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Abstract

Inflammatory bowel disease is a chronic relapsing and remitting inflammatory 

disorder o f the gastrointestinal system. Although its aetiology remains unknown, 

increasing evidence has outlined that immune mechanisms, including aberrant T- 

cell activation and abnormal cytokine production in the intestine may contribute 

to its pathogenesis. A role for intestinal myofibroblasts in chronic inflammation is 

gradually emerging even though the mechanisms by which they participate in this 

process are ill defined. In this study the role of myofibroblasts in expression of 

inflammatory mediators and their interactions with the adjacent colonic epithelial 

cells and T-lymphocytes was investigated.

Human intestinal myofibroblasts were found to constitutively express a variety of 

co-stimulatory molecules such as PD-L1, B7-RP-land B7H3, whereas B7.1 and 

ICOS expression was induced by the combination of the pro-inflammatory 

cytokines TNF-a/IFN-y. Expression of a cognate receptor, for the IFN-y inducible 

chemokines, IP-10, Mig and I-TAC that are known to be produced by human 

intestinal epithelium, was demonstrated indirectly, by the ability of these 

chemokines to initiate various signalling events in myofibroblasts. Stimulation 

with all three chemokines induced phosphorylation o f PKB, ERK1/2, p38 and 

p90RSK, whereas only I-TAC stimulation resulted in an increase in intracellular 

calcium. All signalling events exhibited a varying degree o f sensitivity to the 

PI3K inhibitor LY294002, but were insensitive to the Gai inhibitor pertussis 

toxin. The different kinetics o f the signalling events in myofibroblasts compared 

to activated T-cells in addition to unresponsiveness to pertussis toxin, suggested 

that a receptor different to CXCR3 is expressed on myofiborblasts, which also 

induced actin polymerisation and stress fiber formation.

Taken together, the data presented here suggest a possible trimeric model 

consisting o f intestinal myofibroblasts, T-cells and colonic epithelial cells that 

may have a role in modulating physiologic and pathologic mucosal inflammation.
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Chapter 1: Introduction

1 Introduction

1.1 The mucosal immune system

The mucosal immune system comprises those lymphoid elements associated with 

the internal mucosal surfaces of the body, namely the gastrointestinal tract (GI), 

the respiratory and the urogenital tract. The physiological roles of the mucosae are 

to absorb, digest and exchange nutrients. In addition to being a considerable size, 

most of the relevant organs employ a variety of anatomical strategies to increase 

their functional surface area. For example, the human GI tract alone comprises 

almost 400m2 surface, approximately 200 times that of the skin. The resulting 

large potential for antigenic stimulation is increased further by the fact that 

tissues such as the GI are exposed continuously to a vast array of diverse 

antigens. It is not surprising then that the lymphoid tissues associated with the 

mucosal surfaces comprise the largest compartment of the immune system, with 

more lymphocytes present there than in all parts of the immune system added 

together.

1.2 The gastrointestinal system

The gastrointestinal system is primarily involved in reducing food for absorption 

into the body. This process occurs in five main phases within defined regions of 

the gastrointestinal system: ingestion, fragmentation, digestion, absorption, and 

elimination of waste products. Ingestion and initial fragmentation of food occurs 

in the oral cavity. The next segments of the tract, the pharynx and oesophagus 

conduct food from the oral cavity to the stomach where fragmentation is 

completed and digestion initiated. This process reduces the stomach contents to a

1



Chapter 1: Introduction

semi-digested liquid called chyme and which is passed on through the pylorus, 

into the duodenum, the short, first part of the small intestine where it is neutralised 

partly by an alkaline secretion from the duodenal mucosa. The duodenal contents 

pass onwards along the small intestine where the process of digestion is 

completed and the main absorptive phase occurs. After the duodenum, the next 

segment of the small intestine, where the major part of absorption occurs, is called 

the jejunum; the rest of the small intestine is called the ileum, but there is no 

distinct junction between these parts of the tract. The unabsorbed liquid residue 

from the small intestine passes through a valve, the ileo-caceal valve, into the 

large intestine. In the large intestine, water is absorbed from the liquid residue, 

which becomes progressively more solid as it passes towards the anus. The first 

part of the intestine is called the caceum, from which projects a blind-ended sac, 

the appendix. The next part of the large intestine, the colon is divided 

anatomically into ascending, descending and sigmoid segments although 

histologically the segments are similar. Contractile activities in the final segment 

of the gastrointestinal tract, the rectum, eliminate the waste products by the 

process of defaecation via the anal canal.

Structure of the gastrointestinal tract

The structure of the gastrointestinal tract conforms to a general plan, which is 

clearly evident from the oesophagus to the anus. The tract is essentially a 

muscular tube lined by a mucous membrane. The arrangement of the major 

muscular component remains relatively constant throughout the tract whereas the 

mucosa shows marked variations in the different regions of the tract.

The gastrointestinal tract has four distinct functional layers:

2



Chapter 1: Introduction

1. The mucosa: the mucosa is the divided into three layers: an epithelial lining, a 

supporting connective tissue lamina propria and a thin smooth muscle layer, the 

muscularis mucosae, which produces local movements and folding of the mucosa.

2. The submucosa: this is a second connective tissue layer that supports the 

mucosa and contains the larger blood vessels, lymphatics and nerves.

3. The muscularis propria: this muscular wall is subdivided into two histological 

layers, a relatively thick inner layer of circular muscle and a thinner outer layer of 

longitudinal muscle. The action of these smooth muscle layers is the basis of 

peristaltic contraction.

4. The adventitia: this outer layer of connective tissue conducts the major vessels 

and nerves. Where the adventitia is exposed to the abdominal cavity, it is referred 

to as the serosa.

The intestine as a lymphoid organ

The best-studied organ of the mucosal immune system is the intestine, partly 

because of its essential role in host resistance to bacteria, viruses, and parasites 

and in the host’s interaction with environmental antigens (e.g., food antigens).

The lymphoid tissue that forms the mucosal immune system in the intestine can 

be divided on anatomic, morphologic, and functional grounds into three major 

populations, Peyer’s patches, lamina propria lymphoid cells and intraepithelial 

lymphocytes (Figure 1.1).

Peyer’s patches: have an important role in the initiation of the mucosal immune 

response and are an important source of B and T lymphocytes that ultimately 

populate other regions of the intestinal mucosa. These lymphoid areas are
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Chapter 1: Introduction

separated from the intestinal lumen by a single layer of columnar epithelial cells, 

known as the follicle-associated epithelium (FAE), which differs from the 

epithelium that covers the villus mucosa and is infiltrated by large numbers of B 

cells, T-cells, macrophages and dendritic cells. Draining the Peyer’s patches via 

lymphatics are the mesenteric lymph nodes (Mowat and Viney, 1997).

Lamina propria lymphoid cells: The lamina propria is the layer of connective 

tissue between the epithelium and muscularis mucosa. It is made up of smooth 

muscle cells, fibroblasts, lymphatics and blood vessels, and makes up the villus 

core over which the absorptive epithelial cells migrate from the crypts to the villus 

tips. The most striking feature of adult human large and small intestinal lamina 

propria is the infiltrate of lymphoid cells. The large numbers of macrophages, 

dendritic cells and T-cells in the lamina propria make it likely that antigen 

crossing the epithelium may be processed and presented to lamina propria T-cells.

Intraepithdial 
J. Lymphocyte

Organized Tissues -Induction Sites
(Q  Epithelium

Intestinal
Lumen

o llid li

Lymphatic
Drainage

Peyer’s
Patch

Lamina
Propria

Afferent
Lymphatic Mesenteric ' 

Lymph Node

Figure 1.1 Schematic representation of the lymphoid elements of the 
intestinal mucosal immune system, acquired from (Mowat, 2003).
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Intraepithelial lymphocytes: The intestinal mucosa also contains a specialized 

subset of lymphocytes that are interspersed within the epithelial layer, so called 

intraepithelial lymphocytes (EELs). The major physiologic functions of these cells 

are still uncertain, but their role in host defence as cytolytic cells and response to 

antigens presented on the surface of adjacent epithelial cells are being studied. It 

is possible that IELs and epithelial cells interact in ways that modify each other’s 

functions (Hayday et al., 2001).

1.3 Intestinal myofibroblasts

Myofibroblasts are a unique group of cells that have a similar appearance and 

function regardless of their tissue of residence. These cells share characteristics of 

both fibroblasts and smooth muscle cells and have therefore been designated 

myofibroblasts.

Phenotypical characterisation of myofibroblasts

Immunohistochemical characterization of myofibroblasts is based on antibody 

reactions to two of the three filament systems of eukaryotic cells. These three 

systems are composed of:

•  actin, a component of the microfilaments

• vimentin, desmin, lamin, or glial fibrillary acidic protein 

(GFAP), members of the intermediate filament system; and

• tubulins of the microtubules.

Myofibroblasts have not been characterized with regard to tubulins. Based on 

immunohistochemical staining of these filaments in a given tissue, a classification 

system has been proposed (Schmitt-Graff et al., 1994). Myofibroblasts that
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express only vimentin are termed V-type myofibroblasts, those that express 

vimentin and desmin are called VD-type, those that express vimentin, a-smooth 

muscle actin, and desmin are called VAD-type, those that express vimentin and a- 

smooth muscle actin are called VA-type.

Origin of myofibroblasts

Several questions remain to be answered regarding myofibroblast origin. It is 

unclear whether myofibroblasts originate from progenitor stem cells or simply 

transdifferentiate from resident tissue fibroblasts or from tissue smooth muscle 

cells. Nevertheless two soluble factors have been shown to promote 

differentiation from embryonic stem cells: platelet-derived growth factor (PDGF) 

(Jobson et al., 1998) and stem cell factor (SCF) (Der-Silaphet et al., 1998). 

Myofibroblasts are also thought to represent an intermediate state between 

conventional Fibroblasts and smooth muscle cells. Transforming growth factor-p 

(TGF-P) (Vaughan et al., 2000) and PDGF (Tang et al., 1996) appear to be the 

most important growth factors for the differentiation of fibroblasts to 

myofibroblasts (Figure 1.2.).

In some tissues, e.g., the liver, intestine the synoviocyte of the joint space and 

brain (astrocyte), myofibroblasts exist in two distinct morphological states: 1) the 

"activated" myofibroblast, as described above, and 2) the stellate-transformed 

myofibroblast, which is considered to be a transiently differentiated 

myofibroblast. In vivo activation, as signified by the development of a-SM actin 

positivity, may be separable from proliferation. Whereas many fibrogenic 

cytokines such as IL-1, tumor necrosis factor (TNF)-a, PDGF, fibroblast growth 

factor (FGF), and TGF-P have been incriminated in this process (Kovacs and 

DiPietro, 1994), TGF-P appears to be the most important cytokine causing the
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development of a-SM actin staining and an activated phenotype capable of 

collagen secretion. It has been determined that the activation of the myofibroblast 

also requires the presence of matrix molecules, specifically, the ED-A (EIIIA) 

domain of fibronectin (Serini et al., 1998). Tissue injury gives rise to this specific 

ED-A domain splice variant of fibronectin. ED-A is the binding site for cell 

membranes and for other matrix molecules. Following activation of the 

myofibroblast, PDGF appears to be the factor primarily responsible for 

myofibroblast proliferation (Jobson et al., 1998).

E n d o th e lin .l 
P D G F ,E O F

cA M P 
P G  E,.IL-1

Stem cell ?

Myofibroblast

Smooth Muscle CellFibroblast

Figure 1.2 Proposed scheme depicting the origin, transdifferentiation, 

activation, and stellate transform ation of myofibroblasts (adapted from 

(Powell et al., 1999)). Abbreviations used in the diagram: PDGF, platelet-derived 

growth factor; TGF(3, transforming growth factor p; SCF, stem cell factor; cAMP, 

cyclic adenosine monophosphate; PGE2 , prostaglandin E2 ; IL-1, interleukin-1; 

EGF, epidermal growth factor; bFGF, basic fibroblast growth factor).

Subtypes of intestinal myofibroblasts

Intestinal myofibroblasts can be divided in two main types: 1) the interstitial cells 

of Cajal (ICC) and 2) intestinal subepithelial myofibroblasts (ISEMF). The ICC
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are located in the submucosa and muscularis propria in association with the 

smooth muscle layers of the gut. The ISEMF are located in the lamina propria 

under the epithelial cells immediately subjacent to the basement membrane.

This study concentrates on ISEMF which have attracted the most interest between 

the two types of cells, primarily because an easy protocol for their isolation is 

available (Mahida et al., 1997). ISEMF initially were thought to exist as a sheath 

of fibroblasts, more dense in the region of crypts than at the surface of the colon or 

in the villi of the small intestine (Pascal et al., 1968), but were later shown to exist 

as a two-dimensional network that extends throughout the lamina propria of the 

gut (Joyce et al., 1987). ISEMF stain positive for vimentin and a-smooth muscle 

actin and negative (or weakly) for desmin (VA-type) (Valentich et al., 1997).

Function of intestinal myofibroblasts

The function of ISEMF is gradually being extended from merely structural 

components of the intestine to key mediators of various biological processes that 

occur in the intestine including, cell proliferation, differentiation, apoptosis, 

morphogenesis, tissue repair, inflammation and the immune response. These 

essential processes are initiated, maintained and terminated by local interactions 

between cells and myofibroblasts.

ISEMF are likely to be important in the regulation of intestinal epithelial cell 

proliferation (Fritsch et al., 1997), differentiation (Halttunen et al., 1996) and 

migration in response to minor injuries that occur in the intestine (McKaig et al.,

1999), both because their location under the basement membrane is ideal for 

paracrine action and because myofibroblasts secrete the agents that thus far have
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been shown to enhance epithelial cell migration in experimental disease states in 

vivo and in wound healing models in vitro. It has been proposed that 

myofibroblast-epithelium cross talk occurs via ECM proteins (Mahida et al.,

1997), especially those making up the basement membrane. The latter contains 

discrete pores that would allow myofibroblast-derived secretory products reach 

the basal surface of epithelial cells.

Tissue repair is a complex, coordinated event, in which there is release of various 

lipid mediators such as eicosanoids, gases such as nitric oxide, cytokines such as 

TNFa , IL-1, IL-6, IL-2, and IL-15, and various growth factors. Many of these 

factors activate myofibroblasts, resulting in myofibroblast motility and the release 

of extracellular matrix (ECM) proteins and other growth factors. Remodelling of 

intestinal tissue is also an important response to gut injury. There is evidence that 

myofibroblasts take part in this process through the secretion of matrix 

metalloproteinases and other proteases (Daum et al., 1999), as well as secretion of 

TGF-aand KGF (Bajaj-Elliott et al., 1998).

Interestingly, even though myofibroblasts are not traditionally regarded as 

immune cells, they are capable of many immune functions such as secretion of 

cytokines, growth and differentiation factors, chemokines and expression of 

adhesion proteins (summarized in table 1.1). Many of the factors secreted by 

activated myofibroblasts, as well as their respective receptors, are up-regulated in 

the intestine in various disease states. Examples include prostaglandins via 

cyclooxygenase (COX)-2 activity (Kim et al., 1998), EGF, TGF-p, HGF, and 

KGF in small bowel injury (Dignass et al., 1996), in gastric ulcer models or 

disease (Hull et al., 1998), and in inflammatory bowel disease (Babyatsky et al.,
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1996). Adhesion protein expression such as, ICAM-1, VCAM-1, and ap integrins, 

by myofibroblasts has also been documented in response to inflammation (Pang et 

al., 1994). Finally the close proximity of ISEMF to lamina propria T-cells 

suggests a possible role for them in the growth and development of these cells 

(Roberts et al., 1997).

Inflammatory mediators Receptors expressed
secreted by ISEMF by ISEMF

Cytokines

IL-1 (Valentich et al., 1997) IL-1 R(Strong et al., 1998)

IL-6 (Pang et al., 1994) IL-IRa (Hinterleitner et al., 1996)

IL-10 (Pang et al., 1994) TNF-a R(Hernandez-Munoz et al., 1997)

Growth factors

TGF- p (McKaig et al., 1999) TGF- P R (Graham et al., 1990)

EGF (Barnard et al., 1995) PDGF R(Jobson et al., 1998)

KGF (Bajaj-Elliott et al., 1997) FGF R(Jobson et al., 1998)

HGF (Goke et al., 1998) EGF R (Jobson et al., 1998)

Chemokines Adhesion proteins

ENA-78 (Casola et al., 1997) ICAM-1 (Pang et al., 1994)

MIP-1 a  (Casola et al., 1997) VCAM-1 (Pang et al., 1994)

RANTES (Casola et al., 1997) VLA-4 (Ebert and Roberts, 1996)

IL-8 (Furuta et al.. 2000)
EGF, epidermal growth factor; ENA-78, epithelial neutrophil-activating 

peptide 78; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; 

ICAM-1, intracellular adhesion molecule-1; IL,interleukin; KGF, 

keratinocyte growth factor; MIP-1 a  macrophage protein la ; PDGF, platelet 

derived growth factor; RANTES, regulated, upon activation, normal T cell 

expressed and secreted; TGF- p, transforming growth factor p; TNF-a, tumor 

necrosis factor-a; VCAM-1, vascular cell adhesion molecule-1; VLA-4.very 

late antigen 4

Table 1.1 Soluble factors and receptors important in inflammation 
expressed by intestinal sub-epithelial myofibroblasts.
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1,4 Inflammation

Inflammation is the body’s reaction to invasion by an infectious agent, antigen 

challenge or even just physical, chemical or traumatic damage. The main purpose 

of inflammation seems to be to bring fluid, proteins, and cells from the blood into 

the damaged tissues. Under normal conditions tissues lack most of the proteins 

and cells that are present in blood, since the majority of proteins are too large to 

cross the blood vessel endothelium. Thus there have to be mechanisms that allow 

cells and proteins to gain access to extravascular sites where and when they are 

needed if damage and infection has occurred. The discovery of the detailed 

processes of inflammation has revealed a close relationship between inflammation 

and the immune response. Many effector mechanisms capable of defending the 

body against such antigens and agents have developed and these can be mediated 

by soluble molecules or by cells. If infection occurs as a consequence of the tissue 

damage, the innate and, later, the adaptive immune systems are triggered to 

destroy the infectious agent.

The main features of the inflammatory response are: vasodilation, i.e. widening of 

the blood vessels to increase the blood flow to the infected area; increased 

vascular permeability, which allows diffusible components to enter the site; 

cellular infiltration by the directed movement of inflammatory cells through the 

walls of blood vessels into the site of injury; and activation of cells of the immune 

system as well as of complex enzymatic systems of blood plasma. Of course, the 

degree to which these occur is normally proportional to the severity of the injury 

and the extent of infection. The development of inflammatory reactions is 

controlled by cytokines, by products of the plasma enzyme systems, by lipid 

mediators (prostaglandins and leukotrienes) released from different cells, and by
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vasoactive mediators released from mast cells, basophils and platelets. Fast-acting 

mediators, such as vasoactive amines, modulate the immediate response. Later, 

newly synthesized mediators such as leukotrienes are involved in the 

accumulation and activation of other cells. Once leukocytes have arrived at a site 

of inflammation, they also release mediators that control the later accumulation 

and activation of other cells.

In inflammatory reactions initiated by the immune system, the ultimate control is 

exerted by the antigen itself, in the same way as it controls the immune response 

itself. For this reason, the cellular accumulation at the site of chronic infection, or 

in autoimmune reactions (where the antigen cannot ultimately be eradicated), is 

quite different from that at sites where the antigenic stimulus is rapidly cleared.

The inflammatory process inevitably causes tissue damage and is accompanied by 

simultaneous attempts at healing and repair. The attempts at reconstruction may 

have different outcomes. If there is little tissue destruction then some organs may 

be able to regenerate their original structure. This involves removal of the 

destroyed tissue by phagocytosis with proliferation of capillary blood vessels and 

lymphatics into the lesion together with fibroblasts and collagen production (so- 

called granulation tissue), resulting in a dense fibrous scar.

Inflammatory bowel disease

Inflammatory Bowel Disease (IBD) in humans, mainly encompassing Crohn’s 

disease (CD) and ulcerative Colitis (UC), is a complex immunological disorder.

CD is a chronic inflammatory disorder of unknown aetiology. The small intestine 

is most commonly affected, but any part of the gut may be involved. The 

pathological features include thickening of the submucosa, ulceration, transmural
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inflammation with granulomas and dense fibrosis. The lesions may be single or 

there may be multiple affected areas separated by normal bowel described as ‘skip 

lesions’. UC is a chronic relapsing inflammatory disorder, which may have an 

acute fulminating presentation. It affects only the colon and rectum, sometimes 

confined to the latter. The lesion is essentially of the mucous membrane with loss 

of goblet cells associated with acute inflammatory cell infiltrate.

Our understanding of IBD has been greatly enhanced by research performed in 

human in vitro studies and in particular by in vivo studies using appropriate 

animal models. Such animal models allow both the examination of inflammatory 

processes (both early and late events) as well as the evaluation of new therapeutic 

modalities. Overall 63 models have been described, most within the last decade. 

These IBD animal models can be divided into 5 different categories: (1) antigen- 

induced colitis and colitis induced by microbials; (2) other inducible forms of 

colitis (chemical, immunological, and physical); (3) genetic colitis models 

(transgenic and knock-out models); (4) adoptive transfer models, and (5) 

spontaneous colitis models. In spite of the high overall number of models, none of 

them is the 'perfect' model and therefore numerous aspects of IBD are still under 

intensive investigation. Even though the aetiology is still unclear, the pathogenesis 

of these disorders is better understood, and it is increasingly clear that these 

diseases represent the outcome of three essential interactive cofactors: genetic 

host susceptibility, enteric microflora and mucosal immunity.

Genetic factors influencing IBD

Linkage studies have implicated several genomic regions as likely containing IBD 

susceptibility genes, with some observed uniquely in CD or UC, and others
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common to both disorders (summarised in table 1.2). The best replicated linkage 

region, termed IBD1, on chromosome 16q contains the CD susceptibility gene, 

nucleotide-binding oligomerization domain 2 (NOD2). NOD2 was identified by 

searching public genomic libraries for genes encoding similar proteins to NODI. 

NODI is an intracellular protein composed of a N-terminal caspase recruitment 

domain (CARD), a centrally located nucleotide binding domain (NBD), and a 

leucine rich repeat (LRR) domain at its C-terminus which could activate nuclear 

factor kB (NFkB) and also promote apoptosis (Inohara et al., 1999). NOD2 has 

one more CARD at its N-terminal than NODI. It is expressed primarily in 

monocytes and following stimulation by bacterial lipopolysaccharide (LPS), 

activates NF-kB. So far, approximately one hundred sequence variants have been 

detected in NOD2 gene, most of which are rare mutations, located in LRR domain 

and are thought to initiate CD. The most likely mechanism by which the 

mutations in NOD2 contribute to the pathogenesis of IBD is either by raising the 

sensitivity of monocytes to bacterial pathogenic agents, resulting in 

overexpression of certain pro-inflammatory cytokines, or by causing deficiency of 

apoptosis, leading to monocyte accumulation in intestinal mucosa (Schreiber et 

al., 1998; Hugot et al., 2001; Ogura et al., 2001a; Ogura et al., 2001b; Inohara et 

al., 2001).

The significance of the colonic microflora in IBD

In human IBD, inflammation is present in parts of the gut containing the highest 

bacterial concentrations. Furthermore, increased mucosal absorption of viable 

bacteria and bacterial products is found in IBD. Serum and secreted antibodies are 

increased and mucosal T-lymphocytes that recognize luminal bacteria are present.

14



Chapter 1: Introduction

IBD locus 
designation

Chromosomal
location

Diagnoses Candidate genes within 
or near locus

IBD1 16ql2 CD NOD2 (Hugot et al., 1996)

IBD2 12ql3 UC VDR, IFN-y (Satsangi et al., 
1996)

IBD3 6pl3 CD, UC MHC I and II, TNF-a (Duerr 
et al., 1998)

IBD4 14ql 1 CD TCR a/6 complex (Duerr et 
al., 2000)

IBD5 5q31-33 CD IL-3, IL-4, IL-5, IL-13, CSF-2 
(Rioux et al., 2000)

IBD6 19p 13 CD, UC ICAM-1,C3,TBXA2R, 
LTB4H (Rioux et al., 2000)

Other loci lp36 CD, UC TNF-R family, CASP9 (Cho 
et al., 1998)

Other loci 7q CD, UC MUC-3 (Satsangi et al., 1996)

Other loci 3p CD, UC HGFR, EGFR, GNAI2
(Satsangi et al., 1996)

VDR, vitamin D receptor; IFN, interferon; TCR, T-cell receptor; CSF, 
cerebrospinal fluid; TBXA2R, thromboxane A2 receptor; LTBH4H, leukotriene 
B4 hydroxylase; CASP, caspase; MUC3, mucin 3; GNAI2, inhibitory guanine 
nucleotide-binding protein

Table 1.2 IBD locus designation, chromosomal location, diagnoses and 

candidate genes. Table adapted with modifications from (Bonen and Cho, 2003).

However, there is evidence that the immune system reacts over-aggressively 

towards the normal luminal flora rather than the flora being altered in IBD 

(Swidsinski et al., 2002). Several approaches have been used in attempts to 

discover a specific microbial agent in the cause of IBD, but no specific micro­

organism has been directly associated with the pathogenesis of IBD so far. 

Analysis of the luminal enteric flora, however has revealed differences in the 

composition of the flora compared to healthy controls (Schultsz et al., 1999). In 

CD, concentrations of Bacteroides, Eubacteria and Peptostreptococcus are 

increased (Krook et al., 1981; Van de Merwe et al., 1988), whereas Bifidobacteria
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numbers are significantly reduced (Favier et al., 1997). Furthermore, in UC, 

concentrations of facultative anaerobic bacteria are increased (Campieri and 

Gionchetti, 2001).

Cell mediated immunity in IBD

The first study implicating classical immune mechanisms in IBD pathogenesis 

demonstrated the cytotoxic action of peripheral blood white blood cells derived 

from UC patients, against human fetal colon cells in vitro (Perlmann and 

Broberger, 1963). Since then various studies have provided evidence that all 

intestinal cell types are affected in IBD. Increasing evidence suggests that 

dysregulation of mucosal T-cells plays a key role in the pathogenesis of IBD 

(MacDonald et al., 2000). Studies in animal models of experimental colitis have 

also definitely confirmed abnormal immune responses to potential immunogenic 

stimuli (Sadlack et al., 1993; Mombaerts et al., 1993; Kuhn et al., 1993; Koh et 

al., 1999; Wirtz et al., 1999). However, the molecular mechanisms responsible for 

the initiation and maintenance of lymphocyte activation in the intestinal mucosa 

remains elusive.

Patients with CD and UC both overproduce macrophages, probably because of an 

increased demand of macrophages in the inflamed gut (Grip et al., 2003). 

Emerging evidence demonstrates that various cell types populating the mucosa 

have an active role in intestinal immunity and inflammation. Epithelial, 

endothelial, fibroblasts, and nerve cells display broad and previously unsuspected 

effector and regulatory functions, including immune-like functions, and interact 

intimately with lymphoid cells. Among the various immune-nonimmune cell 

interactions occurring in the gut, the functional communication existing between
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epithelial cells and lymphocytes has been the most extensively studied (Campbell 

et aL, 1999b). Studies showing that human intestinal epithelial cells produce 

cytokines that regulate the proliferation of intestinal lamina propria mononuclear 

cells, e.g DL-7 (Watanabe et al., 1995), and express functional cytokine receptors 

for several T-cell-derived cytokines such as IL-2R beta, IL-4R, IL-7R (Reinecker 

and Podolsky, 1995) have strengthened the concept of an exchange of regulatory 

signals between the epithelial and immune compartments of the mucosa.

Role of mesenchymal cells in IBD

A variety of other nonimmune cells actively participate in IBD pathogenesis, 

including “structural” cells such as fibroblasts, myofibroblasts, and muscle cells 

the so-called cells of mesenchymal origin. These cells produce a variety of 

extracellular matrix proteins, but this production is altered in IBD, as exemplified 

by the increased production of collagen observed in IBD patients (Lawrance et al., 

2001). These alterations are associated with classical pathological features of IBD, 

such as the increased proliferation of muscle cell layers, formation of thickened 

bowel wall, and strictures. Intestinal smooth muscle cells and/or myofibroblasts 

have also been incriminated in the fibrotic process that characterizes CD. 

Myofibroblast proliferation is seen in response to inflammation in many tissues 

regardless of the aetiology of the insult. Excess myofibroblast proliferation 

persisting beyond the inflammatory insult, may be a risk factor leading to scarring 

and pathological remodelling of the tissue.

The role o f the mucosal immune system in the pathogenesis of IBD is probably

the most complex, as it involves various cellular components as well as a large

variety of inflammatory mediators, of which the most important are probably 

cytokines, many of which are dysregulated in IBD.
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Pro-inflammatory cyokines in IBD

Differing cytokine profiles have been identified for UC and CD. While it has been 

hypothesized that CD is a T-helper 1 (Thl) dominated immune reaction, there is 

also evidence that UC is characterized by T-helper 2 (Th2) domination. However, 

pro-inflammatory cytokines tend to be consistently elevated in IBD. IL-1, IL-6, 

and tumor necrosis factor-alpha (TNF-a) are found elevated in both inflammatory 

bowel conditions (Reinecker et al., 1993; Nikolaus et al., 1998). Several studies 

have suggested particular relevance of IFN-y to CD, as indicated by the 

spontaneous release of IFN-y and increased IFN-y mRNA expression by lamina 

propria mononuclear cells and the presence of IFN-y-secreting T-cells in actively 

inflamed mucosa (Fais et al., 1991; Breese et al., 1993).

Evidence from human and animal studies have highlighted the central role for 

TNF-a in the pathogenesis of IBD. These include the dramatic results from a 

clinical trial where by approximately 2/3 of the patients responded positively to a 

single infusion of the mouse/human chimeric monoclonal anti-TNF-a antibody 

infliximab (Targan et al., 1997) and the development of a Crohn’s like phenotype 

in mice overexpressing TNF-a (Kontoyiannis et al., 1999). Infliximab was 

approved for clinical use in active CD in the USA in the autumn of 1998, and 

received a positive advice for the European Medicines Evaluation Agency in May 

1999 and its success has resulted in various alternative attempts aimed at reducing 

TNF-a in IBD patients. Examples include the humanized monoclonal antibody 

CDP571, the human monoclonal antibody D2E7 (adalimumab), the anti-TNF 

human antibody Fab' fragment-polyethelene glycol (PEG) conjugate CDP870, and 

the small molecules thalidomide and CNI-1493 (MAP-kinase inhibitor).
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Anti-inflammatory cytokines in IBD

In EBD significant changes also occur in the tissue expression of 

immunoregulatory cytokines. Contradicting results exist for the presence of IL-12 

in IBD. Various immunohistological studies indicate that in situ IL-12 is 

overproduced by macrophages in CD, but not in UC (Monteleone et al., 1997; 

Parronchi et al., 1997) and macrophages that are isolated from the inflammatory 

lesions of patients with CD produce increased amounts of IL-12 ex vivo (Liu et 

al., 1999), whereas macrophages that are isolated from patients with UC produce 

decreased amounts of IL-12, compared with those from normal tissues. The 

cytokine profile in UC patients provides more evidence of an exaggerated Th2 

response, elevated IL-5 but no significant elevation of IFN-y and other cytokines 

associated with an overactive Thl response (Fuss et al., 1996), even though there 

is no evidence of increased amounts of IL-4, the definitive Th2 cytokine. Overall 

the pathogenesis of IBD is characterized by an imbalanced activation of Thl and 

Th2-cytokines. This is exemplified by IL-10, an anti-inflammatory cytokine 

which down-regulates the production of Thl-derived cytokines. The relative 

deficiency of IL-10 in patients with UC may contribute to persistent inflammatory 

changes (Ishizuka et al., 2001). IL-10-deficient mice spontaneously develop 

intestinal inflammation characterized by discontinuous transmural lesions 

affecting the small and large intestines and by dysregulated production of pro- 

inflammatory cytokines, indicating that endogenous IL-10 is a central regulator of 

the mucosal immune response (Rennick and Fort, 2000).

Even though cytokines have been the most studied area in EBD, other soluble 

mediators like growth factors, eicosanoids, reactive oxygen and nitrogen
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metabolites especially inducible nitric oxide synthase (iNOS), short chain fatty 

acids, are increasingly being recognized as having a role in IBD.

1.5 Chemokines

Chemokines constitute a superfamily of small (8-10 kDa) pro-inflammatory 

cytokines that are involved in a variety of immune and inflammatory responses, 

acting primarily as chemoattractants and activators of specific types of leukocytes. 

Four classes of chemokines have been defined depending on the number and 

arrangement of the conserved cysteine residues (C) at the N-terminal cysteine 

residues of the mature proteins. These four classes are: CC chemokines in which 

the first two conserved cysteine residues are adjacent, CXC chemokines which 

have one amino acid separating the first two conserved cysteine residues, C 

chemokines which lack two of the four conserved cysteine residues and finally 

CX3C chemokines in which three amino acids separate the two cysteines.

The human chemokine system comprises about 50 distinct chemokines (Table 

1.3) and 20 chemokine receptors. The CXC chemokine genes, with a few 

exceptions, most notably Stromal Derived Factor 1 (SDF-1/CXCL12), which has 

been localized to human chromosome 10 (Shirozu et al., 1995) are all clustered on 

human chromosome 4 (Oppenheim et al., 1991). The majority of CC chemokines 

are clustered around chromosome 17 (Opdenakker and Van Damme, 1994).

Recently, the nomenclature of chemokines has been changed to a systematic

system. The CC chemokines have been renamed CC chemokine ligand (CCL) 1,

2, 3, etc., and the CXC chemokines, (CXCL1), 2, etc (Murphy, 2002). In this

study we use the old nomenclature but also provide the new name when 

introducing a new chemokine.
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Official name Commonly used synonyms Gene locus
CXC(a)
Chemokines 4q 12-q 13
CXCL1 GROa 4q 12-q 13
CXCL2 GROp; MIP-2a 4q 12-q 13
CXCL3 GROy; MIP-2P 4q 12-q 13
CXCL4 PF4 4q 12-q 13
CXCL5 ENA-78 4q 12-q 13
CXCL6 GCP-2 4q 12-q 13
CXCL7 NAP-2 4q 12-q 13
CXCL8 IL-8 4q21.21
CXCL9 Mig 4q21.21
CXCL10 ip-Io 4q21.21
CXCLI1 I-TAC lOqll.l
CXCL12 SDF-la; SDF-1P; PBSF 4q21
CXCLI 3 BCA-1; BLC 5q31
CXCLI 4 BRAK Unknokwn
CXCLI 5 Not applicable 17p 13
CXCLI 6 Not applicable
CC(p) Chemokines 17q 1 1.2
CCLI 1-309 17q 1 1.2
CCL2 MCP-I; MCAF I7ql 1.2
CCL3 MlP-lct; MIP-1 aS; LD78a 17q 1 1.2
Not applicable LD78p, MIP-laP 17ql 1.2
CCL4 MIP-lp 17ql 1.2
CCL5 RANTES 17q 1 1.2
CCL7 MCP-3 17q 1 1.2
CCL8 MCP-2 17ql 1.2
CCLI 1 Eotaxin 17q 1 1.2
CC L 13 MCP-4 I7ql 1.2
CCLI 4 CC-I: HCC-I I7ql 1.2
CCLI 5 HCC-2; Lkn-1; MIP-5; MIP-15 I7ql 1.2
CCL16 HCC-4; LEC; NCC-4; LMC 16q 13
CCLI 7 TARC 17q 1 1.2
CCL 18 DC-CK-I; PARC; MIP-4 9p 13
CCL 19 MIP-3P; ELC; exodus-3 2q33-q37
CCL20 MIP-3a; LARC; exodus-1 9p 13
CCL21 6Ckine; SLC; exodus-2 16q 13
CCL22 MDC 17q 1 1.2
CCL23 MPIF-I; MIP-3 7q 11.23
CCL24 MPEF-2; eotaxin-2 19ql3.2
CCL25 TECK 7q 11.23
CCL26 Eotaxin-3; MIP-4a 9p 13
CCL27 ESkine; CTACK 5p 12
CCL28 MEC
C(y) Chemokines lq23
XCL1 Lymphotactin a; SCM-la lq23
XCL2 Lymphotactin p; SCM-ip
CX3C (5) Chemokine 16q 13
CX3CL1 Fractalkine

Table 1.3 Human chemokines: systematic nomenclature, common names 
and chromosomal location. This table also highlights the clusters of 
chemokines that are typically found on chromosome 4 (CXC) and 17 (CC).
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Chemokines can also be classified based on their pattern of expression. 

Homeostatic chemokines are expressed constitutively and participate in re­

circulation of leukocytes between tissue and lymphatics and in the traffic of 

leukocytes within compartments of lymph nodes and thymus (Cyster, 1999). In 

contrast, inflammatory chemokines are induced by infection and other pro- 

inflammatory stimuli. This division however should not be regarded as absolute 

but rather as a rule with some exceptions (Figure 1.3). Constitutive expression of 

inducible chemokines is observed in neoplastic disorders (Haghnegahdar et al., 

2000; Azenshtein et al., 2002). Moreover a number of molecules behave as both 

constitutive and inducible chemokines. For instance, Macrophage-Derived 

Chemokine (MDC/CCL22) was initially described as a chemokine constitutively 

expressed in certain cell types and lymphoid organs (Godiska et al., 1997). 

Subsequent work, prompted by the recognition that this molecule attracted 

preferentially polarized Th2 cells, has shown that MDC is expressed in a 

regulated way ( Bonecchi et al., 1998a; Andrew et al., 1998).

HOMOEST ATIC INFLAMMATORY

MIG
MEC

HCC-l NAP-2
SDF MCP-3

LARC IP-10
GRO-p

HCC-2 MIP-1 aMDCTECK

RANTES MIP-3 
ENA-78

LYMPHOTACTIN
FRACTALCINE IL-8SLC

MCP-1 ORO-a
HCC-4 MIP-4

ELC EOTAXIN1-309

CTACK MIP-1 p 

MPIF-2I-TACBCA-1

CONSTITUTIVE INDUCIBLE

Figure 1.3 Chemokines can be classified as constitutive or inducible. This 
arrangement also determines their functions as regulating leukocyte trafficking 
or involvement in inflammatory processes.
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ELR chemokines

The CXC chemokines can be further subdivided into those that contain the 

sequence glutamic acid-leucine-arginine (the ELR motif) near the N-terminal 

preceding the CXC sequence and those that do not. This motif dictates the 

angiogenic activity of those chemokines, with members containing the ELR motif 

(ELR+) being potent promoters of angiogenesis (Strieter et al., 1995). In contrast, 

members that are induced by interferons and lack the ELR motif (ELR ) are potent 

inhibitors of angiogenesis (Angiolillo et al., 1995; Sgadari et al., 1997). Most 

CXC chemokines are ELR+, apart from the CXC3 ligands, IP-10, Mig, I-TAC and 

Platelet Factor 4 (PF-4/CXCL4). Although SDF-1 is another ELR' CXC 

chemokine, its role in angiogenesis remains unclear (Arenberg et al., 1997; Zou et 

al., 1998).

Chemokine structure

Despite considerable differences in primary sequence, CXC and CC chemokines 

have a remarkably similar, three-dimensional structure. This structure is 

comprised of a short, Nth-terminal region, a large core, which is stabilized by the 

disulfide bonds and hydrophobic interactions and characterized by three anti­

parallel P-strands, and a COOH-terminal a-helix. The Nth-terminal binding site is 

required for receptor signalling upon ligation, and the length and amino acid 

composition of the N th  terminus determines whether a chemokine will bind with 

high affinity to a receptor and whether binding has agonistic vs. antagonistic 

effects (Clark-Lewis et a t, 1995). The second major site of interaction between a 

chemokine and its cognate receptor lies within the loop that follows the second
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cysteine (Blanpain et al., 2001). The relative importance of each of these two 

contact regions to overall ligand affinity varies depending on the receptor 

examined and reflects synergy between several important contacts.

Chemokine receptors

The chemokine receptors (Table 1.4) are seven-transmembrane-spanning, G- 

protein-coupled receptors (GPCRs) and are classified based on the class of 

chemokines they bind, e.g., CC chemokine receptors bind CCLs, and CXC 

chemokine receptors bind CXCLs. Two highly promiscuous non-signalling 

(silent) receptors or binding proteins, DARC (Neote et al., 1994) and D6 (Nibbs et 

al., 1997), have also been identified, even though their function remains unclear.

CXC chemokine receptors Main ligands Expression
CXCR1 IL-8, GCP-2 N, M, EN
CXCR2 GROa-y, ENA78, NAP-2 N, M, E, EN
CXCR3 -A IP-10, MIG, I-TAC T, B, SM
CXCR3 -B IP-10, MIG, I-TAC, PF-4 T, B, SM
CXCR4 SDFl-a Ubiquitous
CXCR5 BCA-1 B, T
CXCR6 CXCLI 6 T
CC chemokine receptors
CCR1
CCR2 RANTES,MIP1-a, MCP-2, 3 M, DC, T, N, E
CCR3 MCP-1,2, 3,4 M, DC, T, NK,
CCR4 Eotaxin, RANTES, MCP-4 FB, EN
CCR5 MDC, TARC E, B, T, P, EP
CCR6 MIPl-a, |3, RANTES T, DC, B, P
CCR7 MIP3- a T, DC, NK, M
CCR8 ELC, SLC DC, T, B
CCR9 1-309 DC, T, B, NK
CCR10 TECK T, M, NK, B, EN
C chemokine receptor MEC, CTACK T, EN, FB
XCR1 Lymphotactin a-|3 T
CX3Cchemokine receptor
CX3CR1 Fraktalkine T, NK

N: neutrophils, M: monocytes, E: eosinophils, DC: dendritic cells
EN: endothelial, EP: epithelial, NK: natural killer cells, FB; fibroblasts

Table 1.4 Human chemokine receptors, their ligands and pattern of 

expression.

24



Chapter 1: Introduction

Chemokine receptors belong to Class A GPCRs, which are characterized by high 

homology with rhodopsin, the prototypical family member, although their 

structure has not been completely resolved yet. In addition to the transmembrane 

spanning domains, the receptor contains three intracellular loops, three 

extracellular loops, an N-terminal extracellular domain, and a C-terminal 

cytoplasmic tail. Typically, chemokine receptors are 340-370 amino acids in 

length with 25-80% amino acid identity. Common features include an acidic NH2 

terminus, a conserved 10-amino acid sequence in the second intracellular loop, a 

short basic third intracellular loop, and one cysteine in each of the four 

extracellular domains (Murphy et al., 2000). The interaction of chemokines with 

their receptors is characterized by considerable promiscuity. Most known 

receptors have been reported to interact with multiple ligands and most ligands 

interact with more than one receptor. For instance, all four Monocyte Chemotactic 

Proteins (MCPs) interact with CCR2, and at least MCP-2/CCL8, MCP-3/CCL7 

and MCP-4/CCL13 also recognize CCR1 or CCR3. However, certain chemokines 

bind only one receptor and vice versa, such as the exclusive interactions of 

CXCR4 with SDF-1, CXCR5 with B-cell-attracting chemokine (BCA- 

1/CXCL13), CCR6 with Macrophage-Inflammatory Protein-3a (MIP-3a/CCL20), 

CCR9 with Thymus-Expressed ChemoKine (TECK/CCL25), CCR10 with 

Cutaneous T-cell-Attracting ChemoKine (CTACK/CCL27), and CXCR6 with 

CXCLI6. Historically, the identification and characterization of chemokine- 

receptor-ligand specificities was based on agonist activity. Recently, it has 

become clear that the interplay of the receptors and ligands in physiological 

conditions is complicated by the presence of agonist and antagonist activities. The 

CXCR3 agonists have been reported to be antagonists of CCR3, (Loetscher et al.,
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2001). Additionally the CCR1 agonist MCP-3 is an antagonist for CCR5 

(Blanpain et al., 1999). A thorough characterization of the binding of all known 

chemokine ligands with all known receptors is likely to reveal additional 

examples of cross-reactivity between chemokine ligands and receptors.

Biological functions of chemokines

The role of chemokines initially was thought to be restricted to provide directional 

cues for the trafficking of leukocytes to sites of inflammation. The discoveries 

that chemokines can block human immunodeficiency virus (HIV) replication 

(Cocchi et al., 1995) and that their receptors have essential functions in fusion of 

HIV to target cells (Feng et al., 1996) propelled this field into the limelight, and 

raised expectations that chemokines might hold the key to understanding HIV- 

mediated pathogenesis. Although this promise has yet to be fulfilled, the increased 

interest in the field resulted in many findings that suggest chemokine functions are 

not limited to cellular recruitment and might be involved in a variety of biological 

functions including, T-cell activation (Taub et al., 1996), dendritic cell maturation 

(Sozzani et al., 1998), neutrophil degranulation (Meddows-Taylor et al., 1999), B 

cell antibody class switching (Bacsi et al., 1999), macrophage activation (Liu et 

al., 2000b) and gene transcription, proliferation and apoptosis (Thelen and 

Baggiolini, 2001).

Evidence for the roles chemokines and chemokine receptors might play in the 

pathogenesis of different acute or chronic inflammatory diseases is also rapidly 

increasing (Gerard and Rollins, 2001). Many studies in this field are focused on 

examining the response of animal models of acute inflammation to genetic 

elimination of the chemokine receptors (tables 1.5 and 1.6). Interestingly, the
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deletion of receptors pivotal to basal trafficking and homing have striking 

phenotypes, whereas those that are inducible remain viable and healthy when 

maintained in a standard pathogen-free environment but are more susceptible to 

infection with large doses of pathogen than their wild type counterparts. The fact 

that only one chemokine receptor knockout has proved to be embryo lethal could 

imply that some compensation occurs for the loss of a given chemokine receptor, 

and is probably due to the redundancies of the ligands and receptors. Of all the 

chemokine knockouts (a selection of which is summarised in Table 1.7), MCP-1 

deletion has the greatest effect (Gu et al., 1998; Izikson et al., 2000; Huang et al., 

2001), an unexpected finding since its receptor CCR2 can be activated by all five 

MCPs.

Chemokines in the gastrointestinal system

Expression of IL-8/CXCL8, Epithelial Neutrophil Activating Peptide-78 (ENA- 

78/CXL5), MCP-1, eotaxin/CCLll, IP-10 and Fraktalkine/CX3CL1 has been 

detected in animal models as well as human disease condition of the 

gastrointestinal inflammation (Mazzucchelli et al., 1994; MacDermott et al., 1998; 

Uguccioni et al., 1999; Muehlhoefer et al., 2000; Hogan et al., 2001). TECK and 

its specific receptor CCR9, which is preferentially expressed on gut-homing 

intestinal memory T-cells (Zabel et al., 1999; Agace et al., 2000; Kunkel et al.,

2000), are found up-regulated in small bowel but not colonic CD (Papadakis et al.,

2001), suggesting that homing of T-cells to distinct gastrointestinal sites is 

differentially regulated in both inflammatory and basal conditions. Analysis of 

colitis induction in CCR2 A or CCR5 7 mice showed significant protection from 

disease (Andres et al., 2000). Furthermore, in a rat model of chronic colitis, a 

CCR1 and CCR5 antagonist reduced cellular infiltration and inflammation (Ajuebor 

et al., 2001).
27



Chapter 1: Introduction

However, individuals carrying a mutated form of CCR5 (D32-CCR5) are equally 

susceptible to colitis (Martin et al., 2001), indicating that CCR5 is not necessary

for development of disease.

Ablated gene Phenotype
CCR1 Reduced NK-cell recruitment (Shang et al., 2000) 

Prevention of heart transplant rejection (Gao et al., 2000)

CCR2

Protection in EAE (Izikson et al., 2000)

Reduced symptoms of atherosclerosis (Boring et al., 1998)

Partial protection in DSS induced colitis (Andres et al., 2000) 

Increased airway allergic inflammation in response to Aspergillus 

(Blease et al., 2000)

Reduced airway hypersensitivity following allergen challenge 

(Campbell et al., 1999a)

Reduced Langerhans cell migration to draining lymph nodes (Sato et 

al., 2000)

Increased severity of experimental glomerulonephritis (Bird et al., 

2000)

Inability to clear Listeria infections (Kurihara et al., 1997)
CCR3 Decreased eosinophils, increased airway hyper responsiveness 

(Humbles et al., 2002)
CCR4 No protection of airway inflammation in the OVA sensitization 

model, reduced fatality in LPS induced sepsis (Chvatchko et al., 
2000)
Reduced airway hyper responsiveness (Bishop and Lloyd, 2003)

CCR5
Reduced clearance of Listeria infections (Zhou et al., 1998) 

No protection in EAE (Tran et al., 2000)

Resistance to DSS induced colitis (Andres et al.. 2000)
CCR6 Reduced humoral immune response to oral antigens and increase in 

cells of select T lymphocyte populations within the mucosa (Cook et 
al., 2000)

CCR7 Altered secondary lymphoid organ structure (Forster et al., 1999)

Reduced humoral immune responses and contact sensitivity (Saeki 
et al., 1999)

CCR8 Reduced Th2 responses (Chensue et al., 2001)

Decreased eosinophilia in airway inflammation (Chung et al., 2003)
CCR9 Reduced pre B cells and reduction in T-cell receptor y5 (+) gut 

intraepithelial lymphocytes (Wurbel et al., 2001)

Table 1.5 CC chemokine knock out mice. Highlighted in red are the knockouts 
and the studies with relevance to the gastrointestinal system.
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Ablated gene Phenotype
CXCR1 Reduced neutrophil recruitment (Gerard and Rollins, 2001)

CXCR2

Lymphadenopathy (Cacalano et al., 1994)

Delayed wound healing (Devalaraja et al., 2000)

Defective acute neutrophil accumulation (Hall et al., 2001)

Decreased protection against Toxoplasma gondii infection (Del Rio 
et al., 2001)

Reduce macrophage recruitment in atherosclerosis (Boisvert et al., 
1998)

CXCR3 Long term protection in heart transplant (Hancock et al., 2000)

CXCR4
Embryo lethal (Nagasawa et al., 1996)

Vasculature defects (Nagasawa et al., 1996; Tachibana et al., 1998)
CX3CR1 Defects in B-cell homing and lymph nodes (Forster et al., 1996)

Table 1.6 CXC and CX3C chemokine receptors knock out mice

Ablated gene PhenotvDe

MCP-1

Development of resistance by the gastrointestinal nematode 
Trichuris muris (deSchoolmeester et al., 2003)

Suppression of IFN-y and up-regulation of TGF-|3 production in 
lamina propria (Gonnella et al., 2003)

Disruption in the balance of Thl and Th2 cytokines (DePaolo et al., 
2003)

Eotaxin Reduced eosinophil accumulation in the gastrointestinal tract 
(Hogan et al., 2001)

IP-10
Small bowel allografts are resistant to acute allograft rejection 
(Zhang et al., 2004)

BCA-1
Impaired development of Peyer’s patches and mesenteric lymph 
nodes (Ansel et al., 2000)

Table 1.7 Chemokine knock out mice with relevance to the gastrointestinal 

tract.

CXCR3: expression and functions

Because this study will concentrate on CXCR3-mediated effects a detailed section 

on CXCR3 and its ligands is included in this introduction.
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CXCR3 is a seven-transmembrane receptor, which is highly induced by T-cell 

activation. CXCR3 expression can be detected on IL-2-activated T-cells, on 

allogeneically activated T-cells, and on thymocytes during lymphopoiesis 

(Loetscher et al., 1996; Loetscher et al., 1998; Qin et al., 1998; Ebert and McColl, 

2001; Romagnani et al., 2001b). Although exogenous IL-2 can enhance CXCR3 

expression on T-cells in culture, CXCR3 is also expressed on 35—40% of normal 

blood T-cells (Loetscher et al., 1998; Qin et al., 1998; Mohan et al., 2002). CXC3 

was first identified in incomplete form in 1995 on a genomic clone isolated by 

polymerase chain reaction (PCR)-based homology hybridization. At the same 

time, a full-length cDNA was independently isolated from an IL-2-activated T-cell 

library (Loetscher et al., 1996). The gene was named GPR9 and was originally 

mapped incorrectly to human chromosome 8pl 1.2-12 (Marchese et al., 1995) and 

later mapped correctly to Xql3 (Loetscher et al., 1998). The open reading frame is 

interrupted by one intron in the region encoding the N-terminal segment and the 

predictive polypeptide is 368 aa in length with a molecular mass of ~ 40 kDa. 

Other lymphocytes expressing CXCR3 are NK cells, and a small subset of normal 

circulating B cells, (Trentin et al., 1999; Inngjerdingen et al., 2001).

Furthermore CXCR3 has also been detected in eosinophils (Jinquan et al., 2000), 

endothelial (Salcedo et al., 2000; Romagnani et al., 2001a), pericytes (Bonacchi et 

al., 2001), and microglia (Biber et al., 2001; Rappert et al., 2002). CXCR3 has 

been detected preferentially on Thl cell lines and clones in vitro (Sallusto et al., 

1998; Bonecchi et al., 1998a; Bonecchi et al., 1998b; Sallusto et al., 1999). Blood 

T-cells positive for CXCR3 are mostly CD45RO+ memory cells, which express 

high levels of pi integrins (Qin et al., 1998). Additionally, several studies have 

shown that CXCR3 plays an important role in the pathophysiology of Thl-type
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diseases such as autoimmune disorders and viral infections (Balashov et al., 1999;

Liu et al., 2000a; Reinhart et al., 2002) and has therefore been suggested as a 

marker of Thl cells, even though CXCR3 did not discriminate between Thl and 

Th2-dominated responses in vivo (Annunziato et al., 1999).

CXCR3 knockout mice have been tested in allograft rejection models. Like most 

knockouts of inducible chemokine receptors, CXCR3'7" mice retain a normal 

phenotype when unchallenged, but showed profound resistance to development of 

acute allograft rejection and CXCR3-deficient allograft recipients treated with 

cyclosporin A maintained their allografts permanently and without evidence of 

chronic rejection (Hancock et al., 2000). Similar results were observed in 

pancreatic islet allograft CXCR3-deficient recipients (Baker et al., 2003).

CXCR3 agonists

CXCR3 binds three inflammatory/inducible, ELR" CXC chemokines: Monokine 

induced by human interferon-y (Mig/CXCL9), Interferon-inducible 10-kDa 

Protein (IP-10/CXCL10) and, Interferon-inducible T-cell a Chemoattractant (I- 

TAC/CXCL11) (Loetscher et al., 1996; Cole et al., 1998), all of which 

chemoattract and induce calcium flux in activated T-cells and CXCR3-transfected 

cells.

IP-10

IP-10 is expressed constitutively at low levels in thymic, splenic, and lymph node 

stroma (Gattass et al., 1994) but its expression can be highly induced by IFN-a, p 

and y and LPS in a variety of cell types, including endothelial cells, keratinocytes, 

fibroblasts, mesangial cells, astrocytes, monocytes, and neutrophils (Luster and
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Ravetch, 1987). It has been demonstrated to be highly expressed in many Thl- 

type inflammatory diseases, including skin diseases (Gottlieb et al., 1988; Flier et 

al., 1999; Flier et al., 2001), atherosclerosis (Mach et al., 1999), multiple sclerosis 

(Sorensen et al., 1999; Balashov et al., 1999), allograft rejection (Melter et al., 

2001; Zhao et al., 2002) and others. Studies with inhibitory antibodies and IP-10- 

deficient mice have revealed that IP-10 plays an important role in the recruitment 

of effector T-cells into inflammatory tissues (Hancock et al., 2001; Dufour et al., 

2002; Zhang et al., 2002).

Mig

Mig was originally identified by differential screening of a cDNA library prepared 

from lymphokine-activated macrophages (Farber, 1990). Mig expression can be 

induced on monocytes and macrophages, hepatocytes, fibroblasts, keratinocytes, 

and endothelial cells in response to IFN-y (Farber, 1990; Farber J. M., 1993; 

Farber, 1993; Amichay et al., 1996). In mice, systemic administration of IFN-y 

and infection with protozoa or virus was associated with induction of the Mig 

gene in a variety of tissues, including liver, spleen, heart, and lung (Amichay et 

al., 1996). A comparison of chemokine protein sequences shows that human Mig 

is related to IP-10, with the chemokines sharing 37% amino acid identity. The 

genes for human Mig and IP-10 were found to be adjacent on chromosome 4q21, 

suggesting a close evolutionary relationship (Lee and Farber, 1996).

I-TAC

I-TAC was initially identified by screening a cDNA library from primary human 

astrocytes stimulated with various cytokines and is ~ 40% identical at the amino
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acid level to IP-10 and Mig. Expression of human I-TAC has been detected in 

cultured primary monocytes, cultured foetal astrocytes, microglial cell line (Cole 

et al., 1998), astrocytoma cells (Rani et al., 1996), atheroma-associated cells 

(Mach et al., 1999), bronchial epithelial cells (Sauty et al., 1999), neutrophils 

(Gasperini et al., 1999) and keratinocytes (Tensen et al., 1999). Moderate 

expression has also been detected in human central nervous system (Luo et al.,

1998), pancreas, lung, thymus and spleen tissues (Cole et al., 1998). In addition, I- 

TAC was recently shown to be up-regulated in IFN-y-stimulated human 

endothelial cells, suggesting a role for this chemokine in T lymphocyte 

recruitment to sites of inflammation (Mazanet et al., 2000). I-TAC appears to 

have the highest affinity for CXCR3 with a dissociation constant (K^) ~ 3nM 

(Clark-Lewis et al., 2003).

Despite the redundancy in the chemokine system, there is evidence to support the 

notion that IP-10, Mig and I-TAC exert different biological activities. Although 

freshly isolated T-cells respond to I-TAC, curiously they are relatively less 

responsive to IP-10 or Mig (Rabin et al., 1999; Mohan et al., 2002). Recent 

studies have shown that the CXCR3 ligands exhibit unique temporal and spatial 

expression patterns suggesting that they have non-redundant functions in vivo 

(Sorensen et al., 1999; Flier et al., 2001; Agostini et al., 2001). Moreover a 

CXCR3-specific mAb named 1C6 has been reported to block human IP-10, but 

not human Mig, binding to CXCR3 (Qin et al., 1998). Finally it has been 

demonstrated that I-TAC binds allotopically with IP-10 and Mig to the active 

conformation of CXCR3 (Cox et al., 2001).
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Additional ligands for CXCR3

It has been suggested that leukocyte recruitment during inflammatory responses 

may be tightly regulated by chemokines acting as agonists at some receptors and 

antagonists at others. With respect to CXCR3 and CCR3, it has been suggested 

that eotaxin could act as a natural antagonist of CXCR3 by blocking IP-10- 

mediated receptor activation in vitro (Weng et al., 1998). This was subsequently 

disputed by a study, which demonstrated, reciprocally, that the CXCR3 ligands 

could antagonize CCR3 function (Loetscher et al., 2001). CXCR3 ligands inhibit 

CCR3 responses not only to eotaxin but also to eotaxin-2/CCL24 and eotaxin- 

3/CCL26. Additionally, although the three eotaxins exhibit low structural 

homology, they were all similarly inhibited by the CXCR3 ligand. Finally mouse 

Secondary Lymphoid-tissue Chemokine (SLC/CCL21) which binds to CCR7 has 

been reported to induce calcium flux through mouse CXCR3 (Soto et al., 1998) 

but this was not observed with human SLC with either human or the highly 

homologous (87% aa identity) mouse CXCR3 (Jenh et al., 1999). However a 

recent study has demonstrated that human SLC is a functional ligand for 

endogenously expressed CXCR3 in human adult microglia. In absence of CCR7 

expression, SLC induced chemotaxis of human microglia with efficiency similar 

to Mig and IP-10 (Dijkstra et al., 2004). The fact that SLC did not show any 

effects in CXCR3-transfected HEK293 cells, suggests that CXCR3 signalling 

depends on the cellular background in which the receptor is expressed.

Other receptors that bind IP-10, Mig and I-TAC

An alternative functional high-affinity receptor for IP-10 but not Mig or I-TAC, 

has been found recently to be expressed on epithelial and endothelial cells
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(Soejima and Rollins, 2001), however, cloning and more detailed analysis will be 

necessary to determine the function of this putative alternative receptor in 

mediating the actions of IP-10 in vivo. Several studies have also pointed out that 

IP-10 and PF-4 share a great number of activities, such as inhibition of chemotaxis 

and proliferation of endothelial cells or inhibition of hematopoiesis (Aronica et al., 

1995; Luster et al., 1995; Strieter et al., 1995). This large overlap of biological 

activities was finally explained with the discovery of an alternatively spliced 

variant of CXCR3, termed CXCR3-B on endothelial cells (Lasagni et al., 2003) 

which binds PF4 as well as the other CXCR3 ligands. IP-10, like many 

chemokines, also binds to cell surface glycosaminoglycans (GAGs) (Luster et al., 

1995). GAGs are polysaccharides with a high negative charge due to sulfate and 

carboxyl groups and are usually attached to core proteins to form proteoglycans. 

Chemokines are largely basic molecules that exhibit electrostatic interactions with 

GAGs, especially heparin and heparan sulfate. This heparan sulfate-binding site 

for IP-10 can also bind PF-4. While our understanding of the biological activities 

of the CXCR3 ligands has increased, relatively little is known about the 

importance of their interaction with GAGs. It has been postulated that GAGs on 

cells bearing the chemokine receptors facilitate chemokine binding to their high 

affinity receptor by sequestering chemokines, raising their effective concentration 

and, thus, their probability of encountering the receptor (Hoogewerf et al., 1997).

The role o f GAGs on endothelial cells and in the extracellular matrix might be 

important for retaining chemokines close to their site of secretion (Tanaka et al., 

1993). A summary of all the ligands and receptors related to CXCR3 are 

presented in table 1.8.

35



Chapter 1: Introduction

Receptor Expression Function

CXCR3 T-cells, natural killer cells, B cells, 
pericytes, microglia, eosinophils, 
endothelial cells

T-cell migration, 
possible in Thl 
type diseases 
and allograft 
rejection

CXCR3-B Endothelial cells Inhibits
endothelial cell 
proliferation

IP-10 Receptor Endothelial cells, epithelial cells Unknown

Ligand Expression Function

IP-10 Induced by IFN-a, p and y in 
endothelial cells, keratinocytes, 
fibroblasts, astrocytes, monocytes, 
neutrophils

T-cell migration,
angiostatic,
inhibits
endothelial cell 
proliferation

Mig Induced by IFN- y in monocytes, 
macrophages, hepatocytes, 
fibroblasts, keratinocytes and 
endothelial cells

T-cell migration, 
angiostatic, 
promotes 
vascular pericyte 
proliferation

I-TAC Induced by IFN- y in monocytes, 
astrocytes, microglial, neutrophils, 
keratinocytes and epithelial cells

T-cell migration, 
angiostatic, 
promotes 
vascular pericyte 
proliferation

PF-4 Secreted by activated platelets Inhibits
endothelial cell 
proliferation

Table 1.8 CXCR3, related receptors and their ligands.

Role for CXCR3 and its ligands in IBD

Consistent with the involvement of Thl cells in the pathogenesis of CD, 

expression of CXCR3 has been reported on T-cells infiltrating the inflamed 

gastrointestinal submucosa of patients (Yuan et al., 2001). However its expression 

was also largely found on lymphocytes isolated from patients with ulcerative
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colitis (Qin et al., 1998) which appears to be a Th2 disease. Another study using 

two different Thl mediated models of IBD, demonstrated increased amounts of 

Mig in mice deficient in IL-10, whereas in the RAG knock out model, IP-10 and 

Mig production was enhanced (Scheerens et al., 2001). Furthermore, expression 

of IP-10 and CXCR3 has been found to be up-regulated in the epithelium in the 

dextran sulfate sodium (DSS) animal model of colitis (Sasaki et al., 2002). 

Neutralization of IP-10 protected the mice from epithelial ulceration by promoting 

crypt cell survival without any evidence of altered immune cell infiltration, 

indicating a possible role for IP-10 as a new therapeutic target for IBD by 

controlling the dynamics of epithelial homeostasis.

1.6 Signalling pathways associated with chemokines

Phosphoinositide metabolism

Phosphoinositides (Pis) are minor lipid components of biological membranes, 

which have emerged as essential regulators of a variety of cellular processes, both 

on the plasma membrane and on several intracellular organelles. The versatility of 

these lipids stems from their ability to function either as substrates for the 

generation of second messengers, as membrane anchoring sites for cytosolic 

proteins or as regulators of the actin cytoskeleton. This allows them to interact 

with proteins and to orchestrate the spatio-temporal organization of key signalling 

pathways.

Phosphatidylinositol (Ptdlns), the basic building block for the intracellular inositol 

lipids in eukaryotic cells, consists of D-myo-inositol-l-phosphate (InsIP) linked 

via its phosphate group to diacylglycerol (DAG). This molecule is the target of a

37



Chapter 1: Introduction

number of lipid kinases that phosphorylate the inositol ring on positions D3, D4, 

and D5 in different combinations. The 2 and 6 positions in these lipids are not 

known to be esterified with phosphate. Ptdlns and its phosphorylated derivatives 

are collectively referred to as phosphoinositides. Eight PI species have been 

documented in eukaryotic cells (Figure 1.4).

B

Diacylglycerol

Phosphodiester link

0X1 Inositol head 
group

P T E N
P tdlns P I(5)P

P 13K

P T E N

PI(4)P P I(4 ,5 )P ;
P 13K

D A G

Figure 1.4 Chemical structure of P tdlns (A) and summary of 

phosphosinositide lipid metabolism (B). Only kinases specifically involved in 3- 

PI metabolism are included. Blue boxes represent phosphatases, green boxes 

represent kinases that catalyse phosphorylation of the lipid substrates and 3-PIs 

are represented in red. Abbreviations used in the diagram: SHIP, Src homology 

domain-containing inositol 5'-phosphatase; PTEN, phosphatase and tensin 

homologue deleted on chromosome TEN; PLC, phospholipase C; PI5K, 

phosphoinositide 5 kinase; DAG, diacylglycerol.
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Phospholipase C

Eleven distinct isoforms of Pi-specific phospholipase C (PLC), which are grouped 

into four subfamilies (P, y, 8  and e), have been identified in mammals. These 

proteins catalyze the hydrolysis of phosphatidylinositol 4,5-bisphosphate 

(Ptdlns4 ,5 -P2) to inositol 1,4,5-trisphosphate (Insl,4 ,5 -P3) and DAG in response 

to the activation of various cell surface receptors. These messengers then promote 

the activation of protein kinase C (PKC) and the release of Ca2+ from intracellular 

stores, respectively. All PLC isoforms apart from a highly conserved catalytic 

core, also contain various combinations of regulatory domains. The latter target 

the different PLC isoforms to the vicinity of their substrate through protein- 

protein or protein-lipid interactions. For instance the p, y, and 8  isoforms all 

contain an NPL-terminal pleckstrin homology domain (PH), a module that is 

present in many signalling proteins and that binds to various Pis (Rameh and 

Cantley, 1999). The presence of distinct regulatory domains in PLC isoforms 

renders them susceptible to different modes of activation. Given that the partners 

that interact with these regulatory domains of PLC isoforms are generated or 

eliminated in specific regions of the cell in response to changes in receptor status, 

the activation and deactivation of each PLC isoform is a highly regulated process.

Phosphoinositide 3-kinase

Phosphoinositide 3-kinase (PI3K) is an enzyme that participates in many cellular 

processes and whose activity has been linked to cell growth and transformation, 

differentiation, motility, insulin action, and cell survival to name a few. Thus it is 

not surprising that considerable effort has gone into understanding the 

mechanisms by which PI3K mediates these responses. PI3K compromises a
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family of signalling enzymes that catalyse the phosphorylation of the D3 position 

of the inositol ring of Pis. PI3K initiate signalling cascades by generating three 

distinct membrane inositol lipids, PtdIns-3-P, PtdIns-3 ,4 -P2, and PtdIns-3 ,4 ,5 -P3 

(referred from now on as 3-PIs). Approximately 5% of cellular PI is 

phosphorylated at the 4-position, and another 5% is phosphorylated at both the 

4 and 5 positions . However, less than 0.25% of the total inositol-containing lipids 

are phosphorylated at the 3-position, consistent with the idea that these lipids exert 

specific regulatory functions inside the cell, as opposed to a structural function. 

Resting mammalian cells contain significant levels of Ptdlns3-P, but hardly any of 

the other 3-PIs. Whereas the overall levels of Ptdlns3-P do not seem to increase 

upon cellular stimulation, the levels of the other 3-PIs can rise sharply, although 

they probably never match the levels of Ptdlns4 ,5 -P2 or Ptdlns4-P. PI3K lipid 

products are not substrates for the Pi-specific PLC enzymes. Instead, 3-PIs are 

metabolised by kinases and phosphatases that act on the inositol ring (summarized 

in Figure 1.4).

PI3K isoforms

Based on structural characteristics, regulatory mechanisms and their selective in 

vitro substrate specificity, PI3Ks can be grouped into three classes: class I, class II 

and class III (summarized in Figure 1.5).

Class I PI3K

The prototypical PI3Ks are the class I PI3Ks which are heterodimers of 

approximately 200 kDa, composed of a 110-120 kea catalytic subunit and a 50- 

100 kDa adaptor subunit and are able to phosphorylate, Ptdlns, Ptdlns 4-P and 

Ptdlns 4 ,5 -P2 in vitro. The preferred in vivo substrate for class I PI3Ks, however,
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seems to be Ptdlns 4,5-P2 (Stephens et al., 1991; Hawkins et al., 1992). 

Depending on the adaptor proteins involved in this process, class I PI3Ks can be 

segregated into two groups: those able to associate with p85 will be directed to 

phosphorylated tyrosine motifs (class IA), while PI3Ky interacts with trimeric G 

proteins and the p 101 protein (class IB).

Class Catalytic Subunit Adaptor Subunit Lipid Substrate

I A 

B

pi 10 a,p,5 

pllOy

p85 a ,(3 p55 a,y p50 

plOl

Ptdlns, Ptdlns-4P, 
Ptdlns 4,5 P2 
Ptdlns, Ptdlns-4P, 
Ptdlns 4,5 P2

II C2a, C2pC2y clathrin Ptdlns, Ptdlns-4P

III Vps34p pi 50 Ptdlns

s -B D

-<Sro>-fPK ^R H ~;:H PM  SH2 \

ic Domain} pnoa,p,S

{ S H 2

C lass  I,

- B —{ S H 2

p85a
S H 2 HD  P85P 

S H 2  H iS H 2D f S H 2  ] p55a5y
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C lass III
<  P IK  >-}Catalytic Domain' Vps34

Figure 1.5 Classes, subunits, lipid substrates of mammalian PI3Ks and 

structural characteristics of the different PI3K isoforms (adapted from 

(Curnock et al., 2002). PI3Ks have been divided into three classes, based on 

primary structure, substrate specificity and regulatory mechanisms; class 1 is 

further subdivided according to the associated adapter subunit. The protein 

domains are as follows: BH, breakpoint-cluster region; C2, C2 domain; P, proline- 

rich motif; PIK, phosphatidylinositol kinase domain; PX, phox homology 

domain; Ras-BD; Ras-binding domain; SH2, src-homology domain 2; SH3, 

src-homology domain; iSH2, inter SH2 domain.
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Class IA PI3Ks are tightly and constitutively associated with a 50-85 kDa 

regulatory subunit, of which p85 is the prototype. The p85 is composed, starting 

from the N terminus, of a Src homology 3 (SH3) domain, a breakpoint-cluster- 

region homology (BH) domain flanked by two proline-rich regions and two C- 

terminal SH2 domains spaced by an inter-SH2 region (Otsu et al., 1991; Skolnik 

et al., 1991; Hiles et al., 1992). The latter mediates tight binding of p85 to the 

catalytic subunit. The subsequent cloning of PI3Ky (Stoyanov et al., 1995) 

identified a protein with similarities to the class IA PI3K, but without an N- 

terminal p85-binding site. Instead, PI3Ky was found associated with a novel 101 

kDa protein without any functional homology to known proteins, and was 

proposed to be essential in conferring G(3y sensitivity to pllOy (Stephens et al., 

1997). Others have reported that GPy-dependent pllO y activation in absence of 

plO l occurs in vitro reconstitution assays with permeabilized neutrophils (Kular 

et al., 1997; Leopoldt et al., 1998).

Class IIPI3K

The drosophila PI 3-kinase PI3K68D/cpk has been identified as the first member 

of a new class of PI3Ks (MacDougall et al., 1995), They are distinguished from 

other PI3K isoforms by the presence of two tandem domains at their carboxyl 

terminus that. The first is termed a phox homology (PX) domain and the second a 

C2 domain which are known to act as a specific Pi-binding modules in other 

signalling molecules. Class II isoforms are characterized Ptdlns and Ptdlns4-P 

specificity in vitro, although PI3-K-C2a was claimed to phosphorylate Ptdlns4 ,5 -P2 

as well (Domin et al., 1997). Of the PI3K-II a, p and y families, drosophila 

PI3K68D/cpk resembles most the mammalian PI3K-IIp and shares with it a
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ubiquitous expression pattern (Brown et al., 1997). Class II PI3Ks display 

homologies with class I enzymes, but have different N-termini and do not 

associate with p85. The C2 domain of PI3K-IIs, although related to the one of 

synaptotagmin, is Ca2+-insensitive due to the lack of conserved Asp residues 

necessary for Ca2+-binding (Sutton et al., 1995). Indeed it has been shown to bind 

weakly to phospholipids in a Ca2+-independent fashion (MacDougall et al., 1995) 

and to be essential for catalytic activity of the enzyme (Misawa et al., 1998). The 

observation that drosophila PI3K68D/cpk can be phosphorylated on Tyr suggests 

that protein tyrosine kinases and protein-protein interactions could mediate the 

activation of PI3K-IIs (Molz et al., 1996).

Class III PI3K

Class III PI3Ks are homologues of S. cerevisiae Vps34p (vacuolar protein sorting 

mutant, and phosphorylate exclusively Ptdlns (Schu et al., 1993). Based on 

observations in yeast Vps34, the mammalian homologue of this class III PI3K is 

considered to be the principle mediator of vesicle transport from the Trans-Golgi 

network (TGN) to lysosomes, the organelle in mammalian cells that is 

functionally equivalent to the yeast vacuole. In support of this, transport of newly 

synthesized lysosomal enzymes from the TGN is inhibited by PI3K inhibition 

(Brown et al., 1995).

Lipid phosphatases

To ensure that activation of this pathway is appropriately suppressed/terminated, 

there are three major lipid phosphatases involved in negatively regulating the 

levels of 3-PIs: the ubiquitously expressed 54-kDa tumor suppressor PTEN
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(Phosphatase and TENsin homologue deleted on chromosome TEN) which 

hydrolyzes Ptdlns3 ,4 ,5 -P3 to Ptdlns4 ,5 -P2, and the 145-kDa hematopoietic- 

restricted SHIP (Src homology domain 2 (SH2)-containing inositol 5'- 

phosphatase, also known as SHIP1), as well as the more widely expressed 150- 

kDa SHIP2, which breaks it down to Ptdlns3 ,4 -P2. PTEN will de-phosphorylate 

several phosphoinositide signalling molecules in vitro, specifically removing 

phosphate from the D-3 position of the inositol ring in each case (Maehama and 

Dixon, 1998; Myers et al., 1998). However, Pltdlns3 ,4 ,5 -P3 and Pltdlns3 ,4 -P2 are 

the most efficient substrates for PTEN in vitro, although it will also de- 

phosphorylate PI3-P and the soluble head group of Pltdlns3 ,4 ,5 -P3, inositol 

l ,3 ,4 ,5 -tetrakisphosphate(Ins(l,3 ,4 ,5 )P4). SHIP 1 and 2 are capable of hydrolysing 

Ptdlns3 ,4 ,5 -P3 at position 5 of the inositol ring to produce Pltdlns3,4-P2 (Damen 

et al., 1996; Lioubin et al., 1996). SHIP1 is also capable of de-phosphorylating 

Ins(l,3 ,4 ,5 )P3, whereas SHIP2 is not (Wisniewski et al., 1999). The D-3 position 

of the inositol phospholipid must be phosphorylated before SHIP can de- 

phosphorylate the D-5 position (Damen et al., 1996), suggesting that SHIP acts 

sequentially with PI3K in the inositol phospholipid pathway.

Targeting PI3K isoforms

The specific PI3K inhibitors, wortmannin (Wymann et al., 1996) and LY294002 

(Vlahos et al., 1994), have been invaluable tools for elucidating the roles of these 

enzymes in signal transduction pathways in various cellular responses in vitro. 

However, it has been difficult to study the function of this enzyme family in vivo. 

Moreover, neither of these inhibitors exhibit any degree of selectivity for
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individual PI3K isoforms, even though PI3K-C2a has been reported as displaying 

reduced sensitivity to wortmannin (Domin et al., 1997).

The recent development of genetic approaches based on gene-manipulated mouse 

systems has provided a breakthrough in elucidating the in vivo role of the 

individual PI3K enzymes. To date, each of the class I PI3K catalytic subunits has

been inactivated by gene targeting, as have the p85a and p85(3 regulatory subunits 

(summarised in table 1.9).

Ablated gene Phenotype

p85cx/p55a/p50 a  

p85p

Perinatal lethal (Fruman et al., 1999),

Impaired B-cell development and activation (Suzuki et al., 

1999),

Over production of IL-2 from DCs and enhanced Thl 

responses to Leishmania major infection (Fukao et al., 

2 0 0 2 a)

Selective loss of gastrointestinal mast cells and impaired 

responses to intestinal nematodes (Fukao et al., 2002b),

No immune phenotype reported (Ueki et al., 2002)
pi 1 0 a
piiop

pi 108

Embryonic lethal (Bi et al., 1999)

Embryonic lethal (Bi et al., 2002)

Impaired T and B antigen receptor signaling, impaired B cell 

development and activation (Clayton et al., 2002; Jou et al., 

2002; Okkenhaug et al., 2002)

pllO y

Impaired T cell development, activation, chemotaxis and 

inflammatory responses, improved heart function, decreased 

oxidative burst and thromobembolism (Hirsch et al., 2000; 

Li et al., 2000; Sasaki et al., 2000; Hirsch et al., 2001; 

Laffargue et al., 2002; Crackower et al., 2002)

Table 1.9 Immune phenotypes of genetically targeted PI3K isoforms (adapted 

from (Ward and Finan, 2003).
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Despite the advantages of this approach, the results obtained are incomplete 

because the p i 1 0 a  and P knockouts are embryonic lethal, and need to be 

interpreted with caution due to the complex regulation of p i 10 by p85. Targeting 

p85a interferes with recruitment of p i 10 to tyrosine-phosphorylated receptor 

complexes, while expression of each of the class Ia catalytic subunits is reduced, 

supporting a role for p85 in protecting p i 10 from proteolysis. In addition it is 

thought that loss of one member of the family might be compensated for by 

another isoform.

Lipid products as mediators of PI3K downstream signalling

PI levels are exquisitely regulated within cells and constitute important spatial and 

temporal signals coordinating a wide range of cellular processes. The effects of 3- 

PIs are mediated primarily by direct interaction with a large number of 

downstream effector proteins (summarized in Figure 1.6), and these protein-lipid 

interactions involve numerous, specific lipid-binding modules, including the PH, 

FYVE and PX domains.

The pleckstrin homology (PH) domain was first identified in 1993 as a 100-120- 

residue stretch of amino-acid-sequence similarity that occurs twice in pleckstrin 

and is found in numerous proteins involved in cellular signalling. It was originally 

proposed that PH domains, like SH2 and SH3 domains, might be involved in 

protein-protein interactions in cellular signalling (Haslam et al., 1993). 

Subsequent work has shown that many PH domains direct membrane targeting of 

their host proteins, but by binding to Pis rather than proteins in cellular 

membranes. They are the only domains known to exhibit PtdIns3 ,4 ,5 -P3-binding
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properties in molecules such as protein kinase B (PKB) (James et al., 1996), 

Bruton's tyrosine kinase (Btk) (Salim et al., 1996), the general receptor for 

phosphoinositides-1 (Grpl) (Klarlund et al., 1997), and the dual adaptor for 

phosphotyrosine and 3-phosphoinositides-l (DAPP1) (Dowler et al., 1999). 

Ptdlns3,4-P2 has also several well-known targets, which all contain PH domains. 

Several of the PH domains that are recruited by Ptdlns3 ,4 ,5 -P3 also recognize 

Ptdlns3,4-P2. These include the PH domains from PKB and DAPP1, but not those 

from Btk or Grpl (which are PtdIns3 ,4 ,5 -P3-specific) (Kavran et al., 1998). Only 

one PH domain, from TAPP1 (tandem PH domain containing protein 1), has been 

reported to bind exclusively to Ptdlns3,4-P2, and evidence has been presented to 

suggest that Ptdlns3,4-P2 is the target of this PH domain in vivo (Kimber et al., 

2002).

Of all physiological Pis, PtdIns(3)P is the one that has the largest number of 

known specific binding partners, being recognized specifically by most FYVE 

domains and PX domains, of which there are 30 and 42, respectively, in the 

human proteome. The FYVE domain contains approximately 60-70 amino acids, 

and is named for the four proteins in which it was first identified: Fablp, YOTB, 

Vaclp, and EEA1 (Stenmark et al., 2002). Since their initial description, it has 

been clear that more than just the FYVE domain is required for efficient targeting 

of proteins to PtdIns3-P-containing membranes in vivo, simply because Ptdlns3-P 

is not very abundant, and that head group binding, while specific, is relatively 

weak (Dumas et al., 2001). FYVE finger proteins regulate distinct trafficking 

steps such as membrane fusion, receptor sorting, membrane invagination, and the 

endocytic pathway, consistent with the localisation of Ptdlns3-P on both 

endosomes and vacuoles (Gillooly et al., 2000). PX domains were pointed out in
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1996 as a 130-amino acid homology region in two components of the phagocyte 

NADPH oxidase complex (p40 phox and p47 phox) as well as many other proteins 

with diverse functions (Ponting, 1996). PX domains are now recognized as 

Ptdlns3-P binding modules, although the PX domains from PI3K C2a has been 

reported to bind Ptdlns4 ,5 -P2 (Song et al., 2001).

The potential of some PH domains to specifically bind PItdIns3 ,4 P2 and 

Ptdlns3 ,4 ,5 -P3 correlates with in vivo data defining the same PH domain- 

containing proteins as PI3K effectors. For example, PI3K activity leads to

P Z I /

multiple phosphorylations of p70 , which is involved in G1 cell cycle transition

and proliferation (Chung et al., 1994; Alessi et al., 1998). p70s6K can also 

associate with and is activated by the Rho family G proteins Rac and Cdc42 

(Chou and Blenis, 1996; Welch et al., 1998) which are again under the control of 

PI3K. The list of PI3K targets further includes the atypical PKCs e, r|, X (Toker 

and Cantley, 1997), and PLC y (Falasca et al., 1998; Bae et al., 1998).

Protein Kinase B

Although the serine/threonine protein kinase PKB was not the first PI3K effector 

discovered, intense interest in this field has led to what is arguably the best 

understood mechanism of activation and function of any Ptdlns3 ,4 ,5 -P3 target. 

PKB was identified as a 57kDa serine/threonine kinase with high homology to 

protein kinases A and C, and was therefore termed PKB. PKB is cytosolic in 

unstimulated cells, and is activated trough membrane localization (Andjelkovic et 

al., 1997) and Ser/Thr phosphorylation (Andjelkovic et al., 1996; Alessi et al.,

1996). Both events are dependent on PI3K: the PH domain of PKB promotes
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translocation to the plasma membrane by binding to Ptdlns3,4-P2 (Franke et al., 

1997), and phosphorylation at Thr308 and Ser473 requires phosphoinositide - 

dependent kinases (PDKs) 1 and 2 respectively. Activity of PDK1 is specifically 

controlled by interaction of Ptdlns3,4,5-P3, and Ptdlns3,4-P2 with its PH domain 

(Stokoe et al., 1997; Stephens et al., 1998). Apart from phosphorylating PKB on 

Thr308, PDK1 phosphorylates members of the AGC subfamily members on the 

equivalent residues such as on PKC isoforms (Dutil et al., 1998), p70-S6K (Alessi 

et al., 1998), PKA (Cheng et al., 1998) and others.
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Figure 1.6 Overview of PI3K and phosphoinositide signalling. Proteins 

containing PH domains (PKB, PDK1, and PLC-y) are present downstream of 

PI(3,4)P2 and PI(3,4,5)P3. Various target proteins function downstream of these 

molecules. Proteins containing FYVE and PX domains function upon binding to 

PI(3)P and/or PI(3,4)P2. Activation mechanisms of class II and class III PI3Ks are 

largely unknown. Abbreviations: AP-2, adaptor-related protein complex 2; PKB, 

protein kinase B; PKC, protein kinase C; PDK-l, phosphoinositide dependent 

kinase-1; PLC-y, phospholipase Cy ; PTKs, protein tyrosine kinases.
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PKB has been implicated in many biological processes including intermediary 

metabolism, protein synthesis, and anti-apoptotic signalling. Once activated, PKB 

leaves the plasma membrane to phosphorylate intracellular substrates. Consistent 

with this, translocation of PKB to the nucleus has been reported (Andjelkovic et 

al., 1997) and this undoubtedly links PKB to phosphorylation of transcription 

factors such as c-AMP-responsive element-binding protein (CREB), forkhead 

transcription factors, and NF-kB (Kandel and Hay, 1999). PKB phosphorylates 

and activates endothelial nitric oxide synthase (eNOS) leading to sustained 

production of NO by endothelial cells, which has been implicated in gene 

regulation and angiogenesis (Snyder and Jaffrey, 1999; Fulton et al., 1999). The 

glycogen synthase kinase 3 (GSK3) is also phosphorylated and inactivated by 

PKB leading to an increase in glycogen synthesis (Cross et al., 1995).

One of the major functions of PKB is as a cell survival factor, and a number of 

proteins have been shown to mediate its anti-apoptotic function. The pro- 

apoptotic Bcl-2 family member BAD is phosphorylated and inactivated by PKB 

leading to protection from apoptosis (Datta et al., 1997). However it is unlikely 

that this represents the major anti-apoptotic mechanism by which PKB, as Bad is 

not ubiquitously expressed. A cysteine protease, caspase-9, as well as forkhead 

transcription factors such as FKHR, FKHRL1 and AFX also induce apoptosis, an 

event that is inhibited by PKB mediated phosphorylation of these proteins 

(Cardone et al., 1998; Brunet et al., 1999a). Another anti-apoptotic action of PKB 

may operate via the transcription factor NF-kB. When bound to its cytosolic 

inhibitor, IkB, NF-kB is sequestered in the cytoplasm. PKB has been reported to 

associate with and activate IkB kinases (IKKs), which are known to phosphorylate 

and degrade IkB. This results in translocation of NF-kB to the nucleus where it
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activates the transcription of anti-apoptotic members of the inhibitor-of-apoptosis 

proteins (IAP) such as c-IAP-1 and c-IAP-2 (Kane et al., 1999; Wang et al.,

1999). The PI3K/PKB pathway is summarized in figure 1.7.

Transcription

Glucose metabolism
Survival

NO production

Transcription

APOPTOSIS

Figure 1.7 The PI3K/PKB pathway. Activation of PI3K results in the local 

accumulation of Ptdlns3,4,5-P3 at the plasma membrane. Newly synthesized 

Ptdlns3,4,5-P.3 recruits both PDK-l and PKB to the plasma membrane where the 

combination of lipid binding and phosphorylation by PDK-l serves to activate 

PKB. Once activated PKB has profound effects on cell function leading to gene 

transcription and cell survival. Abbreviations used in the diagram: FKHR, 

Forkhead transcription factors; BAD, Bcl-2/Bcl-XL-antagonist, causing cell death; 

eNOS, endothelial nitric oxide synthase; GSK-3, glycogen synthase kinase-3; 

IKKs, IkB kinases.
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PI3K activation by chemokines

The first evidence for the involvement of PI3K in chemokine-stimulated cell 

migration was the demonstration that the chemotaxis and polarization of T-cells 

induced by RANTES is inhibited by the PI3K inhibitor wortmannin (Turner et al., 

1995b). Subsequent studies by several groups showed that other chemokines, such 

as MIP-3, MCP-1, IL-8  and SDF-1 stimulate wortmannin-sensitive chemotaxis of 

eosinophils, THP-1 monocytic cells, neutrophils and T-cells respectively (Knall 

et al., 1997; Turner et al., 1998; Sotsios et al., 1999; Sullivan et al., 1999). 

Moreover SDF-1 and certain SDF-1 peptide analogues stimulate the transient 

accumulation of Ptdlns3 ,4 ,5 -P3 in leukaemic T-cell lines and peripheral blood- 

derived T-cells (Sotsios et al., 1999). Given that chemokine receptors are G 

protein coupled, one might predict an involvement of the Gpy-dependent PI3K in 

mediating Ptdlns3 ,4 ,5 -P3 accumulation. Indeed, the accumulation of Ptdlns3,4,5- 

P3 stimulated by SDF-1 and MCP-1 can be completely inhibited by pre-treatment 

with pertussis toxin, strongly indicating that 3'-phosphoinositide lipid 

accumulation occurs via the Gi protein-coupled PI3K (Turner et al., 1998; Sotsios 

et al., 1999). However, in PDKy'7' mice, neutrophils are still capable of migrating 

to several chemoattractants (Hirsch et al., 2000; Li et al., 2000; Sasaki et al.,

2000), suggesting that other PI3K isoforms are also activated. In vitro assays of 

immunoprecipitated p85 subunits of PI3K indicate that the p85 /p ll0  heterodimer 

is activated by SDF-1 and RANTES in T cells (Turner et al., 1995a; Sotsios et al., 

1999) and by MCP-1 in THP-1 cells (Turner et al., 1998). The study with MCP-1 

revealed that Ptdlns3 ,4 ,5 -P3 accumulation in THP-1 cells is wortmannin resistant, 

yet entirely pertussis toxin sensitive, suggesting the involvement of PI3K-C2a, 

which is thought to exhibit reduced sensitivity to wortmanin.
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Calcium (Ca+2) signalling

Originally thought to be a structural element for bone and teeth formation, Ca2+ is 

now known to be involved in many intracellular signalling processes (e.g. gene 

transcription, proliferation, apoptosis, migration and muscle contraction) and its 

intracellular mobilisation is initiated by a wide variety of receptors.

The process of Ca2+ signalling involves regulated changes in the concentration of 

Ca2+ in the cytoplasm from 100 nM in resting conditions to roughly 1000 nM 

upon activation. This is achieved by an extensive molecular repertoire of 

signalling components, which comprise the Ca2+ signalling toolkit (Figure 1.8). In 

most cell types, the major internal Ca2+ stores are the endoplasmic reticulum (ER) 

or the sarcoplasmic reticulum (SR). Release of Ca2+ from these stores is attained 

via multimeric ligand gated ion channels: IP3 receptors (IP3RS) and ryanodine 

receptors (RRs). The latter is gated by Ca2+ itself (also known as calcium-induced 

calcium release (CICR), but can also be operated by an endogenous ligand named 

cyclic ADP ribose (cADPR) (Galione and Churchill, 2000). There are currently 

three IP3Rs and three RRs (Berridge et al., 2003). A further internal store 

operated by nicotinic acid adenine dinucleotide phosphate (NAADP) has been 

recently identified (Genazzani and Billington, 2002).

Additionally, Ca2+ is able to enter the cell externally via various entry channels: 

voltage-operated channels (VOCs) are plasma membrane ion channels that are 

activated by membrane depolarisation; receptor-operated channels (ROCs) open 

in response to the binding of an extracellular ligand; second-messenger-operated 

channels (SMOCs) open in response to the binding of intracellular second 

messengers such as DAG, cyclic nucleotides or arachiodonic acid; and store-
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operated channels (SOCs) open in response to the depletion of internal stores of

Ca2+.
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Figure 1.8 An overview of the pathways involved in calcium mobilisation,

Acquired from (Berridge et al., 2000). Calcium mobilising signals are shown in 

blue. Influx mechanisms are in green, with efflux pathways highlighted in red. 

Abbreviations: cADPR, cyclic adenosine diphosphate ribose; ER, endoplasmic 

reticulum; G, G-protein; InsP3R, inositol (l,4,5)-trisphosphate receptor; NAD, 

nicotinamide adenine dinucleotide; NADP, nicotinamide adenine dinucleotide 

phosphate; NAADP, nicotinic acid adenine dinucleotide phosphate; PLC, 

phospholipase C; PMC A, plasma membrane calcium ATPase; PTP, permeability 

transition pore; R, receptor; RTK, receptor tyrosine kinase; RYR, ryanodine 

receptor; SIP, sphingosine 1-phosphate; SCaMPER, sphingolipid calcium release- 

mediating protein of the ER; SERCA, sarco(endo) plasmic reticulum calcium 

ATPase; SR, sarcoplasmic reticulum.
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For a cell to be able to maintain viability, the calcium influx must be balanced by 

calcium efflux. Four different mechanisms are responsible: plasma membrane 

calcium ATPase (PMCA), sodium/calcium exchanger (NCX), sarco (endo) 

plasmic reticulum calcium ATPase (SERCA), and the mitochondrial uniporter. 

PMCA and SERCA have high affinities but limited capacities meaning they can 

respond to modest increases in calcium levels and set basal calcium levels. The 

remaining two calcium transporters, NCX and the mitochondrial uniporter, have 

much higher capacities and can limit the calcium transient over a wider range (i.e. 

optimal mitochondrial calcium accumulation occurs when calcium is in the pM 

range but do accumulate calcium even when presented with modest nM global 

calcium changes). The PMCA couples ATP hydrolysis to the transport of calcium 

from cytosolic to extracellular spaces. NCX (plasma membrane) exchanges three 

moles of sodium for one mole of calcium, either inward or outward, depending on 

the ionic gradients across the membrane. The mitochondrial uniporter transports 

calcium from the cytosol into the mitochondrial matrix and is located on the inner 

mitochondrial membrane. SERCA is located on SR and ER membranes and 

couples ATP hydrolysis to the transport of calcium from the cytosol to the 

lumenal space (for reviews (Berridge et al., 2000; Berridge et al., 2003)). Rises in 

cytosolic calcium levels are decoded by various intracellular calcium binding 

proteins coupling the calcium flux to a biochemical and cellular response, with 

calmodulin being the most abundant and well known of these calcium sensors.

Calmodulin binding to calcium leads to its conformational change and activation 

of the serine-threonine phosphatase calcineurin, allowing this protein to then 

activate various transcription factors and subsequent transcription of various 

genes, such as IL-2.
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Chemokines and calcium signalling

The activity of chemokine receptors is most commonly assayed by measuring 

changes in intracellular Ca2+ levels following application of agonists, although it 

does not define which G protein family has transduced the chemokine message 

from receptor to effector. For instance in cultured cerebellar Purkinje cells, 

CCR8 -induced Ca2+ fluxes were not affected by PTX treatment of the cells 

indicating the lack of involvement of Gi-coupled pathways (Gillard et al., 2002).

In the same system, activation of CCR3 by the specific ligand eotaxin induces 

calcium transients, but the calcium release is completely inhibited by pre­

treatment of the cells with PTX (Gillard et al., 2002).

Increases in intracellular Ca2+ levels do not necessarily prove activation of IP3Rs.

An alternative explanation would be the chemokine-mediated opening of channels 

in the outer cell membrane allowing Ca2+ flux into the cell. Indeed it has been 

observed that the rise in intracellular Ca2+ levels following activation of CCR1 

expressed in HEK-293 cells is completely inhibited by the PLC inhibitor U73122, 

indicating that the Ca2+ is released from intracellular pools. However, it was 

noticed that in the absence of extracellular Ca2+, the intracellular levels induced by 

CCRl-mediated events were considerably reduced (Nardelli et al., 1999). This 

implies that CCR1 is able to promote the influx of Ca2+ into a cell by activating 

Ca2+ channels as well as by promoting the release of Ca2+ from IP3-sensitive 

intracellular pools. Another interesting observation from calcium studies with 

chemokines is that chemokine receptor stimulation can have biological effects in 

the absence of measurable calcium mobilization. SDF-1 was unable to stimulate 

increases in [Ca2+]i in Jurkat cells, although these cells still elicited a chemotactic 

response to SDF-1 (Turner et al., 1995b; Sotsios et al., 1999).
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The Mitogen-Activated Protein Kinase pathways

Mitogen-activated protein kinase (MAPK) pathways are conserved in all 

eukaryote organisms and are common participants in signal transduction pathways 

from the cell membrane to the nucleus. These kinases regulate directly or 

indirectly a number of transcription factors that control a very large number of 

important genes that are responsible for such fundamental cellular processes as 

proliferation, differentiation, survival and apoptosis. The mammalian MAP kinase 

family includes: 7 members of the ERK family, 4 isoforms of p38 MAP kinase 

and 10 or more splice variants of the JNK/SAPK family (c-Jun N-terminal /stress 

activated protein kinases).

Mammalian MAPK pathways can be activated by various receptor families, such 

as tyrosine (Tyr), serine/threonine (Ser/Thr) kinase receptors, cytokine receptors 

or GPCRs, including chemokine receptors. All the known MAP kinases can be 

categorized by the sequence of the canonical dual phosphorylation site Thr-Xaa- 

Tyr (TXY) in a regulatory loop between kinase subdomains VII and VIII (Tanoue 

and Nishida, 2003). The ERK group members have the Thr-Glu-Tyr (TEY) dual 

phosphorylation motif; all the p38 group kinases have the Thr-Gly-Tyr (TGY) and 

JNK/SAPK group has a Thr-Pro-Tyr (TPY) motif. All MAPK pathways feature 

three-tiered central 'core signalling modules' (Figure 1.9), consisting of three 

kinases: a MAPK kinase kinase (MAPKKK) that activates a MAPK kinase 

(MAPKK) by Ser/Thr phosphorylation, which in turn activates a MAPK. MAPKs 

are activated by concomitant Thr/Tyr phosphorylation within a conserved motif in 

the activation loop of the kinase domain.
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The Extracellular Regulated Kinase pathway

The ERKs are a very heterogeneous group within the MAPKs. They include the 

ERK1/2, ERK3/4 and ERK5/BMK (Zhou et al., 1995) subfamilies, as well as the 

newly discovered ERK7 (Abe et al., 2001) and ERK8 (Abe et al., 2002). ERK1, 

ERK2 and ERK5, participate in signal transduction pathways that originate from 

the cell surface receptors.

GPCR
Cytokine receptor
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Figure 1.9 Overview of the mitogen-activated protein kinase (MAPK) core 

signalling module. Divergent inputs feed into a core MAPK-kinase-kinase 

(MAPKKK) —»MAPK-kinase (MAPKK)-* MAPK pathways. MAPKs, in turn, 

coordinate activation of gene transcription factors or further downstream targets. 

Abbreviations:ATF-2, activating transcription factor-2; CREB, cAMP response 

element-binding protein; Elk-1, Ets-like gene-1; Max, Myc-associated factor X; 

MEF2A/C, myocyte enhancer factor-2A/-2C; MNK1/2, MAPK-interacting 

kinase-1/-2; PRAK, p38-regulated/activated kinase.

Termed MAPK/ERK kinase (MEK1 and MEK2), these dual specificity kinases 

are the immediate upstream activating kinases for ERK1 and ERK2 (Crews et al.,
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1992). The MAPK kinase kinase for this module, which is the most extensively 

studied, Raf, has been shown to activate MEK1 and/or MEK2 (Kyriakis et al., 

1992; Dent et al., 1992). Only the knockout of ERK1 has been described (Pages et 

al., 1999). ERK1 deficient mice are viable and appear normal and with a modest 

defect in T-cell development, suggesting that ERK1 is dispensable and that the 

second isoform, ERK2, can compensate for the loss of ERK1. A similar and more 

marked defect is present in transgenic mice expressing dominant-negative MEK1 

in thymocytes (Alberola-Ila et al., 1995).

The p38 pathway

Four isoforms of p38 have been identified: p38 (also called p38a), p38p, p38y 

(also called ERK6 ), and p388. p38a and p38p are expressed in almost all tissues 

and are particularly abundant in brain and heart (Jiang et al., 1996). In contrast, 

p38y and p388 show very selective tissue distribution, with p38y predominantly 

expressed in skeletal muscle and p388 enriched in lung, kidney, testis, pancreas, 

and small intestine. In the past few years, intensive study has been done regarding 

the activation of p38a in many systems, whereas there is not much information 

concerning activation of the other isoforms. Growth factors, GPCR agonists, heat 

shock, cell stretching, and ischemia have all been found to be able to trigger the 

activation of this pathway (Kumar et al., 2003). Like all MAP kinases, p38 is 

activated by dual kinases, the MAPKKs. MKK6  can activate all four p38 

isoforms, whereas MKK3 activation of both the p38 and JNK pathways, which 

may be the reason why p38 and JNK are often co-activated. However specific 

activation of p38 and JNK has been observed, implying that there is specific 

activation of the p38 pathway at this level. The biological consequences of p38
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activation are very diverse, varying from production of pro-inflammatory 

cytokines, induction of enzymes like cyclo-oxyenase 2 (COX-2), induction of 

adherent proteins such as VCAM-1 and many other inflammatory related 

molecules (Kumar et al., 2003).

ERK, p38 and chemokines

Several reports have shown that ERK and/or p38 is involved in chemotaxis 

induced by serum, lysophosphatidylcholine, and chemokines in leukocytes and 

smooth muscle cells (Jing et al., 2000; Ayala et al., 2000; Stupack et al., 2000). 

p38 is also involved in chemotaxis induced by MCP-1 in THP-1 cells (Ashida et 

al., 2001), contradicting previous results, which showed that ERK but not p38 is 

responsible for MCP-1-mediated chemotaxis (Yen et al., 1997). On the other 

hand, IL-8 -mediated chemotaxis is both ERK and p38 independent (Knall et al.,

1997). It has also been demonstrated that GROa in parental melanoma cells 

enhances Ras, MEKK1, MEK3/6, p38, but not ERK activity (Wang and 

Richmond, 2001), whilst the pro-apoptotic signal SDF1 sends through CXCR4 in 

CD4+ T cell are p38 phosphorylation-dependent (Vlahakis et al., 2002).

1.7 Actin and the cytoskeleton

The cytoskeleton is a cellular network of structural, adaptor and signalling 

molecules that regulates most cellular functions including those related to the 

immune response, such as migration, extravasation, antigen recognition, 

activation and phagocytosis. Cytoskeletal genes represent 2.8% of the human 

genome, and they form a part of complex and finely regulated polymer networks, 

including microfilaments, microtubules and intermediate filaments.
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Microfilaments, composed of filamentous (polymerised) actin (F-actin), are 

mainly utilized in eukaryotic cells to drive locomotion by the extension of 

pseudopods. Depending on their morphology and the cellular context, 

pseudopods, are called lamellipods, leading lamellae, or ruffles. Many different 

processes depend on cell locomotion, including morphogenetic movements during 

embryonic development, movement of neurites during development and 

remodelling of the nervous system, chemotactic movements of immune cells, and 

fibroblast migration during wound healing.

The high rates of actin polymerisation or depolymerisation, are regulated by many 

capping, nucleator and adaptor proteins which allow fast growth and 

deconstruction of microfilament-based structures (Pollard and Borisy, 2003). The 

Arp2/3 complex, an abundant assembly of seven subunits (Machesky et al., 1994), 

which is comprised of two actin-related proteins (Arp2 and Arp3) with five novel 

proteins: p40 (ARPC1), p35 (ARPC2), p l9  (ARPC3), p l 8  (ARPC4), and p l4  

(ARPC5) is integral in this process. At the leading edge of motile cells, the entire 

network of actin filaments is a branched array with Arp2/3 complex localized to 

the branch sites (Svitkina and Borisy, 1999). The best studied Arp2/3 complex 

activators are members of the Wiskott-Aldrich syndrome protein (WASP) and 

WASP family Verprolin-homologous proteins (WAVE) (Machesky and Insall,

1998; Miki et al., 1998), which are regulated by Rho-type small GTPases.

Rho GTPases

Ras homology (Rho) family GTPases, are small (20-30 kDa) GTP-binding 

proteins of the Ras superfamily. The prototype Rho family members are RhoA,
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(Racl), and Cdc42. Their distinct biological were first demonstrated in 

microinjection experiments in fibroblasts, in which the introduction of Rho 

induced the formation of actin stress fibers and focal contacts, whereas the 

introduction of Rac, in a distinct pathway, led to membrane ruffling and formation 

of lamellipodia. Cdc42 induced a third signal transduction pathway, producing 

finger-like structures known as filopodia, which contain bundles of F-actin 

(Ridley and Hall, 1992; Ridley et al., 1992; Nobes and Hall, 1995). These proteins 

function as binary switches by cycling between the active GTP-bound state and 

the inactive GDP-bound state. In the GTP-bound form, these proteins bind to and 

activate a variety of downstream effector proteins including kinases, actin-binding 

proteins, and lipid-modifying enzymes. The guanine nucleotide binding cycle of 

Rho family GTPase is controlled by: guanine nucleotide exchange factors (GEFs) 

which promote the transition from the inactive GDP-bound state to the active 

GTP-bound conformation; GTPase-activating proteins (GAPs) that stimulate the 

inactivation; and guanine nucleotide dissociation inhibitors (GDIs) act to lock the 

GTPase in either the active or inactive state.

Rac-1 and Cdc42

By regulating F-actin, Cdc42 and Rac exert a profound effect on cell shape, 

polarity, migration, celkcell and cell:matrix adhesion, protein traffic, and 

cytokinesis. Rac and Cdc42 are required at the front of the cell to regulate actin 

polymerisation and membrane protrusion. For efficient cell migration, this activity 

would be expected to be spatially restricted as demonstrated for Rac which can be 

visualized in migrating fibroblasts with the highest concentrations at the leading 

edge (Kraynov et al., 2000).
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Over 30 target proteins have been identified that interact with either Cdc42 or 

Rac, or both, specifically in their GTP-bound forms (reviewed in (Bishop and 

Hall, 2000)). Many, though not all, of these contain a recognizable motif, the 

Cdc42 and Rac interactive binding (CRIB) motif, as part of their Rac/Cdc42 

binding domain (RBD) (Burbelo et al., 1995). Cdc42 binds to WASP or N- 

WASP, which are primary effectors mediating filopodia formation, whereas Rac 

activates WAVE. Interestingly, while the WASPs contain a recognizable CRIB 

motif, the WAVEs do not. Instead, their linkage to small GTPases is provided by 

an adaptor protein, insulin receptor substrate p53 (IRSp53) (Miki et al., 2000). 

WASP binding to Cdc42 and Ptdlns3,4-P2 (via a PH domain), opens its normally 

masked and auto-inhibited C-terminal domain that binds Arp2/3, thus regulating 

the position of newly assembled actin filaments (Prehoda et al., 2000). Another 

downstream effector of Rac that has been implicated in cytoskeletal 

rearrangements and membrane ruffling are the p21 activated kinases (PAKs). 

PAKs are serine/threonine protein kinases that associate with Cdc42, and usually 

also with Rac, via a conventional CRIB motif. PAKS have been implicated in 

MAP kinase signalling pathways, apoptosis, and cytoskeletal regulation (Knaus 

andBokoch, 1998).

Rho A

RhoA-induced stress fiber formation is associated with focal adhesion assembly 

and cell contractility and is responsible for cell body contraction and rear end 

retraction (Ridley and Hall, 1992). RhoA activation induces changes in the actin 

cytoskeleton through a large number of downstream targets, of which the best 

characterised are the Rho-activated kinases, the Rho-associated coiled-coil 

forming protein kinases (ROCK). Rho and p i60 ROCK have been shown to be
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essential for rear cell detachment in single migrating leukocytes (Alblas et al.,

2001). p i60 ROCK can phosphorylate and activate LIM kinase (named from the 

Lin-11, Isl-1 and Mec-3 genes) (LIMK), which in turn phosphorylates and 

inactivates cofilin, leading to stabilization of actin filaments within actimmyosin 

filament bundles (Maekawa et al., 1999). pl60ROCK also inhibits by 

phosphorylation the myosin binding subunit of myosin light chain (MLC) 

phosphatase (Kawano et al., 1999) thereby regulating actin-myosin contraction 

formation of actin stress fibers (Ridley, 2001). Another important downstream 

target of Rho is the mammalian ortholog of D ro so p h ila  Diaphanous (mDia), mDia 

belongs to the formin-homology containing family of proteins, which have been 

linked to actin filament assembly in both D ro so p h ila  and yeast (Pruyne et al., 

2002; Sagot et al., 2002).
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Figure 1.10 Rho-GTPase pathways in actin filament organization. Rho

promotes contractile actin:myosin filament assembly through two effectors, mDia 

and pl60ROCK. Rac and Cdc42 both regulate actin polymerisation through 

WASP/WAVE or through PAK kinases. Abbreviations: Arp2/3, actin related 

proteins 2/3 complex; mDia, mammalian ortholog Diaphanous; MLC, myosin 

light chain; LIMK, LIM kinase, PAK, p21 activated proteins; WASP, Wiskott- 

Aldrich syndrome proteins; WAVE, WASP family Verprolin-homologous proteins.
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Rho activity at the front of a migrating cell is incompatible with membrane 

protrusion and hence mechanisms must inhibit its activity at the leading edge. One 

way this might occur is through Rac. Expression of activated Rac has been shown 

to inhibit Rho function in many cell types, (Sander et al., 1999). A summary of 

the pathways of the Rho GTPases regulating actin organization is shown in figure 

1. 10.

1.8 Antigen presentation and the CD28/B7 model of co-stimulation

T lymphocytes play a key role in immunity by distinguishing self from nonself 

peptide antigens and regulating both the cellular and humoral arms of the immune 

system. To avoid damage to the host, these immune responses must be tightly 

regulated. Molecular recognition is performed by the antigen receptor of T 

lymphocytes, the T- cell receptor (TCR). The TCR is limited to scanning 9-12 

amino acid long peptides bound in the groove of major histocompatibility 

complex (MHC) class I or class II glycoprotein heterodimers (Germain, 1994), or 

glycolipids bound to the MHC-like molecule CD Id (Beckman et al., 1994). MHC 

class I molecules, which present peptides form endogenous sources to CD8+ T- 

cells, are expressed on the majority of nucleated cells. In contrast, MHC class II 

molecules, which present peptides from exogenous sources to CD4+ T cells, are 

found primarily on the surface of specialised antigen presenting cells (APCs) due 

to the tightly controlled expression of the class II transactivator (CIITA), which is 

essential for MHC class II transcription (Chang et al., 1994).

The three classical MHC class I molecules (HLA-A, HLA-B and HLA-C) play 

essential roles in the detection and elimination of virus-infected cells, tumor cells 

and transplanted allogeneic cells. The non-classical MHC class I molecules
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(HLA-E, HLA-F and HLA-G) have specialized immune regulatory functions 

(Braud et al., 1999). HLA-E functions predominantly as an inhibitor of NK-cell 

functions, whereas HLA-G inhibits both T- and NK-cell functions, including the 

transendothelial migration of human NK cells (Dorling et al., 2000).

MHC class II genes encode the polymorphic HLA-DR, HLA-DQ and HLA-DP 

proteins, which are expressed as a|3 heterodimers on the cell surface. MHC class 

II molecules play a central role in the initiation of the cellular and humoral 

immune responses, but they have also been implicated as contributing factors for 

a variety of autoimmune disorders, and they play an important role in transplant 

rejection. Constitutive expression of MHC class II proteins is confined to APCs, 

which include dendritic cells, macrophages, B lymphocytes and thymic epithelial 

cells. On most other cell types, expression of MHC class II molecules can be 

induced in an environment rich in inflammatory cytokines of which IFN-y is the 

most potent (Giacomini et al., 1988).

T-cell anergy and co-stimulation

Acquired, antigen-specific unresponsiveness is the most important mechanism by 

which T-cell responses to antigen are regulated in vivo. The term 

unresponsiveness was coined by Bretscher and Cohn in 1970 to describe 'the 

immunological state of an animal to which antigen has been administered and 

which cannot subsequently respond to that antigen but can respond to other non 

cross-reacting foreign antigens' (Bretscher and Cohn, 1970).

Engagement of the TCR with MHC-peptide complexes may elicit four distinct 

functional outcomes: no response (ignorance), productive T-cell activation, 

induction of unresponsiveness to subsequent antigen, or activation-induced cell
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death (peripheral deletion). T-cell responses need therefore to be tightly regulated 

and are subject to finely tuned control mechanisms. One such mechanism is the 

requirement for a co-stimulatory signal (Signal 2) provided by soluble factors or 

cell-surface molecules on APCs, in order to produce full T-cell activation. T-cell 

clones fail to proliferate in the absence of co-stimulatory signals and become 

refractory to further activation (Jenkins and Schwartz, 1987).

The finding that T-cell inactivation, termed T-cell anergy, was a direct 

consequence of regulated IL-2 production (DeSilva et al., 1991) led to the search 

for a master co-stimulatory signal that targeted the IL-2 pathway. This search 

resulted in the identification of the CD28/B7 pathway as a prominent co­

stimulatory pathway for T-cells (Harding et al., 1992). Although additional co­

stimulatory pathways have since been identified, including the CD40 ligand 

CD154/CD40, CD2/CD58, LFA-1 (CD18)/ICAM-1 (CD54), and others, the 

CD28 CD28/B7 pathway remains the most potent and well characterized.

Receptors of the CD28 family 

CD28

CD28 is expressed on virtually 100% of murine T-cells, all human CD4+cells and 

about 50% of human CD8+ T cells. Although CD 28 is expressed constitutively, 

its levels increase after T cell activation (Turka et al., 1990). CD28 is also highly 

expressed on developing thymocytes (Gross et al., 1992) although its role in 

thymocytes is not well understood. Signalling through CD28 is required for 

optimal IL-2 production, IL-2 receptor expression and cell cycle progression 

(Jenkins et al., 1991). CD28 also regulates cell survival by induction of the anti- 

apoptotic protein Bcl-XL and activation of PKB (Parry et al., 1997).
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CTLA-4

Cytotoxic T lymphocyte antigen 4 (CTLA-4) is expressed on the surface of 

activated CD8+ and CD4+ T cells. However, unlike CD28, CTLA-4 is not 

expressed on the surface of resting T cells. Moreover, CTLA-4 expression is only 

2-3% of the levels of CD28 (Linsley et al., 1992). In contrast to CD28, CTLA-4 

delivers a negative signal to the activated T cell, opposing CD28-mediated co­

stimulation (Walunas et al., 1994). Mice deficient in CTLA-4 have been shown to 

exhibit profound lymphoproliferative defects that are characterized by polyclonal 

T-cell activation and a high frequency of cells expressing activation and/or 

memory T cell antigens (Tivol et al., 1995).

ICOS

Inducible co-stimulator (ICOS) was first identified in a screen for unique 

molecules expressed on human peripheral blood T-cells following activation. 

ICOS enhances all basic T-cell responses to foreign antigen and like CTLA-4 it 

has to be induced on the T cell surface (Hutloff et al., 1999). ICOS-mediated co­

stimulation does not induce IL-2 production but increases secretion of IL-4, IL-5, 

IL-10, INF-y and TNF-a suggesting that ICOS functions primarily to induce T- 

cell effector function (Yoshinaga et al., 1999).

PD-1

Programmed Death 1 (PD-1) is unique among the CD28 family members in that it 

is widely expressed on hematopoietic-derived tissues. It is constitutively 

expressed on a subset of CD4' CD8' thymocytes, immature B cells and some 

peripheral T-cells, and is expressed on T-cells, B cells, monocytes and myeloid
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cells following activation (Ishida et al., 1992). PD-1 like CTLA-4, appears to 

mediate an inhibitory signal. The exact role of PD-1 is just beginning to be 

elucidated. It has been reported that PD-1 ligation inhibits IFN-y, IL-10, and IL-2 

secretion (Freeman et al., 2000), but unlike CTLA-4 , PD-1 can influence positive 

and negative thymocyte selection (Nishimura et al., 2000).

BTLA

The B and T lymphocyte attenuator (BTLA), is the most recently discovered Ig 

superfamily member (Watanabe et al., 2003). BTLA engagement results in down- 

regulation of T-cell activation, and mice deficient in BTLA show increased 

incidence and severity of autoimmune disorders. Table 1.10 summarizes the 

ligands for the CD28 family receptors.

Ligand Alternative
name

Receptor(s) Expression

B7-1 CD80 CD28, CTLA-4 Induced on DC, T, B (Hathcock et 
al., 1994)

B7-2 CD86 CD28, CTLA-4 DC, monocytes (Chang et al., 1995)

PD-L1 B7H1 PD-1 DC, induced on monocytes (Dong 
et al., 1999)

PD-L2 B7 DC PD-1 DC, monocytes (Tseng et al., 2001)

B7 RP-1 B7h, GL-50 ICOS B, DC, up-regulated on monocytes 
by IFN-y (Aicher et al., 2000)

B7 H3 B7 RP-2 9 DC (Chapoval et al., 2001)

B7 H4 B7S1, B7x BTLA DC, B, macrophages (Prasad et al., 
2003)

Table 1.10 B7 ligands for the CD28 family receptors, alternative names and 

expression in the immune system. Abbreviations: B7 RP-1, and 2, B7 related 

proteins 1 and 2; BTLA, B and T lymphocyte attenuator CTLA-4, cytotoxic T

lymphocyte antigen 4; DC, dendritic cells; ICOS, inducible co-stimulator; PD-1, 

programmed death 1; PD-L1 and 2, programmed death ligands 1 and 2.

69



Chapter 1: Introduction

Co-stimulation in the intestine

The notion that T-cells primed in the gut play an important role in regulating 

mucosal immune responses has been long suggested. Normal intestinal epithelial 

cells (IECs) can process and present antigen to T-cells, including CD8+ regulatory 

T-cells, which may control the inflammation seen in the intestine (Allez et al., 

2002). However, the absence of conventional co-stimulatory molecules on normal 

intestinal epithelium would suggest that antigen presented by IECs would result in 

anergy. Lack of co-stimulatory molecule expression could be a way to control 

mucosal immune responses in the gastrointestinal tract, where exposure to dietary, 

viral, and bacterial antigens is constant.

In UC, however, B7.2 is expressed (Nakazawa et al., 1999), while PD-L1 can be 

induced by IFN-y on a colonic epithelial cell line (Dong et al., 1999), 

underscoring, at least in this disease, the potential contribution of the IEC to 

mucosal T-cell responses. Moreover, regulatory T-cells were demonstrated to 

inhibit inflammation through ICOS-B7RP-1 engagement (Akbari et al., 2002), 

suggesting that regulation of co-stimulation by IECs (and other APCs in the 

mucosa) may have a beneficial therapeutic effect in patients with inflammatory 

responses characteristic of IBD.

1.9 Aims of the study

During the past decade, several experimental approaches have stressed the 

functional importance of the mesenchymal cell compartment in the intestine. The 

permissive and instructive actions of myofibroblasts on gastrointestinal epithelial 

cells has been demonstrated and underlined by the observation that these cells
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secrete important growth factors whose receptors are found on the epithelial cell 

surface, exemplified by the expression of HGF and KGF which regulate the 

epithelial cell behaviour. These studies have highlighted the central role of 

intestinal epithelial cells in regulating the mucosal immune system and its 

response. It is now well established that these cells are capable of performing 

various immunological functions, such as expression of class I and II MHC 

antigens, presentation of antigens to lymphocytes, expression of adhesive 

molecules, and production of cytokines. These functions allow them to interact 

with other cells of the immune system in order to induce an efficient 

inflammatory response.

The role of myofibroblasts has been slightly overlooked, even though there is 

growing evidence that these mesenchymal derived cells present in the gut lamina 

propria interact with various other cell types, among which are immune cells, 

indicating their involvement in the inflammatory cascade. The aim of this thesis is 

therefore to investigate the participation of myofibroblasts in a trimeric model 

consisting of epithelial cells, T lymphocytes and myofibroblasts. More 

specifically this project will investigate two main areas.

The first is to determine a possible role for myofibroblasts in the activation 

process of T-cells. This will be done by investigating the possibility of co- 

stimulatory molecules expression on myofibroblasts, as has already been 

demonstrated for intestinal epithelial cells.

The second is to establish a possible cross-talk pathway between myofibroblasts 

and epithelial cells. Colonic epithelial cells are known to secrete members of the 

chemokine superfamily, which are strong chemoattractants for T-cells. Possible
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expression of the cognate chemokine receptors on intestinal myofibroblasts would 

therefore substantially influence the immune response during intestinal 

inflammation.
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2 Methods and materials 

2.1 Methods 

Cell Culture

All cells were cultured at 37° C in a humidified atmosphere of air supplemented 

with 5% CO2. For long term storage cells were frozen under liquid nitrogen. Ceils 

were pelleted (400g, 5 min), resuspended at 107 cells/ml of freeze medium (90% 

FBS / 10% DMSO) and aliquoted in cryovials. Vials were then gradually cooled 

in vapour phase of liquid nitrogen overnight and tubes were stored in liquid 

nitrogen tanks. For resuscitation of cells from liquid nitrogen, cells were rapidly 

defrosted at 37°C in a water bath, washed twice in fresh medium, resuspended in 

complete medium and returned to culture. Cells from one cryovial were seeded 

into 175cm2 tissue culture flasks in 50 ml of medium.

Mucosal Tissue

Fresh, histologically normal, colonic mucosal samples, were obtained from human 

intestinal specimens resected at operation. Normal colonic mucosal samples were 

obtained >5 cm from the tumor, from multiple colonic biopsies in patients who 

underwent colonoscopy at the Royal United Hospital, Bath. Biopsies were 

immediately placed in transport medium, Hanks balanced salts solution (HBSS) 

pH 7.3, supplemented with antibiotics (penicillin 100 U/ml, streptomycin 100 

pg/ml, gentamicin 50 pg/ml, and fungizone 2.5 pg/ml), transferred to the 

laboratory and gently washed 3 times for 15 minutes in HBSS and cut into small 

pieces of about 1 cm.
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Isolation of intestinal myofibroblasts

Intestinal myofibroblasts were isolated from these mucosal samples as previously 

described (Mahida et al., 1997). Biopsy specimens were treated with ImM DTT 

for 15 minutes and washed again 3 times in HBSS. They were then incubated for 

30 minutes at 37° in the presence of ImM EDTA, pH 8.0 for 3 times. At the end 

of the EDTA treatment the mucosal samples were completely denuded of 

epithelial cells and were subsequently cultured in RPMI medium supplemented 

with antibiotics. During culture numerous cells appeared both in suspension and 

adhered to the culture flask. The cells in suspension were removed every 24h-72h 

culture period and the denuded mucosal tissue was maintained in culture for up to 

4 weeks till myofibroblasts appeared attached to the bottom of the culture flask. 

Tissue specimens were then removed, and intestinal myofibroblasts were cultured 

in DMEM medium supplemented with penicillin (10 u/ml), streptomycin (10 

pg/ml), fungizone 0.5 pg/ml, 1% (v/v) non-essential amino acids and 10% (v/v) 

foetal bovine serum (referred to as complete medium). Cells were passaged when 

fully confluent in a 1:2 to 1:3 split ratio.

Intestinal myofibroblasts were routinely cultured in 500 cm2 tissue culture flasks 

in complete DMEM medium. The medium was changed every 3 days. To 

subculture confluent monolayers, the medium was removed and the cells were 

washed twice with PBS (without Ca2+ and Mg2+). Cells were then treated once 

with a 20 ml Trypsin-EDTA mixture of 0.05% (w/v) trypsin and 0.02% (w/v) 

EDTA. The cells were then incubated for approximately 5 minutes at 37°C until 

the cells had detached from the flask. Adding 50ml of complete medium inhibited 

the action of Trypsin-EDTA and the cell suspension was centrifuged at 400g for 5
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minutes. The cell pellet was resuspended in complete medium and cell counting 

and viability were checked in a Neubauer haemocytometer after mixing with 

Trypan Blue. Dead cells stained blue, due to the uptake of Trypan Blue. Cell 

viability was always greater than 95%. Cells were counted and then seeded at 2-3

A 2
x 10 /ml of DMEM complete medium, into 500 cm tissue culture flasks for 

further culture, or into 6 well plates or smaller tissue culture flasks for 

experimental protocols. Cells were used between passage number 6-12, since they 

have been reported to acquire an altered phenotype at higher passage numbers.

18 Co cells

The 18Co colon adenocarcinoma cell line is human fibroblast cell line that was 

isolated from a primary tumour in a 2.5month year old Black female (ATCC). 

They are well characterised with features that match the myofibroblast phenotype 

(Valentich et al., 1997). 18Co cells were provided by Dr Don Powell (University 

of Texas, Department of Internal Medicine and Physiology, Texas, USA) and 

cultured in MEM medium supplemented with penicillin (10 u/ml), streptomycin 

(10 pg/ml), and 10% (v/v) foetal bovine serum. Cells were passaged when fully 

confluent and used between passage numbers 6-12 since they have been reported 

to acquire an altered phenotype at higher passage numbers. (Valentich et al., 

1997)

Peripheral blood mononuclear cell isolation

Blood form healthy donors was taken aseptically in 50ml syringes containing 

heparin lU/ml of blood, via 19-gauge ‘butterfly’ needles. The blood was diluted 

1:1 with RPMI 1640 culture medium and 35 ml aliquots of the mix were carefully
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layered on to 15ml Lymphoprep™ in 50 ml transparent centrifuge tubes and 

centrifuged brake-free for 30 min at 400g. The monocyte/lymphocyte (PBMCs) 

band was carefully removed, washed three times in RPMI (400g, lOmin, 20° C), 

and counted under a x200 microscope with a Neubauer haemocy to meter.

Peripheral blood derived T-blast preparation

PBMCs obtained from centrifugation with Lymphoprep™ as described above, 

were re-suspended at 1 x 106 cells /ml in RPMI 1640 with 10% (v/v) FBS, 50 

U/ml penicillin and 50pg/ml streptomycin. They were then incubated for 72h with 

1 jig/ml Staphylococcal Enterotoxin B. After 72h and every 48 for 10-15 days, the 

T lymphoblasts were supplemented with 20ng/ml hr IL-2. T-cells were 

maintained at 0.5-1.5 x 106 cells /ml. Prior to use, the cells were washed of IL-2 

and deprived for 18 hours to allow accumulation in the Go phase of the cell cycle 

so that they represented a more homogenous population with respect to IL-2 

receptor expression and signalling potential (Cantrell et al., 1989).

Chinese Hamster Ovary cells

CHO cells stably transfected with B7.1, were cultured in Ham's F12 medium 

supplemented with, 2mM glutamine, penicillin (10 u/ml), streptomycin (10 

jig/ml), and 10% (v/v) foetal bovine serum.

Jurkat cells

Jurkat cells were cultured in RPMI 1640 medium supplemented with, penicillin 

(10 u/ml), streptomycin (10 pg/ml), and 10% (v/v) foetal bovine serum.
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Experimental protocol

Unless otherwise stated, primary intestinal myofibroblasts or 18 Co cells were 

grown until confluent. Prior to experiments, monolayers were washed and 

cultured in DMEM without serum for 24 hours. Growth-arrested cultures were 

washed twice with PBS, treated with fresh serum free medium and stimulated 

with the appropriate doses of either drugs, cytokines or vehicle controls for the 

times described in the results section.

Peripheral blood derived T-cells were washed in RPMI 1640 without serum three 

times and left in a water bath at 37°C for 60 minutes prior to stimulation. 

Supernatants were collected, centrifuged to remove cellular debris and stored at - 

70°C until assayed. Total RNA and cellular proteins were extracted as described 

below.

Polymerase chain reaction

Kleppe and colleagues first described the polymerase chain reaction, a technique 

used to amplify virtually any DNA segment that lies between two regions of 

known sequence, in 1979. PCR was applied to amplify DNA encoding for 

chemokine receptors and members of the B7 family. The cDNA was generated by 

reverse transcription from mRNA isolated from cells and PCR enabled 

visualisation of DNA segment bands in UV illuminated ethidium bromide gels. 

With this qualitative process, the extent of constitutive transcription of chemokine 

receptor or B7 family members was assessed, as well as responses to various 

stimuli.
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Sample mRNA extraction

Sample mRNA was extracted from primary intestinal myofibroblasts, 18 Co cells 

and T-lymphoblasts at various time points. Initially total cellular RNA was 

isolated from the cells using RNAzol B according to the manufacturers 

instructions. For the adherent cells, monolayers were lysed directly in the culture 

dish by the addition of 1ml RNAzol B per well. The lysate was homogenised with 

a sterile cell scraper and transferred to sterile eppendorf tubes by pipette. For the 

suspension cells 1 x 106 cells were quickly centrifuged at 13000 rpm, the 

supernatant was discarded and the cells were homogenized in 400 pi RNAzol B.

100 pi of chloroform per 1 ml of homogenate was then added, the samples shaken 

vigorously for 15 seconds and then cooled on ice for 15 minutes. The samples 

were then centrifuged at 14.000 rpm for 15 minutes at 4°. This results in the 

formation of two phases: a lower blue phenol-chloroform phase and the RNA 

containing upper aqueous phase. The aqueous phase was then transferred to a 

clean eppendorf tube and an equal volume of isopropanol was added. The samples 

were then cooled on ice for 15 minutes and centrifuged again at 14.000 rpm for 15 

minutes at 4°. RNA will then form a precipitate at the bottom of the tube. The 

supernatants were removed and the RNA pellet washed in 1ml 70% ethanol. The 

pellets were then dried and re-dissolved in RNase free water.

RNA was quantified, using a deuterium lamp spectrophotometer, Gene Quant II 

RNA/DNA calculator, (Pharmacia, UK). RNA concentration is measured by the 

absorbance of 1 pi of RNA sample diluted in 500 pi of water at 260 nm. The 

amount of RNA (in pg) present in each sample was calculated by the following 

formula:
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A260 x dilution factor (500) x40 x volume of remaining RNA solution in ml 

(0.048)

ODs were also read at 280 nm and 230 nm to assess the purity of RNA. A value 

of less than 2 for the OD260 • OD280 ratio indicated protein contamination. A low 

OD260 • OD230 ratio indicated guanidine contamination. 1 pg of total RNA was 

dissolved in 8 pi of nuclease free water and was treated with 1 pi DNase I for 

possible DNA contamination. DNase I was then inactivated by the addition of lp l 

EDTA and heating at 65° for 10 minutes.

Reverse Transcription (RT) step

The resulting solution was then mixed with 2pl oligo (dT) cellulose and denatured 

at 70° for 10 minutes. The reverse transcription mixtures were made up in 0.2 ml 

PCR tubes and contained 4 pi reverse transcription buffer, lp l DTT, lpl DNTP’s, 

lp l RNAsin and lpl of reverse transcriptase per sample and together with the 12 

pi mRNA sample gave a final volume of 20 pi per PCR tube. The final 

concetration in 20 pi of the constituents was: lpM  of pd (T) 12-18 , 0.5mM from 

each of the deoxynucleoside triphosphates dATP, dCTP, dGTP and dTTP, 10 

U/pl Superscript II RNase H' Reverse Transcriptase, and 1 U/pl RNAsin, a non­

competitive ribonuclease inhibitor.

The tubes were placed in a Perkin Elmer Gene Amp 2400 thermocycler 

(Warrington, UK) and followed a reverse transcription program of: 42° C for 60 

min, 94° C for 2 min and 4° C thereafter. The RT products were either used 

immediately, or briefly stored at -80° C.
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PCR step

A forward and reverse primer was obtained for all the genes of interest, using 

Primer 3 design software, which is available on the Internet. The DNA sequence 

that was amplified by PCR was selected in a way that the primers were spanning 

at least one intron, which would result in the generation of a larger intron- 

containing PCR product in the case of DNA contamination. Each RT template 

from an experimental sample, apart from the genes of interest, was also tested for 

a positive control, the house keeping gene p-actin and a negative control of 

original RNA before the RT step, to check for DNA contamination. Each PCR 

reaction was carried out in 0.2 ml thin PCR tubes in 25 pi total volume containing 

0.05 pg cDNA template, 15.9 pi of nuclease-free water, and the following final 

concentrations of constituents (in appropriate volumes to give a final volume of 

25 pi per tube): 200 pM of each of the 4 deoxynucleoside triphosphates dATP, 

dCTP, dGTP and dTTP, 500nM of the forward primer, 500 nM of the reverse 

primer, 1.25 Unit of Expand ™ High Fidelity enzyme mix which comprised of 2 

DNA polymerase enzymes: Taq and a proofreading polymerase and lx  the 

Expand ™ PCR buffer with Mg2+. The polymerase enzymes and PCR buffers 

were used according to ‘Expand ™ High Fidelity PCR System’ manufacturer’s 

specifications, and the theromocycler was given the following programme: 30 sec 

94° C, 30 sec 60° C, 30 sec 72° C repeated for 30 cycles and two holds, one at the 

beginning of the programme for 5min/94° C and one at the end for 7 min/72° C, 

prior to cooling to 4° C thereafter. The temperatures set were optimal for the 

phases of the PCR cycle: 94° C for denaturation of the template, 60° C for 

annealing of the primers to the open DNA strand and 72° C for optimum DNA 

synthesis by the heat stable polymerase enzymes. Cycle composition was
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determined by manufacturer’s instructions and by GC content of primers 

(annealing temperature). The PCR products were either loaded immediately on an 

agarose gel, or briefly stored at 4° C.

Detection of PCR products

A 2% agarose gel was made in TBE (10 mM Tris base, 10 mM Boric acid, 2 mM 

EDTA, pH 8.0), boiled and cooled with the addition of 1 pg/ml ethidium bromide.

5 pi from each tube containing the PCR end products were coloured with 5 pi of 

Blue Juice (15% (w/v) Ficoll 400, 0.25% (w/v) bromo-phenol blue in water). A 

100 base pair ladder comprising of 15 blunt end fragments (100-1500 base pair 

scale) was also coloured with Blue Juice. Samples and ladder were loaded onto 

the agarose-ethidium bromide gel and run by gel electrophoresis with 100V/0.1 

mA current (BioRad Instruments). The resulting bands were visualised with a UV 

illuminator and photographed with a Polaroid camera and film or using the Gene 

Quant imaging software program

Sequence and design of primers

The sequence of the primers used are summarized in the following table:

Gene Forward primer Reverse primer
p-actin CATCACCATTGGCAATGAGC AT ACTCCTGCTTGCTGATCC
B7.1 CTTACCACCTTGCTTCTGTG AGGATCACAATGGAGAGGTT
B7.2 CTTACCACCTTGCTTCTGTG CCC AT AGTGCTGTC ACAAAT
PD-L1 GGTCATCCCAGAACTACCTC ACGGAAGATGAATGTCAGTG

B7 RP-1 AGAACAGCTCCTTGGAAAAC TCACATTGGAGTTGCGAGTT
B7-H3 AGCAGGGCTTGTTTGATGTG TGATCTTTCTCCAGCACACG
ICOS ACAAACACCCTCTTGCAACC TCCAGCTTTGAAGCATCTCC
CD28 ATCCCTTCACAAAGGACTGG GGTGTTTCCCTTTCACATGG

CTLA-4 TC ACT ATCC AAGGACTG AGG TAGACCCCTGTTGTAAGAGG
CXR3 GCC AAT AC AACTTCCC AC AG TGACCCCTACAAAGGCATAG

81



Chapter 2: Methods

Parameters that were taken into account when designing the primers were: the 

length of the primer, the melting temperature, the specificity and the G/C content 

of the primers. One of the most critical parameters in primer design is the melting 

temperature (Tm). Both of the oligonucleotide primers should be designed such 

that they have similar melting temperatures. If primers are mismatched in terms of 

Tm, amplification will be less efficient or may not work at all since the primer 

with the higher Tm will miss-prime at lower temperatures and the primer with the 

lower Tm may not work at higher temperatures. The melting temperatures of 

oligos are most accurately calculated using thermodynamic calculations with the 

formula:

Tmprimer = AH [AS+ R In (c/4)] -273.15°C + 16.6 log i0 [K+]

where H is the enthalpy and S is the entropy for helix formation, R is the molar 

gas constant and c is the concentration of primer. This is most easily 

accomplished using any of a number of primer design software packages on the 

market. Fortunately, a good working approximation of this value (generally valid 

for oligos in the 18-24 base range) can be calculated using the formula:

Tm = 2(A+T) + 4(G+C), which is known as the Wallace formula.

Using the above formula and keeping the length and the G/C content of the 

primers constant, at 20 bases and 50% respectively, the resulting primers had Tm 

of 60° C. Specificity was ensured by putting the primers through the NCBI blast 

search facility, and primers that amplified additional sequences of DNA to the 

gene of interest were redesigned.

82



Chapter 2: Methods

Cell Lysis and sample preparation for SDS-PAGE

Monolayers of primary intestinal myofibroblasts were trypsinized, washed three 

times in DMEM and re-suspended at the desired concentration in 500 pi DMEM/

20 mM HEPES and placed in a water bath at 37° C. After appropriate treatments 

and stimulations, reactions were terminated by rapid-pulse cell pelleting and 

supernatant aspiration, followed by lysis with the addition of 50 pi/ point of 

freshly prepared ice cold lysis buffer (137 mM NaCl, 20 mM Tris pH 7.5, 10 mM 

NaF, ImM EDTA, 1% w/v IGEPAL CA-630, 10% w/v glycerol, ImM sodium 

ortho vanadate, lpg/ml leupeptin, 1 pg/ml pepstatin A, 1 pg/ml aprotinin and 1 

mM phenyl methyl sulphonyl fluoride. The samples were rotated at 4° C for ten 

minutes before removal of the nuclear lysate debris by centrifugation for 15 min 

at 14000 rpm / 4° C in a microfuge. Supernatants were removed to a clean tube 

and used immediately or stored at -20° C.

Protein assay

Total protein per lysate was estimated using the Bio-Rad DC  Protein Assay. This 

assay is based on the Bradford dye-binding procedure. Known concentrations of 

bovine serum albumin (BSA) diluted in lysis buffer were used as a standard curve.

5 pi of sample or standard were placed in a 96-well plate with 25 pi of working 

reagent A' (20 pi reagent S into 1 ml reagent A), plus 200 pi of Bio-Rad reagent 

B, provided in the kit. After 15', the plate was read at 595 nm on a Dynatech 

MR5000 platereader. The protein concentrations were calculated by linear 

regression from the standard curve and, if significantly variable, the lysate 

volumes were adjusted using lysis buffer, thus ensuring equal concentrations of 

protein in each sample.
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Total protein preparation

Protein samples were resolved essentially as described by Laemmli (1970), 

according to protocols established in our laboratory. Proteins to be analysed from 

total cell lysates were solubilised by boiling for 5 minutes in SDS-PAGE sample 

buffer consisting of 4% (w/v) SDS, 20% (w/v) glycerol, 125 mM Tris, 10% (v/v) 

2-mercaptoethanol and coloured appropriately with bromophenol blue.

Western Blot Analysis

Proteins were separated by SDS-PAGE using the Bio-Rad Mini Protean III. 

Minigels of the appropriate percentage were prepared as described below. The 

resolving gel was poured into the gel equipment and overlaid with Milli-Q water. 

Polymerisation took 20 -  30 minutes, after which the water was aspirated off, the 

stacking gel was poured and a 10 or 15 lane comb inserted. Polymerisation took 

20 minutes, the comb was removed and the wells washed thoroughly with Milli-Q 

water APS and TEMED were added immediately prior to casting the gels. The 

wells were then filled with IX SDS-PAGE running buffer consisting of 25mM 

Tris, 192 mM glycine and 0.1% w/v SDS.

20 jil of each sample was then loaded into the wells in parallel with molecular 

weight markers and the gels run at 80 V through the stacking gel, followed by 150 

V through the resolving gel, until the bromophenol blue reached the bottom of the 

gel. Gels were then placed in transfer buffer. The acrylamide gels were prepared 

as presented in the table below:
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Resolving gel (20 ml) Stacking gel (12 ml)

Final % gel 5% 7.5% 10% 12% 14% 5.0%

dH20 (ml) 11.31 9.63 7.97 6.64 5.31 6.72

Resolving gel 
buffer pH(8.8)

5.0 5.0 5.0 5.0 5.0 Stacking gel 
buffer (pH 
6.8)

3.0

Bis-Acryl 
(30%) (ml)

3.33 5.00 6.67 8.00 9.33 2.0

10% APS 150pl 150 pi 150 pi 150 pi 150 pi 150

pi

TEMED 15 pi 15 pi 15 pi 15 pi 15 pi 15 pi

Resolving gel -  5 ml is sufficient for 1 mini gel 

Stacking gel -  1.5 ml is sufficient for 1 mini gel

Semi-dry transfer of proteins to nitrocellulose

The graphite electrodes of the semi-dry transfer apparatus (Pharmacia-Biotech 

Multiphor II) were dampened with semi-dry transfer buffer, followed by placing a 

sandwich of 4 pieces of 3MM Whatmann paper (the same size as the gel), one 

piece of nitrocellulose membrane, the gel and another 4 pieces of 3MM paper, all 

soaked in transfer buffer. Each layer was rolled gently to expel air bubbles. The 

transfer was run for 60 minutes at 0.8 mA/cm2 of membrane. The membrane was 

then stained with Ponceau S to check for transfer and even loading of the samples 

and to determine the location of the molecular weight markers. The stain was 

removed by washing the membrane in distilled water for 2 minutes, followed by a 

10 minute wash in Tris buffered saline (TBS).
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Blocking and Developing

The non-specific protein binding was blocked by incubation of the membrane 

with the appropriate blocking buffer at room temperature for 60 minutes on a 

rocking platform. After alO minute wash in TBS, the membrane was incubated 

with the primary antibody diluted in a 1:5 dilution of fresh blocking buffer for 2h 

-  overnight (usually 3h). Membranes were washed IX with TBS, 3X with TBSN 

(TBS with 0.005% (v/v) Tween 20), IX with TBS for -10  minutes each wash.

The membrane was incubated for 1 -  2 hours with the appropriate secondary 

antibody diluted in TBSN, followed by extensive washing as described above. 

Antibody dilutions ranged from 1:1000 to 1:2000 for primary antibodies and 

1:7000 to 1:2000 for secondary antibodies An extra TBS wash for 10 minutes was 

done before adding 5 ml of Enhanced Chemiluminescent (ECL) reagent for 1 

minute. The membrane was exposed to X-ray film for a few seconds up to 30 

minutes and the film was developed using an RGII Fuji X-ray film developer.

Membrane stripping

Where appropriate, blots were stripped of bound protein and re-probed with a 

different primary antibody. After the ECL procedure described above, the 

membrane would be washed twice in TBS for 10 minutes, placed in 50 ml of 

stripping buffer (100 mM 2-mercaptoethanol, 2% (w/v) SDS, 62,5 mM Tris pH 

6.7) in a sealed sandwich box and incubated for 1 hour at 55°C. After extensive 

washing in at least three changes of TBSN and one wash in TBS, the membrane 

would be re-blocked for 1 hour in blocking buffer. A different primary antibody 

could then be applied to the membrane for further protein detection.
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Immunoprecipitation and In Vitro Lipid Kinase Assay

Cells were aliquoted at lx 107 per point and lysed as described above in Cell 

Lysis. The lysates were pre-cleared by adding 20pl of a 50% v/v suspension of 

either protein-A or protein-G sepharose beads (depending on the antibody to be 

used) and rotated for 15-30 minutes at 4°C. The beads were spun down at 12000g 

for 1 minute and the supernatant removed to a clean tube. The protein G 

sepharose beads from Sigma were provided in methanol and were therefore 

washed three times with 1 ml of lysis buffer and then re-suspended as a 50% 

suspension in lysis buffer. 500pl aliquots were stored at 4°C until required. 

Protein A sepharose is provided in powder which swells up to 4x its weight. 

Therefore 100 mg of protein A sepharose are re-hydrated by the addition of 1ml 

ice cold lysis buffer and kept on ice for 30 minutes with regular mixing. The 

beads are then treated like the protein G beads to give the 50% suspension.

The appropriate antibody was then added to the pre-cleared extract, briefly 

vortexed and rotated for l-2h at 4°C. Then 30 pi of the 50 % slurry of the 

corresponding protein A or G sepharose beads was added for another l-2h 

rotation at 4° C.

After completing the immunoprecipitation incubation, the beads were pulse 

pelleted, and the supernatant was removed. Thereafter, the immunoprecipitates 

were washed 3 times with 1% IGEPAL CA-630 in PBS, three times with 5mM 

lithium chloride (in 100 mM Tris, 0.25 mM EDTA pH 7.4), and twice with lipid 

kinase buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA) spinning at 

lOOOOg between each wash. After the final wash, surplus kinase buffer was 

removed using a Hamilton syringe.
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Each of the samples was resuspended in 50pl of lipid kinase buffer. 70pl of the 

lipid substrate mixture (50 pi of lipid kinase buffer, 10 pi Ptdlns and 10 pi 100 

mM MgCl2 or CaC^ was added to the immunoprecipitates. The reaction was 

initiated by the addition of 5 pCi of [y-32P]-ATP (S.A. 3000Ci/mmol, 0.5mCi/ml, 

18.5MBq) and lOOpM ATP. The samples were incubated in a 25°C water bath for 

15' and the reaction quenched using 20pl 1M HC1 and 160pl 1:1 

chloroform:methanol. The samples were spun for 10 at lOOOOg to separate the 

phases. 50 pi of the lower chloroform layer was removed and separated by thin 

layer chromatography TLC, as described previously (Ward et al., 1992).

Laned silica gel 60 plates were pre-treated with 1% sodium oxalate in water and 

allowed to dry. The extracted phospholipid samples were loaded onto the plates 

and placed in a pre-equilibrated solvent tank containing chloroform: methanol: 

water: ammonium hydroxide (60: 47: 11:2) and lined with filter paper to ensure 

adequate vapour equilibration. The samples were allowed to run till the solvent 

front had reached the end of the plate. Thereafter, the plate was air dried and the 

samples were visualised by exposure to iodine vapour, to confirm even extraction 

of substrate lipids between individual samples, and finally exposed to a film for 1- 

12 hours at -70°C. The film was developed using an RGII Fuji X-ray film 

processor.

FACS Analysis

Cells were trypsinized and centrifuged at 1500 rpm for 5 minutes, washed 3 times 

in PBS, and re-suspended at 5x l06 cells/ml in PBS/20% FBS. 90 pi of this 

suspension was added to polypropylene FACS tubes with 10 pi of the appropriate 

antibody or isotype control and shaken at 4° C for 30 min. All antibodies were

88



Chapter 2: Methods

used at a final concentration of 1 pg/ml. To remove unbound antibody, cells were 

washed three times in 4 ml of PBS. Following this, they were re-suspended again 

in 90 pi PBS/20% FBS with 10 pi goat anti-mouse polyvalent (anti-IgM, IgG, 

IgA) secondary antibody conjugated to FITC. After 30 min shaking at 4° C the 

cells were washed with PBS and analysed immediately or fixed in 4% 

parafolmadehyde/ 1% glutaraldehyde in PBS at 4° C. All FACS analyses were 

performed on a Beckton Dickinson FACS Vantage using a 200 mW 488 argon 

laser with light being channelled by an FL-1 filter (520nm ± 20) and an FL-2 filter 

(580 nm ± 20). Cell quest software was used for subsequent analysis and WinMDI 

software for presentation.

Calcium fluorimetry

Fura-2 is a UV light-excitable, ratiometric Ca2+ indicator that has become the dye 

of choice for ratio-imaging microscopy, in which it is more practical to change 

excitation wavelengths than emission wavelengths. Upon binding Ca2+, fura-2 

exhibits an absorption shift that can be observed by scanning the excitation 

spectrum between 300 and 400 nm, while monitoring the emission at -510 nm.

The sodium and potassium salts of fura-2 are cell-impermeant probes that can be 

delivered into cells by microinjection. In addition, these salts are useful as 

standards for calibrating Ca2+ measurements. Unlike the salt forms, the 

acetoxymethyl (AM) esters of fura-2 can passively diffuse across cell membranes, 

avoiding the use of invasive loading techniques. Once inside the cell, these esters 

are cleaved by intracellular esterases to yield cell-impermeant fluorescent 

indicators.
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Loading cells with fura-2/AM

A 10 mM stock solution of the ester probe in anhydrous dimethylsulfoxide 

(DMSO) was prepared and divided into appropriately sized aliquots that can be 

stored at -20°C. This procedure curtails the spontaneous ester hydrolysis that can 

occur in moist environments. Before loading, the DMSO stock solution was 

diluted in ‘calcium buffer’ (140 mM NaCl, 5 mM KC1, ImM MgCl2, 25mM 

HEPES) to a final concentration of 5pM. The non-ionic and non-denaturing 

detergent Pluronic F-127 was added to help disperse the indicator in the loading 

medium.

Cells were grown on 22 mm glass cover slips. When subconfluent, the cells were 

washed twice in ‘calcium buffer’ and incubated at 37°C for 30 minutes in the dark 

with fura-2, and then washed again three times with fresh ‘calcium buffer’. It is 

important that the loading medium is free of amino acids or buffers containing 

primary or secondary amines because aliphatic amines may cleave the AM esters 

and prevent loading.

[Ca2+]j measurements

The coverslip was positioned on a Axiovert S I00 inverted epifluorescence 

microscope from Zeiss, (Oberkochen, Germany) which is connected to an ultrapix 

camera with Kodak KAF1400 chip (Eastman Kodak), and a personal computer 

with Merlin Imaging software (Olympus America, New York, NY, USA). The 

cells were covered with 500 pi of ‘calcium buffer’ in which ImM CaC^ had been 

added to adjust external calcium concentration.
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A population of approximately 30 cells was selected by adjusting the field of 

view. Using a X40 oil immersion objective, the fluorescence changes were 

monitored over 5 minutes for a basal intracellular calcium measurement. After 

addition of the agonist, the response was monitored for at least 10 minutes and 

detected using dual excitation wavelengths of 340 nm and 380 nm and a single 

emission of 510 nm provided by a dual excitation/single emission spectromaster 

from Perkin Elmer Life Science (Boston, MA, USA).

Indicators that show an excitation or emission spectral shift upon ion binding, like 

fura-2 can be calibrated using a ratio of the fluorescence intensities measured at 

two different wavelengths, resulting in the cancellation of artifactual variations in 

the fluorescence signal that might otherwise be misinterpreted as changes in ion 

concentration. Calibration procedures consisted of recording fluorescence signals 

corresponding to a series of precisely manipulated ion concentrations.

Chelation of all free calcium ions with 10 mM EGTA at pH 8.5 was used to 

produce the minimum fluorescence signal (Rmin) equivalent to less than 10 nM 

[Ca2+]j. Maximum fluorescence signal (Rmax) was produced by treating the cells 

with 5mM ionomycin. Sample [Ca2+]i was determined using Merlin software 

based on the formula:

[Ca2+]i = (R-Rmin )/( R-Rmax) X Kd

where R is the measured sample fluorescence ratio and Kd the dissociation 

constant for the fura- Ca++ complex (224 nM).
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Cell staining for immunofluorescence microscopy

Cells were grown on 22 mm glass cover slips in 6 well plates. When subconfluent, 

the cells were serum starved for 24 hours and then washed twice in PBS, treated 

with fresh serum free medium placed in a water bath at 37° C and stimulated with 

the appropriate doses of drugs, chemokines or vehicle controls for various times.

Stimulations were terminated by aspirating the medium and fixing the cells for 10 

minutes in either 4% w/v parafolmadehyde, 1% glutaraldehyde in PBS, or in ice 

cold methanol depending on the antibody that would be used. The coverslips 

were then placed in a petri dish, rinsed with PBS and permeabilised with 0.2% v/v 

Triton X100 at room temperature for 5 minutes. After washing 3 times with PBS, 

the cells were covered with blocking buffer (1% BSA in PBS) for 30 minutes at 

37°C to minimize non-specific adsorption of the antibodies to the coverslip.

The blocking buffer was removed by holding each coverslip on its edge with 

forceps and draining it onto a sheet of fiber-free paper. Primary antibodies were 

diluted to 1-10 pg/ml in blocking buffer (optimal concentration depended on 

several variables, such as the affinity of the antibody and the abundance of the 

antigen). 100 pi of the primary antibody solution was placed on each coverslip 

and distributed evenly, by covering each coverslip with a small piece of parafilm.

The antibody was left on for 1 hour at room temperature after which it was 

removed by aspiration. The coverslips were again washed three times in PBS, for 

5 minutes each time.

The coverslips were then incubated with secondary antibodies conjugated to a 

fluorochrome; e.g. anti-mouse IgG- FITC, depending on the donor species of the
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primary antibody and the desired fluorochrome. The procedure for applying the 

secondary antibody was exactly the same as for the primary antibody.

Mounting coverslips and preparation for microscopy

Mounting media is prepared by adding 6 gr of glycerol and 2.4 gr of Mowiol to 6 

ml of water and 12 ml 0.2 M Tris buffer pH 8.5 and mixed on a rocker for at least 

3 hours. The mixture is then left to settle for 2 hours followed by incubation for 

10 minutes at 50° C. Non soluble material is pelleted by centrifugation for 15 

minutes at 5000g, the supernatant is collected and 0 .1%  (v/v) DABCO is added to 

the solution as an anti-bleaching agent. The mounting media is aliquoted and kept 

at -20° C.

After the final washes each coverslip was inverted onto a slide containing 20 pi of 

mounting media and the excess mounting media was removed with fiber-free 

paper. The coverslips were placed in and allowed to dry overnight.

Imaging of the cells was performed using an epifluorescence imaging system 

comprised of an Olympus 1X70 inverted epifluorescence microscope (Olympus 

America, New York, NY, USA), an Ultrapix camera with Kodak KAF1400 chip 

(Eastman Kodak)(6.7 x 6.7 pm physical pixels, giving 67 nm per image pixel with 

a lOOx oil immersion objective), and a personal computer with Fluoview imaging 

software (Olympus America).
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2.2 Materials

Material Source
[y-32P]ATP (3000 Ci/mmol) Amersham Biosciences, 

Little Chalfont (UK)
2-Mercaptoethanol Sigma, Poole (UK)
4G10, monoclonal Ab Upstate Biotechnology, (USA)
Absolute Ethanol Fisher Scientific (UK)
Acrylamide/bis acryl amide Bio-Rad (UK)
Actin a-smooth muscle, 
monoclonal antibody

Sigma, Poole (UK)

Adenosine triphosphate Sigma, Poole (UK), stock 100 mM 
dissolved in 100 mM Tris pH 7.4

Agarose Sigma, Poole (UK)
Akt polyclonal antibody New England Biolabs, MA (USA)
Ammonium hydroxide Sigma, Poole (UK)
Ammonium persulphate BDH, Poole (UK)
Bovine serum albumin (BSA) Sigma, Poole (UK)
Bromophenol blue BDH, Poole (UK)
Calcium Chloride Sigma, Poole (UK)
CD80 monoclonal antibody 
FITC conjugate

BD Biosciences, CA (USA)

Cell culture plastics Nunc, (UK)
Chloroform Fisher Scientific (UK)
Deoxynucleoside triphosphate: 
dATP, dCTP, DGTP and dTTP

Roche, Basel, Switzerland

Desmin, monoclonal antibody Sigma, Poole (UK)
Dimethyl sulphoxide (DMSO) Sigma, Poole (UK)
Dithiothreitol (DTT) Sigma, Poole (UK)
DNAase I Invitrogen Ltd, Paisley, (UK)
DNA 100 base pair ladder (100- 
1500 bp scale)

Invitrogen Ltd, Paisley, (UK

Dulbeccos’ modified essential 
medium

Invitrogen Ltd, Paisley, (UK)

Endothelin Sigma, Poole (UK)
Enhanced chemiluminescence 
detection kit for Western 
blotting (ECL)

Amersham Biosciences, 
Little Chalfont (UK)

Ethanol Fisher Scientific (UK)
Ethidium bromide Sigma, Poole (UK)
Ethylenediaminetetraacetic acid 
(EDTA)

Sigma, Poole (UK)

Ethyleneglucol -b is  (p- amino- 
ethylether)-N,N,N\N’ 
tetraacetic acid (EGTA)

Sigma, Poole (UK)
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Expand Polymerase Roche, Basel, Switzerland
Filter paper Whatman (UK)
Foetal bovine serum (FBS) Invitrogen Ltd, Paisley, (UK)
Formaldehyde BDH, Poole (UK)
Fura-2 acetoxylmethyl ester 
(Fura-2AM)

Calbiochem (UK)

Glacial acetic acid Amersham Biosciences, Little Chalfont 
(UK)

Glass slide covers BDH, Poole (UK)
Glutaraldehyde Sigma, Poole (UK)
Glycerol Sigma, Poole (UK)
Glycine Sigma, Poole (UK)
Goat anti-mouse IgG-FITC 
conjugated

DAKO, Denmark

Goat anti-mouse 
immunoglobulins peroxidase 
conjugate

DAKO, Denmark

Goat anti-rabbit 
immunoglobulins peroxidase 
conjugate

DAKO, Denmark

Hank’s balanced salt solution Invitrogen Ltd, Paisley, (UK)
Hepes (1M liquid) Invitrogen Ltd, Paisley, (UK)
Hydrochloric acid BDH, Poole (UK)
ICOS polyclonal antibody Alexis Corporation, CA (USA)
rFN-y: human recombinant; 
specific activity > 2x l07 U/mg

Boehringer Mannheim, Germany

IGEPAL CA-630 Sigma, Poole (UK)
IL -la : human recombinant Gift from Glaxo (Greenford, UK); 

diluted in sterile PBS + 0.25% (w/v) 
BSA

IL-2: human recombinant PeproTech EC Ltd, London (UK)
IL-4: human recombinant PeproTech EC Ltd, London (UK)
IL-10: human recombinant PeproTech EC Ltd, London (UK)
IL-13: human recombinant PeproTech EC Ltd, London (UK)
IP-10: human recombinant PeproTech EC Ltd, London (UK)
I-TAC: human recombinant PeproTech EC Ltd, London (UK)
Lantruncilin B Calbiochem, Nottingham (UK)
Lymphoprep 1M Nycomed, Birmingham (UK)
Methanol Fisher Scientific (UK)
MIG: human recombinant PeproTech EC Ltd, London (UK)
Molecular weight markers Bio-Rad (UK)
Minimum Essential Medium 
(MEM)

Gibco BRL, Paisley, UK

Mouse anti-hCXCR3 FITC 
conjugate

R&D Systems, Abingdon (UK)

Mouse anti-rabbit 
immunoglobulins peroxidase 
conjugate

DAKO, Denmark
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Mouse IgGl isotype Sigma, Poole (UK)
Mouse IgG2a isotype Sigma, Poole (UK)
Mowiol" 4-88 Calbiochem, Nottingham (UK)
Myosin monoclonal antibody Sigma, Poole (UK)
Nitrocellulose blotting 
membrane 0.45 pM

BDH, Poole (UK)

Non Essential amino acids lOx Sigma, Poole (UK)
Nuclease free water Promega, WI (USA)
p38 MAPK polyclonal antibody New England Biolabs, MA (USA)
p42 MAPK monoclonal 
antibody

New England Biolabs, MA (USA)

p44/42 MAPK polyclonal 
antibody

New England Biolabs, MA (USA)

p85 a , monoclonal Ab Dr. D. Cantrell, University of Dundee 
(UK)

Parafolmadehyde Sigma, Poole (UK)
PCR filter tips Greiner BioOne (UK)
PCR tubes Anachem, Luton (UK)
Penicillin Sigma, Poole (UK)
Petussis Toxin Calbiochem (UK)
Pepstatin Sigma, Poole (UK)
Phalloidin-TRITC Sigma, Poole (UK); stock 0.3 mM in 

PBS stored at -20° C
Phosphate buffered saline Invitrogen Ltd, Paisley, (UK)
Phosphatidylinositol Sigma, Poole (UK)
Phospho Akt (Ser 473) 
polyclonal antibody

New England Biolabs, MA (USA)

Phospho Akt (Thr 308) 
polyclonal antibody

New England Biolabs, MA (USA)

Phosphotyrosine antibody 
(4G10)

Upstate technology, NY (USA)

Phospho p38 MAP kinase 
(Thrl80/Tyrl82) polyclonal 
antibody

New England Biolabs, MA (USA)

Phospho p44/42 MAP Kinase 
(Thr 202/Tyr 204) polyclonal 
antibody

New England Biolabs, MA (USA)

Phospho p90RSK (Thr 573) 
antibody

New England Biolabs, MA (USA)

PI3K C2a polyclonal antibody Dr J Domin, Imperial college, London 
(UK)

PI3K C2(3 monoclonal antibody BDH, Poole (UK)
PMSF Sigma, Poole (UK)
Polaroid film (type 55) Sigma, Poole (UK)
Polyd(T) 12-18 Pharmacia (UK)
Polypropylene FACS tubes Beckton & Dickinson (USA)
Ponceau S Sigma, Poole (UK)
Potassium oxalate Sigma, Poole (UK)
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Primers for PCR MWG, Ebersberg, Germany
Propan-l-ol Fisher Scientific (UK)
Propan-2-ol Fisher Scientific (UK)
Propidium iodide Sigma, Poole (UK)
Protein A beads Sigma, Poole (UK)
Protein G beads Sigma, Poole (UK)
RNase A Sigma, Poole (UK)
RNAsin-,non competitive 
ribonuclease inhibitor

Promega, WI (USA)

R P M I1640 cell culture 
medium

Gibco BRL, Paisley (UK)

RNAzol B Tel Test, Texas, (USA)
Silica gel 60 Thin Layer 
Chromatography laned plates

Whatman (UK)

Sodium azide Sigma, Poole (UK)
Sodium chloride Sigma, Poole (UK)
Sodium dodecyl sulfate (SDS) Sigma, Poole (UK)
Sodium fluoride Sigma, Poole (UK)
Sodium hydroxide Sigma, Poole (UK)
Sodium molybdate Sigma, Poole (UK)
Sodium nitrite Sigma, Poole (UK)
Sodium orthovanadate Sigma, Poole (UK)
Staphylococcal Enterotoxin B Sigma, Poole (UK); stock 1 mg/ml in 

0.1% BSA stored at -20 °C
Superscript Invitrogen Ltd, Paisley, (UK)
TEMED Sigma, Poole (UK)
Tissue culture reagents Invitrogen Ltd, Paisley, (UK)
TNF-a: human recombinant; Gift from Bayer (Slough, UK); diluted
specific activity 6x l07 U/mg in sterile PBS +0.1%  (w/v) BSA
Triton X-100 Sigma, Poole (UK)
Trizma base Sigma, Poole (UK)
Trypan Blue Invitrogen Ltd, Paisley, (UK)
Tween-20 Sigma, Poole (UK)
Vimentin monoclonal antibody Sigma, Poole (UK)
Wortmannin Sigma, Poole (UK)
X-OMAT film Amersham Biosciences, Little Chalfont 

(UK)
Y27632 Calbiochem, Nottingham (UK)
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3 Results I

Profile of B7/CD28 family members expression in intestinal 

myofibroblasts

3.1 Background

In the intestine, T-cell activation, mediated by the interaction of T-cells with 

MHC-peptide complexes and B7 co-stimulatory molecules on antigen-presenting 

cells, is an essential event in the pathogenesis of IBD (Powrie et al., 1994). This 

second effect is most potently effected by ligation of CD28 on T cells via the B7 

molecules, CD80 and CD86 (Guinan et al., 1994), on APCs. APC’s of the human 

gut are heterogeneous, including both macrophages, a variety of dendritic cells 

and B cells. They are found both in gut-associated lymphoid tissue and in the 

mucosal lamina propria, especially beneath the surface epithelium. Moreover, 

recent studies (Hogaboam et al., 1996; Roberts et al., 1997), have established a 

role for mesenchymal cells in T-cell activation in the gut.

Intestinal myofibroblasts are considered to have an important role in intestinal 

fibrosis. This is based primarily on the role of similar cells in other systems such 

as hepatic stellate cells (HSC), the equivalent of myofibroblasts in the liver. HSCs 

play a key role in the development of liver fibrosis and are the major producers of 

extracellular matrix in the liver after undergoing an activation process that results 

in a phenotypic change from retinoid-storing quiescent cells to activated HSCs 

with a myofibroblast phenotype (Friedman, 2000). Migration of HSCs is believed 

to be critical for the accumulation of HSCs at the site of injury. It has been 

suggested that chemokines induce the migration of HSCs to the site of injury and
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attract a leukocytic infiltrate to the site of injury (Marra et al., 1998; Marra et al.,

1999). Therefore, chemokines may be part of a cytokine network within the liver 

that regulates the interaction of resident and non-resident cells during the hepatic 

wound-healing response. This hypothesis is supported by the fact that HSCs 

express the molecular machinery to interact with infiltrating leukocytes such as 

ICAM, VC AM, and CD40 and are able to present antigen and to stimulate the 

proliferation of allogenic lymphocytes.

To investigate the possibility of a cross-talk between myofibroblasts and cells of 

the immune system in the gut to achieve a concerted cellular response during the 

intestinal wound healing process, expression of the B7 co-stimulatory molecules 

on primary intestinal myofibroblasts as well as the relevant 18 Co cell line 

(Valentich et al., 1997) at the mRNA and protein level was studied.

3.2 Results

Phenotypical characterisation of isolated cells

In order to ensure that the cells isolated following the procedure described in 

Materials and Methods, have the myofibroblast phenotype, cells were grown on 

coverslips fixed with methanol and then stained for a-smooth muscle actin, 

vimentin and desmin (Figure 3.1).

Cells isolated from biopsy specimens, stain positive for a-smooth muscle actin 

and vimentin but not for desmin. Negative controls were performed by using non­

specific mouse IgG instead of the specific antibodies.

To further demonstrate that the cells are indeed myofibroblasts, cells were lysed 

in order to isolate protein for western blot analysis of a-smooth muscle actin and
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vimentin (Figure 3.2). This experiment compared to immunocytochemistry has 

the advantage of providing additional information for the identity of the protein 

detected, by means of its molecular weight. Both proteins correspond to the 

predicted molecular weight for a-smooth muscle actin and vimentin.

Induction of B7.1

It is commonly reported that B7.1 is inducible in other cell lines by stimulation 

with a variety of pro-inflammatory cytokines, tumour promoters and other 

mitogens. The pro-inflammatory cytokines TNF-a and IFN-y were chosen in an 

attempt to induce B7.1 in intestinal myofibroblasts as it has been previously 

demonstrated that these cytokines induce expression of B7.1 on murine fibroblasts 

(Pechhold et al., 1997). Due to the limitation of the numbers of myofibroblasts 

available, the concentrations of the cytokines used in the following experiments 

were chosen to be within physiological limits and are routinely used in studies of 

the gastrointestinal system (Weaver et al., 2001).

B7.1 mRNA induction in intestinal myofibroblasts

Primary intestinal myofibroblasts and 18 Co cells were stimulated with TNF-a 

(100 ng/ml) or IFN-y (300 u/ml) or in combination and mRNA was isolated for 

PCR analysis for B7.1. The time course for this study was elected to be up to 48 

hours since B7.1 expression is usually detectable only at 24 hours and peaks at 

around 48-72 hours following stimulation in a variety of systems (Coyle and 

Gutierrez-Ramos, 2001). The combination of the two cytokines caused B7.1 

induction in both primary intestinal myofibroblasts (Figure 3.3 A) and the 18Co 

cell line (Figure 3.3 B). The induction in the primary cells appeared quicker, 

starting at 6 hours after stimulation and was sustained untill the end of the time
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course, whereas B7.1 induction was detected in 18 Co cells only 12 hours after 

stimulation. In both cases the induction appeared to be sustained with gradually 

increasing amounts of B7.1 mRNA being produced at the later time points.

Neither cytokine alone, over the same time frame of 48 hours, was able to induce 

B7.1 expression in either primary intestinal myofibroblasts (Figure 3.4A) or in the 

18 Co cell line (Figure 3.4 B). Stably transfected CHO cells expressing B7.1 were 

used as a positive control for these experiments to verify that the PCR products 

were valid (Figures 3.3 and 3.4).

Cell surface expression of B7.1 in intestinal myofibroblasts

In light of TNF-a/IFN-y inducing ICOS mRNA in both primary intestinal 

myofibroblasts, FACS analysis was employed to assess whether the same 

stimulation also caused induction of B7.1 cell surface expression. Primary 

intestinal myofibroblasts and 18 Co cells were stimulated over a 72 hour time 

course with TNF-a (100 ng/ml) or IFN-y (300 u/ml) or a combination of both and 

subsequently prepared for FACS (Figures 3.5-3.6).

B7.1 cell surface was detected only 72 hours after stimulation in both cell types. 

This lags behind the induction of B7.1 mRNA, possibly in order to allow for 

protein translation and translocation to the membrane.

Cell surface expression was slightly higher in the primary cells (Figure 3.5), 

compared to the 18 Co cells (Figure 3.6). The two cytokines were also used 

individually in order to confirm the PCR findings that both TNF-a and IFN-y on 

their own are not able to induce B7.1 expression in our system. In these

101



Chapter 3: Results I

experiments stably transfected CHO cells expressing B7.1 were again used as a 

positive control.

B7.2 mRNA in intestinal myofibroblasts

After the successful induction of B7.1 in both primary intestinal myofibroblasts 

and 18Co cells, B7.2 induciblity in these cells was investigated. Primary intestinal 

myofibroblasts were again stimulated over a 48hour time course with TNF-a (100 

ng/ml) or IFN-y (300 u/ml) (Figure 3.8) or a combination of both (Figure 3.7) and 

mRNA was isolated for PCR analysis for B7.2. This combination of cytokines 

proved unable to induce B7.2 expression in either primary intestinal 

myofibroblasts or 18 Co cells (Figure 3.7).

The two cytokines when used on their own, over the same period of 48 hours were 

also unable to induce B7.2 expression in the two cell types (Figure 3.8). In these 

experiments stably transfected CHO cells expressing B7.2 were used as a positive 

control.

Expression of other B7 family members in intestinal myofibroblasts

Assessment of the more recently described members of the B7 family in our 

system was also performed. Primary intestinal myofibroblasts and 18 Co cells 

were stimulated over 48 hours with TNF-a (100 ng/ml) and IFN-y (300 u/ml) and 

mRNA was isolated for PCR analysis for various B7 family members (Figure

3.9). Both primary intestinal myofibroblasts and 18 Co cells demonstrated a 

constitutive expression of all the novel B7 family members they were tested for, 

namely PD-L1, B7 RP-1 and B7 H3. The cytokines that were used to stimulate the
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cells did not appear to have any effect in the expression of these proteins (Figure

3.9).

Expression of CD28 and CTLA-4 in intestinal myofibroblasts

After completing the studies of B7 family member expression, we also wanted to 

determine the expression of their cognate receptors in our system. Even though 

these receptors are thought to be T-cell specific, there are some studies suggesting 

that their expression is not restricted to the lymphoid cell lineage. CTLA-4 has 

been found to be expressed on placental fibroblasts (Kaufman et al., 1999). 

Moreover various pro-inflammatory cytokines induced the expression of COLA-4 

and COD on normal human muscle cells (Niagara et al., 1999).

Primary intestinal myofibroblasts and 18 Co cells were stimulated over a 48hour 

time course with TNF-a (100 ng/ml) or IFN-y (300 u/ml) or a combination of both 

and mRNA was isolated for PCR analysis for CD28 and CTLA-4.

As expected both cell types did not express CD28 and CTLA-4 and the cytokines 

were also unable to induce their expression (Figure 3.10). Peripheral blood 

derived activated T-cells, which are known to express both CD28 and CTLA-4, 

was used as a positive control to verify validity of PCR products.

Expression of ICOS in intestinal myofibroblasts

Our studies then concentrated on the most recently discovered receptor of the 

CD28 family, inducible co-stimulator (ICOS). Primary intestinal myofibroblasts 

were stimulated over a 48hour time course with 100 ng/ml TNF-a or 300 units/ml 

IFN-y or a combination of both and mRNA was isolated for PCR analysis for 

ICOS. The combination of TNF-a /IFN-y surprisingly proved able to induce the
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expression of ICOS in primary intestinal myofibroblasts. Induction was visible at 

6 hours after stimulation and peaked at 48 hours (Figure 3.11 A). The two 

cytokines when applied on their own, over the same time frame of 48 hours were 

unable to induce ICOS expression in primary intestinal myofibroblasts (Figure

3.12 A).

In contrast to primary cells, the combination of TNF-a/IFN-y was unable to 

induce ICOS expression in the 18 Co cell line (Figure 3.11 B). The two cytokines 

on their own were also not capable of inducing ICOS expression in these cells 

(Figure 3.12B).

Regulation of ICOS expression in primary intestinal myofibroblasts by anti­

inflammatory cytokines

Having established that the pro-inflammatory cytokines TNF-a/IFN-y can induce 

ICOS mRNA in primary intestinal myofibroblasts, the next aim was to assess any 

possible regulatory role for other cytokines relevant to gastro-intestinal biology. 

Primary intestinal myofibroblasts were pre-treated with IL-4 or IL-10 (both at 

30ng/m for 1 hour), prior to stimulation with TNF-a/IFN-y for up to 48 hours.

The two cytokines used had very different effects on ICOS expression. Pre­

treatment with IL-10 completely inhibited the induction of ICOS mRNA (Figure

3.13 B). Pre-treatment with IL-4 on the other hand, promoted early induction of 

ICOS mRNA at lhour, following the addition of TNF-a/IFN-y, but the response 

was more transient as no ICOS mRNA could be detected beyond the 2 hour time 

point (Figure 3.13 A).

The cells were also stimulated with IL-4 and IL-10 for 1 hour to verify the 

synergistic effect of the anti with the pro-inflammatory cytokines. Both IL-4 and
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IL-10 failed to induce any detectable levels of ICOS mRNA in primary intestinal 

myofibroblasts (Figure 3.13 C and D).

Protein expression of ICOS in primary intestinal myofibroblasts

The unexpected finding that ICOS mRNA could be induced in primary intestinal 

myofibroblasts, prompted us to assess ICOS protein expression in these cells. 

Unfortunately, the only available antibody for ICOS at the time of these 

experiments recognizes an intracellular epitope of ICOS. Moreover according to 

the manufacturer it is not suitable for FACS analysis. Therefore possible positive 

results do not necessarily correlate with surface expression of this molecule.

Activated T-cells were first tested for ICOS expression as a positive control for 

the antibody (Figure 3.14A). Peripheral blood mononuclear cells were isolated as 

described in Materials and Methods, stimulated with SEB and left in culture for 

up to 12 days. Samples of these cells were collected at days 0 (day of isolation), 3,

5,7,10,12 post isolation and whole cell lysates were isolated for Western blot 

analysis. No ICOS protein could be detected in the freshly isolated cells. However 

activation of the cells by SEB proved to induce ICOS expression at days 3 and 5 

following activation. The identified protein has a molecular weight of 

approximately 55kDa. The molecular weight for ICOS is 23kDa, but was initially 

recognized as a 55kDa homodimeric glycosylated protein when purified and 

cloned from a T cell line cDNA library (Hutloff et al., 1999).

Primary intestinal myofibroblasts cells were stimulated with TNF-a (100 ng/ml) 

or IFN-y (300 u/ml) or a combination of both and protein was isolated for analysis 

of ICOS (Figure 3.14 B). This combination of cytokines was able to induce ICOS 

expression in a pattern very similar to the one observed for the mRNA induction.
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ICOS protein was first detected 6 hours after the addition of the cytokines, peaked 

at 24 hours and was still visible 48 hours after stimulation.
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Figure 3.1 Immunofluorescence staining of prim ary hum an intestinal 

myofibroblasts for a-smooth muscle actin, vimentin and desmin.

2xl05 primary intestinal myofibroblasts were plated on coverslips in 35mm plates 

and cultured for 48 hours. Cell were then fixed in methanol and labelled with 

monoclonal mouse antibodies against a-smooth muscle actin (A), vimentin (B), 

desmin (C) or mouse IgG as an isotype control (D-F) for 1 hour to a final 

concentration of 20 pg/ml for all antibodies. After three washes, the coverslips 

were incubated for 30-45 min with FITC-labelled goat-anti-mouse IgG secondary 

antibody and visualized under a confocal microscope as described in Methods and 

and Materials. Results are from single experiments representative of 6 replicate 

experiments.
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Figure 3.2 W estern blot analysis of prim ary hum an intestinal myofibroblasts 

for a-smooth muscle actin and vimentin.

Indicated numbers of unstimulated primary intestinal myofibroblasts were lysed 

in lysis buffer as described in Methods and Materials and then probed with 

specific mouse monoclonal antibodies against a-smooth muscle actin (upper 

panel) or vimentin (lower panel) at a final concentration of 0.5 pg/ml for both 

antibodies. Results are from single experiments representative of 3 replicate 

experiments.
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Figure 3.3 The combination of TNFa and IFN-y induces expression of 

B7.1mRNA in prim ary hum an intestinal myofibroblasts and 18 Co cells.

1 x 1 0 6  primary intestinal myofibroblasts (A), or 18Co cells (B) were left 

unstimulated (ctrl) or stimulated with lOOng/ml TNF-a and 300 units/ml IFN-y for 

indicated times and then lysed in 400 pi RNAzol. 1x10 6 CHO cells, stably 

transfected with B7.1 were also lysed in 400 pi RNAzol as a positive control for 

B7.1 expression. RT PCR was then performed on the lysates as described in 

Methods and Materials using primers for B7.1 and p-actin as a housekeeping gene 

to verify equal amounts of mRNA and equal amplification. (+) and (-) refers to 

RT positive and negative samples respectively. Results are from single 

experiments representative of 3 replicate experiments.
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Figure 3.4 TNFa and IFN-y fail to induce expression of B7.1mRNA in 

prim ary hum an intestinal myofibroblasts and 18 Co cells.

1 x 1 0 6  primary intestinal myofibroblasts (A) or 18Co cells (B) were lysed in 400 

pi RNAzol (ctrl) or stimulated with lOOng/ml TNF-a (left panels) or 300 units/ml 

IFN-y (right panels) for indicated time points and lysed in RNAzol. 1x10 6 CHO 

cells, stably transfected with B7.1 were also lysed in 400 pi RNAzol as a positive 

control for B7.1 expression. RT PCR was performed on the lysates as described 

in Methods and Materials using primers for B7. (+) and (-) refers to RT positive 

and negative samples respectively. Results are from single experiments 

representative of 3 replicate experiments.

110



Chapter 3: Results I

s  Primary myofibroblasts 
TNF/1FN 48h

10° 101 io2 io3 io4
FL1-H

O o

Primary myofibroblasts 
IFN 72h

10° 101 102 103 104 
FL1

Primary myofibroblasts 
TNF 72h

JL
10° 1 0 1 102 103 104 

FL1

Primaiy myofibroblasts 
TNF/IFN 72h

10° 101 102 103 1Q4
FL1

CHOB7.1

10° I01 IO2 I03 IO4
FL1

a B7.1

IgG l

Figure 3.5 B7.1 surface expression on prim ary intestinal myofibroblasts.

lxlO6 cells / tube primary intestinal myofibroblasts were stimulated with 

lOOng/ml TNF-a or 300 units/ml EFN-y or a combination of both for indicated 

time points and then stained with FITC conjugated anti-B7.1 (green histograms) 

or isotype matched mouse IgGl (purple filled histograms), as described in 

Methods and Materials.lxlO6 CHO cells stably transfected with B7.1 were used 

as a positive control for B7.1 staining.
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Figure 3.6 B7.1 surface expression on 18 Co cells.

lxlO6 cells / tube 18 Co cells were stimulated with lOOng/ml TNF-a or 300 

units/ml IFN-y or a combination of both for indicated time points and then stained 

with FITC conjugated anti-B7.1 (green histograms) or isotype matched mouse 

IgGl (purple filled histograms), as described in Methods and Materials. lxlO6 

CHO cells stably transfected with B7.1 were used as a positive control for B7.1 

staining.

112



Chapter 3: Results I

TNFa/IFNy

Primary
myofibroblasts

p-actin

TNFo/TFNy

P-actin

Figure 3.7 The combination of TNFa and IFN-y fails to induce expression of 

B7.2 mRNA in prim ary hum an intestinal myofibroblasts and 18 Co cells.

1 x 1 0 6  primary intestinal myofibroblasts (A), or 18Co cells (B) were lysed in 400 

pi RNAzol (ctrl) or stimulated with lOOng/ml TNF-a and 300 units/ml IFN-y for 

indicated times and then lysed in RNAzol. 1x10 6 CHO cells, stably transfected 

with B7.2 were also lysed in 400 pi RNAzol as a positive control for B7.2 

expression. RT PCR was then performed on the lysates as described in Methods 

and Materials using primers for B7.2 (+) and (-) refers to RT positive and negative 

samples respectively. Results are from single experiments representative of 3 

replicate experiments.
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Figure 3.8 PCR analysis of B7.2 expression in prim ary hum an intestinal 

myofibroblasts and 18 Co cells.

1x 1 0 6  primary intestinal myofibroblasts (A) or 18Co cells (B) were lysed in 400 

pi RNAzol (ctrl) or stimulated with lOOng/ml TNF-a (left panels) or 300 units/ml 

IFN-y (right panels) for indicated time points and lysed in RNAzol. 1x10 6 CHO 

cells, stably transfected with B7.2 were also lysed in 400 pi RNAzol as a positive 

control for B7.2 expression. RT PCR was performed on the lysates as described 

in Methods and Materials using primers for B7.2 (+) and (-) refers to RT positive 

and negative samples respectively. Results are from single experiments 

representative of 3 replicate experiments
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Figure 3.9 Prim ary hum an intestinal myofibroblasts and 18Co cells 

constitutively express mRNA for PD-L1, B7 RP-1 and B7 H3.

1 x 1 0 6  primary intestinal myofibroblasts (A) or 18 Co cells (B) were lysed in 400 

pi RNAzol (ctrl) or stimulated with lOOng/ml TNF-a and 300 units/ml IFN-y for 

indicated time points and lysed in RNAzol. RT PCR was performed on the lysates 

as described in Methods and Materials using primers for PD-L1, B7 RP-1, B7 H3. 

(+) and (-) refers to RT positive and negative samples respectively. Results are 

from single experiments representative of 3 replicate experiments.
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Figure 3.10 PCR analysis of CD28 and CTLA-4 expression in prim ary 

hum an intestinal myofibroblasts and 18 Co cells

1x 1 0 6  primary intestinal myofibroblasts (A) or 18 Co cells (B) were lysed in 400 

pi RNAzol (ctrl) or stimulated with lOOng/ml TNF-a and 300 units/ml IFN-y for 

indicated time points and lysed in RNAzol. 1x10 6 12 days old SEB activated 

peripheral blood derived T cells (PBL) were also lysed in 400 pi RNAzol as a 

positive control for CD28 and CTLA-4 expression. RT PCR was performed on 

the lysates as described in Methods and Materials using primers for CD28, 

CTLA-4. (+) and (-) refers to RT positive and negative samples respectively. 

Results are from single experiments representative of 3 replicate experiments.
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Figure 3.11 The combination of TNFa and IFN-y induces expression of ICOS 

mRNA in prim ary hum an intestinal myofibroblasts but not in 18Co cells.

1 x 1 0 6  primary intestinal myofibroblasts (A) or 18 Co cells (B) were lysed in 400 

pi RNAzol (ctrl) or stimulated with lOOng/ml TNF-a and 300 units/ml IFN-y for 

indicated time points and lysed in RNAzol. 1x10 6 12 days old SEB activated 

peripheral blood derived T cells (PBL) were also lysed in 400 pi RNAzol as a 

positive control for ICOS expression. RT PCR was performed on the lysates as 

described in Methods and Materials using primers for ICOS. (+) and (-) refers to 

RT positive and negative samples respectively. Results are from single 

experiments representative of 3 replicate experiments.
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Figure 3.12 TNFa and IFN-y are unable to induce expression of ICOS mRNA 

in prim ary hum an intestinal myofibroblasts and 18Co cells.

1x 1 0 6  primary intestinal myofibroblasts (A) or 18Co cells (B) were lysed in 400 

pi RNAzol (ctrl) or stimulated with lOOng/ml TNF-a (left panels) or 300 units/ml 

IFN-y (right panels) for indicated time points and lysed in RNAzol. 1x10 6 12 days 

old SEB activated peripheral blood derived T cells (PBL) were also lysed in 400 

pi RNAzol as a positive control for ICOS expression. RT PCR was performed on 

the lysates as described in Methods and Materials using primers for ICOS. (+) and 

(-) refers to RT positive and negative samples respectively. Results are from 

single experiments representative of 3 replicate experiments.
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Figure 3.13 Regulation of of ICOS expression mRNA expression in prim ary 

human intestinal myofibroblasts by IL-4 and IL-10.

1x 1 0 6  primary intestinal myofibroblasts were lysed in 400 pi RNAzol (ctrl) or 

pre-treated with IL-4 (100 ng/ml) (A) or IL-10 (100 ng/ml) (C) for 1 hour and 

then stimulated with lOOng/ml TNF-a and 300 units/ml IFN-y for indicated time 

points or treated with IL-4 (B) or IL-10 (D) for indicated time points and then 

lysed in RNAzol. 1x10 6 12 days old SEB activated peripheral blood derived T 

cells (PBL) were also lysed in 400 pi RNAzol as a positive control for ICOS 

expression. RT PCR was performed on the lysates as described in Methods and 

Materials using primers for ICOS. (+) and (-) refers to RT positive and negative 

samples respectively. Results are from single experiments representative of 3 

replicate experiments.
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Figure 3.14 Protein expression of ICOS in peripheral blood derived activated 

T-cells and prim ary intestinal myofibroblasts.

A. lxlO6 peripheral blood mononuclear cells were lysed in lysis buffer (ctrl) or 

stimulated with SEB for 72 hours. Cells were then washed and maintained in 50 

I.U/ml IL-2 and lysed at indicated time points. The resulting lysates were probed 

with a specific goat polyclonal antibody against ICOS at a final concentration of 

0.1 [ig/ml. B. 0 .2 x 1 0 6  primary intestinal myofibroblasts were plated in 35mm 

plates and cultured till confluence. Cells were then lysed (ctrl) or stimulated with 

lOOng/ml TNF-a and 300 units/ml IFN-y for indicated times and then lysed in 

lysis buffer as described in Methods and Materials and then probed with a specific 

goat polyclonal antibody against ICOS at a final concentration of 0.1 pg/ml. 

Results are from single experiments representative of 3 replicate experiments.
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B7.1 B7.2 PD-L1 B7 RP-1 B7H3 ICOS

Primary
intestinal

myofibroblasts

mRNA X s

protein X ✓ ✓ s
18 Co mRNA X s X

protein X s X

Table 3.1 B7 and CD28 family members expression on human primary 

intestinal myofibroblasts and in 18 Co cells. Human primary myofibroblasts 

and 18 Co cells, express most of the B7 family members at the mRNA level and 

at least B7.1 on the cell surface. Primary myofibroblasts also express at both 

mRNA and protein level ICOS.

3.4 Discussion

Aberrant T-lymphocyte responses are implicated in a wide range of 

gastrointestinal disorders including IBD, celiac disease and autoimmune hepatitis. 

Numerous studies over the past decade have shown that stimulation through the 

antigen-specific TCR is not sufficient for full activation of a T-cell. Specifically, 

the induction of stimulatory T-cell responses requires two independent signals 

from the APC. As outlined, one is via TCR interaction with the MHC-peptide 

complex, while the other is via interaction of a co-stimulatory molecule on the

121



Chapter 3: Results I

APC with its counter-ligand on the surface of the T-cell. Data from various 

experimental systems suggest that delivery of the first signal in the absence of the 

second results in T-cell anergy. This model highlights co-stimulatory molecules as 

potentially important therapeutic targets to intervene in autoimmune diseases.

Progression from early to chronic gut inflammation is accompanied by multiple 

structural abnormalities in the affected bowel segments, where persistent 

infiltration by immune cells is associated with qualitative and quantitative changes 

of local non-immune cells. Therefore, it is reasonable to assume that the cellular 

and molecular mechanisms underlying EBD vary during the course of the disease.

In particular, it is possible that non-classic immune cells (such as epithelial, 

endothelial, and mesenchymal cells) become increasingly more important in 

sustaining chronic inflammation. This notion, yet to be explored in IBD, has 

already gained wide acceptance in other chronic diseases (Smith et al., 1997). A 

chronic intestinal inflammatory condition in which non-immune cells are 

recognized to play a key pathogenic role is celiac disease (Schuppan, 2000), 

where activated endothelial cells and fibroblasts are the prime source of tissue 

transglutaminases that selectively deaminate gliadin peptides, generating new 

epitopes recognized by mucosal T-cells that proliferate, produce cytokines, and 

perpetuate inflammation (Molberg et al., 1998). The fact that fibroblasts also play 

an active role in inflammation has finally been appreciated, and now fibroblasts 

are recognized as sentinel cells that not only modulate inflammation but actually 

regulate the switch from acute resolving to chronic persistent inflammation 

(Buckley et al., 2001).
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In this report it has been demonstrated using flow cytometry and RT-PCR 

amplification that primary intestinal myofibroblasts and the relevant 18Co cell 

line express co-stimulatory molecules such as B7.1, PD-L1, B7-RP-1 and B7H3.

B7.1 and B7.2 expression in intestinal myofibroblasts

B7.1 expression was observed as a response to the pro-inflammatory cytokines 

TNFa and IFNy. On the other hand the combination of theses cytokines failed to 

induce expression of B7.2 in both cell types B7.1 expression in intestinal 

myofibroblasts is in accordance with a previous study of regulated expression of 

B7.1 but not B7.2 in murine fibroblasts by the same cytokines (Pechhold et al., 

1997).

To appreciate the implications of this finding, one needs to consider the potential 

role of intestinal myofibroblasts as important APCs in mucosal immune 

responses. In the intestinal mucosa, large numbers of lymphocytes normally reside 

in close physical proximity to a rich network of sub-epithelial and lamina propria 

fibroblasts and myofibroblasts. Preliminary evidence indicates that human 

intestinal fibroblasts can bind T-cells, modulate mucosal T-cell proliferation and 

apoptosis, and synthesize extracellular matrix capable of adhering T-cells 

(Fiocchi, 1997). It is more than likely that the net outcome of antigen presentation 

events associated with intestinal myofibroblasts are complex and occur via a 

variety of molecules. A previous study has already proposed that ICAM-1 is such 

a molecule, responsible for mediating mucosal fibroblasts-T-cell cross-talk 

(Musso et al., 1999).

Whether intestinal myofibroblasts can stimulate naive CD4+ T cells or CD28- 

dependent T-cells in the intestinal mucosa remains a matter for speculation. It is
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conceivable however, that the delivery of ‘signal 1’ in the absence of ‘signal 2 ’ 

via B7 will result in the induction of tolerance in a subset of CD4+ T-cells in the 

intestinal mucosa. Under physiological conditions, the net response (or lack of 

observed response) represents a balance between the stimulation of T-cells with 

suppressive activity versus those with a potential role in inflammation. With 

antigen exposure consistently high, the net result (i.e. suppressive versus 

inflammatory T-cell activity) is likely to depend on the underlying degree of 

inflammation and the state of activation of intestinal myofibroblasts. Due to 

reciprocal interactions between local fibroblasts and T-cells contribute to 

persistence of inflammation; blocking these interactions could limit T-cell 

accumulation and, eventually, down-regulate inflammation. It should also be 

noted that under the same conditions that intestinal myofibroblasts express B7.1, 

intestinal epithelial cells express B7.2, suggesting a supplementary role between 

the two cell types for regulating co-stimulatory events in the intestine

PD-L1, B7-RP-1 and B7H3 expression in intestinal myofibroblasts

Data presented here, also demonstrate, that intestinal myofibroblasts express B7 - 

H I, PD-L1 and B7-H3, the more recently identified co-stimulatory molecules of 

the B7 family, at the mRNA level. Unfortunately the lack of commercially 

available antibodies for these molecules at the time of this study, did not allow 

confirmation of their expression at the protein level.

These molecules are expressed mainly on professional APCs and T-cells. 

Although their precise function(s) and relationship with their cognate receptors 

CD28 and CTLA-4 are still not completely understood, there is universal
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agreement that these B7 molecules provide critical co-stimulatory signals to T- 

cells and play an essential role in normal and pathologic immune reactions.

What might be the role of PD-L1 in intestinal myofibroblasts? PD-L1 expression 

has been detected not only in lymphoid organs, but also in non-lymphoid organs, 

such as heart, lung, placenta, kidney, and liver (Dong et al., 1999; Freeman et al.,

2000). PD-L1 expression is also found in the majority of human cancers and leads 

to increased apoptosis of activated T-cells (Dong et al., 2002), raising the 

possibility that some tumours may use PD-L1 to inhibit an anti-tumour immune 

response. It has also been proposed that PD-L1 may be involved in setting 

thresholds for activation in the peripheral immune system (Freeman et al., 2000).

In the intestine, a balance must be met between tolerance and the ability to rapidly 

induce memory responses. This involves the setting and maintaining of finely 

tuned thresholds and it seems likely that PD-L1 could have an important role in 

this process.

In humans, cell surface expression of B7-RP1 has been described on B cells, 

dendritic cells, monocytes/macrophages, T-cells and endothelial cells (Carreno 

and Collins, 2002). B7-RP1 mRNA expression has been detected in a variety of 

lymphoid and non-lymphoid organs (Liu et al., 2001), but the functional 

significance of B7-RP1 on non-lymphoid cells has remained unclear. Current 

models propose that B7-RP1-ICOS interactions play a more prominent role in the 

co-stimulation of effector or memory T-cell responses (Hutloff et al., 1999; Coyle 

et al., 2000), whereas CD28 co-stimulates primary T-cell functions. It is tempting 

therefore to speculate that B7-RP1 on intestinal myofibroblasts may augment the 

production of T hl and Th2 cytokines by interaction with CD4+ effector/memory
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T-cells, thus augmenting antigen-specific immune responses in inflammatory 

conditions. Another possibility is that activated T-cells expressing ICOS may 

encounter and interact with B7-RP1 expressed on intestinal myofibroblasts, 

resulting in maintenance of activation in intestine in the presence of continued 

antigen exposure.

The possible role of B7-H3 on intestinal myofibroblasts is more difficult to assess. 

B7-H3 is expressed in multiple organs in humans and mouse and in several human 

tumour cell lines, and binds to an unknown receptor expressed on activated CD4+ 

and CD8+ T cells (Chapoval et al., 2001). This receptor is distinct from CD28, 

CTLA-4, PD-1 and ICOS, the receptors known to bind to the other B7 family 

proteins. Human B7-H3 augments TCR-mediated T-cell proliferation, IFN-y 

production and generation of cytotoxic T lymphocytes (CTL) in vitro, indicating 

that B7-H3 may have positive regulatory functions in CTL responses. It seems 

likely that expression by intestinal myofibroblasts of different combinations of 

molecules mediating intestinal myofibroblast-T-cell interactions, such as B7.1, 

B7-H1, PD-L1 and B7-H3 may be important in shaping immune responses under 

different conditions. For instance in normal conditions, human gut mucosa is 

infiltrated with a large number of mononuclear cells reflecting the fact that the 

human intestine is continuously subjected to a massive stimulation by luminal 

antigens. This state of "physiological" inflammation is a tightly controlled 

phenomenon, as several mucosal cells interact to generate and maintain an 

appropriate local immune response. Lamina propria T-cells play the dual role of 

providing protection against pathogens, dietary and enteric florae antigens while 

limiting this potentially damaging immune response. This daunting task of 

adaptive immunity is complemented by that of other cells (macrophages,
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eosinophils, mast cells, and natural killer cells) mediating innate immunity. To 

preserve an anti-inflammatory environment, lamina propria T-cells must put in 

motion complementary mechanisms to concomitantly provide active immunity 

and tolerance. To maintain this balance indispensable to gut homeostasis lamina 

propria T-cells effector functions must be turned on and off, which is 

accomplished through signals mediating cell activation, growth, differentiation, 

survival and death. In other words, health is the result of homeostasis between 

death and proliferation and the co-stimulatory signals provided by intestinal 

myofibroblasts might be crucial in regulating this process.

Induced expression of ICOS in primary intestinal myofibroblasts

The most unexpected finding of our study was the fact that primary human 

intestinal myofibroblasts were able to express ICOS at both the mRNA and 

protein level. This finding was not confirmed in the 18Co cells. Even though this 

result was confirmed for five different patients, it will be necessary to study 

fibroblasts from multiple additional subjects without colonic disease and from 

patients with adenomas, adenocarcinomas, and other colonic diseases to define the 

range of colonic fibroblast responsiveness to cytokine stimulation and the 

temporal relationship of ICOS expression to the stage of colon carcinogenesis. It 

may be that the distinct phenotypic attributes of an individual's colonic fibroblasts, 

such as relative sensitivity to cytokine stimulation, can have a protective role or 

contribute to the pathogenesis of large bowel disease.

However, one obvious possibility arising from ICOS expression in these cells is 

that myofibroblasts act as pluripotent stem cells capable of expressing a variety of 

molecules at low levels. Our RT-PCR results suggest that CD28 and CTLA-4
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were not present in those cells, excluding the possibility of contamination of 

myofibroblasts with mucosal T-cells, while ICOS was detected both in 

myofibroblasts and in lymphocytes. Therefore, intestinal myofibroblasts express 

specifically ICOS but not CD28 or CTLA-4 under cytokine stimulation.

Assuming that the function of this molecule on myofibroblasts is similar to that of 

their T-cell counterparts, the induced expression of ICOS in intestinal 

myofibroblasts may be a critical parameter in determining the state of activation 

of these cells. Recent studies have shown that ICOS regulates both Thl and Th2 

responses up-regulating the levels of IFN-y and IL-2 as well as IL-4 and IL-10 in 

vivo (Khayyamian et al., 2002), and therefore may also have a role in determining 

the cytokine milieu in the intestine. IL-4 in particular is known to be important in 

the formation of germinal centres in Peyer’s patches (Vajdy et al., 1995).

Indirect evidence for the role of ICOS in intestinal myofibroblasts comes from a 

study in a well-validated Thl-mediated mouse colitis model, which found that 

expression of ICOS and B7-RP1, was increased during experimental colonic 

inflammation (Totsuka et al., 2003). Furthermore, anti-ICOS mAh could both 

prevent and reverse established inflammation, suggesting a potential therapeutic 

application in human Thl-mediated intestinal inflammatory conditions such as 

CD. On the other hand, blockade of B7RP- 1 did not have a protective effect, 

indicating that the interaction between these co-stimulatory molecules was not 

critical to the development of colitis. The resulting phenotype was attributed to 

the fact that anti-ICOS mAb induced apoptosis of activated T-cells. ICOS 

expression in intestinal myofibroblasts, raises the possibility of a similar 

mechanism for apoptosis in myofibroblasts which could provide a means to
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control myofibroblast proliferation and therefore limit the damage of the tissue 

observed in CD.
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4 Results II

CXC3 ligand-mediated signalling events in human primary 

intestinal myofibroblasts

4.1 Background

The first suggestion that chemokines contribute to the pathogenesis of IBD came 

from a series of clinical studies published nearly a decade ago, in which rectal 

biopsies from patients with active ulcerative colitis or Crohn's disease were found 

to produce high levels of the chemokine IL-8 (Izzo et al., 1993; Raab et al., 1993). 

Subsequent studies have also implicated other chemokines such as RANTES 

(Mazzucchelli et al., 1996), MCP-l(Grimm et al., 1996) and MCP-3 (Wedemeyer 

et al., 1999).

One major source of chemokines in the gut is the intestinal epithelium. 

Stimulation of human intestinal epithelial cells with TNFa, IL-1 or infection with 

enteroinvasive bacteria such as Salmonella, causes the increased expression and 

secretion of a number of chemokines with pro-inflammatory functions. Thus, 

stimulated epithelial cells express and secrete relatively high levels of IL-8, 

GROcc, GROP, GROy, and ENA-78 (Eckmann et al., 1993; Yang et al., 1997). 

These cytokines belong to the C-X-C family of chemokines and are characterized 

by their ability to chemoattract and activate polymorphonuclear leukocytes. 

Activated epithelial cells also secrete, albeit at lower levels, a range of C-C 

chemokines, including MCP-1, M IP-ip, MIP-lot, RANTES, MDC and MIP-3a 

(Jung et al., 1995; Berin et al., 2001; Izadpanah et al., 2001) which variably can 

act as chemoattractants of monocytes/macrophages, eosinophils, and
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subpopulations of T-cells. More recently the T-cell chemoattractants IP -10, I- 

TAC and Mig have also been shown to be secreted by intestinal epithelial cells 

(Dwinell et al., 2001). Interestingly the receptor for these chemokines, CXCR3, 

has been found to be expressed on HSC, the equivalent of myofibroblasts in the 

liver (Bonacchi et al., 2001). The close proximity of intestinal myofibroblasts to 

intestinal epithelial cells, being separated only by the basement membrane, makes 

it reasonable to propose that the CXCR3 ligands may play a role in mediating 

cross talk between these two cell types.

In order to explore this possibility the effect of the CXCR3 ligands on various 

biochemical responses was investigated, using activated T-cells, an established 

CXCR3 expressing cell type, as a positive control for these experiments.

4,2 Results

Expression of CXCR3 in primary intestinal myofibroblasts

To determine if intestinal myofibroblasts express mRNA transcripts for CXCR3, 

total RNA was isolated from cells derived from two different biopsy specimens, 

and was analysed for expression of CXCR3 transcripts by RT-PCR. As shown in 

Fig. 4.1, cells from both biopsies constitutively expressed CXCR3 mRNA. This 

result was consistent for the cells that were isolated from all the biopsy specimens 

used throughout this project. Peripheral blood derived, SEB activated T-cells 12 

days old, were used as a positive control for this experiment.

To determine if this constitutive expression of mRNA CXCR3 was paralleled by 

expression of CXCR3 on the cell surface, cells were stained with an anti-CXCR3 

antibody and examined by flow cytometry (Figure 4.1, lower panel). No

131



Chapter 4: Results II

detectable levels of CXCR3 were observed on the cell membrane of any of the 

different patient derived cells tested, as opposed to the high levels of CXCR3 

expression detected on activated T-cells, which were used as a positive control for 

this experiment.

Effect of endothelin-1 in [Ca2+]i in primary intestinal myofibroblasts

The disparity between the presence of CXCR3 mRNA and lack of detectable 

protein expression in primary human intestinal myofibroblasts, leaves several 

possibilities regarding the presence or not of that receptor on those cells. One 

possibility is that the receptor is expressed on the cell surface, but below 

sensitivity limits of the antibody used in this study. Another possibility is that the 

receptor is post-translationally modified. In order to verify that CXCR3 is indeed 

not expressed on primary intestinal myofibroblasts we tested the ability of the 

known CXCR3 ligands to generate various biochemical signals in these cells.

The process of cellular Ca2+ signalling involves regulated changes in the 

intracellular cytosolic concentration of Ca2+ ([Ca2+] i ) and is known to regulate a 

broad range of secondary signals and functional responses. Calcium mobilization 

was the first and one of the best characterized responses to chemokine stimulation 

(Loetscher et al., 1994; Baggiolini et al., 1997), and was thus chosen as the first 

functional response to the CXCR3 ligands in our system.

However, we first examined the ability of human primary intestinal 

myofibroblasts to mobilize Ca2+, using endothelin-1, which has recently been 

shown to mobilize calcium in a relevant cell line (Kemochan et al., 2002).
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Cultured intestinal myofibroblasts grown on glass coverslips, were loaded with 

1 pM fura-2 AM for 30 minutes, at room temperature, before the coverslip was 

mounted in a chamber and the cells stimulated at 37°C with endothelin-1 at 100 

nM. Live images of the cells were obtained using digital fluorescence imaging 

microscopy. Endothelin-1 transiently increased [C a2+]j, in most but not all cells 

(Figure 4.2). In all subsequent experiments, 100 nM endothelin-1 was used to 

ensure responsiveness of the cells.

Differential effect of the CXCR3 ligands in [Ca2+]j in intestinal 

myofibroblasts

Having established the ability of intestinal myofibroblasts to elicit calcium 

responses, the effect of IP-10, I-TAC and Mig in [Ca2+]i was next investigated. 

Intestinal myofibroblasts were prepared for digital fluorescence imaging 

microscopy as described above. Cells were temperature-equilibrated to 37°C for 

five minutes, during which the basal fluorescence spectrum was observed. 

Chemokines were added to the chamber at concentrations between 10 and 

100 nM, and the fluorescence was monitored. Endothelin-1 at 100 nM was used at 

the end of each experiment to verify that the cells would respond to a calcium- 

mobilizing stimuli. Intestinal myofibroblasts did not respond to IP-10 (Figure 4.3) 

or Mig (Figure 4.5). However, it was found that intestinal myofibroblasts showed 

a rapid and transient increase in intracellular Ca2+ following stimulation with I- 

TAC (Figure 4.4). All of these cells showed a positive control response to 

endothelin-1, indicating that the cells are indeed non-responsive to IP-10 and Mig.

It should be noted that two factors render the interpretation of the results of these 

experiments difficult. First, in most cases there were several Ca2+ oscillations
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before and after the addition of the chemokines or endothelin-1, resulting in high 

basal levels of intracellular Ca2+. Secondly, these cells almost constantly undergo 

shape changes due to spontaneous contraction and expansion, thus limiting the 

accuracy of the technique since a specific area, indicating the space of a cell, must 

be outlined.

CXCR3 ligands and PKB phosphorylation

The data obtained from the calcium assays, further complicated the possibilities 

regarding the presence or absence of CXCR3 in primary human myofibroblasts. 

These cells could be expressing a receptor that responds only to I-TAC, like the 

receptor that has been reported to respond only to IP-10 but not the other CXCR3 

ligands (Soejima and Rollins, 2001).It was therefore imperative to compare any 

further biochemical responses to the CXCR3 ligands in the myofibroblasts, with 

responses in activated T cells which are known to express CXCR3 (Kim and 

Broxmeyer, 1999).

The serine/threonine kinase PKB has been shown to be critical for cell survival, 

proliferation, and gene expression. The products of PI3K activity are absolutely 

required for phosphorylation at Thr-308 and Ser-473 and consequent activation of 

PKB, a reaction catalyzed by PDK-1, which phosphorylates Thr-308, and a second 

unidentified kinase that targets PKB Ser-473 (Alessi et al., 1997). Thus, 

phosphorylation of PKB is a facile readout for activation of the PI3K pathway. 

Most chemokines are known to phosphorylate PKB and therefore this 

phosphorylation event was examined as a possible downstream target of IP -10, 

Mig and I-TAC in our system.
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Primary human intestinal myofibroblasts were stimulated over a short time course 

of up to 20-minutes with IP-10, I-TAC or Mig at 10 nM, since this concentration 

was sufficient to mobilize calcium in response to I-TAC. Protein was then 

isolated for western blot analysis. Whole cell lysates were run on SDS- 

polyacrylamide gels and probed with a specific rabbit antibody against the 

phosphorylated (activated) PKB phospho 473 PKB. Membranes were then stripped 

and re-probed for the respective un-phosphorylated isoform of PKB (Figure 4.6 

A, B, C).

Activation of PKB, for all three ligands is sustained, with a peak of 

phosphorylation occurring five minutes after stimulation but remaining above 

basal levels at the end of the time course.

Using similar experimental protocols, SEB activated peripheral blood-derived T- 

cells that had been maintained in IL-2 for 12 days were stimulated with IP -1 0 ,1- 

TAC or Mig over a 20-minute time course. Protein was isolated for western blot 

analysis and membranes were probed for phospho 473 PKB (Figure 4.6 D, E, F). 

This was used as a positive control since it has recently been shown that all 

CXCR3 ligands result in a robust PKB phosphorylation in activated T-cells (Smit 

et al., 2003). Indeed the chemokines again induced a transient phosphorylation of 

PKB but with very different kinetics compared to the one observed in 

myofibroblasts. Phosphorylation levels were very high for the first 2 minutes of 

the time course, but were not detectable 5 minutes after the addition of the 

chemokines.

As mentioned earlier, phosphorylation at S473 partially activates PKB, whereas 

full activation of PKB requires phosphorylation on a second site, T308 (Alessi et
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al., 1996). In order to determine if PKB was phosphorylated on this second site, 

intestinal myofibroblasts and activated T-cells were again stimulated with the 

CXCR3 ligands over a 20-minute time course, protein was isolated for western 

blot analysis and membranes were probed for the activated phospho 308 PKB 

(Figure 4.7).

The phosphorylation patterns for T308 were identical to the ones observed for 

S473, with activation of PKB being sustained throughout the time course in the 

myofibroblasts (Figure 4.7 A, B and C), and returned to basal levels after 2 

minutes in T cells (Figure 4.7 D, E, F).

PKB phosphorylation in the presence of PI3K inhibition

PKB is one of the most well known downstream targets of PI3K. To confirm this 

intestinal myofibroblasts and blood-derived T-cells were treated with the PI3K 

inhibitor LY294002 at 10 pM or a vehicle control for 30 minutes and then 

stimulated with IP-10, I-TAC or Mig for up to 20-minutes. As expected PKB 

phosphorylation is PI3K dependent in both intestinal myofibroblasts (Figure 4.8) 

and activated T-cells (Figure 4.9) as demonstrated by its complete inhibition by 

the PI3K inhibitor. It should be noted however, that phosphorylation of PKB does 

not necessarily indicate activation of this kinase. In order to examine PKB 

activation, one would have to investigate downstream targets of PKB such as 

GSK-3 or FKHR. Those experiments were carried out but did not result in 

detection of any phosphorylation of these proteins in intestinal myofibroblasts. 

This could be because the amounts of protein in our samples are very low 

(approximately 3 pg/sample) due to the primary nature of the cells and the 

limitation in the numbers that can be realistically obtained from biopsy tissues.
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Sensitivity of various PI3K isoforms to LY294002

The availability of a PI3K inhibitor such as LY294002 has contributed greatly to 

our understanding of the biological role of PI3K and its effector proteins. 

However, the issue of the selectivity of LY294002 for individual PI3K isoforms is 

highly controversial. The generally accepted view is that LY294002 inhibits all 

PI3K with an IC50 in the 1-50 \iM  range (Foster et al., 2003). Use of this inhibitor 

can therefore implicate a PI3K activity in a cellular process of interest, but is not 

suitable for dissecting the involvement of individual PI3K isoforms. In order to 

verify the selectivity of LY294002 on different PI3K isoforms, whole cell lysates 

from unstimulated Jurkat cells, which are known to exhibit a high basal PI3K 

activity (Freebum et al., 2002), were immunoprecipitated with antibodies against 

various PI3K isoforms. The isoforms chosen for investigation were limited by the 

lack of reliable commercially available antibodies for the other PI3K isoforms.

The resulting immunoprecipitates were treated with various concentrations of the 

inhibitor and assayed for PI3K activity using an in vitro lipid kinase (Figure 4.10). 

Both class IA PI3K isoforms examined, p85a and p i 108, were very sensitive to 

LY294002 and almost completely inhibited at lOpM (Figure 410 A and B). In 

contrast both class II isoforms, C2a and C2p, proved very resistant to LY294002, 

even at concentrations well beyond the range which is normally used, namely > 

30pM (Figure 4.10 C and D).

PI3K isoform expression in intestinal myofibroblasts

In order to investigate the involvement of specific PI3K isoforms in chemokine 

induced signalling in intestinal myofibroblasts and activated T cells, it was 

essential to establish which isoforms were expressed in these cells. Different cell
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numbers were lysed in order to isolate protein for western blot analysis of p85a, 

p i 10 8 and the two class II PI3K isoforms, PI3K-C2a and PI3K-C2p. All four 

isoforms examined were found to be expressed in both intestinal myofibroblasts 

(Figure 4.11) and T-cells (Figure 4.12).

Chemokine induced PI3K isoform activation

The limitation of relying on PKB phosphorylation experiments is that it does not 

provide any information about the specific isoforms involved in those processes.

The only valid method for examining specific PI3K isoform activation, is by 

employing in vitro lipid kinase assays, to assess catalytic activity within isoform- 

selective immunoprecipitates. One disadvantage of this method is the large 

number of cells required (lx lO 7 cells per point). Due to the difficulty of obtaining 

sufficient number of primary human intestinal myofibroblasts, these studies were 

confined to only one of the three CXCR3 ligands, IP-10. In addition, the activity 

of the PI3K isoforms in these established assays, is not studied in its natural 

environment, i.e., inside the cell and therefore possible activity might not reflect 

events in a living cell.

With antibodies suitable for immunoprecipitation available for the PI3K isoforms 

found to be expressed in intestinal myofibroblasts, the cells were stimulated with 

IP-10 at 10 nM over a short time of thirty minutes and then immunoprecipitated 

with antibodies recognizing p85a, p i 108, PI3K-C2a or PI3K-C2p (Figure 4.13).

-l0Buffers containing Ca were used for all isoforms except PI3K-C2p since it has 

been demonstrated that an increase in Ca2+ would have a negative effect on the 

production of PI(3,4)P2by PI3K-C2P (Arcaro et al., 1998).
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In contrast to p85a and p i 108, which did not appear to be activated above basal 

levels, both PI3K-C2a and PI3K-C2|3 phosphorylated the exogenous substrate 

Ptdlns. The kinetics for the activation of the two isoforms was slightly different, 

with C2a activation being observed two minutes after stimulation and returning to 

basal levels within the end of the time course applied, whereas C2p activation was 

faster and sustained throughout the stimulation period.

Having demonstrated that only class II PI3K isoforms are detectably activated by 

IP-10 in intestinal myofibroblasts, a similar range of experiments were performed 

in T-cells to determine PI3K isoform activity in this system. SEB activated 

peripheral blood derived T-cells, maintained in IL-2 for 12 days were stimulated 

as previously with IP-10 at 10 nM over a short time course of 30 minutes. Protein 

was isolated and an in vitro lipid kinase assay was performed using specific PI3K 

isoform immunoprecipitates (Figure 4.14).

The results were very different compared to those obtained with the 

myofibroblasts. In T-cells, both class I PI3K isoforms examined were found to 

respond to IP-10, with activity peaking in both cases five minutes after 

stimulation. However the activity of C2a and C20 was not altered by the 

chemokine.

It should be noted though that the two different cell types appear to have high 

basal levels of activity for the isoforms that appear unresponsive, which could 

explain why no activation is observed in those experiments.
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IP-10 stimulates the recruitment of PI3K-C2a and PI3K-C20 to 

phosphotyrosine complexes in intestinal myofibroblasts

Reports of tyrosine phosphorylation of PI3K have mainly concerned class I 

PI3Ks. Tyrosine phosphorylation of the p85 subunit has been shown to occur in 

many different systems, such as in response to platelet-derived growth factor 

(Kaplan et al., 1987), insulin (Hayashi et al., 1993), B cell antigen receptor 

ligation (Gold et al., 1992), and interleukin-2 (Kamitz et al., 1994). The only 

reports of tyrosine phosphorylation of class IIPI3K  has been in Drosophila (Molz 

et al., 1996), and in EGF-stimulated A431 cells (Arcaro et al., 2000). The same 

study demonstrated tyrosine phosphorylation of PI3KC2p in PDGF-stimulated 

fibroblasts. The observation that these proteins were phosphorylated on tyrosines 

could imply that protein tyrosine kinases and protein-protein interactions could 

mediate the activation of class II PI3Ks. Since activation of both of the class II 

PI3Ks in response to IP-10 had been demonstrated in this study, the possibility 

that these proteins were tyrosine phosphorylated was investigated.

Intestinal myofibroblasts were treated with IP-10 at a concentration of 10 nM for 

up to thirty minutes. The lysates generated were immnunoprecipitated with an 

anti-phospotyrosine specific antibody (4G10) and the recovered immune 

complexes were collected on protein G-sepharose beads for one hour at 4°C and 

finally was analysed by Western blotting with antibodies against PI3K-C2a or 

PI3K-C2P (Figure 4.15).

Both class II PI3K enzymes were found to be tyrosine phosphorylated. 

Phosphorylation for C2a occurred between one and ten minutes after stimulation 

while maximal phosphorylation for C2p was observed five minutes after the
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addition of the chemokine but was still above basal levels at the end of the time 

course. This pattern of activation corresponds with the results obtained from the in 

vitro lipid kinase assays.

CXC3 ligand-induced phosphorylation of ERK 1/2

Having established that IP-10, I-TAC and Mig activate the PI3K pathway, 

regulation of the MAPK pathway was next investigated. Activation of the MAPK 

pathway has been demonstrated to occur in response to many cytokines and is 

involved in the activation of transcription factors required for various cell 

functions (Chang and Karin, 2001).

Intestinal myofibroblasts were stimulated over a time course of up to 20-minutes 

with IP-10, I-TAC or Mig at a concentration of 10 nM and then protein was 

isolated for Western blot analysis with a specific rabbit antibody against the 

phosphorylated MAP kinases phospho 202,204 ERK 1/2.

Basal levels of constitutive phosphorylation of ERK were detected in intestinal 

myofibroblasts. However, all three chemokines were able to phosphorylate ERK 

transiently between two and ten minutes following stimulation above the basal 

levels observed (Figure 4.16 A, B and C).

Similarly SEB activated T-cells, were stimulated over a 20-minute time course 

and analysed for ERK 1/2 phosphorylation. In contrast to the intestinal 

myofibroblasts, no basal levels of phospho-ERK 1/2 was found in this system. 

Nevertheless, stimulation in these cells, resulted in phosphorylation of ERK 1/2 

which like phosphorylation of PKB was much more rapid and transient compared
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to intestinal myofibroblasts. Phosphorylation was maximal two minutes following 

stimulation and was not detectable after 10 minutes (Figure 4.16 D, E and F).

CXC3 ligand-induced p90RSK phosphorylation

Having demonstrated that IP-10, I-TAC and Mig phosphorylate ERK 1/2 in 

intestinal myofibroblasts and activated T-celis, a downstream target of ERK was 

selected to correlate phosphorylation of ERK with its activity. It is well known 

that p90RSK lies downstream of ERK (Richards et al., 2001), and it has been 

suggested that when activated, both ERK 1/2 and p90RSK are translocated to the 

nucleus (Pierrat et al., 1998). Cells were stimulated with IP-10, I-TAC or Mig and 

protein was isolated for western blot analysis as previously, probing for 

phosphorylated form p90RSk, namely phospho 380p90RSK (Figure 4.17).

In primary human intestinal myofibroblasts, activation of p90RSK is delayed and 

more transient compared to the activation of ERK 1/2, with phosphorylation 

observed only between 5 and 10 minutes after the addition of the chemokines 

(Figure 4.17 A, B and C). These delayed kinetics should be expected since 

p90RSK lies downstream of ERK 1/2.

In activated T-cells, all three chemokines also induce transient phosphorylation of 

p90RSK. This event is also delayed compared to ERK 1/2 phosphorylation in this 

system, with optimal phosphorylation occurring 2 minutes post-ligand stimulation 

and then declining rapidly (Figure 4.17 D, E and F).

CXC3 ligands and p38 phosphorylation in primary intestinal myofibroblasts

Mig has been shown to be able to activate the p38 pathway human melanoma 

cells (Robledo et al., 2001). Having previously shown that the chemokines are
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able to induce phosphorylation of one MAPK pathway in our systems, their 

ability to phosphorylate the p38 pathway was also investigated.

Intestinal myofibroblasts were stimulated with IP-10, I-TAC or Mig at 10 nM and 

the protein lysates were probed with a specific rabbit polyclonal antibody against 

the phosphorylated MAP kinase phospho 180/182 p3 8  (Figure 4.18).

Phosphorylation of p38 was found to be sustained with a peak of activation 

between 2 and 5 minutes following stimulation but still quite prominent at 10 

minutes, and in the case of Mig (Figure 4.18 C), phosphorylation levels were 

above basal even at the end of the time course. This discrepancy most likely 

reflects the heterogeneity and the individuality within a population of primary 

cells rather than any differences between the three different ligands.

The same experiment was performed with SEB activated T-cells but no detectable 

levels of phosphorylated p38 were observed. This may not necessarily imply that 

p38 is not phosphorylated in those cells in response to the CXCR3 ligands but 

might simply reflect the low levels of phosphorylated p38 beyond the sensitivity 

levels of the antibody.

CXCR3 ligand-induced ERK phosphorylation in the presence of PI3K  

inhibition

The involvement of PI3K in the activation of the ERK in chemokine signalling 

appears to be highly dependent on the chemokine and cell type involved. Indeed it 

has been shown that ERK phosphorylation can be both dependent (Sotsios et al., 

1999) or independent (Bonacchi et al., 2001) of PI3K activation. To assess the 

role of PI3K signalling pathway in ERK phosphorylation, cells were pre-treated
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with either the PI3K inhibitor LY294002, or a vehicle control for thirty minutes 

before adding the chemokines. Protein was isolated for Western blot analysis and 

membranes were probed for activated phospho 202/204 ERK (Figures 4.19-4.20).

The results obtained from these experiments are not very consistent for human 

primary intestinal myofibroblasts. The data presented here show that in the 

presence of LY294002, ERK 1/2 phosphorylation appears to be modestly inhibited 

in IP-10 and Mig stimulated cells, whereas I-TAC appears to be the most sensitive 

to LY294002 treatment (Figure 4.19 B). However, interpretation of these results is 

difficult due to the discrepancies of the effect of LY294002 on basal levels of 

phosphorylation of ERK 1/2. The PI3K inhibitor markedly reduced the basal 

phosphorylation levels of ERK 1/2 in I-TAC stimulated cells, something not 

observed in the experiments with the other 2 ligands. The only explanation we can 

give for these apparent contradictions is donor variability in conjunction with the 

nature of primary cells renders them very susceptible to the handling procedures 

employed, resulting in varying responses. Overall though, it seems likely that 

there is some involvement of PI3K in the activation the ERK pathway.

Results obtained from SEB activated T-cells are more uniform than the results 

from intestinal myofibroblasts. LY294002 appeared to partially inhibit ERK 1/2 

phosphorylation in IP-10, I-TAC or Mig stimulated cells (Figure 4.20). ERK 

phosphorylation was not completely abolished indicating that PI3K kinase activity 

is involved in the activation of the ERK pathway in this system.

p90RSK phosphorylation in the presence of PI3K inhibition

Little is known about the signalling mechanisms involving p90RSK in response to 

chemokine stimulation. However it is known that p90RSK is phosphorylated and
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activated by the PI3K target PDK-1 (3-phosphoinositide-dependent protein 

kinase-1) (Jensen et al., 1999). To examine the involvement of PI3K in 

chemokine-mediated p90RSK activation, cells were pre-treated with LY294002, 

prior to stimulation over a short time course of up to twenty minutes with IP -10 ,1- 

TAC or Mig at 10 nM and then protein was isolated for western blot analysis 

(Figures 4.21-4.22).

Treatment with LY294002 in human myofibroblasts partially inhibited p90RSK 

phosphorylation. Consistent with the previous finding for ERK 1/2 

phosphorylation, this event was more significant for I-TAC stimulated cells where 

LY294002 had a more profound effect on basal phosphorylation levels (Figure 

4.21 B). Therefore, PI3K appears to be a critical upstream kinase responsible for 

activation of p90RSK in the IP-10 / I-TAC/ Mig signal transduction pathway in 

human primary intestinal myofibroblasts. The effect of LY294002 in p90RSK 

phosphorylation in activated T cells was very similar to the effect of the inhibitor 

in ERK 1/2 phosphorylation (Figure 4.22). This event was partially inhibited 

suggesting a possible role for PI3K in this event in this system as well.

p38 phosphorylation in the presence of PI3K inhibition

Having previously shown that p38 could be phosphorylated by the CXCR3 

ligands in our system, the role of PI3K in activating this pathway was 

investigated. Previous studies have indicated that activation of p38, is PI3K 

dependent (Rane et al., 1997; Madrid et al., 2001). In addition, a new mechanism 

for PKB-mediated nuclear factor- kappaB (NF-kB) activation has been proposed 

by demonstrating that PKB utilizes IkB kinase (IKK) and p38 to stimulate the 

transactivation potential of theRelA/p65 subunit of NF-kB (Madrid et al., 2001).
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Intestinal myofibroblasts were incubated with IP-10, I-TAC or Mig at lOnM up to 

20 minutes, in the presence or absence of LY294002 pre-treatment at 10 pM for 

30 minutes (Figure 4.23). Treatment of the cells with the PI3K inhibitor markedly 

reduces the chemokine-induced phosphorylation of p38. Moreover it should be 

noted that the cells appear to have higher basal levels of phosphorylation when 

treated with LY294402. This would suggest that the cells are stressed, since p38 is 

known to be a stress signal and could explain the inconsistencies observed earlier 

in respect of ERK 1/2 phosphorylation when LY294002 was used.

Effect of pertussis toxin in chemokine signalling in intestinal myofibroblasts

The major G protein attributed to be coupled to chemokine receptor is Gaj because 

in the hands of most investigators pertussis toxin inhibits the biological activities 

induced by chemokines. However, pertussis toxin -sensitive G proteins also 

include Gaoi, and G0102. In addition to this it has been observed that while 

pertussis toxin completely inhibits IP-10, and the C chemokine lymphotactin- 

induced calcium mobilisation in NK cells, anti-Gaq also inhibits these responses, 

suggesting that pertussis toxin-insensitive G proteins might also be involved in 

those processes (Maghazachi et al., 1997). Recently it has been found that 

CXCR3 signalling in activated T-cells is completely inhibited by the use of 

pertussis toxin (Smit et al., 2003). On the other hand the newly identified 

alternative splice variant of CXCR3, CXCR3-B, appears to exert its biological 

activities by coupling to G proteins other than Ga* (Lasagni et al., 2003). Finally 

the as yet unidentified receptor that binds only IP-10 is probably coupled to Gai, 

as demonstrated by sensitivity to pertussis toxin (Soejima and Rollins, 2001).
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In light of the knowledge that pertussis toxin can have opposing effects on 

CXCR3 ligand-mediated events, it was decided to examine the effect of this 

inhibitor in IP-10 induced signalling in both human intestinal myofibroblasts and 

activated T-cells.

Cells were therefore treated with IP-10 at lOnM for up to 20 minutes in the 

presence or absence of pre-treatment with pertussis toxin at 100 ng/ml for 16 

hours and analysed by western blot analysis with specific antibodies against the 

active forms of ERK 1/2, PKB and p90RSK. In the myofibroblasts, 

phosphorylation of all proteins was found to be insensitive to pertussis toxin 

(Figure 4.24). Moreover, p90RSK phsosphorylation in cells treated with pertussis 

toxin was sustained compared to the chemokine only induced signals, with 

phosphorylation levels still increasing at the end of the time course (Figure 4.24 

C). These observations contrasted the results in the activated T-cells. Pertussis 

toxin completely abrogated chemokine induced ERK phosphorylation but was 

unable to block phorbol 12-myristate 13-acetate (PMA)-induced activation which 

is known to activate several proteins independently of G-protein mechanisms 

(Volpi et al., 1985) and was therefore used as a positive control (Figure 4.25 A). 

Consistent with this, pertussis toxin completely blocked ERK 1/2 downstream 

target p90RSK activation (Figure 4.25 B). Finally, phosphorylation of PKB was 

also found to be pertussis toxin sensitive (Figure 4.25 C), confirming the 

involvement of G aiin CXCR3 signalling events in activated T-cells.
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Differences in potency of the CXCR3 ligands in intestinal myofibroblast 

signalling

There have been contradicting reports concerning the relative potency of IP-1 0 ,1- 

TAC and MIG in receptor binding, calcium flux, and chemotaxis (Cole et al., 

1998; Stanford and Issekutz, 2003). However, I-TAC appears to be more potent 

and efficacious than either IP-10 or Mig in its ability to mobilize intracellular 

calcium and as a chemotactic factor in activated T-cells (rank order potency I- 

T A C >M IG  -  IP-10 (Cole et al., 1998). Studies comparing the ability of these 

chemokines to initiate intracellular signals are lacking.

Having established that all three CXCR3 ligands are capable of activating various 

signalling pathways in intestinal myofibroblasts and activated T-cells, the potency 

of these chemokines to activate those pathways was compared in both of our 

systems. Cells were stimulated over time course of up to 10 minutes, within which 

maximal phosphorylation of ERK 1/2 and PKB had previously been demonstrated 

for both cell types, with IP-10, I-TAC or MIG at 10 nM and then protein was 

isolated for western blot analysis.

In intestinal myofibroblasts, no differences could be detected in the magnitude of 

the signals elicited by those 3 ligands, suggesting that their efficacy for the 

signalling events examined is similar in these cells (Figure 4.26). On the other 

hand, in activated T-cells. I-TAC appeared to confirm the calcium and chemotaxis 

studies (Cole et al., 1998) as the most potent of the 3 CXCR3 ligands. 

Phosphorylation of both ERK 1/2 and PKB by I-TAC was induced to a greater 

magnitude than those observed with IP-10 and Mig, which were very similar 

between them (Figure 4.27).
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Figure 4.1 mRNA and cell surface expression of CXCR3 in prim ary intestinal 

myofibroblasts.

A. PCR analysis of CXCR3 mRNA expression of intestinal myofibroblasts 

isolated from two different patients (PI, P2). (+) and (-) refers to reverse 

transcriptase (RT) positive/negative samples respectively. Activated peripheral 

blood derived T cells (PBLs) were used as a positive control (upper panel). B. 

Fluorescence Activated Cell Sorting (FACS) analysis of CXCR3 expression on 

intestinal myofibroblasts, again using activated peripheral blood derived T-cells 

(PBLs) (lower panel). Cells were stained with a specific mouse monoclonal 

fluorescein isothiocyanate (FITC) conjugated anti-CXCR3 antibody (green line) 

at a concentration of lpg/ml or with FITC conjugated mouse IgG at the same 

concentration (purple area), as an isotype matched control. All three results are 

from single experiments representative of 3 replicate experiments.
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Figure 4.2 Effect of endothelin-1 on calcium mobilization in human prim ary 

intestinal myofibroblasts.

0.2 x 106 primary human intestinal myofibroblasts were plated on coverslips in 

35mm plates and cultured for 48 hours. Prior to experimentation, cells were 

washed and kept in physiological salt solution (PSS) and loaded with Fura-2 as 

described in Methods and Materials. Cells were stimulated with endothelin-1 

(lOOnM) whilst alternately excited with light at 340 and 380 nm. Fura -2  

fluoresence emission intensity was measured at 510nm and transformed to 

intracellular-free calcium concentrations, based on calibration of the cells with 30 

pM ionomycin and 10 mM EGTA, for individual cells (A) or for the average of 

the cells in view (B). A representative graph of emission intensity at 340 nm and 

380 is presented for a single cell(C). Results are from single experiments 

representative of 3 replicate experiments.
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Figure 4.3 Effect of IP -10 on calcium mobilization in human prim ary 

intestinal myofibroblasts.

0.2 x 106 primary human intestinal myofibroblasts were plated on coverslips in 

35mm plates and cultured for 48 hours. Prior to experimentation, cells were 

washed and kept in physiological salt solution (PSS) and loaded with Fura-2 as 

described in Methods and Materials. Cells were stimulated with IP-10 (10 nM) 

and then endothellin-1 (100 nM) whilst alternately excited with light at 340 and 

380 nm. Fura -2  fluoresence emission intensity was measured at 510nm and 

transformed to intracellular-free calcium concentrations, based on calibration of 

the cells with 30 pM ionomycin and 10 mM EGTA, for individual cells (A) or for 

the average of the cells in view (B). A representative graph of emission intensity 

at 340 nm and 380 is presented for a single cell(C). Results are from single 

experiments representative of 3 replicate experiments.
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Figure 4.4 Effect of I-TAC on calcium mobilization in human prim ary 

intestinal myofibroblasts.

0.2 x 106 primary human intestinal myofibroblasts were plated on coverslips in 

35mm plates and cultured for 48 hours. Prior to experimentation, cells were 

washed and kept in physiological salt solution (PSS) and loaded with Fura-2 as 

described in Methods and Materials. Cells were stimulated with I-TAC (10 nM) 

and then endothellin-1 (100 nM) whilst alternately excited with light at 340 and 

380 nm. Fura -2  fluoresence emission intensity was measured at 510nm and 

transformed to intracellular-free calcium concentrations based on calibration of 

the cells with 30 pM ionomycin and 10 mM EGTA, for individual cells (A) or for 

the average of the cells in view (B). A representative graph of emission intensity 

at 340 nm and 380 is presented for a single cell(C). Results are from single 

experiments representative of 3 replicate experiments.
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Figure 4.5 Effect of Mig on calcium mobilization in human primary intestinal 

myofibroblasts.

0.2 x 106 primary human intestinal myofibroblasts were plated on coverslips in 

35mm plates and cultured for 48 hours. Prior to experimentation, cells were 

washed and kept in physiological salt solution (PSS) and loaded with Fura-2 as 

described in Methods and Materials. Cells were stimulated with Mig (10 nM) and 

then endothellin-1 (100 nM) whilst alternately excited with light at 340 and 380 

nm. Fura -2  fluoresence emission intensity was measured at 510nm and 

transformed to intracellular-free calcium concentrations, based on calibration of 

the cells with 30 pM ionomycin and 10 mM EGTA, for individual cells (A) or for 

the average of the cells in view (B). A representative graph of emission intensity 

at 340 nm and 380 is presented for a single cell(C). Results are from single 

experiments representative of 3 replicate experiments.
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Figure 4.6 Effect of CXCR3 ligands in PKB473 phosphorylation in human 

prim ary intestinal myofibroblasts and peripheral blood derived activated T- 

cells.

1 x 106 intestinal myofibroblasts (left panels) or 1 x 106 12 days old SEB activated

peripheral blood derived T cells (right panels) were lysed in 50 pi lysis buffer

(ctrl) or stimulated with IP-10 (A, D) or I-TAC (B,E) or Mig (C, F all at 10 nM)

for indicated time points, lysed in lysis buffer as described in Methods and

Materials and then probed with a specific rabbit polyclonal antibody against

phospho473 PKB diluted 1:1000 from stock (upper panels). Membranes were then 

stripped and re-probed with an antibody against the non-phosphorylated protein to 

show equal loading (lower panels). Blots are from single experiments but are 

representative of at least two others.
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Figure 4.7 Effect of CXCR3 ligands in PKB308 phosphorylation in human 

prim ary intestinal myofibroblasts and peripheral blood derived activated T 

cells.

1 x 106 intestinal myofibroblasts (left panels) or 1 x 106 12 days old SEB activated

peripheral blood derived T cells (right panels) were lysed in 50 pi lysis buffer

(ctrl) or stimulated with IP-10 (A, D) or I-TAC (B,E) or Mig (C, F all at 10 nM)

for indicated time points, lysed in lysis buffer as described in Methods and

Materials and then probed with a specific rabbit polyclonal antibody against
308phospho' PKB diluted 1:1000 from stock (upper panels). Membranes were then

stripped and re-probed with an antibody against the non-phosphorylated protein to 

show equal loading (lower panels). Blots are from single experiments but are 

representative of at least two others.
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Figure 4.8 Phosphorylation of PKB in prim ary intestinal myofibroblasts is 

abrogated by PI3K inhibition.

1 x 106  intestinal myofibroblasts were lysed in 50 pi lysis buffer (ctrl) or

stimulated with IP-10 (A) or I-TAC (B) or Mig (C, all at 10 nM) in the presence

or absence of pre-treatment with the PI3K inhibitor LY294002 (lOpM for 30

minutes) for indicated time points, lysed in lysis buffer as described in Methods

and Materials and then probed with a specific rabbit polyclonal antibody against 

phospho4 7 3  PKB diluted 1:1000 from stock (upper panels). Membranes were then

stripped and re-probed with an antibody against the non-phosphorylated protein to 

show equal loading (lower panels). Blots are from single experiments but are 

representative of at least two others.
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Figure 4.9 Phosphorylation of PKB in peripheral blood derived activated T 

cells is abrogated by PI3K inhibition.

1 x 106 12 days old SEB activated peripheral blood derived T cells were lysed in 

50 pi lysis buffer (ctrl) or stimulated with IP-10 (A) or I-TAC (B) or Mig (C, all at 

10 nM) in the presence or absence of pre-treatment with the PI3K inhibitor 

LY294002 (lOpM for 30 minutes) for indicated time points, lysed in lysis buffer 

as described in Methods and Materials and then probed with a specific rabbit 

polyclonal antibody against phospho47 3 PKB diluted 1:1000 from stock (upper 

panels). Membranes were then stripped and re-probed with an antibody against 

the non-phosphorylated protein to show equal loading (lower panels). Blots are 

from single experiments but are representative of at two experiments.
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Figure 4.10 Sensitivity of various PI3K isoforms to the PI3K inhibitor 

LY294002.

1 x 107 Jurkat cells were lysed in 500 pi lysis buffer and then immunoprecipitated 

with an antibody against p85a (A), pi 108 (B), PI3K C2a (C) or PI3K C2p (D). 

Lysates were then incubated with a vehicle control (ctrl) or with indicated 

concentrations of the PI3K inhibitor LY294002. An in v itro  lipid kinase assay was 

then performed on the lysates as described in Methods and Materials, using Ptdlns 

as a substrate. Results are from single experiments but are representative of three 

experiments.
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Figure 4.11 W estern blot analysis of prim ary human intestinal 

myofibroblasts for various PI3K isoforms.

Primary human intestinal myofibroblasts were lysed in lysis buffer at indicated 

numbers as described in Methods and Materials and then probed with specific 

rabbit polyclonal antibodies against p85a (A), pi 108 (B), PI3K-C2a (C) and 

PI3K-C2P (D). All antibodies were used at a final concentration of 0.1 pg/ml. 

Results are from single experiments representative of 2 replicate experiments.
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Figure 4.12 W estern blot analysis of peripheral blood derived activated T- 

cells for various PI3K isoforms.

12 days old SEB activated peripheral blood derived T cells were lysed in lysis 

buffer at indicated numbers as described in Methods and Materials and then 

probed with specific rabbit polyclonal antibodies against p85a (A), pi 105 (B), 

PI3K C2a (C) and PI3K C2p (D). All antibodies were used at a final 

concentration of 0.1 fig/ml. Results are from single experiments representative of 

2  replicate experiments.
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Figure 4.13 IP-10 activates class II but not class I PI3K isoforms in prim ary 

human intestinal myofibroblasts.

1 x 107 intestinal myofibroblasts were lysed in 500 pi lysis buffer (ctrl) or 

stimulated with IP-10 (10 nM) for indicated time points, lysed in lysis buffer and 

then immunoprecipitated with an antibody against p85a (A), pi 105 (B), PI3K 

C2a (C) or PI3K C2|3 (D). An in v itro  lipid kinase assay was then performed on 

the lysates as described in Methods and Materials. Results are from single 

experiments but are representative of two experiments.
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Figure 4.14 IP-10 activates class I but not class II PI3K isoforms in 

peripheral blood derived activated T-cells.

1 x 107 12 days old SEB activated peripheral blood derived T-cells were lysed in 

500 pi lysis buffer (ctrl) or stimulated with IP-10 (10 nM) for indicated time 

points, lysed in lysis buffer and then immunoprecipitated with an antibody against 

p85a (A), pi 105 (B), PI3K C2a (C) or PI3K C2P (D). An in v itro  lipid kinase 

assay was then performed on the lysates as described in Methods and Materials. 

Results are from single experiments but are representative of two experiments.
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Figure 4.15 PI3K-C2a and PI3K-C20 are tyrosine phosphorylated in 

intestinal myofibroblasts upon chemokine ligation.

1 x 107 intestinal myofibroblasts were lysed in 500 pi lysis buffer (ctrl) or 

stimulated with IP-10 (10 nM) for indicated time points, lysed in lysis buffer, 

immunoprecipitated with the murine anti-phospho tyr monoclonal antibody 4G10, 

and then probed with specific rabbit polyclonal antibodies against PI3K-C2a (A) 

or PI3K-C2p (B). Both antibodies were used at a final concentration of 0.1 pg/ml. 

Whole cell lysates from each sample were also probed for isoform expression to 

verify equal loading (lower panels). Blots are from single experiments but are 

representative of two experiments
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Figure 4.16 Effect of CXCR3 ligands on ERK l/2phosphorylation in hum an 

prim ary intestinal myofibroblasts and peripheral blood derived activated T- 

cells.

1 x 106 intestinal myofibroblasts (left panels) or 1 x 106 12 days old SEB activated 

peripheral blood derived T-cells (right panels) were lysed in 50 pi lysis buffer 

(ctrl) or stimulated with IP-10 (A, D) or I-TAC (B, E) or Mig (C, F all at 10 nM) 

for indicated time points, lysed in lysis buffer as described in Methods and 

Materials and then probed with a specific rabbit polyclonal antibody against 

phospho2027204 ERK diluted 1:1000 from stock (upper panels). Membranes were 

then stripped and re-probed with an antibody against the non-phosphorylated 

protein to show equal loading (lower panels). Blots are from single experiments 

but are representative of at least two others.
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Figure 4.17 Effect of CXCR3 ligands on p90RSK phosphorylation in human 

prim ary intestinal myofibroblasts and peripheral blood derived activated T 

cells.

1 x 106 intestinal myofibroblasts (left panels) or 1 x 106 12 days old SEB activated

peripheral blood derived T cells (right panels) were lysed in 50 pi lysis buffer

(ctrl) or stimulated with IP-10 (A, D) or I-TAC (B, E) or Mig (C, F all at 10 nM)

for indicated time points, lysed in lysis buffer as described in Methods and

Materials and then probed with a specific rabbit polyclonal antibody against

phospho3 8 0  p90RSK diluted 1:1000 from stock (upper panels). Membranes were 

then stripped and re-probed with an antibody against a non-phosphorylated 

protein to show equal loading (lower panels). Blots are from single experiments 

but are representative of at least two others. A diagram of the ERK pathway is 

included on the left, to indicate which part of the cascade is monitored with this 

experiment.
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Figure 4.18 Effect of CXCR3 ligands on p38 phosphorylation in human 

prim ary intestinal myofibroblasts.

1 x 106 intestinal myofibroblasts were lysed in 50 pi lysis buffer (ctrl) or 

stimulated with IP-10 (A) or I-TAC (B) or Mig (C, all at 10 nM) for indicated 

time points and then lysed in lysis buffer as described in Methods and Materials 

and then probed with a specific rabbit polyclonal antibody against 

phospho 180/l82p38 diluted 1:1000 from stock (upper panels). Membranes were 

then stripped and re-probed with an antibody against the non-phosphorylated 

protein to show equal loading (lower panels). Blots are from single experiments 

but are representative of at least two others.
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Figure 4.19 Phosphorylation of ERK 1/2 in human prim ary intestinal 

myofibroblasts is moderately affected by PI3K inhibition.

1 x 106  intestinal myofibroblasts were lysed in 50 pi lysis buffer (ctrl) or 

stimulated with IP-10 (A) or I-TAC (B) or Mig (C, all at 10 nM) in the presence or 

absence of pre-treatment with the PI3K inhibitor LY294002 (lOpM for 30 

minutes) for indicated time points, lysed in lysis buffer as described in Methods 

and Materials and then probed with a specific rabbit polyclonal antibody against 

phospho2027204 ERK 1/2 diluted 1:1000 from stock (upper panels). Membranes 

were then stripped and re-probed with an antibody against the non-phosphorylated 

protein to show equal loading (lower panels). Blots are from single experiments 

but are representative of at least two others.
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Figure 4.20 Phosphorylation of ERK 1/2 in peripheral blood derived 

activated T-cells is abrogated by PI3K inhibition.

1 x 106 12 days old SEB activated peripheral blood derived T-cells were lysed in

50 pi lysis buffer (ctrl) or stimulated with IP-10 (A) or I-TAC (B) or Mig (C, all at

10 nM) in the presence or absence of pre-treatment with the PI3K inhibitor

LY294002 (lOpM for 30 minutes) for indicated time points, lysed in lysis buffer

as described in Methods and Materials and then probed with a specific rabbit

polyclonal antibody against phospho2027204 ERK diluted 1:1000 from stock (upper 

panels). Membranes were then stripped and re-probed with an antibody against 

the non-phosphorylated protein to show equal loading (lower panels). Blots are 

from single experiments but are representative of at two experiments.
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Figure 4.21 Phosphorylation of p90RSK in human prim ary intestinal 

myofibroblasts is moderately affected by PI3K inhibition.

1 x 106 intestinal myofibroblasts were lysed in 50 pi lysis buffer (ctrl) or 

stimulated with IP-10 (A) or I-TAC (B) or Mig (C, all at 10 nM) in the presence 

or absence of pre-treatment with the PI3K inhibitor LY294002 (lOpM for 30 

minutes) for indicated time points, lysed in lysis buffer as described in Methods 

and Materials and then probed with a specific rabbit polyclonal antibody against 

phospho3 8 0  p90RSK diluted 1:1000 from stock (upper panels). Membranes were 

then stripped and re-probed with an antibody against a non-phosphorylated 

protein to show equal loading (lower panels). Blots are from single experiments 

but are representative of at least two others.
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Figure 4.22 Phosphorylation of p90RSK in peripheral blood derived 

activated T-cells is abrogated by PI3K inhibition.

1 x 106  12 days old SEB activated peripheral blood derived T-cells were lysed in 

50 pi lysis buffer (ctrl) or stimulated with IP-10 (A) or I-TAC (B) or Mig (C, all at 

10 nM) in the presence or absence of pre-treatment with the PI3K inhibitor 

LY294002 (lOpM for 30 minutes) for indicated time points, lysed in lysis buffer 

as described in Methods and Materials and then probed with a specific rabbit 

polyclonal antibody against phospho3 8 0  p90RSK diluted 1:1000 from stock (upper 

panels). Membranes were then stripped and re-probed with an antibody against a 

non-phosphorylated protein to show equal loading (lower panels). Blots are from 

single experiments but are representative of at two experiments.
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Figure 4.23 Activation of p38 in human prim ary intestinal myofibroblasts is 

moderately affected by PI3K inhibition.

1 x 106 intestinal myofibroblasts were lysed in 50 pi lysis buffer (ctrl) or 

stimulated with IP-10 (A) or I-TAC (B) or Mig (C, all at 10 nM) in the presence 

or absence of pre-treatment with the PI3K inhibitor LY294002 (lOpM for 30 

minutes) for indicated time points, lysed in lysis buffer as described in Methods 

and Materials and then probed with a specific rabbit polyclonal antibody against 

phospho180/182 p38 diluted 1:1000 from stock (upper panels). Membranes were 

then stripped and re-probed with an antibody against a non-phosphorylated 

protein to show equal loading (lower panels). Blots are from single experiments 

but are representative of at least two others.
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Figure 4.24 IP-10 signalling in prim ary hum an intestinal myofibroblasts is 

not affected by pertussis toxin.

0.2 x 106 primary intestinal myofibroblasts were plated on coverslips in 35mm 

plates, cultured till confluence and then starved for 24 hours. Cells were then 

lysed in 150 pi lysis buffer (ctrl) or stimulated with IP-10 in the presence or 

absence of pre-treatment with the Gai inhibitor pertussis toxin (100 ng/ml for 16 

hours) for indicated time points and then lysed in lysis buffer as described in 

Methods and Materials and then probed with specific antibodies against phospho 

2 0 2 /2 0 4  ERK (A) or phospho 47 3  PKB (B) or phospho 3 8 0  p90RSK (C). Membranes 

were then stripped and re-probed with an antibody against a non-phosphorylated 

protein to show equal loading (lower panels). Blots are from single experiments 

but are representative of at least two others.

172



Chapter 4: Results II

p-E R K  1/2

= t

ER K  1/2
= t

p-PK B 473 
 ►

B
PKB 

 ►

p-p90 
 ►

PK B 
------►

PTX 100 ng/m l 

IP-10 (10 nM ) IP-10 (10 nM ) <

■C --------------------------- H   S2  1’ 2’ 5’ 10’ 20’ 5  1’ 2 ’ 5’10’ 20’ ^

Figure 4.25 IP -10 signalling in peripheral blood derived activated T-cells is 

abrogated by pertussis toxin.

1 x 106 12 days old SEB activated peripheral blood derived T-cells were lysed in 

50 pi lysis buffer (ctrl) or stimulated with IP-10 all at 10 nM) in the presence or 

absence of pre-treatment with the Ga* inhibitor pertussis toxin ( 1 0 0  ng/ml for 16 

hours) for indicated time points, lysed in lysis buffer as described in Methods and 

Materials and then probed with specific rabbit polyclonal antibodies against 

phospho 2 0 2 /2 0 4  ERK (A) or phospho 4 7 3 PKB (B) or phospho 3 8 0  p90RSK (C). 

Membranes were then stripped and re-probed with an antibody against the non- 

phosphorylated protein to show equal loading (lower panels). Blots are from 

single experiments but are representative of two experiments.
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Figure 4.26 Comparison of the 3 CXC3 ligands in human prim ary intestinal 

myofibroblasts signalling.

1 x 106 intestinal myofibroblasts were lysed in 50 pi lysis buffer (ctrl) or 

stimulated with IP-10 or I-TAC or Mig (all at 10 nM) for indicated time points, 

lysed in lysis buffer as described in Methods and Materials and then probed with 

specific rabbit polyclonal antibodies against phospho2027204 ERK (A) or.phosphp473  

PKB (B). Membranes were then stripped and re-probed with antibodies against 

non-phosphorylated proteins to show equal loading (lower panels). Blots are from 

single experiments but are representative of two experiments.
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Figure 4.27 Com parison of the 3 CXC3 ligands in peripheral blood derived 

activated T-cells signalling.

1 x 106 12 days old SEB activated peripheral blood derived T-cells were lysed in 

50 pi lysis buffer (ctrl) or stimulated with IP-10 or I-TAC or Mig (all at 10 nM) 

for indicated time points, lysed in lysis buffer as described in Methods and 

Materials and then probed with specific rabbit polyclonal antibodies against 

phospho2027204 ERK (A) or.phosphp47 3  PKB (B). Membranes were then stripped 

and re-probed with antibodies against non-phosphorylated proteins to show equal 

loading (lower panels). Blots are from single experiments but are representative of 

two experiments.
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• CXCR3 is expressed at least at the mRNA level on primary human 

intestinal myofibroblasts

• I-TAC, but not IP-10 or Mig mediate calcium mobilisation in primary 

human intestinal myofibroblasts

• IP-10, I-TAC and Mig induce a time dependent phosphorylation of PKB 

at both phosphorylation sites in primary human intestinal myofibroblasts

• Activation of PKB is PI3K dependent

• Class II PI3Ks are activated and tyrosine phosphorylated in human 

intestinal myofibroblasts in response to IP-10 but not in peripheral blood- 

derived activated T-cells

• IP-10, I-TAC and Mig induce a time dependent phosphorylation of ERK 

1/2 and p38 in primary human intestinal myofibroblasts, which is partially 

dependent on PI3K

• IP-10, I-TAC and Mig also induce a time dependent phosphorylation of 

p90RSK in primary human intestinal myofibroblasts again partially 

dependent on PI3K

• Phosphorylation events in primary intestinal myofibroblasts are Gai 

independent in contrast to peripheral blood-derived activated T-cells

•  The potency of IP-10, I-TAC and Mig in these phosphorylation events are 

similar in primary intestinal myofibroblasts, whereas in peripheral blood- 

derived activated T-cells I-TAC is the most potent
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4,4 Discussion

Even though chemokines were first identified by their ability to act as 

chemoattractants for specific leukocyte subsets, leukocytes are not the only cell 

types that respond to chemokines. For example, although the CXC chemokine IP- 

10 was initially characterized as a chemoattractant for T lymphocytes (Taub et al., 

1993), it also has anti-angiogenic activities that appear to be mediated by its direct 

effects on endothelial cells (Luster et al., 1995; Angiolillo et al., 1995; Strieter et 

al., 1995). Because some endothelial cells express no detectable CXCR3, it was 

suggested that a different receptor was responsible for these effects. This problem 

was solved with the identification of the alternative splice variant of CXCR3, 

CXCR3-B (Lasagni et al., 2003). In intestinal myofibroblasts we were unable to 

detect any surface expression of CXCR3, even though these cells expressed the 

message for this receptor. The disparity between the presence of CXCR3 mRNA 

and lack of detectable protein expression in primary human intestinal 

myofibroblasts, leaves several possibilities regarding the presence or not of that 

receptor on those cells. One possibility is that the receptor is expressed on the cell 

surface, but below sensitivity limits of the antibody used in this study. Another 

possibility is that the receptor is post-translationally modified in these cells, which 

might alter the recognition site of the antibody. Chemokine receptors are known 

to undergo a variety of post-translational modifications. For instance, 

phosphorylation of specific intracellular serine residues in the C-terminal region 

of chemokine receptors is essential for their signal transduction function. In some 

chemokine receptors, extracellular regions are also known to be post- 

translationally modified. Human chemokine receptors CCR2b, CCR5, CX3CRI, 

and CXCR4 are reported to be sulfated and/or glycosylated at their N-terminal
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extracellular domains (Farzan et al., 1999; Preobrazhensky et al., 2000; Farzan et 

al., 2002; Fong et al., 2002). On the other hand, one last possibility could be that 

CXCR3 was expressed at the mRNA level but the protein was either not 

translated at all or degraded post-translationally.

Calcium mobilization in intestinal myofibroblasts

In order to rule out the possibility that this receptor was indeed not present in our 

system, calcium mobilization of the cells to the CXCR3 ligands was investigated.

The nature of these cells however quickly revealed a limitation in this approach.

In our hands intestinal myofibroblasts show spontaneous transient increases in 

[C a 2+]i. The C a 2+ oscillations were not synchronous among the cells and the 

frequency varied from cell to cell. This made the effect of the agonist difficult to 

determine. Unfortunately there are no calcium studies in primary intestinal 

myofibroblasts to compare this finding. However, in intact tissues of the 

gastrointestinal tract, fluorescent calcium imaging has already been employed to 

monitor calcium changes during spontaneous (and evoked) activities over large 

areas of the smooth muscle network (Stevens et al., 1999b; Stevens et al., 1999a; 

Stevens et al., 2000; Hennig et al., 2002). These studies demonstrated that 

contractions of gastrointestinal smooth muscle are produced by robust rises in 

[C a2+]i initiated by slow waves or C a 2+ influxes through calcium channels, and 

intestinal myofibroblasts seem to comply with this pattern.

Despite the limitations of this technique, it was clear that the cells do not respond 

to IP-10 and Mig. The only CXCR3 ligand that resulted in a response was I-TAC, 

which stimulated a rapid and transient elevation in [C a 2+]j, similar though lower in 

magnitude to the response seen previously with endothelin-1.
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These observations further perplexed the possibilities regarding expression or not 

of CXCR3 on intestinal myofibroblasts. In CXCR3 expressing activated T-cells 

IP-10, MIG and I-TAC induce transient mobilization of intracellular calcium 

(Cole et al., 2001). Moreover, stimulation of cultured glial cells (Biber et al., 

2002), or primary podocytes (Huber et al., 2002), with chemokine ligands for 

CXCR3 also induced intracellular calcium transients. On the other hand, ligation 

of CXCR3-B by any of its ligands does not result in calcium mobilization 

(Lasagni et al., 2003). However, a receptor that mobilizes calcium only in 

response to I-TAC has not been described yet. There are several potential 

explanations for these results. First, I-TAC-induced calcium mobilization might 

be due to a functionally wild-type CXCR3 expressed at very low levels in 

intestinal myofibroblasts. The fact that only I-TAC is able to mobilize calcium 

could be explained by the fact that it is known to be considerably more potent 

than the other two CXCR3 ligands (Cole et al., 2001). Second, a novel receptor 

that binds only I-TAC is responsible for the transient calcium increase. Such a 

receptor could either be the product of a post-translational modification of the 

mRNA of CXCR3, which is present in intestinal myofibroblasts, resulting in a 

new receptor capable of binding only I-TAC, or a receptor completely unrelated 

to CXCR3. A receptor like that has already been demonstrated to exist for IP-10 

although its identity has yet to be revealed (Soejima and Rollins, 2001). The last 

possibility is that I-TAC could be binding to a glycosaminoglycan (GAGs), since 

it is known that these molecules bind various chemokines (Hoogewerf et al., 

1997; Ali et al., 2000). However, this is highly unlikely to be the receptor we have 

identified since binding of chemokines to GAGs has never been shown to result in 

signal transduction.
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PKB phosphorylation in intestinal myofibroblasts

In order to further examine the nature of this receptor, activation of the PI3K 

pathway was assessed as it has been shown to be activated by CXCR3 ligands in a 

similar cell type in the liver (Bonacchi et al., 2001). Indeed, the downstream target 

of PI3K, PKB, was found to be phosphorylated at both possible sites upon 

stimulation of the cells by I-TAC. Unexpectedly however, IP-10 and MIG 

stimulation also resulted in PKB phosphorylation. Moreover phosphorylation of 

PKB in intestinal myofibroblasts was much more sustained compared to 

phosphorylation events observed in activated T-cells. The dependence of this 

phosphorylation event by PI3K was confirmed by its complete inhibition by the 

PI3K inhibitor LY294002.

A possible molecular mechanism to explain the different kinetics of PKB 

phosphorylation could be the differential expression of various phosphatases in 

the different cell types. For example, the PTEN gene product dephosphorylates 

tyrosine and serine/threonine residues and exhibits phosphatase activities with 

both protein and lipid substrates (Cantley and Neel, 1999; Maehama and Dixon, 

1999). The major substrate of PTEN is Ptdlns3,4,5-P3 a product of PI3K (Myers et 

al., 1998). The loss of PTEN function increases the concentration of Ptdlns3,4,5- 

P3 , which in turn leads to PKB hyperactivation, which suggests that the tumor- 

suppressor function of PTEN is exerted through the negative regulation of the 

PI3K/PKB cell survival pathway (Di Cristofano and Pandolfi, 2000). Although 

the protein phosphatase activity of PTEN is not considered to be as important as 

its lipid phosphatase activity for tumor suppression, the PTEN function as protein 

phosphatase has been implicated in the inhibition of cell migration and invasion
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via dephosphorylation of focal adhesion kinase (FAK), a molecule critical in the 

regulation of integrin signalling (Tamura et al., 1998). Another phosphatase that 

has recently been implicated in the regulation of Ptdlns3,4,5-P3, and thus PKB 

phosphorylation, is SHIP-1 (Freebum et al., 2002). It would therefore be 

interesting to determine whether these proteins are expressed in intestinal 

myofibroblasts.

The robustness and duration of the activation of a given signalling pathway has 

far reaching biological consequences. For example, in T-cells, persistent 

activation of PKB by SDF through CXCR4 is thought to occur because SDF and 

CXCR4 are involved in homeostasis rather than inflammation; sustained 

activation could protect CXCR4+ cells from undergoing apoptosis, a process that 

is critical for the activation of T-cells (Tilton et al., 2000). In contrast, CXCR3 

ligands are up-regulated in the intestine in inflammatory conditions (Dwinell et 

al., 2001). Sustained PKB activation by these chemokines could therefore not just 

regulate and guide the migration of CXCR3-bearing myofibroblasts but also have 

a protective role in apoptosis in case of local high expression of the CXCR3 

ligands. Disturbance of such a balance might contribute to the presence of 

irregular numbers of myofibroblasts in certain inflammatory diseases like CD and 

UC.

The finding that intestinal myofibroblasts respond to the CXCR3 chemokines 

suggests that they might also regulate the number of T-cells migrating into the 

vicinity of the epithelium. IP-10, Mig, and I-TAC are thought to play an important 

role in the pathogenesis of intestinal inflammatory responses, particularly those 

driven by Thl-type responses by chemoattracting CXCR3-expressing
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activated/memory T-cells (Luster, 2001). Indeed it is known that virtually all IELs 

and LPLs express CXCR3 (Agace et al., 2000). Binding of the chemokines on the 

surface of myofibroblasts would decrease the concentration of the chemokines 

available to CXCR3+ T-cells. Interestingly at lower concentrations of I-TAC, 

PKB phosphorylation has been demonstrated to be sustained in T-cells and 

thought to have an anti-apoptotic role (Smit et al., 2003).

PI3K isoforms involved in CXC3 ligand-mediated signalling events

Although LY294002 has been used extensively to study the physiologic role of 

class I PI3Ks in various cellular responses (including chemotaxis), contradictory 

results have been obtained regarding its ability to inhibit class II isoforms. For 

example, LY284002 has been shown to inhibit all PI3K isoforms with an IC5o in 

the 1-50 jaM range (Foster et al., 2003), whereas another study demonstrated 

inhibition of PI3K C2 a only at concentrations of the compound where it is known 

to inhibit other signalling enzymes, including Ptdlns 4-kinases (PI4Ks) (Domin et 

al., 1997). In our hands both class II PI3K isoforms appear to be insensitive to 

LY294002, suggesting that PKB phosphorylation is not dependent on class II 

PI3K isoforms.

Nevertheless, class II PI3Ks are known to be activated by chemokines (Turner et 

al., 1998) . This notion was confirmed in intestinal myofibroblasts in which both 

class II isoforms are activated by IP-10, but not in T-cells. The apparent 

discrepancy could be due to differences in signalling pathways employed by 

different cell types. This is emphasized by the fact that class IP13K  do not appear 

to be activated in our in vitro lipid kinase assays in intestinal myofibroblasts. 

However, the possibility that CXCR3-mediated signalling in human T-cells is
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coordinated in a different way involving class II PI3K should not be excluded. It is 

more than likely, that high activity basal levels in the lipid kinase assays are a 

consequence of the experimental procedures, resulting in masking activation of 

some of these molecules in both systems. Indeed, the high levels of p85 and 

p i 108 observed in the intestinal myofibroblasts, would lead someone to expect 

these cells to exhibit high basal levels of PKB phosphorylation, which is not the 

case. Moreover, if class I isoforms were not activated in this system it would be 

impossible to explain the chemokine induced and LY294002-dependent PKB 

phosphorylation.

Following phospho-tyrosine immunoprecipitation, we have found that class II 

PI3K activity is clearly increased in cells exposed to IP-10 albeit with different 

kinetics for the two isoforms. This difference suggests either differential 

compartmentalization of the class II PI3K isozymes or a difference in their 

mechanisms of regulation. Evidence for the former exists from reports that 

demonstrate that PI3K-C2a is concentrated in trans-Golgi network and is present 

in clathrin-coated pits (Domin et al., 2000), whereas PI3K-C2P was found in the 

nuclei of rat liver cells (Sindic et al., 2001).

Coupling of receptors to the class I p85/pl 10 PI3K is known to require interaction 

of src homology 2 (SH2) domains within the p85 regulatory subunit with specific 

phosphotyrosine-containing binding motifs (pYXXM; where pY represents 

phosphotyrosine) located in several growth factor receptors or adaptor molecules 

such as the insulin receptor substrate-1 (IRS-1). The mechanism by which the G 

protein-coupled CXCR3 could couple to class I PI3K is unclear, since there is no 

recognized binding motif for the p85 SH2 domains contained within the CXCR3
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sequence. G-protein coupled receptors activate the p85 /p ll0  isoform, by tyrosine 

kinase-regulated pathways (Ptasznik et al., 1996). It has also been proposed that 

activation of the p85/l 10 isoform may be mediated by binding of an adapter to the 

receptor and could be independent of hetero-trimeric G proteins (Luttrell et al., 

1999). CXCR3 signalling has been demonstrated to activate the tyrosine kinase 

Src in hepatic stellate cells (Bonacchi et al., 2001) providing a possible 

mechanism for class I activation in intestinal myofibroblasts.

The possible mechanisms that allow coupling of class II PI3K to receptors, are 

less clear. Binding of Ca2+ or phospholipid to the C2 domains can play a role in 

regulating protein function (Rizo and Sudhof, 1998), making this a potential 

candidate to explain chemokine regulation of class II PI 3-kinases. Indeed, there is 

evidence that this domain is involved in regulating the activity of class II PI 3- 

kinases because deletion of this domain in PI3K-C2(3 increases catalytic activity 

(Arcaro et al., 1998). However, it appears unlikely that a similar mechanism 

operates in this case since IP-10 stimulation does not result in calcium 

mobilization in intestinal myofibroblasts. Another possibility is by direct 

interaction of GPy subunits with class II PI3K, or indirectly via protein tyrosine 

kinases (PTK(s)). The latter has been proven downstream of the epidermal growth 

factor receptor (EGFR) and is supported in this study by the fact that IP-10 

stimulates the recruitment of PI3K-C2a and PI3K-C2|3 to phosphotyrosine 

complexes in intestinal myofibroblasts.

Characterization of PI3K-C2p has established that its N-terminus is responsible 

for the interaction with the activated EGFR. This sequence lacks phosphotyrosine 

binding motifs; instead it has 3 proline-rich regions that have the potential to bind
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SH3 containing adaptor molecules. The adaptor Growth binding protein 2 (Grb2) 

has been proposed as the link between C2(3 and EGFR. This protein consists of a 

single, phosphotyrosine binding SH2 domain flanked by two polyproline binding 

SH3 domains (Lowenstein et al., 1992). Recruitment of Grb2 to the EGFR 

following ligand addition has been described extensively, and its interaction is 

dependent upon 2 phosphotyrosine residues (Rozakis-Adcock et al., 1993). Grb2 

therefore couples pTyr-X-Asn motifs, recognized selectively by the SH2 domain, 

to signalling pathways that are recruited by the SH3 domains, and promote cell 

proliferation, growth, and survival. A variation on this theme is provided by 

mammalian docking proteins, such as Src homologue and collagen homologue 

(She), fibroblast growth factor substrate 2 (FRS2), and IRS-1 family members. 

These proteins all possess a phosphotyrosine-binding (PTB) domain that binds 

phosphorylated NPXY motifs on activated RTKs, and are phosphorylated on 

tyrosine on recruitment to the receptor. Their phosphorylation creates binding sites 

for the SH2 domains of cytoplasmic signalling proteins, including Grb2, and 

thereby potentiates the activation of specific biochemical pathways that stimulate 

growth and survival. The assembly of such large multi docking/adaptor protein 

complexes and the effectors that are bound to them may provide a mechanism for 

generation of signal diversity.

The hypothesis that different mechanisms are employed for the activation of 

different PI3K isoforms could be a reflection of the fact that different PI3K 

enzymes fulfil specific biological roles.
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MAPK activation in intestinal myofibroblasts

In intestinal myofibroblasts and in activated primary human T-cells, IP-10, I-TAC 

and Mig induce activation of the p44/p42 MAPK- as well as phosphorylation of 

the ERK downstream target, p90RSK. However, considerable differences exist 

between the two cell types. Similar to PKB, phosphorylation of ERK and p90 in 

intestinal myofibroblasts is delayed and more sustained compared to the 

phosphorylation events in the T-cells. It should be noted that the efficacy of 

chemokines is subject to myofibroblast and T-cell donor variability but the results 

are very similar in terms of kinetics.

The duration and amplitude of MAP kinase activation represents the balance 

between the activating signal and inactivation mechanisms. Both are influenced by 

negative feedback triggered by the activating signal upstream of the MAP kinase. 

Sustained activation has been shown to induce nuclear translocation of ERK-1 and 

2 (Lenormand et al., 1998; Brunet et al., 1999b).

Perhaps the most well defined signalling pathway from the cell membrane to 

ERK1 and ERK2 is that used by RTKs. Stimulation of these receptors by the 

appropriate ligand results in an increase in receptor catalytic activity and 

subsequent autophosphorylation on tyrosine residues. Phosphorylation of these 

receptors results in the formation of multi-protein complexes whose organization 

dictates further downstream signalling events. Quite often one of these functions 

is the activation of the monomeric G protein, Ras. This is achieved by the 

recruitment of adaptor proteins, such as She and Grb2, to the receptor through 

interactions between their SH2 domains and phosphotyrosine residues. The
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guanine nucleotide exchange factor (GEF) Son of Sevenless (Sos) then becomes 

engaged with the complex and induces Ras to exchange GDP for GTP. GTP- 

ligated Ras is capable of directly interacting with a number of effectors, including 

Raf isoforms, of which the best characterized is Raf-1. Signalling to ERKs by 

GPCRs also involves modulation of Raf activity; however, the mechanisms 

employed by these receptors are widely varied. The existence of multiple classes 

of G proteins, the ability of some receptors to activate more than one class of G 

protein, and cell type-specific mechanisms contribute to the diversity. CXCR3- 

ligand induced activation of ERK is thought to be Gai-dependent (Smit et al., 

2003). In a proposed model for this type of ERK activation, the Py subunits 

stimulate a Src family kinase activity in a PI3K y dependent manner (Lopez- 

Ilasaca et al., 1997). Src may then phosphorylate a tyrosine kinase receptor, 

PYK2, or FAK, to create SH2 domain binding motifs (Dikic et al., 1996; Della 

Rocca et al., 1999). Then, analogous to the signalling mechanism used by receptor 

tyrosine kinases described above, a She-, Grb2-, and Sos-containing complex is 

formed at the membrane to activate Ras and, in turn, Raf-1. ERK activation in cell 

types where PI3K llOy expression is low, as is probably the case for intestinal 

myofibroblasts, may be dependent on alternative means to activate Src or PYK2 

(Dikic et al., 1996). This PI3K-ERK cross talk is supported by the fact that 

LY294002 seems to have an effect on ERK phosphorylation in both cell types 

used in this study. p90 RSK phosphorylation appears to be more sensitive to the 

PI3K inhibitor probably reflecting the involvement of PDK-1 in this event.

Another MAPK, the p38 pathway was found to be phosphorylated in intestinal 

myofibroblasts in response to the CXC3 ligands. The stimulation of the p38 

family by GPCRs has been well documented, but their mechanism of activation is
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far from being fully understood. A few studies have shown that Py dimers activate 

p38 (Yamauchi et al., 1997), and two PTKs, Bruton's tyrosine kinase (Btk) (Bence 

et al., 1997) and Src (Nagao et al., 1998), have also been implicated in this 

mechanism. Another possible mechanism is through the small GTP binding 

proteins Rac and Cdc42 through their activation of p21 -activated kinase which 

have been implicated as upstream regulators of p38 in transformed cells (Zhang et 

al., 1995; Bagrodia et al., 1995). Furthermore, MAPKK-3, MAPKK-4, and 

MAPKK-6 have been shown to phosphorylate and activate p38 (Derijard et al., 

1995; Raingeaud et al., 1996). It is presently unclear whether there is a role for PI 

3K in regulation of the p38 MAPK pathway. Studies in neutrophils demonstrate 

either partially dependent (Krump et al., 1997) or entirely PI 3K-independent p38 

MAP kinase activation (Knall et al., 1997). From our results it appears that in 

intestinal myofibroblasts, CXCR3 ligand-mediated activation of p38 MAP kinases 

requires PI3K activity.

MAPK are believed to play a crucial role in many aspects of immune mediated 

inflammatory responses. The p44 and p42 ERK 1/2 mediate responses mainly to 

mitogenic stimuli, whereas p38 mediate responses to cellular stress. However, 

very few studies of activation of the MAPK pathways exist for intestinal 

myofibroblasts. A possible role for these kinases emerges from a study in hepatic 

myofibroblasts. Whereas p38 MAP kinase mediates PDGF-BB-stimulated 

migration in hepatic myofibroblasts, ERKs mediate PDGF-induced proliferation, 

but not migration (Tangkijvanich et al., 2002). A similar role for the CXCR3 

ligands and the importance of these pathways in our system would require further 

investigation.
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Is CXCR3 responsible for the signals in intestinal myofibroblasts?

CXCR3-mediated signalling has been found to be sensitive to pertussis toxin in all 

studies to date. Pertussis toxin is a potent inhibitor of all three characterized Gi 

subunits, and blocks most chemokine-mediated chemotactic responses in 

leukocytes. However in intestinal myofibroblasts, pertussis toxin appeared to have 

no effect on IP-10-mediated signalling (Figure 4.24). Pertussis toxin-insensitive 

heterotrimeric G proteins include members of the G 12 and Gq families and one Gi 

family member, i.e. Gz which is predominantly expressed in neurons, platelets 

(Casey et al., 1990).

A potentially important biochemical property of at least two pertussis toxin- 

resistant G-proteins is their ability to be phosphorylated. Gz and G 12 have been 

shown to be excellent in vitro substrates for PKC (Kozasa and Gilman, 1996). 

Members of all three major subtypes of PKC (i.e. classical, calcium-independent 

and atypical) are able to phosphorylate these two G-proteins. While the biological 

significance of this phosphorylation is unclear, phosphorylation of both Gz and 

G 12 blocks their interaction with G0y (Fields and Casey, 1995; Kozasa and 

Gilman, 1996), suggesting that this phosphorylation is a regulatory mechanism for 

amplifying signalling through these Ga subunits by preventing subunit 

reassociation. This mechanism could explain the sustained signalling observed in 

intestinal myofibroblasts compared to the T-cells.

In addition to the identification of the pertussis toxin resistant G-proteins, many 

studies have also characterized the specific signalling pathways in which each 

participates. Signalling experiments through Gq have demonstrated that it can 

directly stimulate PLC-p isoenzymes in in vitro assays (Taylor et al., 1991). There
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is evidence to suggest that this might link Gq with the MAPK pathway (Buhl et 

al., 1995) even though other reports have proposed a more direct involvement.

Since G 12 -coupled receptors appear to also activate Gq family members, it has 

been difficult to selectively study the cellular signalling processes regulated by 

receptor-mediated activation of G 12. G-proteins of the G 12 family, e.g. G 12 and 

G 1 3 , have been demonstrated to be involved in the induction of the platelet shape 

change. This is mainly based on the finding that in Gq-deficient platelets in which 

thromboxane A 2 (TXA2) receptors only couple to G 12 and G 1 3 , a rapid shape 

change is observed when upon receptor stimulation. This effect appears to be 

mediated by the Rho/Rho kinase pathway (Klages et al., 1999). This is further 

supported by the fact that G 12 proteins have also been linked to the regulation of 

the actin cytoskeleton. Mutationally activated G 12 proteins induce actin 

polymerization and focal adhesion when transfected into Swiss 3T3 cells (Buhl et 

al., 1995).

In chemokine signalling, the opposite biological activities mediated by CXCR3-A 

and CXCR3-B are thought to reflect coupling of the two receptors to different 

signal transduction pathways. In contrast to CXCR3-A transfectants, in which 

pertussis toxin treatment inhibits proliferation, pertussis toxin had no effect on the 

proliferation and survival of CXCR3-B transfectants (Lasagni et al., 2003). 

Multifunctional coupling is common to many GPCRs and has been previously 

described for the putative IP-10 receptor (Soejima and Rollins, 2001). Together, 

the lack of calcium influx in response to the CXCR3 ligands (except for I-TAC), 

and pertsussis toxin insensitivity suggest the coupling of the receptor present in 

intestinal myofibroblasts to other than Gi types of G proteins. This receptor could
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either be CXCR3, or a modified CXCR3, or finally a completely different 

receptor. Because intestinal myofibroblasts express mRNA for CXCR3, we 

favour the possibility that the signalling events are mediated by a CXCR3 type 

receptor, through a mechanism summarized in Figure 4.28.

ERK 1/2

p90RSK

Figure 4.28 Model of signalling pathways induced by IP -10, I-TAC and Mig 

in human intestinal myofibroblasts. The solid lines represent pathways, which 

have been demonstrated in this section to be involved in IP-10, I-TAC and Mig 

mediated responses. Dotted lines provide potential pathways that are known to 

occur in different systems as outlined in the discussion section. IP-10 and Mig 

bind and signal through the same receptor, possibly CXCR3. I-TAC could be 

operating via the same receptor, a different receptor or both.
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5 Results III

CXCR3 ligand-mediated effects on actin polymerisation in 

primary intestinal myofibroblasts

5.1 Background

Amongst the most impressive effects of chemokines on leukocytes are the

morphological changes of the cells: the cytoskeleton is rearranged and the cell

becomes polarized. An early event in the leukocyte polarization induced by

chemoattractants is a change in filamentous actin (F-actin) distribution from a

radial symmetry around the cell to its concentration at a particular region,
- *  •*

resulting in the switch from a spherical to a polarized shape. Then integrin- 

mediated focal adhesions are formed, and the cell binds and detaches from the 

substrate in a coordinated manner with extension and retraction of pseudopods to 

execute the directional migration (Bokoch, 1995; Ward et al., 1998).

Cell migration is not restricted to leukocytes but involves almost every cell type. 

For example, fibroblast adhesion and migration, albeit relatively slow compared 

to T-cells (Niggemann et al., 1997), are of critical importance to tissue 

homeostasis, wound healing, fibro-proliferation and tumour growth, and are 

therefore tightly controlled. In most cases, this dynamic process requires 

coordinated changes in the temporal and spatial organization of the actin 

cytoskeleton which are differentially modulated by diverse extracellular stimuli 

(Lauffenburger and Horwitz, 1996; Horwitz and Newsome, 1999; Ridley et al., 

2003).
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There are however some exceptions. PDGF-BB, one of strongest 

chemoattractants, stimulates migration of hepatic myofibroblasts through 

alterations in the actin cytoskeleton (Tangkijvanich et al., 2002). On the other 

hand, PDGF drives vascular smooth muscle cell (VSMC) motility without 

detectable effect on actin cytoskeleton (Abedi et al., 1995). These observations 

suggest that chemoattractant-induced movement might occur in actin 

reorganization -relevant or irrelevant fashions.

Based on this evidence, in order to determine whether the receptors that respond 

to IP-10, I-TAC and MIG on human primary intestinal myofibroblasts are 

functional, we examined these cells for actin re-organization in response to the 

CXC3 ligands.

5.2 Results

CXCR3 ligands induce F-actin polymerisation in intestinal myofibroblasts

Stellate-transformed myofibroblasts become activated in response to many 

fibrogenic cytokines like IL-1, TNF-a, PDGF, fibroblast growth factor (FGF), and 

TGF- p (Kovacs and DiPietro, 1994), typified by re-organization of actin into 

stress fibers. It has also been demonstrated, that chemokine ligand-receptor 

interactions trigger intracellular actin polymerisation in leukocytes (Burger et al., 

1999) a process which is pre-requisite for cell motility and migration.

In light of this knowledge, the effect of the CXCR3 ligands on actin 

polymerisation was assessed. Intestinal myofibroblasts were treated with IP-1 0 ,1- 

TAC or MIG over a short time period of up to 60 minutes fixed, permeabilized
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and finally stained with TRITC conjugated phalloidin and images were analysed 

on a confocal microscope.

Consistent with the findings in leukocytes, IP-10, I-TAC and MIG induced a 

transient increase in intracellular F-actin as indicated by the brighter red staining 

of the stimulated cells compared to cells treated with a vehicle control (Ctrl) 

(Figures 5.1-5.3). This increase was accompanied by a dramatic induction of 

stress fiber formation in intestinal myofibroblasts and a redistribution of F-actin to 

the cell periphery and polarization to the leading edge, resulting in the appearance 

of nuclear sparing. F-actin redistribution was observed as early as 2 min after 

addition of all three chemokines and peaked at thirty minutes following 

stimulation, before receding to basal conditions.

Effect of latruncillin B and Y27632 on chemokine-induced F-actin 

polymerisation in intestinal myofibroblasts

Latrunculins are novel marine compounds isolated from a Red Sea sponge that 

alter cell shape, disrupt microfilament organization and microfilament-mediated 

processes. They also inhibit polymerisation of actin by binding to monomeric G- 

actin in a 1:1 ratio (Spector et al., 1989; Yarmola et al., 2000). Latrunculins are 

frequently used to establish the effects of F-actin disassembly on particular 

physiological functions.

Intestinal myofibroblasts were pre-treated with various concentrations of 

latruncilin B for one hour before the addition of the chemokines at 10 nM for 

thirty minutes. The cells were then fixed, permeabilized and stained with TRITC 

conjugated phalloidin that recognizes polymerised actin (Figure 5.4).
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Latruncilin B at concentrations as low as 1 pM not only completely inhibited 

chemokine induced actin polymerisation but also completely blocked the basal 

level of actin polymerisation observed in these cells.

RhoA, a small, monomeric G-protein, is a member of the Rho subfamily of the 

Ras family of G-proteins and its effector Rho dependent-kinase (ROCK) has been 

identified as upstream components of a major pathway involved in actin 

cytoskeleton-linked morphological changes. A relatively specific Rho kinase 

inhibitor, Y27632, developed by Narumiya and colleagues (Uehata et al., 1997) is 

a particularly useful reagent for identifying mechanisms mediated by Rho kinases. 

Rho works as a molecular switch for the induction of stress fibers in cultured cells 

(Ridley and Hall, 1992) and ROCK is a Rho effector in this process (Amano et al., 

1997).

The possibility that Y27632 could inhibit Rho-induced formation of these 

structures in cultured cells was therefore tested. Intestinal myofibroblasts were 

pre-treated with various concentrations of Y27632 for one hour at various 

concentrations before the treatment with the chemokines for an additional thirty 

minutes at 10 nM (Figure 5.5). Treatment of cells with Y27632 results in a very 

different morphology of the cells compared to the one seen with latrunculin B. In 

this case, at concentrations of lOpM and above, Y27632 abolished stress fibers 

induced by all three chemokines as well as the fibers observed basally. However, 

in contrast to latrunculin B, it failed to inhibit actin polymerisation as staining of 

the cells is still very visible even at the highest concentrations of this inhibitor.
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Effect of pertussis toxin on chemokine induced F-actin re-organization in 

intestinal myofibroblasts

As mentioned earlier both pertussis toxin-sensitive and pertussis toxin-insensitive 

signalling through chemokine receptors in lymphocytes have been reported. The 

previous finding that the CXCR3 ligands induced signals were all insensitive to 

pertussis toxin suggests that the receptor is coupled in intestinal myofibroblasts to 

G proteins other than Gaj. However there have been reports of systems which 

display both pertussis toxin sensitive and in-sensitive chemotactic responses 

(Shibata et al., 2002; Jimenez-Sainz et al., 2003), suggesting that chemokines 

could elicit their various biological functions through distinct G-proteins.In view 

of this the effect of pertussis toxin on chemokine induced actin polymerisation 

and stress fiber formation was investigated.

Intestinal myofibroblasts were subjected to staining for F-actin following 

incubation with pertussis toxin for 16 hours at 100 ng/ml and treatment with the 

chemokines for thirty minutes at 10 nM (Figure 5.6). In agreement with previous 

findings pertussis toxin had no visible effect on either actin polymerisation or 

stress fiber induction.

Effect of PI3K inhibition on chemokine induced F-actin re-organization in 

intestinal myofibroblasts

The mechanisms through which Rho GTPases exert their effects are not 

completely elucidated, although a great number of effectors have been described 

(Hall, 1998). The understanding of the connection between PI3K and Rho 

GTPases remains fragmentary. For instance, PI3K apparently does not activate 

Rac in T lymphocytes (Reif and Cantrell, 1998). Nevertheless, PI3K inhibitors 

abolish polarization and chemotaxis (Turner et al., 1995b). Two distinct pathways

196



Chapter 5: Results III

for F-actin polymerisation during chemoattractant-stimulated pseudopd extension, 

regulated by Rho family proteins, have also been proposed to exist in human 

neutrophils (Chodniewicz and Zhelev, 2003a). One of them is dependent on PI3K 

whereas the other is independent. Therefore, it is feasible that GTPase-induced 

effects could be mediated by multi-molecular complexes and not by linear 

pathways of biochemical cascades.

The involvement of PI3K on chemokine-induced F-actin re-organization in 

intestinal myofibroblasts was therefore explored given that we have showed that 

this pathway is activated in this system. Cells were pre-treated for thirty minutes 

with the PI3K inhibitor LY294002 at various concentrations before adding the 

chemokines for another thirty minutes at 10 nM. Cells were subsequently fixed, 

permeabilized and stained with TRITC conjugated phalloidin for polymerised 

actin and images were visualised on a confocal microscope (Figure 5.7).

Both actin polymerisation and stress fiber formation were both found to be PI3K 

independent, as LY294002 even at concentrations higher than the one normally 

used to inhibit PI3K appeared to have no effect on these processes.
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Ctrl

IP-10 1 0 ’ IP-10 3 0 ’ IP-10 6 0 ’

Figure 5.1 IP-10 induces F-actin polymerisation and re-organization in 

intestinal myofibroblasts.

0 .2  x  10 primary intestinal myofibroblasts were plated on coverslips in 35mm 

plates and cultured for 48 hours. Cells were then fixed in 1ml parafolmadehyde 

/glutaraldeyhde (ctrl) or stimulated with I P - 10 (1 0  nM) for indicated time points, 

fixed and then stained as described in Methods and Materials with a phalloidin- 

TRITC conjugated antibody, at a final concentration of 0.1 pg/ml, that recognizes 

polymerised actin. Results are from single experiments representative of 3 

replicate experiments.
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Ctrl

Figure 5.2 I-TAC induces F-actin polymerisation and re-organization in 

intestinal myofibroblasts.

0.2 x 106 primary intestinal myofibroblasts were plated on coverslips in 35mm 

plates and cultured for 48 hours. Cells were then fixed in 1ml parafolmadehyde 

/glutaraldeyhde (ctrl) or stimulated with I-TAC (10 nM) for indicated time points, 

fixed and then stained as described in Methods and Materials with a phalloidin- 

TRITC conjugated antibody, at a final concentration of 0.1 pg/ml, that recognizes 

polymerised actin. Results are from single experiments representative of 3 

replicate experiments.
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MIG l 5 M IG  2 5 MIG 5s

MIG 10’ M I G 3 0 5 MIG 605

Figure 5.3 Mig induces F-actin polymerisation and re-organization in 

intestinal myofibroblasts.

0.2 x 106 primary intestinal myofibroblasts were plated on coverslips in 35mm 

plates and cultured for 48 hours. Cells were then fixed in 1ml parafolmadehyde 

/glutaraldeyhde (ctrl) or stimulated with Mig (10 nM) for indicated time points, 

fixed and then stained as described in Methods and Materials with a phalloidin- 

TRITC conjugated antibody, at a final concentration of 0.1 pg/ml, that recognizes 

polymerised actin. Results are from single experiments representative of 3 

replicate experiments.

200



Chapter 5: Results III
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Figure 5.4 Effect of Latruncillin B on chemokine induced F-actin re­

organization in intestinal myofibroblasts.

0.2 x 106 primary intestinal myofibroblasts were plated on coverslips in 35mm 

plates and cultured for 48 hours. Cells were then fixed in 1ml parafolmadehyde/ 

glutaraldeyhde (ctrl) or stimulated with IP-10, I-TAC or MIG (all at 10 nM) 10 in 

the presence or absence of pre-treatment with the actin polymerisation inhibitor 

Latruncillin B (0.1-10 nM for 30 minutes) and then fixed. Cells were stained as 

described in Methods and Materials with a phalloidin- TRITC conjugated 

antibody, at a final concentration of 0.1 pg/ml. that recognizes polymerised actin. 

Results are from single experiments representative of 3 replicate experiments.
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Figure 5.5 Effect of Y27632 on chemokine induced F-actin re-organization in 

intestinal myofibroblasts.

0.2 x 106 primary intestinal myofibroblasts were plated on coverslips in 35mm 

plates and cultured for 48 hours. Cells were then fixed in 1ml parafolmadehyde/ 

glutaraldeyhde (ctrl) or stimulated with IP-10, I-TAC or MIG (all at 10 nM) in the 

in the presence or absence of pre-treatment with the Rho kinase inhibitor Y27632 

(1-30 nM for 30 minutes) and then fixed. Cells were stained as described in 

Methods and Materials with a phalloidin- TRITC conjugated antibody, at a final 

concentration of 0.1 pg/ml. that recognizes polymerised actin. Results are from 

single experiments representative of 3 replicate experiments.
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Figure 5.6 Effect of pertussis toxin on chemokine induced F-actin re ­

organization in intestinal myofibroblasts.

0.2 x 106 primary intestinal myofibroblasts were plated on coverslips in 35mm 

plates and cultured for 48 hours. Cells were then fixed in 1ml parafolmadehyde/ 

glutaraldeyhde (ctrl) or stimulated with IP-10, I-TAC or MIG (all at 10 nM) 10 in 

the presence or absence of pre-treatment with the Ga; inhibitor Pertussis Toxin 

(100 ng/ml for 16 hours) and then fixed. Cells were stained as described in 

Methods and Materials with a phalloidin- TRITC conjugated antibody, at a final 

concentration of 0.1 jig/ml. that recognizes polymerised actin. Results are from 

single experiments representative of 3 replicate experiments.
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Figure 5.7 Effect of LY294002 on chemokine induced F-actin re-organization 

in intestinal myofibroblasts.

0.2 x 106 primary intestinal myofibroblasts were plated on coverslips in 35mm 

plates and cultured for 48 hours. Cells were then fixed in 1ml parafolmadehyde/ 

glutaraldeyhde (ctrl) or stimulated with IP-10, I-TAC or MIG (all at 10 nM) 10 in 

the presence or absence of pre-treatment with the PI3K kinase inhibitor 

LY294002 (1-10 nM for 30 minutes) and then fixed. Cells were stained as 

described in Methods and Materials with a phalloidin- TRITC conjugated 

antibody, at a final concentration of 0.1 pg/ml. that recognizes polymerised actin. 

Results are from single experiments representative of 3 replicate experiments.
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5.3 Summary of findings

•  IP-10, I-TAC and Mig induce actin polymerisation and stress fiber

formation in primary intestinal myofibroblasts

• Chemokine induced stress fiber formation, but not actin polymerisation in

primary intestinal myofibroblasts is ROCK dependent

• IP -10, I-TAC and Mig induced actin polymerisation and stress fiber

formation in primary intestinal myofibroblasts is not facilitated by a Gai 

dependent mechanism

•  IP-10, I-TAC and Mig induced actin polymerisation and stress fiber

formation in primary intestinal myofibroblasts is at least class I PI3K 

independent.

5.4 Discussion

Regardless of the identity of the receptor, it appears to be functional as 

demonstrated by the signaling events presented in the previous chapter. Moreover, 

all three CXCR3 ligands were able to promote actin polymerization and enhance 

formation of stress fibers in intestinal myofibroblasts. Transforming growth factor 

p i (TGF-pi), is a cytokine known to have a similar effect on these cells 

(Simmons et al., 2002). TGF-pi is a well-established mediator of wound healing 

and fibrosis in a number of organs, including skin, lungs, and the liver. In the 

intestine, however, increased expression of TGF-P1 accompanies ulcerative colitis 

UC, which generally is not associated with fibrosis, and CD, where fibrosis is a
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common complication (Babyatsky et al., 1996). The sequence of cellular events 

that underlie fibrosis in the intestine is not well defined due, in part, to the 

complexity of mesenchymal cell subtypes. Subepithelial myofibroblasts and 

enteric smooth muscle cells both are smooth muscle actin positive, making it 

difficult to trace activated myofibroblasts during intestinal inflammation 

(Pucilowska et al., 2000). Nonetheless, our findings indicate that IP-10, I-TAC 

and Mig could profoundly influence the phenotype of intestinal myofibroblasts.

This finding is somewhat expected since chemokines are known to play a major 

role in re-organization of the actin cytoskeleton during cell motility (Sanchez- 

Madrid and del Pozo, 1999). The best studied effects of chemokines in 

morphological changes are in leucocytes, where binding of the chemokine to the 

receptor results in cytoskeleton rearrangement, integrin-mediated focal adhesions 

are formed, and the cell binds and detaches from the substrate in a coordinated 

manner with extension and retraction of pseudopods to execute the directional 

migration (Ward et al., 1998). An early event in this leukocyte polarization 

induced by chemoattractants is a change in filamentous F-actin distribution from a 

radial symmetry around the cell to its concentration at a particular region, 

resulting in the switch from a spherical to a polarized shape (Coates et al., 1992).

Fibroblasts are much less characterized in terms of migratory responses. In fact 

there is only one report about intestinal myofibroblast migration, which 

demonstrated that the growth factors PDGF-AB, insulin growth factor (IGF), EGF 

and TGF-pi stimulate the migration of these cells (Leeb et al., 2002). The 

identification of further physiologically relevant migration inducing factors is still 

required to elucidate the network of interactions and the complex mechanisms
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involved in intestinal wound healing or fibrosis. The ability of the CXCR3 ligands 

to induce actin polymerisation in this system suggests a possible role for them in 

this process.

ROCK in chemokine induced actin polymerisation in intestinal 

myofibroblasts

Within a cell, actin polymerisation is tightly regulated by a host of actin- 

associated proteins. As actin is involved in diverse cellular phenomena and 

signalling pathways, identifying the biochemical steps that lead to force 

generation has been difficult. Nevertheless it is now well established that the 

dynamics of actin cytoskeleton are closely regulated by the activation of members 

of the Rho GTPase family, including RhoA and R acl, and their activities control 

cell migration and adhesion. Rho in particular has been associated with stress 

fiber formation (Ridley and Hall, 1992) and cell contractility (Burridge and 

Chrzanowska-Wodnicka, 1996). Rho acts on downstream effectors to exert the 

above actions. Several proteins have been isolated as putative Rho effectors on the 

basis of their selective interaction with the GTP-bound form of Rho. These 

include the ROCK family comprised of pl60ROCK (ROCK-I) (Ishizaki et al., 

1996) and ROKa/Rho-kinase/ROCK-II (Leung et al., 1995), protein kinase N 

(PKN) (Amano et al., 1996), citron kinase (Madaule et al., 1998) and mDia 1 and 

mDia 2 (Watanabe et al., 1997; Alberts et al., 1998). Among them, the ROCK 

family of kinases has been shown to be involved in Rho-induced formation of 

actin stress fibers and focal adhesions (Leung et al., 1996; Amano et al., 1997).

The synthesis of a specific inhibitor of the ROCK family of kinases, Y27632 

(Uehata et al., 1997) has proven to be an important tool in assessing the role of 

these kinases in mediating changes in the actin cytoskeleton. Indeed, in agreement
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with the previously established importance of Rho for actin stress fiber formation 

pre-treatment of intestinal myofibroblasts with lpM  Y27632 abolishes chemokine 

induced stress fiber formation resulting in a phenotype very similar to the one 

observed in unstimulated cells. At higher concentrations this inhibitor resulted in 

increased polymerised actin as indicated by the intensity of the fluorescence. 

However no stress fibers are visible and actin appears to be concentrated in 

speckles in areas around the nucleus. The physiological importance of this result 

is unclear, but is probably not related to ROCK inhibition since at concentrations 

higher than 5 pM, Y27632 is known to inhibit other kinases (Davies et al., 2000).

PI3K in chemokine induced actin polymerisation in intestinal myofibroblasts

Regulation of actin polymerisation, downstream from GPCRs, is thought to 

depend on PI3K activation and Ptdlns3,4,5-P3 production, and involves the 

activation of PKB and the GTPases Cdc42 and Rac2 (Pollard et al., 2000). Cdc42 

and Rac2 form complexes with the WASP family proteins and the Arp2/3 

complex to promote the formation of free barbed ends which in turn initiate 

cytoskeletal actin polymerisation in the lamella region. This mechanism of actin 

polymerisation provides a useful framework for the understanding of the 

signalling of actin dynamics in the living cell during motility; however, it is far 

from complete. Recently an alternative mechanism, which is PI3K-independent, 

for actin polymerisation in human neutrophils has been proposed (Chodniewicz 

and Zhelev, 2003b). Our findings are in agreement with the latter mechanism 

since LY294002 did not appear to have any effect on IP-10, I-TAC or Mig- 

induced actin polymerisation. Further investigation is required to determine 

involvement of these proteins in actin polymerisation in intestinal myofibroblasts.
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Moreover, since LY294002 does not inhibit class II PI3K, a possible role for 

PI3K C2a and or PI3KC20 in actin polymerisation and stress fiber formation 

should not be excluded.

Effect of pertussis toxin in chemokine induced actin polymerisation in 

intestinal myofibroblasts

A plethora of studies examining various cellular responses have revealed that 

agonist activation of heterotrimeric G protein-linked receptors can result in 

signalling to the small G-protein Rho. An intriguing question that remains to be 

answered is how GPCRs signal to and activate Rho. Both the nature of the G 

protein subunits that mediate this response and the molecular mechanisms 

involved are under intensive study. Even though chemokine receptors, which are 

Gai coupled receptors, are known to be able to activate Rho the majority of 

GPCR-induced, Rho-mediated effects on the cytoskeleton are pertussis toxin 

insensitive (Sah et al., 2000). Consistent with the signalling events, actin 

polymerisation and stress fiber formation were found to be insensitive in intestinal 

myofibroblasts.

Most of the GPCRs agonists shown to activate Rho were thought to be coupled to 

Gq-mediated signalling pathways. However there is evidence to suggest that G 

proteins of the pertussis toxin-insensitive G 12/13 family also are able to control 

Rho-dependent stress fiber formation. Microinjection of either G0112 or G0113 into 

fibroblasts resulted in stress fiber formation (Buhl et al., 1995). Stimulation of 

Gi2/i3-dependent MLC phosphorylation and platelet shape change by thromboxane 

A2 receptors are known to be dependent on both Rho and Rho kinase (Klages et 

al., 1999). Because coupling to Gq leads to activation of PKC, it is likely that this
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kinase might regulate Rho function. PKC also has been shown to phosphorylate 

G otland G an (Offermanns et al., 1996) providing the possibility of an additional 

level of Gq regulation of Rho signalling. Stress fiber formation signalling events 

downstream of the putative receptor(s) for IP-10, I-TAC and Mig are summarized 

in Figure 5.8.

IP-10
I-TAC

RhoA *'"■

MLC
LosphataseROCKCdc42 Rac

LIMKWASP WAVE

A PAK
Stress fibersActin

polymerization

Figure 5.8 Proposed model of signalling pathways induced by IP-10, I-TAC 

and Mig in human intestinal myofibroblasts leading to actin polymerisation

and stress fiber form ation. The solid lines represent pathways, which have been 

demonstrated in this section to be involved in IP-10, I-TAC and Mig mediated 

stress fiber formation. Dotted lines provide additional potential pathways for 

stress fiber formation and actin polymerisation. Abbreviations: Arp2/3, actin 

related proteins 2/3 complex; MLC, myosin light chain; LIMK, LIM kinase, PAK, 

p21 activated proteins; RhoA Ras homology A; WASP, Wiskott-Aldrich 

syndrome proteins; WAVE, WASP family Verprolin-homologous proteins.
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6 Overall discussion and future directions

6.1 Discussion

Intestinal inflammation has traditionally been viewed as a process in which 

effector immune cells are the key mediators while the other mucosal cell types 

have been regarded as passive bystander targets. Progress in understanding the 

process of intestinal inflammation has led to a much broader and more integrated 

picture of the various mucosal components, a picture in which cytokines, 

chemokines, growth factors and adhesion molecules act as functional mediators. 

The existence of specialized communication pathways between non-immune and 

immune cells is now well documented, in which abnormal epithelial cell mediated 

T-cell activation during inflammation has attracted the most attention. Data 

presented here suggest that intestinal myofibroblasts may act in a similar way, 

since they are capable of expressing various co-stimulatory molecules. 

Interestingly, B7.1 expression in intestinal myofibroblasts occurs under the same 

conditions that favour B7.2 expression by intestinal epithelial cells, implying a 

complementary role for these two cell types in regulating activation of T-cells in 

the inflamed gut.

The importance of mesenchymal cells in morphogenetic processes and in the 

maintenance of the tissue integrity in the gut is now well established and 

underlined by the observation that these cells express important growth factors 

whose receptors are found on the epithelial cell surface. This study has provided 

evidence to support the notion that this cross-talk between these cells might be 

extended in order to encompass more interactions, such as chemokine-chemokine 

receptor expressed on the surface of the cells, adding to the emerging evidence
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that all cell types populating the mucosa have an active role in intestinal immunity 

and inflammation. A receptor that binds the chemokines secreted by intestinal 

epithelial cells seems to be expressed on intestinal myofibroblasts, and this 

receptor was shown to activate various signalling pathways in these cells and 

markedly alters their phenotype. Myofibroblasts appear to be an integral part of a 

trimeric model consisting of intestinal myofibroblasts, T-cells and colonic 

epithelial cells that may have a role in modulating physiologic and pathologic 

mucosal inflammation.

Intestinal lumen

IP-10 I-TAC

epithelial cells

TNFa

myofibroblasts
T-cells

Figure 6.1 Trim eric model of interactions between myofibroblasts, epithelial 

cells and T-lymphocytes in the intestine. Pro-inflammatory cytokines induce 

expression of co-stimulatory molecules (represented in yellow) on intestinal 

myofibroblasts and colonic epithelial cells that interact with receptors of the 

CD28 family (represented in blue) on the surface of gut homing T-cells. IP-10, I- 

TAC and Mig produced by the intestinal epithelium chemoattarcts T-cells 

expressing CXCR3 which have to compete with myofibroblasts for chemokine 

binding.
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An impairment of the integrity of the mucosal epithelial barrier is commonly 

observed in the course of various intestinal disorders including IBD, celiac disease 

and intestinal infections. If the wound is deep, the sub-epithelial tissues that 

contain interstitial substance, blood vessels, nerves, and fibroblasts must also be 

reconstituted. Wound healing is an interactive process that involves soluble 

mediators, extracellular matrix components, resident cells and infiltrating 

leukocyte subtypes, which participate differentially in the classically defined three 

phases of wound healing: inflammation, tissue formation, and tissue remodelling. 

Understanding the network of wound healing requires a profound analysis of all 

soluble mediators and adhesion factors involved in the recruitment and trafficking 

of the different cell types during the inflammatory reaction. The presence of a 

receptor on intestinal myofibroblasts, which binds T-cell chemoattractants is 

likely to have important implications in the cellular milieu in the lamina propria. 

Various studies have demonstrated the important role of chemokines for the 

accompanying inflammatory reaction as well as for repair processes during wound 

healing. However, the importance of chemokines during pathological wound- 

healing conditions has not been investigated and needs particular attention. It 

appears conceivable that chemokines could be exploited therapeutically, as major 

adjuvants to stimulate wound healing provided that the timely and spatially 

different expression patterns, as detected in physiological wound healing, are 

considered adequately. Therefore, the orchestrated processes of wound healing in 

the gastrointestinal tract with respect to treatment would certainly require a highly 

complex and sophisticated approach and should target chemokines as important 

traffic lights for migration of resident and inflammatory cells as well as essential 

regulators of repair mechanisms. Based on evidence in this study, chemokines
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agonists and/or antagonists targeted against the CXCR3 ligands and their 

receptors could provide potential therapeutic targets in the treatment of 

gastrointestinal diseases.

6.2 Future directions

• The lack of commercially available antibodies at the time of this study

against the various B7 family members limited the investigation of the 

expression of these molecules in intestinal myofibroblasts to the mRNA 

level. Since then antibodies have become available and should allow 

detection at the protein level and most importantly confirm cell surface 

expression of these molecules.

• The functionality of the B7 family members in intestinal myofibroblasts 

has not been tested. This can be achieved by stimulating T-cells that 

express the receptors for the B7 molecules by co-sedimenting them with 

activated intestinal myofibroblasts, and assessing the effect it has in 

downstream biochemical events in those cells.

• Assessment of the role of ICOS expression would be of great interest. 

ICOS appears to co-stimulate distinct effector functions in different 

immune responses, depending on factors such as the nature of the antigen 

encountered and localization and chronicity of the immune response. For 

example in the severe combined immunodeficiency transfer colitis model, 

ICOS expression is strongly associated with IFN-y and IL-2 production. It 

would therefore be very interesting to determine whether intestinal
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myofibroblasts expressing ICOS are capable of producing the same or 

different pattern of cytokines.

•  Of equal importance would be to identify the signalling pathways 

downstream of ICOS in intestinal myofibroblasts. The ICOS cytoplasmic 

tail contains a YMFM motif that binds the p85 subunit of PI3K analogous 

to the YMNM motif of CD28. It will be essential therefore to examine in 

detail the activation of the PI3K/PKB3 pathway as well as activation of the 

various MAPK signalling pathways in response to ICOS ligation.

• A question that remains unanswered is the identity of the receptor 

responsible for eliciting the signaling events in intestinal myofibroblasts. 

Advances in small interfering RNA (SiRNA) directed against CXCR3 

should all allow to verify if this is the receptor or not. Furthermore, the use 

of blocking peptides against the various G-protein subunits could 

determine the nature of the G-proteins that couple to this receptor. Finally 

the use of inhibitors like PD98059 (MEK inhibitor), RO320432 (PKC 

inhibitor) will help further elucidate the signalling events in intestinal 

myofibroblasts.

•  Further analysis is required to resolve the exact involvement of the 

different PI3K isoforms in the different signaling events. SiRNA could 

again be a useful tool to overcome the absence of PI3K isoform specific 

inhibitors.

• Studies in other systems suggest that other chemokines and chemokine 

receptors are likely to be expressed in intestinal myofibroblasts. Moreover, 

it would be imperative to determine expression of chemokine receptors 

and their ligands from patients with IBD versus normal controls. Signal
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transduction events downstream of those receptors can be determined and 

compared to our knowledge of chemokine signalling in other cell types. 

Regulation of expression of these receptors by pro-inflammatory cytokines 

should also be addressed.

• Even though, actin polymerisation is required it is not sufficient for cell 

migration. Additional chemotactic experiments need to be carried out in 

order to establish a role for the CXCR3 ligands in the motility of intestinal 

myofibroblasts.

• The effect of the chemokines on production of various ECM proteins by 

intestinal myofibroblasts including type IV collagen and p i- and y l- 

laminin and fibronectin should be examined to determine a possible role 

for these proteins in intestinal fibrosis.

216



REFERENCE LIST

Abe, M. K., Kahle, K. T., Saelzler, M. P., Orth, K., Dixon, J. E., and Rosner, M. 
R. (2001). ERK7 is an autoactivated member of the MAPK family. J Biol Chem 
27(5,21272-21279.

Abe, M. K., Saelzler, M. P., Espinosa, R., 3rd, Kahle, K. T., Hershenson, M. B., 
Le Beau, M. M., and Rosner, M. R. (2002). ERK8, a new member of the mitogen- 
activated protein kinase family. J Biol Chem 277, 16733-16743.

Abedi, H., Dawes, K. E., and Zachary, I. (1995). Differential effects of platelet- 
derived growth factor BB on p i25 focal adhesion kinase and paxillin tyrosine 
phosphorylation and on cell migration in rabbit aortic vascular smooth muscle 
cells and Swiss 3T3 fibroblasts. J Biol Chem 270, 11367-11376.

Agace, W. W., Roberts, A. I., Wu, L., Greineder, C., Ebert, E. C., and Parker, C. 
M. (2000). Human intestinal lamina propria and intraepithelial lymphocytes 
express receptors specific for chemokines induced by inflammation. Eur J 
Immunol 30, 819-826.

Agostini, C., Calabrese, F., Rea, F., Facco, M., Tosoni, A., Loy, M., Binotto, G., 
Valente, M., Trentin, L., and Semenzato, G. (2001). Cxcr3 and its ligand CXCL10 
are expressed by inflammatory cells infiltrating lung allografts and mediate 
chemotaxis of T cells at sites of rejection. Am J Pathol 158, 1703-1711.

Aicher, A., Hayden-Ledbetter, M., Brady, W. A., Pezzutto, A., Richter, G., 
Magaletti, D., Buckwalter, S., Ledbetter, J. A., and Clark, E. A. (2000). 
Characterization of human inducible costimulator ligand expression and function. 
J Immunol 164, 4689-4696.

Ajuebor, M. N., Hogaboam, C. M., Kunkel, S. L., Proudfoot, A. E., and Wallace, 
J. L. (2001). The chemokine RANTES is a crucial mediator of the progression 
from acute to chronic colitis in the rat. J Immunol 166, 552-558.

Akbari, O., Freeman, G. J., Meyer, E. H., Greenfield, E. A., Chang, T. T., Sharpe, 
A. H., Berry, G., DeKruyff, R. H., and Umetsu, D. T. (2002). Antigen-specific 
regulatory T cells develop via the ICOS-ICOS-ligand pathway and inhibit 
allergen-induced airway hyperreactivity. Nat Med 8, 1024-1032.

Alberola-Ila, J., Forbush, K. A., Seger, R., Krebs, E. G., and Perlmutter, R. M. 
(1995). Selective requirement for MAP kinase activation in thymocyte 
differentiation. Nature 373, 620-623.

217



Alberts, A. S., Bouquin, N., Johnston, L. H., and Treisman, R. (1998). Analysis of 
RhoA-binding proteins reveals an interaction domain conserved in heterotrimeric 
G protein beta subunits and the yeast response regulator protein Skn7. J Biol 
Chem 273, 8616-8622.

Alblas, J., Ulfman, L., Hordijk, P., and Koenderman, L. (2001). Activation of 
RhoA and ROCK Are Essential for Detachment of Migrating Leukocytes. Mol 
Biol Cell 72,2137-2145.

Alessi, D. R., Andjelkovic, M., Caudwell, B., Cron, P., Morrice, N., Cohen, P., 
and Hemmings, B. A. (1996). Mechanism of activation of protein kinase B by 
insulin and IGF-1. EMBO J 75, 6541-6551.

Alessi, D. R., James, S. R., Downes, C. P., Holmes, A. B., Gaffney, P. R., Reese,
C. B., and Cohen, P. (1997). Characterization of a 3-phosphoinositide-dependent 
protein kinase which phosphorylates and activates protein kinase Balpha. Curr 
Biol 7, 261-269.

Alessi, D. R., Kozlowski, M. T., Weng, Q. P., Morrice, N., and Avruch, J. (1998). 
3-Phosphoinositide-dependent protein kinase 1 (PDK1) phosphorylates and 
activates the p70 S6 kinase in vivo and in vitro. Curr Biol 8, 69-81.

Ali, S., Palmer, A. C., Banerjee, B., Fritchley, S. J., and Kirby, J. A. (2000). 
Examination of the function of RANTES, MIP-1 alpha, and M IP-lbeta following 
interaction with heparin-like glycosaminoglycans. J Biol Chem 275, 11721- 
11727.

Allez, M., Brimnes, J., Dotan, I., and Mayer, L. (2002). Expansion of CD8+ T 
cells with regulatory function after interaction with intestinal epithelial cells. 
Gastroenterology 123, 1516-1526.

Amano, M., Chihara, K., Kimura, K., Fukata, Y., Nakamura, N., Matsuura, Y., 
and Kaibuchi, K. (1997). Formation of actin stress fibers and focal adhesions 
enhanced by Rho-kinase. Science 275, 1308-1311.

Amano, M., Mukai, H., Ono, Y., Chihara, K., Matsui, T., Hamajima, Y., Okawa, 
K., Iwamatsu, A., and Kaibuchi, K. (1996). Identification of a putative target for 
Rho as the serine-threonine kinase protein kinase N. Science 277, 648-650.

Amichay, D., Gazzinelli, R. T., Karupiah, G., Moench, T. R., Sher, A., and 
Farber, J. M. (1996). Genes for chemokines MuMig and Crg-2 are induced in 
protozoan and viral infections in response to IFN-gamma with patterns of tissue 
expression that suggest nonredundant roles in vivo. J Immunol 757, 4511-4520.

Andjelkovic, M., Alessi, D. R., Meier, R., Fernandez, A., Lamb, N. J., Freeh, M., 
Cron, P., Cohen, P., Lucocq, J. M., and Hemmings, B. A. (1997). Role of

218



translocation in the activation and function of protein kinase B. J Biol Chem 272, 
31515-31524.

Andjelkovic, M., Jakubowicz, T., Cron, P., Ming, X. F., Han, J. W., and 
Hemmings, B. A. (1996). Activation and phosphorylation of a pleckstrin 
homology domain containing protein kinase (RAC-PK/PKB) promoted by serum 
and protein phosphatase inhibitors. Proc Natl Acad Sci U S A 93, 5699-5704.

Andres, P. G., Beck, P. L., Mizoguchi, E., Mizoguchi, A., Bhan, A. K., Dawson, 
T., Kuziel, W. A., Maeda, N., MacDermott, R. P., Podolsky, D. K., and 
Reinecker, H. C. (2000). Mice with a selective deletion of the CC chemokine 
receptors 5 or 2 are protected from dextran sodium sulfate-mediated colitis: lack 
of CC chemokine receptor 5 expression results in a NK1.1+ lymphocyte- 
associated Th2-type immune response in the intestine. J Immunol 164, 6303- 
6312.

Andrew, D. P., Chang, M. S., McNinch, J., Wathen, S. T., Rihanek, M., Tseng, J., 
Spellberg, J. P., and Elias, C. G., 3rd (1998). STCP-1 (MDC) CC chemokine acts 
specifically on chronically activated Th2 lymphocytes and is produced by 
monocytes on stimulation with Th2 cytokines LL-4 and IL-13. J Immunol 161, 
5027-5038.

Angiolillo, A. L., Sgadari, C., Taub, D. D., Liao, F., Farber, J. M., Maheshwari, 
S., Kleinman, H. K., Reaman, G. H., and Tosato, G. (1995). Human interferon- 
inducible protein 10 is a potent inhibitor of angiogenesis in vivo. J Exp Med 182, 
155-162.

Annunziato, F., Cosmi, L., Galli, G., Beltrame, C., Romagnani, P., Manetti, R., 
Romagnani, S., and Maggi, E. (1999). Assessment of chemokine receptor 
expression by human Thl and Th2 cells in vitro and in vivo. J Leukoc Biol 65, 
691-699.

Ansel, K. M., Ngo, V. N., Hyman, P. L., Luther, S. A., Forster, R., Sedgwick, J.
D., Browning, J. L., Lipp, M., and Cyster, J. G. (2000). A chemokine-driven 
positive feedback loop organizes lymphoid follicles. Nature 406, 309-314.

Arcaro, A., Volinia, S., Zvelebil, M. J., Stein, R., Watton, S. J., Layton, M. J., 
Gout, I., Ahmadi, K., Downward, J., and Waterfield, M. D. (1998). Human 
phosphoinositide 3-kinase C2beta, the role of calcium and the C2 domain in 
enzyme activity. J Biol Chem 273, 33082-33090.

Arcaro, A., Zvelebil, M. J., Wallasch, C., Ullrich, A., Waterfield, M. D., and 
Domin, J. (2000). Class II phosphoinositide 3-kinases are downstream targets of 
activated polypeptide growth factor receptors. Mol Cell Biol 20, 3817-3830.

219



Arenberg, D. A., Polverini, P. J., Kunkel, S. L., Shanafelt, A., and Strieter, R. M.
(1997). In vitro and in vivo systems to assess role of C-X-C chemokines in 
regulation of angiogenesis. Methods Enzymol 288, 190-220.

Aronica, S. M., Mantel, C., Gonin, R., Marshall, M. S., Sarris, A., Cooper, S., 
Hague, N., Zhang, X. F., and Broxmeyer, H. E. (1995). Interferon-inducible 
protein 10 and macrophage inflammatory protein-1 alpha inhibit growth factor 
stimulation of Raf-1 kinase activity and protein synthesis in a human growth 
factor-dependent hematopoietic cell line. J Biol Chem 270, 21998-22007.

Ashida, N., Arai, H., Yamasaki, M., and Kita, T. (2001). Distinct Signaling 
Pathways for MCP-1-dependent Integrin Activation and Chemotaxis. J Biol Chem 
276, 16555-16560.

Ayala, J. M., Goyal, S., Liverton, N. J., Claremon, D. A., O'Keefe, S. J., and 
Hanlon, W. A. (2000). Serum-induced monocyte differentiation and monocyte 
chemotaxis are regulated by the p38 MAP kinase signal transduction pathway. J 
Leukoc Biol 67, 869-875.

Azenshtein, E., Luboshits, G., Shina, S., Neumark, E., Shahbazian, D., Weil, M., 
Wigler, N., Keydar, I., and Ben-Baruch, A. (2002). The CC chemokine RANTES 
in breast carcinoma progression: regulation of expression and potential 
mechanisms of promalignant activity. Cancer Res 62, 1093-1102.

Babyatsky, M. W., Rossiter, G., and Podolsky, D. K. (1996). Expression of 
transforming growth factors alpha and beta in colonic mucosa in inflammatory 
bowel disease. Gastroenterology 110, 975-984.

Bacsi, S., De Palma, R., Visentin, G. P., Gorski, J., and Aster, R. H. (1999). 
Complexes of heparin and platelet factor 4 specifically stimulate T cells from 
patients with heparin-induced thrombocytopenia/thrombosis. Blood 94, 208-215.

Bae, Y. S., Cantley, L. G., Chen, C. S., Kim, S. R., Kwon, K. S., and Rhee, S. G.
(1998). Activation of phospholipase C-gamma by phosphatidylinositol 3,4,5- 
trisphosphate. J Biol Chem 273 ,4465-4469.

Baggiolini, M., Dewald, B., and Moser, B. (1997). Human chemokines: an 
update. Annu Rev Immunol 15, 675-705.

Bagrodia, S., Derijard, B., Davis, R. J., and Cerione, R. A. (1995). Cdc42 and 
PAK-mediated signaling leads to Jun kinase and p38 mitogen-activated protein 
kinase activation. J Biol Chem 270, 27995-27998.

Bajaj-Elliott, M., Breese, E., Poulsom, R., Fairclough, P. D., and MacDonald, T. 
T. (1997). Keratinocyte growth factor in inflammatory bowel disease. Increased 
mRNA transcripts in ulcerative colitis compared with Crohn's disease in biopsies 
and isolated mucosal myofibroblasts. Am J Pathol 151, 1469-1476.

220



Bajaj-Elliott, M., Poulsom, R., Pender, S. L., Wathen, N. C., and MacDonald, T. 
T. (1998). Interactions between stromal cell-derived keratinocyte growth factor 
and epithelial transforming growth factor in immune-mediated crypt cell 
hyperplasia. J Clin Invest 102, 1473-1480.

Baker, M. S., Chen, X., Rotramel, A. R., Nelson, J. J., Lu, B., Gerard, C., Kanwar, 
Y., and Kaufman, D. B. (2003). Genetic deletion of chemokine receptor CXCR3 
or antibody blockade of its ligand IP-10 modulates posttransplantation graft-site 
lymphocytic infiltrates and prolongs functional graft survival in pancreatic islet 
allograft recipients. Surgery 134, 126-133.

Balashov, K. E., Rottman, J. B., Weiner, H. L., and Hancock, W. W. (1999). 
CCR5(+) and CXCR3(+) T cells are increased in multiple sclerosis and their 
ligands MIP-1 alpha and IP-10 are expressed in demyelinating brain lesions. Proc 
Natl Acad Sci U S A 96, 6873-6878.

Barnard, J. A., Beauchamp, R. D., Russell, W. E., Dubois, R. N., and Coffey, R. J. 
(1995). Epidermal growth factor-related peptides and their relevance to 
gastrointestinal pathophysiology. Gastroenterology 108, 564-580.

Beckman, E. M., Porcelli, S. A., Morita, C. T., Behar, S. M., Furlong, S. T., and 
Brenner, M. B. (1994). Recognition of a lipid antigen by CD 1-restricted alpha 
beta+ T cells. Nature 372, 691-694.

Bence, K., Ma, W., Kozasa, T., and Huang, X. Y. (1997). Direct stimulation of 
Bruton's tyrosine kinase by G(q)-protein alpha-subunit. Nature 389, 296-299.

Berin, M. C., Dwinell, M. B., Eckmann, L., and Kagnoff, M. F. (2001). 
Production of MDC/CCL22 by human intestinal epithelial cells. Am J Physiol 
Gastrointest Liver Physiol 280, G1217-1226.

Berridge, M. J., Bootman, M. D., and Roderick, H. L. (2003). Calcium signalling: 
dynamics, homeostasis and remodelling. Nat Rev Mol Cell Biol 4, 517-529.

Berridge, M. J., Lipp, P., and Bootman, M. D. (2000). The versatility and 
universality of calcium signalling. Nat Rev Mol Cell Biol 1, 11-21.

Bi, L., Okabe, I., Bernard, D. J., and Nussbaum, R. L. (2002). Early embryonic 
lethality in mice deficient in the p i lObeta catalytic subunit of PI 3-kinase. Mamm 
Genome 13, 169-172.

Bi, L., Okabe, I., Bernard, D. J., Wynshaw-Boris, A., and Nussbaum, R. L. 
(1999). Proliferative defect and embryonic lethality in mice homozygous for a 
deletion in the p i lOalpha subunit of phosphoinositide 3-kinase. J Biol Chem 274, 
10963-10968.

221



Biber, K., Dijkstra, I., Trebst, C., De Groot, C. J., Ransohoff, R. M., and Boddeke, 
H. W. (2002). Functional expression of CXCR3 in cultured mouse and human 
astrocytes and microglia. Neuroscience 772, 487-497.

Biber, K., Sauter, A., Brouwer, N., Copray, S. C., and Boddeke, H. W. (2001). 
Ischemia-induced neuronal expression of the microglia attracting chemokine 
Secondary Lymphoid-tissue Chemokine (SLC). Glia 34, 121-133.

Bird, J. E., Giancarli, M. R., Kurihara, T., Kowala, M. C., Valentine, M. T., 
Gitlitz, P. H., Pandya, D. G., French, M. H., and Durham, S. K. (2000). Increased 
severity of glomerulonephritis in C-C chemokine receptor 2 knockout mice. 
Kidney Int 57, 129-136.

Bishop, A. L., and Hall, A. (2000). Rho GTPases and their effector proteins. 
Biochem J 348 Pt 2, 241-255.

Bishop, B., and Lloyd, C. M. (2003). CC chemokine ligand 1 promotes 
recruitment of eosinophils but not Th2 cells during the development of allergic 
airways disease. J Immunol 170,4810-4817.

Blanpain, C., Buser, R., Power, C. A., Edgerton, M., Buchanan, C., Mack, M., 
Simmons, G., Clapham, P. R., Parmentier, M., and Proudfoot et, a. (2001). A 
chimeric MIP-lalpha/RANTES protein demonstrates the use of different regions 
of the RANTES protein to bind and activate its receptors. Journal Of Leukocyte 
Biology 69, 977-985.

Blanpain, C., Migeotte, I., Lee, B., Vakili, J., Doranz, B. J., Govaerts, C., Vassart,
G., Dorns, R. W., and Parmentier, M. (1999). CCR5 binds multiple CC- 
chemokines: MCP-3 acts as a natural antagonist. Blood 94, 1899-1905.

Blease, K., Mehrad, B., Standiford, T. J., Lukacs, N. W., Gosling, J., Boring, L., 
Charo, I. F., Kunkel, S. L., and Hogaboam, C. M. (2000). Enhanced pulmonary 
allergic responses to Aspergillus in CCR2-/- mice. J Immunol 165, 2603-2611.

Boisvert, W. A., Santiago, R., Curtiss, L. K., and Terkeltaub, R. A. (1998). A 
leukocyte homologue of the IL-8 receptor CXCR-2 mediates the accumulation of 
macrophages in atherosclerotic lesions of LDL receptor-deficient mice. J Clin 
Invest 101, 353-363.

Bokoch, G. (1995). Chemoattractant signaling and leukocyte activation. Blood 86, 
1649-1660.

Bonacchi, A., Romagnani, P., Romanelli, R. G., Efsen, E., Annunziato, F., 
Lasagni, L., Francalanci, M., Serio, M., Laffi, G., Pinzani, M., Gentilini, P., and 
Marra, F. (2001). Signal transduction by the chemokine receptor CXCR3: 
activation of Ras/ERK, Src, and phosphatidylinositol 3-kinase/Akt controls cell

222



migration and proliferation in human vascular pericytes. J Biol Chem 276, 9945- 
9954.

Bonecchi, R., Bianchi, G., Bordignon, P. P., D'Ambrosio, D., Lang, R., Borsatti,
A., Sozzani, S., Allavena, P., Gray, P. A., Mantovani, A., and Sinigaglia, F. 
(1998a). Differential expression of chemokine receptors and chemotactic 
responsiveness of type 1 T helper cells (This) and Th2s. J Exp Med 187, 129-134.

Bonecchi, R., Sozzani, S., Stine, J. T., Luini, W., DAmico, G., Allavena, P., 
Chantry, D., and Mantovani, A. (1998b). Divergent effects of interleukin-4 and 
interferon-gamma on macrophage-derived chemokine production: an
amplification circuit of polarized T helper 2 responses. Blood 92, 2668-2671.

Bonen, D., and Cho, J. (2003). The genetics of inflammatory bowel disease. 
Gastroenterology 124, 521-536.

Boring, L., Gosling, J., Cleary, M., and Charo, I. F. (1998). Decreased lesion 
formation in CCR2-/- mice reveals a role for chemokines in the initiation of 
atherosclerosis. Nature 394, 894-897.

Braud, V. M., Allan, D. S., and McMichael, A. J. (1999). Functions of 
nonclassical MHC and non-MHC-encoded class I molecules. Curr Opin Immunol 
11, 100-108.

Breese, E., Braegger, C. P., Corrigan, C. J., Walker-Smith, J. A., and MacDonald, 
T. T. (1993). Interleukin-2- and interferon-gamma-secreting T cells in normal and 
diseased human intestinal mucosa. Immunology 78, 127-131.

Bretscher, P., and Cohn, M. (1970). A theory of self-nonself discrimination. 
Science 169, 1042-1049.

Brown, R. A., Ho, L. K., Weber-Hall, S. J., Shipley, J. M., and Fry, M. J. (1997). 
Identification and cDNA cloning of a novel mammalian C2 domain-containing 
phosphoinositide 3-kinase, HsC2-PI3K. Biochem Biophys Res Commun 233, 
537-544.

Brown, W., DeWald, D., Emr, S., Plutner, H., and Balch, W. (1995). Role for 
phosphatidylinositol 3-kinase in the sorting and transport of newly synthesized 
lysosomal enzymes in mammalian cells. J Cell Biol 130, 781-796.

Brunet, A., Bonni, A., Zigmond, M. J., Lin, M. Z., Juo, P., Hu, L. S., Anderson, 
M. J., Arden, K. C., Blenis, J., and Greenberg, M. E. (1999a). Akt promotes cell 
survival by phosphorylating and inhibiting a Forkhead transcription factor. Cell 
96, 857-868.

Brunet, A., Roux, D., Lenormand, P., Dowd, S., Keyse, S., and Pouyssegur, J. 
(1999b). Nuclear translocation of p42/p44 mitogen-activated protein kinase is

223



required for growth factor-induced gene expression and cell cycle entry. Embo J 
18, 664-674.

Buckley, C. D., Pilling, D., Lord, J. M., Akbar, A. N., Scheel-Toellner, D., and 
Salmon, M. (2001). Fibroblasts regulate the switch from acute resolving to 
chronic persistent inflammation. Trends Immunol 22, 199-204.

Buhl, A. M., Johnson, N. L., Dhanasekaran, N., and Johnson, G. L. (1995). G 
alpha 12 and G alpha 13 stimulate Rho-dependent stress fiber formation and focal 
adhesion assembly. J Biol Chem 270, 24631-24634.

Burbelo, P. D., Drechsel, D., and Hall, A. (1995). A conserved binding motif 
defines numerous candidate target proteins for both Cdc42 and Rac GTPases. J 
Biol Chem 270, 29071-29074.

Burger, J. A., Burger, M., and Kipps, T. J. (1999). Chronic lymphocytic leukemia 
B cells express functional CXCR4 chemokine receptors that mediate spontaneous 
migration beneath bone marrow stromal cells. Blood 94, 3658-3667.

Burridge, K., and Chrzanowska-Wodnicka, M. (1996). Focal adhesions, 
contractility, and signaling. Annu Rev Cell Dev Biol 12, 463-518.

Cacalano, G., Lee, J., Kikly, K., Ryan, A. M., Pitts-Meek, S., Hultgren, B., Wood, 
W. I., and Moore, M. W. (1994). Neutrophil and B cell expansion in mice that 
lack the murine IL-8 receptor homolog. Science 265, 682-684.

Campbell, E. M., Charo, I. F., Kunkel, S. L., Strieter, R. M., Boring, L., Gosling, 
J., and Lukacs, N. W. (1999a). Monocyte chemoattractant protein-1 mediates 
cockroach allergen-induced bronchial hyperreactivity in normal but not CCR2-/- 
mice: the role of mast cells. J Immunol 163, 2160-2167.

Campbell, N., Yio, X. Y., So, L. P., Li, Y., and Mayer, L. (1999b). The intestinal 
epithelial cell: processing and presentation of antigen to the mucosal immune 
system. Immunol Rev 172, 315-324.

Campieri, M., and Gionchetti, P. (2001). Bacteria as the cause of ulcerative 
colitis. Gut 48, 132-135.

Cantley, L. C., and Neel, B. G. (1999). New insights into tumor suppression: 
PTEN suppresses tumor formation by restraining the phosphoinositide 3- 
kinase/AKT pathway. Proc Natl Acad Sci U S A 9 6 ,4240-4245.

Cantrell, D. A., Lucas, S. C., Ward, S., Westwick, J., and Gullberg, M. (1989). 
Phorbol esters regulate CD2- and CD3-mediated calcium responses in peripheral 
blood-derived human T cells. J Immunol 143, 3653-3658.

224



Cardone, M. H., Roy, N., Stennicke, H. R., Salvesen, G. S., Franke, T. F., 
Stanbridge, E., Frisch, S., and Reed, J. C. (1998). Regulation of cell death 
protease caspase-9 by phosphorylation. Science 282, 1318-1321.

Carreno, B. M., and Collins, M. (2002). The B7 family of ligands and its 
receptors: new pathways for costimulation and inhibition of immune responses. 
Annu Rev Immunol 20, 29-53.

Casey, P. J., Fong, H. K., Simon, M. I., and Gilman, A. G. (1990). Gz, a guanine 
nucleotide-binding protein with unique biochemical properties. J Biol Chem 265, 
2383-2390.

Casola, A., Kapoor, A., Saada, J. I., Mifflin, R., Powell, D. W., and Crowe, S. E.
(1997). Chemokine expression by intestinal myofibroblasts (Abstract). 
Gastroenterology 772, A944.

Chang, C. H., Fontes, J. D., Peterlin, M., and Flavell, R. A. (1994). Class II 
transactivator (CUTA) is sufficient for the inducible expression of major 
histocompatibility complex class II genes. J Exp Med 180, 1367-1374.

Chang, J. H., Gill, S., Settleman, J., and Parsons, S. J. (1995). c-Src regulates the 
simultaneous rearrangement of actin cytoskeleton, pl90RhoGAP, and 
pl20RasGAP following epidermal growth factor stimulation. J Cell Biol 130, 
355-368.

Chang, L., and Karin, M. (2001). Mammalian MAP kinase signalling cascades. 
Nature 410, 37-40.

Chapoval, A. I., Ni, J., Lau, J. S., Wilcox, R. A., Flies, D. B., Liu, D., Dong, H., 
Sica, G. L., Zhu, G., Tamada, K., and Chen, L. (2001). B7-H3: a costimulatory 
molecule for T cell activation and IFN-gamma production. Nat Immunol 2, 269- 
274.

Cheng, X., Ma, Y., Moore, M., Hemmings, B. A., and Taylor, S. S. (1998). 
Phosphorylation and activation of cAMP-dependent protein kinase by 
phosphoinositide-dependent protein kinase. Proc Natl Acad Sci U S A 95, 9849- 
9854.

Chensue, S. W., Lukacs, N. W., Yang, T. Y., Shang, X., Frait, K. A., Kunkel, S. 
L., Kung, T., Wiekowski, M. T., Hedrick, J. A., Cook, D. N., Zingoni, A., Narula, 
S. K., Zlotnik, A., Barrat, F. J., O'Garra, A., Napolitano, M., and Lira, S. A.
(2001). Aberrant in vivo T helper type 2 cell response and impaired eosinophil 
recruitment in CC chemokine receptor 8 knockout mice. J Exp Med 193, 573-584.

Cho, J. H., Nicolae, D. L., Gold, L. H., Fields, C. T., LaBuda, M. C., Rohal, P. 
M., Pickles, M. R., Qin, L., Fu, Y., Mann, J. S., Kirschner, B. S., Jabs, E. W., 
Weber, J., Hanauer, S. B., Bayless, T. M., and Brant, S. R. (1998). Identification

225



of novel susceptibility loci for inflammatory bowel disease on chromosomes lp, 
3q, and 4q: evidence for epistasis between lp  and IBD1. Proc Natl Acad Sci U S 
A 95, 7502-7507.

Chodniewicz, D., and Zhelev, D. V. (2003a). Chemoattractant receptor-stimulated 
F-actin polymerization in the human neutrophil is signaled by 2 distinct pathways. 
Blood 101, 1181-1184.

Chodniewicz, D., and Zhelev, D. V. (2003b). Novel pathways of F-actin 
polymerization in the human neutrophil. Blood 102, 2251-2258.

Chou, M. M., and Blenis, J. (1996). The 70 kDa S6 kinase complexes with and is 
activated by the Rho family G proteins Cdc42 and Racl. Cell 85, 573-583.

Chung, C. D., Kuo, F., Kumer, J., Motani, A. S., Lawrence, C. E., Henderson, W. 
R., Jr., and Venkataraman, C. (2003). CCR8 is not essential for the development 
of inflammation in a mouse model of allergic airway disease. J Immunol 170, 
581-587.

Chung, J., Grammer, T. C., Lemon, K. P., Kazlauskas, A., and Blenis, J. (1994). 
PDGF- and insulin-dependent pp70S6k activation mediated by 
phosphatidylinositol-3-OH kinase. Nature 370, 71-75.

Chvatchko, Y., Hoogewerf, A. J., Meyer, A., Alouani, S., Juillard, P., Buser, R., 
Conquet, F., Proudfoot, A. E., Wells, T. N., and Power, C. A. (2000). A key role 
for CC chemokine receptor 4 in lipopolysaccharide-induced endotoxic shock. J 
Exp Med 797, 1755-1764.

Clark-Lewis, I., Kim, K., Rajarathnam, K., Gong, J., Dewald, B., Moser, B., 
Baggiolini, M., and Sykes, B. (1995). Structure-activity relationships of 
chemokines. J Leukoc Biol 57, 703-711.

Clark-Lewis, I., Mattioli, I., Gong, J. H., and Loetscher, P. (2003). Structure- 
function relationship between the human chemokine receptor CXCR3 and its 
ligands. J Biol Chem 278, 289-295.

Clayton, E., Bardi, G., Bell, S. E., Chantry, D., Downes, C. P., Gray, A., 
Humphries, L. A., Rawlings, D., Reynolds, H., Vigorito, E., and Turner, M. 
(2002). A crucial role for the pllOdelta subunit of phosphatidylinositol 3-kinase 
in B cell development and activation. J Exp Med 196, 753-763.

Coates, T. D., Watts, R. G., Hartman, R., and Howard, T. H. (1992). Relationship 
of F-actin distribution to development of polar shape in human 
polymorphonuclear neutrophils. J Cell Biol 777, 765-774.

Cocchi, F., DeVico, A. L., Garzino-Demo, A., Arya, S. K., Gallo, R. C., and 
Lusso, P. (1995). Identification of RANTES, MIP-1 alpha, and MIP-1 beta as the

226



major HIV-suppressive factors produced by CD8+ T cells. Science 270, 1811- 
1815.

Cole, A. M., Ganz, T., Liese, A. M., Burdick, M. D., Liu, L., and Strieter, R. M.
(2001). Cutting edge: IFN-inducible ELR- CXC chemokines display defensin-like 
antimicrobial activity. J Immunol 167, 623-627.

Cole, K. E., Strick, C. A., Paradis, T. J., Ogbome, K. T., Loetscher, M., Gladue, 
R. P., Lin, W., Boyd, J. G., Moser, B., Wood, D. E., Sahagan, B. G., and Neote, 
K. (1998). Inlerferon-inducible T cell alpha chemoattractant (I-TAC): a novel 
non-ELR CXC chemokine with potent activity on activated T cells through 
selective high affinity binding to CXCR3. J Exp Med 187, 2009-2021.

Cook, D. N., Prosser, D. M., Forster, R., Zhang, J., Kuklin, N. A., Abbondanzo, S. 
J., Niu, X. D., Chen, S. C., Manfra, D. J., Wiekowski, M. T., Sullivan, L. M., 
Smith, S. R., Greenberg, H. B., Narula, S. K., Lipp, M., and Lira, S. A. (2000). 
CCR6 mediates dendritic cell localization, lymphocyte homeostasis, and immune 
responses in mucosal tissue. Immunity 1 2 ,495-503.

Cox, M. A., Jenh, C. H., Gonsiorek, W., Fine, J., Narula, S. K., Zavodny, P. J., 
and Hipkin, R. W. (2001). Human interferon-inducible 10-kDa protein and human 
interferon-inducible T cell alpha chemoattractant are allotopic ligands for human 
CXCR3: differential binding to receptor states. Mol Pharmacol 59, 707-715.

Coyle, A. J., and Gutierrez-Ramos, J. C. (2001). The expanding B7 superfamily: 
increasing complexity in costimulatory signals regulating T cell function. Nat 
Immunol 2, 203-209.

Coyle, A. J., Lehar, S., Lloyd, C., Tian, J., Delaney, T., Manning, S., Nguyen, T., 
Burwell, T., Schneider, H., Gonzalo, J. A., Gosselin, M., Owen, L. R., Rudd, C.
E., and Gutierrez-Ramos, J. C. (2000). The CD28-related molecule ICOS is 
required for effective T cell-dependent immune responses. Immunity 13, 95-105.

Crackower, M. A., Oudit, G. Y., Kozieradzki, I., Sarao, R., Sun, H., Sasaki, T., 
Hirsch, E., Suzuki, A., Shioi, T., Irie-Sasaki, J., Sah, R., Cheng, H. Y., Rybin, V. 
O., Lembo, G., Fratta, L., Oliveira-dos-Santos, A. J., Benovic, J. L., Kahn, C. R., 
Izumo, S., Steinberg, S. F., Wymann, M. P., Backx, P. H., and Penninger, J. M.
(2002). Regulation of myocardial contractility and cell size by distinct PI3K- 
PTEN signaling pathways. Cell 110, 737-749.

Crews, C. M., Alessandrini, A., and Erikson, R. L. (1992). The primary structure 
of MEK, a protein kinase that phosphorylates the ERK gene product. Science 258, 
478-480.

Cross, D. A., Alessi, D. R., Cohen, P., Andjelkovich, M., and Hemmings, B. A. 
(1995). Inhibition of glycogen synthase kinase-3 by insulin mediated by protein 
kinase B. Nature 378, 785-789.

227



Cumock, A. P., Logan, M. K., and Ward, S. G. (2002). Chemokine signalling: 
pivoting around multiple phosphoinositide 3-kinases. Immunology 105, 125-136.

Cyster, J. G. (1999). Chemokines and cell migration in secondary lymphoid 
organs. Science 286, 2098-2102.

Damen, J. E., Liu, L., Rosten, P., Humphries, R. K., Jefferson, A. B., Majerus, P. 
W., and Krystal, G. (1996). The 145-kDa protein induced to associate with She by 
multiple cytokines is an inositol tetraphosphate and phosphatidylinositol 3,4,5- 
trisphosphate 5-phosphatase. PNAS 93, 1689-1693.

Datta, S. R., Dudek, H., Tao, X., Masters, S., Fu, H., Gotoh, Y., and Greenberg, 
M. E. (1997). Akt phosphorylation of BAD couples survival signals to the cell- 
intrinsic death machinery. Cell 91, 231-241.

Daum, S., Bauer, U., Foss, H. D., Schuppan, D., Stein, H., Riecken, E. O., and 
Ullrich, R. (1999). Increased expression of mRNA for matrix metalloproteinases- 
1 and -3 and tissue inhibitor of metalloproteinases-1 in intestinal biopsy 
specimens from patients with coeliac disease. Gut 44, 17-25.

Davies, S. P., Reddy, H., Caivano, M., and Cohen, P. (2000). Specificity and 
mechanism of action of some commonly used protein kinase inhibitors. Biochem 
J 557, 95-105.

Del Rio, L., Bennouna, S., Salinas, J., and Denkers, E. Y. (2001). CXCR2 
deficiency confers impaired neutrophil recruitment and increased susceptibility 
during Toxoplasma gondii infection. J Immunol 167, 6503-6509.

Della Rocca, G. J., Maudsley, S., Daaka, Y., Lefkowitz, R. J., and Luttrell, L. M.
(1999). Pleiotropic coupling of G protein-coupled receptors to the mitogen- 
activated protein kinase cascade. Role of focal adhesions and receptor tyrosine 
kinases. J Biol Chem 274, 13978-13984.

Dent, P., Haser, W., Haystead, T. A., Vincent, L. A., Roberts, T. M., and Sturgill, 
T. W. (1992). Activation of mitogen-activated protein kinase kinase by v-Raf in 
NIH 3T3 cells and in vitro. Science 257, 1404-1407.

DePaolo, R. W., Rollins, B. J., Kuziel, W., and Karpus, W. J. (2003). CC 
chemokine ligand 2 and its receptor regulate mucosal production of IL-12 and 
TGF-beta in high dose oral tolerance. J Immunol 171, 3560-3567.

Derijard, B., Raingeaud, J., Barrett, T., Wu, I. H., Han, J., Ulevitch, R. J., and 
Davis, R. J. (1995). Independent human MAP-kinase signal transduction 
pathways defined by MEK and MKK isoforms. Science 267, 682-685.

228



Der-Silaphet, T., Malysz, J., Hagel, S., Arsenault, A., and Huizinga, J. (1998). 
Interstitial cells of Cajal direct normal propulsive contractile activity in the mouse 
small intestine. Gastroenterology 114, 724-736.

deSchoolmeester, M. L., Little, M. C., Rollins, B. J., and Else, K. J. (2003). 
Absence of CC chemokine ligand 2 results in an altered Thl/Th2 cytokine balance 
and failure to expel Trichuris muris infection. J Immunol 170, 4693-4700.

DeSilva, D. R., Urdahl, K. B., and Jenkins, M. K. (1991). Clonal anergy is 
induced in vitro by T cell receptor occupancy in the absence of proliferation. J 
Immunol 147, 3261-3267.

Devalaraja, R. M., Nanney, L. B., Du, J., Qian, Q., Yu, Y., Devalaraja, M. N., and 
Richmond, A. (2000). Delayed wound healing in CXCR2 knockout mice. J Invest 
Dermatol 115, 234-244.

Di Cristofano, A., and Pandolfi, P. P. (2000). The multiple roles of PTEN in 
tumor suppression. Cell 100, 387-390.

Dignass, A. U., Stow, J. L., and Babyatsky, M. W. (1996). Acute epithelial injury 
in the rat small intestine in vivo is associated with expanded expression of 
transforming growth factor alpha and beta. Gut 38, 687-693.

Dijkstra, I. M., Hulshof, S., van der Valk, P., Boddeke, H. W., and Biber, K. 
(2004). Cutting edge: activity of human adult microglia in response to CC 
chemokine ligand 21. J Immunol 172, 2744-2747.

Dikic, I., Tokiwa, G., Lev, S., Courtneidge, S. A., and Schlessinger, J. (1996). A 
role for Pyk2 and Src in linking G-protein-coupled receptors with MAP kinase 
activation. Nature 383, 547-550.

Domin, J., Gaidarov, I., Smith, M. E. K., Keen, J. H., and Waterfield, M. D.
(2000). The Class II Phosphoinositide 3-Kinase PI3K-C2alpha Is Concentrated in 
the Trans-Golgi Network and Present in Clathrin-coated Vesicles. J Biol Chem 
275, 11943-11950.

Domin, J., Pages, F., Volinia, S., Rittenhouse, S. E., Zvelebil, M. J., Stein, R. C., 
and Waterfield, M. D. (1997). Cloning of a human phosphoinositide 3-kinase with 
a C2 domain that displays reduced sensitivity to the inhibitor wortmannin. 
Biochem J 326 ( Pt 1), 139-147.

Dong, H., Strome, S. E., Salomao, D. R., Tamura, H., Hirano, F., Flies, D. B., 
Roche, P. C., Lu, J., Zhu, G., Tamada, K., Lennon, V. A., Celis, E., and Chen, L.
(2002). Tumor-associated B7-H1 promotes T-cell apoptosis: a potential 
mechanism of immune evasion. Nat Med 8, 793-800.

229



Dong, H., Zhu, G., Tamada, K., and Chen, L. (1999). B7-H1, a third member of 
the B7 family, co-stimulates T-cell proliferation and interleukin-10 secretion. Nat 
Med 5, 1365-1369.

Dorling, A., Monk, N. J., and Lechler, R. I. (2000). HLA-G inhibits the 
transendothelial migration of human NK cells. Eur J Immunol 30, 586-593.

Dowler, S., Currie, R. A., Downes, C. P., and Alessi, D. R. (1999). DAPP1: a dual 
adaptor for phosphotyrosine and 3-phosphoinositides. Biochem J 342 ( Pt 1), 7- 
12.

Duerr, R. H., Barmada, M. M., Zhang, L., Davis, S., Preston, R. A., Chensny, L. 
J., Brown, J. L., Ehrlich, G. D., Weeks, D. E., and Aston, C. E. (1998). Linkage 
and association between inflammatory bowel disease and a locus on chromosome 
12. Am J Hum Genet 63, 95-100.

Duerr, R. H., Barmada, M. M., Zhang, L., Pfutzer, R., and Weeks, D. E. (2000). 
High-density genome scan in Crohn disease shows confirmed linkage to 
chromosome 14qll-12. Am J Hum Genet 66, 1857-1862.

Dufour, J. H., Dziejman, M., Liu, M. T., Leung, J. H., Lane, T. E., and Luster, A.
D. (2002). IFN-gamma-inducible protein 10 (IP-10; CXCL10)-deficient mice 
reveal a role for IP-10 in effector T cell generation and trafficking. J Immunol 
168, 3195-3204.

Dumas, J. J., Merithew, E., Sudharshan, E., Rajamani, D., Hayes, S., Lawe, D., 
Corvera, S., and Lambright, D. G. (2001). Multivalent endosome targeting by 
homodimeric EEA1. Mol Cell 8, 947-958.

Dutil, E. M., Toker, A., and Newton, A. C. (1998). Regulation of conventional 
protein kinase C isozymes by phosphoinositide-dependent kinase 1 (PDK-1). Curr 
Biol 8, 1366-1375.

Dwinell, M. B., Lugering, N., Eckmann, L., and Kagnoff, M. F. (2001). Regulated 
production of interferon-inducible T-cell chemoattractants by human intestinal 
epithelial cells. Gastroenterology 120 ,49-59.

Ebert, E. C., and Roberts, A. I. (1996). Human intestinal intraepithelial 
lymphocytes bind to mucosal mesenchymal cells through VLA4 and CD11 A. Cell 
Immunol 167, 108-114.

Ebert, L. M., and McColl, S. R. (2001). Coregulation of CXC chemokine receptor 
and CD4 expression on T lymphocytes during allogeneic activation. J Immunol 
166 ,4870-4878.

230



Eckmann, L., Kagnoff, M., and Fierer, J. (1993). Epithelial cells secrete the 
chemokine interleukin-8 in response to bacterial entry. Infect Immun 61, 4569- 
4574.

Fais, S., Capobianchi, M. R., Pallone, F., Di Marco, P., Boirivant, M., Dianzani,
F., and Torsoli, A. (1991). Spontaneous release of interferon gamma by intestinal 
lamina propria lymphocytes in Crohn's disease. Kinetics of in vitro response to 
interferon gamma inducers. Gut 32, 403-407.

Falasca, M., Logan, S. K., Lehto, V. P., Baccante, G., Lemmon, M. A., and 
Schlessinger, J. (1998). Activation of phospholipase C gamma by PI 3-kinase- 
induced PH domain-mediated membrane targeting. Embo J 17, 414-422.

Farber, J. M. (1990). A macrophage mRNA selectively induced by gamma- 
interferon encodes a member of the platelet factor 4 family of cytokines. Proc Natl 
Acad Sci U S A 87, 5238-5242.

Farber, J. M. (1993). HuMig: a new human member of the chemokine family of 
cytokines. Biochem Biophys Res Commun 192, 223-230.

Farzan, M., Babcock, G. J., Vasilieva, N., Wright, P. L., Kiprilov, E., Mirzabekov, 
T., and Choe, H. (2002). The role of post-translational modifications of the 
CXCR4 amino terminus in stromal-derived factor 1 alpha association and HIV-1 
entry. J Biol Chem 277, 29484-29489.

Farzan, M., Mirzabekov, T., Kolchinsky, P., Wyatt, R., Cayabyab, M., Gerard, N. 
P., Gerard, C., Sodroski, J., and Choe, H. (1999). Tyrosine sulfation of the amino 
terminus of CCR5 facilitates HIV-1 entry. Cell 96, 667-676.

Favier, C., Neut, C., Mizon, C., Cortot, A., Colombel, J. F., and Mizon, J. (1997). 
Fecal beta-D-galactosidase production and Bifidobacteria are decreased in Crohn's 
disease. Dig Dis Sci 42, 817-822.

Feng, Y., Broder, C. C., Kennedy, P. E., and Berger, E. A. (1996). HIV-1 entry 
cofactor: functional cDNA cloning of a seven-transmembrane, G protein-coupled 
receptor. Science 272, 872-877.

Fields, T. A., and Casey, P. J. (1995). Phosphorylation of Gz alpha by protein 
kinase C blocks interaction with the beta gamma complex. J Biol Chem 270, 
23119-23125.

Fiocchi, C. (1997). Intestinal inflammation: a complex interplay of immune and 
nonimmune cell interactions. Am J Physiol 273, G769-775.

Flier, J., Boorsma, D. M., Bruynzeel, D. P., Van Beek, P. J., Stoof, T. J., Scheper, 
R. J., Willemze, R., and Tensen, C. P. (1999). The CXCR3 activating chemokines

231



IP-10, Mig, and IP-9 are expressed in allergic but not in irritant patch test 
reactions. J Invest Dermatol 113, 574-578.

Flier, J., Boorsma, D. M., van Beek, P. J., Nieboer, C., Stoof, T. J., Willemze, R., 
and Tensen, C. P. (2001). Differential expression of CXCR3 targeting chemokines 
CXCL10, CXCL9, and CXCL11 in different types of skin inflammation. J Pathol 
194, 398-405.

Fong, A. M., Alam, S. M., Imai, T., Haribabu, B., and Patel, D. D. (2002). 
CX3CR1 tyrosine sulfation enhances fractalkine-induced cell adhesion. J Biol 
Chem 277, 19418-19423.

Forster, R., Mattis, A. E., Kremmer, E., Wolf, E., Brem, G., and Lipp, M. (1996). 
A putative chemokine receptor, BLR1, directs B cell migration to defined 
lymphoid organs and specific anatomic compartments of the spleen. Cell 87, 
1037-1047.

Forster, R., Schubel, A., Breitfeld, D., Kremmer, E., Renner-Muller, I., Wolf, E., 
and Lipp, M. (1999). CCR7 coordinates the primary immune response by 
establishing functional microenvironments in secondary lymphoid organs. Cell 
99, 23-33.

Foster, F. M., Traer, C. J., Abraham, S. M., and Fry, M. J. (2003). The 
phosphoinositide (PI) 3-kinase family. J Cell Sci 116, 3037-3040.

Franke, T. F., Kaplan, D. R., Cantley, L. C., and Toker, A. (1997). Direct 
regulation of the Akt proto-oncogene product by phosphatidylinositol-3,4- 
bisphosphate. Science 275, 665-668.

Freebum, R. W., Wright, K. L., Burgess, S. J., Astoul, E., Cantrell, D. A., and 
Ward, S. G. (2002). Evidence that SHIP-1 contributes to phosphatidylinositol
3,4,5-trisphosphate metabolism in T lymphocytes and can regulate novel 
phosphoinositide 3-kinase effectors. J Immunol 169, 5441-5450.

Freeman, G. J., Long, A. J., Iwai, Y., Bourque, K., Chernova, T., Nishimura, H., 
Fitz, L. J., Malenkovich, N., Okazaki, T., Byrne, M. C., Horton, H. F., Fouser, L., 
Carter, L., Ling, V., Bowman, M. R., Carreno, B. M., Collins, M., Wood, C. R., 
and Honjo, T. (2000). Engagement of the PD-1 immunoinhibitory receptor by a 
novel B7 family member leads to negative regulation of lymphocyte activation. J 
Exp Med 192, 1027-1034.

Friedman, S. L. (2000). Molecular Regulation of Hepatic Fibrosis, an Integrated 
Cellular Response to Tissue Injury. J Biol Chem 275, 2247-2250.

Fritsch, C., Simon-Assmann, P., Kedinger, M., and Evans, G. S. (1997). 
Cytokines modulate fibroblast phenotype and epithelial-stroma interactions in rat 
intestine. Gastroenterology 112, 826-838.

232



Fruman, D. A., Snapper, S. B., Yballe, C. M., Davidson, L., Yu, J. Y., Alt, F. W., 
and Cantley, L. C. (1999). Impaired B cell development and proliferation in 
absence of phosphoinositide 3-kinase p85alpha. Science 283, 393-397.

Fukao, T., Tanabe, M., Terauchi, Y., Ota, T., Matsuda, S., Asano, T., Kadowaki, 
T., Takeuchi, T., and Koyasu, S. (2002a). PI3K-mediated negative feedback 
regulation of IL-12 production in DCs. Nat Immunol 3, 875-881.

Fukao, T., Yamada, T., Tanabe, M., Terauchi, Y., Ota, T., Takayama, T., Asano, 
T., Takeuchi, T., Kadowaki, T., Hata Ji, J., and Koyasu, S. (2002b). Selective loss 
of gastrointestinal mast cells and impaired immunity in PI3K-deficient mice. Nat 
Immunol 3, 295-304.

Fulton, D., Gratton, J. P., McCabe, T. J., Fontana, J., Fujio, Y., Walsh, K., Franke, 
T. F., Papapetropoulos, A., and Sessa, W. C. (1999). Regulation of endothelium- 
derived nitric oxide production by the protein kinase Akt. Nature 399, 597-601.

Furuta, G. T., Ackerman, S. J., Varga, J., Spiess, A. M., Wang, M. Y., and 
Wershil, B. K. (2000). Eosinophil granule-derived major basic protein induces IL- 
8 expression in human intestinal myofibroblasts. Clin Exp Immunol 122, 35-40.

Fuss, I. J., Neurath, M., Boirivant, M., Klein, J. S., de la Motte, C., Strong, S. A., 
Fiocchi, C., and Strober, W. (1996). Disparate CD4+ lamina propria (LP) 
lymphokine secretion profiles in inflammatory bowel disease. Crohn's disease LP 
cells manifest increased secretion of IFN-gamma, whereas ulcerative colitis LP 
cells manifest increased secretion of IL-5. J Immunol 157, 1261-1270.

Galione, A., and Churchill, G. C. (2000). Cyclic ADP ribose as a calcium- 
mobilizing messenger. Sci STKE 2000, PEI.

Gao, W., Topham, P. S., King, J. A., Smiley, S. T., Csizmadia, V., Lu, B., Gerard,
C. J., and Hancock, W. W. (2000). Targeting of the chemokine receptor CCR1 
suppresses development of acute and chronic cardiac allograft rejection. J Clin 
Invest 105, 35-44.

Gasperini, S., Marchi, M., Calzetti, F., Laudanna, C., Vicentini, L., Olsen, H., 
Murphy, M., Liao, F., Farber, J., and Cassatella, M. A. (1999). Gene expression 
and production of the monokine induced by IFN-gamma (MIG), IFN-inducible T 
cell alpha chemoattractant (I-TAC), and EFN-gamma-inducible protein-10 (IP-10) 
chemokines by human neutrophils. J Immunol 162, 4928-4937.

Gattass, C. R., King, L. B., Luster, A. D., and Ashwell, J. D. (1994). Constitutive 
expression of interferon gamma-inducible protein 10 in lymphoid organs and 
inducible expression in T cells and thymocytes. J Exp Med 179, 1373-1378.

Genazzani, A. A., and Billington, R. A. (2002). NAADP: an atypical Ca2+- 
release messenger? Trends Pharmacol Sci 23, 165-167.

233



Gerard, C., and Rollins, B. J. (2001). Chemokines and disease. Nat Immunol 2, 
108-115.

Germain, R. N. (1994). MHC-dependent antigen processing and peptide 
presentation: providing ligands for T lymphocyte activation. Cell 7(5, 287-299.

Giacomini, P., Fisher, P. B., Duigou, G. J., Gambari, R., and Natali, P. G. (1988). 
Regulation of class II MHC gene expression by interferons: insights into the 
mechanism of action of interferon. Anticancer Res 8, 1153-1161.

Gillard, S. E., Lu, M., Mastracci, R. M., and Miller, R. J. (2002). Expression of 
functional chemokine receptors by rat cerebellar neurons. J Neuroimmunol 124, 
16-28.

Gillooly, D. J., Morrow, I. C., Lindsay, M., Gould, R., Bryant, N. J., Gaullier, J. 
M., Parton, R. G., and Stenmark, H. (2000). Localization of phosphatidylinositol 
3-phosphate in yeast and mammalian cells. Embo J 1 9 ,4577-4588.

Godiska, R., Chantry, D., Raport, C. J., Sozzani, S., Allavena, P., Leviten, D., 
Mantovani, A., and Gray, P. W. (1997). Human macrophage-derived chemokine 
(MDC), a novel chemoattractant for monocytes, monocyte-derived dendritic cells, 
and natural killer cells. J Exp Med 185, 1595-1604.

Goke, M., Kanai, M., and Podolsky, D. K. (1998). Intestinal fibroblasts regulate 
intestinal epithelial cell proliferation via hepatocyte growth factor. Am J Physiol 
Gastrointest Liver Physiol 274, G809-818.

Gold, M., Chan, V., Turck, C., and DeFranco, A. (1992). Membrane Ig cross- 
linking regulates phosphatidylinositol 3-kinase in B lymphocytes. J Immunol 148, 
2012- 2022.

Gonnella, P. A., Kodali, D., and Weiner, H. L. (2003). Induction of Low Dose 
Oral Tolerance in Monocyte Chemoattractant Protein-1- and CCR2-Deficient 
Mice. J Immunol 170, 2316-2322.

Gottlieb, A. B., Luster, A. D., Posnett, D. N., and Carter, D. M. (1988). Detection 
of a gamma interferon-induced protein IP-10 in psoriatic plaques. J Exp Med 168, 
941-948.

Graham, M. F., Bryson, G. R., and Diegelmann, R. F. (1990). Transforming 
growth factor beta 1 selectively augments collagen synthesis by human intestinal 
smooth muscle cells. Gastroenterology 99, 447-453.

Grimm, M. C., Elsbury, S. K., Pavli, P., and Doe, W. F. (1996). Enhanced 
expression and production of monocyte chemoattractant protein-1 in 
inflammatory bowel disease mucosa. J Leukoc Biol 59, 804-812.

234



Grip, O., Janciauskiene, S., and Lindgren, S. (2003). Macrophages in 
inflammatory bowel disease. Curr Drug Targets Inflamm Allergy 2, 155-160.

Gross, J. A., Callas, E., and Allison, J. P. (1992). Identification and distribution of 
the costimulatory receptor CD28 in the mouse. J Immunol 149, 380-388.

Gu, L., Okada, Y., Clinton, S. K., Gerard, C., Sukhova, G. K., Libby, P., and 
Rollins, B. J. (1998). Absence of monocyte chemoattractant protein-1 reduces 
atherosclerosis in low density lipoprotein receptor-deficient mice. Mol Cell 2, 
275-281.

Guinan, E. C., Gribben, J. G., Boussiotis, V. A., Freeman, G. J., and Nadler, L. M. 
(1994). Pivotal role of the B7:CD28 pathway in transplantation tolerance and 
tumor immunity. Blood 84, 3261-3282.

Haghnegahdar, H., Du, J., Wang, D., Strieter, R. M., Burdick, M. D., Nanney, L.
B., Cardwell, N., Luan, J., Shattuck-Brandt, R., and Richmond, A. (2000). The 
tumorigenic and angiogenic effects of MGSA/GRO proteins in melanoma. J 
Leukoc Biol 67, 53-62.

Hall, A. (1998). Rho GTPases and the actin cytoskeleton. Science 279, 509-514.

Hall, L. R., Diaconu, E., Patel, R., and Pearlman, E. (2001). CXC chemokine 
receptor 2 but not C-C chemokine receptor 1 expression is essential for neutrophil 
recruitment to the cornea in helminth-mediated keratitis (river blindness). J 
Immunol 166,4035-4041.

Halttunen, T., Marttinen, A., Rantala, I., Kainulainen, H., and Maki, M. (1996). 
Fibroblasts and transforming growth factor beta induce organization and 
differentiation of T84 human epithelial cells. Gastroenterology 111, 1252-1262.

Hancock, W. W., Gao, W., Csizmadia, V., Faia, K. L., Shemmeri, N., and Luster, 
A. D. (2001). Donor-derived IP-10 initiates development of acute allograft 
rejection. J Exp Med 193, 975-980.

Hancock, W. W., Lu, B., Gao, W., Csizmadia, V., Faia, K., King, J. A., Smiley, S. 
T., Ling, M., Gerard, N. P., and Gerard, C. (2000). Requirement of the chemokine 
receptor CXCR3 for acute allograft rejection. J Exp Med 192, 1515-1520.

Harding, F. A., McArthur, J. G., Gross, J. A., Raulet, D. H., and Allison, J. P. 
(1992). CD28-mediated signalling co-stimulates murine T cells and prevents 
induction of anergy in T-cell clones. Nature 356, 607-609.

Haslam, R. J., Koide, H. B., and Hemmings, B. A. (1993). Pleckstrin domain 
homology. Nature 363, 309-310.

235



Hathcock, K. S., Laszlo, G., Pucillo, C., Linsley, P., and Hodes, R. J. (1994). 
Comparative analysis of B7-1 and B7-2 costimulatory ligands: expression and 
function. J Exp Med 180, 631-640.

Hawkins, P. T., Jackson, T. R., and Stephens, L. R. (1992). Platelet-derived 
growth factor stimulates synthesis of PtdIns(3,4,5)P3 by activating a 
PtdIns(4,5)P2 3-OH kinase. Nature 358, 157-159.

Hayashi, H., Nishioka, Y., Kamohara, S., Kanai, F., Ishii, K., Fukui, Y., 
Shibasaki, F., Takenawa, T., Kido, H., and Katsunuma, N. (1993). The alpha-type 
85-kDa subunit of phosphatidylinositol 3-kinase is phosphorylated at tyrosines 
368, 580, and 607 by the insulin receptor. J Biol Chem 268, 7107-7117.

Hayday, A., Theodoridis, E., Ramsburg, E., and Shires, J. (2001). Intraepithelial 
lymphocytes: exploring the Third Way in immunology. Nat Immunol 2, 997- 
1003.

Hennig, G. W., Smith, C. B., O'Shea, D. M., and Smith, T. K. (2002). Patterns of 
intracellular and intercellular Ca2+ waves in the longitudinal muscle layer of the 
murine large intestine in vitro. J Physiol 543, 233-253.

Hemandez-Munoz, I., de la Torre, P., Sanchez-Alcazar, J. A., Garcia, I., Santiago,
E., Munoz-Yague, M. T., and Solis-Herruzo, J. A. (1997). Tumor necrosis factor 
alpha inhibits collagen alpha 1(1) gene expression in rat hepatic stellate cells 
through a G protein. Gastroenterology 113, 625-640.

Hiles, I. D., Otsu, M., Volinia, S., Fry, M. J., Gout, I., Dhand, R., Panayotou, G., 
Ruiz-Larrea, F., Thompson, A., Totty, N. F., Hsuan, J. J., Courtneidge, S. A., 
Parker, P. J., and Waterfield, M. D. (1992). Phosphatidylinositol 3-kinase: 
structure and expression of the 110 kd catalytic subunit. Cell 70 ,419-429.

Hinterleitner, T. A., Saada, J. I., Berschneider, H. M., Powell, D. W., and 
Valentich, J. D. (1996). IL-1 stimulates intestinal myofibroblast COX gene 
expression and augments activation of Cl- secretion in T84 cells. Am J Physiol 
Cell Physiol 271, C1262-1268.

Hirsch, E., Bosco, O., Tropel, P., Laffargue, M., Calvez, R., Altruda, F., Wymann, 
M., and Montrucchio, G. (2001). Resistance to thromboembolism in PI3Kgamma- 
deficient mice. Faseb J 15, 2019-2021.

Hirsch, E., Katanaev, V. L., Garlanda, C., Azzolino, O., Pirola, L., Silengo, L., 
Sozzani, S., Mantovani, A., Altruda, F., and Wymann, M. P. (2000). Central role 
for G protein-coupled phosphoinositide 3-kinase gamma in inflammation. Science 
287, 1049-1053.

236



Hogaboam, C. M., Snider, D. P., and Collins, S. M. (1996). Activation of T 
lymphocytes by syngeneic murine intestinal smooth muscle cells. 
Gastroenterology 110, 1456-1466.

Hogan, S. P., Mishra, A., Brandt, E. B., Royalty, M. P., Pope, S. M., 
Zimmermann, N., Foster, P. S., and Rothenberg, M. E. (2001). A pathological 
function for eotaxin and eosinophils in eosinophilic gastrointestinal inflammation. 
Nat Immunol 2, 353-360.

Hoogewerf, A. J., Kuschert, G. S., Proudfoot, A. E., Borlat, F., Clark-Lewis, I., 
Power, C. A., and Wells, T. N. (1997). Glycosaminoglycans mediate cell surface 
oligomerization of chemokines. Biochemistry 36, 13570-13578.

Horwitz, G. D., and Newsome, W. T. (1999). Separate signals for target selection 
and movement specification in the superior colliculus. Science 284, 1158-1161.

Huang, D. R., Wang, J., Kivisakk, P., Rollins, B. J., and Ransohoff, R. M. (2001). 
Absence of monocyte chemoattractant protein 1 in mice leads to decreased local 
macrophage recruitment and antigen-specific T helper cell type 1 immune 
response in experimental autoimmune encephalomyelitis. J Exp Med 193, 713- 
726.

Huber, T. B., Reinhardt, H. C., Exner, M., Burger, J. A., Kerjaschki, D., Saleem, 
M. A., and Pavenstadt, H. (2002). Expression of functional CCR and CXCR 
chemokine receptors in podocytes. J Immunol 168, 6244-6252.

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

Hugot, J. P., Laurent-Puig, P., Gower-Rousseau, C., Olson, J. M., Lee, J. C., 
Beaugerie, L., Naom, I., Dupas, J. L., Van Gossum, A., Orholm, M., Bonaiti- 
Pellie, C., Weissenbach, J., Mathew, C. G., Lennard-Jones, J. E., Cortot, A., 
Colombel, J. F., and Thomas, G. (1996). Mapping of a susceptibility locus for 
Crohn's disease on chromosome 16. Nature 379, 821-823.

Hull, M. A., Brough, J. L., Powe, D. G., Carter, G. I., Jenkins, D., and Hawkey, C. 
J. (1998). Expression of basic fibroblast growth factor in intact and ulcerated 
human gastric mucosa. Gut 43, 525-536.

Humbles, A. A., Lu, B., Friend, D. S., Okinaga, S., Lora, J., Al-garawi, A., 
Martin, T. R., Gerard, N. P., and Gerard, C. (2002). The murine CCR3 receptor 
regulates both the role of eosinophils and mast cells in allergen-induced airway 
inflammation and hyperresponsiveness. PNAS 99, 1479-1484.

237



Hutloff, A., Dittrich, A. M., Beier, K. C., Eljaschewitsch, B., Kraft, R., 
Anagnostopoulos, I., and Kroczek, R. A. (1999). ICOS is an inducible T-cell co­
stimulator structurally and functionally related to CD28. Nature 397, 263-266.

Inngjerdingen, M., Damaj, B., and Maghazachi, A. A. (2001). Expression and 
regulation of chemokine receptors in human natural killer cells. Blood 97, 367- 
375.

Inohara, N., Koseki, T., del Peso, L., Hu, Y., Yee, C., Chen, S., Carrio, R., 
Merino, J., Liu, D., Ni, J., and Nunez, G. (1999). N odi, an Apaf-l-like activator 
of caspase-9 and nuclear factor-kappaB. J Biol Chem 274, 14560-14567.

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

Ishida, Y., Agata, Y., Shibahara, K., and Honjo, T. (1992). Induced expression of 
PD-1, a novel member of the immunoglobulin gene superfamily, upon 
programmed cell death. Embo J 11, 3887-3895.

Ishizaki, T., Maekawa, M., Fujisawa, K., Okawa, K., Iwamatsu, A., Fujita, A., 
Watanabe, N., Saito, Y., Kakizuka, A., Morii, N., and Narumiya, S. (1996). The 
small GTP-binding protein Rho binds to and activates a 160 kDa Ser/Thr protein 
kinase homologous to myotonic dystrophy kinase. Embo J 15, 1885-1893.

Ishizuka, K., Sugimura, K., Homma, T., Matsuzawa, J., Mochizuki, T., 
Kobayashi, M., Suzuki, K., Otsuka, K., Tashiro, K., Yamaguchi, O., and Asakura,
H. (2001). Influence of interleukin-10 on the interleukin-1 receptor 
antagonist/interleukin-1 beta ratio in the colonic mucosa of ulcerative colitis. 
Digestion 63 Suppl 1, 22-27.

Izadpanah, A., Dwinell, M. B., Eckmann, L., Varki, N. M., and Kagnoff, M. F.
(2001). Regulated MIP-3alpha/CCL20 production by human intestinal epithelium: 
mechanism for modulating mucosal immunity. Am J Physiol Gastrointest Liver 
Physiol 280, G710-719.

Izikson, L., Klein, R. S., Charo, I. F., Weiner, H. L., and Luster, A. D. (2000). 
Resistance to experimental autoimmune encephalomyelitis in mice lacking the CC 
chemokine receptor (CCR)2. J Exp Med 192, 1075-1080.

Izzo, R. S., Witkon, K., Chen, A. I., Hadjiyane, C., Weinstein, M. I., and 
Pellecchia, C. (1993). Neutrophil-activating peptide (interleukin-8) in colonic 
mucosa from patients with Crohn's disease. Scand J Gastroenterol 28, 296-300.

James, S. R., Downes, C. P., Gigg, R., Grove, S. J., Holmes, A. B., and Alessi, D. 
R. (1996). Specific binding of the Akt-1 protein kinase to phosphatidylinositol

238



3,4,5-trisphosphate without subsequent activation. Biochem J 315 ( Pt 3), 709- 
713.

Jenh, C. H., Cox, M. A., Kaminski, H., Zhang, M., Byrnes, H., Fine, J., Lundell,
D., Chou, C. C., Narula, S. K., and Zavodny, P. J. (1999). Cutting edge: species 
specificity of the CC chemokine 6Ckine signaling through the CXC chemokine 
receptor CXCR3: human 6Ckine is not a ligand for the human or mouse CXCR3 
receptors. J Immunol 762, 3765-3769.

Jenkins, M. K., and Schwartz, R. H. (1987). Antigen presentation by chemically 
modified splenocytes induces antigen-specific T cell unresponsiveness in vitro 
and in vivo. J Exp Med 765, 302-319.

Jenkins, M. K., Taylor, P. S., Norton, S. D., and Urdahl, K. B. (1991). CD28 
delivers a costimulatory signal involved in antigen-specific IL-2 production by 
human T cells. J Immunol 147, 2461-2466.

Jensen, C. J., Buch, M. B., Krag, T. O., Hemmings, B. A., Gammeltoft, S., and 
Frodin, M. (1999). 90-kDa ribosomal S6 kinase is phosphorylated and activated 
by 3-phosphoinositide-dependent protein kinase-1. J Biol Chem 274, 27168- 
27176.

Jiang, Y., Chen, C., Li, Z., Guo, W., Gegner, J. A., Lin, S., and Han, J. (1996). 
Characterization of the structure and function of a new mitogen-activated protein 
kinase (p38beta). J Biol Chem 277, 17920-17926.

Jimenez-Sainz, M. C., Fast, B., Mayor, F., Jr., and Aragay, A. M. (2003). 
Signaling pathways for monocyte chemoattractant protein 1-mediated 
extracellular signal-regulated kinase activation. Mol Pharmacol 64, 773-782.

Jing, Q., Xin, S. M., Zhang, W. B., Wang, P., Qin, Y. W., and Pei, G. (2000). 
Lysophosphatidylcholine activates p38 and p42/44 mitogen-activated protein 
kinases in monocytic THP-1 cells, but only p38 activation is involved in its 
stimulated chemotaxis. Circ Res 87, 52-59.

Jinquan, T., Jing, C., Jacobi, H. H., Reimert, C. M., Millner, A., Quan, S., Hansen, 
J. B., Dissing, S., Mailing, H. J., Skov, P. S., and Poulsen, L. K. (2000). CXCR3 
expression and activation of eosinophils: role of IFN-gamma-inducible protein-10 
and monokine induced by IFN-gamma. J Immunol 765, 1548-1556.

Jobson, T. M., Billington, C. K., and Hall, I. P. (1998). Regulation of proliferation 
of human colonic subepithelial myofibroblasts by mediators important in 
intestinal inflammation. J Clin Invest 101, 2650-2657.

Jou, S. T., Carpino, N., Takahashi, Y., Piekorz, R., Chao, J. R., Wang, D., and 
Ihle, J. N. (2002). Essential, nonredundant role for the phosphoinositide 3-kinase

239



pllOdelta in signaling by the B-cell receptor complex. Mol Cell Biol 22, 8580- 
8591.

Joyce, N., Haire, M., and Palade, G. (1987). Morphologic and biochemical 
evidence for a contractile cell network within the rat intestinal mucosa. 
Gastroenterology 92, 68-81.

Jung, H. C., Eckmann, L., Yang, S. K., Panja, A., Fierer, J., Morzycka- 
Wroblewska, E., and Kagnoff, M. F. (1995). A distinct array of proinflammatory 
cytokines is expressed in human colon epithelial cells in response to bacterial 
invasion. J Clin Invest 95, 55-65.

Kandel, E. S., and Hay, N. (1999). The regulation and activities of the 
multifunctional serine/threonine kinase Akt/PKB. Exp Cell Res 253, 210-229.

Kane, L. P., Shapiro, V. S., Stokoe, D., and Weiss, A. (1999). Induction of NF- 
kappaB by the Akt/PKB kinase. Curr Biol 9, 601-604.

Kaplan, D. R., Whitman, M., Schaffhausen, B., Pallas, D. C., White, M., Cantley, 
L., and Roberts, T. M. (1987). Common elements in growth factor stimulation and 
oncogenic transformation: 85 kd phosphoprotein and phosphatidylinositol kinase 
activity. Cell 50, 1021-1029.

Karnitz, L., Sutor, S., and Abraham, R. (1994). The Src-family kinase, Fyn, 
regulates the activation of phosphatidylinositol 3-kinase in an interleukin 2- 
responsive T cell line. J Exp Med 179, 1799-1808.

Kaufman, K. A., Bowen, J. A., Tsai, A. F., Bluestone, J. A., Hunt, J. S., and Ober,
C. (1999). The CTLA-4 gene is expressed in placental fibroblasts. Mol Hum 
Reprod 5, 84-87.

Kavran, J. M., Klein, D. E., Lee, A., Falasca, M., Isakoff, S. J., Skolnik, E. Y., and 
Lemmon, M. A. (1998). Specificity and promiscuity in phosphoinositide binding 
by pleckstrin homology domains. J Biol Chem 273, 30497-30508.

Kawano, Y., Fukata, Y., Oshiro, N., Amano, M., Nakamura, T., Ito, M., 
Matsumura, F., Inagaki, M., and Kaibuchi, K. (1999). Phosphorylation of myosin- 
binding subunit (MBS) of myosin phosphatase by Rho-kinase in vivo. The Journal 
Of Cell Biology 147, 1023-1038.

Kemochan, L. E., Tran, B. N., Tangkijvanich, P., Melton, A. C., Tam, S. P., and 
Yee, H. F., Jr. (2002). Endothelin-1 stimulates human colonic myofibroblast 
contraction and migration. Gut 50, 65-70.

Khayyamian, S., Hutloff, A., Buchner, K., Grafe, M., Henn, V., Kroczek, R. A., 
and Mages, H. W. (2002). ICOS-ligand, expressed on human endothelial cells,

240



costimulates Thl and Th2 cytokine secretion by memory CD4+ T cells. Proc Natl 
Acad Sci U S A 99, 6198-6203.

Kim, C. H., and Broxmeyer, H. E. (1999). Chemokines: signal lamps for 
trafficking of T and B cells for development and effector function. J Leukoc Biol 
65, 6-15.

Kim, E. C., Zhu, Y., Andersen, V., Sciaky, D., Cao, H. J., Meekins, H., Smith, T. 
J., and Lance, P. (1998). Cytokine-mediated PGE2 expression in human colonic 
fibroblasts. Am J Physiol 275, C988-994.

Kimber, W. A., Trinkle-Mulcahy, L., Cheung, P. C., Deak, M., Marsden, L. J., 
Kieloch, A., Watt, S., Javier, R. T., Gray, A., Downes, C. P., Lucocq, J. M., and 
Alessi, D. R. (2002). Evidence that the tandem-pleckstrin-homology-domain- 
containing protein TAPP1 interacts with Ptd(3,4)P2 and the multi-PDZ-domain- 
containing protein MUPP1 in vivo. Biochem J 361, 525-536.

Klages, B., Brandt, U., Simon, M. I., Schultz, G., and Offermanns, S. (1999). 
Activation of G12/G13 results in shape change and Rho/Rho-kinase-mediated 
myosin light chain phosphorylation in mouse platelets. J Cell Biol 144, 745-754.

Klarlund, J. K., Guilherme, A., Holik, J. J., Virbasius, J. V., Chawla, A., and 
Czech, M. P. (1997). Signaling by phosphoinositide-3,4,5-trisphosphate through 
proteins containing pleckstrin and Sec7 homology domains. Science 275, 1927- 
1930.

Knall, C., Worthen, G. S., and Johnson, G. L. (1997). Interleukin 8-stimulated 
phosphatidylinositol-3-kinase activity regulates the migration of human 
neutrophils independent of extracellular signal-regulated kinase and p38 mitogen- 
activated protein kinases. PNAS 94, 3052-3057.

Knaus, U. G., and Bokoch, G. M. (1998). The p21Rac/Cdc42-activated kinases 
(PAKs). Int J Biochem Cell Biol 30, 857-862.

Koh, W. P., Chan, E., Scott, K., McCaughan, G., France, M., and Fazekas de St 
Groth, B. (1999). TCR-mediated involvement of CD4+ transgenic T cells in 
spontaneous inflammatory bowel disease in lymphopenic mice. J Immunol 162, 
7208-7216.

Kontoyiannis, D., Pasparakis, M., Pizarro, T. T., Cominelli, F., and Kollias, G. 
(1999). Impaired on/off regulation of TNF biosynthesis in mice lacking TNF AU- 
rich elements: implications for joint and gut-associated immunopathologies. 
Immunity 10, 387-398.

241



Kovacs, E., and DiPietro, L. (1994a). Fibrogenic cytokines and connective tissue 
production. FASEB J 8, 854-861.

Kozasa, T., and Gilman, A. G. (1996b). Protein kinase C phosphorylates G12 
alpha and inhibits its interaction with G beta gamma. J Biol Chem 271, 12562- 
12567.

Kraynov, V. S., Chamberlain, C., Bokoch, G. M., Schwartz, M. A., Slabaugh, S., 
and Hahn, K. M. (2000). Localized Rac activation dynamics visualized in living 
cells. Science 290, 333-337.

Krook, A., Lindstrom, B., Kjellander, J., Jarnerot, G., and Bodin, L. (1981). 
Relation between concentrations of metronidazole and Bacteroides spp in faeces 
of patients with Crohn's disease and healthy individuals. J Clin Pathol 34, 645- 
650.

Krump, E., Sanghera, J., Pelech, S., Furuya, W., and Grinstein, S. (1997). 
Chemotactic Peptide N-formyl-Met-Leu-Phe Activation of p38 Mitogen-activated 
Protein Kinase (MAPK) and MAPK-activated Protein Kinase-2 in Human 
Neutrophils. J Biol Chem 272, 937-944.

Kuhn, R., Lohler, J., Rennick, D., Rajewsky, K., and Muller, W. (1993). 
Interleukin- 10-deficient mice develop chronic enterocolitis. Cell 75, 263-274.

Kular, G., Loubtchenkov, M., Swigart, P., Whatmore, J., Ball, A., Cockcroft, S., 
and Wetzker, R. (1997). Co-operation of phosphatidylinositol transfer protein 
with phosphoinositide 3-kinase gamma in the formylmethionyl- 
leucylphenylalanine-dependent production of phosphatidylinositol 3,4,5- 
trisphosphate in human neutrophils. Biochem J 325 ( Pt 2), 299-301.

Kumar, S., Boehm, J., and Lee, J. C. (2003). p38 MAP kinases: key signalling 
molecules as therapeutic targets for inflammatory diseases. Nat Rev Drug Discov 
2,717-726.

Kunkel, E. J., Campbell, J. J., Haraldsen, G., Pan, J., Boisvert, J., Roberts, A. I., 
Ebert, E. C., Vierra, M. A., Goodman, S. B., Genovese, M. C., Wardlaw, A. J., 
Greenberg, H. B., Parker, C. M., Butcher, E. C., Andrew, D. P., and Agace, W. 
W. (2000). Lymphocyte CC chemokine receptor 9 and epithelial thymus- 
expressed chemokine (TECK) expression distinguish the small intestinal immune 
compartment: Epithelial expression of tissue-specific chemokines as an 
organizing principle in regional immunity. J Exp Med 192, 761-768.

Kurihara, T., Warr, G., Loy, J., and Bravo, R. (1997). Defects in macrophage 
recruitment and host defense in mice lacking the CCR2 chemokine receptor. J 
Exp Med 186, 1757-1762.

242



Kyriakis, J. M., App, H., Zhang, X. F., Banerjee, P., Brautigan, D. L., Rapp, U. 
R., and Avruch, J. (1992). Raf-1 activates MAP kinase-kinase. Nature 358, 417- 
421.

Laffargue, M., Calvez, R., Finan, P., Trifilieff, A., Barbier, M., Altruda, F., 
Hirsch, E., and Wymann, M. P. (2002). Phosphoinositide 3-kinase gamma is an 
essential amplifier of mast cell function. Immunity 1 6 ,441-451.

Lasagni, L., Francalanci, M., Annunziato, F., Lazzeri, E., Giannini, S., Cosmi, L., 
Sagrinati, C., Mazzinghi, B., Orlando, C., Maggi, E., Marra, F., Romagnani, S., 
Serio, M., and Romagnani, P. (2003). An alternatively spliced variant of CXCR3 
mediates the inhibition of endothelial cell growth induced by IP-10, Mig, and I- 
TAC, and acts as functional receptor for platelet factor 4. J Exp Med 197, 1537- 
1549.

Lauffenburger, D. A., and Horwitz, A. F. (1996). Cell migration: a physically 
integrated molecular process. Cell 84, 359-369.

Lawrance, I. C., Maxwell, L., and Doe, W. (2001). Altered response of intestinal 
mucosal fibroblasts to profibrogenic cytokines in inflammatory bowel disease. 
Inflamm Bowel Dis 7, 226-236.

Lee, H. H., and Farber, J. M. (1996). Localization of the gene for the human MIG 
cytokine on chromosome 4q21 adjacent to INP10 reveals a chemokine "mini­
cluster". Cytogenet Cell Genet 74, 255-258.

Leeb, S. N., Vogl, D., Falk, W., Scholmerich, J., Rogler, G., and Gelbmann, C. M.
(2002). Regulation of migration of human colonic myofibroblasts. Growth Factors 
20, 81-91.

Lenormand, P., Brondello, J. M., Brunet, A., and Pouyssegur, J. (1998). Growth 
factor-induced p42/p44 MAPK nuclear translocation and retention requires both 
MAPK activation and neosynthesis of nuclear anchoring proteins. J Cell Biol 142, 
625-633.

Leopoldt, D., Hanck, T., Exner, T., Maier, U., Wetzker, R., and Numberg, B.
(1998). Gbetagamma stimulates phosphoinositide 3-kinase-gamma by direct 
interaction with two domains of the catalytic p i 10 subunit. J Biol Chem 273, 
7024-7029.

Leung, T., Chen, X. Q., Manser, E., and Lim, L. (1996). The p l60  RhoA-binding 
kinase ROK alpha is a member of a kinase family and is involved in the 
reorganization of the cytoskeleton. Mol Cell Biol 16, 5313-5327.

Leung, T., Manser, E., Tan, L., and Lim, L. (1995). A novel serine/threonine 
kinase binding the Ras-related RhoA GTPase which translocates the kinase to 
peripheral membranes. J Biol Chem 270, 29051-29054.

243



Li, Z., Jiang, H., Xie, W., Zhang, Z., Smrcka, A. V., and Wu, D. (2000). Roles of 
PLC-beta2 and -beta3 and PDKgamma in chemoattractant-mediated signal 
transduction. Science 287, 1046-1049.

Linsley, P. S., Greene, J. L., Tan, P., Bradshaw, J., Ledbetter, J. A., Anasetti, C., 
and Damle, N. K. (1992). Coexpression and functional cooperation of CTLA-4 
and CD28 on activated T lymphocytes. J Exp Med 176, 1595-1604.

Lioubin, M., Algate, P., Tsai, S., Carlberg, K., Aebersold, A., and Rohrschneider, 
L. (1996). pl50Ship, a signal transduction molecule with inositol polyphosphate- 
5- phosphatase activity. Genes Dev 10, 1084-1095.

Liu, M. T., Chen, B. P., Oertel, P., Buchmeier, M. J., Armstrong, D., Hamilton, T.
A., and Lane, T. E. (2000a). The T cell chemoattractant IFN-inducible protein 10 
is essential in host defense against viral-induced neurologic disease. J Immunol 
165, 2327-2330.

Liu, Q. H., Williams, D. A., McManus, C., Baribaud, F., Dorns, R. W., Schols, D., 
De Clercq, E., Kotlikoff, M. I., Collman, R. G., and Freedman, B. D. (2000b). 
HIV-1 gpl20 and chemokines activate ion channels in primary macrophages 
through CCR5 and CXCR4 stimulation. Proc Natl Acad Sci U S A 97, 4832-4837.

Liu, X., Bai, X. F., Wen, J., Gao, J. X., Liu, J., Lu, P., Wang, Y., Zheng, P., and 
Liu, Y. (2001). B7H costimulates clonal expansion of, and cognate destruction of 
tumor cells by, CD8(+) T lymphocytes in vivo. J Exp Med 194, 1339-1348.

Liu, Z., Colpaert, S., D'Haens, G. R., Kasran, A., de Boer, M., Rutgeerts, P., 
Geboes, K., and Ceuppens, J. L. (1999). Hyperexpression of CD40 ligand 
(CD 154) in inflammatory bowel disease and its contribution to pathogenic 
cytokine production. J Immunol 163 ,4049-4057.

Loetscher, M., Gerber, B., Loetscher, P., Jones, S. A., Piali, L., Clark-Lewis, I., 
Baggiolini, M., and Moser, B. (1996). Chemokine receptor specific for IP10 and 
mig: structure, function, and expression in activated T-lymphocytes. J Exp Med 
184, 963-969.

Loetscher, M., Loetscher, P., Brass, N., Meese, E., and Moser, B. (1998). 
Lymphocyte-specific chemokine receptor CXCR3: regulation, chemokine binding 
and gene localization. Eur J Immunol 28, 3696-3705.

Loetscher, P., Pellegrino, A., Gong, J. H., Mattioli, I., Loetscher, M., Bardi, G., 
Baggiolini, M., and Clark-Lewis, I. (2001). The ligands of CXC chemokine 
receptor 3 ,1-TAC, Mig, and IP 10, are natural antagonists for CCR3. J Biol Chem 
276, 2986-2991.

244



Loetscher, P., Seitz, M., Clark-Lewis, I., Baggiolini, M., and Moser, B. (1994). 
Monocyte chemotactic proteins MCP-1, MCP-2, and MCP-3 are major attractants 
for human CD4+ and CD8+ T lymphocytes. Faseb J 8 , 1055-1060.

Lopez-Ilasaca, M., Crespo, P., Pellici, P. G., Gutkind, J. S., and Wetzker, R.
(1997). Linkage of G protein-coupled receptors to the MAPK signaling pathway 
through PI 3-kinase gamma. Science 275, 394-397.

Lowenstein, E. J., Daly, R. J., Batzer, A. G., Li, W., Margolis, B., Lammers, R., 
Ullrich, A., Skolnik, E. Y., Bar-Sagi, D., and Schlessinger, J. (1992). The SH2 
and SH3 domain-containing protein GRB2 links receptor tyrosine kinases to ras 
signaling. Cell 70, 431-442.

Luo, Y., Kim, R., Gabuzda, D., Mi, S., Collins-Racie, L. A., Lu, Z., Jacobs, K. A., 
and Dorf, M. E. (1998). The CXC-chemokine, H174: expression in the central 
nervous system. J Neurovirol 4, 575-585.

Luster, A. (2001). Chemokines regulate lymphocyte homing to the intestinal 
mucosa. Gastroenterology 120, 291-294.

Luster, A. D., Greenberg, S. M., and Leder, P. (1995). The IP-10 chemokine binds 
to a specific cell surface heparan sulfate site shared with platelet factor 4 and 
inhibits endothelial cell proliferation. J Exp Med 182, 219-231.

Luster, A. D., and Ravetch, J. V. (1987). Biochemical characterization of a 
gamma interferon-inducible cytokine (IP-10). J Exp Med 166, 1084-1097.

Luttrell, L. M., Ferguson, S. S., Daaka, Y., Miller, W. E., Maudsley, S., Della 
Rocca, G. J., Lin, F., Kawakatsu, H., Owada, K., Luttrell, D. K., Caron, M. G., 
and Lefkowitz, R. J. (1999). Beta-arrestin-dependent formation of beta2 
adrenergic receptor-Src protein kinase complexes. Science 283, 655-661.

MacDermott, R. P., Sanderson, I. R., and Reinecker, H. C. (1998). The central 
role of chemokines (chemotactic cytokines) in the immunopathogenesis of 
ulcerative colitis and Crohn's disease. Inflamm Bowel Dis 4, 54-67.

MacDonald, T. T., Monteleone, G., and Pender, S. L. (2000). Recent 
developments in the immunology of inflammatory bowel disease. Scand J 
Immunol 51, 2-9.

MacDougall, L. K., Domin, J., and Waterfield, M. D. (1995). A family of 
phosphoinositide 3-kinases in Drosophila identifies a new mediator of signal 
transduction. Current Biology 5, 1404-1415.

Mach, F., Sauty, A., Iarossi, A. S., Sukhova, G. K., Neote, K., Libby, P., and 
Luster, A. D. (1999). Differential expression of three T lymphocyte-activating

245



CXC chemokines by human atheroma-associated cells. J Clin Invest 104, 1041- 
1050.

Machesky, L. M., Atkinson, S. J., Ampe, C., Vandekerckhove, J., and Pollard, T. 
D. (1994). Purification of a cortical complex containing two unconventional actins 
from Acanthamoeba by affinity chromatography on profilin-agarose. J Cell Biol 
727, 107-115.

Machesky, L. M., and Insall, R. H. (1998). Scarl and the related Wiskott-Aldrich 
syndrome protein, WASP, regulate the actin cytoskeleton through the Arp2/3 
complex. Curr Biol 8, 1347-1356.

Madaule, P., Eda, M., Watanabe, N., Fujisawa, K., Matsuoka, T., Bito, H., 
Ishizaki, T., and Narumiya, S. (1998). Role of citron kinase as a target of the 
small GTPase Rho in cytokinesis. Nature 394, 491-494.

Madrid, L. V., Mayo, M. W., Reuther, J. Y., and Baldwin, A. S., Jr. (2001). Akt 
stimulates the transactivation potential of the RelA/p65 Subunit of NF-kappa B 
through utilization of the Ikappa B kinase and activation of the mitogen-activated 
protein kinase p38. J Biol Chem 276, 18934-18940.

Maehama, T., and Dixon, J. E. (1998). The tumor suppressor, PTEN/MMAC1, 
dephosphorylates the lipid second messenger, phosphatidylinositol 3,4,5- 
trisphosphate. J Biol Chem 273, 13375-13378.

Maehama, T., and Dixon, J. E. (1999). PTEN: a tumour suppressor that functions 
as a phospholipid phosphatase. Trends Cell Biol 9, 125-128.

Maekawa, M., Ishizaki, T., Boku, S., Watanabe, N., Fujita, A., Iwamatsu, A., 
Obinata, T., Ohashi, K., Mizuno, K., and Narumiya, S. (1999). Signaling from 
Rho to the actin cytoskeleton through protein kinases ROCK and LIM-kinase. 
Science 285, 895-898.

Maghazachi, A. A., Skalhegg, B. S., Rolstad, B., and Al-Aoukaty, A. (1997). 
Interferon-inducible protein-10 and lymphotactin induce the chemotaxis and 
mobilization of intracellular calcium in natural killer cells through pertussis toxin- 
sensitive and -insensitive heterotrimeric G-proteins. Faseb J 77, 765-774.

Mahida, Y. R., Beltinger, J., Makh, S., Goke, M., Gray, T., Podolsky, D. K., and 
Hawkey, C. J. (1997). Adult human colonic subepithelial myofibroblasts express 
extracellular matrix proteins and cyclooxygenase-1 and -2. Am J Physiol 273, 
G1341-1348.

Marchese, A., Heiber, M., Nguyen, T., Heng, H. H., Saldivia, V. R., Cheng, R., 
Murphy, P. M., Tsui, L. C., Shi, X., Gregor, P., and et al. (1995). Cloning and 
chromosomal mapping of three novel genes, GPR9, GPR10, and GPR14,

246



encoding receptors related to interleukin 8, neuropeptide Y, and somatostatin 
receptors. Genomics 29, 335-344.

Marra, F., DeFranco, R., Grappone, C., Milani, S., Pastacaldi, S., Pinzani, M., 
Romanelli, R. G., Laffi, G., and Gentilini, P. (1998). Increased expression of 
monocyte chemotactic protein-1 during active hepatic fibrogenesis: correlation 
with monocyte infiltration. Am J Pathol 752, 423-430.

Marra, F., Romanelli, R. G., Giannini, C., Failli, P., Pastacaldi, S., Arrighi, M. C., 
Pinzani, M., Laffi, G., Montalto, P., and Gentilini, P. (1999). Monocyte 
chemotactic protein-1 as a chemoattractant for human hepatic stellate cells. 
Hepatology 29, 140-148.

Mazanet, M. M., Neote, K., and Hughes, C. C. (2000). Expression of IFN- 
inducible T cell alpha chemoattractant by human endothelial cells is cyclosporin 
A-resistant and promotes T cell adhesion: implications for cyclosporin A-resistant 
immune inflammation. J Immunol 164, 5383-5388.

Mazzucchelli, L., Hauser, C., Zgraggen, K., Wagner, H., Hess, M., Laissue, J. A., 
and Mueller, C. (1994). Expression of interleukin-8 gene in inflammatory bowel 
disease is related to the histological grade of active inflammation. Am J Pathol 
144, 997-1007.

Mazzucchelli, L., Hauser, C., Zgraggen, K., Wagner, H. E., Hess, M. W., Laissue, 
J. A., and Mueller, C. (1996). Differential in situ expression of the genes encoding 
the chemokines MCP-1 and RANTES in human inflammatory bowel disease. J 
Pathol 178, 201-206.

McKaig, B. C., Makh, S. S., Hawkey, C. J., Podolsky, D. K., and Mahida, Y. R.
(1999). Normal human colonic subepithelial myofibroblasts enhance epithelial 
migration (restitution) via TGF-beta3. Am J Physiol 276, G 1087-1093.

Meddows-Taylor, S., Martin, D. J., and Tiemessen, C. T. (1999). Impaired 
interleukin-8-induced degranulation of polymorphonuclear neutrophils from 
human immunodeficiency virus type 1-infected individuals. Clin Diagn Lab 
Immunol 6, 345-351.

Melter, M., Exeni, A., Reinders, M. E., Fang, J. C., McMahon, G., Ganz, P., 
Hancock, W. W., and Briscoe, D. M. (2001). Expression of the chemokine 
receptor CXCR3 and its ligand IP-10 during human cardiac allograft rejection. 
Circulation 104, 2558-2564.

Miki, H., Suetsugu, S., and Takenawa, T. (1998). WAVE, a novel WASP-family 
protein involved in actin reorganization induced by Rac. EMBO J 77, 6932-6941.

247



Miki, H., Yamaguchi, H., Suetsugu, S., and Takenawa, T. (2000). IRSp53 is an 
essential intermediate between Rac and WAVE in the regulation of membrane 
ruffling. Nature 408, 732-735.

Misawa, H., Ohtsubo, M., Copeland, N. G., Gilbert, D. J., Jenkins, N. A., and 
Yoshimura, A. (1998). Cloning and characterization of a novel class II 
phosphoinositide 3-kinase containing C2 domain. Biochem Biophys Res Commun 
244,531-539.

Mohan, K., Ding, Z., Hanly, J., and Issekutz, T. B. (2002). IFN-gamma-inducible 
T cell alpha chemoattractant is a potent stimulator of normal human blood T 
lymphocyte transendothelial migration: differential regulation by IFN-gamma and 
TNF-alpha. J Immunol 168, 6420-6428.

Molberg, O., McAdam, S. N., Komer, R., Quarsten, H., Kristiansen, C., Madsen, 
L., Fugger, L., Scott, H., Noren, O., Roepstorff, P., Lundin, K. E., Sjostrom, H., 
and Sollid, L. M. (1998). Tissue transglutaminase selectively modifies gliadin 
peptides that are recognized by gut-derived T cells in celiac disease. Nat Med 4, 
713-717.

Molz, L., Chen, Y. W., Hirano, M., and Williams, L. T. (1996). Cpk is a novel 
class of Drosophila Ptdlns 3-kinase containing a C2 domain. J Biol Chem 271, 
13892-13899.

Mombaerts, P., Mizoguchi, E., Grusby, M. J., Glimcher, L. H., Bhan, A. K., and 
Tonegawa, S. (1993). Spontaneous development of inflammatory bowel disease in 
T cell receptor mutant mice. Cell 75, 274-282.

Monteleone, G., Biancone, L., Marasco, R., Morrone, G., Marasco, O., Luzza, F., 
and Pallone, F. (1997). Interleukin 12 is expressed and actively released by 
Crohn's disease intestinal lamina propria mononuclear cells. Gastroenterology 
112, 1169-1178.

Mowat, A. M. (2003). Anatomical basis of tolerance and immunity to intestinal 
antigens. Nat Rev Immunol 3, 331-341.

Mowat, A. M., and Viney, J. L. (1997). The anatomical basis of intestinal 
immunity. Immunol Rev 156, 145-166.

Muehlhoefer, A., Saubermann, L. J., Gu, X., Luedtke-Heckenkamp, K., Xavier, 
R., Blumberg, R. S., Podolsky, D. K., MacDermott, R. P., and Reinecker, H. C.
(2000). Fractalkine is an epithelial and endothelial cell-derived chemoattractant 
for intraepithelial lymphocytes in the small intestinal mucosa. J Immunol 164, 
3368-3376.

Murphy, P. M. (2002). International Union of Pharmacology. XXX. Update on 
Chemokine Receptor Nomenclature. Pharmacol Rev 54, 227-229.

248



Murphy, P. M., Baggiolini, M., Charo, I. F., Hebert, C. A., Horuk, R., 
Matsushima, K., Miller, L. H., Oppenheim, J. J., and Power, C. A. (2000). 
International Union of Pharmacology. XXII. Nomenclature for Chemokine 
Receptors. Pharmacol Rev 52, 145-176.

Musso, A., Condon, T. P., West, G. A., De La Motte, C., Strong, S. A., Levine, A. 
D., Bennett, C. F., and Fiocchi, C. (1999). Regulation of ICAM-1-mediated 
fibroblast-T cell reciprocal interaction: implications for modulation of gut 
inflammation. Gastroenterology 117, 546-556.

Myers, M. P., Pass, I., Batty, I. H., Van der Kaay, J., Stolarov, J. P., Hemmings,
B. A., Wigler, M. H., Downes, C. P., and Tonks, N. K. (1998). The lipid 
phosphatase activity of PTEN is critical for its tumor supressor function. PNAS 
95, 13513-13518.

Nagao, M., Yamauchi, J., Kaziro, Y., and Itoh, H. (1998). Involvement of protein 
kinase C and Src family tyrosine kinase in Galphaq/11-induced activation of c-Jun 
N-terminal kinase and p38 mitogen-activated protein kinase. J Biol Chem 273, 
22892-22898.

Nagaraju, K., Raben, N., Villalba, M. L., Danning, C., Loeffler, L. A., Lee, E., 
Tresser, N., Abati, A., Fetsch, P., and Plotz, P. H. (1999). Costimulatory markers 
in muscle of patients with idiopathic inflammatory myopathies and in cultured 
muscle cells. Clin Immunol 92, 161-169.

Nagasawa, T., Hirota, S., Tachibana, K., Takakura, N., Nishikawa, S., Kitamura, 
Y., Yoshida, N., Kikutani, H., and Kishimoto, T. (1996). Defects of B-cell 
lymphopoiesis and bone-marrow myelopoiesis in mice lacking the CXC 
chemokine PBSF/SDF-1. Nature 382, 635-638.

Nakazawa, A., Watanabe, M., Kanai, T., Yajima, T., Yamazaki, M., Ogata, H., 
Ishii, H., Azuma, M., and Hibi, T. (1999). Functional expression of costimulatory 
molecule CD86 on epithelial cells in the inflamed colonic mucosa. 
Gastroenterology 117, 536-545.

Nardelli, B., Tiffany, H. L., Bong, G. W., Yourey, P. A., Morahan, D. K., Li, Y., 
Murphy, P. M., and Alderson, R. F. (1999). Characterization of the signal 
transduction pathway activated in human monocytes and dendritic cells by MPIF- 
1, a specific ligand for CC chemokine receptor 1. J Immunol 162 ,435-444.

Neote, K., Mak, J. Y., Kolakowski, L. F., Jr., and Schall, T. J. (1994). Functional 
and biochemical analysis of the cloned Duffy antigen: identity with the red blood 
cell chemokine receptor. Blood 84, 44-52.

Nibbs, R. J., Wylie, S. M., Yang, J., Landau, N. R., and Graham, G. J. (1997). 
Cloning and characterization of a novel promiscuous human beta-chemokine 
receptor D6. J Biol Chem 272, 32078-32083.

249



Niggemann, B., Maaser, K., Lu, H., Kroczek, R., Zanker, K. S., and Friedl, P.
(1997). Locomotory phenotypes of human tumor cell lines and T lymphocytes in 
a three-dimensional collagen lattice. Cancer Lett 118, 173-180.

Nikolaus, S., Bauditz, J., Gionchetti, P., Witt, C., Lochs, H., and Schreiber, S.
(1998). Increased secretion of pro-inflammatory cytokines by circulating 
polymorphonuclear neutrophils and regulation by interleukin 10 during intestinal 
inflammation. Gut 42, 470-476.

Nishimura, H., Honjo, T., and Minato, N. (2000). Facilitation of beta selection 
and modification of positive selection in the thymus of PD-1-deficient mice. J Exp 
Med 191, 891-898.

Nobes, C. D., and Hall, A. (1995). Rho, rac, and cdc42 GTPases regulate the 
assembly of multimolecular focal complexes associated with actin stress fibers, 
lamellipodia, and filopodia. Cell 81, 53-62.

Offermanns, S., Hu, Y.-H., and Simon, M. I. (1996). Galpha 12 and Galpha 13 
Are Phosphorylated during Platelet Activation. J Biol Chem 271, 26044-26048.

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

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

Okkenhaug, K., Bilancio, A., Farjot, G., Priddle, H., Sancho, S., Peskett, E., 
Pearce, W., Meek, S. E., Salpekar, A., Waterfield, M. D., Smith, A. J., and 
Vanhaesebroeck, B. (2002). Impaired B and T cell antigen receptor signaling in 
p i lOdelta PI 3-kinase mutant mice. Science 297, 1031-1034.

Opdenakker, G., and Van Damme, J. (1994). Cytokine-regulated proteases in 
autoimmune diseases. Immunol Today 15, 103-107.

Oppenheim, J. J., Zachariae, C. O., Mukaida, N., and Matsushima, K. (1991). 
Properties of the novel proinflammatory supergene "intercrine" cytokine family. 
Annu Rev Immunol 9, 617-648.

Otsu, M., Hiles, I., Gout, I., Fry, M. J., Ruiz-Larrea, F., Panayotou, G., 
Thompson, A., Dhand, R., Hsuan, J., Totty, N., Smith, A. D., Morgan, S. J., 
Courtneidge, S. A., Parker, P. J., and Waterfield, M. D. (1991b). Characterization 
of two 85 kd proteins that associate with receptor tyrosine kinases, middle- 
T/pp60c-src complexes, and PI3-kinase. Cell 65, 91-104.

250



Pages, G., Guerin, S., Grail, D., Bonino, F., Smith, A., Anjuere, F., Auberger, P., 
and Pouyssegur, J. (1999). Defective thymocyte maturation in p44 MAP kinase 
(Erk 1) knockout mice. Science 286, 1374-1377.

Pang, G., Couch, L., Batey, R., Clancy, R., and Cripps, A. (1994). GM-CSF, IL-1 
alpha, IL-1 beta, IL-6, IL-8, IL-10, ICAM-1 and VCAM-1 gene expression and 
cytokine production in human duodenal fibroblasts stimulated with 
lipopolysaccharide, IL-1 alpha and TNF-alpha. Clin Exp Immunol 9 6 ,437-443.

Papadakis, K. A., Prehn, J., Moreno, S. T., Cheng, L., Kouroumalis, E. A., Deem, 
R., Breaverman, T., Ponath, P. D., Andrew, D. P., Green, P. H., Hodge, M. R., 
Binder, S. W., and Targan, S. R. (2001). CCR9-positive lymphocytes and thymus- 
expressed chemokine distinguish small bowel from colonic Crohn's disease. 
Gastroenterology 121, 246-254.

Parronchi, P., Romagnani, P., Annunziato, F., Sampognaro, S., Becchio, A., 
Giannarini, L., Maggi, E., Pupilli, C., Tonelli, F., and Romagnani, S. (1997). Type 
1 T-helper cell predominance and interleukin-12 expression in the gut of patients 
with Crohn's disease. Am J Pathol 150, 823-832.

Parry, R. V., Reif, K., Smith, G., Sansom, D. M., Hemmings, B. A., and Ward, S. 
G. (1997). Ligation of the T cell co-stimulatory receptor CD28 activates the 
serine-threonine protein kinase protein kinase B. Eur J Immunol 27, 2495-2501.

Pascal, R. R., Kaye, G. I., and Lane, N. (1968). Colonic pericryptal fibroblast 
sheath: replication, migration, and cytodifferentiation of a mesenchymal cell 
system in adult tissue. I. Autoradiographic studies of normal rabbit colon. 
Gastroenterology 54, 835-851.

Pechhold, K., Patterson, N. B., Craighead, N., Lee, K. P., June, C. H., and Harlan, 
D. M. (1997). Inflammatory cytokines IFN-gamma plus TNF-alpha induce 
regulated expression of CD80 (B7-1) but not CD86 (B7-2) on murine fibroblasts. 
J Immunol 158, 4921-4929.

Perlmann, P., and Broberger, O. (1963). In vitro studies of ulcerative colitis. II. 
Cytotoxic action of white blood cells from patients on human fetal colon cells. J 
Exp Med 117, 717-733.

Pierrat, B., Correia, J. S., Mary, J. L., Tomas-Zuber, M., and Lesslauer, W.
(1998). RSK-B, a novel ribosomal S6 kinase family member, is a CREB kinase 
under dominant control of p38alpha mitogen-activated protein kinase 
(p38alphaMAPK). J Biol Chem 273, 29661-29671.

Pollard, T. D., Blanchoin, L., and Mullins, R. D. (2000). Molecular mechanisms 
controlling actin filament dynamics in nonmuscle cells. Annu Rev Biophys 
Biomol Struct 29, 545-576.

251



Pollard, T. D., and Borisy, G. G. (2003). Cellular motility driven by assembly and 
disassembly of actin filaments. Cell 112, 453-465.

Ponting, C. P. (1996). Novel domains in NADPH oxidase subunits, sorting 
nexins, and Ptdlns 3-kinases: binding partners of SH3 domains? Protein Sci 5, 
2353-2357.

Powell, D. W., Mifflin, R. C., Valentich, J. D., Crowe, S. E., Saada, J. I., and 
West, A. B. (1999). Myofibroblasts. I. Paracrine cells important in health and 
disease. Am J Physiol 277, C l -9.

Powrie, F., Leach, M. W., Mauze, S., Menon, S., Caddie, L. B., and Coffman, R. 
L. (1994). Inhibition of Thl responses prevents inflammatory bowel disease in 
scid mice reconstituted with CD45RBhi CD4+ T cells. Immunity 1, 553-562.

Prasad, D. V., Richards, S., Mai, X. M., and Dong, C. (2003). B7S1, a novel B7 
family member that negatively regulates T cell activation. Immunity 18, 863-873.

Prehoda, K. E., Scott, J. A., Mullins, R. D., and Lim, W. A. (2000). Integration of 
multiple signals through cooperative regulation of the N-WASP-Arp2/3 complex. 
Science 290, 801-806.

Preobrazhensky, A. A., Dragan, S., Kawano, T., Gavrilin, M. A., Gulina, I. V., 
Chakravarty, L., and Kolattukudy, P. E. (2000). Monocyte chemotactic protein-1 
receptor CCR2B is a glycoprotein that has tyrosine sulfation in a conserved 
extracellular N-terminal region. J Immunol 165, 5295-5303.

Pruyne, D., Evangelista, M., Yang, C., Bi, E., Zigmond, S., Bretscher, A., and 
Boone, C. (2002). Role of formins in actin assembly: nucleation and barbed-end 
association. Science 297, 612-615.

Ptasznik, A., Prossnitz, E. R., Yoshikawa, D., Smrcka, A., Traynor-Kaplan, A. E., 
and Bokoch, G. M. (1996). A tyrosine kinase signaling pathway accounts for the 
majority of phosphatidylinositol 3,4,5-trisphosphate formation in chemoattractant- 
stimulated human neutrophils. J Biol Chem 271, 25204-25207.

Pucilowska, J. B., Williams, K. L., and Lund, P. K. (2000). Fibrogenesis IV. 
Fibrosis and inflammatory bowel disease: cellular mediators and animal models. 
Am J Physiol Gastrointest Liver Physiol 279, G653-659.

Qin, S., Rottman, J. B., Myers, P., Kassam, N., Weinblatt, M., Loetscher, M., 
Koch, A. E., Moser, B., and Mackay, C. R. (1998). The chemokine receptors 
CXCR3 and CCR5 mark subsets of T cells associated with certain inflammatory 
reactions. J Clin Invest 101, 746-754.

252



Raab, Y., Gerdin, B., Ahlstedt, S., and Hallgren, R. (1993). Neutrophil mucosal 
involvement is accompanied by enhanced local production of interleukin-8 in 
ulcerative colitis. Gut 34, 1203-1206.

Rabin, R. L., Park, M. K., Liao, F., Swofford, R., Stephany, D., and Farber, J. M.
(1999). Chemokine receptor responses on T cells are achieved through regulation 
of both receptor expression and signaling. J Immunol 162, 3840-3850.

Raingeaud, J., Whitmarsh, A. J., Barrett, T., Derijard, B., and Davis, R. J. (1996). 
MKK3- and MKK6-regulated gene expression is mediated by the p38 mitogen- 
activated protein kinase signal transduction pathway. Mol Cell Biol 16, 1247- 
1255.

Rameh, L. E., and Cantley, L. C. (1999). The role of phosphoinositide 3-kinase 
lipid products in cell function. J Biol Chem 274, 8347-8350.

Rane, M., Carrithers, S., Arthur, J., Klein, J., and McLeish, K. (1997). Formyl 
peptide receptors are coupled to multiple mitogen-activated protein kinase 
cascades by distinct signal transduction pathways: role in activation of reduced 
nicotinamide adenine dinucleotide oxidase. J Immunol 159, 5070-5078.

Rani, M. R., Foster, G. R., Leung, S., Leaman, D., Stark, G. R., and Ransohoff, R. 
M. (1996). Characterization of beta-Rl, a gene that is selectively induced by 
interferon beta (IFN-beta) compared with IFN-alpha. J Biol Chem 271, 22878- 
22884.

Rappert, A., Biber, K., Nolte, C., Lipp, M., Schubel, A., Lu, B., Gerard, N. P., 
Gerard, C., Boddeke, H. W., and Kettenmann, H. (2002). Secondary lymphoid 
tissue chemokine (CCL21) activates CXCR3 to trigger a Cl- current and 
chemotaxis in murine microglia. J Immunol 168, 3221-3226.

Reif, K., and Cantrell, D. A. (1998). Networking Rho family GTPases in 
lymphocytes. Immunity 8, 395-401.

Reinecker, H. C., and Podolsky, D. K. (1995). Human intestinal epithelial cells 
express functional cytokine receptors sharing the common gamma c chain of the 
interleukin 2 receptor. Proc Natl Acad Sci U S A 92, 8353-8357.

Reinecker, H. C., Steffen, M., Witthoeft, T., Pflueger, I., Schreiber, S., 
MacDermott, R. P., and Raedler, A. (1993). Enhanced secretion of tumour 
necrosis factor-alpha, IL-6, and IL-1 beta by isolated lamina propria mononuclear 
cells from patients with ulcerative colitis and Crohn's disease. Clin Exp Immunol 
94, 174-181.

Reinhart, T. A., Fallert, B. A., Pfeifer, M. E., Sanghavi, S., Capuano, S., 3rd, 
Rajakumar, P., Murphey-Corb, M., Day, R., Fuller, C. L., and Schaefer, T. M. 
(2002). Increased expression of the inflammatory chemokine CXC chemokine

253



ligand 9/monokine induced by interferon-gamma in lymphoid tissues of rhesus 
macaques during simian immunodeficiency virus infection and acquired 
immunodeficiency syndrome. Blood 99, 3119-3128.

Rennick, D. M., and Fort, M. M. (2000). Lessons from genetically engineered 
animal models. XII. IL-10-deficient (EL-10(-/-) mice and intestinal inflammation. 
Am J Physiol Gastrointest Liver Physiol 278, G829-833.

Richards, S. A., Dreisbach, V. C., Murphy, L. O., and Blenis, J. (2001). 
Characterization of regulatory events associated with membrane targeting of p90 
ribosomal S6 kinase 1. Mol Cell Biol 21, 7470-7480.

Ridley, A. J. (2001). Rho GTPases and cell migration. Journal Of Cell Science 
114, 2713-2722.

Ridley, A. J., and Hall, A. (1992). The small GTP-binding protein rho regulates 
the assembly of focal adhesions and actin stress fibers in response to growth 
factors. Cell 70, 389-399.

Ridley, A. J., Paterson, H. F., Johnston, C. L., Diekmann, D., and Hall, A. (1992). 
The small GTP-binding protein rac regulates growth factor-induced membrane 
ruffling. Cell 70, 401-410.

Ridley, A. J., Schwartz, M. A., Burridge, K., Firtel, R. A., Ginsberg, M. H., 
Borisy, G., Parsons, J. T., and Horwitz, A. R. (2003). Cell migration: integrating 
signals from front to back. Science 302, 1704-1709.

Rioux, J. D., Silverberg, M. S., Daly, M. J., Steinhart, A. H., McLeod, R. S., 
Griffiths, A. M., Green, T., Brettin, T. S., Stone, V., Bull, S. B., Bitton, A., 
Williams, C. N., Greenberg, G. R., Cohen, Z., Lander, E. S., Hudson, T. J., and 
Siminovitch, K. A. (2000). Genomewide search in Canadian families with 
inflammatory bowel disease reveals two novel susceptibility loci. Am J Hum 
Genet 66, 1863-1870.

Rizo, J., and Sudhof, T. C. (1998). C2-domains, Structure and Function of a 
Universal Ca2+-binding Domain. J Biol Chem 273, 15879-15882.

Roberts, A. I., Nadler, S. C., and Ebert, E. C. (1997). Mesenchymal cells stimulate 
human intestinal intraepithelial lymphocytes. Gastroenterology 113, 144-150.

Robledo, M. M., Bartolome, R. A., Longo, N., Rodriguez-Frade, J. M., Mellado, 
M., Longo, I., van Muijen, G. N., Sanchez-Mateos, P., and Teixido, J. (2001). 
Expression of functional chemokine receptors CXCR3 and CXCR4 on human 
melanoma cells. J Biol Chem 276 ,45098-45105.

Romagnani, P., Annunziato, F., Lasagni, L., Lazzeri, E., Beltrame, C., 
Francalanci, M., Uguccioni, M., Galli, G., Cosmi, L., Maurenzig, L., Baggiolini,

254



M., Maggi, E., Romagnani, S., and Serio, M. (2001a). Cell cycle-dependent 
expression of CXC chemokine receptor 3 by endothelial cells mediates angiostatic 
activity. J Clin Invest 107, 53-63.

Romagnani, P., Annunziato, F., Lazzeri, E., Cosmi, L., Beltrame, C., Lasagni, L., 
Galli, G., Francalanci, M., Manetti, R., Marra, F., Vanini, V., Maggi, E., and 
Romagnani, S. (2001b). Interferon-inducible protein 10, monokine induced by 
interferon gamma, and interferon-inducible T-cell alpha chemoattractant are 
produced by thymic epithelial cells and attract T-cell receptor (TCR) alphabeta+ 
CD8+ single-positive T cells, TCRgammadelta+ T cells, and natural killer-type 
cells in human thymus. Blood 97, 601-607.

Rozakis-Adcock, M., Femley, R., Wade, J., Pawson, T., and Bowtell, D. (1993). 
The SH2 and SH3 domains of mammalian Grb2 couple the EGF receptor to the 
Ras activator m Sosl. Nature 363, 83-85.

Sadlack, B., Merz, H., Schorle, H., Schimpl, A., Feller, A. C., and Horak, I. 
(1993). Ulcerative colitis-like disease in mice with a disrupted interleukin-2 gene. 
Cell 75, 253-261.

Saeki, H., Moore, A. M., Brown, M. J., and Hwang, S. T. (1999). Cutting edge: 
secondary lymphoid-tissue chemokine (SLC) and CC chemokine receptor 7 
(CCR7) participate in the emigration pathway of mature dendritic cells from the 
skin to regional lymph nodes. J Immunol 162, 2472-2475.

Sagot, I., Klee, S. K., and Pellman, D. (2002). Yeast formins regulate cell polarity 
by controlling the assembly of actin cables. Nat Cell Biol 4, 42-50.

Sah, V. P., Seasholtz, T. M., Sagi, S. A., and Brown, J. H. (2000). The role of Rho 
in G protein-coupled receptor signal transduction. Annu Rev Pharmacol Toxicol 
40, 459-489.

Salcedo, R., Resau, J. H., Halverson, D., Hudson, E. A., Dambach, M., Powell, 
D., Wasserman, K., and Oppenheim, J. J. (2000). Differential expression and 
responsiveness of chemokine receptors (CXCR1-3) by human micro vascular 
endothelial cells and umbilical vein endothelial cells. Faseb J 14, 2055-2064.

Salim, K., Bottomley, M., Querfurth, E., Zvelebil, M., Gout, I., Scaife, R., 
Margolis, R., Gigg, R., Smith, C., Driscoll, P., Waterfield, M., and Panayotou, G.
(1996). Distinct specificity in the recognition of phosphoinositides by the 
pleckstrin homology domains of dynamin and Bruton's tyrosine kinase. EMBO J 
15, 6241-6250.

Sallusto, F., Kremmer, E., Palermo, B., Hoy, A., Ponath, P., Qin, S., Forster, R., 
Lipp, M., and Lanzavecchia, A. (1999). Switch in chemokine receptor expression 
upon TCR stimulation reveals novel homing potential for recently activated T 
cells. Eur J Immunol 29, 2037-2045.

255



Sallusto, F., Lenig, D., Mackay, C. R., and Lanzavecchia, A. (1998). Flexible 
programs of chemokine receptor expression on human polarized T helper 1 and 2 
lymphocytes. J Exp Med 187, 875-883.

Sanchez-Madrid, F., and del Pozo, M. A. (1999). Leukocyte polarization in cell 
migration and immune interactions. Embo J 18, 501-511.

Sander, E. E., ten Klooster, J. P., van Delft, S., van der Kammen, R. A., and 
Collard, J. G. (1999). Rac downregulates Rho activity: reciprocal balance between 
both GTPases determines cellular morphology and migratory behavior. The 
Journal Of Cell Biology 147, 1009-1022.

Sasaki, S., Yoneyama, H., Suzuki, K., Suriki, H., Aiba, T., Watanabe, S., 
Kawauchi, Y., Kawachi, H., Shimizu, F., Matsushima, K., Asakura, H., and 
Narumi, S. (2002). Blockade of CXCL10 protects mice from acute colitis and 
enhances crypt cell survival. Eur J Immunol 32, 3197-3205.

Sasaki, T., Irie-Sasaki, J., Jones, R. G., Oliveira-dos-Santos, A. J., Stanford, W. 
L., Bolon, B., Wakeham, A., Itie, A., Bouchard, D., Kozieradzki, I., Joza, N., 
Mak, T. W., Ohashi, P. S., Suzuki, A., and Penninger, J. M. (2000). Function of 
PI3Kgamma in thymocyte development, T cell activation, and neutrophil 
migration. Science 287, 1040-1046.

Sato, N., Ahuja, S. K., Quinones, M., Kostecki, V., Reddick, R. L., Melby, P. C., 
Kuziel, W. A., and Ahuja, S. S. (2000). CC chemokine receptor (CCR)2 is 
required for langerhans cell migration and localization of T helper cell type 1 
(Thl)-inducing dendritic cells. Absence of CCR2 shifts the Leishmania major- 
resistant phenotype to a susceptible state dominated by Th2 cytokines, b cell 
outgrowth, and sustained neutrophilic inflammation. J Exp Med 192, 205-218.

Satsangi, J., Parkes, M., Louis, E., Hashimoto, L., Kato, N., Welsh, K., 
Terwilliger, J. D., Lathrop, G. M., Bell, J. I., and Jewell, D. P. (1996). Two stage 
genome-wide search in inflammatory bowel disease provides evidence for 
susceptibility loci on chromosomes 3, 7 and 12. Nat Genet 14, 199-202.

Sauty, A., Dziejman, M., Taha, R. A., Iarossi, A. S., Neote, K., Garcia-Zepeda, E. 
A., Hamid, Q., and Luster, A. D. (1999). The T cell-specific CXC chemokines IP- 
10, Mig, and I-TAC are expressed by activated human bronchial epithelial cells. J 
Immunol 162, 3549-3558.

Scheerens, H., Hessel, E., de Waal-Malefyt, R., Leach, M. W., and Rennick, D.
(2001). Characterization of chemokines and chemokine receptors in two murine 
models of inflammatory bowel disease: IL-10-/- mice and Rag-2-/- mice 
reconstituted with CD4+CD45RBhigh T cells. Eur J Immunol 31, 1465-1474.

256



Schmitt-Graff, A., Desmouliere, A., and Gabbiani, G. (1994). Heterogeneity of 
myofibroblast phenotypic features: an example of fibroblastic cell plasticity. 
Virchows Arch 425, 3-24.

Schreiber, S., Nikolaus, S., and Hampe, J. (1998). Activation of nuclear factor 
kappa B inflammatory bowel disease. Gut 42, 477-484.

Schu, P. V., Takegawa, K., Fry, M. J., Stack, J. H., Waterfield, M. D., and Emr, S. 
D. (1993). Phosphatidylinositol 3-kinase encoded by yeast VPS34 gene essential 
for protein sorting. Science 260, 88-91.

Schultsz, C., Van Den Berg, F. M., Ten Kate, F. W., Tytgat, G. N., and Dankert, 
J. (1999). The intestinal mucus layer from patients with inflammatory bowel 
disease harbors high numbers of bacteria compared with controls. 
Gastroenterology 117, 1089-1097.

Schuppan, D. (2000). Current concepts of celiac disease pathogenesis. 
Gastroenterology 119, 234-242.

Serini, G., Bochaton-Piallat, M. L., Ropraz, P., Geinoz, A., Borsi, L., Zardi, L., 
and Gabbiani, G. (1998). The fibronectin domain ED-A is crucial for 
myofibroblastic phenotype induction by transforming growth factor-betal. J Cell 
Biol 142, 873-881.

Sgadari, C., Farber, J. M., Angiolillo, A. L., Liao, F., Teruya-Feldstein, J., Burd, 
P. R., Yao, L., Gupta, G., Kanegane, C., and Tosato, G. (1997). Mig, the 
monokine induced by interferon-gamma, promotes tumor necrosis in vivo. Blood 
89, 2635-2643.

Shang, X., Qiu, B., Frait, K. A., Hu, J. S., Sonstein, J., Curtis, J. L., Lu, B., 
Gerard, C., and Chensue, S. W. (2000). Chemokine receptor 1 knockout abrogates 
natural killer cell recruitment and impairs type-1 cytokines in lymphoid tissue 
during pulmonary granuloma formation. Am J Pathol 157, 2055-2063.

Shibata, F., Konishi, K., and Nakagawa, H. (2002). Chemokine receptor CXCR2 
activates distinct pathways for chemotaxis and calcium mobilization. Biol Pharm 
Bull 25, 1217-1219.

Shirozu, M., Nakano, T., Inazawa, J., Tashiro, K., Tada, H., Shinohara, T., and 
Honjo, T. (1995). Structure and chromosomal localization of the human stromal 
cell-derived factor 1 (SDF1) gene. Genomics 28, 495-500.

Simmons, J. G., Pucilowska, J. B., Keku, T. O., and Lund, P. K. (2002). IGF-I and 
TGF-beta 1 have distinct effects on phenotype and proliferation of intestinal 
fibroblasts. Am J Physiol Gastrointest Liver Physiol 283, G809-818.

257



Sindic, A., Aleksandrova, A., Fields, A. P., Volinia, S., and Banfic, H. (2001). 
Presence and activation of nuclear phosphoinositide 3-kinase C2beta during 
compensatory liver growth. J Biol Chem 276, 17754-17761.

Skolnik, E. Y., Margolis, B., Mohammadi, M., Lowenstein, E., Fischer, R., 
Drepps, A., Ullrich, A., and Schlessinger, J. (1991). Cloning of PI3 kinase- 
associated p85 utilizing a novel method for expression/cloning of target proteins 
for receptor tyrosine kinases. Cell 65, 83-90.

Smit, M. J., Verdijk, P., van der Raaij-Helmer, E. M., Navis, M., Hensbergen, P. 
J., Leurs, R., and Tensen, C. P. (2003). CXCR3-mediated chemotaxis of human T 
cells is regulated by a Gi- and phospholipase C-dependent pathway and not via 
activation of MEK/p44/p42 MAPK nor Akt/PI-3 kinase. Blood 102, 1959-1965.

Smith, R. E., Hogaboam, C. M., Strieter, R. M., Lukacs, N. W., and Kunkel, S. L.
(1997). Cell-to-cell and cell-to-matrix interactions mediate chemokine expression: 
an important component of the inflammatory lesion. J Leukoc Biol 62, 612-619.

Snyder, S. H., and Jaffrey, S. R. (1999). Vessels vivified by Akt acting on NO 
synthase. Nat Cell Biol 1, E95-96.

Soejima, K., and Rollins, B. J. (2001). A functional IFN-gamma-inducible 
protein- 10/CXCL 10-specific receptor expressed by epithelial and endothelial cells 
that is neither CXCR3 nor glycosaminoglycan. J Immunol 167, 6576-6582.

Song, X., Xu, W., Zhang, A., Huang, G., Liang, X., Virbasius, J. V., Czech, M. P., 
and Zhou, G. W. (2001). Phox homology domains specifically bind 
phosphatidylinositol phosphates. Biochemistry 40, 8940-8944.

Sorensen, T. L., Tani, M., Jensen, J., Pierce, V., Lucchinetti, C., Folcik, V. A., 
Qin, S., Rottman, J., Sellebjerg, F., Strieter, R. M., Frederiksen, J. L., and 
Ransohoff, R. M. (1999). Expression of specific chemokines and chemokine 
receptors in the central nervous system of multiple sclerosis patients. J Clin Invest 
103, 807-815.

Soto, H., Wang, W., Strieter, R. M., Copeland, N. G., Gilbert, D. J., Jenkins, N.
A., Hedrick, J., and Zlotnik, A. (1998). The CC chemokine 6Ckine binds the CXC 
chemokine receptor CXCR3. Proc Natl Acad Sci U S A 95, 8205-8210.

Sotsios, Y., Whittaker, G. C., Westwick, J., and Ward, S. G. (1999b). The CXC 
chemokine stromal cell-derived factor activates a Gi-coupled phosphoinositide 3- 
kinase in T lymphocytes. J Immunol 163, 5954-5963.

Sozzani, S., Allavena, P., D'Amico, G., Luini, W., Bianchi, G., Kataura, M., Imai, 
T., Yoshie, O., Bonecchi, R., and Mantovani, A. (1998). Differential regulation of 
chemokine receptors during dendritic cell maturation: a model for their trafficking 
properties. J Immunol 161, 1083-1086.

258



Spector, I., Shochet, N. R., Blasberger, D., and Kashman, Y. (1989). Latrunculins- 
-novel marine macrolides that disrupt microfilament organization and affect cell 
growth: I. Comparison with cytochalasin D. Cell Motil Cytoskeleton 13, 127-144.

Stanford, M. M., and Issekutz, T. B. (2003). The relative activity of CXCR3 and 
CCR5 ligands in T lymphocyte migration: concordant and disparate activities in 
vitro and in vivo. J Leukoc Biol 74, 791-799.

Stenmark, H., Aasland, R., and Driscoll, P. C. (2002). The phosphatidylinositol 3- 
phosphate-binding FYVE finger. FEBS Lett 513, 77-84.

Stephens, L., Anderson, K., Stokoe, D., Erdjument-Bromage, H., Painter, G. F., 
Holmes, A. B., Gaffney, P. R. J., Reese, C. B., McCormick, F., Tempst, P., 
Coadwell, J., and Hawkins, P. T. (1998). Prohtein kinase B kinases that mediate 
phosphatidylinositol 3,4,5- trisphosphate-dependent activation of protein kinase
B. Science 279, 710-714.

Stephens, L. R., Eguinoa, A., Erdjument-Bromage, H., Lui, M., Cooke, F., 
Coadwell, J., Smrcka, A. S., Thelen, M., Cadwallader, K., Tempst, P., and 
Hawkins, P. T. (1997). The G beta gamma sensitivity of a PI3K is dependent upon 
a tightly associated adaptor, plO l. Cell 89, 105-114.

Stephens, L. R., Hughes, K. T., and Irvine, R. F. (1991). Pathway of 
phosphatidylinositol(3,4,5)-trisphosphate synthesis in activated neutrophils. 
Nature 351, 33-39.

Stevens, R. J., Publicover, N. G., and Smith, T. K. (1999a). Induction and 
organization of Ca2+ waves by enteric neural reflexes. Nature 399, 62-66.

Stevens, R. J., Publicover, N. G., and Smith, T. K. (2000). Propagation and neural 
regulation of calcium waves in longitudinal and circular muscle layers of guinea 
pig small intestine. Gastroenterology 118, 892-904.

Stevens, R. J., Weinert, J. S., and Publicover, N. G. (1999b). Visualization of 
origins and propagation of excitation in canine gastric smooth muscle. Am J 
Physiol 277, C448-460.

Stokoe, D., Stephens, L. R., Copeland, T., Gaffney, P. R. J., Reese, C. B., Painter, 
G. F., Holmes, A. B., McCormick, F., and Hawkins, P. T. (1997). Dual role of 
phosphatidylinositol-3,4,5-trisphosphate in the activation of protein kinase B. 
Science 277, 567-570.

Stoyanov, B., Volinia, S., Hanck, T., Rubio, I., Loubtchenkov, M., Malek, D., 
Stoyanova, S., Vanhaesebroeck, B., Dhand, R., Numberg, B., Gierschik, P., 
Seedorf, K., Hsuan, J. J., Waterfield, M. D., and Wetzker, R. (1995). Cloning and 
characterization of a G protein-activated human phosphoinositide-3 kinase. 
Science 269, 690-693.

259



Strieter, R. M., Polverini, P. J., Kunkel, S. L., Arenberg, D. A., Burdick, M. D., 
Kasper, J., Dzuiba, J., Van Damme, J., Walz, A., Marriott, D., and et al. (1995). 
The functional role of the ELR motif in CXC chemokine-mediated angiogenesis. J 
Biol Chem 270, 27348-27357.

Strong, S. A., Pizarro, T. T., Klein, J. S., Cominelli, F., and Fiocchi, C. (1998). 
Proinflammatory cytokines differentially modulate their own expression in human 
intestinal mucosal mesenchymal cells. Gastroenterology 114, 1244-1256.

Stupack, D. G., Cho, S. Y., and Klemke, R. L. (2000). Molecular signaling 
mechanisms of cell migration and invasion. Immunol Res 21, 83-88.

Sullivan, S., McGrath, D., Liao, F., Boehme, S., Farber, J., and Bacon, K. (1999). 
MIP-3alpha induces human eosinophil migration and activation of the mitogen- 
activated protein kinases (p42/p44 MAPK). J Leukoc Biol 66, 674-682.

Sutton, R. B., Davletov, B. A., Berghuis, A. M., Sudhof, T. C., and Sprang, S. R. 
(1995). Structure of the first C2 domain of synaptotagmin I: A novel 
Ca2+/phospholipid-binding fold. Cell 80, 929-938.

Suzuki, H., Terauchi, Y., Fujiwara, M., Aizawa, S., Yazaki, Y., Kadowaki, T., and 
Koyasu, S. (1999). Xid-like immunodeficiency in mice with disruption of the 
p85alpha subunit of phosphoinositide 3-kinase. Science 283, 390-392.

Svitkina, T. M., and Borisy, G. G. (1999). Arp2/3 complex and actin 
depolymerizing factor/cofilin in dendritic organization and treadmilling of actin 
filament array in lamellipodia. J Cell Biol 145, 1009-1026.

Swidsinski, A., Ladhoff, A., Pemthaler, A., Swidsinski, S., Loening-Baucke, V., 
Ortner, M., Weber, J., Hoffmann, U., Schreiber, S., Dietel, M., and Lochs, H. 
(2002). Mucosal flora in inflammatory bowel disease. Gastroenterology 122, 44- 
54.

Tachibana, K., Hirota, S., Iizasa, H., Yoshida, H., Kawabata, K., Kataoka, Y., 
Kitamura, Y., Matsushima, K., Yoshida, N., Nishikawa, S., Kishimoto, T., and 
Nagasawa, T. (1998). The chemokine receptor CXCR4 is essential for 
vascularization of the gastrointestinal tract. Nature 393, 591-594.

Tamura, M., Gu, J., Matsumoto, K., Aota, S., Parsons, R., and Yamada, K. M.
(1998). Inhibition of cell migration, spreading, and focal adhesions by tumor 
suppressor PTEN. Science 280, 1614-1617.

Tanaka, Y., Adams, D. H., Hubscher, S., Hirano, H., Siebenlist, U., and Shaw, S. 
(1993). T-cell adhesion induced by proteoglycan-immobilized cytokine MIP-1 
beta. Nature 361, 79-82.

260



Tang, W., Ulich, T., Lacey, D., Hill, D., Qi, M., Kaufman, S., Van, G., Tarpley, 
J., and Yee, J. (1996). Platelet-derived growth factor-BB induces renal 
tubulointerstitial myofibroblast formation and tubulointerstitial fibrosis. Am J 
Pathol 148, 1169-1180.

Tangkijvanich, P., Santiskulvong, C., Melton, A. C., Rozengurt, E., and Yee, H. 
F., Jr. (2002). p38 MAP kinase mediates platelet-derived growth factor-stimulated 
migration of hepatic myofibroblasts. J Cell Physiol 797, 351-361.

Tanoue, T., and Nishida, E. (2003). Molecular recognitions in the MAP kinase 
cascades. Cell Signal 75, 455-462.

Targan, S. R., Hanauer, S. B., van Deventer, S. J., Mayer, L., Present, D. H., 
Braakman, T., DeWoody, K. L., Schaible, T. F., and Rutgeerts, P. J. (1997). A 
short-term study of chimeric monoclonal antibody cA2 to tumor necrosis factor 
alpha for Crohn's disease. Crohn's Disease cA2 Study Group. N Engl J Med 337, 
1029-1035.

Taub, D. D., Lloyd, A. R., Conlon, K., Wang, J. M., Ortaldo, J. R., Harada, A., 
Matsushima, K., Kelvin, D. J., and Oppenheim, J. J. (1993). Recombinant human 
interferon-inducible protein 10 is a chemoattractant for human monocytes and T 
lymphocytes and promotes T cell adhesion to endothelial cells. J Exp Med 777, 
1809-1814.

Taub, D. D., Turcovski-Corrales, S. M., Key, M. L., Longo, D. L., and Murphy, 
W. J. (1996). Chemokines and T lymphocyte activation: I. Beta chemokines 
costimulate human T lymphocyte activation in vitro. J Immunol 156, 2095-2103.

Taylor, S. J., Chae, H. Z., Rhee, S. G., and Exton, J. H. (1991). Activation of the 
beta 1 isozyme of phospholipase C by alpha subunits of the Gq class of G 
proteins. Nature 350, 516-518.

Tensen, C. P., Flier, J., Van Der Raaij-Helmer, E. M., Sampat-Sardjoepersad, S., 
Van Der Schors, R. C., Leurs, R., Scheper, R. J., Boorsma, D. M., and Willemze, 
R. (1999). Human IP-9: A keratinocyte-derived high affinity CXC-chemokine 
ligand for the IP-10/Mig receptor (CXCR3). J Invest Dermatol 772, 716-722.

Thelen, M., and Baggiolini, M. (2001). Is dimerization of chemokine receptors 
functionally relevant? Sci STKE 2001, PE34.

Tilton, B., Ho, L., Oberlin, E., Loetscher, P., Baleux, F., Clark-Lewis, I., and 
Thelen, M. (2000). Signal Transduction by CXC Chemokine Receptor 4: Stromal 
Cell-derived Factor 1 Stimulates Prolonged Protein Kinase B and Extracellular 
Signal-regulated Kinase 2 Activation in T Lymphocytes. J Exp Med 792, 313- 
324.

261



Tivol, E. A., Borriello, F., Schweitzer, A. N., Lynch, W. P., Bluestone, J. A., and 
Sharpe, A. H. (1995). Loss of CTLA-4 leads to massive lymphoproliferation and 
fatal multiorgan tissue destruction, revealing a critical negative regulatory role of 
CTLA-4. Immunity 3, 541-547.

Toker, A., and Cantley, L. C. (1997). Signalling through the lipid products of 
phosphoinositide-3-OH kinase. Nature 387 , 673-676.

Totsuka, T., Kanai, T., Iiyama, R., Uraushihara, K., Yamazaki, M., Okamoto, R., 
Hibi, T., Tezuka, K., Azuma, M., Akiba, H., Yagita, H., Okumura, K., and 
Watanabe, M. (2003). Ameliorating effect of anti-inducible costimulator 
monoclonal antibody in a murine model of chronic colitis. Gastroenterology 124, 
410-421.

Tran, E. H., Kuziel, W. A., and Owens, T. (2000). Induction of experimental 
autoimmune encephalomyelitis in C57BL/6 mice deficient in either the 
chemokine macrophage inflammatory protein-1 alpha or its CCR5 receptor. Eur J 
Immunol 30, 1410-1415.

Trentin, L., Agostini, C., Facco, M., Piazza, F., Perin, A., Siviero, M., Gurrieri,
C., Galvan, S., Adami, F., Zambello, R., and Semenzato, G. (1999). The 
chemokine receptor CXCR3 is expressed on malignant B cells and mediates 
chemotaxis. J Clin Invest 104, 115-121.

Tseng, S. Y., Otsuji, M., Gorski, K., Huang, X., Slansky, J. E., Pai, S. I., Shalabi, 
A., Shin, T., Pardoll, D. M., and Tsuchiya, H. (2001). B7-DC, a new dendritic cell 
molecule with potent costimulatory properties for T cells. J Exp Med 193, 839- 
846.

Turka, L. A., Ledbetter, J. A., Lee, K., June, C. H., and Thompson, C. B. (1990). 
CD28 is an inducible T cell surface antigen that transduces a proliferative signal 
in CD3+ mature thymocytes. J Immunol 144, 1646-1653.

Turner, C. E., Pietras, K. M., Taylor, D. S., and Molloy, C. J. (1995a). 
Angiotensin II stimulation of rapid paxillin tyrosine phosphorylation correlates 
with the formation of focal adhesions in rat aortic smooth muscle cells. J Cell Sci 
108 ( P t l ) ,  333-342.

Turner, L., Ward, S., and Westwick, J. (1995b). RANTES-activated human T 
lymphocytes. A role for phosphoinositide 3- kinase. J Immunol 155, 2437-2444.

Turner, S. J., Domin, J., Waterfield, M. D., Ward, S. G., and Westwick, J. (1998). 
The CC chemokine monocyte chemotactic peptide-1 activates both the class I 
p85/pl 10 phosphatidylinositol 3-kinase and the class II PI3K-C2alpha. J Biol 
Chem 273, 25987-25995.

262



Uehata, M., Ishizaki, T., Satoh, H., Ono, T., Kawahara, T., Morishita, T., 
Tamakawa, H., Yamagami, K., Inui, J., Maekawa, M., and Narumiya, S. (1997). 
Calcium sensitization of smooth muscle mediated by a Rho-associated protein 
kinase in hypertension. Nature 389, 990-994.

Ueki, K., Yballe, C. M., Brachmann, S. M., Vicent, D., Watt, J. M., Kahn, C. R., 
and Cantley, L. C. (2002). Increased insulin sensitivity in mice lacking p85beta 
subunit of phosphoinositide 3-kinase. Proc Natl Acad Sci U S A 99, 419-424.

Uguccioni, M., Gionchetti, P., Robbiani, D. F., Rizzello, F., Peruzzo, S., 
Campieri, M., and Baggiolini, M. (1999). Increased expression of IP-10, IL-8, 
MCP-1, and MCP-3 in ulcerative colitis. Am J Pathol 155, 331-336.

Vajdy, M., Kosco-Vilbois, M., Kopf, M., Kohler, G., and Lycke, N. (1995). 
Impaired mucosal immune responses in interleukin 4-targeted mice. J Exp Med 
181, 41-53.

Valentich, J. D., Popov, V., Saada, J. I., and Powell, D. W. (1997). Phenotypic 
characterization of an intestinal subepithelial myofibroblast cell line. Am J 
Physiol 272, C1513-1524.

Van de Merwe, J. P., Schroder, A. M., Wensinck, F., and Hazenberg, M. P. 
(1988). The obligate anaerobic faecal flora of patients with Crohn's disease and 
their first-degree relatives. Scand J Gastroenterol 23, 1125-1131.

Vaughan, M. B., Howard, E. W., and Tomasek, J. J. (2000). Transforming growth 
factor-betal promotes the morphological and functional differentiation of the 
myofibroblast. Exp Cell Res 257, 180-189.

Vlahakis, S. R., Villasis-Keever, A., Gomez, T., Vanegas, M., Vlahakis, N., and 
Paya, C. V. (2002). G protein-coupled chemokine receptors induce both survival 
and apoptotic signaling pathways. J Immunol 169, 5546-5554.

Vlahos, C. J., Matter, W. F., Hui, K. Y., and Brown, R. F. (1994). A specific 
inhibitor of phosphatidylinositol 3-kinase, 2-(4-morpholinyl)- 8-phenyl-4H-1- 
benzopyran-4-one (LY294002). Journal of Biological Chemistry 269, 5241-5248.

Volpi, M., Naccache, P. H., Molski, T. F., Shefcyk, J., Huang, C. K., Marsh, M. 
L., Munoz, J., Becker, E. L., and Sha'afi, R. I. (1985). Pertussis toxin inhibits 
fMet-Leu-Phe- but not phorbol ester-stimulated changes in rabbit neutrophils: role 
of G proteins in excitation response coupling. Proc Natl Acad Sci U S A 82, 2708- 
2712.

Walunas, T. L., Lenschow, D. J., Bakker, C. Y., Linsley, P. S., Freeman, G. J., 
Green, J. M., Thompson, C. B., and Bluestone, J. A. (1994). CTLA-4 can function 
as a negative regulator of T cell activation. Immunity 1 ,405-413.

263



Wang, C. Y., Guttridge, D. C., Mayo, M. W., and Baldwin, A. S., Jr. (1999). NF- 
kappaB induces expression of the Bcl-2 homologue Al/Bfl-1 to preferentially 
suppress chemotherapy-induced apoptosis. Mol Cell Biol 79, 5923-5929.

Wang, D., and Richmond, A. (2001). Nuclear factor-kappa B activation by the 
CXC chemokine melanoma growth-stimulatory activity/growth-regulated protein 
involves the MEKKl/p38 mitogen-activated protein kinase pathway. J Biol Chem 
276, 3650-3659.

Ward, S. G., Bacon, K., and Westwick, J. (1998). Chemokines and T 
lymphocytes: more than an attraction. Immunity 9, 1-11.

Ward, S. G., and Finan, P. (2003). Isoform-specific phosphoinositide 3-kinase 
inhibitors as therapeutic agents. Curr Opin Pharmacol 3 ,426-434.

Ward, S. G., Reif, K., Ley, S., Fry, M. J., Waterfield, M. D., and Cantrell, D. A. 
(1992). Regulation of phosphoinositide kinases in T cells. Evidence that 
phosphatidylinositol 3-kinase is not a substrate for T cell antigen receptor- 
regulated tyrosine kinases. J Biol Chem 267, 23862-23869.

Watanabe, M., Ueno, Y., Yajima, T., Iwao, Y., Tsuchiya, M., Ishikawa, H., Aiso,
S., Hibi, T., and Ishii, H. (1995). Interleukin 7 is produced by human intestinal 
epithelial cells and regulates the proliferation of intestinal mucosal lymphocytes. J 
Clin Invest 95, 2945-2953.

Watanabe, N., Gavrieli, M., Sedy, J. R., Yang, J., Fallarino, F., Loftin, S. K., 
Hurchla, M. A., Zimmerman, N., Sim, J., Zang, X., Murphy, T. L., Russell, J. H., 
Allison, J. P., and Murphy, K. M. (2003). BTLA is a lymphocyte inhibitory 
receptor with similarities to CTLA-4 and PD-1. Nat Immunol 4, 670-679.

Watanabe, N., Madaule, P., Reid, T., Ishizaki, T., Watanabe, G., Kakizuka, A., 
Saito, Y., Nakao, K., Jockusch, B. M., and Narumiya, S. (1997). pl40mDia, a 
mammalian homolog of Drosophila diaphanous, is a target protein for Rho small 
GTPase and is a ligand for profilin. Embo J 16, 3044-3056.

Weaver, S. A., Russo, M. P., Wright, K. L., Kolios, G., Jobin, C., Robertson, D. 
A., and Ward, S. G. (2001). Regulatory role of phosphatidylinositol 3-kinase on 
TNF-alpha-induced cyclooxygenase 2 expression in colonic epithelial cells. 
Gastroenterology 120, 1117-1127.

Wedemeyer, J., Lorentz, A., Goke, M., Meier, P. N., Flemming, P., Dahinden, C.
A., Manns, M. P., and Bischoff, S. C. (1999). Enhanced production of monocyte 
chemotactic protein 3 in inflammatory bowel disease mucosa. Gut 44, 629-635.

Welch, H., Eguinoa, A., Stephens, L. R., and Hawkins, P. T. (1998). Protein 
kinase B and rac are activated in parallel within a phosphatidylinositide 30H- 
kinase-controlled signaling pathway. J Biol Chem 273, 11248-11256.

264



Weng, Y., Siciliano, S. J., Waldburger, K. E., Sirotina-Meisher, A., Staruch, M. J., 
Daugherty, B. L., Gould, S. L., Springer, M. S., and DeMartino, J. A. (1998). 
Binding and functional properties of recombinant and endogenous CXCR3 
chemokine receptors. J Biol Chem 273, 18288-18291.

Wirtz, S., Finotto, S., Kanzler, S., Lohse, A. W., Blessing, M., Lehr, H. A., Galle, 
P. R., and Neurath, M. F. (1999). Cutting edge: chronic intestinal inflammation in 
STAT-4 transgenic mice: characterization of disease and adoptive transfer by 
TNF- plus IFN-gamma-producing CD4+ T cells that respond to bacterial antigens. 
J Immunol 162, 1884-1888.

Wisniewski, D., Strife, A., Swendeman, S., Erdjument-Bromage, H., Geromanos,
S., Kavanaugh, W. M., Tempst, P., and Clarkson, B. (1999). A novel SH2- 
containing phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase (SHIP2) is 
constitutively tyrosine phosphorylated and associated with src homologous and 
collagen gene (SHC) in chronic myelogenous leukemia progenitor cells. Blood 
93, 2707-2720.

Wurbel, M. A., Malissen, M., Guy-Grand, D., Meffre, E., Nussenzweig, M. C., 
Richelme, M., Carrier, A., and Malissen, B. (2001). Mice lacking the CCR9 CC- 
chemokine receptor show a mild impairment of early T- and B-cell development 
and a reduction in T-cell receptor gammadelta(+) gut intraepithelial lymphocytes. 
Blood 98, 2626-2632.

Wymann, M. P., Bulgarelli-Leva, G., Zvelebil, M. J., Pirola, L., Vanhaesebroeck,
B., Waterfield, M. D., and Panayotou, G. (1996). Wortmannin inactivates 
phosphoinositide 3-kinase by covalent modification of Lys-802, a residue 
involved in the phosphate transfer reaction. Mol Cell Biol 16, 1722-1733.

Yamauchi, J., Nagao, M., Kaziro, Y., and Itoh, H. (1997). Activation of p38 
mitogen-activated protein kinase by signaling through G protein-coupled 
receptors. Involvement of Gbetagamma and Galphaq/11 subunits. J Biol Chem 
272, 27771-27777.

Yang, S., Eckmann, L., Panja, A., and Kagnoff, M. (1997). Differential and 
regulated expression of C-X-C, C-C, and C-chemokines by human colon 
epithelial cells. Gastroenterology 113, 1214-1223.

Yarmola, E. G., Somasundaram, T., Boring, T. A., Spector, I., and Bubb, M. R.
(2000). Actin-latrunculin A structure and function. Differential modulation of 
actin-binding protein function by latrunculin A. J Biol Chem 275, 28120-28127.

Yen, H., Zhang, Y., Penfold, S., and Rollins, B. J. (1997). MCP-1-mediated 
chemotaxis requires activation of non-overlapping signal transduction pathways. J 
Leukoc Biol 61, 529-532.

265



Yoshinaga, S. K., Whoriskey, J. S., Khare, S. D., Sarmiento, U., Guo, J., Horan, 
T., Shih, G., Zhang, M., Coccia, M. A., Kohno, T., Tafuri-Bladt, A., Brankow, D., 
Campbell, P., Chang, D., Chiu, L., Dai, T., Duncan, G., Elliott, G. S., Hui, A., 
McCabe, S. M., Scully, S., Shahinian, A., Shaklee, C. L., Van, G., Mak, T. W., 
and et al. (1999). T-cell co-stimulation through B7RP-1 and ICOS. Nature 402, 
827-832.

Yuan, Y. H., ten Hove, T., The, F. O., Slors, J. F., van Deventer, S. J., and te 
Velde, A. A. (2001). Chemokine receptor CXCR3 expression in inflammatory 
bowel disease. Inflamm Bowel Dis 7, 281-286.

Zabel, B. A., Agace, W. W., Campbell, J. J., Heath, H. M., Parent, D., Roberts, A.
I., Ebert, E. C., Kassam, N., Qin, S., Zovko, M., LaRosa, G. J., Yang, L. L., Soler,
D., Butcher, E. C., Ponath, P. D., Parker, C. M., and Andrew, D. P. (1999). 
Human G protein-coupled receptor GPR-9-6/CC chemokine receptor 9 is 
selectively expressed on intestinal homing T lymphocytes, mucosal lymphocytes, 
and thymocytes and is required for thymus-expressed chemokine-mediated 
chemotaxis. J Exp Med 190, 1241-1256.

Zhang, S., Han, J., Sells, M. A., Chemoff, J., Knaus, U. G., Ulevitch, R. J., and 
Bokoch, G. M. (1995). Rho family GTPases regulate p38 mitogen-activated 
protein kinase through the downstream mediator Pakl. J Biol Chem 270, 23934- 
23936.

Zhang, Z., Kaptanoglu, L., Haddad, W., Ivancic, D., Alnadjim, Z., Hurst, S., 
Tishler, D., Luster, A. D., Barrett, T. A., and Fryer, J. (2002). Donor T cell 
activation initiates small bowel allograft rejection through an IFN-gamma- 
inducible protein-10-dependent mechanism. J Immunol 168, 3205-3212.

Zhang, Z., Kaptanoglu, L., Tang, Y. d. d., Ivancic, D., Rao, S. s., Luster, A., 
Barrett, T. d. d., and Fryer, J. (2004). IP-10-induced recruitment of CXCR3(+) 
host T cells is required for small bowel allograft rejection. Gastroenterology 126, 
809-818.

Zhao, D. X., Hu, Y., Miller, G. G., Luster, A. D., Mitchell, R. N., and Libby, P.
(2002). Differential expression of the IFN-gamma-inducible CXCR3-binding 
chemokines, IFN-inducible protein 10, monokine induced by IFN, and IFN- 
inducible T cell alpha chemoattractant in human cardiac allografts: association 
with cardiac allograft vasculopathy and acute rejection. J Immunol 169, 1556- 
1560.

Zhou, G., Bao, Z. Q., and Dixon, J. E. (1995). Components of a new human 
protein kinase signal transduction pathway. J Biol Chem 270, 12665-12669.

Zhou, Y., Kurihara, T., Ryseck, R. P., Yang, Y., Ryan, C., Loy, J., Warr, G., and 
Bravo, R. (1998). Impaired macrophage function and enhanced T cell-dependent 
immune response in mice lacking CCR5, the mouse homologue of the major HIV- 
1 coreceptor. J Immunol 160, 4018-4025.

266



Zou, Y. R., Kottmann, A. H., Kuroda, M., Taniuchi, I., and Littman, D. R. (1998). 
Function of the chemokine receptor CXCR4 in haematopoiesis and in cerebellar 
development. Nature 393, 595-599.

267


