
Presence of microflora in our lower gastro-intestinal tract is essential for the 
digestion of complex plant polysaccharides and the production of vitamins. In turn, 
the microflora profits from the stable nutrient-rich environment. This metabolic 
interdependence is thought to have been the driving force behind years and 
years of co-evolution, which has intensified the mutualistic relationship to a level 
that extends beyond metabolism. The microflora has become indispensable for 
development and maturation of the immune system as became clear from studies 
with germ-free mice in which the immune system is poorly developed1-4. 
 

1. Intestinal Microflora and the Maintenance of the Mucosal 
Barrier

The barrier function of the mucosa, the layer of the intestinal wall closest to the 
intestinal lumen, is essential to prevent bacterial entry into the intestinal tissues. It is 
formed by a single layer of intestinal epithelial cells (IECs) that are closely connected 
to each other by tight junctions, and supported by a layer of mucus that contains 
antimicrobial peptides (AMPs) and secretory IgA. The microflora is essential for 
the maintenance of this mucosal barrier function, as was reviewed in the general 
introduction of this thesis. In short, signaling through Toll-like receptors (TLRs) leads 
to strengthening of IEC tight junctions5, 6 and stimulates the production of AMPs by 
IECs7-10. Signaling through NLRs stimulates AMP production by Paneth cells and IECs 
and induces maturation and secretion of IL-18, a cytokine important for epithelial 
regeneration and repair11-17.

Disturbance of the mucosal barrier is thought to be a main contributor in the 
pathogenesis of inflammatory bowel disease (IBD), of which Crohn’s disease (CD) and 
ulcerative colitis (UC) are the main types. CD is a multifactorial disease and thought 
to develop as a result of both genetic predisposition and environmental triggers. 
Several gene polymorphisms have been identified that confer susceptibility to CD. 
Interestingly, the strongest association was found for loss-of-function mutations in 
the NLR NOD218, 19, which brings together genetic predisposition and the sensing of 
environmental microflora-derived triggers to one molecule. 

NOD2 is a cytoplasmic NLR that detects muramyl dipeptide20, 21, a breakdown 
product of bacterial peptidoglycan. The fact that loss-of-function mutations in NOD2 
are associated with increased risk of CD development suggests a protective, immune 
homeostasis-maintaining role for this receptor under steady state conditions. 
Indeed, NOD2 stimulates production of α-defensins by Paneth cells15, 16 and induces 
autophagy in IECs and DCs, a mechanism to eradicate invasive bacteria22, 23. In 
addition, we show in chapter 2 that NOD2 improves IEC barrier function. NOD2 
signaling in IECs strengthens subsequent TLR2 signaling towards TJs, resulting in 
increased expression of claudin-3 and claudin-4 and thereby increased IEC barrier 
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Figure 1 – The role of NOD2 in mucosal barrier function. The cytoplasmic pathogen-recognition 
receptor NOD2 serves important functions in maintaining mucosal barrier function in the intestine. 1. 
Triggering of NOD2 by its ligand MDP20, 21, which is released upon bacterial replication91 and diffuses 
through the mucus towards the IECs, induces the production of α-defensins in Paneth cells15, 16. These 
defensins are secreted into the mucus layer overlying the intestinal epithelial monolayer and prevent 
direct contact between microbiota and the epithelial cells92. 2. Upon detection of invasive bacteria in 
IECs by NOD2, the cytoplasmic receptor induces autophagy22, 23, a process in which invasive bacteria are 
encapsulated in autophagosomes (APS) and degraded by the fusion of these vesicles with lysosomes. 
3. NOD2 strengthens protective TLR2 signaling, resulting in stronger tight junctions and increased 
production of chemokines, such as CXCL1, which attracts neutrophils to inspect the lamina propria 
underlying the epithelial monolayer, to prevent bacterial translocation and infection (chapter 2). 4-6. 
Several gene polymorphisms have been identified to confer susceptibility to CD, of which loss-of-
function mutations in NOD2 gave the strongest association18, 19. Loss of NOD2-mediated maintenance 
of the mucosal barrier is observed in several pathways: Paneth cell production of defensins is severely 
reduced15, 16, resulting in less efficient separation of microbiota from the epithelial monolayer (4); 
invasive bacteria are not efficiently attacked by autophagy inside IECs22, 23 (5); and lack of the NOD2-
mediated enhancement of protective TLR2-signaling results in weaker TJs and reduced chemokine 
production (chapter 2) and thereby immune cell surveillance of the lamina propria (6). Thus, lack 
of NOD2 increases the chance of bacterial translocation. Together with the abrogated functions of 
NOD2 in DCs and macrophages and on microbiota composition, this may explain the predisposition of 
individuals harboring loss-of-function mutations in NOD2 to CD. 

resistance (figure 1). Our finding is supported by previous observations that 
already suggested the involvement of NOD2 signaling in epithelial barrier function:  
NOD2-/- mice show increased intestinal epithelial permeability under SPF conditions24 
and CD patients with a mutated NOD2 gene have increased levels of LPS in their 
mucosal lamina propria compared to CD patients that have functional NOD225. 

Altogether, NOD2 plays an important role in preventing bacterial entry into 
intestinal tissues, as a result of which loss-of-function mutations in this receptor 
increase the chance of bacterial translocation and might thereby predispose to CD 
development.

2. Intestinal Microflora and the Mucosal Immune System

Presence of the microflora is essential for development of a proper mucosal immune 
system as was shown in germ-free mice, which for example lack isolated lymphoid 
follicles and secretory IgA26, 27, and have a strongly TH2-skewed immune response28. 
Also, the presence of CX3CR1+ colonic macrophages under steady state conditions 
depends on the intestinal microflora, as we (chapter 3) and others29, 30 have shown in 
MyD88ko, antibiotics-treated, and germ-free mice (figure 2). The increased number 
of macrophages in the presence of microflora is caused by microflora-induced TLR 
signals that inhibit the macrophages from migrating to the MLN. Under steady 
state conditions the microflora hereby prevents the initiation of pro-inflammatory 
immune responses, while under conditions of dysbiosis, for example induced by 



antibiotics treatment, the macrophages, containing phagocytosed bacteria, do 
migrate to the MLN and induce T and B cell responses29. In contrast, the presence 
of DCs (chapter 3) and CD169+ macrophages, identified in chapter 6, in the lamina 
propria is independent of the intestinal microflora.
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Figure 2 – Effects of the microflora on the intestinal and systemic immune system. The intestinal 
microflora is essential for the maintenance of a proper intestinal immune system: microflora-derived 
TLR ligands inhibit the migration of macrophages to the MLN29; bacterial nucleic acids stimulate IECs 
to produce TSLP39, which induces the mucosal CD103+CD11b+ tolerogenic phenotype in DCs93; and 
bacterial cell wall-derived peptidoglycan stimulates the formation of isolated lymphoid follicles (ILF) 
in a NOD1-dependent manner26. Specifically, segmented filamentous bacteria (SFB) induce TH17 
responses31, 32, whereas Clostridium species and Bacteroides fragilis stimulate Treg responses33, 34. 
Bacteroides fragilis-derived polysaccharide A (PSA) is responsible for the Treg induction by modulating 
DC function34, 37, 38, and stimulates IL-10 production by Treg’s38. The systemic immune system is also 
affected by presence of the intestinal microbiota: TLR ligands stimulate antiviral activity of peritoneal 
macrophages by inducing their type I interferon producing capacity through epigenetic changes45, 46, 
and stimulate the presence of homeostatic numbers of Ly6C+ monocytes in blood, spleen, and BM 
(chapter 3); peptidoglycan stimulates the bactericidal capacity of circulating neutrophils47; B. fragilis-
derived PSA corrects the number of CD4+ T cells in the spleen and restores the disturbed TH1/TH2 
balance observed in germ-free animals by stimulating TH1 cell production56. In addition, murine models 
of the TH17-mediated autoimmune diseases arthritis and multiple sclerosis (EAE) show aggravated 
disease in the presence of intestinal microflora57, 58.
MF = macrophage; ILF = isolated lymphoid follicle; MC = monocyte; NF = neutrophil; SFB = segmented 
filamentous bacteria; EAE = experimental autoimmune encephalomyelitis
This figure was adapted from Ubeda & Pamer70 and Hooper & Littman & Macpherson27.



The fact that not just presence of microflora, but also the composition of this 
microflora is essential for a proper mucosal immune function becomes more and 
more clear now the microbiota composition under steady state and inflammatory 
pathological conditions is extensively investigated. Different bacterial strains have 
differential effects on the cells of the mucosal immune system (figure 2). Whereas 
segmented filamentous bacteria (SFB) induce TH17 responses31, 32, Clostridium 
species and Bacteroides fragilis induce generation of Treg’s33, 34. Microbe-derived 
molecules can end up in Peyer’s patches or the lamina propria by continuous antigen 
sampling performed by M cells, which overlie Peyer’s patches. In addition, goblet 
cells shuttle antigens to CD103+CD11b+ DCs, and macrophages form intraepithelial 
dendrites by which they take up microbes. Microbe-derived molecules that are 
taken up by such mechanisms and that are specific to the different bacterial species 
are thought to mediate the different species-specific immune outcomes. Currently, 
the exact mechanisms and microbe-derived molecules that are responsible for the 
induction of different effects on the mucosal immune system are just starting to be 
unraveled.

The Treg inducing capacity of B. fragilis was recently explained by the 
production of the zwitterionic polysaccharide A (PSA). PSA is recognized and taken 
up by DCs in the lamina propria in a TLR2-dependent mechanism and presented 
towards T cells in MHC class II34-36. This results in the generation of CD4+CD25+ 
FoxP3+ regulatory T cells, which produce high amounts of IL-10 and suppress TH17 
responses34, 37, 38. The IL-10 production by these Treg’s was independent of DCs, but 
mediated by direct PSA-induced TLR2 signaling in the Treg’s38 (figure 2). It remains 
elusive how PSA is transported into the lamina propria to induce IL-10 production 
by Treg’s, but the mechanism of colonic IEC-mediated shuttling of TLR2 ligands into 
the lamina propria described in chapter 3 might be involved in this process. Next to 
PSA, also microflora-derived nucleic acids were shown to affect mucosal immune 
cell function by inducing TSLP expression by colonic IECs and thereby the mucosal 
tolerogenic DC phenotype39  (figure 2). Further studies will undoubtedly elucidate 
more microbial derived molecules that influence the mucosal immune system.

3. Intestinal Microflora and the Systemic Immune System

The mucosal immune system is separated from the systemic immune system by 
compartmentalization, which prevents exposure of the systemic immune system 
to intestinal bacteria. Whereas bacteria that are taken up by lamina propria 
macrophages will be rapidly killed by these cells due to their bactericidal activity, 
bacteria phagocytosed by lamina propria DCs can migrate through the lymph and 
reach the MLN alive, where protective mucosal immune responses will be induced. 
DCs that entered the MLN, will die after some time of antigen presentation together 
with the bacteria they contain, as a result of which the MLN is an effective barrier 



that protects further penetration of the bacteria into our systemic circulation and 
tissues27, 40. 

However, microbial presence is essential for a proper systemic immune 
system, as became clear initially by investigating microflora-deficient mice: such 
germ-free mice have reduced homeostatic T cell proliferation, a reduced number 
of CD4+ T cells in the spleen, smaller lymphoid follicles in the spleen, lower levels 
of circulating immunoglobulins, and strongly TH2 skewed immune responses41-44  
(figure 2). Recently, also the functions of several innate immune cell types were 
shown to depend on the intestinal microflora. Macrophages of mice in which the 
microflora is depleted by antibiotics-treatment show impaired anti-viral immunity45, 

46. The bactericidal activity of blood neutrophils is significantly reduced in antibiotics-
treated mice in a NOD1-dependent manner47, and in CD patients with loss-of-
function mutations in NOD248 (figure 2). In addition, we show in chapter 3 that 
the differentiation of hematopoietic progenitors into Ly6C+ monocytes, essential in 
antibacterial defense and replenishment of tissue macrophages, is strongly reduced 
in mice that lack microflora or MyD88  (figure 2). 

How are these effects of microflora on the systemic immune system 
established, while the micro-organisms are not able to pass the MLNs? Clarke 
et al.47 elegantly showed that microbe-derived molecules can enter the systemic 
circulation: they colonized germ-free mice with E. coli that expressed radioactively-
labeled peptidoglycan. In this very sensitive setting, small traces of radioactive signal 
could be measured in serum and bone marrow of colonized mice, indicating that 
peptidoglycan ended up at these systemic locations, where it affected neutrophil 
function47. This suggests that microbe-derived molecules that are able to enter the 
systemic circulation regulate the microflora-dependent aspects of the systemic 
immune system.

We propose that the microflora-induced generation of Ly6C+ monocytes is 
also caused by microflora-derived molecules that have passed the IEC barrier by 
transcytosis (chapter 3). The molecules involved here are TLR ligands, which enter the 
lamina propria and possibly also the systemic circulation to induce the generation of 
Ly6C+ monocytes. The MyD88-dependent signaling stimulated by translocated TLR 
ligands induced the expression of hematopoietic growth factor G-CSF in a MyD88-
dependent manner, probably both locally in the colon and systemically in the bone 
marrow, which in turn stimulated the generation of Ly6C+ monocytes (chapter 
4). The identity of the cell type(s) producing G-CSF in response to the microflora-
derived molecules remain(s) to be shown, but according to current literature49 could 
be colonic subepithelial myofibroblasts50, fibroblasts51, monocytes/macrophages52, 

53, endothelial cells54 and/or bone marrow stromal cells55.
Although it has not been shown yet how, also the B. fragilis-derived compound 

PSA exerts effects on the systemic immune system. Its administration to germ-free 
animals was shown to correct the number of CD4+ T cells in the spleen, and restores 
the TH1/TH2 imbalance observed in germ-free mice56 (figure 2).



The observation that several autoimmune and inflammatory disease mouse 
models depend on the microbial colonization status, underscores even more the 
influence of microflora on the systemic immune system: germ-free mice have 
reduced severity of arthritis57 and EAE, the mouse model of multiple sclerosis58, 
but are more susceptible to type 1 diabetes compared to mice that have a normal 
microflora59, 60.

 

4. Intestinal Microflora Dysbiosis and Clinical Implications

Overall, it is clear that the presence of microflora in the intestinal lumen is crucial 
for a proper immune function. In addition, the microflora competes with pathogens 
for colonization of the intestinal tract, thereby preventing potential invasion of 
the intestinal tissues by these pathogens. To serve both these purposes properly, 
not only just presence of microflora, but also its composition is essential (table 1). 
This composition has evolved in a species-specific manner, since germ-free mice 
that were colonized with human microflora were more susceptible to Salmonella 
infection than mice colonized with murine microflora61.

4.1 Genetic predisposition
Composition of the intestinal microflora is influenced in part by our own 
immune system, for example by the expression of antimicrobial proteins. Mice 
that overexpress human α-defensin 5 in Paneth cells have an altered microbial 
composition, which makes them more resistant to Salmonella infection62. A human 
setting in which α-defensin production by Paneth cells is reduced can be found in 
individuals that have loss-of-function mutations in NOD2. As a result these patients 

Cause Mechanism  Consequence  Potential treatment  

Genetic 
predisposition  

Altered AMP production13, 62-64  Increased susceptibility to 
infections62, metabolic 
syndrome64, colitis13, 63  

Probiotics24 
Flora transplantation? 

Antibiotics 
treatment  

During: lack of protective flora-
effects on immune system70  

Increased susceptibility to 
infections69-74  

Probiotics72, 75, 76  
Flora transplantation77  
TLR ligands78-82 

After: Colonization by different 
(antibiotics-resistant) bacterial 
strains65-69 

Improved 
hygiene  

Lack of microbial species that 
coevolved with our immune system 
disturbed the TH1/TH17 – TH2 
balance84, 85  

Increased prevalence of 
autoimmune and allergic 
diseases84, 85  

Introduction of lost species 
or their effector molecules 
(e.g. helminths)86-88  
 

 

Table 1 – Mechanisms of microbial dysbiosis.



microflora composition63, which contributes to the increased susceptibility to CD. 
Also deficiencies in TLR5 and Nlrp6, other receptors recognizing microflora-derived 
molecules, were shown to alter the intestinal microflora, resulting in metabolic 
syndrome and colitis susceptibility, respectively. Both these phenotypes could be 
transferred to wild type mice just by transfer of the intestinal microflora13, 64. 

Can the composition of the intestinal microflora be corrected in genetically 
predisposed individuals to overcome the increased susceptibility to disease? One 
solution might be the transplantation of microflora from healthy donors. In mice 
it was shown that the increased susceptibility of NOD2-/- mice to colitis could be 
abolished by the administration of altered Schaedler flora (a mixture of 8 different 
species of the murine microbiota) or by the probiotic strain Bifidobacterium brevis24. 
However, since the Paneth cell-expressed defensins are still absent in case of NOD2 
deficiency, the composition of the transferred microflora may change back into the 
CD-predisposing composition and therefore frequent microflora transplantations 
will be required. Another approach might be to orally administer defensins to the 
NOD2-deficient persons to correct the microflora composition, but also these would 
have to be administered on a regular basis and it requires investigation whether 
such administered AMPs can enter the mucus layer to form an effective barrier. 
Future research will have to determine what approach is the best to take.

4.2 Antibiotics
Composition of the intestinal microflora is also severely affected by antibiotics 
treatment. Although antibiotics treatment is crucial to fight bacterial infections, it 
becomes more and more clear that such a treatment leaves permanent marks on 
the composition of the microbial community of the intestine. Both studies in mice 
and men have shown that during the antibiotics treatment diversity and density of 
the microbiota are strongly reduced, but that also after the end of the treatment 
and the recolonisation of the intestinal tract, the composition is permanently 
altered65-69. 

Because of the previously introduced beneficial effects of flora on intestinal 
and immune system function,  antibiotics treatment strongly affects the intestinal 
and immune homeostasis, resulting in an increased susceptibility to new infections70. 
For example, treatment of mice with streptomycin increased susceptibility to 
Salmonella infection71-73, combined treatment with metronidazole, neomycin and 
vancomycin increased colonization with vancomycin-resistant Enterococcus (VRE) 
that often precedes bloodstream invasion69, and hospital-acquired diarrhea is 
almost always caused by Clostridium difficile infection upon antibiotics treatment74. 

Can antibiotics treatment be modulated in such a way that the fight against a 
bacterial infection is maintained, but that the adverse effects on intestinal (immune) 
function and thereby the predisposition to infection are prevented? An approach 
that has been and still is investigated is the co-administration of bacteria, so-called 
probiotics, together with the antibiotics. Administration of anaerobic bacteria 



together with streptomycin prevented Salmonella infection in mice72. Barnesiella-
containing microbiota was recently shown to protect against VRE colonization75. 
C. difficile induced infection and diarrhea could be prevented in humans by co-
administration of a mixture of Streptococcus thermophilus, Lactobacillus casei, and 
Lactobacillus bulgaricos76. Interestingly, it was recently shown that also transfer of 
the complete intestinal microbiota of a healthy donor to C. difficile-infected patients 
is a very effective treatment of C. difficile-induced diarrhea77.

Next to this probiotics approach, also the administration of bacterial 
components to trigger specific host receptors to restore immune function during 
antibiotics treatment has been investigated. Administration of microbiota-derived 
bacterial DNA restored defective innate immune defense against the parasite 
Encephalitozoon cuniculi78, and administration of TLR ligands flagellin and LPS could 
reduce colonization by VRE, by inducing the IEC-expression of AMP RegIIIγ79, 80, and 
by C. difficile81, and prevented Escherichia coli-induced pneumonia82. In a similar 
way also co-administration of TLR2 ligand Pam3CSK4 with antibiotics might be a very 
interesting approach, since it has been shown to be important for maintenance 
of steady state levels of circulating Ly6C+ monocytes, which are essential for anti-
bacterial defense and replenishment of tissue macrophages (chapter 3), and of a 
proper IEC barrier function6, 83. In fact, oral administration of this TLR2 ligand has 
already been shown to prevent subsequent development of DSS-induced colitis in 
mice6. 

4.3 Hygiene
In addition to a disturbed microbial composition caused by genetic predisposition 
or antibiotics-treatment, also the improved hygiene that has developed over time in 
the western world has clearly changed the composition of the intestinal microflora. 
Whereas improved hygiene has reduced the amount of microbial infections that 
an average individual experiences, eradication of certain microbial species is not 
so beneficial. Our immune system has evolved in the presence of a rich variety 
of microorganisms based on which a balance has been set between immune 
activation and immune tolerance, and between TH1/17 and TH2 responses. The last 
decades some of the microorganisms that used to be present have disappeared 
from our microflora and the balance that has evolved is thought to be disturbed. 
This is considered to be the cause of the increased incidence of autoimmune and 
allergic diseases present in the western world, compared to third world countries 
and is called the ‘hygiene hypothesis’. For example, the presence of Helicobacter 
pylori in our microflora has been greatly reduced, which is associated with the 
currently observed increased incidence of childhood asthma84. The incidence of the 
inflammatory and autoimmune diseases such as Crohn’s disease, ulcerative colitis 
and multiple sclerosis has also greatly increased over the last decades, which is 
associated with reduced presence of helminths in our intestines85. 



A number of studies have been performed to treat autoimmune and allergic 
diseases via the restoration of this evolutionary set balance. Initial studies into the 
introduction of eggs of the pig helminth Trichuris suis have given promising results for 
the treatment of Crohn’s disease86, ulcerative colitis87 and multiple sclerosis88. This 
helminth was shown to skew the DC-induced immune response of these patients, 
suffering from TH1/17-mediated diseases, towards a TH2-type, which reduced 
disease symptoms. However, introducing live helminths into patients suffering from 
immunologic diseases might pose a threat. Therefore identification of the exact 
molecules responsible for the stimulation of TH2 over TH1/17 responses and their 
mechanism of action would be useful to selectively skew the immune response and 
treat TH1/TH17-mediated diseases without the need of introducing live helminths. 
The production of pro-inflammatory TH1/17-inducing cytokines and chemokines by 
DCs is actively suppressed by T. suis glycans89, 90. In addition, T. suis glycans reduce 
IEC barrier function to gain access to DCs present in the lamina propria (chapter 5). 
Together with DCs, IECs themselves also participate in the T. suis-induced skewing 
of the immune response, as we show that T. suis derived factors, probably both 
glycan- and protein-moieties, suppress cytokine and chemokine production by IECs 
(chapter 5).

5. Concluding remarks

In this thesis we have identified new mechanisms by which the intestinal microflora 
is essential for immune homeostasis, both locally in the intestine and systemically 
in the rest of the body. Future research in this field will certainly lead to a further 
understanding of the large variety of microbial interactions with our immune system 
and how they affect immune function and homeostasis. In addition, identification 
of the microflora composition under steady state and pathological conditions will 
shine further light on how this affects our health and how it can be manipulated to 
treat various immunological diseases.
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