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1 INTRODUCTION  

1.1 The immune system 

The immune system has developed during evolution to counterstrike invading 

pathogens like viruses, bacteria, parasites and fungi, as well as environmental toxins. It 

consists of two branches, the innate and the adaptive acquired immune system.  

 

1.1.1 The innate immune system 

The innate immune system was long thought to be a fast and mainly unspecific response 

which is mediated by various hematopoietic cells like granulocytes, macrophages, 

monocytes, mast cells, natural killer cells and dendritic cells (DCs) as well as non-

hematopoietic cells such as epithelial cells, hepatocytes and fibroblasts. However, in 

1996 a receptor named Toll, which was discovered in Drosophila, was shown to 

function as pathogen recognition receptor1. This activation of innate immune cells by 

specialized receptors had already been proposed by Charles Janeway in 19892. Shortly 

thereafter, the groups of Charles Janeway and Bruce Beutler discovered human and 

mouse “Toll-like receptor 4” (TLR4)3, 4. After that, many TLRs were identified and 

demonstrated to recognize PAMPs (pathogen-associated molecular patterns), 

specifically expressed by pathogens, allowing the host to discriminate between self and 

non-self patterns. For example TLR2, which is localized at the outer membrane of cells, 

was shown to recognize hemagglutinin derived from measles virus5 or 

lipophosphoglycan derived from Leishmania6. TLR4, which is as well localized at the 

membrane, was shown to recognize lipopolysaccharides (LPS) derived from gram-

negative bacteria4. However, besides the TLRs, which are expressed on cell surface 

membranes or on membranes of intracellular vesicles (TLR3, -7 and -9 are 

intracellularly expressed and recognize viral7 or bacterial patterns8, 9, respectively), 

additional receptor families of the innate immune system were discovered. These 

belong to the family of nucleotide oligomerization domain (NOD)-like receptors 

(NLRs), the family of RIG-I (retinoic acid inducible gene 1)-like receptors (RLRs), or 

to the family of C-type lectins. C-type lectins have been shown to be involved in the 

recognition of fungi10, but also in the clearance of dying cells by phagocytes11. In 

contrast to TLRs, NLRs and RLRs were identified to be exclusively localized in the 

cytosol12, 13. As a common feature all four receptor types recognize molecular patterns 
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derived from pathogens and are therefore designated as pattern recognition receptors 

(PRRs). Their triggering by specific ligands leads to subsequent downstream activation 

of signaling cascades resulting in the activation of transcription factors NF-κB, AP-1 

and IRFs which induce the production of effector molecules such as cytokines and 

chemokines14, 15. As the present study was conducted in mice, the following 

characterizations are based on what is known from studies in mice. 

 

1.1.2 The adaptive immune system 

While the diversity of the innate immune system is restricted by the ability of the PRRs 

to recognize molecular patterns of pathogens, which are germ line encoded, the adaptive 

immune system provides a much higher specificity, achieved by gene rearrangement. 

Cells of the adaptive immune system are T and B lymphocytes as well as natural killer 

T cells (NKT cells). Moreover, another special feature of the adaptive immune system is 

the development of long lasting memory allowing a faster response towards a specific 

pathogen in case of a repeated challenge. 

 

However, in contrast to the direct activation of the cells of the innate immune system 

via pattern recognition receptors, adaptive immune cells need to be activated by cells of 

the innate immune system, presenting the foreign antigen16. This is provided by 

specialized antigen presenting cells (APCs). Besides macrophages and B cells, DCs are 

a very well characterized type of APCs which are most efficient in presenting antigens. 

Various subtypes have been identified so far and are associated with specific functions. 

Thus, DCs can be classified into conventional DCs (cDCs) and plasmacytoid DCs 

(pDCs)17. Although all subsets of DCs express PRRs, cDCs have been shown to be able 

to express TLR2 and TLR4 and efficiently produce interleukin (IL)-12 and activate T 

cells, while pDCs can express TLR7 and TLR9 and efficiently produce interferon 

(IFN)-α and are thus a part of the antiviral response18, 19. In general, pDCs differentiate 

from precursors derived from the bone marrow20, 21. cDCs however, either originate 

from the bone marrow21, or differentiate from monocytes in the periphery under 

inflammatory conditions22-24. Nonetheless, a common feature of all DCs is to take up 

antigens, process these antigens and present them to other cells via specialized 

membrane receptors called major histocompatibility complex (MHC) class I25 or II26. 

This is achieved by loading peptides derived from antigen processing onto MHC I or II 
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molecules within the DCs and presenting them on the cell surface27, 28, subsequently 

leading to the activation of the adaptive immune system. 

 

T cells, which express a T cell receptor (TCR) on their surface, are the target of this 

antigen presentation by APCs. The TCR recognizes the combination of MHC molecule 

and the peptide. However, the interaction of the TCR with MHC I and II requires 

specific coreceptors – cluster of differentiation (CD)4 and CD8 – expressed by T cells. 

CD4 is required for the interaction of the TCR with MHCII and CD8 is required for the 

interaction of the TCR with MHC I29, respectively. CD4+ T cells are mainly T helper 

lymphocytes (TH cells) and regulatory T cells (Treg) cells, while CD8+ T cells are called 

cytotoxic T lymphocytes (CTLs). TH cells foremost activate other cell types, whereas 

Treg cells dampen immune reactions and CTLs kill infected cells. 

 

The specificity and diversity of the adaptive immune response is on the one hand 

provided by B cells, which produce antibodies that are specific for the recognized 

antigen. On the other hand, the specificity arises from the TCR which is expressed on T 

cells, due to the fact that each TCR only interacts with one specific MHC/peptide 

combination. This specific recognition is achieved by positive and negative selection 

within the thymus, allowing only those T cells to enter systemic circulation that 

recognize foreign peptides but not “self” antigens30-33. Such selection should prevent the 

development of autoreactive T cells that harm the body. However, this selection is 

sometimes leaky and can lead to the development of autoimmune diseases like type I 

diabetes or multiple sclerosis which are caused by autoreactive T cells that have escaped 

negative selection in the thymus. To counteract these unwanted reactions against “self”-

antigens as well as non-pathological foreign antigens like those derived from food, the 

immune system has evolved regulatory mechanisms. One of these mechanisms is the 

development of Treg cells34-36 which keep the immune response in balance in an antigen-

specific manner. This is mainly achieved by producing IL-1037-39, and transforming 

growth factor (TGF)-β40, by direct effects on T cells41-43, and by downmodulating DC 

function, e.g. by reducing the expression of costimulatory molecules on DCs via 

cytotoxic T lymphocyte antigen-4 (CTLA-4) interactions44.  

 

In general, the activation of CD4+ TH cells and CD4+ Treg cells by DCs is a multi-step 

process that needs three general signals (Figure  1). The first signal is the specific 
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recognition of MHCII/peptide combination by the TCR. Once the TCR has interacted 

with the MHCII molecules and the immunological synapse has formed45, downstream 

signaling is turned on that subsequently activates the TH cells. 

 

The second signal is the interaction of costimulatory molecules expressed on APCs with 

their matching receptors expressed on T cells. For example, CD80 or CD86 are 

expressed on DCs and interact with CD28, expressed on the naϊve T cells. This 

interaction elicits signal transduction in the T cells, resulting in enhanced activating of 

the T cells46. The third signal is the cytokine milieu at the site of APC-T cell  

interaction. This signal not only accounts for full activation of the TH cells but also 

directs the nature of the TH cells that develop. Thus, depending on the cytokines which 

are produced by the DCs, different types of TH cells develop.  

Figure  1: Differentiation of T cells under the control of DCs. DCs activate T cells in three steps. Step 
one is the interaction of the MHCII/peptide complex on the surface of the DC with the corresponding 
TCR on the surface of the T cell. The second step is the activation of the T cell by CD28 ligation with 
CD80/86. The third signal is driving the differentiation of the T cell and is provided by cytokines. Thus, 
IL-12 is driving TH1 differentiation, IL-4 is driving TH2 differentiation, IL-6 in cooperation with IL-23 
and TGF-β is driving TH17 differentiation and TGF-β together with retinoic acid is driving Treg cell 
differentiation. (CD, cluster of differentiation; DC, dendritic cell; Foxp3, forkhead box protein 3; Gata3, 
GATA binding protein 3; IFN-γ, interferon gamma; IL, interleukin; RA, retinoic acid; Rorc, RAR-related 
orphan receptor gamma; T-bet, T-box transcription factor TBX21; TCR, T cell receptor)  
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These TH cells can be characterized by specific transcription factors and are currently 

divided in three categories termed TH1, TH2 or TH17 cells. Treg cells also undergo this 

activation process and can as well be characterized by a specific transcription factor. In 

Figure  1, the different activation signals, specific transcription factors and downstream 

effector functions of the TH and Treg cells are illustrated.  

 

Thus, it was shown that IL-12 production by macrophages and DCs leads to TH1 

differentiation47, IL-4 promotes TH2 differentiation48 and IL-6 in combination with IL-

23 and TGF-β leads to TH17 differentiation49, 50, whereas Treg cells develop in the 

presence of TGF-β in combination with retinoic acid (RA)51-54. Further, it was 

demonstrated that the transcription factor T-box transcription factor TBX21 (T-bet) is 

characteristic for TH1 cells55, GATA binding protein 3 (Gata3) for TH2 cells56, 57, and 

retinoic-acid-receptor-related orphan receptor gamma (Rorc) for TH17 cells58. Forkhead 

box P3 (Foxp3) has been shown to be crucial for Treg cells59, 60. Each TH subtype then 

activates or regulates different target cells. TH1 cells activate macrophages and other 

phagocytes by production of IL-2 and interferon (IFN)-γ61. TH2 cells provide B cell 

help, mainly by IL-4, IL-5 and IL-13 production62 and TH17 cells have been shown to 

activate and attract neutrophils by producing IL-1763. On the contrary, as mentioned 

above, the main function of Treg cells is to suppress immune responses. This is not only 

achieved by regulating DCs, but also by direct downregulation of proinflammatory T 

cell responses mediated by TH1/17 cells. These functions are mediated by both, soluble 

factors like IL-10 or TGF-β as well as by direct cell-cell contact for example via CTLA-

4 expression on T cells. 

 

Like CD4+ TH cells and CD4+ Treg cells, CD8+ CTLs are also activated by APCs. 

However, as MHC I is expressed ubiquitously, literally all cells can be the target for 

CTLs. As mentioned above, the function of CTLs is to induce apoptosis in infected 

cells64, which are presenting peptides of the invading pathogen on MHC I, leading 

eventually to the eradication of the pathogen itself.  

 

The third key players of the adaptive immune response are B cells, which together with 

T cells are the mediators of long lasting memory of the immune system. Their 

dominating function is the production of specific antibodies that make pathogens 

detectable for phagocytes and professional killer cells (NK cells, macrophages), which 
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finally eradicate the invading pathogens. However, they are not in the focus of the work 

described here, and are therefore not further highlighted. 

 

1.2 Gut-associated lymphoid tissue (GALT) 

Securing the areas of the body with close contact to the enviroment, such as the skin and 

the lung is especially demanding for the immune system. Threats, such as viruses, fungi 

and bacteria, are most prominent, yet a constant inflammatory response should be 

avoided. The largest interface is at the gastrointestinal (GI) mucosa with approximately 

400 m2 of size65. The gut-associated lymphoid tissue (GALT) is localized along the GI 

tract which consists of the mouth, the esophagus, the stomach, the small and the large 

bowel. For a long time, the only function addressed to the GI tract was digestion and 

absorption of nutrients. However, research, especially in the last two decades, has 

revealed that the GI tract is the largest secondary lymphoid organ within the human 

body, which might harbor up to 60 % of all T cells66. Apart from the classical immune 

cells of the innate and the adaptive immune system which are originating from the bone 

marrow, it has been shown that the epithelial cells themselves play an important role in 

the immune response. On the one hand they form a tight physical barrier which protects 

against pathogens and are known to produce mucus that keeps pathogens from getting 

in contact with the epithelium67, 68. But on the other hand, epithelial cells have also been 

reported to produce immune mediators and to express surface molecules for interaction 

with immune cells. For example they can produce thymic stromal lymphopoietin 

(TSLP)69, 70, a protein belonging to the family of cytokines, which has been shown to 

induce chemokine (C-C motif) ligand 17 (CCL17) production by DCs71, 72. As well, the 

expression of MHCII molecules on epithelial cells and the consequential presentation of 

antigens to T cells has been demonstrated73-75. However, to protect against harmful 

pathogens, while preventing inflammation or autoimmunity, the activation of classical 

immune cells like T cells, DCs, macrophages, neutrophils and granulocytes has to be 

tightly regulated in the GALT.  

 

In the small intestine (Figure  2), this regulation takes place in special structural features 

called Peyer’s Patches (PPs). These PPs are covered by epithelial cells, providing a 

barrier to the gut lumen. However, specialized epithelial cells covering the PPs, called 
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microfold cells (M cells) are able to directly take up antigens from the lumen76 and 

transfer them to DCs residing in the subepithelial dome region (SED) of the PPs, lying 

directly beneath the epithelial cells77. These antigens are then either subsequently 

presented to TH cells within the PPs or antigen loaded DCs might migrate to mesenteric 

lymph nodes (mLNs), draining the intestine, where they subsequently present antigen to 

TH cells. TH cell responses in the colon are primarily triggered within the mLNs. Primed 

TH cells then circulate to the lamina propia (LP), lying beneath the epithelial layer in the 

gut. There, they either elicit an immune response or act in a regulatory fashion, 

depending on the response the respective antigen has induced. For the homing of naïve 

TH cells to the mLNs, CD62L (L-selectin) is very important78.  

Figure  2: Organization of the immune system in the small intestine. Luminal antigens are sampled by 
specialized microfold (M) cells and presented to dendritic cells (DCs) in the subepithelial dome (SED) 
region of the Peyer’s Patches (PP). Subsequently, DCs present antigen to T cells either within the PP or 
after migration into mesenteric lymph nodes (mLNs). T cells, primed by DCs, then enter systemic 
circulation. Depending on the antigen stimulus, DCs either elicit proinflammatory T cell responses by 
interleukin (IL) -12, or IL-6/-23 production, or regulatory responses by IL-10/TGF-β. Macrophages also 
participate in this process. 
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By binding to GlyCAM-1 (Glycosylation-dependent cell adhesion molecule-1) or 

MadCAM-1 (mucosal addressin cell adhesion molecule-1) it mediates, in cooperation 

with α4β7, the entry from the bloodstream into the mLNs in high endothelial venules79-

81. In the mLNs these naïve T cells are then eventually primed by DCs and differentiate 

into effector TH cells or Treg cells. Then they reenter the circulation and migrate to the 

intestine where they conduct their functions.  

 

Figure  3: Organization of the immune system in the large intestine. Mucus, produced by goblet cells 
and epithelial cells provides a physical barrier, keeping potentially invading pathogens away from the 
epithelial layer which itself functions as a second physical barrier, tightly held together by tight junction 
proteins. Specialized CX3CR1 expressing DCs can sense into the lumen by breaking up the tight 
junctions. Thus, they can sample luminal contents (antigens), and by circulating to the mLNs, present 
these antigens to T cells. In the mLNs, depending on the nature of the antigen, the T cells are 
subsequently primed to become either proinflammatory T cells (TH1/TH17) or regulatory T cells (Treg). 
Primed T cells then circulate to the lamina propia and execute their functions. In the steady state, the 
balance between proinflammatory and regulatory signals is in a state of equilibrium and no excessive 
inflammation takes place. This is mediated by the production of regulatory factors like granulocyte and 
macrophage colony stimulating factor (GMCSF), retinoic acid (RA), IL-10 and TGF-β. 

Like in the small bowel, the epithelial cells in the colon (Figure  3) from a tight barrier. 

This is achieved by expression of tight junction proteins, which keep the epithelial cells 
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in close contact. However, a specialized subset of DCs has been reported to extend 

dendrites between these tight junctions and is characterized by the expression of the 

chemokine receptor CX3CR1 (fractalkine receptor) in the ileum82. These DCs sense 

with one of their dendrites into the gut lumen where they take up antigens. A recent 

report, however, describes CX3CR1+ cells as colonic macrophages83. Another subtype 

of DCs within the intestine is characterized by the expression of the the integrin αE 

(CD103) which has been reported to bind to E-Cadherin84, one of the tight junction 

proteins. CD103 has been shown to be specific for DCs that migrate from the gut to the 

mLNs to present antigen85.  

 

Under steady state conditions, these CD103+ DCs produce TGF-β and retinoic acid and 

preferentially induce Treg cells, thus contributing to the homeostasis86. Additionally, 

they induce the gut homing molecules C-C chemokine receptor 9 (CCR9) and α4β7 on 

T cells87, 88. However, under inflammatory conditions, this tolerogenic property of 

CD103+ DCs has been shown to be lost85. Moreover, a subset of intestinal DCs 

expressing E-Cadherin itself has been reported to promote intestinal inflammation89. 

 

In the intestine, the recruitment of immune cells from the gut to the mLNs is mainly 

mediated by the interaction of CCR 7 with CCL19/2190. CCR7 is expressed on the 

immune cells and CCL19/21 are produced by stromal cells in the T cell area of mLNs91-

93, leading to a directed migration of the CCR7+ cells towards the CCL19/21-producing 

cells in the T cell area of mLNs. 

 

Within the gut two major compartments have been described. One is associated to the 

epithelial layer and cells within this fraction are termed intraepithelial leukocytes (IEL). 

In this compartment, mostly CD8αα+ T cells94 , but also γδ+ T cells95 reside. 

Underneath, in the LP fraction, so called lamina propia leukocytes (LPLs) execute their 

functions. In the small intestine, T cells that have been primed within the PPs or the 

mLNs migrate to the LP or IEL-fraction via CCR9-CCL25 recruitment96. CCR9 is 

expressed on the T cells and CCL25 is produced by epithelial cells in the small 

intestine. In contrast, the recruitment to the LPL compartment in the large bowel is 

widely unknown.  At least the α4β7 integrin has been suggested to play a role in T cell 

homing to the colon during inflammatory processes97. However, α4β7 could only be 

shown to be accountable for a part of the T cell homing to the colon.  
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1.3 Chronic intestinal inflammation / inflammatory 
bowel diseases (IBD) 

In the steady state, the immune system in the GI tract has to be tightly regulated to 

prevent unspecific responses which might have deleterious effects. On the one hand, it 

has to deal with about 1*1011 to 1x*1014 commensal bacteria per gram of luminal 

content, that usually do not induce inflammation98, 99. On the other hand, it has to 

quickly eradicate invading pathogens and terminate this immune response afterwards to 

avoid an excessive immune response that might be harmful for the host. In contrast to 

those pathogenic bacteria that elicit an immune reaction, commensal bacteria live in 

symbiosis with the host and do not induce proinflammatory reactions. However, under 

pathological conditions, this regulation is disrupted or completely missing, leading to 

the development of chronic intestinal inflammations termed inflammatory bowel 

diseases (IBD). The two most prominent phenotypes of IBD are ulcerative colitis (UC) 

and Crohn’s disease (CD).  

 

1.3.1.1 Genetic factors driving IBD 

IBD is an idiopathic disease with multiple factors described to be relevant for disease 

onset. Approximately 1 in 250 adults in Western countries is affected100. Both, genetic 

susceptibility caused by gene mutations, as well as environmental factors like bacteria 

(described in the following) or food constituents, have been shown to be required for 

IBD development. In genome-wide association studies (GWASs) several mutated genes 

have been identified to increase the risk to develop IBD. Most of these risk alleles are 

specific for UC or CD, however some have been identified to be relevant for both. In 

2001, the NOD2/CARD15 (nucleotide-binding oligomerization domain 2/caspase 

activation recruitment domain 15) gene was the first to be identified as a susceptibility 

gene for CD101. NOD2/CARD15 is a member of intracellular NLR family and accounts 

for innate immune recognition of peptidoglycans from bacterial cell walls102. Highest 

expression is detected in Paneth cells in the crypt region of the intestinal epithelium and 

reported to be upreguleted by tumor necrosis factor (TNF)-α103. Along this line, in 

patients carrying NOD2/CARD15 variants, a reduced secretion of α-defensins, which 

are produced by Paneth cells and demonstrated to have antibiotic effects, has been 

detected104. Other variants of the innate immune system, for example TLR4105 or 
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CARD9106, have been associated with increased risk for CD. As well, several parts of 

the adaptive immune system have been linked to the development of IBD. For instance, 

ICOSL (inducible T cell costimulatory ligand), which is expressed by intestinal 

epithelial cells and interacts with ICOS (inducible T cell costimulatory receptor) 

expressed on T cells, has been identified in a locus that contributes to the genetic 

susceptibility for CD107. In this context of T cell involvement in intestinal inflammation, 

IL-23-receptor (IL-23R) mutations have been identified to be associated with CD108, 109. 

IL-23R signaling plays a crucial role in the development and maintenance of TH17 cells. 

In line with this involvement of TH17 cells, variations of CCR6, which is expressed on 

TH17 cells, have also been shown to predispose to CD107. In these cases, the recruitment 

of TH17 cells to the colonic epithelium where CCL20, the chemokine binding to CCR6, 

is expressed could be influenced. In addition, loci coding for genes involved in 

autophagy have been identified by GWAS to be associated with IBD. For example, a 

variant of ATG16L1 (autophagy-related 16-like 1 gene) has been shown to be associated 

with CD110. An important role of ATG16L1 in intestinal inflammatory processes has 

been confirmed in both human and murine studies with an involvement of Paneth cells 

and an associated lack of lysozyme111, 112. Moreover, XBP1 (X-box binding protein 1), a 

protein involved in endoplasmic reticulum (ER) stress responses has been associated 

with both, CD and UC113, 114. However, the identification of gene variants that were 

associated with the development of UC or CD alone, are not sufficient to account for 

disease onset. Altogether, the concordance rate for CD in monozygotic twins is only 30-

35 %. And in UC patients the rate drops to 10-15 %115. This fosters the idea that 

environmental factors, which are discussed in the following, might be even more 

important in IBD development than the genetic susceptibility.  

 

1.3.1.2 Environmental factors driving IBD 

Western life style per se has been associated with a higher risk to develop IBD116. In 

particular, this has been attributed to the intake of special nutritional components like 

low fiber and high sugar/high animal fat117, 118. In addition, the increase of incidence in 

Asian countries and Eastern Europe has been associated with a adoption of a more 

Western life style in these regions119, 120. In a study conducted in the United Kingdom, a 

higher rate of relapse of treated UC patients has been correlated to red meat and alcohol 

consumption121. As well, an increase in the incidence for both, UC and CD in a 
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genetically stable population like that of Iceland in the last 50 years, can only be 

explained by changes in environmental factors122. 

 

Commensal bacteria within the gut are probably one of the most important 

environmental factors shaping the immune system in the intestine. This has been shown 

in several animal models by mono-association studies or bacteria-induced colitis models 

and an important role for intestinal microbiota has also been shown in patients treated 

with antibiotics that benefit from the treatment. Thus, it was demonstrated in mouse 

models that Lactobacilli on the one hand protected IL-10-deficient mice from 

Helicobacter hepaticus induced colitis development123 and reduced susceptibility to 

chemically induced colitis124, 125. On the other hand, a bacterial product, the 

metalloprotease GelE (gelatinase E) derived from the commensal bacterium 

Enterococcus faecalis, was shown to interfere with epithelial barrier function during 

inflammation and thus increases severity of experimental colitis in mice126.  

 

Other environmental factors like cigarette smoking have also been implicated in both 

phenotypes of IBD. However, smoking seems to have adverse effects in UC and CD. In 

UC patients, non-smokers and former smokers have an increased disease activity, while 

in CD patients smoking increases the risk for a new flare 127. 

 

Although most epidemiological studies give insights into risk factors driving IBD, 

functional analyses of the immune dysregulation underlying IBD is necessary for the 

development of new therapeutic drugs. This can be achieved by analysis of specimen 

obtained from intestinal biopsies or surgery of IBD patients as well as from animal 

models. 

 

1.3.1.3 Dysregulation of the intestinal immune response in IBD 

In spite of the fact that up to date the role of environmental, genetic or other factors 

leading to IBD, has not been clarified, research in the last two decades has shed much 

light on the molecular and cellular mechanisms accounting for the disease. As manifold 

as the genetic and environmental factors are that have been found to influence disease 

induction and maintenance, as manifold are the dysregulations of the immune system in 

the gut that are associated with IBD. Although much data from human studies are 
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available, mostly from specimen obtained from surgery or endoscopic biopsies, most 

functional data is derived from mouse models, which have been established to resemble 

humans’ IBD. For instance, chemical induction of apoptosis in epithelial cells via 

dextran sulfate sodium (DSS) application in the drinking water has been shown to result 

in an inflammation in the intestine of mice, resembling UC. Another well established 

model has been introduced by Fiona Powrie et al. in 1993128, in which mice lacking B 

and T cells were reconstituted with naïve CD4+/CD45RBhigh T cells. The lack of mature 

B and T cells is either due to a defective recombination of the T and B cell receptors in 

severely combined immune deficiency (SCID) mice129 or due to the lack of the 

recombination activation gene (Rag) in either Rag1 or Rag2 knockout mice (Rag1/2-/-

)130, 131. After transfer of naïve CD4+/CD45RBhigh T cells, these mice develop an 

intestinal inflammation, foremost in the colon. This T cell transfer model of colitis has 

been modified several times using different subtypes of T cells for the transfer. For 

example Wirtz et al. used CD4+/CD62L+ splenic T cells for the transfer132. These T 

cells also express high levels of CD45RB, but are selected for the expression of CD62L, 

reported to be involved in mechanisms essential for the entry into the mLNs78. The use 

of genetically engineered mice, like Rag1-/- mice, for investigations on the immune 

response during intestinal inflammation led to the discovery of several fundamental 

mechanisms underlying IBD. Thus, pathways of both, the innate and the adaptive 

immune system were identified to be essential to either initiate experimental colitis, or 

to have a protective effect. Among many others, major players of the innate immune 

system that are involved in IBD are the TNF-α and the IL-6-STAT3 (signal transducer 

and activator of transcription 3) pathway. TNF-α mRNA stability is controlled by AU-

rich elements (ARE) and mice lacking these elements (Tnf∆ARE) overexpress TNF-α, 

which leads to a CD-like transmural intestinal inflammation133. This inflammation 

could be shown to be ameliorated in TNF receptor 2 deficient (Tnfr2-/-)/Tnf∆ARE mice, 

and was absence in Tnfr1-/-/Tnf∆ARE mice. An effect of TNF-α on the adaptive immune 

system could be demonstrated in Rag1-/-Tnf∆ARE mice. These mice only develop mild, 

superficial inflammation in the gut, raising the thought that T and B cells are necessary 

to induce transmural inflammation. Although no mutation that links TNF-α to UC or 

CD is known, anti-TNF-α antibodies have been shown to be effective therapeutics for 

IBD134, especially for CD. 

 



INTRODUCTION 

14 

 

IL-6, which signals through cell surface bound IL-6R, or through soluble IL-6R135, has 

also been implicated in IBD136. Its signaling cascade either leads to STAT3 or STAT1 

activation. IL-6 has been shown to be upregulated in both, CD and UC patients and anti-

IL-6R therapy has been shown to be beneficial at least in patients with active CD137. In 

contrast, mice lacking the downstream signaling molecule STAT3 specifically in 

macrophages (Stat3LysM-cre), developed spontaneous enterocolitis138. This observation 

showed that one pathway can lead to adverse effects in a cell type specific manner. 

Many other innate immune pathways have been identified to be involved in IBD 

development and maintenance. However, the majority of these pathways lead in the end 

to the activation of adaptive immune responses. This is especially obvious in IBD as 

these diseases are described to be chronic and relapsing. This was shown for IL-12 and 

IL-23. These cytokines are heterodimers, sharing much similarity, as both consist in part 

of the IL-12/23p40 subunit. IL-12p40 couples with the subunit IL-12p35 to form the 

bioactive IL-12p70 and IL-12p40 together with IL-23p19 forms the IL-23 heterodimer. 

Both are produced by DCs after PRR-mediated stimulation. IL-12 was originally shown 

to play a role in 2,4,6-trinitrobenzene sulfonic acid (TNBS) induced colitis139, another 

chemically induced colitis model. Subsequently, studies revealed that IL-12p40 

neutralization resulted in decreased IFN-γ production by CD4+ T cells, linking innate to 

adaptive immune mechanisms during intestinal inflammation. Further evidence for the 

IL-12/TH1 axis in IBD emerged when IFN-γ abrogation in SCID mice reconstituted 

with CD45RBhigh T cells resulted in diminished disease activity140. Moreover, it was 

demonstrated that T-bet deficient T cells, lacking the transcription factor driving TH1 

development, were no longer able to induce colitis in mice141. Although the data from 

mouse models were very promising, only minor effects of IL-12p40 or IFN-γ 

neutralization in human trials were observed142, 143. 

 

Like IL-12, IL-23 was also shown to be crucially involved in intestinal inflammatory 

processes. Thus, in an innate colitis model, induced by the injection of anti-CD40 

antibodies in Rag1-/- mice, IL-23 was shown to be essential for intestinal pathology144. 

In a similar model, where intestinal inflammation is induced in Rag1-/- mice by oral 

gavage of the pathogenic bacterium Helicobacter hepaticus, IL-23 was linked to the 

induction of IL-17 by non-T cells145. Furthermore, in the transfer model of colitis, T cell 

mediated inflammation was also dependent on IL-23 and IL-23 expression on T cells. 

IL-23 was further shown to be essential for the expansion of TH17 cells, linking innate 



INTRODUCTION 

15 

 

to adaptive immune responses in the context of IBD146. TH17 cells reside within the 

small intestinal lamina propia even under steady state conditions. The frequency of 

TH17 cells in this compartment is dependent on the colonization status of the mice, 

demonstrated by reduced numbers of TH17 cells in germ-free mice. Moreover, the 

newly identified segmental filamentous bacteria (SFB), residing in the gut, were shown 

to be able to directly induce TH17 differentiation147. Further, in humans’ Crohn’s 

disease, IL-17 secreting T cells were markedly increased in the disease-affected 

mucosa148. In general, TH17 cells secrete two types of IL-17: IL-17 (IL-17A) and IL-

17F149. IL-17A and IL-17F seem to play opposing roles during the immune response in 

the intestine. On the one hand, recent studies suggest a protective role of IL-17A. These 

studies showed that the transfer of IL-17A-deficient CD45RBhigh CD4+ T cells, as well 

as the transfer of IL-17R-deficient T cells, surprisingly increased disease severity150. On 

the other hand, IL-17F-deficient mice were protected from DSS induced colitis151, and 

IL-17A had a proinflammatory role in TNBS induced colitis152. Additionally, it was 

shown that Rorc-deficient T cells, lacking the transcription factor retinoic-acid-receptor-

related orphan receptor gamma t (RORγt), characteristic for TH17 cells, were no longer 

able to induce colitis after transfer into Rag1-/- mice153. Taken together, these 

controversial results suggest that more research will be needed to decipher the role of 

IL-17 in IBD development. 

 

Counteracting the proinflammatory responses elicited by DCs and TH1/17 cells, Treg 

cells have been in the focus of extensive studies in recent years. In mice, these CD4+ T 

cells are characterized by high expression of the IL-2Rα chain (CD25) and the 

transcription factor forkhead box protein 3 (Foxp3)37, 154, 155. Several studies 

investigated the mechanisms how Treg cells suppress effector cell functions. Hence, it 

was demonstrated that the suppressive capacity of Treg cells especially in the intestine 

foremost relies on the production of IL-10 and TGF-β, as well as direct cell-to-cell 

contact37-40, 42, 43. Treg cells have further been shown to be able to reverse an already 

established intestinal inflammation in the CD45RBhigh T cell transfer model and even to 

prevent its onset140, 156.  
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1.3.1.4 Chemokines in IBD 

Apart from the different cellular responses elicited in mLNs and the gut, fundamental 

processes that are shaping the intestinal immune system are recruitment and 

recirculation of the immune cells. These processes are controlled by upregulation of 

adhesion molecules on the cell surface, or by expression of chemokines by cells in the 

destination area. Chemokines are small (7-15 kDa), structurally related molecules. Over 

40 have been identified and can be grouped in four subfamilies depending on the 

arrangement of cysteine residues (C, CC, CXC or CX3C)157, 158.  First evidence that 

chemokines are involved in IBD has been provided in 1992 and 1993 when 3 studies 

described that IL-8 (CXCL-8) is upregulated in UC and CD patients159, 160. In the 

following years, more attention was paid to the potential involvement of chemokines in 

the inflammatory processes that promote IBD. Hence, IL-8 was not only shown to be 

upregulated in IBD patients, but strikingly correlated with the expression of TNF-α161. 

 

In mouse models, many chemokines and their cognate receptors have been identified to 

be crucially involved in IBD development. For example the receptor CXCR3, and its 

ligands CXCL9, CXCL10 (IFN-γ inducible protein 10 (IP-10)) and CXCL11 which 

have been shown to be upregulated in IBD patients162, 163, were functionally analyzed in 

mouse studies. Here, mouse experiments revealed that treatment with antibodies against 

IP-10 abrogated spontaneous colitis in IL-10-/- mice164. 

 

In line with this, CCL2 (monocyte chemotactic protein-1 (MCP-1)) and its receptor 

CCR2 have also been shown to be upregulated in IBD patients165, 166. Again, mouse 

experiments illuminated that CCR2 deficiency leads to reduced colitis activity in DSS 

treated animals and that blocking CCL2 had beneficial effects on both, inflammatory 

processes, as well as colitis associated cancer development167, 168. 

 

CCL5 (regulated upon activation, normal T-cell expressed, and secreted (RANTES)), 

which binds to CCR1 and CCR5 is induced in human IBD165. Subsequent studies in 

mice and rats revealed that CCR5 deficiency ameliorated colitis and that this 

chemokine/chemokine-receptor trio was associated with the recruitment of 

inflammatory cells such as CCR5+ T cells, monocytes and neutrophils into the colonic 

mucosa of colitogenic animals169 
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CCL20 (liver activation regulated chemokine (LARC)), acting via its receptor CCR6170, 

has additionally been reported to be upregulated in patients suffering from IBD171. 

Recent studies in mice revealed that anti-CCL20 antibody treatment attenuated disease 

activity, and CCR6-deficient mice showed reduced disease onset, suggesting a 

proinflammatory role for the CCL20/CCR6 axis172. 

 

A special role has been identified for the chemokine decoy receptor D6, which, 

although binding many chemokines, does not elicit downstream signaling. Thus, it acts 

as a sink for many proinflammatory chemokines173. Hence, an increased susceptibility 

of mice lacking the receptor D6, along with increased levels of the chemokines CCL2, 

CCL3, CCL5, CXCL1 and CXCL2 could be observed. In accordance with that, elevated 

recruitment of leukocytes to the mucosa correlated with increased disease severity174. 

 

1.4 Chemokine (C-C motif) ligand 17 (CCL17) 

CCL17, which is also known as TARC (thymus and activation regulated chemokine), 

clusters with the chemokines fractalkine (CX3CL1) and macrophage-derived chemokine 

(MDC) on human chromosome 16q13175. CCL17 has been reported to be produced by 

keratinocytes176, distinct subsets of DCs177 as well as macrophages178. In human 

keratinocytes, CCL17 was shown to be inducible by IFN-γ and TNF-α stimulation176. In 

contrast, in murine Langerhans cells, CCL17 was reported to be upregulated by TNF-α 

and IL-4 stimulation and blocked by IFN-γ179. Furthermore, stimulation of mice with 

TLR-ligands LPS and Pam3Cys has been shown to result in CCL17 production in 

mLNDCs177. However, the data from reporter mice describe that DCs outside the spleen 

are the only sorce for CCL17 under in vivo conditions177. The major function of CCL17 

is the recruitment of CCR4 expressing T cells180, 181. Although some publications 

suggested that CCL17 also binds to CCR8180, CCR4 remains the receptor repeatedly 

demonstrated to be the target of CCL17182. Besides the expression on T cells, CCR4 is 

also expressed on macrophages183, DCs184, and NK cells185, 186. T cell subsets that 

express CCR4 are on the one hand effector T cells: TH17 cells187, TH2 cells188 and 

CTLs189; and on the other hand Treg cells180, 181. In addition to CCL17, CCR4 also binds 

CCL22190. CCR4 mediated recruitment of target cells via CCL17 or CCL22 has been 
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reported in the skin191 and lung178, 192, as well as the microenvironment of tumors193-195. 

Most studies in humans and mice specifically suggest a role for CCL17 in attracting 

CCR4+ TH2 cells to the skin; however, one study also demonstrated that CCL17 induced 

the migration of DCs from the skin to the draining lymph nodes in a CCR4-independent 

but CCR7/CXCR4-dependent manner196.  

 

Data, which is implicating a role for CCL17 in disease development, is derived from 

studies on atopic dermatitis, or on chronic diseases like cancer. In atopic dermatitis 

(AD), CCL17 was shown to be highly upregulated selectively in lesions and suggested 

to recruit CCR4+ lymphocytes to these skin lesions197-199. Highly elevated serum levels 

of CCL17 were detected in AD patients when compared to healthy control subjects200, 

201. Hence, CCL17 was suggested as a marker for the severity of AD202. CCL17 was as 

well is implicated in the atopic disease asthma and associated lung inflammation by 

recruiting TH2 cells203. In the microenvironment of tumors, high expression of CCL17 is 

reported, and CCR4-CCL17/CCL22 dependent Treg cell recruitment is described in 

gastric cancer204 as well as esophageal squamous cell carcinoma205. Further studies 

implicated a role for CCL17 in CCR4-dependent lung metastasis from breast cancer194.  

More recently, CCL17 has also been implicated in the progression of atherosclerosis206. 

In this mouse study, the authors also demonstrated a beneficial role of a CCL17-

blocking antibody. Another study reported that Hepatitis C virus induced 

CCL17/CCL22 production and thereby mediated Treg cell recruitment to the site of 

infection207. These results suggest that CCL17 can have both, proinflammatory and 

regulatory functions. 

 

CCL17 was shown to be upregulated on mRNA level in the acute phase of T cell 

transfer induced colitis, as well as in the chronic phase of spontaneous colitis in IL-10-

deficient mice208, and in a TNF-α driven spontaneous colitis model in mice209. 

Additionally, CCL17 was shown to be downregulated in mice when T cell transfer 

induced colitis was reversed by transfer of CD4+/CD25+ T cells210. One publication also 

demonstrated an upregulation of CCL17 in patients with active Crohn’s disease but not 

in UC patients211. The upregulation was detected in inflamed compared to non-inflamed 

tissue and compared to healthy controls. However, analysis of single nucleotide 

polymorphisms (SNPs) did not reveal genetic variations linking CCL17 to human’s 

IBD175. 
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Despite the fact that only very little data is available, concerning a putative functional 

role for CCL17 in the context of IBD, the manifold investigations relating CCL17 to 

acute inflammatory processes give reason to analyze experimental colitis development 

in mice in the absence of CCL17.  
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2 AIMS OF THE STUDY  

In recent years, chemokines, which are mediators of the immune response, responsible for 

attracting immune cells, have been shown to play crucial roles in shaping the outcome and 

intensity of intestinal inflammations. CCL17 (also named TARC) is produced by DCs in 

peripheral lymphoid and non-lymphoid organs, including the intestine, and has been shown 

to be involved in the recruitment of effector T cells as well as Treg cells. Although human 

as well as mouse studies demonstrated an upregulation of CCL17 during inflammation in 

the gut, functional studies were missing. Thus, the role of CCL17 in the context of IBD 

remained elusive. 

The central aim of this study was to answer the question if CCL17 plays a role in 

intestinal inflammation.  

For this purpose the enhanced green fluorescent protein (eGFP (E)) knockin model was 

used. In this model, eGPF is inserted into the second exon of the Ccl17 locus. This results 

in a reporter system in heterozygous knockin mice (Ccl17WT/E), whereas homozygous 

knockin mice completely lack CCL17 expression and express eGFP instead (Ccl17E/E). 

Intestinal inflammation, resembling human’s IBD, was either induced chemically, by 

adding dextran sulfate sodium (DSS) to the drinking water, or immunologically, by 

adoptively transferring naïve T cells into lymphopenic mice initially lacking T cells. 

Bodyweight assessment, cytokine profiling on mRNA level, as well as histological scoring 

of the colonic inflammation were performed to monitor colitis development. Furthermore, 

in the T cell transfer model, direct effects on infiltrating cell types were analyzed by 

fluorescent activating cell sorting (FACS). To investigate specific effects of CCL17 on the 

differentiation of DCs or T cells, in vitro and ex vivo assays were performed. To get 

insights into longterm regulatory processes in Ccl17-deficient mice Treg cells were depleted 

from the T cells before transfer.  

Taken together, this study was designed to elucidate the function of CCL17 during 

colitis development and analyze in detail the mechanism of action in intestinal 

inflammation. 
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3 MATERIAL AND METHODS 

3.1 Material 

3.1.1 Equipment 

Device / Software  Manufacturer/ Distributor 

Analytical balance   Ohaus (Pine Brook, NJ, USA) 

Balance  Ohaus (Pine Brrok, NJ, USA) 

Cell strainer (100 µm)  BD Biosciences (Heidelberg, Germany) 

Centrifuge 5418  Eppendorf (Hamburg, Germany) 

Centrifuge Biofuge Fresco  Heraeus (Hanau, Germany) 

Centriuge 5810R  Eppendorf (Hamburg, Germany) 

FlowJo Software  Tree Star (Olten, Switzerland) 

Freezer −20 °C  Siemens (München, Germany) 

Freezer −80 °C  Kendro (Langenselbold, Germany) 

Fridge  Liebherr (Bulle, Switzerland) 

Fully Enclosed Tissue Processor Leica 
ASP300 S 

 Leica Microsystems (Wetzlar, Germany) 

Gallios Flow Cytometer  Beckman Coulter (Krefeld, Germany) 

Glass wool  Roth (Karlsruhe, Germany) 

HM 355 S automatic microtome  Thermo Scientific (Langenselbold, Germany) 

Ice machine  Ziegra (Isernhagen, Germany) 

Incubator Hera Cell 240  Heraeus (Hanau, Germany) 

Kaluza Software  Beckman Coulter (Krefeld, Germany) 

Laminar flow Hera Safe   Kendro (Langenselbold, Germany) 

MACS Multi Stand  Miltenyi Biotec (Bergisch Gladbach, 
Germany) 
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MACS Seperation Colomns (LS / MS)  Miltenyi Biotec (Bergisch Gladbach, 
Germany) 

Magnetic stirrer  Heidolph (Schwabach, Germany) 

Microscope Optech IB  Exacta Optech (München, Germany) 

Microscope Slides  Thermo Scientific (Langenselbold, Germany) 

MIDI /MINI MACS Magnets  Miltenyi Biotec (Bergisch Gladbach, 
Germany) 

Multipipette plus  Eppendorf (Hamburg, Germany) 

Multiskan EX Microplate Photometer  Thermo Scientific (Langenselbold, Germany) 

Nanodrop ND-1000 Spectrophotometer  Peqlab (Erlangen, Germany) 

Neubauer counting chamber  Roth (Karlsruhe, Germany) 

Nitrogen freezing tank MVE 6000  MVE (Marietta, GA, USA) 

Nunc-Immuno™ Plates  Nunc GmbH & Co. KG (Langenselbold,  
Germany) 

PCR cycler Mastercycler  Eppendorf (Hamburg, Germany) 

Petri-dish (10 cm)  Greiner bio-one (Frickenhausen, Germany) 

pH-meter  WTW (Weilheim, Germany) 

Pipetboy acu  Integra Biosciences (Fernwald, Germany) 

Pipettes  Gilson (Middleton, WI, USA) 

TaqMan StepOne Plus  Applied Biosystems (Carlsbad, CA, USA) 

Thermo Scientific Ascent Software  Thermo Scientific (Langenselbold, Germany) 

Thermomixer  Eppendorf (Hamburg, Germany) 

Vortexer Genie 2  Scientific Industries (Bohemia,NY,  

USA) 

Water Bath  GFL (Burgwedel, Germany) 
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3.1.2 Reagents 

Name  Manufacturer/ Distributor  

2-Propanol  J.T. Baker (Deventer, Netherlands) 

4 % (v/v) formaldehyde (Roti®-Histofix)  Carl Roth, Karlsruhe, Germany 

ABTS  2,2'-Azino-di-(3-ethylbenzthiazolin) 

-6-sulfonsäure 

Acetic acid  Merck (Darmstadt, Germany) 

Carboxyfluorescein diacetate  succinimidyl ester 
(CFSE) 

 Invitrogen (Karlsruhe, Germany) 

Citric acid  Roth (Karlsruhe, Germany) 

Diphteriatoxin (DT)  Calbiochem (Darmstadt, Germany) 

Disodium phosphate  Fluka (Seelze, Germany) 

Dithiothreitol (DTT)  Roth (Karlsruhe, Germany) 

dNTP mix  Promega (Mannheim, Germany) 

EDTA (0.5 M, pH 8.0)  Invitrogen (Karlsruhe, Germany) 

Eosin  Roth (Karlsruhe, Germany) 

Ethanol (for use in molecular biology)  Merck (Darmstadt, Germany) 

Ethanol absolute (EtOH)  J.T. Baker (Deventer, Netherlands) 

Ethidiumbromide (10 mg/ml)  Invitrogen (Karlsruhe, Germany) 

Fc-block (mHB197 supernatnat)  Own production 

Fetal Calf Serum (FCS)  Biochrom (Berlin, Germany) 

Formaldehyde (37 %)  Roth (Karlsruhe, Germany) 

Glutamax-I (100 x)  Invitrogen (Karlsruhe, Germany) 

Golgi-Plug  BD Bioscience (Heidelberg, Germany) 

Golgi-Stop  BD Bioscience (Heidelberg, Germany) 

Hematoxylin  Roth (Karlsruhe, Germany) 
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Hepes  Sigma-Aldrich (Seelze, Germany) 

Hepes buffer solution (1 M)  Invitrogen (Karlsruhe, Germany) 

Hydrochloric acid (HCl)  Merck (Darmstadt, Germany) 

Hydrogen peroxide (30 % (v/v))  Sigma-Aldrich (Seelze, Germany) 

Ionomycin  Sigma-Aldrich (Seelze, Germany) 

Isofluran (Forene 100 % (v/v))  Abbott (Wiesbaden, Germany) 

L2000 Pam3Cys-SKKKK (Pam3Cys)  EMC (Tübingen, Germany) 

Lipoplysaccharide from E.coli 0111:B4 (LPS)  Sigma-Aldrich (Seelze, Germany) 

Magnesium chloride (MgCl2 x 6 H2O)  Roth (Karlsruhe, Germany) 

Magnesium sulphate (MgSO4 x 7 H2O)  Roth (Karlsruhe, Germany) 

Methanol  J.T. Baker (Deventer, Netherlands) 

Non essential amino acids (NEAA) (100 x)  PAA (Pasching, Austria) 

Ovalbumin peptide, AA sequence 323-339: 
ISQAVHAAHAEINEAGR (pOVA) 

 Genscript, Piscataway, USA 

PBS (w/o Ca2+ and Mg2+) solution  PAA (Pasching, Austria) 

PBS powder (w/o Ca2+ and Mg2+)  Invitrogen (Karlsruhe, Germany) 

Penicillin/Streptomycin (100 x)  PAA (Pasching, Austria) 

Phenol  Roth (Karlsruhe, Germany) 

Phorbol 12-myristate 13-acetate (PMA)  Sigma-Aldrich (Seelze, Germany) 

Poly(I:C)  Amersham GE Healthcare  
(München, Germany) 

Propidium iodide (PI)  Sigma-Aldrich (Seelze, Germany) 

Recombinant  mouse GM-CSF  Peprotech (Hamburg, Germany) 

Red Blood Cell Lysis Buffer  Sigma-Aldrich (Seelze, Germany) 

RPMI 1640  Invitrogen (Karlsruhe, Germany) 

SDS  Sigma-Aldrich (Seelze, Germany) 

Sodium acetate (C2H3NaO2 x 3 H2O)  Roth (Karlsruhe, Germany) 
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Sodium pyruvate  PAA (Pasching, Austria) 

Thioglycolate (Thioglycol)  Fisher Scientific (Schwerte, Germany) 

TMB  Fisher Scientific (Schwerte, Germany) 

TRIzol reagent  Invitrogen (Karlsruhe, Germany) 

β-Mercaptoethanol  Sigma-Aldrich (Seelze, Germany) 

 

3.1.3 Kits and enzymes 

Name  Manufacturer/ Distributor 

CD11c (N418) Isolation Kit  Miltenyi Biotec (Bergisch Gladbach, 

Germany) 
CD4 CD62L T cell Isolation Kit II  Miltenyi Biotec (Bergisch Gladbach, 

Germany) 
Collagenase D   Roche (Mannheim, Germany) 

DNase I  Roche (Mannheim, Germany) 

Fix & Perm Cell Permeabilization Kit  Invitrogen (Karlsruhe, Germany) 

Horseradish peroxidase  GE Healthcare (Munich, Germany) 

Mouse Regulatory T Cell Staining Kit #1  NatuTec GmbH (Frankfurt, Germany) 

Superscript III reverse transcriptase  Invitrogen (Karlsruhe, Germany) 

TaqMan Gene Expression Master Mix  Applied Biosystems (Foster City, USA) 

Mouse IFN-γ Duo Set  R&D Systems (Wiesbaden-Nordenstadt, 

Germany) 

3.1.4 Antibodies for fluorescent activated cell sorting (FACS) and 
enzyme linked immunosorbent assay (ELISA) 

Name (Antigen) Conjugate Application 
Manufacturer/ 
Distributor 

CD103 APC, PE Flow cytometry BD Biosciences  
(Heidelberg, Germany) 

CD11b APC, PE, PerCP-
Cy5 

Flow cytometry BD Biosciences  
(Heidelberg, Germany) 
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CD11c APC, PE-Cy7 Flow cytometry eBioscience  
(San Diego, CA USA) 

CD3ε Purified, APC780 Flow cytometry, 
coculture 

BD Biosciences  
(Heidelberg, Germany) 

CD4 eFluor450 Flow cytometry eBioscience  
(San Diego, CA USA) 

CD40 PE Flow cytometry BD Biosciences  
(Heidelberg, Germany) 

CD80 PE, APC Flow cytometry BD Biosciences  
(Heidelberg, Germany) 

CD86 PE Flow cytometry BD Biosciences  
(Heidelberg, Germany) 

CD8α APC, APC780, 
eFluor450 

Flow cytometry BD Biosciences  
(Heidelberg, Germany) 

F4/80 APC Flow cytometry BD Biosciences  
(Heidelberg, Germany) 

Foxp3 PE Flow cytometry 
(intracellular staining) 

eBioscience  
(San Diego, CA, USA) 

HRP avidin ELISA eBioscience  
(San Diego, CA, USA) 

HRP streptavidin ELISA GE Healthcare  

(München, Germany) 

IFN-γ PE Flow cytometry 
(intracellular staining) 

eBioscience 
(San Diego, CA, USA) 

IFN-γ unconjugated ELISA R&D Systems 

(Wiesbaden-Nordenstadt, 
Germany) 

IFN-γ biotinylated ELISA R&D Systems 

(Wiesbaden-Nordenstadt, 
Germany) 

IL-12p40/70 unconjugated ELISA 
BD Biosciences  
(Heidelberg, Germany) 

IL-12p4ß/70 biotinylated ELISA 
BD Biosciences  
(Heidelberg, Germany) 

IL-17A APC Flow cytometry 
(intracellular staining) 

eBioscience 
(San Diego, CA, USA) 

IL-17A unconjugated ELISA eBioscience  
(San Diego, CA, USA) 

IL-17A biotinylated ELISA eBioscience  
(San Diego, CA, USA) 

MHCII (I-A b) eFluor450 Flow cytometry BD Biosciences  
(Heidelberg, Germany) 
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3.1.5 Media and buffers 

3.1.5.1 Media for cell culture 

DC medium   RPMI 1640   

10 % (v/v)  FCS (heat inactivated)  

  1 % (v/v)  Glutamax-I  

  1 % (v/v)  Sodium pyruvate  

  1 % (v/v)  NEAA  

  1 % (v/v)  Penicillin/Streptomycin  

  0.05 mM  β-Mercaptoethanol 

 

Restimulation medium DC medium 

    20 ng/ml Phorbol 12-myristate 13-acetate (PMA)  

1 µg/ml Ionomycin  

0.2 % v/v Golgi Plug  

0.14 % v/v Golgi Stop  

 

Digestion medium  RPMI 1640 

    0.5 µg/ml Collagenase D (II)  

0.1 µg/ml DNase I grade II (D)  

 

3.1.5.2  Buffers for enzyme linked immunosorbent assay (ELISA) 

 

Coating Buffer  PBS (1x) 

 

Blocking Buffer  PBS (1x) 

    10 % (v/v) FCS 

 

Dilution Buffer   PBS (1x) 

    10 % (v/v) FCS 

 

Washing Buffer  PBS (1x) 

    0.5 % (v/v) Tween-20  
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ELISA Substrate  0.1 M  Citric acid pH 4.0 

    0.02 % (v/v) ABTS (50 mg/ml) 

    1:1000  30 % hydrogen peroxide 

 

Stop Solution   1 % (w/v) SDS in ddH2O 

 

3.1.5.3 Buffer for magnetic activated cell sorting (MACS) 

 

MACS-buffer   PBS (1x) 

2 % (v/v) FCS + 2 µM EDTA 

3.1.5.4 Buffer for fluorescent activated cell sorting (FACS) 

 

FACS-buffer   PBS (1x) 

5 % (v/v) FCS 
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3.2 Methods 

3.2.1 Mice 

All mice were used on C57BL/6 background, backcrossed for at least 10 generations. A 

list of the mice used is provided in the following. For T cell transfer experiments, 

Ccl17eGFP/eGFP and Ccr4-/- mice were backcrossed to Rag1-/- mice. Ccl17eGFP/eGFP (Ccl17E/E) 

mice were a kind gift of Irmgard Förster (Institute for Medical Microbiology, Immunology 

and Hygiene, Technical University of Munich, now at Molecular Immunology, Institut für 

Umweltmedizinische Forschung an der Heinrich-Heine-Universität Düsseldorf, 

Düsseldorf, Germany). The eGFP knockin strategy is illustrated in Figure  4. Experiments 

were performed in accordance with the German animal care and ethics legislation and had 

been approved by the local government authorities. 

Figure  4: eGFP knockin model. eGFP (illustrated in green) was inserted into the second exon of the Ccl17 
locus leading to the expression of eGFP instead of CCL17. Thus, heterozygous mice can be used as reporter 
mice, whereas homozygous mice completely lack CCL17 expression, expressing eGFP instead. (Modified 
from Alferink J. et al. J Exp Med (2003)) 

Table 1: Characteristics of mice used throughout this study. 

Genotype Phenotype Experimental Use 

Ccl17E/E Express eGFP instead of 
CCL17177 

BMDC generation, 
DSS colitis 

Ccl17E/WT CCL17 producing cells 
also produce eGFP177 

BMDC generation, 
DSS colitis 

Ccr4-/- Lack CCR4 BMDC generation 

DEREG 23.2 Express eGFP and DTR 
under the control of Foxp3 
promoter212 

Treg cell depletion before T 
cell transfer 

Rag1-/- Lack B and T cells Recipient mice in T cell 
transfer colitis 
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3.2.2 Colitis induction  

Colitis was induced in two different ways: (1) chemically, by adding DSS into the drinking 

water; (2) by transferring T cells. 

 

DSS colitis was induced by administration of 4 % (w/v) DSS in the drinking water for 5 

days followed by drinking water alone. T cell transfer colitis was induced in mice on Rag1-

/- background (lymphopenic mice) by adoptively transferring 3*105 CD4+/CD62L+ double 

positive spleen T cells intraperitoneal (i.p.). The purity of T cells was routinely over 90 %, 

determined by FACS analysis. Bodyweight measurement, severity of diarrhea and blood in 

the feces were used as indicators of colitis induction. Mice were sacrificed when they had 

lost 20 % of their bodyweight. In both models, diarrhea and blood in the feces, as well as 

histological analysis, correlated with bodyweight loss. 

 

3.2.3 Isolation of colon lamina propia leukocytes (LPL) and 
intraepithelial leukocytes (IEL)  

Mice were sacrificed by cervical dislocation. Colons were removed and flushed with ice 

cold PBS. The whole colon was cut longitudinally and about 3 mm long pieces were 

washed three times in ice cold PBS for subsequent incubation under stirring in 50 ml PBS 

containing 2 mM DTT and 5 mM EDTA at 37 °C for 30 min. Colon pieces were then 

passed through a cell strainer (100 µm) and the filtrate was used to isolate the IEL fraction 

by further filtrating with glass wool. The remaining colon pieces were incubated for 30 

min at 37 °C in digestion medium and pressed through a cell strainer (100 µm). Single cell 

suspensions were regarded as LPL fraction. For intracellular cytokine staining, LPL and 

IEL fractions were stimulated for 6 h in stimulation medium prior to staining. 

 

3.2.4 Generation of bone marrow derived recombinant mouse 
(rm)GMCSF cultured dendritic cells (BMDCs) 

Bone marrow of femur and tibia was flushed out and single cell suspensions were 

prepared. Red blood cells were removed using red blood cell lysis buffer at RT for 5 min. 

6*105 cells/ml were cultured for 3 days in 10 ml DC medium containing 20 ng/ml 

rmGMCSF in 10 cm petri-dishes. At day 3 of culture, 10 ml of DC medium containing 20 

ng/ml rmGMCSF were added. At day 5, 10 ml cell suspension were removed and 
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centrifuged for 5 min at 1500 rpm at 4 °C. The cell pellet was resuspended in 10 ml fresh 

medium containing 20 ng/ml rmGMCSF, added to the remaining 10 ml in the petri-dish 

and cultured for another 2 days. On day 7, cells were routinely control stained for CD11c, 

CD11b and CD86. CD11c+/CD11b+ double positive cells were regarded as DCs and this 

fraction was routinely > 80 %.  

 

3.2.5 Enzyme linked immunosorbent assay (ELISA) 

ELISA was performed to detect cytokines in the supernatant of stimulated DCs and 

cocultures of DCs and T cells. IL-17A and IFN-γ were measured using ELISA kits 

according to the manufacturers’ protocols. IL-12p40/p70 was detected using matched 

antibody pairs. The following protocol for IL-12p40/70 represents the logic for all three 

ELISAs provided in Table 2. 

 

Plates were coated overnight with capture antibody diluted in PBS (1:2000). After washing 

steps plates were incubated with blocking buffer for 1 h and washed again. Next, standards 

and samples were diluted in dilution buffer and added to the plate for 2 h, followed by 

another washing step. Then biotinylated detection antibody was added for 2 h and plates 

were washed. After washing, streptavidin conjugated horseradish peroxidase (HRP) was 

added for 45 min. After an additional washing step ABTS was added as substrate until 

coloring appeared. To stop the enzymatic reaction 100 µl 1 % SDS was added. Analysis of 

the reaction was performed using a Photometer. Specific dilutions and incubation periods 

for each assay is provided in the following list (Table 2). 

 

Table 2: Cytokine ELISAs. 
 IFN-γ IL-17A IL12p40 

Capture 
antibody 

1:180 in PBS (50 µl; 
overnight) 

1:250 in coating buffer 
(100 µl; overnight) 

1:2000 in PBS (50 µl; 
overnight) 

Washing 1 3 x 5 x 3 x 

Blocking PBS + 10 % FCS (1 h) 1 x Assay Diluent (1 h) PBS + 10 % FCS (1 h) 

Washing 2 3 x 1 x 1 x 

Standard 
incubation 

4000 pg/ml in 20 mM 
Tris/150 mM NaCl + 
0.1 % BSA + 0.05 % 
Tween20 (Reagent 

500 pg/ml in 1 x Assay 
Diluent (100 µl; 2 h) 

8000 pg/ml in PBS + 
0.05 Tween20 + 10 % 
FCS (100 µl; 2 h) 
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Diluent) (60 µl; 2 h)  

Sample 
incubation 

1:20 in Reagent 
Diluent (60 µl; 2h) 

1:10 in 1 x Assay 
Diluent (100 µl; 2 h) 

1:4 in PBS + 0.05 (v/v) 
Tween20 + 10 % FCS 
(100 µl; 2 h) 

Washing 3 3 x 5 x 4 x 

Detection 
antibody 

1:180 in Reagent 
Diluent (50 µl; 2 h) 

1:250 in 1 x Assay 
Diluent (100 µl; 2 h) 

1:1500 in Wash buffer 
+ 10 % FCS (100 µl; 
2h) 

Washing 4 3 x 5 x 4 x 

Streptavidin-
HRP 

1:1000 in Reagent 
Diluent (50 µl; 20 
min) 

1:250 in 1 x Assay 
Diluent (100 µl; 30 min) 

1:2000 in Wash buffer 
+ 10 % FCS (50 µl; 45 
min) 

Washing 5 3 x 7 x 4 x 

Substrate 10 ml 0.1 M Citric 
Acid + 1 mg/ml ABTS 
+ 10 µl 30 % H2O2 
(100 µl) 

1 x TMB (100 µl) 10 ml 0.1 M Citric 
Acid  + 1 mg/ml ABTS 
+ 10 µl 30 % H2O2 
(100 µl) 

Stop-solution 1 % SDS (100 µl) 2 N H2SO4 (100 µl) 1 % SDS (100 µl) 

 

3.2.6 Cell isolation and magnetic activated cell sorting (MACS) 

Mice were sacrificed by cervical dislocation and spleens were removed. CD4+/CD62L+ T 

cells were isolated from splenocytes using the CD4 CD62L T cell Isolation Kit II, 

according to the manufacturer’s protocol. Single cell suspensions of splenocytes were 

generated by pressing spleens through cell strainers (100 µm). After centrifugation, cell 

pellets were subsequently magnetically labeled by incubating antibodies coupled to 

magnetic beads. Magnetic separation was performed according to the manufacturer’s 

protocol. First, CD4+ T cells were negatively selected, followed by positive selection of 

CD62L+ CD4+ T cells. 

 

For isolation of DCs from mesenteric lymph nodes (mLNs), the mLNs were removed, 

flushed and incubated in digestion medium for 30 min and passed through a 100 µm cell 

strainer. Single cell suspensions were then MACS sorted using CD11c (N418) MicroBeads 

according to the manufacturer’s protocol.  
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3.2.7 Fluorescence activated cell sorting (FACS) 

For FACS analysis, cells were stained using fluorescently labeled antibodies directed 

against CD11c, CD11b, CD103, CD3ε, CD4, CD62L, CD86, CD40, α4β7 and MHCII. 

Single cell suspensions were washed once in ice cold FACS buffer. Subsequently, cells 

were incubated for 20 min in FACS-buffer containing the antibodies in a final dilution of 

1:200. To avoid unspecific binding of the antibodies to Fc receptors, the FACS-buffer was 

mixed 1:1 with the supernatant of the mHB197 cell line, producing blocking antibodies 

(anti-CD16/anti-CD32). Cells were then washed two times in FACS buffer and 

resuspended in FACS buffer for analysis. Propidium iodide (PI) was added to exclude dead 

cells from analysis. 

 

For intracellular cytokine staining, T cells were stimulated for 6 h in stimulation medium 

prior to staining. Staining with anti-IFN-γ or anti-IL-17A antibodies was performed using 

Fix & Perm Cell Permeabilization Kit. Intracellular Foxp3 staining was performed using 

Mouse Regulatory T Cell Staining Kit #1 according to the manufacturer’s protocol. 

 

For intracellular stainings, cells were stained in the first step for membrane bound markers 

as described above. After the second washing step, cells were then incubated in fixation 

medium as described in the manufacturer’s protocol (either Fix & Perm Cell 

Permeabilization Kit, or Mouse Regulatory T Cell Staining Kit #1) and washed. 

Afterwards, cells were stained with the antibodies in permeabilization medium of the 

respective kit for 20 min at 4 °C (for Foxp3) or at room temperature (for cytokines). After 

two washing steps, cells were analyzed without the addition of PI. 

 

A Gallios flowcytometer was used for analysis. Either Kaluza analysis software or FlowJo 

software were used to analyze data and to generate plots and histograms. 

 

3.2.8 In vitro stimulation and coculture 

For in vitro experiments, 1*106 BMDCs/ml were stimulated with 100 ng/ml LPS or 

Pam3Cys in 6 well dishes (total volume 3 ml). After 6 h, cell suspensions were centrifuged 

for 5 min at 1500 rpm at 4 °C. Supernatants were used to detect secreted cytokines by 

ELISA. For RNA isolation the cell pellets were resuspended in TRIzol. 
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For in vitro coculture experiments, 1*104 BMDCs were cocultured with 1*105 

CD4+/CD62L+ T cells, isolated from splenocytes of OTII transgenic mice, for 4 days in the 

presence of 100 ng/ml LPS and 5 µg/ml OVA-peptide (pOVA). In ex vivo experiments, 

1*104 mLNDCs were cocultured with 1*105 CD4+/CD62L+ T cells, isolated from spleens 

of OTII transgenic mice, for 5 days in the presence of 100 ng/ml LPS and 5 µg/ml pOVA. 

In both coculture systems LPS and pOVA were added at the beginning. For in vitro Foxp3 

Treg coculture experiments, 5 µg/ml CD3ε, 5 ng/ml TGF-β and 200 U/ml IL-2 were added 

to the medium and cells were analyzed after 4 days by FACS analysis. For ex vivo 

coculture experiments, DCs were MACS isolated from mLNs of mice pretreated with 200 

µg LPS overnight. To monitor T cell proliferation in in vitro coculture experiments, T cells 

were labled with 5 µM CFSE for 10 min at 37 °C prior to coculture. CFSE labled T cells 

were washed three times before added to the coculture. 

 

3.2.9 RNA isolation and real-time quantitative PCR (qPCR) 

Total RNA was isolated from whole tissue of the proximal colon using TRIzol reagent 

according to the manufacturer’s protocol. An about 1 mm long piece of the proximal colon 

was taken up in 0.5 ml TRIzol reagent. cDNA was generated from total RNA using 

Superscript III according to the manufacturer’s protocol. qPCR was run on cDNA using a 

TaqMan StepOne Plus instrument. For the reactrion 10 µl TaqMan gene expression master 

mix were mixed with 9 µl cDNA and 1 µl probe sets. The following primers and probe sets 

were ordered from Applied Biosystems: IL-6 (Mm00446190_M1), IL-12p35 

(Mm00434169_M1), IL-17a (Mm00439619_M1), IL-22 (Mm00444241_M1), IL-23p19 

(Mm00518984_M1), TNFα (Mm00443260_g1), IFNγ (Mm99999071_M1), TGFβ 

(Mm03024053_M1), Aldh1a2 (Mm00501306_M1), HPRT1 (Mm00446968_M1) and Csf2 

(GMCSF) (Mm01290062_M1). HPRT1 was used as housekeeping gene for normalization. 

Quantitative analysis was performed using the 2-∆∆Ct method213. 

 

3.2.10 Histology  

Mice were sacrificed by cervical dislocation. Colons were removed and flushed with ice 

cold PBS. Whole colon tissues were subsequently fixed o/n in 4 % (v/v) formaldehyde 

(Roti-Histofix). Fixed colon tissues were then transferred to 70 % ethanol, and 
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subsequently dehydrated. Fixed and dehydrated colon tissues were then embedded in 

paraffin and 4 µm thick slices were cut. Next, colon tissue slices were air dried and stained 

using hematoxylin and eosin (H&E). 

Histological scoring was performed on formalin fixed, paraffin embedded sections of the 

colon. 4 µm thin slices were stained with hematoxylin and eosin. Scoring was performed in 

a blinded fashion by Hans-Anton Lehr (IUP Institut universitaire de pathologie de 

Lausanne, Lausanne, Switzerland) as previously published214. 

 

3.2.11 Peritoneal lavage 

To induce inflammation in the peritoneum, 1 ml 4 % thioglycolate was injected i.p.. To 

identify the populations of infiltrating immune cells, the peritoneal cavity was flushed with 

5 ml of ice cold PBS 4 days after thioglycolate injection. By gently massaging the belly of 

the mice, cells were suspended. The cell suspension was then extracted by using a syringe. 

Analysis of the peritoneal lavage cells was performed using FACS analysis as described in 

section 3.2.6.  

 

3.2.12 Statistical analysis  

Mean values and standard deviations are shown in the diagrams. Statistical significance 

was tested using Student’s t-test or Dunn’s test. One Way ANOVA was used to determine 

the variance within the samples which were compared. P-values below 0.05 were 

considered to indicate statistically significant differences. 
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4 RESULTS 

4.1 Induction of acute and chronic intestinal inflammation 
in mice 

To induce acute intestinal inflammation in mice, the well characterized model using DSS 

in the drinking water was used as described in the Materials & Methods section 3.2.2.  

 

A longer lasting inflammation was induced by transferring naïve T cells into lymphopenic 

mice lacking the recombination activating gene 1 (Rag1-/-). The absence of Rag1 results in 

a lack of mature B and T cells. Additionally, these mice were crossed with mice bearing 

the additional genotype of interest (Ccl17E/E or Ccr4-/-). Unless otherwise stated, 3*105 

CD4+/CD62L+ splenocytes, isolated from C57BL/6 wild type (WT) mice were adoptively 

transferred by intraperitoneal (i.p.) injection to induce intestinal inflammation. The 

transferred T cells were isolated as described in Material & Methods section 3.2.6. As 

shown in Figure 5, the MACS isolated T cells had routinely a purity of over 90 %, 

determined by FACS analysis. Over 95 % of these CD4+ T cells were CD62L+, including a 

population of about 6-8 % Foxp3+ regulatory T cells (Treg). 

 

Figure 5: FACS analysis of MACS sorted CD4+/CD62L+ T cells from splenocytes. MACS sorted T cells 
were stained for CD4 and CD62L on the surface and for Foxp3 intracellularly. Numbers indicate percentages 
of the gated cells. (SSC = side scatter) 

 

After injection of T cells, bodyweight, as well as consistency of feces was monitored to 

follow colitis induction.  
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4.2 Induction of CCL17 during acute and chronic intestinal 
inflammation 

To investigate if CCL17 plays a role during intestinal inflammation it was important to 

demonstrate that the chemokine is indeed upregulated after induction of acute and chronic 

intestinal inflammation in the mesenteric lymph nodes, draining the intestine, and the 

colon, the site of inflammation. To illustrate the regulation of CCL17 an enhanced green 

fluorescent protein (eGFP) knockin mouse model was used which was created by Alferink 

J., et al. 177. In this mouse model, heterozygous knockin mice (Ccl17E/WT) can be used as 

reporter mice without any reduction of expression and functionality of the protein. In 

contrast, a homozygous knockin led to a complete loss of expression and function, 

resembling knockout mice (Ccl17E/E, see also Material & Methods Figure  4).  

 

Figure  6: CCL17 induction after colitis induction, monitored by eGFP induction in DCs. CCL17 
expression is monitored by eGFP expression in CD3ε

-/CD11c+ gated dendritic cells (DCs). (A) Percentage of 
CCL17+ mLN DCs in untreated control (ctrl) mice and in mice treated with 4 % (v/v) DSS in the drinking 
water for 5 days, followed by 2 days of water alone. (B) Percentage of CCL17+ DCs in Rag1-/- control (ctrl) 
mice and in Rag1-/- mice  5 days and 21 days after T cell transfer in the indicated organs and fractions in 
lymphopenic mice. Light gray histograms represent unstained control. (Numbers represent percentages of 
CCL17+ cells. One representative staining of 5 is shown) 
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As shown in Figure  6, CCL17 was measured in CD3ε
-/CD11c+ gated DCs, either after 

colitis induction with 4 % (v/v) DSS in the drinking water (Figure  6A) or induction by T 

cell transfer (Figure  6B). In the DSS model, CCL17 expression was markedly increased in 

mLNs after 7 days of treatment compared to the basal expression detected before 

treatment.  

 

Basal expression could also be detected in mice lacking B and T cells (PBS injected Rag1-

/-Ccl17E/E mice (ctrl)). However, no upregulation of CCL17 was measurable 5 days after 

transfer of T cells in mLNDCs, and DCs of the IEL and LPL fraction of the colon. In 

contrast, a significant upregulation of CCL17 in these three fractions could be measured 21 

days after transfer, correlating with disease induction. In both models, CCL17 induction is 

shown in CCL17E/E mice and expression in untreated mice in mLNs was comparable 

between the models. In Figure  7, representative FACS plots show that eGFP+ cells in the 

colon had high expression levels of the DC markers CD11c, CD11b and MHCII, and only 

a small amount expressed F4/80 at low levels. 

Figure  7: Phenotypic analysis of eGFP+ cells of the colon. 21 days after T cell transfer into Rag1-/-

Ccl17E/E mice, eGFP+ cells of the indicated colon fractions were analyzed for the expression of CD11c, 
MHCII, CD11b and F4/80. Numbers indicate percentage of gated cells. (SSC = side scatter) 
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4.3 Reduced colitis induction in mice lacking Ccl17 

To analyze if CCL17 expression has an impact on the severity of DSS induced colitis, 

disease development was monitored by bodyweight measurement, measurement of the 

colon length and histological scoring in CCL17 competent mice (C57BL/6 (WT)) as 

compared to mice lacking CCL17 (Ccl17E/E). As shown in Figure  8A, Ccl17E/E mice lost 

significantly less bodyweight than WT mice after DSS treatment (% bodyweight at day 7: 

Ccl17E/E mice: 93.8 ± 2.7; mean ± SD (n = 13); WT mice: 84.1 ± 4.3 (n = 13)). 

Additionally, as shown in Figure  8B, Ccl17E/E mice had significantly longer colons than 

WT mice after DSS treatment (5.2 ± 0.3 vs. 4.5 ± 0.4, respectively (n = 8)). As shown in 

Figure  8C, a significantly lower colonic inflammation, determined by histological scoring, 

could be detected in Ccl17E/E mice (4.2 ± 2.1 (WT; n = 13) vs. 2.1 ± 2.2 (Ccl17E/E; n = 

13)).  

Figure  8: Development of DSS colitis in Ccl17WT/WT  (C57BL/6) compared to Ccl17E/E mice. (A) 
Bodyweight was measured at day 1, 5, 6 and 7 after DSS mediated colitis induction. Left panel: 
representative bodyweight development of one experiment (n = 4). Right panel: pooled bodyweights on day 
7 of 4 experiments (n = 13). (B) Colon length at day 7 (n = 8) (C) Pooled histoscore of 3 experiments (n = 
13). (** P < 0.01; ***P < 0.001; Student’s t-test) 
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To get further insights into the underlying mechanisms leading to the less severe 

phenotype of DSS colitis in Ccl17E/E mice, cytokine patterns in the mLNs as well as colon 

tissue were analyzed. Although, as shown in Figure  9A, no differences were detectable in 

the mRNA expression levels of TNF-α, IL-6 and IL-23, neither in the mLNs nor in the 

colon, a significantly stronger induction of IL-12p35 in the mLNs, and of IFN-γ in the 

colon could be detected in Ccl17WT/WT mice (Figure  9B). 

Figure  9: mRNA induction of cytokines after DSS treatment in mLNs and colon tissue. Quantitative 
real-time PCR was performed on mRNA isolated from single cell suspensions of isolated mLNs or whole 
colon tissue as described in Materials & Methods section 3.2.9. (A) Induction of TNF-α, IL-6 and IL-23 in 
mLNs and colon tissue. (B) Induction of IL-12p35 and IFN-γ in mLNs and colon tissue. (*P < 0.05; **P < 
0.01; Student’s t-test; (n = 4)) One of three independent experiments with 4 mice per group is shown. 

Taken together, these data demonstrate that the lack of CCL17 expression leads to reduced 

colonic inflammation after DSS treatment. 
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Besides the effects seen in the acute model using DSS, it was of great interest to 

investigate if CCL17 also has an impact on chronic intestinal inflammation in mice. For 

this purpose, the T cell transfer model, described earlier, was used. Like in the DSS model, 

lymphopenic mice lacking CCL17 expression (Rag1-/-Ccl17E/E) lost significantly less 

bodyweight than mice expressing CCL17 (Rag1-/-) after colitis induction (Figure  10A), 

with a mean percentage of 81.1 ± 8.1 in Rag1-/- mice compared to 100.1 ± 6.4 in Rag1-/-

Ccl17E/E mice on day 21. 

Figure  10: Development of T cell transfer colitis in Rag1-/- compared to Rag1-/-Ccl17E/E mice. (A) 
Bodyweight was measured throughout colitis development at the indicated time points after T cell transfer. 
Left panel: bodyweight development of one representative experiment (n = 3). Right panel: pooled endpoint 
data of 4 experiments (n = 12). (B) Left panel: Representative pictures of H&E stained paraffin embedded 
colon sections of Rag1-/- and Rag1-/-Ccl17E/E mice. Right panel: Representative histoscore of Rag1-/- 
compared to Rag1-/-Ccl17E/E mice (n = 3; cumulative score). (***P < 0.001; Student’s t-test) 

 

Additionally, Rag1-/-Ccl17E/E mice developed significantly milder colonic inflammation 

compared to Rag1-/- mice, shown by histological scoring. In the left panel of Figure  10B, 

representative hematoxylin & eosin (H&E) stains show that less infiltration of immune 

cells, less crypt loss, less disruption of the mucus layer and less loss of goblet cells was 

detectable in Rag1-/-Ccl17E/E mice. This was represented by an overall significantly lower 

histoscore of 0.3 ± 0.4 in Rag1-/-Ccl17E/E mice compared to 3.5 ± 1.5 in Rag1-/- mice. 

 

Deeper insights into the differences found on macroscopic scale could be provided by 

analysis of mRNA expression levels of cytokines in mLNs as well as colon tissue. As 

shown in Figure  11, there was no remarkable induction of the proinflammatory cytokines 
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IFN-γ, IL-17, IL-6, TNF-α, and IL-22, 5 days after transfer of T cells in both mouse 

strains, as well as no differences between the two mouse strains. 

 

Figure  11: mRNA expression of cytokines in Rag1-/-
 and Rag1-/-Ccl17E/E mice 5 days after T cell 

transfer. mRNA was extracted from colon tissue and real-time qPCR was performed as described in 
Material & Methods section 3.2.9. Induction of mRNA is calculated relative to induction in PBS treated 
mice. (mean ± SD of n = 3 mice) 

This lack of induction of proinflammatory cytokines was in line with the development of 

bodyweight, as up to this time point, mice of both strains still gained weight. As well, there 

were no further signs of inflammation like diarrhea or visible blood in the feces detectable 

at this time. In contrast, as shown in Figure  12A, a stronger induction of IL-12 and IFN-γ 

mRNA could be detected in mLNs of Rag1-/- compared to Rag1-/-Ccl17E/E mice when 

experiments had to be terminated due to weight loss of up to 20 % in the Rag1-/- group.  
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Figure  12: mRNA expression of cytokines in Rag1-/-
 and Rag1-/-Ccl17E/E mice 21 days after T cell 

transfer. mRNA was extracted from single cell suspensions of mLNs or colon tissue and real-time qPCR 
was performed as described in Material & Methods section 3.2.9. (A) Expression of indicated cytokines in 
mLNs of Rag1-/- mice relative to expression in Rag1-/-Ccl17E/E mice. (*P < 0.05; (n = 3) Student’s t-test) (B) 
Expression of indicated cytokines in colon tissue of Rag1-/- or Rag1-/-Ccl17E/E mice relative to expression in 
PBS treated mice. Pooled data of at least three independent experiments are displayed. Each dot represents 
one individual mouse and black crossbars indicate the mean *P < 0.05; **P < 0.01; **P < 0.001;  (n = 9-12) 
Student’s t-test 

Further, as shown in Figure  12B, a significant induction of IFN-γ, IL-12, IL-6, IL-22 and 

TNF-α could be detected at that time point (days 19-21) in colon tissue of Rag1-/- mice, 
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which was significantly higher than in Rag1-/-Ccl17E/E mice. IL-23 and IL-23R mRNA 

levels in Rag1-/- mice were still comparable to the expression in PBS control mice; 

however, expression levels of IL-23R significantly deceased in Rag1-/-Ccl17E/E mice. 

 

Taken together, lymphopenic mice lacking CCL17 expression showed reduced 

susceptibility to colitis induction by transfer of naïve T cells. In both models, DSS 

treatment and T cell transfer, protection from colitis was demonstrated by bodyweight 

development and histological analysis, as well as cytokine profiling in mLNs and colon 

tissue. 
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4.4 Protection from severe colitis in lymphopenic mice after 
transfer of Ccr4-/- T cells 

As mentioned in the introduction, it was shown that the predominant cause of action of 

CCL17 is to attract T cells to sites of inflammation via CCR4 interaction180, 181. For that 

reason, the T cell transfer model was considered to be most suitable to investigate effects 

of CCL17 on colitis development. Therefore, the following in vivo studies were conducted 

exclusively in the T cell transfer model of colitis. 

 

By demonstrating on clinical, histological as well as cytokine production level that mice 

lacking CCL17 are protected from both, acute and chronic intestinal inflammation, first 

insights into the role of CCL17 during intestinal inflammation were gained. However, one 

would expect that, especially in the T cell transfer model, a recruitment defect of the 

transferred T cells, expressing the receptor for CCL17 (CCR4), would be the main 

underlying effect causing the observed differences. To investigate this hypothesis, T cells 

isolated from donor mice deficient of CCR4 (Ccr4-/-) were transferred into Rag1-/- in  

Rag1-/-Ccl17E/E mice. Yet, as shown in Figure  13A, the difference and overall outcome of 

colitis induction was not affected when Ccr4-/- T cells were transferred instead of WT T 

cells, indicating that CCR4 expression on the transferred T cells is neither influencing the 

colitis induction in Rag1-/- nor the protection in Rag1-/-Ccl17E/E mice. Along this line, no 

difference in the recruitment of CD4+ T cells to the mLNs could be detected 5 days after 

transfer of WT T cells (Figure  13B). 21 days after T cell transfer, when colitis was most 

active in Rag1-/- mice, there were also no differences in the frequency of T cells in the 

mLNs as well as the IEL and LPL fraction of the colon detectable (Figure  13C). These 

data indicate that a recruitment defect of the transferred T cells is not the underlying effect 

leading to the protection of Rag1-/-Ccl17E/E mice. 
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Figure  13: Influence of CCR4 expression on transferred T cells and distribution of T cells after 
transfer. (A) Course of bodyweight of Rag1-/- and Rag1-/-Ccl17E/E mice after transfer of Ccr4-/- T cells or 
WT T cells. (###P < 0.001(WT T cell transfer); ***P < 0.001(Ccr4-/- T cell transfer);  (n = 4) Student’s t-test) 
(B and C) Percentage of CD4+ T cells after transfer of WT T cells in indicated organs and fractions 5 days 
(B) and 21 days (C) after transfer. B and C: one representative of at least three independent experiments is 
shown (n = 3). 

In contrast, when WT T cells were transferred into Rag1-/-Ccr4-/- mice, a significantly 

reduced colitis induction compared to Rag1-/- mice could be detected (Figure  14). This 

protection of Rag1-/-Ccr4-/- mice indicated that a different cell type than T cells which 

failed to respond to CCL17 in the absence of CCR4 was probably responsible for 

protection of Rag1-/-Ccl17E/E mice. 
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Figure  14: Course of bodyweight of Rag1-/- and Rag1-/-Ccr4-/- mice after transfer of WT T cells. WT T 
cells were transferred into Rag1-/- and Rag1-/-Ccr4-/- mice and bodyweight was measured at the indicated time 
points after transfer. *P < 0.05; (n = 4) 

 

Thus, the possibility that a different recruitment of DCs might be this factor was tested. For 

this purpose, the distribution of DCs in untreated mice was assessed. In Figure  15A it is 

shown that no initial differences in the presence of DCs were detectable in mLNs as well 

as IEL and LPL fractions of the colon in the steady state. Along this line, although a 

general increase in frequencies of DCs was detected 21 days after T cell transfer, no 

difference between Rag1-/- and Rag1-/-Ccl17E/E mice was measurable at this time point 

(Figure  15B), indicating that the lack of CCL17 did not affect the recruitment of total DCs 

in both, mLNs or colon fractions. Furthermore, peritoneal lavage was used to investigate if 

differences in the recruitment of DCs, or other effector cells of the innate immune response 

like CD11b+ macrophages might be occurring in the absence of CCL17. However, as 

shown in Figure  15C, using this method no differences were observed between WT and 

Ccl17E/E mice. 
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Figure  15: Steady state distribution and recruitment of DCs in WT and CCL17 deficient mice. (A and 
B) Percentage of CD11c+ dendritic cells in steady state mice (A) (n = 4) and Rag1-/- and Rag1-/-Ccl17E/E mice 
21 days after T cell transfer (B) (n = 3). (C) FACS plots of peritoneal lavage cell isolates, stained with 
CD11c and CD11b, 4 days after 1 ml 4 % thioglycolate had been injected intraperitoneally. 

In summary, altered recruitment of total DCs or transferred T cells is not the mechanism 

that accounts for the protection of mice lacking CCL17. This was demonstrated by: (1) 

transfer of Ccr4-/- T cells; (2) analysis of the distribution of DCs in the mLNs and colon 

fractions; and (3) by peritoneal lavage to test general recruitment of immune cells to sites 

of inflammation upon thioglycolate treatment.  
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4.5  Enhancement of DC-cytokine production by CCL17 

In recent publications, it was suggested that chemokines can act like cytokines by directly 

inducing activation of target cells expressing the corresponding receptor. For example, 

CX3CL1 and CCL2 have been shown to induce IL-12 production in macrophages and bone 

marrow derived dendritic cells (BMDCs), respectively215, 216. Since I showed that the 

recruitment of T cell via CCR4, the receptor for CCL17 did not influence colitis induction 

in the T cell transfer model, and no difference in the recruitment of DCs could be detected, 

the hypothesis that CCL17 might directly induce the production of cytokines was tested. 

 

Hence, BMDCs, expressing the receptor CCR4, were stimulated with LPS (TLR4 ligand) 

or Pam3Cys (TLR2 ligand). As shown in Figure  16, no differences in the expression of the 

costimulatory molecules CD40, CD80 and CD86, as well as MHCII-expression could be 

detected after stimulation with LPS for 24 h in both groups.  

Figure  16: Expression of costimulatory molecules on BMDCs stimulated with LPS. BMDCs were 
stimulated with 100 ng/ml LPS for 24 h. Expression of the costimulatory molecules CD40, CD80 and CD86, 
as well as MHCII was measured by FACS analysis. Light gray histograms represent fluorescence minus 1 
staining. Dark gray histograms represent staining of the indicated markers. MFI of the markers of the positive 
cells is indicated in each histogram, including the percentage of positive cells. Representative FACS analyses 
of three independent experiments are displayed. 

However, when BMDCs were stimulated with LPS or Pam3Cys for 6 h, markedly reduced 

induction of IL-12p35, IL-23p19 and IL-10 mRNA could be detected in BMDCs isolated 

from Ccl17E/E mice (Ccl17E/E DCs) compared to BMDCs isolated from WT mice (Figure  

17). 
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Figure  17: Induction of cytokine mRNA after stimulation of BMDCs with TLR2/4 agonists. BMDCs 
were stimulated with either 100 ng/ml LPS (A) or 100 ng/ml Pam3Cys (B) for 6 h. mRNA was isolated using 
TRIzol. Real-time qPCR was performed as described in Material & Methods section 3.2.8 and induction 
levels were calculated relative to unstimulated controls. mean ± SD is shown (n = 3); (*P < 0.05; ** P < 0.01) 

Moreover, when Ccl17E/E DCs were stimulated with LPS in the presence of recombinant 

mouse (rm) CCL17, a dose dependent induction of IL-12p40 by rmCCL17 could be 

detected. Yet, this induction was only detectable when LPS was present (Figure  18). In 

conclusion, these stimulation experiments suggest that CCL17 has an autocrine effect on 

the DCs which were producing the chemokine in the first place. 

 

Figure  18: Stimulation of Ccl17E/E DCs with combinations of rmCCL17 and LPS. Ccl17E/E-DCs were 
stimulated with or without 10 ng/ml LPS and in the presence of increasing amounts of rmCCL17 as 
indicated. Mean ± SD of stimulations performed in triplicates are displayed. One of two independent 
experiments is shown. 
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This autocrine effect of rmCCL17, driving the induction and production of cytokines, 

might be directly mediated via its receptor CCR4. To test this, LPS-induced induction of 

cytokines in BMDCs isolated from Ccr4-/- mice (Ccr4-/- BMDCs) was compared to 

induction in WT BMDCs. As shown in Figure  19A, a reduced induction of IL-23p19 and 

IL-10 mRNA in Ccr4-/- BMDCs compared to WT BMDCs could indeed be detected. 

However, this was not true for IL-12p35 mRNA at this timepoint. But, as shown in Figure  

19B, a reduced production of IL-12p40 was detected in Ccr4-/- BMDCs compared to WT 

BMDCs. 

Figure  19: Comparison of cytokine production/induction in Ccr4-/- BMDCs compared to WT BMDCs. 
Ccr4-/- BMDCs and WT BMDCs were stimulated with 100 ng/ml LPS for 6 h (A) for mRNA induction of 
the indicated cytokines, or for 24 h (B) for production of IL-12p40. Mean ± SD of stimulations performed in 
triplicates are displayed. One representative of two independent experiments is shown. 

Taken together, the in vitro stimulation experiments using BMDCs showed that CCL17 

can act in an autocrine manner on the DCs themselves. This autocrine effect drives 

cytokine production by DCs, and is, at least in part, dependent on CCR4 expression on the 

DCs. 
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4.6 T cell activation by WT and Ccl17E/E DCs 

The autocrine effect of CCL17 seen in in vitro stimulation experiments using BMDCs 

(depicted in Figure  17, Figure  18 and Figure  19) demonstrates that CCL17 is driving the 

production of proinflammatory cytokines. T cells are activated and influenced by DCs and 

the cytokines secreted by them. Therefore, coculture experiments were performed to get 

insights whether the reduced induction of cytokines in Ccl17E/E DCs affects the 

differentiation and activation of T cells.  

 

Indeed, as shown in Figure  20A, reduced amounts of IFN-γ were detected in supernatants 

of T cells cocultivated with Ccl17E/E BMDCs. This was in line with a slightly reduced 

induction of T-bet, a transcription factor crucial for TH1 T cell differentiation (Figure  

20B). In contrast, no difference in IL-17 production could be detected in T cell cocultured 

with WT compared to Ccl17E/E BMDCs (Figure  20C).  

Figure  20: Differentiation of T cells cocultivated either with WT-BMDCs or Ccl17E/E-BMDCs. 
CD4+/CD62L+ MACS isolated T cells were cocultivated with either WT-BMDCs or Ccl17E/E-BMDCs in the 
presence of 5 µg/ml pOVA and 100 ng/ml LPS for 4 days. (A) IFN-γ production was measured in coculture 
supernatants after 4 days of culture by ELISA. (B) mRNA expression levels of cell pellets were calculated 
relative to expression level in untreated CD4+/CD62L+ MACS isolated T cells. (C) IL-17 production was 
determined in coculture supernatants after 4 days of culture by ELISA. (A) Mean ± SD of 4 experiments is 
displayed. (B and C) One representative of two independent experiments is shown. (*P < 0.05; Student’s t-
test) 

If the autocrine effect of CCL17 also affects the differentiation of IL-17 producing TH17 

cells can only be investigated in in vitro coculture systems with BMDCs or splenic DCs 

when additional cytokines, driving TH17 differentiation, are added. However, as it was 
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hypothesized that the autocrine loop of CCL17 affects the cytokine production itself, a 

different approach was chosen. DCs isolated directly from mLNs (mLNDCs) of either WT 

(WT mLNDCs) or Ccl17E/E mice (Ccl17E/E mLNDCs), pretreated with LPS for 16 h, were 

cocultivated with T cells. In Figure  21A, it is shown that T cells cocultivated with WT 

mLNDCs produce higher amounts of IL-17 than T cells cocultivated with Ccl17E/E 

mLNDCs. Additionally, these T cells show a higher expression of rorc encoding RORγt, 

the transcription factor driving TH17 differentiation (Figure  21B). In contrast to the in 

vitro coculture system, no effect on IFN-γ production could be detected in this ex vivo 

setting (Figure  21C). 

 

 

Figure  21: Differentiation of T cell cocultivated with either WT mLNDCs or Ccl17E/E mLNDCs. 
CD4+/CD62L+ MACS isolated T cells were cocultivated with either WT mLNDCs or Ccl17E/E mLNDCs in 
the presence of 5 µg/ml pOVA and 100 ng/ml LPS for 4 days. (A) IL-17 production was measured in 
coculture supernatants after 4 days of culture by ELISA. (B) mRNA expression levels of cells were 
calculated relative to the expression level in untreated CD4+/CD62L+ MACS isolated T cells. (C) IFN-γ 
production was measured in coculture supernatants after 4 days of culture by ELISA. (A) Mean ± SD of 4 
experiments is displayed. (B and C) One representative of two independent experiments is shown. (*P < 
0.05; Student’s t-test) 

These in vitro results which show that CCL17 drives T cell differentiation, most probably 

by influencing cytokine production of DCs (as shown in Figure  17, Figure  18 and Figure  

19) gave first insights into the mechanisms responsible for the colitogenic effect of 

CCL17. Further evidence that this actually takes place in vivo is provided by the increased 

mRNA levels of IL-17 and IFN-γ found in Rag1-/- mice compared to Rag1-/-Ccl17E/E mice 

(Figure  12). More evidence that this difference is due to an enforced TH1/TH17 

differentiation of the transferred T cells in CCL17 competent mice could be obtained by 



RESULTS 

54 

 

direct analysis of the T cells in vivo. In fact, as demonstrated by FACS analysis (Figure  

22A), increased percentages of IFN-γ and IL-17 producing T cells could be detected in 

Rag1-/-Ccl17E/WT mice, compared to Rag1-/-Ccl17E/E mice.  

 

Figure  22: Intracellular IL-17 and IFN- γ staining after T cell transfer. (A) Cells of the mLNs, colonic 
fractions (IELs & LPLs) and the spleen were stained for the membrane bound T cell markers CD4 and CD3ε 
and intracellularly for the cytokines IFN-γ and IL-17. CD4/CD3ε double positive gated T cells are shown in 
the representative dot plots with percentages indicated in the respective quadrants. (B) Data of three 
independent experiments were pooled and statistical analysis was performed (n = 9-12; *P < 0.05; ** P <0.01).  

Especially, IFN-γ single positive T cells were significantly more prominent in mLNs (38.4 

± 8.2 vs. 27.1 ± 10.3), the IEL fraction (13.1 ± 5.4 vs. 8.0 ± 6.2) and the LPL fraction (30.6 

± 14.8 vs. 16.7 ± 9.0) of the colon and the spleen (29.5 ± 11.5 vs. 10.4 ± 6.5) of Rag1-/-

Ccl17E/WT mice than Rag1-/-Ccl17E/E mice. IL-17 single positive cells were only present in 

higher numbers in IEL fractions of the colon (1.3 ± 0.7 vs. 0.5 ± 0.2) and the spleen (2.0 ± 

0.8 vs. 1.1 ± 0.3) of Rag1-/-Ccl17E/WT mice. However, IL-17/IFN-γ double positive cells 

were significantly more prominent in the mLNs (6.8 ± 2.2 vs. 4.1 ± 1.7), the spleen (2.1 ± 
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1.5 vs. 0.4 ± 0.2) and the LPL fraction of the colon (3.1 ± 2.4 vs. 1.3 ± 1.2) of Rag1-/-

Ccl17E/WT mice, than Rag1-/-Ccl17E/E mice (Figure  22B). 

 

Taken together, the results obtained throughout the study lead to the model that CCL17 is 

produced by DCs, acts on DCs in an autocrine and/or paracrine loop leading to the 

production of proinflammatory cytokines, which are finally inducing TH1/TH17 

differentiation of naïve T cells (Figure  23). 

 

Figure  23: Proposed model of colitis driving effect of CCL17. CCL17, which is produced by DCs acts in 
an autocrine loop on the DCs themselves. This is driving the production of the cytokines IL-12 and IL-6/23, 
leading to an increased differentiation of inflammatory TH1/TH17 cells. All over, this chain of events is 
amplifying the induction of colitis.  
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4.7 Foxp3-dependent longterm protection of Rag1-/-Ccl17E/E 
mice  

So far, it could be demonstrated that Rag1-/-Ccl17E/E mice are protected from severe colitis 

at the timepoint, when Rag1-/- mice were severely ill. This was shown by analysis of 

bodyweight and histology, as well as immunological analysis (mRNA expression analysis 

and intracellular staining of cytokines). However, the differences might only be due to a 

delayed onset of colitis in Rag1-/-Ccl17E/E mice. To investigate this possibility, longterm 

experiments were performed. As demonstrated by bodyweight assessment (Figure  24), 

Rag1-/-Ccl17E/E mice were protected from severe colitis up to 47 days after T cell transfer. 

Although the mice slightly lost bodyweight, they did not reach sacrificing criteria, namely 

a loss of 20 % of their bodyweight. In addition, no other signs of severe colitis like visible 

blood in the feces or heavy diarrhea developed. 

 

Figure  24: Course of bodyweight in Rag1-/- and Rag1-/-Ccl17E/E mice. Colitis was induced in Rag1-/- and 
Rag1-/-Ccl17E/E mice by T cell transfer. Colitis activity was monitored by bodyweight assessment. n = 3 mice 
per group.  

Taken together, these results indicate that Rag1-/-Ccl17E/E mice are indeed protected from 

severe colitis. 

 

It is known that regulatory T cells (Treg cells) are very important in keeping immune 

responses in balance. For example, Treg cells limit the proinflammatory responses of TH1 as 

well as TH17 cells, leading to an overall downregulation of proinflammatory mediators, 

which results in a termination of immune responses. Effectively, Treg cells can limit tissue 



RESULTS 

57 

 

damage caused by an overreactive immune response. Foxp3-expressing Treg cells  are very 

well characterized, especially in this context of intestinal immune regulation. As shown in 

Figure 5, a fraction of around 6-8 % of Foxp3+ Treg cells was detectable in CD4+/CD62L+ 

MACS sorted T cells which were transferred. This fraction was stable after one day of 

transfer in mLNs, but very rapidly decreased in Rag1-/- mice to 1.4 % ± 0.2 (day 21). In 

contrast, this fraction only decreased to a significantly lower extend in Rag1-/-Ccl17E/E 

mice to 3.8 % ± 1.2. Moreover, the percentage of Foxp3+ Treg cells further increased in 

Rag1-/-Ccl17E/E mice to 14.8 % ± 2.4 at day 47 (Figure  25A). 

Figure  25: Foxp3+ Treg cells in mLNs as well as colon fractions and Foxp3 mRNA expression in the 
colon of Rag1-/- and Rag1-/-Ccl17E/E mice reconstituted with T cells. (A) Percentage of Foxp3+ T cells 
before transfer (day 0) and at indicated time points. Percentages were determined by FACS analysis. (n = 3) 
(B) Representative FACS plots of intracellular Foxp3 expression in T cells in IEL and LPL fractions of the 
colon. (C) Foxp3 mRNA expression in the colon relative to PBS control mice in Rag1-/- and Rag1-/-Ccl17E/E 
mice at the indicated time points. (n = 5). (*P < 0.05; **P < 0.01) 

The differences observed on day 21 after transfer in the mLNs could also be detected in the 

colon fraction by FACS analysis (Figure  25B). Higher mRNA expression levels of Foxp3 

were detected in the colon (after 21 days), with a significant increase on day 47 (Figure  

25C), consistent with expansion of the Treg population at this site. Moreover higher levels 
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of mRNA of tgf-β1, csf2 (GMCSF) and aldh1a2 (enzyme converting retinaldehyde to 

retinoic acid) could be detected in colon tissue of Rag1-/-Ccl17E/E mice 21 days after T cell 

transfer (Figure  26).  

 

Figure  26: Expression of Foxp3-driving transcription factors in colon tissue of Rag1-/-and Rag1-/-

Ccl17E/E mice. mRNA was extracted from colon tissue and real-time qPCR was performed as described in 
Material & Methods section 3.2.9. Induction of mRNA is calculated relative to the induction in PBS treated 
mice. Mean ± SD of n = 3 mice is displayed. 

 

The factors described and analyzed above have been shown to be produced by CD103+ 

DCs, which were described to have a high capacity to induce Foxp3+ Treg cells86, 217. 

Analysis of CD103 expression on DCs in the IEL and LPL fractions of the colon revealed 

that higher frequencies were present in Rag1-/-Ccl17E/E mice in the LPL fraction (65.7 % 

vs. 20.8 %) as well as the IEL fraction (92.6 % vs. 45.3 %) when compared to the 

frequencies in Rag1-/- mice (Figure  27) at day 47 in Rag1-/-Ccl17E/E mice compared to day 

21 in Rag1-/- mice. 
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Figure  27: CD103 expression on DCs of Rag1-/-and Rag1-/-Ccl17E/E mice. CD103 expression on CD3ε-

/CD11c+ colonic DCs was determined by FACS analysis at the indicated time points after T cell transfer into 
Rag1-/-and Rag1-/-Ccl17E/E mice. Light gray histograms represent negative control staining. Numbers indicate 
percentage of CD103+ cells. One representative staining from 4 mice in each group is shown. 

Figure  28: Foxp3 expression in T cells cocultivated with mLNDCs under Treg driving conditions. 
CD4+/CD62L+ MACS isolated T cells were cocultivated with either WT mLNDCs or Ccl17E/E mLNDCs in 
the presence of 5 µg/ml α-CD3ε, 200 U/ml IL-2 and 5 ng/ml TGF-β for 4 days. Foxp3 expression in CD4+ T 
cells is shown in the dot plots. Numbers represent percentage of gated Foxp3+ T cells. One of 4 independent 
experiments with comparable differences is shown. 
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Furthermore, ex vivo coculture of CD4+/CD62L+ T cells with mLNDCs revealed a higher 

capacity of mLNDCs isolated from Ccl17E/E mice to induce Foxp3 expression in T cells 

under Treg driving conditions (5 µg/ml α-CD3ε, 200 U/ml IL-2 and 5 ng/ml TGF-β added 

to the coculture) (Figure  28). 

 

Additionally, a higher steady state mRNA expression of Foxp3 could be detected in mLNs 

of untreated Ccl17E/E compared to C57BL/6 mice (Figure  29). 

Figure  29: Steady state Foxp3 mRNA expression in C57BL/6 vs. Ccl17E/E mice. Real-time qPCR was 
performed from single cell suspensions of mLNs and whole colon tissue on total RNA isolated using TRIzol.  
Expression in Ccl17E/E mice is calculated relative to the expression in C57BL/6 mice. (*P < 0.05; n = 3) 

The observed expansion of the Foxp3+ Treg population in the colon and the mLNs, might 

be responsible for the prevention of severe colitis in Rag1-/-Ccl17E/E mice in longterm 

experiments. To investigate this, Foxp3-depleted T cells were transferred into Rag1-/- and 

Rag1-/-Ccl17E/E mice. For this purpose, DEREG 23.2 mice were used. These mice express 

the diphteria toxin (DT)-receptor in Foxp3+ cells. Thus, by injecting DT all Foxp3+ cells 

are depleted. As shown in Figure  30, only 0.6 % of the initially 6-8 % Foxp3+ cells 

remained in the MACS sorted T cells after DT treatment. 
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Figure  30: CD4+/CD62L+ MACS sort of WT and diphtheria toxin treated DEREG 23.2 mice. Left 
panel: Percentage of Foxp3+ CD4+/CD62L+ T cells after MACS sorting from WT mice. Right panel: 
Percentage of Foxp3+ CD4+/CD62L+ T cells after MACS sorting from DEREG 23.2 mice 36 h after i.p. 
injection of 500 ng diphtheria toxin. 

As shown in Figure  31, the transfer of these Foxp3-depleted T cells resulted in a more 

rapid colitis induction in Rag1-/- mice compared to Rag1-/-Ccl17E/E mice (difference at day 

17), which was in accordance to the previous differences detected when Treg containing T 

cells were transferred. However, Rag1-/-Ccl17E/E mice were no longer protected from 

severe colitis at later timepoints, demonstrated by a weight loss to 85.2 % ± 3.9 of the 

initial bodyweight at day 25, which was significantly less bodyweight compared to the 

bodyweight of Rag1-/-Ccl17E/E mice (100.4 % ± 3.1; P = 0.006) which had received T cells 

containing initially 6-8 % Foxp3+ T cells. 

Figure  31: Course of bodyweight of Rag1-/-and Rag1-/-Ccl17E/E mice reconstituted with Foxp3-depleted 
T cells or Rag1-/-Ccl17E/E mice reconstituted with WT T cells. White filled diamonds represent Rag1-/- 
mice reconstituted with Foxp3-depleted T cells; gray filled diamonds represent Rag1-/-Ccl17E/E mice 
reconstituted with Foxp3-depleted T cells; black filled diamonds represent Rag1-/-Ccl17E/E mice reconstituted 
with WT T cells. *P < 0.05; Rag1-/-Ccl17E/E vs. Rag1-/- mice, both reconstituted with Foxp3-depleted T cells; 
##P < 0.01; Rag1-/-Ccl17E/E mice reconstituted with Foxp3-depleted T cells vs. Rag1-/-Ccl17E/E mice 
reconstituted with WT T cells. 
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In line with the similar loss of bodyweight, no differences in the levels of mRNA induction 

of cytokines could be detected any more (day 17 for Rag1-/- mice; day 25 for Rag1-/-

Ccl17E/E mice; Figure  32). 

 

Figure  32: mRNA expression of cytokines in Rag1-/-
 and Rag1-/-Ccl17E/E mice after transfer of Foxp3-

depleted T cells. mRNA was extracted from colon tissue and real-time qPCR was performed as described in 
Material & Methods section 3.2.9. Induction of mRNA is relative to the induction in PBS treated mice. Rag1-

/- mice were sacrificed after 17 days and Rag1-/-Ccl17E/E mice after 25. Mean ± SD of n = 3 mice is displayed. 

To further investigate if the high frequencies of Foxp3+ T cells detected in Rag1-/-Ccl17E/E 

mice after 47 days (Figure  25A and C) are generated by de novo induction of Treg cells 

rather than an expansion of the cotransferred population, Foxp3 expression was analyzed 

in T cells after transfer of Foxp3-depleted T cells. One would expect an increase in 

frequencies of Foxp3+ Treg cells if a de novo induction is responsible for the high 

frequencies found at day 47. However, as shown in Figure  33, no increase could be 

detected, indicating that an expansion of the cotransferred Treg cells accounts for the high 

frequencies observed at day 47. 

 

On the basis of the results presented here, it can be concluded that CCL17 has a dual 

function in experimental colitis in mice. First, it is driving the proinflammatory 

mechanisms leading to tissue damage. 
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Figure  33: Frequencies of Foxp3-expressing Treg cells after transfer of Foxp3-depleted T cells. (A) 
FACS analysis of CD4+/CD62L+ MACS sorted T cells isolated from DEREG 23.2 mice 36 h after i.p 
injection of 500 ng/ml DT (gated on CD4+ cells). (B) FACS analysis of Foxp3-expression of CD4+ gated T 
cells isolated from colon fractions or mLNs at the indicated time points. Dot plots are representative of 3 
individual mice. 

This action is achieved by an autocrine loop, in which CCL17 is produced by DCs and acts 

on DCs enhancing the capacity of DCs to produce cytokines, such as IL-12 and IL-23, 

which is in turn enforcing TH1/TH17 differentiation of T cells, which finally leads to an 

enhanced colitis development. Secondly, CCL17 is preventing the induction and expansion 

of Foxp3-expressing Treg cells. This is most probably again caused by the autocrine loop, 

which in this case prevents the maintenance of Foxp3 expression by modulating the 

cytokine milieu. This effect affects colitis development by inhibiting the immune 

regulatory mechanisms Foxp3-expressing Treg
 cells are mediating. 
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5 DISCUSSION 

Research in the last two decades has shed much light on pathophysiological mechanisms 

influencing the course of IBD. However, up to date, no defined single trigger could be 

identified. Nonetheless, intensive research led to the development of new therapeutic 

approaches that are efficient in keeping patients in remission. One of the most successful 

attempts was and still is the use of anti-TNF-α antibodies, blocking TNF-α signaling and 

subsequent downstream activation of the immune system. Although this treatment does not 

eliminate the putative cause of the disease, clinical remission and mucosal healing can be 

achieved. Nevertheless, not all patients respond to the treatment with anti-TNF-α 

antibodies and with some patients the therapeutic success vanishes over time. Therefore, 

more research is needed (1) to find new treatments for those patients that do not respond to 

the drugs which are available at the moment and (2) to define the molecular and cellular 

mechanisms that lead to disease onset for a prevention of the disease in the first place.  

 

CCL17, a C-C chemokine that is predominantly produced by conventional DCs, has been 

shown to be upregulated in atopic diseases like dermatitis197-202 and astma203, as well as in 

the microenvironment of tumors and has been described to attract TH2 cells and Treg cells 

in these cases, respectively. Few publications show that CCL17 is also induced during 

Crohn’s disease in patients211, or experimental colitis in mice208-210. Thus, it remains to be 

investigated whether CCL17 might play a role for IBD development and thus might be a 

potential target for treatment of IBD patients. 

 

To address the question if CCL17 has a role during colitis development in mice, I used an 

eGFP knock in mouse model. In this model, eGFP is inserted into the second exon of the 

Ccl17 locus. In heterozygous mice (Ccl17E/WT) this results in a reporter system in which all 

cells that express CCL17 are also expressing eGFP. In homozygous knock in mice 

(Ccl17E/E), all cells that would express CCL17 then express eGFP instead, resulting in a 

global loss of CCL17 production. This mouse model was established by the group of 

Irmgard Förster and published in 2003177. To investigate the role of CCL17 in murine IBD 

models, colitis was induced in mice in two ways. First, by adding DSS, a chemical agent, 

to the drinking water and secondly, by transferring naïve CD4+/CD62L+ T cells into 

lymphopenic mice lacking the Rag1 gene (Rag1-/-). In both models, Ccl17-deficient mice 

were protected from severe colitis. Colitis activity was measured by bodyweight 
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assessment and histological analysis of colonic inflammation. Furthermore, cytokine 

profiling was performed on mRNA level in the mLNs as well as colon tissue. In both 

models, proinflammatory cytokines were markedly reduced in Ccl17-deficient mice. 

Additionally, in the T cell transfer model infiltration of effector T cells (TH1/TH17) into the 

spleen, the mLNs and colon fractions was reduced in Ccl17-deficient mice. Functional 

analysis of the CCL17 producing DCs was performed in in vitro stimulation experiments, 

and the effects of CCL17 on T cell differentiation were examined in in vitro and ex vivo 

coculture setups, demonstrating a proinflammatory role for CCL17. Longterm immune 

regulation in Ccl17-deficient mice was assessed and functionally addressed using DEREG 

23.2 mice (described in section 3.2.1), revealing that Treg cells are essential for longterm 

protection in Rag1-/-Ccl17E/E mice. 

 

5.1 Colitis induction method 

Colitis can be induced in mice in several ways. On the one hand there are model systems in 

which a genetic manipulation of the mice leads to spontaneous colitis development over 

time. This is the case in Tnf∆ARE mice, that lack mRNA stability control of TNF-α mRNA, 

leading to uncontrolled overproduction of TNF-α and subsequent induction of 

inflammation foremost in the ileal part of the intestine133. On the other hand, colitis can be 

induced in mice by causing injury to the epithelium, resulting in bacterial infiltration and 

consequential induction of inflammatory processes. This can be achieved by adding DSS 

to the drinking water. Another approach uses the transfer of naïve T cells into lymphopenic 

mice, which lack T cells  

 

In this thesis, the DSS and the T cell transfer induced colitis models were used to 

investigate the role of CCL17 in intestinal inflammation. These two models will be 

discussed in the following. 

 

5.1.1 T cell transfer colitis 

In 2000, it was shown by Atreya et al., that the transfer of CD4+/CD62L+ T cells into 

recipient mice led to a rapid loss of bodyweight (~ 20 % after 18 days) as well as severe 

colonic inflammation136. In contrast to the model system previously published by Powrie et 

al. in 1993, in which the transfer of CD4+/CD45RBhigh T cells led to a loss of bodyweight 
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within 12 weeks128, the CD4+/CD62L+ T cells transfer model established by Atreya et al. is 

faster. This might be caused by a more effective homing and entry of the transferred T 

cells into mLNs and colon lamina propia via CD62L-MadCAM or CD62L-GlyCAM 

interactions at high endothelial venules, which are crucial in this process78. Another 

difference between the models is the percentage of Foxp3+ Treg cells that are initially 

cotransferred. In the CD4+/CD45RBhigh T cells transferred by Powrie et al. very few Treg 

cells are present initially (< 0.5 %)218, while the CD4+/CD62L+ T cells harbor a fraction of 

around 6 to 8 % Treg cells. This is of special interest because Treg cells have been shown to 

be able to inhibit colitis induction by T cell transfer, when about 30 % of the transferred T 

cells are Treg cells140, or to reverse an established colitis when transferred at later time 

points37. However, as demonstrated in Rag1-/- mice, the cotransfer of around 6 to 8 % Treg 

cells did not prevent colitis induction in the experiments conducted during this project. For 

instance, this might be caused by a rapid decrease in the proportion of Foxp3+ Treg cells or 

even conversion of Treg cells into effector T cells, detected in the mLNs and colon fractions 

of Rag1-/- mice, or simply because the numbers were too low to efficiently suppress the 

induction and proliferation of proinflammatory cells like TH1/TH17 cells. In general, the 

cotransferred Treg cells are not expanded along with effector T cells and thus, their 

frequency decreases, allowing colitis development. This model, however, offers the chance 

to assess the role of Treg cells in T cell mediated colitis. 

 

5.1.2 Dextran sulfate sodium (DSS) colitis 

While one published protocol suggests to add 2 % (w/v) DSS to the drinking water for 8 

days, which results in colonic inflammation with a loss of bodyweight first detectable 8 

days after starting DSS application219, I used a dose of 4 % (w/v) DSS for a period of 5 

days. Recent publications reported that colitis induction by DSS varies a lot between 

mouse strains220 and colonization state of the mice221, 222. In our experiments, using 4 % 

(w/v) DSS for 5 days led to reproducible results. This system is characterized by a rapid 

loss of bodyweight starting already 5 days after initial DSS application. Consequently 

C57BL/6 wild type mice lost up to 20 % bodyweight after approximately 7 days and had to 

be sacrificed, according to German animal care and ethics legislation.  

 

The two models, the T cell transfer colitis model and the DSS model, were used to 

investigate the role of CCL17 in murine experimental colitis. The T cell transfer model 
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was chosen because the function of CCL17 was reported to be the attraction of T cells194, 

197-199, 203, 204. Thus, potential effects of CCL17 on T cells during colitis development could 

be investigated in a more sophisticated way using this model. The DSS model was used to 

investigate if CCL17 might have other effects apart from effects on T cells, for example 

such as on innate immune regulation during intestinal inflammation, which can be 

investigated in the DSS model, as this model of intestinal inflammation was described to 

be independent of the adaptive immune system223. 

 

5.2 CCL17-dependent colitis activity  

5.2.1 Clinical and histological assessment of colitis activity 

In order to investigate the role of CCL17 during induction and maintenance of intestinal 

inflammation in mice, it was of fundamental importance to demonstrate that CCL17 is 

indeed upregulated on protein level during inflammatory processes in the intestine, as well 

as the mLNs, draining the intestine. Previous reports had shown that Ccl17 mRNA 

expression is upregulated in the colon tissue during murine experimental colitis208-210. 

Using the reporter mouse system I could show that CCL17 expression in DCs is in fact 

upregulated in both models, the DSS and the T cell transfer induced colitis. While a basal 

CCL17 expression was measurable already before colitis induction, a strong increase was 

measured during active disease, reflected in a higher percentage of DCs expressing 

CCL17-eGFP. This correlation was clearly demonstrated in the T cell transfer model, 

where no CCL17 upregulation was detectable 5 days after transfer when no signs of illness 

were visible. Furthermore, I could show that CCL17 is exclusively produced by 

CD11c+/CD11b+/MHCII+/F4/80low/- DCs in the colon, which is in line with previous 

reports, showing that CCL17 is produced by CD11b+ cutaneous196 and mLN177 DCs, as 

well as in DCs within atherosclerotic lesions206.  

 

In both colitis models, CCL17 was crucial for the induction of severe colonic 

inflammation. This could be demonstrated by higher loss of bodyweight, stronger 

inflammation in the colon, as well as higher induction of proinflammatory cytokines in 

mice capable of CCL17 production. Assessment of bodyweight was the primary clinical 

endpoint applied to assess disease activity throughout the experiments. In general, 

bodyweight loss in murine models of colitis is caused by heavy diarrhea, resulting in water 
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loss, accompanied by a loss of the integrity of the intestinal tract219, 224. In the DSS model, 

mice lacking CCL17 are not completely protected from induction of this inflammatory 

processes. This is reflected by the finding that Ccl17E/E mice also lose weight during the 

experiment (93.8 % ± 2.7 % of initial bodyweight at day 7). Similarly, in the T cell transfer 

model of colitis, Rag1-/-Ccl17E/E mice do not gain weight (100.1 ± 6.4 at day 21 after T cell 

transfer), as would be expected in completely healthy animals and inflammatory cytokine 

production was induced, although at much lower levels than in Rag1-/- mice. 

 

In the DSS as well as the T cell transfer model, histological scoring of colon sections was 

performed to demonstrate that reduced colitis activity was in fact the basis for reduced 

weight loss in Ccl17E/E mice. While nearly no signs of inflammation were observed in 

Rag1-/-Ccl17E/E mice 21 days after T cell transfer, Ccl17-deficient mice exposed to DSS 

showed signs of inflammation at day 7. This difference can be caused by the different 

impact the two models have. In the DSS model, DSS initially causes damage to the 

intestinal epithelial layer by inducing apoptosis in epithelial cells.219. This leads to 

infiltration of bacteria into the mucosa due to barrier break down with subsequently acute 

inflammation as the result. While CCL17 seems to promote the resulting inflammatory 

processes leading to bodyweight loss, the initial damage, which is also reflected in the 

histological score, cannot be entirely prevented by the absence of CCL17. In comparison, 

the T cell transfer model of colitis is driven by activation of the naïve T cells transferred 

into recipient mice, reflecting an immunologically induced model. Thus, histological 

changes could be prevented in Ccl17-deficient mice in the T cell transfer model where 

inflammatory cytokines and chemokines are the driving factors of inflammation. 

 

5.2.2 Role of cytokines and T cell differentiation 

In the DSS model, especially TNF-α225, 226, IL-6227, but also IL-12228, IFN-γ228 and IL-23229 

have been implicated to drive disease severity. However, neither TNF-α nor IL-6 nor IL-23 

were differentially regulated on mRNA levels in C57BL/6 compared to Ccl17E/E mice 

treated with DSS. Yet, IL-12 in the mLNs as well as IFN-γ in the colon were significantly 

stronger induced in C57BL/6 mice, but not vice versa. On the one hand, one might argue 

that the increased levels of IL-12 in the mLNs mediate an enhanced activation of TH1 cells. 

These TH1 cells might then migrate to the colon, the site of inflammation, where they 

produce IFN-γ. Although acute DSS colitis can be induced in the absence of T and B 
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cells223, one report showed reduced susceptibility of Rag1-/- mice to low dose DSS (1.5 % 

w/v)230. In line with this report, recent publications clearly implicate a role for TH1/TH17 

cells in this model231. On the other hand, high levels of IFN-γ could also be produced by 

macrophages, which have been reported to be infiltrating the colonic mucosa during acute 

DSS induced colitis in mice and to produce high amounts of the cytokine232. Another 

source for IFN-γ might also be NK cells233, which have been reported to be present in the 

intestinal lamina propria234. 

 

Since the T cell transfer model resembles a more chronic inflammation, it is suitable to 

investigate longterm effects on T cell differentiation as well as regulatory mechanisms. In 

this model, many cytokines could be demonstrated to be upregulated in colon and mLNs 

during colitis as observed in the DSS model. About 21 days (± 2 days) after T cell transfer, 

when Rag1-/- mice had to be sacrificed due to severe weight loss and showed severe 

intestinal inflammation, higher levels of IL-12p35 and IFN-γ could be detected in mLNs of 

Rag1-/- mice, which have both been implicated to drive colitis development235. However, 

although IL-17A and IL-23 have also been associated with colitis induction236, IL-17A and 

IL-23 mRNA levels in mLNs were at comparable levels in both groups. In colon tissue, 

however, mRNA levels of IL-6, IL-17, IL-22, IFN-γ and TNF-α, as well as IL-23R were 

either much stronger induced, or at least not downregulated, respectively, in Rag1-/- 

compared to Rag1-/-Ccl17E/E mice.  

 

As mentioned above, TNF-α has been shown to be upregulated and crucial in the DSS 

model of colitis. Furthermore, induction of TNF-α has also been implicated in T cell 

transfer colitis and treatment with anti-TNF-α antibodies in this setting resulted in reduced 

T cell infiltrates in colon tissue as well as reduced signs of disease237. In line with these 

results, reduced inflammation in Rag1-/-Ccl17E/E mice correlated with reduced induction of 

TNF-α mRNA in colon tissue in my study. 

 

Although recent reports show that IL-12 is not the essential factor driving intestinal 

pathology144, 145, the TH1 differentiation pathway, which is triggered by IL-1247, strongly 

supports the finding that the elevated IFN-γ mRNA levels in the mLNs as well as the 

colon, are caused by induction of TH1 cells. Indeed, high frequencies of IFN-γ producing T 

cells could be detected in both organs as well as the spleen, which were strongly reduced in 

Rag1-/-Ccl17E/E mice.  
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Another very important T cell differentiation pathway in experimental colitis is the 

development of IL-17 producing TH17 cells as well as IFN-γ/IL-17 double producing T 

cells. Both cell types, T cells exclusively producing IL-17 or both IFN-γ/IL-17, have been 

shown to depend on IL-23 signaling via its receptor IL-23R on T cells146, 218, 238. Although 

IL-23 mRNA was not differentially regulated in Rag1-/- mice compared to Rag1-/-Ccl17E/E 

mice, diminished levels of IL-23R expression were detected in Rag1-/-Ccl17E/E mice, 

correlating with lower percentages of both, T cells exclusively producing IL-17 and IFN-

γ/IL-17 double producing T cells. However, the role of TH17 cells has been a matter of 

debate lately and is controversially discussed. Recent reports suggested that IL-17A has a 

protective role in T cell transfer colitis150 and DSS colitis151, while IL-17F-deficient mice 

showed reduced susceptibility to DSS colitis151. In my experiments, reduced proportions of 

both, T cells exclusively producing IL-17 as well as IFN-γ/IL-17 double producing T cells 

could be detected in Rag1-/-Ccl17E/E mice, correlating with diminished signs of 

inflammation. These results provide further evidence that these cell types are mediating the 

inflammation in Rag1-/- mice and demonstrate that CCL17 is critically involved in the 

regulation of TH1/TH17 cell differentiation and/or maintenance. 

 

As the deficiency of CCL17 resulted in reduced percentages of TH1, TH17 as well as IFN-

γ/IL-17 double producing T cells, it might be argued that CCL17 has either a direct or 

indirect influence on T cell differentiation. To get insight into this question, in vitro and ex 

vivo experiments were performed. Although no differences in the expression of the 

common maturation markers of DCs could be detected in WT DCs compared to Ccl17E/E 

DCs, reduced cytokine mRNA expression of IL-12p35 and IL-23 could be measured in 

Ccl17E/E DCs after stimulation with TLR ligands. Recombinant mouse CCL17 directly 

enhanced LPS triggered IL-12p40 production by Ccl17E/E DCs in a dose dependent 

manner, suggesting that signaling downstream of TLRs is amplified by an autocrine action 

of this chemokine. IL-12p40 production in response to LPS was also reduced in Ccr4-/- 

DCs, emphasizing that CCL17 truly acts in an autocrine manner on DCs. Moreover, in 

cocultivation experiments using BMDCs or mLNDCs and T cells, a higher induction of 

TH1 and TH17 cells could be detected when T cells were cultured with WT DCs than 

Ccl17-deficient DCs. This effect can be explained by the greater capacity of WT DCs to 

produce the proinflammatory cytokines IL-12 and IL-23, which have been shown to drive 

TH1 and TH17 differentiation, respectively47, 50. The novel finding that the DC-specific 

chemokine CCL17 acts on DCs in an autocrine manner to enhance inflammatory cytokine 
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production is consistent with other reports showing a similar enhancing activity of the 

chemokines CCL2 and CX3CR1 (fractalkine), accompanied by reduced NF-κB 

expression215, 216. 

 

5.2.3 Recruitment of inflammatory cells  

Apart from a reduced induction of pathogenic T cells in the mLNs and the colon, an altered 

recruitment of inflammatory cells to the colon would seem reasonable as an explanation 

for the differences detected in Rag1-/- and Rag1-/-Ccl17E/E mice. This is likely, as the 

predominant action attributed to chemokines is the attraction of cells bearing the 

corresponding chemokine receptor. In previous studies, CCL17 has been shown to be 

produced by cutaneous DCs177 and to direct recruitment of T cells to the skin239 

 

Thus, the possibility that the reduced inflammation detected in Rag1-/-Ccl17E/E mice might 

be due to a lack of recruitment of the transferred CCR4 expression T cells or DCs to mLNs 

and/or the colon was investigated. However, there was no difference detectable in the 

percentages of T cells in mLNs as well as the colon at various time points. This was also 

true for DCs in untreated Rag1-/- and Rag1-/-Ccl17E/E mice, despite a massive increase in 

the frequencies of DCs mLNs as well as colon fractions. Furthermore, no differences 

between C57BL/6 and Ccl17E/E could be detected with regard to recruitment of innate 

immune cells to the peritoneal cavity after induction of inflammation. In 2007, Yuan et al. 

showed that Ccr4-/- Treg cells failed to accumulate in mLNs at early stages after transfer 

and argued that this lack of recruitment was causative for the loss of protection from 

induction of T cell transfer colitis240. Thus, the possibility that the transfer of Ccr4-/- 

CD4+/CD62L+ T cells might alter the outcome of disease induction was analyzed. 

However, no alteration in disease induction between the transfer of WT or Ccr4-/- T cells 

could be detected. Quite contrary to this assumption, the lack of CCR4 in recipient mice 

even prevented disease induction, promoting the argument that CCR4 expression on innate 

immune cells in recipient mice is required to induce strong inflammation after T cell 

transfer. This result supports the interpretation that CCL17 drives pathogenic T cell 

differentiation via its autocrine action on the DCs, which produce CCL17. 
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5.3 Longterm regulation of inflammation in the absence of 
CCL17 

While the results discussed above, clearly demonstrate a proinflammatory role of CCL17 

during the development of murine colitis by driving TH1/TH17 differentiation, another very 

important aspect, the regulation of intestinal homeostasis by Treg cells, has not been 

addressed so far. To get insights into this possibility, the T cell transfer model was used. 

The advantage of T cell transfer model is that the amount of Treg cells transferred into 

Rag1-/- and Rag1-/-Ccl17E/E mice can be manipulated. 

 

And in fact, investigation of this aspect revealed that the fraction of Treg cells which were 

cotransferred with the CD4+/CD62L+ T cells into Rag1-/- and Rag1-/-Ccl17E/E mice 

developed differently over time. Interestingly, a decrease in the percentage of Treg cells 

could be detected in both groups, whereas after 21 days, this decrease was significantly 

less pronounced in Rag1-/-Ccl17E/E mice, suggesting that Treg cells are maintained in the 

absence of CCL17. This difference correlated with higher mRNA levels of tgf-β (TGF-β), 

csf2 (GMCSF) and aldh1a2 (Aldh1a2) 21 days after T cell transfer in colon tissue of Rag1-

/-Ccl17E/E mice. TGF-β has been shown to directly drive the proliferation and maintenance 

of Foxp3-expressing Treg cells in the gut86. This report also showed that retinoic acid (RA) 

is crucial in this process, which was confirmed later on241. The production of RA by DCs 

has in turn been shown to be mediated by the aldehyde dehydrogenase 1A isoform 2 

(Aldh1a2) and GMCSF (csf2) directly triggers the expression of aldh1a2242. Furthermore, 

GMCSF has been implicated to support Treg expansion, function and tolerance induction243, 

244, whereas IL-23 and IL-6 have been shown to counteract Foxp3+ Treg generation50, 146, 218. 

Both, IL-6 and IL-23 are much stronger induced in Rag1-/- mice 21 days after T cell 

transfer, correlating with lower percentages of Treg cells. The role of CCL17 as a key 

player in this scenario is strongly supported by the higher capacity of Ccl17E/E DCs to 

induce Treg cells in vitro. In line with this, high percentages of Treg cells could be detected 

in mLNs 47 days after T cell transfer in Rag1-/-Ccl17E/E mice, correlating with higher 

levels of CD103+ DCs in the colon, which have been described to promote Treg cells86, 245. 

Additionally, significantly higher levels of Foxp3 mRNA could be detected at that time 

point in the colon, compared to the levels detected 21 days after transfer in Rag1-/- mice, 

reflecting an actual increase in Treg cell numbers. Whether the high percentage of Treg cells 

at day 47 is due to de novo generation or due to expansion of the Treg cells that were still 
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detected on day 21 was addressed by transferring Treg-depleted T cells. Thus, it could be 

shown that at day 25 after T cell transfer, nearly no Treg cells could be detected in mLNs as 

well as colon tissue, indicating that the high percentage at day 47 is due to expansion of the 

Treg cells. Since Rag1-/- mice had to be sacrificed when they had lost 20 % of their 

bodyweight, Treg cells could not be investigated in Rag1-/- mice at that late timepoint. 

However, the transfer of Treg-depleted T cells clearly demonstrated that Treg cells were 

essential for longterm survival of Rag1-/-Ccl17E/E mice. However, Rag1-/- mice still lost 

bodyweight more rapidly, indicating that the proinflammatory effect of CCL17 discussed 

above might be independent of the effects on Treg cells. 

 

A recent study by Weber et al.206 investigated the role of CCL17 in an atheroscleosis 

model, using as well the Ccl17E/E mouse model. Similar to the results I obtained, Ccl17-

deficient mice showed reduced signs of disease in this model. This was accompanied by 

higher percentages of Foxp3+ Treg cells, detected in peripheral lymph nodes and in 

atherosclerotic aortas of Ccl17E/EApoe-/- mice, compared to Ccl17+/+Apoe-/- mice. It was 

also shown that Foxp3+ Treg cells expanded to a higher extent in Ccl17E/E mice and higher 

proportions of Foxp3+ Treg cells were detected in anti-CCL17 treated Ccl17E/E mice in the 

atherosclerosis model. This report supports the finding that the longterm protection from 

colitis detected in Rag1-/-Ccl17E/E mice is indeed mediated by expansion and maintenance 

of Foxp3+ Treg cells in the absence of CCL17. Thus, CCL17 is a proinflammatory mediator 

and regulator of Treg cell homeostasis and as such may be a promising target for IBD 

therapy. 
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5.4 Proposed model for the role of CCL17 in intestinal 
inflammation 

The role of CCL17 during intestinal inflammation in mice as revealed in this study can be 

summarized in a three-step model. 

Figure 34: Proposed model of the dual function of CCL17 in experimental murine colitis. At first, DCs 
are stimulated by bacterial products via their TLRs (i.e. LPS stimulated TLR4) in the colonic mucosa and the 
mesenteric lymph nodes leading to the production of CCL17 by DCs. CCL17 then acts in an autocrine or 
paracrine loop on the DCs themselves resulting in an enhanced production of proinflammatory cytokines, 
such as IL-12 and IL-6/23. On the one hand, this stimulates the development of TH1 and TH17 T cells, which 
are directly driving colitis development. On the other hand, the production of proinflammatory cytokines 
counteracts the induction of regulatory mechanisms, such as preventing the expansion of Foxp3-expressing 
Treg cells. This absence of Treg cells in turn results in the lack of regulatory signals, again favoring colitis 
development. 

The first step is the activation of dendritic cells (DCs) in the colonic mucosa or the 

mesenteric lymph nodes by bacterial triggers via TLR2 or TLR4 activation, leading to the 

upregulation of CCL17. The second step is an enhanced induction of proinflammatory 

cytokines by an autocrine or paracrine loop of CCL17, acting on the DCs via CCR4The 

third step is then on the one hand the induction of TH1/TH17 differentiation by the resulting 

proinflammatory cytokine milieu and on the other hand the inhibition of Treg expansion 

and maintenance by this milieu.  

Finally, these steps, driven by CCL17, are promoting intestinal inflammation, leading 

to colitis development. 
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In conclusion of the data obtained in this study it can be anticipated that the chemokine 

CCL17 might be a promising new target for treatment of IBD patients. Moreover, targeting 

CCL17 might even be favorable in comparison to other drugs, such as anti-TNF-α 

antibodies which are already available. This can be argued because (1) although CCL17 is 

expressed in DCs constitutively, it is not expressed ubiquitously in all organs, thus 

blocking CCL17 with antibodies would not affect the whole organismy, avoiding side-

effects like increased risk of infections. (2) CCL17 is reported to be upregulated and 

crucial only in a limited number of diseases in a locally restricted manner, thus blocking 

CCL17 would probably not affect the immune response implicated in various other 

diseases. (3) CCL17 might also be favorable because, although CCR8 is suggested as 

additional receptor for CCL17, CCR4 is the only receptor that was confirmed for CCL17. 

Consequently the cell types that would be affected by a blockade of CCL17 are limited to 

those expressing CCR4 (and maybe CCR8), again reducing the potential for side-effects by 

CCL17 targeting. 

 

In summary, this study demonstrates for the first time a fundamental role of the chemokine 

CCL17 in the development of murine experimental colitis. These data provide evidence 

that CCL17 might be a new target for the treatment of IBD. 

 



SUMMARY  

76 

 

6 SUMMARY  

Inflammatory bowel disease is an idiopathic disease of the gastrointestinal tract and has 

two major forms, ulcerative colitis (UC) and Crohn’s disease (CD). Its incidence is rising, 

especially in Northern Europe and North America, while the lowest incidence is seen in 

continental Asia. In the last two decades, much effort has been made to identify factors 

driving the disease. However, up to date, no defined trigger could be identified to be 

essential for disease onset. Nonetheless, intensive investigation led to the development of 

various drugs with the main goal to induce and maintain remission. One of the most 

effective targets is TNF-α, although treatment with anti-TNF-α antibodies is only effective 

in about 50 % of the patients. In recent years, targeting leukocyte recruitment has come 

into focus for the treatment of IBD. This approach seems to be preferable, because specific 

blocking of recruitment of immune players to the site of inflammation, where subsequent 

damage takes place, could reverse these processes in the gut while leaving protective 

inflammatory processes of the host against invading pathogens unaltered. Crucial 

mediators in such homing processes to the gut are for example α4β7, an integrin involved 

in entry processes at mLNs and in the gut mucosa, as well as CCL25-mediated attraction 

of immune cells via CCR9 to the gut. Subsequent studies, using humanized monoclonal 

antibodies targeting these processes are ongoing. CCL17, a chemokine demonstrated to be 

upregulated in inflammatory processes in the skin as well as in the intestine has been 

shown to be overexpressen on mRNA level in the intestinal mucosa of active CD patients, 

as well as in murine colitis models, thus implicating a potential role as novel player for the 

development of colitis. However, functional data, dissecting whether CCL17 could play a 

disease promoting or protective role, or if CCL17 is just a bystander of general 

inflammation was missing when this study was started. 

 

In the present study, I could show that CCL17 expression in DCs is upregulated during 

intestinal inflammation in colon tissue in two murine models of colitis, DSS induced colitis 

as well as T cell transfer colitis. Furthermore, I demonstrated that the absence of CCL17 in 

these models led to a significant decrease in disease severity.  This was detected by 

bodyweight assessment and histological scoring of colon tissue as well as cytokine mRNA 

levels in the colon. Moreover, this was accompanied by reduced TH1/TH17 differentiation 

of infiltrating T cells in the T cell transfer colitis model. Using Ccr4-/- T cells to initiate T 

cell transfer colitis demonstrated that disease induction was not dependent on CCR4-
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CCL17 mediated recruitment of T cells to mLNs or the colon, as this did not alter disease 

induction compared to WT T cells. Quite contrary to this, CCR4 expression in the host was 

essential for the induction of T cell transfer colitis.  In in vitro and ex vivo culture systems, 

this effect could be ascribed to an autocrine or paracrine mechanism of CCL17, amplifying 

proinflammatory cytokine production by DCs, which led to increased TH1/TH17 

differentiation in coculture setups. Additionally, longterm protection of CCL17-deficient 

mice from disease induction by T cell transfer was shown to be mediated by Treg cells, 

which are initially maintained and then greatly expanded in CCL17-deficient mice. 

 

Taken together, the data obtained throughout this study clearly demonstrate a causal 

proinflammatory role of CCL17 in murine experimental colitis.  
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