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Chapter 1 

INTRODUCTION 

The gut has a challenging task to take up fluids, nutrients but not potential pathogens. The 
gut harbors multiple physical (acid, mucus, tight junctions) and immune-mediated defense 
mechanisms in order to keep the mucosa free of pathogens. This mucosal immunity is 
normally in a tolerant state (armed peace) towards the own microbiome. In case of a 
gastrointestinal infection the immune system is activated causing an inflammation of the 
gut mucosa that resolves after the pathogens have been removed.  
However, in some cases there is an ongoing mucosal inflammation that does not 
spontaneously resolve. These inflammatory bowel diseases (IBD) are characterized by a 
variety of symptoms that include abdominal pain, diarrhea that can be hemorrhagic, weight 
loss and fatigue.  Crohn’s disease (CD) and ulcerative colitis (UC) are the major forms of IBD. 
In UC, the inflammation is limited to the superficial mucus layer of the colon. UC has an 
annual incidence of 24.3 per 100,000 persons in Europe. In CD, the inflammation can be 
present along the whole gastrointestinal tract (from mouth to anus, predominantly the 
ileocecal region) and is characterized by trans-mural ulcers that can cause fistula. It has an 
annual incidence of 12.7 per 100,000 persons in the same region1-3.  
The incidence of IBD has increased significantly in the recent six decades in the Western 
industrialized countries and there is growing evidence that the incidence also increases in  
Eastern Europe and developing countries, such as China and India, that adapt the Western 
lifestyle3,4.  
IBD treatment regimens mainly include anti-inflammatory drugs, such as corticosteroids, 
and 5-aminosalicates (5-ASA), like mesalazine, and immunosuppressant drugs, such as 
thiopurines, methotrexate, tacrolimus and cyclosporine. Mesalazine, as an anti-
inflammatory drug, is a first-line treatment for mild to moderate cases of UC and is 
recognized to be an effective drug with less side effects compared to other medication. Use 
of this medicine reduces oxidative stress in the intestinal tract that will effectively prolong 
the period of the remission in UC patients5. 
In the nineties, anti-inflammatory anti-TNFα biologicals, such as infliximab, adalimumab, 
certolizumab and golimumab, have been prescribed primarily to patients with moderate to 
severe CD and UC and those not responding to steroids and/or immunosuppressants 6-8. 
Anti-TNFα therapy is effective in up to 60-80% of the patients with CD and 30-40% of the 
UC patients9. Just recently, biologicals that inhibit the migration of leucocytes to the 
mucosa, such as vedolizumab, have been added to the armentarium10,11. 
As a last resort, removal of the colon can cure UC and a diversion of the fecal stream by 
ileostomy or colostomy can ameliorate CD. However, CD will always reoccur after 
restoration of continuity.  
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Alternative treatments, such as fecal microbiota transplantation (FMT) are increasingly 
considered as a treatment option for IBD12. Recent successful treatment of recurrent 
Clostridium difficile infection with FMT opened a new window for the management of IBD 
with such an approach. FMT restores beneficial members of the microbiota and might re-
establish intestinal homeostasis, which is disturbed in IBD patients. The role of intestinal 
microbiota in the pathogenesis of IBD will be discussed in more detail in this thesis. 
A variety of factors are involved in the pathogenesis of the IBD. These factors include 
genetic susceptibility genes, dysregulated immune responses of the gut-associated 
lymphoid tissue (GALT), dysbiosis between the intestinal microbiota and the host cells and 
environmental factors, like Western life style, diet, higher levels of hygiene and smoking 
(Figure 1) 13-15. Genome-wide association studies have linked IBD with many susceptibility 
loci. Mutations in these loci may cause a chain of miss-targeted immune responses against 
intestinal microbiota, both beneficial commensals and potentially pathogenic ones, so 
called pathosymbionts. The number of IBD susceptibility loci increased to 163 in recent 
studies, of which 110 are associated with both CD and UC16. Previous epidemiological 
studies already suggested that Crohn’s disease runs within families. However, accurate 
heritability measures for relatively rare complex diseases, such as Crohn's disease, were 
difficult. Shared environmental factors among family members with IBD confounded the 
conclusions about the heritability of the disease17. Recent epidemiological studies have 
shown that there is a 10 to 15-fold increased risk of incidence of IBD in first-degree relatives 
of IBD patients. The high concordance rate in monozygotic twins of CD (30-36%) compared 
with UC (15-16%) indicates a stronger genetic contribution in CD compared to UC18,19. Junjie 
Qin et al. described differences between gut microbial composition of healthy volunteers 
and IBD patients20. They showed that the microbiota of CD patients differ significantly from 
those of healthy volunteers and UC patients. Interestingly, the bacterial composition of UC 
is much closer to the one of healthy volunteers (Figure 2). These findings suggest that 
changes in the bacterial composition of the gut play a more prominent role in the 
pathogenesis of CD than for UC and stress the importance of microbiota studies for better 
understanding of CD.  
Several rodent studies have provided evidence for the importance of intestinal microbiota 
in the development of colitis. Sellon et al. showed that the resident enteric bacteria are 
necessary for the development of spontaneous colitis and activation of the immune system 
in IL-10-deficient mice. Germfree interleukin 10 (IL-10)-deficient mice did not develop  
colitis spontaneously, thus it seems that the normal intestinal bacterial flora causes gut 
pathology in these mice. In addition, Dianda et al. showed that specific bacteria are 
responsible for the induction of inflammation in T cell receptor (TCR)-α-/- mice gut rather 
than the general presence of bacteria21. Recent human studies also show a clear relation 
between the intestinal microbiota and the pathogenesis of CD, mainly with a decrease in 
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abundance and percentages of specific potentially beneficial bacteria and an increase in 
those that could be considered as pathosymbionts22.   

 

 

 

 

 

 

 

Figure 1. Interaction of various factors involved in the pathogenesis of IBD. Factors that contribute to the 
pathogenesis of IBD include intestinal microbiota and their antigens, which stimulate immune responses and may 
lead to inflammation or, in contrast, develop specific immune tolerance. Environmental factors, like Western life 
style, play a role in the pathogenesis for instance by triggering inflammation. Genetic susceptibility increases the 
vulnerability in some individuals.  

Genetics  
As mentioned above, within the past decade the number of IBD susceptibility loci has gone 
up to 16316. However, IBD is not purely a result of genetic factors, but strongly relates to 
the interaction between genetics, host immune system and intestinal microbes. Among the 
genes that are involved in the pathogenesis of CD, ATG16L1 and NOD2 are strong 
susceptibility genes that learned us a lot about how the mucosal immune system respond 
to bacterial invasion. NOD2 was the first CD susceptibility gene that was identified 23 and 
explains up to 20% of the total genetic predisposition of CD24. NOD2 is an intracellular 
sensor that triggers an immune response after binding to muramyl dipeptide, which is a 
peptidoglycan mainly present in the cell wall of both gram-positive but also in gram-
negative bacteria. NOD2 participates in presenting the bacterial compounds to the immune 
system. Patients homozygous for the NOD2 risk allele have more bacteria adhered to their 
mucus layer25. NOD2 has recently been identified as a potent regulator of autophagy. A 
physical interaction of NOD2 and Autophagy-related gene 16-like (ATG16L1) appeared to be 
required for autophagic clearance of intracellular pathogens26. The ATG16L1-T300A risk 
variant is associated with a 2.2-fold overall increased risk for CD and is especially associated 
with ileal CD27.  
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Figure 2. The bacterial profile differentiates IBD patients and healthy individuals. Principal component analysis 
based on the abundance of 155 species with ≥1% genome coverage by the Illumina reads in at least 1 individual of 
the cohort was carried out with 14 healthy individuals and 25 IBD patients from Spain. Microbial composition of CD 
patients are negatively correlated with both PC1 and PC2 and are completely separated  from the compositions of 
UC and healthy volunteers while the later ones had an overlap which is positively correlated with both PCs. Taken 
from Junjie Qin et al,  Nature. 2010 Mar : 59-65 

Autophagy is a process that allows cells to deal with damaged or malfunctioning organelles 
and/or proteins that ultimately leads to their degradation inside lysosomes61-63. Over 30 
different autophagy-related genes (ATG) genes/proteins play a role in this process. 
Autophagy is crucial for cell homeostasis and is a cell survival mechanism to face stress 
conditions, like nutrient deprivation and oxidative stress. In addition, autophagy is required 
for effective eliminating of internalized pathogens (xenophagy)29,30. Xenophagy literally 
means “eat foreign invaders” and is an infection-triggered process of pathogen targeting to 
autophagosomes. Invading microorganisms and their related components activate Toll-like 
receptors that recognize pathogen-associated molecular patterns. This allows 
autophagosomes to kill micro-organisms and present pathogen components to the innate 
and adaptive immune systems31,32. 

Immune system 
The mucus layer of the intestinal tract is exposed to a variety of antigens from microbial, 
environmental and dietary sources. The mucosa and the submucosal epithelial layer form a 
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physical barrier against those antigens and at the same time allows the gastrointestinal 
tract to absorb nutrients. Moreover, this barrier needs to distinguish between harmless and 
harmful antigens. This discrimination is essential for maintaining tolerance or inducing 
immune responses towards the harmless and harmful antigens, respectively. This way, 
adequate mechanisms are controlling inflammation and develop tolerance against specific 
antigens, including bacterial ones. This allows the intestinal immune system to adjust its 
response against pathosymbionts that adhere to the mucus layer or invade the intracellular 
cavity. However, the immune system creates specific tolerance towards harmless or 
beneficial bacteria in or close to the mucus layer. 
CD is considered to be a consequence of an impaired response of the adaptive immune 
system towards the host microbiota, which is predominantly derived by CD4+ T-cell 
activation towards microbiota33,34. 
A leaky gut is an important phenomenon in the pathogenesis of the CD. This leakage leads 
to increased presence of immunoglobulins in the gut lumen. These immunoglobulins can 
bind to specific antigens of the microbiota. A recent study showed that CD patients contain 
fecal bacteria that bind more IgG than those from healthy individuals after in vitro 
incubation with either autologous (their own) serum or heterologous serum from patients. 
Furthermore, CD patients have a more intense immune response against specific E. coli 
strains. Experiments with serum samples from different patients indicate that this is a 
bacterial strain-specific phenomenon rather than disease-specific35.  

Microbiota 
The gastrointestinal  tract (GIT) is basically sterile at birth, but its colonization by different 
bacterial strains begins during birth. This will develop to be the largest reservoir of bacteria 
in the human body that reaches numbers up to 1011 or 1012 cells/g of luminal contents in 
the colon36.  In comparison, the bacterial numbers in the stomach and duodenum are 
between 0-103 per ml of content due to the short retention time, exposure to the gastric 
acid with bacteriocidal activity in the stomach and bile salts in the duodenum. Bacterial 
numbers per ml of jejunum content is less than 104 and for the ileum is between 105-108 per 
ml.  
Firmicutes and Bacteroidetes are the main bacterial phyla making up to 90% of the 
intestinal microbiota populations. Other bacterial divisions present in lower numbers are 
Actinobacteria, Proteobacteria, Verrucomicrobia and Cyanobacteria37-40. Notwithstanding 
this limited variation in divisions, the human intestinal microbiota profile could be 
considered as an individual-specific property. This specificity is a result of the wide 
variability in strains and species belonging to those bacterial phyla41.  
This vast amount of microbes in the colon provides important beneficial aspects for the 
host. These include (i) digestion of substrates that are indigestible by the host due to 
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enzymatic limitations of human digestive system, (ii) providing nutrients for intestinal tract 
cells, (iii) stimulating and disciplining the host immune system to tolerate the beneficial 
bacteria and (iv) suppressing the colonization of the GIT by pathogenic microorganisms and 
pathosymbionts42. 
Several studies have shown anti-inflammatory effects of specific members of human 
microbiota. Those so-called symbionts, such as faecalibacteria,  bifidobacteria and 
lactobacilli, possibly protect the gut epithelial layer from inflammation. These protective 
mechanisms might include the stimulation of the anti-inflammatory IL-10,43,44 or down-
regulation of inflammatory cytokines such as IL-8 and TNFα45.  

Faecalibacterium prausnitzii 
F. prausnitzii is a non-motile Gram-positive member of the Firmicutes phylum. Initially, it 
was named Fusobacterium prausnitzii due to its negative Gram stain and morphology, 
however, phylogenetic studies showed that these bacteria are members of the Clostridium 
cluster IV (the Clostridium leptum group) rather than the Fusobacteriaceae46,47.  C. leptum is 
the second largest bacterial group in human feces after the Clostridium coccoides group. F. 
prausnitzii, as a major member of C. leptum group, represents generally 5% of the total 
bacterial counts in human fecal samples, but this number can go up to 25% in some cases, 
being one of the most abundant bacterial species in the human GIT48,49. Previously, Lopez-
Siles et al. categorized human F. prausnitzii in two phylogroups, namely 1 and 2 50. This was 
based on rRNA sequencing and physiological tests. It is not yet known if these phylogroups 
have the same anti-inflammatory properties and/or the same in vivo physiological features, 
such as SCFA production50. 
F. prausnitzii is an extremely oxygen sensitive member of the gut microbiota and is 
proposed to have anti-inflammatory properties. Importantly, it appears to be 
underrepresented in CD, specifically in the ileal type of the disease35,44,51. Previously it has 
been shown that abundance of F. prausnitzii is reduced in ileal CD biopsies together with a 
concomitant increase in numbers of E. coli, specifically the pathogenic Adherent Invasive E. 
coli (AIEC) (Figure 3)51. Moreover, reduced numbers of F. prausnitzii have been associated 
with a higher risk of earlier relapse in CD patients that underwent an  operation52. This 
increased risk of recurrence is also correlated with the higher presence of pathosymbionts, 
such as fusobacteria and E. coli53. 
F. prausnitzii is one of the major butyrate producers in the human intestinal tract22,54. 
Intestinal microbiota metabolize dietary particles, mainly fibers, to produce  short chain 
fatty acids (SCFAs) that include butyrate, propionate, acetate, lactate and formate, which 
may provide anti-inflammatory effects on intestinal epithelial layer and can be used by 
colonocytes as energy source. These SCFA producers are represented by Lachnospiraceae 
and Roseburia and their numbers are decreased in CD alongside F. prausnitzii55.  
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Figure 3: Twin studies reveal specific imbalances in the mucosa-associated microbiota of patients with ileal Crohn's 
disease. Quantitative real-time PCR for F. prausnitzii 16S rRNA gene (A) and adherent invasive E. coli uidA (B) in 
mucosal DNA from ileum, ascending colon, transverse colon, descending colon and rectum (displayed from left to 
right) from individuals with predominantly colonic Crohn's disease (CCD), healthy controls (HC), and with 
predominantly ileal Crohn's disease (ICD).  Interestingly, F. prausnitzii is absent in most ICD patients, while these 
patients have highest percentages of E. coli while the same counterbalance is not applicable for CCD patients and 
healthy volunteers. Taken from Willing et al Inflammatory Bowel Diseases 2008 NOV 653-660 

Butyrate  
Butyrate is an important energy source for coloncytes56,57. Beside a role in intestinal 
physiology, butyrate contains anti-inflammatory properties as well. A recent study has 
shown that SCFAs, including butyrate, promote the expansion of colonic regulatory T-cells, 
thus playing a role in the  development of the intestinal immune system58. 
Sokol et al. described the anti-inflammatory properties of F. prausnitzii, its secreted 
products in the medium supernatant and its main metabolite butyrate for the treatment of 
chemically-induced inflammation of the mouse intestinal tract52. It appeared that butyrate 
inhibited the invasion of potentially pathogenic bacteria (pathosymbionts) in the intestinal 
epithelial layer. Moreover, it suppressed the development of malignancies56. However, the 
anti-inflammatory properties of F. prausnitzii are most likely not limited to butyrate 
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production alone52. In the same study, F. prausnitzii cell extracts and the supernatants from 
the growth medium provide more protection to mice suffering from chemically-induced 
intestinal inflammation (Figure 4). This shows the competency of F. prausnitzii to produce 
several anti-inflammatory compounds.  However, due to its the extreme oxygen sensitivity, 
the possible anti-inflammatory properties of living F. prausnitzii on gut mucosa remains 
elusive.      

 

 

 

 

 

 

 

     

 

Figure 4 Protective effects of Intraperitoneal administration of F. prausnitzii, its supernatant, butyrate and 
Dexamethasone on mice after 2,4,6-trinitrobenzenesulphonic acid (TNBS) challenge. Survival rate of mice with 
intestinal inflammation induced by TNBS after 20 days. Figure shows that the supernatant of F. prausnitzii culture 
gives 100% survival rate compared to the 50% survival rate resulted from F. prausnitzii cells. In comparison, 
Dexamethasone and butyrate give lower survival rates. Taken from  PNAS 2008 Oct 16731-16736 

F. prausnitzii in the gut microbiome. 
Given the fact that F. prausnitzii is not the only butyrate producer in the human gut, its anti-
inflammatory effects should be investigated in conjunction with other butyrate producers 
such as Roseburia species, which are also dominantly present in the intestinal tract.  
Therefore, in addition to the bacterium-host interactions, bacterium-bacterium interaction 
may influence the host’s health state as well. For example, the cross-talk relation between 
F. prausnitzii, as an acetate consumer and butyrate producer, and other dominant 
commensal gut bacteria, such as Bacteroides thetaiotaomicron as an acetate producer, has 
been described recently by Wrzosek et al. These two commensal and metabolically 
complementary bacteria are capable of enhancing the intestinal-epithelial layer’s integrity 
by modulating goblet cell differentiation and mucin glycosylation 59. Therefore, F. 
prausnitzii’s anti-inflammatory properties should be studied in the microbial community, 
preferably a co-culture setting with living eukaryotic cells, applying an aerobic-anaerobic 
interface, as in the gut. 
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Figure 5 The host selects mucosal and luminal associations of co-evolved gut microorganisms. A novel concept 
hypothesizes the microbiome selection by the host using the mucus layer, innate and adaptive immune systems. 
The mucus layer consists of two layers, the outer one that is less firm and allows certain types of bacteria to 
penetrate, while the layer attached to the epithelial cells is denser in immune-related compounds and has a higher 
oxygen level from blood circulation. These immune system-related molecules include antimicrobial peptides 
(AMPs) and antibodies such as IgA. Specific adhesion capabilities of some bacterial strains, in addition to the 
mucin-degrading capacities, lower oxygen sensitivity and AMP resistance generates a unique mucosa-associated 
microbial profile. Several bacterial strains able to colonize the mucus layer (Mucosal bacteria) are particularly 
important as they train the immune system as symbiotic bacteria. Outgrowth of specific bacterial strains with this 
ability like AIEC cause inflammation. The interaction between bacteria and epithelial cells could be due to: 1) a 
direct cell contact between bacterial strains and intestinal epithelial cells and 2) indirect interaction through the 
diffusion of microorganism-associated molecular patterns (MAMPs), which is the way that luminal bacteria 
interact with the host. The outer layer of mucus layer, which contains diluted immune compounds and a lower 
amount of oxygen, might be a suitable reservoir niche for microbiota to reside in a less harsh environment. This 
reservoir might act as an inoculum to restore disturbed microbiota after disease conditions, such as chronic 
antibiotic therapy, diarrhea and colonization of mucus layer by pathosymbionts. Adopted from Van den Abbeele et 
al.  FEMS Microbiology Reviews 2011 Jul: 681-704 

The eco-physiology of F. prausnitzii 
Despite the fact that F. prausnitzii is extremely oxygen-sensitive, it has the unique ability to 
deploy riboflavin and thiols as mediators for extracellular electron transfer (EET) to 
oxygen60. In the presence of the oxygen, free thiols of cysteine or glutathione can be 
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oxidized to disulfide bonds and act as the electron acceptor, while flavins act as redox 
mediators for faecalibacteria. This phenomenon, is not applicable for other anaerobic gut 
bacteria or bacteria like Pseudomonas and E. coli, which are capable of producing riboflavin, 
but cannot use it for EET. This unique feature of F. prausnitzii may explain why it is able to 
colonize the oxic-anoxic phase close to the intestinal mucus layer, where oxygen is 
penetrating from the blood circulation (Figure 5)61-63. 

Phylogroups of F. prausnitzii 
As mentioned previously, there are two different phylogroups of F. prausnitzii in the human 
intestinal tract of which cultured representatives are characterized. However, the 
differences between these two phylogroups regarding their localization in the GIT and the 
possible differences between their ability to colonize the oxic-anoxic phase of the feces are 
not demonstrated yet. There are still crucial questions about F. prausnitzii physiology to be 
answered. For instance, it is unclear whether F. prausnitzii can deploy riboflavin for 
shuttling electrons in vivo, as well as whether this electron shuttling has an effect on 
epithelial cells. Moreover, it is important to determine whether dietary riboflavin 
supplementation affects the abundance of F. prausnitzii in the gut. Other topics to be 
studied are the possible differences in the effect of two different phylogroups of F. 
prausnitzii on the intestinal epithelial layer and overall intestinal homeostasis. Furthermore, 
the effect of riboflavin on overall balance of microbiome in vitro and in vivo remains elusive 
so far. 
 
SCOPE OF THE THESIS 
In Chapter 2, we studied the localization of the two major phylogroups of F. prausnitzii in 
fecal samples of healthy volunteers and we show differences between the two phylogroups 
in their ability to grow in the oxic-anoxic zone of the intestinal tract. In addition, the ability 
of F. prausnitzii, as well as Clostridium group XIVa and Roseburia, to utilize specific food 
particles were analyzed.  
In Chapter 3, based on the described ability of F. prausnitzii to deploy riboflavin for electron 
transfer, here the effect of daily supplementation of 100 mg of riboflavin on the abundance 
of F. prausnitzii in fecal samples of healthy volunteers was studied. Moreover, the 
abundance of some other major members of microbiota, specifically Clostridium group XIVa 
and Roseburia, as major butyrate producers was studied. CD is associated with a decrease 
in the abundance of beneficial F. prausnitzii and an increase of hostile in the E. coli, 
therefore, the possible effect of riboflavin supplementation on E. coli abundance and the 
balance between the two species was studied as well. 
Different studies have been performed to investigate the anti-inflammatory properties of F. 
prausnitzii in vivo and in vitro. However the extreme oxygen sensitivity of F. prausnitzii is a 

      

19



Chapter 1 

strong obstacle in analyzing those effects on human cells that require sufficient oxygen. 
Furthermore, the possible effects of host cells, specifically GIT cells, on F. prausnitzii is fully 
unexplored. In Chapter 4, we developed a novel and simple method to study the 
interaction between Caco-2 cells (human intestinal epithelial cell line) in co-culture with F. 
prausnitzii and analyzed the effect on both cell types, focusing potential anti-inflammatory 
and anti-stress effects of Caco-2 cells and growth stimulating effects of Caco-2 cells on F. 
prausnitzii. 
Up to now, 163 loci have been identified to play role in the pathogenesis of the IBD and an 
important one is the ATG16L1 gene, where the ATG16L1-T300A is the CD risk allele and the 
ATG16L1-T300 is the protective allele. The possible differences between these two 
genotypes in the way they handle invading bacteria is unknown. Moreover, the 
interrelationship between the ATG16L1 genotype and the composition of mucosal 
microbiota has not been studied before. In Chapter 5, we studied the microbial 
composition of ilelal biopsies from inflamed and non-inflamed regions of CD patients 
homozygous for either the ATG16L-T300 protective allele or the ATG16L-T300A risk allele. 
Moreover, we determined the intracellular survival rate of adherent-invasive E. coli (AIEC), 
an important bacterium in the pathogenesis of CD, in primary monocytes isolated from 
healthy volunteers homozygous  for either ATG16L1 protective allele or risk allele. 
In Chapter 6, we analyzed whether the humoral immune response in IBD patients is 
directed towards a selective group of intestinal microbiota. Specifically, we identified the 
bacteria to which a IgG response is directed in fecal samples from CD and UC patients. 
In Chapter 7, we summarize our results and speculate on future perspectives of our 
findings. 
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Chapter 2 
ABSTRACT: 

Objectives: Faecalibacterium prausnitzii is one of the most abundant bacterial species in 
the human gut and one of the major producers of butyrate that is crucial for adequate gut 
functioning.  It has been suggested that reduced numbers of this favorable bacteria may 
play a role in Crohn’s disease. In contrast, these patients harbor increased numbers of 
Escherichia coli as pathosymbionts, which, being facultative anaerobic, could prevail over F. 
prausnitzii in oxygenated conditions near the intestinal wall. There are two major 
phylogroups of F. prausnitzii described. However, it remains elusive what their location and 
distribution is within a fecal sample.  This study aimed to examine the location of F. 
prausnitzii phylogroups 1 and 2 and compare this with other butyrate producers like 
Roseburia in the normal stool of 12 healthy volunteers. 

Design: A straw was used to punch fecal stools while preserving the surface-lumen 
gradient.  After 4% PFA fixation and fluorescence in situ hybridization (FISH) using group-
specific rRNA probes, including new F. prausnitzii phylogroup-specific probes, epi-
fluorescence microscopy was performed to localize the butyrate producing groups. 

Results: F. prausnitzii was mostly detected as single cells in the stool. Phylogroup 2 was 
predominantly located close to the fecal surface in comparison with phylogroup 1. In 
addition, biofilms were detected around distinct food particles in the fecal lumen consisting 
of Clostridium group XIVa, including Roseburia, and F. prausnitzii phylogroup 1 and 2, as 
well as F. prausnitzii’s not belonging to either of the phylogroups. The presence of F. 
prausnitzii close to the fecal surface was mutual exclusive with Enterobacteriaceae 
(including E. coli). 

Conclusion: F. prausnitzii phylogroup 2 preferentially colonizes the feces-mucus interphase 
compared to phylogroup 1, suggesting that it has enhanced tolerance to oxygen. 
Furthermore, specific food particles support the growth of Roseburia and both phylogroups 
of F. prausnitzii. There is an inverse relation between faecalibacteria and the presence of 
Enterobacteriaceae close to the mucus layer. It remains to be determined whether the two 
F. prausnitzii phylogroups have differential effects on gut health and dysbiosis. 
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INTRODUCTION 
The human colon is the residence of a complex microbiota producing metabolites that are 
important for health of the host 1.  Metabolites, such as short chain fatty acids (SCFAs), in 
particular butyrate, are crucial for maintaining a healthy intestinal barrier and function2-4. 
Butyrate is an important source of energy for colonocytes and has potential anti-
inflammatory effects by inhibition of nuclear factor-κB (NFkappaB) and production of pro-
inflammatory cytokines in the intestinal epithelial layer 5. 
Butyrate, propionate and acetate are the main products of the intestinal microbiota that 
ferment undigested dietary fiber and resistant starch6.  The bacteria that are mainly 
responsible for butyrate production are firmicutes related to Clostridium groups IV and 
XIVa5. From these firmicutes, Faecalibacterium prausnitzii, member of the C. leptum group 
(Clostridium group IV), and Roseburia and the related species Eubacterium rectale 
(members of the Clostridium group XIVa) are among the most important butyrate-
producing species within the human gut 7. 
It has been shown that butyrate and butyrate-producing bacteria play a role in prevention 
of several digestive tract diseases, such as colorectal cancer 8 and inflammatory bowel 
disease (IBD). A strong indication for this is that there is a protective effect of F. prausnitzii 
and its culture supernatant against inflammation in a mice model 9. Moreover, a significant 
decrease in abundance of F. prausnitzii in IBD, especially in patients with ileal Crohn’s 
disease, has been observed 10. Additionally, it has been found that the numbers of adherent 
invasive E. coli (AIEC) are higher in this type of IBD patients 9,11, which are associated with a 
decreased number of faecalibacteria, indicating an inverse correlation between the two 
bacteria 11,12.  
F. prausnitzii is designated as a feco-mucus bacterium, which means that it colonizes the 
feces/mucus interphase as well as the luminal part of the feces 13.  Recently, it was 
demonstrated that there are two major phylogroups of F. prausnitzii: phylogroup 1: 
represented by the type strain ATCC 27768, and phylogroup 2, represented by strain A2-
165 14. However, it remains elusive whether these two phylogroups show a different 
distribution in the feces, more specifically, if both phylogroups are feco-mucus bacteria and 
are present close to the oxygen-rich gut epithelial layer.  
Therefore, we performed a study on stools of 12 healthy volunteers in which we analyzed 
the localization of the two major phylogroups of F. prausnitzii within the feces with 
fluorescence in situ hybridization (FISH). For this, probe target sites specific for the cultured 
representative of the two phylogroups were identified within the 16S rRNA sequences and 
these sites were compared with data of non-culture based sequence approaches. The 
newly designed probes were used to explore the fecal biostructure and visualize the 
possible correlation between food particles, F. prausnitzii and other butyrate-producing 
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bacteria, such as Roseburia. Finally, the possible counterbalance between E. coli and F. 
prausnitzii was investigated by analyzing their spatial localization within the feces. 

MATERIALS AND METHODS 

Design and testing of F. prausnitzii phylogroup probes 
Oligonucleotide probes were designed with the ARB software package15 using an SSU 
reference database (SSURef_106_SILVA_19_03_11) downloaded from the SILVA website16.  
All oligonucleotide probes listed in Table 1, labeled at the 5′- and 3′-end with fluorescein 
(FITC) or at the 5′-end with Cy3, were purchased from Eurogentec (Eurogentec, the 
Netherlands). The specificity of the newly designed oligonucleotides probes for the two 
phylogroups of F. prausnitzii were tested on 36 different bacterial strains for FISH as 
described previously 17. The bacterial strains used for this verification are listed in 
Supplementary Table 1. 

Sample collection and handling 
The straw technique described by Swidsinski et al. was used to punch fecal stools while 
keeping the structure preserved 13. Volunteers gave informed consent and were provided 
with 50 ml falcon tubes containing 25 ml 4% paraformaldehyde (MP Biomedicals, LLC, 
Eschwege, Germany) solution in PBS, pH 7.2-7.5 and drinking straws precut to 4 cm pieces 
18. Volunteers were given a printed instruction on how to collect the fecal samples. Briefly, 
samples were punched by the straw and put into the falcon tube with fixative. The tubes 
with the sample were delivered at the lab within 8 hours and were fixed at room 
temperature for an additional 24 hours and stored at 4°C for an additional week. For 
embedding in paraffin, the luminal part of the punched fecal sample was marked by black 
ink and the samples were taken out of the straw using a scalpel and a glass pin. 
Subsequently, the samples were embedded overnight in paraffin by standard procedures. 
Sections of 4 µm were obtained with a rotary microtome and stretched on warmed water. 
Stretched sections were mounted to poly-L-Lysine pre-coated glass slides (Thermo 
Scientific), and deparaffinized by submerging in xylene solution for three times followed by 
three 96% ethanol wash steps to remove the xylene from the sections and dehydrate them. 
Slides were air dried and stored at room temperature until FISH analysis.  

Fluorescence in situ hybridization 
Sections were analyzed by FISH with different fluorescently-labeled oligonucleotide probes 
listed in Table 1. Fecal sections were surrounded by 1 mm thick plastic rings and the specific 
probes that were mixed with hybridization buffer (10 µl/100 µl), were applied on these 
sections. The slides were hybridized, washed and mounted in Vectashield as described 
before19. Hybridized sections were analyzed using a DM RXA microscope (Leica 
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Mikroskopie, Wetzlar Germany). Filter set of 500–540 nm was used for FITC and 570–630 
nm for Cy3. Images were obtained using 10x, 20x, 40x and 63×. Color micrographs were 
taken with a full frame digital Canon EOS5D MKII camera and processed using Digital Photo 
Professional (Canon, Japan) and Adobe Photoshop 6.0 maintaining the scientific integrity of 
the raw images 20,21.  The ratio of faecalibacteria under the mucus layer to the 
faecalibacteria in the lumen was calculated by counting the number of faecalibacteria 
visually within two identical rectangular boxes drawn digitally on the micrographs, such as 
indicated in Figure 1.  

Table 1: List of the probes used in the present study and their target sequence. Two new probes developed in the 
present study were designed with the ARB software package [ARB] and the other probes were obtained 
commercially. 

Target Probe Sequence 5’->3’ 
Universal probe Eub338 GCTGCCTCCCGTAGGAGT22 
E. rectale & C. coccoides group Erec482 GCTTCTTAGTCARGTACCG19 
F. prausnitzii group 
F. prausnitzii Phylogroup 1 
F. prausnitzii Phylogroup 2 

Fprau645 
Fp1-0184 
Fp2-0184 

CCTCTGCACTACTCAAGAAAAAC23 
CTCTACCCGATGCCGGGT (this paper) 
CTCTGCTCGATGCCGAGC (this paper) 

Roseburia cluster 
 

Rint623 
Rint helper 

TTCCAATGCAGTACCGGG24 
GTTGAGCCCCGGGCTTT 

Enterobacteriaceae EC1531 CACCGTAGTGCCTCGTCATCA25 
 

RESULTS 

Probe design for the two F. prausnitzii phylogroups 
Based on the sequences of the cultured representatives of the two F. prausnitzii 
phylogroups as they were defined by Lopez et al. 2012, we identified a target site in the 
hypervariable V2 region of the 16S rRNA that was discriminative for these phylogroups. In 
silico analysis of the newly designed probes for the two phylogroups showed only a full 
match with the target organisms and no unwanted cross reactions with other cultured gut 
micro-organisms (Table 2). Most of these sequences originate from fecal sequencing 
projects and metagenomic projects.  However, only 3,575 of the approximately 6,000 
sequences of uncultured faecalibacteria actually reacted to the probes. These sequences 
clustered into a single group corresponding to phylogroup 1 and three closely related 
groups that correspond to phylogroup 2 of cultured faecalibacteria. The non-responding 
sequences were clustered into groups that were related to various degrees to the cultured 
phylogroups, but are not represented by any of the currently cultured faecalibacteria. 
These may belong to additional phylogroups of F. prausnitzii. These groups are indicated in 
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Table 2 with different target codes based on the clustering in the sequences. Testing the 
two phylogroup-specific oligonucleotide probes on F. prausnitzii culture representatives 
and reference strains confirmed that the probes reacted according to the design 
(Supplementary Table 1). However, using the probes on fecal samples indeed showed that 
these 2 probes only detected part of the bacteria that are reacting with the universal 
faecalibacterial probe, Fprau645. This means that a subset of faecalibacteria present in the 
feces does not belong to either phylogroup 1 or 2. Yet, in combination with Fprau645, the 
two probes provide valuable information on the location of the currently known 
phylogroups and give information on the other species that do not belong to the known 
phylogroups. 

Localization of F. prausnitzii phylogroups: 
To analyze the location of the different F. prausnitzii phylogroups in feces from healthy 
volunteers, thin sections of fecal cores were hybridized with the panel of probes described 
in Table 1. In all volunteers, phylogroup 2 of F. prausnitzii  was dominant over phylogroup 1, 
which was particularly evident close to the surface of the feces, directly below the feces-
associated mucus (Figure 1A), where enhanced numbers of phylogroup 2 were detected.  

Table 2: Nucleotide sequences of the V2 region (E. coli position 184-194) of F. prausnitzii strains and related 
uncultured sequences. The target groups correspond with the clusters and groups in Figure 1. The probes marked 
with an asterisk were used as fluorescently-labeled FISH probes. Accession numbers are from the cultured strain or 
from a sequence representative for the group. 
Target     5’ A C C C G G C A U C G G G U A G A G  nseq   Probe Accession# 

Fp1 ATCC 27768 . . . . . . . . . . . . . . . . . .  1235 P1*  AJ413954 

Fp phylo1 . . . . . . . . . . . . . A . . . . 214  P1a AY982341 

Fp phylo1 . . . . . . . . . . . . . . U . . . 135  P1b DQ795925 

Fp A2−165  G . U . . . . . . . . A . C . . . . 1748 P2* AJ270469 

Fp phylo22   G . U . . . . . . . . A . C . . G . 243  P2a AY981629 

Fp ph2-like  G G U . . . . . . . . A C C . . . . 1333 P3  EF402439 

Fae3-like c24 G U A . C . . . . G . U A C U . . . 396  P4  AY981447 

Fae-like c2 G U G . C . . . . G A C A C U . . . 192  P5  AY169429 

Fae sp. 1 G U G . C . . . . G . C A C . . . . 174  P6  DQ806513 

S.variabile . U . . . . . . . . . . A . U . . . 151  P7  AJ518869 

Sub5 sp.   G . . . . . . . . . . . . C U . . . 191  P8 AY984258  
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Sub sp.   G . . . . . . . . . . . . C U . C . 152 P8a EU728786  

Sub-like c1 G A U . C . . . . G . A U C U . C . 143  P9 AY982335 

Fae-like c2 G U A . C . . . . G . C A C U . . . 120  P10 DQ793440 

Sub-like c1 G A U U C . . . . G . A U C U . C . 57   P11 DQ799861 

Fae sp. 2 G U . . C . . . . G . . A G . . . . 50   P12 DQ456147 

Fae-like c1  G . U . C . . . . G . A . C . . G . 40   P13 DQ803805 

Fp ph2-like2   G G U . . . . . . . . A C C U . . . 38   P14 DQ326303 

Fae-like c2 G U U . U . . . . G . A A C U . . . 31   P15 DQ456171 

Fae sp. 2 G U . U C . . . . G A . A C . . . . 28   P16 DQ456155 

Sub-like c1 G U G . C . . . . G . C A C . . C . 28   P17 DQ057424 

Fae-like c1  G . A U C . . . . G A U . C . . U . 22   P18 DQ806101 

Fae-like c1 G A G . U . . . . G . C U C . . U . 21   P19 DQ801930 

Fae-like c2 G U G . C . . . . G . C A C U . . . 19   P20 DQ793524 

Fp cA2-like G . U . C . . . . G . A . C . . . . 18   P21 DQ803809 

Fp cA2-like2 G G U . . . . . . . . A U C U . . . 17   P22 EU762011 

Fae-like c1 G A G . U . . . . G . C U C G . U . 16   P23 DQ798147 

Fp ph2-like3 G G U . . . . . . . . A C C . . U . 16   P24 DQ798293 

Sub-like c1 G U A U C . . . . G . U A C U . . . 15   P25 DQ809116 

Fae sp. 2 G . A . C . . . . G . U . C . . G . 14   P26 DQ808757 

Fae-like c2  G U A . C . . . . G A U A C U . . . 14   P27 DQ809498 

Other 318 
variants  with 
nseq<14  

sum of n= 638   

Total  7509   seq  

1 Fp=F. prausnitzii;  2phylo=phylogroup; 3c=cluster; 4Fae=Faecalibacterium; 5Sub=Subdolonigranum. 

In contrast, phylogroup 1 is much more homogenously distributed throughout the feces 
and hardly present at the fecal surface (Figure 1B). While phylogroup 1 of F. prausnitzii was 
less dominant than phylogroup 2, it remained undetectable even in feces of volunteers 3, 4 
and 6. In contrast to phylogroup 2, phylogroup 1 appeared mostly distributed as single cells 
distributed homogeneous across the sections, not dominating in specific parts.  
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The FISH analysis showed that there is a counterbalance in the detection of F. prausnitzii 
and E. coli.   Samples with high numbers of F. prausnitzii cells close to the mucus layer did 
not show cells labelled with the Ec1539 probe for Enterobacteriaceae that are most likely E. 
coli 25.  This phenomenon was observed in volunteers 1, 2, 3, 7, 8, 9, 10 and 11 (Figure 2). 
Vice versa, the mucosal part of stool samples with no detectable F. prausnitzii or with only a 
few cells of phylogroup 2 of F. prausnitzii close to the mucus layer were colonized by 
Enterobacteriaceae cells in volunteers 4, 5, 6 and 12 (Figure 3). These observations are 
summarized in Table 3. 
In addition, FISH with the Fprau645 probe showed the colonization of some food particles 
by F. prausnitzii in the lumen of the feces. These food particles had a stretched and a 
homogeneous structure. The colonization by F. prausnitzii was observed only in volunteers 
9 and 10 (Figure 4). Interestingly, this colonization was only detected with the Fprau645 
probe and not with the phylogroup-specific probes. Figures 5 and 6 show fibers that were 
colonized with faecalibacteria from which only a few cells responded to the phylogroup-
specific probes. Most of these cells belong to faecalibacteria that were not phylogroup 1 or 
2. 

Table 3: Distribution of two phylogroups of F. prausnitzii, Enterobacteriaceae, Clostridium group XIVa and 
Roseburia in fecal samples from 12 healthy volunteers. Bacterial species were analyzed in four compartments:  
Mucus layer colonization (M); Active layer in the oxygenated area close to the mucus layer (O); Luminal part of 
feces (L); In biofilms on food particles (B). 
Vol F. prausnitzii 

Phylogroup 2 
O:L 
ratio 

F. prausnitzii 
Phylogroup 1 

Enterobacteriaceae 
(E. coli) 

Clostridium  
group XIVa 

Roseburia Clostridium 
Group XIVa 
& Roseburia 
(Biofilm) 

1 O, L 1.4:1 Single cells ND* L L ND 

2 O, L 1.6:1 Single cells ND L L B 

3 Single cells NA ND ND L L ND 

4 Single cells NA ND M L L B 

5 Single cells NA Single cells M L L B 

6 Single cells NA ND M L L B 

7 O, L 1.3:1 Single cells ND L L B 

8 O, L 1.6:1 Single cells ND L L B 

9 O, L 1.2:1 Single cells ND L L B 

10 O, L 1.4:1 ND (Single cells) L L B 

11 O, L 3.0:1 Single cells ND L L B 

12 Single cells NA Single cells M L L ND 

* ND: Not detected. NA: Not applicable 
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Figure 1: Distribution of faecalibacteria in a core stool section. High presence of F. prausnitzii phylogroup 2 (Red) 
close to the mucus layer with 208 positive cells in rectangle I (80µ × 300µ), the strength of signal and presence of 
the bacterial cells labeled with the Fp2-0184 probe decreases to the luminal part with 127 positive cells in 
rectangle II (80µ × 300µ) (Figure 1A).  Few single cells of F. prausnitzii phylogroup 1 (green) are localized in fecal 
section (white circle), (Figure 1B). Overlaying the two images reveals a predominance of phylogroup 2 in 
comparison with phylogroup 1. Selected phylogroup 1 cells are shown in circles (Figure 1C). Bar is 100 µm. 

  

          

Figure 2: Distribution of faecalibacteria, hybridized by FITC-labeled Fprau645 probe (green) and 
Enterobacteriaceae, detected by the Cy3-labeled EC153 probe (red) in the mucus layer. In this case, only F. 
prausnitzii was detected in the layer next to the mucus layer (Figure 3A). Enterobacteriaceae were not found 
(Figure 3B). Bar is 20 µm. 
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Figure 3: Distribution of faecalibacteria, hybridized by FITC-labeled Fprau645 probe (green) and 
Enterobacteriaceae, detected by the Cy3-labeled EC153 probe (red) in the mucus layer. The mucus layer is 
colonized by micro-colonies of Enterobacteriaceae, in volunteers 4 and 5 (Figure 2A and 2B, respectively). In the 
same sections F. prausnitzii cells were not detected. Bar is 20 µm. 

                 

Figure 4: Biofilm formation of Fprau0645-labelled F. prausnitzii within a food particle with a yellow auto-
fluorescent outline. The magnification shows the faecalibacterial cells inside the structure that have a brighter 
signal compared to the ones outside the structure. Bar is 50 µm. 
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Figure 5: Images of biofilm formation on the food particle structure by F. prausnitzii of the Cy3-labeled Fprau0645 
probe (red) and the FITC-labeled probe Fp1-184 (green) for phylogroup 1. Faecalibacterial cells labeled with 
Fprau0645 have a brighter signal next to food particle than in other parts.  Only few of the cells forming this 
biofilm respond to the phylogroup 1 probe. Bar is 100 µm. The small inset is a zoom out of the food particle giving 
an overview. Bar is 100 µm (A, B) and 200 µm (C). 

          

Figure 6: Merged image of biofilm formation on the food particle structure (same as Figure 5, consecutive section), 
by F. prausnitzii of the FITC-labeled Fprau0645 probe (green) and the Cy3-labeled probe Fp2-184 (red) for 
phylogroup 2. Faecalibacterial cells next to the food particle have a brighter signal than in other parts.  Only few of 
the cells forming this biofilm respond to the phylogroup 2 probe (yellow from green plus red signals, depicted by 
white circle). Bar is 20 µm. 
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Clostridium group XIVa: 
Hybridization of fecal samples with Erec482 (Clostridium group XIVa) and Rint623 
(Roseburia) reveals the dominant presence of Clostridium group XIVa within fecal sections 
in 9 out 12 volunteers (volunteers 2, 4-11). Some of the cells responding to the Erec482 
probe also responded to the Rint623 probe in the same group of volunteers. Although 
Clostridium group XIVa cells were detected throughout the sections, part of this group, 
mostly Roseburia cells, formed biofilms on specific food particles (Figures 7 and 8), which 
was observed in 6 out of 9 samples (Volunteers 4, 5, 8-11, Table 3). Food particles colonized 
by these bacterial groups had different shapes in each volunteer and were structurally 
different than the ones colonized by F. prausnitzii (Table 3). The nature of these particles 
remains unclear. 
 

       

Figure 7: Biofilm formation of Clostridium group XIVa and the Roseburia subgroup around food particles. 
Clostridium group XIVa cells were detected by the Cy3-labeled Erec482 probe (red) and Roseburia detected by the  
FITC-labeled Rint623 probe (green). Figure 7A and 7C show the colonization of food particle by Clostridium group 
XIVa and Figure 7B and 7D illustrate that within the biofilm a major part of these cells are Roseburia. Figure 7E is a 
merged image of both probes, most fluorescent cells are Roseburia (yellow) that respond to both probes, in 
contrast with red cells that only respond to the Clostridium group XIVa probe. Bars are 100 µm (A, B), 50 µm (C, D) 
and 20 µm (E). 
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Figure 8: Biofilm formation of Clostridium group XIVa and the Roseburia subgroup around food fibers. Roseburia 
were detected by the FITC-labeled Rint623 probe (green) and Clostridium group XIVa cells detected by the Cy3-
labeled Erec482 probe (red).  Figure 8A and 8B show the vast colonization of the food fibers by Roseburia (green) 
and Figure 8C and 8D illustrate that not all cells in this biofilm belong to Roseburia, but also to other members of 
the Clostridium group XIVa. Bars are 200 µm (A, C) and 20 µm (B, D). 

 
DISCUSSION 
This study describes the distribution of major groups of butyrate-producing bacteria in the 
feces of healthy individuals. Faecalibacteria were found throughout the feces with a 
preference of phylogroup 2 close to the stool surface and the mucus layer that is in close 
contact with the mucosal surface. Roseburia cells were mostly attached to food particles in 
thick biofilms. Enterobacteriaceae were mostly present in low numbers in the mucus layer, 
but occasionally in high numbers, which coincided with a low presence of faecalibacteria.   
The preferential colonization of the fecal surface by F. prausnitzii close to the mucus layer 
confirms the findings of Swidsinskii et al. who detected F. prausnitzii throughout the feces, 
but mostly in the fecal-mucosal interface, classifying it as a feco-mucus bacterium 13. Our 
findings suggest that this phenomenon is mostly due to phylogroup 2 of F. prausnitzii rather 
than phylogroup 1. Localizing of phylogroups 2 of F. prausnitzii close to the oxygenated 
zone of the gut is in line with the findings of Khan et al., who described the ability of F. 
prausnitzii A2-165, a representative of phylogroup 2, to grow in the oxygenated area of 
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agar cultures. Under these conditions, F. prausnitzii uses free thiols as the electron 
acceptors and flavins as the redox mediators to shuttle the electrons, which allows growth 
of this bacterium in presence of oxygen 26. 
The counterbalance between F. prausnitzii close to the mucus layer and the micro-colonies 
of E. coli within the mucus layer may indicate that F. prausnitzii limits the growth of E. coli 
cells through competition for nutrients in this zone, and vice versa. The control of F. 
prausnitzii over E. coli could be mediated via its anti-inflammatory effects on epithelial cells 
9,27. The anti-inflammatory effects could lead to the suppression of oxidative stress in the 
epithelial layer of the gut and thereby diminish the growth of potential pathogens, such as 
E. coli, that would otherwise benefit from the oxidative stress28. On the other hand, 
inflammation caused by Enterobacteriaceae, like E. coli, may suppress growth of F. 
prausnitzii close to the mucus layer by creating oxidative stress. This counterbalance is in 
line with earlier findings that showed the increased abundance of E. coli coinciding with a 
reduced abundance of F. prausnitzii in CD patients when compared to stool of healthy 
volunteers 9,11,12. Our findings may indicate that the anti-inflammatory properties of F. 
prausnitzii could also be due to the suppressive control of this bacterial species on bacterial 
groups like E. coli, in addition to the direct anti-inflammatory properties of F. prausnitzii. 
Butyrate, one of the main products of F. prausnitzii  could be one of the direct anti-
inflammatory products of F. prausnitzii responsible for the improvement, as shown in  a 
chemically-induced colitis model in mice9. 
Biofilm formation around food particles is an important characteristic of Clostridium group 
XIVa and Roseburia 24. In all cases, Roseburia is part of these biofilms and cells hybridized by 
the Rint623 probe are closer to the food particles than the other bacteria in the biofilm. 
Fecal samples from two volunteers showed colonization of food particles by F. prausnitzii 
that are different in shape and structure when compared to food particles colonized by 
Clostridium group XIVa and Roseburia. Most of the food particle-associated faecalibacteria 
did not belong to either phylogroup 1 or 2. In addition, cells detected by the two newly-
designed specific probes, do not cover all the cells responding to Fprau645 probe. These 
findings imply that a third phylogroup of F. prausnitzii exists, which has also been suggested 
by the analysis of the non-culture study sequences. This third phylogroup may have 
different substrate specificity, since it seems to be able to colonize food particles while the 
other phylogroups do not. At present, there are no cultured F. prausnitzii representatives of 
this phylogroup. Defining the nature of the food particle may help to develop specific media 
to culture this phylogroup.   
Analyzing the biostructure of fecal stool of healthy volunteers opens new avenues for 
further research. Firstly, it revealed that food particles are colonized by beneficial butyrate-
producing bacteria, such as Roseburia and F. prausnitzii, and supports the importance of a 
diet  rich in fibers. The food particles still need to be identified. Secondly, phylogroups 1 and 
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2 of Faecalibacterium show a differential pattern of colonization in feces, since phylogroup 
1 colonizes the whole stool, while phylogroup 2 is more dominant close to the mucus layer. 
In addition, this study reveals the presence of a third phylogroup of F. prausnitzii that 
preferentially colonizes specific food particles. Culturing representatives of this group is the 
next challenge. Finally, a counterbalance between Enterobacteriaceae and phylogroup 2 of 
F. prausnitzii indicates that promoting growth of the latter may help to improve the 
microbial balance close to the epithelial cells and in this way improve intestinal 
homeostasis. 
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Supplementary Data 

Supplementary Table 1. Bacterial strains used in the validation of the newly designed probes. The part highlighted 
in gray shows the strain-specificity of Fp1-0184  for phylogroup 1 and Fp2-0184 for phylogroup 2. No cross-
reactivity was detected between the two new F. prausnitzii probes and this panel of reference strains. 
 Strain  Probes tested   

  Eub338 Fprau465 Fp1-0184 Fp2-0184 

      

F. prausnitzii type strain  ATCC27768 + + + - 

F. prausnitzii  strain A2-165 DSM 17677 + + - + 

Blautia coccoides DSM 935 + - - - 

Blautia hansenii DSM 20583 + - - - 

Blautia producta DSM 2950 + - - - 

Clostridium innocuum MMB1 + - - - 

Clostridium beijerinckii MMB + - - - 

Clostridium sporosphaeroides DSM 1294 +  -  -  - 

Clostridium perfringens MMB + - - - 

Clostridium dificile ATCC 9688 + - - - 

Eubacterium cylindroides DSM 20477 + - - - 

Eubacterium eligens MMB + - - - 

Eubacterium ventriosum DSM 3988 + - - - 

Eubacterium tenue DSM 20695 + - - - 

Lactobacilllis acidophilus DSM 9126 + - - - 

Roseburia intestinalis DSM 14610 + - - - 

Ruminococcus bromii ATCC 27255 + - - - 

Ruminococcus callidus ATCC 27760 + - - - 

Parabacteriodes distansonis DSM 20701 + - - - 

Bacteriodes vulgatus DSM 1447 + - - - 

Bacteriodes fragilis DSM 2151 + - - - 

Bifidobacterium adolecentis NIZO B659 + - - - 
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Bifidobacterium breve MMB + - - - 

Bifidobacterium longum MMB  + - - - 

Clostridium butyricum MMB + - - - 

Lactobacillus gasseri DSM 20243 + - - - 

Lactococcus lactis DSM 20069 + - - - 

Prevotella intermedia MMB + - - - 

Steptococcus intermedius DSM 20573 + - - - 

Fusobacterium mortiferum MMB + - - - 

Fusobacterium nucleatum DSM 20482 + - - - 

Campylobacter ureolyticus MMB + - - - 

Escherichia coli DSM 25922 + - - - 

Klebsiella pneumoniae MMB + - - - 

Parviromonas micra DSM 20468 + - - - 

Veillonella parvula MMB + - - - 

Staphylococcus aureus DSM 20231 + - - - 

1MMB strains are clinical isolates from the laboratory of Medical Microbiology UMCG, Netherlands. 
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ABSTRACT 

Objectives: The correlation between nutrition and intestinal microbiota and the role of 
intestinal microbiota in human health and disease is well established. Faecalibacterium 
prausnitzii is one of the most abundant bacteria in the human gut and decreased numbers 
are associated with Crohn’s disease. In vitro studies revealed that F. prausnitzzii uses 
riboflavin (vitamin B2) for extracellular electron transfer to shuttle electrons to oxygen, 
unlike other butyrate producers, such as Roseburia. Here, we investigated the effect of 
riboflavin supplementation on the abundance of F. prausnitzii and on other members of 
microbiota in the feces of healthy volunteers.      

Design: Healthy volunteers (n=11) were given a daily oral dose of 100 mg riboflavin for two 
weeks. Prior to the intervention, two fecal samples were collected with a one week interval. 
Two fecal samples were collected during the intervention and one sample 7 days after 
stopping the intervention. Fecal microbiota were evaluated using fluorescent in situ 
hybridization with group-specific probes.  

Results: Numbers of F. prausnitzii increased in 8 volunteers upon riboflavin 
supplementation, however, this did not reach statistical significance (p=0.131) due to high 
inter-individual variability. The numbers of Roseburia were significantly increased in 10 
volunteers (p<0.05). Fecal numbers of both F. prausnitzii and Roseburia dropped 
significantly after cessation of riboflavin supplementation (p<0.05). In contrast, riboflavin 
decreased the numbers of Enterobacteriaceae in 9 volunteers, which was observed in 6 
volunteers with increased numbers of F. prausnitzii.   

Conclusion: Riboflavin supplementation preferentially increases F. prausnitzii and Roseburia 
in feces of healthy volunteers. While previously established for F. prausnitzii in vitro, this 
was not detected for Roseburia before. Moreover, an inverse relationship was detected 
between numbers of F. prausnitzii and Enterobacteriaceae. Our results show the 
importance of riboflavin in the diet to support the beneficial bacteria such as F. prausnitzii 
and Roseburia and to possibly help to control pathosymbionts such as E. coli and restore 
symbiosis in patients with Crohn’s disease.   
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INTRODUCTION 
The intestinal microbiota is under direct influence of several factors of which the diet is the 
most prominent one. The composition of the microbiota has a large impact on gut health, 
since it maintains intestinal homeostasis, provides nutrients for the host by metabolizing 
food ingredients and stimulates the maturation of the immune system1,2. The complex 
interaction between microbiota and diet starts directly after birth, with the infant’s first 
nutrition. It has been shown that breastfeeding results in a microbiota enriched with 
bifidobacteria and some lactic acid bacteria, while infants raised by bottle feeding will 
develop a more diverse microbiota with bifidobacteria but also Bacteroides spp., 
Clostridium spp. and facultative anaerobes, such as staphylococci, and Enterobacteriaceae3-

5. The effect of diet on microbiota in adulthood is demonstrated by studies with prebiotics 
such as inulin that stimulates the growth and abundance of beneficial commensals, like 
Bifidobacterium and Faecalibacterium6 species that in turn will increase the production of 
short-chain fatty acids (SCFAs) within the intestinal tract7. The SCFA’s, especially butyrate, 
are the preferred energy source for epithelial cells and enhance intestinal barrier function 
and directly affect mucosal immunity8. 
The healthy gut harbors a vast amount of bacteria, which is comprised of a balance 
between beneficial bacteria and potential pathogens9. Loss of this balance may lead to the 
uncontrolled abundance of potential pathogens and so called dysbiosis that could lead to 
pathological conditions, like inflammatory bowel disease (IBD) and a variety of digestive 
tract diseases10. 
Crohn’s disease (CD), as a major form of IBD, is a Western lifestyle-related disease mainly 
determined by the interplay of microbiota, genetic susceptibility and environmental factors. 
CD patients with ileal disease show a dramatic decrease of the main butyrate-producing 
Faecalibacterium prausnitzii in the human gut, while there are increased numbers of 
pathogenic bacteria in these patients, like Adherent Invasive E. coli (AIEC)11. Recently, we 
found that F. prausnitzii has the ability to use riboflavin (vitamin B2) as a redox mediator for 
extracellular electron transfer, while other anaerobic bacteria like Roseburia do not show 
the same phenomenon in vitro. This will allow the growth of this strict anaerobic bacterium 
close to the mucus layer and the epithelial cells where oxygen penetrates from the blood 
circulation12. 
Considering the anti-inflammatory properties of F. prausnitzii13 and its role in producing 
SCFAs for epithelial cells8, increased abundance of this bacterium may be beneficial to 
maintain a healthy gut. Moreover, increased numbers of F. prausnitzii could change the 
dysbiosis in CD patients in a beneficial way. The ability of F. prausnitzii to deploy riboflavin 
to shuttle electrons and thereby stimulate its growth at the mucus layer, opens up 
possibilities for interventions to increase their numbers in the gut. Here, we investigated 
the effect of a daily oral riboflavin dose on the abundance of F. prausnitzii, as well as other 
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major butyrate-producing bacteria, and the effects on the pathosymbiont E. coli and its 
relatives in fecal samples of healthy volunteers. 

MATERIALS AND METHODS 

Study cohort 
Fresh fecal samples from 11 healthy volunteers (6 males and 5 females; mean [range] age, 
32 [22 to 65] years) were obtained. The only exclusion criterion was the use of antibiotics 3 
weeks prior to providing fecal samples. Volunteers were asked to take a daily oral dose of 
100 mg riboflavin in a tablet form obtained from the local drug store (De Tuinen, The 
Netherlands). To record the natural variation in the fecal microbiota before the riboflavin 
intervention, volunteers were asked to deliver two fecal samples with one week interval 
before the start of the intervention (Samples 1 and 2; designated “before”). Volunteers 
delivered fecal samples 7 days after the intervention started and on day 14, the last day of 
intervention (Samples 3 and 4, designated “intervention”). One final sample was delivered 7 
days after intervention was stopped (Sample 5, designated “after”). Without reporting any 
reason, 3 volunteers did not deliver after sample.  

Fluorescent in situ hybridization (FISH)  
Fresh fecal samples were diluted and fixed for FISH analysis as described14. Briefly, 2.5 g of 
feces was diluted 10-fold in filtered phosphate-buffered saline (PBS), homogenized and 
subsequently centrifuged at low speed (700×g) to remove debris. One milliliter of the 
supernatant was mixed with 3ml freshly prepared 4% paraformaldehyde in PBS and 
incubated overnight at 4°C to fix the bacteria. These 40-fold-diluted fecal samples were 
stored at -80°C until further analysis. FISH analyses were performed as described on 
different fecal dilutions in PBS ranging from 40- to 1,600-fold, depending on the relative 
amount of targeted bacteria. The analysis was performed with a set of probes for the 
several predominant groups of fecal bacteria. A list of probes used in the study and their 
target sequences is presented in Table 1. After visual counting using an  epifluorescence 
microscope and extrapolation to the number of bacteria per gram feces, the median 
abundance and the average of samples 1 and 2 (before), samples 3 and 4 (intervention) 
were calculated. In addition, the median percentage of the targeted bacteria to the total 
bacteria as counted with the EUB probe and the average of the samples were calculated.  
 
Statistics 
Differences in the percentages of bacterial strains and their percentages related to the total 
bacterial counts were evaluated using the nonparametric Wilcoxon signed-rank test. 
Significance of differences was set to 0.05.  
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Table 1: List of the probes used in the present study and their target sequence. 
Target Probe Target Sequence 3’->5’  
Universal probe Eub338 TGAGGATGCCCTCCGTCG15  
E. rectale & C. coccoides group Erec482 GCCATGRACTGATTCTTCG16  
F. prausnitzii group Fprau645 CAAAAAGAACTCATCACGTCTCC17  
Roseburia cluster 
 

Rint623 
Rint helper 

TTCCAATGCAGTACCGGG18 
GTTGAGCCCCGGGCTTT 

 

Enterobacteriaceae EC1531 CACCGTAGTGCCTCGTCATC19  

 

RESULTS 
Fecal samples of volunteers contain increased numbers of F. prausnitzii, Roseburia and the 
closely related Eubacterium rectale during daily supplementation with 100 mg of riboflavin.  
The number of F. prausnitzii prior to the riboflavin supplementation (“before” samples) 
were between 7.0 × 107 and 5.5 × 109 with an average of 1.3 × 109 per gram of feces. The 
average number of faecalibacteria (1.9 × 109; range 3.8 × 108 - 4.2 × 109) in fecal samples 
during supplementation were higher than those before and after supplementation in 8 out 
of 11 volunteers (Figure 1A). Taken as a group, the riboflavin-induced increase in F. 
prausnitzii numbers was just not significant (Wilcoxon signed-rank test P=0.131), but this is 
likely due to the limited numbers of volunteers and the large variation in faecalibacteria 
before the intervention. Moreover, F. prausnitzii numbers dropped significantly in all 
volunteers after cessation of riboflavin supplementation (P < 0.05). Similar to the absolute 
numbers of F. prausnitzii also the relative abundance of this bacterial species was enhanced 
during the riboflavin supplementation period (Figure 1 B). 

Figure 1. Increase in the abundance (A) and percentages (B) of F. prausnitzii in healthy volunteers upon riboflavin 
supplementation. Figure 1A shows the average of two before samples (light gray), average of two riboflavin 
intervention samples (black) and one after sample (dark gray) for each volunteer. Figure 1-B shows the 
percentages of F. prausnitzii to the total bacterial counts in before, intervention and after samples (*, P < 0.05). 

Despite the large variation, there were no significant changes in the number of Clostridium 
cluster XIVa upon riboflavin supplementation. However, the butyrate-producing sub-
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cluster, the genus Roseburia and the closely related Eubacterium rectale, showed a 
significant increase during the intervention period in 10 out of 11 volunteers (2.0 × 108 – 

2.7× 109 with average of 1.3 × 109 for before samples and 5.6 × 108 – 7.3 × 109 with average 
of 2.3 × 109)  (P < 0.05). The abundance of Roseburia in volunteer 2 continued to increase 
after ceasing riboflavin supplementation (Figure 2A). Moreover, also the increases during 
intervention in percentages of the Roseburia were significant (P < 0.05) (Figure 2B). The 
abundance of Enterobacteriaceae (E. coli and relatives) was decreased during the riboflavin 
supplementation period in 9 of 11 volunteers (2.4× 106– 1.4 × 108 with average of 4.8 × 107 
for before samples and 6.1 × 105 – 8.8 × 107 with average of 3.4 × 107). Remarkably, this 
decrease coincided with an increase in abundance of F. prausnitzii in 6 cases (Figure 3). 
Both bacterial groups decreased in volunteer 6, while they both increased in volunteer 8 
upon riboflavin supplementation.  

Figure 2. Increase in the abundance (A) and percentages (B) of Roseburia in healthy volunteers upon riboflavin 
supplementation. Figure 2-A shows the average of two before samples (light gray), average of two riboflavin 
intervention samples (black) and in one after sample (dark gray). Figure 2-B shows the percentages of Roseburia to 
the total bacterial counts in before, intervention and after samples (*, P < 0.05). 

Volunteer 10 did not show a change in abundance of F. prausnitzii while the numbers of 
Enterobacteriaceae increased (Figure 3). Volunteer 7 showed a reverse counterbalance, an 
increase in Enterobacteriaceae and a decrease in faecalibacteria, possibly due to an 
unnoticed microbial infection. 

DISCUSSION 
The present study shows that daily oral intake of 100 mg riboflavin ( vitamin B2) rapidly 
increases the abundance of F. prausnitzii and Roseburia in feces of healthy volunteers. In 
most cases, the increase in number of faecalibacteria was associated with a decrease in 
numbers of Enterobacteriaceae.  
The increase in abundance of F. prausnitzii is in line with the findings of Khan et al 20,21, who 
found that flavins, such as riboflavin, act as redox mediators for faecalibacterial cells and 
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stimulate their growth in vitro at oxic/anoxic interphases by extracellular electron transfer. 
However, despite the previous in vitro findings that indicated that this ability is specific for 
F. prausnitzii and not for other butyrate producers such as Roseburia sp. we demonstrate 
that in vivo also Roseburia benefits from the riboflavin supplementation. 

                                                                                                                                                                                                            
Figure 3. Counterbalance between the increased numbers of F. prausnitzii and decreased numbers of E.coli upon 
riboflavin intervention. This counterbalance is detected in volunteers 1, 2, 3, 5, 9 and 11. Numbers of E. coli are 
correlated with the left axis and F. prausnitzii are correlated with the right one. 

Since it has not been shown that R. intestinalis can employ riboflavin as an electron transfer 
mediator, the mechanism(s) responsible for this increase and whether they directly benefit 
from riboflavin or not, remains speculative. One explanation could be that Roseburia 
benefits from an increased secretion of anti-oxidant thiols by epithelial cells as a 
consequence of a healthier intestinal epithelial layer due to the higher numbers of F. 
prausnitzii. Another possibility is that faecalibacteria lower the redox potential during the 
extracellular electron transfer or that they liberate or produce extra carbohydrates or 
amino acids that Roseburia feed on.  
Importantly, the riboflavin-induced increase in abundance of butyrate-producing bacteria 
like  F. prausnitzii along with the decrease in numbers of Enterobacteriaceae like E. coli may 
benefit Crohn’s disease patients, since several studies have demonstrated that fecal F. 
prausnitzii levels are reduced in these patients, while concomitantly E. coli numbers are 
enhanced 11,22. It is important to elucidate how riboflavin supplementation decreases the 
abundance of Enterobacteriaceae, because this could be the key to unravel the origin of a 
microbial dysbiosis in the gut. One reason could be the reduction of redox potential and 
nutrients available for Enterobacteriaceae due to an increase of two major groups of 
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butyrate-producing bacteria. Especially the role of F. prausnitzii that has the unique ability 
to colonize the fecal-mucosal interphase, the phase that E. coli cells are most likely to 
localize as well, is important. Alternatively, the niche for E. coli to grow specifically close to 
the mucus layer in the oxygenated zone could be diminished due to healthier epithelial cells  
that increase the secretion of thiols as a consequence of the increased butyrate and other 
anti-inflammatory substances produced by Roseburia and F. prausnitzii 23,24.  
Our findings show that riboflavin supplementation can increase the abundance of butyrate-
producing bacteria and decrease the numbers of Enterobacteriaceae and therefore support 
an anti-inflammatory balance in the intestinal tract. It could be beneficial for inflammatory 
bowel diseases, which are characterized by decreased numbers of F. prausnitzii and 
enhanced numbers of E. coli in the feces. Future studies should be directed towards 
maximizing the riboflavin effect. Now, most of the supplemented riboflavin is taken up in 
the ileum, designing a riboflavin delivery system to the colon would enable dose response 
studies.  
In this study, a clear trend for growth stimulation of F. prausnitzii by riboflavin is detected. 
In addition, a strong positive effect is shown on the abundance of other butyrate-producing 
bacteria, i.e. Roseburia, and on the lower number of pathosymbionts like E. coli in the fecal 
samples of the healthy volunteers.  This opens a new window for the use of vitamins as 
prebiotics and help to maintain a healthy microbial balance in general and improve the 
health of patients with a dysbiosis or inflammatory bowel disease. 
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Supplementary Figure 1. Total bacterial counts with EUB probe. Figure shows the average of two before samples 
(light gray), average of two intervention samples (black) and in one after sample (dark gray). 
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Chapter 4 
ABSTRACT 

Most gut bacteria are obligate anaerobes and are important for human health. We 
developed a simple coculture system for oxygen-requiring intestinal Caco-2 cells and the 
anaerobic symbiont Faecalibacterium prausnitzii. In 18-36 h-cocultures, coverslip-attached 
Caco-2 cells promoted growth and metabolism of F. prausnitzii present in agar broth, while 
F. prausnitzii suppressed inflammation and oxidative stress in Caco-2 cells. This uniquely 
establishes host-microbe mutualism of a beneficial gut microbe in vitro. 
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INTRODUCTION 
The human gut microbiome is increasingly recognized as an important determinant for 
human health, affecting a variety of gut, metabolic, neurological and psychological 
disorders 1. Gut microbiota provide essential nutrients and anti-inflammatory compounds 
to the host and confine expansion of pathogens2,3. High-throughput sequencing techniques 
have uncovered the high complexity of the gut microbiome and the composition changes 
during ageing and disease4. The healthy gut microbiome contains 500-1,000 different 
bacterial species and their collective genomes (metagenome) encode at least a 100-fold 
more genes compared to the human genome5,6. Only a small fraction of these bacterial 
species are cultured in vitro and even more challenging is to coculture gut bacteria and 
human cells. The main obstacle in a host-microbiome coculture system is that most (>90%) 
gut bacteria are obligate anaerobes that die instantly when exposed to atmospheric 
conditions (21% O2), while human cells depend on oxygen. 
Faecalibacterium prausnitzii is an obligate anaerobe that may represent up to 25% of the 
bacteria in the healthy gut. F. prausnitzii-excreted products and cell extracts suppress 
inflammatory signaling in intestinal epithelial (Caco-2) cells in vitro, as well as in 2,4,6-
trinitrobenzenesulphonic acid (TNBS)-induced colitis in mice in vivo7. Moreover, human 
intestinal inflammation is associated with decreased numbers of F. prausnitzii and 
predisposes for post-operative ileal recurrence of Crohn’s disease7-9. Among anaerobes, F. 
prausnitzii has the unique ability to grow close to the intestinal epithelium in the oxic-
anoxic interphase of the gut10,11. However, it remains elusive whether direct mutualism 
exists between this gut microbe and intestinal epithelial cells.  
Thus, we set out to develop a coculture system for oxygen-requiring human gut epithelial 
(Caco-2) cells and an anaerobic gut bacterium (F. prausnitzii).  This “Human oxygen-Bacteria 
anaerobic” (HoxBan) system establishes coculturing of glass-adherent human cells in liquid 
medium and anaerobic bacteria in solid agar broth for over 24 h and allows the analysis of 
cell growth, transcriptome and exo-metabolome of cocultured cells.  A detailed protocol is 
given in the supplementary/online section. In short, hand warm (~40oC) agar broth was 
inoculated with F. prausnitzii starter cultures and aliquots of 40 ml were allowed to solidify 
in 50 ml Falcon centrifugation tubes. Caco-2 cells grown on coverslips were placed up-side-
down on top of the F. prausnitzii-containing agar broth and overlaid with DMEM medium. 
The HoxBan coculture tubes (schematically drawn in Figure 1A) were placed either with a 
loose (air-open) or tightly-closed cap (air-closed) in a standard humidified incubator at 37oC, 
5% CO2 and atmospheric O2. F. prausnitzii colony formation, transcriptional adaptations of 
Caco-2 cells and excreted metabolites in the liquid medium were analyzed after 18-36 h of 
coculture.  
Within 18 h, F. prausnitzii formed colonies throughout the 40 ml YCFAG-agar. In the 
absence of Caco-2 cells, no F. prausnitzii colonies formed in the top agar layer, most likely 
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due to penetration of intolerable amounts of oxygen (Figure 1B, left 2 panels). In contrast, 
clear and bigger F. prausnitzii colonies appeared close to the coverslip-attached Caco-2 
cells, both in air-closed and air-open tubes (Figure 1B, 2 panels on the right). Notably, F. 
prausnitzii continued to expand over a total coculture time of 36 h (Figure 1B-bottom 
panels). In contrast to Caco-2 cells, HepG2 (human hepatoma) cells did not stimulate F. 
prausnitzii growth, indicating that this effect is cell type-specific (Figure 1C). Caco-2 cells 
were viable and actively dividing even after 24 h of (co)culturing in the HoxBan system 
(Figure 1D). 
Caco-2 cells harvested after 18 h culture with and without F. prausnitzii revealed that both 
Il-1β and iNOS mRNA levels were significantly reduced (p<0.05) in Caco-2-F. prausnitzii 
cocultures compared to Caco-2 mono-cultures (Figure 1E). A similar effect was observed for 
the oxidative stress marker heme oxygenase 1 (HO-1; Fig. 1E), indicating that expansion of 
F. prausnitzii close to the Caco-2 cells has both anti-inflammatory and anti-oxidant effects.  
  

 Figure 1. HoxBan coculturing of Caco-2 cells and F. prausnitzii. A) Schematic drawing of the HoxBan coculture 
system with F. prausnitzii growing in solid agar broth overlaid with liquid DMEM medium and Caco-2 cells on 
coverslips facing the agar. B) Pictures documenting F. prausnitzii colony formation in the absence and presence of 
Caco-2 cells after 18 h (top panel) and 36 h (bottom panel) in air-open and air-tight culture tubes. C) F. prausnitzii 
colony formation after 18 h coculture with HepG2 cells (left) or Caco-2 cells (right). D) Ki-67 staining of the Caco-2 
cells after 24 h monoculture (top panel) or HoxBan coculture with F. prausnitzii (bottom panel). E) Comparison of 
mRNA levels of IL-1b, iNOS and HO-1 in Caco-2 monocultures and Caco-2-F. prausnitzii cocultures after 18 h. 
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To obtain a comprehensive overview of the mutual metabolic effects of F. prausnitzii and 
Caco-2 cells, we performed a metabolome analysis on the liquid medium after 18 hours of 
(co)culturing Caco-2 cells and/or F. prausnitzii, which included short chain fatty acids 
(SCFAs), hydrocarbons, lipids and amino acids (Supplementary Figure 1A). Systematic exo-
metabolic changes occurring in different culture condition were assessed using principal 
component analysis (PCA) (Fig. 2A). The first principal component (PC1) accounts for 49.7% 
of the total variance and separates the Liquid HoxBan culture medium and the Caco-2 
monoculture from the F. prausnitzii monoculture and the two Caco-2-F. prausnitzii 
cocultures. This indicates that F. prausnitzii has the strongest effect on the level of 
metabolites in the culture medium. Main determinants of PC1 are the SCFAs butyrate and 
formate that are produced by F. prausnitzii (Fig. 2B and C). Other metabolites that associate 
with PC1 are the essential amino acid methionine and the amino acid-derivative N-acetyl 
aspartate. Concentrations of all these metabolites are enhanced in HoxBan cultures with F. 
prausnitzii. The second principal component (PC2) accounts for 16.8% of the variance in the 
data and separates the F. prausnitzii monoculture from the two cocultures. Metabolites 
that contribute to PC2 are formate, adenine and inosine (Fig. 2C, D and E).  F. prausnitzii 
(strain A2-165 used in these studies) produces equimolar amounts of formate and butyrate 
under anaerobic conditions similar to those in the HoxBan system11. Formate levels 
significantly increased after coculturing F. prausnitzii with Caco-2 cells, which is in line with 
the enhanced bacterial biomass under these conditions. However, butyrate levels did not 
change upon coculturing F. prausnitzii with Caco-2 cells. Butyrate is a preferred energy 
source of intestinal epithelial cells12 and our data suggests that Caco-2 cells consume part of 
the butyrate produced by F. prausnitzii. In turn, this may contribute to the suppression of 
inflammatory and oxidative stress markers in Caco-2 cells (Figure 1E). 

Together with adenine and inosine, also concentrations of xanthosine and 5-
methylthioadenosine were strongly reduced in medium of Caco-2-F. prausnitzii cocultures 
compared to the two monocultures (Fig. 2D; Supplementary Fig 1B and C). These 
compounds of purine metabolism are required for DNA (cell proliferation) and ATP (energy) 
synthesis. Their depletion from the medium is likely due to the stimulated growth of F. 
prausnitzii, although a pro-proliferative effect on Caco-2 cells cannot be excluded at this 
point. On PC2, a slight separation between the open and closed HoxBan Caco-2-F. 
prausnitzii cocultures was observed (Fig. 2A), however, this could not be attributed to 
significant changes in single metabolites. This indicates that even in the closed condition, 10 
ml of DMEM medium carries sufficient oxygen to support the growth of the coverslip-
attached Caco-2 cells, which is further supported by the suppressed expression of hypoxia-
sensitive HO-1 in both coculture conditions (Figure 1E)13. These data show that coculturing 
Caco-2 cells with F. prausnitzii leads to a unique profile of excreted and consumed 
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metabolites that is not simply the cumulative result of the individual cell types, indicating 
that these cells modify each other’s metabolism. 

 
Figure 2. Exo-metabolomic analysis of HoxBan mono- and coculture medium. A) Principle component analysis of 
the metabolites in the medium after 18 h culture. PC1 differentiates between cultures with or without F. 
prausnitzii. PC2 differentiates between F. prausnitzii monocultures and the two caco-2- F. prausnitzii cocultures. B-
E) Normalized concentrations of butyrate (B), formate (C), adenine (D) and inosine (E) in media after the indicated 
culture conditions. 

Thus, the HoxBan coculture system presented here demonstrates for the first time 
mutualism between oxygen-requiring intestinal epithelial cells (Caco-2) and an obligate 
anaerobic gut bacterium (F. prausnitzii) while both cell types are viable. Several other 
systems have been developed to study the interaction between human cells and F. 
prausnitzii and attributed anti-inflammatory features to this bacterium7,14. However, these 
systems did not allow the analysis of the effect of human cells on F. prausnitzii, which were 
evidently observed in the HoxBan system. The simplicity of the HoxBan coculture system 
lies in the use of solid agar medium for growth of the anaerobic gut bacteria, overlaid with 
liquid medium exposed to air for human cells.  The HoxBan is a robust system that can be 
implemented in almost any molecular biology research laboratory with access to an 
anaerobic facility and a tissue culture cabinet and incubator. As such, it has great potential 
to support research to understand the communication between gut microbes and their 
host. The HoxBan system is readily adaptable to coculture any other anaerobic gut 
bacterium, as well as complex mixtures of bacteria, with adherent -and potentially also 
non-adherent- human cell lines or primary cells. Applications of the HoxBan coculture 
system for other cells than Caco-2 and/or F. prausnitzii may require specific optimization in 

60



 
Coculture system for F. prausnitzii and epithelial cells 
culture conditions, but it holds the universal principle of coculturing oxygen-requiring 
human cells together with obligate anaerobic bacteria that will foster our understanding of 
the role of gut bacteria in human health and disease. 
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Supplementary Figure S1. A) Hierarchical clustering analysis (HCA) of the top 25 metabolites ranked by the Anova 
Test. B-D) Normalized concentrations of xanthosine (B) and 5-methylthioadenosine (5-MTA) (C) in media after the 
indicated culture conditions. 

Supplementary Table S1 

Gene Forward primer sequence 5'-3' Reversed primer sequence 5'-3' Probe sequence 5'-3' 

IL-1β ACA GAT GAA GTG CTC CTT CCA GTC GGA GAT TCG TAG CTG GAT CTC TGC CCT CTG GAT GGC GG 

iNOS GGC TCA AAT CTC GGC AGA ATC GGC CAT CCT CAC AGG AGA GTT TCC GAG ATC CAG CCG TGC CAC 

HO-1 GAC TGC GTT CCT GCT CAA CAT GCT CTG GTC CTT GGT GTC ATG TCA GCA GCT CCT GCA ACT CCT CAA AGA G 
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Coculture system for F. prausnitzii and epithelial cells 

SUPPLEMENTARY METHODS SECTION, including HoxBan coculture 
protocol for Caco-2 and F. prausnitzii. 
MATERIAL AND METHODS 
Protocol for “Human Oxygen - Bacteria anaerobic” (HoxBan) coculture of Caco-2 cells and 
F. prausnitzii 

Preculture of F. prausnitzii:  
Frozen bacterial stocks were prepared by 1:4 mixing of glycerol (85%) with liquid cultures 
(optical density at 600nm (OD600) between 1.0-1.5) of anaerobically-grown F. prausnitzii 
strain A2–165 (DSM 17677) at 37°C in yeast extract, casitone, fatty acids, acetate and 
glucose (YCFAG) medium1,2 and stored at -80oC.  Five (5) µl of a F. prausnitzii glycerol stock 
was used to inoculate 5 ml liquid YCFAG medium and incubated for 14-16 hours at 37°C  in 
an anaerobic incubator until an OD600 of approximately  0.8. 

YCFAG medium used in this study consisted of (all concentration per liter) casitone (10.0 g), 
glucose (4.52 g), NaHCO3 (4 g), CH3COONa (2.7 g), K2HPO4 (0.45 g), KH2PO4 (0.45 g), NaCl 
(0.9 g), MgSO4·7H2O (0.09 g), CaCl2·2H2O (0.12 g), resazurin (1 mg), hemin (10 mg), biotin 
(10 μg), cobalamin (10 μg), p-aminobenzoic acid (30 μg), folic acid (50 μg) and pyridoxamine 
(150 μg). Medium was boiled while flushing constantly with CO2 and afterwards yeast 
extract (2.5 g) and cysteine (1 g) were added. Furthermore, short-chain fatty acids (SCFA) 
were added: propionate (90 mM); isobutyrate, isovalerate and valerate (10 mM each) (final 
concentrations). The pH of the YCFAG medium was adjusted to 6.5 – 7 using MeterLab pH 
meter (Radiometer Analytical-France). The medium was autoclaved and filter-sterilized 
solutions of heat labile thiamine and riboflavin were added afterwards to give the final 
concentrations of 0.05 μg ml−1 of each.  

Preculture of Caco-2 cells:  
Human colon adenocarcinoma Caco-2 cells (~ passage 40) were cultured in a humidified 
incubator at 37°C in 5% CO2 in Dulbecco’s modified Eagle’s minimal essential medium 
(DMEM) supplemented with 5% fetal calf serum (FCS), penicillin (100 U/ml), streptomycin 
sulfate (100 μg/ml) and Non-Essential Amino Acids (Gibco® MEM) (1 ml / 100ml) in T75 
tissue culture flasks (Sigma). Caco-2 cells were seeded at ~50% confluency in 12-well plates 
containing coverslips and incubating for 48 hours to a confluence of 80-90%. Fresh pre-
warmed DMEM medium without antibiotics was added 1 hour prior to transferring the 
Caco-2-containing coverslips to the HoxBan culture tubes. 

Protocol for the HoxBan coculture:  
Starting in the anaerobic chamber: One (1) mL of the overnight F. prausnitzii preculture was 
used to inoculate 1000 mL of freshly-autoclaved and cooled-down (~40oC) YCFAG broth 
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containing 1.5% agar.  Aliquots of 40 ml of this inoculum were transferred to sterile 50 mL 
falcon tubes and allowed to solidify in 30 minutes. The F. prausnitzii-inoculated Falcon tube 
cultures were transferred to a tissue culture cabinet at ambient air and Caco-2 cells on 
coverslips were placed (up-side-down) on top of the agar and overlaid with 10 ml pre-
warmed (37oC) DMEM medium (without antibiotics), after which the co-cultures were 
placed in a humidified incubator at 37oC and 5% CO2 for 18-36 hours. The screw caps of the 
Falcon tubes were either tightly closed (to maintain maximum anaerobic conditions for F. 
prausntzii) or kept loosely tightened (to allow oxygen exposure for Caco-2 cells). Control 
conditions were: 1) YCFAG-agar without F. prausnitzii inoculum;  2) F. prausnitzii-inoculated 
cultures with coverslips without Caco-2 cells and 3) F. prausnitzii-inoculated cultures with 
coverslips containing human HepG2 cells (growth conditions detailed below). Experiments 
were performed 3 times (N=3) in triplicate tubes for each condition, with a total of 9 tubes 
per condition. 

F. prausnitzii growth rim visualization: Visualization of F. prausnitzii colony formation in 
the agar broth close to the Caco-2 containing coverslips was performed using a digital 
camera (Canon EOS 450D) and the obtained images were processed using Digital Photo 
Professional software (Canon) without any qualitative and quantitative changes to the raw 
images. 

Harvesting of Caco-2 cells and analysis (Q-PCR and ki-67 staining): 
 At the end of the coculture experiment, Caco-2-containing coverslips were removed from 
the HoxBan coculture tubes and total RNA was isolated using Trizol according to the 
suppliers protocol (Sigma-Aldrich). RNA concentrations were determined using a NanoDrop 
1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). Reverse 
transcription polymerase chain reaction (Rt PCR) was performed as described 3. 
Quantitative PCR (qPCR) for the inducible isoform of nitric oxide synthase (iNOS-NOS2), 
interleukin-1 beta (IL-1β) and heme oxygenase 1 (HO-1) were performed. Primers 
(Invitrogen) and probes (Eurogentec) were designed using Primer Express 2.0 software 
(Applied Biosystems). Details of primers and probes are given in Supplementary Table S1. 
Q-PCR conditions were as described by Blokzijl et al 3, except that 1 ng of undiluted 
complementary DNA was used. Fluorescence was measured using 7900 HT Fast Real-Time 
PCR system (Applied Biosystems). Each sample was analyzed in duplicate by ABI PRISM 
Sequence Detector software, version 2.1. Expression of the gene of interest was normalized 
to 18S 4. Cell proliferation was assessed by a nuclear Ki-67 staining using a rabbit  polyclonal 
antibody directed against Ki-67 (dilution 1:1000 60 minutes  at 25oC) based on 
manufacturers protocol (Monosan; Netherlands). 
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Metabolome analysis by Liquid Chromatography-Mass Spectrometry:   
At the end of the (co)culture experiments the liquid medium on top of the HoxBan cultures 
was collected (~10 ml) and polar metabolites were analyzed and quantified by ultra-
performance liquid chromatography (UPLC Acquity, Waters, Manchester, UK) coupled in 
line with a quadrupole-time-of-flight hybrid mass spectrometer (Synapt G2, Waters, 
Manchester, UK) as previously reported5. All materials used in the UPLC-MS experiments 
were purchased from Sigma-Aldrich (Germany) and were of analytical grade or higher 
purity. For the analysis of targeted metabolites, data were processed using TargetLynx 
(Waters) while for untargeted analysis MarkerLynx (Waters) was used to integrate and align 
MS data points and convert them into exact mass retention time pairs. The identity of 
metabolites was established by comparison of accurate mass measurements and tandem 
mass spectrometry information against our in-house database and/or online databases6,7. 

Short Chain Fatty Acid analysis: 
 Chromatography was used for short chain fatty acid (SCFA) analysis including lactate, 
formate, butyrate and acetate. A HPLC Ion Chromatography system (Metrohm AG, Herisau, 
Switzerland) with a conductivity detector was used as described before8.  

Statistics:  
Principal Component Analysis (PCA) were performed on all detected metabolites and SCFAs 
by using MetaboAnalyst9. Before PCA, data was normalized by the sum, log transformed 
and then scaled by using pareto scaling. 

One-way Anova test was used to find metabolites that were significantly different between 
groups. Hierarchical Clustering Analysis (HCA) was then performed by using MetaboAnalyst9 
on the top 25 metabolites ranked by the Anova Test. The similarity measure was obtained 
by applying the Spearman's rank correlation. The clustering algorithm used was the Ward's 
linkage. Differences in the gene expressions were assessed by using the Mann–Whitney U 
test, tests were two-tailed and p-values of 0.05 or lower were considered significant. Tests 
were performed with PASW Statistics 22 (SPSS, USA). 
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ABSTRACT 

Objective: Crohn’s disease (CD) is  caused by a complex interplay between genetic, 
microbial and environmental factors.  ATG16L1 is an important genetic factor involved in 
innate immunity, including autophagy and phagocytosis of microbial components from the 
gut. We investigated the effect of inflammation on the composition of microbiota in the 
ileal mucosa of CD patients in relation to the ATG16L1 risk status. 

Design: Biopsies (n=35) were obtained from inflamed and non-inflamed regions of the 
terminal ileum of 11 CD patients homozygous for the ATG16L1 risk allele (ATG16L1-T300A) 
and 9 CD patients homozygous for the ATG16L1 protective allele (ATG16L1-T300). Biopsy 
DNA was extracted and the bacterial composition was analyzed by pyrosequencing. 
Intracellular survival rates of adherent invasive Escherichia coli (AIEC) were analyzed by 
determining colony forming units (CFU) after exposure to monocytes isolated from healthy 
volunteers homozygous for the ATG16L1 risk or protective allele.  

Results: Inflamed ileal tissue from patients homozygous for the ATG16L1 risk allele 
contained  increased numbers of Fusobacteriaceae, whereas inflamed ileal tissue of 
patients homozygous for the ATG16L1 protective allele show decreased numbers of 
Bacteroidaceae and Enterobacteriaceae and increased Lachnospiraceae. The ATG16L1 allele 
did not affect the bacterial composition in the non-inflamed ileal tissue. Monocytes 
homozygous for the ATG16L1 risk allele showed impaired killing of AIEC under inflammatory 
conditions compared to those homozygous for the ATG16L1 protective allele.  

Conclusion: CD patients homozygous for the ATG16L1 –T300A risk allele show impaired 
clearance of pathosymbionts in ileal inflammation indicating that ATG16L1 is essential for 
effective elimination of pathosymbionts upon inflammation. 
 
 
 
 
 
 
 
 
 
 
 
 

68



 
The interaction between ATG16L1 and gut microbiota 

 

INTRODUCTION 
The intestinal lumen is inhabited by a large number of microbes that aid in the digestion of 
dietary products1,2. Healthy individuals are in symbiosis with the intestinal microbiota. Their 
intestinal immune system defends against pathogens3, and is tolerant towards resident 
commensal microbes. A disruption of the balance between the host organism and the 
intestinal microbiota triggers the activation of the intestinal immune system and initiates an 
inflammatory reaction, which is characteristic for intestinal disorders, such as inflammatory 
bowel diseases (IBD)4,5. 
IBD, mainly Ulcerative colitis (UC) and Crohn’s disease (CD) are inflammatory disorders that 
arise from a complex interplay between genetic susceptibility and environmental factors, 
where the mucosal immunity against commensal bacteria seems to play a crucial role6,7. CD 
has a discontinuous inflammation that can occur in the entire gastrointestinal tract, but is 
most typically located in the ileocolic region7,8.  
Genome wide association studies have created a comprehensive map of genomic 
susceptibility with over 160 loci  that predispose for IBD 9. Many of which are involved in 
anti-bacterial defence systems. However, very little is still known regarding the details of 
interactions between individual susceptibility variants and the specific microbial 
composition10,11. Polymorphisms in the NOD2 gene have been linked to alterations in innate 
host immunity . In addition, polymorphisms in ATG16L1 and IRGM, two components 
involved in macro-autophagy, disturb the elimination of specific bacteria after 
internalization through phagocytosis, linking disturbed autophagy to the pathogenesis of 
CD12-15. Moreover, Paneth cells show an abnormal morphology in patients homozygous for 
the ATG16L1-T300A risk allele, which may affect the secretion of anti-bacterial peptides, 
such as defensins16,17. Collectively, this may alter the microbiota composition and promote 
survival of intracellular bacteria in the underlying tissues, leading to chronic intestinal 
inflammation. Accumulating evidence support a tight link between phagocytosis and the 
autophagy machinery18,19. 
Several studies have demonstrated that IBD patients have an altered microbiota 
composition compared to healthy individuals, showing a reduced diversity and an increase 
in mucosa-adherent bacteria3,10,20,21. Gut microbiota undergo remodeling during the active 
phase of CD and differ between remission and relapse phases of disease, though it is 
unknown what drives this process22. Compared to healthy controls, IBD patients have fewer 
bacteria with anti-inflammatory properties and/or more bacteria with pro-inflammatory 
properties3,20,23,23. Faecalibacterium prausnitzii has anti-inflammatory properties and low 
numbers of it are associated with increased risk of post-resection recurrence of ileal CD. In 
contrast, pro-inflammatory adherent-invasive Escherichia coli (AIEC) are more abundant in 
CD patients3. Increased numbers of Bacteroides, fusobacteria and E. coli are associated with 
earlier relapse of CD in patients after ileocolectomy 3,24. We hypothesized that the ATG16L1 
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genotype may directly affect bacterial handling by the ileal mucosa in CD patients, favoring 
a pro-inflammatory state.  
In the present study, we studied the interrelationship between the ATG16L1 genotype and 
the composition of microbiota in the inflamed and non-inflamed ileal mucosa of CD 
patients. In addition, monocytes from healthy volunteers were used to study the effect of 
the ATG16L1 genotype on the processing and killing of AIEC. 

MATERIAL AND METHODS 
Tissue specimens 
Ileal mucosal biopsies were obtained from CD patients at the University Medical Center 
Groningen, the Netherlands. All protocols for obtaining and studying human tissues were 
approved by the institution’s Medical Ethical Committee UMCG. All patients gave written 
informed consent.  
Intestinal biopsies were obtained from macroscopically inflamed and non-inflamed ileal 
mucosa from 9 CD patients homozygous for the ATG16L1 protective allele (ATG16L1-300 ) 
(P) and from 11 CD patients homozygous for the ATG16L1 risk allele (ATG16L1-T300A) (R)9. 
Biopsies were genotyped regarding to the NOD2 and IRGM genes as well. For paired 
analysis 9 patients with risk allele provided biopsies from both inflamed and non-flamed 
regions (respectively RI and RN) and 6 did so from the patient with protective allele (PI and 
PN). Biopsies were immediately snap-frozen in liquid nitrogen and stored at -80°C until 
further processing. Patient data is described in Supplementary table 1. 

DNA extraction 
Total DNA was extracted from the biopsy samples using the QIAamp DNA mini kit (Qiagen, 
Germany) according to the manufacturer’s instruction, with an additional bead beating cell 
lysis step using a Precellys 24 (Bertin Technologies, France) and glass beads at 5.5 ms-1 in 
three rounds of 1 minute at room temperature. DNA was eluted from the columns by 2 
sequential washes with 250 µl of low salt buffer 25,26. 

Pyrosequencing 
Amplicon libraries for pyrosequencing of the 16S rDNA V1-V3 regions were generated using 
a barcoded forward primer consisting of the 454 Titanium platform A linker sequence, a key 
(barcode) that was unique for each sample, and the 16S rRNA 534R primer sequence 5’- 
ATTACCGCGGCTGCTGG -3’, and a reverse primer consisting of a 9:1 mixture of two 
oligonucleotides, 5’-B-AGAGTTTGATCMTGGCTCAG-3’ and 5’-B-AGGGTTCGATTCTGGC TCAG-
3’, where B represents the B linker followed by the 16S rRNA 8F and 8F-Bif primers, 
respectively 27. PCR amplifications were performed using 1x FastStart High Fidelity Reaction 
Buffer, 1.8 mM MgCl2, 1mM dNTP solution, 5 U FastStart High Fidelity Blend Polymerase 
(Roche, USA)), 0.2 µM reverse primer, 0.2 µM of the barcoded forward primer (unique for 
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each sample) and 1 µl of template DNA. PCR was performed using the following cycle 
conditions: an initial denaturation at 94°C for 3 min, 25 cycles of denaturation at 94°C for 
30 s, annealing at 51°C for 45 s and extension at 72°C for 5 min, and a final elongation step 
at 72°C for 10 min. Amplicons (20 µl) were purified using AMPure XP purification 
(Agencourt, USA) according to the manufacturer’s instructions and eluted in 25 µl 1x low 
TE. Amplicon concentrations were determined by Quant-iT PicoGreen dsDNA reagent kit 
(Invitrogen,USA) using a Victor3 Multilabel Counter (Perkin Elmer, USA), the quality was 
assessed on a Bioanalyzer 2100 (Agilent, USA). Amplicons were mixed in equimolar 
concentrations to ensure equal representation of each sample. A 454 sequencing run was 
performed on a GS FLX Titanium PicoTiterPlate with a GS FLX pyrosequencing system 
(Roche,, USA). 

Sequencing quality-control 
Pyrosequencing produced a total of 632,726 reads of 16S rRNA with an average of 12,000 
reads per sample ranging from 5,820 to 18,479 reads. Sequence analysis was performed 
using Quantitative Insights Into Microbial Ecology (QIIME)28 with default parameters, 
including removing sequence artifacts using Denoiser29 and chimera removal with 
ChimeraSlayer; clustering via uclust30 at 97% similarity; then classified taxonomically using 
the RDP classifier31 retrained with Greengenes32. In addition, for identification purposes 
down to the species level, using ARB as described by de Goffau et al25.  

Monocyte isolation from human peripheral blood 
Heparinized blood was obtained from 8 healthy volunteers homozygous for either the 
ATG16L1 protective or risk allele (4 volunteers each). Human peripheral blood mononuclear 
cells were isolated using LymphoprepTM gradients (Axis-Shield PoC As, Norway). Monocytes 
were further purified using CD14 monoclonal antibodies conjugated to micro-beads 
according to the manufacturer’s protocol (Miltenyi Biotec, Germany). The purity of 
monocytes was evaluated by fluorescent staining with CD14-FITC antibody (Miltenyi Biotec, 
Germany). Cell cultures of primary monocytes were performed in RPMI-1640 medium (PPA 
laboratories, Austria) supplemented with 10% (v/v) heat-inactivated fetal calf serum, 
penicillin (50 U/ml), streptomycin (50 µg/ml) and fungizone (5 µg/ml) at 37°C in a 
humidified atmosphere of 5% CO2. Monocytes were plated at 5*105 cells per ml on 
coverslips in 12-well plates with or without the presence of phorbol 12-myristate 13-
acetate (PMA) (100 µM) (Sigma-Aldrich), TNFα and IL1β to mimic inflammation. 
 
Survival assay 
The bacterial survival/killing was measured by the gentamicin protection assay as previously 
described33. The numbers of colony forming units (CFUs) were determined and represent 
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the AIEC that survived inside monocytes. To mimic inflammation, purified monocytes were 
activated overnight by PMA, TNFα and IL1β. 

RNA Isolation and Quantitative real-time PCR 
Total RNA was extracted from tissue specimens with trizol (Sigma-Aldrich, Netherlands), 
reverse transcribed and analyzed for gene expression using real time PCR (ABI PRISM 7700 
sequence detector; Applied Biosystems,USA) as described before34. TaqMan® Gene 
Expression Assays for defensin 5 and 6 were obtained from Life Technologies (Bleiswijk, The 
Netherlands). CT values were normalized to the endogenous control (18S) and correlated 
inversely with initial mRNA levels. Primers and probes used are listed in Supplementary 
Table 2. Quantitative PCR analysis for total 16S rRNA (representative of bacterial load) 
enumeration  was performed35. The ratio between 16S rRNA enumeration and 18S rRNA 
(representative of human tissue load ) enumeration was calculated.  

Statistical analysis 
Principal component analysis (PCA) was performed to find clusters of similar groups of 
samples or species. All tests were performed with PASW Statistics 18 (SPSS, USA). As gut 
microbial species abundances are not normally distributed, non-parametric tests were 
used, as is described in the text. Differences in the CFUs and gene expressions  were 
assessed by using the Mann-Whitney U test. All tests were two-tailed. P values of 0.05 or 
lower were considered significant. 
 

RESULTS 
There was not a significant difference between bacterial burden of the patients 
homozygous for ATG16L1 protective allele and risk allele in inflamed and non-inflamed 
state (Supplementary figure 1). The most abundant bacterial families in all the ileal mucosa 
samples were Bacteroideaceae (25%), Lachnospiraceae (18%), Enterobacteriaceae (9.4%), 
Ruminococcaceae (7.3%) and Fusobacteriaceae (6.4%) (Supplementary figure 2). 

Differences in the gut microbiota modification upon inflammation 
Non-parametric analyses and PCA of the abundance of bacterial groups shows that there 
are no significant differences in microbial composition in the non-inflamed ileal mucosa of 
CD patients homozygous for the ATG16L1 risk (R) or protective (P) allele. However, an 
unpaired analysis of the principal components and the individual microbial groups revealed 
significant differences in the composition of the gut microbiota upon inflammation in the 2 
CD patient groups (Figure 1). In the inflamed ileal mucosa, an upward shift with regard to 
principal component 2, which accounts for 14% of the variation within the data, was 
observed in patients homozygous for the ATG16L1 protective allele (PC2, p=0.01). PC2 was 
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positively correlated with Lachnospiraceae and negatively with Bacteroidaceae (both 
p<0.001). Indeed, biopsies from the inflamed mucosa of CD patient homozygous for the 
ATG16L1 protective allele showed reduced levels of Bacteroidaceae compared to biopsies 
from the non-inflamed mucosa of these patients (p=0.008). Moreover, Lachnospiraceae 
were more common in the inflamed ileal mucosa of CD patients homozygous for the 
ATG16L1 protective allele compared to the inflamed ileal mucosa of CD patients 
homozygous for the risk allele (p=0.042).  
A paired analysis, on patients from which both inflamed and non-inflamed biopsies were 
available, increased the resolution further with respect to detecting changes in the gut 
microbiota upon inflammation. For example, an increase in the number of 
Fusobacteriaceae is found upon inflammation in ileal biopsies of CD patients homozygous 
for the ATG16L1 risk allele (p= 0.046). This increase was not observed in an unpaired 
analysis as patients who do not have any Fusobacteriaceae in non-inflamed ileal mucosa 
will also not have them in inflamed ileal mucosa. The analysis of paired inflamed and non-
inflamed biopsies in the same patient confirmed the mucosal dysbiosis in CD patients 
homozygous for the ATG16L1 risk allele. Inflamed ileal mucosa from CD patients 
homozygous for the ATG16L1 protective allele showed relatively low numbers of 
Bacteroidaceae (p=0.028) and more Lachnospiraceae (p=0.046) in comparison to the non-
inflamed ileal biopsies. In addition, inflamed mucosa form CD patients homozygous for the 
protective ATG16L1 allele had a lower score on PC3 (p =0.028), which is positively 
correlated with Enterobacteriaceae (p=0.016) and Fusobacteriaceae (p<0.001), indicating 
that these latter species are underrepresented in the mucosa of these patients. In contrast, 
as described above, the inflamed ileal mucosa of CD patients homozygous for the ATG16L1 
risk allele contained more Fusobacteriaceae than in the non-inflamed parts of their ileum 
(p=0.046).  
A plot of the differences in microbial composition, which is a subtraction of non-inflamed 
from inflamed mucosa, in relation to the principal components 2 and 3 in CD patients 
homozygous for the ATG16L1 protective (P) or risk (R) allele is shown in Figure 2A. This plot 
demonstrates the effect of inflammation on the mucosal microbiota of the 2 patient 
groups. CD patients with the protective allele are clustered together in the upper left part 
of Figure 2A, indicating that upon inflammation the microbiota of the different patients of 
this group is modified in a similar pattern. In contrast, the differences in the paired samples 
of CD patients homozygous for the ATG16L1 risk allele are either close to zero in both 
dimensions (center), or located on the right or near to the bottom of the plot, opposite to 
the samples from patients with the protective allele. In CD patients homozygous for the 
ATG16L1 protective allele the localization on Figure 2A is due to a (relative) increase in the 
Lachnospiraceae numbers and a decrease in the numbers of Bacteroidaceae (PC2) and a 
decrease of Enterobacteriaceae and/or Fusobacteriaceae (PC3). In CD patients homozygous 
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Figure 1: Principal component analysis of the microbial composition on the family level. A; Principal component 
(PC1) accounts for 54% of the variation in the data and PC2 represents 14% of the variation. Samples from patients 
homozygous for the ATG16L1 risk allele are depicted by triangles, (RI, risk allele inflamed ▲; RN, Risk allele non-
inflamed Δ) and samples from patients homozygous for the protective allele are depicted with circles (PN, 
protective allele non-inflamed ○, PI, protective allele inflamed ●).B; The main correlation with PC2 with relevant 
bacterial groups is tabulated. This table describes the correlation of four bacterial families related to the PC2. C: 
The arrows in this figure indicate that the protective allele and inflamed mucosa group is positively correlated with 
PC2 (p=0.001) and contains relatively higher numbers of Lachnospiraceae and lower numbers of Bacteroidaceae.                       
 
for the ATG16L1 risk allele, this is due to either increased numbers of Fusobacteriaceae, a 
lack of changes or a combination of decreased numbers of Lachnospiraceae and increased 
numbers of Bacteroidaceae or Enterobacteriaceae. The direction and strength of the 
correlations is shown by arrows in Figure 2B. Figure 2C shows the difference between the 
sum of the abundance of Bacteroidaceae, Enterobacteriaceae and Fusobacteriaceae 
between paired (non-inflamed and inflamed) biopsies from both patient genotypes. It 
shows that inflammation leads to a significant decrease in these three bacterial groups 
(when considered as one group) in patients homozygous for the ATG16L1 protective allele. 
In contrast, these numbers remain approximately the same in patients with the ATG16L1 
risk allele during inflammation. The modification of the gut microbiota, as expressed by this 
sum, is significantly different between the two patients groups (p= 0.01) and suggests that 
patients homozygous for the ATG16L1 risk allele respond differently or fail to respond 
properly to mucosal microbiota upon inflammation.  
Since ATG16L1 mutations and IRGM or NOD2 mutations are involved in bacterial clearance 
we also studied the effect of carrying the IRGM rs13361189 and NOD2 rs2066844 (R702W) 
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and rs2066845 (G908R)  variants. There were no patients homozygous for these IRGM and 
NOD2 risk alleles and patients heterozygote for these risk alleles showed no differences in 
our principal component analysis.  

 

Figure 2-A: Second principal component (PC2) that represents 14% of the variation in the data and the third 
principle component (PC3) representing 9% of the variation. Difference in subtraction of non-inflamed from 
inflamed state in 9 paired samples from patients homozygous for the ATG16L1 risk allele are depicted by ▲and 
from 6 samples from patients homozygous for the ATG16L1 protective allele are depicted with ●. The figure shows 
that the difference in paired protective samples is positively correlated with PC2 (p=0.001). Figure 2-B: The 
direction and strength of the correlation with Fusobacteriaceae, Enterobacteriaceae and Bacteroidaceae is shown 
in arrows. Figure 2-C: shows the difference between percentage of Bacteroidaceae + Enterobacteriaceae + 
Fusobacteriaceae in inflamed and non-inflamed tissue(p=0.01).The figure shows the significant decrease in 
numbers of opportunistic bacteria in CD patients homozygous for the protective allele while the numbers stay 
approximately the same in CD patients homozygous for the ATG16L1 risk allele. 

Survival assay for adherent invasive E. coli 
The survival of the AIEC, established as colony forming units (CFU) after exposure to PMA-
activated primary monocytes, was significantly higher using monocytes homozygous for the 
ATG16L1 risk allele compared to monocytes homozygous for the ATG16L1 protective allele, 
with an average of 173 vs. 50 CFU, respectively (p<0.05) (Figure 3-A). No significant 
difference in CFU was observed when monocytes were not activated by PMA, indicating 
that differences in ATG16L1-dependent killing of AIEC only become apparent under 
inflammatory conditions. IL1β stimulation of monocytes resulted in increased numbers of 
CFUs in both groups of monocytes (p<0.05), however, this increase for monocytes 
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homozygous for the ATG16L1 risk allele tended to be higher (average of 220 CFUs) than the 
one for monocytes homozygous for the ATG16L1 protective allele (average of 122 CFUs) 
(Figure 3-B). There were no significant differences between the survival rate of AIEC in the 
two types of monocytes with and without TNFα stimulation. However, as observed for IL-
1β, CFU numbers using monocytes homozygous for the risk allele tended to be higher with 
an average of 96 vs 41 surviving AIEC in monocytes  homozygous for the protective allele  
(Figure 3-C).  

 
Figure 3: Differences in colony forming units (CFUs) of AIEC obtained from monocytes isolated from healthy 
volunteers homozygous for the ATG16L1 protective (P) or the risk allele (R) with and without simulation of 
inflammation by PMA,IL1β and TNFα. Figure 3-A show that there are no significant differences in CFU in volunteers 
with the protective allele both in stimulated conditions with PMA and un-stimulated conditions. In contrast, 
significantly higher numbers of survived AIEC bacteria were observed in stimulated monocytes with PMA or IL1β 
from volunteers homozygous for the ATG16L1 risk allele compared to the un-stimulated situation (3-A and B) 
(p<0.05). Figure 3-C shows the same trend for TNFα however, the increase in CFU is not significant. 

Differences in inflammation-related gene expression: 
The NFκB mediated inducible nitric oxide synthase (iNOS) was equally increased in the 
inflamed ileum of both ATG16L1 genotypes36 (supplementary figure 3-A). Except for one 
patient homozygous for the ATG16L1 protective allele, the defensins 5 and 6 gene 
expression (paneth cell function) decreased upon inflammation in all other patients (p<0.05 
for risk allele group) (Figure 4-A and 4-B). 
The expression of various other  cytokines; COX2, IL1β (related to pro-inflammatory type 1 
macrophages) and IL10, MRC1 and TGF- β gene (related to tissue repair type 2 
macrophages) were not significantly different in the inflamed ileum  of both patients groups 
(supplementary figure 3).  
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Figure 4: Differences in Defencin 5 and 6 gene expression between inflamed and non-inflamed paired samples of 
patients homozygous for ATG16L1 risk (R) and protective allele (P). Figure 4-A and 4-B show that there is no 
significant difference in the gene expressions between inflamed biopsies of both groups of patients (PI and RI).  

DISCUSSION 
In this study, we show that CD patients homozygous for the ATG16L1 risk allele are unable 
to adequately clear pathosymbionts, such as Enterobacteriaceae, Bacteroidaceae and 
Fusobacteriaceae, during ileal inflammation in comparison to CD patients who are 
homozygous for the protective allele. Biopsies of inflamed terminal ileum from patients 
homozygous for the ATG16L1 protective allele contain markedly less pathosymbionts and 
have relatively more Lachnospiraceae than their counterparts homozygous for the risk 
allele. In contrast, no differences were observed between both groups when comparing the 
microbial composition of biopsies obtained from non-inflamed parts of the ileum. Using an 
in vitro inflammation model for isolated monocytes we furthermore demonstrate the 
ATG16L1-T300A risk allele impairs xenophagy of invading opportunistic pathogens. 
CD has been proposed to be the consequence of a immune response towards a variety of 
environmental inflammatory triggers in a genetic susceptible host 37,38. This can include the 
uncontrolled immune response against a variety of either pathogenic or non-pathogenic 
bacteria in the gut4,5. Certain pathogenic bacterial species have been suspected as 
inflammatory triggers in CD. Specifically the higher abundance of AIEC in pathogenesis of 
ileal CD and the role of potential pathogens such as B. fragilis and fusobacteria with regard 
to the recurrence of CD after ileocolonic resection have been described before24. 
Additionally, it has been shown that the numbers of some non-pathogenic bacteria such as 
F. prausnitzii with beneficial anti-inflammatory effects on the epithelium significantly 
decreases in CD patients3. These findings suggest a difference in the immune response 
between patients homozygous for ATG16L1 risk and protective allele with regard to killing 
invasive opportunistic pathogens, but that this is only observed in inflamed tissue. The 
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higher abundance of Lachnospiraceae in biopsies from inflamed parts of CD patient’s ileum 
homozygous for the protective allele could be due to the immune system’s ability to 
distinguish non-pathogenic microbiota from pathosymbionts when harboring this ATG16L1 
gene variant.  
A higher abundance of the three pathosymbiont groups during inflammation namely 
Enterobacteriaceae (mostly E. coli), Bacteroidaceae (mostly B. fragilis group) and 
Fusobacteriaceae, in inflamed tissue of the terminal ileum of patients with the risk allele, in 
comparison with those with the protective allele, indicative of the impairment of the 
immune system of these patients to clear such bacterial groups. This could be a result of an 
impaired autophagy/xenophagy process. It remains elusive whether the invasion of the 
intestinal epithelial layer of patients homozygous for the risk allele by Enterobacteriaceae, 
Bacteroidaceae and Fusobacteriaceae is a cause or consequence of inflammation. 
Our findings concerning the inability of the immune system of patients homozygous for the 
ATG16L1 risk allele to properly handle invading bacteria is supported by the results of the 
killing/survival assay. The higher numbers of bacterial CFU show the inability of monocytes 
with the ATG16L1 risk allele to effective process and remove AIEC cells upon inflammation. 
Interestingly, such a difference is not observed when monocytes were not exposed to PMA. 
PMA activates protein kinase C (PKC) and triggers reactive oxygen species (ROS) production, 
thereby causing oxidative stress and increased production of inflammatory cytokines, 
providing an in vitro model for inflammation39. In addition, we show that exposure to either 
IL-1β or TNF-α enhanced the survival of AIEC in monocytes homozygous for the risk allele 
compared to monocytes homozygous for the protective allele, though these differences 
were not significant. This may imply that the enhanced survival of AIEC in ATG16L1-T300A 
homozygous monocytes, as observed after PMA stimulation, is a result of a synergistic 
effect of various cytokines. This finding is in line with findings of Murthy et al. which show 
the inability of knock-in mice harboring the ATG16L1 risk variant in effective clearance of 
the ileal pathogen Yersinia enterocolitica 40 The increased survival of AIEC in stimulated 
ATG16L1-T300A homozygous monocytes is in line with the increased numbers of potential 
pathogens like E. coli, B. fragilis and fusobacteria in inflamed mucosa of CD patients 
homozygous for the ATG16L1 risk allele. Furthermore, the fact that the ATG16L1 allele did 
not affect AIEC survival in non-stimulated monocytes is in agreement with the observation 
that no differences in the microbiota composition were found in non-inflamed tissue of the 
2 patients groups. We did not find  significant differences in the expression of genes related 
to pro-inflammatory signaling type 1 macrophages and tissue repair type 2 macrophages in 
the inflamed biopsies between two genotypes of patients nor in biopsies form the non-
inflamed ileum of those patients which could indicate that there is no differences in  
macrophages differentiation upon inflammation. However, the mechanism behind this  
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inability and whether there is a difference in  macrophages function upon activaton needs 
to be further investigated. 
Our hypotheses that the ATG16L1 risk allele impairs the autophagy process of pathogenic 
bacteria is in line with a previous study that showed that the ATG16L1 risk allele increases 
susceptibility to H. pylori infection41. Moreover, in vitro studies revealed that the ATG16L1 
risk allele incapacitates the autophagy progress against Salmonella in human epithelial 
cells42 and that siRNA knockdown of ATG16L1 impairs the autophagy process of AIEC in 
HeLa cells43. In another study the ATG16L1-T300A risk allele did not change the autophagy 
process against S. typhimurium in mouse embryonic fibroblasts44, which is also in 
agreement with our findings since differences only occur under inflammatory conditions.  
Paneth cells produce different antimicrobial peptides, particularly the α-defensins 5 and 6. 
The expression of HD-5 and HD-6 in the paired (uninflamed vs. inflamed) ileal biopsies from 
both genotypes were analyzed. Both HD-5 and -6 expression were strongly suppressed 
upon Inflammation, but no significant differences were observed in HD-5 and -6 levels in 
non-inflamed ileum of the 2 genotypes nor between the inflamed ileum of those two 
patients groups. These findings could indicate that the observed differences in mucosal 
bacterial composition are most probably not due to ATG16L1-related Paneth cell 
dysfunction. Genotyping of CD patients for genes that are involved in bacterial recognition 
and autophagy could reduce post-operational recurrence of CD after ileocecal resection. 
Antibiotica propylaxis of recurrence has already been shown, but the use of more selective 
antibiotics to control the pathosymbionts could be even more beneficial, especially in 
patients homozygous for the ATG16L1 risk allele45. Based on recent reports one could also 
posit that small molecule inducers of selective autophagy could contribute to enhanced 
bacterial autophagy in patients homozygous for the ATG16L1 risk allele. However additional 
studies are required to determine if the small molecules / FDA approved compounds 
possess both autophagy-dependent and autophagy-independent activity on immune 
pathways46. 
  ATG16L1 is a crucial factor in the autophagy pathway that is associated with the innate 
immune system47. Mutation in this specific loci seems to affect the regulation of the 
immune response against the intestinal microbiota but only under conditions of 
inflammation. The ATG16L1 risk allele in CD patients is associated with a higher abundance 
of pathosymbionts, such as Enterobacteriaceae, Bacteroidaceae and Fusobacteriaceae in 
the intestinal epithelial layer during inflammation. In contrast, patients with the protective 
allele have higher numbers of commensal bacteria such as Lachnospiraceae in their 
mucosal microbiota. These groups of bacteria may play a beneficial role in maintaining an 
anti-inflammatory balance since many of them are directly or indirectly involved in the 
production of butyrate, which stimulates the barrier function of the gut48. 
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In conclusion this study shows that CD patients homozygous for the ATG16L1 –T300 risk 
allele display impaired clearance of pathosymbionts in ileal inflammation and that the 
killing of AIEC is impaired in activated monocytes homozygous for this risk allele, both 
indicating that ATG16L1 is essential for effective elimination of pathosymbionts upon 
inflammation. 
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Supplementary Table 2: Primers and probes used in this study 

Primer 
Designation 

Forward primer sequence 5'-3' Reverse primer sequence 5'-3' Probe 

16S CGG TGA ATA CGT TCC CGG TAC GGC TAC CTT GTT ACG ACT T 6-CTT GTA CAC ACC GCC CGT 
C 

18S CGG CTA CCA CAT CCA AGG A CCA ATT ACA GGG CCT CGA AA CGC GCA AAT TAC CCA CTC 
CCG A 

IL-1β ACA GAT GAA GTG CTC CTT CCA GTC GGA GAT TCG TAG CTG GAT CTC TGC CCT CTG GAT GGC 
GG 

iNOS GGC TCA AAT CTC GGC AGA ATC GGC CAT CCT CAC AGG AGA GTT TCC GAC ATC CAG CCG TGC 
CAC 

TGFβ GGC CCT GCC CCT ACA TTT CCG GGT TAT GCT GGT TGT ACA ACA CGC AGT ACA GCA AGG 
TCC TGG C 

IL10 GCC GTG GAG CAG GTG AAG GAA GAT GTC AAA CTC ACT CAT GGC T TGC CTT TAA TAA GCT CCA 
AGA GAA AGG CAT C 

COX2 GTT GAA TCA TTC ACC AGG CAA A CTG TAC TGC GGG TGG AAC ATT CCA CCA GCA ACC CTG CCA 
GCA 

MRC1 CTC CTA CTG GAC ACC AGG CAA T CGG CAC TGG GAC TCA CTG CCA CGC AGC GCT TGT GAT 
CTT CA 

DEFA5 
(HD-5) 

TaqMan® Gene Expression Assay: Hs00360716_m1 

DEFA6 
(HD-6) 

TaqMan® Gene Expression Assay: Hs00427001_m1 

 

 
 

 
 
Supplementary figure 1: The 16S/18S enumeration ratios in the biopsies. The graph shows that there are no 
significant differences between biopsies of patients homozygous for ATG16L1 risk and protective allele in inflamed 
(PI and RI) and non-inflamed(PN and RN) state. The median of 16S/18S ratio for PN group is 0.138 for PI, 0.053 for 
RN, 0.035 and for RI group 0.033. 
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Supplementary Figure 3: The differences between iNOS, COX2 and IL1β (upper row of the figure) and IL10, TGFβ 
and MRC1 (lower row of the figure) gene expressions between paired inflamed and non-inflamed biopsies of 
patients homozygous for ATG16L1 protective allele (PN and PI) and patients homozygous for risk allele (RN and RI). 
Bar shows the significance between groups (p<0.05). 
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Chapter 6 
ABSTRACT 

Objectives: The human gut microbiome is a crucial factor in the pathogenesis of 
inflammatory bowel disease (IBD). IBD patients have elevated levels of mucosal and serum 
IgG directed against antigens of intestinal bacteria, such as flagellins. Here, we determined 
to which fecal bacteria the humoral immune response is directed in IBD patients.  

Design: Fecal and serum samples were obtained from 55 IBD patients (34 Crohn’s disease, 
17 ulcerative colitis and 4 unclassified IBD) with different disease activity and locations. The 
fecal samples were incubated with autologous serum and the bacteria opsonized with 
serum IgG were isolated by Magnetic-Activated Cell Sorting. The bacterial compositions of 
both the IgG sorted samples and the original fecal samples were determined by 16S rRNA-
gene analysis using Illumina sequencing.  

Results: Principal component analysis of the bacterial compositions indicated that the IgG 
response was directed against typical small-intestinal genera, such as Streptococcus, 
Lactobacillus, Lactococcus, Enterococcus, Veillonella and Enterobacteriaceae, but also 
against the genera Coprococcus, Dorea and the species Ruminococcus gnavus. The IgG 
immune response was not directed against other gut commensals such as the 
Lachnospiraceae members Roseburia and Blautia, Faecalibacterium and Bacteroides. There 
was no difference in bacteria-directed IgG-specificity between patients with ulcerative 
colitis or Crohn’s disease, active or inactive disease and different disease locations. Drug 
use did not affect bacteria-directed IgG-specificity, however, the use of mesalazine was 
correlated with increased numbers of bifidobacteria and decreased numbers of 
Enterobacteriaceae in the untreated samples.  

Conclusion: The IgG immune response in IBD patients largely ignores most of the 
commensal large-intestinal microbiota, but preferentially targets typical small-intestinal 
microbiota. This could indicate a strong immune-tolerance against commensal colonic 
bacteria and/or a strong early immunological exposure to small intestinal microbiota 
suggesting a possible role for these bacteria in the onset of IBD.  
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INTRODUCTION 
Inflammatory Bowel Disease (IBD) includes the chronic inflammatory bowel disorders 
ulcerative colitis (UC) and Crohn’s disease (CD). UC is characterized by a continuous 
inflammation of the superficial mucosal and sub-mucosal layers extending from the rectum 
up into the colon, typically not affecting the small intestine. CD is a relapsing-remitting 
disease, which may involve any part of the gastro-intestinal tract, but most commonly 
affects the terminal ileum and/or beginning of the colon. IBD is a multifactorial chronic 
disease, triggered by environmental factors in genetically susceptible individuals1. Recent 
genome-wide association studies (GWAS) have identified 163 genetic risk loci associated to 
IBD2. However, besides the individual’s  DNA code, also environmental factors, such as life 
style, smoking and diet enhance the susceptibility to IBD. Gut microbiota are considered to 
be a major factor in the pathogenesis of IBD.  Studies using laboratory mouse models of IBD 
showed that germ-free mice do not develop colitis3, indicating that the presence of gut 
microbiota is essential for disease development and that its diversity and composition is 
important in the etiology of IBD 4,5.  
The Human Microbiome Project consortium showed that the diversity and abundance of 
microbes in the gut varies greatly, even among healthy subjects6. The gut microbiota, which 
is dominated by the phyla of Firmicutes and Bacteroidetes, carries out important functions 
that include fermentation of indigestible food substances, preserving the integrity of the 
mucosal barrier and maturation of a competent immune system 7,8. Dysbiosis of gut 
microbes is an important immunologic and pathogenic factor in IBD. Changes in the 
microbial composition due to genetic and environmental factors, such as diet, may 
contribute to an inappropriate host immune response9. Numerous studies have 
demonstrated alterations in the microbial abundance and composition in both fecal and 
mucosal samples of IBD patients when compared to matched controls10,11. However, it 
remains unknown whether the dysbiosis is the cause or the consequence of the disease. In 
ileal CD patients, a decreased diversity and an increased abundance of mucosa-associated 
adherent invasive Escherichia coli (AIEC) were detected12-15. Additionally, microarray and 
metagenomic analysis of the microbiota in feces of IBD patients showed that the 
abundance of Firmicutes was decreased compared to healthy controls16. In particular, the 
diversity decreased in the Clostridium leptum group17,18. One of the dominant species of the 
C. leptum group in the gut is Faecalibacterium prausnitzii and may account for up to 25% of 
the total microbiota in the feces of healthy individuals. Multiple studies have shown that F. 
prausnitzii levels are decreased in CD patients 19-21. In addition to this,  patients with ileal CD 
also have decreased numbers of Clostridium cluster XIVa group bacteria, such as the genus 
Roseburia, decreased numbers of bifidobacteria and increased numbers of 
Enterobactericae and Ruminococcus gnavus 5,19-21. Moreover, recent studies described an 
increase in numbers of Bacteroidetes in the fecal and mucosal samples of IBD patients22,23, 
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although some Bacteroides species, such as B. vulgates and B. fragilis seem to 
decrease16,23,24. 
Intestinal epithelial cells provide a physical barrier between the luminal microbes and blood 
circulation. Epithelial cells produce a mucus layer and secrete antimicrobial proteins that 
limit their bacterial exposure9. This barrier is composed of epithelial cells and a mucosal 
immune system that samples the gut microbiota, produces IgA and is tolerant toward 
commensal microbiota. Increased mucosal permeability due to inflammation-inflicted 
epithelial damage and/or dysfunction of intercellular junctions may cause a leaky gut. This 
allows infiltration of bacteria into the intestinal tissues and blood circulation. The entrance 
of bacteria to the lamina propria that contains a complex population of immune cells, leads 
to activation of these cells and aggravates inflammation. In addition, increased permeability 
of the intestinal epithelial layer results in production of antibodies against invading 
microbes, several of which are serological markers for IBD, such as anti-Saccharomyces 
cerevisiae mannan antibodies (ASCA), E coli‘s outer membrane porin C (OmpC) antibodies 
and antibodies against subtypes of flagellins (CBir1) 25.  In light of this, IBD could be seen as 
a consequence of a deregulated adaptive immune response to the intestinal microbiota 
26,27. 
Mucosal IgG in IBD patients was shown to be directed against intestinal bacteria, such as E. 
coli, B. fragilis and Clostridium perfringens 28. Levels of IgG against gut bacteria are shown to 
be elevated in IBD patients. This also leads to increased IgG binding of commensal 
bacteria28,29. IBD patients with active disease have an increased percentage of IgA-, IgG- and 
IgM-labeled fecal anaerobic bacteria compared to controls28. Moreover, Harmsen et al. 12 
showed that, after incubation with autologous serum, much more fecal bacteria became 
coated with IgGs  when taken from CD patients compared to those from healthy controls. 
Considering the enhanced IgG immune response against intestinal bacteria in IBD patients, 
we aimed to determine to which bacteria this humoral immune response is directed. 
Therefore, following exposure to autologous serum, IgG-binding bacteria were sorted from 
stools of IBD patients using anti-IgG-coated magnetic beads and were analyzed by Flow 
cytometry30. The selected bacteria were categorized using next generation sequencing of 
the 16S rRNA genes.  
 
MATERIALS AND METHODS 

Patients and samples 
Frozen fecal and serum samples from 34 Crohn’s disease, 17 ulcerative colitis and 4 
unclassified IBD patients (in total 55) were obtained via the String of Pearls Institute. All 
patients included in the String of Pearls database had given informed consent. Patient 
information is described in Supplementary table 1.  
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Fecal sample preparation 
Fecal samples were diluted 50-fold by adding 0.25 g of fecal sample to 12.25 ml of filtered 
phosphate-buffered saline (PBS). Homogenized samples were centrifuged at 700 × g for 5 
min to remove large particles. The supernatant was stored in 1 ml aliquots at -20oC until 
further investigation.  

Magnetic-activated cell sorting   
From the 50x dilution, 1 ml was centrifuged at 16,000 g for 5 min. The bacterial pellet was 
dissolved in 1 ml PBS and centrifuged again. The bacterial pellet was subsequently 
resuspended in 100 μl autologous serum diluted 1:100 in PBS and incubated on ice for 30 
min. The suspension was added to 1 ml PBS/EDTA and centrifuged at 16,000 g for 5 min. 
The resulting bacterial pellet was resuspended in 500 μl Anti-Human IgG (Y-chain specific) – 
Biotin antibody (Sigma-Aldrich, Saint Louis, MO, USA), diluted 1:100 in PBS/EDTA and 
incubated on ice for 30 min. Opsonized bacteria were sorted using a MACS-kit (Miltenyi 
Biotec GmbH, Bergisch Gladbach, Germany). 1 ml PBS/EDTA was added to the suspension 
and the mixture was subsequently centrifuged at 16,000 g for 5 min. The bacterial pellet 
was suspended in 100 μl Streptavidin-coated magnetic beads, diluted 1:10 in PBS/EDTA and 
incubated on ice for 20 min. The suspension was washed in 1 ml PBS/EDTA and centrifuged 
at 16,000 g for 5 min. The bacterial pellet was subsequently suspended in 500 μl PBS/EDTA. 
MS Columns  were placed in the MACS Separator (magnetic plate) and were pre-rinsed with 
500 μl PBS/EDTA. 500 μl cell suspensions were applied onto a MS Column. The unlabeled 
cells were collected by washing the MS Columns 3 times with 500 μl PBS/EDTA. MS 
Columns were removed from the separator and were placed on the new collection tube. To 
collect the magnetically labeled cells, 1.06 ml PBS/EDTA was applied onto the MS Column 
and immediately flushed out. Obtained liquids were stored at -20oC for DNA extraction and 
flow cytometry analysis.  

Flow Cytometry (FC) 
The efficiency of the MACS procedure was controlled by FC. 50 μl of the magnetic bead-
labeled fraction was resuspended in 100 μl Anti-human IgG (y-chain specific)-FITC antibody 
(Sigma-Aldrich) diluted 1:100 in PBS and incubated on ice in the dark for 30 min. The 
suspension was washed with 1 ml PBS and centrifuged at 16,000 g for 5 min. The bacterial 
pellet was resuspended in 50 μl PBS and 10 μl propidium iodide (PI) (0.1 mg/ml) (Sigma-
Aldrich) was added. As a control, 1 ml of stool supernatant was incubated with autologous 
serum as described before, 50 μl of such a suspension was labeled with Anti-human IgG-
FITC as described above and an additional 50 μl was only incubated with PI. The samples 
were analyzed using the BD Accuri™ C6 flow cytometer (BD Biosciences, California USA). To 
check the PI-induced background signal, supernatant of three fecal samples with largest 
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fecal/bacterial pellet were washed with PBS and were measured by flow cytometry. The 
FL3-A signal above the threshold of these samples was measured in the analysis.  

DNA extraction 
DNA was extracted from the fecal sample using the QIAamp DNA stool mini kit (Qiagen, 
Germany) according to the manufacturer’s instruction, with an additional bead beating cell 
lysis step using a Precellys 24 homogenizer (Bertin Technologies, France) and glass beads at 
5.5 ms-1 in three rounds of 1 minute at room temperature.  

PCR amplification and Illumina sequencing 
The V3-V4 region of the 16S rRNA gene was amplified from the fecal DNA by polymerase 
chain reaction (PCR) using modified 341F and 806R primers31,32. Primers are listed in 
Supplementary table 2. Both primers contain an Illumina-MiSeq adapter sequence. In the 
subsequent sequencing of the PCR products this sequence is necessary for binding to the 
flow cell used in the MiSeq apparatus. The reverse primer contains an individual 6-bp index 
(barcode) allowing multiplexing. Multiplexing enabled large sample numbers to be 
simultaneously sequenced during a single experiment, because they can be differentiated 
in the data analysis based on this barcode. Reaction conditions consisted of an initial 94oC 
for 3 min followed by 32 cycles of 94oC for 45 sec, 50oC for 60 sec, and 72oC for 90 sec, and 
a final extension of 72oC for 10 min. Agarose gel electrophoresis  confirmed the presence of 
a DNA product of expected size (~465 bp). The remainder of the PCR product (~45 μl) of 
each sample was mixed thoroughly with 25 μl Agencourt AMPure XP magnetic beads and 
were incubated at room temperature for 5 minutes. Beads were subsequently separated 
from the solution by placing the tubes in a magnetic bead separator for 2 minutes. After 
discarding the cleared solution the beads were washed twice by re-suspending the beads in 
200 μl freshly prepared 80% ethanol, incubating the tubes for 30 sec in the magnetic bead 
separator and subsequently discarding the cleared solution. The pellet was subsequently 
dried and re-suspended in 52.5 μl 10 mM Tris HCl pH 8.5. 50 μl of the cleared solution was 
subsequently transferred to a new tube. The DNA concentration of each sample was 
determined using a Qubit® 2.0 fluorometer and the remaining of the sample was stored at -
20 until library normalization. Library normalization was performed the day before running 
samples on the MiSeq by making 2 nM dilutions of each sample. Samples were pooled by 
combining 5 μl of each diluted sample. 10 μl of the sample pool and 10 μl 0.2 M NaOH were 
subsequently combined and incubated for 5 minutes to denature the sample DNA. Next, 
980 μl of the HT1 buffer from the MiSeq 2x300 kit was added. As internal control for 
nucleotide balances, a denatured diluted PhiX solution was made by combining 2 μl of a 10 
nM PhiX library with 3 μl 10 mM Tris HCl pH 8.5 with 0.1% Tween 20  according to the 
manufacturer’s protocol (Illumina, San Diego, Ca, US). These 5 μl were mixed with 5 μl 0.2 
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M NaOH and incubated for 5 minutes at room temperature. These 10 μl samples were 
subsequently mixed with 990 μl HT1 buffer. 150 μl of the diluted sample pool was 
combined with 50 μl of the diluted PhiX solution and was further diluted by adding 800 μl 
HT1 buffer. 600 μl of the prepared library was loaded into the sample loading reservoir of 
the MiSeq 2x300 cartridge.   

MiSeq sequencing pipeline and statistical analysis 
The Miseq software assigned all the sequences to individual samples according to sample-
specific barcodes. These FASTQ files with Illumina paired-end reads were assembled by 
PANDAseq. This program identifies the optimal overlap of each set of paired end reads and 
it reconstructs the complete sequence with correction of errors. The quality threshold was 
set at 0.9 33. Statistical analyses were performed on the family, genus and species level. 
QIIME34 identified sequences down to the family and genus level and was used to performe 
weighted alpha-diversity analyses while ARB35,36 was used to identify sequences down to 
the species level. Principal component analysis (PCA) was performed to find clusters of 
similar groups of samples or species. PCA is an ordination method based on multivariate 
statistical analysis that maps the samples into a reduced number of relevant dimensions of 
variability. The hierarchical clustering analysis was performed with the Hierarchical 
Clustering Explorer 3.5. The Simpson index was used as a measure of microbial diversity. 
Non-parametric tests were used, as microbial abundances are rarely normally distributed. 
Mann-Whitney U, Spearman or Wilcoxon tests were used as indicated. The use of ± 
indicates that a standard deviation is given. All tests were two-tailed and a p < 0.05 was 
considered to indicate statistical significance. All statistical analyses were performed using 
IBM® SPSS® Statistics 20.0. Bacterial genera with a mean abundance <0.01% were excluded 
from the statistical analysis. “Input sample” refers to the fecal microbiota of the original 
sample and "IgG sorted sample” stands for the IgG binding microbiota, selected by MACS. 

RESULTS 
16S rRNA cataloguing of the fecal input samples showed that the most abundant bacterial 
groups in non-serum treated fecal sample were Lachnospiraceae (40.2%), Ruminococcaeae 
(13.8%) and Bifidobacteriaceae (6.7%). Surprisingly, also many small intestinal bacteria 
were encountered (collectively 18.7%). The Bacteroides percentages were, however, lower 
than expected (0.8%). The reason for the relatively low prevalence of this normally 
abundant genus in these patients is unknown, yet the abundances of Bacteroides were of 
similar magnitude in the non-serum treated and serum incubated samples. 

Differences between serum incubated IgG MACS sorted samples and the original serum 
incubated fecal samples 
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Anti-IgG-based flow cytometry of the fecal samples revealed that between 13 to 77% 
(average 38%) of the bacteria in the fecal samples showed IgG binding after incubation with 
autologous serum. Anti-IgG-based MACS sorting enriched IgG binding bacteria (range 21-
75%, average 45%) in 46 out of the 55 samples (Supplementary table 3). In 21 cases, anti-
IgG-mediated enrichments between 10% and 25% were obtained, while an additional 21 
cases revealed an enrichment of 1% to 10%. In 13 cases, MACS sorting did not further 
enriche IgG-binding bacteria. These 13 cases showed an equal or even slightly reduced 
number of IgG binding bacteria after the MACS procedure (Figure 1). 

 

 

 

 

 

 

 

 

 

 

Figure 1: Flow cytometry results after serum incubation and 
after IgG MACS sorting. Differences in percentages of serum 
incubated and IgG sorted samples. Plot shows an up to 2.6-fold 
increase in the relative number of IgG-bound bacteria after IgG 
sorting. 

 

Bacterial diversity of the IgG sorted fraction 

IgG sorted samples mainly included Lactobacillaceae, Veillonellaceae, Proteobacteria, 
Streptococcaceae and certain Lachnospiraceae family members, such as Dorea, 
Coprococcus or R. gnavus. Supplementary table 4 shows a list of bacterial strains with a 
mean abundance more than 0.25% and their increase or decrease in IgG sorted samples 
(paired analysis). Figure 2 shows a flow chart that summarizes the main findings from 
Supplementary table 4, which shows that IgG-sorted samples contain increased numbers of 
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Streptococcus (P=1 x 10-39 Wilcoxon test), Coprococcus, Dorea and Lactobacillus, with a 
coinciding decrease in Blautia, Ruminococcaceae and Faecalibacterium. 

 

 

 

 

 

 

 

Figure 2: Flow chart of the IgG-based 
MACS sorting procedure of particular 
microbial groups. Small intestinal 
bacteria, Enterobacteriaceae and 
certain Lachnospiraceae genera were 
increased in IgG-sorted samples, while 
in contrast butyrate-producing bacterial 
groups in particular (Faecalibacterium 
and Roseburia) were reduced.  

Principle component analysis (PCA) at the genus level revealed various correlations with the 
fecal non-serum incubated samples and the IgG-sorted samples.  
The first principal component (PC1), describes 42.7% of the variation in the data and using a 
Spearman’s rho test, is positively correlated with typical members of the large intestinal 
microbiota, namely Lachnospiraceae (P = 7 × 10-6), Ruminococcaceae (P = 0.0003) and 
Bacteroides (P =0.0006). PC1 is inversely correlated with Enterococcaceae (P = 0.003) and 
various Proteobacteria (P =0.0005), including Enterobacteriaceae (P = 0.007) (Figure 3A). 
PC2 describes 12.9% of the variation in the data and is of greater interest as it is strongly 
positively correlated with IgG-sorted samples (P=1 x 10-7), typical small intestinal bacteria, 
such as Streptococcus (P=3 x 10-42), Lactobacillus (P = 5 x 10-5), Enterococcus (P = 3 x 10-8) 
and Veillonella (P = 2 x 10-7) (Figure 4). In addition, PC2 was also positively correlated with 
samples of patients with ileostomy/pouch (P<0.001) as the microbiota of these patients 
contains small intestinal bacteria. PC2 was, on the other hand, strongly negatively 
correlated with the (combined) abundance of Lachnospiraceae and Ruminococcaceae 
(Figure 4). The main correlations of PC1 and PC2 are depicted as vectors in Figure 3B. The 
analysis of PC1 and PC2 depicted in Figure 3 and 4 shows that IgG-sorted samples mostly 
contained typical small-intestinal microbiota and had reduced numbers of the typical large-

97



 
Chapter 6 
intestinal microbiota. Figure 4-A clearly shows a positive shift in PC2 for nearly all paired 
samples after IgG sorting. 

Figure 3A: PCA plot of unpaired analysis of PC1 and PC2. PC2 shows a positive correlation with IgG-sorted samples, 
Streptococcus, Lactobacillus, Enterococcaceae (Enterococcus), Veillonella and Proteobacteria, including 
Enterobacteriaceae and an inverse correlation with Lachnospiraceae, Ruminococcaceae and Bacteroides. PC1 
shows a positive correlation with Lachnospiraceae, Ruminococcaceae and Bacteroides and an inversely correlation 
with Proteobacteria, including Enterobacteriaceae and Enterococcaceae. IgG-sorted samples are generally located 
higher on PC2 than non-serum incubated samples (P = 0.01, Spearman’s rho test).  In panel B, the main 
correlations with PC1 and PC2 are depicted with vectors. 

PC3 describes 5.9% of the variation in the data and is positively correlated with 
Faecalibacterium, Roseburia, Bacteroides and Ruminococcaceae (Figure 5). PC3 is inversely 
correlated with IgG-sorted samples (Wilcoxon P= 1 x 10-6), R. gnavus (from Clostridium 
cluster XIVa), Coprococcus, Dorea and Proteobacteria, including Enterobacteriaceae (Figure 
5). The analysis of PC3 is depicted in Figure 5 and shows another important selection 
pattern, namely that Faecalibacterium and Roseburia are virtually lacking in IgG-sorted 
samples, while Proteobacteria, R. gnavus and Dorea, on the other hand, were IgG-sorted. 
UC patients had more F. prausnitzii than CD patients in the non-serum treated samples, the 
direction of the shift in the microbiota composition in IgG-sorted samples is similar in both 
disease types. 
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Figure 4: PCA plot of paired analysis of PC2 (Panel A). IgG sorted samples nearly always score higher on PC2 than 
their corresponding non-serum treated samples (Wilcoxon test P = 1 x 10-7). The black circles represent patients 
without ileostomy/pouch, while the white circles are from patients with Ilesotomy/pouch. This later group has a 
lower upward shift on PC2 than other patients (P = 0.009, MW-U test). The microbial groups that correlate with 
PC2 are listed in Panel B. > indicates family and genus level analysis; >> indicates species level analysis.  

 

Figure 5: PCA plot of paired analysis of PC2 (Panel A). IgG-sorted samples nearly always score lower on PC3 than 
their corresponding non-serum treated samples (P = 2 x 10-7, Wilcoxon test). The microbial groups that correlate 
with PC3 are listed in Panel B. 
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Effect of mesalazine on bacterial composition of IBD patients 
The correlation analysis between microbial composition of input samples and the used 
medication showed that IBD patients who receive mesalazine almost complete lacked 
Enterobacteriacaeae and Fusobacteriaceae in the feces (Figure 6A). Conversely, these 
pathosymbionts were usually abundantly present (up to 40%) in fecal samples from 
patients that did not receive mesalazine therapy. The abundance of bifidobacteria is, in 
contrast, higher in mesalazine-treated patients (Figure 6B). 

 Figure 6-A shows that patients who did not receive mesalazine were prone to have a high abundance of 
Enterobacteriaceae and/or Fusobacteriaceae in their non-serum treated fecal samples, while patients who 
received mesalazine represented a maximum of 2% of these bacterial groups in the total fecal bacterial pool 
(p=0.006). Figure 6-B, shows that patients who receive mesalazine also had higher percentages of 
Bifidobacteriaceae in their fecal sample compared to the patient without mesalazine in the treatment (p=0.011) 
(Mann Whitney U test). 

DISCUSSION 
In the present study, we investigated the IgG immune response against fecal microbiota of 
IBD patients. Our results showed significant differences in the composition of the IgG-
binding microbiota compared to the original non-serum treated sample. Principal 
component analysis showed that IgG-sorted samples scored higher on PC2 and lower on 
PC3. Typical small intestinal bacteria, like Streptococcus, Lactobacillus, 
Enterococcus and Veillonella, were positively correlated with PC2, while the dominant large 
intestinal microbial groups, Ruminococcaceae and Lachnospiraceae, were negatively 
correlated with PC2. This shows that the IgG immune response seems to be preferentially 
directed towards small intestinal bacteria. PC3 mainly distinguishes between the different 
large intestinal bacteria. PC3 is positively correlated with the important butyrate-producing 
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groups F. prausnitzii and Roseburia, but negatively with certain other Lachnospiraceae 
groups, Dorea and R. gnavus, and interestingly also negatively with 
Proteobacteria/Enterobacteriaceae. This indicates that there is very little IgG immune 
response directed towards (the beneficial and anti-inflammatory) F. 
prausnitzii and Roseburia,  but mostly directed towards inflammation-associated bacteria, 
such as R. gnavus and Enterobacteriaceae. Pairwise, non-serum treated samples and IgG-
sorted samples from both CD and UC patients were negatively correlated with PC3, which 
means that there were no significant differences in IgG binding between patients with CD 
and UC and that the IgG response seems to be directed towards the same bacteria in both 
diseases.  
IBD patients have increased abundance of Enterobacteriaceae, including E. coli, and R. 
gnavus and lower numbers of Faecalibacterium, Roseburia and Bifidobacterium in their 
feces 19. In our study, Enterobacteriaceae and Cluster XIVa related ruminococci were 
significantly IgG enriched by MACS and Faecalibacterium and Roseburia were not. This may 
indicate that IBD related abundant bacterial strains are more immunogenic.  
The IgG binding of the family Enterobacteriaceae could be explained by the fact that these 
bacteria contain flagella37,38, a known antigen to which IgG is reactive. This family includes a 
variety of known pathogens, such as Escherichia, Salmonella, Shigella and Yersinia. 
Previously, it has been shown in a mouse model that Enterobacteriaceae take advantage of 
inflammation to obtain more electron acceptors for respiration and thereby increase their 
colonization levels39. Previously, we showed that the main member of Enterobacteriaceae, 
e.g. E. coli, bound IgG in a strain-specific way and that there was more IgG binding after 
incubation with autologous patient serum compared to serum of other patients or healthy 
volunteers12.  
Clostridium cluster XIVa of the family Lachnospiraceae that were IgG sorted in our 
experiment have been shown to have flagella40. The IgG coated Ruminococcus in our 
experiment are most likely R. gnavus, which has pathogenic properties and has been 
reported to produce a bacteriocin41. Crossing the gut mucosal barrier, in particular the 
mucus layer, could be flagellum-dependent and in combination with defects in epithelial 
barrier of the gut wall, flagellated bacteria are probably more exposed to the immune cells. 
Using serologic expression cloning, microbiota flagellins have been identified as antigens. In 
mice colitis models,  elevated serum anti-flagellin IgG2a were detected against multiple 
flagellated bacterial strains 38. Serum IgG to these flagellins (CBir1 and Fla-X) was elevated 
in patients with Crohn’s disease, but not in patients with ulcerative colitis 42. Sero-reactivity 
to the microbial components Anti-OmpC and anti-I2, as well as anti-Saccharomyces 
cerevisiae antibodies (ASCA), are associated with severe CD, characterized by small bowel 
involvement, frequent remissions, longer disease duration and greater need for surgery43. 
Serum responses to CBir1 are associated independently with complicated Crohn’s disease44. 

101



 
Chapter 6 
Cultured flagellated bacteria mostly appeared to be members of the family 
Lachnospiraceae40. The seroreactivity of CD patients was directed towards multiple 
flagellins and was not specific to the flagellin of a single microbe. The serum IgG was highly 
selective for these bacterial flagellins and did not bind to the many other potential antigens 
of these bacteria. The innate immune response to bacterial flagellin is mediated by Toll-like 
receptor 5 (TLR5), resulting in the induction of pro-inflammatory gene expression45. The 
TLR5 polymorphism referred to as TLR5-stop, is believed to interfere with the activation of 
nuclear factor κB in response to flagellin. TLR5-stop in healthy subjects reduces adaptive 
immune response to flagellin. These individuals had significantly lower levels of flagellin-
specific IgG and IgA46. Other bacteria of the family Lachnospiraceae, Roseburia and Blautia, 
were not enriched after IgG sorting in our study. 
Surprisingly, the observed IgG immune response was preferentially directed against typical 
small intestine microbiota. The role of Lactobacillaceae and Veillonella in IBD is not clearly 
known yet. Fyderek et al.47 reported a predominance of streptococci in biopsies of inflamed 
mucosa of CD patients and a predominance of Lactobacilli in inflamed sites of UC patients. 
They also showed that the biopsies of IBD patients show a smaller mucus layer compared to 
healthy controls. Streptococcus and Lactobacillus might migrate towards the inflamed 
mucosa, which can result in higher exposure of these bacteria to the immune system 
resulting into an increased IgG response against them. 
Roseburia and Faecalibacterium, which were not bound by IgG, are potentially beneficial 
butyrate producers48. Part of this positive role could be due to butyrate that is an energy 
source for epithelial cells and promotes the development and maintenance of the intestinal 
barrier49,50. The oxygen sensitivity of these bacteria would result in their inability of crossing 
the epithelial barrier and therefore limit their exposure to the immune system.  
The IgG response seems not be directed against Bacteroides. Considering that Bacteroides 
is normally one of the most dominant species in fecal samples6 the abundance found in our 
study (<1%) greatly underestimates its actual predominance within the gut and could be 
due to the used primers that might not amplify Bacteroides adequately. Moreover, 
differences in samples storage conditions and DNA extraction protocols may lead to such a 
decreased abundance 51. 
Samples of patients with ileostomy/pouch (7 patients) are positively correlated with PC2. 
Non-serum incubated samples of these patients were very similar to the serum incubated 
and IgG-sorted ones. This is probably explained by the fact that patients with an 
ileostomy/pouch will have small bowel microbiota in their feces.  
With the FC analysis, we did not obtain an enrichment after IgG binding for all the samples. 
Also, the relative enrichment was not as high  as compared to promising numbers in the 
report of Miltenyi et al.30 One reason for the limited enrichment may be that anti-IgG-FITC 
labeling is less efficient when the bacteria are already treated by anti-IgG-biotin and thus 
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leads to an underestimation of the enrichment by the anti-IgG-biotin>><<streptavidin-
magnetic beads. The fact that a clear different microbiome profile was obtained in non-
treated samples and IgG-sorted samples in cases where no enrichment was observed, 
suggests that a positive selection had occurred.  
The numbers of F. prausnitzii in this study were lower than reported in healthy individuals, 
especially in CD patients, which is in line with current knowledge12,52. Interestingly, 
treatment with mesalazine increased the number of bifidobacteria and F. prausnitzii (to 
some degree) and decreased the E. coli numbers. Mesalazine may lower the pH and 
therefore facilitates the environment for bifidobacteria and serve as an antioxidant and in 
this way mesalazine could help the extremely oxygen-sensitive F. prausnitzii by reducing the 
oxygen stress in gut. 
Our findings indicate that there are specific bacteria in IBD patients that bind IgG. This IgG 
immune response seems to be directed against typical small intestine microbiota, such as 
Streptococcus, Lactobacillus, Enterococcus, Veillonella, Proteobacteria, including the family 
Enterobacteriaceae and Clostridium cluster XIVa group bacteria, such as Ruminococcus, 
Coprococcus and Dorea. The IgG immune response seems not to be directed against typical 
large intestine microbiota; Lachnospiraceae, including Roseburia and Blautia, 
Ruminococcaceae, including Faecalibacterium, and Bacteroides. There was no significant 
difference observed in IgG-sorted bacteria between patients with CD and UC. Several 
pathosymbionts are enriched in this IgG-sorted fraction, however, there are many IgG-
bound bacteria that do not seem to play a role in the pathogenesis of IBD. Characterization 
of the antigens involved in the IgG immune response towards these specific bacteria may 
contribute to unravelling the host-microbiome interaction in  IBD.  
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Supplementary Table 1: Patient information 

 

N 55 
Sex ratio (male/female) 22/33 
Mean age (yr) (range) 44 (20-64) 
No. active/remission 13/42 
Crohn’s disease 34 
Montreal Class A (<16 jr/ 17-40 jr/ >40 jr) 4/27/22 
Montreal Class B (term ileum/colon/ileocolon) 11/21/11 
Montreal Class C  
(nonstricturing and nonpenetrating/stricturing/penetrating/peri-anal) 

37/7/4/3 

Harvey Bradshaw index < 5 23 
Ulcerative colitis 17 
Montreal Class E (ulcerative proctitis/left distal UC/pancolitic UC) 3/4/10 
Montreal Class S (remission/mild/moderate/severe) 4/4/3/5 
Simple Clinical Colitis Activity Index (SCCAI) < 5 15 
IBD unclassified 4 
Ileostomy/pouch 7 
Medication (No. of patients receiving)  
Mesalazine 16 
Mesalazine local 1 
Corticosteroids 8 
Corticosteroids local 0 
Mesalazine +  Steroids local 3 
Immunosuppressive 26 
Anti-TNF 14 
Anti-diarrhea 7 
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Supplementary Table 2: Primers and barcodes used in this study (Eurogentec, the 
Netherlands) 

V3F  aatgatacggcgaccaccgagatct  acactctttccctacacgacgctcttccgatct NNNNCCTACGGGAGGCAGCAG 

V4R 1 caagcagaagacggcatacgagat ATCACG gtgactggagttcagacgtgtgctcttccgatct GGACTACHVGGGTWTCTAAT 
V4R 2 ,, CGATGT ,,                          ,, 
V4R 3 ,, TTAGGC ,,                          ,, 
V4R 4 ,, TGACCA ,,                          ,, 
V4R 5 ,, ACAGTG ,,                          ,, 
V4R 6 ,, GCCAAT ,,                          ,, 
V4R 7 ,, CAGATC ,,                          ,, 
V4R 8 ,, ACTTGA ,,                          ,, 
V4R 9 ,, GATCAG ,,                          ,, 
V4R 10 ,, TAGCTT ,,                          ,, 
V4R 11 ,, GGCTAC ,,                          ,, 
V4R 12 ,, CTTGTA ,,                          ,, 
V4R 13 ,, AGTACG ,,                          ,, 
V4R 14 ,, TCAGTC ,,                          ,, 
V4R 15 ,, TTGAGC ,,                          ,, 
V4R 16 ,, AAGCGA ,,                          ,, 
V4R 18 ,, GGTTGT ,,                          ,, 
V4R 19 ,, TGAGGT ,,                          ,, 
V4R 20 ,, TACCGT ,,                          ,, 
V4R 21 ,, CCAACT ,,                          ,, 
V4R 22 ,, AGAGAG ,,                          ,, 
V4R 23 ,, CACTTG ,,                          ,, 
V4R 24 ,, TCAAGG ,,                          ,, 
V4R 25 ,, AGTGGT ,,                          ,, 
V4R 26 ,, GACACT ,,                          ,, 
V4R 27 ,, CCTTCT ,,                          ,, 
V4R 28 ,, GGATAA ,,                          ,, 
V4R 29 ,, CCTTAA ,,                          ,, 
V4R 30 ,, CAAGAA ,,                          ,, 
V4R 31 ,, GTTGAA ,,                          ,, 
V4R 32 ,, TCACAA ,,                          ,, 
V4R 33 ,, AGTCAA ,,                          ,, 
V4R 34 ,, CGAATA ,,                          ,, 
V4R 35 ,, GCTATA ,,                          ,, 
V4R 36 ,, GAGTTA ,,                          ,, 
V4R 37 ,, TTGGTA ,,                          ,, 
V4R 38 ,, AACGTA ,,                          ,, 
V4R 39 ,, GTACTA ,,                          ,, 
V4R 40 ,, CATCTA ,,                          ,, 
V4R 41 ,, TGTAGA ,,                          ,, 
V4R 42 ,, ATCAGA ,,                          ,, 
V4R 43 ,, ACATGA ,,                          ,, 
V4R 44 ,, TAGACA ,,                          ,, 
V4R 45 ,, GAGAAT ,,                          ,, 
V4R 47 ,, AGGTAT ,,                          ,, 
V4R 48 ,, TTGCAT ,,                          ,, 
V4R 49 ,, TGGATT ,,                          ,, 
V4R 50 ,, ACCATT ,,                          ,, 
V4R 51 ,, CTAGTT ,,                          ,, 
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V4R 53 ,, TCTCTT ,,                          ,, 
V4R 54 ,, GTAAGT ,,                          ,, 
V4R 55 ,, CAATGT ,,                          ,, 
V4R 57 ,, ATGACT ,,                          ,, 
V4R 58 ,, ACTTCT ,,                          ,, 
V4R 59 ,, CATAAG ,,                          ,, 
V4R 60 ,, TTCTAG ,,                          ,, 
V4R 61 ,, AAGATG ,,                          ,, 
V4R 62 ,, TATGTG ,,                          ,, 
V4R 63 ,, AATTGG ,,                          ,, 
V4R 64 ,, TAATCG ,,                          ,, 
V4R 65 ,, ACTAAC ,,                          ,, 
V4R 66 ,, TGTTAC ,,                          ,, 
V4R 67 ,, ATACAC ,,                          ,, 
V4R 68 ,, CTTATC ,,                          ,, 
V4R 69 ,, AGATTC ,,                          ,, 
V4R 71 ,, TGCGAA ,,                          ,, 
V4R 73 ,, CTGTCA ,,                          ,, 
V4R 74 ,, GCAGAT ,,                          ,, 
V4R 75 ,, TCGTGT ,,                          ,, 
V4R 76 ,, GAACCT ,,                          ,, 
V4R 77 ,, GTCATG ,,                          ,, 
V4R 78 ,, GATAGC ,,                          ,, 
V4R 79 ,, AAGTCC ,,                          ,, 
V4R 80 ,, ATTGCC ,,                          ,, 
V4R 81 ,, CCGAGA ,,                          ,, 
V4R 82 ,, CGCTGA ,,                          ,, 
V4R 83 ,, GGCACA ,,                          ,, 
V4R 84 ,, CGTGCA ,,                          ,, 
V4R 85 ,, GGCCTT ,,                          ,, 
V4R 86 ,, CCTGGT ,,                          ,, 
V4R 87 ,, CAGGCT ,,                          ,, 
V4R 88 ,, GTCGCT ,,                          ,, 
      

Primers and barcodes used in this study are partly cited from Bartram et al.; Generation of multi-million 16S rRNA 
gene libraries from complex microbial communities by assembling paired-end Illumina reads. Lowercase letters 
denote adapter sequences necessary for binding to the flow cell, underlined lowercase are binding sites for the 
Illumina sequencing primers, bold uppercase highlight the index sequences (all the indexes were obtained from 
Illumina) and regular uppercase are the V3 region forward primer 341F and the V4 region reverse primers  806R. 
The inclusion of four maximally degenerated bases (“NNNN”) maximizes diversity during the first four bases of the 
run. Diversity is important for identifying unique clusters and base-calling accuracy.  

 

Supplementary Table 3: Flow cytometry results after MACS enrichment showing 
percentages of enrichment of FITC-labeled bacteria after MACS procedure 

Patient No. % Before MACS % After MACS % of Enrichment 
1 54 75 21 
2 13 30 17 
3 26 36 11 
4 24 45 21 
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5 48 50 2 
6 16 41 25 
7 53 56 3 
8 26 33 8 
10 25 48 24 
11 22 33 11 
12 38 40 2 
13 51 55 4 
14 18 26 7 
15 55 56 1 
16 17 43 25 
17 29 41 12 
18 24 21 -2 
19 47 43 -4 
20 21 33 12 
21 36 48 12 
22 41 49 9 
23 45 58 13 
25 56 60 4 
26 22 29 7 
27 15 25 10 
28 16 36 20 
29 33 51 18 
30 47 50 3 
31 65 54 -11 
32 26 27 1 
33 61 63 2 
34 38 58 20 
35 55 59 5 
36 67 74 7 
37 50 51 1 
38 48 34 -14 
39 35 40 4 
40 20 33 13 
41 59 72 13 
42 52 53 1 
43 26 26 0 
44 47 43 -4 
46 77 70 -7 
47 53 54 0 
48 46 36 -9 
49 40 37 -4 
50 45 48 3 
51 36 34 -2 
52 41 66 24 
53 49 73 24 
55 23 37 14 
56 34 43 9 
57 39 29 -10 
58 22 35 13 
59 22 23 1 
Average 38 45 7 
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Supplementary Table 4: Paired analysis; list of bacteria with a mean abundance > 0.25 after 
MACS procedure  
Genus Family Average  in 

total samples 
Increase↑  
Decrease↓ 

P 
value 

Streptococcus Streptococcaceae 12.13 ↑ 4.79 <0.001 

Blautia Lachnospiraceae 11.68 ↓ 3.19 0.003 

Coprococcus Lachnospiraceae 7.57 ↑ 4.26 <0.001 

Ruminococcus gnavis-like Lachnospiraceae  7.51 ↑ 0.80 0.035 

Bifidobacterium Bifidobacteraceae 6.68 ↓ 1.96 0.091 

Faecalibacterium  Ruminococcaceae 8.8 ↓ 3.4 <0.001 

Dorea Lachnospiraceae  4.77 ↑ 2.97 <0.001 

Ruminococcus lactaris-like Lachnospiraceae 3.27 ↓ 1.23 <0.001 

Ruminococcus bromii-like Ruminococcaceae 3.02 ↓ 2.03 <0.001 

Roseburia Lachnospiraceae 2.88 ↓ 2.81 <0.001 

Clostridium clostridioforme-like Lachnospiraceae 2.55 ↓ 0.53 ns 

Lactobacillus Lactobacillaceae 2.19 ↑ 0.39 <0.001 

E. coli-like      Enterobacteriaceae 2.04 ↓ 0.68 0.003 

Dialister Veillonellaceae 2.03 ↑ 1.16 <0.001 

Eubacterium    Erysipelotrichaceae 1.57 ↓ 0.01 0.015 

Eubacterium desmolans-like              Ruminococcaceae 1.50 ↑ 0.75 0.002 

Clostridium ramosum-like Erysipelotrichaceae 1.42 ↓ 0.78 0.016 

Clostridium  (other) Clostridiaceae 1.26 ↑ 0.54 ns 

Clostridium bartlettii-like (XI) Clostridiaceae 1.00 ↑ 0.98 <0.001 

Enterococcus  Enterococcaceae 0.97 ↑ 0.54 ns 

Collinsella Coriobacteriaceae 0.61 ↓ 0.05 ns 

Akkermansia Verrucomicrobiaceae 0.59 ↓ 0.21 ns 

Bacteroides Bacteroidaceae 0.83 ↓ 0.54 <0.001 

Lactococcus Streptococcaceae 0.49 ↑ 0.08 <0.001 

Fusobacterium Fusobacteriaceae 0.48 ↓ 0.16 ns 

Oscillospira Ruminococcaceae 0.47 ↑ 0.05 ns 

Veillonella Veillonellaceae 0.44 ↓ 0.07 0.003 

Megasphaera Veillonellaceae 0.43 ↑ 0.22 ns 

Turicibacter Turicibacteraceae 0.40 ↑ 0.30 <0.001 
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Chapter 7 
SUMMARY AND DISCUSSION 
The human gastrointestinal (GI) tract is colonized by microbiota, an assemblage of 
microorganisms that is approximately 10 times higher in numbers compared to its host’s 
cells1-3. This vast amount of microorganisms mainly includes Bacteria, but also contains the 
two other domains of life: Archaea and Eukarya. The composition of this complex microbial 
ecosystem is under influence of several elements including environmental factors, such as 
diet and smoking, as well as age, host’s health state and phylogeny4-7. 
The relationship between the microbiota and human body as a host can be defined in 
several ways. Intestinal microbiota has a large impact on gut health, since it maintains 
intestinal homeostasis, stimulates the maturation of the immune system and provides 
nutrients for the host by metabolizing food ingredients thereby  providing energy for the 
host 8,9. Intestinal microbiota, their metabolites and cell components play a major role in 
development of a functional immune system, both innate and adaptive. Moreover, they 
participate in the development of the immune system by initiating tolerance towards 
specific bacterial strains that is necessary for maintenance of intestinal homeostasis. Lack of 
this tolerance or malfunctioning of the intestinal immune system may be followed by 
serious consequences, such as inflammatory bowel disease (IBD). The interaction with the 
immune system can be direct, in which mucosal microbiota, their components and 
metabolites are in direct contact with intestinal epithelial cells and related immune 
pathways. Such interaction can also be indirect, especially for the luminal microbiota that 
are not in close contact with the epithelial cells or the associated mucosal layer, where only 
their metabolites modulate immune responses. Therefore, the localization of different 
bacteria towards the host epithelial cells plays a crucial role in the development of the 
(mucosal) immune system and host’s health and disease. 
The research described in this thesis was aimed at revealing the interaction between the 
intestinal microbiota and the host cells. The first main focus point of the thesis was to study 
the ecology of the abundant intestinal commensal Faecalibacterium prausnitzii in the 
human gut environment, investigate its potentially beneficial anti-inflammatory properties 
on the host cells and the possible ways that the host might influence its ecology. The 
second main focus was to investigate the host immune response towards the symbiotic 
intestinal microbiota and pathosymbionts in IBD patients.  
In Chapter 2 of the thesis, the localization of the different bacterial groups in human feces, 
so-called “bio-structure” was analyzed. We visualized the bio-structure of some of the 
populations of the dominant gut bacterial species, in particular F. prausnitzii and Roseburia. 
F. prausnitzii is a major member of the firmicutes that may represent up to 25% of the total 
gut microbiome in healthy individuals. This major butyrate producer is found predominantly 
close to the epithelial cells, much more than other butyrate producers, such as Roseburia10. 
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In this chapter, we propose that there are at least three phylogroups of F. prausnitzii, of 
which only 2 have been cultured so far. Our observations suggests that the expansion of F. 
prausnitzii close to the mucus layer and close to the epithelial cells is mainly due to the 
outgrowth of phylogroup 2 rather than phylogroup 1, while both of them are distributed 
evenly in the luminal section of the feces. Swidsinskii et al. categorized microbiota to three 
different groups, bacteria that mainly reside in the luminal section of the feces, bacteria 
that colonize closer to the intestinal epithelial cells and inhabit the mucus layer and the 
third group, namely feco-mucus bacteria, which reside in both locations. They categorized 
F. prausnitzii in the latter group. Our observations confirm the findings of Swidsinskii et al. 
and shows the faecalibacteria localize throughout the fecal sections with a dominant 
presence of phylogroup 2 in the fecal-mucosal interface of the human gut. The ability of F. 
prausnitzii A2-165, a representative of phylogroup 2, to grow to visible colonies in the 
oxygenated area of agar cultures in gas tubes has previously been shown by Khan et al.11. 
They hypothesized that faecalibacteria are capable of growing in the oxygenated zone by 
using free thiols as electron acceptors and flavins as the redox mediators and extra cellular 
electron transferors. Our findings in this chapter regarding the localization of phylogroup 2 
of F. prausnitzii close to the mucus layer may indicate the capability of these cells in 
employing flavins, such as riboflavin, to localize in this area that may contain oxygen from 
the blood circulation. 
Another important aspect in microbiota-host interactions is that the different bacterial 
groups of microbiota are able to digest food particles, specifically polysaccharides and non-
digestible fibers by the host that aids to the host’s energy balance. The higher activity of 
those bacterial strains could lead to the enhanced production of specific substances, such 
as short chain fatty acids (SCFAs).  
F. prausnitzii, Clostridium group XIVa members and Roseburia are among the most 
important and abundant butyrate producers in the human gut. Our findings in Chapter 2 
demonstrate the formation of biofilms of these bacterial species around specific food 
particles. In all cases, Roseburia is part of biofilms, which were formed by Clostridium group 
XIVa. In contrast, biofilm formation by F. prausnitzii is observed on food particles that are 
different in shape and structure compared to those surrounded by Roseburia/Clostridium. 
Bacteria in these biofilms stained by the universal F. prausnitzii probe did not completely 
overlap with the various phylogroup-specific probes, suggesting that there is a third 
phylogroup of F. prausnitzii that is particularly able to form biofilms on non-digestible fibers 
and carbohydrates.  
Riboflavin, which is found in a variety of foods, such as dairy products, meat and 
vegetables, might act as a redox mediator for faecalibacteria and stimulate their growth at 
oxic-anoxic interphases. In Chapter 3, we performed a proof-of-concept study to determine 
whether riboflavin supplementation enhances the presence of F. prausnitzii in human feces. 
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The results show an increase in abundance of F. prausnitzii in fecal samples of healthy 
volunteers that took a daily oral dose of 100 mg riboflavin for 14 days. The observed 
increase in abundance of faecalibacteria was observed for both phylogroups and occurred 
in 8 out of 11 volunteers. These findings confirm the findings of Khan et al. In addition, we 
demonstrate that Roseburia takes advantage of riboflavin supplementation as their 
numbers increase as well. Since it has not been shown that Roseburia can employ riboflavin 
as an electron transfer mediator in in vitro experiments, the mechanism behind this 
increase and whether they directly benefit from riboflavin or not, remains speculative.  
Previous studies have suggested that low abundance of F. prausnitzii and enhanced 
numbers of adherent invasive E. coli (AIEC) are associated with Crohn’s disease (CD)12,13. In 
Chapter 2, we found that enhanced numbers of F. prausnitzii close to the gut epithelium in 
some volunteers are accompanied by the absence of Enterobacteriaceae, like E. coli. 
Conversely, fecal samples of volunteers that have micro-colonies of E. coli in the mucus 
layer show lower numbers of F. prausnitzii at that location. In addition, in Chapter 3, we 
demonstrate that an increase in the abundance of butyrate-producing bacteria like F. 
prausnitzii is counterbalanced by decreased numbers of Enterobacteriaceae upon riboflavin 
supplementation, which supports the observed counterbalance between the two bacteria 
in Chapter 2. Understanding the mechanisms how riboflavin decreases the abundance of 
Enterobacteriaceae might provide clues about how colonization of such pathosymbionts 
could be controlled. This may be beneficial for IBD patients as well as for infectious 
outbreaks of pathosymbionts. The fact that Enterobacteriaceae preferably grow close to 
the epithelial cells and the role of AIEC in the pathogenesis of the CD, the unique specificity 
of F. prausnitzii to colonize the fecal-mucosal interphase supports our hypothesis that 
promoting the F. prausnitzii population is important for a healthy gut.  
Sokol et al., have described anti-inflammatory properties of F. prausnitzii, in particular 
related to the inflamed gut14. Reduction of the oxidative stress in the fecal-mucosal 
interphase of the gut as a result of those anti-inflammatory properties could limit the 
growth of pathosymbionts, such as E. coli that benefits from the oxygen stress. In contrast, 
inflammation of the intestinal epithelial layer caused by colonization of E. coli could lead to 
an increased oxygen stress and subsequently to suppression of F. prausnitzii. This 
counterbalance is in line with the findings of Harmsen et al. and Willings et al., who 
described the reduction of F. prausnitzii and increase of E. coli in CD patients compared to 
healthy volunteers13. Though this study was performed with non-IBD volunteers, our 
findings could indicate that F. prausnitzii controls the growth of E. coli, which may lead to a 
healthier gut homeostasis. Considering the important role of E. coli in the pathogenesis of 
CD and the potential anti-inflammatory properties of F. prausnitzii, the use of riboflavin to 
stimulate F. prausnitzii growth may be of benefit for these patients. Future studies should 
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be performed with IBD patients to determine the potential therapeutic effects of riboflavin 
for this patient group.  
Our findings may indicate that the anti-inflammatory properties of F. prausnitzii are due to 
the suppressive effect on bacterial groups like E. coli. In addition or alternatively, the anti-
inflammatory effect may arise from the enhanced production of butyrate by the enhanced 
numbers of F. prausnitzii and Roseburia, as butyrate has been shown to suppress chemical-
induced colitis in mice15. It is therefore crucial to further study the interaction between 
epithelial cells and gut microbes, in particular F. prausnitzii, and how this and its products 
modulates inflammatory signaling in the gut.  
Various experimental models have been developed to study the interaction between gut 
bacteria and intestinal cells, including in vitro approaches where bacteria and gut epithelial 
cells are cocultured, and in animal models14,16,17. In most of these systems, animal tissue or 
cultured cell lines are exposed to (an)aerobic bacteria. The requirement of oxygen to 
maintain the vitality of epithelial cell (lines) strongly limits the use of living anaerobic 
bacteria in such systems. The main focus in these kind systems is to analyze the effect of 
bacteria or their secretory products on inflammatory markers in the gut epithelial cells, 
such as cytokine expression and/or production. However, such systems do not allow the 
analysis in the opposite direction, e.g. the effect of epithelial cells on microbiota. In Chapter 
4,  we developed a coculture system for oxygen-requiring human gut epithelial (Caco-2) 
cells and extremely oxygen sensitive (EOS) F. prausnitzii.  This “Human oxygen-Bacteria 
anaerobic” (HoxBan) coculture system truly allows coculturing of both cell types, e.g. they 
simultaneously proliferate, for up to 36 h. Specifically, the HoxBan model supports the 
growth of the F. prausnitzii in the low oxygen zone of the system and therefore makes it 
possible to study the aerobic-anaerobic interactions, which resemble the interaction 
between those cells within the intestinal tract. Findings described in Chapter 4 show the 
anti-oxidative stress properties of growing F. prausnitzii on Caco-2 cells, as well as its anti-
inflammatory effects that were demonstrated using  F. prausnitzii cell extracts in previous 
studies14. Our findings show the same rim forming phenomenon for growth of F. prausnitzii 
as described by Khan et al.18. However, this phenomenon is much more pronounced in the 
presence of Caco-2 cells and occurs outside the anaerobic chamber.  
The explicit colony formation by F. prausnitzii in cocultures could be an indication for the 
beneficial interaction between Caco-2 cells and possibly the secreted substances of the 
bacteria. In addition, the oxygen consumption of Caco-2 cells might decrease the local 
oxygen concentrations, which is favorable for faecalibacteria.    
Given the anti-inflammatory and anti-oxidative stress properties of F. prausnitzii, this 
phenomenon highlights the importance of the location of F. prausnitzii close to the 
epithelium to maintain a healthy gut, as discussed in Chapter 2. Furthermore, the 
substantial decrease in F. prausnitzii, specifically in the oxic-anoxic zone of the gut where 
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they are in close intact with epithelial cells, may play a role in the pathogenesis of CD12,13. 
The anti-inflammatory properties of F. prausnitzii were shown in Chapter 4 by down-
regulation of IL1β and iNOS, which is in line with findings of Sokol et al. who showed the 
suppression of IL1β-induced NFκB activity by F. prausnitzii-conditioned media on Caco-2 
cells14. Such effect could not be established in the same level with F. prausnitzii cells, which 
in that experimental setting were dead because of exposure to oxygen. The HoxBan 
coculture system allows simultaneous growth of Caco-2 cells and F. prausnitzii and revealed 
a clear suppression of IL1β and iNOS expression in the Caco-2 cells when cocultured with 
faecalibacteria. Moreover, the expression of reactive oxygen species (ROS)-sensitive HO-1 
was also suppressed in cocultures, supporting both anti-oxidative stress and anti-
inflammatory properties of F. prausnitzii. Future studies using the HoxBan coculture system 
will be aimed at determining the anti-inflammatory and anti-oxidative stress properties of 
F. prausnitzii in combination with inflammatory signals like LPS or pathosymbionts. 
Exo-metabolome analysis of different (co)culture conditions in Chapter 4 showed that there 
are differences between Caco-2/F. prausnitzii cocultures, the two monocultures and the 
original culture medium. For instance, formate production is a known feature of F. 
prausnitzii phylogroup 211. Formate levels increased significantly in media of HoxBan 
cocultures with F. prausnitzii A2-165 and Caco-2 cells compared to media from F. prausnitzii 
monocultures. This is most probably a consequence of increased bacterial biomass and/or 
bacterial activity in the growth rim. However, the enhanced biomass did not result in 
increased levels of butyrate, while it has been shown to be produced in equimolar amounts 
with formate under these conditions by this F. prausnitzii strain. Given the fact that 
butyrate is a primary energy source for intestinal epithelial cells19, we assume that part of 
the butyrate produced by F. prausnitzii is consumed by Caco-2 cells. The expression of the 
butyrate transport proteins H(+)-coupled monocarboxylate transporter (MCT1) and Na(+)-
coupled monocarboxylate cotransporter 1 (SMCT1), levels of which are controlled by 
butyrate, may be indicative for the induced butyrate consumption by Caco-2 cells20,21.    
Increased levels of formate coincided with a decrease in concentrations of compounds of 
purine metabolism, such as adenine and inosine, in cocultures compared to monocultures. 
This may be indicative of accelerated growth of F. prausnitzii, as these metabolites are 
required for the synthesis of DNA (cell proliferation) and ATP (energy).   
The HoxBan system is readily adaptable to coculture any other anaerobic gut bacterium in 
combination with different cell lines. Moreover, it provides a simple but practical method to 
study the effect of environmental factors such as smoking and dietary compounds on the 
relation between the intestinal microbiota and intestinal cells. The HoxBan system provides  
a platform to analyze infection and/or inflammatory models with triggers, such as 
pathosymbiotic bacteria, reactive oxygen species (ROS) and inflammatory cytokines and 
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study the anti-inflammatory/anti-stress properties of potentially beneficial microbiota in 
such a model.  
Crohn’s disease (CD) and ulcerative colitis (UC) are the two main forms of IBD, which are 
inflammatory disorders that develop as a result of a complex interplay between genetic 
susceptibility, environmental factors, intestinal microbiota and the immune system. The 
intestinal immune system of healthy individuals effectively prevents penetration of 
pathogens and pathosymbionts into the mucosa, while at the same time it maintains 
tolerance to resident commensal microbes. An impaired balance in the host immune 
system’s activity and the intestinal microbiota may lead to inflammation of the gut wall. 
Recent genome wide association studies have identified over 163 loci in the human genome 
that are associated with IBD. Many genes residing in these loci play a role in the immune 
response against bacteria invading the epithelial layer22. Still, our knowledge about the way 
how individual susceptibility variants may affect the gut microbiome composition, 
specifically the mucosal microbiota, is limited23,24. 
ATG16L1 is an important factor involved in innate immunity, macro-autophagy and 
phagocytosis of microbes from the gut. Macro-autophagy is a starvation-induced cellular 
pathway for the lysosomal degradation of cellular proteins and organelles that aids to cell 
survival during conditions of nutritional limitation. In addition, it shares part of its 
machinery with the intracellular degradation of pathogens after they have been taken up 
by phagocytosis. Uptake of bacteria activates autophagy, a process also called xenophagy, 
in which it assists in the immune system to clear invading pathogenic or pathosymbiotic 
bacteria. A specific variant of ATG16L1, e.g. ATG16L1-T300A, disturbs the elimination of 
specific bacteria after internalization through phagocytosis, linking disturbed autophagy to 
the pathogenesis of CD25-28. In Chapter 5, we studied the interrelationship between the 
ATG16L1 genotype of CD patients and the bacterial composition of the inflamed and non-
inflamed ileal mucosa of these patients. Our findings show that the microbial composition 
of mucosal biopsies of the inflamed terminal ileum of CD patients that are homozygous for 
the ATG16L1 protective allele (e.g. ATG16L1-T300) is different form patients that are 
homozygous for the risk allele. Remarkably, such difference was not detected for the non-
inflamed intestinal mucosa of the same patients. CD patients who are homozygous for the 
ATG16L1 risk allele are unable to adequately clear pathosymbionts, such as 
Enterobacteriaceae, Bacteroidaceae and Fusobacteriaceae, upon inflammation in the ileum. 
In contrast, CD patients who are homozygous for the ATG16L1 protective allele are capable 
to clear these bacterial species during inflammation and this is accompanied by a relative 
increase in Lachnospiraceae when compared to CD patients homozygous for the risk allele. 
Despite our knowledge about the crucial role of microbiota in the progression of 
inflammation in CD, it remains elusive whether pathosymbionts actually trigger the 
inflammation or take advantage of the inflammation to outgrow in the inflamed tissue. Our 
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findings in Chapter 5 are in line with findings of Neut et al. 29 who reported that the 
increased abundance of Bacteroides, fusobacteria and E. coli is associated with an earlier 
relapse of CD in patients after ileocolectomy29. The suggestion that the ATG16L1 risk allele 
impairs the autophagy process of pathosymbionts is in line with a previous study by Raju et 
al. who showed that the ATG16L1 risk allele enhances the susceptibility to H. pylori 
infection30. Moreover, in vitro studies have shown that human epithelial cells of individuals 
with the ATG16L1 risk allele are unable to complete the autophagy progress to clear 
intracellular pathogens. Similarly, Lapaquette et al. showed that siRNA knockdown of 
ATG16L1 enhances the survival of internalized AIEC in HeLa cells31-33. 32[32][30][30]In 
Chapter 5, we also studied the effect of inflammation on the survival rate of AIEC in 
monocytes isolated from healthy volunteers homozygous for the ATG16L1 risk or protective 
allele. Primary monocytes were activated by phorbol 12-myristate 13-acetate (PMA) or 
exposed to inflammatory cytokines, such as IL1β and TNFα, and were analyzed for the 
processing and killing of AIEC. Results of the in vitro experiments confirm the in vivo data 
that AIEC survival is enhanced in monocytes homozygous for the ATG16L1 risk allele when 
exposed to inflammatory conditions. Interestingly, no such differences were detected in 
untreated (control) monocytes. Fujita et al. did not observe a difference in autophagic 
processing of S. typhimurium and group A Streptococci in mouse embryonic fibroblast 
carrying the ATG16L1 risk allele, which is in agreement with our findings as the observed 
differences only occurred under inflammatory conditions34. 
Intestinal microbiota play a crucial role in development of the immune system and 
establishing a specific tolerance towards certain bacterial strains. Impairment in this 
tolerance, especially in CD, strongly contributes to the development of inflammation. In 
normal conditions, immune reactions are specifically targeted against pathosymbionts like 
E. coli to eliminate them from the epithelial environment35. This is particularly important in 
conditions when beneficial commensal bacteria are incapable of suppressing expansion of 
these pathosymbionts and colonize the mucus layer of the gut epithelium. The suppressive 
effect of F. prausnitzii on E. coli growth is an example of how “beneficial” bacteria restrict 
expansion of pathosymbionts in the gut, as discussed in Chapter 2 and 3. Increased 
presence of pathosymbionts in the mucus layer may lead to alterations in the immune 
response. Ineffective suppression of those bacterial groups may lead to inflammation that 
breaks the epithelial barrier of the intestinal wall. Loss of intestinal epithelial integrity may 
progress to a leaky gut. Pathosymbionts take advantage of the broken barrier and invade 
the submucosa which will initiate a variety of immunological responses and induce 
inflammation. Presence of bacteria beyond the mucus layer triggers the innate immune 
response in which specific immunoglobulins (IgGs) are produced against the invading 
bacteria. 
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Given the fact that inflammation and a leaky gut will allow blood to leak from the 
circulation into the intestinal lumen, gut bacteria may be recognized by specific IgGs36. In 
Chapter 6, we aimed to determine to which bacteria such humoral immune response is 
targeted in IBD patients. We sorted the IgG-binding bacteria after incubation of fecal 
samples with autologous serum by magnetic-activated cell sorting after suspension in 
streptavidin-coated magnetic beads and differentiate the selection by flow cytometry. The 
bacterial compositions of both the IgG-sorted samples and the original fecal samples were 
determined by 16S rRNA-gene analysis using Illumina sequencing. The results reveal that 
the IgGs from IBD patients bind to specific bacteria. Interestingly, the IgG immune response 
is preferentially directed against typical small intestinal bacteria, like Streptococcus, 
Lactobacillus, Enterococcus and Veillonella.  
Moreover, our results show that the IgG immune response is also directed towards 
inflammation-associated bacteria, such as R. gnavus and Enterobacteriaceae. In contrast, 
there is a very limited IgG immune response directed towards the beneficial and anti-
inflammatory F. prausnitzii and Roseburia. No significant differences were observed in the 
enrichment comparing the two types of IBD patients, CD and UC. From those IgG sorted 
bacteria some are pathosymbionts and therefore have the ability to trigger the immune 
system. However, the non-pathosymbiotic bacteria that were enriched are of interest, since 
they are not known to be involved in the pathogenesis of IBD. Characterization of the 
antigens involved in the IgG immune response towards these specific bacteria may 
contribute  in unravelling the pathogenesis of IBD.  

FUTURE PERSPECTIVES 
The results in this thesis highlight that there is a complex interaction between the gut 
microbiota and the human host. This heavily intertwined relation and the different ways 
that the gut microbiota influence human health and disease, might allow us to consider the 
microbial cohort as an “organ”. Similar to the other organs like liver, lungs and kidneys, 
different bacterial cells of the microbiota are in specific relations with each other, which 
organize the collective functions of the gut microbiome, including fermentation of food that 
escaped digestion by the host and training and development of the immune system.  
This thesis focused on the role of gut bacteria, specifically the extreme oxygen-sensitive F. 
prausnitzii, in inflammatory bowel disease, especially Crohn’s disease. As a result of most 
scientific activities, the research described in this thesis answered a few scientific questions, 
but generated even more to be addressed in future work.  
More in-depth studies to address the phylogeny of F. prausnitzii need to be performed. A 
significant number of F. prausnitzii cells that form a biofilm on food particles were not 
identified by one of the two phylogroup-specific probes, suggesting the presence of at least 
one additional phylogroup of this bacterium that is responsible for biofilm formation. 
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Localization of the third and maybe more phylogroups of F. prausnitzii in feces needs to be 
determined in future experiments. The next logical step is to characterize the food particles 
that are utilized by F. prausnitzii. Including such foods that support the growth of F. 
prausnitzii in the diet of CD patients may aid to increase the abundance of F. prausnitzii in 
those patients.  
The effect of riboflavin supplementation on the composition of the microbiota in IBD 
patients and how inflammatory markers change by this intervention during relapse and 
remission needs to be explored. Providing specific support for F. prausnitzii by food and 
vitamins, such as riboflavin, may also control the expansion of pathosymbionts in CD 
patients and therefore prolong the period of remission. Moreover, the possible effects of 
riboflavin supplementation on other bacterial groups than F. prausnitzii and Roseburia have 
to be studied as well, since those may have beneficial  effects on the disease status also. 
This asks for a systems biology approach, in which the metabolome of the host should be 
included.   
It is evident from the work presented in this thesis, as well as from many contributions from 
researchers in the field, that IBD is a result of genetic susceptibility, impaired host gut 
barrier and immune response to specific bacteria in the gut. In vitro models to study this 
are very limited and suboptimal at best. The HoxBan coculture method described in this 
thesis has great potential to be further optimized to also study the interaction between 
epithelial, immune cells (of individuals with different genotypes) and intestinal microbiota, 
either with pure cultures, as we did with F. prausnitzii, or as complex mixtures. This could 
include the reaction of monocytes and/or neutrophils isolated from IBD patients 
homozygous for ATG16L1 and NOD2 risk and protective alleles towards F. prausnitzii and 
other gut bacteria. 
In addition, the HoxBan system allows a detailed investigating of the anti-inflammatory 
properties of F. prausnitzii in a “competition” model with pathosymbionts like adherent 
invasive E. coli (AIEC) in combination with epithelial cells and/or immune cells, like we did 
with the killing-survival assay in this thesis. Furthermore, this model may provide the 
opportunity to study the effects of drugs used for IBD treatment on the physiology and 
metabolism of the intestinal microbiota.   
The differences between mucosal microbiota of CD patients homozygous for the ATG16L1 
risk or protective allele was shown in this thesis. In addition, many more susceptibility loci 
play an important role in the development of CD, including the autophagy-related genes 
NOD2 and IRGM. Analyzing larger patients cohorts for the potential effect of specific  IBD 
associated SNPs on the mucosal bacterial profile will further our understanding of the 
molecular pathways that control microbiome homeostasis in the gut. 
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Research on the effect of environmental factors, such as diet and hygiene, will provide new 
insights into the mechanisms that underlie the development and propagation of IBD. The 
results presented in this thesis may help to develop dietary or pharmacological strategies to 
induce and/or maintain remission in the treatment of IBD. 
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Het menselijke darmstelsel wordt gekoloniseerd door de microbiota, een collectieve 
omschrijving van alle micro-organismen. In de darm zijn er wel tien keer meer cellen van 
micro-organismen dan humane cellen1-3. Deze microbiota bestaat voor het merendeel uit 
bacteriën, maar bevat ook cellen uit de twee andere domeinen van levende wezens, 
eukaryoten (cellen met een kern) en archaea (een aparte groep van prokaryoten die net als 
bacteriën geen celkern hebben). Samen vormen deze een complex ecosysteem waarvan de 
samenstelling wordt beïnvloed door verschillende elementen: gastheerfactoren zoals 
leeftijd, gezondheidstoestand en genetische opmaak, maar ook omgevingsfactoren zoals 
dieet, antibiotica en roken 4-7.  
De relatie tussen de microbiota en het menselijk lichaam als gastheer kan op verschillende 
wijzen gedefinieerd worden. De intestinale microbiota heeft een grote invloed op de 
darmgezondheid, omdat het daar de balans handhaaft en nutriënten en energie biedt voor 
de gastheer door onverteerd voedsel om te zetten in bruikbare stoffen8,9. Daarnaast spelen 
darmmicrobiota, hun metabolieten en cel componenten een grote rol in de ontwikkeling en 
rijping van een functioneel afweersysteem, zowel het aangeboren als het verworven (of 
adaptieve) immuunsysteem. Bovendien zijn de microbiota betrokken bij de ontwikkeling 
van tolerantie voor “goede bacteriën” en het weghouden van “slechte bacteriën”, wat 
nodig is voor de handhaving van de balans tussen de microbiota in de darm onderling en 
tussen de microbiota en het immuunsysteem in de darm. Een gebrek aan tolerantie of een 
stoornis in het  immuunsysteem kan ernstige consequenties hebben voor de gastheer, zoals 
bijvoorbeeld een chronische inflammatoire darmziekte, de ziekte van Crohn of colitis 
ulcerosa. De interactie met het immuunsysteem kan direct zijn, waarbij de microbiota (of 
bestanddelen van microbiota) in direct contact komen met darmepitheelcellen en cellen 
van het immuunsysteem. Maar het kan ook via een indirecte interactie gaan, doordat 
microbiota in de darm  producten en metabolieten produceren die door het slijmvlies in de 
darm wordt opgenomen. Daarom speelt de locatie van de verschillende bacteriën in de 
darm ten opzichte van de epitheelcellen een cruciale rol in de ontwikkeling van het 
(mucosale) immuunsysteem en in ziekte en gezondheid van de gastheer.  
Het onderzoek wat in dit proefschrift wordt beschreven heeft als doel om de interactie 
tussen de darmmicrobiota en de gastheercellen te ontrafelen. In eerste instantie is  de 
ecologie van de veelvoorkomende darmbacterie Faecalibacterium prausnitzii in de 
ontlasting van gezonde vrijwilligers onderzocht. Vervolgens is de wisselwerking tussen deze 
bacterie en de gastheer onderzocht. Welke mechanismen in de gastheer bevorderen de 
groei van deze “goede bacterie”. En welke potentiële anti-inflammatoire eigenschappen 
heeft deze bacterie op de gastheer. Ten slotte is de wisselwerking tussen microbiota in een 
gastheer met een chronische darmontsteking onderzocht. Hierbij onderzochten wij de  
invloed van erfelijke factoren in relatie tot symbiotische “goede” microbiota en  bacteriën 
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die bij ons horen maar ziekteverwekkers kunnen worden, de zogenaamde patho-
symbionten. 
Na een inleidend hoofdstuk wordt in Hoofdstuk 2 het onderzoek beschreven naar de 
locatie van verschillende bacteriële groepen in menselijke ontlasting, de zogenaamde 
“biostructuur” van een drol. De aanwezigheid van darmbacteriën in relatie tot andere poep 
bestanddelen werd in beeld gebracht door aan ontlasting stukjes lichtgevende DNA 
fragmentjes toe te voegen (fluorescentie in situ hybridisatie met probes) die verschillende 
bacteriegroepen herkennen. Hier werden specifieke probes gebruikt die de “goede 
bacteriën”  F. prausnitzii en Roseburia herkennen. Deze twee bacteriesoorten produceren 
boterzuur, een vetzuur dat gunstige effecten heeft op de darmgezondheid10. Dit onderzoek 
toonde aan dat  F. prausnitzii, welke 5 tot soms wel 25% van de totale hoeveelheid 
bacteriën van gezonde mensen uitmaakt, vooral aan de buitenkant van een drol aanwezig 
is, een plek dat vooral in contact komt met het darmepitheel.  F. prausnitzii zat veel vaker 
aan de buitenkant van een drol dan Roseburia, welke 3 tot 15% van de totaal aanwezige 
bacteriën uitmaakt. Verder laten we zien dat er minstens 3 verschillende fylogenetische 
groepen F. prausnitzii voorkomen in menselijke ontlasting. Tot nu toe zijn er nog maar 2 van 
deze fylogroepen buiten het menselijk lichaam in het laboratorium in kweek gebracht. We 
laten zien dat F. prausnitzii fylogroep 2 zich vooral aan de buitenkant van de darm -en dus 
dicht bij het darmepitheel- bevindt, terwijl fylogroep 1 door de hele drol aanwezig is. Een 
onderverdeling van bacteriegroepen op basis van hun locatie in de poep is eerder door 
Swidsinski et al. beschreven, waarin 3 groepen worden onderscheiden: 1) bacteriën die 
voornamelijk in het lumen verblijven, 2) bacteriën die de slijmlaag dicht bij het 
darmepitheel koloniseren en 3) bacteriën die op beide locaties groeien, de zogenaamde 
feco-mucus bacteriën. F. prausnitzii zou dus tot deze laatste groep behoren, hoewel er wel 
verschillen zijn tussen subgroepen van deze bacterie. Onze observaties zijn in 
overeenstemming met de bevindingen van Swidsinski et al. en laten zien dat 
faecalibacterium in de gehele ontlasting verspreid voorkomt maar dat fylogroep 2 het 
meest aanwezig is op de grens tussen de ontlasting en de mucuslaag die in contact staat 
met het darmepitheel.  
Een belangrijk aspect van de microbiota-gastheer interactie is dat de verschillende 
bacteriële groepen uit de microbiota in staat zijn om voedseldeeltjes te verteren, vooral 
polysachariden en voedingsvezels, om op die manier energie in de vorm van voedingstoffen 
te leveren  aan de gastheer. Een hogere activiteit van deze bacteriën kan bijdragen aan een 
hogere productie voedingstoffen zoals kort keten vetzuren, waarvan boterzuur hier het 
meest van belang is omdat het een energiebron is voor de epitheelcellen. F. prausnitzii, 
Clostridium groep XIVa-bacteriën en Roseburia zijn de meest belangrijke boterzuur 
producenten in de menselijke darm. Onze bevindingen in Hoofdstuk 2 laten zien dat deze 
bacteriën een biofilm vormen rondom specifieke voedseldeeltjes. De biofilm rond 

127



 
Appendices 
voedseldeeltjes wordt in bijna alle gevallen gevormd door Clostridium groep XIVa en 
Roseburia als onderdeel daarvan. Dit in tegenstelling tot F. prausnitzii welke alleen op zeer 
specifieke deeltjes groeide die meestal juist niet door Clostridium groep XIVa en Roseburia 
gekoloniseerd werden. De bacteriën in deze biofilm werden geïdentificeerd met een 
universele F. prausnitzii probe, maar reageerden niet altijd met de twee fylogroep-
specifieke probes, wat suggereert dat er een derde fylogroep F. prausnitzii bestaat, welke 
vooral voedingsvezels kan koloniseren.  Tot slot vonden we in Hoofdstuk 2 dat in 
vrijwilligers een toename van het aantal F. prausnitzii aan de oppervlakte van een drol vaak 
samenging met de afname -of zelfs afwezigheid- van enterobacteriën, zoals de gewone 
maar pathosymbionte E. coli. Andersom hadden de poep van vrijwilligers met E. coli 
microkolonies in de buitenste laag van de ontlasting juist minder F. prausnitzii op die plek. 
Khan et al. hebben laten zien dat F. prausnitzii stam A2-165, een stam representatief voor 
fylogroep 2, het vermogen heeft om aan de zuurstofarme kant van een gradiënt tussen 
zuurstofrijke en zuurstofloze omstandigheden te groeien. Dit zouden ze kunnen door 
thiolen (zwavel-waterstof verbindingen zoals cysteïne) te gebruiken als elektronen acceptor 
via extracellulair elektron overdracht. Hiervoor worden de elektronen die vrijkomen bij de 
afbraak van glucose overgedragen op flavines, zoals riboflavine, die dit als redox 
mediatoren doorgeven aan cysteïne. Het feit dat fylogroep 2 van F. prausnitzii vooral aan de 
buitenkant van de drol werd gevonden geeft aan dat deze bacteriën flavines gebruiken om 
op plekken te verblijven waar zuurstof uit de bloedcirculatie aanwezig is. Riboflavine kan 
dus als redox mediator gebruikt worden door faecalibacteriën en zo de groei hiervan 
stimuleren op zuurstofrijke-zuurstofarme grensvlakken zoals die in de darm aanwezig zijn.  
Riboflavine, oftewel vitamine B2, zit in verschillende voedingswaren zoals zuivel, vlees en 
groenten. In Hoofdstuk 3 hebben we een experiment gedaan om het principe aan te tonen 
dat door de inname van riboflavine het aantal F. prausnitzii bacteriën in de ontlasting 
toeneemt. De resultaten laten inderdaad een toename zien van faecalibacteriën in 
ontlasting van gezonde vrijwilligers die 14 dagen lang 100 mg riboflavine per dag oraal 
innamen. Deze toename werd gevonden in 8 van de 11 vrijwilligers en was voor beide 
fylogroepen gelijk en daarmee werden de bevindingen van Khan et al. bevestigd. Wat 
opviel was dat ook de hoeveelheid Roseburia toenam na riboflavine gebruik. In 
laboratorium experimenten wordt de groei van Roseburia bacteriën niet gestimuleerd door 
riboflavine omdat deze bacteriën riboflavine niet als elektronen overdrachts-molecuul 
kunnen gebruiken. Hoe Roseburia dan wel indirect of direct profiteert van riboflavine is op 
dit moment nog onduidelijk.  
Eerdere studies hebben aangetoond dat de ziekte van Crohn is geassocieerd met lagere 
aantallen faecalibacteriën en meer “slechte” adherente invasieve E. coli (AIEC) in de darm 
11,12. In Hoofdstuk 3 hebben we laten zien dat na riboflavine inname een toename in de 
aantallen boterzuurvormers zoals F. prausnitzii gekoppeld is aan een afname in het aantal 
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enterobacteriën. Dit bevestigt de gevonden negatieve correlatie tussen de twee bacteriën 
die gezien was in Hoofdstuk 2. Als we te weten komen hoe riboflavine de hoeveelheid 
enterobacteriën verlaagd kunnen we misschien de overmatige groei van deze 
pathosymbiontische E. coli bacteriën tegen gaan. Dit zou een goede behandeling kunnen 
zijn voor patiënten met chronische darmontsteking, maar ook om een uitbraak van 
pathogene enterobacteriën, zoals de zeer pathogene Enterohemorragische E. coli (EHEC) 
bacterie te bestrijden. Het feit dat 1) enterobacteriën bij voorkeur dicht bij het epitheel 
groeien, 2) AIEC een rol spelen in de pathogenese van de ziekte van Crohn en 3) 
faecalibacteriën de unieke eigenschap hebben om het fecale-mucosale grensgebied te 
koloniseren, ondersteunt onze hypothese dat het stimuleren van F. prausnitzii groei 
belangrijk is voor het verkrijgen van een gezonde darm. Eén reden waarom F. prausnitzii 
een gunstig effect op de darm heeft is omdat het ontstekings-remmende eigenschappen 
heeft13. Ontsteking leidt tot oxidatieve stress in het darmepitheel en dit kan de groei van 
zuurstof-tolerante pathosymbionten zoals E. coli stimuleren. Juist een toename van anti-
inflammatoir F. prausnitzii op deze plek zal de groei van E. coli beperken en daarmee het 
ontstekingsproces in het darmepitheel indammen. F. prausnitzii is een strikt anaerobe 
bacterie en gaat dus dood in direct contact met zuurstof. F. prausnitzii moet de door 
ontsteking veroorzaakte oxidatieve stress dan wel kunnen overleven anders krijgen 
pathosymbionten zoals  E. coli de overhand.  De omgekeerde evenredigheid van deze twee 
populaties is vaker aangetoond door Harmsen et al. en Willings et al. die een afname van F. 
prausnitzii zagen en een toename van E. coli bij mensen met de ziekte van Crohn. Dit alles 
geeft de potentie aan van het gebruik van riboflavine voor de ondersteuning van de 
behandeling van patiënten met chronische darmontstekingen, vooral in de remissie (of 
onderhouds-) fase als de darmontsteking en oxidatieve stress geen acute problemen geven. 
De bovenstaande bevindingen laten zien dat de anti-inflammatoire eigenschappen van F. 
prausnitzii gebaseerd kunnen zijn op verschillende mechanismen. Het kan een 
onderdrukkend effect hebben op bacteriën zoals E. coli, of het kan een effect zijn van de 
verhoogde productie van metabolieten zoals boterzuur door de faecalibacteriën. Het 
positieve effect van boterzuur is ook al aangetoond in muizen die lijden aan een ontsteking 
in de dikke darm14. Om de interactie tussen darmepitheelcellen en darmmicroben beter te 
leren begrijpen is het belangrijk dat er naast diermodellen ook nieuwe methoden in het 
laboratorium worden ontwikkeld waarin deze directe interactie bestudeerd kan worden .  
Er zijn verschillende experimentele “in-vitro” modellen ontwikkeld waarbij (an)aerobe 
bacteriën en darmepitheelcellen samen gekweekt kunnen worden13,14. Dit is bijzonder lastig 
omdat de epitheelcellen zuurstof nodig hebben terwijl anaerobe bacteriën juist doodgaan 
als er (minuscule hoeveelheden) zuurstof aanwezig is. 
 In Hoofdstuk 4 hebben we een systeem ontwikkeld om de zuurstof-afhankelijke 
darmepitheelcellen (Caco-2 cellen) en de extreem zuurstofgevoelige anaerobe F. prausnitzii 
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samen te kweken. Dit “Human oxygen-Bacteria- anaerobic” (HoxBan) co-kweek-systeem 
laat deze twee celtypen gedurende ten minste 36 uur naast elkaar groeien. Vooral de 
toename van groei van F. prausnitzii vlakbij de Caco-2 cellen in de zuurstofrijke-
zuurstofarme overgangszone is heel erg vergelijkbaar met wat we in de menselijke darm 
hebben gevonden (Hoofdstuk 2) en maakt dit systeem uitermate geschikt om de interactie 
tussen deze bacterie en darmepitheelcellen nader te bestuderen. Onze bevindingen in 
Hoofdstuk 4 tonen de anti-oxidatieve stress en anti-inflammatoire eigenschappen van 
groeiende F. prausnitzii cellen op Caco2-cellen aan. De specifieke toename van F. prausnitzii 
in de zuurstofrijke-zuurstofarme overgangszone zoals beschreven door Khan et al.15 was 
ook aanwezig in het HoxBan systeem en deze groei was vooral sterk dicht bij de Caco-2 
darmepitheelcellen. Deze toegenomen aantallen F. prausnitzii in co-kweek met Caco-2 
cellen toont aan dat de darmepitheel cellen op een of andere manier een positief effect 
hebben op de groei van de (anaerobe) bacterie. Deze positieve interactie is mogelijk het 
gevolg van zuurstof-consumptie door de Caco-2 cellen wat gunstig is voor de 
zuurstofmijdende  faecalibacteriën en/of de productie van prebiotische stoffen.  
De anti-inflammatoire effecten van F. prausnitzii op Caco-2 cellen bleek uit de verlaagde 
expressie van IL-1β en iNOS in de darmepitheelcellen, iets wat nog niet eerder in co-kweek 
systemen aangetoond kon worden, omdat er geen levende bacteriën werden gebruikt13. 
Verder werd ook de expressie van genen die reageren op oxidatieve stress, zoals heme 
oxygenase 1 (HO-1), onderdrukt in het co-kweek systeem. Dit alles ondersteunt de 
hypothese dat F. prausnitzii anti-oxidatieve en anti-inflammatoire eigenschappen heeft.  
In Hoofdstuk 4 werd ook een exo-metaboloom analyse verricht. Dit is een  analyse van een 
groot aantal stoffen/metabolieten in het medium na verschillende HoxBan co-kweek 
condities. Hiermee kan bekeken worden welke stoffen specifiek worden geconsumeerd of 
juist geproduceerd (en uitgescheiden) onder de verschillende condities. Hoewel er veel 
meer F. prausnitzii bacteriën aanwezig zijn in co-kweek met Caco-2 cellen, werd er geen 
verhoogde concentratie boterzuur gemeten, in vergelijking met een F. prausnitzii kweek 
zonder Caco-2 cellen. Mogelijk komt dit doordat boterzuur als primaire energiebron wordt 
geconsumeerd door de Caco-2 darmepitheelcellen16 . Wel werd er in het co-cultuur 
systeem meer mierenzuur (formiaat) gemaakt, mogelijk omdat er meer bacteriën groeiden 
die dit maken terwijl dit i.t.t. boterzuur niet wordt verbrand door Caco-2 cellen. Onze 
experimenten tonen aan dat het HoxBan systeem een ideaal platform is voor de analyse 
van infectie/inflammatie modellen, waarmee het effect van patho-symbiontische bacteriën, 
zuurstof radicalen of inflammatoire cytokines op de communicatie van bacteriën met de 
darmepitheelellen geanalyseerd kan worden.  
De ziekte van Crohn en colitis ulcerosa zijn de belangrijkste vormen van chronische 
darmontsteking (inflammatory bowel disease, IBD) in de mens. IBD ontstaat als gevolg van 
een complex samenspel tussen factoren als genetische vatbaarheid, omgevingsfactoren, 
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darm microbiota en het immuunsysteem. In een gezonde darm zorgt het immuunsysteem 
ervoor dat pathogenen en pathosymbionten niet in de mucosa doordringen, terwijl het de 
normale commensale bacteriën tolereert. Een disbalans tussen de activiteit van het 
immuunsysteem en microbiota kan tot ontsteking van de darmwand leiden. Recente 
genoom-wijde associatie studies hebben 163 loci in ons genoom aangetoond die met 
chronische darmontsteking geassocieerd zijn17. Het is helaas nog niet bekend hoe 
genoomvarianten het microbioom kunnen beïnvloeden 18,19. Eén van die loci is ATG16L1 
welke een belangrijke factor is in de aangeboren immuniteit en is onder andere betrokken 
bij fagocytose van micro-organismen in de darm. Het eiwit gecodeerd door dit gen is 
namelijk betrokken bij de intracellulaire afbraak van pathogenen nadat ze in afweercellen 
door fagocytose opgenomen zijn in zogenaamde fagosomen. Een speciale variant van 
ATG16L1, namelijk ATG16L1-T300A, heeft als gevolg dat gefagocyteerde materiaal niet 
goed wordt afgebroken en daarmee geeft deze variant een verhoogde kans op de ziekte 
van Crohn20-23. In Hoofdstuk 5 hebben we de relatie bestudeerd tussen het ATG16L1 
genotype van patiënten met de ziekte van Crohn en de bacteriële samenstelling van 
ontstoken en niet-ontstoken slijmvlies van het laatste deel van de dunne darm. Dit deel, het 
terminale ileum, staat via een klep in verbinding met de dikke darm. De bacteriële 
samenstelling is bepaald door middel van “pyro-sequentie” analyse van de aanwezige 16S 
rRNA genen. Onze resultaten tonen aan dat de microbiële samenstelling van biopten van  
ontstoken terminaal ileum anders is in patiënten die homozygoot zijn voor de 
beschermende genvariant (het ATGL16L1-T300 allel)  in vergelijking met patiënten die 
homozygoot drager zijn van de risico genvariant (het ATG16L1-T300A allel). Opvallend 
genoeg werd dit verschil niet gevonden in het niet-ontstoken slijmvlies van dezelfde 
patiënten, dus er is een specifieke relatie met ontsteking. De patiënten met de ziekte van 
Crohn die het risico allel bezitten zijn niet goed in staat om pathosymbionten, zoals 
Enterobacteriaceae, Bacteroidaceae en Fusobacteriaceae, tijdens ontsteking op te ruimen. 
Bij patiënten met het beschermende allel zijn deze pathosymbionte bacteriën minder 
aanwezig, wat suggereert dat deze wel opgeruimd kunnen worden. Daarnaast waren bij 
patiënten met het beschermende allel meer Lachnospiraceae aanwezig in vergelijking met 
dragers van het risico allel. Helaas geven de resultaten niet aan of de pathosymbionten de 
ontsteking veroorzaakt hebben of dat ze het gevolg zijn van de ontsteking. De resultaten uit 
Hoofdstuk 5 komen overeen met die van Neut et al.24 welke beschreef dat een toename 
van de voornoemde pathosymbionten gerelateerd is aan een snellere terugkeer van de 
ziekte van Crohn na verwijdering van een ziek stuk terminaal ileum. Om het effect van het 
ATG16L1 genotype op fagocytose van pathosymbionten beter te kunnen besturen werd in 
hoofdstuk 5 ook de mate van overleving van AIEC (adherente invasieve E. coli) in 
monocyten geïsoleerd uit het bloed van gezonde vrijwilligers met het beschermende of het 
risico ATG16L1 allel onderzocht. Om de ontsteking in de darm na te bootsen werden deze 
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monocyten geactiveerd tot macrofaag door deze bloot te stellen aan ontstekingsfactoren, 
zoals IL-1β, TNFα en PMA. Vervolgens werden de bacteriën toegevoegd en bepaald hoe 
goed de macrofagen is staat waren om deze te doden. De resultaten hiervan bevestigde de 
in vivo experimenten in de darmbiopten, want bij de monocyten met het risico allel 
overleefden meer AIEC dan bij monocyten met het beschermende allel. Dit verschil was er 
niet als de monocyten niet een “ontstekingsfenotype” hadden. Kennelijk hebben de 
monocyten die het risicogen dragen vooral moeite met het verwerken van pathogenen als 
ze in een omgeving van ontsteking geactiveerd zijn.  
Zoals eerder genoemd spelen de  darmmicrobiota  een cruciale rol bij de ontwikkeling van 
het immuunsysteem en de ontwikkeling van tolerantie voor bepaalde bacteriesoorten. Een 
afwijking in deze tolerantie kan leiden tot ontsteking zoals aanwezig bij de ziekte van Crohn. 
Onder normale condities zijn deze immuunreacties gericht tegen pathosymbionten, zoals E. 
coli, om deze te elimineren25. Het is niet bekend waartegen de immuunreacties en de 
ontsteking bij chronische darmontstekingsziekten gericht is. Feit is dat het vaak om 
langdurige ontsteking gaat waarbij de integriteit van de darm aangetast is, de darm is in 
feite een beetje lek. Dit leidt tot een verhoogde passage van bacteriën en allergenen door 
het epitheel naar het onderliggende weefsel en de bloedbaan, wat weer kan leiden tot een 
afwijkende immuunreactie26. Een veel voorkomende immuunreactie is de vorming van 
antistoffen tegen darmbacteriën. Daarom hebben we in Hoofdstuk 6 gekeken of er 
bacteriën in de ontlasting zitten die herkend worden door specifieke antistoffen van het 
type Immuunglobuline G (IgG). Daarvoor hebben we IgG uit het serum van patiënten met 
een darmontsteking samengevoegd bij bacteriën uit hun eigen ontlasting. Om de binding 
van IgG aan darmbacteriën te detecteren  hebben we magnetisch gelabelde antistoffen 
tegen IgG gebruikt om de aan IgG gebonden bacteriën te kunnen isoleren. De bacteriële 
samenstelling van IgG gebonden fractie en de niet IgG gebonden fractie van de ontlasting 
hebben we bepaald met Illumina sequentie analyse van de aanwezige 16S rRNA genen. De 
resultaten gaven inderdaad aan dat er bacteriegroepen zijn de specifiek serum IgG binden. 
De IgG antistofreactie was vooral gericht tegen dunne darmbacteriën, zoals Streptococcus, 
Lactobacillus, Enterococcus en Veillonella. Verder was het gericht tegen pathosymbionten 
zoals Ruminococcus gnavus en Enterobacteriaceae. Aan de andere kant was er zeer weinig 
IgG immuunreactie tegen heilzame en anti-inflammatoire bacteriën, zoals F. prausnitzii en 
Roseburia. Hierbij werden er geen verschillen gevonden in antistofreactie tegen 
darmbacteriën van serum afkomstig van patiënten met de ziekte van Crohn of colitis 
ulcerosa. De immuunreactie tegen pathosymbionten is te verwachten, maar dat ook 
anderen commensalen en zelfs dunne darmbacteriën reageren is onverwacht en dit kan 
misschien nieuw licht werpen op de ontstaansgeschiedenis van chronische inflammatoire 
darmziekten.  
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In Hoofdstuk 8 wordt naast een samenvatting van het proefschrift ook vooruitgekeken naar 
welk onderzoek er nu moet volgen om de relatie tussen de darmmicrobiota en chronische 
darmontsteking te ontrafelen. Zoals bij elk wetenschappelijk onderzoek zijn specifieke 
vragen beantwoord, maar roept het ook weer vele nieuwe vragen op.  
Er zou meer onderzoek moeten komen naar de heilzame bacterie F. prausnitzii. De 
fylogenie van de verschillende stammen moet onderzocht worden om te kunnen bepalen 
welke stammen het belangrijkste zijn bij de kolonisatie van de darm, bij het anti-
inflammatoire effect en de vorming van boterzuur. Vooral de ontcijfering van de 
gekoloniseerde voedseldeeltjes kan interessante aanwijzingen geven over stimulering van 
faecalibacteriën in de darm. Ook het mechanisme achter het effect van riboflavine op de 
faecalibacterie-populaties is interessant en kan ons verder helpen in de ondersteuning van 
een gezonde darmmicrobiota.  Verder moet de werking van heilzame bacteriën op het 
immuunsysteem verder onderzocht worden in het HoxBan systeem.  In dit systeem kan nu 
de rol van vitaminen, voedingsvezels maar ook de rol van pathosymbionten onderzocht 
worden, wat ons kan helpen de complexe gastheer-microbiota interactie te doorgronden. 
De rol van de genen op onze darmmicrobiota en op ontsteking kan ook in vitro in het 
HoxBan systeem onderzocht worden. Daarbij kunnen ook andere genen dan ATG16L1, zoals 
NOD2, en naar andere celtypen zoals monocyten en neutrofielen betrokken worden. 
Onderzoek naar het effect van omgevingsfactoren, zoals roken, dieet en hygiëne op ons 
microbioom zal ons nieuwe inzichten geven in de ontwikkeling van chronische 
darmontsteking. De resultaten beschreven in dit proefschrift helpen om nieuwe strategieën 
op het gebied van dieet of farmacologie te ontwikkelen voor het behandelen van 
chronische darmontsteking en/of te voorkomen dat er opnieuw ontsteking ontstaat in de 
darmen van individuen die vatbaar zijn voor de ontwikkeling van IBD.   

REFERENTIES 
1. Luckey TD. Introduction to intestinal microecology. Am J Clin Nutr 1972;25:1292-1294. 
2. Whitman WB, Coleman DC, Wiebe WJ. Prokaryotes: the unseen majority. Proc Natl Acad 
Sci U S A 1998;95:6578-6583. 
3. Van den Abbeele P, Van de Wiele T, Verstraete W, Possemiers S. The host selects 
mucosal and luminal associations of coevolved gut microorganisms: a novel concept. FEMS 
Microbiol Rev 2011;35:681-704. 
4. Zoetendal EdV, Willem. Effect of diet on the intestinal microbiota and its activity. Curr 
Opin Gastroenterol 2014;30:189-195. 
5. Hopkins MJ, Sharp R, Macfarlane GT. Age and disease related changes in intestinal 
bacterial populations assessed by cell culture, 16S rRNA abundance, and community cellular 
fatty acid profiles. Gut 2001;48:198-205. 

133



 
Appendices 
6. Benson AK, Kelly SA, Legge R, et al. Individuality in gut microbiota composition is a 
complex polygenic trait shaped by multiple environmental and host genetic factors. Proc 
Natl Acad Sci U S A 2010;107:18933-18938. 
7. Ley RE, Hamady M, Lozupone C, et al. Evolution of mammals and their gut microbes. 
Science 2008;320:1647-1651. 
8. Leone V, Chang EB, Devkota S. Diet, microbes, and host genetics: the perfect storm in 
inflammatory bowel diseases. J Gastroenterol 2013;48:315-321. 
9. Backhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI. Host-bacterial mutualism in 
the human intestine. Science 2005;307:1915-1920. 
10. Swidsinski A, Loening-Baucke V, Vaneechoutte M, Doerffel Y. Active Crohn's disease and 
ulcerative colitis can be specifically diagnosed and monitored based on the biostructure of 
the fecal flora. Inflamm Bowel Dis 2008;14:147-161. 
11. Harmsen HJ, Pouwels SD, Funke A, Bos NA, Dijkstra G. Crohn's disease patients have 
more IgG-binding fecal bacteria than controls. Clin Vaccine Immunol 2012;19:515-521. 
12. Willing B, Halfvarson J, Dicksved J, et al. Twin studies reveal specific imbalances in the 
mucosa-associated microbiota of patients with ileal Crohn's disease. Inflamm Bowel Dis 
2009;15:653-660. 
13. Sokol H, Pigneur B, Watterlot L, et al. Faecalibacterium prausnitzii is an anti-
inflammatory commensal bacterium identified by gut microbiota analysis of Crohn disease 
patients. Proc Natl Acad Sci U S A 2008;105:16731-16736. 
14. Ulluwishewa D, Anderson RC, Young W, et al. Live Faecalibacterium prausnitzii in an 
apical anaerobic model of the intestinal epithelial barrier. Cell Microbiol 2014;. 
15. Khan MT, Duncan SH, Stams AJ, van Dijl JM, Flint HJ, Harmsen HJ. The gut anaerobe 
Faecalibacterium prausnitzii uses an extracellular electron shuttle to grow at oxic-anoxic 
interphases. ISME J 2012;6:1578-1585. 
16. Vital M, Howe AC, Tiedje JM. Revealing the bacterial butyrate synthesis pathways by 
analyzing (meta)genomic data. MBio 2014;5:e00889-14. 
17. Jostins L, Ripke S, Weersma RK, et al. Host-microbe interactions have shaped the 
genetic architecture of inflammatory bowel disease. Nature 2012;491:119-124. 
18. Frank DN, Robertson CE, Hamm CM, et al. Disease phenotype and genotype are 
associated with shifts in intestinal-associated microbiota in inflammatory bowel diseases. 
Inflamm Bowel Dis 2011;17:179-184. 
19. Rehman A, Sina C, Gavrilova O, et al. Nod2 is essential for temporal development of 
intestinal microbial communities. Gut 2011;60:1354-1362. 
20. 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. 

134



 
Nederlandse Samenvatting 
21. Massey DC, Parkes M. Genome-wide association scanning highlights two autophagy 
genes, ATG16L1 and IRGM, as being significantly associated with Crohn's disease. 
Autophagy 2007;3:649-651. 
22. 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 2007;39:596-604. 
23. Deretic V, Levine B. Autophagy, immunity, and microbial adaptations. Cell Host Microbe 
2009;5:527-549. 
24. Neut C, Bulois P, Desreumaux P, et al. Changes in the bacterial flora of the neoterminal 
ileum after ileocolonic resection for Crohn's disease. Am J Gastroenterol 2002;97:939-946. 
25. Macpherson A, Khoo UY, Forgacs I, Philpott-Howard J, Bjarnason I. Mucosal antibodies 
in inflammatory bowel disease are directed against intestinal bacteria. Gut 1996;38:365-
375. 
26. Shim JO. Gut microbiota in inflammatory bowel disease. Pediatr Gastroenterol Hepatol 
Nutr 2013;16:17-21. 
  
 
 

 

 

 

 

 

 

 

 

 

 

 

135



 
Appendices 
 

136



 

 

ACKNOWLEDGEMENTS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
APPENDICES 

 

First and foremost I wish to express my special appreciation and thanks to my supervisor 
Dr. Hermie Harmsen. Dear Hermie, you have been a tremendous mentor for me who never 
faced me as a boss. I would like to thank you for all the things you have done for me, 
encouraging my research progress and being there all the time with your honest and 
friendly manner which allowed me to develop my skills. Your creative ideas on my research 
topics have been priceless and helped me to grow as a PhD student in your lab. I hope I can 
have your helpful corrections on my Dutch like I had it for my English! Thank you for 
providing me with the opportunity to continue my research career in a field that I like a lot. 
I hope that we can make a wonderful outcome of it.  
A special thanks goes to my promotors Prof. Dr. Gerard Dijkstra and Prof. Klaas Nico Faber. 
Dear Gerard, you were/are always full of new and brilliant ideas which you did not hesitate 
to share with me. I will always appreciate your supportive presence during my PhD. Your 
honorable attitude and optimistic views were always there in the most difficult times of my 
stay here and helped me in confronting the problems and assuring that I can and should 
continue my progress.  
Dear Klaas Nico, despite the fact that I started to be your student somewhat later during my 
PhD,  I always benefited from your positive energy, fine ideas and your sharp critics which 
shaped the results to become more appealing which I think ended up in some great 
outcomes.     
I would also like to thank my reading committee members, Prof. N.A. Bos, Prof. G.T. Rijkers, 
and Prof. H. Flint for sparing precious time and evaluating my thesis.  
My special thanks go to Jan Marten Van Dijl for his friendly attitude and wonderful ideas. I 
would like to thank all the members of the MMB, Molbac and MDL labs for all their support 
for the experiments. Erwin Rangs and Carien Bus, thank you very much for all the helps and 
assistance in MMB lab, especially in the first year of  my stay here (dear Carien, an especial 
dankje for being my paranymph). Special thanks to Tjasso Blokzijl from MDL lab for his help 
and energetic manner. 
A warm thank you for all the residents of “de Brug” specially Marchine, Anke Caroline and 
Anja for their warm, friendly smiles and helps. A Dankje for the de Brug Coffee table 
comitee, Patrick, Zadrach, Gepke, and Gidiony for the fun talks around the table. 
I would like to also thank all lunch group mates, Jan-Willem (It was pleasant to have you in 
the office, thank you for all the help) Silvia, Kai, Mithila, Tjibbe and Mariano for the nice 
chats we had as well as all the office mates, Rudi, Marcus, Tanweer and Linda for their help 
during my PhD. 
Several Gut Ecology group students, Kilian, Jele, Emmelien, Nicole, Annelieke and Geisje 
assisted me with experiments in our lab. Thank you very much for all the help. Special 
thanks for Annelieke, for finding typos in the latest draft of the thesis. 

138



 
ACKNOWLEDGEMENTS 

 

A big “dametun garm” to all my Iranian friends in Groningen. Dear Amir Hossein and Sara, 
you were my first friends here in Holland and I am very happy that we kept this valuable 
friendship during these years and I hope we can keep it forever. Dear Mahdi and Fahimeh 
thank you very much for being my friend without any expectations and having me in all 
those difficult times, especially in the cold winter times ;). Dear Nima and Shaghayegh, 
thanks a lot for sharing your time and happiness with me in all those years I was your 
“Hamsayeh”. Dear Salomeh, thanks  for all the informative help and delicious foods you 
prepared in the past years. A big thanks to my dear friends from Tabriz, Mojtaba, Sanam 
and Taha for all the warm moments we had here especially in the very difficult moments 
within the past couple of months, thanks a lot for being there. I would like to thank 
“Shelem” team members of Groningen especially  Nima, Saleh and Pouya for all the fun 
time we had together, I hope we can reunite the team and compete very soon again. Dear 
Saleh and Fariba I wish you very happy moments in your life. Dear Reza, thank you very 
much for the nice friendship and great hospitality you had in Tango and your place. Dear 
Mohammad Reza and Saiedeh, thanks a lot for all the fun moments we had together. 
Mandana and Mehran, thank you for all the fun parties we had in Groningen and I wish you 
a very happy life. Dear Mehdi and Parisa, it is pity that we got to know each other just 
recently, many thanks for your generous help in the few past months. Dear Golnar, thank 
you for your positive comments and helps about my project. I would like to thank all other 
Iranian friends here in Groningen, Reza, Vahid and Niloofar, Karameh, Azadeh, Solmaz, 
Negin, Paria, Marzieh, Rieks, Ali and Shabnam, Hadi and Soheila, Esmaiel and Sahar, Ahmad, 
Mehran, Ali and all those friends of which I forgot to mention their names here.  
Dear Visnja, I will always remember the coffee-cappuccino breaks that we had in UMCG.  
During my stay In Van Houtenlaan I met wonderful people from different countries, which 
gave me the opportunity to know the world better and make a great friendship. Thanks a 
lot for all the memorable moments. Among those I would like to mention, my dear 
neighbors from the 7th floor, Vassiliki, Marte and Richard, thanks a lot for helping me. 
A special debt is owed to Mr. Mohammad Salek Nejat and Nejati Industrial Group for all the 
help and support I had from them. 
I would also like to thank Prof. Dr. Peter Weber, Dr. Jonas Wittwer and Dr. Robert Steinert 
from DSM Nutritional Products Ltd. for their financial support of the thesis and bringing the 
opportunity for upcoming research projects. 
 
 
 
 

139



 
APPENDICES 

 

Words cannot express how grateful I am to my family. My sincerest thanks to my parents in 
law and my little sister Shabnam, for all the support and warm energy that I had in the 
recent year.  
My dear parents, Haji va Haj khanum! without your helps and all the sacrifices that you’ve 
made on my behalf it was not possible to achieve here. I was not there when you needed 
me and you were there all the times that I needed you. Your prayer for me was what 
sustained me thus far. My dear sisters and brothers, Gity, Mahin, Kamran and Mehran, it 
would have been much more difficult without your help and support here and back home, I 
miss you all a lot.  
At the end I would like express my appreciation to my beloved wife Elnaz. My honey, your 
support, encouragement, quiet patience and unwavering love were the best support I ever 
had. Your tolerance of my absence and our separation is a testament in itself of your 
unyielding devotion and love. Thank you very much for all of it.    
 
Mehdi  
Groningen  
January 2015 
 

140



 

 

LIST OF PUBLICATIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
APPENDICES 

 

Sadaghian Sadabad M, Regeling A, de Goffau MC, Blokzijl T, Weersma RK, Penders J, Faber 
KN, Harmsen HJ, Dijkstra G. 
The ATG16L1-T300A allele impairs clearance of pathosymbionts in the inflamed ileal 
mucosa of Crohn's disease patients. 
Gut. 2014 Sep 24. pii: gutjnl-2014-307289. doi: 10.1136/gutjnl-2014-307289 
 
Marzorati M, Vanhoecke B, De Ryck T, Sadaghian Sadabad M, Pinheiro I, Possemiers S, Van 
den Abbeele P, Derycke L, Bracke M, Pieters J, Hennebel T, Harmsen HJ, Verstraete W, Van 
de Wiele T.  
The HMI™ module: a new tool to study the Host-Microbiota Interaction in the human 
gastrointestinal tract in vitro. 
BMC Microbiol. 2014 May 22;14:133. doi: 10.1186/1471-2180-14-133. 
 
van der Kooi-Pol MM, Sadaghian Sadabad M, Duipmans JC, Sabat AJ, Stobernack T, 
Omansen TF, Westerhout-Pluister GN, Jonkman MF, Harmsen HJ, van Dijl JM. 
Topography of distinct Staphylococcus aureus types in chronic wounds of patients with 
epidermolysis bullosa. 
PLoS One. 2013 Jun 25;8(6):e67272. doi: 10.1371/journal.pone.0067272. Print 2013. 
PMID: 23825650 
 
Hermie J.M. Harmsen, M. Tanweer Khan, Sadaghian Sadabad M and Jan Maarten van Dijl. 
The use of riboflavin for the selective stimulation of Faecalibacterium prausnitzii in the 
human gut and the stabilization of a synbiotic( probiotic/prebiotic) formulation of the same 
oxygen sensitive F. prausnitzii.  
European patent application No. 12190948.5 Rijksuniversiteit Groningen 
 

142


	a-Title page 17x24
	Ch-1 LO
	Ch-2 LO
	Ch-3 LO
	Ch-4 LO (Corrected Ref)
	Ch-5 LO
	DNA extraction
	Survival assay
	Statistical analysis
	Principal component analysis (PCA) was performed to find clusters of similar groups of samples or species. All tests were performed with PASW Statistics 18 (SPSS, USA). As gut microbial species abundances are not normally distributed, non-parametric t...

	Ch-6 LO
	Ch-7 LO
	Ch-8-Nederlands Samenvatting and discussie
	Ch-9-Acknowledgments-spell checked - Copy
	Ch-10-List of Publication



