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1. The gastrointestinal tract

The main functions of the gastrointestinal tract are the digestion of food and the 
absorption of digestive products. Whereas the upper gastrointestinal tract, from 
oral cavity to esophagus, prepares ingested food for digestion by enzymes in the 
saliva and brings it to the stomach, the lower intestinal tract, ranging from stomach 
to anus (figure 1A), takes care of the actual digestion and absorption processes. 
After hydrochloric acid, digestive enzymes and mucus have been added and the 
food has been kneaded in the stomach, the food enters the first part of the small 
intestine, the duodenum, as semi-fluid chyme. In the duodenum a large amount of 
mucus, digestive enzymes from the pancreas and bile from the liver are added to 
the chyme, resulting in further digestion of food-derived proteins, carbohydrates 
and fat. In the jejunum, the second part of the small intestine, absorption of mainly 
amino acids and monosaccharides into the blood stream takes place, whereas the 
last part of the small intestine, the ileum, takes care of absorption of the remainder 
of food-derived factors, vitamin B12, and bile salts. Lipids are absorbed into the 
lymph by passive diffusion throughout the small intestine. Absorption is completed 
in the large intestine (colon), where mainly water and sodium are taken up, resulting 
in the conversion of the semi-fluid chyme into semi-solid feces that leaves the body 
via the rectum and anus1, 2.

The gastrointestinal tract is lined by a wall that differs in the distinct 
parts of the tract to fulfill specific local needs. In the small and large intestine the 
gastrointestinal wall consists of four different layers (figure 1B). The layer closest to 
the intestinal lumen is called the mucosa, and contains a single layer of polarized 
columnar epithelial cells, which executes the actual absorption of nutrients, a 
subepithelial layer of loose connective tissue, called the lamina propria, which 
contains lymphatic and blood capillaries into which digestion products pass, and a 
thin layer of smooth muscle, called the muscularis mucosae. Absorption of nutrients 
is enhanced by a large effective absorption area that is created by mucosal folds 
(plicae), finger-like extensions of the intestinal wall (villi, only in the small intestine), 
and finger-like extensions of the cell membrane on the luminal (apical) side of 
epithelial cells lining the intestinal wall (micro-villi). In addition, epithelial crypts, 
invaginations of the surface, increase the absorptive surface and are typical mucosal 
glands that produce for example mucus, but also contain Lgr5+ epithelial stem cells 
that continuously give rise to new epithelial cells3.  The muscularis mucosae affects 
the effective absorption area by moving the villi back and forth1, 2.

The submucosa is the second layer of the intestinal wall and consists of 
connective tissue in which neurons and relatively large blood and lymphatic vessels 
are present. Underneath the submucosa is the muscularis externa, which consists 
of an inner circular and an outer longitudinal smooth muscle layer, both of which 
together are responsible for the peristaltic waves of the intestine by which chyme 
and eventually the feces is moved forward through the intestinal lumen towards 
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the anus. The intestinal wall is lined on the outside with a thin connective tissue 
membrane, called the serosa, which contains many nerves, blood vessels, and 
lymphatics1, 2.

2. The intestinal mucosal barrier

The intestinal lumen contains a large community of microorganisms with over 
1012 bacteria per cm3 intestinal contents4. Presence of these bacteria is essential 
for us, since they are able to digest complex polysaccharides from ingested food 
by the expression of specific enzymes that we lack ourselves. In turn, the bacteria 
take advantage of the protected, nutrient-rich environment in the intestine4, 5. 
This indicates the existence of a mutualistic relationship in which two organisms 
living together both benefit from doing so. However, presence of microorganisms 
in the intestinal lumen poses the potential threat of bacterial translocation into 
the intestinal tissues that might result in bacteremia and chronic inflammation. 
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Figure 1 – The Gastrointestinal Tract. A. The lower gastrointestinal tract is responsible for the digestion 
of ingested food and for the absorption of nutrients. It starts with the stomach where ingested food 
is kneaded and hydrochloric acid, digestive enzymes and mucus are added. Subsequently, digestive 
enzymes produced by the pancreas and bile from the liver are added in the small intestine, resulting in 
the digestion of lipids, proteins and carbohydrates into fatty acids, amino acids, and monosaccharides, 
which are absorbed into the blood and lymph. Finally, in the large intestine water and minerals, 
like sodium, are taken up. Here, the remains of digested food still present in the intestinal lumen 
becomes solid feces, which leaves the body via the rectum and anus1, 2. B. The wall of the small and 
large intestine consists of four layers. Closest to the intestinal lumen is the mucosa. The mucosa 
contains connective tissue, called the lamina propria, which on the luminal side is lined by a single 
layer of epithelial cells, and on the inner side by a muscular layer, called the muscularis mucosae. 
The second layer is the submucosa, another layer of connective tissue in which large blood and 
lymph vessels are embedded. Two thick muscular layers that are responsible for the peristaltic 
movements of the intestines form the third layer of the intestinal wall, the muscularis externa. The 
intestine is lined on the outside by a connective tissue membrane, called the serosa, which is the 
fourth layer of the gastrointestinal wall, and which contains nerves, blood and lymph vessels1, 2.
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Therefore, the intestinal wall has to form an effective barrier to prevent entry of 
these microorganisms into the intestinal tissue.  

2.1 Epithelial barrier
Crucial in the formation of the intestinal barrier is the mucosal epithelial layer. 
Intestinal epithelial cells (IECs) are highly polarized cells with an apical side facing the 
intestinal lumen and a basolateral side facing the lamina propria. They are strongly 
connected to each other by adherens junctions and desmosomes, which connect 
the cytoskeletons of two adjacent cells. The barrier function is already mediated by 
the mere presence of IECs, forming a barrier for hydrophilic compounds with their 
lipid bilayer cell membrane, and in addition by the presence of tight junctions on 
the apical side of the paracellular space6 (figure 2). 

Tight junctions are multiprotein complexes, in which the most important 
subunits are claudins, a family of proteins that is expressed in a tissue-specific 
manner. Claudins are transmembrane proteins that form homotypic intercellular 
interactions. Intracellularly, claudins are connected to the actin cytoskeleton 
through interaction with zonula occludens proteins 1 or 2 (ZO-1, ZO-2). Also, ZO-1 
and ZO-2 are essential for tight junction assembly. Tight junctions are crucial for 
the IEC barrier function, because they tightly close down the paracellular space and 
thereby prevent passive diffusion of compounds through this space6.

Since certain nutrients have to be taken up through the paracellular space, 
its permeability is firmly regulated by two different tight junction-dependent 
pathways: the leak pathway and a pathway involving small pores7. Via the leak 
pathway large solutes, like proteins, can pass the epithelial layer independent of their 
charge. Small charge-selective tight junction pores, formed by specific pore-forming 
claudins like claudin-2, regulate the paracellular transport of small solutes (<4A)7-9. 
Both these pathways that regulate paracellular permeability can be modulated by 
cytokines, for example interferon-γ (IFNγ) and tumor necrosis factor alpha (TNFα)8, 9 
and are affected in various diseases. An example is inflammatory bowel disease 
(IBD) in which TNFα is a major effector cytokine and in which increased expression 
of pore-forming claudin-2 has been reported10. 

The important intestinal barrier function being executed by only a single 
layer of epithelial cells is quite hazardous since it is easily disturbed. For this reason, 
various additional protective mechanisms (figure 2) have evolved over time to 
support the single layer of epithelial cells to properly maintain the barrier function. 

2.2 Mucus
Specialized epithelial cells present in the crypts of both small and large intestine, 
called goblet cells, produce large amounts of mucins, which form a hydrated gel 
on top of the epithelial layer. From a digestive point of view this mucus gel serves 
to induce a smooth passage of ingested food and to protect the epithelium from 
stomach-derived hydrochloric acid. In addition, it also forms an important part of 
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the mucosal barrier, because it prevents direct interaction of IECs with the intestinal 
microflora. The main building block of the intestinal mucus gel is mucin protein 
Muc2. Heavy O-glycosylation gives Muc2 its high water-binding capacity, resulting 
in formation of the hydrated gel. Muc2 proteins polymerize into large net-like 
structures, resulting in stratified mucus layers11. The importance of Muc2 in the 
maintenance of intestinal mucosal barrier function was shown in Muc2 deficient 
mice, which spontaneously develop colitis12, 13.

The colon contains two mucus layers. The outer layer is loosely adherent 
and is colonized by the colonic microflora, whereas the densely-packed inner layer 
(50-200µm thick) is strongly adherent to the colonic epithelial layer and is devoid of 
microflora. The inner layer therefore effectively separates the epithelium from the 
high bacterial load of the colonic lumen (figure 2)11, 12. The small intestine, which 
contains much lower numbers of microorganisms, contains only a single layer of 
mucus, which is loosely adherent to the epithelium and discontinuous11. However, 
also in the small intestine bacteria are kept at a distance from the epithelial layers, 
but here this is largely mediated by an additional component of the mucosal barrier: 
antimicrobial peptides (AMPs)14.

2.3 Antimicrobial peptides
AMPs are secreted into the mucus layer and kill or inactivate microorganisms. 
In this way they form another layer of protection in the intestine to support the 
barrier function of epithelial cells (figure 2). The AMPs expressed most abundantly 
in the intestine are α-defensins, small amphipathic peptides that insert into the 
membranes of both Gram-positive and Gram-negative bacteria and induce their 
killing. α-Defensins are produced by Paneth cells, specialized epithelial cells present 
in small intestinal crypts. In addition to α-defensins, Paneth cells also produce 
angiogenin 4, lysozyme and phospholipase A215.

In the small intestine absorptive enterocytes constitutively produce the 
AMPs RegIIIβ and RegIIIγ, which are C-type lectins that bind peptidoglycans on 
cell walls of Gram-positive bacteria and are essential for separation of bacteria 
and the epithelium in the small intestine14. In the colon absorptive enterocytes 
produce β-defensins and cathelicidins, AMPs that kill microorganisms through 
membrane disruption15. In addition to killing microorganisms both defensins and 
cathelicidins also function as chemoattractants and can modulate signaling through 
host receptors15. AMPs are secreted into the mucus layer covering the epithelial 
cells. The mucus acts as a diffusion barrier for AMPs by keeping them concentrated 
close to the epithelium, as a result of which they form an effective protection layer 
against direct interaction of bacteria with the intestinal epithelium15. 

2.4 Secretory IgA
An additional factor that is secreted into the mucus is secretory immunoglobulin 
A (sIgA). This immunoglobulin binds bacteria and thereby prevents them from 
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adhering to the intestinal epithelium. IgA is produced and secreted by plasma cells 
present in the lamina propria and transcytosed through IECs towards the intestinal 
lumen via binding to the polymeric Ig (pIg) receptor (figure 2). It is released into 
the intestinal lumen together with a part of this pIg receptor, resulting in sIgA, 
which makes it resistant to proteolytic cleavage16. Mice deficient in the pIg receptor 
show increased susceptibility to Salmonella typhimurium infection, indicating the 
importance of sIgA in mucosal barrier function17.
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Figure 2 – The Mucosal Barrier. The mucosa forms an essential barrier in the intestine to prevent 
entry of microorganisms and harmful food components into the intestinal tissue. The most important 
cells that execute this barrier function are the intestinal epithelial cells (IECs). IECs are tightly attached 
to each other by tight junctions, big protein complexes containing claudins and ZO-1/2 that are 
connected to the actin cytoskeleton6. To support the barrier function of this single epithelial layer 
specialized epithelial cells called goblet cells produce mucus, which is in the colon organized in two 
layers on top of the epithelium. The inner layer is dense and devoid of microorganisms, whereas the 
outer layer is colonized by microorganisms11-13. As an additional barrier to protect against microbial 
invasion, antimicrobial peptides (AMPs) and secretory IgA (sIgA) are secreted into the mucus. AMPs 
are produced by Paneth cells, specialized epithelial cells in the small intestine, and enterocytes and 
are able to kill microorganisms14, 15. IgA is produced and secreted by plasma cells present in the lamina 
propria and subsequently transcytosed by IECs into the intestinal lumen. This transcytosis is mediated 
by the polymeric Ig receptor, a part of which stays bound to the IgA upon release into the mucus, 
resulting in highly protease-resistant sIgA which is able to neutralize microorganisms present in the 
mucus layer16.  This figure was adapted from Hooper & McPherson16 and Turner6.
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3. Bacterial recognition by the intestinal epithelium

Although the main function of the epithelium as a barrier is to prevent entry of 
microorganisms into the intestinal tissues, presence of the microorganisms or 
microorganism-derived compounds is essential to maintain this barrier function. 
Intestinal epithelial cells recognize intestinal microorganisms by the expression of 
various pathogen-recognition receptors. Among these receptors are membrane-
associated Toll-like receptors (TLRs) and cytoplasmic Nod-like receptors (NLRs).

3.1 Toll-like receptors
TLRs are membrane associated receptors present either on the cell membrane or 
on endosomal membranes. So far, 10 different functional TLRs have been identified 
in humans and 12 different functional TLRs in mice. TLRs are type I transmembrane 
proteins, of which the extracellular domain contains leucin-rich repeats that are 
responsible for the ligand binding and receptor specificity. The intracellular part 
contains a Toll-interleukin-1 receptor (TIR) domain, which induces downstream 
signaling. TLRs signal through adaptor molecules MyD88 (TLR2, TLR4, TLR5, 
TLR7, TLR8, TLR9) or TRIF (TLR3, TLR4). TLR-induced signaling through MyD88 
results in activation of transcription factors NF-kB, which induces the production 
of inflammatory cytokines, and/or IRF7, which induces the production of type I 
interferons, essential in antiviral defense. TLR-induced TRIF signaling activates 
both NF-kB and IRF3 transcription factors, as a result of which both inflammatory 
cytokines and type I interferons are produced18 (figure 3A). 

Each TLR recognizes a different microbe-associated molecular pattern. TLR1, 
TLR2, TLR4, TLR5, TLR6 and TLR11 are cell surface expressed receptors that mainly 
recognize bacterial cell-surface molecules. TLR2 pairs up with TLR1 to recognize 
triacylated lipopeptides from Gram-negative bacteria and mycoplasma, whereas it 
pairs up with TLR6 to recognize diacylated lipopeptides from Gram-positive bacteria 
and mycoplasma. In addition, TLR2 is known to also recognize molecular patterns 
from fungi (zymosan), parasites (tGPI mucin from Trypanosoma cruzi) and viruses 
(hemagglutinin from measles virus). TLR4 recognizes lipopolysaccharide (LPS), 
which is expressed as a part of the outer membrane by Gram-negative bacteria. 
TLR5 recognizes the bacterial flagellin protein. TLR11 binds Toxoplasma gondii-
derived profilin-like molecule and, since it is highly expressed in the murine kidney 
and bladder and essential there to prevent bacterial infection, TLR11 is thought to 
also recognize components of uropathogenic bacteria18.

TLR3, TLR7, TLR8, and TLR9 are expressed on endosomal membranes and 
mainly serve to recognize viruses and internalized bacteria. TLR3 recognizes double-
stranded RNA molecules, derived from dsRNA viruses, replicating ssRNA viruses 
or the genomic RNA of reoviruses. TLR7 and TLR8 recognize viral ssRNA, whereas 
TLR9 recognizes CpG DNA motifs, which are commonly present in bacterial and viral 
genomes, but are rare in host cells18. 
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3.2 Nod-like receptors
Nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) are 
cytoplasmic sensors of microbe-associated molecular patterns. They comprise 
large families in both humans and mice of 23 and approximately 34 members, 
respectively. The C-terminus of the NLRs contains leucine-rich repeats that are 
involved in ligand binding. The N-terminus contains several domains, of which 
the CARD domain is essential for homotypic interactions with downstream CARD-
containing signal transduction molecules. In between the N- and C-terminal domains 
there are nucleotide-binding and oligomerization (NACHT) domains present that are 
involved in dimerization of NLRs upon ligand binding, resulting in their activation. 
Activated NLRs signal towards activation of transcription factors NF-kB and Map 
kinases that induce proinflammatory cytokine production, or towards activation 
of inflammasomes, which are protein complexes either involved in the caspase-
mediated proteolytic cleavage and thereby maturation of cytokines IL-1β and IL-18, 
or in inducing cell death19 (figure 3A).

Best characterized NLRs are NOD1 and NOD2. Both these cytosolic receptors 
recognize peptidoglycan fragments from bacterial cell walls. For NOD1 this ligand 
is γ-D-glutamyl-meso-diaminopimelic acid (iE-DAP)20, 21, whereas for NOD2 this 
is muramyl dipeptide (MDP)22, 23. In addition, NOD2 was shown to also recognize 
pathogenic parasites, like Toxoplasma gondii24, and viral single-stranded RNA25. 

The NLR Nlrp3 (NOD-like receptor family, pyrin domain containing 3) forms 
the best known inflammasome, the Nlrp3 inflammasome, together with proteins 
procaspase-1, AIM2 (absent in melanoma 2) and ASC (Apoptosis-associated speck-
like protein containing a CARD domain). This inflammasome can be activated by 
a diverse range of compounds: microbe-associated molecular patterns (from 
viruses, bacteria, and fungi), danger-associated molecular patterns (tissue damage-
associated molecules), and also pollutants like asbestos. Upon ligand binding, Nlrp3 
oligomerizes, which recruits ASC and procaspase-1. By this interaction procaspase-1 
is converted into caspase-1, which then will cleave inactive pro-IL-1β or pro-IL18 
into their mature active forms26. Mature IL-1β and IL-18 are secreted and execute 
their pro-inflammatory and IEC repair functions, respectively.

3.3 Microbiota-induced signaling in IECs maintains the mucosal barrier
Human and murine IECs were shown to express at least TLR2, TLR3, TLR4, TLR5, TLR9. 
Under steady state conditions, expression of these TLRs in IECs is tightly regulated 
and low. Studies comparing TLR expression in germ-free and conventionally housed 
mice showed that the microbiota is involved in maintaining this TLR expression27. 
Inflammatory cytokines, like IFNγ and TNFα, can increase the TLR expression. Under 
chronic inflammatory conditions, like in IBD patients, altered TLR expression levels 
in IECs were shown28-31.

TLR expression in IECs is regulated also in a spatial fashion. Some TLRs, for 
example TLR532, 33, are only expressed on the basolateral side of the epithelial 
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Figure 3 – Mucosal barrier function is supported by pattern recognition receptors. A. Important 
pattern recognition receptors (PRRs) comprise the families of Toll-like receptors (TLRs) and Nod-like 
receptors (NLRs). TLR family members are expressed on the plasma membrane (TLR1,2,4,5,6) and 
on endosomal membranes (TLR3,7/8,9), whereas NLRs are cytosolic PRRs. Most TLRs signal trough 
the adaptor molecule MyD88 (TLR1,2,4,5,6,7/8,9) towards activation and nuclear translocation of 
transcription factor NF-kB that induces the production of pro-inflammatory cytokines. TLR3 and TLR4 
signal (also) through adaptor molecule TRIF, which results in the production of type I interferons, 
important cytokines in anti-viral defense. NLRs NOD1 and NOD2 recognize cytoplasmic pathogens and 
in response induce activation of NF-kB and thereby the production of pro-inflammatory cytokines18, 19. 
B. Microbiota-induced PRR signaling in IECs maintains the mucosal barrier function. Signaling in IECs 
through TLR2 induces strengthening of tight junctions, by apical tightening of ZO-139, promotes survival 
of IECs34 and stimulates the production of AMPs42. Microbiota-induced signaling in IECs through NLRs 
induces the production and secretion of AMPs into the mucus layer43, 44 and the maturation of pro-
IL-18 into IL-18, which is important in IEC repair and regeneration upon tissue damage45-49.
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monolayer, as a result of which they can only be activated by bacteria or bacterial 
products that have translocated into the lamina propria. In this way immune 
activation in response to the luminal microflora is prevented, but immune activation 
upon presence of invasive bacteria is induced. Other TLRs are expressed on the 
apical side without any inflammatory consequences. In contrast, these TLRs support 
the epithelial barrier function34-36.

The fact that presence of the intestinal microflora supports a proper mucosal 
barrier function became clear for the first time when Hooper et al.37 colonized 
germ-free mice with the bacterium Bacteroides thetaiotaomicron and analyzed the 
transcriptional responses within IECs. One of the most prominent pathways induced 
by colonization was the fortification of the mucosal barrier function. In subsequent 
studies it was shown that these barrier fortification pathways are initiated for an 
important part by microbiota-induced TLR-signaling, as mice deficient in TLR2, 
TLR4, or MyD88 show increased susceptibility to DSS-induced colitis due to more 
severe intestinal epithelial injury36, 38. 

Especially one specific TLR, TLR2, transduces microflora-induced protective 
signals to maintain epithelial tight junctions. TLR2-deficient mice suffer from much 
higher morbidity and mortality upon DSS- or Citrobacter rodentium-induced colitis, 
which is caused by increased intestinal epithelial injury compared to wild-type 
animals35, 36. In addition, oral administration of TLR2 ligand Pam3CSK4 ameliorated the 
clinical signs of DSS-induced colitis by stimulating IEC barrier maintenance: colitis-
induced disassembly of epithelial tight junctions and epithelial apoptosis were 
inhibited34. In in vitro studies using IEC cell lines it was shown that TLR2 induces a PKC-
dependent signal transduction pathway that leads to apical tightening and sealing 
of ZO-139. In addition, through a MyD88-dependent PI3K/AKT-mediated pathway 
TLR2 signaling promotes epithelial cell survival34. Both processes are essential for 
strengthening of the epithelial barrier function in response to TLR2 stimulation, as 
was shown in in vitro experiments by paracellular resistance measurements that 
indicate tight junction strength39.

In addition to tight junctions, microflora-induced TLR signaling also affects the 
production of AMPs by IECs (figure 3B). IECs of MyD88 deficient mice completely 
lack RegIIIγ, RegIIIβ, DMTB1 and resistin-like molecule-β (RELMβ) production40, 41. 
This was not due to signaling by one specific TLR, since specific deletion of the 
different TLRs could not abrogate the AMP production41. However, specifically 
TLR2-induced production of RegIIIβ was essential for resistance to oral Yersinia 
pseudotuberculosis infection42. 

Also microflora-induced NLR signaling is important for maintenance of the 
mucosal barrier function (figure 3B). Paneth cell production of α-defensins, a 
subgroup of AMPs, depends on NOD2 signaling43, 44. Accordingly, NOD2 deficient 
mice show increased susceptibily to oral but not systemic infection with Listeria 
monocytogenes43. In addition, deficiency in inflammasome-associated NLRs, such 
as Nlrp3 and Nlrp6, or in inflammasome subunits ASC and caspase-1 was shown 
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to confer increased susceptibility to colitis because of disturbed production of 
β-defensins and of cytokine IL-18, which is essential for IEC regeneration and repair 
upon tissue damage45-49, in part by increasing the epithelial repair activity of  IL-2250.

In conclusion, next to making essential contributions to intestinal metabolic 
processes, millions of years of co-evolution have made the microflora indispensable 
for the protection against pathogenic infections, in part by inducing maintenance of 
a proper barrier function. Interestingly, it becomes more and more clear that having 
the right composition of your intestinal microflora is essential for experiencing 
these beneficial effects. A disturbed microflora composition has been associated 
with various diseases including allergies, inflammatory bowel diseases and obesity5.

4. The mucosal immune system

To allow the microflora-mediated beneficial effects on both metabolic and 
immunologic processes, the generation of immune responses against these 
microorganisms has to be prevented. For this purpose, the mucosal immune system 
is uniquely designed to tolerate the presence of the intestinal microbiota, whereas 
it is activated by the presence of invasive pathogenic microorganisms.

4.1 Luminal antigen sampling
The intestinal immune system continuously samples the luminal content close to 
the IEC monolayer, which allows it to decide to maintain tolerance or to induce an 
immune response against the sampled antigens. Antigen sampling is performed in 
different ways, by different cell types in the intestine.

The small intestine contains organized lymphoid structures with high 
numbers of B cells in organized follicles, and T cells in between these follicles 
underneath the intestinal epithelial layer, which are called Peyer’s patches (PPs). 
The epithelium that covers PPs contains specialized epithelial cells, called microfold 
(M) cells, that transcytose luminal content into the lymphoid structure.  Antigen 
presenting cells (APCs) present in the underlying PP are activated upon antigen 
uptake and migrate either into the local PP interfollicular T cell zone, or migrate 
to the intestine-draining lymph nodes, called mesenteric lymph nodes (MLNs), 
where the antigen will be presented to T cells in a tolerogenic or immune-activating 
context. Under steady state conditions dendritic cells (DCs) locally induce plasma cell 
differentiation from B lymphocytes, by which the production of IgA and secretion of 
sIgA into the gut lumen is stimulated51, 52.

Sampling of luminal contents also takes place outside Peyer’s patches 
in the small and large intestine. For example, a subset of macrophages present 
underneath the intestinal epithelial layer forms transepithelial dendrites by which 
luminal samples are taken53, 54. Also, goblet cells have been shown to transfer luminal 
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antigens to underlying CD103+ dendritic cells (DCs)55. These DCs subsequently 
migrate to the MLNs and present the antigen to T cells in either a tolerogenic or 
immunogenic context. 

What determines whether upon antigen encounter an APC will induce a 
tolerogenic or immune-activating response? The intestinal lamina propria contains 
several subsets of APCs, among which are macrophages and DCs, that differ in 
their immune-activating capacities and origin. The phenotype of these subsets 
is influenced by the local environment, in which IEC-produced factors serve an 
important role.

4.2 Intestinal macrophages
Under steady state conditions macrophages are the most abundant type of 
mononuclear phagocytes present in the lamina propria and highly express 
CX3CR156-58. Two different intestinal macrophage subsets have been identified, 
which are characterized by the phenotypes F4/80+CD11c+CD11b+ and F4/80+CD11c-

CD11b+57, 58. The CD11c+ macrophage subset is localized in close proximity to the 
epithelial layer, whereas the CD11c- macrophage subset is scattered throughout the 
lamina propria58 (table 1). 

Intestinal macrophages are considered to predominantly serve a tolerogenic 
function. Bacteria that pass the epithelial layer will be rapidly phagocytosed 
by these highly abundant cells and eliminated through the actions of AMPs and 
reactive oxygen species (ROS). A specific characteristic of intestinal macrophages is 
that they hardly produce pro-inflammatory cytokines in response to this bacterial 
interaction59. Together with the observation that intestinal macrophages do not 
migrate to the MLNs60, a process recently shown to be actively inhibited by the 
microbiota61, this explains the low T cell priming capacity observed for these 
cells58, 62. Instead both colonic macrophage subsets constitutively produce large 
amounts of interleukin-10 (IL-10), an anti-inflammatory cytokine that suppresses 
the production of pro-inflammatory cytokines IL-12p35 and IL-23p19 by intestinal 
macrophages and DCs58, 62 and which is necessary for the induction, local expansion 
and maintenance of FoxP3+ regulatory T cells62-64 (figure 4). IL-10 deficient mice 
spontaneously develop colitis, indicating the importance of IL-10 production in the 
maintenance of immune homeostasis65. Finally, intestinal macrophages are also 
important in stimulating the repair of damage to the epithelial barrier. Bacterial 
presence triggers a specific pathway in intestinal macrophages which makes them 
migrate to the damaged areas and produce growth factors66 (figure 4).

4.3 Intestinal DCs
The most important function of DCs is the activation of T cells. In the intestine 
low levels of microflora-induced TH1 and TH17 cells are present under steady state 
conditions to handle the small numbers of microorganisms that pass the mucosal 
barrier. TH17 cells are induced by mucosa-adherent segmented filamentous 
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bacteria67, 68, whereas TH1 cells are induced by for example polysaccharides from 
Bacteroides spp69, 70. These immune responses are stimulated by DCs that, in contrast 
to intestinal macrophages, do migrate to the MLNs upon antigen encounter and 
present their antigens to T cells. 

Under steady state conditions two main subsets of CD11chiMHCII+ dendritic 
cells have been identified in the intestine that are either CD103+CD11b+ or 
CD103+CD11b-58, 71 and that can be distinguished from intestinal macrophages by 
the lack of CD64 expression72 (table 1). CD11b-CD103+ DCs are mainly present in 
lymphoid structures like Peyer’s patches58, 71, where they efficiently cross-present 
antigens to CD8+ T cells58. CD11b+CD103+ DCs are the main DC type in the lamina 
propria. Upon antigen encounter these DCs migrate in a CCR7-dependent manner73 
through the lymph towards the MLN to induce T cell responses60. CD11b+CD103+ 
DCs express the enzyme retinaldehyde dehydrogenase 2 (RALDH2) that mediates 
conversion of vitamin A into its active metabolite retinoic acid (RA). By producing 
RA, together with TGFβ, they are able to induce differentiation of FoxP3+ regulatory 
T cells in the MLN74-76. In addition, DC-derived RA contributes to the generation 
of IgA producing plasma cells, by inducing IgA class switching in B cells51, 77, 78, and 
it instructs the generation of gut-tropic T cells and IgA+ plasma cells by inducing 
the expression of gut-homing molecules α4β7 and CCR973, 75, 77, 79 (figure 4). In 
response to flagellin, a bacteria-derived TLR5 ligand possibly shuttled by goblet 
cells, CD11b+CD103+ DCs start producing the cytokine IL-23, which stimulates innate 
lymphoid cells in the intestinal lamina propria to produce IL-22 to stimulate IECs 
to produce the AMP RegIIIy and maintain the mucosal barrier function80 (figure 4). 
Thus, CD11b+CD103+ DCs are essential to maintain intestinal immune homeostasis, 
because they control microflora-induced TH1 and TH17 responses by the induction 
of gut-tropic Tregs, and they improve mucosal barrier function by inducing the 
production of sIgA and RegIIIy.

A third CD11b+CD103-CX3CR1lo/INT DC subset was identified to be present 
in the intestine56, 58, 81, 82 in low numbers under steady state conditions. Under 
inflammatory conditions this subset expands substantially56, 58, starts to produce 
high levels of the pro-inflammatory cytokines IL-12, IL-23, IL-6, TNF and iNOS,  and 
efficiently primes T cells to become IFNγ-producing T cells58. For this reason, these 
DCs were called inflammatory DCs58 (table 1).

4.4 The origin of intestinal macrophages and DCs
Hematopoietic stem cells (HSCs) in the bone marrow give rise to all peripheral 
hematopoietic cells including intestinal macrophages and DCs. Hereto, HSCs 
differentiate consecutively into multipotent progenitors (MPPs), common myeloid 
progenitors (CMPs), granulocyte macrophage progenitors (GMPs) and macrophage-
DC progenitors (MDPs). These MDPs give rise to both monocytes, precursors of 
peripheral macrophages, and DCs83. 

MDPs give rise to Ly6c+ monocytes, which are short-lived cells that 
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Figure 4 – Mechanisms of intestinal immune tolerance. Activation of the intestinal immune 
system in response to the intestinal microflora is actively prevented by several mechanisms. 1) 
IECs continuously secrete factors that induce the mucosal CD103+CD11b+ tolerogenic phenotype of 
DCs. Specifically retinoic acid (RA) and TGFβ induce the capacity of CD103+CD11b+ DCs to produce 
retinoic acid themselves by inducing the expression of RALDH290-92. The RA-producing capacity is also 
induced by GM-CSF produced by macrophages95. 2) RA produced by CD103+CD11b+ DCs induces IgA 
isotype switching of B cells51, 77, 78 and together with TGFβ induces the generation of regulatory T cells 
(Tregs)74-76. Also macrophage-derived IL-10 stimulates the generation and maintenance of Tregs62-64. 3) 
DCs that encounter the bacteria-derived TLR5 ligand flagellin, which is shuttled possibly by neighboring 
goblet cells, start producing the cytokine IL-23, which stimulates innate lymphoid cells to produce IL-
22, which in turn stimulates the production and secretion of the AMP RegIIIγ by IECs80. 4) Lamina 
propria macrophages phagocytose and eliminate bacteria that for some reason, for example tissue 
damage, have been able to enter the intestinal tissue. Macrophages are inhibited to start producing 
pro-inflammatory cytokines in response to this bacterial encounter by TGFβ, produced by local stromal 
cells59. 5) Upon epithelial tissue damage, macrophages are recruited to the locations involved and start 
producing growth factors to stimulate epithelial repair and regeneration66. 
DC = dendritic cell; GC = goblet cell; ILC = innate lymphoid cell; MF = macrophage; PC = plasma cell; 
SC = stromal cell. 
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circulate through the blood and migrate towards inflamed or damaged tissues in 
a CCR2-dependent manner where they produce large amounts of TNFα and IL-1. 
In addition, these monocytes are an important reservoir for the replenishment of 
tissue-resident macrophages. They are attracted to the intestine by chemokine CCL2 
that is produced by local stromal cells in response to NOD2 stimulation84, 85. Once 
arrived in the intestine, these Ly6c+ monocytes give rise to CX3CR1hi macrophages 
under steady state conditions56, 58, 71, 81 in a multistep process with several sequential 
CX3CR1INT differentiation states56. Upon infection Ly6c+ monocytes give rise to pro-
inflammatory CX3CR1INT immature macrophages56 and CX3CR1INT inflammatory DCs56, 

58, 82, that induce an effective immune response to resolve the infection.
MDPs also differentiate into common DC precursors (CDPs) and subsequently 

pre-cDCs86, which leave the bone marrow to circulate through the blood86. These 
pre-cDCs give rise to CD103+CD11b+ and CD103+CD11b- steady state DCs in the 
intestine in a process dependent on growth factors Fms-related tyrosine kinase 3 
ligand (Flt3L) and granulocyte macrophage-colony stimulating factor (GM-CSF)71, 81. 

Interestingly, whereas it was long believed that macrophage and DC 
precursors only leave the bone marrow and start circulating in the blood at the 
monocyte/pre-cDC level, it was recently shown that already hematopoietic 
progenitors circulate through the blood and peripheral tissues and give rise 
to myeloid cell types87, 88. This process occurs in steady state conditions, but is 
largely amplified in inflammatory conditions by TLR stimulation, resulting in rapid 
replenishment of the innate immune system87, 88. GMPs could be detected in the 
colon, indicating that hematopoietic progenitors also patrol the intestine89, and that 
the intestinal environment might determine outgrowth of these progenitors into 
macrophages or DCs. 

4.5 Epithelial control of local immune tolerance
The local environment in the intestine gives macrophages and DCs a typical mucosa-
specific phenotype, with a higher threshold for immune activation compared to 

Table 1 – Intestinal macrophage and DC subsets.
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MHCIIhi CD103-CD14+ 
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lamina propria58  

DC CD103+CD11b- 

58, 71 
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preDCs71, 81  Lymphoid 
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Cross-presentation to CD8+ T cells58 
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58, 71 
CX3CR1- CD11chi CD64-  
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Induction of IgA class switching in B cells51, 77, 78 
Induction of AMP production by IECs80  

CD103-CD11b+ 
(in�ammatory 
DCs) 56, 58, 81  

CX3CR1INT CD11chi CD64-  

MHCIIhi F4/80lo/+ 
Ly6C+ 
monocytes 
56, 58  

Lamina  
propria56, 58  

Production of pro-inflammatory cytokines58 
Induction of TH1 cells58  
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non-mucosal tissues, like the spleen or peripheral lymph nodes. 

This local environment is shaped for an important part by the intestinal 
epithelial layer, as was indicated by the observation that non-mucosal DCs can 
acquire (most of) the mucosal phenotype by incubating them with IEC-conditioned 
medium: they acquire potent TH2-inducing capacity and become unable to release 
IL-12 or to drive a TH1 response. Instead they start to constitutively produce IL-6, 
which is important in the induction of IgA+ plasma cells90. A factor present in the IEC-
conditioned medium that is constitutively expressed and secreted at low levels and 
that appeared to be essential for induction of this mucosal DC phenotype under 
steady state conditions is thymic stromal lymphopoietin (TSLP)90. IEC-derived TSLP 
induces the generation of efficient Treg-inducing tolerogenic DCs91 (figure 4). 

Next to TSLP additional factors produced by IECs are involved in inducing 
the mucosal DC phenotype90. IECs express RALDH1, which enables them to produce 
and secrete RA. Together with TGFβ1, which is also produced by IECs, this drives the 
differentiation of CD103- DCs into CD103+ DCs, which are efficient inducers of FoxP3+ 
regulatory T cells92 (figure 4). Evidence suggests that bacterial strains differentially 
affect the production of these different tolerogenic molecules by IECs. For example, 
Lactobacillus paracasei B21060 strongly stimulates IECs to produce tolerogenic 
molecules93, whereas some bacterial strains overrule the effects of tolerogenic 
molecules by production of ATP, which induces a proinflammatory TH17 immune 
response94.

The phenotype of intestinal macrophages is also influenced by the local 
microenvironment in order to induce and maintain their tolerogenic phenotype. 
Instead of IECs, here stromal cells appear to play an important role. TGFβ1 produced 
by stromal cells inhibits the macrophages to produce pro-inflammatory cytokines 
in response to bacterial signals, whereas they keep their bactericidal capacities59 
(figure 4). In addition, interactions between intestinal DCs and macrophages 
have been described to take place in order to maintain the mucosal tolerogenic 
phenotype. For example, intestinal macrophages have been shown to produce GM-
CSF, which induces RALDH2 expression in DCs and results in the induction of Tregs95 
(figure 4).

How can pro-inflammatory immune responses be raised when all DCs and 
macrophages are skewed into a tolerogenic phenotype? One explanation is that upon 
direct interaction of IECs with bacteria, IECs switch their transcriptional program 
that is focused on metabolic and tolerogenic fucntions towards the induction of a 
pro-inflammatory immune response96. The cells start to produce various cytokines 
and chemokines to attract immune cells, like neutrophils and Ly6c+ monocytes 
that have not yet acquired the tolerogenic phenotype. The Ly6C+ monocytes 
will differentiate into pro-inflammatory CX3CR1INT immature macrophages56 and 
CX3CR1INT inflammatory DCs56, 58 that induce an effective immune response.
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5. Pathologic deregulation of the mucosal barrier function

5.1 Inflammatory bowel disease
Deregulation of the mucosal barrier function is thought to contribute to the 
development of inflammatory bowel disease (IBD), which comprises several 
chronic inflammatory disorders of the intestine, of which Crohn’s disease (CD) and 
ulcerative colitis (UC) are two main types. Although 0.1% of the population of the 
United States of America and Northern Europe is affected, the fundamental causes 
of IBD are still incompletely understood15. There is strong evidence that impaired 
mucosal barrier function and as a result deregulation of host-microbial interactions 
is involved in initiation and perpetuation of the chronic intestinal inflammation97. 
For example, IBD patients show increased association of bacteria directly with the 
intestinal epithelial cell surface98, and CD patients and their first-degree relatives 
show increased intestinal epithelial barrier permeability99-102. The latter also 
indicates involvement of an inheritable component in barrier disruption and CD 
development.

Indeed, genome-wide association studies (GWAS) have identified multiple 
gene polymorphisms that confer susceptibility to CD development103. One of 
the strongest association found is within the NOD2 gene: individuals that are 
homozygous for one of three loss-of-function polymorphisms identified in the 
ligand binding leucine-rich repeat domain of the human NOD2 gene (G908R, R702W 
and L1007fsinsC) hold a 20-40 % increased risk of developing CD104, 105. Cytosolic 
microbe receptor NOD2 is essential for AMP production by Paneth cells43, 44, 106, 107 
and reactive oxygen species (ROS) production by enterocytes108, indicating that the 
loss of this receptor contributes to reduced mucosal barrier function. 

In addition, polymorphisms in genes encoding other barrier-maintaining 
proteins were identified. A risk allele of the gene encoding autophagy 16 related-
like 1 (ATG16L1) contributes to reduced mucosal barrier function, since it inhibits 
exocytosis of AMP-containing granules from Paneth cells109. Loss of function 
mutations in transcription factor X-box-binding protein 1, which is essential in the 
development of goblet and Paneth cells, show association with CD development, 
indicating the importance of these secretory epithelial cells in intestinal 
homeostasis110. Next to genetic predisposition also environmental factors, like the 
microbiota present in the intestinal lumen, are considered to play a considerable 
role in the pathogenesis of CD. 

The capacity of intestinal epithelial cells to maintain homeostasis by inducing 
a tolerogenic DC phenotype is also thought to be disturbed in IBD patients. 70% of 
CD patients was shown to have undetectable expression of TSLP90 and as a result 
DCs from these patients preferentially caused  TH1- instead of TH2- differentiation. 
In contrast, IECs of UC patients produced increased levels of TSLP, resulting in a 
strong TH2 induction and an allergy-like intestinal inflammation111. This might also 
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be a mechanism explaining the different types of intestinal inflammation observed 
in CD, which traditionally is considered a TH1-mediated disease112, and UC, which is 
considered to be a TH2-mediated disease10.

5.2 Hygiene hypothesis
Our immune system has developed in circumstances with less hygiene, where 
infections with helminths were highly prevalent. Nowadays, the improved hygiene 
has resulted in the disappearance of most of these helminth infections, which 
typically induce a TH2 response, and this may have shifted the homeostatic balance 
of our mucosal immune system towards TH1/TH17 responses. This phenomenon 
is believed to be the explanation for the steep increase in incidence of TH1/TH17-
mediated autoimmune and allergic diseases in the western world, among which is 
IBD113. 

Reintroduction of helminths is considered an interesting manner to 
potentially re-establish the homeostatic balance in the mucosal immune system 
and prevent or cure autoimmune and allergic diseases. Indeed oral administration 
of eggs of the pig helminth Trichuris suis to CD114, UC115, and multiple sclerosis116 
patients has given promising results by inducing disease remission in multiple 
patients. The helminths stimulate production of typical TH2-cytokines and induce 
development of regulatory T cells, which together suppress the autoimmune 
disease-driving TH1- and TH17 responses, as a result of which disease symptoms 
are reduced115, 117. Unraveling the identity of the mechanisms and helminth factors 
that modulate the immune system would provide a useful tool to selectively skew 
immune responses by orally administrated factors and potentially restore mucosal 
barrier function and thereby reduce symptoms of IBD without the need of infection 
with live helminths.

6. Thesis outline

The studies described in this thesis were performed to gain more insight into how 
the intestinal immune homeostasis is affected by the microbiota and helminth 
derived factors. Bacteria-induced TLR2 signaling in IECs was previously shown to 
be essential to maintain a proper barrier function34-36. In chapter 2 we show that 
signaling by the pathogen recognition receptor NOD2 in IECs strengthens protective 
TLR2 signaling. This results in increased expression of tight junction molecules and 
thereby in an improved intestinal epithelial barrier function. Our study demonstrates 
for the first time the involvement of NOD2 in tight junction-mediated intestinal 
epithelial barrier function, which further explains how loss-of-function mutations in 
the NOD2 gene could contribute to development of CD. 

In chapter 3 we investigated the importance of TLR2 signaling in IECs to 
maintain immune homeostasis. We show that IECs transcytose TLR2 ligands into the 
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lamina propria where they affect the composition of the mononuclear phagocyte 
system. TLR2 ligands specifically induced differentiation of Ly6C+ monocytes instead 
of DCs from hematopoietic progenitor cells. This resulted in higher numbers of 
Ly6C+ monocytes in blood, spleen and bone marrow of wild type mice compared to 
TLR-signaling and TLR-ligand deficient mice. Also the local mononuclear phagocyte 
system in the intestine was affected. In chapter 4 we determined how TLR2 ligands 
induce differentiation of Ly6C+ monocytes. We demonstrate that this process occurs 
in an indirect fashion via the production of a secreted protein that we identified as 
G-CSF. 

The increased incidence of IBD and other autoimmune and allergic diseases 
over the last decades has been attributed to the decreased occurrence of helminth 
infections. Helminths were shown to stimulate DCs to induce a TH2 type of immune 
response, while inhibiting TH1/TH17 responses113. In chapter 5 we show that factors 
excreted and secreted by the helminth Trichuris suis increase intestinal epithelial 
barrier permeability and influence cytokine production of basolaterally localized 
DCs. In addition Trichuris suis excreted and secreted factors directly suppress pro-
inflammatory cytokine production by IECs.

The lamina propria of the intestine contains different types of mononuclear 
phagocytes which serve specialized functions, being either tolerogenic of pro-
inflammatory. Similar to the intestine, also the spleen contains different types of 
DCs and macrophages. Splenic CD169+ macrophages are present at the marginal 
zone where antigens enter the spleen and therefore serve a specific gatekeeper 
function. In chapter 6 we identified a population of CD169+ macrophages to be 
present in the colon. We show that this macrophage subset develops independently 
of lymphotoxin-α and the microflora, but depends on vitamin A.

Finally in chapter 7 the findings described in this thesis are discussed in the 
context of recent developments in mucosal immunology research.
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Intestinal epithelial cells (IECs) form a physical barrier between the internal 
milieu and the intestinal microflora via the expression of tight junctions. TLR-
mediated recognition of intestinal microflora by IECs is important for tight 
junction preservation, production of chemokines, and cell survival. Disturbance 
of the IEC barrier function results in bacterial invasion and contributes to the 
development of inflammatory bowel disease. We observed that muramyl 
dipeptide (MDP), a breakdown product of bacterial peptidoglycan, strongly 
enhances subsequent Toll-like receptor (TLR) responses in murine colonic 
epithelium cell lines. Prior exposure to MDP significantly increased the 
production of chemokines and cytokines and improved the barrier function 
induced by different TLR2 and TLR4 ligands. shRNA knock-down studies showed 
that MDP recognition by Nod2 mediated the enhancement of TLR responses. 
Our studies indicate that Nod2 stimulation by MDP significantly enhances 
TLR-mediated IEC barrier function and chemokine production. Failure of this 
protective mechanism may contribute to the increased risk of Crohn’s disease 
in individuals with a loss-of-function mutation in NOD2.

Abstract
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Introduction

Crohn’s disease (CD) is a chronic inflammatory disorder of the gut mucosa, 
characterized by aphthous lesions, ulceration and transmural granulomatous 
inflammation, which can occur throughout the whole gastrointestinal tract 1. Although 
the etiology of CD is not fully elucidated yet, it is thought to be multifactorial. The 
current hypothesis is that a combination of genetic predisposition and environmental 
factors leads to inflammatory responses towards the intestinal commensal flora 
2. Aberrant immune function with a defective capacity to induce tolerance to the 
commensal microflora as well as aberrant intestinal epithelial barrier function 
that fails to stop the influx of intestinal microflora may contribute to this disturbed 
response of the host. 

Genome wide association studies (GWAS) have shown that several genes 
are associated with increased susceptibility for inflammatory bowel disease (IBD) 3. 
One of the strongest associations is found for Nucleotide-Binding Oligomerization 
Domain 2 (NOD2 / CARD15), whereby individuals that are homozygous for one of 
three polymorphisms identified in the ligand binding leucine-rich repeat domain of 
the human NOD2 gene (G908R, R702W and L1007fsinsC) hold a 20-40 % increased 
risk of developing CD 4, 5. The polymorphisms are considered to lead to loss of 
function of NOD2. This cytosolic pattern recognition receptor is involved in the 
detection of micro-organisms 6 and is expressed by hematopoietic cells, like dendritic 
cells (DCs), granulocytes and monocytes, and by epithelial cells 7. Ligands identified 
for Nod2 are muramyl dipeptide (MDP) 8, 9, a peptidoglycan breakdown product of 
Gram-positive and Gram-negative bacteria that is released upon bacterial growth 
and division 10, and single stranded RNA molecules from viral origin 11. After having 
entered a cell via the clathrin-coated pit pathway 12, 13, MDP binds to the C-terminal 
leucine-rich repeat domain of Nod2, inducing Nod2 oligomerization via its central 
nucleotide-binding domain. At the N-terminus two caspase recruitment domains 
are present, which are involved in subsequent recruitment and binding of receptor-
interacting protein 2 (RIP2). Via RIP2-induced downstream signaling Nod2 ligation 
induces activation of the NFκB and MAP kinase transcription factors 14, 15. In antigen-
presenting cells these transcription factors induce the production and secretion of 
proinflammatory cytokines, like IL-6 and TNFα, and chemokines like RANTES 16. In 
addition to the production of these inflammatory mediators, intestinal epithelial 
cells (IECs) have been shown to produce reactive oxygen species 17 and specialized 
IECs called Paneth cells also produce antimicrobial peptides in response to Nod2 
ligation 18-20. 

IECs fulfill an important function in the intestine as a physical barrier to 
prevent entry of the intestinal microflora. They actively recognize intestinal bacteria 
via various pattern recognition receptors, among which are Nod2 and various Toll-
like receptors (TLRs). Whereas in hematopoietic cells these TLRs mainly function 
as initiators of proinflammatory cytokine responses, in IECs their signaling has 
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been shown to be essential for barrier function and cell survival 21. Mice deficient 
in TLRs or MyD88 exhibit increased susceptibility to intestinal damage and the 
administration of TLR ligands enhances intestinal integrity 22. IECs express TLR2 and 
TLR4 apically 23, whereas TLR5 is found basolaterally 24 and specifically TLR2 has 
been shown to regulate tight and gap junctions, cell survival and the production of 
protective factors 21, 25.

Interaction of Nod2 signaling with TLR signaling has been described in 
different cell types and with different outcomes. On the one hand, a synergism 
of Nod2 signaling and TLR signaling pathways was found in blood mononuclear 
cells 26-28, dendritic cells 29, and oral epithelial cells 30. Whereas on the other hand, 
inhibitory effects of Nod2 signaling on TLR2 signaling were observed in DCs towards 
interleukin-12 production 31 and in macrophages with regard to interleukin-1 
production 32. In addition, pretreatment of macrophages with MDP was shown 
to decrease the production of inflammatory cytokines in response to TLR2 in 
macrophages in human monocyte-derived macrophages 33. In view of the important 
homeostatic role of TLR2 signaling in IEC barrier function, our aim was to determine 
whether Nod2 signaling affects TLR2 mediated barrier function of IECs and how lack 
of functional Nod2 in IECs might contribute to susceptibility to CD development.

Here we show that stimulation of the two murine colorectal epithelial 
cell lines CMT93/69 and MC38 with Nod2 ligand MDP significantly increased 
their subsequent response to TLR ligands, leading to higher expression levels of 
chemokines, cytokines and tight junction molecules, and improved IEC barrier 
function. This effect was dependent on signaling through Nod2 and was observed 
for both TLR2/TLR1 and TLR2/TLR6 heterodimers as well as for TLR4 stimulation. 
These studies indicate an important role for Nod2 recognition of MDP in IEC barrier 
function and homeostasis. The absence of this protective mechanism may play an 
important role in the development of CD in patients that lack functional NOD2.
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Materials and methods

Cell culture
Murine colorectal epithelial CMT93/69 cells34 and colonic epithelial MC-38 cells35 
were cultured on collagen-coated 24 wells flat bottom plates in DMEM supplemented 
with 10 % heat-inactivated FCS, 1 % L-Glutamine, and 1 % penicillin-streptomycin at 
37 °C and 5 % CO2. After 3 days, cells had grown into confluent monolayers and were 
used in the experiments described here. 

Epithelial cell stimulations
Confluent monolayers were stimulated with MDP (10 μg/mL), Pam3CysSerLys4 
(Pam3CSK4; 0.5 μg/mL), Pam2CGDPKHPKSF (FSL-1; 0.5 μg/mL), Pam2CysSerLys4 
(Pam2CSK4; 0.5 μg/mL), ODN1826 CpG oligonucleotides (0.8 μM), ultrapure LPS 
(E.Coli 0111:B4; 100 ng/mL), poly I:C (10 μg/mL), or ATP (1 mM). In case of sequential 
stimulation of the epithelial cells, the first stimulus was given for 24 hours, then 
washed away and followed by addition of the second stimulus. 

Electric cell-substrate impedance sensing (ECIS)
To measure intestinal epithelial barrier function, the ECIS technology was 
utilized (Applied Biophysics, Troy, NY, USA). During these experiments changes in 
resistance to alternating current flow were measured in real time at 4 kHz. For 
these experiments CMT93/69 cells were inoculated onto 8W10E+ electrode arrays, 
containing small gold-film electrodes, at a density of 105 cells per well, immediately 
after which resistance measurements were started using the ECIS® Zθ instrument 
of Applied Biophysics. In 48 hours the epithelial cells had formed a barrier, with a 
stable resistance of about 3500 ohm. To calculate the contribution of paracellular 
resistance (mainly formed by tight junctions) to this total monolayer resistance, Rb 
values were calculated using ECIS software from Applied Biophysics. The presence 
of MDP (10 ug/mL) during the following 24 hours did not affect IEC resistance (data 
not shown). Subsequently, Pam3CSK4 (0.5 μg/mL) was added for another 24 hours 
and resistance measurements were collected. Stimulations of the epithelial cells 
were performed in quadruplicates. The obtained graphs were normalized to the 
time point on which the Pam3CSK4 was added. 

RNA isolation and Real-time PCR
After cells had been stimulated, they were lysed in TRIzol. For RNA isolation phenol/
chloroform extraction was performed using Phase Lock Heavy Gel tubes (Eppendorf, 
Nijmegen, The Netherlands), followed by consecutive isopropanol and ethanol 
precipitations. The concentration of isolated RNA, dissolved in RNAse free water, 
was measured using a Nanodrop Spectrophotometer (Nanodrop Technologies, 
Wilmington, DE, USA). An input of 1 μg RNA was used for cDNA synthesis using 
RevertAidTM First strand cDNA synthesis kit (Fermentas Life Sciences, Burlington, 
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Canada), according to the manufacturer’s protocol. The resulting cDNA was used 
for analysis by RT-PCR.

mRNA expression levels were determined using an ABI prism 7900HT 
Sequence Detection System (PE Applied Biosystems, Foster city, CA, USA). Reactions 
were performed in a total reaction volume of 10 μL, containing cDNA, 300 nM 
forward primer, 300 nM reverse primer, and SYBR Green PCR Mastermix (PE Applied 
Biosystems). Primers used for analysis of mRNA expression (supporting information 
table I) were designed using OligoExplorer1.2 software (www.GeneLink.com) and 
synthesized by Invitrogen. Relative changes in mRNA expression between samples 
were determined using the comparative CT method (ΔCT). 

Viral transduction of epithelial cells
Short hairpin RNA (shRNA)-expressing lentiviruses (MISSION shRNA library, Sigma36) 
were generated to silence either Nod2 or Nlrp3 gene expression in CMT93/69 cells. 
Replication deficient lentiviruses expressing shRNA from the pLKO.1 plasmid were 
generated by PEI-mediated transfection of the shRNA plasmid and a three-plasmid 
helper vector system37 into the packaging cell line HEK293T. After 2-3 days, virus-
containing supernatant was harvested. 

CMT93/69 cells were infected with these lentivirus containing supernatants. 
Infected cells were selected by antibiotic selection using Puromycine. Infection 
efficiency was determined using SHC003 GFP-expressing pLKO.1 control virus, non-
targeting SHC002 shRNA pLKO.1 control virus was used as a negative control for 
shRNA expression.

ELISA
CXCL1 protein levels in culture supernatants were measured using the mouse CXCL1/
KC Duoset ELISA kit from RnD systems according to manufacturer’s instructions. 

Immunofluorescence
Polyclonal rabbit anti-mouse claudin-3 (Abcam) was used to detect intracellular 
claudin-3 expression, followed by a secondary staining with anti-rabbit-
Alexa488. Cells were analyzed by fluorescence microscopy, using a DM6000 Leica 
Immunofluorescence Microscope. 

Statistical evaluation
Values are expressed as the mean ± SEM. An ANOVA was used to test for statistical 
significant differences between three or more groups. A students T test was 
performed when comparing two samples. A P-value of <0.05 was considered 
statistically significant. *P<0.05, **P<0.01, ***P<0.001
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Results

MDP prestimulation enhances subsequent TLR2-mediated chemokine and 
cytokine production
TLRs are important sensors of bacterial compounds and stimulate the release of 
inflammatory mediators, such as chemokines. To unravel a potential role for Nod2 
in modulation of TLR2 signaling in IECs, cells of the murine colonic epithelial cell 
lines CMT93/69 and MC38 were grown into confluent monolayers, after which the 
effect of MDP pretreatment on TLR2-induced chemokine expression was assessed. 
In both cell lines the mRNA expression of CXCL1 and CXCL2, both potent attractors of 
neutrophils 38, was increased upon Pam3CSK4 treatment, but did significantly further 
increase when the epithelial cells had been pretreated with MDP for 24 hours (figure 
1A and 1B). Increased Pam3CSK4-induced CXCL1 protein levels could be detected 
in the supernatants of both cell lines after MDP prestimulation (figure 1C). Also 
the Pam3CSK4-induced mRNA expression of CCL20, a chemokine that attracts CCR6-
bearing B cells, subsets of T cells and DCs present in the intestines 39, and growth 
factor GM-CSF were strongly enhanced by pretreatment of CMT93/69 cells with 
MDP (figure 1D). This indicates that MDP prestimulation enhances TLR2 responses 
in colonic epithelial cells with regard to chemokine and cytokine production. 

MDP prestimulation enhances subsequent TLR2-stimulated epithelial barrier 
function 
TLR2 signaling in IECs is essential for maintenance of epithelial barrier function 21. The 
CMT93/69 cell line represents differentiated epithelial cells that display a reproducible 
barrier function that depends for a large part on the presence of tight junctions, as  
can be measured by electric cell-substrate impedance sensing (ECIS) 40. In contrast, 
the MC38 cell line represents more immature crypt-like epithelial cells not capable 
of forming a barrier. Therefore, the CMT93/69 cell line was used to investigate 
whether MDP prestimulation also affects TLR2-mediated epithelial barrier function. 
CMT93/69 cells were grown as confluent monolayers. When the cells were incubated 
with MDP for 24h prior to stimulation with the synthetic TLR2 ligand Pam3CSK4, the 
epithelial barrier function, as was measured by ECIS, was significantly enhanced 
compared to Pam3CSK4 stimulation alone (figure 2A). Incubation of the CMT93/69 
monolayer with MDP only did not lead to any changes in the barrier function (figure 
2A). 

Essential for the formation of tight junctions between epithelial cells are 
claudins. Claudin-3 and claudin-4 are known to be part of tight junctions formed by 
IECs in the colon 41. To determine whether the observed changes in barrier function 
were related to changes in expression of tight junction molecules we studied mRNA 
expression levels of claudin-3 and -4 in CMT93/69 monolayers that had been 
stimulated with either MDP or Pam3CSK4 alone or sequential stimulation with both 
compounds. While Pam3CSK4 stimulation alone only marginally induced claudin-3 
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Figure 1 - MDP prestimulation enhances subsequent TLR2-induced chemokine and cytokine production. 
A-B+D. CMT93/69 (black) and MC38 (white) monolayers were stimulated for 24 hours with MDP (10 
μg/mL), washed to remove MDP, and stimulated with Pam3CSK4 (0.5 μg/mL) for 6 hours. mRNA levels 
of CXCL1 (A), CXCL2 (B), CCL20 (C), and GM-CSF (C) were determined by RT-PCR and presented here as 
relative amounts compared to housekeeping genes cyclophilin A and HPRT. C. CMT93/69 and MC38 
monolayers were stimulated for 24 hours with MDP, washed to remove MDP, and stimulated with 
Pam3CSK4 for 24 hours. Supernatants were harvested and CXCL1 protein levels were determined by 
ELISA. Asterisks indicate significant differences between Pam3CSK4 stimulation with and without MDP 
prestimulation, which were calculated by a two-tailed student’s T test (GraphPad Prism 4 software). 
Error bars indicate SEM of triplicate wells. Data are representative of at least two independent 
experiments.
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mRNA expression, the expression was significantly enhanced when cells had been 
pretreated with MDP (figure 2B). Also claudin-4 mRNA expression levels were 
increased upon MDP pretreatment followed by Pam3CSK4 stimulation compared 
to Pam3CSK4 stimulation alone (figure 2C). Corresponding to the mRNA levels, also 
claudin-3 protein levels were increased upon Pam3CSK4 stimulation, when the cells 
had been pretreated with MDP, as was detected by fluorescence microscopy (figure 
2D). 

In addition to preservation of tight junctions, TLR2 signaling has also 
been shown to be important for the survival of IECs 21. To assess whether the 
MDP prestimulation results in enhanced survival of the CMT93/69 cells after TLR2 
signaling an MTT assay was performed. We observed an increased cell survival in 
response to Pam3CSK4 stimulation, but this was not improved by pretreatment of 
the cells with MDP (supporting information figure 1). 

Together, the results indicate that MDP treatment of colonic epithelial cells 
prior to treatment with TLR2 ligand results in enhanced claudin-3 and -4 expression 
and improved barrier function.

MDP stimulation affects subsequent TLR2/TLR1, TLR2/TLR6 and TLR4 responses 
Next, we determined the importance of sequential rather than concurrent 
administration of MDP and Pam3CSK4. Whereas simultaneous administration of 
MDP and Pam3CSK4 did not lead to an enhanced production of chemokine CXCL1 
and tight junction protein claudin-4, sequential administration of the two ligands 
showed enhanced production of CXCL1 and claudin-4. This indicates that direct 
synergism between signaling pathways is not the cause of the enhanced TLR2 
responses (figure 3A-B).

TLR2 functions in complex with either TLR1 or TLR6, whereby TLR2/TLR1 
and TLR2/TLR6 heterodimers recognize different ligands. TLR2/TLR1 heterodimers 
bind triacylated lipopeptides from Gram-negative bacteria and mycoplasma, 
whereas TLR2/TLR6 heterodimers bind diacylated lipopeptides from Gram-positive 
bacteria and mycoplasma 42. Since Pam3CSK4 is a TLR2/TLR1 ligand, we investigated 
whether MDP also affects signaling by TLR2/TLR6 heterodimers. CMT93/69 cells 
were stimulated with the TLR2/TLR6 specific ligand FSL-1 and the pan-TLR2 ligand 
Pam2CSK4, which activates both TLR1/TLR2 and TLR2/TLR6 heterodimers. Both 
ligand binding by TLR2/TLR1 and TLR2/TLR6 heterodimers induced an increased 
CXCL1 expression after pretreatment with MDP (figure 3C). 

To investigate whether the response of other TLRs, that we confirmed by 
PCR to be expressed by CMT93/69 cells, upon stimulation is also affected by MDP 
pretreatment, LPS (TLR4 ligand), polyI:C (TLR3 ligand), and CpG (ODN1826, TLR9 
ligand) were administered to the IECs after pretreatment with MDP. TLR4-induced 
CXCL1 production could be significantly increased by MDP prestimulation (figure 
3D). In contrast, polyI:C and CpG did not induce a detectable CXCL1 response which 
did not change upon MDP pretreatment (data not shown). 
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Altogether, these results show that MDP recognition significantly enhances 
subsequent IEC responses to TLR2 and TLR4 ligands, which result in both increased 
production of inflammatory chemokines and improved intestinal epithelial barrier 
function.  

MDP signals through Nod2 to enhance TLR2 signaling
MDP has been described to be a ligand for both Nod2 8 and Nlrp3 (NLR family, 
pyrin domain containing 3), a receptor that together with proteins ASC and 
caspase-1 forms the Nlrp3 inflammasome 43. Recently, Nlrp3 has been described 
to be essential for intestinal homeostasis 44, 45 and in particular for maintenance of 
epithelial integrity during colitis 46. To determine whether Nlrp3 could mediate the 
observed effects of MDP on TLR2 signaling, a specific ligand for Nlrp3, adenosine 
triphosphate (ATP), was tested for its effect on subsequent TLR2 responses. No 
enhancement of TLR2-mediated induction of CXCL1, CCL20, and claudin-3 by ATP 
prestimulation was observed (figure 4A-C). 

To further determine the identity of the MDP receptor, CMT93/69 lines 
were generated in which either Nod2 or Nlrp3 was silenced by virally-delivered 
specific shRNA, which resulted in a decrease of mRNA expression of 60 % (figure 
4D-E). To test whether the MDP-induced enhancement of TLR2 signaling could 
still occur in cells impaired in either Nod2 or Nlrp3 expression, again two different 
read-outs of TLR2 signaling were used: chemokine production and barrier function. 
The effect of MDP prestimulation on TLR2-induced CXCL1 mRNA expression was 
lost in CMT93/69 cells that had been silenced for Nod2 (figure 4F). In contrast, 
the increased TLR2-induced CXCL1 expression after MDP prestimulation could still 
be observed in CMT93/69 cells that were transfected with a non-targeting shRNA 
or with Nlrp3-targeting shRNA (figure 4F). Similarly, in Nod2 knockdown cells 
exposure to MDP did not enhance barrier function in response to subsequent TLR2 
stimulation, whereas an enhanced barrier function was observed in non-targeting 
control and Nlrp3 knockdown cells (figure 4G). 

Figure 2 - MDP prestimulation enhances subsequent TLR2-stimulated epithelial barrier function. 
A. Barrier function of CMT93/69 monolayers grown on collagen-coated culture plates was assessed 
using ECIS. After cells had reached the plateau phase of resistance, they were incubated with MDP (10 
μg/mL) for 24 hours, followed by stimulation with Pam3CSK4 (0.5 μg/mL). Graphs are normalized at and 
shown from time point of Pam3CSK4 addition. B-C. CMT93/69 monolayers were stimulated for 24 hours 
with MDP, washed to remove MDP, and stimulated with Pam3CSK4 (0.5 μg/mL) for 6 hours. mRNA levels 
of claudin-3 (B), claudin-4 (C) were determined by RT-PCR and presented here as relative amounts 
compared to housekeeping genes cyclophilin A and HPRT. D. CMT93/69 and MC38 monolayers were 
stimulated for 24 hours with MDP, washed to remove MDP, and stimulated with Pam3CSK4 for 24 
hours. Claudin-3 protein expression levels in the cells were determined by fluorescence microscopy. 
Asterisks show significant (p<0.05) differences between Pam3CSK4 stimulation with and without MDP 
prestimulation, which were calculated by a two-tailed student’s T test (GraphPad Prism 4 software). 
Error bars indicate SEM of triplicate wells. ‘xxx’ indicates ‘no stimulation’. Data are representative of at 
least two independent experiments. 
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In conclusion, these data clearly suggest that the effects of MDP 
pretreatment on the barrier function and activation of epithelial cells are mediated 
through Nod2.

Discussion

Intestinal epithelial cells serve very important functions in the gut. Next to selective 
uptake and transport of nutrients from the gut lumen, they form a barrier that 
prevents the intestinal microflora to penetrate the intestinal tissues. TLR2 signaling 
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Figure 3 - MDP stimulation affects subsequent TLR2/TLR1, TLR2/TLR6 and TLR4 signaling. 
A-B. MDP and Pam3CSK4 were added to CMT93/69 monolayers either simultaneously (sim.) for 6 hours 
or sequentially (seq.) with a 24 hours MDP prestimulation (10μg/mL) followed by washing and a 6 
hours Pam3CSK4 (0.5μg/mL) incubation. mRNA levels of CXCL1 (A) and claudin-4 (B) were determined 
by RT-PCR and presented here as relative amounts compared to housekeeping genes cyclophilin A 
and HPRT. C-D. CMT93/69 monolayers were stimulated for 24 hours with MDP, washed and then 
stimulated with Pam3CSK4 (TLR2/TLR1 ligand), Pam2CSK4 (0.5 μg/mL, TLR2 ligand), FSL-1 (0,5 μg/mL, 
TLR2/TLR6 ligand) or LPS (100 ng/mL, TLR4 ligand). After 6 hours cells were lysed and mRNA levels 
of CXCL1 were determined by RT-PCR and normalized to housekeeping gene cycophilin A. Values are 
expressed as mean ± SEM of PCR in triplicate and are representative of at least two independent 
experiments. Asterisks show significant (p<0.05) differences between Pam3CSK4 stimulation with and 
without MDP prestimulation, which were calculated by a two-tailed student’s T test (GraphPad Prism 
4 software).
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has been shown to be essential for the maintenance of IEC barrier function 21. 
Here we show that Nod2-mediated recognition of the bacterial peptidoglycan 
breakdown product MDP improves IEC responses to TLR2 and TLR4 ligands. This 
finding is the first to demonstrate that Nod2 signaling results in improved barrier 
function and production of pro-inflammatory chemokines and thereby promotes 
IEC homeostasis and integrity. 

A defective IEC barrier function is one of the characteristic findings in patients 
suffering from CD 47. Loss-of-function mutations in the ligand binding domain of NOD2 
are associated with an increased risk in the development of CD 4, 5. CD patients with 
a mutated NOD2 gene exhibit higher levels of endotoxin in their mucosal lamina 
propria compared to CD patients having functional NOD2, indicative of increased 
bacterial translocation 48. This implies that NOD2 has an important function in the 
maintenance of IEC barrier function to prevent bacterial translocation. Our data 
indicate that Nod2 collaborates with TLR2 and TLR4 in IECs to achieve this function 
and therefore suggest that absence of functional NOD2 in IECs will contribute to the 
increased susceptibility for Crohn’s disease.

The question remains how Nod2 signaling enhances subsequent signaling 
through TLR2 and TLR4 in IECs. In various cell types, such as monocytes, dendritic 
cells and oral epithelial cells, a synergy between Nod2 and TLR signaling pathways has 
been described when both receptors were stimulated simultaneously26-30. However, 
in IECs we only observed enhanced TLR2 responses after prestimulation of Nod2 and 
not with simultaneous stimulation of Nod2 and TLR2, which suggests that transient 
protein modifications like phosphorylation are not involved. We hypothesized that 
Nod2 signaling could potentially affect expression of mediators in the TLR signaling 
pathway. However, Nod2 signaling did not change mRNA expression levels of the 
receptors TLR1, TLR2, TLR4, and TLR6 (data not shown). We also did not observe 
an upregulation of mRNA expression of components involved in the TLR signaling 
pathway (TIRAP, MyD88, IRAK4, IRAK1, TRAF6, TAK1) or a downregulation of mRNA 
expression of inhibitory factors (IRAK-M, TOLLIP, A20, β-arrestin 1, β-arrestin 2, 
ATF3, Glucocorticoid receptor, PPARγ, SIGIRR) (data not shown). 

A striking aspect of our findings is the dependence on temporally separated 
stimulation by MDP and TLR ligands of the IECs and the strong effects on tight 
junction functionality. Can this be translated to the in vivo situation? Johansson et 
al. 49, 50 describe that colonic epithelial cells are covered with two layers of mucus, 
organized around mucin MUC2. Whereas the outer layer is a non-attached loose 
layer which is colonized by commensal bacteria, the inner mucus layer firmly adheres 
to epithelial cells and is devoid of any bacteria. So there is no continuous contact 
between colonic epithelial cells and commensal bacteria. MDP is a natural metabolite 
of Gram-positive and Gram-negative bacterial peptidoglycan that is released upon 
bacterial growth and division 10. As a highly hydrophilic compound 10 that can freely 
diffuse through the mucus layers it can easily reach the epithelial cell surface 51. In 
contrast, bacterial lipoproteins, identified as TLR2 ligands, are also released upon 
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Figure 4 - MDP signals through Nod2 to enhance TLR2 signaling. A,B,C. CMT93/69 cell monolayers 
were stimulated with either MDP (10 μg/mL) or ATP (1 mM) for 24 hours. Subsequently these stimuli 
were washed away and followed by 6 hours incubation with Pam3CSK4 (0.5 μg/mL). CXCL1 (A), CCL20 
(B), and claudin-3 (C) mRNA levels were determined by RT-PCR and presented here as relative amounts 
compared to the housekeeping gene cyclophilin A. D,E. CMT93/69 cells were infected with shRNA-
expressing lentiviruses to silence either Nod2 or Nlrp3 gene expression or a non-targeting shRNA 
expressing lentivirus as a control. Silencing of Nod2 (D) and Nlrp3 (E) was assessed by RT-PCR and 
presented here as relative amounts compared to the housekeeping gene cyclophilin A. Both Nod2 
and Nlrp3 silencing resulted in a ~60 % reduction of mRNA levels. F. CMT93/69 cells expressing either 
the non-targeting shRNA or the Nod2 or Nlrp3 silencing shRNA were grown to monolayers. MDP was 
added for 24 hours, washed away and followed by a 6 hours incubation with Pam3CSK4. CXCL1 mRNA 
levels were determined and presented here as relative amounts compared to the housekeeping gene 
cyclophilin A. G. CMT93/69 cells expressing either the non-targeting shRNA or the Nod2 or Nlrp3 
silencing shRNA were grown on collagen-coated ECIS slides until the plateau phase of resistance was 
reached. Then MDP was added, after 24 hours followed by Pam3CSK4. Graphs are normalized at (and 
shown from) time point of Pam3CSK4 addition. Values are expressed as mean ± SEM of PCR in triplicate 
and are representative of at least two independent experiments. Asterisks show significant (p<0.05) 
differences between Pam3CSK4 stimulation with and without MDP prestimulation, which were 
calculated by a two-tailed student’s T test (GraphPad Prism 4 software). ‘xxx’ indicates ‘no stimulation’.
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bacterial growth and replication 52, but as hydrophobic molecules, they can not easily 
diffuse through the inner mucus layer to the IECs. For these reasons MDP might be 
the first messenger that alarms IECs to the presence of bacteria, enabling IECs to 
improve barrier function, and the secretion of chemokines to attract immune cells 
in response to subsequent TLR2 signaling. Furthermore, different types of microbial 
flora may influence IEC function by differential effects on both Nod2 as well as TLR 
signaling 53.

In conclusion, our studies are the first to show that via the enhancement of 
TLR2 signaling Nod2 is important for maintenance of barrier function in IECs. Loss of 
function of Nod2 in these cells reduces the protective TLR2 signaling, necessary for 
IEC homeostasis and barrier function. Loss of function of NOD2 in IECs will increase 
the chance of bacterial translocation and thereby contributes to the development 
of CD. 



54

Chapter 2

2

Reference List

1.      Baumgart,D.C. & Sandborn,W.J. Inflammatory bowel disease: clinical aspects and established 
and evolving therapies. Lancet 369, 1641-1657 (2007).

2.      Saleh,M. & Elson,C.O. Experimental inflammatory bowel disease: insights into the host-
microbiota dialog. Immunity. 34, 293-302 (2011).

3.      Lee,J.C. & Parkes,M. Genome-wide association studies and Crohn’s disease. Brief. Funct. 
Genomics 10, 71-76 (2011).

4.      Ogura,Y., Bonen,D.K., Inohara,N., Nicolae,D.L., Chen,F.F., Ramos,R., Britton,H., Moran,T., 
Karaliuskas,R., Duerr,R.H., Achkar,J.P., Brant,S.R., Bayless,T.M., Kirschner,B.S., Hanauer,S.B., 
Nunez,G., & Cho,J.H. A frameshift mutation in NOD2 associated with susceptibility to Crohn’s 
disease. Nature 411, 603-606 (2001).

5.      Hugot,J.P., Chamaillard,M., Zouali,H., Lesage,S., Cezard,J.P., Belaiche,J., Almer,S., Tysk,C., 
O’Morain,C.A., Gassull,M., Binder,V., Finkel,Y., Cortot,A., Modigliani,R., Laurent-Puig,P., 
Gower-Rousseau,C., Macry,J., Colombel,J.F., Sahbatou,M., & Thomas,G. Association of 
NOD2 leucine-rich repeat variants with susceptibility to Crohn’s disease. Nature 411, 599-
603 (2001).

6.      Inohara,N., Ogura,Y., Chen,F.F., Muto,A., & Nunez,G. Human Nod1 confers responsiveness to 
bacterial lipopolysaccharides. J. Biol. Chem. 276, 2551-2554 (2001).

7.      Gutierrez,O., Pipaon,C., Inohara,N., Fontalba,A., Ogura,Y., Prosper,F., Nunez,G., & Fernandez-
Luna,J.L. Induction of Nod2 in myelomonocytic and intestinal epithelial cells via nuclear 
factor-kappa B activation. J. Biol. Chem. 277, 41701-41705 (2002).

8.      Inohara,N., Ogura,Y., Fontalba,A., Gutierrez,O., Pons,F., Crespo,J., Fukase,K., Inamura,S., 
Kusumoto,S., Hashimoto,M., Foster,S.J., Moran,A.P., Fernandez-Luna,J.L., & Nunez,G. Host 
recognition of bacterial muramyl dipeptide mediated through NOD2. Implications for 
Crohn’s disease. J. Biol. Chem. 278, 5509-5512 (2003).

9.      Girardin,S.E., Boneca,I.G., Viala,J., Chamaillard,M., Labigne,A., Thomas,G., Philpott,D.J., & 
Sansonetti,P.J. Nod2 is a general sensor of peptidoglycan through muramyl dipeptide (MDP) 
detection. J. Biol. Chem. 278, 8869-8872 (2003).

10.      Traub,S., von,A.S., Hartung,T., & Hermann,C. MDP and other muropeptides--direct and 
synergistic effects on the immune system. J. Endotoxin. Res. 12, 69-85 (2006).

11.      Sabbah,A., Chang,T.H., Harnack,R., Frohlich,V., Tominaga,K., Dube,P.H., Xiang,Y., & Bose,S. 
Activation of innate immune antiviral responses by Nod2. Nat. Immunol. 10, 1073-1080 
(2009).

12.      Lee,J., Tattoli,I., Wojtal,K.A., Vavricka,S.R., Philpott,D.J., & Girardin,S.E. pH-dependent 
internalization of muramyl peptides from early endosomes enables Nod1 and Nod2 
signaling. J. Biol. Chem. 284, 23818-23829 (2009).

13.      Marina-Garcia,N., Franchi,L., Kim,Y.G., Hu,Y., Smith,D.E., Boons,G.J., & Nunez,G. Clathrin- 
and dynamin-dependent endocytic pathway regulates muramyl dipeptide internalization 
and NOD2 activation. J. Immunol. 182, 4321-4327 (2009).

14.      Ogura,Y., Inohara,N., Benito,A., Chen,F.F., Yamaoka,S., & Nunez,G. Nod2, a Nod1/Apaf-1 
family member that is restricted to monocytes and activates NF-kappaB. J. Biol. Chem. 276, 
4812-4818 (2001).

15.      Strober,W., Murray,P.J., Kitani,A., & Watanabe,T. Signalling pathways and molecular 
interactions of NOD1 and NOD2. Nat. Rev. Immunol. 6, 9-20 (2006).

16.      Lecat,A., Piette,J., & Legrand-Poels,S. The protein Nod2: an innate receptor more complex 



55

NOD2 improves epithelial barrier function

2

than previously assumed. Biochem. Pharmacol. 80, 2021-2031 (2010).

17.      Lipinski,S., Till,A., Sina,C., Arlt,A., Grasberger,H., Schreiber,S., & Rosenstiel,P. DUOX2-derived 
reactive oxygen species are effectors of NOD2-mediated antibacterial responses. J. Cell Sci. 
122, 3522-3530 (2009).

18.      Wehkamp,J., Harder,J., Weichenthal,M., Schwab,M., Schaffeler,E., Schlee,M., Herrlinger,K.R., 
Stallmach,A., Noack,F., Fritz,P., Schroder,J.M., Bevins,C.L., Fellermann,K., & Stange,E.F. NOD2 
(CARD15) mutations in Crohn’s disease are associated with diminished mucosal alpha-
defensin expression. Gut 53, 1658-1664 (2004).

19.      Lala,S., Ogura,Y., Osborne,C., Hor,S.Y., Bromfield,A., Davies,S., Ogunbiyi,O., Nunez,G., & 
Keshav,S. Crohn’s disease and the NOD2 gene: a role for paneth cells. Gastroenterology 125, 
47-57 (2003).

20.      Ogura,Y., Lala,S., Xin,W., Smith,E., Dowds,T.A., Chen,F.F., Zimmermann,E., Tretiakova,M., 
Cho,J.H., Hart,J., Greenson,J.K., Keshav,S., & Nunez,G. Expression of NOD2 in Paneth cells: a 
possible link to Crohn’s ileitis. Gut 52, 1591-1597 (2003).

21.      Cario,E., Gerken,G., & Podolsky,D.K. Toll-like receptor 2 controls mucosal inflammation by 
regulating epithelial barrier function. Gastroenterology 132, 1359-1374 (2007).

22.      Rakoff-Nahoum,S., Paglino,J., Eslami-Varzaneh,F., Edberg,S., & Medzhitov,R. Recognition of 
commensal microflora by toll-like receptors is required for intestinal homeostasis. Cell 118, 
229-241 (2004).

23.      Cario,E., Brown,D., McKee,M., Lynch-Devaney,K., Gerken,G., & Podolsky,D.K. Commensal-
associated molecular patterns induce selective toll-like receptor-trafficking from apical 
membrane to cytoplasmic compartments in polarized intestinal epithelium. Am. J. Pathol. 
160, 165-173 (2002).

24.      Gewirtz,A.T., Navas,T.A., Lyons,S., Godowski,P.J., & Madara,J.L. Cutting edge: bacterial 
flagellin activates basolaterally expressed TLR5 to induce epithelial proinflammatory gene 
expression. J. Immunol. 167, 1882-1885 (2001).

25.      Ey,B., Eyking,A., Gerken,G., Podolsky,D.K., & Cario,E. TLR2 mediates gap junctional 
intercellular communication through connexin-43 in intestinal epithelial barrier injury. J. 
Biol. Chem. 284, 22332-22343 (2009).

26.      Netea,M.G., Ferwerda,G., de Jong,D.J., Jansen,T., Jacobs,L., Kramer,M., Naber,T.H., 
Drenth,J.P., Girardin,S.E., Kullberg,B.J., Adema,G.J., & Van der Meer,J.W. Nucleotide-binding 
oligomerization domain-2 modulates specific TLR pathways for the induction of cytokine 
release. J. Immunol. 174, 6518-6523 (2005).

27.      van Heel,D.A., Ghosh,S., Hunt,K.A., Mathew,C.G., Forbes,A., Jewell,D.P., & Playford,R.J. 
Synergy between TLR9 and NOD2 innate immune responses is lost in genetic Crohn’s 
disease. Gut 54, 1553-1557 (2005).

28.      Fritz,J.H., Girardin,S.E., Fitting,C., Werts,C., Mengin-Lecreulx,D., Caroff,M., Cavaillon,J.M., 
Philpott,D.J., & dib-Conquy,M. Synergistic stimulation of human monocytes and dendritic 
cells by Toll-like receptor 4 and NOD1- and NOD2-activating agonists. Eur. J. Immunol. 35, 
2459-2470 (2005).

29.      Tada,H., Aiba,S., Shibata,K., Ohteki,T., & Takada,H. Synergistic effect of Nod1 and Nod2 
agonists with toll-like receptor agonists on human dendritic cells to generate interleukin-12 
and T helper type 1 cells. Infect. Immun. 73, 7967-7976 (2005).

30.      Uehara,A. & Takada,H. Synergism between TLRs and NOD1/2 in oral epithelial cells. J. Dent. 
Res. 87, 682-686 (2008).

31.      Watanabe,T., Kitani,A., Murray,P.J., & Strober,W. NOD2 is a negative regulator of Toll-like 
receptor 2-mediated T helper type 1 responses. Nat. Immunol. 5, 800-808 (2004).



56

Chapter 2

2

32.      Dahiya,Y., Pandey,R.K., & Sodhi,A. Nod2 downregulates TLR2/1 mediated IL1beta gene 
expression in mouse peritoneal macrophages. PLoS. One. 6, e27828 (2011).

33.      Hedl,M., Li,J., Cho,J.H., & Abraham,C. Chronic stimulation of Nod2 mediates tolerance to 
bacterial products. Proc. Natl. Acad. Sci. U. S. A 104, 19440-19445 (2007).

34.      Franks,L.M. & Hemmings,V.J. A cell line from an induced carcinoma of mouse rectum. J. 
Pathol. 124, 35-38 (1978).

35.      Corbett,T.H., Griswold,D.P., Jr., Roberts,B.J., Peckham,J.C., & Schabel,F.M., Jr. Tumor 
induction relationships in development of transplantable cancers of the colon in mice for 
chemotherapy assays, with a note on carcinogen structure. Cancer Res. 35, 2434-2439 
(1975).

36.      Root,D.E., Hacohen,N., Hahn,W.C., Lander,E.S., & Sabatini,D.M. Genome-scale loss-of-
function screening with a lentiviral RNAi library. Nat. Methods 3, 715-719 (2006).

37.      Naldini,L., Blomer,U., Gallay,P., Ory,D., Mulligan,R., Gage,F.H., Verma,I.M., & Trono,D. In vivo 
gene delivery and stable transduction of nondividing cells by a lentiviral vector. Science 272, 
263-267 (1996).

38.      Lukacs,N.W. Role of chemokines in the pathogenesis of asthma. Nat. Rev. Immunol. 1, 108-
116 (2001).

39.      Williams,I.R. CCR6 and CCL20: partners in intestinal immunity and lymphorganogenesis. 
Ann. N. Y. Acad. Sci. 1072, 52-61 (2006).

40.      Giaever,I. & Keese,C.R. Micromotion of mammalian cells measured electrically. Proc. Natl. 
Acad. Sci. U. S. A 88, 7896-7900 (1991).

41.      Hewitt,K.J., Agarwal,R., & Morin,P.J. The claudin gene family: expression in normal and 
neoplastic tissues. BMC. Cancer 6, 186 (2006).

42.      Kawai,T. & Akira,S. The role of pattern-recognition receptors in innate immunity: update on 
Toll-like receptors. Nat. Immunol. 11, 373-384 (2010).

43.      Martinon,F., Agostini,L., Meylan,E., & Tschopp,J. Identification of bacterial muramyl 
dipeptide as activator of the NALP3/cryopyrin inflammasome. Curr. Biol. 14, 1929-1934 
(2004).

44.      Zaki,M.H., Lamkanfi,M., & Kanneganti,T.D. The Nlrp3 inflammasome: contributions to 
intestinal homeostasis. Trends Immunol. 32, 171-179 (2011).

45.      Allen,I.C., TeKippe,E.M., Woodford,R.M., Uronis,J.M., Holl,E.K., Rogers,A.B., Herfarth,H.H., 
Jobin,C., & Ting,J.P. The NLRP3 inflammasome functions as a negative regulator of 
tumorigenesis during colitis-associated cancer. J. Exp. Med. 207, 1045-1056 (2010).

46.      Zaki,M.H., Boyd,K.L., Vogel,P., Kastan,M.B., Lamkanfi,M., & Kanneganti,T.D. The NLRP3 
inflammasome protects against loss of epithelial integrity and mortality during experimental 
colitis. Immunity. 32, 379-391 (2010).

47.      Salim,S.Y. & Soderholm,J.D. Importance of disrupted intestinal barrier in inflammatory bowel 
diseases. Inflamm. Bowel. Dis. 17, 362-381 (2011).

48.      Kosovac,K., Brenmoehl,J., Holler,E., Falk,W., Schoelmerich,J., Hausmann,M., & Rogler,G. 
Association of the NOD2 genotype with bacterial translocation via altered cell-cell contacts 
in Crohn’s disease patients. Inflamm. Bowel. Dis. 16, 1311-1321 (2010).

49.      Fritz,J.H., Girardin,S.E., Fitting,C., Werts,C., Mengin-Lecreulx,D., Caroff,M., Cavaillon,J.M., 
Philpott,D.J., & dib-Conquy,M. Synergistic stimulation of human monocytes and dendritic 
cells by Toll-like receptor 4 and NOD1- and NOD2-activating agonists. Eur. J. Immunol. 35, 
2459-2470 (2005).



57

NOD2 improves epithelial barrier function

2

50.      Johansson,M.E., Larsson,J.M., & Hansson,G.C. The two mucus layers of colon are organized 
by the MUC2 mucin, whereas the outer layer is a legislator of host-microbial interactions. 
Proc. Natl. Acad. Sci. U. S. A 108 Suppl 1, 4659-4665 (2011).

51.      Johansson,M.E., Phillipson,M., Petersson,J., Velcich,A., Holm,L., & Hansson,G.C. The inner 
of the two Muc2 mucin-dependent mucus layers in colon is devoid of bacteria. Proc. Natl. 
Acad. Sci. U. S. A 105, 15064-15069 (2008).

52.      Cone,R.A. Barrier properties of mucus. Adv. Drug Deliv. Rev. 61, 75-85 (2009).

53.      Zhang,H., Niesel,D.W., Peterson,J.W., & Klimpel,G.R. Lipoprotein release by bacteria: 
potential factor in bacterial pathogenesis. Infect. Immun. 66, 5196-5201 (1998).

54.      Natividad,J.M., Petit,V., Huang,X., de,P.G., Jury,J., Sanz,Y., Philpott,D., Garcia Rodenas,C.L., 
McCoy,K.D., & Verdu,E.F. Commensal and probiotic bacteria influence intestinal barrier 
function and susceptibility to colitis in Nod1(-/-) ;Nod2(-/-) Mice. Inflamm. Bowel. Dis.
(2011).



58

Chapter 2

2

90

100

110

120

MDP

Pam3CSK4

- -+ +
++- -

NS

R
el

ati
ve

 v
ia

bi
lit

y
(a

bs
or

ba
nc

e 
54

0n
m

)

Supporting information

Supporting information figure 1. MDP prestimulation does not further increase 
cell viability after TLR2 stimulation. Cell viability of IECs after MDP and Pam3CSK4 

incubations was determined by a MTT assay. CMT93/69 cell monolayers were 
stimulated with MDP for 24 hours, followed by a 24 hours incubation with Pam3CSK4. 
MTT solution (0.5mg/mL) was added for 90 minutes at 37°C after which formed 
formazan crystals were dissolved in a  0.1M glycine / DMSO solution (6:1, pH10.5) 
and measured by photo spectrometry at 540 nm.
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 claudin-3 Fw:  5’-TCATCGGCAGCAGCATCATCAC-3’ 

Rev: 5’-CAGCAGCGAGTCGTACATTTTGCAC-3’ 

claudin-4 Fw:  5’-CCTCTGGATGAACTGCGTGGTG-3’ 

Rev: 5’-CCCAGAGCACCCACGATGATG-3’ 

CXCL1 Fw:  5’-ACCCAAACCGAAGTCATAGCC-3’ 

Rev: 5’-AGACAGGTGCCATCAGAGC-3’ 

CXCL2 Fw:  5’-CATCCAGAGCTTGAGTGTGAC-3’ 

Rev: 5’-CTTTGGTTCTTCCGTTGAGGG-3’ 

CCL20 Fw:  5’-TTGTGGGTTTCACAAGACAGATG-3’ 

Rev: 5’-TCTTCGTGTGAAAGATGATAGCATT-3’ 

GM-CSF Fw: 5’-AAGAAGCCCTGAACCTCC-3’ 

Rev: 5’-AAATTGCCCCGTAGACCC-3’ 

Nod2 Fw:  5’-GAGTTCCTGCACATTACCTTCCA-3’ 

Rev: 5’-AGAGGCCACCGATGTGTCAG-3’ 

Nlrp3 Fw:  5’-CAGCCTCACCTCACACAG-3’ 

Rev: 5’-ACGCACAGATCGCCAAGA-3’ 

Cyclophilin A Fw:  5’-ACCCATCAAACCATTCCTTCTGTA-3’ 

Rev: 5’-TGAGGAAAATATGGAACCCAAAGA-3’ 

HPRT Fw: 5’- CCTAAGATGAGCGCAAGTTGAA-3’ 

Rev: 5’-CCACAGGACTAGAACACCTGCTAA-3’ 

Supporting information table 1. RT- PCR primers. Primers used for analysis of 
mRNA expression were designed using OligoExplorer1.2 software (www.GeneLink.
com) and synthesized by Invitrogen.
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Colonic macrophages and dendritic cells (DCs) are essential for maintenance 
of intestinal tolerance as well as immune activation in response to pathogen 
invasion. These functions are largely determined by the intestinal environment 
in which both cell types are located in close proximity to the colonic epithelial 
cells (CECs). Bacteria-induced TLR2 signaling in CECs is essential for immune 
homeostasis in the colon by maintaining CEC barrier function. Here we 
investigated whether it also affects the local differentiation of macrophage and 
DC subsets.

In vitro cultures showed that CEC monolayers actively transported 
TLR2 ligands towards the basolateral side. The transported TLR2 ligands 
inhibited DC differentiation from hematopoietic progenitors, but stimulated 
the development of Ly6C+ monocytes. MyD88ko and microflora-deficient mice, 
either deficient in TLR signaling or TLR ligands, demonstrated an in vivo role 
for TLR signaling in the generation of monocytes and macrophages. Blood, 
spleen and bone marrow of MyD88ko and antibiotics-treated mice contained 
decreased levels of Ly6C+ monocytes and their colons contained a decreased 
number of F4/80+CD11c- macrophages. 

These results indicate that microflora-derived TLR ligands shape the 
systemic and local pool of mononuclear phagocytes present in blood, spleen 
and bone marrow, and in the colonic lamina propria. These results highlight 
another important role of TLR2 signaling in (intestinal) immune homeostasis.

Abstract
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Introduction

Colonic epithelial cells (CECs) line the large intestine and form both an anatomical 
and immunological barrier between the colonic lamina propria and the high density 
of microflora present in the colonic lumen. CECs prevent entry of micro-organisms 
and micro-organism-derived products into the lamina propria by the formation of 
tight junctions and the secretion of factors such as mucus and antimicrobial peptides 
that reduce microbial invasion1-5. By preventing the translocation of microflora into 
the intestinal tissues, CEC avert the activation of innate immune cells as well as T 
and B cells and intestinal inflammation and tissue damage6. Interestingly however, 
CEC require continuous bacterial stimulation to maintain their epithelial barrier 
function7, 8. The protective bacteria-derived signals are transduced, at least for an 
important part, through Toll-like receptors (TLRs), as it was shown that mice lacking 
the TLR adaptor molecule MyD88 show increased susceptibility to DSS-induced 
colitis due to more severe intestinal epithelial injury8, 9. 

Especially one member of the TLR family, TLR2, has been shown to be 
important in relaying protective signals from the microflora to maintain epithelial 
barrier function. Ligands for TLR2 are conserved molecular patterns present on 
both Gram+ and Gram- bacteria, and comprise lipopeptides/proteins, lipoteichoic 
acid, and peptidoglycan-components10. TLR2-deficient mice suffer from much 
higher morbidity and mortality upon DSS- or Citrobacter rodentium-induced colitis, 
caused by increased intestinal epithelial injury compared to wildtype animals8, 11. In 
addition, oral administration of TLR2 ligand Pam3CSK4 ameliorated the clinical signs 
of DSS-induced colitis by inhibiting colitis-induced disassembly of epithelial tight 
junctions and thereby maintenance of epithelial barrier function12. These studies 
illustrate the importance of TLR2 in maintenance of epithelial barrier function and 
thereby immune homeostasis in the intestine. 

In the lamina propria underneath the colonic epithelium different subsets 
of mononuclear phagocytes are present of which some are in close contact with the 
CECs. Under steady state conditions, macrophages are the most abundant type of 
colonic mononuclear phagocytes and highly express CX3CR113-15. They are important 
for the maintenance of local immune homeostasis by rapid phagocytosis and killing of 
bacteria that have passed the epithelial layer, and the production of large amounts of 
IL-10, but hardly any pro-inflammatory cytokines16. IL-10 is necessary for the induction, 
local expansion and maintenance of FoxP3 expression in regulatory T cells17-19. 
In addition, intestinal macrophages have very low T cell priming capacity15, 17. Two 
different colonic macrophage subsets have been identified, which are characterized 
by the phenotypes F4/80+CD11c+CD11b+ and F4/80+CD11c-CD11b+. The CD11c+ 
macrophage subset is localized in close proximity to the epithelial layer, whereas 
the CD11c- macrophage subset is scattered throughout the lamina propria15. 

The colon also contains different types of CD11c+ dendritic cells. 
CD103+CD11b-F4/80- DCs are mainly present in lymphoid aggregates15, 20, where 
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they efficiently cross-present antigens to CD8+ T cells15. CD103+CD11b+F4/80lo DCs 
are the main DC type in the lamina propria and are important for the maintenance 
of immune tolerance. Upon antigen encounter these DCs migrate to the mesenteric 
lymph nodes in a CCR7-dependent manner21, and, by the production of retinoic acid 
and TGFβ, induce gut-tropic21-24 regulatory T cells23, 25, 26 and IgA-producing plasma 
cells24, 27, 28. CD103-CD11b+F4/80lo inflammatory DCs are present in low numbers 
under steady state conditions, but substantially increase in numbers upon infection 
to produce high levels of pro-inflammatory cytokines and induce TH1 responses13, 15, 29.

Intestinal DCs and macrophages develop from different precursors. The 
steady state DC subsets develop from pre-cDCs, bone marrow-derived DC precursors 
that circulate in the blood stream30, in a FMS-like tyrosine kinase 3 ligand (Flt3L)- and 
granulocyte macrophage colony-stimulating factor (GM-CSF)-dependent manner20, 

29. In contrast, the intestinal macrophage subsets and inflammatory DCs differentiate 
from Ly6C+ inflammatory monocytes in a macrophage colony-stimulating factor 
(M-CSF) dependent manner13, 15, 20, 29. What exactly drives the local differentiation 
of these different DC and macrophage progenitors into their specific subsets has 
not yet been elucidated. Intestinal lamina propria mononuclear phagocytes are 
known to be conditioned into a regulatory phenotype via the microflora-induced 
secretion of soluble factors by intestinal epithelial cells31-33.  Since TLR2 signaling in 
epithelial cells is essential for CEC function and CECs are in close contact with DCs 
and macrophages, we hypothesized that CECs might relay TLR2-induced signals into 
the lamina propria and thereby influence the local development of mononuclear 
phagocytes. 

We show here that TLR2 ligands themselves can be transported over the 
epithelial barrier towards the basolateral side in in vitro CEC cultures. These ligands 
inhibit dendritic cell differentiation from hematopoietic progenitors and stimulate 
the development of Ly6C+ monocytes in in vitro cultures. A similar process takes 
place in vivo, since mice deficient in MyD88 or microflora have reduced numbers 
of Ly6C+ inflammatory monocytes in their blood, spleen and bone marrow. In 
the colon, microflora-induced TLR signaling affects the presence of F4/80+CD11c- 
macrophages. These results indicate that in addition to the maintenance of CEC 
barrier function via TLR2 signaling, CEC-transported TLR2 ligands influence both 
the systemic generation of Ly6C+ monocytes and the local presence of a subset 
of colonic macrophages under steady state conditions. These results highlight the 
important role of TLR2 signaling in immune homeostasis.
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Materials and methods

Mice
C57BL/6, MyD88ko, OT-I, OT-II mice were bred and maintained at the animal facility 
of the VU University Medical Center in Amsterdam. Both male and female mice 
between the age of 8 and 12 weeks were used in the experiments described. All 
experiments were approved by the animal experimentation ethics committee of the 
VU University Medical Center and according to local and governmental regulations. 

Antibiotics treatment
To eradicate their intestinal microflora, mice were treated for indicated time periods 
with an antibiotics cocktail containing Streptomycin (5g/L), Colistin (1g/L), Ampicillin 
(1g/L) and sucrose (2.5%) (all ordered from Sigma) in their drinking water34. Feces 
were collected during the experiment to assess effectiveness of the treatment by 
determining the amount of 16S bacterial DNA. 

In vitro bone marrow Flt3L cultures
Bone marrow (BM) was isolated from mice by flushing dissected femurs and tibias. 
BM cultures were performed in RPMI1640 medium containing 10% heat-inactivated 
FCS, 1% L-glutamine, and 1% penicillin-streptomycin. Cultures were started in 96 
wells flat bottom plates containing 1 x 106 cells, 200 ng/mL Flt3L and, if indicated, 
0.5 µg/mL Pam3CSK4 (Invivogen, Toulouse, France) in a total volume of 200 µL per 
well. Seven days after the start of the BM culture, the cells were boosted with 50 µL 
cell culture medium containing 200 ng/mL Flt3L. At day 9 cells were harvested and 
used in experiments. 

Lineage-positive cells (CD5, CD45R (B220), CD11b, Gr1 (Ly6C/G), 7-4, 
TER-119) were depleted from BM by autoMACS according to the manufacturer’s 
instructions (Miltenyi Biotec B.V., Leiden, The Netherlands). Lineage-negative and 
lineage-positive BM cells were cultured in RPMI1640 medium containing 10% heat-
inactivated FCS, 1% L-glutamine, and 1% penicillin-streptomycin, 200 ng/mL Flt3L 
and 15 ng/mL stem cell factor (SCF).

Cell line cultures
The colonic epithelial cell line CMT93/6935 was cultured on collagen-coated 24 wells flat 
bottom plates or transwell membranes (0.4 μM pore size, Costar, Corning Life Sciences 
bv, Amsterdam, The Netherlands) in DMEM supplemented with 10% heat-inactivated 
FCS, 1% L-Glutamine, and 1% penicillin-streptomycin at 37 °C and 5% CO2. After 3 days, 
cells had grown into confluent monolayers and were used in the experiments described. 

A human epithelial kidney 293T (HEK-293T) cell line overexpressing human 
TLR2 was cultured in DMEM supplemented with 10% heat-inactivated FCS, 1% 
L-Glutamine, 1% penicillin-streptomycin, and 0.5 mg/mL G418, to maintain the hTLR2 
overexpression, at 37°C and 5% CO2. 
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Antibodies and flow cytometric analysis
The following antibodies, used for flow cytometric analysis, were all obtained 
from eBioscience unless otherwise indicated:  anti-CD11c-PE, -eFluor®450, or -APC 
(clone N418), anti-CD11b-PE-Cy7 (clone M1/70), anti-CD62L-APC (clone DREG56), 
anti-CD115-biotin (clone AFS98), anti-F4/80-PE (clone BM8), anti-Ly6C/Ly6G-APC 
(Gr-1) (clone RB6-8C5), anti-CD80-PE (clone 16-10A1), anti-CD86-PE (clone PO3.1), 
anti-MHCII-biotin or –Alexa Fluor®488 (I-A/I-E; clone M5/114), anti-H-2Kd/H-2Dd-
biotin (MHCI, clone 34-1-2s), anti-B220-eFluor®450 (clone RA3-6B2), streptavidin-
PerCP-Cy5.5, anti-Ly6C-Fitc (clone ER-MP 20, Abcam), anti-Ly6G-Fitc (clone 1A8, 
BD Biosciences), anti-Sirpα-APC (clone p84, BD Biosciences), SYTOX® Blue nucleic 
acid stain (Invitrogen), Fixable Near-Infrared Live/Dead stain (Invitrogen). Bone 
marrow lineage gating: B220 (clone RA3-6B2), CD3 (clone 145-2C11), CD19 (clone 
1D3), CD117 (clone 2B8), NK1.1 (clone PK136), TER-119 (clone TER-119). Blood and 
spleen lineage gating: Ly6G, CD3, B220, NKp46 (clone 29A1.4). For flow cytometric 
analysis a CyAn ADP flow cytometer (Beckmann Coulter) was used. Flow cytometry 
data was analyzed using Flowjo 9.2 Software.

Flow cytometric cell sorting
CD11c+Ly6C- cells from Flt3L BM cultures and CD11c-Ly6C+ cells from Flt3L + Pam3CSK4 
BM cultures were labeled with anti-CD11c-PE and anti-Ly6C-FITC. The cells were 
sorted in HBSS buffer (w/o Ca2+ and Mg2+) + 20 mM HEPES using a MoFlo XDP cell 
sorter (Beckman Coulter, Woerden, The Netherlands). 

ELISA
Human IL-8 protein levels in culture supernatants of HEK-293T cells overexpressing 
hTLR2 were measured using the human IL-8 sandwich ELISA from Biosource 
according to the manufacturer’s instructions. 

RNA isolation and Real-time PCR
Cells were lysed in TRIzol and phenol/chloroform extraction was performed using 
Phase Lock Heavy Gel tubes (Eppendorf, Nijmegen, The Netherlands), followed 
by consecutive isopropanol and ethanol precipitations. The concentration of 
isolated RNA, dissolved in RNAse free water, was measured using a Nanodrop 
Spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). An input of 1 
μg RNA was used for cDNA synthesis using RevertAidTM First strand cDNA synthesis 
kit (Fermentas Life Sciences, Burlington, Canada), according to the manufacturer’s 
protocol. The resulting cDNA was used for analysis by RT-PCR.

mRNA expression levels were determined using an ABI prism 7900HT 
Sequence Detection System (PE Applied Biosystems, Foster city, CA, USA). Reactions 
were performed in a total reaction volume of 10 μL, containing cDNA, 300 nM 
forward primer, 300 nM reverse primer, and SYBR Green PCR Mastermix (PE Applied 
Biosystems). Primers used for analysis of mRNA expression (table I) were designed 
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using OligoExplorer1.2 software (www.GeneLink.com) and synthesized by Invitrogen. 
Relative changes in mRNA expression between samples were determined using the 
comparative CT method (ΔCT), compared to housekeeping gene HPRT. 
 
T cell proliferation (3H thymidine incorporation) assay
OVA-specific CD4+ and CD8+ T cells were purified from OT-II and OT-I spleens and 
lymph nodes by negative selection using Dynal Mouse CD4 or CD8 negative isolation 
kits (Invitrogen) according to the manufacturer’s protocol. Purity of isolated T cells 
was verified by flow cytometry and always was over 90% for OT-I cells and over 80% 
for OT-II cells. 

Antigen presenting cells, either FACS-sorted CD11c+ dendritic cells from a 
Flt3L BM culture or Ly6C+ monocytes from a Flt3L + Pam3CSK4 BM culture, were 
loaded with H-Kb restricted OVA257-264, (0.1 μg/mL) or I-Ab restricted OVA323-339, (10 
μg/mL) for 30 minutes at 37°C. Peptide-loaded APCs in a serial dilution of 100.000, 
33.000, 11.000 or 3.667 cells were cocultured with 100.000 OT-I or OT-II cells for 
72h. During the last 16 hours [3H]-thymidine (1 μCi/well; Amersham Biosciences, NJ, 
USA) was added. Incorporated [3H]-thymidine was measured on a MicroBeta2 Plate 
Counter (PerkinElmer, Groningen, the Netherlands).  

ROS production measurement
Reactive oxygen production by DCs and monocytes was determined upon 
stimulation with PMA (1 μg/mL) by measuring the extent of oxidation of Amplex 
Red into the highly fluorescent resorufine. The fluorescent signal was detected 
on a Fluostar spectrofluorimeter (BMG Labtec, Offenburg, Germany). The NADPH 
oxidase inhibitor apocynin was used at 1000 μM to correct for differences in input 
number of cells.

Hprt Fw 
Rev 

5’-CCT AAG ATG AGC GCA AGT TGA A-3’ 
5’-CCA CAG GAC TAG AAC ACC TGC TAA-3’ 

Zbtb46* Fw 
Rev 

5’-AGA GAG CAC ATG AAG CGA CA-3’ 
5’-CTG GCT GCA GAC ATG AAC AC-3’ 

c-Maf Fw 
Rev 

5’-CGC ATC ATC AGC CAG TGC GG-3’ 
5’-CAG GTG CGC CTT CTG TTC GC-3’ 

Maf-b Fw 
Rev 

5’-CGC GTC CCC AGA CAA AGG CT-3’ 
5’-CCG CGG GGA AAA CTT TGC GG-3’ 

gp91phox Fw 
Rev 

5’-TATGCTGATCCTGCTGCCAGT-3’ 
5’-CGAATCCTTGTCGAGCAACAC-3’ 

iNOS Fw 
Rev 

5’-CCC TTC CGA AGT TTC TGG CAG CAG C-3’ 
5’-GGC TGT CAG AGC CTC GTG GCT TTG G-3’ 

 

Table 1. RT-PCR primers. (*Primers from Satpathy et al.41)
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NO production measurement
The capacity of DCs and monocytes to produce nitric oxide (NO) in response to PMA 
(1 μg/mL) or LPS (100 ng/mL) stimulation for 24h was determined by measuring 
nitrate levels in culture supernatants using Griess Reagent (Invitrogen) and 
measuring absorption at 540 nm using a Microplate reader Model680 (BIORAD, 
Veenendaal, the Netherlands).

Preparation of cell suspensions of spleen, bone marrow, and blood for flow 
cytometry
Single cell suspensions of spleen were obtained by Liberase TL mediated enzymatic 
digestion for 30 minutes at 37°C (1 Wünsch unit / mL, Roche). Bone marrow 
was obtained from dissected femurs and tibias by flushing. Blood was collected 
in heparin-containing tubes by heart puncture. In all these cell suspensions 
erythrocytes were lysed using a buffer containing 0.15 M NH4Cl, 10 mM KHCO3 and 
0.1 mM EDTA in PBS. 

Preparation of colonic cell suspensions for flow cytometry
Colons were dissected, opened longitudinally, washed in PBS and cut into pieces of 
~2 mm. Fecal contents were removed by washing in HBSS buffer (w/o Ca2+ and Mg2+) 
containing 15 mM HEPES and 250 μg/mL gentamicin. Mucus and epithelial cells were 
removed from the tissue by incubating the tissue pieces in HBSS buffer (w/o Ca2+ 
and Mg2+) containing 5 mM EDTA, 1 µM DTT, 14 mM 2-mercaptoethanol, 10% FCS, 
15 mM HEPES, 0.5% penicillin-streptomycin, for 2 times during 15 minutes at 37°C 
under constant stirring. Subsequently, the colonic segments were cut into smaller 
pieces and digested in HBSS buffer containing 15 mM HEPES, 10% heat-inactivated 
FCS, 200 μg/mL DNAse and 150 μg/mL liberase TM for 15 minutes at 37°C under 
constant stirring. Cells were washed twice in HBSS buffer containing calcium and 
magnesium, 15 mM HEPES and 250 μg/mL gentamicin and filtered through a 70 μM 
cell strainer. CD45+ cells were purified from the cell suspensions by immunomagnetic 
cell separation using anti-CD45-biotin (clone 30-F11; eBioscience) and the EasySep 
mouse biotin positive selection kit (StemCell Technologies, Grenoble, France).

Statistical evaluation
Values are expressed as the mean ± SEM. An ANOVA was used to test for statistical 
significant differences between three or more groups. A student’s T test was 
performed when comparing two samples. A P-value of <0.05 was considered 
statistically significant. *P<0.05, **P<0.01, ***P<0.001
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Results

CECs transcytose TLR2 ligand that inhibits dendritic cell differentiation
To investigate the effects of CEC secreted factors on DC differentiation, we made 
use of an in vitro murine BM culture system in which DCs were generated in the 
presence of growth factor Flt3L in 9 days36. As colonic epithelial counterpart we 
used confluent monolayers of the colonic epithelial cell line CMT93/6935 that were 
grown on transwell filter inserts. After incubation of these monolayers with the 
TLR2/TLR1 ligand Pam3CSK4 on the apical side for three or sixteen hours to reflect 
bacterial stimulation, medium from the basolateral compartment was harvested. 
The effect of CEC secreted factors on DC differentiation was determined by adding 
the basolateral CEC medium to Flt3L BM cultures in a 1:2 ratio. As a read-out for DC 
differentiation, the expression of CD11c was determined by flow cytometry after 9 
days of cell culture. Addition of basolateral medium of CECs that had been stimulated 
with Pam3CSK4 showed a significant reduction in the number of differentiated CD11c+ 

DCs (figure 1A). To determine whether a Pam3CSK4-induced CEC-derived factor or 
Pam3CSK4 itself was involved in this inhibition of DC differentiation, medium from 
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Figure 1 - CECs transcytose TLR2 ligand that inhibits dendritic cell differentiation 

Figure 1 - CECs transcytose TLR2 ligands that inhibit DC differentiation. A-B. Murine Wt or MyD88ko 
Flt3L BM cultures in the presence of basolateral medium of Pam3CSK4-stimulated CMT93/69 
monolayers (1:2 ratio with fresh culture medium) were harvested after 9 days of culture, after which 
the number of CD11c+ DCs was determined. C. Pam3CSK4 or basolateral medium of 3h or 16h Pam3CSK4-
stimulated CMT93/69 monolayers at 4°C or 37°C was added to Flt3L BM cultures (1:2 ratio with fresh 
culture medium). After 9 days the number of CD11c+ DCs was determined. D. After 24h incubation of 
HEK293T-hTLR2 with indicated basolateral medium, supernatants were harvested and analyzed for 
the presence of IL-8. (BD = below detection limit)



70

Chapter 3

3

the basolateral compartment of Pam3CSK4-stimulated CEC monolayers was added 
to Flt3L cultures of TLR2 signaling-deficient MyD88ko BM. Whereas the inhibition of 
DC differentiation was clearly observed in wildtype Flt3L BM cultures, the effect was 
largely abrogated in the cultures with MyD88ko BM (figure 1B). This indicates that 
physical presence of Pam3CSK4 in the basolateral compartment of CEC cultures was 
essential for the strong inhibition of DC differentiation that we observed. 

Indeed, direct addition of Pam3CSK4 to Flt3L BM cultures strongly inhibited 
DC differentiation (figure 1C). Bacterial lipoproteins and -peptides, like Pam3CSK4, 
are known to be released upon bacterial growth and replication37 and can be 
transcytosed by intestinal epithelial cells from the apical to the basolateral side38. 
To determine whether Pam3CSK4 passes CEC monolayers by active transport, like 
transcytosis, and not by passive paracellular leakage, CMT93/69 monolayers were 
incubated with Pam3CSK4 at 4°C, at which temperature active transport is blocked. 
Basolateral medium of CEC monolayers that had been incubated with Pam3CSK4 at 
4°C could not inhibit DC differentiation, in contrast to incubation at 37°C, indicating 
that an active cellular process of the CECs was required to translocate Pam3CSK4 
from the apical to the basolateral compartment (figure 1C). 

To confirm that indeed Pam3CSK4 was present in the basolateral compartment 
of CEC transwell cultures, we used a HEK293T-hTLR2 reporter cell line that produces 
IL-8 in response to TLR2 stimulation. Only after incubation of CEC monolayers with 
Pam3CSK4 at 37°C, presence of Pam3CSK4 in the basolateral medium was detected 
(figure 1D). This indicates that Pam3CSK4 was actively transported to the basolateral 
compartment of CEC monolayers. 

In conclusion, these data show that CECs are able to transport TLR2 ligand 
Pam3CSK4 from the apical to the basolateral side, where it strongly inhibits DC 
differentiaton from BM progenitors.

Pam3CSK4 stimulates the development of monocytes instead of DCs
To investigate whether differentiation of another hematopoietic cell type instead of 
DCs was stimulated by Pam3CSK4 in Flt3L BM cultures, the expression of numerous 
hematopoietic lineage markers was analyzed by flow cytometry. A large increase in the 
expression of Ly6C was observed, which is a GPI-anchored cell surface glycoprotein 
that is expressed by monocytes/macrophages, plasmacytoid DCs, neutrophils, and 
a subset of peripheral CD8+ memory T cells39 (figure 2A). The expression of CD115 
pointed to myeloid cells (figure 2B), while the absence of Ly6G and B220 expression 
excluded neutrophils and plasmacytoid DCs (figure 2A). To determine whether the 
Pam3CSK4-induced Ly6C+ cell population consisted of monocytes or macrophages, 
the expression of additional markers by this population was investigated. The cells 
appeared to be CD11b+CD62LhiCD115+F4/80loGr-1hiSirpα+ (figure 2B), which matches 
the phenotype of Ly6C+ inflammatory monocytes40. 

In order to further confirm the identity of the Pam3CSK4-induced Ly6C+ cells 
we assessed the expression of transcription factors that are known to be involved 
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Figure 2 - Pam3CSK4 stimulates the development of monocytes instead of DCs. A. 9 day Flt3L BM cultures 
were performed in the presence or absence of Pam3CSK4, after which expression of indicated markers 
was determined by flow cytometry. B. After 9 days of Flt3L BM cultures in the presence or absence 
of Pam3CSK4, the expression of indicated markers by the Ly6C+ and CD11c+ populations, respectively, 
was analyzed by flow cytometry. C-D. CD11c+ (Flt3L BM culture) and Ly6C+ cells (Flt3L + Pam3CSK4 BM 
culture) were FACS sorted and analyzed for the mRNA expression of indicated transcription factors by 
RT-PCR. Expression levels are indicated as relative amounts compared to housekeeping gene HPRT. 
E-F. Lineage-positive and lineage-negative BM cells were separated by autoMACS. Separated fractions 
were cultured for 9 days in the presence of Flt3L and SCF, and in the presence/absence of Pam3CSK4, 
after which CD11c and Ly6C expression were assessed by flow cytometry.
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in development of dendritic cells and monocytes. Zbtb46, a recently identified 
marker of classical DCs41, 42, was not expressed in the Pam3CSK4-induced Ly6C+ 
cell population, confirming that these cells were not DCs (figure 2C). Expression 
of monocyte-related transcription factor c-MAF43 was significantly upregulated in 
the Pam3CSK4-induced cell population (figure 2D), confirming our presumption that 
these cells were monocytes. 

To confirm our hypothesis that Pam3CSK4 induces differentiation of these 
Ly6C+ monocytes from precursors and not proliferation of already present mature 
lineage-positive cells, lineage-positive and lineage-negative BM cells were separated 
and cultured in the presence of Flt3L and SCF and in the absence or presence of 
Pam3CSK4 for 9 days. The lineage-negative BM fraction showed a stronger inhibition 
of DC differentiation and a much stronger induction of Ly6C+ monocytes upon 
incubation with Pam3CSK4 (figure 2E-F), indicating that Pam3CSK4 induces outgrowth 
of Ly6C+ monocytes from lineage-negative progenitor cells. 

The Pam3CSK4-induced Ly6C+ cell population functionally resembles monocytes
Next, we assessed whether the Pam3CSK4-induced Ly6C+ cell population also 
functionally resembled monocytes and differed from DCs. Since the key function 
of DCs is antigen presentation to T cells, we investigated whether the Pam3CSK4-
induced Ly6C+ cell population could present antigen to T cells as efficiently as 
Flt3L BM culture-derived DCs. FACS-sorted CD11c+ DCs and Pam3CSK4-induced 
Ly6C+ monocytes from a Flt3L BM culture were incubated with ovalbumin (OVA)-
derived H-2Kb and I-Ab restricted peptides. These OVA peptide-presenting cells 
were cocultured with OVA-specific CD8+ OT-I and CD4+ OT-II T cells, and proliferation 
was assessed after 72 hours by 3H thymidine incorporation. Whereas CD11c+ DCs 
strongly stimulated T cell proliferation, Pam3CSK4-induced Ly6C+ monocytes could 
hardly do so (figure 3A,B). This finding corresponded to the lower expression levels 
of costimulatory molecules CD80 and CD86 on Pam3CSK4-induced Ly6C+ monocytes 

Figure 3 - The Pam3CSK4-induced cell population functionally resembles monocytes. A-B. CD11c+ 
(Flt3L BM culture) and Ly6C+ cells (Flt3L+Pam3CSK4 BM culture) were FACS sorted, incubated with 
H-2Kb restricted OVA257-264 and I-Ab restricted OVA323-339 peptides and cocultured with OVA-specific 
CD4+ OT-II or CD8+ OT-I T cells for 72 hours. [3H]-thymidine incorporation was determined as a measure 
of proliferation. (APCs = antigen presenting cells) C. Costimulatory molecule expression on CD11c+ 
(Flt3L BM culture) and Ly6C+ cells (Flt3L+Pam3CSK4 BM culture) was analyzed by flow cytometry. D. 
ROS production by Flt3L- and Flt3L+Pam3CSK4 BM cultures upon PMA or PMA + apocynin stimulation 
was measured in an AmplexRed assay. Graphs were normalized for background ROS production in the 
presence of apocynin to correct for cell input. E. FACS sorted CD11c+ (Flt3L BM culture) and Ly6C+ cells 
(Flt3L+Pam3CSK4 BM culture) were analyzed for the expression of NADPH oxidase subunit gp91PHOX 
relative to housekeeping gene HPRT by RT-PCR. F. Nitric oxide production by Flt3L- and Flt3L+Pam3CSK4 
BM cultures in response to PMA or LPS stimulation for 24 hours was assessed by measuring nitrate 
levels in cell culture medium using Griess Reagent. (BD = below detection limit) G. FACS-sorted Ly6C+ 
cells (Flt3L+Pam3CSK4 BM culture) were stimulated with PMA or LPS for 3.5 hours after which mRNA 
expression of iNOS was determined by RT-PCR, and is shown here relative to housekeeping gene HPRT. 
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compared to Flt3L BM culture-derived CD11c+ DCs (figure 3C). In addition, also MHC 
class II was expressed to a lower extent on the Ly6C+ compared to the CD11c+ cells 
(figure 3C). In contrast, MHC class I showed higher expression levels on the Ly6C+ 
than on the CD11c+ cells (figure 3C), but this did not lead to efficient CD8+ T cell 
proliferation, probably by the low expression of costimulatory molecules. 

Monocytes are important scavenger and innate effector cells, which can 
produce large quantities of effector molecules, like reactive oxygen species (ROS) 
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Figure 4 - The intestinal microflora affects Ly6C+ monocyte differentiation in vivo. A. Cell suspensions 
of blood, spleen and BM were evaluated for the presence of Ly6C+ monocytes using indicated flow 
cytometric gating strategy for the different organs. Lin gating for blood and spleen: Ly6G, CD3, B220, 
NKp46; lin gating for bone marrow: B220, CD3, CD19, CD117, NK1.1, TER-119. (Lin=lineage) B. The 
number of Ly6C+ monocytes in blood, spleen and bone marrow of Wt and MyD88ko mice were 
analyzed and compared. Graphs represent the combined results of two independent experiments and 
7 animals per group. C. Wt mice, treated with antibiotics for 33 days, were analyzed for the presence 
of inflammatory monocytes in blood, spleen, and BM. Graphs represent 5 mice per group.
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and nitric oxide (NO), to defend against pathogens40. To investigate whether the 
Pam3CSK4-induced Ly6C+ cells functionally resembled monocytes, production of 
H2O2 upon cellular activation by PMA was measured and compared to the amount 
produced by CD11c+ DCs from BM FLt3L cultures. Ly6C+ cells produced significant 
amounts of H2O2, whereas CD11c+ DCs only produced low levels (figure 3D). This 
corresponded with increased mRNA expression of Nadph oxidase subunit Nox2 / 
gp91phox by the Ly6C+ monocytes compared to the CD11c+ DCs (figure 3E).

NO production was determined in culture supernatants 24 hours after 
cellular activation by PMA or LPS, by measuring levels of nitrate, the stable end 
product of NO production. Flt3L+Pam3CSK4 BM cultures produced high levels of 
NO in response to LPS stimulation, in contrast to Flt3L BM cultures, in which NO 
production was below detection limit (figure 3F). Analysis of inducible NO synthase 
(iNOS) expression showed upregulation of iNOS mRNA levels after 3.5 hours of LPS 
stimulation in FACS-sorted Ly6C+ cells (figure 3G).

In conclusion, Pam3CSK4-induced Ly6C+ cells resemble monocytes both 
phenotypically (figure 2) and functionally (figure 3). Thus, Pam3CSK4 inhibits 
DC differentiation and at the same time stimulates the differentiation of Ly6C+ 
inflammatory monocytes from lineage-negative BM progenitor cells. 

The intestinal microflora affects Ly6C+ monocyte differentiation in vivo
Our findings indicate that bacterial products can be transcytosed by colonic 
epithelium towards the basolateral side and affect the differentiation of dendritic 
cells and monocytes in vitro. Previously, intestinal bacteria have been shown to pass 
the intestinal epithelial barrier and reach Peyer’s patches and mesenteric lymph 
nodes under steady state conditions and their products are known to be present 
in the systemic circulation in low concentrations44, 45. To investigate whether also in 
vivo differentiation of Ly6C+ monocytes is stimulated by circulating TLR ligands, the 
numbers of Ly6C+ monocytes under steady state conditions in blood, spleen and 
bone marrow of MyD88ko mice were determined and compared to wildtype mice 
(figure 4A). Ly6C+ monocytes in blood, spleen, and bone marrow were reduced in 
MyD88ko compared to wildtype mice (figure 4B), which suggests that TLR ligands 
stimulate monocyte differentiation in vivo. 

To confirm that the intestinal microflora is responsible for this MyD88-
dependent effect on differentiation of Ly6C+ monocytes, mice were treated with 
broad-spectrum antibiotics to eradicate bacteria from their intestinal lumen. 
Effectiveness of the antibiotics treatment was confirmed by determination of 16S 
bacterial DNA in the feces of antibiotics-treated mice at 7 days after start of the 
treatment (data not shown). After 33 days the mice were sacrificed and Ly6C+ 
monocytes in blood, spleen and bone marrow were determined by flow cytometry. 
Similarly to the MyD88ko mice, spleen and bone marrow of antibiotics-treated mice 
showed reduced numbers of Ly6C+ monocytes (figure 4C), though no difference 
in number of Ly6C+ monocytes was found in blood of antibiotics-treated mice 
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Figure 5 - Microflora-induced TLR signaling affects presence of mononuclear phagocytes in the 
colon.  A. Colonic single cell suspensions were enriched for CD45+ cells and stained with indicated 
antibodies to identify macrophage and DC subsets. B. Size of different colonic macrophage and DC 
subsets in Wt and MyD88ko mice was determined. Graphs represent the results of one representative 
experiment containing 3 data-points per group, in which each data-point represents pooled colons 
from 3 mice. C. Wt mice, treated with antibiotics for 33 days, were analyzed for the presence of colonic 
macrophage and DC subsets. Graphs represent 3 data-points per group, in which each data-point 
represents pooled colons from 3 mice.
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compared to Wt mice. 
These results indicate that TLR ligands, derived from the intestinal bacterial 

flora, stimulate the differentiation and presence of Ly6C+ monocytes in the bone 
marrow and spleen under non-inflammatory conditions. 

Microflora-induced TLR signaling affects the presence of mononuclear phagocytes 
in the colon
Intestinal macrophages are known to develop from Ly6C+ monocytes13, 15, 20, 29. 
To investigate whether the translocation of TLR2 ligands by CECs into the lamina 
propria affects the composition of the mononuclear phagocyte system locally in 
the colon, we analyzed the presence of different macrophage and DC subsets using 
the recent classification based on F4/80 and CD11c expression (F4/80+CD11c- and 
F4/80+CD11c+ macrophages, and CD103+CD11b+F4/80lo and CD103+CD11b-F4/80- 

CD11c+ DCs15) in colons of wildtype and MyD88ko mice. MyD88ko colons contained 
significantly reduced numbers of F4/80+CD11c- macrophages, whereas no 
differences in the other macrophage and DC subsets were observed (figure 5A-B). 
This shows that under homeostatic conditions MyD88-dependent TLR signaling 
stimulates differentiation of colonic F4/80+CD11c- macrophages. 

To confirm that the intestinal microflora is responsible for this MyD88-
dependent signaling that induced differentiation of F4/80+CD11c- macrophages, 
mice were treated with broad-spectrum antibiotics to eradicate bacteria from the 
intestinal lumen. After 33 days the mice were sacrificed and colonic macrophage 
and DC subsets were analyzed by flow cytometry. Similar to the MyD88ko mice, 
also antibiotics-treated mice showed a significant reduction in F4/80+CD11c- 
macrophages in the colon compared to control mice, whereas no differences 
between other macrophage and DC subsets were observed (figure 5C). This 
indicates that the intestinal microflora via MyD88-dependent signaling contributes 
to presence of local F4/80+CD11c- macrophages in the colon. 

Discussion

Our studies show that TLR ligands are transported by colonic epithelial cells and 
stimulate the generation of Ly6C+ monocytes over CD11c+ dendritic cells from 
hematopietic precursors.  Furthermore, we show that under steady state conditions 
microflora-derived TLR ligands affect the myeloid cell composition in the blood, 
spleen and bone marrow, and locally in the colonic lamina propria. These results 
illustrate a previously not recognized role of the microflora in the presence of 
myeloid cells under homeostatic conditions.

Systemic bacterial infection is known to induce emergency myelopoiesis, 
leading to increased generation of monocytes and granulocytes in the bone marrow 
and increased release of these cells into the blood circulation to help fight the 
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infection46. TLR ligands in the circulation, as signals of a remote infection, trigger this 
emergency myelopoiesis either by acting direct on the hematopoietic progenitors 
cells in the bone marrow or by inducing TLR signaling in stromal cells, to induce 
the myelopoiesis46, 47, and mesenchymal stem and progenitor cells to induce CCL2 
expression and thereby emigration of newly formed monocytes48. We now show 
evidence that a similar process also takes place under homeostatic conditions by 
the use of TLR signaling- and microflora-deficient mice. Apparently, low levels of 
microflora-derived TLR ligands determine the steady state level of Ly6C+ monocytes 
in the systemic circulation. As appropriate levels of Ly6C+ monocytes are essential 
for innate responses to infections and for replenishment of tissue macrophages, 
this TLR-mediated homeostatic generation of monocytes is an important process.

The importance of the intestinal microflora for systemic immune function 
was shown before. Germ-free mice have reduced homeostatic T cell proliferation, 
a reduced number of CD4+ T cells and smaller lymphoid follicles in the spleen, 
lower levels of circulating immunoglobulins, and strongly TH2-skewed immune 
responses49-52. Also, lack of microflora leads to impaired antiviral immunity of 
peritoneal macrophages53, 54 and impaired bactericidal activity of blood neutrophils44. 
How does the intestinal microflora mediate these systemic effects? Microflora-
derived compounds can enter the systemic circulation as was shown for bacterial 
cell wall-derived peptidoglycan44 and Bacteroides fragilis-derived polysaccharide 
A (PSA)45. How these molecules reach the systemic circulation remains to be 
shown. Whereas transport of luminal compounds into the lamina propria by 
lymphoid structure associated M cells55, by goblet cells56, and by macrophages with 
transepithelial dendrites all lead to presence of these compounds inside antigen 
presenting cells, transcytosis of microflora-derived compounds by small intestinal38 
and colonic epithelial cells (figure 1) might be a mechanism by which free microflora-
derived molecules, like Pam3CSK4, reach the lamina propria and eventually the 
systemic circulation. 

Next to the systemic effect of microflora-derived TLR ligands on monocyte 
differentiation, we observed a reduction in the number of F4/80+CD11c- macrophages 
present in colons of MyD88ko and antibiotics-treated mice. The F4/80+CD11c- 
macrophages represent one of two macrophage subsets in the colon that maintain 
immune tolerance by the production of IL-1015. Although intestinal macrophages are 
known to develop from Ly6c+ monocytes, we could not find evidence that the local 
effect on colonic macrophages was secondary to the systemic effect of TLR ligands 
on Ly6c+ monocyte differentiation: No differences were observed in CCL2 expression 
in the colon of Wt and MyD88ko mice (data not shown), indicating that recruitment 
of Ly6C+ monocytes from the blood into the colon is not deficient in MyD88ko 
mice. Secondly, whereas we detected no difference in numbers of inflammatory 
monocytes in blood, the F4/80+CD11c- macrophage subset was decreased in the 
colons of antibiotics-treated compared to control mice. As a third, we did not observe 
differences in the number of F4/80+CD11c+ macrophages in TLR ligand and TLR 
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signaling deficient compared to wildtype mice, whereas this subset also develops 
from Ly6C+ monocytes. Our findings were confirmed recently by Diehl et al.57 who 
showed that the reduced numbers of intestinal macrophages observed in MyD88ko 
and antibiotics-treated mice are a result of migration of the macrophages to the 
mesenteric lymph nodes. Under steady state conditions, microflora-induced TLR 
signaling prevents this migration, however, when TLR ligands lack, the macrophages 
start migrating, resulting in reduced macrophage numbers in the colonic lamina 
propria and the induction of pro-inflammatory immune responses.

How does TLR2 ligand Pam3CSK4 alter the outgrowth of hematopoietic 
progenitor cells from DCs into Ly6C+ monocytes? Inhibition of DC differentiation 
from hematopoietic progenitors in the presence of a TLR ligand has been shown 
before to occur in BM cultures in the presence of GM-CSF58, 59. The inhibitory effect 
of TLR ligands on GM-CSF-induced DC differentiation is mediated by TLR-stimulated 
upregulation of SOCS-1, which subsequently blocks GM-CSF receptor signaling 
through the Jak/Stat pathway by inhibiting Jak2 phosphorylation58. Since Jak2 is not 
involved in the Flt3 signaling pathway, the inhibitory effect of TLR ligands on Flt3L-
induced DC differentiation is not likely to be mediated by SOCS-1, but probably is 
exerted in a different, until now unidentified manner. Similarly, the mechanism by 
which Pam3CSK4 stimulates differentiation of Ly6C+ monocytes is not yet completely 
elucidated. Our studies do show that the observed effects are in part mediated by 
the TLR-induced production and secretion of G-CSF (chapter 4).

In conclusion, we would like to propose a model in which another role for 
microflora-induced TLR signaling in systemic immune homeostasis is evident. We 
show that colonic epithelial cells actively transport TLR2 ligands. In the systemic 
circulation these TLR ligands stimulate the generation of Ly6C+ monocytes in blood, 
spleen, and bone marrow. In this way, the intestinal microflora is essential in 
shaping the mononuclear phagocyte repertoire and appears to be crucial for the 
maintenance of immune homeostasis.
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Ly6C+ monocytes are important effector cells during infections and give rise to 
Ly6C- monocytes and macrophage subsets. They differentiate from macrophage-
DC-precursors in the bone marrow (BM) in response to certain stimuli, such as 
macrophage-colony stimulating factor (M-CSF) and TLR ligands. How TLR ligands 
are involved in the generation of Ly6C+ monocytes remains to be elucidated. We 
show here that TLR2 ligand Pam3CSK4 stimulates the differentiation of Ly6C+ 
monocytes at the expense of the differentiation of dendritic cells in Flt3L BM 
cultures in a paracrine manner. Pam3CSK4 induces the production of a secreted 
protein (complex) larger than 50kD that can be produced by both hematopoietic 
and non-hematopoietic cells. The factor stimulating Ly6C+ monocyte generation 
in response to TLR2 stimulation was identified as granulocyte-colony stimulating 
factor (G-CSF). G-CSF was very rapidly induced by TLR2 stimulation. BM cultures 
stimulated with a combination of G-CSF and FLT3L gave rise to Ly6C+ monocytes 
and neutralization of G-CSF significantly decreased Ly6C+ monocyte generation.  
The colon harbors the highest amount of bacteria and microflora-derived TLR 
ligands have been shown to enter the systemic circulation. We speculated that 
the intestinal flora could stimulate G-CSF production. Indeed, we observed that 
G-CSF production was reduced in colon and bone marrow of antibiotics treated 
mice. In conclusion, we show that G-CSF is an important effector molecule in the 
TLR-induced generation of Ly6C+ monocytes from hematopoietic progenitors. 
This insight may provide a useful tool for the development of treatments for 
monocytopenia in patients.

Abstract
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Introduction

Monocytes are circulating white blood cells that make up 10% of human and 4% of 
mouse blood leukocytes. They express various pathogen and scavenger receptors 
and, upon stimulation, release high amounts of reactive oxygen species, nitric oxide, 
complement factors, prostaglandins, proteolytic enzymes and proinflammatory 
cytokines and therefore are very important in the defense against pathogens. 
Monocytes are identified by the expression of CD115 and CX3CR11.

Two subsets of monocytes have been identified which differ in the 
expression (levels) of Ly6C and CX3CR12, 3. CD115+CX3CR1INTLy6C+ monocytes are 
short-lived and selectively migrate towards inflamed or damaged tissues in a CCR2-
dependent manner where they produce large amounts of TNFα and interleukin-1. 
Here, they also give rise to tumor necrosis factor-alpha (TNFα) and inducible 
nitric oxide synthase (iNOS) producing dendritic cells (Tip-DCs). In addition, these 
Ly6C+ monocytes have been shown to be a reservoir for the replenishment of 
tissue-resident macrophages and dendritic cells of the intestine4-6, lung7-9 and 
skin10.  It was recently shown that probably only intestinal macrophages are still 
replenished by Ly6C+ monocytes after birth, whereas tissue-resident lung, splenic, 
and alveolar macrophages and Kupffer cells differentiate prior to birth, after which 
they maintain themselves by local proliferation11. Ly6C+ monocytes give rise to the 
second CD115+CX3CR1hiLy6C- monocyte subset in steady state11, 12. These cells are 
longer lived, but form the smaller subset of the two. They patrol the vasculature 
and upon encountering tissue damage or infection, they rapidly extravasate, initiate 
an innate immune response, and differentiate into macrophages13. The half-life of 
Ly6C- monocytes in blood inversely correlates with the number of circulating Ly6C+ 
monocytes, supplying a means to maintain a stable number of Ly6C- monocytes 
upon Ly6C+ monocyte shortage11. 

Ly6C+ monocytes differentiate from macrophage-dendritic cell-progenitors 
(MDPs)12, 14, which are preceded in the monocyte differentiation pathway by 
granulocyte macrophage progenitors (GMPs), common myeloid progenitors (CMPs), 
multipotent progenitors (MPPs), and ultimately self-renewing hematopoietic stem 
cells. All these monocyte precursors are localized in the bone marrow (BM), where 
specific signals determine the direction of cell differentiation. Different signals 
affecting monocyte differentiation have been described. Binding of macrophage-
colony stimulating factor (M-CSF) and/or interleukin-34 (IL-34) to CD115, the M-CSF 
receptor, has been shown to be indispensable for monocyte differentiation15-18. In 
addition, signaling through toll-like receptors (TLRs) in hematopoietic stem and 
progenitor cells has been shown to drive the differentiation towards a myeloid 
cell fate, which is likely to provide a mechanism during inflammation to rapidly 
replenish circulating innate immune cells, among which are monocytes19. However, 
also under steady state conditions microflora-derived TLR ligands were shown to 
maintain homeostatic levels of Ly6C+ monocytes by inducing their differentiation 
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from hematopoietic progenitors (Chapter 3). In BM cultures containing growth 
factor Flt3L, progenitors differentiated into Ly6C+ monocytes instead of DCs in the 
presence of TLR2 ligand Pam3CSK4, and mice deficient in TLR ligands (antibiotics-
treated mice) or TLR signaling (MyD88ko mice) showed a significant reduction in 
Ly6C+ monocytes in blood, spleen and BM (Chapter 3). TLR ligands affect monocyte 
differentiation from hematopoietic progenitors in the BM, but probably can also do 
so in peripheral tissues like the intestine, were GMPs were found to be present in 
the colonic lamina propria20.

Understanding the exact mechanisms by which TLR ligands, like Pam3CSK4, 
stimulate the differentiation of Ly6C+ monocytes from hematopoietic progenitors 
might reveal therapeutic targets to selectively modulate circulating and peripheral 
numbers of these cells, and thereby help monocytopenic patients. Here, we show 
that TLR2 ligand Pam3CSK4 stimulates the production and secretion of a factor 
that drives Ly6C+ monocyte differentiation from hematopoietic progenitors. This 
Pam3CSK4-induced factor is a protein (complex) of at least 50kD that can be produced 
by both hematopoietic and non-hematopoietic cells. We identified this Pam3CSK4-
induced secreted factor as being the myeloid growth factor G-CSF. Although the 
specific cells responsible for the Pam3CSK4-induced G-CSF production remain to 
be characterized, they are present at least in the colon and probably also in the 
BM, since at these locations G-CSF production was reduced in mice deficient in 
microflora-derived TLR ligands. 

Materials and Methods

Mice
C57BL/6, MyD88ko, and Ly5.1 mice were bred and maintained at the animal facility 
of the VU University Medical Center in Amsterdam. Both male and female mice 
between the age of 8 and 12 weeks were used in the experiments described. All 
experiments were approved by the animal experimentation ethics committee of the 
VU University Medical Center and according to local and governmental regulations. 
BM from G-CSFR-/- and G-CSFR+/- mice (FVB/N background) was kindly provided by 
Prof. Dr. I.P. Touw; Department of hematology, Erasmus Medical Center, Rotterdam, 
The Netherlands.

Antibiotics treatment
To eradicate the intestinal microflora of mice, they were treated for indicated time 
periods with an antibiotics cocktail containing Streptomycin (5g/L), Colistin (1g/L), 
Ampicillin (1g/L) and sucrose (2.5%) (all ordered from Sigma) in their drinking 
water 21. Feces were collected during the experiment to assess effectiveness of the 
treatment by determining the amount of 16S bacterial DNA. 
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In vitro bone marrow cultures
BM (BM) was isolated from mice by flushing the femurs and tibias. BM cultures 
were performed in RPMI1640 medium containing 10% heat-inactivated FCS, 1% 
L-glutamine, and 1% penicillin-streptomycin. 

For the generation of day 2 supernatants, BM cultures were started in 24 
wells plates containing 6 x 106 cells, 200 ng/mL Flt3L, and, when indicated, 0.5 µg/
mL Pam3CSK4 in a total volume of 1 mL. 48 hours after the start of the BM cultures, 
culture supernatants were harvested, shortly spun to remove cells and used in 
new MyD88ko BM cultures. Supernatants were heated at 80°C for 20 minutes to 
denature proteins. 

Standard BM cultures were performed in 96 wells plates containing 1 x 106 
cells, 200 ng/mL Flt3L and, if indicated, 0.5 µg/mL Pam3CSK4, 20 ng/mL G-CSF, 20 
ng/mL GM-CSF, 30 µL L-cell conditioned medium containing M-CSF (15%), or 100 
uL day 2 supernatant in a total volume of 200 µL. Seven days after the start of the 
BM culture, the culture was boosted with another 50 µL (96 wells plate setup), or 1 
mL (24 wells plate setup) cell culture medium containing 200 ng/mL Flt3L. At day 9 
cells were harvested. 

Size-based fractioning of day 2 supernatants
Day 2 culture supernatants were fractionized using Amicon filters (Millipore) 
with different size restrictions (10 kD, 30 kD, 50 kD, 100 kD). The Amicon filters 
were spun with cell culture medium (RPMI1640 + 10% FCS + 1% L-glutamine + 
1% penicillin-streptomycin) to prevent aspecific binding of proteins to the filters. 
Subsequently day 2 supernatants were added to the filters and spun according to 
the manufacturer’s instructions. The flow-through and concentrates of proteins 
were harvested and added to MyD88ko BM cultures as fractions containing either 
proteins smaller than or proteins bigger than the size restriction of the Amicon filter 
used, respectively. 

CD45+ cell isolation
CD45+ and CD45- cells from BM were isolated by immunomagnetic cell separation 
using anti-CD45-biotin (clone 30-F11; eBioscience) and the EasySep mouse biotin 
positive selection kit (StemCell Technologies, Grenoble, France) according to the 
manufacturer’s instructions. Population purities were 94% for CD45+ and 96% for 
CD45- cell fractions. 

Antibodies and flow cytometric analysis
The following antibodies were used for flow cytometric analysis:  anti-CD11c-PE 
or -eFluor®450 (clone N418, eBioscience), anti-Ly6C-Fitc (clone ER-MP 20, Abcam), 
Fixable Near-Infrared Live/Dead stain (Invitrogen). For flow cytometric analysis a 
CyAn ADP flow cytometer (Beckmann Coulter) was used. Flow cytometry data was 
analyzed using Flowjo 9.2 Software.
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For neutralization studies the following antibodies were administered at 
day 0 and 2 of Flt3L BM cultures in a concentration of 10 µg/mL: anti-GM-CSF (clone 
MP1-22E9), anti-M-CSFR (clone AFS98), anti-G-CSF (clone 67604, R&D systems).

RNA isolation and Real-time PCR
Cells from BM cultures were harvested and directly lysed in TRIzol. Colons were 
dissected, opened longitudinally, washed in PBS, cut into pieces of ~2 mm, and 
lysed in TRIzol. Spleens were dissected, cut into small pieces and lysed in TRIzol. BM 
was isolated from dissected femurs and tibias by flushing and subsequently lysed 
in TRIzol.

 Phenol/chloroform extraction was performed using Phase Lock Heavy Gel 
tubes (Eppendorf, Nijmegen, The Netherlands), followed by consecutive isopropanol 
and ethanol precipitations. The concentration of isolated RNA, dissolved in RNAse 
free water, was measured using a Nanodrop Spectrophotometer (Nanodrop 
Technologies, Wilmington, DE, USA). An input of 1 μg RNA was used for cDNA 
synthesis using RevertAidTM First strand cDNA synthesis kit (Fermentas Life Sciences, 
Burlington, Canada), according to the manufacturer’s protocol. The resulting cDNA 
was used for analysis by RT-PCR.

mRNA expression levels were determined using an ABI prism 7900HT 
Sequence Detection System (PE Applied Biosystems, Foster city, CA, USA). 
Reactions were performed in a total reaction volume of 10 μL, containing cDNA, 
300 nM forward primer, 300 nM reverse primer, and SYBR Green PCR Mastermix 
(PE Applied Biosystems). Primers used for analysis of mRNA expression were 
designed using OligoExplorer1.2 software (www.GeneLink.com) and synthesized by 
Invitrogen. Primer sequences: M-CSF-forward: 5’-ATGAGGACAGACAGGTGGAA-3’, 
M-CSF-reverse: 5’-GAAGATGGTAGGAGAGGGT-3’, GM-CSF-forward: 
5’-AAGAAGCCCTGAACCTCC-3’, GM-CSF-reverse: 5’-AAATTGCCCCGTAGACCC-3’, 
G-CSF-forward: 5’-GTTCCCCTGGTCACTGTC-3’, G-CSF-reverse: 
5’-CCTGGATCTTCCTCACTTGC-3’, HPRT-forward: 5’-CCTAAGATGAGCGCAAGTTGAA-3’, 
HPRT-reverse: 5’-CCACAGGACTAGAACACCTGCTAA-3’. Relative changes in mRNA 
expression between samples were determined using the comparative CT method 
(ΔCT), compared to housekeeping gene HPRT.

Statistical evaluation
Values are expressed as the mean ± standard error of the mean (SEM). An ANOVA 
was used to test for statistical significant differences between three or more groups. 
A student’s T test was performed when comparing two samples. A P-value of <0.05 
was considered statistically significant. *P<0.05, **P<0.01, ***P<0.001
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Results

Pam3CSK4 stimulates Ly6C+ monocyte generation in an indirect manner
In order to determine how TLR ligands, such as Pam3CSK4, stimulate the differentiation 
of Ly6C+ monocytes, we first investigated whether the Pam3CSK4-induced TLR2 
signaling skews BM differentiation in a direct or in an indirect fashion. To study the 
effects of Pam3CSK4 on hematopoietic progenitor differentiation, we made use of an 
in vitro murine BM culture system containing growth factor FMS-like tyrosine kinase 
3 ligand (Flt3L). With this Flt3L BM culture system CD11c+ DCs are generated in 9 
days22, however in the presence of Pam3CSK4 the differentiation process is strongly 
skewed towards Ly6C+ monocytes (Chapter 3). 
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Figure 1 - Pam3CSK4 stimulates Ly6C+ monocyte generation in an indirect manner. A. 9 day Flt3L BM 
cultures of Wt Ly5.1, MyD88ko Ly5.2, or a 1:1 mixture of both were performed in the presence or 
absence of Pam3CSK4, after which the presence of CD11c+ DCs and Ly6C+ monocytes was determined 
by flow cytometry. B,C. Quantification of A. Error bars indicate the SEM of triplicates.
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4 BM was isolated from Ly5.1 wildtype (Wt) and Ly5.2 MyD88ko mice and 
Flt3L cultures were started in the presence or absence of Pam3CSK4. Whereas Wt 
Flt3L BM cultures primarily generated CD11c+ DCs, differentiation in the presence 
of Pam3CSK4 was strongly skewed towards Ly6C+ monocytes (figure 1). This dramatic 
switch towards monocyte differentiation was strictly dependent on TLR2 signaling, 
since MyD88ko BM cells differentiated into CD11c+ DCs in the presence of Pam3CSK4 
(figure 1). In order to determine whether Pam3CSK4-induced TLR2 signaling resulted 
in the induction of factors that affect BM differentiation in a paracrine fashion, Ly5.1 
Wt and Ly5.2 MyD88ko BM cells were mixed 1:1 and cultured for 9 days with Flt3L 
in the presence or absence of Pam3CSK4. In the presence of only Flt3L, both Wt 
and MyD88ko BM cells differentiated into CD11c+ DCs (figure 1). In the presence of 
Flt3L and Pam3CSK4, Wt BM cells differentiated into Ly6C+ monocytes as expected. 
Surprisingly, also MyD88ko BM cells differentiated into Ly6C+ monocytes in these 
mixed cultures (figure 1), indicating that Pam3CSK4-stimulated TLR2-responsive Wt 
cells could stimulate MyD88ko BM cells to differentiate into monocytes. This result 
shows that Pam3CSK4-induced TLR2 signaling leads to monocyte differentiation in a 
paracrine manner. 

Pam3CSK4 stimulates Ly6C+ monocyte generation via induction of a secreted factor
To determine whether the Pam3CSK4-induced paracrine stimulation of Ly6C+ 
monocyte differentiation was mediated by a cell-bound or secreted factor, we 
collected day 2 supernatants of Wt Flt3L BM cultures in presence or absence of 
Pam3CSK4 and added these supernatants to a MyD88ko BM culture. MyD88ko BM 
was used to exclude any direct effects of Pam3CSK4 present in the supernatant. 
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Figure 2 - Pam3CSK4 stimulates Ly6C+ monocyte generation via induction of a secreted factor. 
A-B. Supernatants of Wt Flt3L BM cultures in the absence (d2 sup F) or presence (d2 sup FP) of 
Pam3CSK4 were harvested at day 2 of the culture and transferred to MyD88ko Flt3L BM cultures. 
After 9 days the presence of CD11c+ DCs and Ly6C+ monocytes in the culture was determined by flow 
cytometry. Error bars indicate the SEM of triplicates.



93

TLR2-induced G-CSF stimulates the differentiation of Ly6C+ monocytes

4

After 9 days of culturing, the MyD88ko BM cells were harvested and analyzed 
by flow cytometry. MyD88ko cultures that received supernatant from Wt Flt3L 
cultures differentiated into CD11c+ DCs (figure 2a). MyD88ko cultures that received 
supernatant from Wt Flt3L + Pam3CSK4 cultures differentiated into Ly6C+ monocytes 
(figure 2b), indicating that by transferring the supernatant the capacity of Pam3CSK4 
to skew differentiation could be transferred from one culture to the other. This 
shows the involvement of a Pam3CSK4-induced secreted factor. 
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Figure 3 - The Pam3CSK4-induced factor can be produced by both hematopoietic and non-
hematopoietic cells and induces monocyte differentiation in the first two days of BM culture. A-B. 
Flt3L cultures were started with either CD45+ or CD45- BM cells, which were separated from each other 
by immunomagnetic cell separation. Day 2 supernatant from these cultures was added to MyD88ko 
Flt3L BM cultures in a 1:1 ratio. After 9 days the presence of CD11c+ DCs and Ly6C+ monocytes in the 
culture was determined by flow cytometry. C-D. On day 2 of a Wt Flt3L BM culture in the absence 
or presence of Pam3CSK4, non-adherent cells were harvested from Pam3CSK4-stimulated and –naïve 
culture wells, washed, and further cultured in the absence of adherent cells, but in the presence or 
absence of Pam3CSK4. After 9 days the presence of CD11c+ DCs and Ly6C+ monocytes in the culture was 
determined by flow cytometry.
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The Pam3CSK4-induced secreted factor can be produced by both hematopoietic 
and nonhematopoietic cells and induces monocyte differentiation in the first two 
days of BM culture
The BM comprises a heterogeneous population of both hematopoietic cells and 
non-hematopoietic stromal cells23. Both hematopoietic and non-hematopietic 
cells in the BM have been described to express TLR219, 24. To elucidate whether the 
Pam3CSK4-induced secreted factor is produced by hematopoietic (CD45+) or non-
hematopoietic (CD45-) cells, Wt BM-derived CD45+ and CD45- cells were separated 
by immunomagnetic cell separation, and with both fractions a Flt3L cell culture 
was started in the presence or absence of Pam3CSK4. At day 2 of the cell culture, 
supernatants were harvested and added to a MyD88ko Flt3L BM culture. MyD88ko 
cultures that had received supernatant from the CD45+ or CD45- Wt Flt3L culture 
differentiated into CD11c+ DCs (figure 3a). In contrast, MyD88ko cultures that 
had received supernatant from the CD45+ or CD45- Wt Flt3L+Pam3CSK4 culture 
differentiated into Ly6C+ monocytes (figure 3b). This indicated that the Pam3CSK4-
induced secreted factor can be produced by both hematopoietic and non-
hematopoietic BM cells.  

As non-hematopoietic adherent stromal cells are known to provide essential 
growth factors for hematopoietic progenitors, we investigated whether these cells 
were essential for the production of the Pam3CSK4-induced secreted factor and 
the induction of monocyte differentiation. Wt BM Flt3L cultures were started in 
the presence or absence of Pam3CSK4 and after 2 days, non-adherent cells were 
harvested, washed to remove Pam3CSK4, and cultured in new wells. After 7 more 
days of culture we determined under which conditions cells had differentiated 
into DCs or Ly6C+ monocytes. Lack of adherent cells and Pam3CSK4 after 2 days of 
culturing did not affect the differentiation of both CD11c+ DCs and Ly6C+ monocytes 
indicating that stromal cells were not required after two days of culture and that 
lineage decision towards Ly6C+ monocytes was established in the first two days 
(Figure 3C-D). In contrast, addition of Pam3CSK4 after the two initial days of BM 
culture could still stimulate Ly6C+ monocyte differentiation in the absence of stromal 
cells, though not as potent as early in the culture (figure 3C-D). 

These results indicate that both CD45+ hematopoietic and CD45- non-
hematopoietic cells can produce the Pam3CSK4-induced secreted factor and that 
this factor is most important in skewing BM differentiation towards monocytes 
in the first two days of culture, suggesting that this factor affects early myeloid 
progenitors. 

The Pam3CSK4-induced secreted factor is a protein bigger than 50kD
To determine whether the secreted factor that is produced in response to Pam3CSK4 

is a protein, we denatured all proteins in day 2 supernatant of Wt Flt3L BM cultures 
+/- Pam3CSK4 by heating them at 80°C for 20 minutes. This treated day 2 supernatant 
was added to MyD88ko BM cultures. In contrast to supernatant of Flt3L+Pam3CSK4 
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Figure 4 - The Pam3CSK4-induced factor is a protein larger than 50kD. A-B. Day 2 supernatants of 
Wt Flt3L BM cultures in the absence (d2 sup F) or presence (d2 sup FP) of Pam3CSK4 were heated 
at 80°C for 20min. These supernatants were added to MyD88ko Flt3L BM cultures and after 9 days 
the presence of CD11c+ DCs and Ly6C+ monocytes was determined by flow cytometry. C-D. Day 2 
supernatants of Wt Flt3L BM cultures in the absence (d2 sup F) or presence (d2 sup FP) of Pam3CSK4 
were separated based on size. Fractions containing proteins either larger or smaller than 10kD, 30kD, 
50kD or 100kD were added to MyD88ko Ft3L BM culture, in which after 9 days the presence of CD11c+ 
DCs and Ly6C+ monocytes was determined by flow cytometry.

stimulated BM cultures, which induced differentiation of Ly6C+ monocytes, the 
denatured supernatant did not stimulate differentiation of Ly6C+ monocytes. 
Instead, it induced differentiation of CD11c+ DCs (figure 4A-B). This indicates that 
the Pam3CSK4-induced secreted factor that induces the monocyte differentiation is 
a protein.

Subsequently, the size of the Pam3CSK4-induced secreted protein was 
assessed. Day 2 supernatant of Wt Flt3L or Flt3L+Pam3CSK4 BM cultures was 
fractionized based on protein size (10kD 30kD, 50kD and 100kD) and added to 
MyD88ko Flt3L BM cultures. DC differentiation was inhibited and monocyte 
differentiation was induced by the supernatant fractions containing proteins bigger 
than 10kD, 30kD, and 50kD (figure 4C-D). Supernatant fractions containing proteins 
smaller or bigger than 100kD could both partly inhibit DC differentiation and induce 
monocyte differentiation (figure 4C-D), indicating that the size of the Pam3CSK4-
induced protein or protein complex responsible for the effect is at least larger than 
50kD and probably around 100kD. 
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The Pam3CSK4-induced secreted protein that induces monocyte differentiation is 
G-CSF
Proteins that are well known to be involved in differentiation of various myeloid 
lineages are the colony stimulating factors (CSFs) macrophage-CSF (M-CSF), 
granulocyte macrophage-CSF (GM-CSF) and granulocyte-CSF (G-CSF) 25. To investigate 
whether these growth factors were involved in the Pam3CSK4-induced generation 
of Ly6C+ monocytes, the expression of these growth factors was determined during 
the first 3 days of Flt3L BM cultures in the presence and absence of Pam3CSK4. 
Strongly upregulated G-CSF mRNA levels were observed already on the first day 
of the culture Pam3CSK4 whereas mRNA levels of all three growth factors were 
strongly increased on the second day of Pam3CSK4-stimulated cultures (figure 5A-
C). In contrast, the expression of M-CSF receptor-binding growth factor IL-34 was 
unchanged in the presence of Pam3CSK4 (data not shown).

To determine the capacity of the three growth factors that showed enhanced 
expression to inhibit DC differentiation and induce Ly6C+ monocyte differentiation, 
MyD88ko Flt3L BM cultures were performed in the presence of M-CSF, GM-CSF, 
and/or G-CSF. The addition of G-CSF resulted in significant induction of Ly6C+ 
monocytes (figure 5E) at the expense of CD11c+ DC differentiation (figure 5D), which 
was similar to the effect of supernatant of Pam3CSK4-stimulated Flt3L BM cultures. 
In contrast, no effect of M-CSF and GM-CSF on DC and monocyte differentiation was 
observed. This suggested G-CSF as a potential candidate for being the Pam3CSK4-
induced factor. 

To functionally test involvement of G-CSF, GM-CSF, and/or M-CSF, 
neutralizing/blocking antibodies specific for the M-CSF receptor, GM-CSF, or 
G-CSF were added to MyD88ko Flt3L BM cultures that were stimulated with day 2 
supernatants of  Wt Flt3L BM cultures in the absence (day 2 sup F) or presence (day 
2 sup FP) of Pam3CSK4. Blocking the M-CSF receptor and neutralization of GM-CSF 
could not prevent the skewing of differentiation towards Ly6C+ monocytes in the 
presence of d2 sup FP (figure 5F-G). In contrast, neutralization of G-CSF reverted 
the effect of day 2 sup FP since it significantly inhibited differentiation of Ly6C+ 

Figure 5 - The Pam3CSK4-induced secreted protein is G-CSF. A-C. Wt Flt3L BM cultures were started in 
the presence or absence of Pam3CSK4. Cells were harvested 1, 2, and 3 days after start of the culture 
for analysis of mRNA expression of M-CSF, GM-CSF, and G-CSF by RT-PCR. Error bars indicate SEM of 
duplicates. D-E. MyD88ko BM Flt3L cultures were started in the presence of day 2 supernatants of 
Flt3L Wt BM culture (d2 sup F) or Flt3L+Pam3CSK4 Wt BM culture (d2 sup FP), M-CSF, GM-CSF or G-CSF. 
After 9 days the presence of CD11c+ DCs and Ly6C+ monocytes was determined by flow cytometry. 
Error bars indicate SEM of triplicates. F-G. MyD88ko BM Flt3L cultures were started in the presence 
of d2 sup F or d2 sup FP and in the presence or absence of M-CSF receptor, GM-CSF, and/or G-CSF 
blocking and/or neutralizing antibodies (10µg/mL). After 9 days the presence of CD11c+ DCs and Ly6C+ 
monocytes was determined by flow cytometry. Error bars indicate SEM of triplicates. H-I. G-CSFR+/- and 
G-CSFR-/- BM Flt3L cultures were started in the presence of Pam3CSK4, d2 sup F, or d2 sup FP. After 9 
days the presence of CD11c+ DCs and Ly6C+ monocytes was determined by flow cytometry. Error bars 
indicate SEM of results of three mice.
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monocytes, and led to increased levels of CD11c+ DCs (figure 5F-G). Combined 
inhibition of all three growth factors was similar to specific blocking of G-CSF (figure 
5F-G). 

Unexpectedly, in Flt3L cultures with BM from G-CSF receptor-deficient 
mice, addition of Pam3CSK4 or d2 sup FP still stimulated the differentiation of Ly6C+ 
monocytes at the expense of CD11c+ DCs (figure 5H-I). This indicates that the 
Pam3CSK4-induced production of G-CSF is not the only mechanism by which the 
TLR2 ligand induces monocyte differentiation. TLR signaling could directly induce 
monocyte differentiation of hematopoietic progenitors, or it might induce the 
production of additional factors that are able to stimulate monocyte differentiation. 
This second option is supported by the observation that the monocyte-inducing 
activity of d2 sup FP could not be completely neutralized by high concentrations of 
G-CSF neutralizing antibody (figure 5H-I, and data not shown). 

Our results indicate that G-CSF is an effector molecule, produced in response 
to Pam3CSK4-induced signaling, that stimulates Ly6C+ monocyte differentiation from 
BM progenitors in the presence of Flt3L. However, additional mechanisms are 
involved.

Intestinal microflora stimulates G-CSF expression both in colon and bone marrow
Our previous studies have established that intestinal epithelial cells transcytose 
TLR ligands from the luminal towards the basolateral side and that the intestinal 
microflora stimulates the generation of Ly6C+ monocytes in blood, spleen and BM 
(Chapter 3). To investigate whether intestinal microflora-derived TLR ligands locally 
in the colon or systemically in the BM or spleen induce the production of G-CSF, 
colonic, splenic and BM tissue was isolated from antibiotics-treated mice that 
lack microflora-derived TLR ligands. G-CSF mRNA expression levels were strongly 
decreased in colonic tissue from antibiotics-treated compared to control mice (figure 
6). Also G-CSF mRNA expression was reduced in BM of antibiotics-treated versus 
control mice, whereas no difference was observed in the spleen (figure 6). These 
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Figure 6 - The intestinal microflora 
induces G-CSF expression in 
colon and BM. Colons, spleens, 
and BM were harvested from 
antibiotics-treated and control 
mice and analyzed for the mRNA 
expression of G-CSF by RT-PCR. 
Error bars indicate SEM of 4 
(colon, spleen) or 5 (BM) mice 
per group.
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data suggest that the intestinal flora both directly in the colon and systemically in 
the BM induces the production of G-CSF to stimulate Ly6C+ monocyte generation.

Discussion

In this paper we demonstrate that TLR2 ligand Pam3CSK4 stimulates monocyte 
differentiation by inducing the production of a secreted factor. The factor is a protein 
(complex) larger than 50 kD that can be produced by both hematopoietic and non-
hematopoietic BM cells and is secreted during the first two days of BM stimulation 
with TLR2 ligand. We identified the Pam3CSK4-induced factor as being G-CSF and 
thereby reveal a role for this myeloid growth factor in TLR2-induced monocytopoiesis. 

G-CSF is a growth factor that is mostly associated with the differentiation of 
neutrophils26-28. However, next to a severe reduction in the numbers of neutrophils, 
G-CSF knock-out mice were shown to have a reduced number of circulating 
monocytes26, 29. In addition, injection of G-CSF resulted in higher monocyte production 
in mice30 and G-CSF is necessary for enhanced monocytopoiesis during infection31. 
These data suggest involvement of G-CSF in monocyte differentiation and therefore 
made it a plausible candidate for being the Pam3CSK4-induced secreted factor. 
Indeed, addition of G-CSF to Flt3L BM cultures suppressed CD11c+ DC differentiation 
and enhanced Ly6C+ monocyte differentiation (figure 5D-E), and neutralization of 
G-CSF in day 2 supernatant of Pam3CSK4-stimulated Flt3L BM cultures reverted the 
subsequent induction of Ly6C+ monocyte from MyD88ko BM (figure 5F-G), indicating 
involvement of G-CSF as secreted factor in the Pam3CSK4-induced monocyte 
generation. 

The Pam3CSK4-induced factor stimulating the monocyte differentiation 
was determined to be a protein or protein complex larger than 50kD (figure 4C-D). 
Since the molecular weight of G-CSF is only 25 kDa32, it probably induces monocyte 
generation while in multimeric form, or in complex with other proteins. How G-CSF 
binds to the G-CSF receptor, a typical type I cytokine receptor family member, is 
not entirely clear yet, but is predicted to be in a 2:2 fashion based on the crystal 
structures of G-CSF binding to truncated G-CSFR33. This suggests the presence of 
G-CSF dimers, which would have a molecular weight of 50kDa. Additional association 
with extracellular matrix components or other factors might explain the finding that 
a protein complex that is bigger than 50kD induces the monocyte production.

Surprisingly, BM cells from G-CSF receptor deficient mice were still able to 
respond to Pam3CSK4 and to day 2 supernatant of Pam3CSK4-stimulated Wt Flt3L 
BM cultures by inducing Ly6C+ monocyte differentiation at the expense of DC 
differentiation (figure 5H-I). This indicates either that TLR2 signaling can directly 
induce the generation of Ly6C+ monocytes, or that besides G-CSF additional 
Pam3CSK4-induced factors are produced and secreted that stimulate Ly6C+ monocyte 
generation. Since the induction of Ly6C+ monocyte generation could not be completely 
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inhibited by neutralizing G-CSF (figure 5F-G), even upon increasing concentrations of 
the neutralizing antibody (data not shown), it is probable that additional Pam3CSK4-
induced proteins are involved in stimulating the production of Ly6C+ monocytes. 
Another possibility is that G-CSF induces monocytopoiesis in a G-CSFR-independent 
manner, as has been proposed before26.

G-CSF can be produced by a variety of cells, including both hematopoietic 
and non-hematopoietic cells, which confirms our findings (figure 3A-B): monocytes/
macrophages34, 35, colonic subepithelial myofibroblasts36, fibroblasts37, endothelial 
cells38 and/or BM stromal cells39. G-CSF expression can be induced by inflammatory 
cytokines, like IL-1 and TNF-α, and TLR ligands and augmented by TH17 cell-derived 
cytokine IL-1736, 40, 41. During emergency hematopoiesis, G-CSF was shown to be 
produced by TLR4-expressing non-hematopoietic cells42; a similar cell type might 
be involved in steady state TLR-induced G-CSF production. Interestingly, whereas 
steady state G-CSF levels in the serum are low and barely detectable, in the colon 
high constitutive levels of G-CSF have been detected, both in human and mouse43. 
The cells responsible for this local G-CSF production remain to be identified, but 
we think that the intestinal microflora plays an essential role in maintenance of this 
expression (figure 6). In addition to its role in neutrophil and monocyte differentiation, 
G-CSF is proposed to have an immune modulatory role. It was shown to reduce pro-
inflammatory cytokine production (TNF-α, IL-1, IL-12, and GM-CSF) by monocytes/
macrophages44, 45, which corresponds to an increased steady state expression of 
TNF-α, IL-23 and IL-12 in the intestines of G-CSFRko mice43. IBD patients show a 
decreased steady state G-CSF expression level in the intestine compared to healthy 
controls43, suggesting an important role for G-CSF in the maintenance of intestinal 
immune homeostasis and that deregulation of this process might predispose to IBD.

Surprisingly, we identified a monocyte generation pathway that is 
independent of M-CSF (figure 5D-G). This growth factor has been shown to be 
essential for the generation of monocytes, since the number of blood monocytes is 
strongly reduced in M-CSF or M-CSFR deficient mice15, 16, 18. In contrast, whereas Flt3L 
was shown to be dispensable for monocyte development46, 47, our studies indicate 
that only in the presence of Flt3L Pam3CSK4 could efficiently induce Ly6C+ monocyte 
differentiation in in vitro BM cultures, as most cells died when Flt3L was omitted 
(data not shown). Flt3L has been shown to be important for the expansion of both 
myeloid and lymphoid hematopoietic progenitors46, which may explain the need 
for Flt3L in the in vitro BM cultures that were stimulated with Pam3CSK4. Whether 
Flt3L is also necessary for in vivo Pam3CSK4-induced Ly6C+ monocyte development 
remains to be shown. 

In conclusion, we show here that TLR2 ligand Pam3CSK4 induces the generation 
of Ly6C+ monocytes from hematopoietic progenitors by stimulating the production 
and secretion of G-CSF. Our studies suggest that the intestinal microflora stimulates 
Ly6C+ monocyte differentiation via the production of G-CSF and this knowledge could 
be utilized for the development of new treatments for monocytopenia. 
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Introduction

Previously we showed that the TLR2 ligand-induced generation of Ly6C+ monocytes 
from bone marrow hematopoietic progenitors was mediated by a soluble secreted 
factor (chapter 4). This factor was identified to be the hematopoietic growth factor 
G-CSF. However, the monocyte generation could not be completely inhibited by 
neutralizing G-CSF in supernatants of TLR2-ligand stimulated Flt3L bone marrow 
cultures, suggesting the involvement of additional factors. When we further 
evaluated the monocyte-inducing activity in supernatants of TLR2-ligand stimulated 
Flt3L bone marrow cultures, we detected this activity in fractions containing 
proteins or protein complexes larger than 50 kDa. To identify additional secreted 
factors possibly involved in the TLR2 ligand-induced monocyte differentiation 
pathway, secretome analysis was performed on the larger than 50 kDa fraction of  
supernatants containing monocyte inducing capacity and compared to supernatants 
without this activity.

Materials and Methods

Mice
C57BL/6 and MyD88ko mice were bred and maintained at the animal facility of the 
VU University Medical Center in Amsterdam. Both male and female mice between 
the age of 8 and 12 weeks were used in the experiments described. All experiments 
were approved by the animal experimentation ethics committee of the VU University 
Medical Center and according to local and governmental regulations. 

In vitro bone marrow cultures
BM (BM) was isolated from mice by flushing the femurs and tibias. BM cultures 
were performed in RPMI1640 medium containing 10% heat-inactivated FCS, 
1% L-glutamine, and 1% penicillin-streptomycin. For the generation of day 2 
supernatants, BM cultures were started in 24 wells plates containing 6 x 106 cells, 
200 ng/mL Flt3L, and, when indicated, 0.5 µg/mL Pam3CSK4 (Invivogen, San Diego, 
CA, USA) in a total volume of 1 mL. 48 hours after the start of the BM cultures, 
culture supernatants were harvested, shortly spun to remove cells and used in new 
MyD88ko BM cultures. 

Standard BM cultures were performed in 96 wells plates containing 1 x 106 
cells, 200 ng/mL Flt3L and, if indicated, 0.5 µg/mL Pam3CSK4, or 1, 10, 100 ng/mL 
CCL2 (Immunotools, Friesoythe, Germany), or 100 uL day 2 supernatant in a total 
volume of 200 µL. Seven days after the start of the BM culture, the culture was 
boosted with another 50 µL cell culture medium containing 200 ng/mL Flt3L. At day 
9 cells were harvested.
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Secretome analysis
Serum-free day 2 supernatants (2 mL/sample) were concentrated by using Amicon 
ultra-4 centrifugal devices (50 kDa) and a vacuum centrifuge. Proteins in the 
concentrated samples were separated by gel electroforesis on a NuPAGE® 4-12% 
gradient SDS-polyacrylamide Bis-Tris gel in NuPAGE® MES SDS Running Buffer 
(Invitrogen). The gel was fixed in a buffer containing 50% ethanol and 3% phosphoric 
acid and subsequently stained by Coomassie R-250 (figure 1A). After washing in 
MilliQ, gel lanes were cut into 10 pieces. By in-gel digestion, proteins contained in  
the gel pieces were enzymatically cut into tryptic peptides and extracted from the 
gel as described in Piersma et al1. Volume of the extracted peptides was reduced to 
50μL by a vacuum centrifuge. 

NanoLC was performed on a 75 µm ID fused silica column custom packed 
with 3 µm Reprosil C18 aqua (20 cm). Peptides were separated in a 60 min gradient 
(90 min inject to inject) from 4-32% ACN/0.5% HAc at 300 nl/min using a U3000 
nanoRSLC (Dionex). Peptides were ionized at 2kV using a stainless steel nanospray 
emitter (Thermo) and were detected in a Q-Exactive mass spectrometer (Thermo). 
Intact peptide masses were measured at 35000 resolution and fragment ions at 
17.500 resolution in a data-dependent top-10 experiment. Peptides were isolated 
with a 3 Da isolation width and subsequently fragmented in the HCD cell using a 
normalized collision energy of 30%. Raw files were searched using MaxQuant 
1.3.0.5 against the Uniprot mouse reference proteome database downloaded 
2012_10. Peptides and proteins were filtered to an FDR of 1% using the target/
decoy approach. Proteins were quantified by spectral counting (the number of 
identified MS/MS spectra per protein group). Spectral counts per protein group 
were normalized on the sum of the spectral counts per sample and multiplied by 
the avarage sum of the counts accross samples. Statistical testing between samples 
was performed by applying the beta Binominaltest, protein groups were considered 
significant if p<0.05.

The significantly altered proteins with a fold change larger than 3 between 
day 2 sup FP and day 2 sup F were analyzed in the gene ontology program BiNGO 
(Biological Network Gene Ontology, version 2.44) to identify biological processes 
that show significantly altered activity in the two conditions. Statistical testing was 
performed using the hypergeometric test with a statistical significance level of 0.05 
and corrected for multiple testing by the Benjamini & Hochberg False Discovery 
Rate (FDR) correction. 

Antibodies and flow cytometric analysis
For flow cytometric analysis the antibodies anti-CD11c-PE (clone N418, eBioscience), 
anti-Ly6C-Fitc (clone ER-MP 20, Abcam), and the live/dead stain Fixable Near-Infrared 
Live/Dead stain (Invitrogen) were used. A CyAn ADP flow cytometer (Beckmann 
Coulter) and Flowjo 9.2 Software were utilized flow cytometric measurements and 
analysis.
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Results and discussion

In total 2,372 proteins were detected in day 2 supernatant of Flt3L BM cultures 
(d2 sup F) versus 2,462 proteins in day 2 supernatant of Pam3CSK4-stimulated Flt3L 
BM cultures (d2 sup FP). Of all detected proteins 732 were significantly altered 
in abundance between the two supernatants, of which 423 proteins showed 
significantly higher and 309 proteins showed significantly lower abundance in d2 
sup FP compared to d2 sup F. Of these significantly altered proteins 122 and 46, 
respectively, were solely detected in the concerning condition (figure 1B). 

Many of the detected proteins are smaller than 50 kDa, whereas the 
supernatant was purified before the secretome analysis for protein (complexes) that 
were larger than 50 kDa. This indicates that the small proteins that were detected 
are present in supernatant as a part of a larger protein complex. G-CSF was not 
detected in this secretome analysis, whereas it could be neutralized in d2 sup FP, 
indicating its presence. Possibly, the amount of G-CSF is below the detection limit of 
this method which has been shown to be in the ng/ml range for VEGF1. 

The biological processes that the significantly increased or decreased 
proteins are involved in were identified using the gene ontology program BiNGO. 
In total 796 processes were significantly upregulated, while 97 were significantly 

A. B.A. d2 sup F
2,372 proteins

d2 sup FP
2,462 proteins

46 122564

significant: 
732 proteins

1 2 3 4 5 6

lane 1-3: d2 sup F
lane 4-6: d2 sup FP

25

50

75

Figure 1 – Secretome analysis of day 2 supernatants. A. Proteins of concentrated day 2 supernatants 
of Flt3L BM cultures containing Pam3CSK4 (d2 sup FP) or not (d2 sup F) were separated by gel 
electroforesis. The gel was fixed and stained by Coomassie R-250. After washing in MilliQ, gel lanes 
were cut into 10 pieces. By in-gel digestion, proteins contained in  the gel pieces were enzymatically cut 
into tryptic peptides, extracted from the gel, and identified by mass spectrometry. B. 2,372 proteins 
were detected in d2 sup F (red) versus 2,462 proteins in d2 sup FP (green). 732 were significantly 
altered, of which 423 proteins showed significantly higher and 309 proteins showed significantly lower 
abundance in d2 sup FP compared to d2 sup F. 122 and 46 proteins were found exclusively in d2 sup 
FP and d2 sup F, respectively. 
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downregulated. Table 1 shows the 50 BiNGO biological processes that where most 
significantly increased (table 1A) or decreased (table 1B) in their activity in d2 sup 
FP compared to d2 sup F. For example, multiple integrin proteins were found to be 
significantly upregulated in d2 sup FP compared to d2 sup F, which is reflected by 
the biological processes ‘cell adhesion’, ‘biological adhesion’, and ‘integrin-mediated 
signaling pathway’. In contrast, in the presence of Pam3CSK4 the biological processes 
‘cellular response to interferon-alpha’ and ‘response to interferon-alpha’ were 
significantly downregulated, which corresponds to literature describing inability of 
TLR2 to induce interferon expression2.

Interestingly, the chemokine CCL2 was found to be present exclusively and 
in significantly increased abundance in supernatant of the Pam3CSK4-stimulated BM 
culture. CCL2 is known to mobilize Ly6C+ monocytes from the bone marrow and to 
attract them to sites of infection3, 4 or the intestine5, 6, where they differentiate into 
macrophages7-9. Increased CCL2 expression upon TLR stimulation has previously 
been observed10. So far, CCL2 has not been implicated in any differentiation process. 
To test potential involvement of CCL2 as an effector molecule in the Pam3CSK4-
induced differentiation of Ly6C+ monocytes, recombinant CCL2 was administered 
to Flt3L BM cultures. In contrast to d2 sup FP, which strongly induced monocyte 
differentiation, presence of CCL2 in different concentrations did not have any effect 
on monocyte generation after 9 days of cell culture (figure 2). This suggests that 
CCL2 is not involved as an effector molecule in the TLR-induced generation of Ly6C+ 
monocytes.

In conclusion, the secretome analysis performed here provides a starting 
point for further investigation into the secreted factor(s) that in addition to G-CSF 
is/are involved in the TLR2-induced generation of Ly6C+ monocytes.
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Figure 2 – CCL2 is not involved in TLR2-induced monocyte generation. A-B. MyD88ko BM Flt3L 
cultures were started in the presence of Pam3CSK4, d2 sup F, d2 sup FP, or CCL2. After 9 days the 
presence of CD11c+ DCs (A.) and Ly6C+ monocytes (B.) was determined by flow cytometry. Error bars 
indicate SEM of triplicates. 
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A. Significantly UPregulated biological processes in d2 sup FP compared to d2 sup F.

Table 1 – List of 50 most significantly upregulated (A) or downregulated (B) BiNGO biological 
processes in d2 sup FP compared to d2 sup F. 
X = number of detected proteins linked to the biological process

BiNGO Biological Process corr p-value x 
cellular process 1,01E-26 159 
response to stimulus 7,53E-22 77 
cell adhesion 2,15E-21 38 
biological adhesion 2,15E-21 38 
localization 2,85E-18 73 
biological regulation 1,09E-16 123 
positive regulation of biological process 3,68E-15 56 
metabolic process 3,68E-15 113 
immune system process 2,41E-14 34 
regulation of biological process 4,35E-14 113 
response to wounding 1,61E-13 25 
establishment of localization 2,73E-13 60 
system development 3,17E-13 57 
transport 6,33E-13 59 
regulation of multicellular organismal process 1,02E-12 39 
anatomical structure development 1,03E-12 59 
multicellular organismal development 1,07E-12 63 
integrin-mediated signaling pathway 1,84E-12 13 
developmental process 2,03E-12 65 
anatomical structure morphogenesis 3,60E-12 40 
positive regulation of cellular process 5,92E-12 47 
regulation of cellular component movement 1,15E-11 17 
regulation of cell migration 1,86E-11 16 
regulation of biological quality 1,86E-11 41 
cellular component movement 1,99E-11 23 
regulation of response to stimulus 2,05E-11 24 
locomotion 5,61E-11 22 
cell migration 6,26E-11 19 
cellular component organization 7,03E-11 50 
regulation of locomotion 8,81E-11 16 
response to chemical stimulus 8,81E-11 36 
organ development 1,50E-10 45 
multicellular organismal process 1,89E-10 81 
in�ammatory response 4,44E-10 17 
cell motility 4,70E-10 19 
localization of cell 4,70E-10 19 
regulation of cellular process 6,69E-10 99 
response to stress 8,04E-10 37 
regulation of localization 9,63E-10 27 
defense response 1,08E-09 22 
regulation of cell adhesion 1,14E-09 13 
leukocyte cell-cell adhesion 1,32E-09 7 
tissue development 2,47E-09 27 
membrane organization 2,50E-09 18 
cellular membrane organization 2,50E-09 18 
primary metabolic process 3,08E-09 89 
cellular developmental process 4,41E-09 43 
leukocyte migration 5,83E-09 9 
organ morphogenesis 7,93E-09 25 
catabolic process 1,45E-08 28 
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B. Significantly DOWNregulated biological processes in d2 sup FP compared to d2 sup F.

BiNGO Biological Process corr p-value x 
cellular process 6,19E-16 73 
cellular metabolic process 8,04E-10 49 
metabolic process 9,96E-09 52 
primary metabolic process 3,03E-08 47 
cellular nitrogen compound metabolic process 1,43E-05 29 
macromolecule metabolic process 1,88E-05 36 
nitrogen compound metabolic process 1,88E-05 29 
cellular macromolecule metabolic process 3,08E-05 33 
nucleobase, nucleoside, nucleotide and nucleic acid metabolic process 7,97E-05 26 
DNA recombination 3,70E-04 5 
cellular response to interferon-alpha 7,75E-04 2 
response to interferon-alpha 7,75E-04 2 
small molecule metabolic process 7,75E-04 16 
small molecule biosynthetic process 7,75E-04 9 
mRNA processing 1,73E-03 7 
intracellular protein transport 1,81E-03 7 
hemopoietic stem cell differentiation 1,81E-03 2 
DNA metabolic process 2,64E-03 8 
RNA splicing 2,74E-03 6 
cellular protein localization 2,74E-03 7 
cellular response to cytokine stimulus 2,74E-03 2 
mRNA metabolic process 2,74E-03 7 
cellular macromolecule localization 2,74E-03 7 
RNA processing 3,01E-03 8 
protein metabolic process 3,18E-03 19 
DNA repair 4,19E-03 6 
cellular response to stimulus 4,19E-03 10 
cellular protein metabolic process 4,86E-03 16 
macromolecule localization 6,61E-03 11 
protein localization 6,61E-03 10 
cellular amine metabolic process 6,61E-03 6 
vesicle-mediated transport 7,00E-03 8 
nucleic acid metabolic process 7,00E-03 19 
transport 7,21E-03 19 
hexose metabolic process 7,26E-03 5 
establishment of localization 7,55E-03 19 
protein transport 8,56E-03 9 
establishment of protein localization 8,58E-03 9 
carboxylic acid metabolic process 8,58E-03 8 
oxoacid metabolic process 8,58E-03 8 
organic acid metabolic process 8,58E-03 8 
methionine biosynthetic process 8,69E-03 2 
cellular amino acid metabolic process 9,17E-03 5 
cellular ketone metabolic process 9,41E-03 8 
response to DNA damage stimulus 9,41E-03 6 
intracellular transport 9,68E-03 7 
methionine metabolic process 9,68E-03 2 
localization 9,76E-03 20 
cellular nitrogen compound biosynthetic process 9,80E-03 6 
monosaccharide metabolic process 1,02E-02 5 
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Introduction of helminths to our immune system to suppress TH1- and TH17 
responses while inducing a TH2 response is considered a promising strategy to 
prevent or treat autoimmune and allergic diseases, including Crohn’s disease 
and ulcerative colitis. T. suis derived soluble proteins suppress pro-inflammatory 
responses in dendritic cells (DCs), the major immune cell population essential 
for skewing immune responses. Since the intestinal epithelium forms an 
efficient barrier in between the intestinal lumen containing T. suis worms and 
DCs present in the lamina propria, we investigated how T. suis derived factors 
could modulate the intestinal epithelial barrier function in order to reach the 
DCs and modulate the immune response.

We show here that factors excreted/secreted by T. suis worms (T. suis E/S) 
reduce the barrier function of intestinal epithelial CMT93/69 cell monolayers 
in a glycan-dependent manner, as demonstrated by electric cell-substrate 
impedance sensing (ECIS). The T. suis induced reduction of the barrier function 
was accompanied with a decreased expression of tight junction proteins, 
and increased passage of soluble compounds across the cells. By performing 
transwell assays, we could show that basolateral medium of T. suis E/S treated 
epithelial cells suppresses inflammatory cytokine production by monocyte-
derived DCs, indicating that T. suis E/S pass the epithelial monolayer and/or 
induce the production of suppressive factors by the epithelium. In addition, 
T. suis E/S suppressed LPS-induced pro-inflammatory cytokine production by 
CMT93/69 cells, whereas the production of the TH2 response-inducing cytokine 
thymic stromal lymphopoietin (TSLP) was induced. 

These data increase our insight into how T. suis E/S affect the function 
of the intestinal epithelium in order to modulate DC function. Unraveling the 
identity of the T. suis E/S glycans that modulate intestinal epithelial cell (IEC) 
and DC function might lead to a useful strategy to selectively skew immune 
responses by orally administrated factors and potentially reduce symptoms 
of autoimmune and allergic diseases without the need of infection with live 
helminths.

Abstract
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Introduction

The increased incidence of autoimmune and allergic diseases in the industrialized 
western world has been proposed to be caused by the decrease in infections with 
certain microorganisms, in particular helminths, due to improved hygiene. Indeed 
intestinal parasitic infection is associated with reduced risk of skin sensitization to 
allergens1, and anti-helminth treatment increases reactivity of the skin to allergens2. 
For this reason introduction of helminths or helminth products is proposed to 
prevent or treat autoimmune and allergic diseases3.

The helminth Trichuris suis belongs to the nematode family and is a natural 
parasite of pigs. Ingested fertilized eggs hatch in the duodenum, where they release 
larvae that develop into worms that migrate to the caecum and proximal colon. In 
turn, these worms produce and secrete eggs, which end up in the feces, but only 
become infective upon incubation in the soil. No systemic invasion of the host by 
the parasite occurs3, 4. Although it is a pig whipworm, T. suis has been shown to 
shortly colonize the human intestine, without inducing any adverse symptoms5. Oral 
administration of T. suis eggs has given promising results in initial small clinical trials 
inducing disease remission in patients suffering from Crohn’s disease4, ulcerative 
colitis6, and multiple sclerosis7.   

The effectiveness of T. suis administration in diminishing symptoms of such 
inflammatory diseases can be explained by the type of immune response that is 
induced by this helminth. Whereas these diseases in general are driven by a TH1- 
and/or TH17 mediated immune response, helminths stimulate the development of a 
TH2-dominated immune response8. TH2-induced cytokines together with helminth-
mediated induction of regulatory T cells suppress TH1- and TH17 responses that 
drive the disease and as a result disease symptoms are reduced6, 9.

Dendritic cells (DCs) constitute the major cell population to determine 
the type of T cell response, in part via production of cytokines that drive TH1 or 
TH2 responses. Similar to other helminths such as Schistosoma mansoni10, T. suis 
was shown to suppress the production of several pro-inflammatory cytokines and 
chemokines by DCs11, 12, among which is TH1-inducing cytokine interleukin-12 (IL-
12)12, which is probably one of the mechanisms by which TH1 responses are inhibited 
by T. suis. However, it is not clear whether the presence of T. suis worms in the 
intestines can also affect other cell types and thereby influence immune responses. 
Since the intestinal epithelium forms a physical barrier and is crucial to prevent 
entry of the intestinal microflora, we set out to investigate whether T. suis products 
affect epithelial barrier function.

We show here that factors excreted/secreted by T. suis worms reduce 
barrier function of monolayers of intestinal epithelial CMT93/69 cells in a glycan-
dependent manner. These factors can pass and/or modulate the CMT93/69 
monolayer to suppress inflammatory cytokine production by DCs. In addition, we 
show that factors that are excreted or secreted by T. suis suppress pro-inflammatory 
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cytokine production by CMT93/69 cells, whereas the production of TH2 response-
inducing cytokine TSLP was induced. These data show that T. suis directly exerts its 
effect on intestinal epithelial cells, by suppressing pro-inflammatory cytokine and 
chemokine production and by increasing barrier permeability. These data provide 
novel insights into the mechanisms by which T. suis E/S products affect the intestinal 
epithelium to modulate DC functions. 

Materials and Methods

Epithelial cell culture
Murine colorectal epithelial CMT93/69 cells13 were cultured on collagen-

coated 24 wells flat bottom plates in DMEM supplemented with 10 % heat-
inactivated FCS, 1 % L-Glutamine, and 1 % penicillin-streptomycin at 37 °C and 5 % 
CO2. After 3 days, cells had grown into confluent monolayers. Confluent monolayers 
were stimulated with T. suis E/S and/or ultrapure LPS (E. coli 0111:B4; 100 ng/mL, 
Invivogen).

Permeability of monolayers grown on transwell membranes (0.4 μM pore 
size, Costar, Corning Life Sciences bv, Amsterdam, The Netherlands) was determined 
by translocation of FITC-dextran (1 mg/mL) from the apical to the basolateral 
side. The fluorescent FITC-signal in the basolateral medium was measured using a 
Fluostar spectrofluorimeter (BMG Labtec, Offenburg, Germany). 

Preparation of helminth excreted/secreted proteins (E/S)
Adult T. suis worms were collected from the caecum and colon of infected pigs 
and washed extensively with 0.98 % NaCl. The live T. suis worms were incubated 
with RPMI for three days, using fresh RPMI every day. Supernatants were filtered 
through a 0.45 µM filter and the filtrate was concentrated using Amicon-Ultra-15 
10kD centrifugal filters (Millipore). The E/S fraction containing proteins larger than 
10kD was filtered through a 0.2 µM filter. A BCA assay (Pierce) was performed to 
determine the T. suis E/S protein concentration.

To denature protein structures, T. suis E/S was incubated for 20 minutes 
at 80ºC, then immediately cooled on ice and stored at -20ºC until use. Further 
breakdown of proteins was achieved by additional overnight incubation at 
37ºC with the proteolytic enzyme α-chymotrypsin (Sigma, USA) (1 mg/ml). The 
α-chymotrypsin activity was heat inactivated for 20 minutes at 60°C. 

To oxidize glycan moieties, T. suis E/S was treated with sodium periodate 
(Sigma, USA, 10mM) at pH 5.0, for 45 minutes at room temperature (RT) in the dark. 
Subsequently, reducing agent sodium borohydride (Merck, Germany, 50 mM) was 
added for 25 minutes at RT in the dark. To remove periodate and borohydride, the 
sample was dialysed against PBS (Lonza, Switzerland, 106-fold excess) for 20 hours, 
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using 2K MCWO Slide-A-Lyzer cassettes (Pierce, USA). 
LPS contamination was determined in all samples by Limulus Amoebocyte 

Lysate (LAL) assay. A T. suis E/S concentration of 50 µg/mL contained approximately 
11.5 ng/mL of endotoxin contamination.

Monocyte isolation and generation of immature dendritic cells
Human monocytes were isolated from buffy coats of healthy donors (Sanquin, 
Amsterdam, The Netherlands). All blood donors gave informed consent. Monocytes 
were isolated from PBMCs using CD14 microbeads (MACS, Miltenyi Biotec, 
Germany), as previously described14 and differentiated into immature dendritic 
cells (DCs) in the presence of 250 IU/ml IL-4 and 120 IU/ml GM-CSF (Immunotools 
GmbH, Germany). Monocyte-derived DCs were used after 4 days of differentiation. 
DCs were incubated for 15 minutes with conditioned medium from the basolateral 
side of CMT93/69 transwell cultures before addition of LPS (10ng/mL, E. coli LPS, 
Sigma USA).

Electric cell-substrate impedance sensing (ECIS)
To measure intestinal epithelial barrier function, changes in electrical resistance to 
alternating current flow were measured in real time at 4 kHz using ECIS technology 
(Applied Biophysics, Troy, NY, USA). CMT93/69 cells were seeded on 8W10E+ 
electrode arrays, containing small gold-film electrodes, at a density of 105 cells per 
well, and resistance measurements were directly started. After 48 hours, when the 
epithelial cells had formed a barrier with a stable resistance of approximately 3500 
ohm, T. suis E/S stimuli were added. To calculate the contribution of paracellular 
resistance (mainly formed by tight junctions) to this total monolayer resistance, Rb 
values were calculated using ECIS software from Applied Biophysics. The obtained 
graphs were normalized to the time point on which the T. suis E/S was added. 

RNA isolation and Real-time PCR
CMT 93/69 cells were lysed in TRIzol. For RNA isolation phenol/chloroform 
extraction was performed using Phase Lock Heavy Gel tubes (Eppendorf, Nijmegen, 
The Netherlands), followed by consecutive isopropanol and ethanol precipitations. 
The concentration of isolated RNA, dissolved in RNAse free water, was measured 
using a Nanodrop Spectrophotometer (Nanodrop Technologies, Wilmington, DE, 
USA). An input of 1 μg RNA was used for cDNA synthesis using RevertAidTM First 
strand cDNA synthesis kit (Fermentas Life Sciences, Burlington, Canada), according 
to the manufacturer’s protocol. The resulting cDNA was used for analysis by RT-PCR.

mRNA expression levels were determined using an ABI prism 7900HT 
Sequence Detection System (PE Applied Biosystems, Foster city, CA, USA). 
Reactions were performed in a total reaction volume of 10 μL, containing cDNA, 
300 nM forward primer, 300 nM reverse primer, and SYBR Green PCR Mastermix (PE 
Applied Biosystems). Primers used for analysis of mRNA expression (table I) were 
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designed using OligoExplorer1.2 software (www.GeneLink.com) and synthesized by 
Invitrogen. Relative changes in mRNA expression between samples were determined 
using the comparative CT method (ΔCT). 

ELISA
Human TNFα protein levels in culture supernatants were measured using the 
CytoSet™ ELISA kit from Biosource (Invitrogen, Bleiswijk, The Netherlands) according 
to the manufacturer’s instructions.

Murine CXCL1 protein levels in culture supernatants were measured 
using the mouse CXCL1/KC Duoset ELISA kit from RnD systems (Abingdon, United 
Kingdom) according to manufacturer’s instructions. 

To test effectiveness of the glycan oxidation procedure, T. suis E/S (5 µg/ml 
in 0.2 M NaHCO3, pH 9.2) was coated overnight at 4⁰C in a maxisorp 96-well plate 
(NUNC, Denmark). Coated proteins were blocked using 1% Bovine Serum Albumin 
fraction V (BSA, Roche Diagnostics, Germany). Binding of peroxidase-conjugated 
Concanavalin A (ConA) lectin (5 µg/ml; EY Laboratories, USA) was detected by TMB 
development.

SDS-PAGE and silver staining
α-Chymotrypsin treated and untreated T. suis ES (25 µg) were run on an SDS-PAGE 
gel and subsequently analysed by silver staining. Silver staining was performed 
according to the manufacturers protocol (Bio-Rad, USA).

Measurement of cell viability
Cell viability of CMT 93/69 cells after T. suis E/S incubation was determined by a MTT 
assay. MTT (Sigma-Aldrich) was dissolved in cell culture medium (0.5 mg/mL) and 
added to CMT93/69 cells. After 90 minutes at 37 °C and 5 % CO2, formed formazan 
crystals, as a result of mitochondrial activity, were dissolved at room temperature 
in 0.1 M glycine / DMSO (6:1, pH 10.5). Absorption at 540 nm was measured by 
photospectrometry using a Microplate reader Model680 (Bio-Rad, Veenendaal, The 
Netherlands).

Immunofluorescence
CMT93/69 monolayers grown on collagen-coated 8-well coverslips (IBIDI, 
Martinsried, Germany) were stained with polyclonal rabbit anti-mouse ZO-1 
(Zymed Laboratories, Invitrogen Life Technologies, Breda, The Netherlands), 
followed by a secondary staining with anti-rabbit-Alexa488. Nuclei were stained 
with the fluorescent dye diamidino-2-phenylindole (DAPI) that preferentially binds 
chromatin. Cells were analyzed by fluorescence microscopy, using a DM6000 Leica 
Immunofluorescence Microscope. 
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Statistical evaluation
Values are expressed as the mean ± SEM. An ANOVA was used to test for statistical 
significant differences between three or more groups. A student’s T test was 
performed when comparing two samples. A P-value of <0.05 was considered 
statistically significant. *P<0.05, **P<0.01, ***P<0.001

Results

Excreted/Secreted T. suis products reduce IEC barrier function
To investigate whether T. suis E/S components affect the epithelial barrier function, 
monolayers of the intestinal epithelial cell line CMT93/69 were incubated with T. 
suis E/S. Barrier function was measured using electric cell-substrate impedance 
sensing (ECIS). A dose-dependent decrease in barrier function was observed upon 
incubation of the monolayers with T. suis E/S (figure 1A). 

To investigate whether the T. suis E/S-mediated decrease in barrier function 
is accompanied by increased passage of soluble factors, intestinal epithelial 
monolayers were apically incubated with T. suis E/S together with different sizes 
of FITC-labeled dextran. Passage of the dextran through the intestinal epithelial 
monolayers was determined by measuring the fluorescence signal in the basolateral 
medium. Incubation of the epithelial monolayers with T. suis E/S for 24 hours 
increased passage of different sizes of dextran through the monolayers (figure 1B), 
establishing a decreased epithelial barrier function upon incubation with T. suis E/S.

It has been previously shown that soluble products of meshed T. suis worms 
suppress the production of pro-inflammatory cytokines and chemokines by DCs 
in response to LPS stimulation11, 12. We here show that specifically factors actively 
excreted/secreted by these worms reduce IEC barrier function. To investigate 
whether these excreted/secreted factors are also responsible for the previously 
observed modulation of DC function, by stimulating their own passage through the 
intestinal epithelial monolayer and/or the production of suppressive compounds 
by the epithelium, basolateral medium from the epithelial transwell cultures was 
harvested and added to monocyte-derived DCs. After 15 minutes the DCs were 
stimulated with LPS, and 24 hours later TNFα production was determined by ELISA. 
DCs that had been incubated with basolateral medium from T. suis E/S-stimulated 
epithelial cells showed a significant reduction in LPS-induced TNFα levels, which 
was comparable to direct stimulation of DCs with 6 µg/mL T. suis E/S (figure 1C). 

These results indicate that T. suis E/S factors reduce intestinal epithelial 
barrier function and pass the intestinal epithelial monolayers and/or induce the 
production of factors by the IECs to suppress the pro-inflammatory functions of 
DCs. 



122

Chapter 5

5

Excreted/secreted T. suis products do not induce cell death but change tight 
junctions
To exclude the possibility of cytotoxic effects of T. suis E/S on intestinal epithelial 
cells, cell viability 24 hours after incubation of CMT93/69 monolayers with T. suis 
E/S was determined. No difference in cell viability was observed between cells that 
were incubated with T. suis E/S or not (figure 2A). Nuclei of T. suis E/S-stimulated 
and unstimulated epithelial monolayers were perfectly intact, as was shown by 
staining with the fluorescent nuclear dye DAPI (figure 2B), also indicating that T. 
suis E/S does not induce cell death of epithelial cells. 

The barrier function of intestinal epithelial cells is formed by tight junctions, 
which are protein complexes consisting of claudins that close the paracellular cleft. 
Claudin-3 and claudin-4 form tight junctions between intestinal epithelial cells and 
are linked to the actin cytoskeleton by zona occludens-1 (ZO-1). Immunofluorescent 
staining of ZO-1 showed no difference in presence or localization in intestinal 
epithelial cells that were stimulated with T. suis E/S or not (figure 2C). Also, mRNA 
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Figure 1 – Excreted/secreted T. suis products reduce IEC barrier function. A. Barrier function of 
CMT93/69 monolayers in the presence of T. suis E/S was assessed using ECIS. Graphs are normalized 
at and shown from time point of T. suis E/S addition. B. Permeability of CMT93/69 monolayers was 
determined by the apical addition of FITC-labeled dextran of indicated sizes (1 mg/mL) in presence 
or absence of T. suis E/S (50 µg/mL). After 24 hours the fluorescence signal was measured in the 
basolateral side medium. C. Basolateral medium of T. suis E/S incubated (50 µg/mL) CMT93/69 
monolayers or T. suis E/S directly (in indicated concentrations) was added to human monocyte-
derived dendritic cells. After 15 minutes LPS (10 ng/mL) was added. After 24 hours supernatants were 
harvested and tested for TNFα levels by ELISA.
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expression levels of ZO-1 and claudin-3 were not changed after incubation with 
T. suis E/S. Interestingly, mRNA expression of claudin-4 and epithelial membrane 
protein 1 (EMP-1), a claudin-alike tight junction protein15, 16, were significantly 
reduced after 2h and/or 6h of stimulation with T. suis E/S, potentially contributing 
to the decreased epithelial barrier function (figure 2D).

These data indicate that T. suis E/S reduce epithelial barrier function 
without inducing cell death, possibly by down regulation of tight junction proteins 
claudin-4 and EMP-1.

T. suis E/S mediated reduction in barrier function depends on glycans
T. suis E/S products contain multiple complex molecules including (glyco)proteins, 
which may function as proteases or pore-forming proteins. As a first approach to 
determine whether protein moieties are involved in the down regulation of barrier 
function, T. suis E/S were either heated for 20 minutes at 80°C to denature proteins 
(T. suis E/S DN), or treated with α-chymotrypsin (T. suis E/S CT), which cleaves 
peptide chains c-terminal of aromatic amino acids. Intestinal epithelial monolayers 
were incubated with these fractions and barrier function was followed in time 
by ECIS. Both T. suis E/S DN and CT could still reduce barrier function, excluding 
involvement of protein moieties in the reduction of epithelial barrier function 
(figure 3A). Notably, the treatment of T. suis E/S with α-chymotrypsin had been 
effective (figure 3B). To determine involvement of T. suis E/S glycan moieties in the 
reduction of epithelial barrier function, these moieties were oxidized by periodate 
treatment (T. suis E/S PI). Periodate treatment of T. suis E/S was effective as was 
shown by the loss of concanavalin A binding (figure 3D). T. suis E/S PI could no 
longer reduce IEC barrier function, in contrast to T. suis E/S DN (figure 3C). These 
data indicate that glycan components of T. suis E/S are essentially involved in the 
reduction of epithelial barrier function. 

Excreted/secreted T. suis products inhibit pro-inflammatory signaling in IECs
Soluble products of the T. suis worm are known to inhibit the production of several 
pro-inflammatory cytokines and chemokines, including TNFα and interleukin-12 
(IL-12), by DCs upon LPS stimulation11, 12. We here show that specifically factors 
excreted/secreted by T. suis worms can mediate this inhibition (figure 1C). Since 
intestinal epithelial cells are also capable of responding to LPS by the production 
of pro-inflammatory cytokines, we set out to determine whether T. suis E/S 
have a similar inhibitory effect on intestinal epithelial cells. In response to LPS 
stimulation, the epithelial monolayers produced large amounts of TNFα and CXCL1, 
a chemoattractant for neutrophils17. In contrast, when the cells were pre-incubated 
with T. suis E/S, the production of the pro-inflammatory factors was significantly 
reduced in mRNA and protein levels (figure 4A-C). In preliminary experiments with 
denatured, chymotrypsin-, and periodate-treated T. suis E/S this effect depended 
on both protein and glycan moieties (data not shown). 
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To determine whether T. suis E/S signaling in intestinal epithelial cells 
led to the production of factors known to be induced by helminth infection, we 
determined the expression of TSLP and Muc2 after T. suis E/S stimulation. TSLP 
is an important epithelial derived factor for the stimulation of TH2 responses18. In 
addition, epithelial cells are known to produce increased amounts of mucus to 
induce expulsion of the helminth from the gut lumen19. mRNA expression of both 
TSLP and Muc2, the most abundant mucin in the colon,  were induced upon T. suis 
E/S stimulation (figure 4D-E). 

These results show that T. suis E/S factors inhibit LPS-induced production of 
pro-inflammatory mediators TNFα and CXCL1 from IECs, whereas typical epithelial 
cell responses towards mucus and TSLP production were induced upon incubation 
with the helminth-derived factors.

Discussion

In this paper we demonstrate that factors excreted/secreted by T. suis worms reduce 
intestinal epithelial barrier function and pass the epithelial layer themselves or 
stimulate IECs to produce factors to suppress pro-inflammatory cytokine production 
by DCs. In addition the excreted/secreted factors also suppress pro-inflammatory 
cytokine production by the intestinal epithelial cells themselves. 

Previously T. suis was shown to affect the immunogenicity of DCs and 
suppress their capacity to induce a TH1 immune response12. However, T. suis worms 
are mainly present in the intestinal lumen and until now it was unclear how these 
worms can affect DCs present in the lamina propria. The ability to sample antigens 
from the intestinal lumen has been described for CX3CR1+ mononuclear phagocytes 
located in close vicinity to the intestinal epithelium, so that these cells could be 
involved in the uptake of factors excreted/secreted by T. suis worms. However, this 
subset of mononuclear phagocytes does not migrate to the gut-draining mesenteric 
lymph nodes20, and will therefore not be able to skew T cell responses in the 
lymphoid organs. We now show that T. suis worm products can directly pass the 
intestinal epithelial layer and enter the lamina propria, where they can affect more 
appropriate cells such as DCs to modulate immune responses. 

Figure 2 – Excreted/secreted T. suis products do not induce cell death but change tight junctions. A. 
CMT93/69 monolayers were incubated for 24 hours with T. suis E/S (50 µg/mL). MTT solution (0.5 mg/
mL) was added for 90 minutes at 37°C after which cell viability was measured by photo spectrometry 
at 540 nm. B. CMT93/69 monolayers were stimulated for 24 hours with T. suis E/S (50 µg/mL) and 
nuclei were stained using Dapi. C. CMT93/69 monolayers were stimulated for 24 hours with T. suis 
E/S (50 µg/mL) after which ZO-1 protein was analyzed using fluorescence microscopy. D. CMT93/69 
monolayers were incubated with 50 µg/mL T. suis E/S for indicated time periods. mRNA expression 
levels of claudin-3, claudin-4, ZO-1 and EMP-1 were determined by RT-PCR relative to expression levels 
of housekeeping gene cyclophilin A. 
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How factors that are excreted/secreted by T. suis worms exactly reduce 
intestinal epithelial barrier function remains to be shown. No signs of cell death 
induction were observed, excluding the possibility of cytotoxic effects. Also no effects 
on the expression and localization of tight junction proteins claudin-3 and ZO-1 could 
be observed. Expression of claudin-4 and EMP-1 mRNA was significantly reduced 
after T. suis E/S incubation, suggesting it to be involved in the reduction of epithelial 
barrier function. However, since the barrier function shows reduction almost 
immediately after the start of stimulation, involvement of additional mechanisms 
such as conformational changes in the tight junction structure is plausible.

One mechanism that has been proposed for worm-derived factors to invade 
intestinal tissues was the ability of certain excreted or secreted products to produce 
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Figure 3 – T. suis-mediated reduction in barrier function depends on glycans. A+C. Barrier function of 
CMT93/69 monolayers was assessed using ECIS. After cells had reached the plateau phase of resistance, 
they were incubated with T. suis E/S or denatured (DN), α-chymotrypsin-treated (CT) or periodate-
treated (PI) preparations (50 µg/mL). Graphs were normalized at and shown from time point of T. suis 
E/S addition. B. Proteins of α-chymotrypsin-treated and untreated T. suis E/S were separated by size 
on a SDS-PAGE gel and visualized by silver staining. D. Periodate-treated and untreated T. suis E/S were 
coated onto maxisorp 96-well plates. Binding of peroxidase-conjugated Concanavalin A (ConA) lectin 
(5 µg/mL) was detected by TMB development. 
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pores in lipid bilayers. Indeed, from the 1288 proteins predicted to be excreted 
or secreted by T. suis 1.4% are possibly involved in the formation of pores in lipid 
bilayers21. Interestingly, T. trichiura and T. muris, the human and mouse-infecting 
versions of T. suis, have been shown to excrete/secrete a 47kDa and 43kDa protein, 
respectively, that can form pores in lipid bilayers22. However, T. suis E/S in which 
proteins were denatured or cleaved by α-chymotrypsin could still reduce barrier 
function of intestinal epithelial monolayers, indicating that proteins are not likely to 
be involved in this process. In contrast, oxidation of glycans of the T. suis E/S products 
could abrogate the reduction in intestinal epithelial barrier function observed with 
untreated fractions. This indicates that intact T. suis-derived glycans are crucial to 
induce the reduction of intestinal epithelial barrier function that we observed.

Helminth worms and their excreted/secreted factors are heavily glycosylated. 
This glycosylation comprises typical helminth glycans but also host-like glycans. The 
latter are considered an important tool for helminths in modulation of the host 
immune response by affecting DC maturation. Presence of glycans has been shown to 
be essential for helminths to induce TH2 responses23, 24. Helminth glycans can mediate 
their effects by binding host cell glycan binding proteins, such as C-type lectins 
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Figure 4 – T. suis excreted/secreted proteins inhibit pro-inflammatory signaling in IECs. A-B. 
CMT93/69 monolayers were incubated with indicated concentrations of T. suis E/S. After 5 minutes 
LPS (100 ng/mL) was added. Cells were harvested in trizol after 6 hours. mRNA expression levels of 
TNFα (A) and CXCL1 (B) were determined by RT-PCR relative to expression levels of housekeeping 
gene cyclophilin A. C. CMT93/69 monolayers were incubated with indicated concentrations of T. suis 
E/S. After 5 minutes LPS (100 ng/mL) was added. Culture supernatants were harvested after 6 hours 
and the levels of CXCL1 were determined by ELISA. D-E. CMT93/69 monolayers were incubated with 
indicated concentrations of T. suis E/S for indicated time periods. mRNA expression levels of TSLP 
(D) and Muc2 (E) were determined by RT-PCR relative to expression levels of housekeeping gene 
cyclophilin A.
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or galectins. Whereas members of these lectin families are expressed by DCs and 
macrophages, intestinal epithelial cells are considered to only express galectins25 and 
intelectins26, 27. Interestingly, galectin-4 has been shown to be involved in intercellular 
interactions of intestinal epithelial cells and has been suggested to strengthen the 
epithelial barrier function28. Future research will determine the involvement of 
galectin-4 or one of the other galectin or intelectin family members.

T. suis soluble products have previously been shown to suppress the LPS-
induced production of TH1-inducing pro-inflammatory cytokines IL12, IFNγ and TNFα 
by DCs11, 12. We show here a similar effect of T. suis excreted/secreted factors on 
LPS-induced TNFα production by IECs. This suggests that IECs are also involved in the 
suppression of TH1 responses in the presence of helminths in the intestinal lumen. 
Also responses of innate immune cells seem to be suppressed by IECs, since the 
expression of CXCL1, a chemokine involved in neutrophil recruitment, was reduced 
in response to LPS stimulation. Whereas in DCs glycosylation of T. suis soluble 
products was shown to be essential for suppression of pro-inflammatory cytokine 
production11, preliminary data showed that this suppression in IECs depends on 
the presence of both glycan and protein moieties in T. suis E/S  (data not shown). 
This suggests that in IECs the suppression of pro-inflammatory cytokine production 
and the reduction of barrier function are induced by two different mechanisms. In 
addition, the mechanism of T. suis E/S-induced suppression of pro-inflammatory 
cytokine production seems to be different in IECs and DCs.

In contrast to the suppression of TH1 responses, IECs may contribute to the 
induction of TH2 responses in the presence of T. suis E/S, since expression of TSLP 
was increased upon T. suis E/S stimulation. TSLP expression in IECs has been shown 
before to be essential for inhibition of IL12/23p40, TNFα and IL17 production by 
DCs and to induce TH2-responses during T. muris infection18. The increase of TSLP 
expression levels that we observed upon T. suis E/S incubation was small.  However, 
in vivo mast cells have been shown to be crucial to enhance the production of factors 
like TSLP by IECs29. 

In conclusion, we show that T. suis E/S suppress LPS-induced pro-
inflammatory cytokine production by both IECs and DCs. The latter is facilitated by a 
T. suis E/S glycan-induced reduction of the IEC barrier function that allows passage 
of T. suis E/S immune-modulatory products. Unraveling the identity of the T. suis E/S 
factors that modulate IEC and DC function would provide a useful tool to selectively 
skew immune responses by orally administrated factors and potentially reduce 
symptoms of autoimmune and allergic diseases without the need of infection with 
live helminths.
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CD169 positive macrophages in the marginal zone of the spleen and subcapsular 
sinus of lymph nodes play an important role as gatekeepers, strategically 
located to capture pathogens. Here we identified a population of CD169 
positive macrophages in the colon and investigated which factors influenced 
their development. 
 Murine colonic CD115+F4/80loCD11clo macrophages expressing CD169 
were present in the lamina propria, mainly surrounding the crypts. In spite of the 
high levels of bacterial flora in the colon and the importance of Toll-like receptor 
signaling in mucosal homeostasis, the presence of CD169+ macrophages was 
not affected in mice that were deficient in MyD88-mediated Toll-like receptor 
signaling and in mice in which the bacterial flora was eradicated. Whereas the 
development of splenic CD169+ macrophages was dependent on lymphotoxin 
alpha (LTα), colonic CD169+ macrophages were present in normal numbers in 
LTα deficient mice. In contrast, reduced numbers of CD169+ macrophages were 
found in the colon of mice deficient in vitamin A, whereas CD169+ macrophages 
in the spleen were unaffected.

In conclusion, we identified a new macrophage subset in the lamina propria 
of the colon characterized by the expression of CD169. Its differentiation, unlike 
CD169+ macrophages in lymphoid organs, is independent of lymphotoxin-α 
signaling, but requires vitamin A. 

Abstract
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Introduction

CD169 (also known as sialoadhesin, Siglec-1) is a cell surface sialic acid binding 
receptor that belongs to the family of sialic-acid binding Ig-like lectins (Siglecs). 
CD169 is an immunoglobulin superfamily member with 17 Ig-like domains that 
preferentially binds alpha2-3 and alpha2-6 linked sialic acid moieties on other cells 
or microbial surfaces. Monovalent ligand binding by CD169 is of very low affinity. 
However, multivalent binding of ligands is thought to create a high enough avidity 
to induce a biological response1, 2.

CD169 is expressed by specific macrophage subsets in secondary lymphoid 
organs, and also bone marrow, liver and lung were shown to contain CD169+ 
macrophages3-5. In lymph nodes both macrophages lining the subcapsular sinus 
and the medulla highly express CD169, while in the murine spleen CD169 is highly 
expressed by marginal metallophilic macrophages that line the white pulp in the 
marginal zone. In both lymphoid organs, the CD169-expressing macrophages 
are located at the entry site of lymph or blood and close to T and B lymphocyte 
areas. Therefore, they are ideally located to affect innate and adaptive immune 
responses upon an encounter with pathogens brought in via the lymph or blood6-8. 
Indeed, lymph node CD169+ macrophages were shown to be involved in the uptake 
and presentation of antigens to B cells9-12, innate lymphoid cells, and NKT and NK 
cells13-16. Splenic CD169+ macrophages facilitated the generation of CD8+ cytotoxic 
T cell responses17. Recent studies have indicated that CD169+ macrophages show 
permissiveness for local viral replication, which ensures presence of enough 
antigen to activate an effective adaptive immune response18, but prevent viral 
and bacterial spread into the central nervous system and the systemic circulation 
via the activation of innate immune responses19, 20. In contrast, splenic CD169+ 
macrophages are scavengers of dead cell debris and are implicated in the induction 
of tolerance against these cellular remnants21, 22. Apparently, CD169+ macrophages 
exhibit diverse functions in both the innate as well as adaptive immune system and 
as gatekeepers can prevent further infection by pathogens.

The colon, which is a potential entry site for microbial- or food-derived 
antigens, contains multiple subsets of macrophages. Under steady state conditions 
these macrophages are the most abundant type of mononuclear phagocyte 
present in the lamina propria. Although they are highly phagocytic and have high 
bactericidal activity, colonic macrophages hardly produce any pro-inflammatory 
cytokines23 and have poor T cell priming capacity24, 25. Instead colonic macrophages 
produce large amounts of interleukin-10 (IL-10), which makes them important for 
maintenance of immune tolerance, since IL-10 is necessary for the induction, local 
expansion and maintenance of FoxP3 expression in regulatory T cells24-27. So far, two 
different colonic macrophage subsets have been identified, which are characterized 
by the phenotypes F4/80+CD11c+CD11b+ and F4/80+CD11c-CD11b+. The CD11c+ 
macrophage subset is localized in close proximity to the epithelial layer, whereas 
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the CD11c- macrophage subset is scattered throughout the lamina propria25.
Because of the typical gatekeeper function of CD169+ macrophages in lymph 

nodes and spleen, we investigated whether a similar type of CD169+ macrophage 
could be detected in the colon in which continuous interaction with the intestinal 
microflora takes place. CD169+ macrophages were detected in the lamina propria 
of the colon, mainly surrounding the epithelial crypts. Whereas surface expression 
of various markers was similar on colonic CD169+ macrophages and splenic MMMs, 
they differed substantially in their differentiation requirements. In contrast to 
splenic CD169+ macrophages, colonic CD169+ macrophages depended on vitamin A 
for their proper development, but did not require lymphotoxin-α signaling. These 
data show that the colonic lamina propria contains a distinct population of CD169+ 
macrophages, which are unique in their requirements for development.

Materials and Methods

Mice
C57Bl/6, MyD88ko and lymphotoxin-α ko (LTαko) mice were bred and maintained 
at the animal facility of the VU University Medical Center in Amsterdam. Both male 
and female mice between the age of 8 and 12 weeks were used in the experiments 
described. All experiments were approved by the animal experimentation ethics 
committee of the VU University Medical Center and according to local and 
governmental regulations. 

To eradicate the intestinal microflora of mice, C57Bl/6 mice were treated for 
indicated time periods with an antibiotics cocktail containing Streptomycin (5g/L), 
Colistin (1g/L), Ampicillin (1g/L) and sucrose (2.5%) (all ordered from Sigma-Aldrich, 
Zwijndrecht, the Netherlands) in their drinking water28. Feces were collected during 
the experiment to assess effectiveness of the treatment by determining the amount 
of 16S bacterial DNA. 

Pregnant C57BL/6 females (Charles River Laboratories, Maastricht, The 
Netherlands) were fed with vitamin A deficient (VAD) (0 IU vitamin A/kg) or control 
(VAC) (4000 IU vitamin A/kg) AIN-93M diet produced with vitamin free casein (MP 
Biomedicals, Solon, Ohio, USA or Research Diets Services, Wijk bij Duurstede, The 
Netherlands) from day 7.5-10.5 of pregnancy. Pups were weaned at week 5 and 
kept on their specific diet until they were sacrificed at week 9-14. Animals were kept 
under SPF conditions.

Antibodies and flow cytometric analysis
The following antibodies were used for flow cytometric analysis: anti-CD169-Alexa 
Fluor® 488 (clone Ser4), anti-CD11b-PE-Cy7 (eBioscience, Vienna, Austria; clone 
M1/70), anti-F4/80-PE (clone BM8), anti-CD11c-PE or -APC (eBioscience; clone 
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N418), anti-MHCII(I-A/I-E)- Alexa Fluor® 647 (clone M5/114), CD64-PE (Biolegend, 
Fell, Germany; clone X54-5/7.1), CD135-PE (eBioscience; clone A2F10), CD103-PE 
(BD Biosciences; clone M290), ICAM-PE (eBioscience; clone YN1/1.7.4), VCAM-PE 
(eBioscience; clone 429), SYTOX® Blue nucleic acid stain and Fixable Near-Infrared 
Live/Dead stain (Invitrogen Life Technologies, Breda, The Netherlands). Cells were 
incubated with 2.4G2 supernatant to block aspecific binding. For flow cytometric 
analysis a CyAn ADP flow cytometer (Beckmann Coulter, Woerden, The Netherlands) 
was used. Flow cytometry data was analyzed using Flowjo 9.2 Software.

Preparation of splenic cell suspensions for flow cytometry
Single cell suspensions of spleen were obtained by Liberase TL mediated enzymatic 
digestion for 30 minutes at 37°C under constant stirring (1 Wünsch unit / mL, Roche 
Diagnostics GmbH, Mannheim, Germany) after which erythrocytes were lysed using 
a buffer containing 0.15M NH4Cl, 10mM KHCO3 and 0.1mM EDTA in PBS. 

Preparation of colonic cell suspensions for flow cytometry
Colons were dissected, opened longitudinally, washed in PBS and cut into pieces of 
~2mm. Fecal contents were removed by washing in HBSS buffer (w/o Ca2+ and Mg2+) 
containing 15mM HEPES and 250μg/mL gentamicin. Mucus and epithelial cells were 
removed from the tissue by incubating the tissue pieces in HBSS buffer (w/o Ca2+ 
and Mg2+)) containing 5mM EDTA, 1uM DTT, 14mM 2-mercaptoethanol, 10%FCS, 
15mM HEPES, 0.5% penicillin-streptomycin, for 2 times during 15 minutes at 37°C 
under constant stirring. Subsequently, the colonic segments were cut into smaller 
pieces and digested in HBSS buffer containing 15mM HEPES, 10% heat-inactivated 
FCS, 200μg/mL DNAse (Roche Diagnostics GmbH) and 150μg/mL liberase TM 
(Roche Diagnostics GmbH) for 15 minutes at 37°C under constant stirring. Cells 
were washed twice in HBSS buffer containing calcium and magnesium, 15mM 
HEPES and 250μg/mL gentamicin and filtered through a 70μM cell strainer. CD45+ 
cells were purified from the cell suspensions by immunomagnetic cell separation 
using anti-CD45-biotin (eBioscience; clone 30-F11) and the EasySep mouse biotin 
positive selection kit (StemCell Technologies, Grenoble, France).

Immunofluorescence microscopy
Colonic and splenic tissues were snap-frozen in tissue-TEK on dry ice. Sections 
were cut (colon: 8µm, spleen:5µm), fixed in aceton, and stained with the following 
antibodies as indicated: anti-CD169-Alexa Fluor® 488 (clone Ser4), anti-CD115-
biotin (eBioscience; clone AFS98), anti-F4/80 (clone BM8), goat anti-rat IgG (H+L)-
Alexa Fluor® 647 (Molecular probes, Invitrogen Life Technologies), anti-CD11b-PE 
(eBioscience; clone M1/70), anti-CD11c-PE (eBioscience; clone N418), anti-CD64-
PE (Biolegend; clone X54-5/7.1), MadCAM-PE (clone MECA367). Stainings were 
analyzed using a DM6000 Leica immunofluorescence microscope.
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RNA isolation and Real-time PCR
Colon and spleen tissues were homogenized in TRIzol (Invitrogen Life Technologies), 
and phenol/chloroform extraction was performed using Phase Lock Heavy Gel tubes 
(Eppendorf, Nijmegen, The Netherlands), followed by consecutive isopropanol 
and ethanol precipitations. The concentration of isolated RNA, dissolved in RNAse 
free water, was measured using a Nanodrop Spectrophotometer (Nanodrop 
Technologies, Wilmington, DE, USA). An RNA input of 1 μg for colons and 5 μg for 
spleens was used for cDNA synthesis using RevertAidTM First strand cDNA synthesis 
kit (Fermentas Life Sciences, Burlington, Canada), according to the manufacturer’s 
protocol. The resulting cDNA was used for analysis by RT-PCR.

mRNA expression levels were determined using an ABI prism 7900HT 
Sequence Detection System (PE Applied Biosystems, Foster city, CA, USA). Reactions 
were performed in a total reaction volume of 10 μL, containing cDNA, 300 nM 
forward primer, 300 nM reverse primer, and SYBR Green PCR Mastermix (PE Applied 
Biosystems). Primers used for analysis of mRNA expression were designed using 
OligoExplorer1.2 software (www.GeneLink.com) and synthesized by Invitrogen 
Life Technologies, Breda, The Netherlands. Primer sequences: CD169-forward: 
5’-CCAGGCTGGATTTGGATACCT-3’, CD169-reverse: 5’-ACGTGGCACAAGA GGATGC-3’, 
HPRT-forward: 5’-CCTAAGATGAGCGCAAGTTGAA-3’, HPRT-reverse: 5’-CCAC 
AGGACTAGAACACCTGCTAA-3’. A standard curve was generated using pooled lymph 
node tissue to correct for primer efficiency. mRNA quantities were normalized to 
housekeeping gene HPRT.

Statistical evaluation
Values are expressed as the mean ± SEM. An ANOVA was used to test for statistical 
significant differences between three or more groups. A student’s T test was 
performed when comparing two samples. A P-value of <0.05 was considered 
statistically significant. *P<0.05, **P<0.01, ***P<0.001

Results

CD169+ macrophages in the colon
Recent literature demonstrates the existence of multiple subtypes of macrophages 
in the colon25, which serve important functions in the maintenance of local 
immune homeostasis in the presence of micro-organisms and food components 
in the intestinal lumen. In lymphoid organs CD169+ macrophages are present as 
gatekeepers at the sites where antigens enter6-8. The CD169 molecule is thought 
to play a role in pathogen recognition and possibly supports the interaction of the 
macrophages with other cells from the immune system2. To investigate whether 
in the colon CD169 expressing macrophages are present that may perform similar 
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functions in the intestines, colon sections were stained for CD169 and analyzed by 
immunofluorescence microscopy.

CD169+ cells were detected in the colonic lamina propria, mainly surrounding 
the intestinal epithelial crypts, but they were absent from local lymphoid structures 
(figure 1A-B). The cells had an elongated appearance and showed dendritic 
extensions, matching a macrophage or dendritic cell (DC)-like phenotype. Co-
staining the sections showed co-localization of CD169 with macrophage markers 
CD64, CD115 (M-CSF receptor) and to a lower extent F4/80 (figure 1C-E), but not 
with the DC marker CD11c (figure 1F), indicating that the colon contains CD169+ 
macrophages, which in addition express CD11b (figure 1G). 

The colonic CD169+ macrophages were further analyzed by flow cytometry 
and compared to splenic CD169+ macrophages to determine similarities between 
the two CD169+ macrophage populations. Colonic CD169+ macrophages were gated 
as live CD45+ CD11b+CD169+ cells (figure 2A), whereas splenic CD169+ macrophages 
were gated as live autofluorescent CD169+ cells (figure 2B). Confirming the 
immunofluorescence analysis, also flow cytometric analysis showed that the 
colonic CD169+ cells highly expressed macrophage marker CD64 and low levels of 
F4/80 (figure 2C). In addition, no expression of DC markers CD103, CD135, and low 
expression of CD11c was detected on CD169+ cells (figure 2C). These data further 
supported our conclusion that the CD169+ cells were macrophages. In addition the 
cells expressed high levels of MHC class II and ICAM-1, but no VCAM-1.

Comparison of the colonic CD169+ macrophages to splenic CD169+ 
macrophages showed many similarities. Both colonic and splenic cells expressed 
low levels of F4/80 and CD11c, but not the DC markers CD103 and CD135. In 
addition both cell types expressed MHC class II and ICAM-1 (figure 2C). CD64 was 
recently characterized as a marker to discriminate macrophages from DCs in the 
intestine29. Indeed, we observed CD64 expression on CD169+ macrophages in the 
colon, but splenic CD169+ macrophages apparently do not express this molecule 
(figure 2C). VCAM-1 was only expressed by splenic MMMs, not by colonic CD169+ 
macrophages.

Lymphotoxin-α is dispensable for colonic CD169+ macrophage development
Since surface marker expression of colonic CD169+ macrophages and splenic 
CD169+ macrophages was comparable, we wondered whether their differentiation 
requirements also show similarities. Presence and function of CD169+ macrophages 
in the spleen has been shown to depend on LTβR-signaling, induced by B cell 
surface-expressed lymphotoxin-α1β2

30-32. To investigate whether colonic CD169+ 
macrophages depend on lymphotoxin-α1β2 in a similar way, CD169 mRNA expression 
levels were measured in colons of wildtype (Wt) and lymphotoxin-α deficient (LTαko) 
mice. Whereas CD169 mRNA levels were significantly decreased in spleens of LTαko 
mice, they were unchanged in LTαko colons (figure 3A). In addition, flow cytometric 
analysis of CD169+ macrophages from spleen and colon of Wt and LTαko mice 
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Figure 1 – CD169+ macrophages in the colon. A-B. Representative immunofluorescence stainings of 
C57Bl/6 Wt colon sections, stained for CD169 and nuclei (Dapi). C-G. Immunofluorescent stainings 
of C57Bl/6 Wt colon sections, stained for CD169, nuclei (Dapi), and CD64, F4/80, CD115, CD11c, or 
CD11b as indicated. The panel in the upper left corner shows a 5x magnification of a CD169+ cell. 
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Figure 2 – Flow cytometric analysis of CD169+ macrophages. A. Flow cytometric gating strategy of 
colonic live CD169+ macrophages from CD45+ single cell colon suspensions. B. Flow cytometric gating 
strategy of splenic live, autofluorescent CD169+ macrophages from single cell spleen suspensions. 
C. Colonic CD169+ macrophages and splenic CD169+ macrophages from single cell suspensions of 
C57Bl/6 Wt colons and spleens were analyzed for the expression of the different indicated markers by 
flow cytometry. Isotype controls are depicted in grey.
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indicated a significant decrease of these cells in spleens of LTαko mice compared 
to Wt, whereas their numbers remained unchanged in the colons (figure 3B). Also, 
immunofluorescent imaging showed no differences in the amount or localization of 
CD169+ macrophages in Wt and LTαko colons, whereas CD169+ macrophages in the 
splenic marginal zone were absent in LTαko mice, compared to Wt (figure 3C). In 
conclusion, these data show that in contrast to splenic CD169+ macrophages, which 
are known to depend on LTα-induced signaling for their presence, LTα signaling is 
dispensable for the presence of colonic CD169+ macrophages. 

Figure 3 - Hiemstra et al. 

LTαkoWt

A. B. 

C. 

spleen

colon

colon spleen
0.0

0.5

1.0

1.5

2.0
Wt
LTαko

**

%
 o

f l
iv

e 
ce

lls
fo

ld
 in

du
ct

io
n 

re
la

tiv
e 

to
 W

t

colon spleen
0.0

0.5

1.0

1.5

**

C
D

16
9 

m
R

N
A

 e
xp

re
ss

io
n

fo
ld

 in
du

ct
io

n 
re

la
tiv

e 
to

 W
t

CD169 nuclei CD169 nuclei

CD169 Madcam CD169 Madcam

Figure 3 – Lymphotoxin alpha is dispensable for colonic CD169+ macrophage development. A. CD169 
mRNA expression was determined in total colon and spleen homogenates of C57Bl/6 Wt and LTαko 
mice by RT-PCR. Expression levels were calculated as relative amounts normalized to housekeeping 
gene HPRT and shown here as fold induction compared to the Wt expression level in that organ. 
B. Flow cytometric analysis of the relative amount of CD169+ colonic macrophages and splenic 
CD169+ macrophages in single cell suspensions of colon and spleen from Wt and LTαko mice. C. 
Immunofluorescent stainings of Wt and LTαko colon and spleen sections, stained for CD169 (green) 
and nuclei (grey, colon) or CD169 (green) and Madcam+ marginal sinus-lining cells (red, spleen). Small 
inserts in colon pictures show CD169 staining only. 



143

Colonic CD169+ macrophages

6

Figure 4 - Hiemstra et al. 
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Figure 4 – Presence of colonic CD169+ macrophages is independent of intestinal microflora. A. CD169 
mRNA expression was determined in total colon and spleen homogenates of C57Bl/6 Wt and MyD88ko 
mice by RT-PCR. Expression levels were calculated as relative amounts compared to housekeeping 
gene HPRT and shown here as fold induction compared to the Wt expression level. B. Flow cytometric 
analysis of the amount of CD169+ colonic macrophages and splenic CD169+ macrophages in single 
cell suspensions of colon and spleen from Wt and MyD88ko mice. C. Immunofluorescent stainings 
of Wt and MyD88ko colon and spleen sections, stained for CD169 (green) and nuclei (grey, colon) 
or CD169 (green) and Madcam+ marginal sinus-lining cells (red, spleen). Small inserts in colon 
pictures show CD169 staining only. D. CD169 mRNA expression was determined in total colon and 
spleen homogenates of C57Bl/6 control and antibiotics-treated mice by RT-PCR. Expression levels 
were calculated as relative amounts compared to housekeeping gene HPRT and shown here as fold 
induction compared to the Wt expression level. E. Flow cytometric analysis of the amount of CD169+ 
colonic macrophages and splenic CD169+ macrophages in single cell suspensions of colon and spleen 
from control and antibiotics-treated mice.
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Characteristic of the colonic microenvironment is the high load of bacteria that is 
present nearby in the intestinal lumen. This microflora is essential for shaping and a 
proper functioning of the intestinal immune system and influences the presence of 
colonic macrophages33, 34. One way in which bacterial products are recognized by host 
cells is through Toll-like receptors (TLRs), which signal via adapter protein MyD88 
35. To investigate whether the intestinal microflora affects the presence of CD169+ 
macrophages locally in the colon through TLR signaling, CD169 mRNA expression 
levels were determined in colons and spleens of Wt and MyD88ko mice. Both 
colons and spleens of Wt and MyD88ko mice did not show any differences in CD169 
mRNA expression (figure 4A). In addition, flow cytometry and immunofluoresence 
imaging showed no difference in the number, presence and localization of CD169+ 
macrophages between Wt and MyD88ko mice in both organs (figure 4B and C). 

Figure 5 - Hiemstra et al.
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Figure 5 – Colonic CD169+ macrophages depend on vitamin A. A. CD169 mRNA expression was 
determined in total colon and spleen homogenates of C57Bl/6 VAC and VAD mice by RT-PCR. Expression 
levels were calculated as relative amounts compared to housekeeping gene HPRT and shown here as 
fold induction compared to the Wt expression level. B. Flow cytometric analysis of the amount of 
CD169+ colonic macrophages and splenic CD169+ macrophages in single cell suspensions of colon and 
spleen from VAC and VAD mice. C. Immunofluorescent stainings of VAC and VAD colon and spleen 
sections, stained for CD169 (green) and nuclei (grey, colon) or CD169 (green) and Madcam+ marginal 
sinus-lining cells (red, spleen). Small inserts in colon pictures show CD169 staining only. 
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To investigate whether other microflora-derived signals affect the presence 
of CD169+ macrophages in colon, mice were administered antibiotics in their drinking 
water for 33 days, after which the presence of CD169+ macrophages was determined 
in colons and spleens and compared to tissues from control animals. CD169 mRNA 
expression was similar in both colons and spleens of control and antibiotics-treated 
animals (figure 4D), as were the numbers of CD169+ macrophages measured in both 
organs by flow cytometry (figure 4E). 

In conclusion, the presence of CD169+ macrophages in colon and spleen 
appeared to be independent of the intestinal microflora and MyD88-dependent 
signaling. 

Colonic CD169+ macrophages depend on vitamin A
Vitamin A is essential for maintenance of immune homeostasis in the intestine. It is 
converted into its active metabolite retinoic acid by retinaldehyde dehydrogenase 
(RALDH) expressed by the intestinal epithelium and by immune cells like dendritic 
cells and macrophages36-39. To investigate whether vitamin A affects the presence of 
CD169+ macrophages in the colon, vitamin A deficient (VAD) mice were generated. 
CD169 mRNA expression was significantly decreased in the colons of VAD mice, 
compared to those of vitamin A control (VAC) mice, whereas no difference was 
observed between spleens of both types of mice (figure 5A). In addition, flow 
cytometric and immunofluorescence staining showed a marked decrease in 
number of CD169+ macrophages in the colon of VAD mice, whereas no difference 
was observed in the spleen (figure 5B-C). These data show that, in contrast to 
splenic CD169+ macrophages, vitamin A is essential for the proper development 
and differentiation of colonic CD169+ macrophages. 

Discussion

Our studies demonstrate the presence of a previously unrecognized CD169+ 
macrophage subset present in the colonic lamina propria. This macrophage subset 
is, in contrast to splenic CD169+ macrophages, not dependent on lymphotoxin-α 
signaling for its development. Also microflora-induced signaling did not affect the 
presence of the CD169+ macrophage subset in the colon. In contrast, vitamin A 
deficiency severely reduced levels of colonic CD169+ macrophages while splenic 
CD169+ macrophages remained unaffected. These data show striking local 
differences in the requirements for differentiation of colonic and splenic CD169+ 
macrophages.

Although the presence of CD169+ macrophages in the outer muscle layer 
of the intestines has been reported40, the presence in the colonic lamina propria is 
remarkable. Evidence of a human counterpart of the colonic lamina propria CD169+ 
macrophages that we have described here, was previously documented41.
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Because the CD169+ macrophages show low expression of both F4/80 
and CD11c, they do not fit into the colonic macrophage classification introduced 
by Rivollier et al.25, which describes two different tolerogenic macrophage subsets 
that either are F4/80+CD11c- or F4/80+CD11c+. Therefore the discovery of CD169+ 
macrophages in the colonic lamina propria might add a new macrophage subset 
to this classification. Whether this subset, like the other two colonic macrophage 
subsets in the lamina propria serves a tolerogenic function, or whether it, like the 
splenic and lymph node CD169+ macrophages, is involved in the generation of 
innate and adaptive immune responses remains to be shown.

Comparison of the colonic CD169+ macrophages with splenic CD169+ 
macrophages revealed highly similar surface marker expression. However, both cell 
types contrasted in their differentiation requirements. Whereas it was previously 
shown that splenic MMMs depend on LTβR-signaling, induced by LTα1β2 expressed 
on B cells30-32, this signaling-pathway induced by LTα appeared dispensable for CD169+ 
macrophages in the colonic lamina propria. Although LTβR-induced signaling in the 
colon does serve important functions in the organization of lymphoid tissue and 
in the induction of IgA production42-44, the absence of B cells in close proximity to 
the CD169+ macrophages in the colonic lamina propria suggests that B cell derived 
LTα1β2-LTβR signaling is not essential for colonic CD169 expression. In addition, 
our data indicate that LTα1β2 provided by other cell types such as innate lymphoid 
cells is not driving CD169 macrophage differentiation. However other members of 
the TNF superfamily, such as LIGHT that also binds to the LTβR, could possibly be 
involved in the generation of CD169+ macrophages44, 45. 

Instead of being lymphotoxin-dependent, the presence of CD169+ 
macrophages in the colon was shown to be vitamin A-dependent. Vitamin A is 
converted into its active metabolite retinoic acid (RA) by intestinal epithelium- and 
DC-expressed RALDH enzymes. RA serves very important roles in the maintenance 
of intestinal immune homeostasis in the intestine, such as the generation of 
regulatory T cells46-51 and the induction of IgA class switching52. Recently, RA was 
shown to be important for CXCL13 expression during lymph node development53. 
Interestingly, CD169+ macrophages are absent in spleens of mice that are deficient 
for the chemokine CXCL1332. In the spleen, the expression of this chemokine is 
normally induced in follicular stromal cells by LTα1β2 signaling54. The possibility that 
in the colonic lamina propria, RA instead of LTα1β2 is responsible for the induction 
of CXCL13 expression and possibly the presence of CD169+ macrophages could be 
excluded, since no difference in CXCL13 mRNA expression levels between control 
and vitamin A deficient colons could be observed (data not shown).

In conclusion, we identified a vitamin A-dependent CD169+ macrophage 
subset in the lamina propria of the colon. Future research will be aimed at unraveling 
the function of this particular macrophage subset in innate and adaptive immune 
responses of the mucosal immune system. 



147

Colonic CD169+ macrophages

6

Reference List

1.      Crocker,P.R., Paulson,J.C., & Varki,A. Siglecs and their roles in the immune system. Nat. Rev. 
Immunol. 7, 255-266 (2007).

2.      Klaas,M. & Crocker,P.R. Sialoadhesin in recognition of self and non-self. Semin. Immunopathol. 
34, 353-364 (2012).

3.      Chow,A., Lucas,D., Hidalgo,A., Mendez-Ferrer,S., Hashimoto,D., Scheiermann,C., Battista,M., 
Leboeuf,M., Prophete,C., van,R.N., Tanaka,M., Merad,M., & Frenette,P.S. Bone marrow 
CD169+ macrophages promote the retention of hematopoietic stem and progenitor cells in 
the mesenchymal stem cell niche. J. Exp. Med. 208, 261-271 (2011).

4.      Crocker,P.R. & Gordon,S. Properties and distribution of a lectin-like hemagglutinin 
differentially expressed by murine stromal tissue macrophages. J. Exp. Med. 164, 1862-1875 
(1986).

5.      Ducreux,J., Crocker,P.R., & Vanbever,R. Analysis of sialoadhesin expression on mouse 
alveolar macrophages. Immunol. Lett. 124, 77-80 (2009).

6.      den Haan,J.M. & Kraal,G. Innate immune functions of macrophage subpopulations in the 
spleen. J. Innate. Immun. 4, 437-445 (2012).

7.      Gray,E.E. & Cyster,J.G. Lymph node macrophages. J. Innate. Immun. 4, 424-436 (2012).

8.      Martinez-Pomares,L. & Gordon,S. CD169+ macrophages at the crossroads of antigen 
presentation. Trends Immunol. 33, 66-70 (2012).

9.      Carrasco,Y.R. & Batista,F.D. B cells acquire particulate antigen in a macrophage-rich area at 
the boundary between the follicle and the subcapsular sinus of the lymph node. Immunity. 
27, 160-171 (2007).

10.      Junt,T., Moseman,E.A., Iannacone,M., Massberg,S., Lang,P.A., Boes,M., Fink,K., 
Henrickson,S.E., Shayakhmetov,D.M., Di Paolo,N.C., van,R.N., Mempel,T.R., Whelan,S.P., & 
von Andrian,U.H. Subcapsular sinus macrophages in lymph nodes clear lymph-borne viruses 
and present them to antiviral B cells. Nature 450, 110-114 (2007).

11.      Phan,T.G., Grigorova,I., Okada,T., & Cyster,J.G. Subcapsular encounter and complement-
dependent transport of immune complexes by lymph node B cells. Nat. Immunol. 8, 992-
1000 (2007).

12.      Phan,T.G., Green,J.A., Gray,E.E., Xu,Y., & Cyster,J.G. Immune complex relay by subcapsular 
sinus macrophages and noncognate B cells drives antibody affinity maturation. Nat. 
Immunol. 10, 786-793 (2009).

13.      Barral,P., Polzella,P., Bruckbauer,A., van,R.N., Besra,G.S., Cerundolo,V., & Batista,F.D. 
CD169(+) macrophages present lipid antigens to mediate early activation of iNKT cells in 
lymph nodes. Nat. Immunol. 11, 303-312 (2010).

14.      Coombes,J.L., Han,S.J., van Rooijen,N., Raulet,D.H., & Robey,E.A. Infection-induced 
regulation of natural killer cells by macrophages and collagen at the lymph node subcapsular 
sinus. Cell Rep. 2, 124-135 (2012).

15.      Garcia,Z., Lemaitre,F., van Rooijen N., Albert,M.L., Levy,Y., Schwartz,O., & Bousso,P. 
Subcapsular sinus macrophages promote NK cell accumulation and activation in response to 
lymph-borne viral particles. Blood 120, 4744-4750 (2012).

16.      Pak-Wittel,M.A., Yang,L., Sojka,D.K., Rivenbark,J.G., & Yokoyama,W.M. Interferon-gamma 
mediates chemokine-dependent recruitment of natural killer cells during viral infection. 
Proc. Natl. Acad. Sci. U. S. A 110, E50-E59 (2013).

17.      Backer,R., Schwandt,T., Greuter,M., Oosting,M., Jungerkes,F., Tuting,T., Boon,L., O’Toole,T., 



148

Chapter 6

6

Kraal,G., Limmer,A., & den Haan,J.M. Effective collaboration between marginal metallophilic 
macrophages and CD8+ dendritic cells in the generation of cytotoxic T cells. Proc. Natl. Acad. 
Sci. U. S. A 107, 216-221 (2010).

18.      Honke,N., Shaabani,N., Cadeddu,G., Sorg,U.R., Zhang,D.E., Trilling,M., Klingel,K., Sauter,M., 
Kandolf,R., Gailus,N., van,R.N., Burkart,C., Baldus,S.E., Grusdat,M., Lohning,M., Hengel,H., 
Pfeffer,K., Tanaka,M., Haussinger,D., Recher,M., Lang,P.A., & Lang,K.S. Enforced viral 
replication activates adaptive immunity and is essential for the control of a cytopathic virus. 
Nat. Immunol. 13, 51-57 (2012).

19.      Iannacone,M., Moseman,E.A., Tonti,E., Bosurgi,L., Junt,T., Henrickson,S.E., Whelan,S.P., 
Guidotti,L.G., & von Andrian,U.H. Subcapsular sinus macrophages prevent CNS invasion on 
peripheral infection with a neurotropic virus. Nature 465, 1079-1083 (2010).

20.      Kastenmuller,W., Torabi-Parizi,P., Subramanian,N., Lammermann,T., & Germain,R.N. A 
spatially-organized multicellular innate immune response in lymph nodes limits systemic 
pathogen spread. Cell 150, 1235-1248 (2012).

21.      McGaha,T.L., Chen,Y., Ravishankar,B., van,R.N., & Karlsson,M.C. Marginal zone macrophages 
suppress innate and adaptive immunity to apoptotic cells in the spleen. Blood 117, 5403-
5412 (2011).

22.      Miyake,Y., Asano,K., Kaise,H., Uemura,M., Nakayama,M., & Tanaka,M. Critical role of 
macrophages in the marginal zone in the suppression of immune responses to apoptotic 
cell-associated antigens. J. Clin. Invest 117, 2268-2278 (2007).

23.      Smythies,L.E., Sellers,M., Clements,R.H., Mosteller-Barnum,M., Meng,G., Benjamin,W.H., 
Orenstein,J.M., & Smith,P.D. Human intestinal macrophages display profound inflammatory 
anergy despite avid phagocytic and bacteriocidal activity. J. Clin. Invest 115, 66-75 (2005).

24.      Denning,T.L., Wang,Y.C., Patel,S.R., Williams,I.R., & Pulendran,B. Lamina propria macrophages 
and dendritic cells differentially induce regulatory and interleukin 17-producing T cell 
responses. Nat. Immunol. 8, 1086-1094 (2007).

25.      Rivollier,A., He,J., Kole,A., Valatas,V., & Kelsall,B.L. Inflammation switches the differentiation 
program of Ly6Chi monocytes from antiinflammatory macrophages to inflammatory 
dendritic cells in the colon. J. Exp. Med. 209, 139-155 (2012).

26.      Hadis,U., Wahl,B., Schulz,O., Hardtke-Wolenski,M., Schippers,A., Wagner,N., Muller,W., 
Sparwasser,T., Forster,R., & Pabst,O. Intestinal tolerance requires gut homing and expansion 
of FoxP3+ regulatory T cells in the lamina propria. Immunity. 34, 237-246 (2011).

27.      Murai,M., Turovskaya,O., Kim,G., Madan,R., Karp,C.L., Cheroutre,H., & Kronenberg,M. 
Interleukin 10 acts on regulatory T cells to maintain expression of the transcription factor 
Foxp3 and suppressive function in mice with colitis. Nat. Immunol. 10, 1178-1184 (2009).

28.      Sawa,S., Lochner,M., Satoh-Takayama,N., Dulauroy,S., Berard,M., Kleinschek,M., Cua,D., Di 
Santo,J.P., & Eberl,G. RORgammat+ innate lymphoid cells regulate intestinal homeostasis 
by integrating negative signals from the symbiotic microbiota. Nat. Immunol. 12, 320-326 
(2011).

29.      Tamoutounour,S., Henri,S., Lelouard,H., de,B.B., de,H.C., van der Woude,C.J., Woltman,A.M., 
Reyal,Y., Bonnet,D., Sichien,D., Bain,C.C., Mowat,A.M., Reis E Sousa, Poulin,L.F., Malissen,B., 
& Guilliams,M. CD64 distinguishes macrophages from dendritic cells in the gut and reveals 
the Th1-inducing role of mesenteric lymph node macrophages during colitis. Eur. J. Immunol. 
42, 3150-3166 (2012).

30.      Matsumoto,M., Mariathasan,S., Nahm,M.H., Baranyay,F., Peschon,J.J., & Chaplin,D.D. Role 
of lymphotoxin and the type I TNF receptor in the formation of germinal centers. Science 
271, 1289-1291 (1996).



149

Colonic CD169+ macrophages

6

31.      Moseman,E.A., Iannacone,M., Bosurgi,L., Tonti,E., Chevrier,N., Tumanov,A., Fu,Y.X., 
Hacohen,N., & von Andrian,U.H. B cell maintenance of subcapsular sinus macrophages 
protects against a fatal viral infection independent of adaptive immunity. Immunity. 36, 415-
426 (2012).

32.      Yu,P., Wang,Y., Chin,R.K., Martinez-Pomares,L., Gordon,S., Kosco-Vibois,M.H., Cyster,J., 
& Fu,Y.X. B cells control the migration of a subset of dendritic cells into B cell follicles via 
CXC chemokine ligand 13 in a lymphotoxin-dependent fashion. J. Immunol. 168, 5117-5123 
(2002).

33.      Diehl,G.E., Longman,R.S., Zhang,J.X., Breart,B., Galan,C., Cuesta,A., Schwab,S.R., & 
Littman,D.R. Microbiota restricts trafficking of bacteria to mesenteric lymph nodes by CX(3)
CR1(hi) cells. Nature 494, 116-120 (2013).

34.      Hooper,L.V. & Macpherson,A.J. Immune adaptations that maintain homeostasis with the 
intestinal microbiota. Nat. Rev. Immunol. 10, 159-169 (2010).

35.      Kawai,T. & Akira,S. The role of pattern-recognition receptors in innate immunity: update on 
Toll-like receptors. Nat. Immunol. 11, 373-384 (2010).

36.      Bhat,P.V. Retinal dehydrogenase gene expression in stomach and small intestine of rats 
during postnatal development and in vitamin A deficiency. FEBS Lett. 426, 260-262 (1998).

37.      Frota-Ruchon,A., Marcinkiewicz,M., & Bhat,P.V. Localization of retinal dehydrogenase type 1 
in the stomach and intestine. Cell Tissue Res. 302, 397-400 (2000).

38.      Iwata,M., Hirakiyama,A., Eshima,Y., Kagechika,H., Kato,C., & Song,S.Y. Retinoic acid imprints 
gut-homing specificity on T cells. Immunity. 21, 527-538 (2004).

39.      Thomas,S., Prabhu,R., & Balasubramanian,K.A. Retinoid metabolism in the rat small 
intestine. Br. J. Nutr. 93, 59-63 (2005).

40.      Mikkelsen,H.B., Larsen,J.O., Froh,P., & Nguyen,T.H. Quantitative Assessment of Macrophages 
in the Muscularis Externa of Mouse Intestines. Anat. Rec. (Hoboken. ) 294, 1557-1565 (2011).

41.      Hartnell,A., Steel,J., Turley,H., Jones,M., Jackson,D.G., & Crocker,P.R. Characterization of 
human sialoadhesin, a sialic acid binding receptor expressed by resident and inflammatory 
macrophage populations. Blood 97, 288-296 (2001).

42.      Futterer,A., Mink,K., Luz,A., Kosco-Vilbois,M.H., & Pfeffer,K. The lymphotoxin beta receptor 
controls organogenesis and affinity maturation in peripheral lymphoid tissues. Immunity. 9, 
59-70 (1998).

43.      Kang,H.S., Chin,R.K., Wang,Y., Yu,P., Wang,J., Newell,K.A., & Fu,Y.X. Signaling via LTbetaR on 
the lamina propria stromal cells of the gut is required for IgA production. Nat. Immunol. 3, 
576-582 (2002).

44.      Steinberg,M.W., Shui,J.W., Ware,C.F., & Kronenberg,M. Regulating the mucosal immune 
system: the contrasting roles of LIGHT, HVEM, and their various partners. Semin. 
Immunopathol. 31, 207-221 (2009).

45.      Ware,C.F. Network communications: lymphotoxins, LIGHT, and TNF. Annu. Rev. Immunol. 23, 
787-819 (2005).

46.      Benson,M.J., Pino-Lagos,K., Rosemblatt,M., & Noelle,R.J. All-trans retinoic acid mediates 
enhanced T reg cell growth, differentiation, and gut homing in the face of high levels of co-
stimulation. J. Exp. Med. 204, 1765-1774 (2007).

47.      Coombes,J.L., Siddiqui,K.R., rancibia-Carcamo,C.V., Hall,J., Sun,C.M., Belkaid,Y., & Powrie,F. 
A functionally specialized population of mucosal CD103+ DCs induces Foxp3+ regulatory T 
cells via a TGF-beta and retinoic acid-dependent mechanism. J. Exp. Med. 204, 1757-1764 
(2007).



150

Chapter 6

6

48.      Elias,K.M., Laurence,A., Davidson,T.S., Stephens,G., Kanno,Y., Shevach,E.M., & O’Shea,J.J. 
Retinoic acid inhibits Th17 polarization and enhances FoxP3 expression through a Stat-3/
Stat-5 independent signaling pathway. Blood 111, 1013-1020 (2008).

49.      Hill,J.A., Hall,J.A., Sun,C.M., Cai,Q., Ghyselinck,N., Chambon,P., Belkaid,Y., Mathis,D., & 
Benoist,C. Retinoic acid enhances Foxp3 induction indirectly by relieving inhibition from 
CD4+CD44hi Cells. Immunity. 29, 758-770 (2008).

50.      Kang,S.G., Lim,H.W., Andrisani,O.M., Broxmeyer,H.E., & Kim,C.H. Vitamin A metabolites 
induce gut-homing FoxP3+ regulatory T cells. J. Immunol. 179, 3724-3733 (2007).

51.      Mucida,D., Park,Y., Kim,G., Turovskaya,O., Scott,I., Kronenberg,M., & Cheroutre,H. Reciprocal 
TH17 and regulatory T cell differentiation mediated by retinoic acid. Science 317, 256-260 
(2007).

52.      Tokuyama,H. & Tokuyama,Y. Retinoic acid induces the expression of germ-line C alpha 
transcript mainly by a TGF-beta-independent mechanism. Cell Immunol. 176, 14-21 (1997).

53.      van de Pavert,S.A., Olivier,B.J., Goverse,G., Vondenhoff,M.F., Greuter,M., Beke,P., Kusser,K., 
Hopken,U.E., Lipp,M., Niederreither,K., Blomhoff,R., Sitnik,K., Agace,W.W., Randall,T.D., de 
Jonge,W.J., & Mebius,R.E. Chemokine CXCL13 is essential for lymph node initiation and is 
induced by retinoic acid and neuronal stimulation. Nat. Immunol. 10, 1193-1199 (2009).

54.      Ngo,V.N., Korner,H., Gunn,M.D., Schmidt,K.N., Riminton,D.S., Cooper,M.D., Browning,J.L., 
Sedgwick,J.D., & Cyster,J.G. Lymphotoxin alpha/beta and tumor necrosis factor are required 
for stromal cell expression of homing chemokines in B and T cell areas of the spleen. J. Exp. 
Med. 189, 403-412 (1999).







C H A P T E R  7
G e n e r a l  D i s c u s s i o n



154

Chapter 7

7 1  Intestinal microflora and the maintenance of the mucosal barrier
2  Intestinal Microflora and the Mucosal Immune System 
3  Intestinal Microflora and the Systemic Immune System
4  Intestinal Microflora Dysbiosis and Clinical Implications

4.1  Genetic predisposition
4.2  Antibiotics
4.3  Hygiene

5  Concluding remarks

Index



155

General Discussion

7

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 
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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.

Intestinal 
immune
system

Systemic
immune
system

SFB

Treg

TH17

Clostridium spp. B. fragilis

PSA
DC

IL-10

Microflora

MF
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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.
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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 
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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).



161

General Discussion

7

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 have an altered 

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.
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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 
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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. 
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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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De invloed van darmflora op het functioneren van de mucosale 
barrière en het immuunsysteem

Het maag-darmstelsel

De belangrijkste functies van het maag-darmstelsel zijn het verteren van voedsel 
en de opname van voedingsstoffen. Het stelsel bestaat achtereenvolgens uit de 
mondholte, keelholte, slokdarm, maag, dunne darm, dikke darm, endeldarm en 
anus. De daadwerkelijke vertering van voedsel vindt plaats in de maag en het eerste 
deel van de dunne darm, waarna in het verdere deel van de dunne darm en de 
dikke darm voedingsstoffen en water in het lichaam worden opgenomen. 

Essentieel voor een goed functioneren van het maag-darmstelsel is de 
wand, die op de verschillende locaties van het stelsel met unieke eigenschappen 
is uitgerust voor een optimale vertering of opname van voedsel. Zo moet de wand 
van de maag de sterk zure maagsappen kunnen verdragen, terwijl de wand in de 
dunne en dikke darm juist voedingsstoffen snel en efficiënt moet kunnen opnemen. 
De wand van de dunne en dikke darm is opgebouwd uit vier verschillende lagen. 
De laag het dichtst bij de darmholte heet de mucosa. De mucosa bestaat uit een 
enkele laag epitheelcellen, welke de opname van voedingsstoffen bewerkstelligt, 
met daaronder een laag losmazig bindweefsel, genaamd de lamina propria, 
waarin kleine bloed- en lymfevaatjes aanwezig zijn waardoor de opgenomen 
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Figuur 1 – Het maag-darmstelsel. A. Het maag-darmstelsel bestaat achtereenvolgens uit de slokdarm, 
maag, dunne darm, dikke darm, endeldarm, en anus. B. De darmwand is opgebouwd uit vier lagen. De 
buitenste laag, de mucosa, bevat een enkele laag epitheelcellen met daaronder een bindweefsellaag, 
genaamd de lamina propria, waarin zich bloed- en lymfevaatjes bevinden, en een spierlaag, genaamd 
de muscularis mucosae. De tweede laag van de darmwand is de submucosa, welke grotere bloed- en 
lymfevaten bevat. De derde laag is de muscularis externa, de spieren die verantwoordelijk zijn voor 
de darmperistaltiek. De vierde en buitenste laag van de darmwand is de serosa, een laag bindweefsel 
waarin zich ook bloed- en lymfevaatjes bevinden.
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voedingsstoffen worden afgevoerd, en een dunne spierlaag, genaamd de muscularis 
mucosae. Het oppervlak voor opname van voedingsstoffen wordt sterk vergroot 
doordat de mucosa niet als een rechte laag aanwezig is, maar sterk geplooid is, 
waardoor vingerachtige uitstulpingen van de darmwand, genaamd villi, ontstaan. 
Het opname oppervlak wordt verder vergroot doordat de epitheelcellen aan de 
kant van de darmholte sterk geplooid zijn (micro-villi). In de tweede laag van de 
darmwand, genaamd de submucosa, bevinden zich zenuwen en relatief grote bloed- 
en lymfevaten. Als derde laag is een dikke spierlaag aanwezig, die verantwoordelijk 
is voor de peristaltische beweging van de darmen om de voedselbrij richting anus 
voort te bewegen. Aan de buitenkant wordt de darmwand omgeven door een 
dunne bindweefsellaag, de serosa, de vierde laag van de darmwand. 

De mucosale barrièrefunctie 

De darmholte bevat een gigantische hoeveelheid micro-organismen: meer dan 1012 
bacteriën per cm3 darminhoud. Aanwezigheid van deze darmflora of microflora is 
essentieel voor de mens, aangezien de bacteriën in staat zijn complexe koolhydraten 
te verteren waar de mens zelf de juiste enzymen voor mist. De bacteriën op hun 
beurt profiteren van hun aanwezigheid in de darm, omdat het een beschermde 
stabiele omgeving is, rijk aan voedingsstoffen. Zowel mens als micro-organisme 
profiteert dus van het op deze manier samenleven. Echter, aanwezigheid van zon 
grote populatie bacteriën in de darmholte vormt ook een potentiële bedreiging 
voor de gezondheid: wanneer bacteriën het darmweefsel binnendringen kan dit 
leiden tot onstekingen en wanneer zij in het bloed terecht komen, kan dit leiden 
tot een levensbedreigende sepsis. De darmwand, en met name de mucosa, vervult 
daarom een extreem belangrijke functie als barrière om darmflora van darmweefsel 
gescheiden te houden. 

De epitheellaag in de mucosa vormt een belangrijke eerste barrière 
van de mucosa. De epitheelcellen zijn sterk aan elkaar verankerd door grote 
eiwitcomplexen, genaamd tight junctions. De tight junctions bestaan uit eiwitten 
genaamd claudines, die via de eiwitten zona occludens-1 (ZO-1) en -2 verbonden 
worden aan het cytoskelet van de epitheelcellen, waardoor de epitheellaag een 
zeer stevig netwerk wordt. Echter, opname van voedingsstoffen gebeurt voor een 
deel ook tussen de epitheelcellen door. Om deze reden wordt de doorlaatbaarheid 
van de epitheellaag zeer nauwgezet gereguleerd. 

Een enkele cellaag als barrière tegen zo een grote populatie bacterièn 
is erg riskant. Een beschadiging in deze laag zou al voldoende kunnen zijn 
voor flinke ontstekingen. Om deze reden zijn er verschillende aanvullende 
beschermingsmechanismen aanwezig die de epitheellaag ondersteunen in de 
barrièrefunctie. Ten eerste zijn er gespecialiseerde epitheelcellen, genaamd 
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Gobletcellen, aanwezig die mucus (slijm) produceren. Dit slijm vormt een 
beschermende laag op de epitheelcellen en voorkomt direct contact tussen de 
epitheelcellen en de darmflora. Ten tweede zijn er gespecialiseerde epitheelcellen 
aanwezig die antimicrobiële peptiden produceren die bacterièn kunnen doden of 
onschadelijk maken. De slijmlaag bovenop het epitheel vormt een diffusiebarrière 
voor deze antimicrobiële peptides waardoor ze geconcentreerd aanwezig blijven 
vlak boven de epitheellaag en bacteriën zullen doden alleen wanneer deze te 
dicht in de buurt van het epitheel komen. Tenslotte transporteert het epitheel ook 
speciale antistoffen de darmholte in, genaamd secretoir immunoglobuline A (sIgA), 
dat aan bacteriën bindt en ze daardoor neutraliseert. 
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Figuur 2 – De mucosale barrière. De mucosa vormt een essentiële barrière in de darm, die het 
binnendringen van darmflora in het darmweefsel voorkomt. De belangrijkste cellen die betrokken 
zijn bij deze barrièrefunctie zijn de epitheelcellen. Deze cellen zitten stevig aan elkaar verankerd door 
middel van tight juntions, grote eiwitcomplexen die claudines en ZO-1 / -2 bevatten en die verankerd 
zijn aan het cytoskelet voor extra stevigheid. Ter ondersteuning van de barrièrefunctie van het epitheel 
zijn er Gobletcellen aanwezig die mucus (slijm) produceren om afstand te creëren tussen darmflora en 
darmepitheel. In deze mucus zijn anti-microbiële peptiden en immunoglobulin A (IgA) aanwezig, welke 
darmflora kunnen neutralizeren en/of doden. Dit is een aangepaste versie van figuren uit Hooper & 
Macpherson (Nat.Rev.Immunol.2010(10):159-169) en Turner (Nat.Rev.Immunol. 2009(9):799-809).

Bacteriële herkenning door het darmepitheel

Hoewel de belangrijkste functie van het darmepitheel als barrière het buitenhouden 
van de darmflora is, is verrassend genoeg uit onderzoek gebleken dat aanwezigheid 
van deze darmflora essentieel is voor de handhaving van een effectieve barrière. De 
epitheelcellen kunnen de aanwezigheid van bacteriën registeren door middel van 
een soort ontvangers, receptoren, op hun buitenkant. 
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Een familie van receptoren die essentieel is voor het registreren van de 
aanwezigheid van bacteriën is de familie van Toll-like receptoren (TLR). Tot nu toe 
zijn er 10 verschillende TLRs geidentificeerd in de mens, en 12 in de muis (TLR1-12), 
welke allemaal membraan-gebonden zijn en ieder een ander gedeelte van een micro-
organisme herkennen. Wanneer een TLR een bacteriële component detecteert, 
worden er signalen afgegeven de cel in via de adaptoreiwitten MyD88 of TRIF. 
Deze signalen leiden er over het algemeen toe dat er alarmstoffen, chemokinen en 
cytokinen, worden afgegeven aan het lichaam, waardoor er afweercellen worden 
aangetrokken en geïnstrueerd om het gedetecteerde micro-organisme onschadelijk 
te maken. Er bevinden zich ook receptoren binnenin de cel, in het cytoplasma, 
welke geactiveerd worden wanneer een bacterie of virus er in geslaagd is een cel 
binnen te dringen. Deze receptoren zijn bijvoorbeeld de Nod-like receptoren (NLRs) 
NOD1, NOD2, en Nlrp3. Ook activering van deze receptoren leidt tot de productie 
van chemokinen en cytokinen. 

Detectie van de aanwezigheid van bacteriën door TLRs op darmepitheel is 
essentieel voor de handhaving van een goede barrièrefunctie. Dit werd duidelijk 
uit experimenten waarin bleek dat muizen die het adaptoreiwit MyD88 missen, 
en dus TLR signalen niet kunnen doorgeven, veel ernstigere darmontstekingen 
(colitis) ontwikkelden als reactie op de irriterende stof dextraansulfaat (DS), door 
veel ernstigere schade aan het darmepitheel. Hierbij speelt met name de Toll 
like receptor TLR2 een belangrijke rol bij de handhaving van een goede barrière 
door het epitheel. Muizen die deze receptor niet hebben, ontwikkelden veel 
ernstigere darmontstekingen na toediening van DS of in aanwezigheid van de 
bacterie Citrobacter rodentium. Ook bleek dat wanneer de bacteriële component 
die herkend wordt door TLR2, Pam3CSK4, een onderdeel van de bacteriële celwand, 
oraal werd toegediend aan wildtype muizen, de symptomen van colitis na DS 
toediening verminderden doordat de epitheelbarrière verbeterd werd. In meer 
detail is gebleken dat TLR2 signalering in darmepitheel zorgt voor versteviging 
van tight junctions en verlenging van de levensduur van de epitheel cellen. Niet 
alleen de epitheelbarrière verbetert door aanwezigheid van darmflora, maar ook 
de productie van antimicrobiële peptiden door gespecialiseerde epitheelcellen is 
voor een belangrijk deel afhankelijk van interactie met bacteriële producten van de 
darmflora via TLRs and NLRs.

Het mucosale immuunsysteem

Om de gunstige effecten van de darmflora op zowel metabole als immunologische 
processen te behouden, moeten afweerreacties tegen deze bacteriën voorkomen 
worden. Het mucosale immuunsysteem is om deze reden uniek omdat het is 
uitgerust om de aanwezigheid van niet-invasieve darmflora te tolereren, maar 
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in actie te komen bij aanwezigheid van invasieve, ziekteverwekkende micro-
organismen. 

Het mucosale immuunysteem controleert de samenstelling van de 
darmflora in de buurt van het darm epitheel door regelmatig monsters te nemen 
uit de darmholte. Dit wordt op verschillende manieren gedaan door verschillende 
celtypes, maar altijd komt het monster terecht bij cellen van het immuunsysteem 
genaamd antigeen-presenterende cellen (APCs). Verschillende typen APC 
zijn aanwezig onder het darmepitheel in de lamina propria. Onder normale 
omstandigheden vormen macrofagen de grootste populatie APCs. Macrofagen in 
de darm hebben met name een toleriserende functie. Zij internaliseren bacteriën 
die de epitheellaag gepasseerd zijn en doden ze, zonder een afweerreactie te 
starten. In plaats daarvan produceren ze grote hoeveelheden van het toleriserende 
cytokine IL-10. Ook zijn macrofagen belangrijk voor het herstel van epitheelschade. 
In kleinere aantallen is een tweede type APC aanwezig, genaamd de dendritische 
cel (DC). DCs scannen voortdurend hun omgeving en plaatsen fragmenten van 
eiwitten, waarmee zij in aanraking zijn gekomen, op hun oppervlak. Wanneer DCs 
bepaalde cytokines of bacteriële componenten tegenkomen, raken ze geactiveerd. 
Zij zullen zich dan verplaatsen naar lymfeknopen en de eiwitfragmenten tonen 
aan T-lymfocyten. Wanneer er T-lymfocyten zijn met een T-celreceptor die de 
eiwitfragmenten herkent als afkomstig van een ziekteverwekker, raken zij op hun 
beurt geactiveerd en zullen, afhankelijk van de context waarin de eiwitfragmenten 
getoond worden, een afweer- of toleriserende reactie starten. 

Wat bepaalt of er een afweerreactie of een toleriserende reactie gestart 
wordt? Dit hangt voor een groot deel af van het lokale milieu waarin een APC zijn 
monsters neemt. Dit lokale milieu bevat verscheidene factoren, zoals TSLP, TGF-β 
en de actieve metaboliet van vitamine A, retinolzuur, die het starten van een 
afweerreactie onderdrukken en vorming van tolerantie stimuleren. Veel van deze 
factoren worden geproduceerd door het darmepitheel. Dit lokale milieu geeft de 
macrofagen en DCs in de lamina propria hun karakteristieke fenotype, waarbij de 
balans tussen immuunactivering en tolerantie sterk aan de kant van tolerantie 
ligt. Echter wanneer een bacterie in staat is het darmweefsel binnen te dringen, 
stopt het darmepitheel met het produceren van toleriserende factoren, worden 
afweercellen aangetrokken, die niet meer hun tolerante fenotype aangemeten 
krijgen en daardoor voor een actieve afweerreactie zullen zorgen en de infectie op 
zullen ruimen.

Ontregeling van de mucosale barrièrefunctie

Inflammatoire darmziekten zijn aandoeningen waarbij gedacht wordt dat 
ontregeling van de mucosale barrière een belangrijke oorzakelijke factor is. De 
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twee belangrijkste ziekten die hieronder vallen zijn de ziekte van Crohn en colitis 
ulcerosa. Hoewel 0.1% van de bevolking van de Verenigde Staten en Noord-Europa 
hieraan lijdt, wordt de precieze oorzaak van deze ziekten niet volledig begrepen. 
Er is sterk bewijs dat een verstoorde functie van de mucosale barrière leidt tot 
binnendringen van darmflora, waardoor een chronische ontsteking van de darm 
ontstaat. Erfelijke factoren spelen een belangrijke rol bij het onstaan van de ziekte 
van Crohn. Met name mutaties, kleine veranderingen, in het DNA dat codeert 
voor de bacteriële receptor NOD2, blijken een belangrijke risicofactor te zijn, die 
de kans op het ontwikkelen van de ziekte van Crohn verhogen met 20-40%. NOD2 
is een bacteriële receptor die, wanneer geactiveerd, zorgt voor de productie en 
uitscheiding van anti-microbiële peptiden en zuurstofradicalen door darmepitheel 
en daardoor bijdraagt aan de handhaving van de mucosale barrière. Naast NOD2 zijn 
ook mutaties in andere genen die betrokken zijn bij de handhaving van de mucosale 
barrière geassocieerd met verhoogde kans op ontwikkeling van de ziekte van Crohn, 
zoals ATG16L1, een factor belangrijk voor uitscheiding van anti-microbiële peptiden, 
en XBP1, een factor essentieel voor de ontwikkeling van mucus-producerende 
Gobletcellen. Daarnaast kan ook de capaciteit van het darmepitheel om tolerantie 
van het mucosaal immuunsysteem te stimuleren verstoord zijn in mensen die lijden 
aan een inflammatoire darmziekte. 
Ons immuunsysteem heeft zich ontwikkeld in tijden waarin de hygiëne nog vrij 
veel te wensen overliet. Infecties met bijvoorbeeld wormen (helminthen) en 
andere parasieten kwamen veelvuldig voor. Hierdoor is een uitgebalanceerd 
immuunsysteem ontstaan waarin verschillende soorten reacties van T-lymfocyten 
ontwikkeld kunnen worden. Zo wordt in geval van een intracellulaire infectie 
(bijvoorbeeld een virale of bacteriële infectie) een T helper 1 reactie gestart, 
terwijl in geval van een extracellulaire infectie een T helper 2 reactie (in geval 
van een helminth- of bacteriële infectie) of een T helper 17 reactie (in geval van 
een schimmel- of bacteriële infectie) wordt gestart. Door de verbeterde hygiëne 
is de darmflora sterk veranderd en is het aantal helminth-infecties waarmee ons 
immuunsysteem in aanraking komt sterk afgenomen. De gedachte is dat de balans 
tussen de verschillende T-lymfocyt reacties hierdoor verstoord is geraakt en dat T 
helper 1 reacties de overhand hebben gekregen. Dit wordt gezien als een verklaring 
voor het sterk toegenomen aantal autoimmuunziekten, welke ontstaan door T 
helper 1 reacties tegen een component van het eigen lichaam. Herintroductie van 
worm-componenten zou de balans tussen T lymfocytreacties kunnen herstellen en 
daarmee autoimmuun-reacties mogelijk voorkomen of genezen. Orale toediening 
van eitjes van de ongevaarlijke varkensworm Trichuris suis aan patiënten die lijden 
aan de ziekte van Crohn, ulceratieve colitis, en multiple sclerosis hebben reeds 
veelbelovende resultaten gegeven. In veel patiënten namen de ziekteverschijnselen 
af. Dit illustreert het belang van een goede darmflora, en wat voor effect verstoring 
hiervan kan hebben op ons immuunsysteem.
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Dit proefschrift

Met het onderzoek dat beschreven staat in dit proefschrift is bestudeerd hoe de 
barrièrefunctie van de darmmucosa wordt beïnvloed door de microflora. 
NOD2 is een bacteriële receptor die betrokken is bij de handhaving van de 
mucosale barrière, doordat het de uitscheiding van antimicrobiële peptiden en 
zuurstofradicalen door het darmepitheel stimuleert. Echter of deze receptor 
ook, net als beschreven is voor TLR2, invloed heeft op tight junctions tussen de 
epitheel cellen was nog niet beschreven. In hoofdstuk 2 hebben wij dit vraagstuk 
opgehelderd. Hoewel NOD2 zelf niet direct van invloed was op de functie van de 
tight junctions bij het handhaven van de barrière, had de receptor indirect wel sterk 
invloed hierop, door de signalering van TLR2 significant te versterken. Al eerder 
was beschreven dat het herkennen van darmflora door het darmepitheel via TLR2 
essentieel is voor handhaving van een effectieve barrière. We hebben nu laten zien 
dat NOD2 dit effect significant versterkt. Dit verklaart mede waarom mutaties in de 
NOD2 receptor de kans op ontwikkeling van de ziekte van Crohn zo sterk vergroten.
Gezien het aangetoonde belang van TLR2 signalering in het darmepitheel voor het 
handhaven van de mucosale barrière via epitheliale tight junctions werd in hoofstuk 
3 onderzocht of deze signalen ook invloed hebben op het soort APC dat onder de 
epitheellaag in de lamina propria aanwezig is. Ontdekt werd dat de bacteriële 
component die herkend wordt door TLR2, Pam3CSK4, door het epitheel de lamina 
propria in getransporteerd wordt en dat dit molecuul een sterk remmend effect 
heeft op de ontwikkeling van DCs. In plaats van DCs, ontwikkelen voorlopercellen 
zich in aanwezigheid van Pam3CSK4 tot monocyten. Monocyten zijn afweercellen 
die ziekteverwekkers snel en direct kunnen doden en die zich in weefsels kunnen 
ontwikkelen tot macrofagen. We vonden effecten van Pam3CSK4 op de monocyt 
ontwikkeling niet alleen lokaal in de darm, waar we een verschil in aantal macrofagen 
detecteerden in muizen met en zonder darmflora of TLR2 signalering, maar ook in 
het bloed, in de milt en in het beenmerg van deze muizen, waar de hoeveelheid 
monocyten gereduceerd was. De darmflora blijkt dus niet alleen effecten uit te 
oefenen op het mucosale immuunsysteem, maar ook op het immuunsysteem van 
de rest van het lichaam, in de vorm van het aantal aanwezige monocyten.
In hoofdstuk 4 beschrijven we het onderzoek dat gedaan is om er achter te komen 
hoe het TLR2 ligand Pam3CSK4 precies de ontwikkeling van monocyten stimuleert en 
die van DCs remt. We ontdekten dat dit effect wordt uitgevoerd door de groeifactor 
granulocyte - colony stimulating factor (G-CSF). Deze factor wordt als reactie op 
TLR2 signalering uitgescheiden om vervolgens de monocyt en DC ontwikkeling 
vanuit voorlopercellen te beïnvloeden. 
In hoofdstuk 5 hebben we meer inzicht verkregen in hoe Trichuris suis componenten 
zich toegang verschaffen tot de lamina propria alwaar zij de functie van DCs en 
daarmee het type reactie van de T lymfocyt beïnvloeden. We laten zien dat factoren 
die uitgescheiden worden door de helminth de barrière van het darmepitheel 
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verlagen mogelijk om zich daardoor toegang te kunnen verschaffen tot de lamina 
propria. Hiernaast remmen Trichuris suis factoren de productie van inflammatoire 
cytokinen door het darmepitheel. Op deze manier kan Trichuris suis de DCs in de 
lamina propria bereiken zonder een ontsteking te veroorzaken.
Tot slot hebben we in hoofdstuk 6 een nieuw subtype macrofagen beschreven in de 
lamina propria van de dikke darm. In de milt zijn ook verschillende typen macrofagen 
aanwezig. Een type, de CD169+ macrofaag, bevindt zich daar in de marginale zone, 
de plek waar potentiële ziekteverwekkers de milt binnenkomen. Deze macrofaag 
vervult daar een belangrijke ‘grenswachterstaak’. Omdat de darm ook een plek is 
waar potentiële ziekteverwekkers binnenkomen, waren wij benieuwd of daar ook 
CD169+ macrofagen aanwezig zijn. We hebben CD169+ macrofagen ontdekt in de 
lamina propria van de dikke darm. Deze macrofagen ontwikkelen zich onafhankelijk 
van de darmflora en van lymfotoxine (het cytokine waarvan CD169+ macrofagen in 
de milt afhankelijk zijn), maar zijn afhankelijk van vitamine A. Meer onderzoek is 
nodig om de exacte functie van CD169+ macrofagen in de darm duidelijk te maken.

Conclusie

In dit proefschrift hebben wij meer inzicht gegenereerd in hoe de darmflora 
essentieel is voor de handhaving van een functionele barrière van het darmepitheel 
en voor het functioneren van het immuunsysteem, niet alleen lokaal in de darm, 
maar ook in de rest van ons lichaam. Toekomstig onderzoek in dit veld zal leiden 
tot een verder begrip van de grote variëteit aan interacties van de darmflora 
met ons immuunsysteem, hoe deze bijdraagt aan een normaal functionerend 
immuunsysteem, en hoe deze toegepast zou kunnen worden als therapie voor 
verschillende immunologische aandoeningen. 
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Dankwoord

Yes, het is gelukt! Na ruim vier jaar hard werken is mijn proefschrift af! Dit was niet 
gelukt zonder de hulp van een heleboel personen. Allemaal ontzettend bedankt! 
Een aantal wil ik op deze plek graag speciaal bedanken.

Allereerst mijn copromotor Joke den Haan, Beste Joke, bedankt voor de fijne 
samenwerking de afgelopen vier jaren! Ondanks dat het onderzoek de eerste 
twee jaren niet echt mee zat, hebben we toch volgehouden en nu met een mooi 
proefschrift als resultaat! Zonder jouw enthousiasme en ideeën was het niet 
zo’n mooi boekje geworden. Fijn dat ik altijd bij je kon binnen lopen of je kon 
emailen met vragen en nieuwe hypotheses en theorieën. Ik heb genoten van onze 
werkbesprekingen vol speculaties over hoe alles wel niet in elkaar zou steken. Ook 
al werden concrete, praktische zaken dan soms vergeten ;-). Bedankt!

Mijn promotor Georg Kraal, Beste Georg, allereerst bedankt voor de 
mogelijkheid binnen jouw groep te mogen promoveren. Het was geen alledaagse 
sollicitatie destijds aan de telefoon vanuit San Diego, maar je durfde het toch aan me 
op basis daarvan de baan aan te bieden! Daarnaast dank ik je voor je betrokkenheid 
bij mijn project, je waardevolle ideeën en input tijdens werkbesprekingen, en je 
kritische kijk op mijn project. Ik heb veel van je geleerd. 

Mijn tweede copromotor Gerd Bouma, Beste Gerd, bedankt ook voor jouw 
betrokkenheid bij mijn project, al was dat iets meer op afstand. Jouw klinische kijk 
op het onderzoek was leerzaam voor mij!

De leden van de leescommissie wil ik hartelijk bedanken voor de tijd die zij hebben 
gestoken in het lezen en beoordelen van mijn proefschrift. 

Dan mijn paranimfen: Marieke, toen ik net een halfjaartje bezig was als aio, kwam jij 
de groep versterken. Wat fijn om zo samen het grootste deel van de 4 jaar te kunnen 
doorlopen! Bedankt voor alle hulp en gezelligheid in het lab en de memorabele 
nachtelijke uurtjes achter de FACS! Ook voor alle goede gesprekken, peptalks en 
spuisessies. Zonder jou was het antibiotica-experiment er niet gekomen. Bedankt 
voor alles! Ik vind het super dat jij mijn paranimf wilt zijn!

Kim, jij kwam pas iets later ons clubje versterken, maar wat heb jij mij 
ontzettend geholpen met de laatste loodjes! Bedankt voor je inzet en voor alle 
gezelligheid! Ik heb bewondering voor je geordendheid en overzicht tijdens de 
enorm drukke en lange colon+milt+beenmerg-digestie experimenten (zelfs al kwam 
er soms een springende muis voorbij..;-) ). Je bent een topanalist! Supertof dat ook 
jij mijn paranimf wilt zijn!

Dan de overige twee dames van groepje Joke: Henrike en Ellen. Ook jullie 
bedankt voor alle hulp met experimenten, adviezen en gezelligheid. Jullie waren 
degenen die mij in mijn laatste maanden achter mijn computer vandaan trokken 
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om te gaan sporten! Dat heb ik zeer gewaardeerd en had ik af en toe ook zeker 
nodig! Daarnaast, allevier bedankt voor de leuke film...ehhh...kookavondjes! Laten 
we die traditie in stand houden! 

Overige leden van groep geel: Anna, Antonio, Aram, Brenda, Dennis, Erik, Gera, 
Jasper, Joost, Jotam, Kim L., Marlene, Mascha, Monika, Petros, Ramon, Reina, 
Ronald, Rosalie, Serge, Tanja, Tom, Toon: allemaal bedankt voor de nuttige input 
tijdens de vrijdagochtendbesprekingen, de praktische hulp op het lab en voor de 
gezellige etentjes en uitjes! Toon: jij was degene die mij in eerste instantie wegwijs 
heeft gemaakt in het lab. Bedankt! Gera: Bedankt voor je inwijding in de wereld 
van darmdigesties! En wat was het tof in Parijs. Superleuk om daar samen te sight-
seeën! En ik zal het fietsen over de Place de la Concorde niet snel vergeten ;-). 
Bedankt voor alle gezelligheid! Jasper: Zonder jou was dit boekje lang zo mooi 
niet geworden! Bedankt voor de layout! Het heeft mij een hoop werk uit handen 
genomen!
 Overige collega’s van MCBI: ook jullie bedankt voor de fijne werksfeer op 
het lab, voor alle praktische hulp en voor de gezellige borrels en kerstfeesten! 

Noortje en Irma: Bedankt voor de leuke samenwerking de afgelopen jaren. Het 
heeft een mooi hoofdstuk in dit boekje opgeleverd! Hopelijk kunnen we het snel 
uitbouwen tot een mooie publicatie! Noortje, veel succes met het afronden van 
jouw proefschrift!

Connie Jimenez, Sander Piersma, Meike de Wit en Jacco Knol: Bedankt voor de 
goede samenwerking en jullie inzet voor de secretoom analyse, zeker toen er aan 
het eind wat vaart achter moest in verband met de afronding van mijn boekje. De 
resultaten van onze samenwerking staan in het addendum van hoofdstuk 4. Ik hoop 
dat er snel een opvolger komt die deze resultaten verder uit kan werken!

Marije, bedankt voor je inzet tijdens je stage. Je hebt belangrijk pionierswerk 
verricht voor hoofdstuk 3!

Jantine: Zonder jou zou ik niet terecht gekomen zijn bij de MCBI. Bedankt voor je 
aanbeveling destijds en bedankt voor de gezellige (treinreis)gesprekken de afgelopen 
jaren! Jouw nuchtere kijk op dingen hielp mij mijn promotiestress regelmatig een 
stuk meer te relativeren! Hoewel ik jouw uitspraak ‘maar een middagje werk’ 
inmiddels toch een beetje een onderschatting van de werkelijkheid vind hoor! ;-) 
Veel succes met je nieuwe baan bij het VUMC!

Kamergenoten van J283: Gijs, Jasper, Nuray, Lydia, Rosalie, Miel, Ruben, Jamie, 
Rens, Daphne, Tom, allemaal bedankt voor alle gezelligheid door de jaren heen! 
Lydia, oudste kamergenoot van allemaal (letterlijk en figuurlijk ;-) )! Bedankt voor je 



184

Chapter 8

8

aanstekelijke enthousiasme, interesse en attente berichtjes al die jaren! Miel, dank 
voor je hulp toen ik probeerde Adobe Illustrator onder de knie te krijgen! En vooral 
ook bedankt voor alle nuttige/nutteloze feiten die je met de kamer deelde. Het was 
gezellig! Rens: bedankt voor je hulp met mijn laptop! Dat maakte het schrijfwerk 
de laatste maanden een stuk aangenamer en vlotter! Jamie: mede-Utrechter van 
de kamer. Fijn om altijd iemand te hebben om na de feestjes nog mee terug naar 
Utrecht te reizen! Samen vonden we de weg wel ;-) Veel plezier nu in Leiden! 

Alle AIO’s: bedankt voor de gezellige jaarlijkse weekendjes weg! Al zat het weer niet 
altijd mee (een tent opzetten met windkracht 9 op Texel was een uitdaging), het was 
wel altijd beregezellig! Striking ladies: Ieder jaar gegarandeerd een gezellige avond 
tijdens de jaarlijkse VUMC bowling competitie, ook al hebben we dan nooit een prijs 
in de wacht gesleept zoals de Ballburners... Allemaal bedankt voor de gezelligheid! 
Borrelcommissie: bedankt voor de gezellige etentjes! En wat hebben we voor een 
hoop geslaagde kerstfeesten en borrels gezorgd! 

Nieuwe collega’s van Sanquin: Bedankt voor de fijne nieuwe werkplek! En bedankt 
voor jullie medeleven met de allerlaatste loodjes van (de voorbereiding van) mijn 
promotie!

Ook buiten collega’s om hebben meerdere mensen mij geholpen met promoveren, 
zij het op een iets minder directe wijze. Marianne: We kwamen ongeveer tegelijk 
thuis te zitten, voor mij verwacht, voor jou helemaal niet. Als geluk bij een ongeluk 
konden we daardoor wel regelmatig gezellig lunchen samen. Iets wat mij zeker door 
de ‘saaie’ schrijftijd heen heeft geholpen! Bedankt voor alle gezelligheid, begrip 
en steun de afgelopen jaren! Jilles, jij ook bedankt voor je interesse, gezelligheid 
en kookkunsten! Liset en Vera: Dank voor jullie vriendschap. Dit jaar ons tienjarig 
jubileum! Ik vind het superfijn dat ondanks dat ik als enige in Amsterdam ging 
promoveren, we zo goed bevriend zijn gebleven. Dank voor de weekendjes weg, voor 
de fijne etentjes, voor jullie luisterende oren, en gewoon voor de gezelligheid. Laten 
we straks als ook jullie promotiestress achter de rug is, weer eens een weekendje 
prikken! Pleun en Danny, ook jullie bedankt voor jullie interesse en gezelligheid! 
Tessa: Bedankt voor de leuke weekendjes en de gezellige etentjes als je weer eens 
in Nederland was! Veel succes met de laatste PhD-loodjes in Londen! Annelie en 
Sander: Bedankt voor de leuke etentjes en jullie interesse! Ellen: Wat fijn dat we het 
na zo’n lange tijd weer zo goed kunnen vinden samen! Bedankt voor de gezellige, 
lange etentjes!! Laten we dat regelmatig blijven doen! Als traditie het laatste van 
allemaal het restaurant uit! ;-)

Dansmeiden van Jazzdance Maarssen, Brigitte en Mariëlle: Dank voor de 
ontspanning, afleiding en gezelligheid naast het werk de eerste drie promotiejaren! 
Het dansen was voor mij een heerlijke uitlaatklep waar ik mijn werk even totaal kon 
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vergeten! I&I-ers: Dank voor de gezellige etentjes en weekendjes. Af en toe even 
lekker spuien over alle aio-perikelen! En nu een hoop promoties in het verschiet!

Lieve familieleden, allemaal bedankt voor jullie interesse in mijn promotieonderzoek 
de afgelopen jaren, ook al was het af en toe moeilijk te begrijpen waar ik nou 
precies mee bezig was. Ik hoop dat jullie dat tijdens de promotie wat duidelijker zal 
worden! Oma Ida, bedankt voor uw interesse en attente telefoontjes als ik er even 
doorheen zat! Ik heb dat zeer gewaardeerd! Heel fijn dat u bij de promotie kunt zijn! 
Annelies en Yvonne, lieve zusjes, bedankt voor jullie interesse, steun en vertrouwen 
en voor jullie gezelligheid! Jullie zijn toppers! Richard, ook jij bedankt voor je 
interesse en gezelligheid! Lieve papa en mama, zonder jullie was het zeker niet 
gelukt. Bedankt dat ik altijd bij jullie terecht kan en dat jullie mij onvoorwaardelijk 
steunen en achter mij staan. Pap, bedankt voor de inhoudelijke adviezen en voor de 
mooie wandelingen waarin ik lekker mijn hoofd leeg kon lopen. Mam, ondanks dat 
je niet altijd snapte waar ik me af en toe zo druk om maakte, wist je altijd de juiste 
adviezen te geven en alles te relativeren. Jullie zijn een superduo! Ik ben trots op 
jullie!
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Curriculum vitae

Ida Hinke Hiemstra werd op 20 juni 1985 geboren te Maarssen. In 2003 behaalde 
zij haar VWO diploma aan het Niftarlake college te Maarssen, waarna zij begon 
aan de bachelorstudie Biomedische Wetenschappen aan de Universiteit Utrecht. 
Deze studie duurde drie jaar en werd afgesloten met een scriptie over de 
desastreuze klinische studie met het monoklonale antilichaam TGN1412. Deze 
scriptie werd bekroond met de Suzanne Hovingaprijs 2007. In 2006 begon Ida aan 
de masteropleiding ‘Immunity & Infection’ aan de Universiteit Utrecht. Tijdens 
haar eerste masterstage werkte zij negen maanden aan signalering van de Fc alpha 
receptor, onder begeleiding van Dr. Jeanette Leusen en Dr. Jantine Bakema, binnen 
de afdeling Immunotherapie van het Wilhelmina Kinderziekenhuis te Utrecht. Met 
de presentatie van dit werk won zij de Eijkman Graduate School/Genmab posterprijs 
op het I&I mastersymposium 2007. Daarna schreef zij haar masterscriptie over 
antivirale microRNAs onder begeleiding van Dr. Helene Verheije in de virologie-
afdeling van de faculteit Diergeneeskunde van de Universiteit Utrecht. Haar tweede 
masterstage heeft ze gedurende zes maanden verricht binnen de onderzoeksgroep 
van Prof. Dr. Kelly Doran aan de San Diego State University, San Diego, Californië, 
Verenigde Staten. Hier onderzocht zij hoe de bacterie Staphylococcus aureus in staat 
is de bloed-hersen barrière te passeren. In 2008 behaalde zij haar masterdiploma 
met het judicium cum laude. 

In november 2008 begon Ida op de afdeling Moleculaire Cel Biologie 
en Immunologie van het VU Medisch Centrum in Amsterdam aan haar 
promotieonderzoek onder begeleiding van promoter Prof. Dr. Georg Kraal en 
copromotoren Dr. Joke den Haan en Dr. Gerd Bouma. De resultaten van dat 
onderzoek zijn beschreven in dit proefschrift, getiteld: “Microbial control of the 
mucosal barrier function – Implications for local and systemic immune homeostasis”. 
Werk uit dit proefschrift heeft Ida gepresenteerd op de ‘World Immune Regulation 
Meeting’ in Davos, Zwitserland (maart 2011), en op het ‘International Congress 
of Mucosal Immunology’ in Parijs, Frankrijk (juli 2011). Met presentaties bij de 
voorjaarsbijeenkomst van de Nederlandse Vereniging voor Gastroenterologie te 
Veldhoven (maart 2011) en de Winterschool van de Nederlandse Vereniging voor 
Immunologie in Noordwijkerhout (december 2011) werden twee posterprijzen 
behaald.

Sinds 1 april 2013 is Ida werkzaam als post-doc op de afdeling Blood Cell 
Research van Sanquin Bloedvoorziening te Amsterdam, waar zij onderzoek doet 
naar de apoptose van neutrofiele granulocyten.
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