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   Chapter 1 
 

Inflammatory Bowel Disease: from genetics to therapy 

-- General introduction and scope of the thesis 
 

 9



Crohn’s disease (CD) and Ulcerative colitis (UC) are chronic, non-specific, idiopathic 

inflammatory bowel diseases (IBD). It is generally thought that IBD originates from an 

environmental trigger that induces an uncontrolled immune response against commensal 

luminal microorganisms in genetic susceptible hosts (1-2). Major differences are observed in 

the prevalence of the IBDs in different parts of the world, with high incidence rates in Europe 

and Northern America, while these diseases are relatively rare in Asia, Africa and South 

America (3-4). It is likely that this is caused by differences in genetic background and/or 

environmental factors, but it is unknown how much these factors actually contribute to the 

world-wide distribution of IBD. To obtain insight in the contribution of specific genetic 

factors to the development IBD in different ethnic populations we first performed genetic 

susceptibility studies in IBD patient cohorts from The Netherlands and China. The second part 

in the thesis subsequently focuses on the function of the innate immune system in IBD 

patients and how this is modulated by drug therapy. Finally, the implications of IBD 

susceptibility genes to innate immune function are discussed with specific focus on 

monocytes. 

 

The aim and outline of this thesis is two-fold: 
1. To identify genetic factors in both Caucasians and Han Chinese that predispose to UC. 
2. To determine the molecular effect of immunomodulatory medicine Azathioprine that 
leads to effective suppression of intestinal inflammation in CD. 

 

1.1 Clinical aspects of IBD 

Crohn’s disease is a relapsing, transmural inflammatory disease of the gastrointestinal mucosa 

that can affect the entire gastrointestinal tract from the mouth to the anus. Ulcerative colitis is 

a relapsing non-transmural inflammatory disease that is restricted to the colon. Although it are 

different diseases, both CD and UC patients present with any of the following symptoms: 

abdominal pain, vomiting, diarrhea, fever, hematochezia, and weight loss. Up to 25% patients 

with CD or UC develop extraintestinal manifestations of the disease, such as primary 

sclerosing cholangitis, erythema nodosum, pyoderma gangrenosum, uveitis, episcleritis, 

pleuritis, myocarditis, arthritis and ankylosing spondylitis (1, 5). 

No defining diagnostic test exists for either CD or UC. The diagnosis is made on the basis of 

the patient history and physical examination together with objective findings from endoscopic, 

radiological, laboratory and histological studies. The appearance of the human colon as 

viewed by colon endoscopy in normal condition, CD and UC is shown in Figure 1. In clinical 

practice, disease activity of CD and UC is typically described as mild, moderate, or severe 

based on the frequency of bloody stools and systemic symptoms such as tolerance to oral 

alimentation, fever, abdominal pain or tenderness, toxic megacolon, anaemia and presence of 

intestinal obstruction.  

The peak age at onset is between 10-30 years for both CD and UC. About 25% of all patients 

are younger than 20 years. Currently, there is no cure for IBD. However, effective medical 

treatment is available that can temper the inflammation and relieve the symptoms of diarrhea, 

10 

http://en.wikipedia.org/wiki/Vomiting
http://en.wikipedia.org/wiki/Diarrhea
http://en.wikipedia.org/wiki/Hematochezia
http://en.wikipedia.org/wiki/Weight_loss


abdominal pain, and rectal bleeding. In clinical practice, about half of the patients of a given 

cohort are in clinical remission, meaning that they are free of symptoms including those who 

effectively respond to medical or surgical intervention. Overall, IBD patients have a normal 

life expectancy (1,5). 

 
 

 

 

 

 

Figure 1. The appearance of human colon during colon endoscopy. (A) Descending 

colon of a healthy individual; (B) Sigmoid colon of a patient with CD showing linear 

and serpinguous ulcerations and patchy inflammation resulting in cobblestone pattern; 

(C) Descending colon of a patient with UC showing confluent superficial ulceration and 

spontaneous haemorrhage. 

1.2 Epidemiology of IBD 

The incidence rates and prevalence of IBD varies between countries, ethnicities and has 

significantly increased in recent decades. The highest incidence rates for both CD and UC 

have been reported in northern Europe and North America, where the rates are now beginning 

to stabilize. The prevalence of UC and CD in North America and Europe is estimated to be 

100-150 per 100,000 (3,6,7). In contrast, the estimated incidence rates are much lower in East 

Asia, as reported by studies from Japan, Hong Kong, mainland China, South-Korea and 

Singapore, but a trend towards increasing incidence is observed in these areas (4,8-12). The 

reason for this increase is unclear: it may partly be explained by improved diagnostic 

measures, but is probably due to recent changes in life styles in these fast developing areas. In 

mainland China, the estimated prevalence of UC was 11.6 per 100,000 and for CD 1.4 per 

100,000 in 2000 (11). The fact that clear epidemiological differences exist between 

populations is most evidently shown by migration studies. In a study performed in Singapore, 

the prevalence of UC was 6.0 per 100,000 in Chinese migrants, while a significantly higher 

prevalence was observed in Indian migrants (16.2 per 100,000) (12). The reason for the 

difference of incidences among populations is unclear, but is most likely a result of 

differences in the genetic background and life styles. 

 

1.3 IBD pathogenesis 

1.3.1 Genetic susceptibility 

Most human diseases have a genetic component to their pathogenesis. In principle, the genetic 

disorders can be divided into two categories, Mendelian disorders (single mutant gene) or 
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Linkage and linkage disequilibrium: Two genetic loci are linked if they are 
transmitted together from parent to offspring more often than expected under 
independent inheritance. They are in linkage disequilibrium if, across the population as 
a whole, they are found together on the same haplotype more often than expected when 
randomly inherited. 
Candidate gene: A gene for which there is evidence of its possible role in the trait or 
disease that is under study. A candidate-gene study is therefore a hypothesis-based 
approach, meaning that genes are selected for further analysis, either by their location in 
a region of linkage, or on the basis of other (experimental) evidence that they might 
affect disease risk.  
Haplotype: a set of closely linked genetic markers present on one chromosome which 
tend to be inherited together. In the International HapMap Project, haplotype is a set of 
single-nucleotide polymorphisms (SNPs) that are statistically associated. 

 

complex disorders (multigenic diseases). In Mendelian disorders, inheritance of the disease 

mutation (e.g., by autosomal-recessive or -dominant inheritance) by itself is largely sufficient 

to result in the disease phenotype. In contrast, for complex disorders, various combinations of 

genetic, environmental, and developmental factors interact to result in varying susceptibility 

to disease and variable phenotypic manifestations (13). CD and UC are complex diseases, 

implying that numerous genetic and environmental factors interact and finally lead to disease. 

Linkage and candidate-gene studies 

Before the application of genome-wide association (GWA) studies that were first reported in 

2005 (14), genetic susceptibility for complex diseases like IBD was primarily analyzed by 

linkage or candidate-gene studies. Linkage analysis successfully identified 9 genomic regions 

that showed significant association to IBD, called IBD1-IBD9 (15). With the identification of 

mutations in the NOD2/CARD15 gene in the IBD1 locus on chromosome 16, the first step in 

understanding the pathogenesis of Crohn’s disease was made (16,17). NOD2 is a cytosolic 

protein, which is activated by bacterial cell wall components thereby activating an 

inflammatory response. Molecular evidence was obtained for the between IBD and an 

improper response to gut bacteria (18,19). 

Following the success of NOD2, many studies have subsequently focused on candidate genes 

in the other IBD loci, as well as candidate genes that by function, e.g. gut mucosal immunity, 

or by phenotype, e.g. sensitizing for colitis when absent in mice, were likely IBD 

susceptibility genes. This way, several additional genes were found that predispose to IBD, 

including MDR1, DLG5, SLC22A4 (also known as OCTN1), SLC22A5 (or OCTN2), NOD1, 

MYOIXB and ICAM-1 (20-28). These genes, however, explain only a small fraction of the 

overall heritability of the disease, and replication of the results in independent studies has not 

consistently observed. The major limitation of linkage analysis is that markers that flank the 

disease gene must segregate with the disease in families. Due to the low heritability of most 

complex traits, linkage analysis is more suitable for finding rare risk variants with a strong 

effect, rather than common risk variants with a small or modest effect (29). Candidate-gene 

studies will, at best, identify only a fraction of genetic risk factors. Another limitation of early 
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genetics studies is inadequately powered study designs that are prone to type 1 (false-positive) 

errors. Linkage and candidate-gene studies using larger sample size, larger pedigrees, and 

dense marker sets will be more relevant in the future. 

International HapMap project 

After the completion of the human genome sequence, one could in principle obtain the 

complete genomic sequence of individuals with and without a certain disease and search for 

differences between the two to identify the pathogenic genetic factors. Indeed, bio-companies 

are in a race to commercialize cost-effective full genome sequencing technology. However, to 

date, this approach is still technically difficult. The HapMap project provides an effective 

alternative. The International HapMap Project is an organization whose goal is to develop a 

haplotype map of the human genome that systematically identifies single nucleotide 

polymorphisms (SNPs) throughout the genome and describes the patterns of common SNP 

variation (for allele frequencies > 1% in a population) throughout the genome of various 

population cohorts (30-33).  

In the genetic analysis aiming to identify the disease associated genes, the study design can be 

as follows: after a candidate region of interest in the genome is identified to be analyzed, a set 

of tag SNPs within this region can be selected from the HapMap data. These tag SNPs 

strongly correlate with other SNPs in the region so that presence of the tag SNPs determines 

the individual's haplotype. By comparing a patient cohort with a control group, disease-

specific haplotypes can be identified (34). An additional advantage of HapMap data is that it 

facilitates cross-ethnic genetics study. Most of the common haplotypes occur in all human 

populations. However, their frequencies and sometimes the patterns of linkage disequilibrium 

differ between ethnic populations. This may help to fine-map linkage disequilibrium blocks 

that contain multiple genes, which may aid in identifying the true disease-associated variants 

in these regions (33). 

Genome-wide association (GWA) study 

Although there are millions of common SNPs throughout the human genome, many of these 

SNPs are highly correlated in linkage disequilibrium. Therefore, once the patterns of 

correlation are systematically defined, the number of SNPs required to comprehensively assay 

most common genetic variations can be reduced to several hundred thousands SNPs. 

Nowadays, the GWA array platforms allow researchers to test 500,000 or more SNPs across 

the genome from each subject (29). GWA studies have been very successful in identifying 

IBD susceptibility genes (34-44), probably because of the relatively large influence of genetic 

factors on disease risk and relatively “simple” phenotype spectrum of the IBDs compared to 

other autoimmune diseases. With the aid of GWASs and the collaboration of many research 

groups worldwide, the list of genes associated to CD and UC pathogenesis has been expanded 

exponentially in recent years. Currently, more than 30 CD and 18 UC susceptibility loci have 

been identified with a genome wide significance threshold of p < 10-8 (45). This number is 

expected to raise soon to ≈100 with current large scale GWAS meta-analyses underway . 

Roughly half of these loci are shared between the two diseases, implying a partly shared 
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pathogenesis. Other loci have been identified to be specific for CD like NOD2 and the 

autophagy-associated genes IRGM and ATG16L1 (46), while loci harbouring genes like 

MYO9B, ECM1, IL2 and IL21 seem to be specifically associated with UC (25, 47,48). Most 

genes or loci were identified in European and American Caucasians. So far, relatively little is 

known about the genetic background of IBD patients from other ethnicities (49-51). It is 

expected that the genetic background between different ethnicities will involve some ethnicity 

specific genes but will for the greater part overlap, either on a genetic level or through 

different genes involved in the same biological pathways. A schematic presentation of the 

currently known CD associated genes in different ethnicities is depicted in Figure 2. 

European and North American 

>30 
Eastern Asians 

Other ethnicities 

<10 

 
Figure 2. The distribution of CD associated genes by ethnicities (16,17 20-28, 34-44, 47- 51). 

 

1.3.2  Environmental factors. 

The traditional low incidence of inflammatory bowel disease and other chronic inflammatory 

disorders in developing countries, which is now on the rise, might be related to 

socioeconomic changes affecting hygiene. For example, a lower risk of developing 

inflammatory bowel disease, particularly CD, has been reported for lower birth rank, absence 

of tap water, absence of hot water, large or poor families with several children, crowded living 

conditions, or consumption of contaminated foods. Excessive sanitation might limit exposure 

to environmental antigens and impair the functional maturation of the mucosal immune 

system and induction of immune tolerance, which ultimately result in inappropriate immune 

responses when re-exposed to these antigens later in life. Psychological stress has anecdotally 

been reported to increase activity of inflammatory bowel disease. Adverse life events, chronic 

stress, and depression seem to increase the likelihood of relapse in patients with quiescent 

disease. Experimental evidence suggests involvement of direct interactions of the nervous and 

immune systems (52,53). 

1.3.3 Immune disorders of IBD patients 

It is widely accepted that inflammatory bowel disease results from an inappropriate response 

of the mucosal immune system to the indigenous flora and other luminal antigens. But how 

and why do microbial antigens induce an inappropriate inflammatory response? Accumulating 

evidence from in vitro, animal and human studies suggests that several, mutually interactive, 

pathways result in the induction of inflammatory cascades (2). 
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Human innate immunity:  comprises the cells and mechanisms that defend the host 
from infection by microbes in a non-specific manner. The innate immune cells 
recognize and respond to pathogens in a generic way. Innate immune systems provide 
immediate defense against infection, but do not confer specific protection against 
pathogens. 
Human adaptive immunity: composed of highly specialized, systemic cells and 
processes that eliminate or prevent pathogenic challenges. The adaptive or "specific" 
immune system is activated by the “non-specific” and evolutionary older innate 
immune system. The adaptive immune response recognizes and remembers specific 
pathogens, and mounts stronger attacks each time the pathogen is encountered, 
preparing the body itself for future challenges. 

In the healthy state, the human intestinal immune system represents a complex network of 

different lymphoid and non-lymphoid cell populations and humoral factors. Approximately 

21015 bacteria reside in the human gastrointestinal tract. The epithelial surface serves as an 

effective barrier for this microbiological environment and is rapidly repaired if wounded. 

Normal wear and tear of the intestine allows bacteria to pass the barrier fairly frequently. 

Following such translocation and possible replication in the submucosal layer of the microbe 

involved, macrophages serve as sentinels that recognize, ingest and destroy the pathogens 

involved in these routine translocation events. If the stimulation of microorganisms cannot be 

quickly cleared by intestinal innate immune reactions, adaptive immune reactions are induced 

via antigen presentation (54).  

It seems impossible to discern the initiating or primary events that lead to the malfunction of 

the immune system of IBD patients, as the well-controlled balance of the intestinal immune 

system appears to be disturbed at all levels. Nevertheless, among the more than 30 distinct 

susceptibility loci for CD, the most strongly associated genes, such as NOD2, ATG16L1, 

IRGM and IL23R, indicate a role for imbalanced innate immunity in the pathophysiology in 

CD (26,36,38). It is likely though that the impaired balance of intestinal immunity in 

individual patients occurs at different levels in the immune response. However, the final 

common event is a multitude of aggressive metabolites and mediators that accumulate in the 

mucosa, resulting in tissue damage and inflammation (55,56). 

More details about the intestinal immune system and malfunction of the innate immune 

system in IBD patients are described in Chapter 4 “monocytes and their pathophysiological 

role in Crohn’s disease” of this thesis. 

 

1.4 IBD Therapy  

Currently, there is no cure for IBD. However, effective medical treatment is available, which 

can calm the inflammation and relieve the symptoms of diarrhea, abdominal pain, and rectal 

bleeding. The most common drugs are 5-aminosalicylic acid (mesalazine), corticosteroids and 

immunosuppressants, such as thiopurines (Azathioprine (AZA), 6-mercaptopurine (6-MP)) 

and methotrexate. In addition, antibodies against TNF- show strong efficacy to induce and 

maintain remission of IBD. It is important to note that despite the widespread clinical use of 
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these drugs, the underlying mechanisms by which the symptoms of patients are controlled 

remain unclear. Although it appears that drugs used to treat IBD are generally safe and 

effective, they must be closely monitored for side effects (1). 

Mesalazine is used to induce remission in mild to moderately active UC patients, while its 

effect in CD patients remains controversial. Corticosteroid is the step-up medicine for the 

patients who do not response to mesalazine. Although corticosteroid is effective for inducing 

remission in most patients, it fails to maintain remission and has no effect on intestinal 

mucosal healing. Thiopurine drugs (AZA and 6-MP) are effective for maintaining long-term 

remission and mucosal healing (57). 

The advent of biological therapy has revolutionized the IBD treatment. Current biological 

medicines include Infliximab, Certoluzimab and Adalimumab, which are monoclonal 

antibodies against TNF-α, and Natalizumab, which is a monoclonal antibody against the 

cellular adhesion molecule α4-integrin. For the patients who have a poor outcome prediction 

(age < 40 years, stricturing disease, needing initial treatment with steroids, perianal disease at 

diagnosis) and whose symptoms can not be controlled by the conventional therapies, 

biological therapy is generally effective in inducing and maintaining remission (57). 

AZA is widely used to maintain remission in IBD patients. Despite the fact that AZA is 

already used for four decades as an immunosuppressant for a variety of immune-mediated 

diseases as well as after transplantation procedures, the molecular and cellular mechanisms 

underlying the action of AZA on the human immune system is poorly understood. Recent 

studies have shown that AZA and its metabolites impair lymphocyte proliferation and induce 

apoptosis of human CD4+ T lymphocytes through inhibition of the Rac1 (Ras-related C3 

botulinum toxin substrate 1) signaling pathway (58). Hence, AZA may temper disease activity 

via inhibition of the T lymphocyte compartment, which shows exaggerated activity in patients 

with CD. 

Rac (three isoforms: Rac1, Rac2, and Rac3) is a subfamily of the Rho family of GTPases, 

small (≈21 kDa) signaling G proteins that 

regulate a diverse array of cellular events. 

These include 1) control of cytoskeletal 

remodelling and cell migration, 2) activation of 

phagocyte effector function as NADH-oxidase 

activation and phagocytosis and 3) control of 

gene expression and cell cycle progression 

through the activation of the p38 MAP kinase 

and Jun-N-terminal-kinase. Although the 

mechanisms through which Rac is involved in 

the pathogenesis of IBD are unclear, it may act 

via (a combination of) the following three 

pathways: (1) modulation of the phagocytotic 

activity of innate immune cells via actin 
Figure 3. Regulation of filamentous actin 
by Rac and Rho. 
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aggregation and organization, (2) induction of T lymphocyte apoptosis; (3) induction of the 

transcriptional activity of NF-kappaB through phosphorylation and degradation of IB(59,60). 

Changes in the cell cytoskeleton represent key features of the biological process of 

phagocytosis, and the Rho family GTPases play important regulatory roles in phagocytosis by 

linking membrane receptors to the actin cytoskeleton. Rac and Rho are activated by exchange 

of GDP for GTP, catalysed by guanine nucleotide exchange factors (GEFs). They are 

inactivated by GTP hydrolysis, catalysed by GTPase-activating proteins (GAPs). In their 

active, GTP-bound conformation, Rac proteins bind to and activate PAK serine/threonine 

kinases (PAK1, PAK2 and PAK3), whereas Rho proteins (isoforms RhoA, RhoB and RhoC) 

bind to and activate ROCK serine/threonine kinases (ROCK-1 and ROCK-2). PAKs and 

ROCKs can then phosphorylate and activate LIMKs (LIMK1 and LIMK2), which in turn 

phosphorylate and inactivate cofilin. Cofilin is dephosphorylated by the phosphatase 

Slingshot. Unphosphorylated cofilin stimulates severing and depolymerization of filamentous 

actin (F-actin) in lamellipodia, the broad sheet-like protrusions and the site from which 

particles or aggregates attached to the cell surface during phagocytosis  (Figure 3) (60-63). 

 

1.5 The scope of the thesis 

The pathogenesis of IBD (both CD and UC) has not been fully clarified. The aim of this thesis 

is two-fold: 1) to identify genetic factors in both Caucasians and Han Chinese that predispose 

to UC; 2) to determine the molecular effect of AZA that leads to effective suppression of 

intestinal inflammation in CD. 

In chapter 2, we follow a candidate-gene approach to determine the putative association of 

SNPs in the gene encoding the runt-domain-transcription-factor 3 (RUNX3) with the 

development of UC in a Dutch cohort of IBD patients. 

In contrast to the rapid development of our knowledge on genetic susceptibility of IBD in the 

Caucasian population, still little information is available about the genes involved in eastern 

Asian populations, where significant lower IBD incidences are reported. In Chapter 3, we 

selected six known UC susceptibility loci identified in Caucasian population and performed a 

study in Han Chinese UC patients to determine possible overlap and potentially finemap UC 

susceptibility genes.  

Most identified CD susceptibility genes currently known are linked to innate immune 

functions and are highly expressed in monocytes, suggesting a putative role of impaired 

monocyte function in the pathogenesis of CD. In chapter 4, we provide an overview of the 

role of monocytes, the main mediators for both innate and adaptive immunity, in Crohn’s 

disease, and the potential role of susceptibility genes in the pathophysiology of monocyte 

dysfunctions in CD. 

In chapter 5, we aimed to optimize the procedure to purify human moncytes from peripheral 

blood samples in order to analyse and quantify the phagocytotic capacity of these cells. 

In chapter 6, we aim to determine the effect of 6-thioguanidine (6-TG), the therapeutic 

metabolite of Azathioprine, on innate immune functions of monocytes from CD patients and 
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healthy volunteers, with specific focus on bacterial phagocytosis and cytokine production. 

In chapter 7, we provide an integrated discussion of the data presented in this thesis and their 

implications for the treatment of IBD patients of different ethnicities. 

 

 

References 

1.  Baumgart DC, Sandborn WJ. Inflammatory bowel disease: clinical aspects and established 

and evolving therapies. Lancet 2007;369:1641-1657. 

2.   Baumgart DC, Carding SR. Inflammatory bowel disease: cause and immunobiology. 

Lancet 2007;369:1627-1640. 

3.   Logan I, Bowlus CL. The geoepidemiology of autoimmune intestinal diseases. 

Autoimmun Rev 2010;9:372-378. 

4.  Ouyang Q, Tandon R, Goh KL, et al. Management consensus of inflammatory bowel 

disease for the Asia-Pacific region. J Gastroenterol Hepatol 2006;21:1772-1782. 

5.   Jewell DP. New patients, new lessons, new thinking in inflammatory bowel disease: 

World Congress of Gastroenterology Symposium, Montreal, Canada, September 2005. 

Colorectal Dis 2006;8 Suppl 1:1-2 

6.  Loftus EV, Jr. Clinical epidemiology of inflammatory bowel disease: Incidence, 

prevalence, and environmental influences. Gastroenterology 2004;126:1504-151. 

7.   Vind I, Riis L, Jess T, et al. Increasing incidences of inflammatory bowel disease and 

decreasing surgery rates in Copenhagen City and County, 2003-2005: a population-based 

study from the Danish Crohn colitis database. Am J Gastroenterol 2006;101:1274-1282. 

8.   Asakura K, Nishiwaki Y, Inoue N, et al. Prevalence of ulcerative colitis and Crohn's 

disease in Japan. J Gastroenterol. 2009;44:659-665. 

9.   Yang SK, Yun S, Kim JH, et al. Epidemiology of inflammatory bowel disease in the 

Songpa-Kangdong district, Seoul, Korea, 1986-2005: a KASID study. Inflamm Bowel Dis 

2008;14:542-549. 

10. Lok KH, Hung HG, Ng CH,et al. Epidemiology and clinical characteristics of ulcerative 

colitis in Chinese population: experience from a single center in Hong Kong. J 

Gastroenterol Hepatol 2008;23:406-410. 

11. Zheng JJ, Zhu XS, Huangfu Z, et al. Prevalence and incidence rates of Crohn's disease in 

mainland China: a meta-analysis of 55 years of research. J Dig Dis 2010;11:161-166. 

12. Lee YM, Fock K, See SJ, et al. Racial differences in the prevalence of ulcerative colitis 

and Crohn's disease in Singapore. J Gastroenterol Hepatol 2000;15:622-625. 

13. Cho JH. Genome-wide association studies: present status and future directions. 

Gastroenterology 2010;138:1668-1672. 

14. Hu N, Wang C, Hu Y, et al. Genome-wide association study in esophageal cancer using 

GeneChip mapping 10K array. Cancer Res 2005;65:2542-2546. 

15. Schreiber S, Rosenstiel P, Albrecht M, et al. Genetics of Crohn disease, an archetypal 

inflammatory barrier disease. Nat Rev Genet 2005;6:376-388. 

18 

http://www.ncbi.nlm.nih.gov/pubmed/16594956
http://www.ncbi.nlm.nih.gov/pubmed/16594956
http://www.ncbi.nlm.nih.gov/pubmed/19424654
http://www.ncbi.nlm.nih.gov/pubmed/19424654
http://www.ncbi.nlm.nih.gov/pubmed/17941073
http://www.ncbi.nlm.nih.gov/pubmed/17941073
javascript:AL_get(this,%20'jour',%20'Inflamm%20Bowel%20Dis.');
http://www.ncbi.nlm.nih.gov/pubmed/17623033
http://www.ncbi.nlm.nih.gov/pubmed/17623033
http://www.ncbi.nlm.nih.gov/pubmed/20579219
http://www.ncbi.nlm.nih.gov/pubmed/20579219
http://www.ncbi.nlm.nih.gov/pubmed/10921415
http://www.ncbi.nlm.nih.gov/pubmed/10921415


16. Hugot JP, Chamaillard M, Zouali H, et al. Association of NOD2 leucine-rich repeat 

variants with susceptibility to Crohn's disease. Nature 2001;411:599-603. 

17. Ogura Y, Bonen DK, Inohara N, et al. A frameshift mutation in NOD2 associated with 

susceptibility to Crohn's disease. Nature 2001;411:603-606. 

18. Ogura Y, Inohara N, Benito A, et al. Nod2, a Nod1/Apaf-1 family member that is 

restricted to monocytes and activates NF-kappaB. J Biol Chem 2001;276:4812-4818. 

19. Cooney R, Baker J, Brain O,et al. NOD2 stimulation induces autophagy in dendritic cells 

influencing bacterial handling and antigen presentation. Nat Med 2010;16:90-97. 

20. Schwab M, Schaeffeler E, Marx C, et al. Association between the C3435T MDR1 gene 

polymorphism and susceptibility for ulcerative colitis. Gastroenterology 2003;124:26-33. 

21. Croucher PJ, Mascheretti S, Foelsch UR, et al. Lack of association between the C3435T 

MDR1 gene polymorphism and inflammatory bowel disease in two independent Northern 

European populations. Gastroenterology 2003;125:1919-1920. 

22. Stoll M, Corneliussen B, Costello CM, et al. Genetic variation in DLG5 is associated with 

inflammatory bowel disease. Nat Genet 2004;36:476-480. 

23. Browning BL, Annese V, Barclay ML, et al. Gender-stratified analysis of DLG5 R30Q in 

4707 patients with Crohn disease and 4973 controls from 12 Caucasian cohorts. J Med 

Genet 2008;45:36-42. 

24. Peltekova VD, Wintle RF, Rubin LA, et al. Functional variants of OCTN cation 

transporter genes are associated with Crohn disease. Nat Genet 2004;36:471-475. 

25. van Bodegraven AA, Curley CR, Hunt KA, et al. Genetic variation in myosin IXB is 

associated with ulcerative colitis. Gastroenterology 2006;131:1768-1774. 

26. Hong J, Leung E, Fraser AG, et al. Polymorphisms in NFKBIA and ICAM-1 genes in 

New Zealand Caucasian Crohn's disease patients. J Gastroenterol Hepatol 2007;22:1666-

1670. 

27. Zouali H, Lesage S, Merlin F, et al. CARD4/NOD1 is not involved in inflammatory bowel 

disease. Gut 200;52:71-74. 

28. Yang H, Vora DK, Targan SR, et al. Intercellular adhesion molecule 1 gene associations 

with immunologic subsets of inflammatory bowel disease. Gastroenterology 

1995;109:440-448. 

29. Hirschhorn JN, Daly MJ. Genome-wide association studies for common diseases and 

complex traits. Nat Rev Genet 2005;6:95-108. 

30. The International HapMap Consortium. A Haplotype Map of the Human Genome. Nature 

2005;437:1299-1320. 

31. Goldstein DB, Cavalleri GL. Genomics: Understanding human diversity. 

Nature 2005;437:1241-1242. 

32. Myers S, Bottolo L, Freeman C, et al. A fine-scale map of recombination rates and 

hotspots across the human genome. Science 2005;310:321-324. 

33. Hinds DA, Stuve LL, Nilsen GB, et al. Whole genome patterns of common DNA variation 

in three human populations. Science 2005;307:1072-1079. 

 19

http://www.ncbi.nlm.nih.gov/pubmed/11087742
http://www.ncbi.nlm.nih.gov/pubmed/11087742
http://www.ncbi.nlm.nih.gov/pubmed/19966812
http://www.ncbi.nlm.nih.gov/pubmed/19966812
http://www.ncbi.nlm.nih.gov/pubmed/15107849
http://www.ncbi.nlm.nih.gov/pubmed/15107849
http://www.ncbi.nlm.nih.gov/pubmed/15716906
http://www.ncbi.nlm.nih.gov/pubmed/15716906


34. Clayton DG, Walker NM, Smyth DJ, et al. Population structure, differential bias and 

genomic control in a large-scale, case-control association study. Nature Genetics 

2005;37:1243-1246. 

35. Wellcome Trust Case Control Consortium. Genome-wide association study of 14,000 

cases of seven common diseases and 3,000 shared controls. Nature 2007;447:661-678. 

36. Duerr RH, Taylor KD, Brant SR, et al. A genome-wide association study identifies IL23R 

as an inflammatory bowel disease gene. Science 2006;314:1461-1463. 

37. Libioulle C, Louis E, Hansoul S, et al. Novel Crohn disease locus identified by genome-

wide association maps to a gene desert on 5p13.1 and modulates expression of PTGER4. 

PLoS Genet 2007;3:58. 

38. Rioux JD, Xavier RJ, Taylor KD, et al. Genome-wide association study identifies new 

susceptibility loci for Crohn disease and implicates autophagy in disease pathogenesis. 

Nat Genet 200739:596-604. 

39. Franke A, Hampe J, Rosenstiel P, et al. Systematic association mapping identifies NELL1 

as a novel IBD disease gene. PLoS One 2007;2:691. 

40. Hampe J, Franke A, Rosenstiel P, et al. A genome-wide association scan of 

nonsynonymous SNPs identifies a susceptibility variant for Crohn disease in ATG16L1. 

Nat Genet 2007;39:207-211. 

41. Parkes M, Barrett JC, Prescott NJ, et al. Sequence variants in the autophagy gene IRGM 

and multiple other replicating loci contribute to Crohn's disease susceptibility. Nat Genet 

2007;39:830-832. 

42. Franke A, Fischer A, Nothnagel M, et al. Genome-wide association analysis in sarcoidosis 

and Crohn's disease unravels a common susceptibility locus on 10p12.2. Gastroenterology 

2008;135:1207-1215. 

43. Craddock N, Hurles ME, Cardin N, et al. Genome-wide association study of CNVs in 

16,000 cases of eight common diseases and 3,000 shared controls. Nature 2010;464:713-

720. 

44. Yamazaki K, McGovern D, Ragoussis J, et al. Single nucleotide polymorphisms in 

TNFSF15 confer susceptibility to Crohn's disease. Hum Mol Genet 2005;14:3499-3506. 

45. Barrett JC, Hansoul S, Nicolae DL, et al. Genome-wide association defines more than 30 

distinct susceptibility loci for Crohn's disease. Nat Genet 2008;40:955-962. 

46. Franke A, Balschun T, Karlsen TH, et al. Replication of signals from recent studies of 

Crohn's disease identifies previously unknown disease loci for ulcerative colitis. Nat 

Genet 2008;40:713-715. 

47. Fisher SA, Tremelling M, Anderson CA, et al. Genetic determinants of ulcerative colitis 

include the ECM1 locus and five loci implicated in Crohn's disease. Nat Genet 

2008;40:710-712. 

48. Festen EA, Goyette P, Scott R, et al. Genetic variants in the region harbouring IL2/IL21 

associated to ulcerative colitis. Gut 2009;58:799-804. 

20 



49. Yamazaki K, McGovern D, Ragoussis J, et al. Single nucleotide polymorphisms in 

TNFSF15 confer susceptibility to Crohn's disease. Hum Mol Genet 2005;14:3499-506. 

50. Asano K, Matsushita T, Umeno J, et al. A genome-wide association study identifies three 

new susceptibility loci for ulcerative colitis in the Japanese population. Nat Genet 

2009;41:1325 - 1329. 

51. Nakagome S, Takeyama Y, Mano S, et al. Population-specific susceptibility to Crohn's 

disease and ulcerative colitis; dominant and recessive relative risks in the Japanese 

population. Ann Hum Genet 2010;74:126-136. 

52. Goh K, Xiao SD. Inflammatory bowel disease: a survey of the epidemiology in Asia. J 

Dig Dis 2009;10:1-6. 

53. Han DY, Fraser AG, Dryland P, et al. Environmental factors in the development of chronic 

inflammation: a case-control study on risk factors for Crohn's disease within New 

Zealand. Mutat Res 2010;690:116-122. 

54. Zhou L, Braat H, Faber KN, et al. Monocytes and their pathophysiological role in Crohn's 

disease. Cell Mol Life Sci 2009;66:192-202. 

55. Marks DJ, Harbord MW, MacAllister R, et al. Defective acute inflammation in Crohn's 

disease: a clinical investigation. Lancet 2006;367:668-678. 

56. Ina K, Itoh J, Fukushima K, et al. Resistance of Crohn's disease T cells to multiple 

apoptotic signals is associated with a Bcl-2/Bax mucosal imbalance. J Immunol 

1999;163:1081-1090. 

57. D'Haens GR, Panaccione R, Higgins PD. The London Position Statement of the World 

Congress of Gastroenterology on Biological Therapy for IBD with the European Crohn's 

and Colitis Organization: When to Start, When to Stop, Which Drug to Choose, and How 

to Predict Response? Am J Gastroenterol 2010; in press. 

58. Tiede I, Fritz G, Strand S, et al. CD28-dependent Rac1 activation is the molecular target of 

azathioprine in primary human CD4+ T lymphocytes. J Clin Invest 2003;111:1133-1145. 

59. Bhavsar PJ, Vigorito E, Turner M, et al. Vav GEFs regulate macrophage morphology and 

adhesion-induced Rac and Rho activation. Exp Cell Res 2009;315:3345-3358. 

60. Castellano F, Montcourrier P, Chavrier P. Membrane recruitment of Rac1 triggers 

phagocytosis. J Cell Sci 2000;113:2955-2961. 

61. Wells CM, Walmsley M, Ooi S, et al. Rac1-deficient macrophages exhibit defects in cell 

spreading and membrane ruffling but not migration. J Cell Sci 2004;117:1259-1268. 

62. Ghosh SK, Samuelson J. Involvement of p21racA, phosphoinositide 3-kinase, and 

vacuolar ATPase in phagocytosis of bacteria and erythrocytes by Entamoeba histolytica: 

suggestive evidence for coincidental evolution of amebic invasiveness. Infect Immun 

1997;65:4243-4249. 

63. Ridley AJ. Rho GTPases and actin dynamics in membrane protrusions and vesicle 

trafficking. Trends Cell Biol 2006;16:522-529. 
 

 21

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Asano%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Matsushita%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Umeno%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nakagome%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Takeyama%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mano%20S%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Ann%20Hum%20Genet.');
http://www.ncbi.nlm.nih.gov/pubmed/19751746
http://www.ncbi.nlm.nih.gov/pubmed/19751746
http://www.ncbi.nlm.nih.gov/pubmed/19751746
http://www.ncbi.nlm.nih.gov/pubmed?term=%22D%27Haens%20GR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Panaccione%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Higgins%20PD%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Am%20J%20Gastroenterol.');


22 



 

 

 

Chapter 2 
 

Runt-related transcription factor 3 is associated with 

ulcerative colitis and shows epistasis with solute carrier 

family 22, members 4 and 5 

 

 

 
 

 

 

 

 

 

 
 

 

Inflamm Bowel Dis. 2008, 14:1615-1622 

 23

javascript:AL_get(this,%20'jour',%20'Inflamm%20Bowel%20Dis.');


Runt-related transcription factor 3 is associated with ulcerative 

colitis and shows epistasis with solute carrier family 22, members 

4 and 5 
 

Rinse K. Weersma1, Lu Zhou1, Ilja M. Nolte2, Gerrit van der Steege2, Hendrik M. 

van Dullemen1, Elvira Oosterom2, Lisette Bok1, Maikel P. Peppelenbosch3, 

Klaas N. Faber1, Jan H. Kleibeuker1, Gerard Dijkstra1 

 

1. Department of Gastroenterology and Hepatology, University Medical Center Groningen 

and University of Groningen, Groningen, The Netherlands 

2. Department of Pathology and Laboratory Medicine, section Medical Biology, University 

Medical Center Groningen and University of Groningen, Groningen, The Netherlands 

3. Department of Cell Biology, section Immunology, University Medical Center Groningen 

and University of Groningen, Groningen, The Netherlands 

 

  

24 



ABSTRACT 
 

Background: Inflammatory bowel disease (IBD), comprising Crohn's disease (CD) and 

ulcerative colitis (UC), are intestinal inflammatory disorders with a complex genetic 

background. Mice deficient for the runt-domain-transcription-factor3 (Runx3) develop 

spontaneous colitis. Human RUNX3 resides in an IBD-susceptibility locus. We studied the 

association of RUNX3 in a cohort of IBD patients and analyzed the interaction with 

SLC22A4/5. RUNX3 and OCTN1 mRNA expression was assessed in inflamed and 

noninflamed mucosa from patients and controls. 

Methods: 543 IBD patients (309 CD / 234 UC) and 296 controls were included. Four single 

nucleotide polymorphisms (SNPs) and 4 microsatellite markers were studied for RUNX3. Five 

SNPs (including SNP-207G→C and SNP1672C→T) were analyzed for SLC22A4/5. RUNX3, 

and OCTN1 expression in mucosal tissue from 30 patients (14 UC / 16 CD) and 6 controls 

were determined by quantitative polymerase chain reaction. 

Results: A significant association between RUNX3-SNP rs2236851 and UC (OR 1.61; 95% 

confidence interval [CI] 1.11–2.32, P = 0.020) was found. Carriership is associated with 

pancolitis (odds ratio [OR] 1.86; 95% CI 1.08–3.21). SLC22A4/5-SNPs rs272893 and 

rs273900 are associated with CD (OR 2.16; 95% CI 1.21–3.59 and OR 2.40; 95% CI 1.43–

4.05). We found epistasis for carriership of a risk-associated allele in RUNX3 and SLC22A4/5 

for UC patients versus CD patients (OR 3.83; 95% CI 1.26–11.67). RUNX3 mRNA 

expression is increased (P = 0.01) in inflamed colonic mucosa of UC patients compared to 

noninflamed mucosa and controls. 

Conclusions: We provide evidence for the genetic association of RUNX3 with UC and for 

CD with the IBD5 locus including SLC22A4/5. An epistatic effect of RUNX3 and SLC22A4 

was associated with an increased risk for UC. Our data suggest a role for RUNX3 in UC 

susceptibility. 

 

Keywords: Inflammatory bowel disease; Ulcerative colitis; Crohn's disease; Genetics; Runt-

related transcription factor 3; Transforming growth factor-β signaling; Solute carrier family 

22; Organic cation transporter 
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INTRODUCTION 

Chronic inflammatory bowel diseases (IBD), comprising Crohn's disease (CD) and ulcerative 

colitis (UC), are characterized by chronic relapsing inflammation of the gastrointestinal tract 

(1). The combined prevalence of CD and UC is estimated at 100–200/100,000 in developed 

countries (2). Concordance rates in twins and siblings suggest that a genetic predisposition 

contributes to the pathogenesis of IBD (3,4). By performing genome-wide linkage studies the 

NOD2 gene on chromosome 16 was identified as the first susceptibility gene for IBD (5). 

Recently, several novel associations have been identified by performing genome-wide 

association studies (6). Since the IBDs are complex genetic diseases with many different 

phenotypes, multiple genes are likely involved in different subsets of patients. 

Functional mutations in solute carrier family 22 members 4 and 5 (SLC22A4 and SLC22A5) 

on chromosome 5q31 (IBD5) encoding for the organic cation transporters 1 and 2 (OCTN1/2) 

have been reported to be associated with CD. The risk haplotype consisting of the mutations 

1672T→C in SLC22A4 and −207G→C in SLC22A5 had a higher frequency among CD 

patients (54%) than among controls (42%). An epistatic effect of the risk haplotype with the 

NOD2 gene was also reported (7,8). However, this has not been confirmed in a consecutive 

study (9). 

IBD candidate genes can also be selected from gene knockout studies in mice. Disruption of 

single genes in mice may lead to the development of spontaneous colitis or an increased 

sensitivity to chemically induced colitis, with similar phenotypes as observed for IBD. Mice 

that lack the Runt-related transcription factor 3 (Runx3) develop such a phenotype (10). 

RUNX3 forms the runt domain family of transcription factors with RUNX1 and RUNX2, 

which share the same highly conserved runt domain. RUNX3 is involved in T-cell 

differentiation and functions as a tumor suppressor gene in gastric cancer (11,12). It is highly 

expressed in dendritic cells (DCs), where it is involved in the transforming growth factor-β 

(TGF-β) signaling pathway. The RUNX proteins appear to have a potential role in 

autoimmune diseases like rheumatoid arthritis (RA), systemic lupus erythematosis, and 

psoriasis, although very little is known about how these transcription factors are involved in 

these disorders (13). The gene encoding for RUNX3 resides on the chromosomal region 1p36, 

which has been found to be a susceptibility locus for IBD (14,15). Moreover, RUNX3 and 

TGF-β are downregulated in peripheral blood cells of CD patients, which might suggest 

involvement of this pathway in the human pathogenesis of IBD (16). In view of these 

considerations RUNX3 seems a good candidate gene for susceptibility for IBD. More 

specifically, regarding the development of colitis in knockout mice, it might be associated 

with UC. 

Interestingly, a polymorphism in the RUNX binding site in SLC22A4 was linked to RA (17). 

Since this binding site is the same for all 3 members of the RUNX family, interaction between 

SLC22A4/5 and RUNX3 might be involved in IBD susceptibility. 

We studied a cohort of 543 IBD patients, from which a large part participated with family 

members to form trios, for association of RUNX3 and SLC22A4/5 with IBD. Genetic epistasis 
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between the 2 genes and separately with NOD2 was analyzed. In addition, in vitro data on 

RUNX3 and OCTN1 mRNA expression and immunohistochemical staining of RUNX3 in 

normal and inflamed colonic and ileal mucosa from patients with IBD are presented. 

 

MATERIALS AND METHODS 

Patients and Controls Genotyping Cohort 

 For the genetic association study a cohort of 

543 IBD patients (309 CD and 234 UC) from 

the University Medical Center Groningen was 

used (18). Diagnosis of IBD was established 

by accepted clinical, endoscopic, and 

histopathological criteria (1). DNA of both 

parents was available for 183 (108 CD and 75 

UC) patients. The nontransmitted haplotypes 

of each parent were used as a control. When 

DNA of a spouse was available, both 

haplotypes of the spouse were regarded as a 

control (n = 309). All patients and controls 

were of Caucasian descent. Patients with CD 

were phenotyped using the Vienna 

classification (19). Patients with UC were 

phenotyped according to disease localization 

(proctitis, left-sided, or pancolitis), 

extraintestinal manifestations, the 

development of malignancy, or the need for 

colectomy. Clinical characteristics of patients 

with CD and with UC are presented in Tables 

1 and 2, respectively. 

Genotyping and SNP Selection 

DNA was extracted from 20 mL EDTA-blood 

following standard procedures and was stored 

at −80°C. Primers to amplify the polymorphic 

loci were selected using Primer3 software (21). 

SNP genotyping and microsatellite marker 

polymerase chain reaction (PCR) were 

performed as described previously (18). 

Table 1. Clinical Characteristics of Patients 

with Crohn's Disease Included in the 

Genotyping Cohort 

Total number 309 

Sex (m/f) 108/201 

Age at diagnosis (year)  

Mean (range) 30.9 (6.7–73.9) 

Median 27.4 

Below 40 227 (73.5%) 

Follow-up (year)  

Mean (range) 11.9 (0.4–49.4) 

Median 9.0 

Disease localization  

Ileal 80 (25.9%) 

Colon 64 (20.7%) 

Ileocolon 165 (53.4%) 

Upper GI tract 24 (7.8%) 

Disease behavior  

Nonstricturing, 

nonpenetrating 
100 (32.4%) 

Stricturing 75 (24.3%) 

Penetrating 134 (43.3%) 

Peri-anal 89 (28.8%) 

Extra-intestinal 

manifestations 
43 (13.9%) 

Family history of IBD 65 (21.0%) 

History of surgical 

intervention 
186 (60.2%) 

Four SNPs were determined for RUNX3 (rs2236848, rs2282719, rs2236851, and rs742230). 

In addition, 4 microsatellite loci were found on the genomic sequence segment comprising the 

RUNX3 gene in the National Center for Biotechnology Information (NCBI) public database. 

These microsatellite markers are named RX3-01, RX3-02, RX3-03, and RX3-04 in the  
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present study. For SLC22A4/5 the previously 

described associated SNPs rs2631367 (207 

G→C) and rs1050152 (1672 C→G) were 

analyzed as well as the SNP disrupting the 

RUNX binding site rs3792876 and 3 

additional SNPs (rs272893 rs273900, and 

rs274551) (16,19) Details of all markers are 

given in Table 3. SNP rs274551 in SLC22A4 

appeared not to be in Hardy–Weinberg 

equilibrium in the control group and was 

excluded from further analysis. The 

percentage of unknown alleles due to PCR 

failure or inheritance errors was 1.8% for 

RUNX3 and 1.6% for SLC22A4/5. Data for the 

3 known mutations R702W, G908R, and 

1007fsinsC in NOD2 were available from a 

previous study (22) 

Patient and Controls mRNA Expression 

Mucosal tissue samples were obtained during 

endoscopy from 16 patients with active CD (3 

male, 13 female; mean age 40 years) and from 

14 patients with active UC (6 male, 8 female; 

mean age 48 years) and from 6 controls (5 

male; 1 female, mean age 41 years). The controls consisted of individuals referred for 

endoscopy for analysis of abdominal pain, without endoscopic and microscopic abnormalities 

at colonoscopy (20). Intestinal mucosal biopsy specimens were obtained from inflamed and 

noninflamed areas in the terminal ileum and the colon of patients with active disease. In 

controls, biopsies were obtained from the terminal ileum, ascending colon, transverse colon, 

and rectum. 

Table2. Clinical Characteristics of Patients 

with Ulcerative Colitis Included in the 

Genotyping Cohort 

Total number 234 

Sex (m/f) 122/112 

Age at diagnosis (year)  

Mean (range) 33.0 (20–46.0) 

Median 31.5 

Below 40 167 (71.4%) 

Follow-up (year)  

Mean (range) 13.7 (4.9–22.5) 

Median 11.9 

  

Disease localization*  

Proctitis 16 (6.8%) 

Left-sided 76 (32.5%) 

Pancolitis 120 (51.3%) 

Proctitis 39 (16.7%) 

Extra-intestinal 

manifestations 
39 (16.7%) 

Family history of IBD 50 (21.4%) 
*Data unavailable for 22 (9.4%) patients. 

RNA Isolation and Quantitative PCR 

Isolation of total RNA and conditions for quantitative PCR to determine mRNA expression 

have been described previously (20). RUNX3 and OCTN1 expression was determined using 

the assay-on-demand kit on the ABI PRISM 7700 (Applied Biosystems, Foster City, CA). 

Each sample was analyzed in duplicate. 18S levels were used as endogenous control. 

Immunohistochemical Staining 

Immunohistochemistry (IHC) was performed on inflamed and noninflamed ileal and colonic 

mucosal biopsies from CD and UC patients. Based on the results of the genetic association 

with RUNX3 SNP rs2236851, mucosal samples of IBD patients homozygous for the 

rs2236851 wildtype allele, homozygous for the rs2236851 mutant allele, as well as 

heterozygous patients were analyzed. Expression of the RUNX3 protein was detected using 
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the Rabbit polyclonal antibody to RUNX3 (ab11905, Abcam, Cambridge, UK). After 

deparaffinization antigens were retrieved by boiling for 15 minutes at 400 W in citrate buffer 

(pH 6.0), followed by successive rinses in phosphate-buffered saline (PBS). Endogenous 

peroxidase was inhibited by incubation of the tissue sections for 30 minutes at room 

temperature in 0.3% H2O2 diluted in PBS. The primary antibody was incubated for 1 hour. 

Secondary and tertiary antibodies were horseradish peroxidase (HRP) goat antirabbit followed 

by HRP rabbit antigoat (both 1/50 in 1% bovine serum albumin [BSA] in PBS, with 1% 

normal human sera; Dako, Heverlee, Netherlands). Antibody binding was detected by 3,3-

diaminobenzidine (Sigma, Zwijndrecht, Netherlands). 

Statistical Methods 

After genotyping, Hardy–Weinberg equilibrium was tested among the unrelated unaffected 

individuals of the sample and inheritance errors were determined. If a marker showed 

deviation from Hardy–Weinberg equilibrium or the fraction of erroneous inheritance 

Table 3. Marker Data for Genetic Analysis for RUNX3 and SLC22A4/5 

Marker MS/SNP Position Type  

RUNX3     

RX3-01 MS −75 kb (CA)n FP:GAGCAAGATCCTGCCACTACA

    RP: ATATGCCCTGTTGTCCCTCT 

RX3-02 MS −12 kb (CA)n FP: GCCAAGGGCATCACTAGGTA 

    RP: CAGGGGTCACGAATATCCAG 

rs2236848 SNP  G→A  

rs2282719 SNP  T→G  

rs2236851 SNP  G→A  

RX3-03 MS Intra 20kb (TTCA)n FP: ACCAAGCTGAAAATGCCTTG 

    RP: TCTGGTCCATCAAAGCGAGT 

rs742230 SNP  C→T  

RX3-04 MS +30 kb (CATC)n FP: AATCGTCAGCCCATTCATTC 

    RP: CATTGCTGCCCCTCACTACT 

SLC22A4/5     

rs3792876 SNP  C→T  

rs2728932 SNP  C→T  

rs1050152 SNP  1672 G→C  

rs273900 SNP  C→T  

rs2631367 SNP  −207 G→C  

MS, microsatellitemarker; SNP, single nucleotide polymorphism; FP, forward primer; RP, 

reverse primer. 
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exceeded 5%, the marker was discarded from further analyses. Allele frequencies in patients 

and controls were tested for association using the chi-square test or the Fisher's exact test 

when appropriate. Odds ratios (ORs) and 95% confidence intervals (CI) were estimated using 

binary logistic regression (SPSS v. 14.0.2, Chicago, IL). Binary logistic regression was also 

used to determine gene–gene interaction effects with inclusion of the main effects of each 

gene in the model. As our sample includes a large number of patients and family members, 

haplotypes could be constructed. For haplotype analysis 403 trios or duos were available. 

Differences between the haplotypes of patients and the control haplotypes were analyzed by 

Haplotype Sharing Statistics (HSS), which analyzes length of haplotype similarity. The 

validity of this method has been demonstrated elsewhere (18, 23). Frequencies of haplotypes 

of SNPs were estimated by the expectation-maximization (EM)-algorithm and differences 

between patients and controls were analyzed by means of the likelihood ratio test. As a test of 

linkage disequilibrium (LD) in order to prove the presence of conserved haplotypes, the D′ for 

multi-allelic markers was used. The significance of the observed D′ value was determined by 

the fraction of 10,000 randomizations (for which alleles were randomly redistributed over the 

haplotypes independently for all loci) that revealed a larger D′ value than the observed one. A 

multiple testing correction was performed for the number of subgroups of patients using a 

Bonferroni correction. This applies not only to the P-values but also to the confidence 

intervals of the OR. For allele, genotype, and haplotype associations, all patients were 

included. For the HSS, which requires phase to be derived, only those with at least 1 

participating family member were used. In trios consisting of the patients and both parents (n 

= 183), association was also examined by the transmission/distortion test (TDT). 

A 2-sided T-test was used to compare levels of mRNA expression in the mucosal biopsies. 

Ethical Considerations 

The study was approved by the institutional ethics review committee of the University 

Medical Centre Groningen, the Netherlands, and all patients gave informed consent. 

 

RESULTS 

Genetic Association of RUNX3 and SLC22A4/5 

The results of the case–control analysis and TDT are summarized in Table 4.  

RUNX3: SNP rs2236851 was associated with UC (P = 0.020, OR 1.61; 95% CI 1.11–2.32). 

The T-allele was present in 40.2% of the UC patients compared to 29.5% of the controls and 

33.8% of CD patients. This association was confirmed by TDT (allele T was 34 times 

transmitted and 14 times not transmitted, P = 0.004) and HSS (P = 0.012). On subgroup 

analysis rs2236851 was associated with pancolitis, both in allelic association testing (P = 

0.032; OR 1.86; 95% CI 1.08–3.21) and TDT (P = 0.0085) and a tendency to association with 

an early age of onset (P = 0.069; OR 1.59; 95% CI 0.98–2.57; TDT P = 0.013). No 

association was observed for RUNX3 with CD. However, on subgroup analysis microsatellite 

marker RX-02 was associated with colonic localization of CD (P = 0.022) and RX3-01 was 

associated with an early age of onset (P = 0.039) and ileocolonic localization (P = 0.026). All  
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Table 4. Genetic Analysis for RUNX3 and SLC22A4/5 in 543 IBD Patients (309 CD and 234 

UC) and 309 Controls (P-value) 

Crohn's Disease Ulcerative Colitis 
Marker 

CCA CCG TDT CCA CCG TDT 

RUNX3       

RUNX-01 0.51 0.04 0.49 0.17 0.49 0.25 

RUNX-02 0.26 0.36 0.56 0.82 0.77 0.87 

rs2236848 0.14 0.44 0.003 0.09 0.21 0.90 

rs2282719 0.37 0.71 0.11 0.35 0.37 0.23 

rs2236851 0.54 0.30 0.20 0.02 0.047 0.004 

RUNX-03 0.63 0.85 0.55 0.41 0.92 0.46 

rs742230 0.91 0.73 0.14 0.12 0.33 0.28 

RUNX-04 0.19 0.55 0.79 0.88 0.56 0.44 

SLC22A4/5       

rs3792876 0.29 0.14 1.00 0.87 0.85 0.78 

rs272893 0.05 0.008 0.76 0.41 0.48 0.63 

rs1050152 0.27 0.20 0.70 0.54 0.36 0.74 

rs273900 0.04 0.004 0.76 0.16 0.14 0.14 

rs2631367 0.21 0.23 0.23 0.81 0.45 0.91 

CCA, case control analysis alleles; CCG, case control analysis genotypes; TDT, transmission 

distortion testing. 

 

markers for RUNX3, except for all pairs with intragenic marker RX3-03 and the pairs RX3-02 

with rs2236851 and rs2236848 with RX3-04, were in LD with each other. For all other 

combinations, the P-value of the observed values of D′ obtained by randomization were 

smaller than 0.05 and for the SNP combinations even smaller than 0.003, implying strong LD 

within the gene. 

SLC22A4/5: Allelic association analysis showed that rs273900 was associated with CD (P = 

0.40; OR 2.40; 95% CI 1.43–4.05). Genotype association analysis revealed that both 

rs273900 and rs272893 were associated. (P = 0.008 and 0.004 respectively). For homozygotes 

the ORs for CD were 2.16 (1.21–3.59) for rs272893 and 2.40 (1.43–4.05) for rs273900 

compared to controls. Heterozygotes were not at increased risk. Both SNPs were associated 

with an age of onset >40 years (P = 0.0016/0.0007), ileocolonic localization (P = 

0.006/0.002), upper gastrointestinal (GI) tract localization (P = 0.007/0.003), nonstricturing, 

nonpenetrating behavior (P = 0.020/0.011), and extraintestinal manifestations (P = 0.001 and 

<0.001). These SNPs are almost in complete LD with each other (r2 = 0.97). The TDT 

revealed no significant distortion to UC patients or to CD patients in general for either SNP. 
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Haplotype association analysis supported the results found by single locus association, but did 

not show higher levels of significance. We did not find any association for the previously 

identified SNP rs2631367 and SNP rs1050152 with CD, UC, or any subgroup of CD. The risk  

haplotype TC described by Peltekova et al8 was observed in our population in 41.1% of CD 

patients, 45.9% of UC patients, and 44.4% of controls. All SNPs in SLC22A4/5 were in strong 

LD with each other. For all combinations of SNPs, the P-value of the observed values of D′ 

obtained by randomization were smaller than 0.001. 

Interaction of RUNX3, SLC22A4/5, and NOD2 

Among patients with homozygosity for 1 or both associated SNPs rs272893 or rs273900 in 

SLC22A4, 14 out of 25 UC patients (56%) were carriers of rs2236851 in RUNX3 compared to 

14 out of 51 (27.5%) of CD patients and 8 out of 26 (30.8%) of controls. Binary logistic 

regression analysis revealed an OR of 3.83 for UC patients versus CD patients to carry the 

combination of homozygosity for allele A at rs272893 and/or allele T at rs273900 (i.e., risk 

factor for CD) and carriership of allele T at rs2236851 (i.e., risk factor for UC) (P = 0.018; 

95% CI 1.26-11.67) (Table 5). No difference was observed between IBD patients and controls 

(OR = 1.05; 95% CI 0.38–2.86). No significant interaction was found for the associated SNP 

rs2236851 in RUNX3 and SNP rs3792876 that disrupts the RUNX binding site in OCTN. No 

evidence for epistasis of NOD2 with SLC22A4/5 or for NOD2 with RUNX3 was found in IBD, 

UC, or CD or in subsets of UC or CD patients. 

RUNX3 and OCTN1 mRNA Expression in Inflamed and Noninflamed Intestinal 

Mucosa 

RUNX3 and OCTN1 mRNA expression in the colon and ileum of healthy controls is 

presented in Figure 1a,b, respectively. RUNX3 mRNA expression is evenly distributed 

throughout the colon and the ileum. OCTN1 expression is higher in the ileum compared to the 

colon (P < 0.00001), while the expression level is constant throughout the colon. 

Expression levels of RUNX3 mRNA in inflamed colonic mucosa of CD and UC patients were 

increased compared to controls (Fig. 2a). This difference was not observed in inflamed ileal 

Table 5. Binary Logistic Regression Analysis for Interaction of RUNX3 and SLC22A4/5 

 P-value OR 95% C.I. 

SLC22A4/5 and RUNX3ab 0.018 3.83 1.26–11.67 

SLC22A4/5a 0.0082 0.36 0.17–0.77 

RUNX3b 0.73 1.07 0.72–1.61 

Output of the binary logistic regression analysis for interaction of RUNX3 and SLC22A4/5 in 

ulcerative colitis (UC) versus Crohn's disease (CD) showing an increased risk for UC in 

patients who have homozygosity for SLC22A4/5 Allele A at rs272893 and/or SLC22A4/5 

allele T at rs273900 together with carriership of RUNX3 allele T at rs2236851. Significance is 

corrected for multiple testing. 
a SLC22A4/5 defined as homozygosity for the risk allele of rs272893 and/or rs273900. 
b RUNX3 defined as carrying the risk allele of rs2236851. 
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mucosa in CD patients compared to 

controls. RUNX3 expression levels are 

increased in inflamed colonic mucosa 

compared to noninflamed colonic 

mucosa in UC patients (P = 0.01). 

OCTN1 expression is decreased in 

inflamed colonic mucosa compared to 

noninflamed colonic mucosa, although 

this was not statistically significant (P = 

0.08) (Fig. 2b). In CD, RUNX3 is 

upregulated in inflamed intestinal 

mucosa (ileal and colonic localization 

combined) compared to noninflamed 

mucosa (P = 0.04), while OCTN1 is 

downregulated (P = 0.008). 

Figure 1. Expression of RUNX3 (a) and OCTN1 

(b) mRNA quantified by real-time RT-PCR. 

RUNX3 expression is evenly distributed 

throughout the colon and the ileum. OCTN1 

expression is increased in the ileum compared to 

the colon (P < 0.00001). Total RNA was isolated 

from biopsies from colonic and ileal tissue from 

6 controls. Relative expression levels (ΔCt) were 

normalized to 18S. Data are expressed as means 

± SD. Asc, ascending colon; Trans, transverse 

colon. 
 

RUNX3 Immunohistochemical 

Staining 

RUNX3 IHC analysis is summarized in 

Figure 3. Strong nuclear staining was 

observed in T-lymphocytes in the 

subepithelial layer. The staining pattern 

was similar in the small and large 

intestine with an increase of 

subepithelial lymphocytes during 

inflammation. RUNX3 is not expressed 

in the epithelium of the large or small 

intestine. We could not observe any 

difference in staining patterns between 

patients homozygous for the rs2236851 

wildtype allele, homozygous for the 

rs2236851 mutant allele, and 

heterozygous patients.  

 

DISCUSSION 

In this study we applied a candidate gene approach to analyze the genetic association between 

the genes RUNX3 and SLC22A4/5 with IBD, UC, CD, or subsets of CD and UC. 

This is the first report showing an association of genetic variations in RUNX3 with UC. 

Carriership of the T-allele of SNP rs2236851 was associated with UC, which was supported 

by TDT and HSS. The association was most significant for extensive UC. 
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Figure2. Expression of RUNX3 (a) and 

OCTN1 (b) mRNA quantified by RT-

PCR. RUNX3 mRNA is increased in 

inflamed colonic mucosa compared to 

noninflamed mucosa in UC (P = 0.01) 

and in CD (not significant). RUNX3 

mRNA is not increased in inflamed ileal 

mucosa compared to noninflamed ileal 

mucosa in CD. OCTN1 mRNA is 

decreased (but not statistically 

significant) in inflamed colonic mucosa 

compared to inflamed colonic mucosa 

in UC and CD and in inflamed ileal 

mucosa compared to noninflamed ileal 

mucosa in CD. Total RNA was isolated 

from biopsies from uninflamed and 

inflamed colonic or ileal tissue from 30 

IBD patients (14 UC and 16 CD) and 6 

controls. Relative expression levels 

(ΔCt) were normalized to 18S. Data are 

expressed as means ± SD. 

 

As a TGF-β1 target, the RUNX3 protein is involved in TGF-β1-mediated inhibition of T-cell 

proliferation and differentiation, as well as downregulation of macrophage activation and 

dendritic cell maturation. The important role of adequate TGF-β1 signaling is apparent in 

TGF-β1 knockout mice, which die soon after birth. Transgenic mice expressing dominant 

negative TGF-βRII chains that are unresponsive to TGF-β1 signaling develop severe colitis 

and pulmonary inflammation (24,25). Furthermore, Runx3 knockout mice developed indolent 

non-UC characterized by epithelial hyperplasia, leukocyte infiltration, formation of B cell 

clusters, and increased production of IgA. 

Endoscopically and histologically inflamed colonic mucosa of wildtype RUNX3 patients 

showed upregulated RUNX3 mRNA expression compared to noninflamed colonic mucosa of 

the same patient or controls. In contrast, inflamed ileal mucosa did not show an upregulated 

RUNX3 mRNA, suggesting region-specific upregulation that corresponds with the 

association of RUNX3 SNP rs2236851 with UC. 

RUNX3 or mislocalization of the protein into the cytoplasm, as observed in gastric cancer, 

which can both result in decreased activity of RUNX3 (28). Confirmation in an independent 
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cohort of the association for RUNX3 with 

UC is needed and whether this particular 

SNP has a causative role in UC 

susceptibility or is in LD with other 

functional mutations in the RUNX3 gene 

needs further investigation. 

SNP rs2236951 is located in an intron of 

the RUNX3 gene and at present it is unclear 

how this may be related to UC 

susceptibility. This is, however, not a 

unique finding, since an intronic SNP in 

RUNX1 has previously been shown to be 

associated with RA (17). Furthermore, 

several studies have reported that important 

transcriptional regulatory elements are 

located in intronic regions (26). Involved 

mechanisms might be hypermethylation of 

the promoter region of RUNX3 or 

mislocalization of the protein into the 

cytoplasm, as observed in gastric cancer, 

which can both result in decreased activity 

of RUNX3 (28). Confirmation in an 

independent cohort of the association for 

RUNX3 with UC is needed and whether 

this particular SNP has a causative role in 

UC susceptibility or is in LD with other 

functional mutations in the RUNX3 gene 

needs further investigation. 

Endoscopically and histologically inflamed 

colonic mucosa of wildtype RUNX3 

patients showed upregulated RUNX3 

mRNA expression compared to noninflamed colonic mucosa of the same patient or controls. 

In contrast, inflamed ileal mucosa did not show an upregulated RUNX3 mRNA, suggesting 

region-specific upregulation that corresponds with the association of RUNX3 SNP rs2236851 

with UC.  

Figure 3. RUNX3 immunohistochemical 

staining. Strong nuclear staining is observed 

in T-lymphocytes in the subepithelial layer. 

The staining pattern was similar in the small 

and large intestine with an increase of 

subepithelial lymphocytes during 

inflammation. RUNX3 is not expressed in 

the epithelium of the large or small intestine. 

We could not confirm the association of the previously described TC-risk haplotype in 

SLC22A4/5 with CD.8. However, we did find an association for SNPs rs272893 and rs273900 

with CD. This effect was even more obvious in CD patients with an early age of onset, 

ileocolonic localization, nonstricturing, nonpenetrating behavior, extraintestinal 

manifestations, and, although the numbers are small, also with upper GI tract localization. 
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This finding supports the evidence that the SLC22A4/5 variants are potential candidate genes 

for IBD susceptibility. However, due to the high degree of LD in the IBD5 locus it remains to 

be determined whether SLC22A4/5 are responsible for CD susceptibility or that they are in 

strong LD with other truly causative genes (29) 

The interaction of a member of the RUNX family and SCL22A4 in patients with RA is 

intriguing (17). Therefore, we also analyzed the previously described SNP disrupting the 

RUNX binding site in SLC22A4. We did not find evidence for an association of this particular 

SNP with CD or UC susceptibility. However, carriership of 1 of the risk-associated alleles of 

RUNX3 in combination with 1 of the risk-associated alleles of SLC22A4/5 showed an 

increased risk for having UC compared to CD (OR 3.83). Nevertheless, it is difficult to 

understand that, while SLC22A4/5 is associated with CD and RUNX3 with UC, the 

association shifts to an increased risk for UC when both risk alleles are present. Contrary to 

previous observations reporting epistasis for the 1p locus, where RUNX3 resides, and IBD1, 

the locus of NOD2, no interaction could be found of RUNX3 with NOD2 (15). We did not 

find the previously described epistasis between SLC22A4/5 and NOD2(8). 

Transport proteins such as multidrug resistance protein 1 (MDR1) and OCTN have been 

implicated in susceptibility to IBD. Both MDR1 and SLC22A4 genes have RUNX binding 

sites in their promoter regions. An intronic SNP in an RUNX1 binding site of SLC22A4 

resulted in a stronger suppression of OCTN expression (17). Furthermore, RUNX3 is capable 

of suppressing MDR1 (30). We showed a correlation between upregulated RUNX3 and 

downregulated OCTN in colonic but not in ileal tissue. In addition to mutations in SLC22A4 

and MDR1 genes, RUNX mutations might further decrease tissue-specific expression of these 

susceptibility genes, indicating that a gene (SLC22A4/5, MDR1) with a susceptibility variant 

for IBD and a regulatory molecule (RUNX) with an allelic different binding for this 

susceptibility variant might further increase the risk of disease. 

In summary, we provide evidence for the genetic association of RUNX3 with UC. 

Furthermore, genetic association for CD with the IBD5 locus including SLC22A4/5 was 

confirmed, although this involved 2 other SNPs than previously described. An epistatic effect 

of RUNX3 and SLC22A4 was associated with an increased risk for UC. Our data, combined 

with the increasingly recognized role of RUNX3 in autoimmunity, suggest an important role 

for RUNX3 in UC susceptibility. Functional assays for RUNX3 activity are required to clarify 

the role of RUNX3 mutations in the development of UC. 
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ABSTRACT 

 
Backgrounds: The incidence of ulcerative colitis (UC) varies between different ethnicities, 

but is increasing throughout Asia. Besides environmental factors, a distinct genetic 

background is thought to be responsible for these differences. Most UC genetics studies have 

been performed in Caucasian patients and very little is known of the genetics of UC in the 

Asian population. Here, we performed a haplotype-based analysis of six known UC 

susceptibility loci in Han Chinese patients. 

Methods: 245 UC patients and 300 healthy controls of Han Chinese descent were genotyped 

for 27 single nucleotide polymorphisms (SNPs), which cover the major haplotypes of the 

chromosome regions containing IL10, IL2/IL21, MYO9B, ECM1, MST1 and IL23R in Han 

Chinese.  

Results: IL2 and IL21 reside in two independent linkage disequilibrium (LD) blocks in Han 

Chinese, in clear contrast to the tight LD block of the IL2/IL21 region in Caucasians. The IL2 

SNP rs2069762 (P=7.0×10-4, OR=1.54, 95% CI 1.20-1.99) and the IL21 SNP rs2055979 

(P=1.2×10-4, OR=1.50, 95% CI 1.17-1.92) were independently associated with UC. We 

identified one risk haplotype rs2069776(T)-rs2069772(T)-rs2069762(C) (P=1.2x10-3, 

OR=1.51, 95% CI 1.18-1.95) in IL2 and another independent risk haplotype rs2221903(T)-

rs2055979(A) (P=9.0×10-4, OR=1.50, 95% CI 1.18-1.92) in IL21. In addition to the IL2/IL21 

locus, we observed association of the TT genotype of SNP rs1545620 in MYO9B with UC 

(P=0.0169; OR=0.29, 95% CI 0.11 to 0.78) and association of rs17375018 in IL23R with 

pancolitis in Chinese UC patients (P=0.002; OR=2.38, 95% CI 1.41 to 4.02). 

Conclusions: SNPs in the IL2/IL21 region are associated to UC in Han Chinese patients. Due 

to the different LD structure between Han Chinese and Caucasian populations, our results 

imply both IL2 and IL21 as genetic risk factors for UC. Moderate genotype or subphenotype 

associations were found for MYO9B and IL23R. Han Chinese with UC share part of their 

genetic background with Caucasian patients. 
 

Keywords: Ulcerative colitis; Han Chinese; Genetics; IL2; IL21 
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INTRODUCTION 

Ulcerative colitis (UC) and Crohn’s disease (CD) are the two main types of inflammatory 

bowel disease (IBD), and consist of chronic relapsing inflammation of the gastrointestinal 

tract. In North America and Europe, the prevalence of UC and CD is estimated to be 100-

150/100,000 and tends to be stable.1 In China, the estimated prevalence of UC was 

11.6/100,000 and for CD 1.4/100,000 in 2000 (2), but an increasing trend in the annual 

incidence has been observed in China, Korea and Singapore during the past 10 years (3, 4). 

The reason for this increase is unclear: it may partly be explained by improved diagnostic 

measures, but is probably mostly due to the improved standard of living of people in these 

countries (5). The cause of ethnic differences in IBD incidence remains unclear, but a distinct 

genetic background may be a determining factor. 

Genetic susceptibility plays an important role in the pathogenesis of IBD (6). CD and UC are 

complex diseases, which means that numerous genetic and environmental factors interact and 

lead to disease. There are currently more than 30 genes or loci associated with CD, the 

majority being identified through genome-wide association (GWA) studies during the last 

decennium (7, 8). Most recent GWA studies implicated approximately 30 loci in UC and 

roughly half of them were also found in CD, implying a partly shared pathogenesis (9, 10, 11, 

12). Other loci have been identified to be specific for UC, for instance MYO9B (13), ECM1 

(11), IL10 (14) and a region on chromosome 4q27 harboring the IL2 and IL21 genes (15). 

Most genetic studies in IBD have been performed in Caucasians of European descent and 

very little is known about the genetic background of IBD patients from other ethnicities, 

although the first GWA study in Japanese CD patients was recently performed and identified 

three novel susceptibility loci (16). Most studies replicating case-control associations in 

Asians test SNPs that are associated with IBD in Caucasians. However, many of these SNPs 

appear to be very rare or non-existent in other ethnicities and are therefore not informative (17, 

18, 19). To overcome this, we undertook a comprehensive analysis of recently identified UC 

susceptibility genes using a haplotype-based approach. Most of the common haplotypes occur 

in all human populations; however their frequencies differ among different ethnicities. Within 

a specific region of a chromosome, on average three to five common (>5%) haplotypes are 

observed in each population, and thus a few “tag” SNPs can provide most of the information 

on the pattern of genetic variation in the genomic region. Haplotype-based analysis is 

therefore a powerful approach for comprehensive genetic association study of human disease, 

especially for cross-ethnicity studies. A further advantage of this approach is that, due to 

different linkage disequilibrium (LD) blocks between ethnicities, it may help to fine-map LD 

blocks containing multiple genes to pinpoint the truly associated genes within these regions.  

We performed a haplotype-based study of six known UC risk loci: IL10, MYO9B, IL23R, 

ECM1, 3p21 including MST1, and 4q27 including the IL2 and IL21 in a UC cohort of Han 

Chinese ethnicity. 
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PATIENTS AND METHODS 

Patients and controls 

The study population consisted of 245 Chinese UC patients of Han ethnicity (119 males/126 

females; age 41.9 ± 14.3 years) and 300 Han Chinese healthy controls (136 males/164 

females; age 32.6 ± 14.3 years) from the north of the People’s Republic of China. Both 

patients and healthy volunteers were recruited from the Peking Union Medical College 

Hospital. Patients were diagnosed according to Lennard-Jones criteria including clinical, 

endoscopic, radiological and histological findings (20). Phenotyping of patients was 

performed by reviewing a patient’s case record retrospectively. Phenotypes were described 

according to the extent of disease (proctitis, left-sided, or pancolitis), necessity for colectomy, 

and occurrence of extra-intestinal manifestations (primary sclerosing cholangitis, erythema 

nodosum, pyoderma gangrenosum, uveitis, episcleritis, and ankylosing spondylitis). 

Phenotypic details are shown in Table 1. All patients and controls gave their informed consent 

and all DNA samples and data in this study were handled anonymously. The ethics committee 

of the Peking Union Medical College Hospital approved the study. 

 

Table 1. Clinical characteristics of the Han Chinese 

ulcerative colitis patients. 

 Number % 

Total number 

Gender (male/female) 

245 

119/126 

 

48.6/51.4 

Age (mean ± SD year) 41.9±14.3  

Family history of IBD 6 2.4 

Extent of disease 

Proctitis 

Left-sided 

Pancolitis 

Unknown 

 

42 

69 

128 

6 

 

17.1 

28.2 

52.3 

2.4 

Extra-intestinal manifestations 17 6.9 

Colectomy 11 4.5 

 

Candidate gene and SNP selection 

We included six known UC risk loci consisting of IL10, MYO9B, IL23R, ECM1, 3p21 

including MST1, and 4q27 including the IL2 and IL21 genes. We first searched for the most 

strongly associated SNPs of the six loci in CEU UC patients (according to the p-value) in the 

database of the international HapMap project (http://hapmap.ncbi.nlm.nih.gov/) to identify the 

allele frequencies in the Han Chinese population (CHB). The minor allele frequency (MAF) 

of six out of the ten CEU-associated SNPs reported in these six associated loci is below 0.05, 

while four SNPs are even non-prevalent in CHB, indicating that these SNPs have limited or 

no use for association analysis due to the low expected minor allele count (see supplementary 
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Table 1). 

We then performed a haplotype analysis of the Han Chinese population for these loci and 

selected tag SNPs to cover all haplotypes with a frequency above 0.05 in CHB. Briefly, for 

IL10, IL2, IL21, IL23R and ECM1, each investigated locus contained the coding part of a 

gene and at least 3 kb of the promoter region and 2 kb of the 3’ end. For MYO9B, we included 

the 34.5 kb region near the 3’ end of this gene that showed consistent association with UC in 

the Caucasian population. In the Caucasian population, MST1 is located in an extensive LD 

region containing several other genes, but in Han Chinese, a break exists exactly in the MST1 

gene. In order to show consistent association with UC in Caucasian, we extended the 

investigated region to 30 kb of the promoter region and 30 kb of the 3’ end. The genotype data 

of each gene of CHB was downloaded from HapMap (www.hapmap.org). Tag SNPs were 

selected using Haploview 4.0, with the parameter settings at r2>0.8, minor allele frequency 

(MAF) >0.05, and multi-marker tagging. In total, 27 tag SNPs were included in this study 

(Table 2). 

Genotyping 

DNA was isolated from 2 ml peripheral blood by the standard phenol/chloroform method. The 

genotyping was performed on an ABI7900 real-time PCR by Taqman allele discrimination 

method (Taqman assay; Applied Biosystems, Foster City, CA) using the manufacturer’s 

specifications. The Taqman genotyping assay was supplied by Applied Biosystems. 

Statistical analysis 

Hardy-Weinberg equilibrium (HWE) was tested by comparing the expected and observed 

genotypes of each SNP in a 2×3 chi-squared (χ2) table. SNPs were discarded from further 

analyses if the controls showed deviation from HWE with a P <0.05. rs907715 in the IL21 

gene region showed deviation from HWE (PHWE <0.05) in the controls and was discarded 

from further analysis. The UNPHASED program (version 3.0.12) (http://www.mrc-

bsu.cam.ac.uk/personal/frank/software/unphased) was applied to analyze the genotype data. 

Differences in allele and genotype distribution in the cases and controls of the cohorts were 

tested for significance with the χ² test. For all allelic and genotype analyses, a Bonferroni’s 

correction for the number of SNPs tested was used to correct for multiple testing and P value 

<0.05 was in statistical significance. In the phenotype analysis among subgroups of UC, we 

defined the location of intestinal disease into three grades (1=proctitis, 2=left-sided, 

3=pancolitis). Quantitative trait analysis was used to screen out the SNPs associated with the 

phenotype of UC, and then the relationship between the SNPs and UC phenotype were further 

analyzed with χ2 testing using SPSS (version 13.0). Haplotype association analysis was 

performed using the Haploview program (version 4.0) 

(http://www.broad.mit.edu/mpg/haploview/). Haplotype blocks were defined by solid spine 

rule and pairwise SNP linkage disequilibrium coefficients were estimated. A significant 

threshold for P values was determined at P <0.05 after a permutation test for 10,000. 
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Table 2. Association results for Han Chinese UC patients (n=245) and healthy controls (n=300) 

Marker A1 A2 
MAF 

controls 

MAF 

cases 

    CCA 

Punadj    Pcorr 
OR 95% CI 

     CCG 

Punadj      Pcorr 

IL10           

rs1518111 T C 0.33 0.32 0.72  0.95 0.74-1.23 0.71  

rs3021094 T G 0.45 0.48 0.3  1.08 0.96-1.21 0.55  

rs3790622 G A 0.09 0.10 0.71  1.08 0.72-1.62 0.74  

IL2           

rs2069776 T C 0.09 0.09 0.83  0.95 0.62-1.46 0.55  

rs2069772 T C 0.13 0.14 0.63  1.09 0.76-1.55 0.74  

rs2069762 A C 0.3 0.4 7.0×10-4 0.018 1.54 1.2-1.99 9.6×10-4 0.025 

IL21           

rs2221903 T C 0.12 0.12 0.77  0.95 0.65-1.37 0.87  

rs2055979 C A 0.34 0.44 1.2×10-3 0.031 1.5 1.17-1.92 7.5×10-4 0.02 

MYO9B           

rs1545620 G T 0.24 0.21 0.22  0.84 0.63-1.12 0.017 0.46 

rs2279000 G A 0.15 0.16 0.82  1.04 0.75-1.45 0.69  

IL23R           

rs11465754 A G 0.41 0.39 0.38  0.9 0.7-1.15 0.21  

rs17375018 G A 0.29 0.3 0.69  0.05 0.81-1.37 0.24  

rs1569922 C T 0.36 0.32 0.12  0.82 0.64-1.06 0.09  

rs1004819 A G 0.41 0.4 0.65  0.94 0.74-1.21 0.43  

rs11805303 T C 0.44 0.43 0.62  0.94 0.72-1.2 0.47  

rs12751814 A G 0.06 0.05 0.41  0.8 0.48-1.36 0.65  

rs11465817 T G 0.4 0.38 0.46  0.91 0.71-1.17 0.39  

rs10889677 A C 0.27 0.26 0.73  0.95 0.73-1.25 0.65  

MST1           

rs9858542 G A 0.09 0.08 0.33  0.81 0.52-1.25 0.51  

rs4855881 A G 0.1 0.08 0.47  0.86 0.56-1.31 0.67  

rs3197799 T A 0.09 0.07 0.33  0.8 0.51-1.24 0.51  

rs3749240 A G 0.2 0.2 0.7  1.06 0.79-1.43 0.9  

ECM1           

rs3737240 C T 0.22 0.25 0.17  1.22 0.92-1.62 0.35  

rs875514 C G 0.3 0.32 0.38  1.12 0.87-1.46 0.48  

rs13294 G A 0.22 0.25 0.26  1.18 0.89-1.56 0.4  

rs12028854 G A 0.13 0.12 0.69  0.93 0.65-1.33 0.57  

 

A1, wild-type allele; A2, minor allele; MAF, minor allele frequency; CCA: case-control 

allelic association analysis; OR, odds ratio; CI, confidence interval; CCG, case-control 

genotypic association analysis. Punadj, unadjusted P value; Pcorr, P value after a Bonferroni’s 

correction for multiple testing. UC, ulcerative colitis. 

 

RESULTS 

The results of the case-control allelic and genotype association analysis for all SNPs are 

shown in Table 2. 
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Figure 1. Different linkage disequilibrium (LD) structures of the chromosome 4q27 region 

harboring IL2 and IL21 between Caucasians from European descent CEU (A) and Han 

Chinese individuals CHB (B). The ~480 kb region between rs6835946 and rs17391154 is 

shown with genes and LD statistics (D’) determined from the HapMap data sets (Rel 27, 

Phase II+III) (http://hapmap.ncbi.nlm.nih.gov/). (A) An extensive LD block throughout the 

region is observed in CEU. The ulcerative colitis-associated SNPs tested by Festen et al (15) 

are shown. None of the four genes in the entire LD can be indicated or excluded as being the 

causal one. (B) Two LD blocks (when haplotypes above 1% frequency were examined) were 

observed in CHB. The SNPs genotyped in our study are shown. Color schemes: Bright red, D’ 

=1/LOD≥2; shades of pink, D’ <1/LOD≥2; blue, D’ =1/LOD<2, white, D’ <1/LOD<2. 
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IL2- IL21  

The strongest association was detected with SNPs from 4q27 containing both IL2 and IL21. 

This region in Han Chinese people is not in complete LD, in contrast to Caucasians who show 

extensive LD (Figure 1). The association signal was observed in both the LD block containing 

IL2 (SNP rs2069762; p-value=7.0 x 10-4, OR=1.54, 95% CI 1.20-1.99) and in the LD block 

harboring IL21 (rs2055979; p-value=1.2 x 10-3, OR=1.50, 95% CI 1.17-1.92). On a genotype 

level, both the CC genotype of rs2069762 (p-value=9.6 x 10-4, OR=2.98, 95% CI 1.65-5.39) 

and AA genotype of rs2055979 (p-value=7.5 x 10-4, OR=2.73, 95% CI 1.59-4.69) were 

associated to UC. All results remained statistically significant after a Bonferroni’s correction 

for multiple testing. 

We investigated the haplotypes of the IL2/IL21 gene region by taking three additional 

genotyped tag SNPs into account: rs2069776, rs2069772, and rs2221903. Three SNPs 

(rs2069776, rs2069772 and rs2069762) tag four haplotypes of the IL2 block, whereas two 

SNPs (rs2221903 and rs2055979) tag three haplotypes of the IL21 block. These haplotypes 

have a combined frequency of >99% in both IL2 and IL21 blocks. Within the IL2 block, there 

is a highly significant, single risk haplotype (rs2069776*T - rs2069772*T - rs2069762*C) 

(IL2-TTC, Pcorr=0.0057; OR=1.51, 95% CI 1.18-1.95) that is tagged by the rarer “C” allele of 

rs2069762. Similarly, there is a significantly associated, protective haplotype (IL2-TTA, 

Pcorr=0.005; OR=0.67, 95% CI 0.52-0.85) in which all three tag SNPs are present with their 

common alleles. In the IL21 block, there is a risk haplotype (rs2221903*T - rs2055979*A) 

(IL21-TA, Pcorr=0.0046; OR=1.50, 95% CI 1.18-1.92) and a protective haplotype (IL21-TC, 

Pcorr=0.012; OR=0.69, 95% CI 0.55-0.88) (see Table 3). 

Table 3. Haplotype analysis of the IL2-IL21 region on chromosome 4q27 

Haplotype 
Controls 

(%) 
UC cases (%) P Pcorr OR 95% CI 

Block1(IL2): rs2069776 -rs2069772- rs2069762 

TTA 49.3 39.3 0.001 0.005 0.67 0.52-0.85 

TTC 29.5 38.9 0.0012 0.0057 1.51 1.18-1.95 

TCA 12.0 13.1 0.569  1.10 0.77-1.58 

CTA 8.3 7.4 0.585  0.87 0.56-1.36 

Block2(IL21): rs2221903- rs2055979 

TC 54.0 44.8 0.0026 0.0119 0.69 0.55-0.88 

TA 33.8 43.5 
9.0×10-

4 
0.0046 1.50 1.18-1.92 

CC 12.0 11.6 0.8248  0.97 0.67-1.40 

Note: Combined frequency of haplotype presented for each block is >99%. 

P corr: P value after 1×104 permutation testing 
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IL23R associated with extent of disease 

No association was observed between any of the tested SNPs in the IL23R region and UC. We 

did observe association between the rs17375018 within IL23R and the extent of colitis. UC 

patients carrying the “AA” genotype of rs17375018 tended to have a disease limited to the 

rectum.  

ECM1 

No disease association was observed with any of the tested SNPs in the ECM1 gene region at 

the allelic level. While the haplotype of rs3737240*T-rs875514*G- rs13294*A-

rs12028854*G was moderately associated with UC (P=0.0277, OR=1.52, 95% CI 1.04-2.22), 

the association did not withstand correction for multiple testing (Pcorr=0.0756). 

IL10, 3p21 and MYO9B 

No evidence of allelic or genotypic association for IL10 and 3p21 including the MST1 gene 

was observed. On a genotypic level, the TT genotype of SNP rs1545620 in the MYO9B gene 

was moderately associated with UC (P=0.0169, OR=0.29, 95% CI 0.11-0.78) but this did not 

withstand correction for multiple testing (Pcorr=0.5).  

 

DISCUSSION 

Substantial progress in the genetics of UC has thus far established approximately 30 loci 

contributing to disease susceptibility (9, 21, 22). These data, however, mainly come from 

Caucasian UC patients of European descent. Genetic data from other ethnicities are still 

limited. Here, we systematically studied the association of six loci encompassing the genes of 

IL10, IL2/ IL21, MYO9B, ECM1, MST1 and IL23R in UC patients of Han Chinese descent. 

We confirmed the association of the IL2/IL21 gene region with UC in Han Chinese patients 

and due to the different LD structure in the Han Chinese, we suggest that both IL2 and IL21 

might be UC susceptibility genes.  

The findings of genetic association of IBD as well as other autoimmune diseases between 

European and Eastern Asian population are often contradictory. For example, mutations in the 

leucine rich region (LRR) of the CARD15 (NOD2) gene on chromosome 16q12 are strongly 

associated with CD in patients of European descent, but none of the mutations has been 

confirmed in patients from the eastern Asian populations. Moreover, in Asian rheumatoid 

arthritis (RA) patients, a strong and consistent association was found to the PADI4 gene, 

which is a good candidate for RA pathogenesis (23, 24, 25). However, this gene is not 

associated with RA in Europeans (26, 27). On the other hand, the PTPN22 gene, which has 

the strongest hit in European RA patients, is not associated at all in a large Korean dataset 

(28). The interpretation of the different genetic associations found among different ethnic 

groups may depend on two aspects. One is that the disease may be determined by slightly 

different genes in the different ethnic groups although the patients show similar or the same 

phenotypes. Another possibility is that the genetic markers of the genes that are used to test 

for the causal variants are different between ethnic groups. In the latter case, the genetic 

association cannot be found by a simple replication study. 
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By searching the HapMap database for Han Chinese, we found that three out of four UC-

associated variants of the IL2/IL21 gene region identified in European populations 

(rs13151961, rs13119723, rs6822844) are not present in the Han Chinese population, while 

the fourth SNP rs6840987 has a very low frequency (7.8%). We were able to select five tag 

SNPs that captured all the major haplotypes encompassing the IL2/IL21 gene region in the 

Han Chinese. This systematic study design allowed us to capture the maximum genetic 

information from a specific ethnic group by genotyping for a minimal number of SNPs. From 

work on the NOD2 gene, where the three variants strongly associated with European CD 

(C2104T in exon 4, G2722C in exon 8, and 3020insC in exon 11) are not present in Chinese 

and Japanese populations (19, 29). A genetic study focusing on haplotypes may also help to 

define the role of NOD2 in these populations.  

Interestingly, we observed that the IL2/IL21 gene region in the Han Chinese population is not 

in complete LD as the LD blocks encompassing IL2 and IL21 are separated from each other 

(Figure 1), whereas this region in Europeans is in complete LD. This population-based 

difference makes it possible to differentiate the causal gene(s) using our Chinese cohort. 

Remarkably, we detected an independent allelic association in both the IL2 block and IL21 

block, suggesting that both genes are involved in the pathogenesis of UC. A similar situation 

was found in the gene locus containing the UC-associated gene MST1. In Europeans this gene 

is located in a large block of strong LD, but in the Han Chinese, there is a break exactly in the 

MST1 gene, with only very moderate LD between the two blocks (D’=0.21). The ~84 kb 

region in the Han Chinese could be tagged by only a few SNPs. Although we did not confirm 

the disease association of MST1 with our selected tag SNPs, our study demonstrates that 

performing cross-ethnic genetic studies can be a powerful tool in narrowing the search for 

causative mutations. 

Our study recruited 245 UC patients and 300 healthy controls. Due to the low UC incidence 

in Han Chinese, this is thus far the largest UC cohort in China. The limited sample size means 

that our cohort has less power to pick up associations. However, with this sample size, we 

were able to identify strong association signals in both IL2 and IL21 blocks, suggesting that 

the IL2-IL21 signal is a strong one regarding the UC association. Our study did not confirm 

association of the genes IL10, MYO9B, ECM1, MST1 and IL23R with UC. Moderate 

association was found at a genotype level of MYO9B and in one single haplotype of ECM1. A 

larger genetic study would be the next step to further clarify the role of these genes in Han 

Chinese UC patients. 

In conclusion, our study confirms the association of the IL2/IL21 gene region with UC in 

patients of Han Chinese descent, and shows that both IL2 and IL21 are UC susceptibility 

genes. A systematic study design based on specific population n characteristics to perform 

cross-ethnic genetic studies can be a powerful tool in narrowing the search for causative 

mutations. 

 

 

 49



ACKNOWLEDGEMENTS 

We thank all the UC patients and healthy volunteers for their participation and the physicians 

at the Peking Union Medical College Hospital for their cooperation. We would like to thank 

Prof. Yan Shen and Qi Xu for helpful discussions and support and Jackie Senior for critical 

reading of the final manuscript. 

 

 

REFERENCES 

1 Loftus EV Jr. Clinical epidemiology of inflammatory bowel disease: Incidence, 

prevalence, and environmental influences. Gastroenterology 2004;126:1504-1517. 

2 Ouyang Q, Tandon R, Goh KL, et al. Management consensus of inflammatory bowel 

disease for the Asia-Pacific region. J Gastroenterol Hepatol 2006;21:1772-1782. 

3 Zheng JJ, Zhu XS, Huangfu Z, et al. Crohn's disease in mainland China: a systematic 

analysis of 50 years of research. Chin J Dig Dis 2005;6:175-181. 

4 Lok KH, Hung HG, Ng CH, et al. Epidemiology and clinical characteristics of 

ulcerative colitis in Chinese population: experience from a single center in Hong Kong. 

J Gastroenterol Hepatol 2008;23:406-410. 

5 Wang Y, Ouyang Q. Ulcerative colitis in China: retrospective analysis of 3100 

hospitalized patients. J Gastroenterol Hepatol 2007;22:1450-1455. 

6 Baumgart DC, Carding SR. Inflammatory bowel disease: cause and immunobiology. 

Lancet 2007;369:1627-1640. 

7 Gaya DR, Russell RK, Nimmo ER, et al. New genes in inflammatory bowel disease: 

lessons for complex diseases? Lancet 2006;367:1271-1284. 

8 Barrett JC, Hansoul S, Nicolae DL, et al. Genome-wide association defines more than 

30 distinct susceptibility loci for Crohn's disease. Nat Genet 2008;40:955-962. 

9. McGovern DP, Gardet A, Törkvist L, et al. Genome-wide association identifies multiple 

ulcerative colitis susceptibility loci. Nat Genet 2010;42: 332-337. 

10 Franke A, Balschun T, Karlsen TH, et al. Replication of signals from recent studies of 

Crohn's disease identifies previously unknown disease loci for ulcerative colitis. Nat 

Genet 2008;40:713-715. 

11 Fisher SA, Tremelling M, Anderson CA, et al. Genetic determinants of ulcerative colitis 

include the ECM1 locus and five loci implicated in Crohn's disease. Nat Genet 

2008;40:710-712. 

12 Weersma RK, Stokkers PC, Cleynen I, et al. Confirmation of multiple Crohn's disease 

susceptibility loci in a large Dutch-Belgian cohort. Am J Gastroenterol 2009;104:630-

638. 

13 van Bodegraven AA, Curley CR, Hunt KA, et al. Genetic variation in myosin IXB is 

associated with ulcerative colitis. Gastroenterology 2006;131:1768-1774. 

14 Franke A, Balschun T, Karlsen TH, et al. Sequence variants in IL10, ARPC2 and 

multiple other loci contribute to ulcerative colitis susceptibility. Nat Genet 

50 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gardet%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22T%C3%B6rkvist%20L%22%5BAuthor%5D


2008;40:1319-1323. 

15 Festen EA, Goyette P, Scott R, et al. Genetic variants in the region harbouring IL2/IL21 

associated to ulcerative colitis. Gut 2009;58:799-804. 

16 Yamazaki K, McGovern D, Ragoussis J, et al. Single nucleotide polymorphisms in 

TNFSF15 confer susceptibility to Crohn's disease. Hum Mol Genet 2005;14:3499-3506. 

17 Yamazaki K, Onouchi Y, Takazoe M, et al. Association analysis of genetic variants in 

IL23R, ATG16L1 and 5p13.1 loci with Crohn's disease in Japanese patients. J Hum 

Genet 2007;52:575-583. 

18 Yamazaki K, Takazoe M, Tanaka T, et al. Association analysis of SLC22A4, SLC22A5 

and DLG5 in Japanese patients with Crohn disease. J Hum Genet 2004;49:664-668. 

19 Leong RW, Armuzzi A, Ahmad T, et al. NOD2/CARD15 gene polymorphisms and 

Crohn's disease in the Chinese population. Aliment Pharmacol Ther 2003;17:1465-70. 

20 Podolsky DK. Inflammatory bowel disease. N Engl J Med 2002;347:417-429. 

21 Barrett JC, Lee JC, Lees CW, et al. Genome-wide association study of ulcerative colitis 

identifies three new susceptibility loci, including the HNF4A region. Nat Genet 

2009;41:1330-1334. 

22 Franke A, Balschun T, Sina C, et al. Genome-wide association study for ulcerative 

colitis identifies risk loci at 7q22 and 22q13 (IL17REL). Nat Genet 2010;42:292-294. 

23 Kang CP, Lee HS, Ju H, et al. A functional haplotype of the PADI4 gene associated 

with increased rheumatoid arthritis susceptibility in Koreans. Arthritis Rheum 

2006;54:90-96. 

24 Fan LY, Wang WJ, Wang Q, et al. A functional haplotype and expression of the PADI4 

gene associated with increased rheumatoid arthritis susceptibility in Chinese. Tissue 

Antigens 2008;72:469-473. 

25 Takata Y, Inoue H, Sato A, et al. Replication of reported genetic associations of PADI4, 

FCRL3, SLC22A4 and RUNX1 genes with rheumatoid arthritis: results of an 

independent Japanese population and evidence from meta-analysis of East Asian studies. 

J Hum Genet 2008;53:163-173. 

26 Martinez A, Valdivia A, Pascual-Salcedo D, et al. PADI4 polymorphisms are not 

associated with rheumatoid arthritis in the Spanish population. Rheumatology (Oxford) 

2005;44:1263-1266. 

27 Burr ML, Naseem H, Hinks A, et al. PADI4 genotype is not associated with rheumatoid 

arthritis in a large UK Caucasian population. Ann Rheum Dis 2010;69:666-670. 

28 Lee HS, Korman BD, Le JM, et al. Genetic risk factors for rheumatoid arthritis differ in 

Caucasian and Korean populations. Arthritis Rheum 2009;60:364-371. 

29 Inoue N, Tamura K, Kinouchi Y, et al. Lack of common NOD2 variants in Japanese 

patients with Crohn's disease. Gastroenterology 2002;123:86-91. 

 

 

 

 51

http://www.ncbi.nlm.nih.gov/pubmed/20228798
http://www.ncbi.nlm.nih.gov/pubmed/20228798


SUPPLEMENTAL MATERIALS 
 

Table S1. Comparison between CEU and CHB for UC-associated variants identified in 

the Caucasian population. 

Chromosome Gene(s) SNP CEU MAF CHB MAF 

4q27 rs6822844 0.203 0 

 rs13151961 0.190 0 

 rs13119723 0.150 0 

 

IL2/IL21 

rs6840978 0.242 0.078 

3p21 MST1 rs3197999 0.233 0.033 

1q32.1 IL10 rs3024505 0.175 0.011 

1p31.2 IL23R rs11209026 0.067 0 

19p31 MYO9B rs1545620 0.452 0.800 

1q21.2 ECM1 rs3737240 0.417 0.200 

  rs13294 0.425 0.200 

CEU: Utah residents with northern and western European ancestry from the CEPH 

(Centre d'Etude du Polymorphisme Humain) collection; CHB: Chinese Han in Beijing, 

China; MAF: minor allele frequency; SNP: single nucleotide polymorphism 

 

 

 

Table S2. Genotype-phenotype analysis of IL23R SNP rs17375018 for extent of disease in 

ulcerative colitis patients. Reported P values were obtained with a 4-df test for allelic 

effect and for genotyping effect. No significant genotype-phenotype associations were 

identified for any other of the SNPs tested. 

Extent of 

disease  

      Allelic frequency 

  G (%)            A (%)       P    

        Genotypic frequency 

GG (%)    GA (%)    AA (%)      P 

Proctitis 49 (14.5) 35 (24.8) 0.002 
17 

(13.5) 

15 

(17.2) 

10 

(37.0) 
0.011 

Left-sided 93 (27.4) 47 (33.3)  
33 

(26.2) 

27 

(31.0) 

10 

(37.0) 
 

Pancolitis 
197 

(58.1) 
59 (41.8)  

76 

(60.3) 

45 

(51.7) 
7 (25.9)  
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ABSTRACT 

 
Our immune system shows a stringent dichotomy, on one hand displaying tolerance towards 

comensal bacteria, but on the other hand vigorously combating pathogens. Under normal 

conditions the balance between flora tolerance and active immunity is maintained via a 

plethora of dynamic feedback mechanisms. If, however, the balancing act goes faulty, an 

inappropriate immune reaction towards an otherwise harmless intestinal flora causes disease, 

Crohn’s disease as an example. Recent developments in the immunology, genetics of mucosal 

diseases suggest that monocytes and their derivative cells play an important role in the 

phathophysiology of Crohn’s disease. In our review, we summarized the recent studies to 

discuss the dual function of monocytes--on one hand the impaired monocyte function 

initiating Crohn’s disease, and on the other hand the overactivation of monocytes and adaptive 

immunity maintaining the disease. For developing new therapies, both aspects of monocyte 

fuctions need to be taken into accournt. 

 

Key words: Crohn’s disease, Monocytes, Immune balance, Duality, Susceptibility genes  
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INTRODUCTION  

Crohn’s disease is a relapsing, transmural inflammatory disease of human gastrointestinal 

mucosa, along with a similar condition known as Ulcerative colitis, collectively called 

Inflammatory Bowel Diseases (IBD). Crohn’s disease primarily occurs in adolescents and 

young adults. The quality of life of patients with Crohn’s disease dramatically decreases due 

to symptoms caused by intestinal ulcerations and complications including strictures, abscesses, 

or fistulas. In addition to gastrointestinal lesions, extraintestinal organ involvement which 

occurs in about 25% patients with Crohn’s disease is an important clinical characteristic, 

including uveitis, arthritis, erythema nodosum etc. The most specific histological 

characteristic of Crohn’s disease is granulomas in intestinal ulcerative lesions found in about 

40% patients, which is the aggregation of epithelioid macrophages surrounded by lymphocyte 

cuff (1;2).  

Our immune system shows a stringent dichotomy. Under normal conditions, the balance 

between flora tolerance and active immunity is maintained via a plethora of dynamic feed 

back mechanisms involving all the components of the immune system (e.g. immune cells, 

cytokines and chemokines). If, however, the balancing act involved goes faulty, an 

inappropriate immune reaction towards an otherwise harmless intestinal flora causes 

debilitating and sometimes even lethal disease. Recent developments in the immunology and 

genetics of mucosal disease suggest that Crohn’s disease originates from a lack of innate 

immunity. In particular dysfunctional intracellular destruction of pathogens or deficient 

phagocyte recruitment gives rise to chronic mucosal inflammation. On the other hand, once 

disease is established, chronic over activation of our immune system, including over 

activation of monocyte compartment and T cells compartment, constitutes an important 

element for maintaining disease activity, as demonstrated by the efficacy of therapies that 

target the over activated immune activity. Hence, the role of innate immunity in Crohn’s 

disease seems dichotomal and the design of novel rational therapeutic strategies for dealing 

with Crohn’s disease should take the dual nature of the role of the monocyte compartment 

into account. In this context, it is attractive to compare the role of the monocyte to the yin and 

yang concept of Chinese philosophy,  which describes two opposing and, at the same time, 

complementary aspects of any one phenomenon, in this case both underactivation and 

overactivation of the monocyte perpetuating mucosal disease. In our review, we illustrate the 

monocyte dual function from the viewpoint of Crohn’s disease. 

 

Monocytes in non-pathogenic gastrointestinal mucosal immunity 

Monocytes derive from myelomonocytic stem cells in bone marrow, emigrating into blood 

vessels under chemokine signal stimulation, such as CCR2 (3). Using an adoptive precursor 

cell transfer strategy into mononuclear-phagocyte-depleted mice, Geissmann and his 

colleagues recently demonstrated that macrophage/dendritic cell-restricted bone marrow 

precursors give rise to bone marrow and blood monocytes, In mice, blood monocytes consist 

of two functional subsets: a short-lived CX3CR1loCCR2+Gr1+ subset that is actively recruited 
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to inflamed tissues and a CX3CR1hiCCR2-Gr1- subset characterized by CX3CR1-dependent 

recruitment to noninflammed tissues. In humans, the level of CX3CR1 defines the two major 

human monocyte subsets, the CD14hiCD16- and CD14+CD16+ monocytes, which share 

phenotype and homing potential with the mouse subsets. An interesting question is whether 

the balance between these subgroups is disturbed in Crohn’s disease, as CD14hiCD16- 

monocytes may well have sentinel functions and counteract disease, whereas the 

inflammatory CD14+CD16+ monocytes may be actively involved in maintaining the chronic 

nature of the disease (4).  

Nevertheless, the exact dynamics of monocyte recruitment to the intestinal mucosa in general 

remain only partly understood. Smythies and colleagues recently reported that intestinal 

macrophages and blood monocytes do not proliferate as detected by proliferation-specific 

autoradiography of in vitro cultures of macrophages isolated from fresh jejunum sections or 

peripheral blood monocytes of normal human donors (5). Using green fluorescent protein 

reporter system driven at the locus of the Cx3cr1 gene in mice, CX3CR1+CD117+Lin- cells 

specifically differentiated into macrophages and dendritic cells in vitro and in vivo (6;7). 

Furthermore, grafted Gr1+ “inflammatory” blood monocytes shuttle back to the bone marrow 

in the absence of inflammation, convert into Gr- monocytes, and contribute further to 

mononuclear phagocyte generation. The grafted monocytes replenish intestinal lamina propria 

and lung dendritic cells, whereas macrophage/dendritic cell-restricted bone marrow 

precursors replenish conventional CD11chigh dendritic cells in the spleen (8). Hence, the size 

of monocyte compartment is under active and very dynamic control.  

Combined intravital confocal microscopy imaging technique that allows in vivo observing 

cells within capillaries and postcapillary vessels and the green fluorescent protein reporter 

system, Geissmann and his colleagues again showed that the “resident” Gr1- monocytes 

patrols healthy tissues trough long-range crawling on the resting endothelium. This patrolling 

behavior depends on the integrin LFA-1 and the chemokine receptor CX3CR1 and was 

required for rapid tissue invasion at the site of an infection by this “resident” monocyte 

population, which initiated an early immune response and differentiated into macrophages (9]. 

The constant replenishment of monocytes from the peripheral blood makes this 

experimentally highly accessible compartment probably an excellent reservoir of cells with 

properties similar to that of the monocytes entering the inflamed intestinal mucosa. 

The migration of myeloid cells from the vascular lumen to the tissues involves a series of 

sequential molecular interaction. The forward migration of monocytes through endothelial 

junctions is regulated sequentially by platelet-endothelial cell adhesion molecule 1 (PECAM-

1, also known as CD31) and CD99 that is a heavily O-glycosylated type 1 transmembrane 

protein expressed on both monocytes and endothelial cells (10). Although both macrophages 

and monocytes express chemokine receptors, CXCR1 and CXCR2, TGF-ßRI and RII, N-

formylmethionyl-leucyl-phenylalanine receptor (fMLPR), and C5aR, only monocytes but not 

macrophages migrate towards chemoattractant ligands, which suggested that blood monocytes 

are the exclusive source of macrophages in inflamed intestinal mucosa (5). Furthermore, 
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lamina propria matrix products IL-18 and TGF-ß, probably secreted by epithelial cells and 

mast cells, chemotax monocytes in the absence of inflammation (5). CD23, a constitutively 

expressed chemokine by human intestinal epithelial cells apparently triggers upregulation of 

IL-8 and CCL20 at the mRNA and protein level in vitro and induces migration of dendritic 

cells in a CCL20-dependent manner. Accordingly, CCL20 was constitutively expressed by 

epithelial cells (11). The knowledge of the molecular mechanisms that govern monocytes 

entry into the inflamed compartment may ultimately prove exceedingly useful for designing 

novel rational treatment of Crohn’s disease. 

In healthy individuals, the microorganisms that are encountered daily are detected and 

destroyed within minutes or hours by innate immune system that do not require a prolonged 

period of induction because they do not rely on the clonal expansion of antigen-specific 

lymphocytes. In the human gastrointestinal tract, approximately 2×1015 bacteria reside. The 

epithelial surface serves as an effective barrier for this microbiological onslaught, and is 

rapidly repaired if wounded. Recently, the tight junction genes were found associated with 

ulcerative colitis, suggesting pathogenic involvement of epithelial permeability (12). In 

addition, the acid pH of the stomach, peristalsis movement of gut, α-defensins made by 

Paneth cells and normal nonpathogenic bacteria that compete with pathogenic 

microorganisms for nutrients and for attachment contribute the defense as well (13). Direct 

testing of the anti-microbial activity of intestinal flood of patients and healthy controls 

suggest that the diminished presence of anti-microbial first-line of defense substances is 

common phenomenon in Crohn’s disease(14). 

Normal wear and tear of the intestine allows bacteria to pass the barrier fairly frequently. 

Following such translocation and possible replication in the submucosal layer of the microbe 

involved, macrophages serve as sentinels, recognizing, ingesting, and destroying the 

pathogens involved in these routine translocation events. Macrophages recognize pathogens 

by means of their cell-surface receptors. Recognition of pathogens is mediated by germ-line 

encoded pattern recognition receptors (PRRs). Several groups can be distinguished including 

(C-type) lectins, mannose receptors, complement receptors, scavenger receptors, Nod proteins 

and Toll Like Receptors (TLRs). These receptors have evolved by natural selection and are 

specific for a limited amount of highly conserved microbial motifs (pathogen associated 

molecular patterns or PAMP)(15;16). Toll like receptors belong to the cytokine receptor 

family and so far more as ten different TLRs have been described. Their extracellular domains 

contain Leucine-rich repeats that participate in ligand recognition; the intracellular domains 

contain regions that are highly similar to the intracellular domain of the IL-1 receptor. After 

activation, all TLRs finally activate NF-�B but important differences remain. TLR4 is 

activated when the LPS-LPS Binding Protein-complex is transferred from the CD14 

receptor(17;18). Binding of LPS to a TLR-4 heterodimer-MD2 complex results in the 

activation of different domains of the intra-cellular region. Roughly, an early MyD88 

dependent- and late MyD88-independent pathway can be distinguished (19), both seem 

important for effective innate responses, which include phagocytosis of the pathogen, 
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followed by its death inside the phagocyte via auto/allophagia. In addition to triggering 

phagocytosis, binding of pathogens to TLRs can also triggers the cell-surface displaying co-

stimulatory molecules that eventually leads to the induction of adaptive immunity. The 

importance of TLR4-dependent recognition of pathogens for maintaining gut homeostasis is 

emphasized by the linkage of TLR4 polymorphisms to Crohn’s disease (20). 

After engulfment of pathogens, the nascent phagosomes fuse with lysosomes to generate 

phagolysosomes, the mature compartment where killing and degradation of pathogens occur. 

Cytokines and chemokines secreted by macrophages induce the next phase of the innate 

immune response. In this phase an inflammatory response recruits neutrophil granulocytes to 

the site of infection as well as complement system proteins that cooperate with the phagocytes 

in the engulfment of the pathogens. Neutrophils are the most abundant leukocytes in human 

peripheral blood, killing many microbes by “respiratory burst” and dying soon after they have 

accomplished a round of phagocytosis (21). This is a phenomenon more associated with 

actute inflammation rather as the chonic inflammation that characterizes the inflammatory 

bowel diseases, in which the monocyte compartment is much more important.  

If the stimulation of microorganisms can not be quickly cleared by intestinal innate immune 

reactions, adaptive immune reactions are induced via antigen presentation and cytokine 

secretion of dendritic cells and macrophages. Peptides generated in phagosomes can be 

loaded onto MHC molecules and presented at the cell surface. Upon the recognition of MHC-

associated peptides by TCR molecules, T cell compartment is activated for clonal expansion 

(22). Monocytes and their derivative cells present antigens to CD4+ T cells by antigen-MHC 

class II complexes and CD8+ T cells by antigen-MHC class I complexes, the latter so called 

Antigen Cross-Presentation. The common view has long been that exogenous proteins, 

internalized by endocytosis or phagocytosis, are presented by the MHC class II pathway. In 

contrast, the MHC class I presentation pathway was considered to restricted to endogenously 

synthesized proteins, including self proteins and those resulting from viral infection (23). A 

large body of evidence indicates that the capacity of pathogens to prevent phagosome 

maturation is likely to affect antigen processing and presentation. For instance, in phagosomes 

containing Mycobacterium tuberculosis, the formation of bacterial antigen-MHC class II 

complexes is decreased when live bacteria, rather than heat-killed bacteria, are phagocytosed 

(24). Antigens from pathogens, including mycobacteria, Salmonella, Brucella, and 

Leishmania, elicit an MHC class I dependent response promoting the proliferation of CD8+ 

cytotoxic T cells through ER-mediated phagocytosis and the delivery of ER proteins to 

phagosomes, involving the retro-translocation of exogenous peptides from the phagosome 

lumen to the cytosol (25-27). Taken together, monocytes and their derivative cells are the 

central mediators for both innate and adaptive immunity. In most people the monocyte 

compartment is effective and prevents excessive inflammation in the mucosa. As we shall 

discuss below, however, genetic mutations may render this compartment less effective, 

causing chronic inflammatory reactions and Crohn’s disease. 
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The origin of Crohn’s disease pathogenesis: microbial invasion, adaptive immune 

disorders, or innate immune disorders?  

Microbial invasion and mucosal ulceration 

Crohn’s disease was first described as a clinical entity in 1932 by American gastroenterologist 

Burrill B. Crohn (28). After three-quarters of a century of investigation, the hypothetical 

pathogenic causes that directly result in ulceration of intestinal mucosa can be categorized 

into three aspects: microbial invasion, adaptive immune disorders, and innate immune 

disorders. Microbial pathogens have long been postulated to cause Crohn’s disease, 

particularly Mycobacterium avium subspecies paratuberculosis (MAP) which causes chronic 

enteritis affecting human (intestinal tuberculosis), cattle (Johne’s disease) and other species 

(29;30). Human intestinal tuberculosis extremely resembles Crohn’s disease including the 

location and appearance of ulceration, granuloma formation, and systemic involvement and is 

rarely seen in developing countries nowadays (31). In agreement with a mycobacterial cause 

for Crohn’s disease are the observations of  Naser and colleagues who reported the culturing 

of viable MAP from the blood of 14/28 (50%) patients with Crohn’s disease, 2/9 (22%) with 

ulcerative colitis, and 0/15 of the individuals without inflammatory bowel disease, and 

detecting MAP DNA by nested PCR from uncultured blood of 13/28 (46%) patient with 

Crohn’s disease, 4/9 (44%) with ulcerative colitis and 3/15 (20%) of individuals without 

inflammatory bowel disease (32). The authors concluded that the use of immunosuppressive 

medication did not correlate with a positive MAP finding among patients with Crohn’s 

disease. However, the authors are not able to exclude that positive MAP was the consequence 

of the use of immunosuppressive medication that increases the risk of opportunistic infection, 

when compare to the control group comprised of individuals without using 

immunosuppressive medication. Recently, the Australian Crohn’s disease study group 

reported that their two year prospective, parallel, placebo-controlled, double-blind, 

randomized trial did not find a sustained benefit of antibiotic treatment against MAP in 

patients with Crohn’s disease (33). Hence it is fair to say that little evidence for now supports 

the direct mycobacteriogenic origin of this disease, although it may play a role in further 

pathogenesis and most investigators have given up on the possibility that a specific 

microbiological entity – analogous to H. pylori in gastric ulceration – is causative in Crohn’s 

disease. Tantalizingly, the difficulty that a healthy immune system has in eliminating MAP as 

well as the clinical similarity between MAP infection and Crohn’s disease may indicate that 

an initial failure to eliminate mucosal invading bacteria could underlie Crohn’s disease. 

Indeed, Crohn’s disease clearly involves interaction of the mucosal immune system with the 

resident flora. Genetically manipulated mice developing chronic intestinal inflammation in 

conventional environment do not do so or develop attenuated disease in a germ-free 

environment (34;35). Hence it is now generally assumed that role of enteric microorganisms 

in Crohn’s disease pathogenesis is most likely to provide the antigens that stimulate intestinal 

immune system. 
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Adaptive immune disorders were categorized into IL-12/Th1 and IL-23/Th17 pathways 

The immune disorders of patients with Crohn’s disease were firstly oriented to T cell 

compartments characterized by exaggerated proliferation and activation of T cells. The 

importance of this finding is emphasized by the effectiveness of T cell apoptosis in inducing 

remission in Crohn’s disease(36) or in the combat of experimental colitis in experimental 

rodents(37-39). Recent research suggests that at adaptive immunity level, T helper 1 (Th1) 

and T helper 17 (Th17) lymphocytes are master regulators that directly attribute to the 

intestinal mucosal ulceration. Kontoyiannis and colleagues showed the mouse by deletion in 

the 3´ AU-rich elements (AREs) of TNF mRNA (TnfΔARE mouse) overproduced TNF and 

developed a unique Crohn’s disease phenotype with remarkable histopathological similarity 

including patchy transmural inflammation, lymphoid aggregation and granulomata restricted 

to the terminal ileum at 4-8 weeks of age. The intestinal pathology in this model depended on 

Th1-like cytokines such as interferon-γ (IFN-γ) and interleukin-12 (IL-12) and required the 

function of CD8+ T lymphocytes. CD8+ T cells but not CD4+ T cells expressed 

activated/memory markers CD44, CD69, and CD25, and enhanced lysis of epithelial cells in 

vitro due to increased cytotoxic activity. By crossing TnfΔARE mice into CD4, β2-

microglobulin (CD8), µMT(B cell), and TcRδ (γδTCR T cells) deficient backgrounds 

respectively, the authors confirmed that CD8+ T cells, mediated by CD4+ T cells, play an 

essential role in the development of chronic progressive inflammation. B cells and γδTCR T 

depletion did not change the disease’s severity in this animal model (40).  

In 1986, Mosmann and colleagues described the presence of two types of CD4+ T helper cell 

clones that had distinct profiles of cytokine production –Th1/Th2 polarization profiles (41). 

Based on this concept, Crohn’s disease is defined as a IL-12 driven Th1 cell mediated process 

including increased levels of IFN-γ, granzyme, TRAIL, FasL, and CCL5 (42). However, after 

the discovery of IL-23 driven Th17 cells that displayed a profile distinct from Th1 cells and 

the essential role of IL-23 in T cell-mediated colitis of which the development of spontaneous 

IBD in IL-10 deficient mice was completely prevented by crossing these mice to IL-23p19-

deficient mice (43), our understanding on adaptive immune disorders in patients with Crohn’s 

disease developed as IL-12/Th1 and IL-23/Th17 working together to control intestinal 

microbial infection. Whereas IL-12/Th1 pathway predominantly induces cytotoxic factors 

important for the direct killing of microbes or infected cells, IL-23/Th17 pathway 

characterized by increased levels of IL-17, IL-6, IL-22, TNF, CXCL1, and α3 integrin, is 

associated with local tissue inflammation that produces swelling, heat, and pain, and sets up 

an environment with heightened immune responses (44).  

The pathways that lead to hyperactivated adaptive immune responses in Crohn’s disease can 

roughly be divided into related processes, i) antigen presentation of luminal components to 

the adaptive immune system by components of the innate immune system and ii) genetic 

mutation of components of adaptive immunity. As discussed later, currently identified IBD 

susceptibility genes and their functional studies suggest that the first pathway predominates. 

The data on how innate immune cells mediate Th1 and Th17 cells in patients Crohn’s disease 
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are still very limited. We now know that both IL-12 and IL-23 are produced by dendritic cells 

and macrophages, suggesting the causal role of innate immunity on exaggerated T cells 

responses in Crohn’s disease. It is also known that IL-23 driven CD4+ memory T cells 

activation and IL-8, CXCL1, TNF, G-CSF cytokine secretion is responsible to promote 

locally rapid neutrophil recruitment, which is important for the control of acute infection (44). 

Taken together, monocytes and their derived dendritic cells and macrophages are most likely 

the “start” point of pathogenesis of Crohn’s disease, by the inadequacy of their responses 

inducing disease. The subsequent recruitment of more inflammatory types of phagocytes, in 

conjunction with the adaptive immune system subsequently ensures its propagation.   

Innate immune disorders and their implications 

The high frequency of extra-intestinal organs involvement in patients with Crohn’s disease 

and the effectiveness of immunosuppressive rather than antibiotic treatment in extra-intestinal 

symptoms including uveitis, arthritis, erythema nodosum etc, indicates that fundamental 

defects in immune system function play an essential role in the pathogenesis of Crohn’s 

disease. Indeed, two clinical trials suggested the impaired neutrophil function in patients with 

Crohn’s disease. Marks and colleagues investigated inflammatory responses in patients and 

controls by quantifying neutrophil recruitment and cytokine production after acute trauma. In 

patients with Crohn's disease, trauma to rectum, ileum, or skin led to abnormally low 

neutrophil accumulation (differences from healthy individuals of 79%/n=8, 57%/n=3, 

50%/n=13, respectively) and lower production of proinflammatory interleukin 8 (63%/n=7, 

63%/n=3, 45%/n=8) and interleukin 1β. Interleukin 8 secretion by cultured macrophages was 

reduced after exposure to acute wound fluid, Also the local inflammatory reaction to 

inoculation with E coli was attenuated in patients as quantified by changes in blood flow (45). 

The most straightforward interpretation of these data is that patients with Crohn’s disease 

have abnormal weak innate responses(46). Furthermore, United States’ Sargramostim study 

group reported that in their placebo-controlled, randomized trial, Sargramostim, a 

Granulocyte-macrophage colony-stimulating factor which stimulates cells of the intestinal 

innate immune system, significantly improved patients condition when compared to placebo 

group as judged by reaching a clinical response (which was defined by a decrease from 

baseline of at least 100 points in the Crohn’s disease Activity Index (CDAI) score on day 57) 

and of remission (defined by a Crohn’s disease AI score of 150 points or less on day 57). The 

sargramostim group also had significant improvements in the quality of life (47).  Thus weak 

innate immune responses are associated with Crohn’s disease and stimulating these responses 

seems beneficial. In apparent agreement, genetic aberrancies of innate– and in particular 

granulocyte immune function (like e.g. NADPH oxidase deficiency or Wiskott Aldrich 

Sydrome) cause pathology highly reminiscent to Crohn’s disease and may actually be 

misdiagnosed as Crohn’s disease. 

Since neutrophil recruitment is mediated by cytokines and chemolines secreted by monocyte 

compartment, manipulating monocyte fuction is a potential therapeutic strategy for the 

impaired neutrophil recruitment in patients with Crohn’s disease. Recent studies performed in 
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mice show that IL-23, secreted by macrophages and dendritic cells in response to microbial 

products and inflammatory cytokines, regulates granulopoiesis in a neutrostat regulatory 

feedback loop through IL-17A-producing neutrophil regulatory (Tn) cells(48). At the site of 

infection, IL-23 was induced rapidly after E. coli infection in a TLR4 signaling-dependent 

manner. In response to IL-23, IL-17 produced by γδT cells facilitates the influx of neutrophils. 

Accordingly, Neutralization of IL-17 resulted in a reduced infiltration of neutrophils and an 

impaired bacterial clearance (49). The prediction would be that reduced activity of this system 

and thus reduced capacity of the mucosa for bacterial clearance would be the predispose for 

Crohn’s disease and as dixcussed below, this might be true. 

 

Susceptibility genes indicate the pathophysiological role of monocytes in Crohn’s disease 

Crohn’s disease is considered the poster child with respect to the elucidation of the 

susceptibiligy genes underlying a complex inherited disease and the numbers of alleles 

associated with increased susceptibility increase almost every week. Unfortunately, these 

alleles do not show remarkable correlation to the success of particular treatment modalities, 

and the relative risks of the alleles involved tend to be low (typical lod scores ranging from 

1.5 to 5). Nevertheless, studying the functions of these genes is an efficient way to understand 

the pathogenesis of Crohn’s disease. Among the more than 30 distinct suscetibility loci for 

Crohn’s disease, NOD2, IL-23R, and autophagy genes are the strongest associated (50), 

which all indicate the pathophysiological role of monocytes in Crohn’s disease.  

NOD2, an intracellular receptor of bacterial cell wall muramyldipeptide (MDP), is mainly 

expressed on antigen presenting cells(51) and three single nucleotide polymorphisms have 

been identified that confer increased risk for Crohn’s disease(52;53). A variety of 

immunological mechanisms linking Crohn’s disease to these polymorphisms has been 

proposed, most of them involving a reduced activity of a component of the innate immune 

system (e.g. diminished anti-microbial alpha-defensin activity of the paneth cell(54). In 

monocyte compartment, NOD2 plays a negative role mediating IL-12/Th1 cell inflammation 

pathway. NOD2 signaling inhibited Toll-like receptor 2-driven activation of NF-kappa B, and 

thus, in NOD2 knockout mice, NOD2 deficiency or the presence of a Crohn’s disease-like 

Card15 mutation increased the Th1 cytokine profile character following Toll-like receptor 2 

stimulation (55). In contrast, NOD2 overexpressing transgenic mice were resistant to the 

induction of PGN colitis. Antigen presenting cells from these mice exhibited diminished 

PGN-driven IL-12 response (56). As we discussed afore, adaptive immune disorders in 

Crohn’s disease were categorized into IL-12/Th1 and IL-23/Th17 pathways. Interestingly, in a 

recent study, NOD2 was shown a posive regulatory effect on IL-23/Th17 imflammatory 

pathway. Upon NOD2 stimulation by MDP, dendritic cells enhanced Toll-like receptor 

agonist-dependent induction of IL-23 and IL-1 production, which in turn promoted IL-17 

expression in Th17 memory cells but not naive Th cells (57). Taken together, NOD2 protein 

in monocyte compartment plays a dual function in response to microbial products, on one 

hand negatively regulating Th1 inflammation pathway, on the other hand positively regulating 
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Th17 inflammation pathway but and again points to fundamental flaws in the action of the 

phagocyte system as the fundamental cause of the disease.   

IL-23 is secreted by macrophages and dendritic cells. In Crohn’s disease-induced mice colitis, 

intestinal inflammation was associated with IL-23 mRNA-producing intestinal dendritic cells 

and depended on IL-23 secretion (58). Our knowledge on the underlying mechanisms by 

which IL-23 participates in the intestinal inflammation is still very limited. The 

pathophysiological role of IL-23 in Crohn’s disease is discussed in the section “The origin of 

Crohn’s disease pathogenesis: microbial invasion, adaptive immune disorders, or innate 

immune disorders?”. Although more indirect, these data are best explained by deficient innate 

immune function being pivotal in the establishment of disease. 

The protein encoded by ATG16L1 is broadly expressed in the intestinal epithelium, antigen 

presenting cells, T and B lymphocytes, taking part in cellular autophagy process. Autophagy 

delivers cytoplasmic constituents for lysosomal degradation, playing an important role on 

antigen presentation. Recent studies demonstrated that this pathway mediates resistance to 

pathogens and is targeted for immune evasion by viruses and bacteria. Bacteria and viruses 

have developed strategies to escape destruction via macroautophagy. After phagocytosis, 

successful microbial pathogens either leave phagosome for the cytosol before fusion with 

lysosomes, as is the case for Listeria monocytogenes, or stop their maturation to acidic 

vesicles, as for Mycobacterium tuberculosis. Both cytosolic bacteria and endosome-

enwrapped pathogens can then be targeted by macroautophagy. Upon the fusion of 

autophagosomes and lysosomes, lysosomal degradation products, inclusing pathogenic 

determinants, are then surveyed by the adaptive immune system to elicit antigen-specific T 

cell responses (59). Hence again, disorders in the first line of mucosal defense against 

pathogens seems involved in establishing chronic disease and the adaptive immunity was 

further induced by antigen presentation and cytokine secretion. It is to be predicted that other 

risk alleles now being identified will also reveal genes involved in this defense and in 

particular monocyte function.  

 

The wax and wane of monocyte function: the immune disorder dualism of patients with 

Crohn’s disease 

The lamina propria of the gastrointestinal mucosa contains the largest population of 

mononuclear phagocytes in the body. Monocytes execute their function by a complex 

signaling pathway network system, not a linear pattern. Receptors of the cellular surface 

provided enviromental cues which functionally direct monocytes into effect actions as 

phagocytosis, antigen presentation, cytokine secretion, or apopotosis. The detailed description 

of these networks goes beyond the scope of this review, but we should realize that bacteria, as 

complex particles, always simultaneously activate multiple receptors and each receptor is able 

to initiate the responses of multiple kinases sequentially resulting in multiple consequences. 

For example, E.coli are recognized by integrin receptors, Fcγ receptors, complement receptors, 

mannose receptors, TLR receptors, scavenger receptors etc, and through the activation of Rho 
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family kinases, phospholipase C, PIP2 kinase, PI3K kinase or MAP kinase, resulting in 

monocyte phagocytosis, antigen presentation and cytokine secretion processes. Many of the 

details of the signaling pathways involved have now been elucidated and vast knowledge of 

directional control of kinase signaling pathways has been gained, highlighting e.g. the 

function of scaffold proteins, that force signal transducers together,  adding directionality to 

such pathways and have now also begun to be clinically exploited, see e.g. the clinical success 

of Raf inhibitors in Crohn’s disease(60;61). In clinical practice, manipulating the activity of 

key kinases is an effective way to control the intensity of monocyte functional outcomes 

although in practice it is difficult to make predictions of the outcome of therapy because of 

the non-linearity in signaling pathways and network effects that may produce unexpected 

effects. Thus monocyte signal transduction in mucosal inflammation is multifold and under 

non-pathological conditions an intricate web of feed back mechanisms ensures that 

inflammation to non-dangerous organisms. 

The pathophysiological role of monocytes in Crohn’s disease shows a dual pattern. As 

discussed above diminished innate function of monocytes seems a critical actor in 

establishing disease. An inadequate innate response to bacterial invasion allows the 

accumulation of potential immune inducers (commensal bacteria), inducing subgroups of 

monocyte compartment over-activated and secondary lines of defense of the body (i.e. 

adaptive immunity) to task the bacterial resolution. Adaptive immunity, however, is by its 

nature much less precisely controlled as compared to innate responses, and this less regulated 

response in turn produces the intestinal inflammation typical of Crohn’s disease. In patients 

with active Crohn’s disease, monocyte subpopulations of CD16+ and CD56+ are expanded 

and CD14lowCD16+ monocytes expresses higher level of CX3CR1, a  chemokine receptor 

which promote monocyte trafficking, as compared to the healthy controls (62). In general 

intestinal macrophages lack the expression of innate-immune receptor CD14. Tantalizingly, a 

subset of unique CD14+ intestinal macrophages was identified in intestine tissue of patients 

with Crohn’s disease, which produced large amounts of IL-23 and TNF-α, compared with 

those in normal controls or patients with ulcerative colitis (4). It is reasonable to propose that 

this unique CD14+ macrophages come from the increased CD14+CD16+ “inflamed” 

monocyte population, contributing to the setup of local lesions.  

In addition to cytokine secretion, monocyte compartment induces the activation of T cell 

compartment by overexpressing its costimulatory factors. For instance, CD40-CD40 ligand 

interaction is essential for the T lymphocyte-dependent immune response. In active Crohn’s 

disease patients, CD40 expression on both circulation monocytes and intestinal CD68+ 

macrophages is significantly increased, compared with healthy donors and ulcerative colitis 

subjects (63). In an in vitro experiment co-culturing mononuclear cells with epithelial cells, 

lamina propria mononuclear cells but not peripheral blood monocytes from patients with 

Crohn’s disease resulted in the break down the epithelial barrier function via the secretion 

TNF-α (64). Hence, once disease is established, CD16 positive monocytes will be recruited 

and in conjunction with the T cell compartment play an active role in maintaining disease.  
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Current immunosuppressive therapeutic strategies for dealing with Crohn’s disease are able to 

induce and maintain remission for most of patients. These immunosuppressive drugs target T 

cell activation/apoptosis, possibly the over-activation of monocyte compartment as well (65). 

However, they may be of limited usefulness with respect to the events actually initiating 

Crohn’s disease, which may explain the continuous recurrence of disease in patients. 

Azathioprine and its metabolite 6-mercaptopurine (6-MP) are the most frequently used 

immunosuppressive drugs for maintaining remission (66;67). Azathioprine and its metabolites 

induce apoptosis of T cells from patients with Crohn’s disease and control patients. Apoptosis 

induction requires co-stimulation with CD28 and is –at least in part- mediated by specific 

blockade of Rac1 activation through binding of azathioprine-generated 6-thioguanine 

triphosphate (6-Thio-GTP) to Rac1 instead of GTP. In apparent agreement, the Rac1 targeting 

genes such as mitogen-activated protein kinase kinase (MEK), NF-kappaB, and bcl-x(L) are 

suppressed by azathioprine and all these events may lead to a mitochondrial pathway of 

apoptosis. Azathioprine may well partially exert its action by converting a costimulatory 

signal into an apoptotic signal (65). 

Treatment of Crohn’s disease has been revolutionized by the introduction of anti-TNF 

medication, which is useful for both remission induction and maintenance. The two processes 

seems distinct on a molecular level, remission induction being dependent on apoptosis in the 

T cell compartment, whereas remission maintenance requires neutralization of TNF 

bioactivity per se:  We have shown earlier that infliximab (an anti-TNF medication effective 

in Crohn’s disease and Rheumatoid Arthritis) but not etanercept (an anti-TNF medication 

effective in Rheumatoid Arthritis) induces apoptosis in lamina propria T-lymphocytes from 

patients with Crohn's disease(68), and it is well established that whereas infliximab is highly 

effective in inducing remission in Crohn’s disease, etanercept has absolutely not this capacity 

(69;70). Furthermore, mucosal apoptosis 24 hrs after an infusion of infliximab strongly 

correlates with the clinical success of infliximab with respect to inducing remission in patients 

with moderate to severe Crohn’s disease (36). On the other hand certolizumab (another anti-

TNF medication), at least in vitro, does not seem to induce apoptosis (71). This is a significant 

observation as certolizumab, although apparently effective in maintenance therapy is not very 

effective with respect to remission induction in Crohn’s disease (72;73). Thus these 

observations provide further strong support for the notion that anti-TNF medication is only 

beneficial for remission induction in Crohn’s disease when it has the capacity to induce 

mucosal apoptosis. However, for long-term maintaining remission, the neutralization of TNF 

bioactivity which interfere both adaptive and innate immunity seems important.  

 

Clinical implications of a dichotomal role for monocytes in Crohn’s disease 

Current insights in Crohn’s disease suggest that the monocyte compartment exerts such a dual 

function on one hand inadequacy in this compartment initiating disease, but subsequently its 

overactivity also maintains the colitis. Current therapeutic strategy for Crohn’s disease is 

immunosuppressive treatment, which can induce clinical remission in more than 60 percent of 
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patients. However, substantial percent of patients fail to response to medication and more than 

20 percent of patients show severe advent to the treatment (74). The life long therapy cause 

socioeconomic problems as well. In order to achieve the final aim—“cure”, we may well 

depend on the modulation of the monocyte compartment. 

 

REFERENCES 

1 Baumgart DC, Sandborn WJ. Inflammatory bowel disease: clinical aspects and established 

and evolving therapies. Lancet 2007;369:1641-1657. 

2 Heresbach D, Alexandre JL, Branger B, et al. Frequency and significance of granulomas in 

a cohort of incident cases of Crohn's disease. Gut 2005;54:215-222. 

3 Serbina NV, Pamer EG. Monocyte emigration from bone marrow during bacterial infection 

requires signals mediated by chemokine receptor CCR2. Nat. Immunol 2006;7:311-317. 

4 Kamada N, Hisamatsu T, Okamoto S, et al. Unique CD14 intestinal macrophages 

contribute to the pathogenesis of Crohn disease via IL-23/IFN-gamma axis. J. Clin. Invest 

2008;118:2269-2280. 

5 Smythies LE, Maheshwari A, Clements R, et al. Mucosal IL-8 and TGF-beta recruit blood 

monocytes: evidence for cross-talk between the lamina propria stroma and myeloid cells. 

J. Leukoc. Biol 2006 80:492-499. 

6 Geissmann F, Jung S, Littman DR. Blood monocytes consist of two principal subsets with 

distinct migratory properties. Immunity 2003;19:71-82. 

7 Fogg DK, Sibon C, Miled C, et al. A clonogenic bone marrow progenitor specific for 

macrophages and dendritic cells. Science 2006;311:83-87. 

8 Varol C, Landsman L, Fogg DK, et al. Monocytes give rise to mucosal, but not splenic, 

conventional dendritic cells. J. Exp. Med 2007;204,171-180. 

9  Auffray C, Fogg D, Garfa M, et al. Monitoring of blood vessels and tissues by a 

population of monocytes with patrolling behavior. Science 2007;317:666-670. 

10 Schenkel AR, Mamdouh Z, Chen X, et al. CD99 plays a major role in the migration of 

monocytes through endothelial junctions. Nat. Immunol. 2002;3:143-150. 

11 Li H, Chehade M, Liu W, et al. Allergen-IgE complexes trigger CD23-dependent CCL20 

release from human intestinal epithelial cells. Gastroenterology 2007;133:1905-1915. 

12 Wapenaar MC, Monsuur AJ, van Bodegraven AA, et al. Associations with tight junction 

genes PARD3 and MAGI2 in Dutch patients point to a common barrier defect for coeliac 

disease and ulcerative colitis. Gut 2008;57:463-467. 

13 Mazmanian SK, Round JL, Kasper DL. A microbial symbiosis factor prevents intestinal 

inflammatory disease. Nature 2008;453:620-625. 

14 Wehkamp J, Salzman NH, Porter E, et al. Reduced Paneth cell alpha-defensins in ileal 

Crohn's disease. Proc. Natl. Acad. Sci. U. S. A 2005;102:18129-18134. 

15 Barton GM, ,Medzhitov R. Toll-like receptors and their ligands. Curr. Top. Microbiol. 

Immunol 2002;270:81-92. 

16 Janeway CA, Jr..Medzhitov R. Innate immune recognition. Annu. Rev. Immunol 

 67



2002;20:197-216. 

17 Jiang Q, Akashi S, Miyake K, et al. Lipopolysaccharide induces physical proximity 

between CD14 and toll-like receptor 4 (TLR4) prior to nuclear translocation of NF-kappa 

B. J. Immunol 2002;165:3541-3544. 

18 Chow JC, Young DW, Golenbock DT, et al. Toll-like receptor-4 mediates 

lipopolysaccharide-induced signal transduction. J. Biol. Chem 1999;274:10689-10692. 

19 Delale T, Paquin A, sselin-Paturel C, et al. MyD88-dependent and -independent murine 

cytomegalovirus sensing for IFN-alpha release and initiation of immune responses in vivo. 

J. Immunol 2002;175:6723-6732. 

20 Braat H, Stokkers P, Hommes T, et al. Consequence of functional Nod2 and Tlr4 mutations 

on gene transcription in Crohn's disease patients. J. Mol. Med 2005;83:601-609. 

21 Nauseef WM. How human neutrophils kill and degrade microbes: an integrated view. 

Immunol. Rev 2007;219:88-102 

22 Du PL. Innate immunity in early chordates and the appearance of adaptive immunity. C. R. 

Biol 2007;327:591-601. 

23 Jutras I, Desjardins M. Phagocytosis: at the crossroads of innate and adaptive immunity. 

Annu. Rev. Cell Dev. Biol 2005;21:511-527. 

24 Ramachandra L, Noss E, Boom WH, et al. Processing of Mycobacterium tuberculosis 

antigen 85B involves intraphagosomal formation of peptide-major histocompatibility 

complex II complexes and is inhibited by live bacilli that decrease phagosome maturation. 

J. Exp. Med 2001;194:1421-1432. 

25 Jutras I, Desjardins M. Phagocytosis: at the crossroads of innate and adaptive immunity. 

Annu. Rev. Cell Dev. Biol 2005;21:511-527. 

26 Ackerman AL, Cresswell P. Cellular mechanisms governing cross-presentation of 

exogenous antigens. Nat. Immunol 2004;5:678-684. 

27 Kaufmann SH, Schaible UE. (2005) Antigen presentation and recognition in bacterial 

infections. Curr. Opin. Immunol 2005;17:79-87. 

28 Crohn BB, Ginzburg L, Oppenheimer GD. Regional ileitis: a pathologic and clinical entity. 

1932. Mt. Sinai J. Med 2000;67:263-268. 

29 Sartor RB. Microbial influences in inflammatory bowel diseases. Gastroenterology 

2008;134:577-594. 

30 Behr MA, Kapur V. The evidence for Mycobacterium paratuberculosis in Crohn's disease. 

Curr. Opin. Gastroenterol 2008;24:17-21. 

31 Zhou ZY, Luo HS. Differential diagnosis between Crohn's disease and intestinal 

tuberculosis in China. Int. J. Clin. Pract 2000;60:212-214. 

32 Naser SA, Ghobrial G, Romero C, et al. Culture of Mycobacterium avium subspecies 

paratuberculosis from the blood of patients with Crohn's disease. Lancet 2004;364:1039-

1044. 

33 Selby W, Pavli P, Crotty B, et al. Two-year combination antibiotic therapy with 

clarithromycin, rifabutin, and clofazimine for Crohn's disease. Gastroenterology 

68 



2007;132:2313-2319. 

34 Sadlack B, Merz H, Schorle H, et al. Ulcerative colitis-like disease in mice with a 

disrupted interleukin-2 gene. Cell 1993;75:253-261. 

35 Bamias G, Okazawa A, Rivera-Nieves J, et al. Commensal bacteria exacerbate intestinal 

inflammation but are not essential for the development of murine ileitis. J. Immunol 

2007;178:1809-1818. 

36 van den Brande JM, Koehler TC, Zelinkova Z, et al. Prediction of antitumour necrosis 

factor clinical efficacy by real-time visualisation of apoptosis in patients with Crohn's 

disease. Gut 2007;56:509-517. 

37 Bailon E, Comalada M, Roman J, et al. UR-1505, a salicylate able to selectively block T-

cell activation, shows intestinal anti-inflammatory activity in the chronic phase of the DSS 

model of rat colitis. Inflamm. Bowel. Dis 2008;14:888-897. 

38 Bailon E, Camuesco D, Nieto A, et al. The intestinal anti-inflammatory effects of the novel 

agent UR-1505 in the TNBS model of rat colitis are mediated by T-lymphocyte inhibition. 

Biochem. Pharmacol 2007;74:1496-1506. 

39 Roman J, de Arriba AF, Barron S, et al. UR-1505, a new salicylate, blocks T cell activation 

through nuclear factor of activated T cells. Mol. Pharmacol 2007;72:269-279. 

40 Kontoyiannis D, Boulougouris G, Manoloukos M, et al. Genetic dissection of the cellular 

pathways and signaling mechanisms in modeled tumor necrosis factor-induced Crohn's-

like inflammatory bowel disease. J. Exp. Med 2002;196,1563-1574. 

41 Mosmann TR, Cherwinski H, Bond MW, et al. Two types of murine helper T cell clone. I. 

Definition according to profiles of lymphokine activities and secreted proteins. J. 

Immunol 1986;136:2348-2357. 

42 Neurath MF, Finotto S, Glimcher LH. The role of Th1/Th2 polarization in mucosal 

immunity. Nat. Med 2002;8:567-573. 

43 Yen D, Cheung J, Scheerens H, et al. IL-23 is essential for T cell-mediated colitis and 

promotes inflammation via IL-17 and IL-6. J. Clin. Invest 2006;116:1310-1316. 

44 Kastelein RA, Hunter CA, Cua DJ. Discovery and biology of IL-23 and IL-27: related but 

functionally distinct regulators of inflammation. Annu. Rev. Immunol 2007;25:221-242. 

45 Marks DJ, Harbord MW, MacAllister R, et al. Defective acute inflammation in Crohn's 

disease: a clinical investigation. Lancet 2006;367:668-678. 

46 Comalada M, Peppelenbosch MP. Impaired innate immunity in Crohn's disease. Trends 

Mol. Med 2006:12:397-399. 

47 Korzenik JR, Dieckgraefe BK, Valentine JF, et al. Sargramostim for active Crohn's disease. 

N. Engl. J. Med 2005;352:2193-2201. 

48 Smith E, Zarbock A, Stark MA, et al. IL-23 is required for neutrophil homeostasis in 

normal and neutrophilic mice. J. Immunol 2007;179:8274-8279. 

49 Shibata K, Yamada H, Hara H, et al. Resident Vdelta1+ gammadelta T cells control early 

infiltration of neutrophils after Escherichia coli infection via IL-17 production. J. 

Immunol 2007;178:4466-4472. 

 69



50 Barrett JC, Hansoul S, Nicolae DL, et al. Genome-wide association defines more than 30 

distinct susceptibility loci for Crohn's disease. Nat. Genet 2008;40:955-962. 

51 Ogura Y, Inohara N, Benito A, et al. Nod2, a Nod1/Apaf-1 family member that is restricted 

to monocytes and activates NF-kappaB. J. Biol. Chem 2001;276:4812-4818. 

52 Ogura Y, Bonen DK, Inohara N, et al. A frameshift mutation in NOD2 associated with 

susceptibility to Crohn's disease. Nature 2001;411:603-606. 

53 Hugot JP, Chamaillard M, Zouali H, et al. Association of NOD2 leucine-rich repeat 

variants with susceptibility to Crohn's disease. Nature 2001;411:599-603. 

54 Wehkamp J, Harder J, Weichenthal M, et al. NOD2 (CARD15) mutations in Crohn's 

disease are associated with diminished mucosal alpha-defensin expression. Gut 

2004;53:1658-1664. 

55 Watanabe T, Kitani A, Murray PJ, et al. NOD2 is a negative regulator of Toll-like receptor 

2-mediated T helper type 1 responses. Nat. Immunol 2004;5:800-808. 

56 Yang Z, Fuss IJ, Watanabe T, et al. NOD2 transgenic mice exhibit enhanced MDP-

mediated down-regulation of TLR2 responses and resistance to colitis induction. 

Gastroenterology 2007;133:1510-1521. 

57 van Beelen AJ, Zelinkova Z, Taanman-Kueter EW, et al. Stimulation of the intracellular 

bacterial sensor NOD2 programs dendritic cells to promote interleukin-17 production in 

human memory T cells. Immunity 2007;27:660-669. 

58 Uhlig HH, McKenzie BS, Hue S, et al. Differential activity of IL-12 and IL-23 in mucosal 

and systemic innate immune pathology. Immunity 2006;25:309-318 

59 Schmid D, Dengjel J, Schoor O, et al. Autophagy in innate and adaptive immunity against 

intracellular pathogens. J. Mol. Med 2006;84:194-202. 

60 Lowenberg M, Verhaar A, van den BB, et al. Specific inhibition of c-Raf activity by 

semapimod induces clinical remission in severe Crohn's disease. J. Immunol 

2005;175:2293-2300. 

61 Hommes D, van den BB, Plasse T, et al. Inhibition of stress-activated MAP kinases 

induces clinical improvement in moderate to severe Crohn's disease. Gastroenterology 

2002;122:7-14. 

62 Grip O, Bredberg A, Lindgren S, et al. Increased subpopulations of CD16(+) and CD56(+) 

blood monocytes in patients with active Crohn's disease. Inflamm. Bowel. Dis 

2007;13:566-572. 

63 Sawada-Hase N, Kiyohara T, Miyagawa J, et al. An increased number of CD40-high 

monocytes in patients with Crohn's disease. Am. J. Gastroenterol 2000;95:1516-1523. 

64 Zareie M, Singh PK, Irvine EJ, et al. Monocyte/macrophage activation by normal bacteria 

and bacterial products: implications for altered epithelial function in Crohn's disease. Am. 

J. Pathol 2001;158:1101-1109. 

65 Tiede I, Fritz G, Strand S, et al. CD28-dependent Rac1 activation is the molecular target of 

azathioprine in primary human CD4+ T lymphocytes. J. Clin. Invest 2003;111:1133-1145. 

66 Sandborn W, Sutherland L, Pearson D, et al. Azathioprine or 6-mercaptopurine for 

70 



inducing remission of Crohn's disease. Cochrane. Database. Syst. Rev 2000;CD000545. 

67 Alfadhli AA, McDonald JW, Feagan BG. Methotrexate for induction of remission in 

refractory Crohn's disease. Cochrane. Database. Syst. Rev 2005:;CD003459. 

68 van den Brande JM, Braat H, Van Den Brink GR, et al. Infliximab but not etanercept 

induces apoptosis in lamina propria T-lymphocytes from patients with Crohn's disease. 

Gastroenterology 2003;124:1774-1785. 

69 van den Brande JM, Peppelenbosch MP, & Van Deventer SJ. Treating Crohn's disease by 

inducing T lymphocyte apoptosis. Ann. N. Y. Acad. Sci 2002;973:166-180. 

70 Sandborn WJ, Hanauer SB, Katz S, et al. Etanercept for active Crohn's disease: a 

randomized, double-blind, placebo-controlled trial. Gastroenterology 2001;121:1088-1094. 

71 Nesbitt A, Fossati G, Bergin M, et al. Mechanism of action of certolizumab pegol 

(CDP870): in vitro comparison with other anti-tumor necrosis factor alpha agents. 

Inflamm. Bowel. Dis 2007;13:1323-1332. 

72 Schreiber S, Rutgeerts P, Fedorak RN, et al. A randomized, placebo-controlled trial of 

certolizumab pegol (CDP870) for treatment of Crohn's disease. Gastroenterology 

2005;129:807-818. 

73 Schreiber S, Khaliq-Kareemi M, Lawrance IC, et al. Maintenance therapy with 

certolizumab pegol for Crohn's disease. N. Engl. J. Med 2007;357:239-250. 

74 D'Haens G, Baert F, van AG, et al. Early combined immunosuppression or conventional 

management in patients with newly diagnosed Crohn's disease: an open randomised trial. 

Lancet 2008;371:660-667. 

 

 71



 
 

72 



 

 
 

Chapter 5 
 

Head-to-head comparison of four different human 

monocyte isolation procedures for functional studies 

 

 

 

 

 

 

 

Submitted

 73



 

Head-to-head comparison of four different human monocyte 

isolation procedures for functional studies 
 

Lu Zhou1, Maikel P. Peppelenbosch2, Rosa F. Nederhof1, Klaas Nico Faber1, 

Gerard Dijkstra1 
 

1. Department of Gastroenterology and Hepatology, University Medical Center Groningen, 

University of Groningen, Hanzeplein 1, 9713 GZ Groningen, The Netherlands. 

2. Department of Gastroenterology and Hepatology, Erasmus MC, University Medical 

Center Rotterdam, PO Box 2040, 3000 CA Rotterdam, The Netherlands.  

 

 
 

74 



Abstract 

 
It is becoming clear that autoimmune disease in general and Crohn’s disease in particular may 

depend on diminished monocyte function in innate immunity, and relating monocyte 

phenotype to patient genotype has become an important part of contemporary research in this 

field. Nevertheless, a systematic study comparing the efficacy and suitability for functional 

studies of the various available protocols for the isolation of monocytes from peripheral blood 

has not been performed. The implementation of optimal and standardized protocols may be 

essential for this field to move forward. Here, we compare the four most widely used 

protocols for monocyte enrichment, using in vitro phagocytotic capacity of monocytes as 

readout for functionality. Primary monocytes from healthy individuals were isolated in 

parallel using (1) anti-CD14 antibody conjugated magnetic microbeads (positive selection), (2) 

non-monocyte depletion by antibody conjugated magnetic microbeads (negative selection), (3) 

immunorosette-based RosetteSepTM antibody cocktail, and (4) the classical adherence 

protocol. Enriched monocytes were obtained with purities of 98.5%, 97.0%, 68.1%, and 

63.7% for the respective protocols and with recoveries of 2.2×105, 2.0×105, 4.4×105, 2.0×105 

monocytes per ml peripheral blood for the four different procedures. Using E. coli 

phagocytosis as a measure of monocytes functionality, best results were obtained using 

positive selection, probably because of the absence of platelet contamination using this 

procedure. In toto, we propose that the anti-CD14 antibody conjugated magnetic microbeads 

(positive selection) monocyte isolation method to be adapted as the procedure of choice for 

studies on human monocyte phagocytosis. 
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INTRODUCTION 

Monocytes represent 3-7 percent of total white blood cells (absolute monocyte count 1.5-7 

×108/ liter blood) in healthy human adults. Circulating monocytes, which are derived from 

myelomonocytic stem cells in bone marrow, have two main functions in the immune system: 

(1) to replenish resident macrophages and dendritic cells in peripheral tissues under normal 

states, and (2) to patrol healthy tissues through long-range crawling on the resting 

endothelium (1). In response to inflammatory signals, monocytes quickly move to sites of 

infection in the tissues, perform phagocytosis of foreign substances, and initiate an early 

immune response through the recruitment of neutrophils and other polymorphonuclear 

leukocytes (PMNs). Extravasation of PMNs to the site of inflammation in turn precedes a 

second wave of emigrating monocytes to remove rapidly apoptotic PMNs. Monocytes, 

macrophages and dendritic cells are also capable of eliciting adaptive immune response via 

antigen presentation. Therefore, monocytes play a pivotal role in keeping the dynamic balance 

of the human immune system (2).  

Interest in measuring monocyte functionality has recently substantially increased, especially 

because of the growing acceptance of the notion that defects in monocyte immunity 

contribute to the pathogenesis of autoimmune disease in general and in particular to the 

pathogenesis of Crohn’s disease (CD; an often severe autoimmunity towards the resident gut 

flora (3) in particular (4,5). Recent genome-wide associations studies (GWASs) have been 

instrumental in identifying novel genetic risk factors predisposing to CD and many of the 

alleles involved confer reduced activity in the innate immune system (6-9). In line with these 

genetic studies, CD patients were shown to exhibit diminished innate immunity as compared 

to healthy individuals (10). Furthermore, in vitro experiments showed that monocytes isolated 

from CD patients had lower phagocytic activity towards Candida albicans than those 

obtained from healthy individuals (11). Taken together, the body of contemporary biomedical 

literature strongly supports the concept that monocyte dysfunction is to be associated with the 

pathogenesis of CD-like and other autoimmunity (12), triggering investigations as to their 

properties in patients and comparison of their phenotype to the genotype of risk genes 

relevant for autoimmunity. The results of studies such may well depend on the protocols 

employed for isolation of monocytes, and a comparison of both (1) the yield and specificity of 

the available protocols for monocyte isolation from patient peripheral blood as well as (2) the 

relative performance of monocytes isolated using these protocols in subsequent functional 

experimentation, is urgently called for. 

This consideration prompted us to perform a systemic evaluation of the most frequently used 

methodology for the isolation of monocytes from human peripheral blood. Different isolation 

procedures, which exploited the adherent properties or the differences in cell surface antigen 

expression, cell size, and density between monocytes and other leukocytes, have been used to 

separate monocytes from peripheral blood with variable success rates (13). One of the most 

common and simplest ways to isolate and purify monocytes is by adherence. However, the 

purity and yield of monocytes are often compromised. In this study, we isolated monocytes 
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from peripheral blood side by side using (1) anti-CD14 antibody conjugated magnetic 

microbeads (positive selection), (2) non-monocyte depletion by antibody conjugated magnetic 

microbeads (negative selection), (3) immunorosette based RosetteSepTM antibody cocktail 

(RosetteSepTM), and (4) adherence, aiming to assess their suitability for in vitro phagocytosis 

analysis. We conclude that the anti-CD14 antibody conjugated magnetic microbeads (positive 

selection) monocyte isolation method is best suited for functional studies on human monocyte 

phagocytosis. 

 

MATERIALS AND METHODS 

Monocyte isolation from human peripheral blood  

Heparinized blood was obtained from healthy volunteers after informed consent. In order to 

optimize monocyte isolation method, monocytes from the same healthy donor were isolated 

by four different strategies in parallel. In short, monocyte positive selection by CD14 

microbeads (Miltenyi Biotec, Germany), monocyte negative selection by monocyte isolation 

kit II (Miltenyi Biotec), and monocyte isolation by RosettSepTM (Stemcell technologies, 

France) were strictly performed according to the manufacturer’s protocol. Monocyte isolation 

by adherence method was performed as described previously (14). Briefly, peripheral blood 

mononuclear cells were isolated immediately after collection using LymphoprepTM gradients 

(Axis-Shield PoC As, Norway). Monocytes were further enriched by virtue of their 

attachment to a culture plate for 2 hours, washed 3 times with warm phosphate buffered saline 

(PBS) to remove non-adherent cells. The adherent monocytes were recovered by cell scraper. 

The purity of monocytes was evaluated by fluorescent staining with CD14-FITC antibody (IQ 

products, Netherlands) and FACS analysis. The recovery of monocytes was evaluated by 

Trypan blue staining and counting under a Zeiss microscope 

Cell culture 

Monocytes were cultured in complete medium consisting of RPMI1640 (PPA laboratories, 

Austria) supplemented with 10% heat-inactivated FCS (PPA) and 10 μg/ml Gentamicine 

(Centrafarm, Netherlands) at 37°C in 5% CO2 humidified air.  

Phagocytosis assay  

Formaldehyde-fixed E. coli were labeled with FITC fluorescence by incubation in 1 mg/ml 

FITC solution containing 0.1 M Na2CO3 pH 9.5 for 1 hour followed by complete washing. 

The efficiency of labeling was tested by FACS analysis (see below). Bacterium concentration 

was quantified using Quantimet HR550 image analysis software (Leica) to analyze 

microscopic images of FITC-E. coli taken with a Leica (Wetzlar, Germany) DMRXA 

epifluorescence microscope (15). The phagocytosis assay was performed according to (16). In 

short, monocytes (1 104/ml), were incubated with FITC-E. coli at a 1:5 ratio for 5 or 15 

minutes at 37 °C in RPMI1640 medium containing 10% heat-inactivated FCS. Thereafter, 

phagocytosis was evaluated microscopically by counting both the number of monocytes 

exhibiting phagocytosis and the number of bacteria phagocytosed per monocyte. At least 300 

cells were counted for each slide. The engulfment rather as attachment of E. coli was 
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confirmed by confocal microscope. 

Fluorescence stainning 

Analysis of the purities of monocytes by FACS was performed using FITC-labeled CD14 

antibody (IQ products, Netherlands). In short, monocytes were incubated with FITC 

conjugated CD14 antibody (10 μl per 5 × 105 cells) for 30 minutes on ice. Monocytes were 

washed twice in PBS/0.1% BSA before FACS analysis. For identifying the platelet 

contaminants and observing the cytoskeleton of monocytes, enriched monocytes were further 

stained intracellularly with TRITC-conjugated phalloidin (Sigma-Aldrich). In short, cells 

were fixed in PBS/4% formaldehyde for 10 minutes, washed twice in PBS, permeabilized in 

PBS/0.1% Triton X-100 (Sigma-Aldrich), treated with TRITC-conjugated phalloidin 

(25μg/ml) for 30 minutes in dark, and washed three times in PBS. Platelets were identified by 

their distinct morphology under fluorescence microscopy. 

 

RESULTS 

Comparison of the four most commonly-used isolation protocols for purity of enriched 

monocytes cultures  

Monocytes of healthy individuals were isolated from peripheral blood by the four procedures 

most commonly used in the literature, in parallel. First, we decided to assess the purity of the 

monocyte fraction following the four different types of enrichment as a percentage of all 

nucleated cells using FACS. Using this measure, it was observed that monocytes were 

obtained with the purities of 98.5%, 97.0%, 68.1% and 63.7% by positive selection, negative 

selection, adherence and RosetteSepTM, respectively (Fig. 1 A). This measure, however, 

excludes non-nucleated cells (erytrocytes and thrombocytes) as well as ghosts derived from 

necrotic cells. Indeed, visual inspection of the monocytes cultures revealed that such non-

nucleated particles are present and hence we also determined mononucleated cells as a 

function of all cell-like particles (i.e. all particles in which Ø >0,5 �M). When results were 

expressed in this way, the monocyte purity obtained was 95.4%, 48.7%, 58.5% and 35.9% for 

respectively positive selection, negative selection, adherence and RosetteSepTM (Fig. 1 B). 

Thus with regard with purity, for monocyte isolation positive selection yields the bests results, 

as either judged by the monocyte fraction of all nucleated cells or as fraction of all cell-like 

bodies. 

Next, we analyzed the nature of the contaminants in the enriched samples obtained using the 

four different isolation procedures. As shown in Fig. 1 C-F, compared to samples obtained 

through positive selection, large amounts of platelets remained in the enriched monocyte 

cultures after negative selection. After the adherent isolation procedure, the major 

contaminants were lymphocytes and platelets. After RosetteSepTM procedures, we observed 

large amounts of lymphocytes, platelets, and non-specific cellular aggregates, which 

significantly compromise the purity of monocyte culture. 
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Figure 1. The purities of enriched monocytes. (A) The purity of enriched monocytes cultures, 

obtained by either 1) anti-CD14 antibody conjugated magnetic microbeads (positive 

selection), (2) non-monocyte depletion by antibody conjugated magnetic microbeads 

(negative selection), (3) a classical adherence protocol, and (4) immunorosette based 

RosetteSepTM antibody cocktail, is expressed as percentage of monocytes out of nucleated 

cells. (B) The purities of monocytes after isolation are expressed as fraction of all cell-like 

particles (including nucleated cells, non-nucleated cells, and ghosts) after enrichment. (C) 

Analysis of the nature of contaminants in the enriched samples as identified using traditional 

forward and side scatter methodology. (D-F) Illustrations of phagocytosis of contaminating 

platelets by monocytes. 

 

Comparison of monocyte yield obtained using the four most commonly-used monocyte 

isolation protocols 

The absolute recovery rates of monocytes after the four isolation procedures are depicted in 

Table 1. The purities and recoveries of monocytes after positive selection, negative selection, 

and RosetteSepTM procedures are highly reproducible. During the enrichment procedures by 

 79



adherence, due to the difficulties to standardize the washing steps by which monocytes and 

lymphocytes are separated, outcomes are more variable, at least in our hands. With respect to 

the latter, we observed that this methodology is sensitive to inadequate washing of cultures 

resulting in significantly compromised monocyte purity, whereas excess washing has 

substantial consequences with respect to monocyte recovery yield (data not shown). 

Nevertheless, typically isolation by adherence enriched monocytes with a purity of 68.1% and 

a recovery of 2.0×105/ml peripheral blood, which is not markedly different from the yields 

obtained using either positive or negative selection. The RosetteSepTM procedure produces 

substantially better results in this respect and takes less time (Table 1), but the cultures 

obtained suffer from impurities (see above) and on a per monocyte basis, it remains slightly 

more expensive (Table 1) . 

 

Table 1. Comparison of the yield of monocytes, time consumption and costs by the four 

different isolation procedures evaluated in the present study. 

Methods Yield Procedure time 
Cost 

(Euro/10 ml blood) 

Positive selection 2.2×105 2.5 hours 23 

Negative selection 2.0×105 3 hours 26 

Adherence 2.0×105 4 hours 8 

RosetteSep® 4.4×105 1.5 hours 46 

Note (continued table 1): The cost for positive selection and negative selection did not include 

the magnetic separator. The yield of monocytes enriched by adherence was shown applying 

the optimal washing condition. 

 

Comparison of monocyte functionality in an Escherichia coli phagocytosis assay in 

different monocyte isolation protocols 

CD14 acts as a co-receptor of monocytes, along with the Toll-like receptor 4 (TLR 4), for the 

detection of bacterial lipopolysaccharide (LPS), which is the major component of the outer 

membrane of Gram-negative bacteria, such as E. coli (17). In order to evaluate the effect of 

CD14 antibody binding during positive selection procedures on phagocytotic capacity of 

enriched monocytes, we challenged monocytes enriched by positive selection or negative 

selection with FITC-labeled E. coli for 5 minutes. Phagocytosis of E. coli was assessed by the 

percentages of monocytes exhibiting E. coli ingestion as determined by fluorescent 

microscopy (see methods).  Importantly, E. coli phagocytosis of monocytes does not show 

significant differences, regardless of the isolation procedure used (although positive selection 

was slightly superior; Fig. 2 A). Also after 16 hrs of culture instead of 2 hrs, no major 

differences in E. coli phagocytotic capacity were detected (Fig. 2 B). Importantly, however, 

active phagocytosis of platelets and ghosts is commonly observed (Fig. 1 D-F), potentially 

suggesting competing effects between E. coli and platelets and stressing the importance of an 

isolation procedure that does not yield such contaminants in the culture. Therefore, in toto, the 
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anti-CD14 antibody-conjugated magnetic microbeads (positive selection) protocol appears the 

best monocyte isolation method for this type of phagocytosis analysis.  

 

 
 

Figure 2. Illustration of monocyte phagocytosis. In this figure a phagocytosis assay including 

monocytes cultures obtained through the positive selection and negative selection procedure 

is shown. Monocytes were challenged with FITC-labeled E. coli for 5 minutes. Phagocytosis 

of E. coli is expressed as the percentage of monocytes displaying phagocytosis. (A) E. coli 

phagocytosis of monocytes after the two isolation procedures did not show significant 

difference, though the level of phagocytosis in negative selection group is slightly lower. (B) 

After positive selection procedure, monocytes after 16 hour culture exhibit the same E. coli 

phagocytotic capacity compared to the 2 hour culture. (C-D) Confirmation that E. coli are 

engulfed rather as attached by confocal microscopy analysis. 

 

DISCUSSION 

For many studies, including those on the involvement of monocytes in the pathogenesis of 

autoimmune diseases, isolation of a pure population of monocytes is essential. Although all 

four procedures tested in this study yielded functional phagocytosis-competent monocytes, 

results with respect to purity and recovery are markedly different for the different procedures. 

We view especially purity as a concern, because we observed that in peripheral blood 

mononuclear cells cultures (which include both monocytes and lymphocytes), when 

challenged with FITC-labeled E. coli for 5 minutes,  lymphocytes are able to adhere E. coli to 

their cell surface (although the bacteria were not further phagocytosed; L.Z., unpublished 
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observation) and this may interfere with phagocytosis. Furthermore, we observe that co-

purified thrombocytes and cell ghosts are also subject to phagocytosis, with unknown effects 

on monocyte physiology and thus possibly interfere with the experimental outcome. For these 

reasons, isolation of monocytes employing positive selection and anti-CD14 conjugated 

microbeads appears the technology of choice, at least for the analysis of phagocytotic activity.  

With respect to the absolute yields obtained, the RosetteSepTM comes out superior, but is also 

substantially more expensive as the other protocols and does not yield pure cultures. The other 

technologies, including the traditional adherence protocol are comparable, but the latter is 

subject to substantial experimentator- and day-to-day-dependent variability, hampering its 

application and comparison of results. Negative selection yields less pure cultures and is more 

expensive per monocyte and thus appears as a less attractive choice. In general, we consider 

that monocyte isolation using the positive selection procedure is the most suitable method for 

monocyte enrichment and phagocytosis analysis. Due to the high costs of commercial 

reagents and required instruments for positive selection, the traditional adherent isolation 

procedure remains a good option in studies where high purity of monocytes is not strictly 

required. 
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ABSTRACT 

 
Background: Accumulating evidence suggests that the primary immune defect of Crohn’s 

disease patietns lies in impaired innate immunity. Azathioprine is an effective 

immunomodulator for treating Crohn’s disease. Its actions in autoimmunity were assumed to 

its cytostatic properties on lymphocytes and thus far its effect on innate immunity has not 

been established. Here, we studied the effects of Azatioprine on monocyte, the main innate 

mediators of immunity. 

Methods: Human primary monocytes from healthy individuals and Crohn’s disease patients 

were exposed to 6-thioguanine, the active metabolite of Azatioprine, and its effect on bacterial 

phagocytosis, cytokine production and Rac1 signaling was analyzed.  

Results: 6-thioguanine (10 μM) stimulated bacterial phagocytosis in monocytes from healthy 

individuals (n=18, P<0.001) and Crohn’s disease patients (n=7, P<0.01). 6-thioguanine 

strongly inhibited the activity of Rac1-GTPase and its downstream kinase PAK2 in monocytes, 

while no Rac1 inhibition was observed in lymphocytes under these conditions. Monocyte 

phagocytosis was also stimulated by the unrelated Rac1 inhibitor NSC23766, supporting that 

6-thioguanine acts via Rac1 to enhance monocyte phagocytosis. The Rac1 pathway is 

hyperactivated in Crohn’s disease patients, both in peripheral monocytes and in the intestinal 

mucosa, and monocytes from Crohn’s disesae patients show reduced phagocytosis compared 

to control monocytes. Finally, 6-thioguanine increased interleukin-8 production by monocytes 

while slightly reducing IL-10 production. 

Conclusions: 6-thioguanine enhances human monocyte innate immunity by increasing 

monocyte phagocytosis and IL-8 production. We propose that the defect in innate immunity in 

Crohn’s disease patients originates from Rac1 hyperactivation and that Azathioprine acts by 

counteracting Rac1. 

 

Keywords: 6-Thioguanine; Azathioprine; Crohn’s disease; innate immunity 
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INTRODUCTION 

Azathioprine (AZA) is an immunosuppressant used to treat autoimmune diseases, including 

inflammatory bowel diseases (Crohn’s disease and ulcerative colitis), rheumatoid arthritis, 

pemphigus, and multiple sclerosis. After oral administration and absorption, the prodrug AZA 

undergoes approximately 90% conversion to 6-mercaptopurine (6-MP) by nonenzymatic 

attack of sulphydryl-containing compounds, such as glutathione or cysteine (1, 2). In 

subsequent steps, 6-MP is enzymatically converted to 6-thiouric acid by xanthine oxidase, to 

6-methyl-MP by thiopurine S-methyltransferase (TPMT) and to 6-thioguanine (6-TG) by 

hypoxanthine phosphoribosyl transferase (1) 6-TG mediates the immunomodulatory 

properties of AZA, both in in vitro experiments and in patients (3, 4) Despite four decades of 

widespread clinical use, our knowledge of the molecular and cellular mechanisms underlying 

the action of AZA in human immune system is far from complete (5)  

Recent studies have shown that AZA and its metabolites impair lymphocyte proliferation  and 

induce apoptosis of human CD4+ T lymphocytes through inhibition of the Rac1 signaling 

pathway (4,6). Hence, AZA may temper disease activity via inhibition of the T lymphocyte 

compartment, which shows exaggerated activity in patients with Crohn’s disease (CD). 

Accordingly, induction of apoptosis of T-lymphocytes is linked with clinical remission of CD 

(7) However, in contrast to the anti-TNFα-antibody infliximab that induces both T cell 

apoptosis and rapid remission in CD (8). AZA is a slow-acting compound in CD, suggesting 

that its activity lies more in remission maintenance than in remission induction (9). Thus, 

further investigations as to its mode of action are called for. 

Evidence that defects in innate immunity contribute to the pathogenesis of autoimmune 

disease is rapidly accumulating, especially for CD. Recent genome-wide association studies 

(GWAS) have identified more than 30 genes or loci associated to CD and most of them confer 

reduced activity in the innate immunity (10-12). Moreover, CD patients exhibit a phagocyte 

immunodeficiency that combines a primary macrophage defect and a secondary granulocytic 

defect (13,14). In CD patients, monocytes show lower phagocytic activity towards Candida 

albicans as compared to monocytes obtained from healthy individuals (15). Furthermore, 

neutrophil recruitment and its bacterial clearance to E. coli loading after acute trauma in the 

gut mucosa and skin are attenuated. Macrophages from these patients secreted reduced 

amounts of IL-8 and when IL-8 was exogenously applied to the infected sites, normal 

neutrophil recruitment was restored (16,17). These findings prompt investigations to the 

possible consequences of drug treatment on human innate immunity.  

In the present study, we show that AZA is a highly effective inhibitor of Rac1 signaling in the 

monocyte compartment and that this inhibition results in enhanced innate functionality of 

these cells. Our data provide a molecular explanation as to the remarkable effects of AZA on 

human immunity and support the concept that deficiencies in innate immunity underlie the 

pathogenesis of CD.  
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MATERIALS AND METHODS 

Isolation of human primary monocyte and 6-TG treatment 

Heparinized blood was obtained from healthy volunteers and patients with Crohn’s disease 

after informed consent. Patients were identified through the gastroenterology outpatient 

clinics at University Medical Center Groningen. Patients were not receiving 

immunomodulatory medication and all had quiescent disease according to the Harvey-

Bradshaw score. Human peripheral blood mononuclear cells (PBMC) were isolated using 

Ficoll-Hypaque gradients. Monocytes were further purified using CD14 monoclonal 

antibodies conjugated to microbeads according to the manufacturer’s protocol (Miltenyi 

Biotec, Germany). Cell cultures of primary monocytes were performed in RPMI-1640 

medium (PPA laboratories, Austria) supplemented with 10% heat-inactivated FCS and 10 

μg/ml Gentamicine at 37°C in 5% CO2 humidified air. The in vitro 6-TG pretreatment for 

monocytes is 10 μM 30 minutes or other time points and concentrations where indicated. It 

has been shown that 10 μM 6-TG incubation results in a clinical relevant intracellular 6-TG 

level in human primary lymphocytes (2-4) 

Phagocytosis assays 

For phagocytosis assays, monocytes were plated at 1 104 cells per ml on coverslips in 12-

well plates and pretreated with/without 6-TG (Sigma-Aldrich) or NSC23766 (Calbiochem) 

for 30 minutes. Subsequently, cells were challenged with FITC-labeled Escherichia coli (E. 

coli) at a 1:5 cell-bacteria ratio for 5 minutes or other time points where indicated. Cells were 

washed with phosphate-buffered saline (PBS), and fixed in 4% formaldehyde before 

mounting in 50% PBS / 50% Glycerol. Phagocytosis was evaluated microscopically by 

counting both the number of monocytes exhibiting phagocytosis and the number of bacteria 

phagocytosed per monocyte. At least 300 cells were counted for each slide. The engulfment of 

E. coli was confirmed by confocal laser scanning microscopy (Fig. S1). 

Cell stimulation and signaling transduction assays 

Monocytes (1  106/ml) were stimulated in the presence or absence of 6-TG for a given time 

with peptidoglycan (PGN, 30 μg/ml, Fluka) from Staphylococcus aureus, lipopolysaccharide 

(LPS, 2 Cg/ml, Sigma) purified by gel-filtration chromatography, or muramyl dipeptide (MDP, 

10 μg/ml, Sigma). The levels of GTP-bound Rac1 were measured by G-LISATM Rac1 

activation assay biochem kit (Cytoskeleton, USA) according to the manufacturer’s protocol. 

The accuracy of G-LISATM measurement was confirmed by a PAK domain pull-down based 

method previously established in our lab (Fig. S2) (18). The levels of PAK2 phosphorylation 

were determined by western blots using anti-human PAK2, phosphorylated (pSer20) antibody 

(1:1000 dilution; USBiological) and HRP-conjugated anti-rabbit Ig (1:2000 dilution; Cell 

signaling technology).  

Immunofluorescense for monocyte spreading 

For spreading assays, monocytes in the presence or absence of 6-TG 10 μM pre-incubation 

for 30 minutes were cultured with or without E. coli loading for 5 minutes and then fixed in 

4% formaldehyde in PBS before permeabilized with 0.1% Triton X-100 in PBS. Cells were 
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stained with 25 μg/ml TRITC-conjugated phalloidin solution in PBS for 40 minutes and 

mounted in 50% PBS/50% glycerol. Digitized images of cells (at least 30 cells from each 

individual condition) acquired by confocal microscopy were analyzed with Image J software 

(19). 

Cytokine measurement 

Monocytes (2105/ml) were plated in 96-well plates and pretreated with 6-TG (10 μM) for 30 

minutes. Subsequently, cells were stimulated with PGN (30 μg/ml) or vehicle. Culture 

supernatants were collected at 48 hours and analyzed by enzyme-linked immunosorbent assay 

(ELISA) kits (R&D systems) for IL-8 or IL-10 production. The absolute concentrations of 

cytokine were normalized to the numbers of viable cells in each well, as determined by the 

MTT assay (20). In addition, IL-8 production was analyzed at mRNA levels by real-time PCR. 

Total RNA of monocytes was extracted at 48 hours using NucleoSpin® RNAII kit (Bioke, 

The Netherlands). IL-8 mRNA expression was determined using the assay-on-demand kit on 

the ABI PRISM 7700 (Applied Biosystems, Foster City, CA). 18S levels were used as 

endogenous control. 

PAK kinase activity in colonic biopsies 

Kinase activity in the colonic mucosa of CD patients (n=3) and control patients (colon polyps, 

n=3) towards p65PAK sensitive undecapeptides was determined by Pepscan presto array. The 

protocol is described in detail on the website 

(http://www.pepscanpresto.com/files/PepChip%20Kinase%20Lysate%20Protocol_v5.pdf) 

(21). Biopsies were lysed as described by Diks et al..22 The experiments were performed using 

3 CD patients and 3 control patients (polyps). Results were shown as the average values of 

spot intensities obtained from 9 kinase reactions (3 technical replicas from 3 individual 

patients). 

Statistical analysis 

Tests for statistical significance of differences were made by 2-tailed student t test using the 

program SPSS 16.0. Differences were considered significant when P < 0.05. 

 

RESULTS 

6-TG enhances monocyte phagocytosis in healthy individuals and CD patients 

We first studied the effect of 6-TG on bacterial phagocytosis by monocytes, which is the key 

innate immune function of these cells. In order to optimize our experimental conditions, 

monocytes from healthy volunteers were incubated with various concentrations 6-TG (0 μM, 

10 μM, 30 μM, 60 μM and 100 μM) for 30 minutes and subsequently challenged with FITC-

labeled E. coli. Phagocytosis was evaluated after a 5-minute and a 15-minute E. coli challenge. 

6-TG dose-dependently enhanced monocyte phagocytotic activity at concentrations between 

10 and 60 μM (Fig. S3). The stimulation of monocyte phagocyte function by 10 μM 6-TG 

was confirmed by analyzing monocytes from 18 healthy controls and 7 CD patients. 

Compared to vehicle condition, 6-TG significantly stimulated both the number of monocytes 

exhibiting phagocytosis, as well as the number of bacteria phagocytozed per monocyte (Fig. 
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1). 

 
Figure 1. 6-TG enhances monocyte phagocytosis in healthy individuals and CD patients. 

Monocytes isolated from healthy individuals and CD patients were challenged with FITC-

labeled E. coli for 5 minutes in the presence or abscense of 6-TG preincubation 10 μM for 30 

minutes. (A-B) The absolute numbers of phagocytosing monocytes in healthy individuals (A) 

and CD patients (B) are shown. Each line connects the paired data from one individual, 

comparing the 6-TG treatment to vehicle condition. (C) The relative effects of 6-TG on 

phagocytosing monocytes and statistic analysis are shown. 6-TG stimulated the percentages 

of phagocytosnig monocytes compared to vehicle conditions in both healthy controls (n=18) 

and CD patients (n=7). (D) 6-TG also stimulated the amount of bacteria phagocytosed per 

monocyte. Relative data are presented as the mean ± SEM, where * P<0.05; ** P<0.01; *** 

P<0.001. 

 

6-TG efficiently inhibits Rac1 GTP-loading in monocytes 

Rac1 plays a key role in monocyte biology, especially in the phagocytotic process, by 

modulating actin rearrangements. We analyzed the link between monocyte phagocytosis and 

6-TG-modulated Rac1 activity, as it has been shown that 6-TG inhibits Rac1 in T-

lymphocytes.4 In otherwise unchallenged monocytes, a 30 minute incubation with 6-TG 

strongly reduced both Rac1-GTP levels (Fig. 2 A) and autophosphorylation of its crucial 

downstream target p21 protein-activated kinase 2 (PAK2) (Fig. 2 B; n=5, P<0.05). In contrast, 
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exposure of T-lymphocytes to the same 6-TG treatment left the levels of PAK2 

autophosphorylation unchanged (Fig. 2 B). Monocyte spreading, in which Rac1-mediated 

actin rearrangement plays a key role, was strongly reduced following 6-TG treatment (Fig. 2 

C), again showing that such treatment interferes with Rac1 activation in monocytes. Upon 

stimulation of monocytes with bacterial cell wall constituents, Rac1-GTP levels and PAK2 

autophosphorylation were consistently induced by the TLR2 ligand peptidoglycan (PGN) (Fig. 

2 D; n=7, P<0.01) and to a lesser extent by the TLR4 ligand lipopolysaccharide (LPS) or the 

NOD2 ligand muramyl dipeptide (MDP). In the presence of 6-TG, PGN stimulation is no 

longer capable of inducing PAK2 autophosphorylation in monocytes (Fig. 2 E), while such an 

effect was not observed in T-lymphocytes. Thus, 6-TG is a potent Rac1 inhibitor in the 

monocyte compartment.  

 

 
 

Figure 2. 6-TG reduces GTP-loaded Rac1 in monocytes from healthy individuals. (A) The 

levels of GTP-loaded Rac1 of monocytes were reduced by 6-TG (10 μM, 30 minutes) 

incubation compared to the untreated condition (n=3). (B) At basal level, 6-TG incubation (10 

μM, 30 minutes) reduced autophosphorylation of PAK2 in monocytes (n=5, P<0.05), but not 

in lymphocytes (n=2). Results are shown as representative blots. (C) Monocyte spreading was 

reduced by 6-TG incubation. Data are presented as the mean ± SEM of individual monocytes 

from two independent experiments; * P<0.05. (D) Rac1-GTP levels and PAK2 

autophosphorylation were consistently induced by the TLR2 ligand peptidoglycan (PGN, 30 

μg/ml, 7 minutes) (n=7, P<0.01) and to a lesser extent by the TLR4 ligand lipopolysaccharide 

(LPS, 2 μg/ml, 5 minutes) or NOD2 ligand muramyl dipeptide (MDP, 10 μg/ml, 10 minutes). 

Results are shown as representative blots. (E) In the presence of 6-TG (10 μM ~ 100 μM), 

PGN stimulation is no longer capable of inducing PAK2 autophosporylation in monocytes, 

while in lymphocyte compartment, PAK2 autophosporylation remains unchanged. Results are 
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shown as representative blots of 4 independent experiments. 

Rac1 inhibition leads to enhanced monocyte phagocytosis 

An inverse relationship between cell spreading and the phagocytotic activity of individual 

monocytes was observed in the 6-TG treatment experiments (Fig S4). Monocyte spreading 

requires active Rac1. This suggests that 6-TG-mediated Rac1 inhibition may lead to increased 

monocyte phagocytosis. To obtain independent evidence for this surprising finding, we 

exposed monocytes to the unrelated Rac1 activation inhibitor NSC23766 and studied its effect 

on phagocytosis. Consistent with the effect of 6-TG, NSC23766 enhanced monocyte 

phagocytosis of FITC-E. coli to a comparable extent as the 6-TG treatment, both for the 

number of phagocytosing monocytes and the total number of E. coli phagocytosed per 100 

monocytes (Fig. 3). Thus, inhibition of Rac1 directly results in increased phagocytotic activity 

of human monocytes. 

 

 
Figure 3. The Rac1-specific inhibitor NSC23766 enhances monocyte phagocytosis. 

Monocytes isolated from 3 healthy individuals were preincubated with 5 μM NSC23766 for 

30 minutes before exposure to FITC-labeled E. coli. Monocyte phagocytosis was enhanced by 

NSC23766, evaluated by both the number of monocytes exhibiting phagocytosis (A) and the 

number of bacteria phagocytosed per monocyte (B). Data are presented as the mean ± SEM 

where * P<0.05; *** P<0.001. 

 

Rac1/PAK2 overactivation in monocytes from Crohn’s disease patients 

The therapeutic effect of AZA in CD is routinely linked to repression of an overactivated 

adaptive immune compartment. Our data suggest that, in addition, AZA may stimulate the 

activity of innate immunity through repression of Rac1 signaling. To study the clinical 

relevance of the latter process, we analyzed the monocyte phagocytosis and the Rac1 

activation status in CD patients. Monocytes from patients with CD and from age- and gender-

matched healthy controls were analyzed in parallel. When monocytes were challenged with E. 

coli for 5-minute, the basal level of phagocytosis of monocytes from CD patients was lower 

than that from healthy controls (Fig. 4 A). In contrast, under unstimulated conditions, the 
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levels of PAK2 autophosphorylation in monocytes of CD patients were higher than those from 

healthy controls (Fig. 4 B). Moreover, colonic biopsies from CD patients and control patients 

were lysed and analyzed by in vitro kinase array. Colonic biopsies from CD patients displayed 

substantially higher PAK kinase phosphorylation compared to biopsies from control patients 

(Table 1). Taken together, our data suggest that increased Rac1 activity is relevant for the 

diminished monocyte phagocytotic activity in CD. Importantly, 6-TG treatment inhibits 

phospho-PAK2 levels at both basal (Fig. 4 C) and PGN-stimulated (Fig. 4 D) conditions in 

monocytes from CD patients. Thus, Rac1 signaling is overactivated both in circulating 

monocytes and the intestinal mucosa of patients with CD, which is effectively suppressed by 

6-TG. 

 

Table 1. PAK kinase activities in the colonic mucosa of CD and control patients (polyps). 

PAK sensitive peptide Control patients (n=3) CD patients (n=3) p value 

ASRPSSSRSYV1 61 81 0.0358 

SRRPKSSLPPV2 77 108 0.0004 

Note: 1p65PAK target peptide derived from vimetin, 2p65PAK target peptide derived from 

myosin light chain kinase. Result numbers represent the average values of spot intensities 

obtained from 9 kinase reactions (3 technical replicas from 3 individual patients). 

 

 
Figure 4. Diminished phagocytosis and overactivated Rac1/PAK2 signaling in monocytes 

from CD patients. (A) The basal levels of E. coli phagocytosis of monocytes from CD patients 

were significantly lower than those from age- and gender-matched healthy controls (pair-wise 

analysis, n=5, P<0.05). (B) The levels of PAK2 autophosphorylation in monocytes of CD 

patients (n=3) were higher than those from age- and gender-matched healthy controls (n=3). 
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Values are reported as the mean ± SEM of the intensities of phosphorylated PAK2 normalized 

by the intensities of GAPDH. (C,D) 6-TG treatment (10 µM, 30 minutes) inhibits phospho-

PAK2 levels at both basal (n=3) and PGN-stimulated (n=2) conditions in monocytes from CD 

patients. Results are shown as representative western blots. 

6-TG increases IL-8 production by monocytes  

Monocytes of CD patients show impaired IL-8 production (16), a cytokine particularly 

relevant for granulocyte recruitment and thus innate immunity. We analyzed whether 6-TG 

also affects IL-8 production by monocytes. Figure 5 A shows that even at unstimulated 

conditions, 6-TG incubation increased IL-8 production in monocytes (+45%, n=4, Fig. 5 A). 

Upon PGN stimulation, a strong increase in production of both IL-8 and IL-10 by monocytes 

was observed (Fig. S5). Notably, 6-TG also provoked a superstimulation of PGN-dependent 

IL-8 production at both the protein level (+50%, n=7, P<0.05; Fig. 5 A) and the RNA level 

(n=3, Fig. 5 B). In contrast, PGN-stimulated production of IL-10 was reduced by 6-TG 

treatment (-6%, n=7, P<0.05; Fig 5 C). Thus, also 

the cytokine profile induced by 6-TG in monocyte 

cultures is consistent with a stimulation of innate 

immunity. 

 

DISCUSSION 

Azathioprine (AZA) is a highly effective drug 

maintaining remission in Crohn’s disease (CD) 

and other autoimmune disorders, but its 

mechanism of action remains unclear. This study 

 

Figure 5. 6-TG increases IL-8 production 

by monocytes. (A) At unstimulated 

conditions, 6-TG incubation (10 µM, 48 

hours) increased IL-8 production in 

monocytes (+45%, n=4). Upon PGN 

(30ng/ml, 48 hours) stimulation, 6-TG 

incubation significantly increased IL-8 

production in monocytes (+50%, n=7, 

P<0.05). (B) 6-TG incubation also 

stimulated PGN-dependent IL-8 production 

at RNA level (n=3). (D) In contrast, PGN-

stimulated production of IL-10 was 

reduced by 6-TG treatment (-6%, n=7, 

P<0.05). Data are presented as the mean ± 

SEM. 
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shows that the active metabolite of AZA, 6-thioguanine (6-TG), stimulates monocyte 

phagocytosis and IL-8 production via inhibition of Rac1 activity. This implies that stimulation 

of monocyte-associated innate immunity is a crucial therapeutic effect of AZA in CD patients, 

which may be also its therapeutic action in other autoimmune diseases.  

We observed that at clinical relevant concentrations 6-TG enhances monocyte phagocytosis 

and IL-8 production. This finding fits well with the emerging notion that diminished innate 

immunity is the primary defect in autoimmune diseases. In patients with CD, abnormally low 

neutrophil accumulation was observed after endoscopically-induced acute trauma in the 

intestinal mucosa as well as following the induction of epidermal shear trauma in the skin 

(16). Hence, patients with CD seem to suffer from generalized defects in neutrophil 

recruitment. This phenomenon is probably due to a defect of macrophage function, because 

macrophages from patients with CD secreted reduced amounts of IL-8 and when IL-8 was 

exogenously applied to the infected sites, normal neutrophil recruitment was restored (16,17). 

Furthermore, in vitro experiments showed that monocytes isolated from CD patients had 

lower phagocytotic activity towards C. albicans than those obtained from healthy individuals 

(15). The exact reason for the phagocyte dysfunction remains unclear, but has been proposed 

to derive from genetic defects, such as polymorphisms in autophagy-related genes that are 

involved in TLR receptor-mediated phagocytosis (23,24). Alternatively, some bacterial 

pathogens may directly cause phagocyte dysfunction. For example, the CD-associated fungal 

Saccharomyces cerevisiae mannan increased survival of E. coli within monocytes (25) Taken 

together, monocyte/macrophage dysfunction seems associated with the pathogenesis of CD-

like autoimmunity. Thus, it is plausible to propose that AZA-derived 6-TG achieves its 

therapeutic effect, at least partially, by targeting this primary defect of innate immunity in 

these patients.  

AZA and its metabolite 6-TG have been reported to induce apoptosis of primary human CD4+ 

T lymphocytes and to abrogate lymphocyte proliferation and thereby explaining the clinical 

effects (4,6). It is interesting to note, however, that the effects were limited to CD28-activated 

lymphocytes and not observed in resting lymphocytes. CD28 acts as the receptor of 

CD80/CD86 on monocytes. When activated by TLR ligands, CD80/CD86 expression is 

upregulated in monocytes and consecutively, through CD28 stimulation, activation of T 

lymphocytes ensues (26). Our finding of 6-TG-enhanced monocyte phagocytosis and IL-8 

production opens the possibility that the 6-TG-dependent increased pathogen clearance results 

in CD80/CD86 downregulation, and consequently diminished lymphocyte activation. 

Furthermore, the induction of T lymphocyte apoptosis through 6-TG-mediated Rac1 

inhibition was only observed after 5 days of culture (4). We observed that Rac1/PAK2 

signaling in monocytes was more sensitive to 6-TG treatment than that in lymphocytes. A 

possible interpretation of our results is that for autoimmune disease, immunosuppression of 

the lymphocyte compartment provides only short-term clinical benefit, and prevention of new 

lesions depends on stimulation of the innate immune system rather than blank 

immunosuppression.  
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The most remarkable finding of this study is that inhibition of the Rac1/PAK2 signaling 

pathway, either by 6-TG or NCS23766, leads to enhanced monocyte phagocytosis. There are 

many reports that show that Rac1 is actually required for phagocytosis (27-29). However, 

recent data show that especially the cycling of Rac1 between its active (GTP-bound) and 

inactive (GDP-bound) state is crucial for efficient phagocytosis. It was shown that 

macrophages engulf apoptotic cells at their lamellipodia where active Rac1 is required to form 

phagocytotic cups that consist of actin patches. After closure of the phagocytotic cup, Rac1 is 

down-regulated leading to abrupt disappearence of the actin patches and closure of the 

phagocytotic cup. Expression of a constitutive-active form of Rac1 (Q61L) leads to a delayed 

disassembly of the actin patch and closure of phagocytic cups, which strongly reduces the 

ability of macrophages to engulf apoptotic cells.30 In line with this observation, constitutive-

active Rac1-V12 has been shown earlier to disrupt bacterial phagocytosis and suppress 

receptor endocytosis (31,32). The formation of lamellipodia requires the cycling of the Rac1-

GTPase between the active and inactive forms, which is catalyzed by Dbl family guanine 

nucleotide exchange factors (GEFs). The Rac1 inhibitor NSC23766 significantly inhibits the 

binding of Rac1-specific GEFs including Trio and Tiam1 to Rac1, which in turn dose-

dependently reduces Rac1-GTP level and the formation of lamellipodia under stimulation (33). 

Taken together, these data imply that the Rac1 activity needs to be balanced within a proper 

dynamic range and needs to cycle between an active and inactive state for optimal 

phagocytotic activity. Our data show that Rac1 is overactivated in monocytes and the 

intestinal mucosa of patients with Crohn’s disease and thus may limit bacterial clearence 

leading to a chronic inflammatory reaction. It is plausible to predict that 6-TG sustains Rac1 

activity of monocytes within a proper dynamic range, which facilitates phagocytosis. The 

dose-response effect of 6-TG on monocyte phagocytosis showing a gradual increase between 

0 and 60 uM 6-TG and a subsequent decreased phagocytosis at 100 uM supports this 

proposed mechanism. 

In conclusion, our findings provide a novel understanding on the therapeutic mechanism of 6-

TG, which may hold for other immunosuppressive agents as well. By inhibiting the 

Rac1/PAK2 signaling pathway, 6-TG enhances monocyte-mediated innate immunity, which is 

considered the primary defect in CD. 
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SUPPLEMENTAL MATERIALA 
 

 

Figure S1. Analysis of monocyte phagocytosis 
of FITC-labeled E. coli. In the experiments of 
monocyte phagocytosis, the engulfment of E. 
coli by monocytes was analyzed by confocal 
microscope in randomly selected samples. 
Picture is shown as a representative cross 
section image obtained from confocal 
microscope. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Comparision of methods to 

determine Rac1 activation. The accuracy of 

G-LISATM measurement for Rac1 

activation assay is confirmed by another 

Rac1 activation assay based on PAK pull-

down. (A) Rac1 GTP loading was measured 

by G-LISATM. (B) Rac1 GTP loading was 

measured by the PAK pull-down based 

Rac1 activation assay. The two 

measurements were performed using 

monocytes from 1 isolation.. 6-TG reduced 

Rac1 GTP loading in a comparable extent 

when measured with the two methods. 
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Figure S3. 6-TG enhances monocyte phagocytosis in healthy individuals. Monocytes from 

healthy volunteers were incubated with various 6-TG concentrations (0 μM, 10 μM, 30 μM, 

60 μM and 100 μM) for 30 minutes and subsequently challenged with FITC-labeled 

Escherichia coli. Monocyte phagocytosis was evaluated after 5-minute and 15-minute of E. 

coli loading. Phagocytosis was evaluated microscopically by counting the number of 

monocytes exhibiting phagocytosis (A) and the number of bacteria phagocytosed per 

monocyte (B). Compared to untreated conditions, 6-TG concentrations of 10 μM - 60 μM 

enhanced monocyte phagocytosis, while the non-physiologically high concentration of 100 

μM 6-TG reduced monocyte phagocytosis. 
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Figure S4. Inverse correlation between monocyte spreading and the number of E. coli 

phagocytosed under 6-TG treatment. In the presence of 6-TG (30 µM, 30 minutes) 

preincubation, the number of engulfed E. coli and the spreading area of individual monocytes 

are inversely correlated (P<0.05). Data are from one representative experiment. 
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Figure S5. PGN significantly stimulates both IL-8 and IL-10 production by monocytes from 

healthy individuals. Monocytes from 3 healthy individuals were stimulated with PGN (30 

µg/ml, 48 hours) in the presence or absence of 6-TG (10 µM, 48 hours). Absolute IL-8 

concentrations in culture supernatants are shown in the upper panel. Absolute IL-10 

concentrations in culture supernatants are shown in the lower panel. 
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Chapter 7 
 

Summary, concluding remarks and future perspectives 
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Summary and concluding remarks 
Inflammatory bowel disease (IBD), like other autoimmune diseases, mainly affects young 

people at the peak of their social en economical productive life and, in the absence of 

effective therapies, disease symptoms persist for the rest of their life’s. Although current 

drugs/therapies are usually effective in inducing remission of the disease, symptoms are 

bound to reoccur at a certain moment. In any case, patients are life-long dependent on drug 

therapy. It is well-known that prolonged exposure to corticosteroids or immunomodulators is 

associated with severe complications, including Cushing’s syndrome and cancer. The 

important task of clinicians and basic scientists now is to find ways to prevent or cure the 

disease. Thus, in-depth studies have to be undertaken to identify the molecular and cellular 

mechanisms that lead to the development of Crohn’s disease (CD) and/or Ulcerative colitis 

(UC). Moreover, detailed studies on the action of currently used drugs may help to further 

understand disease mechanism and identify novel therapeutic targets (1). 

In this study, we undertook genetic approaches to narrow down the search for causative 

mutations to identify genes that predispose for UC in a Dutch cohort, as well as in a Chinese 

cohort, where the incidence of this disease is still relatively low. In addition, we studied the 

molecular and cellular effects of 6-thioguanine (6-TG), the active metabolite of Azathioprine 

(AZA), in modulating innate immune functions of human monocytes. 

RUNX3 and its epistatic gene-gene interactions in UC 

RUNX3 is a member of the runt domain family of transcription factors, which are 

increasingly being recognized to be involved in autoimmunity (2,3). Several observations 

make RUNX3 a likely candidate gene for IBD susceptibility. First, loss of Runx3 function 

leads to spontaneous colitis in mice (4). Second, Runx3 is part of the TGF-β signaling 

pathway, which is considered to be an important immunosuppressive hormone involved in a 

variety of autoimmune diseases, including IBD (5). More recently it is established that TGF-β 

is promoting regulatory T cell (Treg) development in the gut. Consequently, impaired RUNX3 

activity may result in decreased TGF-β signaling und thus uncontrolled suppression of 

inflammation leading to intestinal inflammation and IBD (4, 6). Third, the gene encoding for 

RUNX3 resides on chromosome 1p36, which is a susceptibility locus for IBD (7). From a 

different angle but similarly important for IBD, mutations in the CD-associated genes 

SLC22A4/5, encoding the organic cation transporters 1 and 2 (OCTN1/2), were found to 

disrupt the DNA binding site of RUNX in the promoter element of OCTN1 (8). Thus, we 

studied the association of RUNX3 in a Dutch cohort of IBD patients and analyzed the putative 

interaction with SLC22A4/5. We found a significant association of RUNX3-SNP rs2236851 

with UC (OR 1.61; 95% CI 1.11-2.32, p=0.02) and this tag-SNP was further associated with 

pancolitis. 

For SLC22A4/5, homozygosity for SNPs rs272893 and rs273900 was significantly associated 

with CD (OR 2.16; 95% CI 1.21-3.59; p=0.008 and OR 2.40; 95% CI 1.43-4.05; p=0.004, 

respectively), but not with UC. Both SNPs were associated with an age of onset >40 yrs, 

ileocolonic localization, non-stricturing non-penetrating behavior and extra-intestinal 
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manifestations. An epistatic effect of RUNX3 and SLC22A4 was observed for susceptibility 

for UC (OR 3.83; 95% CI 1.26-11.67, p=0.018). 

We analyzed RUNX3 and OCTN1 mRNA expression in inflamed and non-inflamed ileal and 

colonic mucosa tissue samples from 30 IBD patients (16 CD and 14 UC) and 6 controls. In 

controls RUNX3 mRNA expression is evenly distributed throughout the colon and the ileum. 

OCTN1 expression is higher in the ileum compared to the colon (p<0.00001), while the 

expression level is constant in the different parts of the colon. RUNX3 expression levels are 

increased in inflamed colonic mucosa compared to non-inflamed colonic mucosa in UC 

patients. OCTN1 expression is decreased in inflamed colonic mucosa compared to non-

inflamed colonic mucosa, which supports the notion that RUNX3 is an inhibitor of OCTN1 

expression. 

We conclude that polymorphisms in the genomic RUNX3 locus are associated with UC. 

Moreover, genetic association for CD with SLC22A4/5 was confirmed. Our data, combined 

with the increasingly recognized role of RUNX3 in autoimmunity, suggest a role for RUNX3 

in UC susceptibility and thus provide the first evidence that deregulation of TGF-� signaling 

may play a role in pathogenesis of IBD. This finding warrants further study of the role of this 

important immunosuppressive pathway in IBD. 

The more recent GWA studies did not identify RUNX3 as an evident UC risk gene, although 

it has been proven to be associated with celiac disease, another intestinal inflammatory 

disease,  at genome-wide level (9). Within the international IBD genetics consortium a meta-

analysis has been performed including all UC GWAS data in Caucasians 

(www.ibdgenetics.org). We have analyzed these data but did not observe compelling evidence 

for association in the RUNX3 region. However, is should be stressed that it is estimated that 

only 16% of UC heritability is explained by the 49 confirmed UC loci in this meta-analysis 

(Anderson et al., submitted) Thus, many additional genomic loci contribute to UC that may be 

ethnic-, community- and/or environment-specific. Such variants loose their statistical 

significance when analyzed in a world-wide cohort of UC patients and controls. 

Many genes previously identified by candidate gene studies (e.g. Myosin9b, TLR4 and 

MDR1) have not been confirmed in these GWAS meta-analyses. There are different 

explanations for these findings. Some genomic regions are poorly covered in GWAS and are 

therefore not picked up. Some regions might not have reached the stringent statistical 

threshold applied in GWAS and have therefore not been followed up. Furthermore, there can 

still be rare variants in these loci that account for part of the “missing heritability”. It is 

therefore too soon to qualify these genes as false positive findings, especially for those that 

have been shown to lead to intestinal inflammation when their function is compromised in in 

vivo models, as for the Runx3 and Mdr1 knockout mice.  

To address these questions many of these loci have been included in the Immunochip, which 

is a custom-made GWAS chip, which is currently being tested in over 25.000 IBD cases and 

20.000 controls within the international IBD genetics consortium.  
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Haplotype-based study to identify UC associated genes in Han Chinese 

The incidence UC varies strongly between different ethnicities, especially between the 

Caucasian and eastern Asian populations (10, 11). The cause of ethnic differences in UC 

incidence remains unclear, but a distinct genetic background may play a role. There are 

currently approximately 18 confirmed genes or loci associated with UC in Caucasian patients, 

the majority having been identified since the introduction of genome-wide association studies 

(GWAS) during the past few years (12-18). Very little is known whether the same genes also 

predispose for UC in the Asian population or, alternatively, whether the genetic background of 

UC in Asia is significantly different from Caucasians. We therefore performed a haplotype-

based analysis of six known UC susceptibility loci in Han Chinese UC patients, including 

IL10, IL2/IL21, MYO9B, ECM1, MST1 and IL23R (19). 

By analyzing the HapMap database for Han Chinese, we first found that most SNPs 

associated with UC in Caucasian patients are strongly underrepresented or even monomorphic 

in the Han Chinese population. Instead of performing a direct replication for the reported 

SNPs of the above genes, we therefore selected tag SNPs that captured all the major 

haplotypes covering these genetic regions in the Han Chinese population. Secondly, we found 

that the different linkage disequilibrium (LD) structure of gene regions between the two 

ethnicities may help to narrow the search for causative mutations. For instance, the IL2/IL21 

locus in Caucasians is in complete LD, while IL2 and IL21 reside in two independent LD 

blocks in Han Chinese. Our study included 245 UC patients and 300 healthy controls. Though 

this is a small cohort in comparison to the recent GWASs, thus far this is one of the largest 

UC cohorts reported from China. Importantly, with this limited sample size, we were able to 

identify strong association signals in both the IL2 and IL21 containing genomic regions, 

implying that both genes are genetic risk factors for UC. Thus, this study on UC in Han 

Chinese clearly increases our understanding of the IL2/IL21 gene locus, where an independent 

contribution of IL2 and IL21 to UC can not be established in genetic association studies in the 

Caucasian population. It still needs to be determined whether both genes are indeed also 

associated with UC in Caucasians for which large scale studies with dense finemapping arrays 

are underway. In addition to the IL2/IL21 locus, moderate genotype or subphenotype 

associations were found for MYO9B and IL23R in UC patients of Han Chinese descent. 

Larger cohorts of Chinese UC patients are needed to firmly establish these associations.  

Our study is the first systematically-designed haplotype-based cross-ethnicity UC genetic 

replication study and points out the importance of the HapMap project for such studies. 

Moreover, our data emphasize the partly shared genetic background between populations with 

high and low incidence of UC. 

Azathioprine increases human monocyte innate immunity 

Accumulating evidence suggests that the primary immune defect in patients with CD lies in 

impaired innate immunity, specifically in impaired control of the intestinal bacteria and 

production of inflammatory cytokines. The weak immune response on the one hand 

predisposes for the accumulation of intestinal bacteria to breach the mucosal barrier and on 
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the other hand may cause an exaggerated chronic lymphocyte immune response (adaptive 

immunity) via disordered antigen presentation (20, 21). 

For decades, immunosuppressive agents, such as Azathioprine (AZA), have been the first line 

therapy for treating CD patients. The active derivatives 6-mercaptopurine (6-MP) and 6-

thioguanine (6-TG) were shown to suppress adaptive immunity through the induction of 

apoptosis in the lymphocyte compartment (21). Since recent data suggest that biological 

pathways important for innate immune functions are impaired in CD, it is relevant to 

determine whether current drugs also affect innate immunity. Retrospectively, it may turn out 

that this is actually the prime therapeutic effect of these drugs. Unraveling this mechanism 

will obviously improve our knowledge of CD therapy. 

In our study, we found that 6-TG directly enhances bacterial phagocytosis by human 

peripheral monocytes. Moreover, it induced the IL-8 production of these cells. Both features 

are important for the innate immune response. 6-TG-stimulated innate immunity appeared to 

be mediated through inhibition of the small GTPase Rac1, a previously identified target of 

this drug in T-lymphocytes. Remarkably, Rac1 inhibition leads to apoptosis in T-lymphocytes 

and is thus regarded as an immunosuppressant (21). In contrast, Rac1 inhibition leads to 

increased bacterial phagocytosis by monocytes and in this context can be viewed as an 

immunostimulant (chapter 6). Importantly, the Rac1 inhibitory effect of 6-TG appeared to be 

much more effective in monocytes compared to lymphocytes, suggesting that the primary 

effect of 6-TG is targeting the monocytes. Interestingly, we observed that Rac1 is 

superactivated in both peripheral monocytes as well as in the intestinal mucosa of IBD 

patients and thus may impair the innate immune function of monocytes and monocyte-derived 

macrophages. We therefore propose that the defect in innate immunity in CD originates from 

Rac1 hyperactivation and that AZA combats the primary defect in CD by counteracting Rac1. 

6-TG enhances the capacity of monocytes to clear bacteria that penetrate into the mucosal 

layer, which on the one hand directly prevents the development of new lesions in the gut 

mucosa, and on the other hand may help to repress the exaggerated chronic lymphocyte-

mediated inflammation. This order of events is in line with the long-term remission 

maintenance effect of AZA. Our findings not only provide important support for the notion 

that CD is primarily a systemic monocyte/macrophage immunodeficiency, but also provide a 

credible mechanism of action of AZA, which is probably the most widely used medication for 

combating fulminant autoimmune diseases. 

A main issue here is that a certain level of Rac1 activity is essential for efficient pathogen 

phagocytosis (22) and thus that increased pathogen phagocytosis following AZA-mediated 

Rac1 inhibition seems counterintuitive. The data presented in chapter 6 do not readily provide 

a mechanistic explanation as to how the inhibition of Rac1 enhances innate effector functions, 

including stimulation of phagocytosis and IL-8 production. However, supportive data is 

available that show that tightly controlled  Rac1 activity (not too much, not too little  a 

Goldilocks-like analogy can be drawn) may be required for efficient bacterial engulfment. 

This is not an entirely new concept, since it has already been shown that engulfment of 
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apoptotic cells by macrophages occurs at the lamellipodia where active Rac1 is required, but 

that down-regulation of Rac1 is required for closure of the phagocytic cup. When Rac1 is 

constitutively overactivated, as in Rac1-V12, the disassembly of the actin patch and the 

closure of phagocytic cups are significantly delayed and the ability of macrophages to engulf 

apoptotic cells is strongly reduced (23). Similarly, constitutive-active Rac1-V12 disrupts 

bacterial phagocytosis and suppresses receptor endocytosis (24). Moreover, it has been shown 

that balanced Rac1 activity controls the stabilization of growth cone lamellipodial and 

filopodial protrusions during neurite outgrowth, and controls filopodia formation, 

phagocytosis, endocytosis and cell motility in Dictyostelium discoideum. The formation of 

lamellipodia and filopodia requires the cycling of the Rac1-GTPase between the active (GTP-

bound) and inactive (GDP-bound) forms, which is catalyzed by Dbl family guanine 

nucleotide exchange factors (GEFs). The Rac1 inhibitor NSC23766 (which was used in this 

thesis to provide independent confirmation that 6-TG acts through Rac1) significantly inhibits 

the binding of Rac1-specific GEFs including Trio and Tiam1 to Rac1, which in turn dose-

dependently reduces Rac1-GTP level and the lamellipodia formation under stimulation (25). 

Therefore, it is plausible to predict that 6-TG sustains Rac1 activity of monocytes within a 

proper dynamic range, which facilitates phagocytosis. In the context of the inflamed intestine, 

6-TG may rebalance Rac1 activity to a level that allows efficient bacterial phagocytosis (a 

Goldilocks-like “just-right” level of Rac1 activation).  As for the mechanism by which 6-TG 

increases IL-8 production, it has been shown that Rac1 regulates NADPH oxidase-dependent 

(Nox-dependent) superoxide (O2﹒-) production by binding to superoxide dismutase-1 (SOD1) 

(26). In human neutrophils, inhibition of NADPH oxidase increases IL-8 mRNA level and IL-

8 production (27). Thus, it is tempting to speculate that 6-TG increases IL-8 production via 

inhibition of the Rac1-NADPH oxidase pathway, and experiments assessing the effects of 

Nox inhibitors on the IL-8 production by monocytes should be initiated to provide further 

support for this notion. 

Additional actions of 6-TG should, however, also be considered in relation to its therapeutic 

effect in Crohn’s disease. The recent GWA studies and subsequent  mechanistic studies have 

clearly implicated a role for autophagy in the pathogenesis of the Crohn’s disease (see for 

reviews 28, 29). Autophagy is classically considered a cell survival pathway in which cells 

recycle cellular constituents in conditions of nutrient limitation. Nowadays it is clear that 

there is an intimate relationship between the molecular mechanisms that control autophagy 

and the degradation of intracellular pathogens after being phagocytosed. Impaired autophagy 

may thus lead to compromised clearance of intestinal microbes, which in turn may initiate an 

inflammatory reaction. 6-TG has been shown to induce autophagy in cancer cells (30-32). It is 

therefore highly relevant to determine whether enhancement of autophagy is also part of the 

therapeutic effect of 6-TG in IBD. 

 

Future perspectives 
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Implications of GWAS data for analyzing the role of monocytes in IBD 

The improvement of our knowledge on the genetic profile that predisposes to IBD has 

revealed intriguing perspectives for biologists to uncover the pathogenesis of the disease. The 

next step is to unravel the function of the IBD susceptibility genes and how their malfunction 

leads to disease symptoms. Together with the rapid progress of cost-effective full genome 

sequencing that makes it possible for individuals to have their entire genome sequenced, 

personalized treatment of CD and UC patients may become reality within 1 or 2 decades. The 

socio-economic burden of IBD may be decreased both by reducing the incidence of the 

disease by personalized prevention as well as personalized therapy for patients. 

CD patients have traditionally been considered to have a hyperactive adaptive immune 

response to environmental antigens. Data from this thesis (chapter 6), as well as recent 

findings by others (20,33-35), suggest that diminished monocyte function might be the 

primary immune defect in CD, which in turn drives the exaggerated lymphocyte response. 

Furthermore, our findings that 6-TG stimulates monocyte phagocytosis and IL-8 production 

fundamentally challenge the traditional immunosuppressive concept for the treatment of CD 

patients. To clarify the underlying mechanism of our novel observations, susceptibility genes 

of CD patients provide us important clues for future studies. 

NOD2, ATG16L, IRGM and IL23R are the strongest risk loci associated with CD (36-40). 

NOD2 protein is predominantly expressed in monocytes and monocyte-derived macrophages 

and dendritic cells, acts as a sensor for bacterial cell wall components and activates NF-κB 

that drives the inflammatory response. The CD-associated variants of NOD2 reduce the ability 

of NOD2 to activate NF-κB, suggesting that loss of NOD2 function in the innate immune 

response results in increased bacterial survival and chronic inflammation (41). In addition, it 

has been shown that NOD2 stimulation induces autophagy in dendritic cells to prompt 

bacterial handling and generation of major histocompatibility complex (MHC) class II 

antigen-specific CD4+ T cell response, while this process is defective in CD patients. A 

similar effect is observed for ATG16L1 and IRGM mutant cells (42). IL-23 is secreted by 

macrophages and dendritic cells. Interestingly, NOD2 was shown to have a positive 

regulatory effect on the IL-23/Th17 inflammatory pathway. Upon NOD2 stimulation, 

dendritic cells enhanced Toll-like receptor agonist-dependent induction of IL-23 and IL-1 

production, which in turn promoted IL-17 expression in Th17 memory cells (43). Taken 

together, all four major genetic risk factors point to a compromised monocyte function in CD 

pathogenesis. Future studies focusing on these molecular pathways need to clarify the 

underlying mechanism(s) of diminished monocyte functions in CD pathogenesis and how 6-

TG counteracts this primary immune defect. 

Cross-ethnics IBD study 

The recent GWA studies on Caucasian CD and UC have revealed dozens of genomic loci that 

are associated with IBD. Genes that are common for both diseases have been identified, as 

well as a significant number of unique susceptibility genes for either UC or CD. Combining 

the data from separate GWA studies now soon will lead to a saturation of the number of genes 
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that significantly contribute to these diseases. The next step is to identify the genomic 

alterations (mutations/SNPs) that are responsible for disease development. Only for a few 

genes this is presently known.  Interestingly, cross ethnic genetics may help to fine map the 

causal mutations, following a similar approach as we describe for the separation of the IL2 

and IL21 locus as independent UC susceptibility genes. At the same time it is crucial that 

GWA studies are performed on patient cohorts of different ethnicities, especially in Asia. The 

cross ethnic genetic studies serve two main purposes. One is to determine whether the IBD 

patients from populations with high (e.g. Caucasian) and low (e.g. Asian) incidence share a 

similar profile of UC and/or CD susceptibility genes. Second, is to establish whether shared 

susceptibility genes between ethnicities contain the same causal variants, resulting in the same 

changes in proteins and/or biological pathways. 

Restore the immune balance of IBD patients 

The therapeutic effects of AZA in inflammatory bowel disease are its capability to enhance 

innate immunity and at the same time to induce apoptosis in intestinal T cells. This is 

consistent with the hypothesis of and impaired innate immunity and enhanced lamina propria 

CD4+ T cell resistance to apoptosis being the central pathogenic factors in these diseases (44, 

45). This perception harbors important implications for the design of more specific 

therapeutic approaches, as AZA derivates with higher affinity to Rac1 may allow an even 

more efficient immuno-modulatory effect. Furthermore, there is evidence that a RhoA-

dependent signaling pathway also plays a central role in inflammatory bowel disease, as 

RhoA and its corresponding effector are activated in Crohn’s disease and in experimental 

colitis. Specific blockade of Rho kinase significantly reduced intestinal inflammation in rats 

with TNBS-induced colitis, as inhibition of proinflammatory cytokine production via 

inhibition of NF-ĸB activation was achieved (46). Therefore, blockade of Rho kinase may be 

a further therapeutic alternative in the treatment of inflammatory bowel disease. The specific 

inhibition of different Rho GTPases, like Rac1 and Rho, could have important implications in 

the treatment of IBD, as possible synergetic effects could enable an even more effective 

therapeutic approach. 

To truly cure CD or UC, detailed knowledge is needed about the primary events, both genetic 

and environmental, that initiate the disease. GWA studies have given us important leads to 

follow up in experimental settings. However, for clinical treatment of CD and UC, e.g. 

inducing remission of intestinal inflammation, such detailed knowledge is not required, as in 

IBD the well-controlled balance of the intestinal immune system is disturbed at all levels to 

combat ongoing inflammation in existing lesions. The crucial thing in clinical treatment is to 

simply restore the immune balance, no matter at what level in the immune system this is 

achieved. Figure 1 shows a model of interaction in the human intestinal immune system. In 

my opinion, future research of IBD immunology should consider the interaction and 

regulation among the depicted components. Such an integrated approach is possibly more 

useful than the reductionist approach now favored by many investigators in the field. The 

complex interactions observed between immunology, genetics and medication as described in 
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this thesis in my opinion certainly favors such a holistic approach to fight CD and UC and, 

hence, I think future research should focus on employing systems biology-like approaches 

(including kinome profiling) as well as taking the individual genetic information about 

disease-associated alleles of the patient into account. Such studies may well provide the 

cornerstone for more effective treatment of IBD in the future. 

 
 

Figure 1. According to Chinese Wu Xing philosophy (Taoism) which is the root of traditional 

Chinese medicine, the immune system of human intestine is a circle, where the interactions of 

five elements create a cycle (black, circle shaped arrows). When this cycle is disturbed during 

disease, novel interaction are induced to re-establish the cycle (white, star shaped arrows).. 

Therapy can be directed at both the circular process or the disease-induced interactions. 
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Samenvatting 
De ziekte van Crohn (ZvC) en colitis ulcerosa (CU) zijn de twee meest voorkomende vormen 

van chronische inflammatoire darmziekten (IBD). Hoewel het ziektebeeld in beide vormen 

verschillend is, zijn de symptomen deels hetzelfde. Patiënten met IBD hebben vaak last van 

buikpijn, dunne ontlasting, bloed in de ontlasting, koorts, overgeven en gewichtsverlies.  

Beide ziekten worden gekenmerkt door episodes van actieve ontsteking van de darmwand 

afgewisseld met symptoomvrije perioden. Bij de ZvC kan ontsteking in het gehele 

spijsverteringskanaal voorkomen, maar meestal in ieder geval in het laatste stuk van de dunne 

darm, het terminale ileum. Hierbij worden ontstoken delen van de darm afgewisseld met 

gezonde regio’s. De ontstekingen geassocieerd met de ZvC treffen niet alleen het 

darmslijmvlies, maar ook de onderliggende darmwand en spierlagen. CU beperkt zich tot 

ontsteking van het darmslijmvlies en begint meestal in het rectum en verspreid zich langzaam 

over de dikke darm en blijft beperkt in dit deel van de darm. IBD is een complexe ziekte dat 

ontstaat uit een ongelukkige combinatie van erfelijke aanleg en omgevingsfactoren, wat leidt 

tot een verstoorde immuunreactie in de darm. IBD treft voornamelijk jonge volwassenen en 

heeft een enorm effect op hun sociale en professionele leven. 

De huidige behandeling voor IBD patiënten bestaat uit toediening van corticosteroïden en 

immuunsuppressieve middelen, zoals Azathioprine (Aza), waarmee de ontsteking in de darm 

bestreden wordt. Hoewel deze medicatie doorgaans effectief is voor een langdurige 

onderdrukking van de symptomen, worden patiënten vaak volledig afhankelijk van deze 

geneesmiddelen of worden ze op den duur er juist ongevoelig (resistent) voor. Daarbij gaat 

langdurig gebruik van deze medicatie gepaard met vele bijwerkingen of zelfs ernstige 

complicaties, zoals het ontwikkelen van het syndroom van Cushing en infecties. Er is daarom 

een grote behoefte aan meer effectieve therapieën, die tevens voorkomen dat de symptomen 

terugkeren en die minder bijwerkingen hebben. Artsen en wetenschappers staan dus voor de 

uitdaging om de moleculaire en cellulaire mechanismen die leiden tot het ontstaan van deze 

ziekte te ontrafelen en daarmee effectievere therapieën te ontwikkelen.   

In deze studie bestuderen we erfelijke factoren die een verhoogde kans geven voor CU in 

bevolkingsgroepen met veel IBD (Nederland) en weinig IBD (China). Verder bestuderen we 

de moleculaire en cellulaire effecten van 6-thioguanine (6-TG), de therapeutische metaboliet 

van het medicijn Azathioprine, in relatie tot de aangeboren (niet-specifieke) immuniteit in 

witte bloedcellen (monocyten). 

Allereerst in hoofdstuk 2 bestuderen we de genetische associatie van RUNX3 met IBD in een 

Nederlands cohort van patiënten met de ZvC en CU. RUNX3 is een transcriptiefactor met een 

sterk immuunmodulerende functie. Runx3-deficiënte muizen krijgen spontane darmontsteking 

(colitis) en daarom zouden mutaties in het menselijke gen mogelijkerwijs kunnen leiden tot de 

ZvC of CU.  

We hebben een significante associatie gevonden van een “single nucleotide polymorphism” 

(SNP; rs2236851) in het RUNX3 gen met CU (OR 1.61; 95% CI 1.11-2.32, p=0.02) en deze 

SNP is voornamelijk geassocieerd met ernstige vormen van CU waarin de gehele dikke darm 
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ontstoken is (pancolitis). Zeer verrassend werd er een epistatisch effect (een interactie van 

specifieke genetische kenmerken op verschillende plekken in het DNA) gevonden tussen 

SNPs in RUNX3 en SLC22A4 (OR 3.83; 95% CI 1.26-11.67, p=0.018), een gen geassocieerd 

met de ZvC dat codeert voor de organische kation transporters 1 en 2 (OCTN1/2). De 

expressie van OCTN1 in ontstoken darmweefsel van CU patiënten is sterk verlaagd ten 

opzichte van het niet ontstoken weefsel. Omgekeerd is de expressie van RUNX3 juist 

verhoogd in de ontstoken darm ten opzichte van de niet-ontstoken darm. Dit resultaat komt 

overeen met eerder onderzoek dat heeft aangetoond dat RUNX3 de expressie van OCTN1 

remt.  

Deze resultaten suggereren dus dat veranderingen in RUNX3 een rol spelen bij een verhoogde 

gevoeligheid voor CU. Eerder is al aangetoond dat een verstoorde activiteit van RUNX3 kan 

leiden tot een verlaagde activiteit van de TGF-β signaalroute. TGF-β heeft een belangrijke 

anti-inflammatoire rol in IBD en onze studie impliceert dat een verstoorde regulatie van de 

TGF-β signaalroute mogelijk een rol speelt in de pathogenese van IBD.  

In tegenstelling tot de toenemende kennis over de erfelijke aanleg van Europeanen en 

Amerikanen voor IBD, is er slechts heel weinig informatie beschikbaar over welke genen 

geassocieerd zijn met IBD in Aziaten, een bevolkingsgroep waar op dit moment duidelijk 

minder IBD in voorkomt. Om hier meer inzicht in te krijgen hebben we in een tweede project 

onderzocht of zes CU risico loci die zijn gevonden in Europeanen en Amerikanen (IL10, 

IL2/IL21, MYO9B, ECM1, MST1 en IL23R) ook geassocieerd zijn met CU in Chinezen 

(hoofdstuk 3). Alleen voor de IL2/IL21 gen regio vinden we voldoende bewijs dat het ook 

geassocieerd is met CU in China. De analyse van deze genetische regio in Chinezen geeft ons 

ook belangrijke nieuwe informatie. In Europeanen en Amerikanen is de overerving van deze 2 

genen namelijk zeer sterk gekoppeld. Hierdoor kan niet bepaald worden welke van de 2, of 

beide, verantwoordelijk zijn voor de erfelijke aanleg voor CU.  Bij Chinezen is de overerving 

van deze genen veel minder sterk gekoppeld. Opmerkelijk genoeg vinden wij dat SNPs in 

beide genen, zowel IL2 als en IL21, een erfelijke aanleg geven voor CU in China. Voor de 

andere genen hebben we geen significante associatie met CU kunnen vaststellen, maar dat is 

mogelijk te wijten aan het relatief kleine aantal Chinese CU patiënten die we voor dit 

onderzoek hebben kunnen includeren. Desalniettemin is het belangrijk deze loci te analyseren 

wanneer grotere of gecombineerde cohorten van CU patiënten in China op de associatie met 

CU en/of ZvC getest worden.  

Onze resultaten tonen aan dat in bevolkingsgroepen met hele verschillende aantallen CU 

patiënten er toch een gemeenschappelijke erfelijke aanleg bestaat. Daarbij kan de analyse van 

dezelfde genen in verschillende bevolkingsgroepen helpen om de genen te identificeren die 

direct bijdragen aan het ontstaan van een ziekte.  

Uit recent genetisch onderzoek is gebleken dat de erfelijke aanleg voor de ZvC vooral 

geassocieerd is de functie van het aangeboren (niet-specifieke) immuun systeem. Witte 

bloedcellen (monocyten) spelen hierin een essentiële rol. Dit suggereert dat een verstoorde 

functie van monocyten mogelijke een belangrijke factor is in het ontstaan van ZvC. Om dit te 
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onderzoeken hebben we in hoofdstuk 5 in eerste instantie een goede methode ontwikkeld om 

humane monocyten te zuiveren uit perifeer bloed en om de functie van deze cellen te 

analyseren en kwantificeren, zoals de capaciteit om bacteriën “op te eten” (fagocytose). 

Vervolgens gebruiken we deze methode in hoofdstuk 6 om het effect van 6-thioguanine, de 

therapeutische metaboliet van Azathioprine (AZA), op de functie van monocyten van 

patiënten met de ziekte van Crohn en van gezonde personen te bestuderen. AZA wordt al 

decennia gebruikt voor de behandeling van patiënten met de ZvC. Oorspronkelijk werd 

gedacht dat dit vooral de ongecontroleerde adaptieve immuunreactie remt. Aangezien de 

recente inzichten suggereren dat juist een slecht functionerend aangeboren immuunsysteem 

aanleiding geeft to de ZvC is het uiterst relevant om de mogelijke werking van AZA daarop te 

bepalen. Zeer opmerkelijk blijkt uit onze studies dat 6-thioguanine de fagocytose van 

bacteriën door monocyten verhoogd en daarmee dus het aangeboren immuunsysteem 

stimuleert. Eerder is al aangetoond dat 6-TG de activiteit van Rac1 remt en daarmee de 

activiteit van lymfocyten in het adaptieve immuunsysteem reduceert. De remming van Rac1 

door 6-TG is echter veel sneller en sterker in monocyten dan in lymfocyten. Dit suggereert dat 

het primaire en belangrijkste effect van 6-TG gericht is op het aangeboren immuunsysteem. 

Interessant is dat Rac1 hyperactief is in zowel de perifere monocyten als in de darmmucosa 

van patiënten met de ZvC. Het is dus goed mogelijk dat deze overactivatie van Rac1 de 

functie van het aangeboren immuunsysteem sterk beperkt.  

Op basis van deze resultaten postuleren wij de hypothese dat overactivatie van Rac1 leidt tot 

een verminderde werking van het aangeboren immuunsysteem in patiënten met de ZvC en dat 

Azathioprine juist dit primaire defect bestrijd. Deze theorie geeft ook een goede verklaring 

voor de trage –maar effectieve- werking van Azathioprine in de ZvC.  

Als afsluiting van de studies beschreven in dit proefschrift concluderen we dat RUNX3 een 

nieuwe erfelijke factor is die een verhoogd risico geeft voor colitis ulcerosa en dat IL2/IL21 

een gezamenlijke CU-riscofactor is voor Europeanen, Amerikanen en Chinezen. De 

functionele studies met monocyten tonen aan dat Azathioprine het aangeboren 

immuunsysteem stimuleert, terwijl dit medicijn tegelijkertijd het adaptieve immuunsysteem 

remt. De stimulatie van het aangeboren immuunsysteem is waarschijnlijk een belangrijke 

factor in de therapeutische werking van azathioprine bij de ziekte van Crohn. 

118 



Acknowledgements 

At the moment I so close approach my PhD title, I would like to expresss my sincere thanks 

to those, who offered me great help during my PhD period.  

First of all, I am greatly indebted to my promoter, Professor Klaas Nico Faber for his 

continuous encouragement and valuable support. You offered me the opportunity to enroll as a 

PhD student and put me in a collaborative research network. You encouraged me to “interact” 

with my environment and insist on my pursuit. You pushed me forward with your scientific 

insight and creative thinking. 

My sincere thanks also go to my promoter, Professor Maikel P. Peppelenbosch for his great 

efforts contributed in my immunological research. Dear Maikel, during the past four years, I 

spent most of my working time with you. You led me into the research field of immunology, 

to which I devoted myself in the past and will do so in the future as well. I enjoy the topics of 

our conversations, which were always so non-conventional, imaginational and so much fun. I 

also enjoy traveling with you, through which I learned not only science but also the western 

world.  

Thanks my co-promoter, Dr. Gerard Dijkstra for his great efforts to link my basic research 

into clinical values. You showed me how to perform good basic research as a clinician. You 

brought harmony to our research group and your supports are always there for me from the 

beginning to my “struggling” period, to now and to the future. 

Thanks my co-promoter, Dr. Rinse K. Weersma for his great contributions in my genetic 

research. Thank you for the enormous email contact, valuable discussion and exhaustive 

revision of the papers. 

Dear Prof. Xinghua Lu, thank you for your continuous support through the past eight years. 

You influence me a lot, not only in the scientific area but also in the attitude of life. 

Thanks my collaborateurs, Flower, Sasha, and Cisca. Your contribution makes it possible for 

our genetic study. Thank you for your patient and valuable discussion and comments.  

Thanks Lydia for your great supports in my cytokine study. 

Thanks my paranymphs, Anouk and Silvia for your great helps towards the final moment of 

my PhD study.  

Dear wonderful colleagues in cell biology department and the lab of gastroenterology, 

Kaushal, Kala, Sander, Saravanan, Roberta, Jacobus, Gweeny, Danny, Rajesh, Jeroen, Frans, 

Monireh, Anne, Lisa, Nishath, Lisette, Mariska, Axel, Tjasso, Elise, Krzysztof, Jannes, Fiona, 

Manon, etc. I really enjoyed the happy time we spent together. 

My special thanks go to all blood donors for their selfless supports for the studies recorded in 

this thesis. 

Hua dong and Frank, Jingyuan and Haifei, Tao, Hongwei, Cheng and Lili, Yingru, Kasia and 

Mateusz, and other good friends, I will remember the joyful dinners, chatting and other 

relaxed times together and cherish our friendship in my life. 

Finally, I would like to thank my family for their consistent support and selfless care on my 

life. Mum and Daddy, thank you for what you have done since I was born. Ying, my dear 

 119



husband, thank you for the love you have given to me. I enjoyed the journey we have passed 

and we will keep loving, supporting and encouraging each other in the rest of life. Shulang, 

my lovely daughter, I like the new role you brought to me as a Mum. 

120 



Curriculum Vitae 
Lu Zhou was born on October 20th, 1973 in Liaoning, China. After graduation from the third 

senior high school of Anshan city, she was enrolled in Dalian Medical University in Dalian, 

China in 1992, where she obtained her medical bachelor degree in 1997. Hereafter, she started 

working as a resident in the second affiliated hospital of Dalian Medical University till August 

1999. After that, she continued her residency in the department of Internal Medicine in 

Xinhua hospital in Shanghai, China, until July 2002. Simultaneously, she performed research 

on liver cirrhosis under supervision of Professor Dingguo Li and got her Master Degree in 

Medicine from Shanghai Jiaotong University Medical School. From 2002 to 2005, she was 

trained as a gastroenterologist in Peking Union Medical College Hospital. She performed 

laboratory research on early diagnosis of pancreatic cancer under supervision of Prof. 

Xinghua Lu and got her Doctorate degree of Medicine from Peking Union Medical College, 

Chinese academy of medical Science in December 2005. In September 2006, she started 

working as a PhD student at University Medical Center of Groningen, The Netherlands. She 

performed basic research on Inflammatory Bowel Diseases in the labs of Immunology and 

Gastroenterology. Her PhD work ends up with this thesis. From January 2011, she will work 

in Tianjin Medical University General Hospital, Tianjin, China, as a gastroenterologist. 

 121



List of publications 
1.  Zhou L, Dijkstra G, Parikh K, Visser L, Regeling A, Fuhler G, Peppelenbosch MP, Faber 

KN. 6-Thioguanine increases human monocyte innate immunity via inhibition of the Rac1 

signaling pathway. Submitted 

2.  Shi J*, Zhou L*, Zhernakova A, Qian J, Zhu F, Sun G, Zhu L, Ma X, Dijkstra G,  

Wijmenga C, Faber KN, Lu X, Weersma RK. Haplotype based analysis of ulcerative 

colitis risk loci identifies both IL2 and IL21 as susceptibility genes in Han Chinese. 

Inflammatory Bowel Diseases: Conditionally accepted. * Equal contribution 

3. Zhou L, Braat H, Faber KN, Dijkstra G, Peppelenbosch MP. Monocytes and their 

pathophysiological role in Crohn's disease. Cell Mol Life Sci 2009;66:192-202. Review. 

4.  Weersma RK, Zhou L, Nolte IM, van der Steege G, van Dullemen HM, Oosterom E, Bok 

L, Peppelenbosch MP, Faber KN, Kleibeuker JH, Dijkstra G. Runt-related transcription 

factor 3 is associated with ulcerative colitis and shows epistasis with solute carrier family 

22, members 4 and 5. Inflamm Bowel Dis 2008;14:1615-1622. 

5.  Ni XG, Zhou L, Wang GQ, Liu SM, Bai XF, Liu F, Peppelenbosch MP, Zhao P. The 

ubiquitin-proteasome pathway mediates gelsolin protein downregulation in pancreatic 

cancer. Mol Med 2008;14:582-589. 

6.  Zhou L*, Lu Z*, Yang A, Deng R, Mai C, Sang X, Faber KN, Lu X. Comparative 

proteomic analysis of human pancreatic juice: methodological study. Proteomics 

2007;7:1345-1355. Equal contribution 

7.   Deng R, Lu Z, Chen Y, Zhou L, Lu X. Plasma proteomic analysis of pancreatic cancer by 

2-dimensional gel electrophoresis. Pancreas 2007;34:310-317. 

8.  Lu XH, Wang L, Li H, Qian JM, Deng RX, Zhou L. Establishment of risk model for 

pancreatic cancer in Chinese Han population. World J Gastroenterol 2006;12:2229-2234. 

9.  Zhou L, Yang A, Lu X. Diagnostic accuracy of endoscopic ultrasound in pancreatic cancer. 

Chinese Journal of Digestive Endoscopy 2005; 22:6-9. (Chinese) 

10. Zhou L, Lu X. The Health related quality of life in inflammatory bowel disease. Chinese 

Journal of Internal Medicine 2004;43:392-393.(review, Chinese) 

11. Deng RX, Lu XH, Wang L, Li H, Qian JM, Yang AM, Zhong SX, Guo XZ, Zhou L, Wu 

X, Yang XO, Jiang WJ. Developing a hospital-based high risk scoring model and 

screening strategy for pancreatic cancer. Zhonghua Yi Xue Za Zhi (Chinese Journal of 

Medicine) 2005;85:2038-2042. (Chinese) 

12. Fang L, Zhang Y, Zhou L, Yan X. Fever and cerebral hemorrhage after mitral valve 

replacement. Chinese Journal of Cardiology 2004;32: 944-946. (Chinese) 

13. Zhou L, Huang X, Li D. The Variation of Serum Activin A levels in Patients with Liver 

Cirrhosis. Chinese Journal of Digestive Diseases 2003;23:688. (Chinese) 

14. Zhou L, Li D. Activin A and Liver. Chinese Journal of Digestive diseases 2001;21:747-

748.(review, Chinese) 

 

 

122 

http://www.ncbi.nlm.nih.gov/pubmed/18791847?ordinalpos=16&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/18791847?ordinalpos=16&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/18668679?ordinalpos=21&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/18668679?ordinalpos=21&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/18668679?ordinalpos=21&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/18584046?ordinalpos=23&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/18584046?ordinalpos=23&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/18584046?ordinalpos=23&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/17443640?ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/17443640?ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/17414053?ordinalpos=5&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/17414053?ordinalpos=5&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/16610026?ordinalpos=7&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/16610026?ordinalpos=7&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Deng+RX%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Lu+XH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Wang+L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Li+H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Qian+JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Yang+AM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Zhong+SX%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Guo+XZ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Zhou+L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Wu+X%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Wu+X%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Yang+XO%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Jiang+WJ%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Zhonghua%20Yi%20Xue%20Za%20Zhi.');
javascript:AL_get(this,%20'jour',%20'Zhonghua%20Yi%20Xue%20Za%20Zhi.');


 123

Book chapter 

“Preclinical approaches in Inflammatory bowel disease”, edited by Maikel Peppelenbosch and 

Mònica Comalada and published by Transworld Research Network 


