table 1) (102, 

306, 334, Hampe et al, this thesis). 

The first genome scan was a joint European study used 270 polymorphic 

markers spanning the total genome, with an average distance of 13 cM in between 

the markers. (102) Simple parametric analysis of the data in this study, with a 

monogenic recessive mode of inheritance (100, 101), resulted in an exclusion of the 

whole genome. A more refined non-parametric sib-pair analysis showed evidence for 

linkage with disease for a locus on chromosome 16, that confers a weak relative 

risk: A,s=1.3 (102). Other groups that tested the region on chromosome 16 replicated 

these results (Curran et al, this thesis) (334-338). A study on 161 1BD families from 

Canada did not confirm the linkage to chromosome 16, but could not exclude the 

possibility of linkage with a Xs smaller than 2 (339). None of these studies found 

evidence for linkage of this region to UC. Summarizing, the linkage of CD disease to 

a part of chromosome 16 seems well established. The name for this locus, IBD 1, 

should be reconsidered, because this locus is not linked to UC. 

The second genome scan yielded a susceptibility locus on the long arm of 

chromosome 12, and putative linkage with chromosome 3p and 7q (306). The 

markers on chromosome 12 are strongly linked to both UC and CD. A Xs of 2.0 was 

estimated for this locus. (306). Some (Curran et al, this thesis) (335, 340), but not all 

(334, 337, 339) studies have replicated the linkage with chromosome 12. 

The third scan identified susceptibility loci on the short arm of chromosome 1 

and the long arms of chromosome 3 and 4 (334). In this study Ashkenazian-Jewish 

families and non-Ashkenazim families were analyzed separately. The locus on 

chromosome 3 had greatest significance for non-Ashkenazim families, while the 

locus on chromosome 4 was linked to mixed IBD with an Ashkenazian background. 

(334). The linkage with the long arm of chromosome 4 has been replicated in a 

second study (Hampe et al, this thesis). 

A fourth genome scan on 353 IBD sib-pairs from the UK, Germany and the 

Netherlands provided evidence for IBD susceptibility loci on chromosomes 1,6, 10, 

22. For UC linkage with chromosome X was observed (Hampe et al, this thesis). The 

susceptibility locus on chromosome 6 corresponds with the MHC region. This is 

particularly interesting as numerous associations with individual HLA-region 

molecules including class 1, class II and tumor necrosis factor alpha alleles have been 

described (see section 4.1.1). The finding of linkage in a genome scan provides an 
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additional argument for further exploration of the MHC region and illustrates that 
genome scans indeed can identify loci that harbor genetic risk factors. 

Tabic 1 Primary genome scans in families with inflammatory bowel disease. Four genome scans have 
been performed. The table summarizes the characteristics respectively: the number of markers used, 
the number of included subjects, linkages found for lire different disease groups, chromosomal 
localization of the locus, the relative risk associated with the locus and other studies replicated the 
linkage. 

Study Markers Subjects Mean 

marker 

distance# 

Disease group Chr* RR Repli-
Cation 

Hugot et al 270 
1996 (102) 

41 sib-pairs 12.8 cM CD 

CD 16 1.3 102$, 
334-336, 
338 

CD/IBD 2 

CD/UC/IBD 3p 1.8 306s 

CD/UC/IBD 7 1.9 306s 

CD/UC/IBD 12 2.0 306s 

335 

Satsangi et 260 
al 1996 
(306) 

89 sib-pairs 14.1 cM 

CD/IBD 15 

Choeta/ 377 
1998(334) 

297 pairs of 10.5 cM CD/UC lp 
affected CD/UC/IBD/ 3q 
pedigree Mixed CD/UC 
members Mixed CD/UC 4q (Hampe 

et.al) 

353 sib-pairs 9.4 cM IBD 

IBD 

CD 

IBD 

UC 

lq 
6p 

10 

22 

X 

Hampe et 

al, (this 
Uresis) 

358 

# Mean sex averaged genetic distance in centimorgans 
* Suggestive evidence for linkage to a locus (chromosome numbers are given) 
$ Result replicated in second stage following primary scan 
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Table 1 shows the susceptibility regions that have been reported for 1BD and the 

genes that are located on these loci. The identification of multiple susceptibility loci, 

with low significance levels, is frequently noted in genome scans on immune related 

disorders. The complex genetic etiology of these diseases leads to more uncertain 

results than linkage analysis of monogenic Mendelian diseases. Thus several 

susceptibility loci have been reported for multiple sclerosis (341-343), insulin 

dependent diabetes mellitus (344-348) and familial psoriasis (349-351). The complex 

genetic background of these disorders was recently studied in a combined analysis of 

the data from the specific genome scans. This analysis included two IBD genome 

scans (102, 306). Interestingly, the analysis showed clustering of non-major 

histocompatibility complex susceptibility loci on chromosome lp, 7, lOq, l ip , 12p 

and Xp (352). These loci may determine susceptibility for autoimmune disorders in 

general. The IBD susceptibility locus on chromosome 3p and 12q (306) were shared 

with multiple sclerosis. (352). The association of IBD with multiple sclerosis has 

been addressed in section 3.2.6. Importantly, not all the susceptibility loci clustered: 

some of the susceptibility loci remained unique for the distinct diseases. 

5 SUMMARY 

Inflammatory bowel disease is a chronic inflammation of the gastrointestinal tract 

and is the endpoint of several, possibly many distinct pathophysiological processes. 

The etiology is unknown, but it involves extrinsic factors such as the flora of the gut, 

diet and medication. Data from animal studies and epidemiological studies provide 

ample evidence that intrinsic factors, particularly the genes involved in the immune 

response, also play an important role in the pathogenesis of the disease. Thus, 

inflammatory bowel disease qualifies as a complex genetic disorder, which is 

difficult to describe by means of simple Mendelian models. More likely several 

genes interact in different combinations with multiple environmental factors to 

produce distinct disease entities that share chronic intestinal inflammation as a 

common feature. 

Genehunting for genetic risk factors in inflammatory bowel disease relies on 

association studies and linkage analysis in affected families. Genes in MHC region 

on chromosome 6 are most likely involved in the pathogenesis of both ulcerative 

colitis and Crohn's disease. Associations studies show that HLA genes class 2 genes 

and the TNF genes may play a role in the pathogenesis, but the association can also 

be due to linkage disequilibrium with a true genetic risk factor in this region. The 

gene for the interleukin-1 receptor antagonist is the only non-MHC gene that is 
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associated with UC, in particular with disease severity. For Crohn's disease no risk 
factors outside the MHC region are known. 

Genome scanning by means of marker maps that span the genome results in 

the identification of disease susceptibility loci. So far, two loci, on chromosome 12 

and 16, have been linked with disease susceptibility, while other loci await 

confirmation of linkage. The genes that are located on the susceptibility loci are 

candidates for further analysis. 

6 AIM AND OUTLINE OF THIS THESIS 

The aim of this thesis was to identify and study genetic factors in the pathogenesis of 

inflammatory bowel disease. In this thesis we determine the importance of reported 

genetic risk factors such as allelic variants of the interleukin-1 gene family and the 

HLA class 2 genes. In chapter 2 we focus on the interleukin-1 family by assessing 

the frequency distribution of 5 polymorphisms in these genes. We explore the 

relationship of these polymorphisms with cytokine production in vitro. A putative 

role for two genes involved in innate immunity, the genes for the natural resistance 

associated macrophage protein 1 and the interferon y receptor 1, is analyzed in 

chapter 3. In chapter 4 we assess the phenotype distribution of the HLA class 2 

genes in the population of 1BD patients of the Academic Medical Center Similar 

data from other populations are summarized in chapter 5 and subjected to a meta

analysis. In chapter 6 we present a sequence analysis of the natural resistance 

associated macrophage protein 2, which is a positional candidate gene on 

chromosome 12. In addition, the genetic markers in this gene are used for a linkage 

analysis and their distribution in our population of IBD patients is assessed. Joining 

an international effort to identify IBD susceptibility loci we present a replication 

study on two reported susceptibility loci in chapter 7 and a genome scan to identify 

novel susceptibility loci in chapter 8. 
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