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Abstract

The morphology of antigen presenting dendritic cells (DC) is characterised by the 

possession of numerous long arborising processes known as dendrites. The formation 

of these processes by DC, both in the periphery and in lymphoid organs, is believed 

to contribute to the remarkable efficiency with which they take up, process and 

present antigen to T cells. However, the process of dendrite formation and the 

signalling pathways that lead to the formation of these dendrites remain obscure.

This study describes an in vitro model in which human immature DC, but not LPS- 

matured DC, form long processes, similar to those formed in vivo, upon attachment to 

the extracellular matrix (ECM) component fibronectin (FN). The formation of these 

processes was found to be p i integrin-dependent and involved initial attachment of a 

cell protrusion to the FN substrate and subsequent movement of the cell body away 

from the adhesion site, to leave behind a long slender dendrite.

Immunofluorescence studies revealed that DC dendrites were composed of actin and 

tubulin and that inhibition of these proteins resulted in a failure of DC to form 

dendrites. Furthermore, dendrite formation, but not their maintenance, was found to 

be dependent on the activity of Rho GTPases. More specifically, Cdc42 and Racl 

were both required for the migration step of process formation, promoting cell 

spreading and extension. In contrast, RhoA, and its downstream effector pl60ROCK, 

regulated the release of adhesions to the substratum, and associated cellular 

contraction. Consequently, inhibition of RhoA/p 160ROCK leads to the formation of 

longer dendrites. DC therefore co-ordinate adhesion and protrusion to perform a 

specialised process of cellular morphogenesis, which differentiates these cells from 

all other cells of the immune system and may contribute to their distinctive function.
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Introduction

1.1 Morphology and morphogenesis

In parallel with the recent massive advances in molecular cell biology, we have also 

gained increasing insight into the mechanisms that regulate the morphology and 

morphogenesis of tissues and cells. Studies using a wide range of species, from 

mutant forms of Drosophila to transgenic and knock out mammals, have been used as 

models in which the importance of these processes can be assessed. Furthermore, 

these models have also been used to demonstrate the disastrous consequences that can 

arise when these processes are disturbed. For example, it has been established that 

Drosophila double mutants for the twist gene, which encodes a transcription factor 

involved in the development of the mesoderm and the process of gastrulation, exhibit 

none of the changes in cell morphology that would be expected to accompany the 

invagination of the mesoderm during gastrulation, and therefore lack internal organs 

(Thisse et al., 1988). Similarly, twist null-mutant mice have been shown to have 

defects in neural crest cell migration. Consequently there is a failure of closure of the 

cephalic neural tube (Soo et al., 2002).

Although mutations in the human homologue twist gene have been linked with the 

disease Saethre-Chotzen syndrome, characterized by limb and craniofacial 

abnormalities, it is, for obvious reasons, not possible to carry out knock-out studies in 

humans (Howard et al., 1997). Therefore, research in this specific area, and into the 

mechanisms that regulate morphology and morphogenesis in a wider context has, in 

general, been less thorough in man than in these model organisms.

1.1.1 The importance of morphology and morphogenesis in the nervous and 

immune systems

The importance of studying morphogenesis in specific cells has been highlighted in 

studies o f the nervous and immune systems, in both model organisms and man.
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Introduction

This is evident primarily as a result of the wide variation in the dendritic morphology 

of the neurones that make up the majority o f cells in the nervous system (NS). 

Developing neurones undergo extensive dendritic growth, branching and remodelling 

to form long, branching dendrites that differ in morphology depending on their 

location in the NS. This heterogeneity in dendritic morphology is important in 

determining the population of cells with which the neurone will interact as well as its 

electrophysiological integrative properties (Threadgill et al., 1997).

In the control o f inflammation and immunity, the plasticity of the structure of 

immunological cells is a key feature that allows the changes in size, shape, movement 

and localisation of cells necessary to mount an effective immune response. For 

example, in the germinal centre of lymph node follicles, lymphocytes undergo a 

dramatic increase in size and number upon activation and adopt a strikingly different 

morphology to that observed for resting lymphocytes. Defects in this process have 

been implicated in Hodgkin’s disease and a number of autoimmune diseases 

(Hollowood and Goodlad, 1998).

Meanwhile, changes in the shape and configuration of macrophages are essential 

features of their ability to act as professional phagocytes, a process that involves 

dramatic modification of the cells morphology to permit internalisation of particles 

(Aderem and Underhill, 1999). Indeed, mature macrophages exist in a variety of 

specialised forms, including alveolar macrophages in the lung, osteoclasts in the bone 

and Kupffer cells in the liver, further emphasising the need for a degree of plasticity 

in the morphology and morphogenesis of this cell type (Douglas and Musson, 1986).

It haâbeenknown for some time that some monocyte-derived cells can assume a 

dendritic morphology, characterised by numerous cytoplasmic processes, and first 

described by Steinman and Cohn in 1973 from studies of the murine spleen 

(Steinman and Cohn, 1973). As a result of this specialised morphology these cells 

were subsequently named dendritic cells (DC), and have since been found to have a 

specialised role in the initiation and modulation of the adaptive immune response that
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is believed to rely, at least in part, on the presence of these dendrites (as discussed 

further in Section 1.5). However, the processes by which this morphology is assumed 

remain unknown. Therefore, shedding light on this topic was the main focus of this 

thesis. In order to address this question it was necessary to understand the 

background of the surface receptors, signalling moieties, cytoskeletal components and 

other related molecules involved in regulating this process.

1.2 Integrins as candidate surface molecules involved in DC dendrite formation

Studies in numerous cell types, including T lymphocytes, neurones and fibroblasts, 

have demonstrated an intimate connection between changes in cell morphology and 

the binding of the cell, via integrins, to the extracellular matrix (ECM) (Hyduk and 

Cybulsky, 2002/ Rock et al, 2000 ; Rohrbough et al., 2000 ; 4kiyama et al., 1989). 

The binding of integrins on the cell surface of DC to the ECM would therefore be 

expected to play a role in the formation of dendrites by DC.

1.2.1 The extracellular matrix (ECM)

The ECM is the structural element that is present in all body tissues. It is composed of 

a complex network of two major types of proteins, those with adhesive properties, 

such as fibronectin (FN), and those with structural properties, such as collagen, 

together with a mixture of polysaccharides including j 

glycosaminoglycans. Cells within tissues secrete these constituent components of the 

ECM. Functionally, the ECM has been shown to exert a major effect on the 

development, proliferation, migration, morphology and function of the cells with 

which it is in contact (Alberts et al, 1994).

FN is a large glycoprotein, composed of two polypeptide chains, which is found both 

in the plasma and as a component of the ECM. FN has an important role in organising 

the ECM, aiding the attachment of cells to the ECM and regulating cell migration. 

Intracellular signalling events are induced upon adhesion to FN, which affect cell
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cycle progression, cell survival and, of importance to this study, the organisation of 

the cytoskeleton (Bhadriraju and Hansen, 2002'; Hocking and Kowalski, 2002), 

which is likely to have a crucial role in regulating the formation of dendrites by DC 

(discussed further in Section 1,5.5).

1.2.2 Integrins

Integrins are a large family of transmembrane linker proteins that represent the major 

cellular receptors for ECM proteins. As such integrins are the main way in which 

cells can adhere and respond to the ECM. Integrins have relatively low affinities for 

their ligands but are present in relatively high concentrations on the cell surface, as 

compared to other cel 1-surface receptors, and are therefore able, at any point in time, 

to form numerous, weak interactions with ECM components. This arrangement 

ensures that the binding between integrins and their ligands is transient and reversible 

(Alberts g/ a/. 1994).

Unbound integrins are spread diffusely over the surface of the cell. However,

clustering of integrins upon binding to the ECM results in regions on the cell

membrane, focal adhesions (FAs), with sufficient adhesive capability to bind to the 

ECM. Following integrin clustering, focal adhesion kinase (FAK) is activated and 

consequently numerous signalling components associate to form an FA. The 

assembly of FAs therefore maximises the efficiency with which signals are

transduced into the cell following integrin binding to its ligand (Burridge et al. 1996).

1.2.1.1 Integrin structure

Integrins have a heterodimeric structure consisting of two transmembrane

glycoprotein subunits, a  and p. Integrins always have one large a  subunit and one 

small p subunit which both contribute to ligand binding. To date 8 p and 16 a  

subunits have been identified that form 22 different integrins. Binding sites on 

integrins for the divalent cations Ca^^ and Mĝ "*" are essential for their adhesive
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function. Integrins have a long, globular extracellular head region that binds to the 

appropriate ECM ligand and a short cytoplasmic domain that links the integrin to the 

cytoskeleton via proteins such as talin and a-actinin and the Rho family of GTPases 

fhttp://www.geocities.com/CapeCanaveral/9629/integrin.htmk

1.3 Rho GTPases -  candidate signalling molecules involved in the formation of 

the DC dendrite

Regulation and reorganisation o f the actin cytoskeleton is, for the most part, 

orchestrated by the Ras homology (Rho) family of guanosine 5’-tri-phosphatases 

(GTPases). Rho GTPases are a subgroup of the Ras superfamily of 20-30 kDa GTP- 

binding proteins. Currently the Rho family of GTPases is known to be comprised of 

more than 20 distinct proteins including Rho A, B, C, D and E, Racl, Cdc42 and 

TCIO (Bishop and Hall, 2000). Rho GTPases function as molecular switches, cycling 

between an inactive GDP-bound state and active GTP-bound state (Boguski and 

McCormick, 1993). When GTP occupies the active site of the GTPase a 

conformational change occurs which opens up structural motifs, including the 

effector loop of the GTPase that mediates interactions between the GTPase and its 

target protein. Signalling events are terminated when the intrinsic GTPase activity 

returns the Rho GTPase to its GDP-bound state (Aspenstrom, 1999). Three main 

classes o f proteins tightly control this cycling: the guanine nucleotide exchange 

factors (GEFs), GTPase activating proteins (GAPs) and guanine nucleotide 

dissociation inhibitors (GDIs).

1.3.1 Guanine nucleotide exchange factors (GEFs)

The GEF family of proteins enhance the exchange of bound GDP for GTP. To date at 

least 20 mammalian GEFs have been identified, including Dbl (Hart et al, 1991) and 

Vav (Crespo et al, 1997), based on the presence in their structure of a Dbl-homology 

domain (Cerione and Zheng, 1996), which, in itself, is both essential and sufficient to 

promote the GDP/GTP exchange reaction (Hart and Roberts, 1994). The GEF Dbl has
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specificity for the Rho GTPases Cdc42 and Rho while Vav is able to release GDP 

from Cdc42, Rac and Rho. Vav has been shown to be activated by the initial contact 

between antigen presenting cells (APCs) and T cells, where it is associated with the 

actin-binding proteins (ABPs) talin and vinculin. Rapid and sustained tyrosine 

phosphorylation stimulates the GEF activity of Vav upon engagement of cluster of 

differentiation (CD) 28 and B7-1 and in the absence of simultaneous T cell receptor 

(TCR) ligation (Nunes et al, 1994).

1.3.2 GTPase-activating proteins (GAPs)

GAPs act to down regulate the activity of Rho GTPases by increasing the intrinsic 

rate of hydrolysis of bound GTP (Lamarche and Hall, 1994). To date more than 20 

GAPs have been discovered, all of which share a homologous 140 amino acid GAP 

domain (Van Aelst and D’Souza-Schorey, 1997). Among the GAPs identified are p50 

Rho-GAP, which has specificity for Cdc42, Rho and Rac (Lancaster et al, 1994), and 

Bcr and Abr that have affinities for Cdc42 and Rac but not Rho (Diekmann et al, 

1991 ; Tan e / a/., 1993).

1.3.3 Guanine nucleotide dissociation inhibitors (GDIs)

GDIs inhibit both GDP/GTP exchange and the hydrolysis of bound GTP. Rho GDI is 

a ubiquitously expressed cytosolic protein with affinity for Rho, Cdc42 and Rac 

(Fukumoto et al, 1990 J Abo et al, 1991 ; Leonard et al, 1992). Rho GDI inhibits 

the dissociation of GDP from Rho GTPases by binding preferentially to their GDP- 

bound forms in the cytosol of resting cells. Upon activation of the cell, Rho GTPases 

are released from their GDIs and translocated to the cell membrane (Takai et al, 

1995). It is thought that the release of Rho GTPases from GDIs may require an input 

from GEFs as well as proteins from the erzin-radixin-moesin family of ABPs (Sasaki 

et a l  1998). Other GDIs include D4-GD1, which is only expressed in haematopoietic 

tissues, and Rho GDly, expressed in the pancreas and brain (Takai et al, 1995).
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1.3.4 Rho GTPases and cytoskeletal organisation

The regulation of cytoskeletal rearrangements by Rho GTPases and a number of 

specialized ABPs is of vital importance for numerous diverse cellular events, 

including cell motility, phagocytosis and cell division. The Rho family of GTPases 

therefore provide a vital link between receptors on the plasma membrane and the 

actin cytoskeleton (Ridley and Hall, 1992 Carlier, 1998).

1.3.4.1 Signalling events mediated through the Rho family of GTPases

In fibroblasts it has been demonstrated that Rho GTPases exert their effects via a 

hierarchical cascade system, with Cdc42 activating Rac, which in turn activates Rho 

(Nobes and Hall, 1995). However, in other cell types this cascade has not been 

demonstrated. Instead, Rho has been found to act antagonistically to Cdc42 and Rac 

(Tashiro et al, 2000).

1.3.4.2 Signalling at the pre-Rho GTPase level

Studies carried out using the Swiss 3T3 (S3T3) fibroblast cell line have shown that 

Rho GTPases can be activated by various stimuli and at different stages of the 

cascade. Treatment with lysophosphatidic acid (LPA) activates Rho (Ridley and Hall, 

1992), while stimulation of growth factor receptors by growth factors such as platelet- 

derived growth factor (PDGF) and insulin leads to the activation of Rac (Nobes et al, 

1995). Meanwhile, bradykinin has been shown to activate Cdc42 (Nobes and Hall, 

1995) (Figure 1.1).

1.3.4.3 Signalling at the Rho GTPase level

Activation o f Cdc42, Rac and Rho leads to the formation of a number of filamentous 

actin (F-actin) structures, which have been observed in a range of cell types, 

including fibroblasts and macrophages. Cdc42 controls the formation of filopodia, the
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Figure 1.1 The GTPase cascade involved in cytoskeletal organization 
in fibroblasts

A number of extracellular stimuli trigger the activation of the Rho 
GTPases: Cdc42, Rac and Rho, resulting in the formation of a number of 
cytoskeletal structures including filopodia, lamellipodia and stress fibres 
respectively. In fibroblasts these Rho GTPases act in a hierarchical manner 
with Cdc42 activating Rac, which in turn activates Rho. Activation of Rho 
GTPases involves GEFs, GAPs and GDIs.

Adapted from Van Aelst, L. and D’Souza-Schorey, 1997.
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thin finger-like cytoplasmic protrusions composed of tight bundles of long actin 

filaments that are thought to be involved in the recognition of the extracellular 

environment and are primarily found on motile and neuronal cells. N17Cdc42, the 

dominant negative (DN) mutant form of Cdc42, inhibits the formation of filopodia.

Rac causes the uncapping of the barbed ends of F-actin and thereby regulates the 

polymerisation of F-actin at the cell membrane to induce the formation of 

lamellipodia. These thin protrusions of actin are found at the cell periphery and have 

a role in cell migration. Rac also controls the formation of membrane ruffles, which 

are formed when lamellipodia fold back upon themselves. Microinjection of N17Rac, 

a DN mutant of Rac, inhibits this response pointing to a direct link between Rac and 

signalling via the growth factor receptors.

Meanwhile, Rho has been shown to control the formation of stress fibres. These actin 

filament bundles traverse the cell and are linked to the ECM via FAs. FAs are the 

regions where stress fibres are anchored to the plasma membrane and ensure that the 

cell adheres tightly to the substratum. The effects of Rho can be inhibited using C3 

transferase (Ridley and Hall, 1992 ' Nobes and Hall, 1995 Allen et al, 1997) (see 

section 1.6.2).

1.3.4.4 Signalling at the post-Rho GTPase level

Upon activation, Rho GTPases regulate numerous signal transduction pathways that 

link the reorganisation of the cytoskeleton to extracellular stimuli in a bi-directional 

manner, some of which will be outlined below.

1.3.4.4.1 Rho kinases

As described above, Rho mediates the formation of stress fibres and FAs that are 

induced by various stimuli, including LPA, as well as adhesion to the ECM protein 

FN (see Section 1.2.1). As a consequence of the activation of Rho by extracellular
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signals, Rho binds to Rho-associated coiled-coil-containing protein kinase-I (ROCK- 

I) [or Rho-associated kinase p (ROK-p)] and ROCK-II (ROK-a or Rho kinase), 

which results in the activation o f Rho and consequently in its movement from the 

cytosol to the plasma membrane. Rho kinase then phosphorylates and inhibits myosin 

phosphatase, resulting in elevated myosin light chain (MLC) phosphorylation 

(Kimura et al., 1996). This causes a conformational change in myosin, an increase in 

actin-activated myosin adenosine 5’-triphosphatase (ATPase) activity and 

subsequently an increase in myosin-actin filament binding. Consequently, stress fibre 

and FA assembly is induced. Treatment o f fibroblasts with KT5926, an inhibitor o f 

MLC kinase, results in a decrease in MLC phosphorylation and hence the loss o f 

stress fibres and FAs (Katoh et a l,  2001).

1.3.4.4.2 Phosphatidylinositol bisphosphate (PIP2)

The GTP-bound forms of Rho and Rac have been shown to stimulate the synthesis of 

the lipid kinase, phosphatidylinositol^bisphosphate (P1P2). This interaction occurs via 

the recruitment o f phosphatidylinositoll^phosphate 5 kinase at the plasma membrane.

By binding to and regulating the functions of a number of ABPs, P1P2 induces 

rearrangements of the actin cytoskeleton (Toker, 2002). For example, when P1P2 

associates with the ABP vinculin, a conformational change in vinculin is induced 

thereby enabling it to interact with other ABPs (Schoenwaelder and Burridge, 1999). 

These include the actin cross-linking protein talin, which binds to actin and is 

involved in translating messages from signalling pathways in to rearrangements of the 

cytoskeleton. It has been demonstrated in platelets that P1P2 can also induce the 

severing of actin filaments, upon induction by Rac, and consequently stimulate actin 

polymerisation, leading to the formation of lamellipodia (Hall, 1998).
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1.3.4.4.3 c-Jun NHi-terminal kinase (JNK) and mitogen-activated protein 

kinases (MAPKs)

Rho, Rac and Cdc42 are all implicated in the regulation of the c-Jun NH2- terminal 

kinase (JNK) and p38 mitogen-activated protein kinase (MAPK) cascades, most 

likely mediated though the p21-activated kinase (PAK) family (Daniels and Bokoch,

1999). These cascades are involved in the regulation of gene transcription. MAPKs 

are protein-serine/threonine kinases that are rapidly activated upon stimulation by 

numerous cell surface receptors. Their function is to convert extracellular stimuli into 

intracellular signals thereby controlling the expression of genes involved in a number 

of vital cellular processes, including cell growth and differentiation. JNKs, also 

known as stress-activated protein kinases (SAPKs), are a class of MAPKs which have 

the ability to phosphorylate the amino terminus o f the transcription factor c-Jun and 

can therefore control the expression of a number of genes. Through the activation of 

the JNK signalling pathway, Rac and Cdc42 seem to be able to stimulate c-Jun 

transcriptional activity, while Rho appears to activate this transcription factor in a 

JNK-independent manner (Marinissen et al., 2001). The Rho GTPases therefore 

provide a link between cell surface receptors and MAPK and JNK cascades (Hall, 

1998). These findings are further substantiated by recent studies that demonstrate that 

N17Rac blocks JNK activation (Harrington et al., 2002). It has been suggested, for 

example, that antigen receptors on T lymphocytes are linked to Rac, and consequently 

JNK. Activation of Rac, by the GEF Vavl, would therefore result in signalling 

through JNK and subsequently to the recruitment of transcription factors that are 

involved in cytokine gene induction (Reif and Cantrell, 1998).

1.3.4.4.4 p21-activated kinase (PAK)

Binding of the activated forms of Rac and Cdc42 to PAK I, a member of the 62 -68 

kDa serine-threonine kinases, has been shown to stimulate autophosphorylation of 

PAKl and consequently lead to an increase in its kinase activity (del Pozo et al.,

2000). These kinases play a role in the regulation of the actin cytoskeleton and also
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activate the JNK/SAPK pathways (Aspenstrom, 1999). The stimulation of PAKl by 

Rac is dependent on the translocation of Rac to the cell membrane upon activation 

(del Pozo et a l, 2000). The binding of PAKl to Cdc42 and Rac is mediated by the 

CRIB (Cdc42/Rac interactive binding) site that is a common feature of all members 

of the PAK family. Upon microinjection of PAKl into fibroblasts, lamellipodia and 

filopodia-like structures are observed, albeit with a different morphology to those 

induced by Rac (Sells and Chemoff, 1997). This discrepancy could be due to the need 

for targeting to the cell membrane of PAKl, as mentioned above.

1.3.5 Inhibitors of Rho GTPases

A number of inhibitors of Rho GTPases have been identified that can be used to study 

the roles o f Rho GTPases in the control o f the cytoskeleton.

1.3.5.1 Toxin B

A number o f bacterial protein toxins target Rho GTPases. The bacterium Clostridium 

difficile (C. difficile) is implicated in causing antibiotic-induced diarrhoea. Toxins A 

and B are the primary virulence factors produced by C. difficile and have both been 

shown to cause damage to the human colonic epithelium. Toxin B from C  difficile 

has previously been shown to transiently inactivate members of the Rho GTPase 

family of proteins (Just et al, 1995), including Rho, Rac and Cdc42. However, Toxin 

B does not affect many of the other proteins in the Ras superfamily and can therefore 

be used to study the specific effects of the Rho GTPase family of proteins on the 

cytoskeleton. Its effects are mediated by glucosylation of the effector region of the 

protein thereby blocking the capacity for nucleotide exchange and subsequently 

inhibiting the activity of the Rho GTPase (Aktories, 1997).
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1.3.5.2 C3 transferase

C3 exoenzymes are basic proteins o f ~ 25kDa that are expressed by a number of 

bacteria, including Clostridium botulinum, C. difficile and Staphylococcus aureus. 

These enzymes exert their effects by Adenosine 5’-diphosphate ribosylating RhoA, B 

and C. Upon activation of the cell this modification disturbs their release from GDIs 

in the cytoplasm thereby inhibiting the actions of these Rho GTPases. Other members 

o f the Rho GTPase family are not inhibited by these toxins (Lerm et al, 2000). C3 

transferase has been employed in numerous studies to determine the effects of 

inhibiting Rho on the actin cytoskeleton. In fibroblasts, for example, treatment with 

C3 transferase was found to eliminate FA and stress fibre formation (Ridley and Hall,

1992). C3 transferase is therefore a potent tool for the study of the effects of Rho on 

the actin cytoskeleton.

1.3.5.3 Y-27632

Y-27632 [{+)-{R)-trans-A-{ 1 -aminoethyl)-#-(4-pyridyl)cyclohexanecarboxamide

dihydrochloride] is a pharmacological reagent that inhibits the ROCK family. When 

used at a concentration of lOpM Y-27632 has shown to be specific for ROCK I and

II. Treatment at this concentration was found to block stress fibre formation in the 

S3T3 fibroblast cell line, while prolonged incubation resulted in the formation of 

“neurite-like” processes. Only at higher concentrations were other cellular events 

affected, including cytokinesis and progression from the GI-S phase of the cell cycle 

(Ishizaki et a l 2000). A concentration of 10pm was also found to be sufficient to 

block monocyte tail retraction during migration; a similar result was recorded by 

blocking RhoA using C3 transferase. Tail retraction was therefore found to be 

dependent on the activity of RhoA, acting through the ROCK family. It was proposed 

that tail retraction was mediated by negative regulation of integrin-mediated adhesion 

by RhoA/ROCK (Worthylake et a l, 20001). Treatment with Y-27632 has previously 

been shown to induce large membranous expansions in cultured human peripheral 

blood mononuclear cell (PBMC)-derived DC (Kobayashi et a l, 2001).

38



Introduction

1.3.6 Rho, Rac and Cdc42 and the regulation of dendritic growth in neurones

Axonal growth in neurones is driven by actin polymerisation within the growth cone 

-  the tip of the axon that consists of filopodia! and lamellipodia! protrusions (Hall, 

1998). Microinjection studies have been carried out on neurones to investigate the 

functions of Cdc42, Rho and Rac employing DN mutants of these proteins e.g. 

N17Rac and N17Cdc42. These mutants compete with the endogenous proteins for 

GEFs thereby inhibiting the activation of down stream kinases. These studies 

revealed that the expression o f Rho-related GTPases was sufficient to induce normal 

dendritic growth and that blocking the expression of Rho GTPases using DN mutants 

resulted in a markedly reduced number o f dendritic processes (Threadgill et al,

1997). Furthermore, studies to investigate the role o f Rho GTPases in neurite 

outgrowth in the neuronal cell line|PC 12 found that transfection with DN mutants of 

Rac and Cdc42 blocked their ability to form neurites upon adherence to Laminin-1 

(LN-1) (Weston et al 2000). However, microinjection with the Rho inhibitor C3 

transferase, resulted in neurite outgrowth of NlE-115 neuroblastoma growth cones 

(Kozma et a l, 1997). These findings are supported by studies that demonstrated that 

activated Rho promotes the retraction of neurites in a ROCK-dependent manner 

(Hirose et a l, 1998). Taken together, the data suggests that the initiation and growth 

of dendritic processes in neurones may normally be regulated by the activation of 

specific Rho-related GTPases, with Rac and Cdc42 acting in an antagonistic manner 

to Rho (Hall, 1998 xTashiro et a l, 2000), lending further support to the hypothesis 

that Rho GTPases are involved in the formation of dendritic processes in DC.

1.4 Cytoskeleton

The formation and retraction of membrane processes in all cell types is driven by 

reorganisation of the actin cytoskeleton. The cytoskeleton is involved in a wide range 

of cellular activities from cell migration and phagocytosis to cell division, and is 

composed o f three protein filament systems; actin micro filaments, microtubules (MT) 

and intermediate filaments (IF) (Alberts et a l, 1994).
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1.4.1 Actin

Actin is an abundant protein representing up to 60% of the total protein content in 

skeletal cells and 5% in non-muscle cells. While in muscle cells the primary function 

of actin is to permit muscle contraction, in non-muscle cells actin has a role in a range 

of activities including cell movement, cell division, changes in cellular morphology 

and the movement o f cell surface receptors.

Under normal physiological conditions monomeric, or globular (G-), actin, and 

polymeric F-actin are maintained in a dynamic steady state. However, actin 

reorganisation is necessary to regulate the actin cytoskeleton, and thereby enable it to 

play a role in the activities mentioned previously, as well as to permit the formation 

of the large variety of structures that are composed of actin (Carlier, 1998). 

Rearrangements o f the actin cytoskeleton are also thought to be vital to the ability of 

DC to carry out their role in the immune system (see Section 1.5.7).

ABPs are associated with the dynamics of actin polymerisation and depolymerisation 

that are necessary to instigate the assembly and disassembly of actin-composed 

structures. These ABPs include sequestering proteins, which inhibit actin 

polymerisation by binding to G-actin e.g. profilin, and the capping protein, which 

inhibits actin polymerisation by binding to the barbed ends o f F-actin (Ayscough, 

1998). The dynamics of the assembly and disassembly of F-actin and the role of 

ABPs will be discussed further in Section 1.4.4.

1.4.2 Microtubules (MTs)

MTs are composed of tubulin and form extensive, branching networks throughout the 

cytoplasm of cells. Tubulin exists as a heterodimer consisting of a-tubulin and p- 

tubulin subunits, which polymerise to form MTs. MTs associate with other proteins to 

form numerous complex structures including cilia, flagella, neurofibrils and the 

mitotic spindle, and play a crucial role in determining cell shape and motility (Valiron
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et a l, 2001). The assembly and functioning of MTs is in turn regulated by 

microtubule-associated proteins, including the microtubule-associated motors dynein 

and kinesin, and other proteins that are associated with MT structure and stability 

(Rappaporte/fl/., 1998).

A number o f MT specific poisons have been identified that prevent their assembly. 

Among these is colchicine, an alkaloid extracted from meadow saffron. Colchicine 

binds specifically to tubulin molecules and prevents their assembly in to MTs. 

Colchicine therefore represents a useful tool for the study of the importance of MT 

networks (Alberts et a l  1994).

1.4.3 Intermediate filaments (IFs)

IFs proteins are stable, fibrous filaments that can self-assemble into homogeneous 

filaments with a diameter of 10-12nm. Their constitutive protein e.g. keratin, 

vimentin or lamin, is tissue-specific. As for F-actin and MTs, accessory proteins and 

post-translational modifications regulate the organisation of IFs, which are primarily 

found in cell types which must be resistant to mechanical stress e.g. muscle cells and 

epithelia (Coulombe et a l, 2001).

1.4.4 Actin-binding proteins (ABPs)

ABPs regulate the polymerisation of F-actin in mammalian cells. These proteins are 

arranged into families according to whether they have a role in actin nucléation, 

severing, capping, cross-linking or bundling (Madsudaira, 1991).

1.4.4.1 Fascin

Fascin, a 55kDa polypeptide, falls into the actin-bundling family of ABPs. Within 

this category fascin represents a unique type of actin cross-linking protein.
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The fascin family of actin-bundling proteins -  including sea urchin, human, mouse 

and Xenopus fascins -  represents a distinct family of actin-bundling proteins, which 

share very similar amino acid homology with other non-fascin actin-bundling proteins 

(Yamashiro et al, 1998). In humans fascin is primarily found in filopodia, actin 

stress fibres and membrane ruffles (Yamashiro-Matsumura and Matsumura, 1985). It 

is therefore thought that fascin plays a role in the formation of these structures. It is 

also likely that it is involved in the formation of dendritic processes.

This hypothesis is supported by morphological findings. The expression of fascin is 

highly specific and is dependent on tissue and cell type. Fascin is highly expressed in 

tissues such as the brain and spleen while within these tissues it is seen in specific cell 

types including neuronal cells, glial cells and DC. These cell types are those that 

extend numerous membrane protrusions that may be involved in cell motility and/or 

in interactions with other cell types. Crucially, DC exhibit numerous, fascin- 

containing membrane protrusions that may be involved in antigen presentation to T 

cells in lymphoid organs (Yamashiro et al, 1998).

Transfection of fascin into the LLC-PKI pig epithelial cell line resulted in the 

induction of focal contacts, lamellipodia and microspikes. Cytoplasmic staining of 

transfected cells revealed that the fascin was present chiefly in the areas where the 

morphology was altered. Microinjection studies produced similar results with these 

changes being accompanied by an increase in the F-actin content of injected cells 

(Yamashiro et al, 1998). These studies also suggest that fascin plays a major role in 

the formation of membrane protrusions.

The functional properties of fascin have been investigated by Adams et al (1999). 

Their in vitro studies revealed that there is a reduction in fascin activity upon 

phosphorylation by protein kinase C (PKC). The ability of cells to phosphorylate 

fascin is required for aS p l integrin-mediated spreading and cytoskeletal organisation 

on FN. However, adhesion to thrombospondin-1 and LN-1, which induces the 

formation of F-actin and fascin-containing microspikes or ruffles, does not result in

42



Introduction

fascin phosphorylation. These results are consistent with the reduction in functional 

activity o f fascin seen after phosphorylation of fascin. Phosphorylation of fascin 

reduces its ability to interact with F-actin to form actin bundles and micro filaments. It 

may be that under these conditions fascin interacts with other, as yet unspecified, 

proteins. The PKC isoform, PKCa, has been shown to localize to focal contacts in 

long-term adherent cells and interacts preferentially with (31 integrins. The 

organization of FAs is promoted or inhibited in prespread cells by stimulation or 

inhibition of PKC respectively, and it is possible that fascin may play a role in these 

events.

1.4.4.1.1 Fascin and antigen presentation by DC

Fascin not only plays an important role in cell motility but also in other cellular 

activities. Antigen presentation by DC to T cells seems to be dependent, at least in 

part, on the ability of DC to form thin dendritic projections in lymphoid tissues that 

allow the two cell types to come into close proximity. Evidence of a role for fascin in 

DC antigen presentation to T cells comes from a number of studies. Al-Alwan et al. 

(2001a,b) demonstrated that strong expression of fascin was found to coincide with 

the formation of dendrites by DC upon reaching the lymph node with the fascin being 

located to the immunological synapse (IS) formed between DC and T cells (see 

Section 1.5.7). Furthermore, Ross et al. (1998) found that the formation of dendritic 

processes was inhibited by fascin antisense oligonucleotides.

1.4.4.2 Talin

The cytoskeletal protein talin (270kDa) is a dimeric, elongated, flexible, actin cross- 

linking protein that binds to the cytoplasmic domains of integrins (3IA and (3ID. 

Talin also has binding sites for integral membrane proteins and cytoskeletal proteins. 

These include three nonoverlapping vinculin binding sites and a binding site for FAK, 

which is known to be important in cell motility. The carboxyl-terminal region of talin 

contains an actin-binding site. It is therefore assumed that talin has a key role to play
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in linking membrane proteins to cytoskeletal structures and signalling pathways 

(Critchley, 2000).

Unlike other FA proteins, talin is also found in membrane ruffles. Here it co-localises 

with layilin and actin filaments, possibly via the actin-binding site in its head region, 

which allows a direct link between layilin and F-actin (Borowsky and Hynes, 1998). 

Interestingly, the ability of undifferentiated stem cells to assemble actin stress fibres 

and FAs was found to be abolished by gene targeting experiments that disrupted both 

talin alleles. Adhesion to FN was, however, not affected (Priddle et al., 1998). These 

observations provided further evidence that talin plays a key role in linking integrins 

to F-actin, although in certain cell types other cytoskeletal proteins, including a- 

actinin and filamin, may be used in place of talin for this purpose.

Studies have not previously been carried out to assess the distribution and role of talin 

in DC dendrites.

1.4.4.3 Vinculin

The cytoskeletal protein vinculin comprises five amphipathic helices connected by 

short loops. Recent developments in the study of this protein have led to the finding 

that the globular head region of vinculin (Vh) interacts with the vinculin tail region 

(Vt) thereby masking the binding sites for F-actin in Vt, talin and a-actinin in Vh, and 

vasodilator-stimulated phosphoprotein (VASP) in the intervening region of the 

protein (Steimle et al, 1999). The paxillin-binding site in Vt appears to be regulated 

independently of the Vh-Vt interaction. Binding of acidic phospholipids to Vt 

disrupts the interaction between Vh and Vt thereby exposing the talin-, a-actinin and 

VASP-binding sites in Vt (Weekes et al, 1996).

Resolution of the structure of vinculin has led to the development of a model, which 

proposes that the Rho-dependent synthesis o f PIP2 promotes the recruitment of 

vinculin to the cell membrane, leading to the subsequent insertion of the Vt region
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into the membrane. This in turn promotes the unfurling of the protein disrupting the 

interaction between the Vt and Vh region and exposing the talin- and a-actinin- 

binding sites in Vh (Critchley, 2000). It is unclear how vinculin contributes to the 

assembly of FAs. It may be that vinculin cross-links and thus stabilises the interaction 

between actin and talin and between talin and the lipid bilayer of the cell membrane. 

Equally, the binding of VASP to vinculin may recruit profilin/G-actin-ATP thereby 

increasing the rate of actin polymerisation at the barbed ends. However, although 

gene disruption studies in embryonic stem cells (Priddle et al., 1998) and mouse F9 

teratocarcinoma cells (Volberg et al., 1995) suggest that vinculin is not essential for 

FA assembly, a reduction in the number of FAs formed was observed, and those that 

were formed had an aberrant morphology, suggesting that vinculin plays a regulatory 

rather than structural role in FAs. Further compelling evidence for this hypothesis 

comes from the observation that, in fibroblasts at least, over expression of vinculin 

results in an increase in the number, size and stability of FAs, with a reduction in cell 

motility (Rodriguez e/ûf/., 1992).

Although vinculin transcripts have been found in DC (Hashimoto et al, 1999), 

studies to investigate its distribution and functional role in this cell type have been 

limited. However, vinculin does not appear to be expressed by follicular DC (Muller 

et al., 2000) but has been found to be localised to podosomes in human immature DC 

(Bums et al., 2001).

1.4.4.4 Paxillin

Paxillin is a 68kDa phosphotyrosine-containing protein that is localised to FAs 

(Turner et al., 1990). Paxillin acts as an adaptor protein, linking signalling from 

integrins to the cytoskeleton, and is involved in cell spreading and motility (Schaller,

2001). To this end, paxillin contains multiple domains that bind a number of 

signalling and structural proteins involved in the organisation of the cytoskeleton. The 

Lin-11 Isl-1 and Mec-3 domains of paxillin facilitate its localisation to FAs, while 

other domains permit the binding of other ABPs, including vinculin, and effectors of
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the Rho family of GTPases, including paxillin kinase linker (PKL) and PAK- 

interacting exchange factor, a GEF for Rho GTPases (Turner, 2000). PKL has been 

shown to bind to PAK. PAK is involved in cytoskeletal reorganisation by Rho 

GTPases however the mechanism by which it localised to FAs was, until recently, 

unclear. Recent studies by Brown et al. (2002) have demonstrated that the interaction 

between paxillin and PKL is essential for recruiting PAK to FAs thereby ensuring 

that PAK is localised to the correct region of the cell to carry out its role in linking 

signalling through Rac and Cdc42 to cytoskeletal rearrangements.

Madruga et al. (1999) found paxillin to be localised to both poles of highly motile 

chicken bone marrow-derived DC and, further, that it colocalises with actin at the 

leading edge of these cells. It would therefore be expected that vinculin would have a 

similar localisation in human DC.

1.4.4.5 Lymphocyte Specific Protein 1 (LSPl)

The 47-kDa pan-leukocyte ABP lymphocyte specific protein 1 (LSPl) has been 

shown to be an important regulator o f the actin cytoskeleton. Studies by Coates et al 

(1991) showed that polymorphonuclear cells expressing a mutant form of LSPl had 

an abnormal morphology. This aberrant morphology was found to result from 

defective actin polymerisation in response to chemotactic factor stimulation, and was 

characterised by reduction in cell spreading on glass.

Subsequent research has indicated that LSPl is expressed in DC but its exact location 

and function have yet to be elucidated (Pulford et al., 1999).

1.4.4.6 Wiskott-Aldrich Syndrome protein (WASP)

Wiskott-Aldrich Syndrome (WAS) is a rare immunodeficiency disease affecting 

approximately four in every one million births with an X-1 inked recessive mode of 

transmission (Ramesh et al., 1999). WAS was first described in 1936 and is
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characterised by recurrent pyogenic opportunistic infection, eczema, 

thrombocytopenia and haematopoietic malignancies (Snapper and Rosen, 1999).

1.4.4.6.1 Immunological abnormalities associated with WAS

The most obvious immunological abnormalities associated with the disease are a 

deficiency in T cell numbers, delayed hypersensitivity reactions, a failure to produce 

antibodies to polysaccharide and protein antigens and a marked decrease in 

immunoglobulin (Ig) M production by B cells. The thrombocytopenia associated with 

WAS is the result of extensive platelet destruction (Rosen et al., 1995). However, 

other important features of WAS are linked to cytoskeletal defects.

The DC, primary macrophages and neutrophils of WAS patients have defects in cell 

motility as a result of dysfunctional chemotaxis (Binks et al., 1998) (Linder et al.,

2000). T cells from WAS patients have been found to have cytoskeletal and signalling 

abnormalities with a deficiency in microvilli on the surface of T lymphocytes 

(Kenney et a l, 1986). These abnormalities are accompanied by reduced or absent 

proliferative responses to TCR activation and are allied to a deficiency in Interleukin-

2 (IL-2) secretion. B cells from WAS patient have also been shown to have defects in 

the regulation of the actin cytoskeleton (Facchetti et al., 1998) with the observed 

abnormalities in actin polymerisation and cytoskeletal organisation resulting in 

aberrant cell morphologies (Gallego et al, 1997).

1.4.4.6.2 Genetics

The abnormalities associated with WAS, including those associated with DC, result 

from mutations in the WASP gene, which has been mapped to chromosome Xpl 1.22-

3 (Derry et al. 1994). The WAS protein (WASP) is expressed in cells of the 

haematopoietic lineage and has a predominantly cytoplasmic distribution with only 

16% associated with the cell membrane and less than 3% with the nucleus. The neural 

homologue of WASP (N-WASP) has a more ubiquitous pattern of expression (Miki 

et a l, 1996), and has been mapped to chromosome 7q31.1. The suppressor of cAMP
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receptor (SCAR) protein, discovered in Dictyostelium (Bear et al., 1998), and its 

mammalian homologue WASP family Verprolin-homologous protein (Miki et al.

1998), have also recently been identified as members of the WASP-family of 

proteins.

WASP is a proline-rich 502 amino acid protein (Derry et al, 1994) with a CRIB 

domain (also known as the GTPase binding domain), a verprolin homology domain, a 

WASP homology domain (WHl) and a Src-homology 3 domain (Symons et al. 1996) 

(Mullins, 2000). Mutations associated with WAS have been observed throughout the 

WAS gene, however greater than 50% are found in exons 1-3, within the region that 

encodes the WHl domain (Ramesh et al, 1999). Missense mutations are most 

commonly associated with a mild WAS phenotype, while those individuals with 

severe WAS often have mutations resulting in frameshift or termination codons (Zhu 

et a l, 1995 /Lemahieu er a/., 1999).

1.4.4.6.3 Interactions with the Rho GTPases

WASP and N-WASP both contain a CRIB domain; a consensus sequence of 18 

amino acids that allows WASP to interact with Cdc42, and to a lesser extent Rac. 

However, WASP does not interact with Rho (Aspenstrom et a l, 1996). Additional 

sequences within WASP ensure maximal binding (Rudolph et a l, 1998). Both WASP 

and N-WASP co-localise with F-actin, while N-WASP also interacts directly with 

PIP2. WASP is therefore an important effector protein involved in the regulation of 

the actin cytoskeleton by Rho GTPases.

Other proteins have been found to interact with WASP in regulating the actin 

cytoskeleton, including WASP Interacting Protein (WIP) (Ramesh et al. 1997) and 

proline-serine-threonine phosphatase-interacting protein (Wu et al., 1998).
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1.4.4.6.4 WASP Interacting Protein (WIP)

WIP is a 52kDa proline-rich protein that has been shown by two-hybrid screening and 

immunoprécipitation assays to interact with WASP at a region distinct from the CRIB 

domain (Ramesh et al., 1997). Ramesh et al (1999) have proposed a model for signal 

transduction following the engagement o f the TCR, where the TCR-associated 

tyrosine kinase ZAP-70 binds to and phosphorylates Vavl. Vavl then forms a 

complex with SLP-76. This complex serves as a GEF for, and consequently activates, 

Cdc42. Binding of activated Cdc42 to the WASP-WIP complex results in the 

displacement of WIP and permits the binding of WIP to actin. The resulting 

polymerisation of actin leads to the formation of actin structures including filopodia. 

It should, however, be noted that WASP can also regulate the actin cytoskeleton 

independently of WIP.

It has been suggested that the mutations associated with the WHl domain of WASP, 

that have been observed in patients with WAS, disturb the interaction between WIP 

and WASP, thereby disrupting Rho GTPase signalling through WASP. By inhibiting 

the formation of the WASP-WIP complex these mutations may therefore lead to the 

defects in T cell activation associated with WAS (Savoy et al., 2000).

1.4.4.6.5 Rho GTPases, WASP and the actin-related protein complex (Arp2/3)

Activation o f Rho, Rac and Cdc42 results in the reorganisation of the actin 

cytoskeleton as outlined in Section 1.3. However, it should be noted that while Rac 

and Cdc42 can induce de novo actin polymerisation, Rho can only orchestrate the 

reorganisation of preformed actin filaments (Machesky and Hall, 1997). In order to 

induce actin polymerisation, Rac and Cdc42 have been shown to act through the 

WASP family members with Cdc42 interacting with WASP and N-WASP and Rac 

with SCAR (Mullins, 2000).
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1.4.4.6.6 Arp2/3

Arp2/3 is involved in actin nucléation downstream of the WASP-family proteins. 

This stable complex is made up of seven subunits - Arp2, Arp3, p40, p35, p i9, p i8 

and p i4 (Mullins et al., 1998a). WASP, N-WASP and SCAR interact with the Arp2/3 

complex via their carboxyl termini (Machesky and Insall, 1998 ÿ  Rohatgi et al, 1999). 

The Arp2/3 complex can bind to both the barbed (fast-growing) ends and the side of 

actin filaments and can therefore stimulate the formation of actin filaments while also 

controlling the cross-linking of these actin filaments into inflexible networks (Mullins 

et al., 1998b). The importance of the Arp2/3 complex was confirmed by the fact that 

individually knocking out each of the component subunits in yeast resulted in defects 

in cell growth and actin organisation, although only knocking out p40 was found to 

be lethal with the other knock outs being conditionally lethal (Winter et al., 1999). 

Studies of the interaction between WASP and Arp2/3 have led to a model of actin 

polymerisation being proposed.

1.4.4.6.7 A model for actin polymerisation

The first stage of actin polymerisation involves prenylated, GTP-bound Cdc42 

localising to the cell membrane, upon activation by an external stimulus, where it 

recruits and activates WASP/N-WASP via its CRIB domain. WASP in turn recruits 

the Arp2/3 complex, via a conserved 30-residue acidic sequence in its C-terminal 

domain. A second -30-residue motif at the amino-terminal of this domain, the WASP 

homology domain 2, binds actin and is a prerequisite for efficient activation of the 

Arp2/3 complex. These interactions between WASP and Arp2/3 would stimulate the 

nucléation activity of Arp2/3 leading to the polymerisation of G-actin to F-actin and 

the formation actin filaments. The newly formed actin filaments are subsequently 

cross-linked to form branching networks by the same complex. The elongation of 

these free-barbed ends would in turn result in the protrusion of the membrane 

(Mullins, 2000).
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In vivo, spontaneous actin filament elongation is prevented by cooperation between 

the sequestering protein thymosin p4 and profilin, which binds to monomeric actin 

and maintains the pool of G-actin. Profilin also has a role in shuttling monomeric 

actin from sequestering proteins on to filament ends, thus promoting filament 

extension (Pollard et al., 2001) (See Figure 1.2).

1.5 Dendritic cells (DC)

The initiation, modulation and propagation of innate and acquired immune responses 

relies on the ability of APC to convert protein into peptide and display this peptide, in 

the form of peptide-major histocompatability (MHC) complexes, on their cell surface 

to T lymphocytes. The most potent form of APC are DC. DC are unique in their 

ability to stimulate naïve T lymphocytes (Bancherau and Steinman, 1998) and as such 

have a vital role to play in ensuring that an effective immune response is mounted.

1.5.1 DC origin and development in vivo

DC are bone marrow-derived cells that have been identified as derivatives of both 

myeloid and lymphoid lineages (Stockwin et a l, 2000). In vivo the prototype DC 

present in peripheral tissues are the Langerhans’ cells (LC), which were first 

described by Paul Langerhans in 1868 (Langerhans, 1868), and which are specialised 

for antigen uptake. These DC are “immature” in that they are poor stimulators of T 

cell proliferation in vitro. Upon exposure to microbial and inflammatory products, 

including lipopolysaccharide (LPS) and the cytokine lL-1, DC down-regulate their 

capacity for antigen uptake and switch to their antigen-presenting mode. Since 

immature DC have abundant MHC class 11-rich compartments (MllCs), upon 

receiving the signal to mature DC are able to produce large amounts of peptide-MHC 

class 11 complexes which are subsequently displayed on their cell surface. The levels 

o f co-stimulatory molecules on the surface of DC are also up regulated. Once 

activated DC migrate to the lymphoid tissues, including the lymph nodes and spleen, 

where the maturation process is completed. Once in the lymphoid tissues, DC induce
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Figure 1.2 A model for actin polymerisation
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the activation and expansion of antigen-specific T cells thereby stimulating an 

effective immune response (Mellman et al, 1998).

The maturation state of DC can be classified further with respect to their ability to 

induce either a tolerogenic or immunogenic immune response. Until recently this 

classification had been rather simplistic with immature DC being implicated in 

inducing tolerance in the immune system and mature DC being associated solely with 

the induction of an immunogenic response through the activation of antigen-specific 

T cells (Bancherau and Steinman, 1998) (Steinman and Nussenzweig, 2002). This 

idea makes sense since in an immature state DC would present only low levels of 

peptide-MHC class II complexes to T cells, derived from self-antigen from specific 

tissues and apoptotic cells which are endocytosed as a matter of course in the 

periphery (see Section 1.5.3). Given the absence of costimulatory molecules on the 

surface o f immature DC, this would induce T cell anergy and would thereby prevent 

potentially fatal autoimmune reactions to self-antigen. Mature DC, meanwhile, would 

express the high levels of both peptide-MHC class II complexes and costimulatory 

molecules necessary for the activation and expansion of antigen-specific T cells 

required to mount an effective immune response in response to infection (Bancherau 

and Steinman, 1998). This model confines migrating, or “veiled” (see Section 1.5.4) 

DC (Balfour et a l, 1981) to having an academic role in the DC lifecycle, necessary 

only to facilitate the movement o f maturing DC to the lymphoid tissues.

However, recent evidence suggests that migrating DC may, themselves, be divided 

into two distinct subclasses. Firstly, those that have been induced to migrate to the 

lymph nodes by stimuli such as microbes, as described above, and which will 

eventually become fully mature DC capable of inducing an immunogenic T cell 

response, and secondly, a new class of migratory DC that represent a semi-mature 

steady-state migrating DC population not capable o f inducing an immunogenic 

response. These DC have rather been found to induce the production of CD4^ T- 

regulatory cells in vivo that are responsible for inducing tolerance to self-antigens, 

thereby preventing potential fatal autoimmune reactions. These DC therefore appear
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to play a vital role in the instigation o f peripheral tolerance, which is an essential back 

up to the central tolerance mechanisms carried out during T cell development in the 

thymus (Akbari et al., 2001 /  Lutz and Schuler, 2002).

The type of migratory DC induced appears to depend on the stimuli received by 

immature DC in the periphery. If DC receive signals that can induce full maturation 

e.g. up-regulation of the levels of MHC and costimulatory molecules on the cell 

surface and, crucially, the production of pro-inflammatory cytokines by DC, such as 

tumour necrosis factor a  (TNF-a), IL-2 and IL-6, that are necessary to induce T-cell 

priming, they will become classical migratory mature DC. Such stimuli include 

microbial products, which signal through Toll-like receptors (TLR) (Lutz and 

Schuler, 2002). However, ^ stimulus that induces only up-regulation of MHC and 

costimulatory molecules, in the absence of cytokine production, induces the 

formation of a semi-mature steady-state migrating DC that is capable of inducing 

tolerance to self-antigen but does not produce the pro-inflammatory cytokines 

necessary to mount an immunogenic response. Such stimuli may include TNF-a that 

has been shown to induce semi-mature murine DC in in vitro culture which, when 

injected into mice, induce tolerance (Menges et al., 2002).

These recent advances in our knowledge of DC maturation highlight the complexity 

o f this topic and serve to illustrate that the level of plasticity exhibited by DC should 

not be underestimated. These findings also highlight the dangers of trying to define 

apparently homogeneous subclasses o f DC, since heterogeneity may well exist even 

within these populations.

1.5.2 Properties of DC

The extraordinary potency of DC as APCs is attributable to a number of specialised 

features demonstrated by these cells. Notable among these is that immature DC 

posses the ability to phagocytose and macropinocytose antigen, while specialised 

receptors, such as C-type lectin receptors, facilitate receptor-mediated endocytosis of
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antigen (Sallusto and Lanzavecchia, 1995). Moreover, the levels of peptide-MHC 

class II complexes displayed on the cell membrane of mature DC are between 10 and 

100 times higher than the levels found on other APCs (Inaba et al, 1997). DC also 

express high levels of accessory molecules, including CD86 and CD40, which when 

bound to the corresponding ligands on T cells, CD28 and CD40 ligand respectively, 

act to enhance both adhesion and signalling between DC and T lymphocytes 

(Banchereau and Steinman, 1998). Equally, and of particular relevance to this study, 

DC are characterised by a specialised morphology, with a relatively small cell body, 

but very long membrane processes, or dendrites, which are frequently many times the 

length of the cell body. DC morphology will be discussed in more detail in Section 

1.5.4.

1.5.3 Endocytosis and antigen presentation by DC

Antigen presentation by DC is a multi-stage process, beginning with immature DC in 

the periphery taking up and degrading antigen to form peptides. These peptides can 

then be loaded on to MHC class II molecules and presented on the plasma membrane 

of mature DC to T cells in the lymphoid organs (Bancherau and Steinman, 1998). In 

order to carry out antigen presentation, immature DC must therefore have an efficient 

mechanism of antigen uptake.

Endocytosis is the process by which material is taken up by a cell. There are two 

main types of endocytosis -  phagocytosis and pinocytosis. Phagocytosis is the term 

used to describe the endocytosis of large particles, commonly derived from 

microorganisms and cell debris, using large (>250nm) vesicles called phagosomes. 

Macrophages and neutrophils are professional phagocytes that carry out the majority 

of the phagocytosis that occurs in the body, although DC use phagocytosis as one 

mechanism to take up antigen in the periphery (Reis e Sousa et a l, 1993). Pinocytosis 

occurs via much smaller (< 150nm) vesicles and is associated with the intake of 

solutes and fluid (Alberts et a l, 1994).

55



Introduction

Endocytosis can be either receptor-mediated or carried out by fluid-phase uptake. 

Receptor-mediated endocytosis occurs when molecules in the extracellular fluid bind 

to the appropriate receptor on the cell membrane of the endocytosing cell and are 

transported into the cell as a receptor-molecule complex. In DC the mannose and 

FCyRII receptors permit the efficient uptake of mannosylated antigen and antigen 

bound to antibody respectively, while in DC the DC receptor for endocytosis (DEC- 

205), a 205kDa protein that is a homologue of the macrophage mannose receptor 

(MMR), also enhances antigen uptake (Mahnke et a l, 2000).

Fluid-phase endocytosis occurs when solutes dissolved in the extracellular fluid are 

taken up upon invagination of the cell membrane and are thereby transported into the 

cell. Macropinocytosis is a specialised form of fluid-phase endocytosis that is carried 

out constitutively by DC. Macropinocytosis is brought about by membrane ruffling 

and the formation of large vesicles (I-3pm) that allow the rapid uptake of fluid and 

consequently antigen (Lanzavecchia, 1996). Macropinocytosis is therefore a 

cytoskeletal-dependent process that has been recently shown in fibroblasts (Amyere 

et a l, 2000 ; Amyere et a l, 2002) and murine DC (West et a l, 2000) to involve 

signalling through phosphatidyl inositol 3-kinase and phospholipase C.

The areas of the cell membrane associated with receptor-mediated endocytosis are 

called clathrin-coated pits. The inner surfaces of these invaginations are coated with 

the protein clathrin and soon break away from the cell membrane to form clathrin- 

coated vesicles. These vesicles are transported into the cell where they fuse with early 

endosomes, which as a consequence have been found to contain newly engulfed 

material from different domains of the cell. Early endosomes, located close to the cell 

membrane, allow the efficient recycling of material back to the cell membrane that is 

not marked for transport, via multi-vesicular bodies, to common late endosomes e.g. 

many of the receptors involved in receptor-mediated endocytosis, including the 

mannose receptor. It should be noted that not all receptors are recycled from the early 

endosomes. Indeed, DEC-205 is recycled through the late endosome and lysosomal 

vacuoles, a property that accounts for a greatly enhanced degree of antigen
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presentation when this receptor is used, as compared to the MMR (Mahnke et al., 

2000).

The late endosomes are located near the Golgi apparatus and nucleus of the cell. 

From here material is transferred to lysosomes where it can be degraded. Ingested 

material is usually located to the early endosomes within approximately a minute of it 

being endocytosed and subsequently becomes localised to the late endosomes within 

5-15 minutes.

In APCs, including DC, it is believed that MHC class II molecules accumulate in the 

late endosomal and lysosomal compartments, which together are thought to constitute 

the so-called MIIC (Turley et al., 2000). Proteases, including the cathepsin (Cat) 

family, among whose numbers are included the aspartic protease Cat D, and the 

cysteine proteases Cat B, H, L, S, F, Z, V, O, C (Watts, 2001), involved in the 

degradation of antigen, are also located in these compartments. The expression of 

these proteases is, however, to some degree tissue-specific, with Cat L, for example, 

being expressed in macrophages at a far higher level than in DC and B cells (Lennon- 

Duménil et al., 2002). The invariant chain (li) of MHC class II molecules that is 

involved in targeting newly synthesised MHC class II molecules from the Golgi 

apparatus to the endocytic compartments, and in preventing premature binding 

between MHC class II molecules and peptides before they reach the MIIC, must also 

be removed to facilitate peptide loading. Human leukocyte antigen (HLA) DM aids 

the association between peptides and MHC class II molecules by removing the li- 

derived class Il-associated peptide, which masks the antigen binding site of the MHC 

class II molecules, and is therefore also found in these compartments (Denzin and 

Cresswell, 1995 ; (Turley et a l, 2000 ; Lennon-Duménil et a l, 2002).

Following their formation, peptide-MHC class II complexes are delivered to the cell 

surface. In resting human immature DC these complexes have a half-life of 

approximately 10 hours before being internalised and becoming localised to recycling 

endosomes where the loading of peptide onto MHC class II molecules may also
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occur. However, upon activation by exposure to microbial and inflammatory 

products, the half-life of peptide-MHC class II complexes undergoes a greater than 

10-fold increase, as a result of the cessation o f endocytosis, while simultaneously the 

rate of de novo MHC class II synthesis is increased. These changes, accompanied by 

an increase in the levels of co-stimulatory and adhesion molecules on the surface of 

the DC, provide the perfect conditions for antigen presentation by DC to T cells 

(Celia g/a/., 1997 ;• Watts, 1997) (See Figure 1.3).

1.5.4 Dendritic cell morphology

DC morphology is characteristic of both peripheral tissue immature DC and mature, 

or interdigitating, DC within lymphoid tissue (Breel et al, 1987). DC dendrites are 

retracted during DC migration, as the former differentiate into the latter, although 

even in their migrating, circulatory form these cells are distinguishable from other 

cells by their “veils” (Lens et al, 1983). DC morphology in the periphery, where DC 

reside in the epidermis and are in contact with surrounding kératinocytes, is believed 

to increase the efficiency of antigen contact and uptake. In lymphoid tissues the 

dendrites may maximise contact with T lymphocytes. Indeed a single mature DC has 

been shown experimentally to be sufficient to activate up to 3000 T cells (Stockwin et 

al, 2000). DC dendrites also allow the formation of immuno-regulatory “clusters” 

between T cells and DC within which T cell cross-talk can take place and which 

promote T cell proliferation in response to various stimuli (Inaba and Steinman, 

1987 ; Mitchison and O’Malley, 1987). Compelling evidence for the role of the DC 

dendrite in DC-T cell interactions comes from a study that showed DC dendrites 

wound around T cells in scanning electron microscopy images of these clusters 

(Austyn et a l, 1988).

The processes that characterise the morphogenesis of the DC dendrite remain poorly 

defined. In part, this is because DC in in vitro suspension, or cultured on plastic, form 

only slight and temporary dendrites, unlike those described in vivo. Under these 

conditions “immature” cultured DC do show considerable membrane ruffling and
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Figure 1.3 Antigen presentation by dendritic cells
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motility, but little process formation (West et al, 2000). “Mature” DC, models of 

interdigitating DC, forms numerous very fine mobile short membrane projections, 

which are again distinct from the long interdigitating structures seen in vivo 

(Kobayashi, 2001).

1.5.5 Integrins and adhesion to FN by DC

As discussed in Section 1.3.1, FN has an important role to play in organising the 

ECM, aiding the attachment of cells to the ECM, via integrin binding, and regulating 

cell migration and, crucially, the cytoskeleton, in a bi-directional manner.

Evidence for this comes from work that demonstrated that disruption o f the actin 

cytoskeleton using cytochalasin inhibits FN matrix assembly (Christopher et a l  

1997). Furthermore, studies by Zhong et al (1998) revealed that inhibition of RhoA 

using C3 transferase, blocked the FN matrix assembly that is induced by treatment 

with LPA (Zhang et al, 1994) thereby confirming a link between control of the actin 

cytoskeleton and the ECM.

Interestingly, work by Cox et a l  (2001) on Chinese hamster ovary (CHO) K1 

fibroblast-like cells revealed that the concentration of FN on which these cells were 

plated dramatically affects the degree of polarization, protrusion and migration 

carried out by the cell. Their studies demonstrated that RhoA activity inhibited cell 

protrusion and polarization, possibly by down-regulating Racl and Cdc42 activity. 

Moreover, high concentrations of FN (20-40pg/ml) were found to promote RhoA 

expression and inhibit Racl and Cdc42 expression, thereby inhibiting polarization, 

protrusion and migration of these cells. However, intermediate concentrations of FN 

(3-lOpg/ml) promoted Cdc42, Racl and RhoA activity and consequently cell 

migration via increased cell protrusion, polarization and FA formation. These 

findings suggest that the ECM, via its interactions with integrins on the surface of 

cells, may play an important role in regulating cell migration and protrusion in vivo. 

Indeed, in neurones it has been shown that the concentration of the ECM component
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LN determines surface levels of its ligand, integrin a 6 p l, by altering the rate at which 

receptor is removed from the cell surface. Increased expression of integrin at the cell 

surface was shown to result in increased neuronal cell adhesion and neurite outgrowth 

(Condic and Letoumeau, 1997).

The expression of p i (CD29) and p2 (CD18) integrins on DC has been studied by a 

number of groups (Le Varlet, 1992 ; Aiba et a l, 1993 Ammon et a l, 2000 ;* Puig- 

Kroger et a l, 2000).

Beta 1 integrins are also known as the very late antigen (VLA) integrin family. CD29 

forms a heterodimeric complex with a number of a  subunits, including CD49a-f, to 

form a functional integrin. Human LC in the epidermis express p i integrins to 

varying degrees. VLA4 (CD49d/CD29), VLA5 (CD49e/CD29) and VLA6 

(CD49f/CD29) are the most abundantly expressed pi integrins on LC (Le Varlet et 

al, 1991). VLA4 and 5 are receptors for FN while VLA6 is the receptor for LN. 

Treatment of LC with anti-pl chain monoclonal antibodies (mAb) inhibited adhesion 

of LC to FN (Le Varlet et a l, 1992). It has been postulated that the expression of FN 

receptors by LC facilitates the migration of DC in the dermis prior to maturation- 

induced migration (Le Varlet et a l, 1992). VLA4 expression was also found to be up 

regulated upon maturation of DC suggesting that it may have a role in the migration 

of mature DC in to the lymphoid organs (Aiba et a l, 1993) (Puig-Kroger et al, 

2000).

Studies by Jancic et a l  (1998) assessed the ability of DC at different stages of 

maturation to adhere to FN. Their investigations revealed that different populations of 

DC varied considerably in their ability to adhere to FN. Human PBMC-derived DC 

cultured in foetal bovine serum or human serum, demonstrated a high degree of 

adhesion to FN. However, cultured skin DC (sDC) which had high levels of MHC I 

and II and co-stimulatory molecules, and were therefore considered to be 

representative of mature DC, adhered poorly to FN despite expressing high levels of 

the FN receptor aSpl and a4p i integrins. It should be noted that in contrast a
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previous study demonstrated that LC that were freshly isolated from the skin showed 

considerable adhesion to FN (Le Varlet et al., 1992). This discrepancy is most likely 

due to the freshly isolated LC being representative of immature DC, while cultured 

sDC had the phenotype of mature DC.

CD 18 interacts with four different a  subunits, CD lla-d, to form functional 

CD11/CD18 ((32) integrin heterodimers that constitute the leukocyte integrin family. 

Beta 2 integrins are expressed on DC with CDl lb/CD 18 (Mac-1) and CD 11 c/CD 18 

(p i50,95) having been identified as receptors for high concentrations of LPS in the 

absence of CD 14 (Ingalls et a l, 1995) (Ammon et a l, 2000), which is expressed at 

very low levels on DC. However, the identification of the TLR family, that recognise 

pathogen-associated molecular patterns on microbes, including LPS, and whose 

activation consequently leads to the maturation of DC, calls into question the 

importance of LPS-binding to p2-integrins in DC activation (Barton and Medzhitov, 

2002). CD 18 has been implicated in the emigration of DC precursors into the lung in 

mice (Schneeberger et a l, 2000) while the interaction between intercellular adhesion 

molecule (ICAM)-I on DC and the leukocyte functional antigen-1 (LFA-1) on T cell 

has a crucial role in establishing the IS that allows DC to present antigen to T cells in 

the lymphoid tissues (see Section 1.8.1).

Although these, and other, studies on DC have been carried out to assess the role of 

integrins in the maturation of DC and the adhesion of DC to FN, no insight has yet 

been provided into the role of FN and integrins in post-adhesion dendrite formation 

by DC. Therefore further investigation into these aspects of DC dendrite formation 

are needed.

1.5.6 Rho GTPases and DC

Work by Garrett et al (2000), carried out using murine DC, demonstrated that Cdc42 

has a role in regulating the endocytic capacity of DC during maturation. Their studies 

found that the levels of activated Cdc42 were maximal in immature DC, which are
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characterised by high levels of endocytosis, while the levels of activated Cdc42 were 

significantly lower in mature DC, coinciding with the down-regulation of endocytosis 

by these cells. Further compelling evidence came from the observation that 

microinjection o f an active mutant of Cdc42 into mature DC or inactive mutant of 

Cdc42 into immature DC, led to elevated levels or a complete cessation of 

endocytosis in these mature and immature DC respectively.

Rac has also been shown to have a role in regulating the capacity of DC to take up 

antigen and has been implicated in the control of macropinocytosis in murine spleen- 

derived DC (SDC). West et al. (2000) showed that microinjection of N17Rac 

completely abolished macropinocytosis in immature SDC, while microinjection of 

N17Cdc42 and C3 transferase caused only a small reduction in macropinocytosis in 

the same cells.

Kobayashi et al. (2001) employed C3 transferase and the ROCK-specific inhibitor Y- 

27632 (see Section 1.3.5.3) to investigate the role of Rho in the morphology of 

human PBMC-derived DC. Treatment of mature DC with C3 transferase in culture 

led to a loss of the thin, needle-like dendrites at the periphery that were observed on 

untreated mature DC. A reduction in the T-cell stimulatory capacity of immature DC 

was also observed. Treatment with Y-27632 also led to the disappearance of DC 

dendrites followed by the emergence of large membrane expansions.

As discussed earlier, WAS represents a specific illustration of the importance of Rho 

GTPases in regulating the cytoskeleton of DC. DC derived from patients with WAS 

show abnormal morphology and dendrite formation (Binks et al. 1998). This defect 

can be corrected by microinjection of wild-type WASP (Bums et al., 2001).

While these studies implicate Rho GTPases in controlling the DC cytoskeleton and 

DC function, the mechanisms involved in the regulation of dendrite formation, 

especially in human DC, remain poorly understood.
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1.5.7 Involvement of the cytoskeleton in DC-T cell interactions

The formation of a physical contact, the so called IS, between the APC and T cells 

that comprise DC-T cell clusters, is essential for the efficient activation and 

proliferation o f T cells. This multi-step process relies on a dramatic reorganisation of 

the T cell cytoskeleton (Grakoui et al., 1999).

The initial step involves adhesion between the T cell and APC. This event is mediated 

by integrins, such as the LFA-1/ ICAM-1 interaction, and other non-integrin 

molecules including ICAM-3 that interacts with DC-SIGN. LFA-1 and the other 

integrins involved in this process are located on the flat surface of the T cell which 

depends on a ring of cortical actin, MTs and IFs to maintain its structure (Dustin and 

Cooper, 2000). Blocking the LFA-l/ICAM interaction has been shown to partially 

inhibit T cell proliferation (Salomon and Bluestone, 1998).

Retraction of cortical actin precedes the formation of de novo F-actin structures at the 

leading edge of the T cell, including lamellipodia and filopodia, creating an area of 

increased sensitivity between the TCR and MHC-peptide complexes presented by the 

APC (Wei et al., 1999). Clusters o f TCR then accumulate at the centre of the IS -  a 

process that is dependent on the actin cytoskeleton.

Subsequent signalling events through the TCR accompanied by the engagement of 

co-stimulatory molecules on the APC and T cell (e.g. CD86/CD28) leads to activation 

of the T cell. The presence of coreceptors, including CD4 and CD8 which are 

associated with MHC class II and MHC class I molecules respectively, and integrins 

that, as a result of rearrangements of the cytoskeleton are located in concentric rings 

around the IS, act to maintain the integrity o f the synapse (Krummel and Davis, 

2000).

Most studies have focused on the role of the T cell actin cytoskeleton in the formation 

of the IS, with the APC being thought to have only a passive role in this event.
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Although this may indeed be the case for most APCs, recent studies suggest that this 

is not the case for DC. Al-alwan et a l (2001) demonstrated that during DC-T cell 

contact, DC actively polarise F-actin and fascin to the IS, via reorganisation of the 

actin cytoskeleton (discussed further in Sectionl.V^VA l),Among APCs, the ability to 

activate resting T cells is a specific, property of DC. This rearrangement of the 

cytoskeleton during the formation of the IS, and the presence of DC-SIGN, a receptor 

only found on DC that binds to ICAM-3 on resting T cells and facilitates antigen- 

independent clustering o f T cells with DC (Geijtenbeek et a l, 2000), are among the 

factors which seem likely to confer this ability to DC.

1.6 Aims of Thesis

The processes that characterise the morphogenesis of the DC dendrite remain poorly 

defined. A first aim of this thesis was therefore to establish an in vitro model for DC 

dendrite formation and investigate the formation of dendrites by immature and mature 

DC using time-lapse microscopy. A second objective was to identify cell surface 

molecules (particularly of the integrin family), which mediate process formation in 

this model. A third objective focused on the role of the Rho family of GTPases, 

specifically RhoA, Racl and Cdc42, in DC dendrite formation. Although recent 

studies have shown that the Rho GTPases play an important role in regulating the 

endocytic capacity of DC (Garrett et al, 2000 ;  West et al, 2000) investigations into 

the role of these proteins in regulating the DC cytoskeleton have been limited and 

have generally focused on murine DC. Therefore, the technique of microinjection was 

employed to study the effects of RhoA, Racl and Cdc42 on the actin cytoskeleton of 

human PBMC-derived DC. Constitutively active (CA) and DN mutants of these 

proteins were purified and'microinjected into FN-adherent DC and confocal 

microscopy used to determine the effects on the actin cytoskeleton.
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2.1 Materials

Unless otherwise stated, all chemicals and reagents were obtained from Sigma (UK) 

Ltd. (Poole, Dorset, UK). Pipette tips were from Elkay (Hampshire, UK). Disposable 

pipettes were obtained from Philip Harris (Leicestershire, UK).

2.2 Cell and Tissue Culture

All cell and tissue culture was performed under aseptic conditions in an InterMed 

class 2 safety cabinet. Unless otherwise stated, cells were maintained by incubation at 

37°C in a humidified atmosphere of 5% CO2.

2.2.1 Culture Medium

Unless otherwise stated, cells were maintained in a complete medium (CM) of 

Roswell Park Memorial Institute medium-1640 (RPMI-1640) (Gibco BRL, Paisley, 

UK) supplemented with 50pM 2-P-mercaptoethanol (Gibco BRL, UK), lOOU/ml 

penicillin, lOOpg/ml streptomycin, 2mM L-glutamine (all from Clare Hall 

Laboratories, Cancer Research UK, London, UK) and 10% heated inactivated (56°C 

for 30 minutes) foetal calf serum (PCS) (Gibco BRL).

2.2.2 Cell counting

Cell numbers were counted using a Neubauer haemocytometer. lOpl of cell 

suspension was mixed thoroughly with an equal volume of 0.04% trypan blue stain 

[phosphate-buffered saline (PBS)]. This mixture was used to count the cell density 

while also allowing a rapid assessment of cell viability as a result o f trypan blue 

exclusion from live cells. Samples were only used if they were greater than 90% 

viable.
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2.2.3 Swiss 3T3 cells

Swiss 3T3 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

with glutamine (Gibco BRL) containing 10% PCS, lOOU/ml penicillin and lOOpg/ml 

streptomycin at 37 °C in a humidified atmosphere o f 10% CO2.

2.2.4 Human peripheral blood derived dendritic cells

2.2.4.1 Isolation of human peripheral blood mononuclear cells (PBMC)

Human PBMC were obtained according to the method outlined in Romani et a l, 

(1994). Venesection was used to obtain 60ml of peripheral blood from healthy 

volunteers, using a 19/21 g butterfly needle, into a heparinised (lOOU/ml) syringe. 

Blood was diluted 1:2 into PBS (Clare Hall Laboratories). 30ml of diluted blood was 

layered over 17.5ml Lymphoprep 1077 density medium (Nycomed, Oslo, Norway) 

and centrifuged for 30 minutes at 600g - with the brake off -  at room temperature in 

order to separate mononuclear cells from erythrocytes and granulocytes. The resulting 

interface of cells over the Lymphoprep 1077 (Nycomed), which contained the PBMC, 

was harvested and diluted 1:2 with Hank’s buffered saline solution (HBSS) (Gibco 

BRL). Cells were washed three times in HBSS.

2.2.4.2 Derivation of human peripheral blood dendritic cells

Monocytes were obtained from freshly isolated PBMC by a 2 hour plastic adherence 

step. After washing, cells were resuspended at 3-8 x lOVml in CM. 3ml of cell 

suspension was plated per well of a 6 well plate (Falcon, France) and allowed to 

adhere for 2 hour at 37°C in an atmosphere of 5% CO2.

Following 2 hours adherence the supernatant was removed and each well washed 

twice with HBSS. To each well, 3ml of fresh CM was added and supplemented with
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300ng human recombinant granulocyte macrophage-colony stimulating factor (GM- 

CSF, Sobering Plough, France) and ISOng human recombinant interleukin-4 (IL-4, 

Sobering Plough, France). Cells were then incubated for 7 days at 37°C in an 

atmosphere of 5% CO2.

On day 7 the resultant cells were harvested, each well was washed with 3ml of HBSS 

and the cells were subsequently layered over 5ml of lymphoprep 1077 (Nycomed). 

To remove dead cells and debris, the cells were centrifuged at 600g for 30 minutes 

with the brake off. The cells contained in the interface over the lymphoprep were 

harvested and washed three times in HBSS.

2.2.4.S Depletion of contaminating lymphocytes

On day 4 of culture, cells were counted and resuspended in 2ml of ice-cold CM 

supplemented with monoclonal CD2 (2pg/ml) CD3 (UCHT 1, 2pg/ml), in order to 

deplete T cells, and CD19 (BU12, Spg/ml), in order to deplete B cells (see Table 2.1), 

for 30 minutes with occasional, gentle agitation. Cells were then washed once in ice 

cold HBSS and further resuspended in 2ml ice-cold CM. For every 10  ̂cells to be 

depleted, lOpl of immunomagnetic beads (Dynal M-450 sheep anti-mouse Ig coated 

beads, Dynal, Oslo, Norway) (washed three times in HBSS) were added to the cell 

suspension. The resulting suspension was then incubated on a rotor mixer for 45 

minutes at 4°C to facilitate binding between the beads and the antibody coated cells. 

The beads were removed from the cell suspension by placing the tube on a magnetic 

depletor for 5 minutes and transferring the supernatant to a fresh tube for a further 5 

minutes. Finally the supernatant containing purified DC was transferred to a third and 

final tube and the DC were replated in 3ml CM supplemented with GM-CSF and IL-4 

for a further 3 days.
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2.2.4.4 LPS treatment of dendritic ceils

PBMC-derived DC were stimulated to mature by treatment with LPS (from 

Salmonella Minnesota) (Sigma). LPS was added at various concentrations to DC on 

day 6 o f culture for 24 hours. An identical volume of CM was added simultaneously 

to control wells of DC. LPS aliquots were stored at -20°C and were derived from a 

single source diluted in CM.

2.2.5 Derivation of human peripheral blood macrophages

Human PBMC-derived macrophages were obtained and isolated using the protocol 

outlined for DC culture (section 2.2.4.), except that IL-4 was omitted from the culture 

medium. On day 5 of culture the wells were washed twice with HBSS to remove any 

remaining non-adherent cells and fresh CM containing GM-CSF was added. On day 7 

o f culture, 2ml of Trypsin (Gibco) (0.25% in TRIS Saline), diluted 1:2 in PBS, was 

added to each well for 5 minutes in order to successfully harvest the adherent 

macrophage population. The Trypsin reaction was halted by the addition of CM, and 

the cells were subsequently washed three times in HBSS.

2.3 Flow Cytometry

Phenotypic analysis of DC and macrophages was carried out using flow cytometry. 

Cells were harvested, washed twice in HBSS and resuspended at a concentration of 1 

X 1 0 ^ - 5  X 10  ̂ cells/ml in blocking buffer (HBSS containing 10% rabbit serum 

(Gibco) and 0.1% sodium azide) for 15 minutes at 4°C. 50pl of cells was added to 

each well of a 96-well round-bottomed plate (Falcon) as required. Cells were then 

incubated for 30 minutes on ice with 50pl of primary antibody (supernatants or 

5pg/ml when concentration was known) (see Table 2.1). After washing 3 times with 

blocking buffer, cells were incubated for a further 30 minutes on ice with a 1:20 

dilution of fluorescein isothiocyanate-(FITC) conjugated rabbit anti-mouse IgG 

(Dako, Glostrup, Denmark) in blocking buffer. Cells were subsequently washed three
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times in HBSS containing 0.1% sodium azide and fixed in lOOjxl of 3.7% 

formaldehyde diluted in HBSS. Finally, 50pil of HBSS containing 0.1% sodium azide 

was added to each well. Stained cells were stored in the dark at 4°C and analysed on a 

FACScan (Beckton-Dickinson, Mountain View, CA, USA) using WinMDI software 

within three days of staining. For each sample 10000 events were recorded. The data 

was examined relative to a negative control sample with no primary antibody or the 

relevant isotype control. All antibodies were titrated and used at saturating 

concentrations.

2.4 Quantitative assays of adherence and process formation.

10̂  PBMC-derived DC or macrophages were seeded on to autoclaved 13mm 

coverslips (BDH, Poole, Dorset, UK) coated overnight at 4°C with lOpg/ml bovine 

plasma FN (Sigma) in HBSS or 1% bovine serum albumin (BSA) (Sigma) in PBS or 

HBSS alone, as indicated, in 15mm 4-well plastic dishes (Nunc). Cells were 

incubated at 37°C in a humidified atmosphere of 5% CO2 for varying time points. 

Cells were washed in HBSS to remove non-adherent cells and fixed in 3.7% in HBSS 

for 15 minutes and either processed for immunofluorescence (see Section 2.9), or 

analysed directly under a light microscope.

The number of cells adhering to a substrate was determined by counting the number 

of adherent cells in 10 random fields, at a magnification of x200, under each different 

test condition. 10 such fields were counted from 3 independent experiments and a 

mean value was calculated from the 30 fields that had been quantified.

The presence or absence of dendrites (defined as a process longer than the cell body) 

was recorded for each cell. The percentage of DC forming dendrites was determined 

using the equation:

% of DC with dendrites = (No. DC with >1 dendrites/No. DC adhered) x 100
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A minimum of 100 cells was counted for each experimental group.

2.4.1 Inhibitors and blocking antibodies

10pm cytochalasin (Sigma), 1pm colchicine (Sigma) or the appropriate mouse 

monoclonal antibody (5pg/ml or supernatant, see Table 2.1), diluted in CM were 

added to 10̂  PBMC-derived DC 30 minutes prior to adherence or following 30 

minutes adherence of DC to FN, as indicated. The number of cells adhering to the 

substrate and the percentage of cells forming dendrites was determined as outlined in 

Section 2.4.

2.4.2 Toxin B treatment

Toxin B isolated from C. difficile was a gift of K. Aktories and F. Hofmann, Freiberg, 

Germany. Toxin B at final concentrations of between Ing/ml and lOOng/ml was 

added to FN-adherent DC on day 7 of culture for periods of time between 30 minutes 

and 150 minutes. For pre-adherence assays, toxin B was added to DC in culture, at 

concentrations of lOng/ml or 50ng/ml, for 30 minutes prior to seeding on FN-coated 

coverslips.

2.4.3 Rho kinase inhibition

The Rho kinase inhibitor, Y-27632 (Welfide Corporation Osaka, Japan), was added at 

a final concentration of 5pM in CM 15 minutes prior to seeding of DC on to FN.

2.5 Time-lapse microscopy

5 x1 0^  DC were adhered for 30 minutes on to FN-coated 32 mm coverslips (H. Saur, 

Reutlingen, Germany) in POC chambers (H.Saur). Untreated control DC were seeded 

simultaneously. Under both conditions cells were left for 15 minutes post-treatment 

before initiating time-lapse recordings. Time-lapse images were recorded using
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Kinetic Imaging Ltd (Wirrai, UK) software. Images were recorded every 1 0 - 1 5  

minutes for 3 hour. During filming DC were maintained at 37°C and in an atmosphere 

o f 5% CO2. Time-lapse images were processed into Quicktime movies using 

Confocal Assistant and Adobe ImageReady software.

2.6 Endocytosis

10̂  PBMC-derived immature or LPS-matured DC, as indicated, were seeded on to 

FN-coated coverslips, as outlined in Section 2.4, and incubated at 37°C in a 

humidified atmosphere of 5% CO2 for 180 minutes. Non-adherent DC were removed 

by washing twice with CM. The remaining adherent DC were incubated on ice in the 

dark, with gentle agitation, for 10 minutes in 5mg/ml Texas Red-labelled Dextran 

(lysine fixable, 70 000 MW) (Molecular Probes Europe BV, Leiden, The 

Netherlands) diluted in CM, prior to being washed three times in HBSS and incubated 

in CM at 37°C in a humidified atmosphere of 5% CO2. DC were washed twice in 

HBSS after varying time points, as indicated, and fixed in ice-cold 3.7% 

formaldehyde in PBS and prepared for confocal analysis as outlined in Section 2.9.

2.7 Cell-permeable peptide inhibitors of Rho GTPase-effector interactions

Cell-permeable peptide inhibitors 896502, 896504, 896505 and 896506 were 

obtained from Mimotopes Pty Ltd, Clayton Victoria, Australia. Thieir amino acid 

sequences are shown in Figure 2.1. All the peptides contained amino-terminus biotin, 

to allow the capture and detection of peptides, the Penetratin internalisation sequence 

and a C-terminus amide. Between the penetratin internalisation sequence and the C- 

terminus, peptide 896502 contained a 16 amino acid sequence based on the CRIB 

motif of N-WASP, while peptide 896504 acted as a control and contained the N- 

WASP CRIB sequence reversed (BIRC). Similarly, peptide 896505 contained a 16 

amino acid sequence of the CRIB motif of PAK, while peptide 896506 acted as a 

control with the PAK CRIB sequence reversed (BIRC). Stock proteins were stored in
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Figure 2.1 Cell-permeable peptide inhibitors of Rho GTPase-effector 
interactions

Peptide Number: 896502

BIOTIN N-WASP CRIB MOTIF

Sequence: Biotin - RQIKIWFQNRRMKWKKD1GTPSNFQHIGHVGW-NH2

PENETRATIN INTERNALISATION SEQUENCE AMIDE

Peptide Number: 896504

BIOI IN N-WASP CRIB REVERSED ( BIRC)
I I I   1

Sequence: Biotin-RQIKlWFQNRRMKWKKWGVHGIHQFNSPTGID-NH2

PENETRATIN INTERNALISATION SEQUENCE AMIDE

Peptide Number: 896505

BIOTIN PAK CRIB MOTIF

Sequence: Biotin-RQIKlWFQNRRMKWKKEISLPSDFEHT!HVGF-NH2

PENETRATIN INTERNALISATION SEQUENCE AMIDE

Peptide Number: 896506

BIOTIN  ̂ PAK CRIB REVERSED (BIRC)

Sequence: Biotin-RQIKlWFQNRRMKWKKFGVHITHEFDSPLSIE-NH2

PENETRATIN INTERNALISATION SEQUENCE AMIDE
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lOpl aliquots at a concentration of 5mg/ml peptide in buffer (5% Acetic acid/15% 

Acetonitrile in ddH20) at -20°C.

Peptides diluted 1:10 in ddH20, and subsequently in CM to final concentrations of 

between lOpg/ml and lOOpg/ml, were added to serum-starved S3T3 cells (SS-S3T3) 

or FN-adherent DC on day 7 of culture for 60 minutes. For pre-adherence assays, 

peptide was added at concentrations of between lOpg/ml and lOOpg/ml, for 60 

minutes prior to seeding on FN-coated coverslips. In certain experiments involving 

S3T3 cells it was necessary to stimulate over-night SS-S3T3 with Ing/ml platelet- 

derived growth factor (PDGF) (Sigma) or 10% PCS, diluted in CM, for 10 minutes 

following peptide treatment. Cells were washed in HBSS to remove non-adherent 

cells and fixed in 3.7% formaldehyde, in HBSS, for 15 minutes and prepared for 

confocal analysis as outlined in section 2.9.

2.8 Microinjection experiments

2.8.1 Expression and purification of proteins for microinjection

E.coli expressing recombinant C3 transferase, N17Rac, N17Cdc42, V14RhoA and 

V12Racl as glutathione-Sepharose fusion proteins were obtained from Dr. Anne 

Ridley (Ludwig Institute for Cancer Research, London). The E.coli were grown up in 

L-broth containing lOOpg/ml ampicillin. Protein expression was induced by addition 

of 0.2mM Isopropyl (3-D-1 -thiogalactopyranoside (IPTG) (Sigma) for the last 3 hour 

of culture. Bacteria were centrifuged, washed and resuspended in cold lysis buffer 

[50mM Tris-Cl pH 7.5, 50mM NaCl, 5mM MgCh, ImM dithiothreitol (DTT) and 

ImM phenyImethyIsi 1 fbny 1 (PMSF)]. The bacteria were disrupted by sonication for 6 

X 10 seconds with 45 seconds between each burst, and the soluble fraction used to 

extract proteins.

Glutathione-Sepharose beads (Amersham Pharmacia Biotech, Amersham, UK) were 

washed three times in ice-cold lysis buffer and ImM PMSF, resuspended in 500pl
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lysis buffer and added to the bacterial extract. The resulting beads/supernatant were 

rotated for 60 minutes at 4°C and the beads removed by centrifugation. Unbound 

proteins were removed from the resulting supernatant by washing three times with 

lysis buffer (without PMSF). Bound proteins were released from the beads by the 

addition of 500pl of thrombin buffer (50mM Tris-Cl pH 7.5, 2.5mM CaCl], lOOmM 

NaCl, 5mM Mg CI2, ImM DTT) and 5pl thrombin (Sigma, 0.5 units/pl in ddH20), 

dialyzed against dialysis buffer (50mM Tris-Cl pH 7.5, lOOmM NaCl, 5mM MgCb, 

ImM DTT) twice for 3 hour at 4°C and concentrated as required. The protein 

preparations showed only one band of the correct size on Coomassie-stained sodium 

dodecyl sulphate (SDS)-polyacrylamide gels. Protein concentration was determined 

using the Bradford reagent according to the manufacturers instructions (Bio-Rad 

Laboratories, Hercules, USA). Recombinant V12Cdc42 protein was a kind gift from 

Dr C. Nobes, UCL, UK.

2.8.2 Microinjection procedure

For microinjection, DC in CM were allowed to adhere to 13mm FN-coated coverslips 

in 15mm well dishes (Nunc, Denmark) at 10  ̂ cells per well for 2 hours. S3T3 cells 

were plated at a density of 5 x 10"̂  cells per well on 13mm coverslips, maintained until 

quiescent and then serum-starved overnight (16 hours) in DMEM containing 2g/l 

NaHCO]. During microinjection, DC were maintained at 37°C in an atmosphere of 

5% CO2 and S3T3 cells were maintained at 37°C in an atmosphere of 10% CO2. 

Recombinant and purified proteins C3 transferase (0.05mg/ml), N17Racl (1.5 

mg/ml), N 17Cdc42 (1 mg/ml), V12Racl (1 mg/ml), V12Cdc42 (2.6mg/ml) and 

V14RhoA (2.5mg/ml) were microinjected into the cytoplasm of the cells over a 15 

minutes period, along with rabbit IgG (Sigma, UK) (0.5 mg/ml) as a marker protein, 

and subsequently returned to the incubator and fixed in 3.7% formaldehyde for 20 

minutes at time points of 30 -  90 minutes post-microinjection. In total approximately 

100-150  cells per condition were injected.
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In certain experiments involving S3T3 cells it was necessary to stimulate over-night 

SS S3T3 with Ing/ml PDGF or 10% PCS, diluted in CM, for 10 minutes following 

microinjection.

2.9 Immunostaining for confocal microscopy

For localization of F-actin, fixed cells were permeabilized with 0.2% Triton X-100 in 

PBS for 5 minutes, and incubated with O.lpg/ml Texas Red isothiocyanate- (TRITC) 

or FlTC-conJugated phalloidin (Sigma) for 45 minutes. For the localization of other 

markers, cells were permeabilized with 0.2% Triton X-100 for 5 minutes or, in the 

case of Fascin, for 5 minutes in ice cold methanol, and then incubated with the 

appropriate mouse anti-human antibody (supernatants, or 5pg/ml when concentration 

was known) (see Table 2.1) for 45 minutes, followed by a 45 minute incubation in the 

dark with a 1:20 dilution of FlTC-conjugated rabbit anti-mouse IgG (Dako). Cell- 

permeable peptide inhibitors were detected by incubation with a 1:500 dilution of 

FlTC-streptavidin (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). 

Microinjected cells were identified by incubation with a 1:500 dilution of FlTC- 

conjugated goat anti-rabbit IgG (Calbiochem, San Diego, CA, USA) for 45 minutes. 

All antibodies were diluted in 0.5% BSA (Sigma) in PBS. Finally, the coverslips 

were mounted by inverting them on to 5pl mowiol mountant (Calbiochem) containing 

p-phenylenediamine (1 mg/ml) as an antibleach agent.

The same procedure was carried out for immunofluorescence of membrane proteins 

but the permeabilization step was omitted.

The coverslips were examined on a Zeiss confocal microscope using Zeiss 40 x 1.3 

oil immersion objectives.
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Table 2.1 List of murine monoclonal antibodies

SPECIFICITY CLONE ISOTYPE SOURCE

CD la NAl/34 Ig02a

(SN)

Gift from Prof. A. 

McMichael, John Radcliffe 

Hospital, Oxford, UK

CD2 XIX.8 IgC2b

(P)

Harlan Sera-lab, Crawley 

Down, UK

CD3 UGH-Tl IgGl

(SN)

Gift from Prof. P. G. L. 

Beverley, The Edward Jenner 

Institute for Vaccine 

Research, Newbury, UK

CDl l a IGRF38 IgGl

(P)

Gift from Prof. N. Hogg, 

IGRF, London, UK

CDl l a BU17 IgGl

(SN)

Gift from D. Hardie, 

Birmingham Medical School, 

Birmingham, UK

CDl l b IGRF44 IgGl (?) Gift from Prof. N. Hogg

CDl l b OKM-1 IgGl (SN) Gift from D. Hardie

CDl l c IGRF319 IgGl (?) Gift from Prof. N. Hogg

CDl lc BU15 IgGl (SN) Gift from D. Hardie

CD14 HB246 IgG2b

(SN)

Gift from Prof. P. G. L. 

Beverley

GDIS Bl/18 IgGl (?) Gift from Prof. N. Hogg

GDIS BU86 IgGl (SN) Gift from D. Hardie

GD19 BU12 IgGl (SN) Gift from D. Hardie

GD29 P5D2 IgGl (?) Gift from Prof. N. Hogg

GD49d 7.2R IgGl (?) A gift from Prof. N. Hogg.
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SPECIFICITY CLONE ISOTYPE SOURCE

CD86 BU63 IgGl (SN) Gift from D. Hardie

CD98 JAE3 IgGl

(P)

Gift fi'om Prof. K.M. Skubitz, 

University of Minnesota, 

Minneapolis

HL A-class I W6/32 IgG2a (SN) Harlan Sera-lab

HLA-DR L243 IgG2a

(SN)

Gift from Prof P. C. L. 

Beverley

Fascin 55K-2 IgGl

(SN)

Gift from Dr J. Adams, UCL, 

London, UK

Vinculin HVIN-1 IgGl (P) Sigma

Talin 8D4 IgGl (P) Sigma

LSPl IgGl (P) Gift from Dr K. Pulford, 

Oxford University, Oxford, 

UK

Paxillin 349 IgGl (P) BD Transduction 

Laboratories, Lexington, 

Kentucky, USA

Tubulin 2-28-33 IgGl (P) Sigma

SN -  Supernatant 

P - Purified
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Chapter 3

Dendrite formation by immature DC

80



Dendrite formation bv immature DC

3.1 Introduction

The initiation of an effective immune response relies on the ability of APC to take up 

protein antigens in the periphery, convert these proteins into peptide and display this 

peptide, in the form of peptide-MHC complexes, on their surface to T cells. DC are 

the most potent form of APC and are characterised by a distinctive morphology, with 

numerous long dendrites that extend from a relatively small cell body (Stockwin et 

al., 2000). As outlined in the introduction, this morphology is believed to contribute 

to the remarkable efficiency with which immature DC take up antigen in the 

periphery and to maximise contact with T cells in the lymphoid tissues, but the 

morphogenesis of the DC dendrite remains poorly defined.

The first aim of this study was therefore to investigate the formation of dendrites by 

DC. A model of dendrite formation in which cultured human PBMC-derived DC 

adhere to FN, a major and ubiquitous constituent of the ECM [reviewed in Hynes 

(1990)] was therefore developed. Under these conditions DC form long slender 

processes, which can extend several times the length of the cell body, and are 

reminiscent of the typical in vivo morphology. Using time-lapse microscopy the 

formation of dendrites by these cells was investigated in detail and was found to 

result from a very characteristic sequence of events.

The next step was to examine, the distribution of actin, tubulin and a number of ABPs 

during the formation of membrane processes and to use inhibitors of actin and tubulin 

to gain further insight in to their roles in the formation and maintenance of DC 

dendrites. These studies revealed that while inhibiting F-actin and MT formation had 

little effect on DC adherence to FN, dendrite formation was almost completely 

abolished under these conditions.

Adhesion to the ECM component FN is mediated by members of the p i integrin 

family which is expressed on DC (Le Varlet et al., 1992). The importance of p i 

integrins and DC maturation on dendrite formation on FN has not been investigated
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previously. Therefore, the effects of pre-adherence and post-adherence treatment of 

DC with anti-pl antibody were studied.

Once a role for the intracellular cytoskeletal proteins and p i integrins had been 

documented with respect to DC dendrite formation, the next step was to explore the 

functional status of these cells using an endocytic tracer, TRITC-conjugated dextran, 

together with anti-HLA-DR.

Taken together, therefore, these studies outline a model of DC dendrite formation, 

and one that clearly warrants further investigation.
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3.2 Results

3.2.1 Adherence of immature DC to fibronectin promotes dendrite formation

In order to successfully study the formation of DC dendrites it was first necessary to 

devise a means by which DC could be adhered to coverslips and the dynamics of this 

adherence step elucidated. Previous studies by our laboratory had shown that DC 

adhered rapidly to coverslips coated with lOpg/ml of the ECM protein FN and 

formed numerous arborising processes. In order to confirm this finding, PBMC- 

derived DC were seeded on to autoclaved uncoated or FN- or BSA-coated glass 

coverslips for 2 hours and the number of adherent DC and the percentage of adherent 

DC with dendritic processes counted (as outlined in the Materials and Methods) 

(Figure. 3 .1A & B). Immature DC adhered rapidly to the FN substratum and by 30 

minutes post-seeding the maximal number of DC had adhered (Figure 3.1 A). DC also 

adhered to BSA-coated coverslips and glass alone, but the number of adherent cells 

was significantly lower than that observed on FN. Process formation on FN was 

evident by 60 minutes of adhesion (Figure. 3. IB). By two hours post-adherence more 

than 70% of DC possessed at least one dendrite. The average length of each dendrite 

was found to be 39 ± 3pm, or approximately 2.5 -  3 times the cell body. In contrast, 

most DC seeded on to BSA or glass (>80%) failed to form dendrites. These findings 

suggested that DC adhere to and form dendrites on FN, while on a substrate of BSA 

or glass alone this process was effectively blocked.

In order to determine the optimum dose of FN to maximise the formation of dendrites 

by DC, immature DC were seeded on to glass coverslips that had been coated with 

FN at concentrations of 0 -  20pg/ml. Figure 3.2 clearly demonstrates that DC adhere 

to and form dendrites on FN in a dose-dependent manner, with maximal adherence 

and process formation at a concentration of lOug/ml. A concentration of lOpg/ml was 

therefore used for the remainder of the project.
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Figure 3.1 Adherence and dendrite formation on BSA, fibronectin 
and glass by immature PBMC-derived DC.

Immature PBMC-derived DC were seeded on a BSA, fibronectin or glass 
substrate for 30 minutes, 60 minutes or 120 minutes prior to fixation. The 
number o f adherent DC (A) and the percentage o f DC forming dendritic 
processes (B) in 30 randomly chosen fields from three independent 
experiments was calculated. Mean values ± SEM are presented.
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Figure 3.2 The effect of fibronectin concentration on adherence and 
dendrite formation by immature PBMC-derived DC.

Immature PBMC-derived DC were seeded on glass coverslips coated 
with a varying concentration o f fibronectin for 120 minutes. The number 
o f adherent DC (A) and the percentage o f DC forming dendritic processes 
(B) in 30 randomly chosen fields from four independent experiments was 
calculated. Mean values ± SEM are presented.
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3.2.2 Dendrite formation on FN is a specific property of DC

To confirm that the ability to form dendrites was a specific property of DC, 

macrophages, the phenotype o f which was confirmed by FACS analysis (data not 

shown), were simultaneously seeded on to separate FN-coated coverslips for 120 

minutes and their morphology observed. Macrophages also adhered rapidly and 

strongly to FN, but consistently failed to form any dendrites (Figure. 3.3). Instead, 

macrophage morphology was characterised by extensive podosome formation and 

active membrane ruffling as previously described (Correia et al, 1999). Podosomes 

were rarely seen in DC adhered to FN, and when present were on the occasional cell 

with macrophage, rather than dendritic, morphology. The ability to form dendrites on 

FN therefore seemed to be a specific property of DC.

3.2.3 The specialized process of cellular morphogenesis involved in dendrite 

formation by immature DC involves the coordination of adhesion and 

protrusion

Since it had now been established that immature DC formed dendritic processes when 

allowed to adhere to FN-coated coverslips, it was important to understand the events 

involved in the formation of these processes. To this end, immature DC were seeded 

on to FN-coated coverslips and their behaviour observed using time-lapse 

microscopy. Dendrite formation was found to involve a sequence of well-defined 

events (Figure 3.4A & B and accompanying video Swetman 1). After adhesion and 

initial spreading on to the FN-coated surface, the cells first showed extensive 

membrane ruffling, but no clear cell polarity (Figure 3.4A). Subsequently, following 

the formation of a lamellipodium at one end of the cell, leading to the formation of a 

small protrusion, a stable contact between the substratum and this end of the cell was 

formed. A leading edge then developed at the opposite pole of the cell, which was 

highly motile and showed extensive membrane ruffling and lamellipodium extension, 

and moved away from the point o f contact, apparently pulling the cell body behind it. 

During cell movement, the initial contact point remained fixed which resulted in rapid

86



J  I

Figure 3.3 Morphological differences between DC and 
macrophages adhered to fibronectin.

Immature PBMC-derived DC (A & B) and macrophages (C & D) were 
seeded on FN-coated coverslips for 120 minutes. F-actin distribution 
was visualized using TRITC-conjugated phalloidin. Images were taken 
from a representative o f three experiments. Scale bar represents 10 pm 
in A & C and 5pm in B & D.
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Figure 3.4A Time-lapse analysis of dendrite formation by DC adhered 
to fibronectin.

Immature PBMC-derived DC were allowed to adhere to fibronectin-coated 
coverslips for 30 minutes and the formation of dendrites observed using 
time-lapse microscopy. Frames were taken at 10 minute intervals for 180 
minutes. Following adhesion, the immature DC formed a clear leading 
edge at one end of the cell (*) subsequently leading to the formation of a 
stable contact at this end o f the cell (arrow). A leading edge then formed at 
the opposite pole of the cell (**) and extension of the leading edge 
followed by retraction of the cell body (<) resulted in the formation of 
long, thin dendritic structures. Scale bar represents 20pm. Images are a 
representative of three independent experiments.
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Figure 3.4B Time-lapse analysis of dendrite formation by DC 
adhered to fibronectin.

Immature PBMC-derived DC were allowed to adhere to fibronectin- 
coated coverslips for 30 minutes and the formation of dendrites observed 
using time-lapse microscopy. Frames were taken at 15 minute intervals 
for 120 minutes. The process of cytoplasmic exclusion is clearly 
illustrated in (b), with the immature DC becoming polarised, developing 
a clear leading edge (*) and then an attachment point (arrow) at one end 
of the cell. Subsequent movement away from the point of attachment by 
the cell body (<) and the exclusion of cytoplasm lead to the development 
of a characteristic dendrite. Scale bar represents 20pm. Images are a 
representative of three independent experiments.
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elongation or stretching of the cell and formation of the dendrite structure. In many 

cells a further contact (or contacts) then formed at the front (moving) edge of the cell. 

The process of cell body retraction then occurred, pulling the cell body in the 

direction of the first contact site and leading to the formation of a further dendrite. As 

a result, cells had two, three, or occasionally even more dendrites. Over the 2-3 hour 

period over which the DC were observed, dendrites were dynamic structures and 

were sometimes reabsorbed into the cell body by retrograde movement of the cell. 

The initial dendrite was almost invariably formed from the back of the cell rather than 

by cellular outgrowth. Protrusion of the front of the cell moved the cell body away 

from the rear attachment while cytoplasm was excluded from the lengthening 

extension, necessarily formed behind the cell. This led to the highly characteristic 

morphology seen in Figure. 3.4B.

3.2.4 Distribution of cytoskeletal proteins in immature DC

The distribution of a number o f cytoskeletal proteins was determined by 

immunofluorescence studies (as described in Materials and Methods) in order to gain 

insight into the importance of these proteins in the formation and maintenance of 

dendrites by immature DC (Figure 3.5 A & B).

3.2.4.1 F-actin

The long, thin dendritic processes formed by DC that have been seeded on to FN can 

be clearly seen in Figure 3.5A. F-actin was concentrated predominantly at the tips of 

many DC processes, and was associated with motile surface projections and 

adhesions with the substratum. In some cases the base of the dendrites near to the cell 

body was also F-actin rich, but in many cases the dendrites contained low levels of F- 

actin, or F-actin was confined to a thin cortical layer just beneath the cell membrane.
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Figure 3.5A Morphological characteristics of PBMC-derived DC 
adhered to fibronectin.

Immature PBMC derived DC were seeded on FN-coated coverslips and 
allowed to adhere for 30 minutes, 60 minutes or 120 minutes prior to 
fixation. F-actin distribution was visualized using TRITC-conjugated 
phalloidin. Selection of fields was random. Images are taken from a 
representative of five experiments. Scale bar represents 10pm.

91



MERGE F-ACTIN
CYTOSKELETAL

PROTEIN

TALIN FASCIN LSP-1

o X

Figure 3.5B Distribution of cytoskeletal proteins in immature DC.

Immature PBMC derived DC were seeded on FN-coated coverslips and 
allowed to adhere for 120 minutes prior to fixation. The cells were stained 
with an anti-|3-tubulin, vinculin, paxillin, talin, fascin or LSP-1 antibody and 
subsequently a second layer o f FlTC-conjugated anti-mouse IgG antibody. F- 
actin distribution was visualized using TRITC-conjugated phalloidin. Cells 
were analyzed on a confocal microscope. Representative images o f three 
independent experiments. Scale bar represents 10pm.
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3.2.4.2 p-Tubulin

Polymerised P-tubulin was found to be primarily distributed within the body o f the 

dendrite and only weakly at the tips o f the dendrite, in contrast to the distribution of 

F-actin which was found primarily at the perimeter and ends o f the dendrite, as 

described in Section 3.1. A characteristic filament-like distribution of p-tubulin was 

observed which would most likely result from its role in the formation of MTs. 

Tubulin is the major component o f MTs and exists as a  and P subunits which 

associate to form dimers. The assembly o f a network of dimers connected in a head- 

to-tail fashion leads to the formation o f long, sometimes branching, networks o f MTs 

(Dustin, 1978), the P-subunit o f which can be seen in this image.

3.24.3 Vinculin

Vinculin expression was also seen along the arms o f the dendrites, although its level 

o f expression was variable both within each dendrite as well as among the DC 

population as a whole. This diffuse pattern o f staining could be explained by the fact 

that vinculin is being transported through the cell within vesicles. It was also 

observed that vinculin was found at high levels in the contacts made between the DC 

and the FN-coated coverslips at the ends o f the dendritic processes.

32.4.4 Talin

The actin cross-linking protein talin was expressed uniformly both within the DC and 

within the DC population. Talin was also found to be expressed within the contact 

points at the ends o f the dendrites. This observation lends credence to a role for talin 

in linking integrins to F-actin. Again, the slightly diffuse pattern o f staining along the 

cell body could be due to vesicular transportation o f the protein.
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3.2.4.5 Paxillin

The FA-associated adaptor molecule paxillin was expressed strongly within the DC 

population; most intensely at the contact points between the tips of the DC dendrite 

and the FN-coated coverslip where it appears to be localised with F-actin. This 

expression is consistent with the localisation of paxillin to classical FAs and focal 

complexes in other cell types (Nobes and Hall, 1995; Allen et al, 1997) and would, 

therefore, perhaps be expected.

3 2.4.6 Fascin

The actin-bundling protein fascin showed an extremely strong, yet variable, pattern of 

expression in the DC population. Expression was highest within the dendrites. The 

highest levels of expression also correlated primarily with those cells that were 

polarised or had already formed dendrites. As would be predicted from the expression 

patterns in other cell types, fascin was expressed both in the filopodia and membrane 

ruffles of DC.

3.2.4.7 LSPl

The actin-associated protein LSPl was primarily expressed along the dendrites of 

DC. Its level of expression was found to be variable within the DC population, 

although the majority of DC did express the protein to some extent. It also appears 

that LSPl is not as closely linked with the contact points at the ends of the dendritic 

processes as the other actin-associated proteins described in this study.
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3.2.5 F-actin, tubulin and pi integrins are essential for DC dendrite formation

3.2.5.1 F-actin and tubulin

The distribution of F-actin and tubulin suggested that both are important for 

maintaining the integrity of DC dendrites. Inhibitors of F-actin and tubulin: 

cytochalasin and colchicine respectively, were therefore assessed for their ability to 

affect DC adherence to, and process formation on, FN.

Immature DC were treated with cytochalasin or colchicine, as outlined in Materials 

and Methods 2.4.1, prior to adherence on FN, or 30 minutes post-adherence. A group 

of DC were treated with CM alone as a control. The effects on adherence and dendrite 

formation were assessed as outlined previously (see Section 3.2.1). Figure 3.6A 

demonstrates that blocking the assembly of tubulin into MTs using colchicine had no 

effect on the adherence of DC to FN as compared with controls. Inhibition of the 

formation of F-actin by cytochalasin slowed the rate at which DC adhered to FN. 

However, by 60 minutes the initial deficit in adherence was no longer apparent. 

Interestingly, treatment with colchicine and cytochalasin dramatically reduced the 

ability of DC to form dendrites on FN, even when the level of adherence was 

unaffected (see Figure 3.6B). The percentage of DC with one or more dendrites in 

these treated groups was less than 5% in all cases.

The addition of colchicine or cytochalasin post-adherence to FN did not affect the 

number of DC adhered to FN after 120 minutes (Figure 3.7A). However, as for the 

pre-adherence study, DC treated with colchicine and cytochalasin failed to form 

dendrites following post-adherence treatment (Figure 3.7B). As expected, a similar 

profile to that recorded for pre-adherence assays was observed, since dendrite 

formation first becomes evident at the 60 minute time point post-adherence of DC to 

FN.
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Figure 3.6 The effect of pre-adherence treatment with colchicine and 
cytochalasin on adherence to fibronectin and dendrite formation.

Immature PBMC-derived DC were treated with colchicine or 
cytochalasin prior to seeding on fibronectin-coated coverslips. The 
number of adherent DC (A) and the percentage of DC forming dendritic 
processes (B) in 30 randomly chosen fields from three independent 
experiments was calculated. Mean values ± SEM are presented.
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Figure 3.7 The effect of post-adherence treatment with colchicine and 
cytochalasin on adherence to FN and dendrite formation.

Immature PBMC-derived DC were treated with colchicine or cytochalasin 
30 minutes after seeding on FN-coated coverslips. The number of adherent 
DC (A) and the percentage of DC forming dendritic processes (B) in 30 
randomly chosen fields from three independent experiments was calculated. 
Mean values ± SEM are presented.
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3.2.S.2 (31 integrins

Since it had now been established that F-actin and tubulin were indeed essential for 

the formation of the DC dendrite, the next question was: which molecules on the 

surface of immature DC are important for DC dendrite formation on FN? Previous 

studies (Le Variole/ al., 1991) have shown that the pi integrins VLA4 and VLA5 are 

involved in the adhesion of DC to FN. Therefore, FACS analysis (See Materials and 

Methods) using a panel of antibodies was carried out in order to confirm these 

findings and to determine the relative levels of pi and P2 integrins on the surface of 

the immature DC used in this study. Figure 3.8A shows representative FACS plots 

from one of three independent experiments. The gated DC population were of the 

expected size and granularity. The fluorescence of CD3 and CD 19 staining on DC 

was the same as that recorded for an irrelevant isotype control antibody, and the DC 

showed the expected high levels of HLA-DR and CDla. The cells were also CD 14- 

low, supporting the interpretation that these cells were not macrophages. The panel of 

integrin antibodies revealed interesting results. Two separate monoclonal antibodies 

for each integrin were employed, where possible, and produced similar results. The 

DC population was found to express pi (CD29) and, to a slightly greater degree, p2 

(CD 18) integrin. The p2 integrin a-chains; œl (C D lla), Œm (C D llb) and a% 

(C D llc), and the pi a-chain a4  (CD49d) were also expressed, although the 

recorded levels o f CDl la  and, perhaps surprisingly, CD49d were slightly lower.

The results of the immunofluorescence studies of integrin expression depicted in 

Figure 3.8B confirmed the findings of the flow cytometry experiments, and 

demonstrated that pi (CD29) and P2 (CD 18) integrin were present on the surface of 

immature DC. CD 18 was predominantly localised to the adhesions at the tips of the 

dendrites while CD29 showed a slightly more diffuse pattern of staining along the 

whole dendrite.
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Figure 3.8A Typical histograms representing characteristic surface 
molecule expression of immature PBMC derived DC.

Immature PBMC-derived DC were analyzed for surface expression of 
DC differentiation markers and integrins using flow cytometry, as 
described in Materials and Methods. Expression on immature DC 
(black lines) was measured relative to an isotype control (filled 
profiles). One representative of three experiments is shown.
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Figure 3.8B Integrin expression on the surface of immature 
PBMC-derived DC.

Immature PBMC derived DC were seeded on fibronectin-coated 
coverslips and allowed to adhere for 120 minutes prior to fixation. 
The cells were stained with an anti-CD 18 or anti-CD29 antibody 
and subsequently a second layer of FITC-conjugated anti-mouse 
IgG antibody. F-actin distribution was visualized using TRITC- 
conjugated phalloidin. Cells were analyzed on a confocal 
microscope. Representative images of three independent 
experiments. Scale bar represents 10pm.
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To verify the role o f integrins in the binding of DC to FN and, furthermore, to 

establish whether integrins were involved in the formation of DC dendrites, DC were 

treated either prior to adherence to FN or 30 minutes post-adherence to FN with 

blocking antibodies to (31 (CD29) and P2 (CD 18) integrins. The effects on adherence 

and dendrite formation were assessed as outlined previously (see Section 3.2.1). DC 

were also treated with a blocking antibody to CD98, which has been shown to have 

functional interactions with CD29 (Cho et al, 2001) and anti-CD la, a surface 

molecule that is not implicated in FN adhesion, as controls.

Figure 3.9A clearly demonstrates that there was no significant effect on adherence to 

FN when DC were pre-treated with CD 18 and CD98 monoclonal antibodies as 

compared to the no antibody or CD la antibody controls. In contrast, treatment with 

CD29 significantly reduced the level of adherence over the entire 120-minute time- 

course. In Figure 3.9B the effects o f the various treatments on dendrite formation are 

recorded. Treatment with antibodies to CD 18 and CD98 had no significant effect on 

dendrite formation as compared with the negative control and CD la. However, 

treatment with CD29 reduced the ability of DC to form dendrites on FN dramatically. 

The percentage of DC with one or more dendrites in this group was less than 3%.

Post-adherence treatment produced similar results to those recorded for pre

adherence assays (Figure 3.10A & B). As would be expected, initially, prior to 

treatment, each of the groups of DC adhered to FN to a similar degree. However, 

those cells that were treated with CD29 began to detach from the FN substratum 

following treatment. As for the pre-adherence study, DC treated with CD29 failed to 

form dendrites following post-adherence treatment.

The effect on DC morphology of inhibiting MT formation, F-actin assembly and 

blocking (31-integrin was further assessed using confocal microscopy as recorded in 

Figure 3.11. The normal DC dendrite morphology, represented by DC with a 

relatively small cell body and long membrane processes observed for untreated cells
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Figure 3.9 The effect of pre-adherence treatment with blocking 
antibodies on adherence to fibronectin and dendrite formation.

Immature PBMC-derived DC were treated with antibodies to CDIa, 
CD98, pi (CD29) and p2 (CD18) integrins prior to seeding on 
fibronectin-coated coverslips. The number of adherent DC (A) and the 
percentage of DC forming dendritic processes (B) in 30 randomly 
chosen fields from three independent experiments was calculated. Mean 
values ± SEM are presented.
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Figure 3.10 The effect of post-adherence treatment with blocking 
antibodies on adherence to FN and dendrite formation

Immature PBMC-derived DC were treated with antibodies to CDIa, CD98, 
pi (CD29) or p2 (CD18) integrins 30 minutes after seeding on FN-coated 
eoverslips. The number of (A) adherent DC and (B) the percentage of DC 
forming dendritic processes in 30 randomly chosen fields from three 
independent experiments was calculated. Mean values ± SEM are 
presented.
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Figure 3.11 The effect of treatment with blocking antibodies or 
inhibitors on DC morphology.

Immature PBMC-derived DC were treated with blocking antibodies to 
CDIa, CD98, p i (CD29) and p2 (CD 18) integrins or colchicine and 
cytochalasin prior to seeding on fibronectin-coated coverslips. After 120 
minutes the DC were fixed and stained with TRlTC-phalloidin and 
analysed on a confocal microscope. Images are a representative o f three 
independent experiments. Scale bar represents 10pm.
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was observed for ceils incubated with CDIa, CD98 and CD 18 monoclonal antibodies. 

The morphologies of DC treated with CD29, cytochalasin and colchicine were, 

however, quite distinct. CD29 treated cells had no dendrites. Instead, small, thin, F- 

actin-rich protrusions of only l-5pm were observed to extend from a relatively large 

and round cell body. The addition of cytochalasin caused cells to round up 

significantly and was accompanied by a failure to form dendritic processes. 

Colchicine also caused the DC to round up, albeit to a lesser extent, and this effect 

was similarly accompanied by an absence of dendrites on treated cells.

3.2.6 DC dendrites have a role in antigen uptake by immature DC

Since it had now been established how immature DC formed dendrites, it was 

important to determine whether these dendrites were functional. DC dendrites in the 

periphery are thought to increase the efficiency of antigen contact and uptake. In 

order to explore the role of the dendrite in antigen uptake, and to confirm that the 

immature DC used in this study had the expected characteristic of a high endocytic 

rate, immature DC were allowed to adhere to FN-coated coverslips for 120 minutes in 

order to induce the formation of dendrites. Subsequently, the DC were incubated with 

Texas Red-conjugated dextran and the uptake of this endocytic tracer was monitored 

over a 2 hour period. Figure 3.12A demonstrates that initially dextran bound to the 

outer surface of the cell, and was particularly concentrated at the membrane-rich ends 

of the processes. By between 2 and 10 minutes the dextran was localised to vesicular 

structures and over the next 50 minutes was found along the length of the dendrites 

eventually accumulating in a perinuclear location, within the cell body, where it 

remained for the next 60 minutes.

The ability to process antigen after uptake, and then load MHC class II molecules 

with antigenic peptides is a hallmark of DC. The distribution of the dextran in relation 

to MHC class II was therefore investigated. In Figure 3.12B it can be seen that HLA-
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Figure 3.12A DC dendrites have a role in antigen uptake by immature 
PBMC-derived DC.

Immature PBMC-derived DC were adhered to fibronectin-coated coverslips 
for 120 minutes in order to induce the formation of dendrites. Subsequently, 
the DC were incubated with Texas Red-conjugated dextran and fixed after 
various time points. The cells were stained with FITC-phalloidin to 
visualize F-actin and analyzed on a confocal microscope. Representative 
images from one of three independent experiments are shown. Scale bar 
represents 5 pm.
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Figure 3.12B Colocalisation of endocytosed dextran and HLA DR.

Immature PBMC-derived DC were adhered to FN-coated coverslips for 
120 minutes in order to induce the formation of dendrites. Subsequently, 
the DC were incubated with Texas Red-conjugated dextran and fixed 
after various time points. The cells were stained with anti-HLA-DR 
antibody and subsequently a second layer o f FITC-conjugated anti
mouse IgG antibody and analyzed on a confocal microscope. 
Representative images from one of three independent experiments. Scale 
bar represents 5 pm.
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DR is initially localised at the cell surface of DC incubated with dextran. Subsequent 

to dextran internalisation, clear localised MHC class Il-rich compartments can be 

observed within the dendrite. At this time, dextran is localised to distinct 

compartments within the cell, separate from the MHC class II. By 120 minutes of 

incubation, however, dextran and HLA-DR localised to the same compartment, 

whose localisation was always close to the cell body of the DC.
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3.3 Discussion

DC morphology is a highly characteristic feature of DC, both in peripheral tissues, 

where it is believed to contribute to the efficiency with which DC take up antigen, 

and within the T cell areas of lymphoid tissue, where it is believed to maximise 

contact between DC and T cells during antigen presentation. However, the way that 

DC form their dendrites has not been investigated previously.

3.3.1 Adherence of immature DC to FN promotes dendrite formation

In this chapter the key initial observation was that upon adhesion to FN, DC extend 

several long thin dendrites. These dendrites were not usually observed when DC were 

adhered to glass or BSA. The number of DC adhered was also reduced on these 

substrates as compared to FN (Figure 3.1), confirming the findings of Puig-Kroger et 

al. (2000) that demonstrated that immature and mature DC failed to adhere to BSA. 

DC adherence and process formation on FN proceeds in a dose-dependent manner 

with maximal binding and dendrite formation observed at a concentration of lOpg/ml. 

Interestingly, this concentration of FN has been previously shown to promote 

maximal cell protrusion and polarization in CHO-Kl cells (Cox et a l, 2001). In 

contrast, although macrophages adhere rapidly and strongly to FN they have an 

entirely different morphology characterised by numerous podosomes (Duong et al, 

2000) but no dendrites (Figure 3.3). Although DC adherence to FN has been 

investigated previously (Ogata et a l, 1996; îancic et a l, 1998), dendrite formation 

on FN has not.

Time-lapse analysis revealed that on FN the formation of dendritic processes by DC 

proceeded via a series of interrelated steps (Figure 3.4A & B and accompanying 

video Swetman 1). Both cell protrusion and regulated adhesion are integral to 

dendrite morphogenesis, but, in addition, the process requires exclusion of cytoplasm 

from growing dendritic extensions as the cell body moves away. This leads to the 

characteristic long dendritic morphology of DC. This step may involve a contractile
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process around the base of the dendrite. The F-actin content that is sometimes seen at 

the base o f the dendrites (Figure 3.5 A) is consistent with such an event.

FN is a ubiquitous and major component of the ECM of most tissues (Hynes, 1990) 

and is therefore likely to serve as an ‘important substratum for the adhesion and 

morphogenesis of immature DC in vivo, although additional interactions between DC 

and their surroundings may also contribute to the formation or stabilisation of 

dendrites (Brand et al., 1998). For example, E-cadherin is highly expressed on LC 

and has been shown to mediate the selective adhesion of LC to kératinocytes in vitro. 

Maturation of LC results in a decrease in E-cadherin levels and the subsequent loss of 

E-cadherin-mediated adhesion, which could contribute to the activation and 

consequent migration of LC from the epidermis to the lymphoid tissues (Tang et al., 

1993 ;  Jakob and Udey, 1998). Thus, in vivo, a phase of dendrite formation in the 

periphery, such as that observed by LC, is followed by a phase of reduced adhesion to 

the ECM that is likely to be important in allowing the migration of activated DC from 

peripheral tissue to lymphoid tissue.

3.3.2 F-actin, p-tubulin and ABPs are essential components of DC dendrites

Having investigated how DC dendrites are formed by immature DC on FN, the 

constituent proteins that make up these dendrites were next investigated. The 

formation and retraction of membrane processes in all cell types is driven by 

reorganisation o f the actin cytoskeleton. The polymerisation of G-actin results in the 

formation of F-actin that in turn can be arranged in to a number of structures (Carlier,

1998). Immunofluorescence studies, using TRJTC-conjugated phalloidin to visualize 

F-actin (Figure 5A), indicated that F-actin is an abundant constituent of DC dendrites, 

and is primarily concentrated at the tips of the dendrites, associated with motile 

surface projections and the points of adhesion with FN. A thin cortical layer o f F- 

actin was also observed at the perimeter of the cell just below the cell membrane.
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Interestingly, structures reminiscent of FAs were observed at the points of adhesion 

between the DC dendrite and FN. FAs are sites where bundles of actin filaments are 

anchored to integrins via a multimolecular complex of junctional plaque proteins 

including vinculin, talin and paxillin, reviewed by Petit and Thiery (2000). These 

proteins were shown to be associated with the length of the DC dendrite but were 

more concentrated at the points of contact between the dendrite and FN (Figure 

3.5B). However, unlike the classical FAs observed in highly adherent cells such as 

fibroblasts, which are sites of organisation of stress fibres, the structures observed in 

this study were more reminiscent of focal complexes. Focal complexes have a very 

similar protein composition to FAs, but are smaller and have a higher turnover rate. 

Focal complexes have been previously observed in other motile cells such as 

macrophages, which like DC lack stress fibres, and are found at the tips of protrusions 

such as lamellipodia and filopodia. Their assembly is therefore more likely to be 

controlled by Racl and Cdc42 (Allen et al. 1997). Madruga et al. (1999) found 

similar structures, containing many of the components of adhesion structures, and that 

had a polarised pattern of expression and co-localised with F-actin in DC derived 

from chicken bone marrow progenitors. These DC had been transformed using the 

conditional v-Rel estrogen receptor (ER) to promote increased cell numbers. The DC 

used in their study did not display the characteristic dendrites observed in the study 

presented here.

Fascin was also highly expressed along the dendrites as well as within membrane 

ruffles and filopodia, as has been previously demonstrated in human HeLa cells 

(Yamashiro-Matsumura and Matsumura, 1985). It seems likely that fascin has a part 

to play in the formation of these structures and may well participate in the formation 

of DC dendrites. These postulated roles for fascin are supported by the findings of 

Yamashiro et al. (1998), showing that microinjection of fascin results in an increase 

in the F-actin content of the cells, which would be necessary for the formation of the 

structures, including lamellipodia and membrane ruffles, that are involved in DC 

dendrite formation. Equally, fascin expression has been shown to coincide with
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dendrite formation by mature DC in the lymph nodes (Ai-Alwan et a l, 2001 a,b) and 

would therefore be expected to have a role in dendrite formation by immature DC.

LSPl has previously been shown to be expressed in DC (Pulford, K. et al. 1999), 

although its location within DC was unknown. These studies confirmed that LSPl is 

expressed in DC, and that it is found throughout the cell body and dendritic processes, 

although the level of expression among cells was variable.

Beta-tubulin is highly expressed along the length of the DC dendrite (Figure 3.5B) in 

the characteristic pattern that is expected upon the assembly o f a -  and p-tubulin into 

MT. This pattern of expression, and the relatively low levels of p-tubulin observed at 

the tips of the dendrites, suggest that F-actin and MTs act together in the formation 

and maintenance of DC dendrites, with F-actin providing structural support at the 

perimeter and tips of the dendrites and MT affording mechanical support within the 

dendrite, in accordance with its documented role in maintaining cell shape in other 

cell types (Valiron et a l, 2001). Association and co-ordinated interactions between F- 

actin and tubulin have been observed by other groups in vitro (Sider et a l, 1999) 

while a functional relationship between F-actin and MTs has been previously 

demonstrated in cultured cells, including fibroblasts (Danowski, 1989). The presence 

of proteins and complexes that bind to both F-actin and tubulin have also been cited 

as evidence for interactions between these two components of the cytoskeleton 

(Gavin, 1997). DC treated, either before or after adherence to FN, with inhibitors of 

F-actin and tubulin: cytochalasin and colchicine respectively, fail to form dendrites 

(Figures 3.6 & 3.7) and instead adopt a rounded-up morphology (Figure 3.11) 

demonstrating that both these elements o f the cellular cytoskeleton are essential 

components of the DC dendrite.
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3.3.3 p i integrins are essential for the adherence to, and dendrite formation on, 

FN by immature DC

As discussed above, F-actin and tubulin are essential intracellular cytoskeletal 

components of the dendrites that are formed upon adherence of DC to FN. However, 

the role of molecules on the cell surface of DC that are involved in dendrite formation 

has not been previously investigated. The most likely candidates for this role were the 

pi-integrins. Integrins are heterodimeric transmembrane linker proteins that represent 

the major receptors involved in cellular adhesion and response to ECM components. 

Beta 1 (CD29) and P2 (CD 18) integrins have previously been shown to be expressed 

on DC (Le Varlet, 1992; Aiba et a l, 1993 ; Ammon et a l, 2000 ;  Puig-Kroger et a l, 

2000), although the p i integrins VLA4 (CD49d/CD29) and VLA5 (Cd49e/CD29) 

have been shown to be the major receptors for FN (Le Valet et a l, 1991).

CD29 and CD 18 are both expressed on the surface of immature DC (Figure 3.8A & 

B). Blocking CD29 inhibits the adherence of immature DC to FN (Figure 3.9A). This 

would be expected from studies by Le Varlet et a l (1992) which demonstrated that 

treatment of LC with anti-pl antibody inhibited adhesion to FN. Furthermore, 

D’Amico et a l (1998) found that blocking VLA-4 and CD 18 simultaneously 

inhibited the adhesion of immature DC to activated endothelial cells. These cells 

would produce their own ECM, which would have FN among its constituent parts. 

However, the novel finding that dendrite formation is also inhibited when CD29 is 

prevented from carrying out its role in promoting DC adherence to FN (Figure 3.9B) 

demonstrates that p i integrins perform an active role in DC dendrite formation that 

complements the roles of the cytoskeletal components F-actin and tubulin. These 

effects were observed even when DC had been allowed to bind to FN before 

treatment with blocking antibody (Figure 3.10A & B). p i integrin has been 

previously observed by immunofluorescence studies on highly motile v-relER- 

transformed DC, but although it has been suggested to have a role in the migration of 

these cells, its expression was localised to uropods at the rear of the DC. The v-relER- 

transformed DC also had an altogether more rounded appearance (Madruga et al..
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1999) than the morphology observed in the DC used in this current study. Since pi 

integrins provide a link between the cytoskeleton of DC, which must undergo 

dramatic rearrangements to allow the formation DC dendrites, and the FN to which 

DC are adhered, and which promotes DC dendrite formation, blocking CD29 would 

obviously prevent binding of DC to FN. However, DC that still expressed enough 

functional CD29 to adhere to FN [approximately 75% less than control DC that were 

not treated with blocking antibody (Figure 3.9A)] still did not form dendrites (Figure 

3.9B). This observation suggests that the signalling between FN and the cytoskeleton, 

necessary to bring about the reorganisation of the cytoskeleton required for dendrite 

formation, failed to occur. Beta 1 integrins most likely have a role in stabilising the 

adhesion site at the rear of the DC, that is maintained throughout the process of 

dendrite formation and is involved in instigating the formation of the first dendrite as 

the leading edge of the DC moves away from this contact point. The formation of the 

leading edge of DC dendrites would rely on bi-directional signalling between 

integrins and the cytoskeleton. The leading edge is composed of structures including 

lamellipodia, whose formation is dependent on signalling to the actin cytoskeleton 

through Rho GTPases. Activation of Rho GTPases can in turn be triggered by the 

interaction between the FN substratum and integrins while Rho GTPases have role in 

regulating the formation and FAs and focal complexes (Schoenwaelder and Burridge,

1999). Formation of the leading edge necessary for dendrite formation would 

therefore also be inhibited by blocking CD29, as would the formation of the final 

adhesion site at the leading edge of the cell that is necessary to allow the formation of 

a further dendrite(s).

These findings were confirmed by immunofluorescence studies (Figure 3.11) that 

demonstrated that immature DC treated with CD29 antibody failed to form dendrites 

on FN, and instead formed only very slight membrane protrusions.

Blocking p2 integrin and other surface molecules, including CDIa, which is involved 

in the presentation of carbohydrate antigens, and CD98, which has been shown to be 

functionally associated with p i integrins and has been implicated in the CD29-
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induced aggregation of cells (Cho et al., 2001), did not effect the adherence of DC to 

FN or dendrite formation. These molecules do not therefore appear to have a role in 

the formation of these processes.

3.3.4 DC dendrites play an active role in endocytosis by immature DC

Immature DC in the periphery are specialised for antigen uptake and consequently 

demonstrate high levels of phagocytosis, macropinocytosis and receptor-mediated 

endocytosis (Sallusto and Lanzavecchia, 1995). Immature DC, adhered to FN to 

promote dendrite formation, exhibit a significant degree of endocytosis (Figure 3.12). 

The endocytic tracer Texas Red-conjugated dextran first localised to the outer 

membrane of the dendrite along the length of the dendrite, although it was 

particularly concentrated at the membrane-rich tips. It was then subsequently taken up 

into the cell and became localised to vesicular structures, presumably early 

endosomes, within 10 minutes. The dextran was then transported down the length of 

the dendrite over the next 50 minutes and accumulated in a perinuclear location close 

to the cell body, where late endosomes have been shown to be located (Alberts et al., 

1994), where it remained for the next 60 minutes. HLA-DR that was initially located 

on the cell membrane appeared to be internalised following incubation of the DC with 

dextran but was initially located in separate vesicular structures within the dendrites . 

After 120 minutes HLA-DR and dextran became localised to the same compartments, 

presumably the MHC compartments. In vivo this would be expected to permit loading 

of antigenic peptides on to MHC class II molecules to form peptide-MHC complexes 

that would subsequently be transported to the cell surface. In the absence of 

stimulation, as for the DC used in this part of the study, these complexes would be 

rapidly recycled. However, upon activation DC would migrate to the lymphoid 

tissues where their half-life would be dramatically increased, as would levels of co

stimulatory molecules, to permit efficient presentation to T cells (Watts and 

Amigorena, 2000).
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Although the experiments carried out to investigate the endocytic capacity of 

immature DC adhered to FN are preliminary, the results obtained lend support to the 

hypothesis that the morphology of immature DC contributes to their extraordinary 

endocytic capacity. It is interesting to note that under these conditions immature DC 

are able to effectively endocytose antigen. The model presented in this study 

therefore not only serves as a useful in vitro model for in vivo dendrite formation by 

immature DC, but further provides a model for studying the endocytic capacity of 

immature DC in vitro that could be translated to in vivo situations. Interestingly, the 

observation that immature DC adhered to FN use the whole length of the dendrite to 

take up antigen, albeit more at the tips, suggests that DC dendrites may indeed 

function to increase the surface area over which endocytosis can occur. The 

endocytosed dextran always accumulated close to the cell body at the end of the time 

course, which involved transport of the dextran down the length of the dendrite, 

suggesting that the whole length of the dendrite is exploited to maximise uptake prior 

to transport to the MIIC compartments for processing and loading on to MHC class II 

molecules.
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Chapter 4

Lack of dendrite formation by 

mature DC
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4.1 Introduction

In Chapter 3 it was demonstrated that immature PBMC-derived DC, adhered to FN, 

formed dendrites that were morphologically similar to those observed in vivo. These 

studies provided an important novel model o f DC dendrite formation and supported 

the notion that the dendrites of immature DC have a role in maximising the efficiency 

with which antigen is endocytosed in the periphery.

As a result o f the findings of the previous chapter it was therefore possible to go on to 

investigate the second aim of this thesis, namely to study the mechanism of formation 

of dendrites by LPS-matured DC on FN, an area of research that has been largely 

neglected previously.

Upon exposure to the microbial product LPS, DC mature and consequently down- 

regulate their endocytic capacity and switch instead to an antigen presenting mode. 

Upon activation in vivo it is assumed that DC retract their dendrites as the first step in 

migration to the lymphoid tissues where they come in to contact with T cells. In the 

lymphoid tissues they once again form long, arborising dendrites and present antigen 

to T cells, in the form of peptide-MHC complexes on their cell surface, subsequently 

stimulating the activation and proliferation of antigen-specific T cells (Mellman et al, 

1998). In lymphoid tissues, DC morphology is believed to maximise contact between 

DC and T cells and allow the formation of immuno-regulatory “clusters” within 

which cross-talk between T cells can take place (Mitchison et al, 1987).

In this study human PBMC-derived DC were cultured in vitro in the presence of LPS 

for 24 hours prior to seeding on FN. Under these conditions LPS-matured DC showed 

a markedly reduced ability to adhere to FN, lending support to the findings of Jancic 

et a l (1998) that demonstrated a reduction in the ability of mature DC to bind to FN. 

Moreover, LPS-matured DC consistently failed to form dendrites on FN.
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To confirm this further, the effect of LPS dose and FN concentration were 

investigated and showed that the LPS effect on DC dendrite formation was dose- 

dependent but not linked to FN level. Despite this, functional studies using TRITC- 

conjugated dextran revealed that LPS-matured DC on FN retained a significant level 

of endocytosis.

These studies highlight the plasticity of DC and suggest that the switching off of the 

ability to form dendrites on fibronectin may be a key feature of DC maturation.

These studies had an important impact on the remainder of the thesis, as the inability 

of LPS-matured DC to form dendrites on FN meant that immature DC would have to 

be used to examine the role of Rho GTPases in the control of dendrite formation.
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4.2 Results

4.2.1 LPS-matured DC form homotypic clusters in vitro

In order to determine the effect of LPS-induced maturation on dendrite formation by 

DC, LPS at a range of concentrations (1 ,10 and 100 ng/ml) was added to DC on day 

6 of culture for 24 hours. The first notable observation resulting from this treatment 

was that, in culture, LPS treatment induced homotypic aggregation of the LPS- 

matured DC resulting in the formation of tight clusters of DC (Figure 4.1). This effect 

was dose-dependent since the size of the clusters formed showed an increase at the 

higher doses of LPS. Immature control DC that were cultured simultaneously failed 

to form clusters.

4.2.2 LPS-matured DC fail to form dendrites on FN.

It was next important to determine whether LPS-matured DC formed dendritic 

processes, equivalent to those formed by immature DC, when adhered to FN. PBMC- 

derived DC that had been matured in the presence of 10 ng/ml LPS for 24 hours were 

seeded on to autoclaved control, FN or BSA-coated glass coverslips for 2 hours, after 

disaggregating clusters, and the number of adherent DC and the percentage of 

adherent DC with dendritic processes assessed (as outlined in Materials and Methods) 

(Figure 4.2A & B). On all substrates the maximum number of DC adhered was less 

than 200 with the maximal number of adherent DC being reached at 60 minutes post- 

seeding. The levels of adherence recorded for DC seeded on to glass and BSA were 

similar to those observed for immature DC, however, the number of LPS-matured DC 

adhering to FN was less than 50% of that documented for immature DC (see 

Figure]. 1 A). The percentage of LPS-matured DC that formed dendrites on glass and 

BSA was less than 10% even at the maximum level (Figure 4.2B), a similar result to 

that recorded for immature DC (Figure 3.IB). Strikingly, less that 20% of LPS- 

matured DC seeded on to the FN substrate had formed dendrites by 60 minutes post- 

seeding, and this percentage dropped over the following 60 minutes to the levels
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Figure 4.1 LPS-matured DC form homotypic clusters in vitro.

LPS at a range of concentrations (0 (Control), 1,10 and 1 GO ng/ml) was 
added to DC on day 6 of culture for 24 hours. Images were recorded 
using an inverted phase contrast microscope attached to a video camera 
using NIH image software and are representative of three independent 
experiments.
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Figure 4.2 Adherence and dendrite formation on BSA, fibronectin 
and glass by LPS-matured PBMC-derived DC.

LPS matured PBMC-derived DC were seeded on a BSA, fibronectin or 
glass substrate for 30 minutes, 60 minutes or 120 minutes prior to 
fixation. The number o f adherent DC (A) and the percentage o f DC 
forming processes (B) in 30 randomly chosen fields from three 
independent experiments were calculated. Mean values ± SEM are 
presented.
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recorded for LPS-matured DC seeded on BSA. In excess of 70% of immature DC 

formed processes under the same conditions (Section 3.2.1). Confocal microscopy 

images of the morphology of LPS-matured DC seeded on to FN-coated coverslips 

during the 2-hour period over which the experiment was conducted (Figure 4.3) 

illustrated the lack of process formation. LPS-treated cells remained rounded with 

multiple, short membrane projections and frequently showed a strong band of cortical 

actin staining, p-tubulin was also present in the LPS-matured cells, however a more 

diffuse pattern was observed (data not shown).

4.2.3 The inability of LPS-matured DC to form dendrites on this substrate is 

independent of FN concentration but is dependent on the dose of LPS

A possible explanation for the inability o f LPS-matured DC to form processes on FN 

was that the concentration of FN upon which the DC were seeded (lOpg/ml) was not 

optimal. Perhaps, by encouraging the formation of strong contact points that were too 

stable between the FN substrate and DC, the effect of LPS was to interfere with the 

characteristic co-ordinated adhesion and protrusion of the DC necessary for dendrite 

formation. LPS-matured DC were therefore adhered for 2 hours to glass coverslips 

that had been coated with FN at concentrations of Opg/ml -  20pg/ml. Figure 4.4 

clearly demonstrates that while the ability of DC to adhere to FN was dose- 

dependent, with higher doses of FN promoting the greatest amount of adherence to 

FN, even at lower concentrations of FN, LPS-matured DC consistently failed to form 

dendrites.

The dose and time-dependency of LPS-mediated inhibition of process formation was 

examined further: LPS at concentrations of 0-100 ng/ml was added to DC on day 6 of 

culture. On day 7 of culture the number of adherent cells and the percentage of cells 

with dendrites by 2 hours post-seeding on FN was recorded. Alternatively, 10 ng/ml 

of LPS was added to DC 2 hours prior to adherence, or for 24 hours following 

adherence (Figure 4.5). The number of adherent DC and the percentage of those DC
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Figure 4.3 Morphological characteristics of PBMC-dcrivcd 
LPS-matured DC adhered to dbronectin.

PBMC-derived DC that had been matured for 24 hours with 100 
ng/ml LPS were seeded on FN-coated coverslips and allowed to 
adhere for 30 minutes, 60 minutes or 120 minutes prior to 
fixation. F-actin distribution was visualized using TRITC- 
conjugated phalloidin. Selection o f fields was random. Images are 
taken from a representative o f five experiments. Scale bar 
represents 10pm.
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Figure 4.4 Effect of fîbronectin concentration on adherence and 
dendrite formation by LPS-matured PBMC-derived DC.

PBMC-derived DC that had been matured for 24 hours with 1 Ong/ml LPS 
were seeded on glass coverslips coated with a varying concentration of 
fîbronectin for 120 minutes. The number of adherent DC (A) and the 
percentage of DC forming dendritic processes (B) in 30 randomly chosen 
fields from three independent experiments was calculated. Mean values ± 
SEM are presented.
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Figure 4.5 Effect of LPS concentration on adherence and dendrite 
formation by LPS-matured PBMC-derived DC.

LPS at concentrations of 0 -  100 ng/ml was added to PBMC-derived DC 
on day 6 of culture prior to adherence to fîbronectin. Alternatively, 10 
ng/ml of LPS was added to DC 2 hours prior to adherence, or for 24 hours 
following adherence. The number of adherent DC (A) and the percentage 
of DC forming dendritic processes (B) in 30 randomly chosen fields from 
three independent experiments was calculated. Mean values ± SEM are 
presented.
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with dendritic processes at low doses of LPS (0.1-1.0 ng/ml) remained high. At 

higher doses of LPS (lO-lOOng/ml), however, the number of adherent DC and the 

percentage of those DC with processes was significantly reduced. The effect of LPS 

on the ability of DC to adhere to FN and form dendrites was therefore dose- 

dependent. Interestingly, if cells were cultured in LPS for only 2 hours prior to 

adherence to FN, or were treated with LPS for 24 hours post adherence to FN, the 

inhibitory effect on adherence and dendrite formation was almost completely negated.

Representative confocal images of morphology and actin staining in the different 

experimental groups are shown in Figure 4.6. The length of processes in cells treated 

with very low doses of LPS, or for only 2 hours, appeared to be even greater than 

controls, although quantitative analysis to confirm this was not carried out.

4.2.4 The inability of LPS-matured DC to form dendrites on FN cannot be 

attributed to a reduction in the levels of surface pi integrin

One explanation for the reduction in adherence and dendrite formation recorded on 

FN would be that LPS-induced maturation could alter the expression of surface 

molecules such as pi integrins, which have already been shown to be involved in 

these events in Chapter 3. FACS analysis was therefore carried out to determine the 

levels of surface molecules on LPS-matured DC. As demonstrated in Table 4.1, the 

amount of HLA-DR and HLA-DQ on the surface of the DC, as demonstrated by MFI 

values, was raised on LPS-matured DC compared to immature DC. The level of 

CD86 was also found to be approximately fourfold higher on LPS-matured DC. 

Interestingly, the level of p i integrin (CD29) was found to be almost identical on 

LPS-matured DC, while CD49d showed an increase in expression as has been 

described previously (Puig-Kroger et al, 2000). These findings suggested that the 

loss of dendrite formation did not result from a reduction in the level of pi-integrin 

on the surface of LPS-matured DC.
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Figure 4.6 The effect of LPS on DC morphology.

LPS at concentrations of 0 -  100 ng/ml was added to PBMC-derived DC 
on day 6 o f eulture prior to adherence to fibroneetin. Alternatively, 10 
ng/ml of LPS was added to DC 2 hours prior to adherence, or for 24 hours 
following adherence. After 120 minutes the DC were fixed and stained 
with TRITC-phalloidin and analyzed on a confocal microscope. Images are 
taken from a representative of five independent experiments. Scale bar 
represents 10pm.
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ANTIBODY MFI IMMATURE 
DC 

±SE M

MFI
LPS-MATURED

DC
±SE M

No Ab 4.1 ±0.5 5.2 ±0.3

Isotype Control 4.2 ± 0.2 3.6 ± 0.3

CD3 4.3 ± 0.4 4.3 ± 0.6

CD19 5.4 ± 0 .7 3.9 ± 1.1

CD14 33.9 ± 6 .9 18.5 ±8 .2

CDla 325.5 ± 64.4 246.5 ± 38.4

HLA-DR 1088.1 ±211.2 1547.6 ± 356.6

HLA-DQ 331.5 ± 120.9 810.1 ± 158.8

CD86 29.9 ± 9.9 119.1 ±26.0

C D lla 45.8 ± 10.4 39.5 ±4.5

C D llb 349.8 ± 66.5 168.1 ± 56.6

C D llc 171.7 ±59.4 128.1 ± 16.7

CD18 591.5 ±59.0 619.4± 131.9

CD29 115.9 ±20.5 110.3 ±29.1

CD49d 16.8 ± 3 .4 26.1±0.2

Table 4.1 Comparison of surface molecule expression on immature 
and LPS-matured DC.

Immature and LPS-matured PBMC-derived DC were analyzed for 
surface expression of DC differentiation markers and integrins using 
flow cytometry, as described in Materials and Methods. The MFI ± SEM 
of three experiments is shown.
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4.2.5 LPS-matured DC retain a significant level of endocytosis

The results of the FACS analysis carried out in Section 4.2.4 confirmed that the LPS- 

matured DC used in this study had raised levels o f surface HLA-DR and the co

stimulatory molecule CD86. In this respect the DC could be considered to be 

representative of mature DC found in lymphoid tissues that are specialised for antigen 

presentation. It would therefore be expected that the endocytic rate of these LPS- 

matured DC would be significantly reduced as compared to the levels observed for 

immature DC in Chapter 3. LPS-matured DC were therefore allowed to adhere to FN- 

coated coverslips for 120 minutes, although in this instance no dendrites were formed 

contrary to those observed when this experiment was carried out using immature DC. 

Next, the DC were incubated with Texas Red-conjugated dextran and the uptake of 

this endocytic tracer was monitored over a 2-hour period (Figure 4.7). Unexpectedly, 

the images recorded indicated that a considerable level of endocytosis was maintained 

in the LPS-matured DC population. Over the 2-hour time-course dextran could be 

seen to be internalised and localised to vesicular structures reminiscent of those 

recorded for immature DC. However, since no dendrites were present in these cells, 

the dextran was immediately localised to the cell body of the DC.
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Figure 4.7 LPS-matured DC maintain a significant level of endocytosis.

LPS-matured PBMC-derived DC were seeded on to FN-coated coverslips for 
120 minutes prior to incubation with TRITC-conjugated dextran. DC were 
incubated for 0 minutes, 2 minutes, 10 minutes, 30 minutes, 60 minutes or 120 
minutes prior to fixation. F-actin distribution was visualized using FITC- 
conjugated phalloidin. Representative images from one of three independent 
experiments. Scale bar represents 10pm.

133



Lack of dendrite formation bv mature DC

4.3 Discussion

4.3.1 LPS-matured DC do not form dendrites on FN

The formation of dendrites by mature DC in lymphoid tissues is believed to be central 

to their ability to present peptide-MHC complexes to T cells, and thereby promote 

rapid activation and expansion o f antigen-specific T cells, in order to initiate an 

effective immune response (Mellman et al., 1998). Since FN had been shown to 

induce the formation of dendrites by immature DC in Chapter 3, it was next decided 

to investigate the mechanism of dendrite formation by LPS-matured DC on FN.

The first notable difference between immature and LPS-matured DC was observed in 

culture. LPS-matured DC form tight homotypic aggregates which lead to a dramatic 

clustering of DC that is not observed in immature DC cultures (Figure 4.1). An 

explanation for this observation has not as yet been provided, but this phenomenon 

could result from the changes in DC surface phenotype that accompany DC 

maturation. Costimulatory molecules and adhesion molecules are upregulated upon 

maturation, in order to stimulate the formation of the IS between DC and T cells in 

the lymphoid tissues (Mellman et al., 1998). If these molecules were to cluster in 

patches on the surface of DC, by culturing high concentrations of LPS-matured DC 

together, interactions such as that between LFA-l/ICAM-1 that usually occurs 

between T cells and DC (Dustin and Cooper, 2000) could instead arise between DC, 

leading to the formation of homotypic aggregates.

Prior to undertaking this study it had been envisaged that a similar sequence of events 

to that observed for immature DC would be involved in the process of dendrite 

formation by LPS-matured DC. However, when LPS-matured DC were assessed for 

their ability to adhere to glass, BSA and FN they failed to show significant levels of 

adherence or dendrite formation on any of these substrates (Figure 4.2A and B). It 

was perhaps unsurprising that similarly low levels of adhesion and dendrite formation 

to those recorded for immature DC on glass and BSA substrates were observed for
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LPS-matured DC. However, low levels of adherence to, and dendrite formation on, 

FN for LPS-matured DC were also recorded. Less than 50% of the number of LPS- 

matured, versus immature, DC had adhered to FN after 120 minutes, while less than 

20% of those LPS-matured DC that did adhere formed dendrites (Figure 4.2B and 

Figure 4.3). These observations were confirmed by immunofluorescence analysis of 

DC morphology following LPS treatment (Figure 4.6).

Mature human PBMC-derived DC (Brand et al., 1998) and cultured skin DC with 

high levels of MHC class II and co-stimulatory molecules, have also been shown to 

exhibit reduced adhesion to FN compared to immature DC (Jancic et al., 1998). 

Similarly, a recent study by Burzyn et al. (2002) found that human PBMC-derived 

DC treated with the proinflammatory cytokine TNF-a showed a reduced level of 

adhesion to FN. However, a conflicting report by Tsao et al., (1994) found that pre

treating splenic and pulmonary DC purified from rats, with the proinflammatory 

cytokines Interferon y (IFNy) and TNF-a promoted binding to FN. The data presented 

in this chapter supports the findings o f Jancic et al., (1998) and Burzyn et al., (2002). 

However, prior to this study an assessment of the effects of maturation on dendrite 

formation on FN by DC had not been carried out. The finding that even those LPS- 

matured DC that do bind to FN do not form dendrites could be explained by a number 

of factors.

4.3.2 The inability of LPS-matured DC to form dendrites is not linked to FN 

concentration

A previous study by Cox et al. (2001) demonstrated that the concentration of FN to 

which CHO-Kl cells are adhered can affect the levels of protrusion and migration 

recorded. High concentrations were found to inhibit protrusion while intermediate 

concentrations promoted protrusion. Although in Chapter 3 it was found that the 

intermediate concentration of FN (lOpg/ml) promoted maximum dendrite formation 

by immature DC (see Section 3.2.1), and this was therefore the preliminary 

concentration of FN used in this study of LPS-matured DC, it was postulated that a
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higher or lower level of FN may be necessary to promote dendrite formation in LPS- 

matured DC. However, even though the highest concentration of FN employed 

(20pg/ml) promoted the highest degree of adherence, it was also associated with the 

lowest levels of dendrite formation (Figure 4.4). Perhaps this concentration, as was 

the case for intermediate concentrations, was causing the formation of contact points 

that were so stable as to prevent the protrusions necessary for dendrite formation. If 

this were the case, lower levels of FN would be expected to encourage a greater 

amount of dendrite formation. This was not found to be the case, with minimal levels 

of dendrite formation being recorded even at FN concentrations of 0.1-5.0 pg/ml. 

Therefore, the inability o f LPS-matured DC to form dendrites on FN is not linked to 

FN concentration.

4.3.3 The inability of LPS-matured DC to form dendrites on FN is LPS- 

dependent

The inability of DC to form dendrites on FN is however LPS-dependent (Figure 4.5). 

At low levels (0.1-1 ng/ml) the inhibitory effect of LPS on dendrite formation is 

negated. Perhaps these low levels are not sufficient to promote DC maturation. A low 

level of LPS in vivo may signal the beginning of infection effectively instructing 

immature DC in the periphery that they should be in antigen uptake mode. DC 

dendrites would therefore be maintained to encourage efficient endocytosis of 

microbial products. At higher concentrations of LPS, in vivo, DC are presumably 

stimulated to mature and therefore retract their dendrites, lower their endocytic rate, 

migrate to the lymphoid tissues and upregulate the levels of costimulatory molecules 

on their surface. The data recorded in this study indicating that at high levels of LPS 

(10 -  lOOng/ml) dendrite formation is reduced would appear to lend support to this 

theory. These LPS-matured DC could be representative of migratory DC that have 

been observed by Schutt et al. (2000) to exhibit a polarised morphology, but with the 

absence of dendrites, and that were found to migrate on Poly-L-lysine and serum 

protein-coated glass coverslips. If this were indeed the case then a reduction in the 

level of adherence and dendrite formation would be of benefit to allow efficient
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migration o f these activated DC, where strong contacts would inhibit cell migration 

(Cox et al., 2001 ;* Aiba et a l, 1993 ^Puig-Krôger et a l, 2000). Once in the lymph 

node, dendrite formation by interdigitating DC may proceed via alternative pathways, 

for example via interaction between P2 integrins and their ligands on T cells.

Treatment o f DC for 2 hours prior to adherence to FN with 1 Ong/ml did not allow 

sufficient time for the inhibitory effect on DC adherence and dendrite formation to be 

promoted. Interestingly, if DC are adhered to FN and allowed to form dendrites prior 

to 24 hour treatment with 1 Ong/ml LPS, the pre-formed dendrites are maintained. 

This is perhaps not all together surprising given that these structures are relatively 

stable once formed (Chapter 3), but requires further work in order to be fully 

explained.

4.3.4 The inability of LPS-matured DC to form dendrites on FN cannot be 

attributed to a reduction in surface levels of pi integrins

Alternatively, the inability of LPS-matured DC to form dendrites on FN could be 

attributed to a reduction in the levels of p i integrin on the cell surface of mature DC. 

However, FACS analysis revealed that the level of p i integrin on LPS-matured DC is 

almost identical to that recorded for immature DC, while the a4  chain of VLA4, that 

mediates binding to FN, is elevated on mature DC (Table 4.1). The LPS-matured DC 

expressed elevated levels of CD86, HLA-DR and HLA-DQ associated with the 

maturation of DC (Bancherau and Steinman, 1998) confirming that treatment with 

LPS had induced maturation. The levels of CD49d have also been shown to be 

elevated on LPS-matured DC previously (Aiba et a l 1993 / Puig-Kroger et al 2000).

Studies by Puig-Kroger et al (2000) revealed that elevated CD49d levels were 

associated with an increase in binding of mature DC to the H89 fragment of FN. This 

would appear to contradict the observations recorded in this study that mature DC fail 

to bind to and form dendrites on FN. However, when the binding capacities of 

immature and mature DC to whole FN (equivalent to that employed in this current
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study) were assessed, the levels of binding were found to be elevated in immature DC 

as opposed to mature DC, suggesting that CD49e, the a  chain constituent of VLA-5, 

and the other major ligand for FN, contributes to the binding of other regions of the 

FN molecule and may have a role in instigating the elevated levels of adhesion 

recorded by immature DC. Indeed CD49e has been shown to be elevated

on immature DC as compared to mature DC (Puig-Kroger et a l, 2000). Therefore, 

VLA5 may mediate adhesion and dendrite formation by immature DC in the 

periphery and is then subsequently down regulated following maturation, reducing 

the level of adhesion by mature DC to whole FN. Meanwhile, VLA4 mediates 

adhesion to a specific fragment of FN - FN-H89 - resulting in increased adhesion to 

this fragment, but not to whole FN, and thereby stimulating DC migration. Since the 

levels of VLA-4 are raised on mature DC, this would also explain the reduction in 

dendrite formation observed in LPS-matured DC. CD49d has been implicated in 

having a role in DC migration previously (Aiba et al., 1993) and furthermore has 

been implicated in promoting the ability of lymphocytes to roll on endothelial cells 

(Berlin et al., 1995). These findings would therefore fit with those of the LPS-dose 

dependent nature of DC adhesion to, and dendrite formation on, FN discussed in 

Section 4.3.3 and would also explain why CD29 expression is maintained on mature 

DC in order to facilitate the formation of VLA-4 heterodimers necessary for 

migration.

4.3.5 LPS-matured DC maintain a significant level of endocytosis.

The observation that endocytosis was carried out by mature DC (Figure 4.7) was 

unexpected in view of the literature, where mature DC are characterised by a 

reduction in their ability to endocytose antigen and a switch to antigen presenting 

mode (Schuler et al., 1985 ; Sallusto and Lanzavecchia, 1994  ̂ (Bancherau and 

Steinman, 1998 Mellman eM/., 1998 y. Flores-Romo, 2001).
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However, a number o f explanations exist to account for these findings. Since no 

quantification o f the levels o f dextran taken up was undertaken, it is hard to determine 

the degree o f endocytosis carried out by the LPS-matured DC used in this study. The 

level may therefore, indeed, be lower than that observed for immature DC.

Furthermore, while macropinocytosis has been shown to be dramatically down 

regulated in mature DC, clathrin-coated pits are still present (Garret et al., 2000; West 

et al., 2000). Therefore, TRITC-dextran that was already bound to receptors on the 

surface o f the LPS-matured DC, following incubation with this endocytic marker at 

4°C, may have be taken up via clathrin-coated pits once the time course at 37°C 

began.

Equally, previous studies o f the endocytic capacity o f DC have been carried out in 

suspension and it may be that adherence to FN leads DC to retain a partially 

immature phenotype, which could explain the maintenance o f the uptake o f dextran 

observed in the mature DC used in this study.

Further studies are needed to thoroughly explain these observations and would 

involve a quantification o f the levels o f endocytosis by immature versus mature DC 

adhered to FN as will be discussed further in Chapter 7.
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Chapter 5

The role of Rho GTPases in DC 

dendrite formation
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5.1 Introduction

Having established a model for dendrite formation by immature DC adhered to FN in 

Chapter 3, and subsequently in Chapter 4 demonstrating that LPS-matured DC failed 

to form dendrites using the same model, it was now possible to explore the other 

major aim of this thesis, namely the regulation o f the cytoskeleton and cellular 

morphology of human DC by the Rho family of GTPases.

The formation and retraction of membrane processes in all cell types is driven by 

reorganisation of the actin cytoskeleton, and is controlled by the Rho family of 

GTPases, including RhoA, Racl and Cdc42. This reorganisation has been shown to 

be important in numerous diverse cellular events, including cell motility, 

phagocytosis and cell division (Ridley and Hall, 1992 L Carlier, 1998). A number of 

actin-containing structures, which have been observed in a range of cell types, 

including fibroblasts and macrophages, are formed, and RhoA, Racl and Cdc42 have 

been shown to control the formation of stress fibres, lamellipodia and filopodia 

respectively (Ridley and Hall, 1992; Nobes and Hall, 199f ; Allen et al., 1997). A 

specific illustration of the importance of Rho GTPases in regulating the cytoskeleton 

of DC is that morphology and dendrite formation are abnormal when the DC are 

derived from patients with WAS, where there is a genetic-defect in the ABP WASP, 

which is normally regulated by the activity of Cdc42 (Binks et al., 1998 ; Symons et 

al, 1996 ;  Aspenstrôm et a l, 1996). Although a number o f studies have shown that 

the Rho GTPases play an important role in regulating the endocytic capacity of DC 

and that RhoA has a role in controlling the morphology of DC in culture (Garrett et 

a l, 2000;;,'West et al 2000 y Kobayashi et al. 2001), investigations into the role of 

Rho GTPases in regulating the DC cytoskeleton and dendrite formation have been 

limited.

In this study, a role for Rho GTPases in dendrite formation by immature DC seeded 

on to FN was first established using toxin B from C. difficile, which inactivates a
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number of the Rho GTPases, including RhoA, Racl and Cdc42 in which we were 

particularly interested (Aktories, 1997).

Next, cell-permeable peptide inhibitors of Rho GTPase-effector interactions were 

employed to further dissect the role o f Rho GTPases in dendrite formation. However, 

the results o f studies carried out using these peptides were unsatisfactory, and instead 

the technique of microinjection was therefore employed.

DN and CA mutants of RhoA, Racl and Cdc42 were purified and microinjected into 

FN-adherent DC, and confocal microscopy used to determine the effects on the actin 

cytoskeleton. The data obtained from these studies, and from further experiments 

using Y-27632, an inhibitor of ROCK I and II, demonstrated that each of the three 

major Rho GTPases: RhoA, Racl and Cdc42, appear to play a different but essential 

role in regulating the formation of dendritic processes by DC.
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5.2 Results

5.2.1 Rho GTPases are involved in DC dendrite formation

Toxin B from C. difficile inactivates many of the Rho family o f GTPases, including 

RhoA, Racl and Cdc42 (Aktories, 1997). As a preliminary study to determine 

whether Rho GTPases had a role in the dynamics of the adherence to FN and 

subsequent formation of dendritic processes by immature DC, the effect of toxin B on 

the ability of PBMC-derived DC to bind to, and form processes on, FN was assessed. 

Immature PBMC-derived DC were incubated with 1 Ong/ml or 50ng/ml toxin B in 

CM for 30 minutes prior to seeding on to FN-coated coverslips. The cells were 

allowed to adhere for 2 hours before being fixed and stained with TRITC-labelled 

phalloidin, to visualize the distribution o f F-actin, and analysed by confocal 

microscopy. Figure 5.1 demonstrates that DC pre-treated with toxin B at 1 Ong/ml or 

50ng/ml were able to adhere to FN but there was no evidence of spreading on to the 

surface and no dendrites were formed. Instead, the cells formed many very thin F- 

actin-rich protrusions, which always extended in the same direction. These findings 

indicated that Rho GTPases were required for DC dendrite formation.

Further, to investigate whether Rho GTPases had a role in dendrite maintenance, the 

behaviour o f FN-adherent DC treated with toxin B, after having already been allowed 

to form dendrites, was observed (Figure 5.2). Time-lapse analysis (Figure 5.2A and 

accompanying video Swetman 2) showed that although the tips of the cells initially 

continued to show some ruffling and adhesion to the substratum was maintained, 

following toxin B treatment, there was no further migration of the front of the cell and 

nor was there any retraction of the cells from the point of DC attachment. The DC 

were effectively frozen in the position at which they were at the time the toxin was 

added. Measurements of the mean dendrite lengths of control versus toxin B-treated 

cells confirmed that dendrites that had already formed were stable but failed to 

lengthen further (Figure 5.2B).
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Figure 5.1 DC dendrite formation is Rho GTPase-dependent.

Immature PBMC-derived DC were incubated in complete medium 
supplemented with 10 ng/ml or 50 ng/ml toxin B for 30 minutes 
prior to being seeded on FN-coated coverslips. F-actin distribution 
was visualized using TRITC-conjugated phalloidin. Scale bar 
represents 10 pm. Images are taken from a representative of three 
experiments. Selection of fields was random.
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Figure 5.2A. DC dendrite extension is Rho GTPase-dependent.

Immature PBMC-derived DC were allowed to adhere to FN-coated 
coverslips for 30 minutes prior to the addition o f 50 ng/ml toxin B 
and the formation o f dendrites observed using time-lapse 
microscopy. Although a clear leading edge is developed (*) the 
characteristic dendrites remain static (>). Scale bar represents 20 
pm. A representative sequence from three independent experiments 
is shown.
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Figure 5.2B & C. DC dendrite extension is Rho GTPase-dependent.

(B) Dendrite length over the period of filming, in the absence ) or 
presence (□ ) o f 50 ng/ml toxin B. A total o f 50 cells selected from three 
independent experiments were measured for each condition at each time 
point. Data was analysed by means o f a Student T Test. ** indicates P< 
0 .01 .

(C) The number o f dendrites per cell in the absence (■  ) or presence (O ) 
o f 50 ng/ml toxin B. A total o f 100 cells were selected from three 
independent experiments and the number o f dendrites per cell counted 
180 min after addition o f toxin B.
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Equally, the number of dendrites per ceil was unaffected (Figure 5.2C). This data 

suggested that the maintenance of DC dendrites is Rho GTPase-independent, while 

the formation of dendrites is clearly Rho GTPase-dependent.

5.2.2 Cell-permeable peptide inhibitors could not be successfully employed to 

investigate the role of Rho GTPases in DC dendrite formation

The data from the toxin B experiments suggested that Rho GTPases have a crucial 

role to play in dendrite formation by DC. It was therefore decided to investigate this 

role further using cell-permeable inhibitors of Rho GTPases. These peptides contain a 

biotinylated amino domain that allows detection with FITC- streptavidin, the 

Penetratin sequence from Drosophila to mediate uptake of the peptide, and a 

sequence of interest to be studied, in this case amino-acid sequences that are involved 

in the binding of the GTPase to its downstream effector (Vastrik et al., 1999). In this 

instance these peptides would be introduced into DC and would therefore act as 

competitive mimics allowing insight to be gained into the role of Rho GTPases in DC 

dendrite formation.

For this study four peptides were constructed. Peptide 896502 (peptide 2) contained 

the CRIB domain of N-WASP, while peptide 896504 (peptide 4) acted as control and 

contained the N-WASP CRIB domain sequence in reverse (BIRC). Peptide 896505 

(peptide 5) contained the CRIB domain of PAK, while peptide 896506 (peptide 6) 

acted as control and contained the PAK CRIB domain sequence in reverse (BIRC) 

(see Table 2.2). The active peptides 2 and 5, containing the CRIB domain of N- 

WASP and PAK respectively, would be expected to compete with endogenous N- 

WASP and PAK for interactions with Racl and Cdc42.

5.2.2.1 Swiss 3T3 cells

It was first necessary to test the effect of these peptides on a cell type in which their 

effects could be predicted. The S3T3 fibroblast cell line was therefore employed since
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Racl has previously been shown to initiate membrane ruffling and cell spreading and 

Cdc42 is known to activate Racl (Nobes and Hall, 1995). Blocking the actions of 

Racl and Cdc42 would therefore be predicted to inhibit membrane ruffling.

PCS and PDGF can both be used to induce membrane ruffling in serum-starved (SS)- 

S3T3 cells, however, PCS contains a mixture of growth factors. PDGP is therefore 

the more desirable tool for inducing membrane ruffling. However, sometimes PDGP 

treatment o f SS-S3T3 cells is unsuccessful and PCS must be employed. Therefore, it 

was first necessary to test the effect o f both PCS and PDGP on membrane ruffling in 

SS-S3T3. In order to induce membrane ruffling, and stress fibre assembly, which is 

another effect of PCS stimulation, SS-S3T3 (Figure 5.3) were treated with DMEM 

supplemented with 5% or 10% PCS for 10 minutes, fixed, and stained with TRITC- 

labelled phalloidin in order to visualize P-actin distribution. An increase in membrane 

ruffling and stress fibre assembly were induced under these conditions, although 

treatment with 10% PCS caused a greater effect. In this case membrane ruffling was 

also induced by treatment of SS-S3T3 cells with DMEM supplemented with 1 ng/ml 

or 5ng/ml PDGP, with a concentration of 1 ng/ml being sufficient to promote a 

significant degree of ruffling. It was therefore not necessary to rely on PCS to induce 

membrane ruffling, and a concentration of 1 ng/ml PDGP was used for further 

experiments.

The peptides used in this study had previously been successfully employed to study 

the role of Racl and Cdc42 in growth cone collapse in chick dorsal root ganglia 

(DRG) at a concentration of 40pg/ml (Vastrik et aL, 1999). In order to determine the 

effects of the cell permeable peptides on membrane ruffling, and since a different 

more robust cell type was being employed, overnight SS-S3T3 cells were therefore 

incubated in the presence of each peptide at a concentration of lOOpg/ml for 60 

minutes. The cells were subsequently washed and treated with 1 ng/ml PDGP for 10 

minutes, fixed, and stained with TRITC-labelled phalloidin and PITC-labelled 

streptavidin in order to visualise P-actin and peptide distribution and determine 

whether membrane ruffling was blocked in the treated cells.
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Figure 5.3 The effects of FCS and PDGF on serum-starved 
Swiss 3T3 cells.

SS-S3T3 cells were fixed 10 minutes after treatment with 5% 
FCS, 10 % FCS, 1 ng/ml PDGF or 5ng/ml PDGF. Actin 
filaments were visualized using TRITC-conjugated phalloidin. 
Images are representative of three independent experiments. 
Selection of fields was random. Scale bar represents 10 pm.
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The role of Rho GTPases in DC dendrite formation

Figure 5.4 (A-D) documents the results of this experiment. The initial observation 

was that peptide 2 was internalised by the SS-S3T3 cells. Interestingly, the outer 

region of the cells following incubation with this peptide, and subsequently PDGF, 

was totally destroyed. The protein was concentrated at the inner region that was less 

severely affected. Similar results were recorded for the control peptide 4, although the 

cells in this case demonstrated a reduction in the degree of destruction. Peptide 5 

showed markedly less internalisation than peptides 2 and 4, and appeared to 

precipitate on to the coverslip. The actin cytoskeleton of the cells displayed a great 

deal of destruction following treatment, although to a lesser degree than for cells 

treated with peptides 2 and 4. Cells treated with the control peptide 6 exhibited all but 

identical results to those described for peptide 5. These findings suggested that the 

concentration of each o f the peptides tested was too high and therefore the peptides 

were subsequently tested at concentrations o f lOpg/ml and 33pg/ml.

The results of treating the cells with these lower doses of peptide are shown in Figure 

5.5 (A-D). Peptide 2 was successfully internalised at both concentrations and 

appeared to inhibit PDGF-induced membrane ruffling, albeit to a greater degree at the 

higher concentration. Peptide 4 was similarly taken up at both concentrations, 

however the peptide did not appear to effect PDGF-induced membrane ruffling by the 

cells. Peptide 5 was still only poorly taken up at these lower concentrations and 

appeared to precipitate on the coverslip at the higher concentration of 33pg/ml. A 

degree of membrane ruffling was observed at lOpg/ml, but at 33pg/ml, where 

precipitation was observed, the cells exhibited a marked degree of destruction that 

was especially concentrated at the outer membrane. Similar observations were made 

for peptide 6, with little effect on membrane ruffling at lOpg/ml and destruction of 

the cytoskeleton at 33pg/ml.

The results obtained for peptides 2 and 4 suggested that these peptides might be of 

some use in determining a role for Rho GTPases in DC dendrite formation since they 

were both successfully internalised by the S3T3 cells, and while peptide 2 inhibited 

membrane ruffling the control peptide 4 did not.
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Figure 5.4A The effects of peptide 2 on S3T3 cell 
morphology.

SS-S3T3 cells were incubated in the presence o f lOOpg/ml o f 
peptide 2 for 60 minutes. The cells were subsequently washed 
and treated with Ing/ml PDGF for 10 minutes prior to fixation. 
Actin filaments were visualized using TRITC-conjugated 
phalloidin while peptide was visualized using FITC-conjugated 
streptavidin. Images are representative o f three independent 
experiments. Selection o f fields was random. Seale bar 
represents 10pm.
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Figure 5.4B 
morphology.

The effects of peptide 4 on S3T3 cell

SS-S3T3 cells were incubated in the presence o f lOOpg/ml o f 
peptide 4 for 60 minutes. The cells were subsequently washed 
and treated with 1 ng/ml PDGF for 10 minutes prior to fixation. 
Actin filaments were visualized using TRITC-conjugated 
phalloidin while peptide was visualized using FITC-conjugated 
streptavidin. Images are representative o f three independent 
experiments. Selection o f fields was random. Scale bar 
represents 10pm.
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Figure 5.4C The effects of peptide 5 on S3T3 cell 
morphology.

SS-S3T3 cells were incubated in the presence o f lOOpg/ml o f 
peptide 5 for 60 minutes. The cells were subsequently washed 
and treated with 1 ng/ml PDGF for 10 minutes prior to fixation. 
Actin filaments were visualized using TRITC-conjugated 
phalloidin while peptide was visualized using FITC-conjugated 
streptavidin. Images are representative o f  three independent 
experiments. Selection o f fields was random. Scale bar 
represents 10 pm.
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Figure 5.4D The effects of peptide 6 on S3T3 cell 
morphology.

SS-S3T3 cells were incubated in the presence o f lOOpg/ml o f 
peptide 6 for 60 minutes. The cells were subsequently washed 
and treated with 1 ng/ml PDGF for 10 minutes prior to fixation. 
Actin filaments were visualized using TRITC-conjugated 
phalloidin while peptide was visualized using FITC-conjugated 
streptavidin. Images are representative o f three independent 
experiments. Selection o f fields was random. Scale bar 
represents 10pm.
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Figure 5.5A 
morphology.

The effects of peptide 2 on S3T3 cell

SS-S3T3 cells were incubated in the presence of lOpg/ml or 
33pg/ml of peptide 2 for 60 minutes. The cells were 
subsequently washed and treated with 1 ng/ml PDGF for 10 
minutes prior to fixation. Actin filaments were visualized using 
TRITC-conjugated phalloidin while peptide was visualized 
using FITC-conjugated streptavidin. Images are representative 
of three independent experiments. Selection of fields was 
random. Scale bar represents 10 pm.
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Figure 5.5B 
morphology.

The effects of peptide 4 on S3T3 cell

SS-S3T3 cells were incubated in the presence o f lOpg/ml or 
33pg/ml of peptide 4 for 60 minutes. The cells were 
subsequently washed and treated with 1 ng/ml PDGF for 10 
minutes prior to fixation. Aetin filaments were visualized using 
TRITC-eonjugated phalloidin while peptide was visualized 
using FITC-conjugated streptavidin. Images are representative 
of three independent experiments. Seleetion o f fields was 
random. Scale bar represents 10pm.
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Figure 5.5C 
morphology.

The effects of peptide 5 on S3T3 cell

SS-S3T3 cells were incubated in the presence of lOpg/ml or 
33pg/ml of peptide 5 for 60 minutes. The cells were 
subsequently washed and treated with 1 ng/ml PDGF for 10 
minutes prior to fixation. Actin filaments were visualized using 
TRITC-conjugated phalloidin while peptide was visualized 
using FITC-conjugated streptavidin. Images are representative 
of three independent experiments. Selection of fields was 
random. Scale bar represents 10pm.
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Figure 5.5D The effects of peptide 6 on S3T3 cell 
morphology.

SS-S3T3 cells were incubated in the presence of 1 Opg/ml or 
33pg/ml of peptide 6 for 60 minutes. The cells were 
subsequently washed and treated with 1 ng/ml PDGF for 10 
minutes prior to fixation. Actin filaments were visualized using 
TRITC-conjugated phalloidin while peptide was visualized 
using FITC-conjugated streptavidin. Images are representative 
of three independent experiments. Selection of fields was 
random. Scale bar represents 10pm.

158



The role of Rho GTPases in DC dendrite formation

However, it was decided not to investigate peptides 5 and 6 further since uptake of 

these peptides was poor and a high degree of precipitation was observed. Worryingly, 

only a minor effect on membrane ruffling was observed and furthermore destruction 

of the cells was still observed at the higher concentration.

5.2.2.2 Dendritic cells.

Based on the result o f the studies o f the effects o f the cell-permeable peptides on 

S3T3 cells, the effects of peptides 2 and 4 on the actin cytoskeleton of immature DC 

were assessed by incubating DC with a range of concentrations (lOpg/ml, 30pg/ml 

and 50pg/ml) of each peptide for 60 minutes either prior to, or following, DC 

adherence to FN. Figure 5.6 ( A-D) records the results of this experiment.

Untreated control DC showed a typical dendritic morphology when adhered to FN. 

The images demonstrate that peptides 2 and 4 were both efficiently internalised by 

DC in a dose-dependent manner. Interestingly, neither peptide appeared to have as 

dramatic a toxic effect on DC at higher concentrations as that observed in S3T3 

treated with PDGF, as judged by the destructive effect on the actin cytoskeleton. It 

was noted that both pre- and post-adherence treatment o f DC with peptide 2 at 

concentrations of 10pg/ml-50pg/ml resulted in failure of DC to form dendrites. The 

DC were instead characterised by a flattened, cloverleaf-like morphology. This 

suggested that interactions of Cdc42, and to a lesser extent Racl, with the CRIB 

domain o f NWASP might have a role in promoting dendrite formation. However, 

peptide 4, which contained the CRIB domain of N-WASP in reverse (BIRC), had 

identical effects on DC morphology. Therefore this appeared to be a non-specific 

effect o f transducing DC with these peptides. It was therefore decided not to pursue 

investigations o f the role of Rho GTPases using these peptides any further. Instead, 

microinjection of CA and DN mutants o f RhoA, Racl and Cdc42 into individual FN- 

adherent DC was undertaken.
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Figure 5.6A The effects of pre-adherence treatment with peptide 2 on 
dendrite formation by immature DC.

Immature PBMC-derived DC were incubated with lOpg/ml, 30 pg/ml or 
50pg/ml o f  peptide 2 for 60 minutes prior to being seeded on FN-coated 
coversiips. Control, untreated DC are shown in the bottom panel. F-actin 
distribution was visualized using TRITC-conjugated phalloidin while 
peptide was visualized using FITC-conjugated streptavidin. Scale bar 
represents 5pm. Images are taken from a representative o f  three 
experiments. Selection o f  fields was random.
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Figure 5.6B The effects of post-adherence treatment with 
peptide 2 on dendrite formation by immature DC.

Immature PBMC-derived DC were adhered to FN-coated 
coversiips for 120 minutes prior to being incubated with 
lOpg/ml, 30 pg/ml or 50pg/ml of peptide 2 for 60 minutes. F- 
actin distribution was visualized using TRITC-conjugated 
phalloidin while peptide was visualized using FITC-conjugated 
streptavidin. Scale bar represents 5pm. Images are taken from a 
representative of three experiments. Selection o f fields was 
random.
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Figure 5.6C The effects of pre-adherence treatment with 
peptide 4 on dendrite formation by immature DC.

Immature PBMC-derived DC were incubated with lOpg/ml, 30 
|ag/ml or 50|ag/ml o f peptide 4 for 60 minutes prior to being 
seeded on FN-coated coversiips. Controfuntreated DC are 
shown in the bottom panel. F-actin distribution was visualized 
using TRITC-conjugated phalloidin while peptide was 
visualized using FITC-conjugated streptavidin. Scale bar 
represents 5pm. Images are taken from a representative of three 
experiments. Selection of fields was random.
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Figure 5.6D The effects of post-adherence treatment with 
peptide 4 on dendrite formation by immature DC.

Immature PBMC-derived DC were adhered to FN-coated 
coversiips for 120 minutes prior to being incubated with 
lOpg/ml, 30 pg/ml or 50pg/ml of peptide 4 for 60 minutes. F- 
actin distribution was visualized using TRITC-conjugated 
phalloidin while peptide was visualized using FITC-conjugated 
streptavidin. Scale bar represents 5 pm. Images are taken from a 
representative of three experiments. Selection of fields was 
random.
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The role of Rho GTPases in DC dendrite formation

5.2.3 Microinjection studies

In order to assess the individual roles of Cdc42, Racl and RhoA in dendrite 

formation, CA (V12Racl, V12Cdc42, V14RhoA) and DN mutants (N17Racl, 

N17Cdc42) of these proteins, or a Rho-specific inhibitor (C3 transferase), were 

micro injected into FN-adherent DC. With the aim of determining the concentration at 

which these proteins should be microinjected, the activity of the proteins was 

assessed. In Section 5.2.3.1 this process will be outlined for C3 transferase and the 

DN mutant N 17Rac 1.

5.2.3.1 Titration of purified GST-fusion proteins

The proteins C3 transferase and N17Racl were purified from GST-fusion proteins in 

E.coli as outlined in Section 2.8.1. These proteins showed one band of the correct size 

on a Coomassie-stained SDS-polyacrylamide gel (Figure 5.7). It was next necessary 

to titrate these proteins in a control cell type in which the effect of their expression 

was already known. The cell type that was employed was the S3T3 fibroblast cell 

line.

In S3T3 cells inhibition of Rho by C3 transferase blocks stress fibre assembly, while 

the expression of N17Racl blocks cell spreading and membrane ruffling. In order to 

induce stress fibre assembly, SS-S3T3 were treated with DMEM supplemented with 

10% FCS of 1 ng/ml PDGF for 10 minutes, and subsequently fixed and stained with 

TRJTC-labelled phalloidin in order to visualize F-actin distribution (as outlined in 

section 5.2.2.1 and Figure 5.3).

In order to assess the activity of the purified proteins, and to allow the correct 

working concentration of the proteins to be determined, their ability to block stress 

fibre assembly and membrane ruffling, respectively, was determined. C3 transferase 

and N17Racl were microinjected at a range o f concentrations into SS-S3T3 cells and
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1 -  Protein marker
2 -  C3 transferase (pre-thrombin)
3 -  C3 transferase (beads + thrombin)
4 -  C3 transferase (supernatant + thrombin)
5 -  C3 transferase (after dialysis)
6 -  C3 transferase (concentrated)
7 -  N 17Rac I (pre-thrombin)
8 -  N 17Rac 1 (beads + thrombin)
9 -  N 17Racl (supernatant + thrombin) 
1 0 -N 1 7 R ac l (afterdialysis)
11 -  N 17Rac 1 (concentrated)

Figure 5.7 Purification of C3 transferase and N17Racl from GST- 
fusion proteins.

The proteins C3 transferase and N17Racl were purified from GST- 
fusion proteins in E.coli. When run on a Coomassie-stained SDS- 
polyacrylamide gel, these proteins showed one band o f the correct size 
[Lanes 6 & 11 (*)].
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The role of Rho GTPases in DC dendrite formation

30 minutes allowed for the expression of the protein. The cells were subsequently 

treated with either 10% FCS, in the case of the C3 transferase titration, or 1 ng/ml 

PDGF, in the case of the NlTRacl titration (as demonstrated above) in order to 

determine whether stress fibre assembly and membrane ruffling were blocked in 

microinjected cells.

Figure 5.8 documents the results of this titration experiment for C3 transferase. The 

protein was microinjected into SS-S3T3 along with rabbit IgG as a marker protein, 

that allowed subsequent identification of microinjected cells, at concentrations of 

between 500pg/ml and Ipg/ml. Following treatment for 10 minutes with 10% FCS 

the cells were fixed and stained with TRITC-conjugated phalloidin, to reveal the F- 

actin cytoskeleton, and FITC-conjugated goat anti-rabbit IgG, to identify 

microinjected cells. Microinjected cells are those that are stained green as well as red. 

The grey-scale images represent F-actin staining alone. These images demonstrated 

that microinjection of this preparation of C3 transferase at 500pg/ml, 250pg/ml and 

lOOpg/ml resulted in the total destruction of the actin cytoskeleton. Concentrations of 

50pg/ml, lOpg/ml and Ipg/ml did not destroy the cytoskeleton but did result in a 

result in a decrease in stress fibre assembly as compared to neighbouring uninjected 

cells. It was therefore decided that a concentration of 50pg/ml should be employed 

for microinjection of C3 transferase into DC.

The equivalent titration of NlTRacl (Figure 5.9) determined that a concentration of 

1.5mg/ml inhibited PDGF-induced membrane ruffling. This concentration was 

therefore employed for microinjection of DC with this protein preparation.
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Figure 5.8 C3 transferase-induced actin reorganisation in Swiss 
3T3 cells.

Serum-starved Swiss 3T3 cells were seeded on glass coversiips, 
micro injected with C3 transferase at a concentration of 500pg/ml, 
250pg/ml, lOOpg/ml, 50pg/ml, lOpg/ml or Ipg/ml and incubated at 
37°C in an atmosphere of 5% CO2 for 30 minutes before being 
treated with 10% FCS for 10 minutes and fixed with 3.7% 
formaldehyde. Rabbit IgG was co-injected as a marker. Actin 
filaments were visualized with TRITC-conjugated phalloidin, while 
FITC-conjugated Goat anti-rabbit IgG was employed to reveal 
injected cells. Images are taken from a representative experiment of 
three independent experiments. Scale bar represents 10pm.
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Figure 5.9 NlTRacl-induced actin reorganisation in Swiss 3T3 cells.

SS-S3T3 cells were seeded on glass coversiips, microinjected with NlTRacl at a 
concentration of 0.5mg/ml, 1.Omg/ml or 1.5mg/ml and incubated at 37°C in an 
atmosphere of 5% COj for 30 minutes before being treated with 1 ng/ml PDGF 
for 10 mins and fixed with 3.7% formaldehyde. Rabbit IgG was co-injected as a 
marker. Actin filaments were visualized with TRITC-conjugated phalloidin, while 
FITC-conjugated Goat anti-rabbit IgG was employed to reveal injected cells. 
Images are taken from a representative experiment of three independent 
experiments. Scale bar represents 10pm.
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5.2.3.2 Microinjection of V12Cdc42 promotes dendrite extension while 

N17Cdc42 causes dendrite retraction

In order to determine the role o f Cdc42 in DC dendrite formation, V12Cdc42 and 

N17Cdc42 were microinjected individually into FN-adherent DC. Uninjected DC and 

DC injected with rabbit IgG alone maintained a normal DC phenotype (Figure 5.10). 

It was therefore concluded that microinjection did not affect DC cytoskeletal 

architecture.

However, microinjection with CA V12Cdc42 caused a dramatic increase in cell 

spreading (Figure 5.11). By 60 minutes post-injection the cells had formed numerous 

filopodia and microspikes on their apical surface. The dendrites of microinjected cells 

were retained although the dendrites did not appear to have undergone the process of 

cytoplasmic exclusion.

In contrast, microinjection of DN N17Cdc42 resulted in an increase in the 

cytoplasmic F-actin content of microinjected cells and a strong retraction of the cell, 

accompanied by a loss o f F-actin structures in the cell body, with the F-actin 

becoming diffusely distributed in the cytoplasm (Figure 5.12). An increase in 

blebbing and membrane ruffling at the perimeter of the cell was also observed. These 

changes in DC morphology were accompanied by the complete retraction of the 

dendrites of micro injected cells.
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Figure 5.10 Microinjection does not affect DC architecture.

Immature PBMC-derived DC were seeded onto FN-coated coversiips 
and micro injected with rabbit IgG. DC were fixed 60 minutes after 
microinjection. Actin filaments were visualized with TRITC- 
conjugated phalloidin, while FITC-conjugated Goat anti-rabbit IgG 
was employed to reveal injected cells. Open arrow head (>) indicates 
injected cell. Scale bar represents 10pm. A total o f 100 -  150 cells 
were micro injected.
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Figure 5.11 The role of Cdc42 in the cytoskeletal organisation of 
DC.

Immature PBMC-derived DC were seeded onto fibronectin-coated 
coversiips and micro injected with 2.6 mg/ml V12Cdc42 and rabbit 
IgG as a marker protein. DC were fixed 60 minutes after 
micro injection. Actin filaments were visualized with TRITC- 
conjugated phalloidin, while FITC-conjugated Goat anti-rabbit IgG 
was employed to reveal injected cells. Open arrow heads (>) indicate 
injected cell. Arrow indicates microspikes while * indicates 
filopodia. Scale bar represents 10pm. A total o f 100 -  150 cells were 
micro injected with >70% of micro injected cells exhibiting this 
morphology.
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Figure 5.12 The role of Cdc42 in the cytoskeletal organisation of 
DC.

Immature PBMC-derived DC were seeded onto fibronectin-coated 
coversiips and micro injected with 1 mg/ml N17Cdc42 and rabbit IgG 
as a marker protein. DC were fixed 60 minutes after microinjection. 
Actin filaments were visualized with TRITC-conjugated phalloidin, 
while FITC-conjugated Goat anti-rabbit IgG was employed to reveal 
injected cells. Open arrow heads (>) indicate injected cell. Arrow 
indicates blebbing while * indicates membrane ruffling. Scale bar 
represents 10pm. A total o f 100 -  150 cells were micro injected with 
>70% of micro injected cells exhibiting this morphology.
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5.2.3.3 Microinjection of V12Racl promotes dendrite extension while NlTRacl 

causes dendrite retraction

Microinjection with CA V12Racl resulted in an increase in membrane ruffling over 

the whole surface of the DC by 60 minutes post-injection (Figure 5.13). A dramatic 

increase in the width of the lamellipodia on the protrusions at the cell periphery was 

also observed. However, no exclusion of the cytoplasm from these processes took 

place. These membrane extensions were therefore quite unlike the characteristic 

dendrites previously observed.

In contrast, the dendrites of DC microinjected with DN NlTRacl were completely 

retracted, although prominent membrane ruffling could still be observed (Figure 

5.14). As for NlTCdc42 there was an increase in F-actin polymerisation. This F-actin 

was distributed diffusely in the cell body, albeit not to the extent seen upon 

microinjection with NlTCdc42.

5.2.3 4 Microinjection of V14RhoA causes dendrite retraction while C3 

transferase promotes cell membrane spreading and dendrite

The effect of modulating RhoA was the opposite of that seen with Cdc42 and Racl. 

By 30 minutes post-injection of CA V14RhoA (Figure 5.15), a striking increase in the 

cellular level of F-actin was observed, often accompanied by the formation of thick 

actin cables. These were never observed in uninjected cells. The assembly of F-actin 

was accompanied by a retraction of the dendrites of injected cells.

Figure 5.16 documents the effects of microinjection of C3 transferase. After 30 

minutes the most notable feature o f the injected cells was the appearance of areas of 

membrane spreading at the perimeter of the cell. By 90 minutes post-injection there 

was a reduction in the F-actin content of the microinjected DC. The DC retained their 

dendrites but the cell membrane seemed to spread out leading to a broadening of the 

cell body and many of the dendrites.
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Figure 5.13 The role of R ad  in the cytoskeletal organisation of 
DC.

Immature PBMC-derived DC were seeded onto fibronectin-coated 
coverslips and micro injected with 1 mg/ml V12Racl and rabbit IgG 
as a marker protein. DC were fixed 60 minutes after micro injection. 
Act in filaments were visualized with TRITC-conjugated phalloidin, 
while FlTC-conjugated Goat anti-rabbit IgG was employed to reveal 
injected cells. Open arrow heads (>) indicate injected cell. Arrow 
indicates broad lamellipodia while * indicates membrane ruffling. 
Scale bar represents 10pm. A total o f 100 -  150 cells were 
micro injected with >70% of micro injected cells exhibiting this 
morphology.
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Figure 5.14 The role of R ad  in the cytoskeletal organisation of DC.

Immature PBMC-derived DC were seeded onto FN-coated coverslips 
and microinjected with F 5mg/ml N17Racl and rabbit IgG as a marker 
protein. DC were fixed 60 minutes after microinjection. Act in 
filaments were visualized with TRITC-conjugated phalloidin, while 
FITC-conjugated Goat anti-rabbit IgG was employed to reveal injected 
cells. Open arrow heads (>) indicate injected cell. Arrow indicates 
membrane ruffling. Scale bar represents 10pm. A total o f 100 -  150 
cells were micro injected with >70% of micro injected cells exhibiting 
this morphology.
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Figure 5.15 The role of RhoA in the cytoskeletal organisation of 
DC.

Immature PBMC-derived DC were seeded onto FN-coated coverslips 
and micro injected with 2.5mg/ml V14RhoA and rabbit IgG as a 
marker protein. DC were fixed 60 minutes after microinjection. Actin 
filaments were visualized with TRITC-conjugated phalloidin, while 
FITC-conjugated Goat anti-rabbit IgG was employed to reveal 
injected cells. Open arrow heads (>) indicate injected cell. Arrow 
indicates actin cables. Scale bar represents 10pm. A total o f 100 -  
150 cells were micro injected with >70% of micro injected cells 
exhibiting this morphology.

177



F-ACTIN/IgG F-ACTIN

Figure 5.16 The role of RhoA in the cytoskeletal organisation of 
DC.

Immature PBMC-derived DC were seeded onto FN-coated coverslips 
and micro injected with 0.05mg/mi C3 transferase and rabbit IgG as a 
marker protein. DC were fixed 30 or 90 minutes after microinjection. 
Actin filaments were visualized with TRITC-conjugated phalloidin, 
while FITC-conjugated Goat anti-rabbit IgG was employed to reveal 
injected cells. Open arrow heads (>) indicate injected cell. Arrows 
indicates spread areas along dendrites. Scale bar represents 10pm. A 
total o f 100 -  150 cells were micro injected with >70% of 
micro injected cells exhibiting this morphology.
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The role of Rho GTPases in DC dendrite formation

In ail cases, greater than 70% of ceils microinjected with the DN and CA mutants of 

RhoA, R ad  and Cdc42 exhibited the morphology described (Figure 5.17).

5.2.4 Inhibition of pl60ROCK promotes dendrite extension

The role o f RhoA signalling was investigated further using Y-27632, a selective 

inhibitor of pl60ROCK (or Rho kinase) (Uehata et al, 1997), a down-stream effector 

of RhoA. Time-lapse analysis following the addition of Y-27632 to FN-adherent DC 

demonstrated that dendrite formation was dramatically altered in the presence o f this 

inhibitor (Figure 5.ISA and accompanying video Swetman 3). The attachments 

formed between the cell body and the substratum during dendrite formation remained 

unbroken in the presence of this inhibitor, such that the cell body is unable to move 

significantly. Instead, the ends of the dendrites continued to migrate away from the 

near stationary cell body, so that very long and slender processes were formed. 

Frequent branching could be seen along the processes, apparently due to a failure to 

break contact points once formed. Quantitative analysis revealed that the total length 

of dendrites following treatment with Y-27632 was significantly longer than in 

untreated cells, but the number of dendrites remained unchanged (Figures 5.18B and 

5.18C).
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Figure 5.17 The percentage of DC exhibiting the morphology 
described upon mieroinjeetion.

The percentage of DC exhibiting the morphologies described previously 
following microinjection with V12Cdc42, N17Cdc42, V12Racl, 
N17Racl, VMRhoA and C3 transferase are shown. Between 100 -  150 
cells were microinjected for each condition over at least three 
independent experiments.
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Figure 5.18A The effect of Rho kinase inhibition on dendrite 
formation by DC.

Immature PBMC-derived DC were allowed to adhere to FN-coated 
coverslips for 30 minutes prior to the addition o f 5 pm Y-27632 and 
the formation o f dendrites observed using time-lapse microscopy. 
Characteristic dendritic processes were formed but were 
abnormally long, and resulted from the extension o f a leading edge 
at both ends o f a static cell body (>). Extensive branching was also 
observed at the ends of each dendrite. Scale bar represents 20pm. A 
representative sequence from three independent experiments is 
shown.
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Figure 5.18B & C The effect of Rho kinase inhibition on dendrite 
formation by DC.

Dendrite length (B) and mean number of dendrites per cell (C) after 1 
hour in the absence or presence of of 5pm Y-27632. A total of 50 cells 
selected from three independent experiments were measured for each 
condition. Data was analysed by means of the Student T Test, 
indicates P < 0.01.
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5.3 Discussion

The requirement for a co-ordinated series of extension, adhesion and contraction for 

dendrite formation by immature DC strongly suggested that the activities of Rho 

GTPase family members might be essential for DC morphogenesis. The roles of 

RhoA, Racl and Cdc42 in dendrite formation by immature DC were therefore 

investigated in this chapter.

5.3.1 Toxin B blocks DC dendrite formation

Toxin B from C  difficile is known to inactivate RhoA, Racl and Cdc42 (Aktories,

1997). Treatment of immature DC with toxin B prior to adherence to FN totally 

blocks dendrite formation (Figure 5.1) even at concentrations as low as lOng/ml. 

Under these conditions the cell body remains rounded and very thin, small F-actin- 

rich projections, quite unlike characteristic DC dendrites, are formed. Time-lapse 

analysis (data not shown) revealed that these protrusions resulted from adherence of 

the DC to the FN substratum, but the characteristic series of extension, adhesion and 

contraction did not occur. Instead, the cells rotated on an “axis” (interestingly the 

cells always all rotated in the same direction!), which, as a result of the presence of 

adhesive sites at the perimeter of the cell, resulted in thin protrusions being left 

behind by the DC as they rotated. These observations suggest that the initial 

adherence to FN by DC may be under the control of some other as yet unspecified 

member(s) of the Ras superfamily that are unaffected by toxin B treatment, but that 

members of the Rho GTPase family are essential for cell spreading and the formation 

of dendritic processes.

It was therefore expected that the treatment of DC with toxin B following adherence 

to FN would also have a dramatic effect on the DC cytoskeleton and, consequently, 

cellular morphology. However, if toxin B was added after DC had formed dendrites, 

further extension of these processes, cell motility and cell retraction were all blocked, 

but interestingly existing dendrites remained “frozen” in their initial configuration
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(Figure 5.2 and accompanying video Swetman 2). Thus existing dendrites, once 

formed, were relatively stable and did not appear to require Rho GTPase activity for 

their maintenance. Indeed, even in control cells many fully formed dendrites did not 

show significant levels of F-actin supporting this observation. It is possible that by 

inhibiting the actions o f Rho, Rac and Cdc42 simultaneously using toxin B, the 

antagonistic effects of these proteins are cancelled out/negated, and for this reason the 

dendritic morphology of the cell remains unaffected. The interactions with the 

substratum formed during the generation of the dendrites are therefore presumably 

sufficient to keep the structures intact.

5.3.2 Cell-permeable peptide inhibitors of Rho GTPase-effector interactions 

could not be successfully used to dissect the role of Rho GTPases in DC dendrite 

formation

The activity of toxin B in inhibiting the de novo formation of dendritic processes 

confirmed that Rho GTPases have a role in regulating the DC actin cytoskeleton and 

dendrite formation. Therefore, it was decided to investigate the role or Rho GTPases 

in dendrite formation further.

The technique of microinjection has been widely used to investigate the role of Rho 

GTPases in regulating the actin cytoskeleton, and is particularly useful for the 

manipulation of cells that cannot be transfected (Ridley et a l, 1992 ; Ridley, 1995J 

Totsukawa et a l, 2001 ;^Hufner et al., 2002). However, microinjection can be 

technically demanding and it can be a particularly arduous procedure to microinject a 

significant number of cells. The limited number of cells that can be microinjected at 

one time also makes it impossible to carry out most biochemical and functional 

assays on a microinjected population. Cell-permeable peptides that inhibit the effects 

o f Rho GTPases, by competing with Rho GTPases for binding to their downstream 

effectors, represent an efficient method for transducing a large number of cells, while 

also allowing the effects of the interaction o f specific Rho GTPases with their 

effectors, under the influence of various stimuli, to be studied (Vastrik et a l, 1999).
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The transduction of proteins into cells was first described in 1988 by two separate 

groups (Green and Loewenstein, 1988 ; Frankel and Pabo, 1988). These groups 

found that cells rapidly took up the human immunodeficiency virus (HIV) 86 amino 

acid trans-activator protein (Tat). Subsequently, other domains that can be used to 

transduce cells have been identified, including a 16 amino acid sequence of the 

Antennapedia homeodomain protein (Antp) from Drosophila, also known as 

Penetratin (Derossi et a l, 1994).

The basic design of these peptides contains a biotinylated amino domain to allow 

detection and capture of the protein (alternatively the peptide may be labelled with 

FITC to facilitate detection), an e-amino hexanoic acid spacer sequence and the 

Penetratin or Tat sequence to mediate internalisation of the peptide into the cell. A 

specific sequence of interest can then be incorporated into the peptide and its effects 

investigated (Vastrik a/., 1999 ; 'Becker-Hapak e /ût/. 2001).

Peptides of this type have been used by a number of groups to investigate the role of 

Rho GTPases in regulating the actin cytoskeleton. A study by Vastrik et al. (1999) 

synthesised cell-permeable peptides containing a series of overlapping fragments 

from the amino-terminal effector-binding domain of Racl and tested their ability to 

bind to GTPase effectors and subsequently inhibit growth cone collapse induced by 

the Sema3A protein in chick DRG. Their investigation revealed that only one of the 

Racl peptides, encompassing amino acids 17-32 of Racl, interacted with the Racl 

effector molecules PAK, WASP, 3BP-1 and p85p’̂ ^̂ .̂ Furthermore, this peptide 

inhibited the growth-cone collapse response.

Other similar studies have used Tat-RhoV14 and Tat-Cdc42V12 cell-permeable 

fusion proteins to investigate the role of RhoA and Cdc42 in podosome and filopodia 

formation by osteoclasts, respectively (Vocero-Akbani et al., 2001). Podosomes are 

dynamic structures, composed of actin surrounded by rings of ABPs, and are quite 

distinct from FAs. These structures are found exclusively on highly motile cells.
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including macrophages and osteoclasts (Marchisio et a l, 1987 J Linder et al. 1999). 

The results of these studies found that CA Tat-RhoV14 induced rapid podosome 

disassembly accompanied by the formation of stress fibres, CA Tat-Cdc42V12 

induced the formation of filopodia (Vocero-Akbani et a l, 2001).

Cell-permeable peptides therefore appeared to represent a useful tool for the study of 

Rho GTPase activity in DC. Peptides containing the CRIB domain of PAK, an 

effector molecule of Racl and Cdc42, and N-WASP, which interacts with Cdc42, 

were synthesised. Control peptides containing these fragments in reverse were also 

synthesised. The peptides were then tested on the S3T3 fibroblast cell line and/or DC 

to determine their effects on the cytoskeleton. However, when these peptides were 

tested on S3T3 the peptides containing the CRIB or BIRC domain of PAK were not 

efficiently internalised and appeared to have a non-specific toxic effect at higher 

concentrations (Figures 5.4 & 5.5) and were therefore not used to treat DC. 

Meanwhile, peptides 5 and 6 were internalised by S3T3 cells and peptide 5 was 

shown to block PDGF-induced membrane ruffling, while the control peptide 6 was 

unable to mediate this effect (Figures 5.4 & 5.5). Peptides 5 and 6 were therefore 

tested on DC to determine their effects on the cytoskeleton and, in particular, dendrite 

formation (Figure 5.6A & B). DC treated with peptide 5 exhibited a reduction in cell 

spreading and dendrite formation and took on an unusual, cloverleaf-like 

morphology. Although, at first, this appeared to be an interesting result and suggested 

that Cdc42 had a role in inhibiting dendrite formation by immature DC on FN, the 

same observations were recorded for the control peptide 6, suggesting that this was a 

general, non-specific effect of transducing DC with these peptides.

The positively charged Antp internalisation portion of the peptide is likely to be the 

cause of these non-specific effects. One possibility is that it acts like a poly-L-lysine 

substrate on which cells can non-specifically spread (Machesky and Hall, 1997). 

Therefore, although most of the protein is internalised any residue on the surface of 

the cell or coverslip during treatment may cause the cells to adopt the unusual 

morphology recorded. Since this effect was seen in both post- and pre-adherence
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cells, a more likely explanation would be that the Antp region, once internalised, 

binds inside the cells to negatively-charged phospholipids e.g. PIP2 and PIP3, which 

could exert an effect over cellular morphology. The most likely candidate would be 

PIP2, which is most abundant in unstimulated cells and has been shown to be 

involved in rearrangements of the actin cytoskeleton by binding to and regulating the 

function of a number of ABPs (Toker et al., 2000). Cunningham et al. (2001) have 

previously shown that a number of polypeptides, among them some that contain 

predominantly hydrophobic and cationic residues, bind to phospholipids, including 

PIP2. A specific sequence derived from the positively charged PIP2-binding portion 

of the ABP gelsolin when introduced into S3T3 cells had a dramatic effect on F-actin 

assembly, effectively dismantling the F-actin cytoskeleton, and consequently cellular 

morphology. The peptides used in this study could use a similar mechanism to 

instigate the changes in DC morphology observed. This reasoning might also explain 

the toxic effects observed at higher concentrations of peptide.

These peptides have been used in the past successfully by other researchers (Vastrik 

et a l, 1999 \  Vocero-Akbani et a l, 2001). A reason for their success may be that 

these non-specific effects depend on the levels o f cell surface receptors that interact 

with positively charged substrates, which would vary among cell types. Equally, the 

relative contribution of PIP2 and other such molecules to actin organisation would 

also be distinctive to each cell type. It seems likely that the solubility problems in this 

current study, associated with peptides 5 and 6, would contribute to their failure to be 

internalised and would thus contribute to the lack of success of this study compared to 

other studies.

It was therefore necessary to adopt a different strategy to study the role of Rho 

GTPases in DC dendrite formation and cellular morphology.
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5.3.3 The co-ordinated actions of RhoA, Racl and Cdc42 are required to 

promote dendrite formation by DC

The role o f specific members of the Rho GTPase family was therefore dissected by 

microinjection of CA and DN mutants of Cdc42, Racl and RhoA (Figures 5.11- 

5.16).

The results of these studies demonstrated that CA Cdc42 and Racl promote cell 

spreading. However, the processes formed were much broader and shorter than 

normal, probably because the subsequent adhesion and/or contraction steps were 

blocked under these conditions. A role for Racl in promoting dendrite formation was 

not entirely unexpected following the observations in Chapter 3 of this thesis that 

indicated that the leading edge formed during dendrite formation was characterised 

by the presence of lamellipodia and membrane ruffling.

In contrast, inhibition of Cdc42 and Racl resulted in the retraction and loss of 

dendrites. The activities of Cdc42 and Racl, while broadly resulting in similar 

phenotypic changes, are not, however, identical. For example, Cdc42 promotes the 

formation of microspikes and filopodia in DC, while Racl promotes the formation of 

broad lamellipodia and an increase in membrane ruffling. These results are consistent 

with the effects of Racl and Cdc42 in other cell types, including fibroblasts and 

macrophages (Kozma et aL, 1995 ; [Nobes and Hall, 1995'; 'Allen et al., 1997) and 

murine DC (West et aL, 2000). The maintenance of membrane ruffling in DC 

microinjected with NlTRacl was not unexpected, since membrane ruffling in murine 

SDC has previously been shown to be largely PI3-kinase and Rac-independent (West 

et aL, 2000).

In contrast to the protrusion and spreading observed with Racl and Cdc42, over

activation o f RhoA was associated with cell contraction, actin cable assembly, and the 

complete retraction of processes. Inhibition of RhoA did not lead to dendrite 

retraction, while in inhibition of pl60ROCK (Figure 5.18), a downstream effector
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kinase of RhoA, resulted in abnormally long, very thin, branched dendrites. This 

phenotype resulted in part from an inability to detach either the cell body or the ends 

of processes from the substratum. RhoA, via activation of pl60ROCK, may therefore 

regulate integrin adhesion negatively, as described recently in monocytes 

(Worthylake et aL, 2001).

Overall, these results are consistent with a model in which RhoA acts antagonistically 

to Racl and Cdc42, regulating dendrite formation both by facilitating protrusion 

(extension) and retraction o f the membrane by assembly/disassembly of F-actin.

Rho GTPases were implicated in having a role in neurite outgrowth by Threadgill et 

al. (1997) who observed that expression of DN and CA mutants of Rho, Rac and 

Cdc42 had a striking effect on the extent of neurite outgrowth and morphology in 

developing cortical neurones. A similar antagonistic activity o f Rho versus Rac and 

Cdc42 has been proposed previously for neurones, with Rac and Cdc42 acting to 

promote neurite outgrowth (Tashiro et aL, 2000), where growth is driven by actin 

polymerisation in the growth cone at the tip of the neurite, and Rho inducing 

retraction or inhibition of growth (Kozma et aL, 1997 ; Hall, 1998 ; Hirose et aL,

1998). DN mutants of Rac and Cdc42 have also been shown to block the ability of 

neurones to form dendrites on LN-1 (Weston et aL, 2000).

While previous studies have demonstrated the importance of Rho GTPases in 

regulating the endocytic capacity of immature DC, with Cdc42 and Rac promoting 

endocytosis and macropinocytosis respectively, this study has identified an important 

role for the Rho GTPases in controlling morphology, and in particular dendrite 

formation, thereby adding to the growing literature in this field.
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6.1 Introduction

Dendritic morphology is a highly characteristic feature of DC, both in peripheral 

tissues and within the T cells area of lymphoid organs, however the way that DC form 

their dendrites has not been investigated previously. In this thesis the sequence of 

events involved in the formation of DC dendrites on FN, and the surface receptors, 

signalling moieties, cytoskeletal components and other related molecules that regulate 

this process, have been investigated.

6.2 Characterisation of DC dendrite formation by immature DC

The processes that characterise DC dendrite formation remain poorly understood. In 

Chapter 3 a model in which cultured immature DC adhere to FN was developed. 

Under these conditions DC form long slender processes that often extend several 

times the length of the cell body, and which are reminiscent of the typical in vivo 

morphology. In contrast, macrophages adhered to FN were found to have an entirely 

different morphology characterised by numerous podosomes (Duong and Rodan, 

2000) but no dendrites. FN is a ubiquitous and major component of the ECM of most 

tissues (Hynes, 1990) and therefore is likely to serve as an important substratum for 

the adhesion and morphogenesis of immature DC in vivo, although additional 

interactions between DC and their surrounding cells are also likely to contribute to 

the formation or stabilization of dendrites. These include E-cadherin, which is highly 

expressed on LC and has been shown to mediate the selective adhesion of LC to 

kératinocytes in vitro (Jakob and Udey, 1998).

Time-lapse analysis revealed that on FN the formation of dendritic processes by DC 

proceeds via a series of interrelated steps and suggested a model whereby DC 

dendrite formation involves cell extension (motility), cell attachment, cell body 

movement and localised contraction (to exclude cytoplasm). This model is quite 

different both from macrophage spreading and from the gradual process of extension 

that is believed to drive dendrite formation in neurones. This may reflect the need for
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much more rapid changes in DC behaviour upon infection, and for resultant 

migration, which require the swift intracellular reorganisation that is recognisable in 

the morphological changes documented in this thesis.

Studies employing immunofluorescence analysis and the inhibitors cytochalasin and 

colchicine revealed that the cytoskeletal elements F-actin and tubulin are essential 

components of DC dendrites, with F-actin seemingly providing structural support at 

the tips and along the perimeter of the dendrite and tubulin affording mechanical 

support within the dendrite. Further immunofluorescence analysis of the ABPs 

vinculin, talin and paxillin revealed that structures reminiscent of focal complexes 

appear to act as points of adhesion between the DC dendrite and FN. Binding to FN 

has previously been shown to be mediated via the pi integrins, VLA4 (CD29/CD49d) 

and VLA5 (CD29/CD49e) (LelVarlete/ aL, 1991). However, the novel finding that pi 

integrins play an active role in DC dendrite formation suggests that signalling 

between FN and the cytoskeleton via p i integrins is essential to bring about the 

reorganisation of the cytoskeleton required for DC dendrite formation.

An extremely interesting finding of this thesis was that DC adhered to FN and 

allowed to form dendrites were able to effectively endocytose antigen and appeared to 

exploit the whole length of the dendrite to maximise uptake. These preliminary 

studies support the hypothesis that the dendritic morphology of immature DC in the 

periphery contributes to their ability to endocytose antigen. These intriguing 

preliminary findings warrant further investigation and, using the model developed in 

this study, further insight into the mechanisms and control of endocytosis by 

immature DC should be generated which could be translated into in vivo situations.

6.3 LPS-matured DC fail to form dendrites on FN

The findings of the studies of DC dendrite formation carried out in Chapter 3 

suggested that FN provides the ideal substrate on which to investigate this 

phenomenon. It was therefore anticipated that adherence to FN would also facilitate
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investigation into the mechanism of dendrite formation by LPS-matured DC in 

Chapter 4.

However, the findings of this section not only confirmed the findings of other groups 

that LPS-matured DC exhibit a reduced level of adhesion, but also led to the novel 

observation that dendrite formation is also inhibited under these conditions. The 

inability o f DC to form dendrites on FN was found to be independent of FN 

concentration but was LPS dose-dependent.

The inability of LPS-matured DC to adhere to and form dendrites on FN was found 

not to be attributable to reduced levels of CD29 and CD49d of p i integrin on the cell 

surface of the DC. Indeed, the levels of CD29 and CD49d on LPS-matured DC were 

almost identical or even elevated compared to immature DC. However, CD49e is 

expressed at reduced levels on immature DC as compared to LPS-matured DC (Puig- 

Kroger et aL, 2000). The results of this present study support a hypothesis whereby 

the decrease in surface levels of VLA5 results in a reduction in the overall level of 

adhesion and dendrite formation on FN, while the elevated levels of VLA4 results in 

stronger binding to the FN fragment H89 which has been implicated in having a role 

in DC and lymphocyte migration previously (Aiba et aL, 1993 ; 'Berlin et aL, 1995). 

Following LPS stimulation in vivo, DC are induced to mature, migrate to the 

lymphoid tissues and up regulate the levels of costimulatory molecules on their 

surface in order to effectively stimulate T cells and invoke an efficient immune 

response. During the migratory phase DC are known to retract their dendrites. Thus, 

in vivo, a phase of dendrite formation in the periphery is followed by a phase of 

reduced adhesion to the ECM that is likely to be important in allowing the migration 

o f activated DC from peripheral tissues to lymphoid tissues. The reduction in 

adhesion and dendrite formation by DC upon LPS-induced maturation may reflect 

this in vivo phase thereby promoting efficient migration by DC via an interaction 

between VLA-4 and the H-89 fragment of FN. Once within lymphoid tissue, different 

molecular mechanisms may take place between DC and T lymphocytes, perhaps
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mediated via (32 rather than p i integrins, which could lead to fiirther dendrite 

formation.

A surprising and intriguing finding o f these studies on dendrite formation by LPS- 

matured DC was that a significant degree o f endocytosis was maintained by these 

cells. This initially seemed to contradict the well-established literature that has shown 

that upon maturation DC dramatically reduce their levels o f endocytosis (Schuler et 

al., 1985 Sallusto and Lanzavecchia, 1994 * Bancherau and Steinman, 1998;

Mellman et aL, 1998 ' Flores-Romo, 2001). These findings require further 

investigation to quantify the degree o f endocytosis maintained and in order to 

facilitate comparison with immature DC. However, these findings could possibly be 

explained by the maintenance o f uptake o f dextran by receptor-mediated endocytosis 

via clathrin-coated pits, despite the decrease in macropinocytosis and phagocytosis 

that is well documented in mature DC (Garret et aL, 2000; West et aL, 2000). It may 

also be possible that adherence to FN promotes a degree o f retention o f the immature 

DC phenotype while the data outlined above that suggests that the LPS-matured DC 

used in this study may be representative o f migratory DC, and may therefore not be 

fully mature, could also account for this phenomenon.

6.4 The antagonistic activities of RhoA versus Racl and Cdc42 are essential for 

DC dendrite formation

The requirement for a co-ordinated series of extension, adhesion and contraction in 

dendrite formation suggested that the activities o f Rho GTPase family members 

might be essential for DC morphogenesis. In Chapter 5 the role of Rho GTPases in 

dendrite formation was therefore investigated.

These studies revealed that inhibition of Rho, Rac and Cdc42 with toxin B before 

contact with FN totally blocked dendrite formation, while treatment with toxin B
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following dendrite formation prevented further extension and effectively froze 

dendrites in their existing configuration, thereby confirming the involvement of Rho 

GTPases as signalling components essential for instigating DC dendrite formation. 

Following the unsuccessful use of cell-permeable peptides to investigate the role of 

Rho GTPases further, microinjection studies were carried out. These studies proved 

to be extremely successful and revealed that Cdc42 and Racl act predominantly to 

promote cellular extension and spreading, while RhoA, conversely, acts to drive 

contraction and the detachment of processes during DC dendrite formation. Since 

inhibition or over-expression of each of the three major Rho GTPases: RhoA, Racl 

and Cdc42 resulted in profound changes in DC morphology, it therefore appears that 

they each plays a different but essential role in regulating the formation of dendritic 

processes by DC. However, it is clear that DC dendrite formation requires precise 

temporal and spatial regulation of Rho GTPase activity. This may well involve as yet 

unidentified DC-specific activators of Rho GTPases.

Support for these findings comes from studies on neurones that, despite being part of 

the NS, arguably have more in common with DC in terms of morphology than any 

other cell type. In these studies Rho was also shown to exert antagonistic activities to 

Rac and Cdc42 in neurite outgrowth (Kozma et aL, 1997 ; Tashiro et aL, 1997 * Hall, 

1998 * Hirose et aL, 1998 * Weston et aL, 2000). The findings presented in this 

thesis therefore serve to illustrate that two cell types with very different functions and 

from different systems in the body may be united by a common pathway that controls 

their morphology. However, differences in the temporal and spatial regulation of 

dendrite formation are nevertheless necessary to fine-tune the process and account for 

the differences in morphology observed between these two cell types. Nonetheless, 

the importance of studying other cell types that exhibit a similar morphology when 

seeking to study the control of morphogenesis or other cellular processes by a 

particular cell type should not be underestimated, even if in all other respects the cell 

types may appear to be unrelated.
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6.5 Implications of the data

Although it has long been known that the morphology of DC may be an important 

feature of this cell type, and indeed their name is based on their morphological 

properties, how the dendritic processes are formed and their functional relevance has, 

for the most part, remained poorly understood.

The ability of immature DC to form processes on FN, outlined in this study, provides 

an in vitro model for in vivo dendrite formation by tissue DC, such as LC, that will 

doubtless prove an extremely useful tool for the study of this fascinating cell type. 

Not only has this study outlined a number of the sequence of events involved in DC 

dendrite formation, but also suggests that these dendrites function in endocytosis. 

Furthermore, the inability of LPS-matured DC to form dendrites when adhered to FN 

suggests that loss of dendrite-forming activity may be an important feature of DC 

maturation. The relative ability of DC to form dendrites may be a useful tool for 

distinguishing distinct stages of DC maturation, since although the surface phenotype 

of these cells appeared to be that of mature DC, as assessed by FACS analysis prior to 

adherence to DC, the failure to form dendrites may be more representative of 

migratory “veiled” DC as opposed to fully mature antigen presenting DC. This study 

therefore serves to illustrate the difficulties of distinguishing DC at various stages of 

maturation based on one type of phenotypic criterion alone.

This study also provided important insight into the role of integrins and Rho GTPases 

in dendrite formation and demonstrated an essential role for these molecules in 

controlling this process. Understanding more about how these processes are 

controlled will contribute not only to a better understanding of DC dendrite formation 

but also ultimately to understanding how dendrite formation influences the antigen 

processing and presenting function of these cells.
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6.6 Further work

6.6.1 Short term plans

This study has provided some fascinating data that has helped to expand the current 

knowledge of DC morphogenesis and the control o f this process. It has also opened 

up a number of avenues that warrant further investigation, some of which will be 

described in this section.

It would be extremely interesting to assess dendrite formation on other ECM 

components, including LN-1 and collagen, and other cell types that are known to 

interact with DC, including kératinocytes and T lymphocytes. Although 

investigations into the adhesion of DC at different maturation states to these, and 

other, ECM components and cell types have been undertaken in the past (Barker et 

aL, 1989 ; Le Varlet c / <7/., 1991 ; Tsao a/. ,  1994 * Galkowska c/u^/., 1995/ Brand 

et aL, 1998), the effect on dendrite formation has not previously been thoroughly 

assessed. Collagen in particular has been shown to up regulate the T cell stimulatory 

capacity of DC (Mahnke et aL, 1996) and may therefore be involved in DC dendrite 

formation in the lymphoid tissues. The expression of actin fused to green fluorescent 

protein in DC would provide a means of studying the rearrangement of the actin 

cytoskeleton necessary for the formation of DC dendrites (Faix et aL, 1998). It would 

also be interesting to monitor dendrite formation by DC over a longer time period and 

to assess the effect of treating DC with LPS for longer amounts of time in order to 

determine whether this induced dendrite formation on FN or other ECM substrates. 

These studies would therefore allow one to gain further valuable insight into the 

mechanisms that control dendrite formation by mature DC in lymphoid tissues.

The results presented in this thesis demonstrated that both immature and mature DC 

adhered to FN are able to effectively endocytose antigen. However, the levels of 

endocvlosis were not assessed in this study. By comparing the degree of uptake by 

immature versus mature DC, the influence of DC dendrites on increasing the
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endocytic capacity of DC could be assessed, while a true reflection of the relevance 

of the, surprising, observation that mature DC maintain a degree of endocytosis could 

be determined. A number of more quantitative methods could be used to carry out 

these investigations.

The enzyme horseradish peroxidase (HRP) could be used as a fluid-phase marker of 

endocytosis, particularly since it has previously been used to study endocytosis by 

adherent cells (Loster et aL, 1997). Following addition it would be expected that the 

HRP would be internalised within 5 - 1 5  minutes. The addition of a hydrogen 

acceptor e.g. hydrogen peroxide would then stimulate HRP to catalyse the formation 

of dye from a colourless hydrogen donor e.g. o-phenylenediamine. The addition of 

sulphuric acid to quench the reaction at given time points, and the subsequent 

measurement of the optical density (OD) of the reaction product would allow a 

measurement of the degree of endocytosis to be made. HRP can also be used to 

follow the progress of this endocytic tracer through the endocytic pathway (Loster et 

aL, 1997). Alternatively crystal violet (CV), which can also be endocytosed by cells, 

could be employed instead of HRP, and the OD measured following release of the 

dye from the cells using Triton-X 100. Since LPS-matured DC adhere to FN 

considerably less well than immature DC, a measurement of the number of DC 

adhered to a coverslip would need to be made, perhaps making use of a graticule to 

aid counting, in order to gain an accurate reflection of the degree of endocytosis by 

individual cells.

The finding that Rho GTPases play such a vital role in DC dendrite formation opens 

up a number of exciting avenues that could be investigated further. On a general level 

it would be interesting to determine whether treatment with toxin B affects the 

antigen presenting ability of DC. Toxin B has already been shown to abrogate 

endocytosis by immature DC (Garrett et aL 2000).

1 This could possibly be carried out by measuring the incorporation o f 

tritiated thymidine by 1 cells cultured in the presence of antigen presenting DC. The 

addition o f an exogenous antigen, such as tetanus toxoid, and the ensuing T cell
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proliferation over 5 days represents a recall response by the autologous T cells to this 

antigen (it would therefore be necessary to check that the donors used in this 

experiment were responders to this antigen prior to commencing the study). The 

degree of proliferation acts as a measure of the antigen presenting capacity of the DC 

population. The ability to just load MHC class II molecules, rather than process 

antigen, can be assessed by culturing DC with pre-cleaved, preformed peptide. A 

comparison of the response elicited to whole versus pre-cleaved peptide would permit 

determination of whether it is only the endocytic/processing machinery of the DC that 

is impaired by treatment with toxin B, and not the MHC loading compartments, or 

whether treatment causes a total blockade of the antigen presenting capacity of treated 

DC.

It would, however, be essential to determine whether toxin B is toxic over the time 

period required to carry out this assay (approximately 5 days) by carrying out a time 

course of DC viability, using trypan blue exclusion. Toxin B has previously been 

used to assess the effects of Rho GTPases on cellular morphology for time periods of 

up to 18 - 24 hours (Ory et aL, 2000 ; Garrett et aL, 2000). If a time course of 5 days 

was found not to be compatible with cell viability a shorter proliferation assay of 2 

days could be carried out. These assays are based on the principle of giving T cells 

the first signal (via the TCR) by treatment with an anti-CD3 antibody. Since the TCR 

signals intracellularly, via CD3, this bypasses the need for direct TCR stimulation. 

The DC would then give the second signal (co-stimulation). This assay is therefore 

antigen/MHC class II independent but would allow the effect of maturation state and 

morphology to be assessed. Although this assay represents a rather crude method of 

assessing DC function it does, nonetheless, allow a measurement of antigen 

presentation to be made e.g. can the DC still interact with T cells, can the DC respond 

to T cell stimulation and elicit the appropriate response etc. It would be interesting to 

carry out this experiment using adherent and non-adherent DC thereby lending 

knowledge to whether adherence effects the antigen-presenting capacity of DC while 

also permitting accurate readings of proliferative data if the number of adherent LPS 

matured DC was insufficient to permit significant readings.
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A final problem may be that the T cells would need to be incubated with the DC, 

which could lead to their also being affected by these inhibitors. By carrying out a 

time course to determine how quickly DC recover from toxin B treatment following 

thorough washing, it may be found that the effects last long enough to permit the 

assay to be carried out using washed DC, negating the need to expose T cells to the 

toxin and this potential pitfall would be rendered obsolete.

Following on from the studies of the role of Rho GTPases in DC dendrite formation 

carried out in this thesis, it would be interesting to compare the relative levels of 

active GTP-bound RhoA, Racl and Cdc42 expressed by immature and mature DC 

adhered to FN. Given the findings of this study it might be expected that immature 

DC would express higher levels of active Racl and Cdc42 than mature DC, while 

mature DC may express active RhoA to a greater degree than immature DC. Equally, 

comparison of the expression of active RhoA, Racl and Cdc42 by DC versus other 

cell types that do not exhibit a dendritic morphology e.g. fibroblast, would provide 

further insight into the importance of Rho GTPases in controlling cellular 

morphology. These experiments could be carried out using pull-down techniques as 

previously described by Ishihashi et al. (2002) and Yokoyama et al. (2002) for the 

determination of RhoA activity in human monocytes and endothelial cells 

respectively. Using Rho A as an example, in essence the activity of RhoA could be 

determined by measuring levels of GTP-RhoA using the Rho-binding domain of 

rhotekin. DC could be adhered to FN for varying amount of time prior to lysis. The 

resulting lysate would be centrifuged to remove cell debris and the extracts incubated 

with gluthathione-Sepharose beads coupled to GST-rhotekin fusion protein. 

Subsequently, the beads would be washed and the amount of bound RhoA protein 

determined by carrying out a Western blot using a mouse monoclonal antibody 

against RhoA. The levels o f active Racl and Cdc42 could be determined using the
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GTPase-binding domain of PAKl in place of rhotekin and mAb to Racl and Cdc42 

as probes for the Western blot (Hannke-Lohmann et al., 2000) (Vouret-Craviari et al., 

2002).

Furthermore, it would also be interesting to assess the role of other members of the 

Rho GTPase family, and the GAPs, GEFs and GDIs that are involved in this process 

using similar microinjection and pull-down techniques.

6.6.2 Long term plans

In a wider context, recent advances in proteomics, and in particular in gene array 

technology, could be used to facilitate investigation of the proteins/genes induced 

during dendrite formation by DC, a pattern of expression that would, presumably, not 

be seen in LPS-matured DC and macrophages (Moschella et a l, 2001). Indeed, gene 

arrays have already been used to uncover differences in gene expression in DC and 

macrophages (Baltathakis et a l, 2001).

Pull-down experiments, similar to those outlined in Section 6.6.1, could also be 

employed to determine whether specific Rho-associated proteins are seen in DC but 

not macrophages. These studies may provide valuable insight into the mechanisms 

that account for the ability of DC to form dendrites. This information may well also 

be used to expand our understanding of how cellular morphology is controlled in 

other cell types and, in particular, how dendrite formation in neuronal cells is 

regulated.

A number of infectious organisms have been shown to employ proteins that interfere 

with the actin cytoskeleton of infected cells. These include the bacterial proteins toxin 

B and C3 transferase (Aktories, 1997), that have been used as investigative tools in 

this study, as well as herpes simplex virus (Yura et a l, 2000), which has been shown 

to cause rounding up of infected cells (Falke, 1997) including DC (G Pollara, 

personal communication), and HIV, which interacts with the actin cytoskeleton via
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the Gag protein (Rey et ai., 1996). These interactions with the cytoskeleton are used 

at various stages of the virus lifecycle to help increase the infectivity of these 

infectious agents e.g. by facilitating viral assembly and budding (Cudmore et al., 

1997). Disruption of the actin cytoskeleton of DC may also represent a means of 

immune evasion. It would be extremely interesting to undertake further analysis of 

the proteins used by microorganisms to interact with the DC cytoskeleton and the 

mechanisms by which they disturb dendrite formation. This would not only provide 

insight into the control of DC dendrite formation but would provide a means of 

assessing the importance of DC dendrite formation on the ability to mount an 

effective immune response.

An obvious short-coming of in vitro work is that the extent to which it can be 

translated in to in vivo situations is debatable. Therefore, further work to explore the 

real in vivo effects of manipulating the process of DC dendrite formation, both in 

peripheral and lymphoid tissues, would no doubt provide some fascinating results. 

Gene gun technology could provide the means to express in vivo genes that are 

involved in DC dendrite formation. Subcutaneous delivery into mice of gold particles 

coated with vectors expressing genes of interest, including the Rho mutants used in 

this study and other interesting candidates uncovered by the pull down and gene array 

studies outlined above, together with an antigen, provides a means of transducing DC 

in the periphery and determining the effect on the immune response. This technology 

has already been established in our laboratory (Remi Creusot, personal 

communication), and is being used to regulate immunological responses via the APC.

202



References

Chapter 7

References

203



________________________________________________________________References

Abo, A., Pick, E., Hall, A., Totty, N., Teahan, C.G., Segal, A.W. Activation of the 

NADPH oxidase involves the small GTP-binding protein p21racl. Nature 1991. 353: 

668-670.

Adams, J.C ., Clelland, J.D., Collett, D M., M atsum ura, F., Yamashiro, S., 

Zhang, L., Cell-matrix adhesions differentially regulate fascin phosphorylation. 

Mol.BiolCell 1999.10: 4177-4190.

Aderem, A. and Underhill, D M., Mechanisms of phagocytosis in macrophages. 

Annu. Rev. Immunol. 1999.17: 593-623.

Aiba, S., Nakagawa, S., Ozawa, H., Miyake, K., Yagita, H., Tagami, H., Up-

regulation of alpha 4 integrin on activated Langerhans cells: analysis of adhesion 

molecules on Langerhans cells relating to their migration from skin to draining lymph 

nodes. J. Invest. Dermatol. 1993.100: 143-147.

Akbari, O., DeKruyff, R.H., Umetsu, D.T., Pulmonary dendritic cells producing IL- 

10 mediate tolerance induced by respiratory exposure to antigen. Nat Immunol. 2001. 

2: 725-731.

Akiyama, S.K., Yamada, S.S., Chen, W.T., Yamada, K.M., Analysis of fibronectin 

receptor function with monoclonal antibodies: roles in cell adhesion, migration, 

matrix assembly, and cytoskeletal organization. J. Cell Biol. 1989.109: 863-875.

Aktories, K., Bacterial toxins that target Rho proteins. J. Clin. Invest. 1997. 99: 827- 

829.

204



________________________________________________________________References

Al-Alwan, M.M., Rowden, G., Lee, T.D.G, West, K.A., The dendritic cell 

cytoskeleton is critical for the formation of the immunological synapse: Journal o f  

Immunology 200\. 166: 1452- 1456.

Al-Alwan, M.M., Rowden, G., Lee, T.D.G, West, K.A., Fascin is involved in the 

antigen presentation activity of mature dendritic cells: Journal o f Immunology 2001. 

166: 3338-3450.

Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K., Watson, J.D., Molecular 

Biology o f  the Cell Garland Publishing, Inc. New York and London. 1994, Chapter 

16.

Allen, W.E., Jones, G.E., Pollard, J.W . and Ridley, A.J., Rho, Rac and Cdc42 

regulate actin reorganisation and cell adhesion in macrophages. J. Cell Sci.\991\ 110: 

707 -  720.

Ammon, C., Meyer, S.P., Schwarzfischer, L., Krause, S.W., Andreesen, R., 

Kreutz, M., Comparative analysis of integrin expression on monocyte-derived 

macrophages and monocyte-derived dendritic cells. Immunology 2000. 100: 364-369.

Amyere, M., Mettlen, M., Van, D., Platek, A., Payastre, B., Veithen, A., Courtoy,

P.J., Origin, originality, functions, subversions and molecular signalling of 

macropinocytosis. Int. J. Med. Microbiol. 2002. 291: 487-494.

Amyere, M., Payrastre, B., Krause, U., Van Der Smissen, P., Veithen, A., 

Courtoy, P.J., Constitutive macropinocytosis in oncogene-transformed fibroblasts 

depends on sequential permanent activation of phosphoinositide 3-kinase and 

phospholipase C. Mol. Biol. Cell. 2000. 11: 3453-3467.

Aspenstrom, P., Effectors for the Rho GTPases. Curr. Op. Cell Biol. 1999. 11. 95- 

102.

205



_______________________________________________________________ References

Aspenstrom, P., Lindberg, U., Hall, A., Two GTPases, Cdc42 and Rac, bind 

directly to a protein implicated in the immunodeficiency disorder Wiskott-Aldrich 

syndrome. Curr. Biol. 1996. 6: 70-75.

Aspenstrom. P., The Rho GTPases have multiple effects on the actin cytoskeleton. 

Experimental Cell Research. 1999. 246: 20-25.

Austyn, J.M ., Weinstein, D.E., Steinman, R.M., Clustering with dendritic cells 

precedes and is essential for T-cell proliferation in a mitogenesis model. 

Immunology 1988. 63: 691-696.

Ayscough, K.R., In vivo functions of actin-binding proteins. Cur. Op. Cell Biol. 

1998.10. 102-111.

Balfour, B.M., Drexhage, H.A., Kamperdijk, E.W., Hoefsmit, E C., Antigen- 

presenting cells, including Langerhans cells, veiled cells and interdigitating cells.

Ciba Found Symp. 1981.84:281-301.

Baltahakis, I., Alcantara, O., Boldt, D.H., Expression of different NF-kappaB 

pathway genes in dendritic cells (DCs) or macrophages assessed by gene expression 

profiling. J. Cell Biochem. 2001. 83: 281-290.

Bancherau, C. and Steinman, R.M., Dendritic cells and the control of immunity. 

Nature 1998. 392: 245-252.

Barker, J.N., Allen, M.H., MacDonald, D M., The effect of in vivo interferon- 

gamma on the distribution of LFA-1 and ICAM-1 in normal human skin. J. Invest. 

Dermatol. 1989. 93: 439-442.

206



________________________________________________________________References

Barton, G.M. and Medzhitov, R., Control of adaptive immune responses by Toil

like receptors. Curr. Opin. Immunol. 2002.14: 380-383.

Bear, J.E ., Rawls, J.F., Saxe, C.L. I ll , SCAR, a WASP-related protein, isolated as a 

suppressor of receptor defects in late Dictyostelium development. J  Cell Biol 1998. 

142:1325-1335.

Becker-Hapak, M., McAllister, S.S., Dowdy, S.F., TAT-mediated protein 

transduction into mammalian cells. Methods 2001. 24: 247-256.

Berlin, C., Bargatze, R.F., Campbell, J .J., von Andrian, U.H., Szabo, M.C., 

Hasslen, S.R., Nelson, R.D., Berg, E.L., Erlandsen, S.L., Butcher, E C., Alpha 4 

integrins mediate lymphocyte attachment and rolling under physiologic flow. 

Cell 1995.80:413-422.

Bhadriraju, K., Hansen, L.K., Extracellular matrix- and cytoskeleton-dependent 

changes in cell shape and stiffness. Exp. Cell Res. 2002. 278: 92-100.

Binks, M., Jones G.E., Bricknell, P.M., Kinnon, C., Katz, D R. and Thrasher,

A.J., Intrinsic dendritic cell abnormalities in Wiskott-Aldrich syndrome. Eur. J. 

Immunol. 1998. 10: 3259-3267.

Bishop, A. L. and Hall, A., Rho GTPases and their effector proteins. Biochem. J.

2000. 348:241-255.

Boguski, M.S. and McCormick, F., Proteins regulating Ras and its relatives. Nature. 

1993.366: 643-654.

Borrowsky, M.L. and j Hynes, R.O., Layilin, a novel tal in-binding transmembrane 

protein homologous with c-type lectins, is localized in membrane ruffles. J. Cell. 

Biol 1998. 143: 429-442.

207



________________________________________________________________References

Brand, U., Bellinghausen, I., Enk, A. H., Jouleit, H., Becker, D., Knop, J. and 

Saloga, J., Influence on extracellular matrix proteins on the development of cultured 

human dendritic cells. Eur. J. Immunol. 1998. 28: 1673-1680.

Breel, M., Mebius, R.E. and Kraal, G., Dendritic cells of the mouse recognized by 

two monoclonal antibodies. Eur. J. Immunol. 1987.17: 1555-1559.

Brown, M.C., West, K.A., Turner,C.E., Paxi 11 in-dependent Paxillin Kinase Linker 

and p21-Activated Kinase Localization to Focal Adhesions Involves a Multistep 

Activation Pathway. Mol. Biol. Cell. 2002.13: 1550-1565.

Burns, S., Thrasher, A.J., Blundell, M.P, Machesky, L. and Jones, G.E.,

Configuration of human dendritic cell cytoskeleton by Rho GTPases, the WAS 

protein, and differentiation. Blood200\. 98: 1142-1149.

Burridge, K. and Chranowska-Wodnicka, M., Focal adhesions, contractility, and 

signaling. Annu. Rev. Cell Dev. Biol. 1996. 12: 463-518.

Burzyn, D., Jancic, C.C., Zittermann, S., keller Sarmiento, M L, Fainboim, L., 

Rosenstein, R.E., Chuluyan, H E., Decrease in cAMP levels modulates adhesion to 

fibronectin and immunostimulatory ability o f human dendritic cells. 

J. Leukoc. Bio\. 2002. 72: 93-100.

Carlier, M.F., Control of actin dynamics. Curr. Op. Cell Biol. 1998.10: 45-51.

Celia, M., Engering, A., Pinet, V., Pieters, J., Lanzavecchia, A., Inflammatory 

stimuli induce accumulation of MHC class 11 complexes on dendritic cells. Nature 

1997. 388: 782-787.

Cerione, R.A. and Zheng, Y., The Ddl family of oncogenes. Curr. Op. Cell. Biol.

1996. 8:216-222.

208



________________________________________________________________References

Cho, J.Y., Fox, D.A., Horejsi, V., Sagawa, K., Skubitz, K.M., Katz, D R., Chain,

B., The functional interactions between CD98, beta 1-integrins, and CD 147 in the 

induction of U937 homotypic aggregation. Blood, 2001. 98: 374-382.

Christopher, R.A., A.P. Kowalczyk, and P.J. McKeown-Longo., Localization of 

fibronectin matrix assembly sites on fibroblasts and endothelial cells. J. Cell Sci. 

1997.110: 569-581.

Coates, T.D., Torkildson, J.C., Torres, M., Church, J.A., Howard, T.H., An

inherited defect of neutrophil motility and microfilamentous cytoskeleton associated 

with abnormalities in 47-kDa and 89-kDa proteins. Blood 1991. 78:1 1338-1346.

Condic, M.L. and Letourneau, P.C., Ligand-induced changes in integrin expression 

regulate neuronal adhesion and neurite outgrowth. Nature. 1997. 389: 852-856.

Correia, I., Chu, D., Chou, Y.H., Goldman, R.D. and M atsudaira, P., Integrating 

the actin and vimentin cytoskeltons: Adhesion-dependent formation of fimbrin- 

vimentin complexes in macrophages. J. Cell Biol. 1999.146: 831-842.

Coulombe, P.A., Ma, L., Yamada, S., Wawersik, M., Intermediate filaments at a 

glance. J. Cell Sci. 2001. 114 (Ft 24): 4345-4347.

Cox, E.A., Sastry, S.K., Huttenlocher, A., Integrin-mediated adhesion regulates cell 

polarity and membrane protrusion through the Rho family of GTPases. Mol. Biol. 

Cell. 2001. 12: 265-277.

Crespo, P., Schuebel, K.E., Ostrom, A.A., Gutkind, J.S., Bustelo, R.,

Phosphotyrosine-dependent activation of Rac-1 GDP/GTP exchange by the vav 

proto-oncogene product. Nature 1997. 385: 169-172.

Critchley, D R., Focal adhesions -  the cytoskeletal connection. Curr. Op. Cell. Biol.

2000. 12: 133-139.

209



_______________________________________________________________ References

Cudmore, S., Reckmann, I., Way, M., Viral manipulations of the actin 

cytoskeleton. Trends Microbiol. 1997. 5: 142-148.

Cunningham, C.C., Vegners, R., Bucki, R., Funaki, M., Korde, N., Hartwig, 

J.H., Stossel, T.P., Janmey, P.A., Cell |permeant polyphosphoinositide-binding 

peptides that block cell motility and actin assembly. J. Biol Chem. 2001. 276: 43390- 

43399.

D’Amico, G., Blanchi, G., Bernasconi, S., Bersani, L., Piemonti, L., Sozzani, S., 

Mantovani, A., Allavena, P., Adhesion, transendothelial migration, and reverse 

transmigration of in vitro cultured dendritic cells. Blood 1998. 92: 207-214.

Daniels, R. H., and G. M. Bokoch., p21-activated protein kinase: a crucial 

component of morphological signaling? Trends Biochem. Sci. 1999. 24:350-355.

Danowski, B.A., Fibroblast contractility and actin organization are stimulated by 

microtubule inhibitors. J. Cell Sci. 1989. 93 : 255-266.

del Pozo, M.A., Price, L.S., Alderson, N.B., Ren Z.D., Schwartz, M.A., Adhesion 

to the extracellular matrix regulates the coupling of the small GTPase Rac to its 

effector PAK. EMBOJ. 2000.. 19: 2008-2014.

Denzin, L.K., Cresswell, P., HLA-DM induces CLIP dissociation from MHC class II 

alpha beta dimers and facilitates peptide loading. Cell 1995. 82: 155-165.

Derossi, D., Joliot, A.H., Chassaing, G., Prochiantz, A., The third helix of the 

Antennapedia homeodomain translocates through biological membranes. J. Biol. 

Chem 1994.269: 10444-10450.

210



________________________________________________________________References

Derry, J . M., J., Ochs, H. D., Francke, U., Isolation of a novel gene mutated in 

Wiskott-Aldrich syndrome. Cell 1994. 78: 635-644.

Diekmann, D., Brill, S., G arrett, M.D., Totty, N., Hsuan, J., Monfries, C., Hall,

C., Lim, L. Hall, A., Bcr encodes a GTPase-activating protein for p21rac. Nature. 

1991.351:400-402.

Douglas, S.D., Musson, R.A., Phagocytic defects—monocytes/macrophages. Clin, 

Immunol. Immunopathol. 1986. 40: 62-68.

Duong, L.T. and Rodan, G.A., PYK2 is an adhesion kinase in macrophages, 

localized in podosomes and activated by beta(2)-integrin ligation. Cell Motil. 

Cytoskeleton 2000. 47: 174-188.

Dustin, M.L. and Cooper, J.A., The immunological synapse and the actin 

cytoskeleton: molecular hardware for T cell signaling. Nat. Immunol. 2000.1: 23-29.

Dustin, P. Microtubules. N.Y.: Springer-Verlag 1978, Chapter 2.

Facchetti, F., Blanzuoli, L., Vermi, W., Notorangelo, L.D., Giliani, S., Fiorini, 

M., Fasth, A., Stewart, D M., Nelson, D.L. Defective actin polymerization in EBV- 

transformed B-cell lines from patients with the Wiskott-Aldrich syndrome. 

J. Pathol 1998.185: 99-107.

Falke, D., Herpes simplex virus and the cytoskeleton. Trends Microbiol. 1997. 5: 

306.

Fiax, J., Clougherty, C., Konzok, A., M intert, U., M urphy, J., Albrecht, R., 

M uhlbauer, B., Kuhlmann, J., The IQGAP-related protein DGAPl interacts with 

Rac and is involved in the modulation of the F-actin cytoskeleton and control of cell 

motility. J. Cell Sci. 1998. I l l :  3059-3071.

211



________________________________________________________________References

Flores-Romo, L., In vivo maturation and migration of dendritic cells. 

Immunology 2001. 102: 255-262.

Frankel, A.D., Pabo, C.O., Cellular uptake of the tat protein from human 

immunodeficiency virus. Cell 1988. 55: 1189-1193.

Fukamoto, Y., Kaibuchi, K., Hori, Y., Fuji-oha, H., Ueba. T, Kikuchi, A., Takai,

Y., Molecular cloning and characterisation of a novel type of regulatory protein 

(GDI) for the rho proteins, ras p21-like small GTP-binding proteins. Oncogene 

1990. 5:1321-1328.

Galkowska, H., Wojewodzka, U., Olszewski, W.L., Cytokines and adherence 

molecules involved in spontaneous dendritic cell-lymphocyte clustering in skin 

afferent lymph. Scand. J. Immunol. 1995. 42: 324-330.

Gallego, M.D., Santamaria, M., Pena, J., Molina, I.J., Defective actin 

reorganization and polymerization of Wiskott-Aldrich T cells in response to CD3- 

mediated stimulation. Blood 1997. 90: 3089-3097.

G arrett, W.S., Chen, L.M., Kroschewski, R., Ebersold, M., Turley, S., 

Trombetta, S., Galan, J.E., Mellman, I., Developmental control of endocytosis in 

dendritic cells by Cdc42. Cell 2000. 102: 325-334.

Gavin, R.H., Microtubule-microfilament synergy in the cytoskeleton. Int. Rev. Cytol.

1997. 173: 207-242.

Geijtenbeek, T.B., Torenema, R, van Vliet, S.J., van Duijnhoven, G.C., Adema, 

G.J., van Kooyk, Y., Figdor, C.G., Identification of DC-SIGN, a novel dendritic 

cell-specific 1C AM-3 receptor that supports primary immune responses. 

C e//2000. 100: 575-585.

212



________________________________________________________________References

Grakoui, A., Bromley, S.K., Sumen, C., Davis, M. M., Shaw, A S., Allen, P.M., 

Dustin, M.L., The immunological synapse: a molecular machine controlling T cell 

activation. Science 1999. 285: 221-227.

Green, M, Loewenstein, P.M., Autonomous functional domains of chemically 

synthesized human immunodeficiency virus tat trans-activator protein. Cell 1988. 55: 

1179-1188.

Hall, A., Rho GTPases and the actin cytoskeleton. Science. 1998. 279: 509-514.

Hannke-Lohmann, A., Pildner von Steinburg, S., Dehne, K., Bernard, V., 

Kolben, M., Schmitt, M., Lengvel, E., Downregulation of a mitogen-activated 

protein kinase signaling pathway in the placentas of women with preeclampsia. 

Obstet. Gynecol. 2000. 96: 582-587.

H arrington, A.W., Kim,J.Y., Yoon, S.O., Activation of Rac GTPase by p75 is 

necessary for c-jun N-terminal kinase-mediated apoptosis. JNeurosci. 2002. 22:156- 

66 .

H art, C M. and Roberts, J.W ., Deletion analysis of the lambda trl termination 

region. Effect of sequences near the transcript release sites, and the minimum length 

of rho-dependent transcripts. J. Mol Biol. 1994. 237: 255-265.

H art, M.J., Eva, A., Evans, T., Aaronson, S.A., Cerione, R.A., Catalysis of 

guanine nucleotide exchange on the Cdc42HS protein by the dbl oncogene product. 

Nature. 1991.354:311-314.

Hashimoto, S-I., Suzuki, T., Dong, H-Y., Nagai, S., Yamazaki, N., Matsushima,

K., Serial analysis of gene expression in human monocyte-derived dendritic cells. 

Blood 1999. 94: 845-852.

213



________________________________________________________________References

Hirose, M., Ishizaki, T., W atanabe, N., Uehata, M., Kranenburg, O., Moolenaar, 

W.H., M atsum ura, F., Maekawa, M., Bito, H., Narumiya, S., Molecular 

Dissection of the Rho-associated Protein Kinase (pl60ROCK)-regulated Neurite 

Remodeling in Neuroblastoma N IE -115 Cells. J. Cell Biol. 1998.141: 1625-1636.

Hocking, D C., Kowalski, K., A cryptic fragment from fibronectin's IIll module 

localizes to lipid rafts and stimulates cell growth and contractility. J. Cell Biol. 2002. 

158: 175-84.

HoHowood, K., Good lad, J R .,  Germinal centre cell kinetics. 

J. Pathol. 1998. 185: 229-233.

Howard, T.D., Pazanekas, W.A., Green, E D., Chiang, L.C., Ma, N., Ortiz de 

Luna, R.I., Garcia Delgardo, C., Gonzalez-Ramos, M., Kline, A.D., Jabs, E.W.,

Mutations in TWIST, a basic helix-loop-helix transcription factor, in Saethre-Chotzen 

syndrome. Aifl/. Genet. 1997. 15: 36-41.

Hufner, K., Schell, B., Aepfelbacher, M., Linder, S., The acidic regions of WASp 

and N-WASP can synergize with CDC42Hs and Racl to induce filopodia and 

lamellipodia. FEBSLett. 2002. 514 : 168-174.

Hyduk, S.J. and Cybulsky, M.L, Alpha 4 integrin signaling activates 

phosphatidylinositol 3-kinase and stimulates T cell adhesion to intercellular adhesion 

molecule-1 to a similar extent as CD3, but induces a distinct rearrangement of the 

actin cytoskeleton. J. Immunol. 2002. 2: 696-704.

Hynes, R.O. Fibronectins. N. Y. : Springer-V erlag 1990.

Inaba, K. and Steinman, R.M., Monoclonal antibodies to LFA-1 and to CD4 inhibit 

the mixed leukocyte reaction after the antigen-dependent clustering of dendritic cells 

and T lymphocytes. J. Exp. Med. 1987. 165: 1403-1417.

214



_______________________________________________________________ References

Inaba, K., Pack, M., Inaba, M., Sakuta, H., Isdell, F., Steinman, R.M., High 

levels of a major histocompatability II -  self peptide on dendritic cells from lymph 

node. J. Exp. Med. 1997. 186: 665-672.

Ingalls, R.R., Golbenbock, D.T., CD llc/CD lS, a transmembrane signaling receptor 

for lipopolysaccharide. y. Exp. Med. 1995.181: 1473-1479.

Ishibashi, T., Nagata, K., Ohkawara, H., Sakomoto, T., Yokoyama, K., Shindo, 

J., Sugimoto, K., Sakurada, S., Takuwa, ¥ ., Teramoto, T., M aruyama, V.,

Inhibition of Rho/Rho-kinase signaling downregulates plasminogen activator 

inhibitor-] synthesis in cultured human monocytes. Biochim Biophys Acta. 2002. 

1590: 123-130.

Ishizaki, T., Uehata, M., Tamechika, I., Keel, J., Nonomura, K., Maekawa, M., 

Narumiya, S., Pharmacological properties of Y-27632, a specific inhibitor of rho- 

associated kinases. Mol. Pharmacol. 2000. 57: 976-983.

Jakob, T., and Udey, M.C., Regulation of E-cadherin-mediated adhesion in

Langerhans cell-like dendritic cells by inflammatory mediators that mobilize 

Langerhans cells in vivo. J. Immunol. 1998. 160: 4067-4073.

Jancic, C., Chuluyan, H E., Morelli, A., Larregina, A., Kolkowski, E., Saracco, 

M., Barboza, M., Leiva, W.S., Fainboim, L., Interactions of dendritic cells with

fibronectin and endothelial cells. Immunology 1998. 95: 283-290.

Just, I., Selzer, J., Wilm, M., von Eichel-Streiber, C., M ann, M., Aktories, K.,

Glucosylation of Rho proteins by Clostridium difficile toxin B. Nature 1995. 375: 

500-503.

Katoh, K., Kano, Y., Amano, M., Kaibuchi, K., Fujiwara, K., Stress fiber 

organization regulated by MLCK and Rho-kinase in cultured human fibroblasts. 

Am. J. Physiol. Cell Physiol. 2001. 280: Cl 669-1679.

215



________________________________________________________________References

Kenney, D., Cairns, L., Remold-O’Donnell, E., Peterson, J., Rosen, F.S., 

Parkm an, R., Morphological abnormalities in the lymphocytes of patients with the 

Wiskott-Aldrich syndrome. Blood 1986. 68: 1329-1332.

Kimura, K.,Ito, M., Amano, M., Chihara, K., Fukata, Y., Nakafuku, M., 

Yamamori, B., Feng, J., Nakano, T., Okawa, K., Iwamatsu, A., Kaibuchi, K.,

Regulation of myosin phosphatase by Rho and Rho-associated kinase (Rho-kinase). 

Science. 1996.273:245-248.

Kobayashi, M., Azuma, E., Ido, M., Hirayama, M., Jiang, Q., Iwamoto, S., 

Kumamoto, T., Yamamoto, H., Sakurai, M. and Komada, Y., A pivotal role of 

Rho GTPase in the regulation of morphology and function of dendritic cells. J  

Immunol. 2001. 167: 3585-3591.

Kozma, R., Ahmed, S., Best, A. and Lim, L., The Ras related proteins Cdc42Hs and 

bradykinin promote formation of peripheral actin microspikes and filopodia in Swiss 

3T3 fibroblasts. Mol Cell Biol 1995. 15: 1942-1952.

Krummel, M.F. and Davis, M.M. Dynamics of the immunological synapse: finding, 

establishing and solidifying a connection. Curr. Op. in Immunol. 2002,14: 66-74.

Lamarche, N. and Hall, A., GAPs for rho-related GTPases. Trends Genet. 1994. 10: 

436-440.

Lancaster, C.A., Taylor-Harris, P.M., Self, A.J., Brill, S., Van Erp, H E., Hall,

A., Characterisation of rhoGAP. A GTPase-activating protein for rho-related small 

GTPases. J. Biol Chem., 1994.269: 1137-1142.

Langerhans, P., Uber die nerven der menschlichen haut. Virchows Arc. A 1868, 4: 

325.

216



________________________________________________________________References

Lanzavecchia, A., Mechanisms of antigen uptake for presentation. Curr. Opin. 

Immunol. 1996. 8: 348-354.

Le Varlet, B., Dezutter-Dambuyant, C., Staquet, M.J., Delorme, P., Schmitt, D.,

Human epidermal Langerhans cells express integrins of the beta 1 subfamily. 

J. Invest. Dermatol. 1991. 96: 518-522.

Le Varlet, B., Staquet, M.J., Dezutter-Dambuyant, C., Delorme, P., Schmitt, D.,

In vitro adhesion of human epidermal Langerhans cells to laminin and fibronectin 

occurs through beta 1 integrin receptors. J. Leukoc. Biol. 1992. 51: 415-420.

Lemahieu, V., Gastier, J.M., Francke, U., Novel mutations in the Wiskott-Aldrich 

syndrome protein gene and their effects on transcriptional, translational, and clinical 

phenotypes. Hum Mutat. 1999. 14: 54-66.

Lennon-Dumenil, A.M., Bakker, A.H., M aehr, R., Fiebiger, E., Overkleeft, H.S., 

Rosemblatt, M., Ploegh, H.L., Lagaudriere-Gesbert, C., Analysis of protease 

activity in live antigen-presenting cells shows regulation of the phagosomal 

proteolytic contents during dendritic cell activation. J. Exp. Med. 2002. 196: 529-540.

Lennon-Dumenil, A.M., Bakker, A.H., Wolf-Bryant, P., Ploegh, H.L., 

Lagaudriere-Gesbert, C., A closer look at proteolysis and MHC-class-II-restricted 

antigen presentation. Curr. Opin. Immunol. 2002.14: 15-21.

Lens, J.W ., Drexhage, H.A., Benson, W. and Balfour, B.M., A study of cells 

present in lymph draining from a contact allergic reaction in pigs sensitized to DNFB. 

Immunology 1983. 49: 415-422.

Leonard, D., H art, M.J., Platko, J.V., Eva, A., Henzel, W., Evans, T., Cerione, 

R.A., The identification and characterisation of a GDP-dissociation inhibitor (GDI) 

for the cdc42HS protein. J. Biol. Chem. 1992. 268: 3813-3816.

217



________________________________________________________________References

Lerm, M., Schmidt, G., Aktories, K., Bacterial protein toxins targeting Rho 

GTPases. FEMS Microbiology Letters 2000. 188: 1-6.

Linder, S., Higgs, H., Hufner, K., Schwarz, K., Pannicke, U., Aepfelbacher, M.,

The polarization defect of Wiskott-Aldrich syndrome macrophages is linked to 

dislocalization of the Arp2/3 complex. V. Immunol. 2000.165: 221-225.

Linder, S., Nelson, D., Weiss, M., Aepfelbacher, M., Wiskott-Aldrich syndrome 

protein regulates podosomes in primary human macrophages. Proa. Natl. Acad. Sci. 

USA. 1999. 96: 9648-9653.

Ldster, K., Schuler, C., Heidrich, C., Horstkorte, R. and Reutter, W.,

Quantification of cell-matrix and cell-cell adhesion using horseradish peroxidase. 

Anal. Biochem. 1997. 244: 96-102.

Lutz, M. and Schuler, G., Immature, semi-mature and fully mature dendritic cells: 

which signals induce tolerance or immunity? Trends Immunol. 2002. 23: 445.

Machesky, L.M. and Hall, A. Role of actin polymerization and adhesion to 

extracellular matrix in Rac- and Rho-induced cytoskeletal reorganization. 

J  Cell Biol. 1997. 138: 913-26.

Machesky, L.M., Insall, R.H., Scarl and the related Wiskott-Aldrich syndrome 

protein, WASP, regulate the actin cytoskeleton through the Arp2/3 complex. Curr. 

Biol. 1998. 8: 1347-1356.

M adruga, J., Koritschoner, N.P., Diebold, S.S., Kurz, S.M., Zenke, M., Polarised 

expression pattern of focal contact proteins in highly motile antigen presenting 

dendritic cells. J. Cell Sci. 1999.112 : 1685-1696.

Mahnke, K., Bhardwai, R.S., Luger, T.A., Schwarz, T. and Grabbe, S.,

Interaction of murine dendritic cells with collagen up-regulates allostimulatory

218



_______________________________________________________________ References

capacity, surface expression of heat stable antigen, and release of cytokines. 

J. Leukoc. Biol. 1996. 60: 465-472.

M ahnke, K., Guo, M., Lee, S., Sepulveda, H., Swain, S.L., Nussenzweig, M., 

Steinman, R.M., The dendritic cell receptor for endocytosis, DEC-205, can recycle 

and enhance antigen presentation via major histocompatibility complex class II- 

positive lysosomal compartments. J  Cell Biol. 2000.151: 673-684.

M archisio, P.C., Cirillo, D., Teti, A., Zambonin-Zallone, A., Tarone, G., Rous 

sarcoma virus-transformed fibroblasts and cells of monocytic origin display a peculiar 

dot-like organization of cytoskeletal proteins involved in microfilament-membrane 

interactions. Exp. Cell Res. 1987. 169. 202-214.

Marinissen, M.J., Chiariello, M., Gutkind, J.S., Regulation of gene expression by 

the small GTPase Rho through the ERK6 (p38 gamma) MAP kinase pathway. 

Genes Dev. 2001. 15: 535-553.

M atsudaira, P.T., Modular organization of actin-cross-1 inking proteins. Trends. 

Biochem. Sci. 1991. 16: 87-92.

Medd, P.G. and Chain, B.M., Protein degradation in MHC class II antigen 

presentation: opportunities for immunomodulation. Semin. Cell. Dev. Biol., 2000. 11: 

203-210.

Mellman, I., Turley, S.J., Steinman, R.M., Antigen processing for amateurs and 

professionals. Trends in Cell Biology 1998. 8: 231-237.

Menges, M., Ressner, S., Voigtlander, C., Schindler, H., Kukutsch, N.A., 

Bogdan, C., Erb, K., Schuler, G., Lutz, M B., Repetitive injections o f dendritic 

cells matured with tumor necrosis factor alpha induce antigen-specific protection of 

mice from autoimmunity. 7. Exp. Med. 2002.195: 15-21.

219



_______________________________________________________________ References

Miki, H., M iura, K., Takenawa, T., N-WASP, a novel actin-depolymerizing 

protein, regulates the cortical cytoskeletal rearrangement in a PIP2-dependent manner 

downstream of tyrosine kinases. EMBOJ. 1996.15: 5326-5335.

Miki, H., Suetsugu, S., Takenawa, T., WAVE, a novel WASP-family protein 

involved in actin reorganization induced by Rac. EMBOJ. 1998.17: 6932-6941.

Mitchison, N.A. and O’Malley, C., Three-cell-type clusters of T cells with antigen- 

presenting cells best explain the epitope linkage and noncognate requirements of the 

in vivo cytolytic response. J. Immunol. 1987. 17: 1579-1583.

Moschella, F., Maffei, A., Catanzaro, R.P., Papdopoulos, K.P., Skerrett, D., 

Hesdorffer, C.S., Harris, P.E., Transcript profiling of human dendritic cells 

maturation-induced under defined culture conditions: comparison of the effects of 

tumour necrosis factor alpha, soluble CD40 ligand trimer and interferon gamma. 

Br. J. Haematol. 2001. 114: 444-457.

Muller, J., Tvrdik, D., Dvorak, R., Diaborkhel, R., Mandys, V., Bednar, B., 

Raska, I., Loida, Z., Expression of beta-catenins and cadherins by follicular 

dendritic cells in human lymph nodes. Acta. Histochem. 2000.102: 369-380.

Mullins, R.D., How WASP-family proteins and the Arp2/3 complex convert 

intracellular signals into cytoskeletal structures. Curr. Opin. Cell Biol. 2000. 12: 91- 

96.

Mullins, R.D., Kelleher, J.F., Xu, J., Pollard, T.D. Arp2/3 complex from 

Acanthamoeba binds profilin and cross-links actin filaments. Mol. Biol. Cell. 1998. 9: 

841-852.

Nobes, C D. and Hall, A., Rho, Rac and Cdc42 GTPases regulate the assembly of 

multimolecular focal complexes associated with actin stress fibres, lamellipodia and 

filopodia. Cell 1995: 81: 53-62.

220



________________________________________________________________References

Nobes, C D., Hawkins, P., Stephens, L., Hall, A., Activation of the small GTP- 

binding proteins rho and rac by growth factor receptors. J. Cell Sci. 1995. 108: 225- 

233.

Ogata, T., Yamakawa, M., Imai, ¥ ., Takahashi, T., Follicular dendritic cells 

adhere to fibronectin and laminin fibers via their respective receptors. Blood 1996. 

88: 2995-3003.

Cry, S., Munari-Silem, ¥ ., Fort, P., Jurduc, P., Rho and Rac exert antagonistic 

functions on spreading of macrophage-derived multinucleated cells and are not 

required for actin fiber formation. J. Cell Sci. 2000.113: 1177-1188.

Petit, V., Thiery, J.P, Focal adhesions: structure and dynamics.

Biol Cell. 2000. 92: 477-494.

Pollard, T.D., Blanchoin, L., Mullins R.D., Actin dynamics. J. Cell Sci.. 2001. 114: 

3-4.

Priddle, H. Hammings, L., Monkley, S., Woods, A, Patel, B., Sutton, D., Dunn, 

G.A., Zicha, D., Critchley, D.R. Disruption of tal in gene compromises focal 

adhesion in undifferentiated but not differentiated ES cells. J.CellBiol. 1998. 142: 

1121-1133.

Puig-Kroger, A., Sanz-Rodriguez, F., Longo, N., Sanchez-Mateos, P., Botella, L., 

Teixido, J., Bernabéu, C. and Corbi, A., Maturation-dependent expression and 

function of the CD49d integrin on monocytes-derived human dendritic cells. J. 

Immunology, 2000. 165: 4338-4345.

Pulford, K., Jones, M., Banham, A.H., Haralambieva, E., Mason, D .¥.,

Lymphocyte-specific protein 1 : a specific marker of human leucocytes. Immunology 

1999. 96:262-271.

221



_______________________________________________________________ References

Ramesh, N., Anton, I.M., Hartwig, J.H., WIP, a protein associated with wiskott- 

aldrich syndrome protein, induces actin polymerization and redistribution in 

\ympho\àcQ\\s.ProcNatlAcadSciUSA. 1997. 94: 14671-14676.

Ramesh, N., Anton, I.M., Martinez-Quiles, N., Waltzing with WASP. 

Trends Cell Biol. 1999. 9: 15-19.

Rappaport, L., Oliviero, P. and Samuel, J.L., Cytoskeleton and mitochondrial 

morphology and function. | Mol Cell Biochem. ’ 1998.184: 101-105.

Reif, K. and Cantrell, D.A., Networking Rho Family GTPases in Lymphocytes. 

Immunity 1998. 8: 395-401.

Reis e Sousa, C., Stahl, P.D., Austyn, J.M.,Phagocytosis of antigens by Langerhans 

cells in vitro. J. Exp. Med. 1993. 178: 509-519.

Rey, O., Canon, J., Krogstad, P., HIV-1 Gag protein associates with F-actin present 

in microfilaments. Virology 1996. 220: 530-534.

Ridley, A.J. and Hall, A., The small GTP-binding protein Rho regulates the 

assembly o f focal adhesions and stress fibres in response to growth factors. Cell, 

1992. 70:389-399.

Ridley, A.J., Microinjection of Rho and Rac into quiescent Swiss 3T3 cells. 

Methods Enzymol. 1995. 256: 313-320.

Ridley, A.J., Paterson, H.F., Johnston, C.L., Diekmann, D., Hall, A., The small 

GTP-binding protein rac regulates growth factor-induced membrane ruffling. Cell 

1992. 70:401-410.

222



_______________________________________________________________ References

Rock, M.T., Dix, A.R., Brooks, W.H., Rozman, T.L., Betal integrin-mediated T 

cell adhesion and cell spreading are regulated by calpain. Exp. Cell Res. 2000. 261: 

260-270.

Rodriguez, F.J.L., Geiger, B., Salomon, D., Ben-Ze’ev, A., Over expression of 

vinculin suppresses cell motility in Balb/c 3T3 cells. Cell Motility Cytoskeleton 1992. 

22: 127-134.

Rohatgi, R., Ma, L., Miki, H., Lopez, M., Kirchhausen, T., Takenawa, T., 

Kirschner, M.W., The interaction between N-WASP and the Arp2/3 complex links 

Cdc42-dependent signals to actin assembly. Cell 1999. 97: 221-231.

Rohrbough, J., Grotewiel, M.S., Davis, R.L., Broadie, K., Integrin-mediated 

regulation o f synaptic morphology, transmission, and plasticity. J. Neurosci. 2000. 

20: 6868-6878

Romani, N., Gruner, S., Brang, D., Kampgen, E., Lenz, A., Trockenbacher, B., 

Konwalinka, G., Fritsch, P.O., Steinman, R.M. and Schuler, G., Proliferating 

dendritic cell progenitors in human blood. J  Exp. Med. 1994. 180: 83-93.

Rosen, F.S., Cooper, M.D., Wedgwood, R.J.P., The primary immunodeficiencies. N  

.Engl. J. Med. 1995. 333: 431-440.

Ross, R., Ross, X L., Schwing, J., Langin, Reske-Kunz, A.B., The actin-bundling 

protein fascin is involved in the formation of dendritic processes in maturing 

epithelial Langerhans cells. J. Immunol. 1998. 160: 3776-3782.

Rudolph, M.G., Bayer, P., Abo, A., Kuhlmann, J.„ Vetter, I.R., Wittinghofer, A.,

The Cdc42/Rac interactive binding region motif of the Wiskott Aldrich syndrome 

protein (WASP) is necessary but not sufficient for tight binding to Cdc42 and 

structure formation. J. Biol. Chem. 1998. 273: 18067-18076.

223



_______________________________________________________________ References

Sallusto, F. and Lanzavecchia, A., Dendritic cells use macropinocytosis and the 

mannose receptor to concentrate antigen to the MHC class II compartment. 

Downregulation by cytokines and bacterial products. J. Exp. Med. 1995. 182: 389- 

400.

Sallusto, F. and Lanzavecchia, A., Efficient presentation of soluble antigen by 

cultured human dendritic cells is maintained by granulocyte/macrophage colony- 

stimulating factor plus interleukin 4 and downregulated by tumor necrosis factor 

alpha. J. Exp. Med. 1994.179: 1109-1118.

Salomon, B., Bluestone, J.A., LFA-1 interaction with ICAM-1 and ICAM-2 

regulates Th2 cytokine production. J  Immunol. 1998. 161: 5138-5142.

Savoy, D.N., Billadeau, D.D., Leibson, P.J., Cutting edge: WIP, a binding partner 

for Wiskott-Aldrich syndrome protein, cooperates with Vav in the regulation of T cell 

activation. J. Immunol. 2000. 164: 2866-2870.

Schaller, M.D., Paxillin: a focal adhesion-associated adaptor protein. Oncogene 

2001.20:6459-6472.

Scheeberger, E.E., Vu, Q., LeBlanc, B.W., Doerschuk, C.M., The accumulation of 

dendritic cells in the lung is impaired in CD 18-/- but not in ICAM-1-/- mutant mice. 

J. Immunol. 2000. 164: 2472-2478.

Schoenwaelder, S.M. and Burridge, K., Bidirectional signaling between the 

cytoskeleton and integrins. Curr. Op. Cell Biol. 1999,11: 274-286.

Schuler, G., Romani, N., Steinman, R.M., A comparison of murine epidermal 

Langerhans cells with spleen dendritic cells. J. Invest. Dermatol. 1985. 85: 99s-106s.

Sells, M.A. and Chernoff, J., Emerging from the PAK: the p21-activated protein 

kinase family. Trends Cell Biol. 1997. 7: 162-167.

224



_______________________________________________________________ References

Shutt, D.C., Daniels, K.J., Carolan, A C. and Soli, D.R., Changes in the motility, 

morphology, and F-actin architecture of human dendritic cells in an in vitro model of 

dendritic cell development. Cell Motility and Cytoskeleton 2000. 46: 200-221.

Sider, J.R., M andate, C.A., W eber, K.L., Zandy, A.J., Beach, D., Finst, R.J., 

Skoble, J., Bernent, W.M., Direct observation of microtubule-f-actin interaction in 

cell free lysates. J. CellSci. 1999. 112: 1947-1956.

Snapper, S B., Rosen, F.S., Mizoguchi, E., Cohen, P., Khan, W., Liu, C.H., 

Hagemann, T.L., Kwan, S.P., Ferrini, R., Davidson, L., Bhan, A.K., Alt, F.W.,

Wiskott-Aldrich syndrome protein-deficient mice reveal a role for WASP in T but not 

B cell activation. Immunity 1998. 9: 81-91.

Soo, K., O ’Rourke, M.P., Khoo, P.L., Steiner, K.A., Wong, N., Behringer, R.R., 

Tam, P.P., Twist function is required for the morphogenesis of the cephalic neural 

tube and the differentiation of the cranial neural crest cells in the mouse embryo. Dev. 

Biol 2002. 247:251-270.

Steimie, P.A., Hoffert, J.D., Adey, N.B., Craig, S.W.,jPolyphosphoinositidesinhibit 

the interaction of vinculin with actin filaments. J. Biol. Chem. 1999. 274: 18414- 

18420.

Steinman, R.M. and Cohn, Z.A., Identification of a novel cell type in peripheral 

lymphoid organs of mice. I. Morphology, quantitation, tissue distribution. J. Exp. 

Med. 1973. 137: 1142-1162.

Steinman, R.M. and Nussenzweig, M.C., Avoiding horror autotoxicus: the 

importance of dendritic cells in peripheral T cell tolerance. Proc. Natl. Acad. Soi. U S 

A. 2002. 99:351-358.

225



_______________________________________________________________ References

Stockwin, L.H., McGonagle, D., M artin, I.G., Blair, G.E., Dendritic cells: 

Immunological sentinels with a central role in health and disesase. Immunology and 

Cell Biology. 2000. 78: 91-102.

Symons, M., Derry, J.M., Karlak, B., Jiang, S., Lemahieu, V., McCormick, F., 

Franke, U., Abo, A., Wiskott-Aldrich syndrome protein, a novel effector for the 

GTPase CDC42Hs, is implicated in actin polymerization. Cell. 1996. 84: 723-734.

Takai, Y. Asaki, T., Tanika, K., Nakasiki, H., Rho as a regulator of the 

cytoskeleton. Trends Biochem Sci.. 1995. 20: 227-231.

Tan, E.L., Leung, T., Manser, E., Lim, L., The human active breakpoint cluster 

region-related gene encodes a brain protein with homology to guanine nucleotide 

exchange proteins and GTPase-activating proteins. J. Biol. Chem. 1993. 268: 2721- 

2728.

Tang, A., Amagai,M., Granger, L.G., Stanley, J  R., Udey, M.C., Adhesion of 

epidermal Langerhans cells to kératinocytes mediated by E-cadherin. Nature 1993. 

361: 82-85.

Tashiro, A., Minden, A. and Yuste, R., Regulation of dendritic spine morphology 

by the Rho family of Small GTPases: Antagonistic roles of Rac and Rho. Cerebral 

Cortex 2000. 10: 927-938.

Thisse, B., Stoetzel, C., Gorostiza-Thisse, C., Perrin-Schmitt, F., Sequence of the 

twist gene and nuclear localization of its protein in endomesodermal cells of early 

Drosophila embryos. EMBO J. 1988. 7: 2175-2183.

Threadgill, R., Bobb, K., Ghosh, A., Regulation of dendritic growth and 

remodelling by rho, rac and cdc42. Neuron. 1997. 19: 625-634.

226



_______________________________________________________________ References

Toker, A., Phosphoinositides and signal transduction. Cell Mol Life Sci. 2002. 59: 

761-779

Totsukawa, G., Yamakita, Y., Yamashiro, S., Hartshorne, D.J., Sasaki, Y., 

M atsum ura, F., Distinct roles of ROCK (Rho-kinase) and MLCK in spatial 

regulation of MLC phosphorylation for assembly of stress fibers and focal adhesions 

in 3T3 fibroblasts. J. Cell Biol 2000. 150: 797-806.

Tsao, T.C., Xia, W., Rod berg, G.M., Pinto, C.E., Kradin, R.L., Interferon-gamma 

and tumor necrosis factor-alpha promote the binding of dendritic cells to fibronectin. 

Pathobiology 1994. 62: 120-126.

Turley, S.J., Inaba, K., G arrett, W.S., Ebersold, M., Unternaehrer, J., Steinman, 

R.M., Mellman, I.,Transport of peptide-MHC class II complexes in developing 

dendritic cells. Science 2000. 288: 522-527.

Turner, C.E., Glenney, J  R. Jr., Burridge, K., Paxillin: a new vinculin-binding 

protein present in focal adhesions. J. Cell Biol. 1990. I l l :  1059-1068.

Turner, G.E., Paxillin interactions. JC ^ // Sci. 2000.113 : 4139-4140.

Uehata, M., Ishizaki, T., Satoh, H., One, T., Kawahara, T., M orishita, T., 

Tamakawa, H., Yamagami, K., Inui, J., Maekawa, M. and Narumiya, S.,

Calcium sensitization of smooth muscle mediated by a Rho-associated protein kinase 

in hypertension. Nature 1997. 389: 990-94.

Valiron, O., Caudron, N. and Job, D., Microtubule dynamics. Cell. Mol. Life Sci.

2001. 58: 2069-2084.

Van Aelst, L. and D’Souza-Schorey, C., Rho GTPases and signalling networks. 

Genes & Development. 1997.11: 2295-2322.

227



_______________________________________________________________ References

Vâstrik, I., Eickholt, B.J., Walsh, F.S., Ridley, A., Doherty, P., Sema3A-induced 

growth-cone collapse is mediated by Racl amino acids 17-32. Curr. Biol. 1999. 9: 

991-998.

Volberg, T. Gager, B., Kam, Z., Pankkov, R., Simcha, I , Sabanay, H., Coll, J-L, 

Adamson, E., Ben-Ze’ev, A., Focal adhesion formation by F9 embryonal carcinoma 

cells after vinculin gene disruption. J. Cell Sci. 1995. 108: 2253-2260.

Volcero-Akbani, A., Chellaiah, M.A., Hruska, K.A., Dowdy, S.F., Protein 

transduction: delivery of Tat-GTPase fusion proteins into mammalian cells. Methods 

Enzymol. 2001. 332: 36-49.

Vouret-Craviari, V., Bourcier, C., Boulter, E., Van Obberghen-Schilling, E.,

Distinct signals via Rho GTPases and Src drive shape changes by thrombin and 

sphingosine-1-phosphate in endothelial cells./. Cell Sci. 2002. 115: 2475-2484.

W atts, C., Amigorena, S., Antigen traffic pathways in dendritic cells. 

Traffic 2000. 1:312-317.

W atts, C., Immunology. Inside the gearbox of the dendritic cell. Nature 1997. 388: 

724-725.

W atts. C., Antigen processing in the endocytic compartment. Curr. Opin. Immunol.

2001. 13:26-31.

Weekes, J., Barry, S T ., Critchley, D R ., Acidic phosholipids inhibit the 

intramolecular association between the N- and C-terminal regions o f vinculin, 

exposing actin-binding and protein-kinase C phosphorylation sites. Biochem J. 1996. 

314: 827-832.

228



_______________________________________________________________ References

Wei, X., Tromberg, B.J., Cahalan, M.D., Mapping the sensitivity of T cells with an 

optical trap: polarity and minimal number of receptors for Ca(2+) signaling. Proc. 

Natl Acad. Sci. 1999. 96: 8471-6.

West, M.A., Prescott, A.R., Eskelinen E.L., Ridley A.J. and W atts C., Rac is

required for constitutive macropinocytosis by dendritic cells but does not control its 

downregulation. Curr. Biol 2000.10: 839-848.

Weston, C.A., Anova, L., Rialas, C., Prives, J.M ., Weekes, B.S., Laminin-1 

activates Cdc42 in the mechanism of Laminin-1-mediated neurite outgrowth. Exp. 

Cell Res. 2000. 260: 374-378.

Winter, D C., Choe, E.Y., Li, R., Genetic dissection of the budding yeast Arp2/3 

complex: a comparison of the in vivo and structural roles of individual subunits. 

Proc. Natl Acad. Sci U SA  1999. 96: 7288-7293.

Worthylake, R.A., Lemoine, S., Watson, J.M., Burridge, K., RhoA is required for 

monocyte tail retraction during transendothelial migration. J. Cell Biol. 2001. 154: 

147-160.

Wu, Y., Spencer, S.D., Lasky, L.A., Tyrosine phosphorylation regulates the SH3- 

mediated binding of the Wiskott-Aldrich syndrome protein to PSTPIP, a cytoskeletal- 

associated protein. J. Biol. Chem. 1998. 273: 5765-5770.

Yamashiro, S., Yashihiko, Y., Ono, S., M atsum ura, F., Fascin, and actin-bundling 

protein, induces membrane protrusions and increases membrane protrusions and 

increase cell motility of epithelial cells. Mol. Biol. Cell. 1998. 9: 993-1006.

Yamashiro-Matsumura, S. and M atsum ura, F., Purification and characterisation 

of an F-actin-bundling 55 kDa protein from HeLa cells. J. Biol. Chem. 1985. 260: 

5087-5097.

229



_______________________________________________________________ References

Yokoyama, K., Ishibashi, T., Ohkawara, H., Kimura, J., Matsuoka, I., 

Sakamoto, T., Nagata, K., Suigmoto, K., Sakurada, S., M aruyama, Y., HMG- 

CoA reductase inhibitors suppress intracellular calcium mobilization and membrane 

current induced by lysophosphatidylcholine in endothelial cells. 

Circulation 2002. 105: 962-967.

Yura, Y., Kusaka, J., Bando, T., Yamamoto, S., Yoshida, H., Sato, M.,

Enhancement of herpes simplex virus-induced polykaryocyte formation by 12-0- 

tetradecanoyl phorbol 13-acetate: association with the reorganization of actin 

filaments and cell motility. Intervirology 2000. 43: 129-138.

Zhang, Q., W.J. Checovich, D M. Peters, R.M. Albrecht, and D.F. Mosher.,

Modulation of cell surface fibronectin assembly sites by lysophosphatidic acid. J. 

Cell Biol 1994. 127: 1447-1459.

Zhong, C., Chrzanowska-Wodnicka, M., Brown, J., Shaub, A., Belkin, A.M., 

Burridge, K., Rho-mediated contractility exposes a cryptic site in fibronectin and 

induces fibronectin matrix assembly. J. Cell Biol. 1998. 141: 539-551.

Zhu, Q., Zhang, M., Blaese, R.M., Derry, J.M., Junker, A., Francke, U., Chen, 

S .H ., Ochs, H.D., The Wiskott-Aldrich syndrome and X-linked congenital 

thrombocytopenia are caused by mutations of the same gene. Blood 1995. 86: 3797- 

3804.

230


