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ABSTRACT

Acute inflammation in the bowel, a response of the immune system to infections or trauma, 
is probably a frequent but localized event, but when the barrier is repaired and the infection 
cleared, it is quickly followed by wound healing and resolution.  However, in some 
individuals these mechanisms are not effective and the inflammatory bowel diseases, 
Crohn’s disease and ulcerative colitis result. Common and important characteristics in both 
of these diseases are the increased accumulation of immune cells, especially non-apoptotic 
CD4+ T cells and the activation of non-immune cells, including fibroblasts, which then 
become directly involved in immune responses.  
The aim of this thesis was to improve our understanding of the role of the mucosal 
fibroblasts in intestinal inflammation by analysing the molecular signalling mechanisms 
underlying their inflammatory potential. Fibroblast cell lines isolated from murine normal 
colon tissue and from the CD4+CD45RBhigh –transplanted SCID mouse model of colitis 
were used.
Fibroblasts are known to express the membrane receptor CD40 which, through interaction 
with its ligand (CD40L), plays a key role in inflammatory responses.  We showed for the 
first time the existence of a subpopulation of fibroblasts isolated from inflamed tissue 
which, despite having lower expression of membrane CD40 compared to normal 
fibroblasts, were able to respond vigorously to CD40 ligation, a response that was increased 
by IFN-γ.   This indicated that the activated fibroblasts in colitis acquire a permanently 
activated phenotype. 
Molecular studies performed to reveal the mechanisms underlying the synergy between 
CD40 and IFN-γ in inflamed cells, revealed co-operation between the transcription factors 
CAATT/Enhancer binding protein beta (C/EBPβ) and Nuclear Factor kappa B (NFκB). 
Both transcription factors were expressed constitutively at higher intensity in inflamed 
fibroblasts, compared to normal cells, rendering inflamed mucosal fibroblasts more 
sensitive to CD40 ligation and IFN-γ stimulation. 
Co-cultures of normal and inflamed fibroblasts with CD4+ T cells showed that both 
fibroblast lines were equally efficient in promoting survival of CD4+ T cells, thus indicating 
the importance of the mesenchyme in immune homeostasis in the gut.  
Finally, analysis of TGF-β ligation on the fibroblast lines showed that the increased and 
disrupted collagen deposition which had been observed in inflamed tissue could not be 
explained by simple dysregulation of signalling from the TGF-βR on inflamed fibroblasts.   
In conclusion, the results of this thesis suggest that mucosal fibroblasts in chronic 
inflammation respond to the surrounding milieu, become activated and transdifferentiate 
into a stable proinflammatory phenotype which may contribute to chronicity of the 
inflammation, and certainly influences its pathogenesis. 

Key word: inflammatory bowel diseases, fibroblasts, CD40, C/EBPβ, apoptosis, 
TGF-β
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ABBREVATIONS

   
bFGF basic fibroblast growth factor SCID  severe combined  
CCL chemokine (CC-motif) ligand   immuno deficient  
CD Crohn’s disease SCF  stem cell factor 
Col collagen  SDF  stromal cell derived  
COX2 cyclo-oxygenase 2 SMA  smooth muscle actin   
CXCR Chemokine, CXC Motif, Receptor SMAD  mothers against   
CTGF connective tissue growth factor   decapentaplegic  
dsRNA double stranded RNA   homolog 
ECM extracellular matrix  SMM  smooth muscle   
ERK extracellular signal-regulated     myosin 
 Kinases STAT  signal transducer   
FGF fibroblast growth factor   and activator 
GAS gamma-activated sites   of transcription 
GATE gamma-activated transcriptional  TGF-β  transforming growth  
 element   factor beta 
GM-CSF granulocyte-macrophage colony- TGF-βRII transforming growth  
 stimulating factor   factor receptor II 
gp glycoprotein  Th  T helper  
IBD inflammatory bowel disease Thy  thymocyte-   
ICAM intercellular adhesion molecule    differentiation antigen 
IGFI insulin growth factor I TNF  tumor necrosis factor  
IL interleukin TIMP  tissue inhibitor of  
IFN interferon    metalloproteinase 
IP inducible protein TRAF  TNF receptor   
ISGF interferon stimulated gene factor    associated factor 
JNK c-Jun N-terminal Kinase TYK  tyrosine-protein  
LPS lipopolysaccharide   kinase 
MAP mitogen-activating protein UC  ulcerative colitis  
MIP monocyte inhibitory protein    
MMP matrix metalloproteinase     
N-CAM neural-cell adhesion molecule      
NFκB nuclear factor kappa B      
NIK NFkB Kinase      
NK natural killer      
PDGF platelet-derived growth factor     
PGE prostaglandin E 
PGN peptidoglycan     
RA rheumatoid arthritis     
SARA Smad anchor for receptor  
 activation        
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INTRODUCTION

General aim of the thesis 

The inflammatory bowel diseases, Crohn’s disease and ulcerative colitis, are chronic 

inflammatory disorders of the gastrointestinal tract. The exact pathogenetic mechanisms 

of the diseases are not known, but there is evidence that environmental, genetic and 

immunological factors contribute and prevalence of the diseases is increasing in the 

Western world (1). Although chronic gut inflammation is characterized by extensive 

infiltrates of immune cells, such as neutrophils, mast cells, eosinophils and CD4+ T cells, 

into affected tissues there is increasing evidence that non-immune cells – particularly 

mesenchymal cells (fibroblasts, myofibroblasts and muscle cells) – become involved in, 

and may regulate, the inflammatory process.  In the case of fibroblasts, it has been shown 

that they function not only in the production of matrix components, but can actively 

synthesize, and respond to, inflammatory mediators, making them important players in 

the inflammatory milieu.  

The aims of this thesis were to investigate the inflammatory potential of gut mucosal 

fibroblast populations and to characterize the molecular mechanisms underlying their role 

in colon inflammation. 

Inflammatory bowel diseases 

The inflammatory bowel diseases (IBD), ulcerative colitis (UC) and Crohn’s disease 

(CD), have a prevalence in Sweden of 243/100000 for UC and 146/100000 for CD (2). 

UC causes inflammation and ulcers in the superficial mucosa of the large intestine and 

CD causes transmural inflammation in any part of the gastrointestinal tract from mouth to 

anus. The initiating factor of inflammation in IBD is unknown, but is assumed to be some 

environmental factor or factors associated with the normal commensal flora, together 

with genetic factors (3, 4).  CD and UC are characterised by the accumulation and 

infiltration of a mix of cells in the affected areas and increased production of 

proinflammatory cytokines which will have an effect on other cells in the local mucosal 

environment, thus intensifying the inflammation (5, 6). 
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Chemokines

Recruitment of leukocytes to sites of inflammation depends on the production of 

chemotactic peptides called chemokines. In IBD, changes in the levels of chemokines 

such as interleukin (IL)-8, monocyte chemoattractant protein 1 (CCL2), monocyte 

inflammatory protein 1  (CCL3), RANTES (CCL5) and inducible protein (IP)-10 (7-10) 

are increased, thus promoting a higher infiltration of inflammatory cells, such as 

eosinophils, neutrophils, plasma cells and lymphocytes to affected areas of the bowel 

wall (11-14). 

Cytokines 

Apart from the important function of chemokines in inflammation, the cytokine milieu in 

the tissue is essential to develop an adaptive immunity. Cytokines produced by a variety 

of lymphoid, myeloid and mesenchymal cells are involved in different biological 

processes, such as differentiation, activation and growth play a key role in inflammation 

(15).  

With regard to effector T cell cytokines, there is some evidence that CD can be 

characterized as a Th1-mediated disease and UC as Th2-mediated. The cytokine profile of 

CD consists of increased production of IFN-γ and IL-12, which induces the 

differentiation of macrophages to produce the proinflammatory cytokines IL-1β, IL-6, 

IL-8, granulocyte-macrophage colony-stimulating factor (GM-CSF) and tumor necrosis 

factor (TNF)-α, while the cytokine profile for UC involves IL-4, IL-5, IL-10 and IL-3 

(16-18).  

Co-stimulatory molecules     

In addition to cytokines playing an important role in IBD, co-stimulatory molecules, such 

as CD40 have also been shown to play a role in the development of disease. 

CD40 and CD40ligand (CD40L) interaction has been shown to influence the balance 

between Th1 and Th2, depending on the strength of the interactions between 

CD40/CD40L (19), but this is still controversial.  Despite the correlation between 

Th1/Th2 and the interaction between CD40/CD40L it is clear that signaling through CD40 
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in the development of colitis is of importance as demonstrated by the use of anti-CD40 in 

a Rag-1-/- or SCID mouse model. Stimulation with anti-CD40 resulted in wasting disease, 

inflammation of the colon and liver pathology (20.). The relevance of CD40/CD40L 

interactions and participation in immune responses was also demonstrated by Liu et al. 

(1999) (21).  Thus, blocking the CD40/CD40L interactions between peripheral blood T 

cells and lamina propria cells taken from CD and UC patients significantly decreased IL-

12 and TNF-α production by monocytes. 

Expression of CD40 and CD40L has also been shown to be upregulated in CD and UC 

(21, 22), which correlates with the findings of upregulated activation of the transcription 

factor, Nuclear Factor Kappa B (NFkB), in a number of inflammatory disorders, 

including rheumatoid arthritis (RA) (23, 24) and IBD (25-27).

Apoptosis 

One very important aspect of the control of any immune response is the regulation of 

lymphocyte populations.   In the gut mucosa, T cells are constantly exposed to antigens 

crossing the luminal barrier and so, in order to avoid continual expansion of these 

reactive T cell clones, one important mechanism of control and prevention of 

inflammation is by activation-induced effector T cell death – apoptosis.  This mechanism 

is, therefore, fundamental to the maintainenance of immune homeostasis in the intestine 

(28, 29). 

In both CD and UC, the lifespan of lamina propria T cells has been shown to be 

prolonged, resulting in an ongoing and chronic immunological response in the affected 

sites of the gut (30, 31). This prolongation of the survival of T cells at the site of 

inflammation has been previously shown to depend particularly on the Bcl-2 family of 

apoptosis-regulatory proteins. Among these proteins, Bcl-2 and Bcl-xL function as 

inhibitors of apoptosis and, opposing this, the Bax protein promotes the process that leads 

to cell death by apoptosis. In CD, lamina propria T lymphocytes have been shown to 

have a low expression of Bax while the Bcl-xL/Bax ratio was elevated (32). 

9
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Persistent survival of T lymphocytes is but one possible reason for the maintenance of gut 

inflammation in IBD in a chronic state. The inflammation in these patients is usually 

well-controlled by a battery of effective immune-modulating drugs – aminosalicylates; 

corticosteroids; cytotoxics; and, increasingly, TNF-α-modulating antibody therapy.  

However, these diseases have a relapse-remission periodicity and will recur, suggesting 

that factors within the healed bowel are primed to re-activate the chronic inflammation, 

given the correct signals.  

Cancer 

Chronic inflammation in the bowel has also been shown to increase the risk of colorectal 

cancer, particularly in UC (33, 34). The exact factors underlying this abnormality are not 

known, but some correlations have been found with overproduction of IL-6. This 

pleiotropic cytokine, which is a key mediator of immune responses, is also involved in 

cell growth, differentiation, survival (35) and colon cancer (36, 37). One of the principal 

transcription factors responsible for the regulation of IL-6 is CCAAT/Enhancer binding 

protein beta (C/EBPβ). This transcription factor is known to be involved in the regulation 

of cell growth, and, differentiation of many types of cells (38, 39) and in tumorigenesis. 

Increased expression of C/EBPβ has been shown to correlate with human colorectal 

cancer (40). 

Fibroblasts 
Fibroblasts are the major cellular constituent of loose connective tissue and are found in 

all tissues of the body. They are adherent cells with a flat and elongated shape.  

Fibroblasts are of either mesodermal origin that builds up inner skin layers, bones, heart, 

and blood vessels, or of ectodermal origin that builds up skin, hair, nails (41). The origin 

of intestinal, liver and lung fibroblasts has been suggested as mesenchymal stem cells 

from the bone marrow (42).  

Phenotype 

Transplantation studies in vivo and in vitro have shown that hematopoietic stem cells 

form the bone marrow can differentiate within mucosal tissues into 
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fibroblasts/myofibroblasts (42, 43). A proposed scheme of transdifferentiation of bone 

marrow stem cells into fibroblasts/myofibroblasts (44) Fig. 1, shows that factors essential 

in the differentiation of stem cells are stem cell factor (SCF) and platelet-derived growth 

factor (PDGF). A range of other factors that have also been shown to influence the 

phenotype of fibroblasts and closely related myofibroblasts are indicated in Fig.1. 

Perhaps the most widely reported factor influencing the transdifferentiation of fibroblasts 

to myofibroblasts is transforming growth factor (TGF)- 1.  Fibroblast growth factor 

(FGF) on the other hand has been shown to reverse the myofibroblast phenotype and to 

promote instead a fibroblast phenotype (45, 46). The inflammatory cytokine CCL2 has 

also been shown to influence the transdifferentiation of fibroblast into myofibroblasts 

(47).   

Figure 1. Hypothetical transdifferentiation scheme of bone marrow mesenchymal stem cells. 

Transdifferentiation of bone marrow into fibroblasts, myofibroblasts, smooth muscle cells and stellate cells 

is influenced by soluble factors such as, platelet-derived growth factor (PDGF); stem cell factor (SCF), 

transforming growth factor (TGF)-β, interleukin (IL)-1, fibroblast growth factor (FGF),  epidermal growth 

factor (EGF),  basic fibroblast growth factor (bFGF), insulin-like growth factor (IGF), connective tissue 

growth factor (CTGF) . Modified from Powell, D.W. Am. J Physiol. 1999.

Bone marrow 
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The use of differential expression of structural proteins such as α-smooth muscle actin 

(α-SMA), smooth-muscle myosin (SMM), vimentin and desmin have been proven to be 

efficient markers in differentiating fibroblasts, myofibroblasts and smooth muscle cells 

from each other. In particular, α-SMA is a contractile protein found in the cytoplasm of 

smooth muscle cells and myofibroblasts, but not fibroblasts. The lack of smooth muscle 

markers such as SMM and desmin differentiates myofibroblasts from smooth muscle 

cells (48).

Function 

The main function of fibroblasts is to produce extracellular matrix (ECM) components, 

which consist of glycosaminoglycans, proteoglycans and fibrous structural proteins such 

as laminin, fibronectin, elastin, desmin, vimentin and collagens that make up the 

extracellular matrix and maintain tissue architecture.  The matrix proteins are also 

involved in wound healing and epithelial repair (49).  

Heterogeneity of fibroblasts 

Fibroblasts do not consist of a homogenous population of cells; they can differ between 

organs, between tissues and even within tissues.  For instance, in human normal mucosa 

of the large intestine lamina propria stromal cells consist of at least two subtypes. One 

identified subtype is a pericryptal group that is α-SMA+, SMM+, vimentin +, and desmin-

which characterise myofibroblasts. The other identified subtype is nonpericyptal and is 

α-SMA-, SMM-, vimentin + and desmin-, identified as fibroblasts (48). In regard to 

inflamed tissue, Whiting et al (2003) (50) found two main subtypes of mesenchymal cells 

in the mouse colon. One subtype consisted of α-SMA+ TGF-β recptor II+ which secrete 

basement membrane collagen IV and become activated in inflammation; and α-SMA-

TGF-β receptor II+, which secrete collagen I and are prominent pericryptally in normal 

tissue, and which accumulate at sites of epithelial ulceration in inflammation.

Heterogeneity among fibroblast populations has also been shown by differences in, for 

example, cytokine production, extracellular matrix components, proliferation rates (51-

53) response to cytokines (54, 55) and expression of adhesion molecules (56). 
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One surface marker used by investigators to differentiate between fibroblast 

subpopulations is the surface glycophosphatidylinositol-linked protein CD90 (Thy 1.2). 

The function of Thy-1 is still unknown, but it has been shown to play a role in 

heterophilic cell adhesion, mediating Ca2+-dependent cell contact between mouse 

thymocytes and thymic epithelial cells and cell growth and differentiation (57).  Also, in 

experiments using rat lung fibroblasts, Thy1 was demonstrated to regulate focal 

adhesions, cytoskeletal organization and migration (58-60). Thy1+ and Thy1- populations 

of fibroblasts have also been demonstrated to differ in their production of, and respond to, 

cytokines and growth factors (61-63). 

Fibroblast plasticity 

Fibroblasts are multipotent cells - they can differentiate into other cells of mesodermal 

origin, such as cells that build up cartilage, adipocytes and muscle cells (41). The 

plasticity and ability of fibroblasts to transdifferentiate into other cell types has also been 

shown (64).   Thus, fibroblasts can, for example, transform into endothelial cells during 

angiogenesis. Other proof of fibroblast plasticity was shown by Håkelien and her 

colleagues who demonstrated that fibroblasts can be reprogrammed to express T cell 

function by exposing permeabilized fibroblasts to extracts of T cells (65).  

The role of fibroblasts in inflammation  

Integrity and homeostasis of the gut barrier is essential in order to keep an appropriate 

immunological balance in the intestine. The principal component of the intestinal barrier 

- the epithelium - has multiple functions, including protection against mechanical damage 

or invasion by foreign organisms.  However, the barrier function of the epithelium is not 

absolute and some antigens cross the epithelium and stimulate an immune response. 

Under normal conditions, these responses will be sufficient to clear the infection through 

the actions of infiltrating cells.  Fibroblasts were, for a long time, considered to be 

responsible only for the production of extracellular matrix components.  This assumption 

has been changed with the emergence of evidence showing that fibroblasts can also 

participate in immunological responses in direct response to proinflammatory signals in 
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areas such as: the regulation of normal barrier function of the epithelium (66); 

remodelling of infected tissue (67, 68); and regulation of the behaviour of infiltrating 

leukocytes to sites of inflammation (69, 70). 

Production of cytokines/chemokines by fibroblasts 

Fibroblasts can respond directly to components of the bacterial flora such as 

lipopolysaccharide (LPS). For example, LPS stimulation of human lamina propria 

fibroblasts induces expression of proinflammatory cytokines such as IL-1 , IL-1 , IL-6, 

IL-8, TNF- , in addition to increased expression of intercellular adhesion molecules 

(ICAM)-1, Neural-cell adhesion molecule (N-CAM), adipocyte adhesion molecule (A-

CAM) (71).  In addition to actively participating as proinflammatory cells, fibroblasts can 

also respond to proinflammatory signals.   Thus, fibroblast from various tissues have 

been shown to respond to proinflammatory cytokines such as IL-1  (72, 73), TGF-β and 

TNF-α (74, 75). 

Fibroblasts have also been shown to be among the many non-immune cells that readily 

generate chemokines and express chemokine receptors following cytokine activation, 

making them potential direct participants of an inflammatory reaction. An essential 

function of these chemokines is the recruitment of leukocytes to places of inflammation. 

Fibroblasts from a variety of human tissues, such as lung, spleen, kidney and breast have 

been shown to produce chemokines such as IL-8 (76), CCL2 (77), CCL3 (78), CCL5 

(69), stromal cell derived factor (SDF)-1 and eotaxin (79). It has been shown by Brouty-

Boye et al. (2000) that many cultured fibroblasts taken from different tissues were able to  

produce chemokines and that this production reflected the tissue of origin. They also 

noticed that the pathologic state of the tissue from which fibroblasts were isolated could 

influence their secretion of chemokines (79). 

It has also been demonstrated that microbial ligands for toll-like receptors, such as double 

stranded (ds)RNA, LPS and peptidoglycan (PGN), together with IFN-γ induce the 

production of IP-10/CXL10 in human fibroblasts. This is an INF-γ-inducible protein that 

allows fibroblasts to attract CXC chemokine receptor 3 (CXCR3) expressing activated T 
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cells and natural killer cells (80). Table 1 shows a summary of some of the proteins 

produced and expressed by fibroblasts. 

Table 1.  Cytokines, chemokines, growth factors and receptors expressed by fibroblasts.  

Cytokines Chemokines Growth factors   Receptors

IL-1  (75) CCL2 (81) PDGF (82)  CD40   (79) 
IL-6  (83) CCL3 (79) SCF-1 (84)  TGF-βRI/II (50)  
IL-8  (83, 85) CCL5 (72, 79) TGF-β (86)  IL-4R   (87) 
IL-10(75) IP-10  (88) KGF   (89)  IL-6R   (90) 
  bFGF-2 (91)  IL-8R   (92) 
  TGF-β (86)  IGF-IR  (93) 
     CCR2  (94) 
      
         

Fibroblasts and T cell apoptosis 

Through the action of programmed cell death/apoptosis, activated T cells can be cleared 

from sites of infections in order to maintain tissue homeostasis.   Fibroblasts have been 

implicated in the chronicity of inflammation by prolonging survival of activated T-cells, 

resulting in persistence and accumulation of these cells in the affected areas, as in RA 

(95). Fibroblast-derivated factors have been shown to promote T-cell survival by 

promoting the selective induction of anti-apoptotic genes, bcl-2 and bcl-xL, thus allowing 

T cells to continue functioning at the site of inflammation, resulting in a prolonged 

abnormal immunological response with the potential for maintaining chronicity (96, 97). 

Activated phenotype 

Fibroblasts are extremely interesting cells when it comes to their ability to acquire an 

activated phenotype and maintain this phenotype for a long period of time. Examples of 

this property of fibroblasts have been shown by the study of synovial fibroblasts in in 

vivo experiments. These experiments consisted of implanting RA synovial tissue into 

SCID mice to study the fate of inflammatory cells. Lymphocyte infiltrates disappeared 

with time, but RA synovial fibroblasts survived and maintained their activated phenotype 

in the tissue (98). The exact mechanisms supporting this activated phenotype are not 
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known, but investigations done in SCID mouse models have pointed out the importance 

of signaling pathway involvement in the acquisition of the activated phenotype. For 

example, Takayanagi et al. (1999) demonstrated that inhibition of Src family tyrosine 

kinases inhibited the proliferation of RA synovial fibroblast and the production of IL-6, 

which is known to be also upregulated in IBD (99, 100). 

NFkB is another example of factors shown to be involved in the activated phenotype of 

synovial fibroblasts and other cells in inflammatory diseases (101). The group of 

Makarow et al. (1997) showed that disruption of the activation of NFkB inhibited 

inflammatory responses (102). Another factor involved in the extensive life of the 

fibroblast has been shown to involve the expression of the tumour repressor gene p53 in 

synovial fibroblasts. Mutations in RA patients which suppress p53 function were shown 

to reduce the proliferation and invasiveness of synovial fibroblasts in these patients (103). 

Fibroblasts and chronicity

Already in 1997, Smith et al. (104) suggested the idea of considering fibroblasts as 

sentinel cells, based on the observations that fibroblasts function not only as structural 

elements, but also have immuno- regulatory function. This suggestion has been 

strengthened by accumulating data, suggesting that fibroblasts are responsible for the 

chronicity of diseases such as IBD and RA, in addition to their direct involvement in 

immune responses.  

Fibroblast involvement in immune responses through the production of cytokines, 

chemokines, recruitment of cells to sites of inflammation, longevity and heightened 

activation in inflamed tissue, has made fibroblasts candidates for maintaining the 

chronicity of inflammatory diseases. 

As suggested by Buckley et al. (2001) (105), transition to chronic inflammation could 

start with the activation of resident cells, such as macrophages and fibroblasts, in the 

tissue by danger signals. This innate immune response will start the synthesis of 

cytokines and chemokines, activating and attracting lymphocytes and myeloid cells to the 
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affected sites. Through the involvement of activated dendritic cells moving from the 

affected tissue to the draining lymph nodes and presentation of the antigen to T cells and 

B cells, an acquired immune response will begin. Once the pathogen has been removed, 

repair of tissue will begin and the inflammation will subside.  

Buckley suggests that chronic inflammation relates to the inability of activated fibroblasts 

to switch off their production of chemokines, resulting in an accumulation of leukocytes 

in the inflamed tissue which maintains the activated state and disrupts tissue repair. The 

retention of leukocytes in the tissue is the result of the production of SDF-1 and IFN-β by 

fibroblasts (Fig.2). 

Figure 2. Proposed involvement of fibroblasts in chronic inflammation. (A) Activation of resident cells by 

danger signals, results in activation of cells such as macrophages (M) and dendritic (D) cells as well as 

fibroblasts (F). This activation results in an innate response with increased synthesis of 

cytokines/chemokines attracting lymphocytes and myeloid cells to affected areas. The interaction of 

activated dendritic cells with T and B cells will result in an acquired immune response, thus resolving the 

inflammation. Fibroblasts affected by various factors produced during inflammation will acquire a 

persistently activated phenotype. Inability of fibroblasts to switch off their production of chemokines will 

turn an acute inflammation into a chronic persistent inflammation. Modified from Buckley, D. Trends in 

Immunology Vol. 22, no. 4, 2001. 

Factors involved in the activation of tissue fibroblasts include alterations in several signal 

pathways, including NFkB. Thus, it has been shown that regulation of the switch from 
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acute to chronic inflammation in fibroblasts depends on the expression of RelB (106).   

Further, the importance of RelB in immunological functions has been clearly 

demonstrated, as RelB-deficient mice die from overwhelming inflammation (107).  

Another factor demonstrating possible fibroblast involvement in the chronicity of IBD is 

the irreversible accumulation of collagen. Lawrance et al. 2001 demonstrated the 

existence of an activated subpopulation of fibroblasts that compared to normal fibroblasts 

secreted increased amounts of collagen isolated from both CD and UC (67). 

There is still much to be studied regarding the involvement of fibroblasts in the chronicity 

of disease, especially immuno-regulatory pathways, but the evidence so far indicates that 

fibroblasts are important components in the switch to chronic inflammation 

Activation of fibroblasts 

A very important factor involved in the synthesis of proinflammatory cytokines and 

chemokines is the costimulatory integral membrane protein, CD40 and its ligand, CD154 

(CD40L) (108). Signaling from CD40 is an essential factor involved in the regulation of 

inflammation through the engagement of NFκB.  Fibroblasts from several tissues, 

including uterus, synovium, skin, muscle, gingiva, gut and lung (109-112),(79) have been 

shown to constitutively express CD40, and upregulation of this expression by IFN-γ

stimulation has been demonstrated. Engagement of this CD40 results in increased 

synthesis of proinflammatory cytokines, such as IL-1, IL-6, IL-8 and other mediators, 

including cyclo-oxygenase (COX)-2 products, together with ECM proteins (113-116). 

This receptor allows fibroblasts to regulate the behaviour of cells that express the CD40L 

and which infiltrate to the site of damage (117). In IBD, expression of CD40 has been 

shown to be upregulated and the hyperexpression of CD40L in CD has been shown to 

contribute to the pathogenesis of the disease by increasing the production of cytokines 

(21, 22). 
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CD40 and its crucial involvement in immune regulation 

The cell surface receptor molecule CD40 (50-kDa) was first identified in 1985 on B cells 

(118). The receptor is a type I transmembrane glycoprotein, which belongs to the tumour 

necrosis factor receptor (TNF-R) family. Stimulation of B cells through CD40 by its 

ligand on activated T-cells induces B-cell proliferation, immunoglublin (Ig) production, 

isotype switching, regulation of cell death and germinal center formation (119, 120). 

Since its identification, CD40 has also been reported not only on mature B cells but in 

immature B cells, epithelial cells, endothelial cells, monocytes, dendritic cells and 

fibroblasts (113, 120, 121). CD40 is engaged by ligation of CD40L (CD154), a member 

of the TNF family, which is expressed predominantly on mature, activated CD4+ T cells, 

mast cells, basophils and eosinophils (122-124). Interactions between CD40 and CD40L 

result in diverse immunological changes, for example, alteration of processing and 

presentation of antigens by antigen presenting cells (APC); cytokine and chemokine 

production; proliferation; and up-regulation of cell surface proteins (125, 126). 

In the works of Fries, Sempowski and others, it has been shown that under normal 

conditions fibroblasts display a constitutive, but low, level of CD40 which can be 

upregulated through the effects of INF-  (113, 114). Activation of fibroblasts through 

CD40 is dependent on the binding of CD40L expressed by T-cells, mast cells, basophils 

and eosinophils (122, 127, 128). 

The exact role of CD40 in fibroblasts is still not known, but one important aspect of the 

engagement of CD40 is the mobilisation of members of the NFκB/Rel family, which 

results in the production of proinflammatory cytokines and immune responses (129-131). 

In vertebrates, the Rel family consist of NFκB1 (p50), NFκB2 (p52), c-Rel, RelA (p65) 

and RelB (132).  

CD40 has no intrinsic enzymatic properties, so it associates with the TNF receptor 

associated factor (TRAF) family. The signaling cascade through the involvement of 

different TRAF members activates various protein tyrosine kinases such as c-Jun N-

terminal kinase (JNK), mitogen-activated protein kinase (MAPK) p38, extracellular 
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signal-regulated kinase (ERK)1/2 and the activation of NFκB kinase NIK, responsible for 

the dimerization of IκK, formed by Iκ kinase-α and Iκ kinase-β (IκKα/IκKβ). The IκB

protein, which functions as an inhibitor to NFκB by retaining it in the cytosol, is then 

phosphorylated by IκK, causing it to be ubiquitinated, hydrolyzed by the proteosome and 

dissociated from NFκB, allowing the transcription factor to translocate into the nucleus 

(Fig. 3). NFκB is a major regulator of proinflammatory cytokines, such as IL-1, IL-6, IL-

10, IL-12 and TNF-α.  In response to CD40 ligation (117), fibroblasts upregulated 

ICAM-1, COX2 expression and prostaglandin (PG)E2 synthesis (115, 133, 134).  

Previous work has shown the importance of the different components of NFκB in 

immunological responses.  LPS-stimulated RelB-/- fibroblast showed a persistent 

induction of chemokines such as CCL3, CCL4, IP-10, and CCL5. This overexpression of 

cytokines correlated with the overexpression of NFκB, p50, p65 and IκB  (107). RelA-/- 

mouse fibroblasts stimulated with TNF-  showed a reduction in viability (135). 

Figure 3. CD40 signaling pathway 
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As stated above, upregulation of CD40 expression on cells can be achieved by IFN-γ

stimulation. This soluble cytokine is produce by natural killer (NK) cells as an early 

inflammatory response and in larger amounts by effector T cells during the subsequent 

acquired immune response. The intracytoplasmic signaling response to IFN-γ starts with 

the binding of IFN-γ to the interferon gamma receptor, which is composed of two 

polypeptides, a constitutively produced high affinity binding alpha chain, the interferon 

gamma receptor 1 chain (IFN-γRα), and an inducible beta chain, interferon gamma 

receptor 2 chain (IFN-γRβ), which is responsible for signal transduction. IFN-γ binding 

causes the dimerization of both chains which leads to autophosphorylation of the Janus 

kinases, Jak1 and Jak2. This phosphorylation event, in turn, results in the phosphorylation

of signal transducers and activator of transcription protein (STAT)-1 forming the STAT-1 

homodimeric transcription factor, STAT1, which translocates to the nucleus and binds 

specific DNA sequences known as gamma-activated sites (GAS) (136). 

Other transcription factors upregulated by IFN gamma  

In 1997 the group of Kalvakolanu (137) identified a novel IFN-γ response element 

denominated gamma-activated transcriptional element (GATE) a transcriptional element 

that differs from GAS. One transacting factor shown to interact with GATE in an IFN-γ

dependent way is the CCAAT/Enhancer binding protein beta (C/EBPβ) (138). This 

transcription factor is one of six members of the C/EBP transcriptions factor family, 

denominated C/EBP-α- .  Table 2 shows the alternative nomenclature of C/EBP genes, 

source and tissue expression. They belong to the family of basic leucine zipper 

transcription factors and although they are structurally similar, they are genetically and 

functionally different. This family of transcription factors is involved in a number of 

processes from cellular differentiation, proliferation to control of metabolism and 

inflammation (39). The C/EBPβ member, also known as NF-IL-6 due to its involvement 

of IL-6 regulation, has been shown to participate in the regulation of immune and 

inflammatory responses in cells such as B cells, monocytes, macrophages, epithelial cells 

and fibroblasts (38, 39).  
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Table 2. The C/EBP family. Modified from Ramji, D.P. Biochem. J,. 365 (2002) and Lekstrom-Himes The 

journal of bilogial chemistry, 273 (1998)

Name    Alternative name Expression  Source___________                                       

C/EBPα   C/EBP   Liver, adipose tissue, Rat, mouse, human,  
      Intestine, lung,  chicken, bovine, 
      Adrenal gland,  Xenopus laevis, Rana
      Placenta, ovary  catesbeiana,  fish 
      Peipheral blood   
      Monoclonal cells 

C/EBPβ   NF-IL-6, IL-6DBP Liver, intestine,   Rat, mouse, human,  
   LAP, CRP2,  lung, adipose tissue chicken, bovine,  
   AGP/EBP, NF-M     Xenopus laevis,
   ApC/EBP     Aplysia, fish 

C/EBPγ   Ig/EBP-1  Ubiquitous  Rat, mouse human,  
         chicken, fish 

C/EBP     CELF, CRP3,  Liver, lung, adipose Rat, mouse, human 
   NF-IL-6b  tissue, intestine  Rana Catesbeiana,
   RcC/EBP2      bovine, ovine, fish 

C/EBP    CRP1   Myeloid and   Rat, mouse, human, 
      Lymphoid lineages ovine, fish 

C/EBP    CHOP, Gadd153  Ubiquitous  Rat, mouse, human, 
         hamster 
________________________________________________________________________ 

Phosphorylation of C/EBPβ has been suggested to play a key role in the transcriptional 

activation of this transcription factor. Phosphorylation of an inhibitory domain that 

contains several serines and threonines on C/EBPβ allows the transcription factor to enter 

the nucleus were it can start transcription of target genes (39, 139). Because C/EBPβ has 

the ability to form homodimers and heterodimers, which allows it to build complexes 

with other transcriptions factors (Fig. 4), a mechanism exists for trans-activational 

synergy, as in the case of NFkB, in which they are able to regulate and control the 

transcription of adjacent or distant multiple genes (140-142). 
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Figure 4.  Representation of how the leucine-zipper segments of C/EBPβ chain A and chain B bind to 

NFkB (in yellow) and build a complex. 

Interleukin 6 

The proinflammatory cytokine, IL-6, was first cloned in 1986 (143). Since then, this 

pleiotropic cytokine has been shown to be involved in a range of biological activities, 

such as T and B cell differentiation and proliferation, stimulation of the acute-phase 

response and cancer development. It is synthesised by various cells, such T cells, B cells, 

monocytes, fibroblasts, endothelial cells and some tumour cells (35) (144, 145).  

The effects of IL-6 are initiated by its interaction with either a membrane-anchored 

receptor or a soluble form of the IL-6 receptor, which transmit signaling through a 

process called trans-signalling. Once IL-6 binds to either the membrane–anchored or 

soluble receptor, tran-signalling will continue through a signal-transducing glycoprotein 

(gp) 130 (146). This event results in the activation of cytoplasmic tyrosine kinases 

(JAK1, JAK2 and TYK2), and phosphorylation and activation of STAT1 and STAT3 

transcription factors which allows them by forming STAT3/STAT3 homodimers to enter 

the nucleus and initiate transcription of genes that contain STAT3 response elements. 

Interleukin-6 can also activate the Ras-Raf pathway, which activates MAP kinases, 

resulting in the activation of the transcription factors NF-IL-6 (C/EBPβ) and AP-1, which 

can act through their own cognate response elements (147-149). C/EBPβ, that is known 
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to build a complex with NFkB/p65, has been shown to synergistically activate IL-6 

transcription (150). 

Over-expression of IL-6 has been shown to correlate with the pathogenesis of 

immunological diseases such as CD, RA and in neoplastic diseases, such as breast and 

colon cancer. In prostate cancer, in which increased amounts of IL-6 were found both in 

patients’ serum and tissue, the interleukin was also shown to act as an autocrine growth 

factor (140, 151). 

Based on the knowledge that IL-6 is over-expressed in inflammatory disease, attempts to 

find different strategies to block IL-6 signaling have been tested. Clinical trials, in which 

mAb against IL-6 were used to block IL-6 signaling, were shown to be unsatisfactory as 

the blocking resulted in an increased half-life of IL-6. In another attempt to block IL-6 

signaling, a humanized anti-IL-6 receptor antibody was developed. This time the 

blocking of the receptor showed satisfactory results without increasing the half-life of IL-

6. Use of blockade of IL-6 receptor demonstrated a satisfactory result in clinical trials of 

Castleman’s disease, adult and juvenile RA and CD (152), again demonstrating the 

crucial role of this pleiotropic cytokine in maintaining and amplifying inflammation. 

Collagen and TGF-β 

The collagen that is deposited in the intestine is mainly produced by 

fibroblasts/myofibroblasts and smooth muscle cells. Collagen is an important component 

of wound healing and repair of tissue damage. Many of the components produced by 

stationary and infiltrating cells in an inflammatory response affect the activities of 

fibroblasts. Some of the components produced during an inflammation have been shown 

to have opposing effects on fibroblasts, as in the case of TGF-β and IFN-γ  (153). While 

TGF-β stimulates the secretion of collagen by fibroblasts, IFN-γ inhibits it (154, 155).  

TGF-β has multifunctional roles. It is involved in the control of proliferation, 

differentiation, apoptosis and other functions in most cell types. It can also act as a 

negative autocrine growth factor (156).  The mechanism whereby TGF-β stimulates cells 

24



25

is through the engagement of the two main receptors, TGF-β receptor type II (TGF-βRII) 

and TGF-β receptor type I (TGF-βRI). Four other receptors are known; Betaglycan 

(formerly III) (157) and Endoglin (CD105) (158) that increase the affinity of TGF-β to 

TGF-βRII but are not signaling receptors, RIV has unknown function and RV (159), 

which can signal with TGF-βRI, or even in the absence of  TGF-βRI and TGF-βRII.

Signaling starts with binding of TGF-β to TGF-βRII that is constitutively activated. This 

ligation causes TGF-βRII to bind to TGF-βRI, which becomes phosphorylated. TGF-

βRI, now in activated state, will then signal into the nucleus through the phosphorylation 

of the receptor-regulated Smad2 and Smad 3 (other receptor regulated Smads 1, 5 and 8 

mediate Bone morphogenetic proteins type I receptors signaling).  Contact between TGF-

βRI and Smad2/3 proteins involves the help of the Smad anchor for receptor activation 

(SARA). Once the Smads have been phosphorylated, they will form a complex with 

Smad4 allowing them to enter the nucleus and start gene expression through the 

engagement of, for example, co-activators and other transcriptions factors. The Smad 

proteins 6 and 7 have an opposite effect. Their function is to inhibit signaling into the 

nucleus. They perform this through an autocrine feedback loop. TGF-β stimulation 

increases the synthesis of the inhibitory Smad proteins and this causes feedback 

inhibition by inactivating the phosphorylation of the receptor-regulated Smads (160, 161) 

(Fig 5).  
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Figure 5. TGF-β and IFN-γ opposing effects.  Modified from Fiocchi,C. J. Clin. Invest. 108:523-526 

(2001)

As stated above, IFN-γ has an opposing role to TGF-β. IFN-γ signaling causes STAT1 to 

become phosphorylated and form a dimer allowing it to enter the nucleus and start the 

transcription and translation of inhibitory Smad 7. Increased levels of Smad 7 result in 

the inhibition of downstream signaling of TGF-β, e.g. phosphorylation of Smad 2/3 

(162).  

Ghosh et al. (2006) (163) propose an alternative mechanism whereby IFN-γ may affect 

the production of collagens by fibroblasts. In this case, IFN-γ functions through the 

engagement of the interferon stimulated gene factor (ISGF)3γ, also known as p48, which 

signals through the involvement of the MAP kinases MEK1 and ERK1/2. 

Phosphorylation of these kinases results in the downstream phosphorylation of C/EBPβ.

Hue et al. (2001) (164), demonstrated that an AACTT sequence in the human pro-

collagen Col1A2 promoter was identical to the GATE that is known to interact with 

C/EBPβ. 
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Fibrosis 

Fibrosis is defined as the formation or development of excess fibrous connective tissue in 

an organ or tissue as a reparative or reactive process. Under normal conditions, clearance 

of inflammation results in tissue damage due to the increased cellular infiltration into the 

lesion and to the contribution of these cells to reactive oxygen radicals and tissue 

degrading enzymes (165). Normally, efficient wound healing mechanisms would resolve 

the damage by the normal production of ECM. In IBD, the healing response is impaired, 

resulting in accumulation of ECM components (67, 166).  Fibroblasts, myofibroblasts 

and smooth-muscle cells, as the major producers of ECM proteins, are regarded as the 

main cells responsible for intestinal fibrosis.  

Collagens type I, III, IV and V mRNA and proteins have been shown to be increased in 

patients with IBD (167). What causes accumulation of ECM and the exact mechanisms 

behind this impairment are not known, but the balance between degradation of ECM by 

matrix metalloproteinases (MMPs) and ongoing collagen synthesis by mesenchymal cells 

has been proposed as a factor influencing the development of fibrosis.  

TGF-β is a multifunctional protein that controls cell proliferation, differentiation, wound 

healing and fibrosis (168).  It is increased in fibrotic diseases and fibrotic areas of tissue.

Animal models have demonstrated that exogenous administration of TGF-β caused 

fibrosis in organs and that treatment with anti-TGF-β reduced fibrosis (169). Also, TGF-

β upregulates the expression of tissue inhibitors of metalloproteinases (TIMPs), which 

regulate the activity of MMPs, disrupting the balance between these two factors.   

The use of mouse models of inflammation 

Mouse models have been useful tools in the understanding of the pathology of human 

IBD. They can be grouped into; those induced by chemical agents; adoptive transfer 

models; transgenic and knockout models; and spontaneous models (170).   To some 

extent they can be sub-divided in terms of Th1 and Th2 effector T cell function.  Table 3 

summarises the most commonly used mouse models. 
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The fibroblast cell lines used throughout this work were isolated from the 

CD45RBhigh SCID adoptive transfer mouse model. 

In 1993 Morrissey et al. (171) and Powrie el al. (1993) (172), showed that transfer 

of whole populations and fractionated population of CD4+T cells into a SCID 

mouse caused intestinal inflammation. Manifestation of the disease was 

characterized by diarrhea and weight loss, showing chronic transmural 

inflammation,  resembling the pathology of human Crohn’s disease. 

Table 3. Mouse models of colitis. Modified from Pizarro, Trends of molecular Medicine, vol 9, 2003 

and Jurjus. J. of Pharmacological Methods, vol 50, 2004

Animal model Disease type    Ref_______      

Chemically induced
TNBS (SJL/J mice) Colitis, acute, chronic, transmural, Th1  (173) 
TNBS (BALB/c mice) Th2  colitis 
DSS Colitis, superficial, Th1 (acute), Th2/Th2 (chronic) (174) 
Oxazalone Colitis, Th2     (175) 

Adoptive transfer models

CD4+CD45RBhigh SCID  Colitis, chronic transmural, Th1   (171, 172) 
transfer           
tgε26 bone marrow chimera Colitis, Th1     (176) 

Gene Knock out models

IL-10 KO Colitis, acute, chronic, tansmural, Th1(early)/ (177) 
Th2 (late) 

TNF ARE Ileocolitis, chronic, Th1, transmural  (81) 
 Granulomatous 
Gαi2 -/- Chronic>acute     (178) 

Spontaneous

C3HHeJBir Colitis, superficial, acute-resolving, Th1  (179) 
SAMP1/Yit Ileitis, chronic, transmural, granulomatous,  (180) 

Th1  
Transgenic mice

IL-7  Th1, UC-like     (181)  
STAT-4 Th1, inflamed colon    (182) 
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AIMS OF THIS THESIS

To improve our understanding of the role of the mucosal fibroblasts in intestinal 
inflammation by analysing the molecular signalling mechanisms underlying their 
inflammatory potential. 

The specific aims were: 

• To study the CD40 expression on normal and inflamed mouse fibroblast cell lines 
and characterize their differences in proinflammatory potential after ligation with 
CD40L 

• To characterize the molecular mechanisms underlying the synergy between CD40 
and IFN-γ in inflamed cells.  

• To investigate the possibility that activated inflamed cells have an increased 
capacity to promote T cell survival in intestinal inflammation 

• To examine the hypothesis that increased accumulation of extracellular matrix 
components in chronic intestinal inflammation results from altered signalling 
from the TGF-β-R in activated fibroblasts 
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GENERAL MATERIALS & METHODS 

For a more complete description of the different methods used during this thesis, detailed 

methods can be found in each paper and manuscripts included at the end of this thesis.  

Cell lines (Papers I-IV) 

Throughout this thesis we use fibroblasts cell lines isolated form normal Balb/c colon 

(normal) and colon tissue from a CD4+ CD45RBhigh-transplanted C.B-17 (congenic with 

Balb/c) SCID mouse (inflamed). The isolation is done by cutting open the colons and 

washing them vigorously in cold PBS. Mucus and epithelial cells are scraped off by the 

use of a scalpel and the remaining tissue is cut in small pieces. The pieces are washed 

with medium and seeded in six-well plates. Four cell lines were derived by outgrowth in 

culture. They were grown in -MEM supplemented with heat-inactivated 10% FCS, 

penicillin/streptomycin, gentamicin and L-glutamine in uncoated Falcon tissue culture 

flasks at 37°C under 5% CO2-95% air until confluent, between 5 to 7 days. Cells were 

treated with trypsin EDTA to allow dissociation and they were re-seeded at 1 in 20. They 

were analysed between passages 5-25.  

Cell stimulations (papers I-II)

In paper I, normal or inflamed colon fibroblasts were stimulated with IFN-γ and sCD40L 

in order to study the effects on expression of CD40 receptor and production of 

proinflammatory cytokines. In short, cells were grown in medium. After confluence at 5-

7 days, cells were incubated with or without 200U/ml mouse recombinant IFN-γ in -

MEM supplemented with 0.1% FCS for 24 h. Cells were washed x3 with PBS and 

murine soluble CD40Ligand was added at 0; 0.1; 1.0 and 10.0 μg/ml for 24 h in 0.1% 

FCS supplemented medium. After 24 h, supernatants were removed, centrifuged for 5 

min at 220 g to remove debris and stored at -70 °C.  In paper II, all cell lines were 

stimulated for 24 h with IFN-γ and sCD40L to study the effects of these stimulations on 

the expression of C/EBPβ and the binding of NFκB binding to consensus sites in the 

DNA.  
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Flow cytometry analysis, FACS (paper I and III) 

In order to detect different markers and so characterize the phenotype of the fibroblast 

cell lines used during this thesis, flow cytometry was used. In paper I we were interested 

in studying the expression of CD40 receptor on both normal and inflamed cell lines 

before and after stimulations with  0, 100 or 200 U/ml of mouse recombinant IFNγ for 24 

h. After incubation, cells were treated with trypsin/EDTA, resuspended in medium and 

washed by centrifugation. Aliquots of 10 5 cells/100 μl were stained with fluorescein 

isothiocyanate (FITC)-conjugated hamster anti mouse CD40 monoclonal antibody  (clone 

HM40-3) or with the same concentration of appropriate isotype control for 60 min.    

In paper III, flow cytometry was used to study CD4+ T cell apoptosis. In this case, the 

expression of Annexin V was assessed to detect apoptotic CD4+ T cells. Briefly, CD4+ T 

cells were washed twice in ice cold PBS and resuspended in 100 μl 1x binding buffer. 

Annexin V was added to each sample and incubated for 15 min at room temperature in 

the dark. After incubation, cells were analyzed within 1h by flow cytometry. 

Allophycocyanin (APC) conjugated rat anti-mouse CD4 antibody (L3T4), was used to 

determine the purity of CD4+T cells and to identify CD4+ T cells.  

Immunohistochemistry (IHC) (papers I and manuscript IV) 

In paper I we used IHC to localize the expression of CD40 and collagen I on fibroblasts 

in normal and inflamed tissue.   

Cryostat sections (5-6 μm) of colon tissue from normal Balb/c mice, non-transplanted 

C.B-17 SCID mice and C.B-17 SCID mice 6 weeks after transfer of 4 x 105 

CD4+CD45RBhigh Balb/c spleen cells were air dried and fixed at 4°C in 100% ice-cold 

acetone for 10 min. The slides were air dried for 5 min followed by 5 min re-hydration in 

PBS. Slides were incubated for 30 min with 10% normal donkey serum and 10% normal 

goat serum in PBS for 30 min to block non-specific binding, washed x3 and blocked with 

Avidin/Biotin. Tissues were double stained with rat anti-mouse CD40 (20μg/ml), isotype 

control rat IgG2a and rabbit anti-mouse collagen I (1:100), or rabbit IgG as control, all 

diluted in PBS with 2% BSA and incubated overnight at  4ºC, followed by washing. 
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Tissues were then incubated with biotinylated donkey anti-rat (1:200) for 1h at room 

temperature, washed and incubated with goat anti-rabbit-FITC (1:200) and Streptavidin-

Texas red for 1 h at room temperature. The slides were washed and mounted with 

Vectashield.   

In manuscript IV, HIC was used in order to localize the expression of TGF-βBII and 

confirm it localization with fibroblasts both in normal and inflamed tissue. A detailed list 

of the primary antibodies used for co-localization can be found in manuscript IV Table 

denominated primary antibodies.  

Samples were placed on cork discs covered with OCT and snap frozen in isopentane 

cooled over liquid nitrogen and were stored at -70oC.  Five micron sections for 

immunohistochemistry from all groups of mice were cut at -20oC on to the same slide 

and air dried. Sections were fixed in acetone at 4oC for 10 minutes and then rehydrated in 

PBS for 10 minutes. Staining for TGF-βRII, RI, α-smooth muscle actin (SMA), 

plasminogen or vimentin was enhanced by a 10 second pre-treatment in 50% (v/v) 

methanol /PBS.  Non-specific binding was blocked with 10% (v/v) normal goat serum or 

10% normal donkey serum, in PBS for 1 hour at 20°C, followed by an avidin/biotin 

block. To block endogenous mouse immunoglobulins when using mouse primary 

antibodies, the M.O.M. blocking kit was used according to manufacturer’s instructions, 

with either the supplied biotinylated secondary, or with isotype-specific fluorochrome-

conjugated goat secondary antibodies.  Primary antibodies, or isotype-matched control 

immunoglobulins, were diluted in PBS and usually applied at 4oC overnight.  As a further 

negative control for RI and RII, primary antibody was incubated with five-fold excess of 

immunising peptide for 3 hours at 20oC before application to the sections.  Secondary 

antibodies were biotinylated goat anti-rat 1:200, donkey anti-rabbit (1:500), and donkey 

anti-goat (1:250). Where possible, multiple primary or secondary antibodies for dual or 

triple immunoflorescence were added together.  However, when two biotinylated 

secondaries were used, one was applied first followed by streptavidin FITC (1:300), then 

a second avidin/biotin block and then the second biotinylated secondary was added, 

followed by streptavidin-Texas red (TXRD) (1:100), or avidin AMCA (1:100).  When 
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two rabbit primary antibodies were used, the antigen giving the weakest signal using 

optimised conditions was incubated first with the relevant primary overnight and then 

developed with goat anti-rabbit (Fab fragment) conjugated with FITC (1:200).  The 

second rabbit primary was then added to the sections and incubated at 20oC for 1 hour 

and then incubated with biotinylated donkey anti-rabbit IgG (1:1000) for 1 hour followed 

by streptavidin-Texas red.  Some slides were developed using ABComplexes and 

peroxidase with DAB as substrate, as previously described.  Cells grown on chamber 

slides were washed three times in PBS, air dried for 1 hour and then treated identically to 

tissue sections.   

Luminex (paper I) 

In paper I, we were interested in studying the effects of cross-linking between CD40 

receptors and sCD40L in the production of cytokine/chemokines by both normal and 

inflamed cells.  Here we used Luminex, LINCOplex KIT, which allows the detection of 

several products at the same time. In this case the cytokine/chemokines detected were; 

IL-6, CCL2, CCL3, CCL5, IL-12 and TNF- . In brief; cytokine production was detected 

in cell culture supernatants using a 96-well plate assay, which was blocked with 200 l of 

assay buffer on a shaker for 10 min at room temperature. Assay buffer was removed and 

appropriate standards, controls, blanks, samples and mixed beads were added. The plate 

was incubated on a plate shaker overnight at 4ºC. After incubation, fluid was removed 

and the plate was washed twice. After removal of wash buffer by vacuum filtration, 

detection antibody cocktail was added to each well and the plate was incubated for 60 

min at room temperature. Streptavidin-Phycoerythrin 25 l was added directly to each 

well and incubated on a plate shaker for 30 min at room temperature. After washing and 

filtration, 100 μl of sheath fluid was added to each well and shaken on a plate shaker for 

5 min. Samples were read and analysed using a Bio-Plex Manager system.  

SDS-PAGE Western blot (manuscript II and IV) 

Western blot is a method that is used to detect and identify different proteins in cell 

lysates using antibodies. In papers II and IV this method was used to detect the 
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expression the transcription C/EBPβ, phospho-C/EBPβ, phospho-Jak2, p65/NFκB, IFN-γ

Rβ, Smad 2/3 and Smad 7.  

According to where in the cell the protein of interest is localized, different lysis 

procedures are performed -  cytosolic, nuclear and whole cell extracts. Lysates were 

generally prepared from 107 cells/ml. After lysing cells in appropriate buffers cells were 

centrifuged at 10,000 for 5 min and lysates were either used immediately or freezed at -

80°C.

For immunoprecipitation studies on cytoplasmic, nuclear or whole cells extracts, lysates 

were incubated with titrated pull-down antibodies for 90 min at 4ºC. Pre-cleared anti-

rabbit IgG agarose beads were added and incubated for 60 min at 4ºC in a shaker. Beads 

were collected after centrifugation at 3,000g at 4ºC for 2 min and washed x3 in ice cold 

lysis buffer. Immunoprecipitates were recovered by re-suspending beads in loading 

buffer, heating at 95°C for 5 min, and centrifuging at 12,000 g for 30 sec at room 

temperature, and were then stored at -80°C.

Total protein concentration in lysates was determined using BCATM Protein Assay. Equal 

amounts of protein were loaded in each well of 10% or 12% SDS-PAGE mini-gels and 

electrophoresed. Gels were blotted to Immun-Blot PVDF membrane using a semi-dry 

blotter 90 min. Membranes were blocked either with 5% bovine serum albumin or with 

0.05% non-fat dry milk in PBS/0.05%Tween on a rocker for 60 min. Detection of 

proteins of interest was carried out by incubation of primary antibodies: rabbit anti-

C/EBPβ, rabbit anti-phosphothreonine, rabbit anti-phospho-Jak2 , goat anti-NFkB p65 or 

IFN-γ receptor beta overnight at 4°C.  Extract of 3T3 L1 Adipocytes was used as positive 

and negative controls to detect phosphorylated Jak2, and murine A20 B cells were used 

as an extract control for positive and negative detection of IFN-γ receptor beta.  Primary 

antibodies were detected by incubation with goat anti-rabbit IgG-HRP antibody or 

donkey anti-goat IgG-HRP antibody. All membranes were visualized by enhanced 

chemiluminescence using ECL reagent. Blots were stripped with 50mM Tris-HCl pH 6.8, 

2% SDS, 100mM 2-β-mercaptoethanol at 50°C for 30 min. Blots were extensively rinsed 

in water and blocked with 0.05% non fat dry milk PBS/0.05% Tween, or 5% BSA in 
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PBST for one hour, before re-probing. Protein quantification was made by densitometric 

analyses of intensity using Kodak 1D v 3.5.3 software and densitometry analyses was 

performed by correcting the values with loading controls for each protein.  

Isolation of CD4+ T cells (manuscript III) 

In order to characterize the anti-apoptotic effects of fibroblasts on CD4+ T cells, CD4+ T 

cells were isolated by negative selection using a CD4+ T cell isolation kit. Briefly, 

spleens from Balb/c mice were forced through a cell strainer, washed twice with ice cold 

MACS buffer and treated with red blood cell lysis buffer for two minutes at room 

temperature. The lysis of red blood cells was stopped by adding MACS buffer. Cells 

were filtered and washed twice for 5 min with MACS buffer. Cells were resuspended in 

MACS buffer and incubated with biotinylated antibody cocktail at 4°C for 10 min.  Anti-

biotin beads were added to the solution and incubated for 15 min at 4°C. Magnetically 

labeled cells were discarded and the negatively selected cells were collected. The T cells 

were resuspended in medium consisting of RPMI 1640, 25mM HEPES, 

penicillin/streptomycin, 200mM L-glutamine and 5% FCS. Isolation of CD4+ T cells 

resulted in a purity of 90-98% as determined by FACS analysis. Viability of cells was 

determined by trypan blue and showed a viability of 95%.

Fibroblasts and CD4+T cell co-cultures (manuscript III) 

Normal and inflamed fibroblasts (104 per well) were grown in 96-well plates in 

triplicates. Twenty four hours later 2 x105 CD4+ T cells were added to wells with and 

without (controls) fibroblasts. Cells were cultured in medium consisting of RPMI 1640, 

25mM HEPES, penicillin/streptomycin, 200mM L-glutamine and 5% FCS. 

Phytohemagglutinin (PHA) (5μg/ml) with or without interleukin (IL)-2, 50 units/ml) 

conditioned supernatant from X63Ag8-653 cell line was added to cultures to activate T 

cells.   Control co-cultures received neither PHA nor IL-2. CD4+ T cells were also 

cultured with fibroblast conditioned medium.  Fibroblast culture supernatants were 

collected from cells which, when confluent, were allowed to grow in medium containing 

0.1% FCS. After 48 h supernatants were collected and centrifuged to remove cell debris. 

Co-cultures were incubated for four days at 37°C under 5% CO2-95% air. After this 
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incubation time non-adherent T cells were removed from the adherent fibroblast 

monolayer for flow cytometric analyses.    

                 

T cell proliferation assays (manuscript III) 

T cell proliferation was studied by labeling 10 7 CD4+ T cells with CFSE  (5μM),

Vybrant CFDA SE cell tracer kit in 1.5 ml PBS and incubated at room temperature for 8 

min in the dark. The reaction was stopped by adding 1.5 ml FCS. Cells were washed 

twice and resuspended in RPMI 1640, 25mM HEPES, penicillin/streptomycin, 200mM 

L-glutamine and 5% FCS and were ready to be used in co-cultures.  

Luciferase reporter assays (manuscript IV) 

The potential for TGF-ß1 to activate Smad-dependent promoters and the collagen type I 

promoter was examined using the plasmids pSBE.Luc and col-1-luc, respectively, 

comprising either a minimal promoter plus 4 tandem repeats of the Smad binding element 

(SBE), or the entire COLI promoter, which when activated drive the expression of the 

luciferase gene.     

Cells were grown to approximately 50% confluence in 12 well plates.  For each well, 100 

μl serum-free medium and 3 μl FuGene 6 transfectant reagent were placed in an 

eppendorf.  Into a second eppendorf, 0.5 μg pSBE-luc, or col-1-luc, was mixed with 0.5 

μg Renilla luciferase control vector pRL-TK.  The contents were left to stand for 5 

minutes at room temperature, after which they were mixed gently and left to stand for a 

further 15 minutes.  The medium was decanted from the cells and replaced with 2 ml 

DMEM containing 1% (v/v) FCS.  100 μl Fugene/DNA mix was added to each well and 

incubated at 37oC for 6 hours.  Cells were treated with TGF-ß1 (1 ng/ml) or diluent and 

incubated for a further 16 hours at 37oC.  Medium was decanted and 100μl 1x lysis buffer 

was added to each well and the resulting lysate placed into eppendorfs and stored at –

20oC until required.  After one freeze-thaw cycle and centrifugation at 13000g for 5 

minutes, samples were assayed sequentially for the Firefly and Renilla luciferase activity 

using the Dual Luciferase assay kit.  20 μl crude cell lysate was incubated with 100 μl 

luciferin reagent (LarII).  After 15 seconds at room temperature, the luminescence was 
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recorded for 30 seconds in a Berthold Lumat LB9507 luminometer.  100 μl Stop and Glo 

reagent was added and the specific luminesence from the Renilla luciferase recorded for 

an additional 30 seconds.  The relative luciferase activity, indicative of reporter gene 

transactivation, was calculated by expressing the firefly luciferase luminescence as a ratio 

of the Renilla luciferase luminescence.  

Real-Time PCR (manuscript IV) 

Real-time PCR was used in manuscript IV to analyze the collagen 1 transcript expression 

by normal and inflamed cells.  Cells were grown in 10% FCS until 75% confluent. The 

medium was replaced by medium containing 0.5% FCS for 24h. Normal and inflamed 

cells were then stimulated with 1ng/ml of TGF-β1 for 0, 4, 8, 16, 24 and 48 hours. After 

treatment, cells were washed twice in cold PBS and centrifuged at 3,000 rpm at 4°C for 5 

minutes. Cells were kept at -70°C until preparation of total RNA.  

Total RNA was prepared using an RNeasy Mini kit according to the supplier’s protocol. 

Total RNA (2μg) was reverse-transcribed in a 30 μl volume containing 100pmol (3.3μM) 

random hexamer, 10mM dNTPs each Superscript 200U/μl (RNase H-Reverse 

Transcriptase), 40U/ μl RNase inhibitor for 1hour at 42°C followed by inactivation at 

70°C for 10 min.  

Murine collagen 1 transcript expression was quantified using a LightCycler rapid thermal 

system according to the manufacturer’s instructions. mRNA expression for each sample 

was normalized against murine hypoxanthine guanine phophorybosiltransferase (HPRT) 

mRNA used as housekeeping gene (LightCycler-Primer Set Kit).  The specific primers 

used for collagen 1 were designated: Mus Col1A1 forward primer 5’ CTG AAG TCA 

GCT GCA TAC ACA ATG 3’and Mus Col1A1 223 reverse primer 5’ GGT TGG GAC 

AGT CCA GTT CTT C 3’. Real-time PCR was performed in glass capillaries (Roche) in 

a final volume of 20 μl containing 15 μl of LightCycler FastStart DNA MasterPlus SYBR 

Green I master mix (Roche) (4μl SybrGreen mix,  1 μl of each specific primer at 0.2μM, 

9 μl dH2O) and 5 μl cDNA. Real-time PCR was conducted with an initial denaturing step 

of 15 min at 95°C, followed by 45 cycles of: amplification at 95°C for 10s, 65°C for 10s, 
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72°C for 6s, 1 cycle of melting at 95°C for 0s, 65°C for 15s, 95°C 0s and finally one 

cooling cycle at 40°C for 30s. PCR product was subjected to melting curve-analyses for 

the confirmation of the specificity of the product. For relative quantification of the 

concentration of collagen 1 gene expression, the crossing point (CP) values were used. 

Results were expressed as a ratio between the CP of the housekeeping gene and the CP 

for collagen gene in each sample.  
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RESULTS AND COMMENTS

Paper I and manuscript II 

Colonic fibroblasts and CD40 

The starting point for these studies was the observation by Whiting et al. (2003) (50) that, 

in both human colitis and in the CD4+-transplanted SCID mouse model of colitis, the 

tissue mesenchyme shows signs of activation – specifically, that the subepithelial 

myofibroblast syncytium increases in size and upregulates expression of the high affinity 

receptor for TGF-β, and that both myofibroblasts and fibroblasts in the inflamed tissue 

change expression of matrix proteins.  This posed the question:  “By what mechanism(s) 

do these mesenchymal cells become activated and, in their activated state, can they 

contribute directly to the inflammatory pathology?” 

With regard to the mechanism of activation, results in many laboratories (113, 115, 133) 

investigating inflammation in several tissues had shown that subpopulations of 

mesenchymal cells expressed the TNFR superfamily member, CD40, which has been 

implicated in multiple activation process in many cell types, principally through STAT, 

NFκB and NFAT pathways (125).  This, then, formed the basis of a hypothesis that 

activation of fibroblast subpopulations through CD40 resulted in their participation in the 

inflammatory response in the gut. 

Initial studies asked whether CD40 was expressed on fibroblast populations in normal 

and inflamed colon.  Using collagen I as a marker for fibroblasts, we could detect the 

presence of cells co-expressing collagen I and CD40 in normal tissues.  In inflamed 

tissue, collagen I+ fibroblasts either did not express CD40, or expressed at such a low 

level that was not detected at the sensitivity of immunohistochemistry (Fig. 1, paper I). 
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Fig. 1 from paper I. In situ CD40 expression by in normal and inflamed mouse colon. A, Balb/c mouse 

colon; B, SCID mouse colon; C, inflamed SCID colon.  CD40 (red); collagen I (green). 

With the evidence that CD40 is expressed by mesenchymal cells in the mouse colon, the 

next challenge was to devise a system to study its function in inflammation. To this end, 

fibroblast cell lines were produced by outgrowth from normal and inflamed mouse colon 

tissue segments.  These cell lines provided a model system for studying fibroblast CD40 

and the consequences of its ligation.  Firstly, the density of expression of CD40 was 

investigated using flow cytometry. 

Fibroblasts from normal colon expressed CD40 constitutively as three overlapping 

subpopulations, based on density of expression.  Surprisingly, in view of their level of 

activation in colitis, but accordance with the in situ results from immunohistochemistry, 

cells derived from inflamed colon consisted of a more homogenous population of cells 

that expressed the CD40 receptor at a low intensity (Fig 2, paper I, not shown). 

Previous work had shown that fibroblast CD40 can be upregulated by the effects of IFN-

(69, 113, 114). Stimulation of normal and inflamed fibroblast lines showed that only 

normal cells were able to upregulate CD40, inflamed cells essentially did not respond 

(Fig. 5C and D, paper I).  

40



41

Fig. 3 and 5, from paper I.  Subpopulation analysis of CD40 expression on fibroblasts lines from normal 

(A) and inflamed (B) mouse colon. Arrows indicated the existence of different subpopulations. Normal  (C) 

and inflamed (D) fibroblasts treated for 24h with IFN-γ.

Thus, within the complex cell lines, fewer fibroblasts from normal mucosa expressed 

CD40 at high levels than fibroblasts from inflamed mucosa and those from inflamed 

mucosa were less responsive, in terms of CD40 induction, than normal fibroblasts.  This 

was not expected and stimulated the question “How does this affect the responses to 

ligation of the CD40 receptor?” 

To study this, the secretion of a range of proinflammatory cytokines and chemokines in 

response to CD40 ligation was measured.  Surprisingly, considering their lower level 

expression of CD40, inflamed cells were more efficient in producing proinflammatory 

cytokines/chemokines compared to normal cells. Normal cells showed minimal 

production of any of the cytokines/chemokines studied until they were stimulated with 

the highest concentration of sCD40L, together with pretreatment with rmIFN-γ. IL-6 

responses and CCL5 responses were very similar:  normal cells responded very little, 

only at high CD40L concentration amplified by IFN-γ; inflamed cells secreted significant 

constitutive levels which were increased by CD40 ligation and showed dramatically 

41



42

increased secretion when pretreated with IFN-γ, in a CD40 dose-dependent manner.  

With regard to CCL2: secretion by normal cells was, again, minimal; in inflamed cells, 

there was significant constitutive secretion, very little additive response with CD40L, but 

a significant response to IFN-γ pretreatment which, this time, was not CD40 dose-

dependent.  The CCL3 response was different again:  in both normal and inflamed cells, 

there was no constitutive secretion, significant secretion at the highest concentration of 

CD40L and, as with IL-6 and CCL5, this CD40 response was synergised by IFN-γ (Fig 8, 

paper I). 

Fig. 8 from paper I. Secretion of proinflammatory cytokines/chemokines by fibroblasts lines form normal 

and inflamed mouse colon and effects of CD40 ligation, with and without pretreatment with IFN-γ.

Stimulations with (+, solid bars) or without (-, open bars) IFN-γ and with or without sCD40L (0; 0.1, 1.0 

and 10 μg/ml) for 24 h. (A) Interleukin 6, (B) CCL5, (C) CCL2 and (D) CCL3. Bars represent means ± s.d. 

of duplicated values from three separate experiments. *P < 0.05, **P <0.001, ***P <0.0001; n.s. not 

significantly different. 
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Thus, fibroblasts from inflamed colon have relatively low levels of CD40 expression, but 

respond in most cases more vigorously to ligation of CD40 than cells from normal colon 

with higher levels of CD40.  This enhanced response is upregulated in the presence of 

signalling from IFN-γ – the principal effector T cell cytokine present in the tissues in this 

mouse model of colitis.

These observations provoked the question, “What mechanisms could be responsible for 

potentiating the CD40 proinflammatory response and its amplification in the presence of 

IFN-γ?”  Literature search indicated that the transactivation effects of the transcription 

factor, C/EBPβ, could be implicated. 

Manuscript II 

The C/EBPβ story 

The transcription factor C/EBPβ has been shown to be involved in many biological 

control mechanisms; cell proliferation (183), control of metabolism, inflammation (39). 

Its capacity to build complexes with other transcriptions factors such as NFκB (140, 

150), allowing so the transactivation of various genes, caused us to investigate its 

influence on fibroblast proinflammatory mechanisms.  

We started our investigation by studying the expression of C/EBPβ in both cell lines. The 

results showed that inflamed fibroblasts had much higher constitutive levels of C/EBPβ

than normal fibroblasts (Fig 1, manuscript II).  Only in normal fibroblasts was the 

constitutive C/EBPβ influenced by IFN-γ pretreatment.  When C/EBPβ is 

phosphorylated, it is able to enter the nucleus and start the transcription of various genes 

(148, 184). Surprisingly, despite the higher constitutive levels of C/EBPβ in inflamed 

fibroblasts – which was indicative of activation – there was no difference in 

phosphorylation levels between the two cell lines (Fig. 2, manuscript II, data shown) 
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Fig. 1 from manuscript II. Expression of C/EBPβ.  Western blot analyses of normal (CFN3) and inflamed 

CFI5) colonic fibroblasts for cytosolic expression of C/EBPβ.  Stimulations with or without rmIFN-  for 24 

h. Protein quantification was made by densitometric analyses on relative intensity of expression of C/EBPβ

compared to GAPDH. 

This disconnect between the CD40/IFN-γ response data and the apparent lack of 

activation of high levels of C/EBPβ in inflamed cells treated with IFNγ caused us to ask 

“Does the IFN-γR function in the normal way in fibroblasts from inflamed mucosa?” 

Signalling from the IFN-γR

Firstly,  IFN-γ receptor β, which is the part of the receptor that is responsible for signal 

transduction (136, 185) was examined. Results show that both inflamed cell lines studied 

expressed lower levels of IFN- γRβ and that stimulation with rmIFN-γ probably lowered 

this expression further. Normal cells, on the other hand, showed much higher levels of 

expression of the receptor although, again, this was apparently downregulated after 

ligation (Fig. 3, manuscript II). 
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Fig. 3 from manuscript II. IFN-γ receptor beta chain (IFN-γRβ) expression on normal (CFN3) and 

inflamed (CFI5 and CFI6) colon fibroblasts. Whole cell lysates were prepared from cells stimulated with or 

without rmIFN-  for 24 h. Densitometric analyses was based on relative intensity of expression of IFN-γRβ

compared to GAPDH.

What effect, then, does this have on signalling events downstream of the receptor? To 

answer this, we next studied the ability of the cell lines to phosphorylate Jak2 after 

stimulation with rmIFN-γ. Surprisingly, both inflamed cell lines showed a higher 

constitutive expression of phosphorylated Jak2, a phosphorylation that was also increased 

after stimulation with rmIFN-γ. Phosphorylation of Jak2 by normal cells was less affected 

by IFN-γ stimulation (Fig. 4, manuscript II). 
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Fig. 4 from manuscript II. Phosphorylated Jak2 expression on normal (CFN3) and inflamed (CFI5 and 

CFI6) colon fibroblasts. 24h stimulations with or without rmIFN- . Protein quantification was made by 

densitometric analyses on relative intensity of expression of phosphorylated Jak2 compared to GAPDH.

The NFkB response 

In the initial CD40 stimulation experiments (Fig. 8, paper I), the CD40/IFN-γ potentiation 

of proinflammatory responses were noted particularly for IL-6 and CCL5, two 

cytokines/chemokines known to be under transcriptional regulation of NFκB (186-188).  

We therefore examined nuclear binding of NFkB to its consensus sequence after CD40 

stimulation. The results showed that inflamed cells have a higher constitutive level of 

NFkB binding and that this is upregulated by CD40 ligation.  In comparison, the response 

in fibroblasts derived from normal mucosa was very weak (Fig. 5, manuscript II). 

Clearly, then, the proinflammatory potential in response to CD40L can be attributed, at 

least in part, to NFκB activation, but this does not explain why this should be the case in 

cells with lower levels of CD40 expression.  In the final part of this section of the thesis, 

attempts were therefore made to link the CD40/IFN-γ/NFκB data to the IFN-

γ/C/EBPβ data. 
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Fig. 5 from manuscript II.  EMSA assay of NFkB DNA binding acitivity in normal (CFN3) and inflamed 

(CFI5) colon fibroblasts with ligation of sCD40L. Nuclear extracts were prepared from normal and 

inflamed cells stimulated with sCD40L (10 g/ml) for 0, 1 and 4 hr incubated with a [ -32P]-ATP

endlabelled NFkB oligonucleotide and analyzed with the electrophoretic mobility shift assay. 

Representative result of 3 separate experiments.  

Linking NFkB and C/EBPβ

It is known (142, 150) that C/EBPβ can build complexes with NFκB in the nucleus which 

results in the transactivation of genes. Expression of C/EBPβ in the nucleus and its ability 

to bind to NFκB, were therefore investigated. As demonstrated in Fig. 6, manuscript II, 

contrary to normal cells, inflamed cells constitutively expressed  C/EBPβ at 45 kDa (Fig. 

6 ii) and 160 kDa (Fig. 6 i) without rmIFN-γ stimulation.  Treatments with rmIFN-γ

showed an upregulation in expression of C/EBPβ in normal cells, while inflamed cells 

showed an increased intensity of the constitutively expressed C/EBPβ. Stripping the blots 

and probing them with p65/NFκB, showed that only inflamed cells, and especially after 

IFN-γ treatment, were they able to build complexes between C/EBPβ and p65/NFκB, as 

demonstrated by the expression of p65/NFκB (Fig. 6 iii). 

These data clearly indicate that the synergetic effect seen between IFN-γ and sCD40L 

stimulations shown in paper I, depend on the increased constitutive expression of 
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C/EBPβ and NFκB in the nucleus, allowing these transcription factors to complex and 

thus transactivate genes. 

Fig. 6 from manuscript II.  Detection of complexes of C/EBPβ/p65/NFkB on normal (CFN3) and 
inflamed (CFI5 and CFI6)) colon fibroblasts treated with or without rmIFN-γ for 24h. Nuclear lysates were 
immunoprecipitated with rabbit anti-C/EBPβ.  Blots were probed with rabbit anti-C/EBPβ showing 
expression of C/EBPβ at 160 kDa (i), C/EBPβ at 45 kDa (ii) and stripped blot probed with anti-p65/NFκB
confirming complexes within the 160 kDa band (iii). Representative result of 3 separate experiments

Manuscript III 

Rescue from CD4+ T cell apoptosis by normal and inflamed fibroblasts 

As confirmed by the data shown this far, fibroblasts isolated from inflamed mouse colon 

display a phenotype that can be characterized as an activated phenotype. Contrary to 

normal cells, inflamed fibroblasts responded more vigorously to stimulation, a response 

that depended on the synergistic action between C/EBPβ and NFκB. Our next question 

was: “Does this activated phenotype represent one of the factors responsible for the 

persistence of activated intestinal CD4+ T cells in of the mucosa in IBD (31). Previous 

work has shown that fibroblasts from synovial, skin and bone marrow tissue could 

prevent apoptosis of CD4+ T cells (95, 189). So next we studied the anti-apoptotic effects 

of normal and inflamed fibroblasts. 
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As the data indicates in Fig. 1C, manuscript III,  both normal and inflamed cells were 

able to prevent CD4+ T cells from dying and both cell lines were equally efficient in 

doing so. This survival was not only a result of cell to cell contact, but as seen Fig. 2, 

both cell lines produced soluble factors that prolonged the life of CD4+ T cells. These 

anti-apoptotic effects did not depend on T cell proliferation as no proliferation could be 

seen in our experiments (Fig. 3, manuscript III, data not shown).  

Fig. 1C from manuscript III. Percentage of survival of CD4+T cells in co-cultures with normal and 

inflamed colon fibroblasts. CD4+T cells alone (black bars), CD4+T cells and normal fibroblasts (grey bars), 

CD4+T cells and inflamed fibroblasts (white bars). Stimulations: PHA was used at a concentration of 

5ng/ml and IL-2 at 10%. The co-cultures were maintained for 4 days. Three experiments with each sample 

in triplicates. The values are mean ± SD. Differences from CD4+T cells alone: *** P < 0.001, ** P < 0.01, 

* P < 0.05, ns, not significantly different. 
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Fig. 2 from manuscript III.  Survival of CD4+T cells cultured with conditioned medium collected from 

48h culture of from normal cells (grey bar), inflamed cells (white bar),  or medium  only (black bar). Four 

day co-cultures. Values are mean ± SD (triplicate wells). Differences from medium only control:  * P < 

0.05. 

Manuscript IV 

Regulation of TGF-β-mediated collagen production by mesenchymal fibroblasts  

It has previously been shown (50) that mesenchymal cells in the inflamed colon in the 

model of colitis used throughout this work have increased expression of TGF-βRII, and 

this is coincident with disrupted expression of extracellular matrix proteins collagen I and 

IV. Fibrosis is a pathological condition that affects CD patients and is characterized by 

the increase of ECM and can only be treated by surgical intervention (190).  The causes 

of fibrosis are not known, but in an attempt to add some insights in the mechanisms 

behind the disease, we studied the effects of increased expression of TGF-βRII on ECM 

synthesis by activated fibroblasts in colitis.

In situ studies demonstrated that the upregulated expression of TGF-βRII was on putative 

fibroblasts and not on leukocyte populations (Fig. 2, manuscript IV).  
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Fig. 2 from manuscript IV. Fluorescence immunohistochemical analysis of cells in colitis expressing 

TGF-βRII.  Frozen sections of inflamed mouse colon were stained for TGF-βRII and endothelium, 

MadCAM-1, macrophage F4/80, MHCII, α-SMA, or plasminogen 

The cell lines were used to investigate whether the disruption to the ECM was linked to 

increased TGF-β signalling – because of the receptor upregulation on activated 

fibroblasts. Surprisingly, results showed that inflamed fibroblasts responded less to TFG-

β stimulations (Fig. 4, manuscript III).  

Fig. 4 from manuscript IV. Proliferative and collagen synthesis responses of normal and inflamed mouse 

colonic fibroblasts to stimulation with TGF-β1.  Proliferation was assessed by cell counting and collagen 

synthesis by ELISA.  Representative results from five separate experiments. 
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Could these differences in the response to TGF-β between the cell lines depend on 

differences in the Smad pathway? Our data (Fig. 5A and B) show that this did not seem 

to be the case.  We observed normal activation of Smad2 protein and no upregulation of 

inhibitory Smad7 in both cell lines.  

A

B

Fig 5A and B from manuscript IV.  Analysis of Smad singalling in normal (WT) and inflamed 

(IBD) mouse colonic fibroblasts after stimulation with TGF-β1.  A) Total Smad2 and 

phosphorylated Smad2; B) Smad 7. 
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Preliminary experiments using SBE and collagen promoter reporter assays suggested that 

collagen transcription in activated cells in response to TGF-β was as in normal 

fibroblasts, so what about translation? Our preliminary data indicated that translation was 

no different despite the upregulated levels of an apparently functional receptor and intact 

signalling (Fig. 6A, B and Fig. 7A, B, manuscript IV, data not shown). 

The data suggest that the enhanced and disrupted collagen production seen in the mouse 

model is not simply a result of enhanced collagen transcription/translation in response to 

enhanced TGF signalling.  It may be that the answer is not related to increased 

production, but rather to decreased degradation by matrix modeling proteases.  The group 

of Tarlton et al. (2000) has shown evidence that MMPs and serine proteases show major 

changes in this mouse model (191), although changes in specific proteases or their 

inhibitors which could account for the ECM changes seen have not yet been identified. 
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GENERAL DISCUSSION 

The intention of this thesis was to investigate the inflammatory potential of gut mucosal 

fibroblast populations and to characterize the molecular mechanisms underlying their role 

in colonic inflammation. 

For a long time, fibroblasts were considered to have one principal function - to produce 

extracellular matrix components to maintain tissue architecture. This assumption has 

been challenged and many studies have shown that they can also produce 

proinflammatory cytokines in response to micro-organisms or stimulation by cells 

involved in the immune response (75, 192) 

The evidence given in this work clearly indicates that fibroblasts play a major role in 

some of the most common characteristics of IBD, such as amplification of the 

inflammatory response, chronicity and apoptosis.  

Fibroblasts produce proinflammatory cytokines and chemokines after stimulation through 

CD40 receptor (113, 114), an important co-stimulatory molecule in IBD (193), 

upregulated in both CD and UC (21, 22, 194). This molecule has been shown to be 

upregulated on B cells, dendritic cell and monocytes in inflammation (19, 22, 195).  

We show here for the first time, the existence of a population of colonic fibroblasts from 

inflamed tissue that, despite lower constitutive CD40 receptor expression, have acquired 

the capacity to produce higher concentrations of cytokines/chemokines when stimulated 

with sCD40L and IFN-γ, compared to fibroblasts from non-inflamed tissue. We showed 

also that, contrary to the data of others (109, 114), inflamed cells had a reduced capacity 

to upregulate CD40 expression after IFN-γ treatment. One important factor to keep in 

mind is that the inflamed fibroblasts used in this study were isolated from a colitic mouse 

model which resembles CD and is characterized by the increased production of IFN-γ.  It 

is possible that this milieu either desensitizes the fibroblasts from the effects of IFN-γ

after continued stimulation, or that fibroblast activation induces altered signalling through 

54



55

IFN-γR, which results in reduced CD40 transcription. With regard to the production of 

cytokines/chemokines, the effects of IFN-γ were different. Our results showed that 

treatment with IFN-γ before stimulation with sCD40L had a synergistic effect, increasing 

the production of cytokines/chemokines.  

As a result of these data, which clearly indicated that fibroblasts taken from inflamed 

tissue displayed an activated phenotype, we investigated the mechanisms underlying this 

activated phenotype.  

We showed that the activated phenotype displayed by inflamed fibroblasts depended on 

the constitutive expression of C/EBPβ and NFκB and their ability to complex in the 

nucleus. This complex formation was increased by the effects of IFN-γ. We also showed, 

unexpectedly, that although inflamed cells had lower expression of IFN-γRβ, they 

displayed a higher constitutive expression of phosphorylated Jak2.   

How, then, can inflamed cells express higher constitutive levels of phosphorylated Jak2, 

while expressing lower surface membrane IFN-γRβ? It was clear that inflamed cells were 

activated by additional mechanisms, probably through other signalling pathways.   

A clue to these transactivating signalling pathways may be the observation of constitutive 

IL-6 production by inflamed cells. We speculate that the higher constitutive expression of 

phosphorylated Jak2 depends on an autocrine effect of IL-6 on inflamed cells (196, 197). 

Autocrine effects of IL-6 on fibroblasts have been demonstrated on lung fibroblasts by 

Fries et al. (1994) (90).  Thus, signalling through the IL-6 receptor results in the 

phosphorylation of Jak2 and further phosphorylation and activation of STAT1 and 

STAT3 (146), allowing the formation of  STAT3/STAT3 homodimers or STAT3/STAT1 

heterodimers which enter the nucleus and bind to promoter elements for the transcription 

of STATs and C/EBPβ.  IL-6 has also been shown to activate the Ras-Raf pathway, 

which also results in the activation of C/EBPβ (147).  Like IL-6, IFN-γ can also activate 

STAT1 which, through the involvement of  MAP kinase kinase 1 (MEKK1) and ERK1/2 

signaling pathways, stimulates the expression of C/EBPβ (164). MEKK1 is also involved 
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in the activation of NFκB (198, 199), which may explain, in part, the constitutive 

expression of NFκB in the nucleus due to signalling from the constitutively 

phosphorylated Jak2. 

The involvement of IL-6 in all these activating pathways would reflect the activated 

phenotype of inflamed cells.  

IL-6 production has also been shown to sensitize and potentiate CD40 signalling (200), 

which could explain the higher constitutive NFkB nuclear binding, making it possible for 

C/EBPβ to build a complex with NFkB and so increase the transactivation. 

 In IBD, IL-6 has also been shown to be upregulated both in serum and in tissue (201, 

202), thus having an increased impact on various biological activities, including T and B 

cell differentiation, proliferation (203) and also in preventing T cell apoptosis, as shown 

by  Teague et al. (1997) (204) in a mouse model. Atreya et al. (2000) (205) demonstrated 

that blocking of IL-6 signaling resulted in the induction of apoptosis, demonstrating the 

important role of IL-6 in homeostasis. Fibroblasts from several human tissues have been 

shown to prevent T cell apoptosis, not only through the effects of IL-6, but also by other 

factors such as IFN-β (206) 

In paper I, we demonstrated that inflamed fibroblasts more efficiently synthesized 

cytokines/chemokines after ligation with sCD40L/IFN-γ and, moreover, showed 

constitutive production of IL-6 by the activated cells. We therefore investigated the 

possibility that these cells are more efficient in prolonging T cell survival than fibroblasts 

derived from normal tissue. Contrary to predictions, both cell lines were equally efficient 

in protecting CD4+ T cells from apoptosis. Even though inflamed cells did not show a 

stronger anti-apoptotic effect, inflamed fibroblasts proliferate much more rapidly than 

fibroblasts from normal tissue and so,  even though both cell lines prevented T cell 

apoptosis, the greater number of activated fibroblasts in inflamed tissue would likely 

have a greater effect on T cell survival, maintaining T cells at sites of inflammation, and 
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influencing homeostasis in the intestine -  a characteristic applying to both CD and UC 

(28, 31). 

Another important aspect that characterizes IBD is the increased accumulation of 

collagens. Whiting et al. (2003) (50) showed that activated fibroblasts in the SCID mouse 

model of colitis increased expression of TGF-βRII. We speculated that on stimulation 

with TGF-β, these cells may be responsible for the accumulation of collagen seen in the 

model. Surprisingly, the fibroblast line derived from inflamed colon produced less 

collagen when stimulated with TGF-β.

We found no differences between control and inflamed fibroblasts at the levels of TGF-β

signaling, or subsequent collagen transcription or translation. Our findings with C/EBPβ,

may explain these results.  Thus, Ghosh et al. (2006) (163) showed that INF-γ stimulation 

resulted in the upregulation C/EBPβ and its binding to the pro-collagen gene promoter, 

resulting in the disruption of collagen promoter activity. 

Based on our results, we propose the following model whereby colon fibroblasts in the 

SCID mouse colitis model become activated and the effects this mesenchymal activation 

may have on the pathogenesis of inflammation (Fig. 6)   

We hypothesise: 

1) That T cells are activated in the draining lymph nodes to unknown Th1-inducing 

antigens through interaction with DC.  These primed T cells then seed the colon where, in 

the presence of further antigen they become activated, expressing CD40L, but are 

prevented from apoptosing by interactions with local fibroblasts. 

2) Under the influence of T cell IFN-γ, the local fibroblasts become activated and, in this 

state, interact with the CD40L+ T cells through membrane CD40.  This signalling, in the 

presence of IFN-γ, upregulates the already high constitutive levels of IL-6 synthesised by 

the fibroblasts. 
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3) That IL-6 has an autocrine effect, further activating mesenchymal cells by different 

pathways, resulting in the production of C/EBPβ:

a) IL-6 signaling through STAT3/STAT3 homodimers results in mobilization of 

these homodimers into the nucleus,  activating the upregulation of  C/EBPβ

b) IL-6 signalling through Ras-Raf and MAP kinases results in the upregulation of 

C/EBPβ

c) Phosphorylation and activation of STAT1 by IL-6 will influence the IFN-γ

signalling pathway, increasing upregulation of C/EBPβ

d) Using part of the INF-γ signaling pathway, IL-6 signalling results in persistent 

phosphorylation of Jak2, which activates STAT1, allowing activation of MEKK1-

ERK1/2 signaling pathways to upregulate transcription of C/EBPβ.

4) That constant activation through phosphorylated Jak2 of MEKK1 results in 

phosphorylation of IkKa/IkKb and degradation of IkB, allowing NFkB to enter the 

nucleus and bind to consensus sites in proinflammatory gene promoters.  

5) That C/EBPβ, phosphorylated by ERK1/2 through the INF-γ  signalling pathway, 

enters the nucleus and complexes with DNA-binding NFκB, allowing transactivation of 

genes. Additional stimulation by INF-γ and CD40L will allow fibroblasts to respond 

more vigorously in a synergistic manner, producing increased amounts of IL-6, CCL2, 3 

and 5, all of which have been shown to be upregulated in IBD (9, 207-209).  

6) That the production of CCL2, 3 and 5 will recruit immune cells, such as lymphocytes, 

monocytes, eosinophils and neutrophils (210) to the lesion and, together with the capacity 

of fibroblasts to prevent apoptosis of activated T cells in the lamina propria, will result in 

the chronic inflammatory responseseen in IBD (32, 211).  
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Our data aids in the understanding of the involvement of fibroblasts in the chronicity of 

inflammation and the hypothesis presented here points to further future studies in regard 

to IL-6 autocrine signaling and its effect on the activated phenotype of inflamed 

fibroblasts. 

In conclusion, the results of this thesis suggest that mucosal fibroblasts in chronic 

inflammation respond to the surrounding milieu, become activated and transdifferentiate 

into a stable proinflammatory phenotype which may contribute to chronicity of the 

inflammation, and certainly influences its pathogenesis. 
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