
DENDRITIC CELL DEFECTS IN WISKOTT- 

ALDRICH SYNDROME

Siobhan Oism Burns

A thesis submitted for the degree of 

Doctor of Philosophy

2001

Molecular Immunology Unit 

Institute of Child Health 

University College 

University of London



ProQuest Number: U642752

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U642752

Published by ProQuest LLC(2015). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Thesis Abstract
Migration from peripheral tissues to lymph nodes is a critical process during normal 

dendritic cell (DC) function and requires dynamic cytoskeletal reorganisation in 

response to external signals. Despite this, little is known about the intracellular 

signalling pathways regulating DC actin rearrangement. Over the past decade, Wiskott- 

Aldrich Syndrome protein (WASp) has emerged as an important regulator of actin 

polymerisation in haematopoietic cells, transducing signals from surface receptors to the 

cytoskeleton. Failure to produce WASp results in a potentially fatal X-linked disorder, 

the Wiskott-Aldrich Syndrome (WAS), characterised by a clinical triad of 

immunodeficiency, eczema and bleeding. Cytoskeletal defects have been reported for a 

number of haematopoietic lineages from WAS patients, including DC. The work 

presented in this thesis examines the role o f WASp in regulation of the DC 

cytoskeleton.

Using immunofluorescence techniques, normal immature DC were shown to assemble 

specialised actin structures called podosomes at their leading edge, which were 

associated with the recruitment of WASp, the Arp2/3 complex, and P2 integrins. DC 

from WAS patients lacked podosomes and failed to localise actin-associated proteins or 

integrins. In time-lapse microscopy experiments, WAS DC formed abnormal 

lamellipodia and exhibited severely compromised translocation. Expression of WASp in 

WAS DC restored podosome formation and normal cell morphology. Podosome 

assembly was shown, using microinjection techniques, to be regulated by the 

coordinated activation of Cdc42, Rac and Rho. In addition, podosome formation was 

downregulated by DC maturation, indicating that their function is in early DC 

migration. Furthermore, podosomes were required for strong adhesion to ICAM-1, but 

not to fibronectin, suggesting a role in transmigration through endothelium.

It is concluded that podosomes function to co-ordinate protrusive and adhesive activity 

in DC motility, possibly facilitating escape from peripheral tissues to the lymphatic 

system. In vivo, defective DC motility in WAS patients may contribute significantly to 

the immunopathology of the disease.
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Chapter 1 Introduction

1 Introduction

Patients with Wiskott Aldrich Syndrome (WAS) lack the Wiskott Aldrich Syndrome 

protein (WASp) in all haematopoietic cells resulting in a broad but variable immune 

defect. Many features of the disease are unexplained, including the inflammatory and 

autoimmune manifestations and a late susceptibility to malignancy. However, the recent 

discovery that WASp functions to regulate the actin cytoskeleton has begun a new 

phase in our understanding of the disease, as alterations of cytoarchitecture are 

prerequisites for many leukocyte functions. This is particularly true for cell migration, a 

critical process in the generation of immune responses. And indeed, both cytoskeletal 

and motility defects have been demonstrated in a variety of WASp-null leukocytes.

Dendritic cells, however, have received little attention in the context of primary 

immunodeficiency research despite their importance in initiating and regulating immune 

responses. These cells are highly motile and critically dependent on migration for 

normal function. A single study has reported abnormal cytoskeletal arrangement and 

translocation of DC from patients with WAS, but these have not been further 

investigated. Importantly, a DC migratory defect could account for the failure to mount 

appropriate immune responses and for the abnormal immune surveillance that are seen 

in the disease.

Therefore the aims of the work presented in this thesis were to investigate the 

cytoskeletal abnormalities and defects o f motility reported in WASp-null dendritic cells.

1.1 Dendritic cells

Skin DC, also known as Langerhan cells (LC) were first described in 1968, but it was 

not until the identification of murine splenic DC in 1973 that the function of this cell 

type was appreciated (Steinman & Cohn, 1973). Since that time, DC have been 

identified in most tissues, with the notable exceptions of the immune privileged brain, 

retina and testes and they have emerged as the key link between innate and adaptive 

immunity, initiating and modulating immune responses (reviewed in Banchereau et al, 

2000).
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Chapter 1 Introduction

Critical in protecting the host against pathogens and tumours, through the induction and 

regulation of antigen specific lymphocyte responses, DC are also considered to be 

important for establishing transplantation tolerance and may play a role in the 

maintenance o f peripheral tolerance (reviewed in Banchereau et al, 2000).

Although no isolated dendritic cell diseases have been reported, the immunostimulatory 

capacity o f DC may contribute to allergy and autoimmune diseases (reviewed in 

Palucka & Banchereau, 1999).

1.1.1 Dendritic cell subsets

DC form a heterogenous population, differing in terms of anatomical location, 

precursors and function (reviewed in Banchereau et al, 2000). Although a small number 

of DC circulate in blood (<1% of peripheral blood leukocyes), the majority are tissue 

resident (reviewed in Steinman, 1991) and have been extracted from many sites, 

including skin, spleen, lymph node, thymus and liver. In some tissues more than one 

type o f DC has been identified: for example, both epidermal LC and dermal interstitial 

DC populate the skin, while T-cell area DC, germinal centre DC and follicular DC 

reside in lymph nodes. Despite the isolation o f these DC subsets, their differences in 

terms of lineage and function are not well understood. All subsets are thought to be 

bone marrow derived except follicular DC, which are o f uncertain origin.

Tissue resident DC are thought to be non-dividing and terminally differentiated, and 

must be repopulated from elsewhere (reviewed in Flores-Romo, 2001). Although it is 

assumed that circulating DC, or their precursors, populate peripheral tissues, little is 

known about the identity of bone marrow progenitors or of the factors controlling DC 

production in vivo. The paucity of circulating leukocytes with a DC phenotype, makes it 

unlikely that this subset is solely responsible for tissue repopulation. Three distinct 

precursors, which give rise to DC in vitro, have been described in human peripheral 

blood. Both CD 14+CD11 c+CD 1 a- (monocytes) and CD14-CDllc+ CD la+ precursors 

give rise to DC with characteristics of the myeloid lineage and a CD14-CD1 lc-IL3Ra+ 

precursor produces DC with lymphoid lineage features (Figure 1.1) (reviewed in 

Banchereau et al, 2000). It is unclear, however, whether these events also occur in vitro. 

Recently it was reported that tissue macrophages differentiate to myeloid DC in vitro by 

migration across an endothelial monolayer from basal to apical surfaces (Randolph et

16



Figure 1.1 The ontogeny of DC

CD34+ myeloid or lymphoid progenitors give rise to three distinct precursors. In the presence o f cytokines in vitro, CD 14+CD 11 c+CD 1 a- 

(monocytes) and CD 14-CD11 c+CD 1 a+ cells differentiate to in myeloid DC with characteristics o f immature interstitial DC or Langerhan cells. 

Both of these precursors are bipotent, giving rise to macrophages in the presence o f MCSF. DC with lymphoid lineage features can be derived from 

CD 14-CD 11 c-IL3Ra+ precursors. The progenitors and precursors shown in blue and pink respectively have been isolated from blood, but it 

remains unclear whether the scheme of events shown here generates DC in vivo. Immature DCs undergo irreversible differentiation to mature DCs 

after exposure to maturation stimuli (represented by a yellow star).

Abbreviations: GM-CSF- granulocyte-macrophage colony-stimulating factor, M-CSF= macrophage colony-stimulating factor, TN F- tumour 

necrosis factor, IL - interleukin, TG F- transforming growth factor, D C - dendritic cell, L C - Langerhan cell



Figure 1.1

For legend see 

opposite page

macrophage

CD34+
lymphoid

CD34+
myeloid

GM-CSF 
TNFa CD14-

C D llc-
IL3Ra+

CD14-
CD11C+
CDla+

CD 14+ 
CD11C+ 
CDla-

GM-CSF 
IL4 
TGFp

M-CSF
GM-CSF 
IL4

interstitial 
DC Lymphoid 

DCmacrophage

M-CSF

Mature
DC

Mature
DC

Mature
DC



Chapter 1 Introduction

al, 1998a). This process, known as reverse transmigration, may be a method for local 

generation of DC in vivo.

In general, three major DC subsets, based on lineage characteristics are referred to in the 

literature -  myeloid, lymphoid and follicular DC. Myeloid DC, defined by myeloid 

lineage surface markers and morphology, comprise the largest and most investigated 

DC subset and are characterised by three cardinal functional properties: 1) the ability to 

take up and process antigen; 2) the ability to migrate from peripheral tissues to lymph 

nodes; 3) the ability to present antigen to T-lymphocytes (including naive T-cells), both 

initiating and attenuating the T-cell response (reviewed in Hart, 1997).

Lymphoid (plasmacytoid) DC are distinguished from myeloid DC by a plasma cell like 

morphology and the expression of lymphoid surface markers including CD4 and CD 123 

(IL-3Ra). There is evidence that this subset derives from a distinct lymphoid precursor, 

suggesting a separate lineage from myeloid DC (Grouard et al, 1997). Although small 

numbers circulate, they are predominantly found in inflamed lymphoid tissues, 

particularly around the high endothelial veins. Less is known of the function of 

lymphoid DC, but evidence exists for roles in the maintenance of tolerance and during 

viral infections (Rissoan et al, 1999; Cella et al, 2000; Langenkamp et al, 2000).

Follicular DC form a third but small subset, which reside in B lymphoid follicles and 

unlike other DC are probably not bone marrow derived. They are thought to play a role 

in antigen presentation to B-cells (Clark et al, 1992)

1.1.2 The culture of human myeloid DC

Human myeloid DC can be generated from precursors in vitro using a number of 

methods (Figure 1.1) (reviewed in Cella et al, 1997). CD 14+ peripheral blood 

monocytes, an easily accessible and popular source, are bipotent, generating 

macrophages in the presence of M-CSF (macrophage colony-stimulating factor) but 

differentiating to DC in the presence of GM-CSF (granulocyte-macrophage colony- 

stimulating factor) and IL4 (interleukin-4) (Sallusto & Lanzavecchia, 1994; Chapuis et 

al, 1997). Although there is no proliferation of monocytes or DC during this process, 

differentiation is efficient (close to 100%) (Cella et al, 1997) and approximately 0.5- 

IxlO^ DC are obtained from lOmI of blood. Cells derived in this way have features of 

dermal interstitial DC with an immature phenotype (Cella et al, 1997) and can be
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Chapter 1 Introduction

induced to mature in vitro (see section 1.1.4.4). As an alternative method, CD34+ 

progenitors from cord or adult peripheral blood can be used for DC generation (Romani 

et al, 1994; Caux et al, 1996) .

Until recently, the small number o f circulating peripheral blood DC has been a barrier to 

directly obtaining useful quantities of cells for experimental purposes but cloning of the 

cytokine Flt3 ligand has removed this obstacle. Flt3 ligand shows homology with stem 

cell factor (SCF), is administered subcutaneously and has been used safely in human 

clinical trials with good effect (Maraskovsky et al, 2000; Pulendran et al, 2000). 

Circulating myeloid DC are increased 40-50 fold and lymphoid precursors are elevated 

approximately 10 fold by in vivo administration of Flt-3 ligand and the DC obtained 

appear to be functionally normal (Maraskovsky et al, 2000; Pulendran et al, 2000).

1.1.3 Human DC surface markers

Although DC precursors and subsets can be distinguished from one another using an 

array o f surface molecule markers, no single surface marker can distinguish DC from 

other cell types. While the search for a DC specific molecule continues, myeloid DC are 

identified by an absence of other leukocytes lineage markers (CD2, CD3, CD4, CDS, 

CD 19, CD 14, CD56, CD 15) and a strong expression of C D llc , MHCl and MHCll 

(Sallusto & Lanzavecchia, 1994; Woodhead et al, 1998). Lymphoid DC also lack 

lineage markers and express high MHC levels, but in contrast are C D llc - and express 

high levels of CD68 (reviewed in Palucka & Banchereau, 1999).

Multiple surface molecules are found on the surface of myeloid DC that are informative 

about the function of these cells. Adhesion molecules which mediate cell-substratum 

and cell-cell interactions are one example and include the p i and p2 integrins, lCAM-1, 

2 and 3 (CD54, CD50 and CD 102) and LFA-3 (CD58) (reviewed in Banchereau & 

Steinman, 1998). In addition, the Fc receptor, mannose receptor. Toll receptors, 

complement receptor families and the dendritic cell receptor for endocytosis (DEC 205) 

are particularly abundant in immature DC, which exhibit a high cpacity for antigen 

uptake.

Maturation o f DC induces a change in the expression of many surface molecules (see 

section 1.1.4.4). Along with MHC molecules, activation markers (such as CD25) and 

co-stimulation molecules, (including CD40, CD83, CD86) are upregulated during the
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Chapter 1 Introduction

maturation process (Sallusto & Lanzavecchia, 1994; Bender et al, 1996; Romani et al,

1996) and play an important role in generating T-cell responses. In addition, cytokine 

and chemokine receptors which direct DC migration are specific to the state of DC 

maturation (reviewed in Steinman, 1991; Hart, 1997).

1.1.4 The DC lifecycle

As myeloid DC are the subject o f investigation in this thesis, from here on ‘DC’ will 

refer to myeloid DC unless otherwise stated.

1.1.4.1 Antigen uptake

In non-lymphoid tissues, DC reside in an immature state, characterised by efficient 

antigen capture and processing but a low T-cell stimulatory capacity. Tissue DC act as 

sentinels continually monitoring their environment for foreign antigens. Antigen uptake 

occurs by three distinct of routes, all o f which are operative in immature DC and 

downregulated during DC maturation.

Firstly, immature DC constitutively sample large quantities of extracellular fluid by 

forming large pinocytotic vesicles (Figure 1.2), a function referred to as 

macropinocytosis, which fuse with MHCII-rich late endosomes for antigen processing 

(Sallusto et al, 1995). A second route of uptake is by receptor mediated endocytosis, 

which also occurs in constitutive fashion in immature DC and to which the mannose 

receptor (MR) and a homologous receptor DEC-205 are major contributors (Sallusto et 

al, 1995; Mahnke et al, 2000). In contrast with the MR, which delivers antigen to early 

endosomes, DEC-205 targets late endosomes/lysosomes and appears to result in greatly 

enhanced antigen presentation (Sallusto et al, 1995; Mahnke et al, 2000).

Thirdly, DC uptake antigen by receptor-mediated phagocytosis (Inaba et al, 1993), 

through both Fc and complement surface receptors. In addition, the Toll receptor family 

have recently been reported to be important for LPS recognition by DC, and so are 

likely to mediate bacterial internalisation (reviewed in Rescigno et al, 1999). Other 

receptors, including avp5 integrin and CDS6, are expressed on immature DC and have a 

unique function in the phagocytosis of apoptotic cells (Albert et al, 1998a).
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Figure 1.2 Antigen processing and presentation

Immature DC take up antigen by macropinocytosis, endocytosis and phagocytosis. Internalised antigen and newly synthesised or recycled MHCII 

molecules co-localise in MIIC, where peptide loading takes place. MIIC mature to CUV, which transport MHCII/peptide complexes and CD86 to 

the DC surface for presentation. Both internalised and endogenous antigens can be loaded, using a TAP dependent pathway, to MHCI molecules in 

the ER. In addition, DC can process and load antigens externally.

Abbreviations: TAP = transporter associated with antigen presentation, MHC = major histocompatibility complex, MIIC = MHCII compartments, 

CUV = Class II vesicles, DEC = dendritic cell receptor for endocytosis
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1.1.4.2 Antigen processing

During antigen processing, DC generate peptides, complexed with either MHCI or 

MHCII molecules, which are expressed at the cell surface, for T-cell priming (Figure 

1.2). Uniquely, DC can internalise antigens from apoptotic cells (including other DC) 

and efficiently process them for presentation on either MHCI or MHCII molecules 

(Albert et al, 1998a; Albert et al, 1998b; Inaba et al, 1998), with important implications 

for tumour and antiviral immunity and for tolerance.

In the MHCII pathway, peptides are delivered by early endosomes to acidic late 

endosomal or lysosomal compartments, in which newly synthesised or recycled MHCII 

molecules accumulate (collectively called MHCII compartments or MIIC) (reviewed in 

Mellman et al, 1998). MIIC contain proteases for peptide processing as well as 

molecules to facilitate peptide loading (Pierre et al, 1997; Pierre & Mellman, 1998; 

reviewed in Mellman et al, 1998) and can be identified using members of the lysosome- 

associated membrane glycoprotein family, including DC-LAMP (Saint-Vis et al, 1998).

From MIICs, MHCII/peptide complexes are transported to the surface of the cell in 

Class II vesicles (CIIVs), which lack LAMP but contain the co-stimulation molecule 

CD86 (Pierre et al, 1997). The MHCII/peptide complexes and co-stimulatory molecules 

that reach the plasma membrane are concentrated in clusters, which may facilitate 

formation of the immune synapse during DC-T cell contact (see 1.1.4.3) (Turley et al,

2000).

The generation and surface expression of MHCII/peptide complexes are intrinsically 

linked to DC maturation. When a maturational stimulus, such as TNFa or LPS, is 

detected, de novo MHCII synthesis increases and constitutive recycling from the cell 

surface is significantly reduced (reviewed in Cella et al, 1997). Antigen loading is 

initiated (Inaba et al, 2000; Turley et al, 2000) and more MHCII/peptide complexes are 

generated with a greatly increased half-life at the cell surface (reviewed in Cella et al, 

1997).

The MHCI pathway classically processes endogenous, cytosolic antigens for cytotoxic 

T-cell (CTL) generation, particularly providing anti-viral immunity. In DC, however 

both endogenous and exogenous antigens can be processed in the cytosol by 

proteasomes (Brossart & Bevan, 1997; Rodriguez et al, 1999) and transported to the
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endoplasmic reticulum for MHCl loading (Brossait & Bevan, 1997; Regnault et al, 

1999).

A third pathway of antigen processing has been reported, which appears to be mostly 

functional in immature DC. In this pathway, secreted proteases process extracellular 

proteins, for loading on to empty M HCll molecules at the cell surface (Santambrogio et 

al, 1999a; Santambrogio et al, 1999b), bypassing the conventional requirement for 

antigen internalisation.

1.1.4.3 Antigen presentation

DC are the most potent antigen presenters known, capable even of priming naïve T- 

cells. Although DC do play a role in regulating B-cell responses (reviewed in 

Banchereau & Steinman, 1998), their major role is in generating and attenuating CD4 

and CDS T-cell responses.

The site o f DC-T contact is called the immune synapse or SMAC (supramolecular 

activation cluster), an area rich in adhesion and co-stimulatory molecule interactions as 

well as MHC/TCR signalling (reviewed in Lanzavecchia & Sallusto, 2001). After initial 

cell-cell contact the synapse is dynamically rearranged so that a ring of adhesion 

molecules encircles a core of intense MHC complex-TCR interaction (Dustin et al,

1997).

During DC-CD4 T-cell interaction, DC not only provide antigen for priming the T-cell 

response, but also determine the nature of the resultant lymphocyte effector ftinction 

(reviewed in Moser & Murphy, 2000). Three distinct T-cell outcomes have been 

described depending on which cytokines are produced (Langenkamp et al, 2000; 

reviewed in Moser & Murphy, 2000). During a pro-inflammatory Thl response, T-cells 

produce large amounts of IFN-y, while during Th2 responses, T-cells secrete little IFN-y 

but high levels of anti-inflammatory cytokines, including lL-4, lL-5, ILIO and 1L13 

(reviewed in Sallusto et al, 2000). For ThO responses, T-cells secrete lower levels of 

both pro- and anti- inflammatory cytokines, which do not have an immediate effector 

response (Langenkamp et al, 2000). These cells enter the central memory pool.

Whether separate DC subsets are required to initiate each T-cell effector function is a 

subject that continues to generate debate. It has been reported that myeloid DC prime 

Thl responses while lymphoid DC mediate Th2 outcomes (Rissoan et al, 1999), but it is
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now recognised that both type of DC can give rise to either T-cell response (Kalinski et 

al, 1999; Celia et al, 2000; Langenkamp et al, 2000). Evidence is emerging that the 

effector response is determined, less by the DC subset, and more by the antigen dose, 

duration of DC-T-cell contact, state of DC maturation, and the environment in which an 

antigen is captured (Inaba et al, 1998; lezzi et al, 1999; Langenkamp et al, 2000; 

reviewed in Sallusto & Lanzavecchia, 1999). This model has important implications for 

the induction of immune responses and tolerance. In vivo, DC capturing antigen at sites 

o f inflammation also receive maturation signals, favouring a Thl response. In contrast, 

maturing stimuli are not encountered during antigen capture in non-inflammed tissues, 

as might occur during normal tissue turnover, and therefore a Th2 or tolerogenic 

response would be predicted. This model of peripheral tolerance could explain how T- 

cells, which recognise self-antigens not expressed in the thymus during T-cell selection, 

could be deleted, thereby preventing a self-reactive immune response (reviewed in 

Banchereau & Steinman, 1998).

1.1.4.4 Maturation

DC maturation refers to the process o f change that transforms an antigen capturing 

immature DC into an antigen presenting mature DC. Both the expression of surface 

molecules and important cellular functions are attenuated (Figure 1.3). The lifecycle of 

the DC revolves around this critical process, which is thought to involve defined 

transitional stages rather than a continuum of progressive alteration (reviewed in 

Rescigno et al, 1999). Early, intermediate and late stages of DC maturation have been 

described depending on whether MHCll/peptide complexes are located in MllCs, CllVs 

or the cell surface (Pierre et al, 1997). Many stimuli have been shown to induce 

maturation including inflammatory chemokines (such as TNFa), bacterial products (e.g. 

EPS), CD40 ligand, monocyte-conditioned medium, double stranded RNA and 

mechanical trauma (Reddy et al, 1997; Palucka et al, 1998; Celia et al, 1999; Gallucci 

et al, 1999; reviewed Steinman, 2001). Antigen uptake alone, although necessary for 

presentation, does not induce maturation and there is evidence that antigen presented in 

the absence of co-stimulation leads to tolerance (reviewed in Sallusto & Lanzavecchia,

1999). This may be important for self-antigens captured during normal tissue turn over 

as apoptotic cells do not induce maturation (Sauter et al, 2000). Furthermore, it would 

seem logical, that necrotic cells, which occur at sites of tissue damage and
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Figure 1.3 DC maturation

Immature DC demonstrate a high level o f constitutive antigen uptake and express 

low levels of MHC I, MHC II and co-stimulatory molecules, including CD40, CD80 

and CD86. In addition, immature DC express a discreet subset o f chemokine 

receptors. Maturation is induced by many diverse stimuli, including bacterial 

products, cytokines and T-cells. During this process MHC, co-stimulatory and 

adhesion molecules are upregulated, as are activation markers such as CD25. Mature 

DC cease to capture antigen and a different set o f chemokine receptors is expressed.

Abbreviations: MHC = major histocompatibility complex, CCR = CC chemokine 

receptor, CXCR = CXC chemokine receptor, ICAM = intercellular adhesion 

molecule, LFA = leucocyte function antigen, LPS = lipopolysaccharide, TNF = 

tumour necrosis factor, R N A - ribonucleic acid
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inflammation, would induce maturation, but reported data is conflicting (Salio et al, 

2000; Sauter et al, 2000).

Although the final DC effector function may depend on the type of signal received 

(Langenkamp et al, 2000; reviewed in Lane & Brocker, 1999), all maturation stimuli 

initiate a process of profound functional change. New antigen uptake, the key function 

of immature DC, ceases and processing of previously internalised antigen is greatly 

enhanced (Celia et al, 1997; Pierre et al, 1997; Saint-Vis et al, 1998; Garrett et al, 2000; 

West et al, 2000). Both MHC/peptide complexes and co-stimulatory molecules are 

upregulated at the cell surface for efficient priming of T-cells. In addition to the 

alterations in antigen handling, DC cytokine production is stimulated which plays an 

important role in the regulation o f subsequent T-cell responses (Langenkamp et al,

2000). Furthermore, maturation initiates DC migration via afferent lymphatics, so that 

antigen presentation finally occurs in the controlled environment of the regional lymph 

node (reviewed in Celia et al, 1997; Rescigno et al, 1999; Banchereau & Steinman,

1998).

1.1.4.5 Migration

While it is likely that circulating DC and DC precursors migrate to peripheral tissues 

(Kupiec-Weglinski et al, 1988), ‘DC migration’ generally refers to the movement of 

antigen bearing DC, via afferent lymphatics, from peripheral tissues to regional lymph 

nodes (Figure 1.4). This process is critical for appropriate antigen presentation and 

therefore, for initiation o f immune responses and is subject to careful regulation 

(reviewed in Flores-Romo, 2001).

In vivo, the maturation signals LPS, TNF-a and to a lesser extent ILl initiate migration 

of DC from non-lymphoid organs to regional lymph nodes (Cumberbatch & Kimber, 

1992; Roake et al, 1995). Migrating DC can be seen in the draining lymph nodes as 

quickly as 30 minutes after administration of a migration stimulus to skin, and the 

number of DC arriving reaches a peak by 24 hours (Macatonia et al, 1987; 

Cumberbatch & Kimber, 1992; Roake et al, 1995). Similarly labelled DC, injected into 

the footpads of mice migrate to regional lymph nodes within 3 hours and peak at 24 

hours (Kupiec-Weglinski et al, 1988; Ibrahim et al, 1992). By the time of arrival in 

lymphoid tissue, DC are mature (Cumberbatch et al, 1991), expressing high levels of
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Figure 1.4 DC migration

Immature DC reside in peripheral tissues where they continuously capture 

antigens. On receiving a maturation (danger) stimulus, DC commence a 

process of maturation and simultaneously migrate via afferent lymphatics 

to local lymphoid tissue. Here mature DC interact with both T and B 

cells, to prime and activate effector functions. Activated lymphocytes 

return to inflamed peripheral tissues through efferent lymphatics and 

blood vessels, while DC die by apoptosis in lymphoid organs.

Abbreviation: FDC = follicular DC
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surface MHCII/peptide complexes and co-stimulatory molecules for optimal antigen 

presentation to T-cells.

The direction o f DC motility is regulated by responses to chemoattractants and, 

although DC do respond to classical chemoattractants such as FMLP and C5a (Sozzani 

et al, 1995), the chemokine family o f chemotactic cytokines plays a particularly 

important role in DC migration. These are produced by a number o f cell types, 

including endothelial, epithelial and stromal cells as well as leukocytes (reviewed 

Sallusto et al, 2000), and in addition DC themselves can secrete chemokines which may 

serve to recruit other DC to sites of inflammation and to down-regulate chemokine 

receptors on maturing DC, thereby facilitating escape to lymphatic vessels (reviewed in 

Sallusto & Lanzavecchia, 1999). Furthermore, DC secrete T-cell chemoattractants such 

as DC-CKl and MDC, which attract naïve and activated T-cells respectively and could 

therefore co-localise DC and T cells for antigen presentation (reviewed in Flores-Romo,

2001).

Chemokines are homologous polypeptides, which are divided into subfamilies (C, CC, 

CXC, CX3C) by the number and position of conserved cysteine residues (reviewed in 

Gale & McColl, 1999; Locati & Murphy, 1999). They are recognised by G-protein 

coupled seven transmembrane domain chemokine receptors (see section 1.2.1). 

Redundancy exists within chemokine-receptor pairs so that most receptors interact with 

more than one chemokine and many chemokines bind to more than one receptor. 

Importantly, many DC surface chemokine receptors are attenuated during maturation, 

altering the cells response to chemoattractants at different stages of development 

(reviewed in Lane & Brocker, 1999). The chemokine receptors expressed by DC, and 

their ligands, are summarised in Table 1 (reviewed in Gale & McColl, 1999; Locati & 

Murphy, 1999).

Table 1.1 DC Chemokine Receptors and Ligands

DC stage Chemokine Receptor

Immature RANTES CCRl, CCR3, CCR5

Immature M lP la CCRl, CCR5

Immature M lPip CCR5
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DC stage Chemokine Receptor

Immature MlP-5 CCRl

Immature MCP-3 CCRl, CCR2, CCR3

Immature MCP-4 CCR2, CCR3

Immature MDC CCR4

Immature MlP-3a CCR6

Immature Eotaxin CCR3

Mature M1P-3P (EEC) CCR7

Mature SD Fla CXCR4

Mature SLC CCR7

The roles of individual chemoattractants in DC migration have mainly been studied 

using in vitro transwell assays (see section 5.1). It is now well documented that in these 

experimental systems, immature DC chemotax towards a specific set of CC chemokines 

which includes M IP-la, M IP-lp, RANTES, MCP-3, MIP 3a (Dieu et al, 1998; Lin et 

al, 1998; Sozzani et al, 1998). This group of chemokines, excepting MIP3a, also induce 

immature DC migration through an endothelial monolayer, suggesting that they may 

facilitate escape of immature DC from peripheral tissues to the lymphatic system (Lin et 

al, 1998). DC maturation induced by one o f a number o f stimuli abrogates this 

chemotactic response, through a rapid downregulation of the ligand receptors CCRl, 

CCR2, CCR5 and CCR6 (Dieu et al, 1998; Lin et al, 1998; Sozzani et al, 1998; Chan et 

al, 1999). Conversely, surface expression of CCR7 and CXCR4 is upregulated by 

maturation, as is the migratory response to their ligands, MIP-3P, SLC and SD Fla 

(Dieu et al, 1998; Lin et al, 1998; Sozzani et al, 1998; Yanagihara et al, 1998; Chan et 

al, 1999), demonstrating that mature DC chemotax to a different range of chemokines 

than immature DC.
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A model in which DC migration is regulated by separate subsets of chemokine-receptor 

interactions at different stages o f maturation, is supported by the in vivo localisation of 

cytokine production. Attractants of immature DC such as RANTES and M IP-1(3 are 

produced by several cell types found in peripheral tissues, such as endothelial, epithelial 

and stromal cells and their production is enhanced by inflammatory stimuli which 

initiate immature DC migration to lymphatic vessels (reviewed in Sallusto et al, 2000). 

In turn, SLC, MIP-3P and SD Fla are produced by secondary lymphoid tissue (reviewed 

in Sallusto et al, 2000), suggesting that these chemokines may be important for homing 

of mature DC to lymph nodes.

However, the regulation o f DC is likely to more complicated than this model proposes. 

For example, in vitro there is heterogeneity of responses of both immature and mature 

DC to appropriate chemokines (Lin et al, 1998). This may reflect the limitations of ex 

vivo DC culture, but suggests that chemokine responses are regulated by more factors 

than just the stage of DC maturation. This point is illustrated by the recent discovery 

that MDRl and MRP-1, glycoproteins expressed on the surface of DC which transport 

lipids, function to facilitate LC exit from the epidermis (Randolph et al, 1998b; 

Randolph et al, 1999). For MRP-1, this effect is a result o f the extracellular transport of 

cysteinylleukotrienes, which render DC responsive to MlP-Sp, but not to another CCR7 

ligand, SLC (Randolph et al, 1999). The growth factor, TGFp also attenuates DC 

chemokine responses, but in this case through altering receptor expression (Sato et al, 

2000). Interestingly, CXCR4 is upregulated on immature DC by TGFp, without 

alteration in maturation markers, and chemotaxis to SD Fla is induced in immature 

cells. In addition, CCR6 expression is increased on both immature and mature DC, 

resulting in a chemotactic response of both cell types to MlP-3a (Sato et al 2000). These 

findings challenge the absolute division of chemokines into groups with effects 

exclusively at one stage of DC maturation.

In addition to chemokines, adhesion molecules are likely to play an important role in 

guiding DC from peripheral sites to the lymph node. For example, the downregulation 

of E-selectin releases | LC-keratinocyte adhesion and is a necessary prelude to LC 

migration (Tang et al, 1993).

While adhesion molecules and chemokines join forces to guide DC to lymph nodes, 

little is known about the mechanisms by which entering DC home to T-cell areas or the 

paracortex. Molecules such as SLC, which is a chemoattractant for both naive T-cells
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and mature DC, may play a role (Chan et al, 1999). No signals have been reported to 

remove DC from lymph nodes and as no DC are found in efferent lymphatic vessels, it 

appears that they die here by apoptosis (reviewed in Steinman, 2001).

1.2 The control of cell migration

Dynamic rearrangement o f the actin cytoskeleton provides the driving force for cell 

migration, a complex process requiring the coordinated activities of protrusion and 

adhesion o f the front o f the cell, and detachment and retraction of the rear (Figure 1.5) 

(reviewed in Lauffenburger & Horwitz, 1996). Inherent in migration is the ability of the 

cell to polarise and to detect and respond to chemoattractive gradients. Chemotaxis, 

which is cell movement up a chemical gradient, is vital to many physiological 

processes, including embryogenesis, wound healing and appropriate localisation of 

immune responses. Much recent interest has focused on how cells regulate their 

direction o f movement and which signals rearrange the actin cytoskeleton during 

migration.

1.2.1 Controlling direction

Leukocytes such as neutrophils and macrophages polarise even in the absence of 

chemoattractants, but do not move persistently in any one direction (Firtel & Chung, 

2000). The mechanisms of this process are not well understood but demonstrate that 

directional sensing is not critical for movement. In a chemotactic gradient however, 

both polarity and movement are persistently directed towards the chemoattractant.

Leukocytes (and amoebae) use G-protein (guanine nucleotide binding protein) coupled 

signalling pathways to detect chemoattractants. Chemokines, bacterial products like 

FMLP and complement components all induce leukocyte chemotaxis by interacting 

with seven-transmembrane domain (serpentine) receptors which are intracellularly 

coupled to heterotrimeric G-proteins (reviewed in Parent & Devreotes, 1999; Sanchez- 

Madrid & del Pozo, 1999). G- proteins are composed of a, P and y subunits, o f which 

the a  subunit is a GTP/GDP binding molecule. In the GDP-bound form, the a subunit 

interacts with the py subunit but when receptor-ligand binding occurs a conformational 

change of the a  subunit exchanges GDP for GTP, resulting in dissociation o f a and py 

subunits from each other and from the receptor. Free a  and Py subunits then activate
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Figure 1.5 Cell migration

Cell polarisation, including the selection of a leading edge and trailing uropod, is a 

prerequisite for cell motility. During forward movement, membrane protrusion and 

actin filament assembly occur at the leading edge. In addition, adhesion receptors are 

recycled from the rear to the front of the cell. New filopodial and lamellipodial 

protrusions are stabilised by integrin-mediated cell-substratum attachments. Both 

integrin-substratum and integrin-cytoskeletal linkages are important to generate the 

traction forces required for motility. Finally, simultaneous actin/myosin contraction 

and release of integrin-substratum/cytoskeletal connections mediate uropod 

retraction.

Abbreviation: FCM = extracellular membrane
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target enzymes such as adenyl cyclase, phospholipases, serine/threonine kinases and the 

lipid kinase phosphoinositide 3-kinase (P13 kinase). Receptor ligation also results in an 

increase in intracellular Ca^^ and messengers such as inositol triphosphate, adenosine 

3’, 5’-monophosphate (cAMP) and guanosine 3’, 5’-monophosphate (cGMP). All of 

these events are rapidly inhibited during persistent stimulation, possibly enhancing the 

accuracy with which gradients are detected (reviewed in Parent & Devreotes, 1999). In 

addition to serpentine receptors, monocytes and macrophages can respond to 

chemoattractants signalling through surface receptor tyrosine kinases, for which P13 

kinase appears to be an important downstream effector (reviewed in Jones, 2000). 

Signalling pathways from both serpentine receptors and receptor tyrosine kinases 

ultimately converge to mediate alterations o f the actin cytoskeleton and extracellular 

matrix (ECM) adhesions, which are vital for normal cell migration.

During chemotaxis, cells polarise and limit new protrusions to the leading edge so that 

movement is directional, towards the chemoattractant. Although this could result from 

redistribution of chemoattractant receptors, both leukocyte chemotactic receptors and 

the G-protein Py subunit (which is thought to be important for leukocyte chemotaxis) 

have been demonstrated to be uniformly distributed, even in a gradient of 

chemoattractant (Jin et al, 2000; Servant et al, 2000)

As cells can detect even very shallow gradients (1-2%), an increase in the occupancy of 

receptors at the cell surface up gradient would not be sufficient to explain the large 

increase in actin polymerisation that is observed at the surface of the cell receiving 

maximal chemotactic stimulation (Weiner et al, 1999). This suggests that the stimulus 

detected by surface receptor is magnified during signalling. This has recently been 

demonstrated, using GFP-labelled proteins, to occur through localisation of signalling 

events to one pole. For example, in the amoeba D. discoideum, G-protein activation is 

restricted to the cell surface receiving maximal chemotactic stimulation (Parent et al,

1998). A similar spatial localisation is seen for protein kinase B (also known as AKT) 

and the actin regulating Arp 2/3 complex in neutrophils exposed to FMLP (Weiner et al, 

1999; Servant et al, 2000). These events are accompanied by the formation of new sites 

o f actin polymerisation and protrusive activity at the leading edge (Weiner et al, 1999; 

Servant et al, 2000), which mediate forward movement.
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1.2.2 Signalling to the actin cytoskeleton

The identity of signalling pathway components downstream of surface receptors is the 

subject o f intense scrutiny. Three molecules have emerged from several studies as 

important players and therefore deserve mention. The first is a lipid kinase, 

phosphatidylinositol-3 kinase (PI3K), the other two are lipids: phosphatidylinositol 4,5- 

biphosphate (PIP2) and phosphatidylinositol 3,4,5-triphosphate (PIP3), and the three are 

linked by the fact that PI3K phosphorylates PIP2 at the 3’ position, to generate PIP3 

(reviewed in Condliffe & Hawkins, 2000).

There are two classes of PI3K, class lA  comprising a, |3 and ô isoforms and class IB, of 

which PI3Ky is the only known member. Both classes are composed of a catalytic pllO  

subunit and a regulatory p85 subunit, which has two additional Src-homology-2 (SH2) 

domains in class lA  isoforms (reviewed in Jones, 2000). In addition both classes are 

present in leukocytes, and activated by chemoattractant receptors. Class A PI3K’s are 

activated mainly by recruitment o f their p85 regulatory subunit to the plasma 

membrane, whereas pllOy (which appears to be restricted to haematopoietic cells) is 

directly activated by the py G protein subunit, and is the essential PI3K for cell 

migration mediated through G-coupled receptors (Hirsch et al, 2000; Li et al, 2000; 

Sasaki et al, 2000).

The importance of PI3K in cell motility has been well documented by studies using 

murine models in which PI3K production has been knocked out by gene targeting. Both 

neutrophils and macrophages from mutant mice fail to produce PIP3 in response to 

activation o f G protein-coupled receptors and fail to chemotax normally in vivo and in 

vitro (Hirsch et al, 2000; Li et al, 2000; Sasaki et al, 2000). In addition, specific 

inhibition of PI3 kinase (using LY 294002) in neutrophils prevents stimulated 

recruitment o f PKB to the plasma membrane and abolishes chemotaxis (Servant et al, 

2000). These studies support a model in which G-protein activation by chemotactic 

receptors in turn activates pllO y to mediate cytoskeletal rearrangement for cell 

migration. This could occur through recruitment of downstream effectors to the plasma 

membrane by direct binding to PI3K generated PIP3 (for example through pleckstrin- 

homology (PH) domains, as in the case of PKB) or through activation, by PI3K or its 

lipid products, o f other signalling molecules, such as the Rho family o f small GTPases 

(reviewed in Condliffe & Hawkins, 2000).
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PIP2, in addition to functioning as a substrate for PI3K, is a signalling molecule in its 

own right (reviewed in Hinchliffe, 2000; Sechi & Wehland, 2000), binding to proteins 

with clusters of positively charged residues, or with a PH domain. In addition to 

releasing monomeric actin from the sequestering protein profilin, PIP2 interacts directly 

with a range of actin associated proteins to effect functional change (Sechi & Wehland, 

2000), indicating a role in cytoskeletal regulation. More recently, a role for PIP2 in 

regulating the WASp family proteins to induce actin polymerisation has been reported 

(see sections 1.4.2 and 1.4.6). In addition to activating signalling proteins, PIP2 also has 

a role in localising signalling proteins to the plasma membrane (Sechi & Wehland,

2000), which may be important during cell motility.

1.2.3 The actin cytoskeleton during motility

In studies o f the cytoskeleton during motility, fibroblasts have been the main cell type 

examined and although some cytoskeletal features of leukocytes differ, fundamental 

similarities in the stages of migration suggest that a common motile machinery is shared 

(reviewed in Jones, 2000). The formation and arrangement o f actin filaments (f-actin) 

from actin monomers (g-actin) appears to be a critical process in cell motility, 

particularly for the formation of protrusive structures. Actin polymers are generated 

either by adding actin monomers to the barbed end of an existing filaments (elongation) 

or by nucleating new filaments which are then elongated (reviewed Mitchison & 

Cramer, 1996). Filopodia, lamellipodia and stress fibres are the main f-actin structures 

described in fibroblasts, and all three make substratum contacts through integrin 

molecules (Small et al, 1996; reviewed in Lauffenburger & Horwitz, 1996; Mitchison & 

Cramer, 1996). Filopodia (microspikes) are long thin protrusions of the cell membrane 

supported by bundled actin filaments. Lamellipodia (ruffles) are formed between 

adjacent filopodia (Ridley et al, 1992) and comprise sheet like membrane protrusions, 

with a cross-linked actin meshwork. Both o f these structures are formed during cell 

protrusion, are found at the leading edge and are also shared by myeloid lineage 

leucocytes. In contrast stress fibres, which are bundles of cytoplasmic actin-myosin 

filaments important for contraction, are seen in fibroblasts but not myeloid lineage 

leucocytes (Webb et al, 1996). In fibroblasts, stress fibres are anchored by integrin-rich 

focal adhesions, whereas filopodia and lamellipodia make substratum contacts through 

focal complexes (Small et al, 1996; Nobes & Hall, 1995).
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1.2.4 The role of Rho-GTPases in cytoskeletal regulation

Rearrangement of the actin cytoskeleton during motility, including formation of the 

actin structures discussed above, is regulated by the Rho-family GTPases. These are 

small molecules (around 21kD), which are part of the Ras superfamily o f OTP-binding 

proteins (reviewed in Jones, 2000) and cycle between OTP-bound active and ODP- 

bound inactive states, acting as binary switches to regulate signalling networks. They 

are in turn activated by extracellular signals through chemokine, cytokine and growth 

factor receptors and through adhesion molecules. In addition to controlling cytoskeletal 

reorganisation, Rho proteins regulate a wide variety o f biological processes including 

transcription, cell cycle progression and vesicle trafficking (reviewed in Symons & 

Settleman, 2000). Although to date 16 members of the Rho family have been described 

in mammalian cells, and these (except the most recently described member, Rif) can be 

grouped into six functional classes- Rho (RhoA, RhoB, RhoC), Rac (Racl, Rac2, Rac3, 

RhoO), Cdc42 (Cdc42Hs, 025K, TO 10), Rnd (RhoE/Rnd3, Rndl/Rho6, Rnd2/Rho7), 

RhoD and TTF (reviewed in Kjoller & Hall, 1999; Ellis & Mellor, 2000). The best 

characterised for their role in cytoskeletal control are RhoA, Racl and Cdc42Hs.

The activation of Rho family OTPases, which have an intrinsic OTPase activity, is 

regulated by at least three classes o f molecules: guanine nucleotide exchange factors 

(OEFs), OTPase-activating proteins (OAPs) and guanine nucleotide dissociation 

inhibitors (GDIs) (Figure 1.6). Inactive OTPases are found in the cytoplasm coupled 

with GDI’s, which preferentially bind the GDP form of the protein, inhibiting both 

spontaneous and GEF mediated nucleotide exchange. Activation is likely to be 

accompanied by intracellular translocation to the plasma membrane, mediated possibly 

by GDIs and by post-translational prénylation of the Rho proteins themselves, thereby 

localising activity to discreet sites (Symons & Settleman, 2000). GDP is exchanged for 

GTP by GEFs, favouring an active state, while GAPs promote the intrinsic hydrolysing 

activity o f Rho proteins and promote the inactive Rho protein.

Regulation o f the Rho GTPase family is more complex than suggested in Figure 1.6, as 

the activities of GEFs, GAPs and GDIs are additionally subject to intracellular control 

by a variety o f molecules including both a  and Py subunits of G-coupled proteins, P13K, 

and tyrosine kinases (reviewed in Kjoller & Hall, 1999; Symons & Settleman, 2000). In 

addition, a number of G protein-coupled receptor pathways have been identified
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Figure 1.6 The regulation of the Rho family GTP ases

The Rho family proteins cycle between active GTP- and inactive GDP- bound states. 

In addition to an intrinsic GTP-ase activity, they are regulated by GAPs, GEFs and 

GDIs, the activities of which are in turn controlled intracellularly. GDPs 

preferentially bind to the inactive GDP- Rho protein and inhibit nucleotide 

exchange. GAPs also favour the inactive state by promoting GTP hydrolysis. GEFs, 

on the other hand, exchange GDP for GTP, favouring active protein. Active Rho 

proteins signal to downstream effector molecules to regulate cell functions.

Abbreviations: GTP = guanine triphosphate, GDP = guanine diphosphate, GAP = 

GTPase-activating protein, GEF = guanine nucleotide exchange factor, GDI = 

guanine nucleotide dissociation inhibitors.
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which do not appear to function through GEFs, GAPs or GDIs. Furthermore, the 

dynamic subcellular localisation of active GTPases attenuates their effects. For 

example, in fibroblasts, GTP-bound Rac is selectively recruited to ruffles induced by 

platelet-derived growth factor and to leading edges during wound healing (Kraynov et 

al, 2000). Additionally, Cdc42 can spatially localise and activate Rac and Rho 

sequentially (Ridley et al, 1992; Nobes & Hall, 1995; Nobes & Hall, 1999).

Using inhibitors, and constitutively active or dominant negative mutants (see section 

4.1), the contribution of RhoA, Racl and Cdc42Hs to actin cytoskeletal rearrangement 

and cell motility has been extensively studied over the past decade (Figure 1.7). Seminal 

studies were performed in Swiss 3T3 fibroblasts (Ridley & Hall, 1992; Ridley et al, 

1992; Nobes & Hall, 1995) but similar results have been obtained in myeloid cells, such 

as the SV40 transformed murine macrophage Bacl.2F5 cell line (Allen et al, 1997; 

Allen et al, 1998). As a result, it is now well documented that Cdc42 activation leads to 

filopodial formation (Nobes & Hall, 1995) and that Rac activation results in 

lamellipodial formation (Ridley et al, 1992), both of which are protrusive activities. 

Both Cdc42 and Rac also regulate the formation o f adhesive focal complexes (Nobes & 

Hall, 1995). Rho, on the other hand, regulates stress fibres and focal adhesion formation 

and plays an important role in cell contraction (Ridley & Hall, 1992). During migration, 

Cdc42 is required for cell polarisation, Rac for forward protrusion and Rho for 

retraction and cell adhesion (Allen et al, 1998; Nobes & Hall, 1999). The sequential 

activation of Cdc42, Rac and Rho (Ridley et al, 1992; Nobes & Hall, 1995) and the 

finding that Cdc42 limits new Rac-mediated lamellipodial protrusion to the leading 

edge (Nobes & Hall, 1999) demonstrate the importance of the coordinated activity of 

these proteins in actin regulation.

More than 30 downstream effectors o f the Rho family GTPases have been reported, 

mostly from signalling pathways for cytoskeletal regulation (reviewed in Bishop & 

Hall, 2000). They include serine/threonine kinases, tyrosine kinases, lipid kinases and 

actin associated scaffolding proteins. Important examples include PI3K, which can be 

activated by Cdc42 or Rac (Zheng et al, 1994; Bokoch et al, 1996), PIP kinases, which 

mediate PIP2 production and can be regulated by Rac (Hartwig et al, 1995; Tolias & 

Carpenter, 2000) and the WASp family proteins, which interact directly with Cdc42 

(see section 1.4.3). While some effectors are specific for one Rho protein (such as Rho-
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Figure 1.7 The role of the Rho family GTP ases in cytoskeletal regulation

Cdc42Hs, Racl and RhoA are the best characterised members of the Rho family 

with regard to their function in cytoskeletal regulation. All three can be activated by 

multiple signalling pathways from heterotrimeric G-protein-coupled and tyrosine 

kinase receptors. Cdc42 regulates the formation of filopodia, Rac mediates 

lamellipodial formation and both control focal complex assembly. Rho regulates the 

formation of stress fibres and focal adhesions. In addition, Cdc42 sequentially 

activates Rac and Rho and all three mediate actin polymerisation through a diversity 

of downstream effectors.
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kinase for Rho), other molecules can be activated by more than one GTPase. Examples 

include the serine/threonine kinases PAKl (p21- activated kinase 1) and PAK3, which 

bind equally well to Cdc42 or Rac (reviewed in Bishop & Hall, 2000). Although Rho 

GTPases interact with a wide range of molecules, a common mechanism of activation 

by Rho family proteins appears to be the disruption of intramolecular autoinhibitory 

interactions by GTPase binding (see section 1.4.6, reviewed in Bishop & Hall, 2000).

1.2.5 The importance of integrin-mediated adhesion during 

migration

During cell migration protrusive and contractile forces must be generated. Actin 

polymerisation generates the force required for membrane protrusion, myosin motors 

power contraction and cell-substratum attachments mediate traction, which is critical for 

translocation (reviewed in Lauffenburger & Horwitz, 1996; Sheetz et al, 1998). Cell 

adhesion is mainly mediated through engagement of transmembrane integrin molecules 

(see section 7.1) by extracellular matrix (ECM) proteins. New integrin mediated 

substratum attachments are preferentially made at the leading edge, and as the cell 

migrates forward, new contacts are made and older contacts remain fixed until they 

reach the rear of the cell. During detachment of the cell tail (uropod) in fibroblasts, 

integrins are ‘ripped o ff  and left on the substratum, dispersed on the cell surface or 

recycled in endocytic vesicles (reviewed in Lauffenburger & Horwitz, 1996).

In addition to providing a structural link between the ECM and the cytoskeleton, 

integrins function as signalling molecules (reviewed in Holly et al, 2000). Many 

proteins have been demonstrated to interact with either the a  or p cytoplasmic tail o f the 

integrin heterodimer in vitro, although it remains unclear whether all of these 

interactions are functionally significant in vitro (reviewed in Liu et al, 2000). The p tails 

interact with a variety of proteins including actin-binding proteins such as talin, fimbrin 

and a-actinin, signalling proteins including FAK (focal adhesion kinase) and ILK 

(integrin linked kinase) and adaptor proteins like paxillin and Grb2. Fewer binding 

partners have been identified for the a tails, but of importance for cytoskeletal 

regulation, interactions with f-actin and paxillin have been reported (reviewed in Liu et 

al, 2000).
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Integrin signalling is a two way process as signals from the actin cytoskeleton to 

integrins can both cluster integrin molecules and alter their affinity (inside out 

signalling) and ligand binding by integrins initates signalling to the cytoskeleton 

(outside-in signalling). For example, while Cdc42, Rac and Rho signal to assemble 

focal complexes and adhesions, these Rho GTPases can in turn be regulated by integrin- 

ligand binding (Cox et al, 2001). Furthermore, integrin activation and the strength of 

substratum attachment can determine whether adhesion or cell motility takes precedence 

(Palecek et al, 1998; Cox et al, 2001).

1.2.6 Adhesive structures assembled during cell migration

The most extensively studied adhesive structures in motile cells are focal complexes and 

focal adhesions, which are distinct but related structures (see section 1.2.3). Both are 

multiprotein complexes comprising both signalling and structural proteins, including 

tyrosine phosphorlylated proteins, focal adhesion kinase (ppl25^^^), vinculin, talin, a- 

actinin and paxillin (Burridge & Connell, 1983; Turner et al, 1990; Nobes & Hall, 

1995).

During migration, focal complexes form at the base o f new lamellipodia, stabilising 

these structures, and rapidly turn over, forming new sets of contacts in front old ones, as 

protrusion proceeds (Rottner et al, 1999). This process is mediated by Rac and is 

antagonised by Rho, which promotes the maturation o f focal complexes into focal 

adhesions (Nobes & Hall, 1999; Rottner et al, 1999). The later primarily function to 

anchor the cell, thereby inhibiting cell motility (Rottner et al, 1999). Each type of 

contact requires both ECM proteins and active Rho-GTPases for assembly, 

highlighting the interdependence of integrins and the actin cytoskeleton in regulating 

adhesion (Hotchin & Hall, 1995). In contrast with fibroblasts, monocytes and 

macrophages assemble focal complexes but not focal adhesions, and in addition they 

form specialised substratum contacts called podosomes (Webb et al, 1996; Allen et al, 

1997; Linder et al, 1999; reviewed in Jones, 2000).

1.3 Podosomes

So called because of their possible function as cellular feet, podosomes are assembled at 

the ventral surface of only a few cell types, namely monocytes, macrophages, 

osteoclasts and some malignant cells (Gavazzi et al, 1989). They are distinguished from
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other adhesion structures by a characteristic ring of vinculin, talin and paxillin, which 

surrounds a conical f-actin core (Gavazzi et al, 1989; DeFife et al, 1999) (Figure 1.8). 

Many of the actin associated proteins found in focal complexes and adhesions are also 

present in podosomes, where they co-localise with the f-actin core. The structural 

proteins a-actinin, fimbrin, vimentin and gelsolin are recruited, as well as signalling 

proteins including pp60̂ "̂ ,̂ dynamin and other tyrosine phosphorylated proteins (Gavazzi 

et al, 1989; Messier et al, 1993; Marchisio et al, 1988; Correia et al, 1999; Chellaiah et 

al, 2000a; Ochoa et al, 2000). The intracellular, cytoskeletal components of podosomes 

are linked to the ECM through integrin molecules that are specifically recruited to 

podosomes (Gaidano et al, 1990).

Individual podosomes are joined together by an actin filament network (Gavazzi et al, 

1989), and can be distributed over the ventral surface of the cell or grouped into clusters 

(DeFife et al, 1999). Furthermore, in osteoclasts, podosomes are arranged in ring 

structures, which are thought to make a sealed compartment with the surface of bone, 

for secretion o f enzymes during resorption (Tanaka et al, 1996). In these rings, 

podosomes appear to have a different structure, comprising a cytoskeletal mesh 

assembled around a central tubular membrane invagination (Ochoa et al, 2000) and it is 

unclear whether the podosomes found in osteoclasts differ in function and regulation 

from those assembled in other myeloid cells.

1.3.1 Regulation of podosome formation

Although podosomes are known to be dynamically remodelled, with a half life 

measured in minutes (Stickel & Wang, 1987; Kanehisa et al, 1990; Ochoa et al, 2000), 

little is known about the signalling pathways regulating assembly and disassembly. 

Ligation of integrins by ECM proteins can initiate cytoskeletal reorganistaion and 

osteopontin binding to avp3 on osteoclasts results in podosome assembly (Chellaiah et 

al, 2000b). This is regulated through complex formed between gelsolin, pp60̂ "̂  ̂and P13 

kinase, resulting in upregulation of the activity o f the two kinases. Furthermore, the Rho 

family GTPase, Rho-A appears to be critical for gelsolin mediated podosome formation, 

as inhibitors of Rho result in podosome disruption in osteoclasts (Chellaiah et al, 

2000b). In this pathway, Rho appears to be downstream of pp60̂ "̂  ̂and signals through a 

complex formed between gelsolin and P13 kinase and increases the phosphorylation 

activity o f the later. The importance o f gelsolin and Src in the formation o f osteoclast
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Figure 1.8 Podosome structure

Podosomes are conical structures situated at the ventral cell membrane, composed of 

actin filaments and actin-associated proteins. A ring of vinculin, talin and paxillin 

surrounds the f-actin core and cytoskeletal; substratum contacts are made through 

integrin molecules.

Abbreviations: ECM = extracellular membrane, f-actin = filamentous actin
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podosomes is demonstrated by the failure of mutants-null for either protein to assemble 

podosomes (Chellaiah et al, 2000a; Schwartzberg et al, 1997). However, splenic DC 

from gelsolin knock out mice have been reported to form podosomes normally (West et 

al, 1999) raising the possibility that regulatory pathways differ according to cell type. A 

role for Rho in podosome dynamics has also been reported for multinucleated giant 

cells but is complicated by the finding that activation as well as inhibition o f Rho in this 

cell type can disrupt podosomes (Ory et al, 2000). Furthermore, both constitutively 

active and dominant negative Rac mutants disrupt podosomes in these cells. It is unclear 

why this is, although it may indicate that GTP hydrolysis, which is prevented by both 

mutants, is a necessary step in the regulation of Rho or Rac effects, perhaps for 

appropriate intracellular localisation o f the proteins (Symons & Settleman, 2000).

FAK (focal adhesion kinase), an important signalling molecule in focal adhesions, does 

not appear to be present in podosomes (DeFife et al, 1999) but Pyk2 (proline-rich 

tyrosine kinase 2), a homologous family member is and co-localises with vinculin, talin, 

paxillin and GDI lb/CD 18 (aM(32) in a ring around the actin core o f macrophage 

podosomes (Duong & Rodan, 2000). Ligation o f p2 integrins results in Pyk2 

phosphorylation but the role o f Pyk2 in podosome regulation remains unexplored to 

date.

1.3.2 The function of podosomes

Owing to their position and integrin recruitment, a role for podosomes in adhesion and 

migration has long been proposed (Gavazzi et al, 1989). Direct evidence for their 

importance in cell adhesion is, however, lacking. Studies in gelsolin-null mice, which 

fail to assemble podosomes, demonstrate normal osteoclast adherence but reduced 

motility (Chellaiah et al, 2000a). Furthermore, WASp-null human macrophages also 

lack podosomes (Linder et al, 1999) and fail to chemotax (Badolato et al, 1998; Zicha et 

al, 1998). These studies support a role in motility but further investigation is required.
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1.4 WAS protein (WASp)

1.4.1 WASp family proteins are organised into domains

WASp is a member of a defined family o f proteins, involved in transduction of signals 

from receptors on the cell surface to the actin cytoskeleton. Other members o f the 

family are more widely expressed and include neural (N)-WASp, SCAR (suppressor of 

G-protein coupled cyclic-AMP receptor cAR, isolated from Dictyostelium), several 

human SCAR proteins (otherwise known as WASP family Verprolin-homologous 

protein (WAVE)), other homologues of SCAR (in mouse, Caenorhabditis elegans, and 

Drosophila), and the WASp-related S. cerevisiae protein Lasl7p/Beelp (Miki et al, 

1996; Bear et al, 1998; Li, 1997; Miki et al, 1998).

The WASp family proteins are organised into evolutionary conserved modular domains, 

based on sequence homology and binding interactions (Figure 1.9). N-WASp is widely 

expressed and has a similar domain structure to WASp, except for an additional IQ 

motif in the N-terminal half of the protein, which binds calmodulin light chains (Miki et 

al, 1996). SCAR/WAVE family proteins are homologous to each other in the N- 

terminus (SCAR homology domain, SHD), but differ in this region from WASp and N- 

WASp and lack typical EvHl and CRIB domains (Bear et al, 1998). Lasl7p/Beelp has 

a similar domain structure to WASp and N-WASp except for the absence of a 

recognisable CRIB domain (Li, 1997).

1.4.2 The EVHl domain

WASp (Figure 1.10) was originally described as having a WASp homology domain 

(W Hl) at the N terminus, shared with other actin cytoskeletal regulators such as 

vasodilator-stimulated phosphoprotein (VASP), Dena {Drosophila-QvrabXQd), Mena, 

Homer, and Evl (Gertler et al, 1996; Ponting & Phillips, 1997; Callebaut et al, 1998). 

Later, this region was shown to align with PH domains found in other proteins (Miki et 

al, 1996) resulting in the assignment o f overlapping W Hl and PH domains in this area 

(Thrasher & Bums, 1999). However, more recently, the weak homology and absence of 

any PH domain in some WASp family members have cast doubt on the validity of this 

designation (Machesky and Insall, 2001). Most recently the N-terminal domain has been 

reassigned Ena Vasp homology domain 1 (EVHl) (Prehoda et al, 1999) which overlaps
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The WASp family proteins are organised into domains. The C terminus, which is 

critical for regulation of actin polymerisation, is highly conserved between members, 

but the N terminus is divergent. Members of the Scar family do not contain an 

EVHl domain but are homologous with each other at the N terminus. The function 

of the N terminus is unclear but may involve localisation of the proteins to 

membranes.

Abbreviations: C = carboxy, N= amino, EVHl = Ena Vasp homology domain, A = 

acidic domain, WH2 = WASp homology domain 2, GBD = GTP-ase binding 

domain, N = amino terminus, C = carboxy terminus
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Figure 1.10 WASp binding partners

WASp interacts with different protein families at discreet sites and transduces 

signals to the actin cytoskeleton. Prior to activation, WASp is autoinhibited by 

interaction of the GBD with the A tail. Binding of the Rho GTP-ase Cdc42 to the 

GBD releases the A domain, exposing binding sites for Arp2/3 and monomeric actin 

at the A tail and WH2 domain respectively. SH3 proteins and WIP also interact with 

distinct regions of WASp. The binding partners and functions of the EVHl in WASp 

are as yet unclear.

Abbreviations: GBD = GTP-ase binding domain, A = acidic domain, Arp = actin 

related protein, WH2 = WASp homology domain 2, GBD = GTP-ase binding 

domain, SH3 = Src homology 3, WIP = WASp interacting protein, EVHl = Ena 

Vasp homology domain 1, N = amino terminus, C = carboxy terminus
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with but is offset from the proposed PH domain. It was shown for N-WASp that the 

putative PH domain binds to PIP2 and therefore could play a role in localisation of the 

protein at membranes (Miki et al, 1996). However, in another study PIP2 binding to, 

and activation of N-WASp, occurred through a basic sequence close to the Cdc42 

binding site and not with the W Hl domain (Rohatgi et al, 1999). Direct interaction of 

WASp and PIP2 has not yet been confirmed and the function of this region in WASp 

remains controversial.

1.4.3 Cdc42/Rac binding (CRIB) motif

The first biochemical evidence that WASp could regulate the actin cytoskeleton came 

from reports of direct interaction between WASp and active Cdc42 resulting in the 

formation of polymerised actin clumps (Symons et al, 1996). WASp binds Cdc42 in its 

GTP form through a GTPase binding domain (GBD) consisting of the Cdc42/Rac 

interactive binding (CRIB) m otif and surrounding sequences (Kolluri et al, 1996; 

Symons et al, 1996; Kim et al, 2000). There is less evidence for direct interaction of 

WASp and other Rho family GTPases; although weak in vitro WASp/Rac binding has 

been shown (Aspenstrom et al, 1996; Kolluri et al, 1996; Symons et al, 1996), the 

functional significance is unclear. Furthermore, WASp has not been reported to bind to 

Rho A.

1.4.4 The proline-rich ‘P’ domain

The ‘P’ domain contains proline-rich regions, which correspond with the PxxP binding 

consensus for Src homology 3 (SH3) domains. SH3 containing proteins are important 

signalling proteins and some play a role in cytoskeletal regulation. Although a large 

array of c-SRC family of cytoplasmic protein-tyrosine kinases bind to WASp in vitro 

(Banin et al, 1996; Cory et al, 1996), the significance o f these interactions is unclear 

(Brickell et al, 1998). More convincingly, in vivo studies support WASp interaction 

with a smaller number of these proteins including the adaptor proteins Nek and Grb2, 

the protein tyrosine kinase Fyn, and the B cell Tec family tyrosine kinase Btk (Rivero- 

Lezcano et al, 1995; Banin et al, 1996; She et al, 1997; Baba et al, 1999). The 

association of WASp with Btk supports a role for WASp in lymphocyte signalling.
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1.4.5 WASp-interacting protein (WIP)

WIP is a 503 aa protein, which interacts with a region within the N terminal 170 aa of 

WASp and N-WASp, distinct from the CDdc42 binding site (Ramesh et al, 1997; 

Moreau et al, 2000; Martinez-Quiles et al, 2001). Although highest levels of expression 

occur in peripheral blood mononuclear cells, WIP is expressed in both haematological 

and non-haematological cells in humans and its ubiquitous nature suggests interaction 

with other WASp family proteins.

WIP contains sequences found in other actin regulating proteins, including a motif 

known to bind profilin, a verprolin homology sequence, motifs homologous to putative 

actin binding members of the Ena and VASP families and proline-rich SH3 binding 

domains (Ramesh et al, 1997; Anton et al, 1998). In addition, WIP can bind to 

monomeric actin and stabilise actin filaments (Martinez-Quiles et al, 2001). 

Furthermore, overexpression of WIP increases the cellular polymerised f-actin content 

and promotes filopodial formation, supporting a role for WIP in cytoskeletal 

rearrangement (Ramesh et al, 1997; Martinez-Quiles et al, 2001).

1.4.6 Carboxy terminal binding domains

The carboxy terminal is the most conserved region of the protein amongst family 

members, and consists of a verprolin homology motif (V) which binds to actin 

monomers (Machesky & Insall, 1998), a cofilin homology motif (C) which may 

depolymerise actin (Miki et al, 1996) and an acidic tail (A), required for binding to the 

p21 subunit of the Arp2/3 (actin-related protein) complex (Machesky & Insall, 1998). 

The three domains are collectively termed the VGA domain, which is also known as 

WA (WASp homology II (WH2) and acidic tail).

The Arp2/3 complex consists of 7 proteins including the actin-related proteins Arp2 and 

Arp3, and other components p41-Arc, p34-Arc, p21-Arc, p20-Arc and pl6-Arc (Welch 

et al, 1997a). The complex is localised to areas o f active actin polymerisation, such as in 

lamellipodia and at the base o f filopodia. It has also been shown to initiate actin 

polymerisation on the surface o f the motile intracellular pathogen Listeria 

Monocytogenes and may therefore be essential for the initiation or formation of actin 

tails, which propel the organism through the cytosol (Welch et al, 1997b). In vitro the 

complex has been shown to enhance the nucléation of new actin filaments, a process
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which is considerably enhanced when bound to WASp-family proteins (Mullins et al, 

1998; Machesky & Insall, 1998; Welch et al, 1998). Overexpression of the WA 

fragment (but not the WH2 domain alone) of WASp or SCAR disrupts localisation of 

Arp2/3 in both Swiss 3T3 fibroblasts and J774 macrophages and inhibits the formation 

of lamellipodia in both cell types, stress fibres in Swiss 3T3 cells and filopodia in J774 

macrophages, indicating a role for WASp/Arp2/3 in cytoskeletal regulation (Machesky 

& Insall, 1998).

The interaction o f Arp2/3 with WASp and N-WASp is a carefully controlled event. 

Cytosolic WASp adopts an autoinhibited | configuration in which the C terminal 

VC A region is bound to the GBD, making the Arp2/3 and actin binding sites 

unavailable. The importance of this regulation is emphasised by the description of a 

novel mutation in the GBD that disrupts normal autoinhibition, giving rise to a 

constitutively activated protein. In vitro, actin nucléation by the Arp2/3 complex is 

enhanced and in vivo an X-linked severe congenital neutropenia results (Devriendt et al,

2001). In the normal setting, Cdc42 binding to the GBD region of WASp induces a 

conformational change, which exposes the Arp2/3 and actin binding sites, allowing 

actin polymerisation to occur (Kim et al, 2000). Furthermore, Arp2/3 mediated actin 

polymerisation is enhanced by PIP2 binding to WASp or N-WASp, an effect that is 

further augmented by Cdc42 binding (Higgs & Pollard, 2000; Rohatgi et al, 2000). 

Therefore, WASp can localise and integrate signals from a variety of pathways to 

regulate actin polymerisation and cytoskeletal regulation (reviewed in Zigmond, 2000).

1.5 The Wiskott-Aldrich Syndrome

The clinical features of Wiskott-Aldrich Syndrome were first described in two German 

patients by Wiskott in 1937 (Wiskott, 1937). However, it was not until Aldrich, 

Steinberg and Campbell described the first American kindred in 1954 that the syndrome 

received its name (Aldrich R.A. et al, 1954). Since that time hundreds of patients have 

been reported in the literature, mapping both the natural history and treatment outcomes 

for this disorder. In addition, during the past decade both the gene and encoded protein 

were identified, greatly increasing our understanding of the mechanisms of disease and 

allowing future treatment strategies to be developed.
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1.5.1 Clinical and immunological features

WAS is an X-linked recessive disorder characterised by the clinical triad of eczema, 

thrombocytopoenia and recurrent infections (MIM 301 000). The incidence in the 

U.S.A. is estimated at 4 per million live male births (Perry, III et al, 1980) and at 4 per 

million individuals in Europe (Thrasher & Kinnon, 2000). The largest survey to date, 

reporting a retrospective analysis o f 154 patients (Sullivan et al, 1994), highlighted the 

variability of clinical and immunological features that is typical of the disorder. Patients 

were admitted to the study on the basis of sustained thrombocytopoenia, previously 

described as a uniform feature (Krivit & Good, 1959), but the classical triad was seen in 

only 27% of patients. The most consistent laboratory finding (in all 52 patients with 

available data) was the small size o f platelets compared with controls. This has been 

supported by other studies, with platelet sizes of 5.5 +/- 0.3fl in affected individuals 

compared with 8.2 +/- 1.9fl in normal controls (Haddad et al, 1999). Unlike platelet 

abnormalities which are present from birth, other immune manifestations are often 

progressive and include absent delayed-type hypersensitivity skin tests, lymphopoenia 

(in particular of CD8 cells), abnormal T-cell function (especially proliferation on 

response to anti-CD3) and defects in humoral responses to isohaemagglutinins and to 

protein and polysaccharide vaccinations (Ochs et al, 1980; Molina et al, 1992; Molina 

et al, 1993; Sullivan et al, 1994). Additionally, low levels of IgM, normal levels of IgO 

and raised levels o f IgA, IgD and IgE have been reported (Blaese et al, 1968).

X-linked thrombocytopoenia (XLT) is the mildest variant of WAS, resulting from 

mutations in the same gene and presenting with microthrombocytopoenia (Villa et al, 

1995). Immunological defects are minimal but can develop over time.

Although, initially reported as universally fatal in early childhood (Krivit & Good, 

1959), many patients have a more benign course and survive to adulthood (Canales & 

Mauer, 1967; Notarangelo et al, 1991a; Sullivan et al, 1994). The average age of living 

patients in Sullivan’s cohort was 11 years (range 1-35 years) and even for patients with 

severe disease, the average life expectancy has improved in recent decades (Sullivan et 

al, 1994). Bleeding and infections (with bacterial, viral and opportunistic pathogens) are 

the most common causes o f death and for those surviving the early years autoimmune 

disease and malignancy emerge as important fatal complications. The autoimmimity 

associated with WAS is poorly understood and ranges from haemolytic anaemia and 

thrombocytopoenia, to vasculitis, arthritis and inflammatory bowel disease.
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Furthermore, patients with autoimmune manifestations are much more likely to develop 

malignancy (25% compared with 5% of patient without autoimmunity), the vast 

majority o f which are lymphoreticular (Sullivan et al, 1994).

Supportive therapies include prophylactic antibiotics, immunoglobulin and splenectomy 

(Mullen et al, 1993; Sullivan et al, 1994; Litzman et al, 1996) but the only curative 

therapy currently available is bone marrow transplantation. The treatment of choice is a 

matched sibling bone marrow transplantation, which boasts successful outcomes in 80- 

100% of patients (Brochstein et al, 1991; Mullen et al, 1993; Ozsahin et al, 1996). 

Matched unrelated donor transplants have similar outcomes if transplantation is 

performed before 5 years o f age (Filipovich et al, 2001). Unfortunately, not all patients 

have suitably matched donors and the survival after haplotransplantation in most studies 

is reported at <50% (Brochstein et al, 1991; Mullen et al, 1993; Fischer et al, 1994; 

Ozsahin et al, 1996). Although more promising studies have been reported with the use 

o f T-cell depletion (Rumelhart et al, 1990), mismatched or haploidentical bone marrow 

transplantation is reserved for those with serious and refractory complications o f the 

disease. Future strategies may focus on other modalities of treatment, such as gene 

therapy.

1.5.2 WAS gene

The WAS gene {WASP, gene bank accession number U 12707) was first isolated from 

the X p ll.2 3 -p ll.2 2  region in 1994 (Derry et al, 1994a; Derry et al, 1994b). Extending 

over 9kb of genomic DNA, WASP comprises 12 exons and encodes the 502aa Wiskott- 

Aldrich Syndrome protein (WASp). Gene expression is limited to haematopoietic cells 

(Derry et al, 1994a; Banin et al, 1996; Stewart et al, 1996) and its functional importance 

in these lineages is supported by the finding of non random X-inactivation in T and B 

lymphocytes, granulocytes, monocytes, platelets and CD34+ progenitor cells from 

obligate carriers o f the WAS mutations (Notarangelo et al, 1991b; Wengler et al, 1995).

Since the first description of the gene, over 200 mutations have been reported 

(Schindelhauer et al, 1996; Schwarz, 1996; Zhu et al, 1997; MacCarthy-Morrogh et al, 

1998; Lemahieu et al, 1999), spanning all 12 exons, but clustered in the first four. The 

vast majority o f mutations result in reduced translation or transcription of the gene 

although a single mutation has recently been reported that encodes a constitutively 

active protein and gives rise to X-linked severe congenital neutropoenia (Devriendt et
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al, 2001). In general missense mutations in the first three exons correlate with XLT or 

mild WAS but missense mutations elsewhere and other types of mutations, found 

predominantly in exons 6-11, give rise to a range of illness severity (Derry et al, 1995; 

Zhu et al, 1997; Lemahieu et al, 1999), making genotype/phenotype correlations 

difficult in the clinical setting. The mutant protein can be o f normal length (65kD) but 

low expression, truncated or absent. A complete absence o f WASp is a better predictor 

o f severe disease (Remold-O'Donnell et al, 1997; Lemahieu et al, 1999) and further 

studies of protein correlation with clinical phenotype are warranted, although these will 

need to address functionality o f the expressed protein and not just levels or protein size. 

Furthermore, all correlation studies will be complicated by the fact that regardless of 

mutation or resultant protein, significant variations of disease severity exist within 

single families, indicating that other genetic or environmental factors are also important 

determinants of the final prognosis. For example, a recent study of patients with p47- 

phox mutations causing chronic granulomatous disease demonstrated that, in addition to 

the classic GT dinucleotide deletion, the majority of patients had at least one other 

mutation in the p47-phox gene, which could account for clinical phenotypic variation 

(Vazquez et al, 2001). A similar study is underway for Wiskott-Aldrich Syndrome and 

results are awaited with interest.

1.5.3 Defects of haematopoietic cells in WAS

Long before the characterisation of WASp, a role in cytoskeletal regulation was 

suggested by abnormal cytoarchitecture found in some haematopoietic lineages from 

patients with WAS (reviewed in Remold-O'Donnell et al, 1996). Peripheral blood T 

cells form abnormal surface microvilli, a feature that is consistent in affected newborns 

and in WAS T-cell lines, suggesting that this abnormality is intrinsic and is not simply 

acquired during circulation (Molina et al, 1992; Gallego et al, 1997). Additionally, in 

contrast with normal controls, WAS T cell lines show an abnormal heretogenous 

morphology and a poorly delineated peripheral actin network (Molina et al, 1992; 

Remold-O'Donnell et al, 1996; Gallego et al, 1997). Furthermore, WAS T-cell lines fail 

to polymerise or redistribute f-actin normally when stimulated with anti-CD3, 

establishing one link between cytoskeletal and functional defects (Gallego et al, 1997). 

In contrast with T-cells, there are few reports o f defects in WAS B-cells, although 

abnormalities in B-cell actin polymerisation, polarisation, proliferation and capping for 

antigen presentation have been reported (Simon et al, 1992; Facchetti et al, 1998).
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The cause of the platelet defect in WAS remains unclear and could represent abnormal 

thrombocytopoiesis or increased platelet destruction (Ochs et al, 1980; Haddad et al,

1999). Megakaryocytes show abnormal f-actin distribution and form fewer, shorter 

filopodia than normal controls (Haddad et al, 1999). Despite this, they appear in normal 

numbers in WAS bone marrow (Ochs et al, 1980) and proplatelet formation proceeds 

normally. Although the size of platelets formed in vitro is normal, platelet volumes in 

vivo are consistently low, even after splenectomy, possibly as a result o f cytoskeletal 

changes occurring in defective platelets during circulation (Ochs et al, 1980; Litzman et 

al, 1996; Haddad et al, 1999).

Dynamic rearrangement o f the actin cytoskeleton is critical for leukocyte motility and 

for the initiation of immune responses and inflammation and therefore defects of the 

actin cytoskeleton in motile cells in WAS have attracted considerable interest. Using a 

Boyden chamber, one early study reported abnormal chemotaxis of WAS neutrophils to 

C5a, but this was corrected using normal serum, suggesting an inhibitory factor in WAS 

sera rather than an intrinsic neutrophil defect (Ochs et al, 1980). In addition, more 

recently, normal chemotaxis of WAS neutrophils was demonstrated in response to 

FMLP, using a Dunn Chamber, which allows direct observation o f cell motility (Zicha 

et al, 1998). In contrast, the chemotactic responses of both monocytes and macrophages 

from patients with WAS, have repeatedly been demonstrated to be abnormal to a variety 

o f stimuli, using different methods (Altman et al, 1974; Badolato et al, 1998; Zicha et 

al, 1998). Although, like early neutrophil studies, a chemotactic inhibitor in WAS serum 

was initially suggested to be the cause (Altman et al, 1974), it is now evident that WAS 

monocytes and macrophages exhibit clear defects in actin distribution, filopodial 

formation and cell polarisation, functions which are necessary for normal cell migration 

(Badolato et al, 1998; Linder et al, 1999; Lorenzi et al, 2000). In addition, these cells 

fail to assemble podosomes (see section 1.3), which are thought to be important for 

adhesion and motility (Linder et al, 1999). Similar cytoskeletal defects have been 

recently reported in WAS dendritic cells (DC), in which f-actin is abnormally localised 

to cortical and perinuclear regions and in which actin-rich substratum contacts 

resembling podosomes are absent (Binks et al, 1998). Furthermore, translocation of 

WAS DC on fibronectin is severely compromised.

Defective actin rearrangement is likely to contribute to other myeloid cell functions and 

as an example, IgG mediated and apoptotic cell phagocytosis in WAS macrophages
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have both been demonstrated to be abnormal, with impaired phagocytic cup formation 

(Lorenzi et al, 2000; Leverrier et al, 2001).

1.5.4 The WASp-null murine model

Two murine models of WASp have now been generated by gene targeting and share 

many o f the cytoskeletal defects seen in humans with the disease, although some 

discrepancies exist in reported studies (Snapper et al, 1998; Zhang et al, 1999; reviewed 

Snapper & Rosen, 1999). In contrast, there are notable differences in the clinical 

phenotype of the mice, which do not have eczema or a significant bleeding diathesis, 

but consistently develop chronic colitis, which is rare in humans (Snapper et al, 1998). 

Studies of their susceptibility to pathogens and malignancy are awaited.

In cellular studies, many similarities to the human disease are seen, although T-cell 

defects in mice predominate, while B-cell abnormalities are subtle, if  present at all 

(Snapper et al, 1998; Zhang et al, 1999). As seen in humans, peripheral T-lymphocyte 

numbers and proliferation are reduced, and signalling through the T-cell receptor (TCR) 

is defective. In addition, there is some evidence for abnormal T-cell development in the 

thymus, which may contribute to peripheral T-lymphopoenia (Zhang et al, 1999). The 

T-cell response is further impaired by abnormal actin polymerisation and capping in 

response to receptor ligation. In contrast, B-cell function in mice appears to be normal 

as measured by proliferation, immunoglobulin production and vaccination challenges, 

suggesting redundancy for WASp in some functions of this lineage. However, defects in 

capping of B-cells after receptor ligation have been reported (Zhang et al, 1999), which 

suggest that cytoskeletal rearrangement is impaired. In addition, defects are present in 

non-lymphoid lineages with both neutrophils and macrophages exhibiting abnormal 

phagocytosis (Zhang et al, 1999; Leverrier et al, 2001)
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2 Materials and Methods

2.1 Reagents and Buffers

General reagents were obtained from Sigma unless otherwise stated.

2.1.1 Buffers and Other Solutions

4% PFA/3% GIucose (w/v): 4g of paraformaldehyde (PFA) was weighed out in a fume 

cupboard and added to phosphate buffered saline (PBS) (Gibco) warmed to 60°C. 

Concentrated NaOH was added to aid dissolution.Sg sucrose was added and the solution 

was made to pH 7.4 using concentrated HCL and to 100 ml with PBS. Stocks were 

divided into 5 ml aliquots and frozen for use.

1% PFA (w/v): 4% PFA was made as above (without the addition of sucrose) and 

diluted with PBS to make 1%PFA.

1% BSA (w/v): 1 g bovine serum albumin (BSA) dissolved in 100ml PBS.

0.5% Triton (v/v): A 5% Triton X-100 stock solution was made by adding 5ml Triton- 

X I00 to 95 ml PBS. This was stored at room temperature in the dark and diluted in PBS 

for a final concentration o f 0.5% Triton X-100.

IM  Tris-HCI pH 8.0: 60.7 g Tris and 400 mL dHiO, stirred to dissolve. Once 

dissolved, concentrated HCl was to achieve a pH of 8.0 and the solution was made up to 

500mL with dH]0.

L-Broth: lOg tryptone peptone (Difco), 5g yeast extract (Difco), lOg NaCl in IL dHzO.

GTLB I: 50mM Tris-HCI pH 8.0, 40mM ethylenediaminetetraacetic acid (EDTA), 

2.5% (w/v) sucrose, 0.02% NaNg.

GTLB II: 50mM Tris-HCI pH 8.0, lOOmM MgClz, 0.2% (w/v) Triton X-100, 0.02% 

NaNs.

PBS + DTT + Tween : PBS, 0.2% Tween, ImM diothiotheitrol (DTT).
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TRB (Thrombin resuspension buffer): 50mM Tris-HCI pH 8.0, 5mM MgCb, 150mM 

NaCl, 2.5mM CaCli, ImM DTT.

PBS-Tween (PBS-T): 500 mL PBS, 500 pL Tween-20.

2.5% milk-PBS-T (w/v): 1.25g milk (Marvel), 50mL PBS-T.

Stacking gel buffer: 30.35g Tris was dissolved in 400ml dH20 and the pH was 

corrected to 6.8 with HCl. 2.5ml 20% SDS was added and the solution was made up to 

500ml with dH:0.

Main gel buffer: 91.06g Tris was dissolved in 400 ml dHiO and corrected to pH 8.0 

with HCl. 2.5ml 20% sodium dodecyl sulphate (SDS) was added and the solution was 

made up to 500ml in dH%0.

Running buffer: 3g Tris and 14.4g glycine were dissolved in 997.5 ml dH20. 2.5ml 

20% SDS was added and mixed.

Transfer buffer: A lOx stock was made by dissolving 29.1 g Tris and 14.65g glycine in 

450ml dH20. The pH was corrected to 9.2, the solution was made up to 500ml with 

dH20, and filter sterilised for storage. 10ml o f the lOx stock were added to 70ml dH20 

and 20ml methanol immediately before use.

NP40 lysis buffer: 1% NP40 (v/v) (Calbiochem), 20mM Tris-HCL ph 8.0, 130mM 

NaCl, lOmM NaF, ImM DTT, 20pM leupeptin, 1% aprotinin, lOOpM Na3V0 4 , ImM 

phenylmethylsulfonylfluoride (PMSF). The solution was filter sterilized before use.

2X SDS buffer: 0.76g Tris, 0.5mg bromphenol blue, 10ml glycerol, 20ml dH20 and 

5ml 20% SDS were mixed. The solution was corrected to pH 6.8 with HCl, made up to 

50ml with dH20 and filter sterilized before use.

SDS sample buffer: 3ml 2X SDS buffer, 60pl P-mercaptoethanol.

2.1.2 Tissue Culture Media and Solutions

All culture media and tissue culture solutions for tissue culture were lipopolysccharide 

(LPS) free and obtained from GibcoBRL, unless otherwise stated.
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Complete Medium: RPMI 1640 with added Glutamax and 25mM hepes supplemented 

with 10% endotoxin-low foetal calf serum (PCS) (Myoclone Superplus), 10,000 lU/ml 

penicillin and streptomycin. PCS was heat inactivated for 1 hr at 56°C prior to use.

B acl.2F 5 cell line culture medium: DMEM with 10% PCS, 1% L-glutamine, 2% 

penicillin and streptomycin, 0.5% L-Asparagine, 0.1% p-mercaptoethanol and 1.32nM 

recombinant CSP-1.

2.1.3 Antibodies 

Table 2.1 Antibody List

A ntibody Label Species Isotype Com pany Use
Catalogue
N um ber

Dilution  
for use

Purifîed antibodies

anti- vinculin Purified
Mouse
Ascites
Fluid

IgG l Sigma IF V4505 1 in 500

anti-
phosphotyrosine

Purified Mouse Ig02b Santa Gruz IF Sc-7020 1 in 100

anti- p34 Arc Purified Rabbit Poly

Gift from Dr. L. 
Machesky, 
Birmingham, 
UK

IF N /A 1 in 250

anti- WASp Purified Rabbit Poly
Gift from 
Dr.H.Higgs, 
Galifomia, USA

Western
Blot A B l 1 in 1000

anti- b-actin Purified Mouse IgG l Sigma Western
Blot

A5441 1 in 1000

Anti-human 
GDI la

Purified Mouse IgG2a Pharmingen IF,
FAGS

30421A 1 in 100

Anti- human 
GDI lb

Purified Mouse IgGl Pharmingen IF,
FAGS

30451A 1 in 100

Anti- human 
G D llc Purified Mouse IgG2 Pharmingen IF,

FAGS
30481A 1 in 100

Anti- human 
GDI 8

Purified Mouse IgGl Pharmingen IF,
FAGS

35651A 1 in 100

Anti- human 
GD49d

Purified Mouse IgG l Serotec IF,
FAGS

MGA697 1 in 100

Anti- human 
GD49d

Purified Mouse IgGl Serotec IF,
FAGS

MGA923 1 in 100

Anti- human 
GD49d

Purified Mouse IgG l Pharmingen IF,
FAGS

31471A 1 in 50

Anti- human 
GD49e

Purified Mouse IgG Serotec IF,
FAGS MCA 1187 1 in 100

Anti- human 
GD49e

Purified Mouse IgG l Pharmingen IF,
FAGS 33371A 1 in 50

Anti- human 
GD49C/GD29

Purified Mouse IgGl Dako IF,
FAGS

M0608 1 in 50

Anti^ human 
GD51/GD61

Purified Mouse IgGl Dako IF,
FAGS

MAB1953 1 in 500

Anti- human 
GD49e/GD29

Purified Mouse IgG3 Dako IF,
FAGS

M 0604 1 in 100

Anti- human 
GD29 Purified Mouse IgGl Serotec IF,

FAGS
MCA
2029 1 in 100
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Antibody Label Species Isotype C om pany Use Catalogue
Num ber

Dilution  
for use

Anti- human 
CD61

Purified Mouse IgGl Serotec IF
MCA
728XZ 1 in 100

Secondary antibodies

Anti - Mouse
Alexa
488

Goat Poly
Molecular
Probes

IF A llO O l 1 in 100

Anti-Rabbit
Alexa
488

Goat Poly
Molecular
Probes

IF A11008 1 in 100

Anti-Rabbit Fite Goat Poly
Jackson
Immunoreseareh
Labs

IF 711095152 1 in 200

Anti - Mouse
F(ab')2
fragments

Fite Goat Poly Dako FACS F0479 5ml/10^
cells

Anti- Mouse HR? Rabbit Poly Dako
Western
Blot P0260 1 in 1000

Anti-Rabbit HR? Goat Poly Dako
Western
Blot P0448 1 in 1000

D irectly labelled

IgG l Fite Mouse IgGl
Beeton
Dickinson FACS 349041 5ml/106

cells

IgG l PE Mouse IgGl
Beeton
Dickinson

FACS 349043 5m l/106 
cells

IgG2a Fite Mouse lgG2a
Beeton
Dickinson FACS 349051 5ml/106

cells

IgG2a PE Mouse IgG2a
Beeton
Dickinson FACS 349053 5ml/106

cells
Anti- human 
CD45 Fite Mouse IgGl

Beeton
Dickinson FACS 347463 5ml/106

cells
Anti- human 
C D llc PE Mouse IgG2b

Beeton
Dickinson FACS 347637 5ml/106

cells
Anti- human 
Lin-1 Fite Mouse IgG l&

IgG2b
Beeton
Dickinson FACS 340546 5ml/106

cells
Anti- human 
HLA-DR PE Mouse IgG2a

Beeton
Dickinson FACS 347367 5ml/106

cells
Anti- human 
CD25

Fite Mouse IgGl Pharmingen FACS 30794X 5ml/106
cells

Anti- human 
CD86

PE Mouse IgGl Pharmingen FACS 33405X 5m l/106 
cells

Anti- human 
CD83

Fite Mouse IgGl Pharmingen FACS 36934X 5mL/106
cells

Anti- human 
CCR5

PE Mouse IgG2b R&D Systems FACS FAB145P 5ml/106
cells

Anti- human 
CXCR4 Fite Mouse IgG2a Pharmingen FACS 36464X 10ml/106 

cells

IF = Immunoflourescence, Poly = Polyclonal

2.2 Cell culture

For tissue culture, all plastics were LPS free and glassware was baked at 180°C x 4 hrs 

to remove LPS. For the preparation o f primary cells, peripheral blood was obtained 

from patients with severe WAS and normal controls, with consent and ethical approval. 

All patients lacked WASp by Western blotting in mononuclear cell protein extracts, and
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had molecular defects confirmed by DNA sequence] analysis\ Whole blood was used for 

dendritic cell and neutrophil preparations as described below.

2.2.1 DC preparation

Whole blood anticoagulated with EDTA (Sigma) was diluted 1:1 in Dulbecco’s PBS 

(Gibco), layered over lymphoprep (Nycomed) and spun for 25 minutes at 2400 rpm 

(750g), no brake. Peripheral blood mononuclear cells (PBMC) were collected from the 

interface and washed in HBSS at 1200 rpm (250g) x 10 minutes. If required red cell 

lysis was carried out by resuspending the cell pellet in Red Cell Lysis Buffer (Sigma) 

and incubating for 5 minutes at 37°C. A further 2 washes were carried out at 1100 rpm 

(150g) for 5 minutes to reduce platelet contamination. PBMC were resuspended in 

complete medium and plated at 3-6x10^ cells per ml in 6 well tissue culture plates 

(Falcon, No.3046). After 2 hours incubation at 37°C/5% CO2, non-adherent cells were 

gently washed off. The adherent fraction was cultured in complete medium with 100 

ng/ml, recombinant human granulocyte-macrophage colony-stimulating factor (GM- 

CSF) (Leucomax, Sandoz/Schering Plough) and 25ng/ml recombinant human 

interleukin-4 (lL-4) (gift from Prof. D. Katz, UCL). Cytokines were refreshed on day 3 

or 4 of culture.

2.2.2 Harvest of DC

On day 6 or 7 non-adherent, immature DC were removed, layered over Lymphoprep 

and spun at 1600rpm (400g) for 25 minutes, brake off. Cells from the interface were 

washed twice in HBSS at 1200 prm (250g) for 10 and 5 minutes respectively. DC were 

purified to approximately 90% by immunodepletion using CD3 and CD 19 Dynabeads 

(Dynal) to extract T and B lymphocytes. DC and beads were incubated on a rotator at 

4°C for 20-30 minutes before magnetic removal of beads.

Mature DC were harvested on day 7 or 8 after 24hr incubation with LPS by the same 

method. In this case mature cells form large loosely adherent clumps, which were 

washed into suspension in the well for collection.

' Six patients with WAS kindly contributed to this work. The mutations o f  four have previously been 

published (patients numbered 5, 6, 8 and 10 in MacCarthy-Morrogh et al, 1998). A  fifth patient shares the 

same mutation as patients 5 and 6, while a sixth carries a IVS9+2t>c null mutation.
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2.2.3 Maturation of DC

In general, immature DC were matured by addition of 50ng/ml LPS (from E.coli 

026.B6, Sigma) on day 6 of culture for a total of 24 hours. Where indicated, immature 

DC were cultured for various durations in a range of concentrations of LPS (50-100 

ng/ml) or TNFa (ng/ml) (R&D systems).

2.2.4 Neutrophil culture

Neutrophils were prepared by layering Edta anticoagulated whole blood over a 

Histopaque double gradient (Sigma). After centrifugation for 25 mins at 2400 rpm 

(750g), neutrophils were collected from the interface between Histopaque 119 and 1077 

and washed twice in HBSS before resuspension in complete medium for immediate use.

2.2.5 Bacl.2F5 cell line culture

The Bacl.2F5 cell line is a cloned SV40 immortalised murine macrophage cell line 

dependant on CSFl for growth (Morgan et al, 1987). A subclone was obtained as a gift 

from Professor Gareth Jones, King’s College, London. Cells were maintained in 

Bacl.2F5 cell line culture medium (see section 2.1) and grown at 37°C/5%C02. 

Medium was changed twice weekly and cells were sub-cultured weekly at 2x1 O'* 

cells/ml by dissociation with Accutase (Innovative Cell Technologies) for up to 5 

minutes at 37 °C.

2.3 FACS analysis

To prepare samples for analysis, a minimum of 2x1 O'* cells/tube in a small volume 

(<100pl) and appropriate amounts o f antibody (see table 2.1) were added to FACS tubes 

on ice and incubated in the dark for 15-30 minutes. 2 ml of PBS (Gibco) were added to 

each tube for washing, before centrifugation at 1500 rpm (300g) for 5 minutes at 4°C. 

Supernatants were flicked off and pellets resuspended in 200pl 1% PFA. Samples were 

stored at 4°C in the dark for up to one week before FACS analysis. Either a Beeton 

Dickinson FACS machine and Cell Quest software or a Coulter FACS machine and 

EXPO analysis software were used for sample analysis.
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2.4 Immunofluorescence

Materials and Methods

2.4.1 Preparation of coverslips

1.0 thickness 13mm diameter or 1.5 thickness 22mm^ glass coverslips (Chance Propper 

Ltd.) were washed for 2 hours on IM  HCL, rinsed 3 times in dH20 and stored in 

ethanol. These were flamed in ethanol in a tissue culture hood and placed into Multiwell 

plates (Nunclon) or 35mm tissue culture dishes (Falcon) respectively before use.

For fibronectin coating, human fibronectin (Sigma) at a concentration of lOpg/ml, 

imless otherwise stated, was used. Sufficient quantities were used to cover the coverslip 

avoiding spillage over the edge o f the glass. After incubation at 37°C for 32 hrs or 4°C 

overnight, excess fibronectin was removed and coverslips washed with culture medium 

prior to use. For some experiments other substrata were used as shown in Table 2.2.

Table 2.2 Substratum Protein List

Protein Source Concentration for 
use

Coating
Conditions

Fibronectin Sigma 10 pg/ml 2 hours at 37°C or 
overnight at 4°C

Laminin Gibco 20 pg/ml 2 hours at 37°C

Collagen I Sigma 25 pg/ml 2 hours at 37°C

Collagen IV Sigma 25 pg/ml 2 hours at 37°C

VCAM-1 R&D Systems 10 pg/ml 2 hours at 37°C

ICAM-l/Fc
chimera

R&D Systems 5 pg/ml 1 hour at Room 
Temperature

2.4.2 Preparation of samples

1 x 1 or 2x10"  ̂ cells were plated onto fibronectin coated 13mm diameter or 22mm^ 

coverslips respectively and allowed to adhere for 2-4 hours at 37°C/5%C02, unless 

otherwise specified, prior to use. Cells were washed once in PBS with calcium and 

magnesium (Gibco) and fixed in 4% PFA in PBS/3% glucose for 10-20 minutes at room
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temperature. After washing in PBS 6 times, cells were permeabilised using 0.5% Triton 

X-100 in PBS for 5 minutes and blocked with 1% BSA in PBS for 30 minutes at room 

temperature.

2.4.3 Immunofluorescent staining

For localisation of filamentous actin, cells were incubated with O.lpg/ml Tritc- 

phalloidin (Sigma) or 1:100 Rhodamine-phalloidin (Molecular Probes) for 30-45 

minutes at room temperature. Localisation of other proteins was achieved by incubation 

at room temperature for 30-45 minutes with an appropriate concentration of antibody 

diluted in 1% BSA/PBS. After three washes with PBS, samples were incubated with 

species appropriate secondary antibodies diluted in 1% BSA/PBS. Coverslips were then 

washed three times in PBS and twice in dHiO before mounting either in Mowiol 4-88 

(Calbiochem) with added p-phenylenediamine anti-fade (Sigma) or Citifluor (Citifluor 

Ltd.) sealed with nail varnish. Secondary only antibody controls were carried out for 

each secondary species and for each immunofluorescence experiment.

2.4.4 Confocal microscopy

Confocal images were obtained using a confocal laser-scanning microscope (TCS NT, 

Leica Inc., St. Gallen, Switzerland system) fitted with appropriate filter sets. Images 

were processed for publication using Leica TCS Start and Adobe Photoshop software.

2.5 Time-lapse microscopy and motility assays

2.5.1 Time-lapse microscopy

For most motility experiments, a Dunn Chamber was used (see section 2.5.2) but for 

some experiments, cells were observed by time-lapse microscopy either in 6 well tissue 

culture plates (Falcon), or 35mm petridishes (Falcon) or on fibronectin-coated 

coverslips (see section 2.4.1). In all cases, cells were maintained in complete medium 

with cytokines, placed on a 37°C heated stage (Zeiss Tempcontrol 37-2 digital) and 

visualised with a Zeiss Axiovert 135 microscope using xlO or x40 phase contrast or 

Hoffmann objectives. A Zeiss CTI-controller 3700 digital environmental chamber was 

used to regulate the CO2 environment. Using a Hamamatsu digital camera (C4742-95),
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Improvision Openlab 3.03 software was used to record time-lapse images according to 

the automation set up for each experiment. Images were played back as a movie.

2.5.2 The Dunn chamber

2 x 1 cells were plated onto fibronectin-coated 22mm^ coverslips respectively and 

allowed to adhere for 2-4 hours at 37°C/5% CO2 prior to use. Dunn chambers were 

assembled as previously described (Zicha et al, 1991). Inner and outer wells of the 

Dunn Chambers (Weber Scientific International) were filled with complete medium. 

The coverslip of cells was then inverted onto the Dunn Chamber leaving a small gap 

over a portion of the outer well (see Figure 5.1). The three other sides were sealed with 

molten wax, made up of 1 part each of paraffin wax: beeswax: soft yellow paraffin. 

Using filter paper, medium was removed from the outer well and replaced with an 

appropriate concentration o f chemokine, or with complete medium for control 

chambers.

The final side of the coverslip was sealed with wax. Prior to visualisation the exterior of 

the Chamber and coverslip were washed with distilled H2O and dried carefully. For 

each experiment, two Dunn Chambers were run in parallel. Cells were visualised with 

an Olympus inverted microscope and lOx phase-contrast objectives. Images were 

acquired from charge-coupled device cameras (model TM-765, Pulnix Europe Ltd.), 

captured by a Matrox Magic video capture card (Dorval, Canada), and digitally 

recorded at a time-lapse interval o f 10 minutes for 5 hours. The processed sequences 

were then replayed as a movie. Cells speed and direction o f movement were analysed 

using Mathematica software.

2.6 Microinjection

2.6.1 Expression and Purification of Recombinant Proteins

V12Racl, V12Cdc42Hs, N17Racl, N17Cdc42Hs and C3 transferase were expressed as 

glutathione-S-transferase-fusion proteins in Escherichia Coli. Bacteria were cultured 

from colonies in L-Broth with ampicillin +/- chloramphenicol and pelleted by 

centrifugation at 4000 rpm for 10 minutes. The bacterial pellet was washed in 20 ml 

PBS and respun at the same centrifuge settings. After freezing, 20ml GTBL I, 0.2ml
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O.IM PMSF (Sigma) in ethanol and 20mg lysozyme (Sigma) were added to the pellet 

and mixed at room temperature for 20 minutes on a shaker. On ice, 8ml GTLB II and 80 

pi O.IM PMSF were added and mixed for 20 minutes on a rotator at 4°C to lyse the 

bacteria. After sonication on ice, the mixture was centrifuged at 35,000 rpm for 30 

minutes and the supernatant incubated overnight with 0.5ml glutathione-agarose 

(glutathione-coupled beaded agarose, Sigma).

The mixture was then passed through a 20ml plastic column and rinsed twice with 20ml 

PBSA+DTT+Tween. Beads were resuspended in PBSA+DTT+Tween, collected and 

stored on ice. After a brief bench top centrifugation, the supernatant was removed and 

the beads washed three times with 1ml TRB. The beads were resuspended in 1ml TRB 

with lOpl thrombin (which cleaves glutathione-S-transferase bound to gluathione 

coupled beads, from the recombinant protein) and incubated overnight at 4®C before 

washing three times in a small column with 0.5ml TRB. Washes were collected and 

50ml p-amino benzamide-agarose (protease inhibitor. Sigma) added for 30 minutes on 

ice. Finally, the beads were pelleted at 2000rpm x 2 minutes and the supernatant 

removed for concentration on Centricon spin filters (Centricon Millipore). These were 

centrifuged at TOOOrpm for 30-45 minutes and subsequently at lOOOrpm for 5 minutes to 

remove the protein from the filter. Protein concentrations were assayed using a Bradford 

assay (Bio-Rad Laboratories) and stocks were aliquoted and stored at -80°C.

2.6.2 Preparation of plasmid DNA

The plasmid vector pEGFP-WASp (gift from Dr. Michael Blundell, UCL) was 

constructed by amplifying the human WASp coding region by polymerase chain 

reaction and cloning it into pEGFP-C2 (Clontech), in frame and downstream of the 

EGFP coding region. The entire EGFP-WASp coding sequence was then cloned into a 

Moloney based retroviral vector plasmid, down stream of an internal CMV promoter 

(Grignani et al, 1998; Introna et al, 1998; Gasperi et al, 1999)

2.6.3 Sample preparation

2x10"  ̂ immature or mature DC were plated onto human fibronectin (Sigma) coated 

22mm square coverslips (Chance Propper Ltd. No 1.5) and allowed to adhere for 2-4 

hours at 37°C /5% CO2 prior to injection.
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2.6.4 Injection of recombinant proteins

An Eppendorf microinjector was used for all microinjection experiments. Needles were 

either obtained from Eppendorf (Femtotips, 0.5pm ± 0.2 pm diameter tip) or made from 

capillary tubes (Clark Electromedical Instruments, GC120F-10) using a computer 

controlled electrode puller (Camden Instruments Ltd.), resulting in a needle diameter of 

approximately 0.4 pm.

V12Cdc42Hs, V12 R a d , N17 R a d , N17 Cdc42Hs and C3 transferase were injected 

into the cytoplasm of the cell at concentrations of 1 mg/ml, 0.4mg/ml, 0.75mg/ml, 

3.5mg/ml and 0 .1 mg/ml respectively. For co-injection experiments, the concentration of 

V12Cdc42Hs was reduced to 0.5mg/ml. Injected cells were identified by co-injection of 

Rabbit IgG (Sigma) at 0.5mg/ml with recombinant proteins. After injection, DC were 

incubated at 37°C /5% CO2 for 10, 30 or 60 minutes before washing once in PBS with 

calcium and magnesium (Gibco) and fixing in 4% PFA/3% glucose for 10-20 minutes at 

room temperature. Cells were permeabilised and stained according to the method 

described in 2.4.3 with Tritc-phalliodin and with Alexa 488 goat anti-rabbit IgG 

(Molecular Probes) to label the Rabbit IgG marker.

The activity of V12Racl and V12Cdc42Hs, N17 R a d  and NI7Cdc42Hs were verified 

by injection into BacI.2F5 cells starved of CSF-1 for 24 hours (as described in Allen at 

al 1998). Under these conditions, BacI.2F5 cells are rounded and responses to injected 

proteins are readily visualized. Cells were fixed in 4% PFA/3% 15 minutes after 

injection and stained as described for DC. Proteins were injected at the same 

concentrations used for DC.

2.6.5 Injection of plasmid DNA

Plasmid DNA was injected into the nucleus of the cell at 10 or 100 ng/pl. Cells were 

incubated for 2 or 4 hours at 37°C/5%C02 post injection before fixing in in 4% PFA/3% 

glucose and staining with Tritc-phalliodin (see section 2.4.3). Injected cells that 

expressed protein were identified by GFP co-expression.
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2.7 Adhesion assays

2.7.1 Flow Chamber assay

DC were resuspended in complete medium at a concentration of 2x10^ cell/ml. Plastic 

slides (Nunclon, Lab-Tek) were coated with PCS for 20 minutes at room temperature, 

with fibronectin or with ICAM-1 as previously described (see section 2.4.1). Flow 

chambers (Dept. Medical Engineering, Imperial College School of Medicine, London) 

were assembled with 0.2mm spacers, precoated slides and an exit tubing (Medex 

MX567-LV). A 50 ml syringe was filled with RPMI with added L-glutamine and 25mm 

hepes and 2%LPS low PCS was attached to the chamber using a three way tap (Beeton 

Dickinson, Connectaplus3) and tubing (Medex MX567-LV). Up to 4 syringes were 

attached to the tubing using a Y-piece (Alaris Medical Systems Inc.). The tubing, three 

way tap and chamber were primed with medium to exclude bubbles and fill the chamber 

and the chamber was set up on a microscope stage, in an environmental chamber for 

viewing. Syringes o f medium were assembled on a syringe pump with flow rate control 

(Braintree Scientific Inc., BS-9000-6).

Using an Olympus 1X70 inverted microscope and a CCD camera (Cohu 4920) for time- 

lapse microscopy, cells were injected through the three-way tap and passed into the 

chamber with approximately 0.5 ml medium from the syringe. After 10 minutes 

adherence, medium was pumped into the chamber by the syringe pump, at known flow 

rates which increased in 1 minute intervals. Time-lapse photographs were taken every 5 

seconds using x 10 phase contrast objectives and Scion Image software. The shear stress 

for each flow rate was calculated from the following formula:

Shear stress = (6 x flow rate x viscosity) / ((channel height)^ x channel width)

Where:

Shear stress is expressed in dynes/cm^

Plow rate is expressed in ml/second 

Viscosity o f 2% PCS medium is 0.007 Poise 

Channel height = chamber width = 0.7cm
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Channel height = spacer height = 0.02 cm

The number of cells detaching at each increment of shear stress was calculated.

2.8 Western Blots

2.8.1 Sample preparation

Immature DC and DC matured in 50ng/ml LPS for 24 hours were harvested as 

described in section 2.2.2. Cells were pelleted by centrifugation x 5 minutes at 2000rpm 

in Eppendorf tubes, washed with PBS to remove medium and repelleted. Approximately 

200pl NP40 lysis buffer was added, on ice, for every lOx 10  ̂ DC. After 10 minutes 

debris was pelletted by centrifugation for 5 min at 14 000 rpm, 4°C and the supernatant 

was transferred to a fresh tube. To 200pl o f lysate, 200pl SDS sample buffer was added 

and the sample was then stored at -20°C.

2.8.2 Gel preparation

Glass gel plates were cleaned with with 70% ethanol, dried and assembled. In a 

universal tube, 6 mL 30% acrlyamide (w/v) (Protogel from National Diagnostics), 5 mL 

Main gel buffer, 8.8 mL water, 20 pi tetramethylethylenediamine (TEMED) and 200 pi 

10% ammonium persulphate (APS) (w/v) were added together to make a 10% gel. The 

gel was poured into the assembled gel plates and overlaid with water. Once 

polymerised, the water was poured off. A 4% stacking gel was made by adding together

1.3 ml 30% acrlyamide, 2.5 ml stacking gel buffer, 6.1 ml water, 10 pi TEMED and 100 

pi 10% APS and was poured on top of the main gel. Combs were inserted and the gel 

was left to polymerise. Once polymerised, the gel assembly was placed into a gel tank 

with approximately 500ml o f running buffer in the top chamber and 500ml of running 

buffer into the bottom chamber. Cell lysates were heated to 100°C for 3 minutes, spun 

briefly at 13,000 rpm in a microcentrifuge and loaded to the gel. Recombinant protein 

molecular weight markers (Amersham) were also loaded and SDS sample buffer in 

empty lanes. The gel was run at between 100 and 200 volts in a gel tank (Gibco).
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2.8.3 Gel transfer

A piece o f nitrocellulose membrane (Nitropure) and six pieces of Whatmann 3MM 

paper o f a similar size to the gel being transferred were soaked in transfer buffer. A 

transfer stack was assembled as follows: 3 pieces Whatmann, gel, nitrocellulose, 3 

pieces of Whatmann. Air bubbles between each layer were removed by rolling a pipette 

carefully on the stack. The gel was transferred using a semi-dry blotter (Biorad) at 12V 

for 20 to 30 minutes before the stack was dismantled and the membrane was either 

placed in 2.5% milk-PBS-T for immunostaining or stored at 4°C wrapped in Saran 

Wrap.

2.8.4 Immunoblotting

Before immunostaining, the membrane was blocked in 2.5% milk-PBS-T for 1 hr room 

temperature and then incubated for 2 hours at room temperature with anti-WASP 

antibody (gift from Dr. T. Polllard, Salk Institute, USA) diluted 1:1000 with milk-PBS- 

T. The membrane was then washed 5 times in PBS-T before the addition of 1:1000 anti

rabbit HRP (horse radish peroxidase) secondary (Dako) in 2.5% milk-PBS-T for a 30- 

45 minute incubation at room temperature. After a further 5 washes in PBS-T an 

enhanced chemoluminescence detection solution (Amersham) was applied for 1 minute, 

and the membrane was wrapped in Saran Wrap and place in a film cassette. In the dark 

room, film was placed in the cassette and exposed to the blot for 30 seconds. A longer 

or shorter exposure was occasionally required.

In order to detect actin, the membrane was washed 3 times with PBS-T, blocked as 

above and incubated for 2 hours at room temperature with anti-p actin antibody (Sigma) 

diluted 1:1000 with milk-PBS-T. Washes, incubation with 1:1000 HRP secondary (rat 

anti-mouse, Dako) and film development were performed as described above.

2.9 Statistics

The Chi-squared test was used for statistical analysis, unless otherwise stated.
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3 Characterisation of the actin cytoskeleton in 

normal and WAS immature DC

3.1 Introduction

Despite the wealth o f literature confirming the importance o f DC in initiating immune 

responses, and the importance of motility for normal DC function, the cytoskeleton of 

these cells has not been studied in detail, either in healthy individuals or in the context 

o f immunodeficiency. Recently, defects of DC actin distribution were described for 

patients with WAS (see section 1.5.3). In particular mutant cells failed to assemble f- 

actin-rich condensations, abundant in adherent normal immature DC (Binks et al, 1998). 

Although these structures resembled podosomes, which are found in other myeloid 

cells, their identity was not confirmed. Therefore, the aim of the experiments described 

here was to further characterise the actin cytoskeleton in both normal and WAS 

immature DC.

3.2 F-actin distribution in normal and WAS immature DC

During culture, immature DC are non adherent and float singly or in clumps (Sallusto & 

Lanzavecchia, 1994). When plated to fibronectin-coated coverslips they adhere rapidly 

and polarise over approximately one hour. For initial studies of the cytoarchitecture of 

immature DC, immunofluorescence techniques were used to examine the distribution of 

f-actin by confocal microscopy (see section 2.4). DC from normal healthy controls and 

from patients with WAS were compared.

On a fibronectin substratum, the majority of normal immature DC polarised, forming a 

leading edge and uropod (Figure 3.1 a, d, g). 60-80% of cells formed punctate actin 

condensations (arrow in Figure 3.1 a) behind the leading edge lamellipodium 

(arrowhead in Figure 3.1 a, g). Where cells formed multiple lamellipodia and have not 

selected a leading edge, actin condensations were found behind each lamellipodium 

(arrowheads in Figure 3.1 d) or, in some cases, centrally in the cell (data not shovm). 

When viewed in the vertical plane, these condensations were seen to be located at the 

ventral cell membrane, in contact with the substratum (see Figure 3.3 a, c).
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Figure 3.1 Normal immature DC plated on to fibronectin form podosomes

Immature DC were stained with Tritc-phalloidin (a, d, g) or anti- vinculin (b), 

anti-phosphotyrosine (e) or anti- Arp2/3 (h) antibodies for confocal microscopy. 

Merged images are shown in panels c, f  and i. In the majority of cells, an 

abundant f-actin pool was concentrated in punctate condensations (arrow in a) 

at the cell-substratum interface situated just behind the leading edge 

(arrowheads in a, d, g). Rings of vinculin around the actin core confirmed that 

these were podosomes (b and insert arrows in b). Both tyrosine phosphorylated 

proteins (e) and the Arp2/3 complex (h) co-localised with f-actin in podosomes

(f, i).
Scale bars represent 10 pm.
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In contrast, WAS immature DC elongated and most commonly assumed a cigar-shaped 

morphology (Figure 3.2 a, d, g). In some cases hyper-elongated cells were seen. In 

general, broad lamellipodia were absent and neither a leading edge nor uropod was 

selected. F-actin staining was faint in comparison with normal controls, giving the cells 

a ghost-like appearance. Cortical staining was pronounced (arrowhead in Figure 3.2 a) 

and multiple small protrusions were seen at random locations over the cell surface 

(arrows in Figures 3.2 a, d, g and inset in d), which may represent abnormal 

lamellipodia. The most obvious defect was the lack of actin condensations seen in 

normal immature DC, indicating that WASp is required for the formation of these 

structures.

3.3 Characterisation of podosomes in normal immature DC

In order to further characterise these actin condensations, normal immature DC plated 

onto fibronectin were stained for a number o f actin- associated proteins.

Vinculin was located in a ring around the actin core (Figure 3.1 b and arrows in inset, 

c), a pattern characteristic of podosomes. As found in transformed cells (Gavazzi et al, 

1989), tyrosine phosphorylated proteins co-localised with f-actin in DC podosomes 

(Figure 3.1 d-f), indicating that these structures are sites of active signalling. The Arp2/3 

complex is composed of seven proteins and nucleates new actin filaments, a function 

which is greatly enhanced by binding to WASp (see section 1.4.6). As WASp was 

shown to be necessary for their formation (see section 3.2), it was possible that actin 

polymerisation in podosomes may be mediated by the Arp2/3 complex. Therefore, 

Arp2/3 localisation was examined using an antibody against p34, one component 

protein of the complex. It was found that, in addition to diffuse cytosolic staining, 

Arp2/3 co-localised with f-actin in podosomes (Figure 3.1 g-i).

3.4 WAS immature DC lack podosomes

As vinculin, phosphotyrosine and the Arp2/3 complex were predominantly located in 

podosomes in normal immature DC, the distribution of these proteins in WAS DC was 

examined.
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Figure 3.2 WASp-nuII immature DC plated on to fibronectin lack podosomes 

and form abnormal lamellipodia

DC were stained with Tritc-phalloidin (a, d, g) or anti- vinculin (b), anti- 

phosphotyrosine (e) or anti- Arp2/3 (h) antibodies for confocal microscopy. Merged 

images are shown in panels c, f and i. WASp-null immature DC were characterised 

by diffuse f-actin distribution (a, d, g) with predominantly cortical actin staining 

(arrowhead in a). Podosomes were universally absent. Many cells exhibited a 

hyper-elongated morphology and formed abnormal lamellipodia randomly over the 

cell surface (arrows in a, d, g and insert in d). Although some vinculin foci were 

seen (arrows in b), the pattern of staining for vinculin (b), phosphotyrosine (e) and 

the Arp2/3 complex (h) was otherwise diffuse.

Scale bars represent 10 pm.
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While some vinculin patches were seen, which may represent focal complexes (arrows 

in Figure 3.2 b), the distribution of all three proteins was otherwise diffuse and no 

condensations resembling podosomes were seen. Therefore, in the absence of WASp, 

the actin- associated proteins usually present in podosomes do not assemble, suggesting 

that WASp acts as a platform to recruit and co-localise podosome component proteins.

3.5 WASp localises to podosomes in normal immature DC

In order to test this hypothesis, it was necessary to show that WASp is present in 

podosomes, at the site o f complex assembly. As an antibody suitable for 

immunofluorescence was unavailable, a plasmid expression vector encoding EGFP- 

WASp was microinjected into the nucleus of immature DC, as described in section 2.6. 

The integrity of this expression cassette has been validated in other studies (Introna et 

al, 1998; Gasperi et al, 1999).

The fusion protein was expressed 2-4 hours after injection and was located by confocal 

microscopy (Figure 3.3). DC were counterstained with Tritc-phalloidin to identify actin 

structures. Podosomes formed clusters (arrowheads in Figure 3.3 a, e) at the ventral 

surface of the cells (Figure 3.3 c, g).

Injection of a vector encoding EGFP alone resulted in a diffuse localisation o f EGFP 

protein with no specific co-localisation with f-actin in podosomes (Figure 3.3 b, d). In 

contrast, EGFP-WASp was clearly seen to co-localise with f-actin in podosomes (Figure

3.3 f, h). In addition, a perinuclear distribution of EGFP-WASp was seen.

The proportion of cells surviving after injection with EGFP-WASp was consistently 

lower than with EGFP and cells expressing high levels o f EGFP-WASp had a rounded 

morphology, occasionally containing clumps of actin (data not shown). This suggests 

that at high levels o f expression, WASp is toxic to DC.

3.6 Reconstitution of podosomes in WAS immature DC

To determine whether expression of WASp was sufficient to reconstitute podosomes in 

WAS-null DC, plasmid vectors encoding EGFP alone and EGFP-WASp were injected 

to immature WAS DC and cells were fixed and stained after 2-4 hours (see section 2.6).
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Figure 3.3 GFP-WASp fusion protein localises to podosomes in normal 

immature DC

Confocal images are shown in horizontal (a,b,e,f) and vertical (c,d,g,h) planes. In 

the vertical plane, cells appear upside down so that the ventral surface is 

uppermost. Tritc-phalloidin staining of microinjected normal DC is shown in left 

hand panels (a, c, e, g). Podosome clusters are indicated by arrowheads (a, e) and 

are ventrally positioned (c, g). Right hand panels show expression of EGFP (b, d) 

or EGFP-WASp (f, h). While EGFP was diffusely distributed within the 

cytoplasm (b, d), EGFP-WASp fusion protein in normal DC was concentrated at 

sites of podosome assembly (f, h and arrowhead in f).

Scale bars represent 10pm
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As in normal immature DC, EGFP was diffusely localised after expression (Figure 3.4 

b) and the f-actin cytoskeleton was unchanged (Figure 3.4 a), even in brightly 

fluorescing cells. In contrast, DC expressing higher levels o f EGFP-WASp, as judged 

by bright fluorescence, lost polarity and appeared as small rounded cells with poorly 

defined cytoskeletal features (data not shown). However, where EGFP-WASp was 

expressed at a low level of fluorescence, podosomes were formed (arrowhead in Figure

3.4 d). WASp and f-actin co-localised in these structures, which were normally 

positioned at the ventral cell membrane (Figure 3.4 f). In addition, broad lamellipodia 

were seen (arrow in Figure 3.4 c) indicating that a normal morphological phenotype had 

been restored.

3.7 Discussion

Despite the importance of cytoskeletal regulation in migration, the actin 

cytoarchitecture of DC remains virtually unexamined. In this chapter, normal immature 

DC are shown to rapidly adhere to fibronectin, spread and polarise forming broad 

leading edge lamellipodia and narrow trailing uropods, typical of motile cells. As 

described for monocytes and macrophages (Webb et al, 1996), stress fibres are not 

assembled although some actin cables are formed. In addition, linear vinculin-rich 

adhesion complexes are seen (see Figure 4.2), which more closely resemble the focal 

adhesions formed by fibroblasts than smaller focal complexes (Nobes & Hall, 1995; 

(Rottner et al, 1999). Despite their morphology, these structures are not found at the end 

of stress fibres in DC but are generally associated with filopodia and lamellipodia, and 

therefore may be more correctly classified as atypical focal complexes, as have been 

described in macrophages (Allen et al, 1998).

However, the predominant adhesion complexes assembled in normal immature DC are 

podosomes, which are distinguished by a ring o f vinculin surrounding an actin core. 

These structures, which account for a significant proportion of the f-actin pool in normal 

immature DC, are found at the ventral surface, and are generally located in clusters 

behind lamellipodia and especially at leading edges. The results presented here 

demonstrate that WASp is critical for the formation of DC podosomes. In addition, the 

Arp2/3 complex and WASp are shown to co-localise with f-actin in podosomes 

suggesting that actin polymerisation is a WASp/Arp2/3 mediated event in these
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Figure 3.4 WASp-null immature DC microinjected with a GFP-WASp fusion 

protein form podosomes and broad lamellipodia

Confocal images are shown in horizontal (a, b, c, d) and vertical (e, f) planes. 

Tritc-phalloidin staining of microinjected WASp-null DC is shown in left hand 

panels (a, c, e). Right hand panels show expression of EGFP (b) or EGFP-WASp 

(d, f). Expression of EGFP in WASp-null DC was diffusely distributed within the 

cytoplasm (b). In contrast, expression of EGFP-WASp fusion protein resulted in 

the appearance of podosomes at the substratum interface (c-f). In addition EGFP- 

WASp expressing cells were capable of forming broad lamellipodia (arrowhead 

in c), behind which the podosomes were located (arrowhead in d). A normal DC 

morphology was therefore reconstituted.

Scale bars represent 10pm
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structures. As in other cell types, tyrosine phosphorylated proteins are recruited to 

podosomes in normal immature DC, indicating that these are sites of active intracellular 

signalling. The identity of these proteins was not further investigated here, but it is 

likely that multiple signalling proteins are tyrosine phosphorylated during podosome 

assembly, and WASp itself may be included. Finally, their location at the ventral 

surface o f the cell supports a role in adhesion and motility.

In contrast, WAS immature DC adherent to fibronectin lack podosomes and fail to 

produce normal lamellipodia but demonstrate an abnormal cortical f-actin distribution. 

In the absence o f WASp other podosomal components do not assemble, supporting an 

hypothesis that this molecule functions as a platform to recruit other signalling proteins 

and to co-localise monomeric actin with the Arp2/3 complex for actin polymerisation. 

Reconstitution of WASp restores both podosome formation and a normal DC 

morphology, an important proof of principle for the future success of gene therapy in 

this disease. However, the toxicity seen at high levels of WASp expression will pose a 

challenge to therapy and may indicate that the endogenous WASp promotor is required 

to regulate protein expression.
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4 Investigating the control of podosome 

dynamics

4.1 Introduction

In Chapter 3, podosome formation was demonstrated to be dependent on WASp, which 

is known to initiate actin polymerisation through the Arp2/3 complex (see section 

1.4.6). Consistent with other reports that Arp2/3 localises to areas where actin 

polymerisation is in a dynamic state (Bi & Zigmond, 1999), this complex was also 

shown to be specifically located in podosomes in normal immature DC (see section 

3.3), suggesting that Arp2/3 mediates actin polymerisation downstream of WASp for 

podosome assembly.

Possible upstream regulators of WASp-mediated actin polymerisation include the Rho 

family of small GTPases (see sections 1.2.4, 1.4.3). Cdc42Hs, in particular, is important 

because direct interaction with WASp results in activation of the later protein (see 

section 1.4.6). In addition, a role for the Rho family in podosome regulation has been 

proposed, although to date results are confusing (see section 1.3.1). Therefore, the aim 

of the experiments presented in this chapter was to investigate the role o f Rho GTPases 

in the regulation of podosome dynamics in normal immature DC. This was done by 

microinjection of constitutively active (V I2) or dominant negative (N17) mutants or 

specific inhibitors. These mutants exert their effect by disruption o f the usual GDP -  

GTP cycling which regulates Rho protein activity (see section 1.2.4). V I2 proteins are 

generated using an amino acid substitution of Val for Gly at codon 12, which prevents 

intrinsic and GAP induced GTP hydrolysis (reviewed in Bishop & Hall, 2000). 

Constitutively active mutants therefore exist in a permanently GTP bound active state. 

In contrast, substitution o f Asn for Thr at codon 17 generates dominant negative 

mutants, which sequester GEFs, thereby preventing activation of endogenous wild type 

protein (Symons & Settleman, 2000). In addition to these mutants, C3 transferase, a 

ribosylating bacterial exoenzyme (Eichel-Streiber et al, 1996) is widely used to 

specifically inhibit Rho activity.
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4.2 Podosome assembly after plating on to fibronectin

In order to examine the dynamics o f podosome formation after adhesion, normal 

immature DC were plated to fibronectin coverslips and allowed to adhere and spread for 

10, 20 30 or 60 minutes. Samples were then fixed and labelled with Trite- phalloidin 

and anti-vinculin antibodies for confocal microscopy (see section 2.4).

By 10 minutes the majority of cells had already formed clusters of podosomes, complete 

with vinculin rings, which were generally located in the centre o f the cell or in rings 

around the centre (Figure 4.1 a-c). Over time, podosome clusters were redistributed 

within the cells and by 20 minutes DC had spread further and most clusters were found 

at the cell periphery (Figure 4.1 d-f). DC polarisation took place between 30-60 minutes 

after plating, by which time podosome clusters had relocated to cell poles (Figure 4.1 g- 

1). In cells where a leading edge was selected, podosome clusters were positioned just 

behind the leading lamellipodia (Figure 4.1 j-1), as described in section 3.2.

These data show that podosomes are formed rapidly when DC make contact with 

fibronectin. Podosome assembly and disassembly are highly dynamic processes, as 

evidenced by the relocation of clusters within 10 minute periods, which supports 

previous reports that podosomes have a short half life, estimated to be  ̂2-12 minutes 

(Stickel & Wang, 1987; Kanehisa et al, 1990).

4.3 The role of Rho GTPases in podosome assembly

The hypothesis tested in the following experiments was that Rho GTPases may play a 

role in the regulation of podosome assembly.

A number of difficulties were encountered in setting up microinjection experiments to 

study podosomes in immature DC. These included accurate identification of injected 

cells, controlling for the normal variation of podosomes in uninjected cells and the 

effects o f mechanical trauma caused by injection itself. The way in which these 

problems were dealt with, and resolved, is explained in the following section.

After the injection system had been optimised, normal immature DC were injected with 

dominant negative (N17) or constitutively active (V I2) forms of Cdc42Hs and R a d  or 

with C3 transferase. Although Rac2 is the predominant Rac isoform in haematopoetic
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Figure 4.1 The dynamics of podosome formation in normal immature DC

Confocal images of DC labelled with Tritc-phalloidin (a, d, g, j) and anti-vinculin 

antibody (b, e, h, k). Panels c, f, i and 1 represent merged images. DC were fixed 

and imaged 10 (a-c), 20 (d-f), 30 (g-i) and 60 (j-1) minutes after plating on to 

fibronectin. Podosomes (arrows in a, d, g and j) were rapidly formed and 

redistributed as DC adhered, spread and polarised. The scale bar represents 10 pm.
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cells, it shares 92% homology with R ad  (Ridley A.J., 1999) and differences between 

the experimental effects of Racl and Rac 2 have not been identified (Glogauer et al, 

2000).

4.3.1 Optimisation of the microinjection system

4.3.1.1 Identification o f injected DC

For microinjection experiments (see section 2.6), injected cells are distinguished by co

injection of a marker along with the treatment protein or DNA. Although Tritc-dextran 

is routinely used in our lab for identification of injected fibroblasts and Bacl.2F5 

macrophages this label was unable to distinguish injected and uninjected immature DC. 

One of the hallmarks o f immature DC is their ability for efficient macropinocytosis 

(Sallusto et al, 1995). During microinjection a small amount of liquid is continuously 

emitted from the needle in between the specific injection of cells. Therefore, Tritc- 

dextran was continuously released into the medium of the injection dish and although 

the concentration in the medium was small relative to that in a freshly injected cell, as 

judged by fluorescence intensity, the efficiency o f macropinocytosis resulted in the dye 

being rapidly taken up and concentrated by all DC (data not shown). It was 

subsequently impossible to accurately detect a difference between cells that had been 

injected and those that had actively internalised the dextran label.

Injected cells were therefore identified by injection with Rabbit IgG, which was labelled 

after fixation with a Fite conjugated anti-rabbit IgG and examined by confocal 

microscopy (Figure 4.2). Uninjected immature DC had a low fluorescence and therefore 

did not appear to bind or internalise significant amounts of this marker, which was 

subsequently co-injected with the protein of interest for cell identification. Tritc- 

phalloidin staining was used to visualise the cytoskeleton of injected cells.

4.3.1.2 Controlling for intrinsic variation in the proportion o f DC with podosomes

Although, in general between 60-80% of immature DC plated to fibronectin formed 

podosomes, variation was seen between different DC cultures (compare experiment 1, 

2, 4 and 5 of Figure 4.3). Less variation occurred between multiple coverslips plated
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Figure 4.2 Microinjection of rabbit IgG identifies injected cells

Confocal images showing normal immature DC, plated on to fibronectin, after 

microinjection with rabbit IgG. Tritc-phalloidin (a) was used to label all cells in the 

field, while rabbit IgG, counterstained with Alexa 488nm goat anti-rabbit IgG (b), 

readily identified injected cells. The images were taken at x20 magnification and 

the scale bar represents 100 pm.
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Figure 4.3 Mechanical disruption of podosomes

The percentage of normal immature DC with podosomes before (uninjected bars), 10 

minutes, and 60 minutes after micro injection with rabbit IgG are shown. Different 

DC cultures were used for each experiment except experiments 2 and 3. Experiments 

1-3 used needles pulled to 0.4pm with a computer controlled electrode needle puller, 

while 0.5pm Eppendorf Femtotip needles were used for experiments 4 and 5. The 

percentage of uninjected normal immature DC plated on fibronectin with podosomes 

varied from culture to culture (uninjected bars). Microinjection of rabbit IgG, 

resulted in a significant disruption of podosomes 10 minutes after injection (p<0.05 

for all experiments, by Chi squared analysis). Recovery of podosomes to near pre

injection levels occurred by 60 minutes after injection.
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from a single DC culture (compare experiments 2 and 3 of Figure 4.3). In order to 

control for inter-culture and inter-coverslip variation, at least 100 uninjected cells from 

multiple different fields on each coverslip were scored for the presence or absence of 

podosomes. The percentage o f injected and uninjected DC with podosomes was 

calculated for each coverslip. For the purpose o f comparing between coverslips, the 

percentage of iminjected cells with podosomes was normalised to 100%. The percentage 

of injected cells with podosomes on the same coverslip was then adjusted by the same 

factor to conserve the proportional difference in podosome assembly between 

uninjected and injected groups. For example, if  80% of uninjected cells and 40% of 

injected cells on the same coverslip had podosomes, the uninjected sample was 

normalised to 100% by multiplying 80% by a factor o f 1.25. The percentage of injected 

cells with podosomes was then adjusted to 50% (40% x 1.25) and the significance o f the 

difference between groups was analysed using the Chi squared test.

4.3.1.3 M echanical disruption of podosomes

It was observed that injection o f Rabbit IgG alone resulted in the loss of podosomes in a 

significant proportion o f injected cells, if  the cells were fixed and stained 10 minutes 

after injection (Figure 4.3 and 4.4 a, b). This is likely to be due to mechanical 

disturbance of the DC by the process o f injection. Although the degree of disruption 

varied from needle to needle, it remained typically in the 40-60% range when needles 

were pulled with a computer controlled electrode puller to 0.4 pm (see experiments 1-3 

in Figure 4.3). For some experiments pre-pulled Eppendorf Femtotip needles with a tip 

diameter o f 0.5 pm were used. These generally resulted in 30- 40% disruption at 10 

minutes (see experiments 4 and 5 in Figure 4.3). Where possible, a single needle was 

used for each treatment in one experiment.

Regardless of the variation in mechanical podosomal disruption, recovery of podosomes 

always occurred by 30 -  60 minutes after injection (Figure 4.4 c-f), usually to a level 

comparable to iminjected control cells (Figure 4.3). Owing to the repeatability o f this 

pattern, recovery over 60 minutes after mechanical disruption was used as a 

measurement o f podosome assembly.
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Figure 4.4 Podosome recovery in normal immature DC after microinjection

Confocal images showing DC plated on to fibronectin, 10 to 60 minutes after 

microinjection with Rabbit IgG, counterstained with Alexa 488nm goat anti-rabbit 

IgG (a, c, e). F-actin is labelled with Tritc-phalloidin (b, d, f). Loss of podosomes 

was seen by 10 minutes post injection (b), with recovery of normal immature DC 

cytoarchitecture by 30 -  60 minutes (d, f).

Scale bars represent 10 pm.
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4.3.1.4 Verifying the activity of m utant proteins

In order to ensure activity, all treatment proteins were injected into CSF-1 starved 

Bacl.2F5 cells (see section 2.2,5), which round up in these conditions, and have well 

characterised responses to the mutant Rho-GTPases used for these experiments (Allen 

et al, 1997; Allen et al, 1998). After injection, V12Cdc42Hs rapidly induces filopodia 

and V12Racl induces lamellipodial formation, while the N17 mutants inhibit the 

formation of these structures on re-addition of CSF-1 to the culture medium after 

injection. C3 transferase, by inhibiting the contractility effect o f Rho, induces cell 

spreading. All proteins injected produced the expected effects when tested in Bacl.2F5 

cells at the same concentrations used for DC experiments.

4.3.2 Injection of Rho GTPases into normal immature DC

Dominant negative N17Cdc42Hs or N17Racl, constitutively active V12Cdc42Hs or 

V12Racl and C3 transferase were injected into immature DC adhered to a fibronectin 

substratum. As expected, podosomes were disrupted by injection and reformed over a 

period of 1 hour after injection, by which time they had recovered both in number and 

distribution (Figure 4.5 a). N17Cdc42Hs injected cells lost cell polarity (Figure 4.5 b) 

and exhibited peripheral ruffling (arrowheads in Figure 4.5 b) similar to that seen in 

BaC1.2F5 cells. In addition the reassembly of podosomes was inhibited in many cells 

(Figure 4.5 b) and where present, they were usually arranged in a non-polar distribution 

(data not shown). DC injected with V12Cdc42Hs developed a characteristic stellate 

morphology (Figure 4.5 c) with multiple non-polar filopodia and protrusions (arrows in 

Figure 4.5 c). Podosomes, confirmed by vinculin staining, were present but instead of 

being distributed in clusters, they were diffusely dispersed at the ventral surface 

(arrowheads in Figure 4.5 c) suggesting that their location rather than their formation 

was disturbed. N17Racl did not disturb polarity but did inhibit podosome reformation 

(Figure 4.5 d). Multiple spikes resembling filopodia were seen in some N17Racl 

injected cells (Figure 4.5 d). Time-lapse imaging would be required to definitively 

identify these structures as filopodia and not retraction fibres, which are seen in some 

DC after injection. In contrast, V12Racl had no effect on cell morphology or podosome 

reassembly and distribution (Figure 4.5 e). Finally, C3 transferase produced marked 

spreading and arborisation (Figure 4.5 f  and data not shown). In addition, podosome 

assembly was inhibited (Figure 4.5 f).
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Figure 4.5 Rho-family proteins control podosome assembly and distribution 

in normal immature DC

DC were fixed 30-60 minutes after microinjection with IgG (a), N17Cdc42Hs (b), 

V12Cdc42Hs (c), NlTRacl (d), V12Racl (e) or C3 transferase (f), and stained 

with Tritc-phalloidin for confocal microscopy. The morphology of DC injected 

with IgG (a) was indistinguishable from uninjected cells. N17Cdc42Hs resulted in 

a loss of polarity, excessive membrane ruffling (arrowheads in b) and loss of 

podosomes (b). Microinjection of V12Cdc42Hs (c) stimulated filopodial extension 

around the periphery of the cell (arrows in c) resulting in a characteristic stellate 

morphology. There were generally fewer podosomes (arrowheads in c) and 

clustering of podosomes was inhibited. Some cells injected with N17Racl (d) 

formed filopodial-like extensions (arrowhead in d) but lacked podosomes. In 

contrast, V12Racl injection caused no morphological change and normal 

podosome distribution was retained (e). Injection of C3 transferase (f) resulted in 

cell spreading (arrowheads in f) and podosomes were absent.

Scale bars represent 10p.m.
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The effects of the Rho-GTPases on podosome reassembly, compared with IgG injected 

controls, are represented in Figure 4.6. Injection of IgG resulted in podosome disruption 

with recovery over 60 minutes to levels, which were generally comparable with 

uninjected controls. In contrast injection of NI7Cdc42Hs (Figure 4.6 a), N17Racl 

(Figure 4.6 d) and C3 transferase (Figure 4.6 f) resulted in a significant inhibition of 

podosome reassembly when compared to IgG controls (p< 0.01, p< 0.05 and p< 0.01 

respectively at 60 minutes after injection). V12Cdc42Hs did not significantly inhibit 

podosome reassembly (Figure 4.6 b) but did significantly inhibit the localisation of 

podosomes in clusters (Figure 4.6 c), (p< 0.01 at 60 minutes post injection). In contrast 

V12Rac had no effect on podosome assembly (Figure 4.6 e).

4.4 Discussion

Podosomes are highly dynamic structures, formed rapidly after adherence and 

redistributed as cell morphology alters (see section 4.2). The virtually synchronous 

occurrence of adherence and podosome assembly supports a role for podosomes in DC 

adhesion. However, the specific redistribution of clusters to cell poles and leading 

edges, as DC polarise, suggests an important role during cell motility. Although these 

experiments have the limitation of only capturing podosome remodelling as still frames 

at given points in time, it seems likely that podosomes are assembled and disassembled 

at the leading edge as forward protrusion takes place. To fully address this possibility, 

real time images of podosome dynamics, for example using GFP-actin expression, are 

required.

The rapid turnover o f podosomes makes them ideal structures for studying dynamic 

actin polymerisation. This feature is exploited in the microinjection experiments 

described in section 4.3.2. Although microinjection mechanically disrupts podosomes, 

recovery occurs within 30-60 minutes providing a measurement o f assembly. Using this 

experimental system, it was found that inhibition of any one o f Cdc42, Rac or Rho 

inhibited podosome re-formation after mechanical disruption, leading to the conclusion 

that all three proteins are involved in podosome assembly. In addition, Cdc42 was 

shown to be important for DC polarity and for the localisation of podosomes into 

clusters.
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Figure 4.6 Microinjection of N17Cdc42Hs, N lTR acl or C3 transferase inhibits 

podosome assembly in normal immature DC

In normal DC, microinjection of control rabbit IgG protein caused partial disruption 

of podosomes and progressive recovery over 60 minutes (a-f). Injection of 

N17Cdc42Hs (a), N17Racl (d) or C3 transferase (f) significantly inhibited 

podosomal recovery. In contrast, V12Cdc42Hs did not affect podosome reassembly 

(b) but did inhibit localisation into clusters (c). Podosome recovery occurred 

normally in V12Racl injected cells (e). Data were analysed using the Chi-squared 

test. Significant differences between IgG and recombinant protein injected cells are 

indicated by stars. 2 (%) stars represent p<0.01 and 1 star (*) represents p<0.05. Each 

graph displays the combined data from two experiments and each bar represents an 

average of 102 injected cells.

For (a), (b) and (d)-(f), the y axis represents the percentage of cells with podosomes, 

but in (c) the percentage of cells with podosome clusters is displayed.
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The question arising from these results is whether Rho GTPase regulation of podosomes 

dynamics is mediated through WASp. As Cdc42 is known to bind to WASp, a direct 

interaction for podosome regulation is most likely. Explaining the requirement for Rac 

is more complicated as the evidence for a direct Rac/WASp interaction is weak 

(Aspenstrom et al, 1996; Kolluri et al, 1996; Symons et al, 1996). Although it remains 

possible that Rac binds to WASp in vivo, possibly favoured by a prior conformational 

change in WASp, an indirect effect is favoured by current evidence (see section 8.3.1). 

Rho does not directly interact with WASp, but has been shown to regulate 

WASp/Arp2/3 induced actin polymerisation in the formation of phagosomes during 

complement (CR3) receptor mediated phagocytosis (May et al, 2000). While this is 

likely to be an indirect effect, other components of the pathway remain to be identified.

Finally, it is possible that Cdc42 not only initiates WASp/Arp2/3 actin polymerisation 

during podosome assembly, but also sequentially activates Rac and Rho as previously 

demonstrated in the regulation of the actin cytoskeleton in fibroblasts (Nobes & Hall, 

1995). In addition, Cdc42 has been shown to restrict Rac and Rho effects to the leading 

edges of motile fibroblasts during wound healing (Nobes & Hall, 1999). In a similar 

fashion, active Rac and Rho may be localised by Cdc42 to sites o f DC podosome 

formation. As Cdc42 also regulates cell polarisation in myeloid cells (Allen et al, 1998), 

this hypothesis would provide an explanation for the observation that podosomes are 

specifically redistributed to cell poles and leading edges as DC polarise.
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5 Migration of Normal and WAS immature 

DC

5.1 Introduction

Migration is central to the function o f DC both to initiate immune responses and 

possibly to maintain tolerance. DC migration from non-lymphoid tissues is promoted by 

inflammatory mediators and predominantly coordinated by chemokines, recognised by 

receptors on the cell surface, which are attenuated during maturation (see section 

1.1.4.5). Attenuation of chemokine and chemokine receptor pairs is likely to be critical 

for the exit o f immature DC from peripheral tissues and for entry of mature DC to T-cell 

areas o f lymph nodes.

The obstacles posed by in vivo studies have led to the widespread use o f in vitro systems 

to study human DC migration. A number o f in vitro assays of leucocyte chemotaxis are 

well established (reviewed in Wilkinson, 1998). Most widely used are the Boyden 

chamber and other transwell systems. These methods are based on measuring migration 

o f cell populations through a thin (10pm) polycarbonate micropore filter, on one side of 

which a chemoattractant is placed. In general, cells migrating through pores adhere to 

the underside of the membrane and are quantified. Technically, a number o f difficulties 

arise. Firstly, the gradient established across such a short distance does not provide 

much opportunity for cell response and the gradient itself cannot be quantified and is 

unstable. Secondly, cells which are responding to the chemoattractant but have not 

reached the underside of the filter are not accounted for and thirdly, it can be difficult to 

differentiate cells adherent to the upper and undersides o f the membrane. Finally, not all 

methods account for cells that detach from the underside of the membrane and drop into 

the lower chamber. Despite these drawbacks, the main disadvantage of these systems is 

that cell behaviour is not directly observed. Therefore chemotaxis is indirectly implied 

by an increase in the number of cells adhering to the underside of the filter in response 

to a chemoattractive agent, in comparison with a control. As this can result simply from 

an increase in cell speed induced by a chemical substance (chemokinesis), chemokinesis 

and true chemotaxis are hard to distinguish. To address this problem, a leading front 

assay with checkerboard analysis was devised (Zigmond & Hirsch, 1973), which
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measures the distance travelled through a thick (120pm) filter by the leading two or 

three cells in a cohort. Thus, cell velocity in a range of concentrations of 

chemoattractant can be calculated and compared with the velocity expected for 

chemokinesis alone. Despite its improved accuracy, the leading edge assay is not widely 

reported in the DC literature and instead most groups have employed the more 

convenient and commercially available multi well transwell assays.

In contrast with these systems, the Dunn Chamber, allows direct visualisation of cell 

locomotion (Zicha et al, 1991). The chamber comprises two concentric wells ground 

into a glass slide, separated by an annular bridge (Figure 5.1). Medium is placed in the 

inner well, medium plus chemoattractant in the outer well, and a coverslip with adherent 

cells is inverted over the chamber and sealed with wax. For molecules with a mass 

between 10-30 kD, a linear diffusible chemotactic gradient is established across the 

bridge within 20 minutes and is stable for up to 24 hours (Zicha et al, 1991). Cell 

locomotion is recorded using time-lapse microscopy with standard phase contrast 

optics, allowing analyses of single cell behaviour. Cell speed, polarity, and directional 

motility can be examined so that chemokinesis and chemotaxis are separately recorded. 

The Dunn Chamber has been used for studies o f chemotaxis in cell lines and primary 

cells (Webb et al, 1996; Zicha et al, 1998), but the single report on primary human DC 

was limited to the qualitative study of motility and not chemotaxis (Binks et al, 1998).

Normal cell motility requires active rearrangement o f actin cytoskeleton (see section 

1.2). The presence of cytoarchitectural defects in WASp-null haematopoietic cells 

highlights the importance o f WASp for cytoskeletal regulation (see section 1.5.3). 

Functionally, chemotactic defects have been reported for WAS myeloid cells, including 

monocytes and macrophages (Badolato et al, 1998; Zicha et al, 1998). While WASp- 

null DC show severely restricted translocation (Binks et al, 1998), chemotaxis in these 

cells remains unexamined. The aims of the experiments described here were to further 

qualify the motility defect o f WAS immature DC and compare chemotactic responses 

between normal and WAS immature DC, using the Dunn Chamber.
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Figure 5.1 The Dunn Chemotaxis Chamber

The Dunn Chamber is made of two concentric wells ground into a glass 

slide, separated by an annular bridge. Both wells are initially filled with 

medium and a coverslip with adherent cells is inverted over the chamber 

so that a small filling slit is left between the edge of the outer well and the 

coverslip. While holding the coverslip in this position, medium is 

removed from the outer well with absorbent filter paper and replaced, 

using a fine pipette, with medium plus chemoattractant through the filling 

slit. All edges of the coverslip are painted with molten wax to seal the 

chamber, which is then placed on a microscope stage, heated to 37°C. For 

molecules with a mass between 10-30 kD, a linear diffusible chemotactic 

gradient is established across the bridge within 20 minutes and is stable 

for up to 24 hours. Cell locomotion is recorded using time-lapse 

microscopy with standard phase contrast optics.
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5.2 Validating the Dunn Chamber for measurement of 

chemotaxis in primary cells

In order to demonstrate that the Dunn Chamber is a reliable device for measurement of 

chemotaxis of primary cells, neutrophils were obtained from peripheral blood (see 

section 2.2.4) and plated to glass coverslips at a concentration of 2x10^^001  ̂ per 

coverslip. After 30 minutes adherence, two Dunn Chambers were assembled (see 

section 2.5.2) with culture medium in the inner well and either medium or medium plus 

FMLP 10'^ lU in the outer well. The chambers were run in parallel and images were 

taken at intervals o f 1 minute for 60 minutes.

In the absence of chemoattractant, neutrophils translocated with a speed of 126.6pm/hr 

(Figure 5.2 a) in random directions (Figure 5.2 b, c). In the presence of FMLP, the 

average cell speed increased to 390pm/hr (Figure 5.2 d) and chemotaxis, defined as a 

significant number of cells migrating in the direction of the chemoattractive stimulus 

was observed (Figure 5.2 e, f).

5.3 Using the Dunn chamber for analysis of DC chemotaxis

As previous experiments examining immature DC motility in the Dunn Chamber were 

limited to studies o f translocation (Binks et al, 1998), optimisation of the system was 

required for analysis o f chemotaxis. RANTES was selected as the chemokine o f choice 

as it is has been well documented to initiate chemotaxis of immature DC in transwell 

systems (see section 1.1.4.5). RANTES is recognised by the CCR5 receptor, which is 

expressed on immature DC but downregulated rapidly by maturation (Lin et al, 1998; 

Sozzani et al, 1998).

For initial experiments, immature DC were plated onto glass coverslips and incubated 

overnight at 37°C/5% CO2 in culture medium with GM-CSF and IL4, prior to Dunn 

chamber assembly. As many DC detached from a glass surface by 24 hours, fibronectin 

coating was used in preference. DC plated on to fibronectin adhered within 10 minutes, 

polarised within 1 -2 hours and maintained this morphology for at least 24 hours.
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Figure 5.2 ctd

Speed plots (a, d) show the average cell speed in pm/minute over time and report an average cell speed for the whole time of recording. The track 

plot (b, e) is a vector diagram showing the x and y displacement of cells during the time of recording. A red dot represents the final location of an 

individual cell originating at the point of intersection of x and y axes. A black line represents the path taken by an individual cell to arrive at its 

final position. The track (b, e) and horizon (c, f) plots are orientated so that the position of the outer well o f the Dunn Chamber (and therefore the 

direction of chemoattraction where present) is vertically upwards. The horizon plot represents the direction o f cell movement at a specified distance 

from the point of origin (10pm in this case). Each cell that translocates this distance away from the point o f origin is included and the size of 

individual radial bars is proportional to the number of cells moving in the direction indicated by that bar. A Rayleigh test is used to examine the 

directional significance o f motility.

In the absence o f chemoattractant, the average cell speed, shown in the speed plot (a), was 2.1 Ipm/min and speed did not vary significantly over the 

60 minutes o f recording. Although some individual cells translocated up to almost 200pm, many remained close to their starting point (b) and 

chemotaxis was not seen (c). In contrast in the presence of FMLP, neutrophils demonstrated chemokinesis with an average cell speed of 6.5pm/min

(d). The average cell speed decreased over time, which may represent an attenuation of chemokine receptor expression or impaired cell function as 

a result o f falling nutrient or CO^ levels, which can occur in the limited medium volume of the chamber when cells have a high metabolic rate. The 

high cell speed is also seen in the distance moved by individual cells (e), the vast majority o f which move towards the chemoattractant source (e), 

resulting in significant chemotaxis (f).
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Figure 5.2 Neutrophils demonstrate a chemotactic response to FMLP

Normal neutrophils were plated on to 11 bronectin-coated coverslips and Dunn 

Chambers were assembled. After recording, time-lapse images were shown as a 

movie and individual cells were tracked visually using a superimposed mouse 

pointer. Mathematica software was used to analyse these results and speed (a. d), 

track (b, e) and horizon (c, 0  plots were generated.

Legend continued on opposite page.
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5.3.1 Choosing an optimal RANTES concentration

In transwell experiments, a concentration of 1 OOng/ml RANTES stimulates chemotaxis 

of immature DC (Lin et al, 1998). In order to achieve this concentration in the middle of 

the Dunn Chamber bridge, an outer well concentration of 200ng/ml is required. To 

select the optimal chemokine concentration for this system, 100, 200 or 500ng/ml 

RANTES was placed in the outer well and compared with medium alone for 

chemokinesis and chemotaxis. Immature DC were harvested and for all Dunn Chamber 

experiments, immaturity was confirmed by low surface expression of CD86 using 

FACS analysis, before plating on to fibronectin-coated coverslips overnight, in 

preparation for Dunn Chamber assembly (see sections 2.3 and 2.5.2).

Although DC translocated both in medium and at all concentrations of RANTES 

(Figure 5.3 a-d), neither chemotaxis (Figure 5.3 e-h) nor chemokinesis were observed 

(Figure 5.3 i).

5.3.2 Replating induces DC maturation

The failure to elicit chemotaxis or chemokinesis o f immature DC with RANTES was 

surprising, as it is well described that immature DC express CCR5 (see section 1.1.4.5). 

However, downregulation occurs rapidly on maturation, an effect which is maximal 

after 4 hours incubation with CD40L (Sozzani et al, 1998). As mechanical stimuli, such 

as pipetting, can initiate DC maturation (Gallucci et al, 1999) the possibility that DC 

were maturing, implying a loss of CCR5 expression, during overnight plating was 

examined. Immature DC were harvested (see section 2.2.2) and replated to plastic tissue 

culture wells for 24-72 hours before collection for phenotyping. The expression of 

maturation markers was compared between cells directly after harvest and after harvest 

plus replating. EPS induced maturation was used as a positive control.

The addition of 50 ng/ml EPS to DC replated after harvest provided a strong maturation 

stimulus and resulted in an increase in CD86, CD83 and CD25 expression by 24 hours 

(Figure 5.4 a). The subsequent increase seen at 48 and 72 hours was not a consistent 

finding. Although the magnitude of effect was less than seen with EPS, harvest and 

replating alone also resulted in a significant increase in the percentage of cells
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Figure 5.3 Immature DC do not chemotax to RANTES after overnight plating

Normal immature DC were plated overnight on to fibronectin-coated coverslips and 

Dunn Chambers were assembled with either medium (a, e) or RANTES 1 OOng/ml 

(b, f). 200ng/ml (c, g) or 500ng/ml (d, h) in the outer well. Although translocation 

was seen in all cases (a-d), at no concentration was chemotaxis observed (e-h). The 

average cell speed was higher at 100 ng/ml and 500 ng/ml RANTES, but a pattern 

resembling chemokinesis was not seen (i).

The plots shown represent combined data from 3 experiments.
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Figure 5.4 Replating induces maturation

Normal immature DC were harvested on day 6 of culture and replated to tissue 

culture wells for 24, 48 or 72 hours, with or without the addition of LPS 50ng/ml (a). 

Cells were then collected and examined for the surface expression of maturation 

markers. Although less effective than LPS, replating alone supplied a maturation 

stimulus sufficient to induce an upregulation of the activation marker CD86, which 

increased over time of replating. To further investigate this observation, normal 

immature DC were harvested on day 6 of culture and replated on to fibronectin- 

coated coverslips for short periods up to 6.5 hours. Cells were again collected and 

analysed by FACS as above. Even after periods of replating as short as 3.5 hours, 

CD86 expression was significantly upregulated (p<0.001, Chi Squared analysis).
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expressing CD86 by 24 hours (p<0.001 by Chi squared analysis) (Figure 5.4 a). This 

further increased by 48 and 72 hours; however, there was no increase in the percentage 

o f cells expressing CD83 or CD25.

As replating induces maturation, it was decided to reduce the time of plating for future 

Dunn Chamber experiments. In order to optimise the time o f plating, DC were plated to 

fibronectin-coated coverslips for periods of time from 2 to 6.5 hours and subsequently 

scraped off and phenotyped for activation markers. Although at 2 hours CD86 

expression was similar to pre-plating levels, a significant increase in the percentage of 

cells expressing CD86 was seen by 3.5 hours (p<0.001 by Chi squared analysis) (Figure

5.4 b). In addition, as DC take 1-2 hours to polarise fully on fibronectin coated 

coverslips, 2 hours after plating was taken as the optimal time point for Dunn Chamber 

assembly, and used for subsequent experiments.

5.3.3 RANTES effects after short replating times

After optimising the time of replating, the effect of RANTES on immature DC was re

examined. Immature DC, were assembled in Dunn Chambers with medium or RANTES 

at concentrations of 100, 200 or 5OOng/ml in the outer well. In order to compare the 

conditions, cells from a single culture were harvested and plated on the same day. As 

only two Dunn Chambers could be run in parallel, the DC run in medium and at 

200ng/ml RANTES were plated for 2 hours prior to assembling Dunn Chambers but the 

cells run in 100 and 500ng/ml RANTES were plated for 7 hours before use.

As described after overnight plating, immature DC translocated well under all 

conditions (Figure 5.5 a-d). The speeds o f parallel experiments were similar but a 

difference was seen between chambers assembled after 2 and 7 hours (Figure 5.5 e). 

This is more likely to be as a result o f factors other than the RANTES concentration, 

including the difference in replating times. Chemokinesis was not observed, as the 

average cell speed in medium alone was similar to that in the parallel chamber 

containing RANTES 200 ng/ml. However, chemotaxis was recorded at an outer well 

concentration of 200ng/ml RANTES (p<0.004 by Chi squared analysis) (Figure 5.5 f-i).

Despite this encouraging result, chemotaxis was not reliably repeatable in subsequent 

experiments (Figure 5.6).
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Figure 5.5 Immature I)C chemotaxis to Rv\M  FS after short repiating times

Normal immature DC were harvested on day 6 o f culture and replated to 

fibronectin-coated coverslips for short periods o f time (2 hours for (a) and (c) and 

7 hours for (b) and (d)). Dunn Chambers were assembled with medium (a, f) or 

RAN TFS 1 OOng/ml (b, g), 200ng/ml (c, h) or 500ng/ml (d, i) in the outer well, 

franslocation was seen under all conditions (a-d). Although the average cell speed 

was higher at 1 OOng/ml and 5OOng/ml RAN'I FS, a pattern consistent with 

chemokinesis was not observ ed. Chemotaxis was seen at 200ng/ml RANTFS only 

(f-i).
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Figure 5.6 Chemotaxis of immature DC' to RANTES is not reliably reproduced

Normal immature DC were harvested on day 6 o f culture and replated to 

fibronectin-coated coverslips for 2 hours before Dunn Chamber assembly with 

either medium (a. b) or RAN ITS 200ng/ml (c, d) in the outer well. Although 

translocation was observed (a. c), chemotaxis did not occur (b, d).
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5.3.4 Analysis of CCR5 and CXCR4 expression by normal DC

Given the lack of a reliable response to RANTES, FACS analysis was used to test for 

the presence of CCR5 on the surface of immature DC (see section 2.3). Although the 

level o f CCR5 expressed varied between individuals, in general, levels o f less than 20% 

were observed (Figure 5.7 a). As CCR5 expression is attenuated by maturation, the 

correlation between CCR5 and CD86 was examined. However, even cultures with 

lower CD86 expression had a similarly small percentage of cells expressing surface 

CCR5.

As LPS-matured DC are terminally differentiated, and therefore may represent a more 

homogeneous population than immature DC, their suitability for use in Dunn Chamber 

experiments was investigated. In transwell experiments, mature DC chemotax to SDF- 

la , which interacts with CXCR4 expressed on the cell surface (see section 1.1.4.5). 

However, mature DC populations were also heterogenous with only low percentages of 

cells expressing CXCR4 (Figure 5.7 b). Therefore mature DC chemotaxis was not 

pursued further.

5.3.5 GM-CSF, TNFa and FMLP stimulate chemokinesis of normal 

immature DC

As, on the basis o f surface CCR5 expression, only a small proportion of DC were likely 

to respond to RANTES, other potential chemoattractants of normal immature DC were 

sought. Ideally, a suitable chemoattractant would be recognised by a receptor expressed 

on the surface of all DC. Because chemokine receptors undergo attenuation with 

maturation of DC, three non-chemokine molecules were tested for chemotactic 

properties. Firstly, GM-CSF was selected since all monocyte-derived DC depend on this 

for differentiation, in a similar fashion to the requirement of Bacl.2F5 macrophages for 

the growth factor CSF-1, towards which they also chemotax (Webb et al, 1996). 

Secondly, TNFa was examined, as this has been shown to induce Langerhan cell 

migration fram skin in vivo (Cumberbatch & Kimber, 1992) and finally, FMLP was 

tested, because this is a known chemoattractant for immature DC (Sozzani et al, 1995).

Dunn Chambers were assembled with GM-CSF (lOOOIU/ml), TNFa (1 OOng/ml) or 

FMLP (10‘7IU/ml) in the outer well. In all cases, these molecules initiated chemokinesis
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Figure 5.7 Normal DC are heterogeneous in chemokine receptor expression

Immature DC were examined for surface expression of CCR5 using FACS analysis

(a). Typically, less than 20% of a single culture population of DCs expressed CCR5, 

even in cultures where a low percentage of cells expressed the maturation marker 

CD86. In addition, mature DC, cultured for 24 hours in 50ng/ml LPS, were analysed 

for surface expression of CXCR4. Despite high levels of CD86, indicating maturity, 

only a low percentage of DCs expressed CXCR4 (b).
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(Figure 5.8 a) but not chemotaxis (Figure 5.8 b-e). WAS DC were also capable of 

chemokinesis (Figure 5.8 a).

5.4 Comparison of normal and WAS immature DC motility

Although it was not possible to demonstrate chemotaxis in the Dunn Chamber system, 

DC translocation could be examined in detail. When observed by time-lapse 

microscopy, normal DC (Figure 5.9 a and supplemental data 1 a) migrated by 

lamellipodial protrusion, selection of a persisting leading edge (arrows in Figure 5.9 a), 

and uropod retraction (arrowheads in Figure 5.9 a) resulting in net cell translocation. In 

contrast, WAS DC (Figure 5.9 b amd supplemental data 1 b) exhibited bipolar 

extension, but appeared unable to select a leading edge, retract either pole or achieve net 

directional translocation (Figure 5.9 b). As in fixed cells, lamellipodia appeared 

dysmorphic, and were poorly sustained (arrows in Figure 5.9 b).

5.5 Discussion

Analysis of cell migration using the Dunn Chamber has clear advantages over other 

systems such as transwells and Boy den Chambers, as chemotaxis and chemokinesis can 

be easily distinguished and individual parameters o f cell motility can be studied. 

However, few cells are studied in a single experiment, which means that a higher 

proportion of the study population must respond to a stimulus for significant chemotaxis 

to be recorded. In cell lines, ubiquitous expression of a single chemoattractant receptor 

can be achieved, but primary cells are heterogeneous by nature. Despite this, neutrophil 

chemotaxis can be easily demonstrated in the Dunn Chamber, as can primary 

macrophage chemotaxis to CSF-1 (Zicha et al, 1998). The heterogeneity of monocyte- 

derived DC is augmented by maturation, which can be initiated by small insults, such as 

the mechanical disturbance o f pipetting (Gallucci et al, 1999). Such perturbations alter 

both the function and chemotactic properties o f DC (see sections 1.1.4.4 and 1.1.4.5, 

also reviewed in Lindhout et al, 2001).

The experiments described in this chapter demonstrate how these factors require 

consideration in setting up an experimental system to study migration. The first problem 

encountered was the onset of DC maturation after harvest and replating. Although this
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Figure 5.8 GMCSF, TNFa and FMLP induce chemokinesis of immature DC

Nonnal immature DC were plated on to fibronectin-coated coverslips for assem
bly in Dunn Chambers with either medium (b), ( jMCSF (c), TNFa (d) or FMLP
(e) in the outer well. All three reagents were chemokinetic (a), but not chemotac
tic (b-e). WASp null immature DC also responded to a chemokinetic stimulus (a).



Figure 5.9 Translocation of Normal and WAS immature DC'

Normal (a) or WAS (b) DC' were plated to fibronectin-coated coverslips for 2 hours 

before Dunn Chambers were assembled, with medium in the outer well. Time- 

lapse images were taken at 10 minute intervals for 300 minutes and played back as 

a movie. Normal DC polarised and randomly translocated over the substratum. Net 

translocation was achieved by protrusion o f a broad and stable leading edge 

lamellipodium (arrows in a) and retraction o f a fine uropod (arrowheads in a). In 

contrast, many WAS DC elongated to an extreme degree but failed to form 

persistent broad, lamellipodia or to select a leading edge or uropod. Small, 

transient extensions were formed randomly around the cell peripheiy (arrows in b) 

and net cell translocation over the substratum was severely compromised.

Scale bars represent 10 pm. Frames show 60 minute intervals.
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provides a weak maturation stimulus in comparison with the addition o f LPS to 

cultures, CD86 expression is significantly altered within a few hours of harvest and 

replating. Replating for short periods of time reduces the problem posed by DC 

maturation, but is unlikely to completely eradicate the problem of ensuing chemokine 

receptor attenuation.

In contrast with transwell and Boyden assays (Dieu et al, 1998; Lin et al, 1998; Sozzani 

et al, 1998), chemotaxis to RANTES was not reliably demonstrated using the Dunn 

Chamber, despite measures taken to minimise DC maturation. This may be explained by 

the fact that filter systems measure migration of bulk populations, so that movement of 

small percentages of the population result in significant outcomes. Indeed, in one study 

only 20% of DC typically migrated in transwells, despite surface expression of an 

appropriate chemokine receptor on over 75% of cells, as determined by FACS analysis 

(Lin et al, 1998). In contrast, the Dunn Chamber system directly monitors small 

numbers o f cells per experiment (approximately 20 DC) so that a high percentage of the 

cell population must respond to a stimulus for significant chemotaxis to be recorded. 

However, as the expression of CCR5 was restricted to low numbers o f DC in almost all 

cultures examined, only a small proportion of responders would be expected. 

Furthermore, as most DC randomly locomote even without a chemoattractive stimulus 

in the Dunn Chamber, it was impossible to identify the small percentage of RANTES 

responders. Thus, a repeatable demonstration of chemotaxis was impossible.

To circumvent this problem, a number of other non-chemokine molecules, whose 

receptors may be expressed by a higher proportion o f cells, were assayed for 

chemotactic properties, however only chemokinesis was observed. This may be because 

these molecules are truly not chemotactic for immature DC, but could also reflect 

receptor heterogeneity as seen in previous experiments. Another approach considered 

was the use of terminally differentiated mature DC, which may be less heterogeneous 

than immature DC, but as CXCR4 expression was limited to small percentages o f cells, 

chemotaxis o f mature DC was not pursued.

Future possibilities for the use o f the Dunn Chamber in measurement of DC chemotaxis 

exist. The potential chemoattractive molecules for immature and mature DC were by no 

means exhaustively examined in these experiments and it is possible that other 

chemokine receptors may be expressed on a higher percentage of cells and therefore be 

of potential use. In addition, cocktails of chemoattractants could be devised to maximise
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the percentage of responding cells, an approach with some promise of success but one 

which would not permit examination of individual ligand-receptor dynamics or 

signalling pathways.

Alternatively, ^homogeneouspopulation of cells could be obtained using FACS sorting. 

This approach would be complicated for immature DC as sorting takes time and 

provides another maturation insult, so that DC sorted on the basis of receptor expression 

may no longer express that receptor by the time o f Dunn Chamber assembly. However, 

for mature DC this approach would appear more promising.

Despite a failure to reliably record chemotaxis in these experiments, the Dunn Chamber 

proved to be a very useful tool for examination o f the quality of DC motility and the 

comparison of normal and WAS DC. Normal immature DC migrate by coordinated 

regulation of protrusion, adhesion, retraction and detachment which necessitate dynamic 

actin cytoskeletal rearrangement. In contrast, WAS DC appear incapable of normal 

lamellipodial protrusion and instead produce many small, short lived protrusions at 

random points on the cell surface. Leading edge selection fails and translocation is 

severely compromised. Thus, for patients with WAS, defective migration of DC in \ivo  

could contribute significantly to their immunodeficiency and explain a number of the 

clinical manifestations of the disease.
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Chapter 6 The effects of maturation on the DC cytoskeleton

6 The effects of maturation on the DC 

cytoskeleton

6.1 Introduction

The maturation of dendritic cells is vital for the development of their potent antigen 

presenting function (see section 1.1.4.4). In addition, the maturation signals, including 

LPS, rapidly initiate migration o f DC from non-lymphoid organs to regional lymph 

nodes (see section 1.1.4.5), so that mature DC interact with effector cells in a specific 

and controlled environment.

During cell migration, the actin cytoskeleton and adhesive substratum contacts are 

highly regulated to effect directed persistent forward movement (see section 1.2). Like 

other functions, such as endocytosis (Garrett et al, 2000), DC migration is 

developmentally regulated and it is well described that immature and mature DC 

express different chemokine receptors and have, therefore, distinct chemotactic 

responses (see section 1.1.4.5). Although, the roles of adhesion molecules in DC 

migration have received some attention and will be dealt with in Chapter 7, the 

cytoskeletal changes occurring during maturation in DC remain virtually unexamined. 

The aims of the experiments documented here were to examine the effects of maturation 

on the morphology and actin distribution of normal and WAS DC.

6.2 Maturation effects a rapid morphological change in 

normal DC

Maturation of DC by exposure to a stimulus such as LPS or TNFa or even mechanical 

trauma is characterised by an increase in surface expression o f DC activation markers, 

including MHCII, CD86, CD83 and CD25 (Figure 6.1). In order to examine the effects 

o f maturation on DC morphology, an in vitro culture system was established. As 

previously described (Chapuis et al, 1997), normal immature DC in culture were non

adherent and formed floating clumps (Figure 6.2 a). Although a few adherent cells were 

seen, these were generally poorly polarised (inset Figure 6.2a). Addition of 50ng/ml
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Figure 6.1 Phenotypic features of immature and mature normal DC

The surface phenotype of normal DC was examined using FACS 

analysis. Histograms from a representative experiment are displayed and 

were generated by gating on cells with a high forward and side scatter. 

Isotype controls are shown in grey, immature DC in red and LPS 

matured DC as blue lines. DC were identified by an absence of lineage 

markers (CD3, CD14, CD16, CD 19, CD20, CD56) (a) and by high 

expression of C D llc  (b) and HLADR (c). Maturation upregulated 

HLADR , CD86 , CD83 and to a lesser extent, CD25 (c-f).



Figure 6.2 Maturation induces rapid changes in normal DC morphology

Normal DC were imaged in culture using phase microscopy before (a) and 1 hour

(b), 4 hours (c), 8 hours (d), 12 hours (e), or 24 hours (f) after addition of 50ng/ml 

LPS to the culture well. Immature DC floated in clumps (a) and only a few poorly 

polarised cells adhered to the base of the well (inset in a). The addition of LPS 

rapidly induced adherence and a migratory phenotype, which increased up to 4 

hours (b, c and insets). After this time, DC became rounded (inset in d) and 

favoured cell; cell interactions, forming loosely adherent clumps (d-f, insets e-f and 

arrow f).

These results are a representative example of three repeat experiments. Panels and 

insets were imaged at xlO and x40 magnification respectively.

The panel scale bar (d) represents 100pm
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LPS was used to initiate a maturation process, simulating events occurring when 

bacteria are encountered in vivo. This resulted in a rapid alteration in cell morphology 

and by one hour, clumps had become adherent (Figure 6.2 b) and many adherent DC 

were well polarised, forming large leading edge lamellipodia (inset Figure 6.2 b), 

resembling DC migrating on fibronectin (see Figure 5.9 a). Over the following 1-3 

hours, the number of adherent and polarised cells increased (Figure 6.2 c) and many 

cells appeared hyper-elongated (inset Figure 6.2 c). By 4-8 hours after LPS addition, 

depending on the culture, a proportion o f DC had rounded and formed clumps (Figure

6.2 d). Some adherent cells persisted but these appeared less polarised (inset Figure 6.2 

d). The proportion of round cells increased from 8 to 24 hours after LPS stimulation 

(Figure 6.2 d-f), by which time the vast majority o f cells had formed loosely adherent 

clumps (inset Figure 6.2 e), with few adherent cells remaining (inset Figure 6.2 f). 

Therefore, maturation induces significant morphological changes in normal DC, 

transiently favouring cell-substratum contacts resulting in a migratory phenotype during 

early maturation and subsequently replacing substratum adhesion by cell- cell 

interactions.

6.3 Podosomes are restricted to early stages of maturation

To characterise the actin cytoskeletal rearrangements accompanying maturation induced 

morphological changes, DC were harvested at various time points (up to 24 hours) after 

LPS addition to culture, and plated on fibronectin-coated coverslips. Cells were stained 

for f-actin (Figure 6.3 a-c and g-i) and vinculin (Figure 6.3 d-f and j-1) distribution and 

examined by confocal microscopy. In the absence o f LPS, these processes provided 

sufficient stimulus for DC adhesion, polarisation (Figure 6.3 a) and podosome 

formation (arrow in Figure 6.3 a). Polarised DC, under these conditions o f plating, were 

previously demonstrated to be highly migratory, exhibiting random walk (see Figure 5.9

a). During the time points up to 4 hours after addition of LPS, a high proportion of DC 

were polarised and had formed podosomes at leading edges (Figure 6.3 b and arrow in

b). The formation of podosomes was, however, restricted to DC during early maturation 

as by 4-8 hours after LPS addition (depending on the individual culture), the percentage 

o f cells assembling podosomes had significantly reduced (Figure 6.3 c. Figure 6.4 a). In 

addition, as maturation progressed, demonstrated by rising HLADR and CD86
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Figure 6.3 Maturation rapidly alters the normal DC actin cytoskeleton

Confocal images of normal DC plated on to fibronectin-coated coverslips and 
stained with Tritc-phalloidin (a-c and g-i) or anti-vinculin and Alexa 488 goat anti
mouse antibodies (d-f and j-1) for eonfocal microscopy, before (a, d) and 1 hour (b, 
e), 4 hours (c, f), 8 hours (g, j), 12 hours (h, k), or 24 hours (i, 1) after addition of 
50ng/ml LPS to the culture well. Maturation resulted in the redistribution of both f- 
aetin and vinculin with loss of podosomes and development of a rounded cell 
morphology. These results are representative of three repeat experiments.
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Figure 6.4 Podosomes are lost during maturation

DC were plated to fibronectin-coated coverslips and stained with Tritc-phalloidin, 

before (0 hours) and up to 24 hours after the addition of LPS to the culture well (a). 

At least 100 cells in different fields of view were scored for podosome assembly and 

rounded morphology (which are not mutually exclusive). The percentages of DC 

fulfilling either criterion are displayed for each time point. Podosomes were limited 

to the early time points of maturation. Loss of podosomes was accompanied by an 

increase in the percentage of cells with a round morphology. In addition, the surface 

expression of HLADR and CD86 by DC harvested before and up to 24 hours after 

the addition of LPS was examined using FACS analysis (b). Both molecules are 

gradually upregulated during maturation as demonstrated by a rise in their mean 

fluorescence intensity (MPI). Graphs (a) and (b) are representative examples of three 

and two repeat experiments respectively.
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expression (Figure 6.4 b), an increasing proportion of DC lost polarity and assumed a 

rounded cell morphology (Figure 6.3 g-i and Figure 6.4 a). By 24hrs after LPS addition, 

the majority of DC were round and formed clumps (Figure 6.3 i). Vinculin was 

redistributed during maturation, from a podosomal localisation during early maturation 

(Figure 6.3 d-f), to a punctate cell body distribution at later time points (Figure 6.3 j -1). 

These data demonstrate that DC maturation results in a redistribution of both f-actin and 

actin associated proteins and that podosome assembly is restricted to time points up to 

4-8 hours after reception of an inflammatory signal, when DC have a migratory 

phenotype.

In order to investigate whether the loss of podosomes during maturation could result 

from downregulation of WASp expression, lysates from immature and LPS-matured 

normal DC were examined by Western blotting, for the presence of WASp (Figure 6.5). 

Equivalent amounts of total protein were loaded in each lane and similar levels of p- 

actin were observed. In addition, immature and mature normal DC expressed WASp at 

similar levels and no maturation-associated downregulation was observed.

6.4 Maturation-induced morphological changes in the 

absence of WASp

LPS-induced maturation of WAS DC resulted in an upregulation of HLADR, CD86, 

CD83 and CD25 within 24 hours (Figure 6.6), comparable with normal controls (see 

Figure 6.1). Immature WAS DC, however, have an abnormal actin cytoskeleton and 

failed to assemble podosomes (see sections 3.2 and 3.4). Therefore, the role of WASp in 

the regulation of maturation induced cytoskeletal rearrangement was examined using 

WAS DC in the in vitro maturation model described in section 6.2. Resembling normal 

controls, immature WAS DC floated singly (inset in Figure 6.7 a) and in clumps (Figure 

6.7 a), with few adherent cells. After addition o f 50ng/ml LPS, clumps became adherent 

(Figure 6.7 b, c) and some polarising cells were seen (inset in Figure 6.7 b). At one 

hour, fewer WAS DC were spread on the base of the well than in normal cultures 

(compare Figure 6.7 b with Figure 6.7 b), but this difference was not seen by 2 hours 

after LPS exposure (data not shown) and by 4 hours, many WAS DC were adherent and 

elongated (Figure 6.7 c and inset). Despite substratum attachment, broad lamellipodia 

were not formed (insets in Figure 6.7 b, c), reminiscent of WAS DC migrating on
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Figure 6.5 WASp is not down regulated during maturation

Whole cell lysates from immature (-LPS) and mature (+LPS) normal DC were 

examined by Western blotting for the expression of WASp, which was detected as 

a 65kD band using anti-WASp antibody. As a positive control, P-actin was also 

labelled using anti P-actin antibody. Equivalent amounts of protein were loaded in 

each lane resulting in similar size P-actin bands, which were multiple as a result of 

partial protein degradation. In addition, similar size bands of WASp were detected 

in immature and mature DC lysates, indicating that WASp is not downregulated by 

maturation.
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Figure 6.6 WAS DC undergo normal phenotypic changes during maturation

The surface phenotype of WAS DC was examined using FACS analysis. 

Histograms from a representative experiment are displayed and were generated by 

gating on cells with a high forward and side scatter. Isotype controls are shown in 

grey, immature DC in red and LPS matured DC as blue lines. DC were identified 

by an absence of lineage markers (CD3, CD14, CD 16, CD 19, CD20, CD56) (a) 

and by high expression of C D llc  (b) and HLADR (c). As shown for normal 

controls, HLADR, CD86 and CD83 (c-e) were upregulated during maturation and 

CD25 expression remained typically at low levels (f) even after co-culture with 

LPS.



Figure 6.7 Maturation induces changes in DC morphology in the absence of 

WASp

WAS DC were imaged in culture before (a) and 1 hour (b), 4 hours (c), 8 hours (d), 

12 hours (e), or 24 hours (f) after addition of 50ng/ml LPS to tissue culture wells. 

Like normal controls, immature WAS DC floated singly (inset in a) and in clumps

(a). Addition of LPS rapidly induced adherence and elongation, which increased up 

to 4 hours (b, c). In contrast with normal DC, broad lamellipodia were not formed 

after substratum adhesion (insets in b, c). At later time points, DC became rounded 

(inset in d) and favoured cell: cell interactions, forming loosely adherent clumps (d- 

f, and insets). Panels and insets were imaged at xlO and x40 magnification 

respectively, using Hoffman lenses. The panel scale bar represents 100pm.
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fibronectin (see Figure 5.9 b). As maturation progressed, WAS DC were observed to 

undergo similar morphological changes to normal controls and by 8 hours after LPS 

addition, many DC had lost substratum adherence and developed a rounded appearance, 

forming clumps (Figure 6.7 d and inset). This process progressed so that by 24 hours the 

majority o f cells had formed loosely adherent clumps (Figure 6.7 e, f  and insets).

These observations show that WASp-null DC are capable of responding to a maturation 

stimulus, forming cell-substratum contacts during early maturation which are 

subsequently replaced by cell-cell contacts. However, adherent cells fail to establish the 

broad lamellipodia characteristic o f motile DC suggesting that migration in response to 

an inflammatory stimulus is defective.

6.5 Cytoskeletal features of normal mature DC

In order to examine in more detail the cytoarchitecture of normal mature DC, single 

cells were analysed. Day 6 normal immature DC were cultured for a further 24 hours in 

the presence o f 50ng/ml LPS and subsequently harvested and plated on to fibronectin- 

coated coverslips. After 2 hours cells were fixed and stained with Tritc-phalloidin and 

anti-vinculin antibodies (Figure 6.8). The vast majority o f cells had a small round 

appearance (Figure 6.8 a) with f-actin distributed in ruffles around the cell periphery 

(arrow in Figure 6.8 a). Vinculin also had a peripheral distribution, which co-localised 

with f-actin (Figure 6.8 b, c). Some cells appeared flatter and more spread (Figure 6.8 

d), with prominent filopodial membrane protrusions (arrow in Figure 6.8 d), which also 

contained vinculin (Figure 6.8 e). Furthermore, a proportion of cells were well spread 

(Figure 6.8 g) with prominent actin cables (arrow in Figure 6.8 g) but few membrane 

protrusions. Vinculin appeared in linear complexes at the cell periphery (Figure 6.8 h), 

in some cases at the end of actin cables, resembling focal adhesions (Figure 6.8 i).

6.6 F-actin distribution of mature WAS DC

In order to further examine their cytoskeletal features, LPS matured WAS DC were 

harvested and plated on to fibronectin-coated coverslips (see section 6.5). After 2 hours 

cells were fixed and stained with Tritc-phalloidin and anti-vinculin antibodies (Figure 

6.9). As seen in normal mature controls, the majority of mature WAS DC were small.
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Figure 6.8 The cytoskeletal features of normal mature DC

Normal mature DC were plated on to fibronectin-coated coverslips and stained with 

Tritc-phalloidin (a, d, g) and anti- vinculin antibodies (b, e, h) for confocal 

microscopy. Merged images are shown in panels e, f  and i. The majority of cells 

were small and poorly spread with abundant surface ruffles which contained f-actin 

(arrow in a) and vinculin (b). Some cells spread and formed vinculin containing 

filopodial-like extensions (d-f and arrow in d). Others formed actin cables (arrow 

in g) and vinculin rich complexes that resembled focal adhesions (h, arrow in i). 

Scale bars represent 10 pm.



Figure 6.9 Mature WAS DC have normal cytoskeletal features

Mature WAS DC were plated on to fibronectin-coated coverslips and stained with 

Tritc-phalloidin (a, d, g) and anti- vinculin antibodies (b, e, h) for confocal micros

copy. Merged images are shown in panels c, f  and i. Like normal mature DC, the 

majority of cells were small and poorly spread with abundant surface ruffles which 

contained f-actin (arrow in a) and vinculin (b). In addition, some cells spread and 

formed large lamellipodia (arrow in d), filopodial projections (arrowhead in g), 

actin cables (arrow in g) and vinculin rich linear complexes (arrow in h). Scale 

bars represent 10 pm.
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round and formed abundant peripheral ruffles, which contained vinculin (Figure 6.9 a-

c). In addition, some mature WAS DC spread forming lamellipodia, filopodia, actin 

cables and vinculin-rich adhesion complexes (Figure 6.9 d-i). In contrast with immature 

DC (see sections 3.2 and 3.4), the f-actin distribution in mature WAS DC was 

indistinguishable from normal controls. These results suggest that WASp is not 

important for the formation of ruffles, which are the dominant cytoskeletal feature, in 

mature DC.

6.7 Motility of normal and WAS mature DC

In order to investigate the motility of normal and WAS mature DC, cells were plated on 

to fibronectin-coated coverslips in 35mm petri-dishes. After 2 hours adherence, the 

petri-dishes were mounted on a heated microscope stage, in a CO2 controlled 

environmental chamber and imaged by time lapse photography. Frames were grabbed 

every 5 minutes for a total of 3 hours and selected sections were played back as a 

movie.

Normal mature DC retained the ability to migrate on a fibronectin substratum 

(supplemental data 2 a), but did not spread or achieve significant polarity and moved by 

extending and attaching much shorter and finer protrusions than seen during normal 

immature DC migration. The protrusions formed by normal mature DC were short lived 

and randomly positioned over the cell surface. In addition, when contact occurred 

between single cells, cell-cell adhesion was favoured and clumps were formed. 

Similarly, mature WAS DC migrated under these conditions, without spreading or 

polarising. In a manner morphologically indistinguishable from normal controls, mature 

WAS DC translocated by the attachment of small, transient protrusions (supplemental 

data 2 b). Therefore, mature WAS DC do not share the severe defect of translocation 

demonstrated for immature WAS DC (see Figure 5.9).

6.8 Developmental regulation of podosomes

The data presented thus far indicates that podosome assembly is developmentally 

regulated, mirroring the attenuation of endocytosis, an important function of immature 

DC, which is lost during maturation (Sallusto et al, 1995). Recently, it was shown that 

that loss of endocytosis is associated with downregulation of active Cdc42 in mature
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DC (Garrett et al, 2000). Furthermore, endocytosis could be restored by microinjection 

of mature DC with activated Cdc42 or Racl. In order to test the hypothesis that 

podosomes are similarly lost during maturation as a result of a downregulation of 

RhoGTPase activity, mature DC were microinjected with constitutively active 

V 12Cdc42Hs and V 12Rac 1.

DC matured for 24 hours in LPS were plated on to fibronectin-coated coverslips and 

allowed to adhere for 2 hours. Rabbit IgG was co-injected with protein and cells were 

fixed 60 minutes after injection. Injected cells were identified using Alexa 488nm goat 

anti-rabbit IgG.

Injection of control rabbit IgG did not alter the appearance of LPS-matured cells (Figure

6.10 a). While V12Cdc42HS and V12Racl induced filopodia (Figure 6.10 b) and ruffles 

respectively (Figure 6.10 c), neither resulted in the reconstitution of podosomes (Figure

6.10 b-c). Furthermore, podosomes were not restored by injection of both proteins in 

combination (Figure 6.10 d).

6.9 Discussion

The data presented here demonstrates that DC maturation is accompanied by significant 

and dynamic alteration of cell morphology and actin distribution. The first phase of 

maturation, which persists in vitro for up to 4-8 hours after recognition of an 

inflammatory stimulus, is characterised by upregulation of substratum contacts. During 

this time DC have a characteristic migratory phenotype, exhibiting cell polarisation and 

broad lamellipodial protrusions. Podosome assembly, which occurs at leading edge 

lamellipodia, is restricted to this phase o f the maturation response indicating that these 

structures function during early migration. Loss of podosomes during maturation is not 

the result o f downregulation of WASp expression, as similar levels of the protein are 

seen in normal immature and mature DC. This does not exclude the possibility, 

however, that the level o f activated WASp, or its subcellular distribution, is attenuated 

by maturation. Alternatively, redundancy for WASp function could be provided by 

activation of a family member, such as N-WASp, during maturation. Similarly, the 

failure o f mature DC to assemble podosomes cannot be explained simply by 

downregulation o f Rho GTPase activity, as has been suggested for endocytosis (Garrett 

et al, 2000), because injection of constitutively active Ccd42, Rac or both does not 

restore assembly.
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Figure 6.10 Rho GTPase activity does not restore podosome assembly in 

normal mature DC

Normal mature DC were microinjeeted with IgG (a), V12Cde42Hs (b), V12Racl

(c) or V12Cdc42Hs and V12Racl together (d). IgG injected mature DC had the 

same morphology as uninjected cells, remaining unpolarised and unspread despite 

displaying abundant peripheral lamellipodial formation (arrow in a). Microinjec

tion of V12Cde42Hs caused striking filopodial assembly (arrows in b) whereas 

V12Racl injection stimulated vigorous lamellipodial formation (arrow in c). When 

V12Cdc42Hs and V12Racl were eo-injected, both filopodia (arrow in e) and 

lamellipodia (arrowhead in e) were assembled. Podosome formation was not 

restored under any of these conditions. Scale bars represent 10pm.
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During the second phase of maturation, cell-cell contact is favoured. DC become round, 

loose cell-substratum contacts, redistribute f-actin to ruffles and form homotypic 

clusters in vitro. This phase may represent events occurring in the lymph node in vivo, 

where cell-cell contacts are formed between DC and T-cells for antigen presentation. 

While there are clear limitations in correlating events which occur in vivo with those 

demonstrated in an in vitro system, the kinetics of cytoskeletal rearrangement are 

consistent with the timing o f appearance of DC in draining lymph nodes after 

stimulation in murine models (Macatonia et al, 1987; Kupiec-Weglinski et al, 1988; 

Cumberbatch & Kimber, 1992; Ibrahim et al, 1992; Roake et al, 1995). Furthermore, 

the adherence properties o f DC recovered from draining lymph nodes following skin 

sensitisation have been shown to favour cell clustering (Cumberbatch et al, 1991). This 

suggests that the cytoskeletal and adhesive changes observed in vitro are a good 

representation of the physiological maturation process. It is also unlikely that the events 

described in this study are unique to LPS stimulation, as maturation induced by TNF-a 

or IL -lp  also results in detachment of DC from a substratum within 24 hours (Brand et 

al, 1998).

WAS DC respond to LPS with a normal increase in surface expression of maturation 

markers. In addition, the DC cytoskeleton is rearranged and both phases of maturation 

are seen. WASp is not necessary for adhesion or for detachment from substratum in this 

model, as these occur normally. Although, WASp is not required for cell-cell contacts in 

this system (as WAS DC form clumps of round cells after detachment), the same may 

not apply to heterotypic DC-T cell interactions. Most notably, the broad lamellipodial 

protrusions, characteristic of the migratory phase o f normal maturation, are absent in 

WAS DC indicating a role for WASp in their formation as previously suggested in 

Chapter 5. However, the peripheral ruffles of mature WAS DC appear normal by f-actin 

staining, suggesting that, in the absence of WASp, Rac can be activated and that 

lamellipodia can be assembled. At first sight, these findings appear to be inconsistent 

with the observation that immature WAS DC are unable to form broad stable 

lamellipodia (see sections 3.4 and 5.4). One explanation, which requires further 

investigation, is that other actin regulating proteins compensate for WASp function in 

mature DC but do not do so in immature cells. Another possibility is that the failure of 

immature WAS DC to assemble lamellipodial protrusions during migration results, not 

from aberrant lamellipodial production, but from an inability to stabilise these structures 

as they protrude. This hypothesis is supported by the co-incident absence of podosome
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mediated substratum contacts in WAS DC. Both their ventral position and location 

behind leading edge lamellipodia (see section 3.2) suggest that the function of 

podosomes may be to stabilise new lamellipodial protrusions during early migration of 

immature DC, possibly facilitating escape from peripheral tissues to local lymphatics. 

As WAS DC upregulate co-stimulation molecules normally after recognition of a 

maturation stimulus, but have an abnormal migratory phenotype, it is possible that some 

of the clinical inflammatory features o f WAS, such as severe eczema, may result from 

ectopic DC maturation.
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7 Podosome integrins and their role in 

adhesion

7.1 Introduction

During cell migration, integrins mediate cell attachment to ECM proteins and play a 

central role in the phases of spreading, contraction and tail retraction (reviewed in Holly 

et al, 2000). In addition, they initiate intracellular signalling cascades to regulate the 

actin cytoskeleton, and in turn have their affinity attenuated by signals from within the 

cell (see section 1.2.5).

Integrins are heterodimers composed of a  and p chains. To date, 8 p chains, IS a  chains 

and 24 heterodimers have been described (De Arcangelis & Georges-Labouesse, 2000). 

The most permissive P chain is p i, which can form heterodimers with 12 different a  

chains (a l-a l  1 and av). In contrast p2 interacts with only 4 a  chains (aD, aL, aM and 

aX). More recently, a CD number has been assigned to individual a  and p chains. Table

7.1 displays the Greek and CD nomenclature for the integrin molecules further 

discussed in this chapter. The cytoplasmic tails of p integrins interact with a variety of 

proteins and are important for signalling (see section 1.2.5). O f particular interest here, 

the podosome components a-actinin and paxillin have been shown to interact with P2 

and pi respectively and a third component talin binds to both pi and p2 tails (reviewed 

in Liu et al, 2000).

Table 7.1 Integrin nomenclature

Greek

nomenclature

CD

number

pi CD29

a3 CD49c

a4 CD49d

a5 CD49e
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G reek

nom enclature

CD

num ber

p2 CD18

aL C D lla

aM C D llb

aX C D llc

avp3 CD51/61

Like other substratum contacts, podosomes recruit integrin molecules, but these appear 

to differ according to cell type. In osteoclasts, podosomes specifically recruit the avp3 

heterodimer (Zambonin-Zallone et al, 1988) but in monocytes and macrophages, the (32 

family of integrins are recruited (Duong & Rodan, 2000; Gaidano et al, 1990). It is 

unclear whether the ECM protein contacted can alter the choice of integrin. Monocytes 

and macrophages studies have reported that (32 chains are recruited both on fibronectin 

and glass, but the heterodimers assembled differed (CD 18/CD 1 lb  assembled on 

fibronectin and CD 18/CD 1 Ic o n  glass). This may be explained by different cell sources, 

but the possibility remains that podosomes may vary integrins according to substratum, 

as well as cell type.

There is no literature concerning the recruitment of integrins to DC podosomes. FACS 

analysis has shown that DC surface express both (31 and p2 chains, but there is 

disagreement in the literature regarding expression o f complementary a  chains (Gaidano 

et al, 1990; Hart, 1997; Pulendran et al, 1997; Ammon et al, 2000; Duong & Rodan, 

2000; Puig-Kroger et al, 2000). The pi family of integrins have been reported to be the 

principle family involved in DC interactions with fibronectin (Brand et al, 1998; Jancic 

et al, 1998) but this family is diffusely distributed in monocytes and not specifically 

recruited to podosomes (Gaidano et al, 1990). However, DC express different levels of 

integrin molecules than macrophages (Ammon et al, 2000), implying that data 

regarding the recruitment of integrins to podosomes in macrophages and monocytes 

cannot be assumed for DC. Therefore, these experiments aimed to examine the
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recruitment of integrins to podosomes in immature DC and to investigate the role of 

podosomes in DC adhesion.

7.2 Normal DC express both pi and P2 families of integrins

In order to identify integrins that may be present in DC podosomes, the surface 

expression of pi and p2 integrins and the heterodimer avp3 was examined by FACS 

analysis (see section 2.3). Both immature and mature DC expressed high levels of CD 18 

along with its a chains CDl la, CDl lb  and CDl Ic (Figure 7.1). In addition high levels 

of CD29 and its a ligand CD49e were expressed. In contrast only moderate levels of the 

pi family a  chain CD49d and low levels of the heterodimers CD49c/CD29 and 

CD51/61 were expressed by both cell types. None o f the integrins examined were 

significantly attenuated by maturation.

7.3 The p2 family of integrins is specifically recruited to 

podosomes in DC

To determine the distribution of the expressed integrins during podosome formation, 

immature DC were plated on to fibronectin and examined for integrin localisation by 

immunofluorescence (see section 2.4). Only CD 18 along with two of its a  ligands, 

C D llb  and C D llc , were specifically localised to podosomes in immature DC (Figure

7.2 a-i). These integrins formed a ring around the f-actin podosome core, from which 

they were excluded, as evidenced by a honeycomb pattern o f immunofluorescence 

(arrows in Figure 7.2 b, e, h). In addition, CD 18 and C D llc  were located in ruffles 

(arrowhead in Figure 7.2 b and not shown). In contrast, CD29 and CD49e were not 

localised to podosomes but remained diffusely distributed (Figure 7.2 j-o). 

Immunofluorescence for C d lla , CD49c and CD49d and p3 was indistinguishable from 

secondary antibody control staining.

To examine whether the integrins recruited to podosomes differed according to 

substratum, immature DC were plated onto coverslips coated with BSA, Collagen I, 

Collagen IV, Laminin, and VCAM-1. Although DC adhered and formed podosomes on 

all these substrata except Collagen IV (Figure 7.3 a), the proportion o f cells polarising 

and forming podosomes differed (Figure 7.3 b). However, on all substrata supporting
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Figure 7.1 Both pi and p2 integrins are expressed by normal DC and are 

unaffected by maturation

The surface expression of pi and p2 family integrins by normal immature and LPS- 

matured DC was examined by FACS analysis. Histograms from a representative 

experiment are displayed and were generated by gating on cells with a high forward 

and side scatter. Isotype controls are shown in grey, immature DC in red and LPS- 

matured DC as blue lines. Immature DC expressed high levels of CD 18 (a), CDl la

(b), CDl lb (c), C D llc  (d), CD29 (e) and CD49e (h). Moderate levels of CD49d (g) 

were also expressed, but only low levels of the heterodimers CD49c/CD29 (f) and 

CD51/CD61 (i). Surface integrin expression was unaffected by maturation.



Figure 7.2 The p2 integrin family is selectively recruited to DC podosomes

Immature normal DC, plated to fibronectin-coated coverslips, were stained with Tritc-phalloidin (a, d, g, j, m), CD 18 (b), C D llc  (e) or CDl lb  (h), 

CD29 (k) or CD49e (n) for confocal microscopy. Merged images are shown in (c), (f), (i), (1) and (o).

The P2 integrin molecules CD 18, C D llc  and C D llb  were selectively recruited to podosomes (b, e, h) and distributed in a ring around the 

podosome f-actin core (c, f, i), as evidenced by a honeycomb pattern of staining (arrows in b, e, h). In contrast CD29 and CD49e were diffusely 

localised (k, n).

Scale bars represent 10pm.
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Figure 7.2 The p2 integrin family is selectively recruited to DC podosomes

For figure legend see opposite page.
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Figure 7.3 Immature normal DC form podosomes on a range of substrata

Immature normal DC were plated on to coverslips coated with BSA, Fibronectin, 

Laminin, Collagen 1, Collagen IV and VCAM-1. After 2 hours, cells were fixed and 

stained with Tritc-phalloidin for confocal microscopy (a). At least 100 cells on each 

coverslip were scored for polarisation and podosome formation (b). DC adhered to 

and formed podosomes on all extracellular membrane proteins tested, except for 

Collagen IV. Both the percentage of cells with a polarised morphology and the 

percentage of cells with podosomes differed between substrata (b). For analysis Chi- 

squared statistical analysis comparisons were made with BSA. * *  indicates p<0.01 

and * indicates p<0.05.

The scale bar (a) represents 100pm.
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DC adhesion, the immunofluorescence pattern was conserved: C D l8, C D llb  and 

C D llc  were selectively recruited to podosomes, CD29 and CD49e were diffusely 

distributed and no specific CDl la  staining was seen (Table 7.2).

Table 7.2 Integrin distribution in adherent normal immature DC

Fibronectin BSA Collagen 1 Laminin VCAM-1

CD18 Podosome Podosome Podosome Podosome Podosome

C D lla Non specific Non specific Non specific Non specific Non specific

C D llb Podosome Podosome Podosome Podosome Podosome

C D llc Podosome Podosome Podosome Podosome Podosome

CD29 Diffuse Diffuse Diffuse Diffuse Diffuse

CD49e Diffuse Diffuse Not done Diffuse Not done

7.4 Integrin localisation to DC podosomes is regulated by 

WASp and differentiation

As seen in normal controls, WASp-null DC express p i and p2 integrin families on their 

surface, in both immature and mature states (Figure 7.4). To investigate the role of 

WASp in integrin localisation in immature DC, WASp-null DC were plated on 

fibronectin and examined for integrin distribution as described in section 7.3. In the 

absence of podosomes, localisation of CD 18, CDl Ic and CDl lb  was lost (Figure 7.5 a- 

i) and instead, a diffuse (Figure 7.5 h) or cortical (arrows in Figure 7.5 b and e) pattern 

was seen. A predominantly cortical pattern was also seen for CD29 and CD49e (arrows 

in Figure 7.5 k and n).

Furthermore, maturation significantly altered the distribution of C D l8. Immature DC 

adherent to fibronectin-coated coverslips expressed CD 18 predominantly in podosomes 

(arrows in Figure 7.6 a and inset), which are found at the ventral cell surface. 

Expression was also seen in ruffles (arrowhead in Figure 7.6 a) and as punctate
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Figure 7.4 Both pi and p2 integrins are expressed by WAS DC and are 

unaffected by maturation

The surface expression of pi and p2 family integrins by immature and LPS-matured 

WAS DC was examined by FACS analysis. Histograms from a representative 

experiment are displayed and were generated by gating on cells with a high forward 

and side scatter. Isotype controls are shown in grey, immature DC in red and LPS- 

matured DC as blue lines. As seen for normal DC, both immature and mature WAS 

DC express high levels of CD 18 (a), CDl la (b), CD l lb  (c), CDllc  (d), CD29 (e) 

and CD49e (g), moderate levels of CD49d (f) and low levels of the heterodimer 

CD51/61 (h). CD49c was not analysed. Surface integrin expression was unaffected 

by maturation.



Figure 7.5 WASp is required for normal p2 localisation in immature DC

Immature WAS DC, plated to fibronectin-coated coverslips, were stained with Tritc-phalloidin (a, d, g, j, m), CD 18 (b), C D llc  (e) or C D llb  (h),

CD29 (k) or CD49e (n) for confocal microscopy. Merged images are shown in (c), (f), (i), (1) and (o).

WASp-null DC failed to assemble podosomes (a, d, g, j, m) and localise C D l8 (b), CDl Ic (e) and CDl lb  (h). Instead a cortical (arrows in b, e) or

diffuse (h) pattern o f  staining was seen. CD29 and CD49e also exhibited cortical localisation (arrows in k, n).

Scale bars represent 10pm.
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Figure 7.5 WASp is required for normal p2 localisation in immature DC
For figure legend see opposite page.
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Figure 7.6 p2 integrins are redistributed during maturation

Normal DC were plated onto fibronectin-coated coverslips and stained with anti- 

CD 18 for confocal microscopy, before (a) and Ihour (b), 4 hours (c), 8 hours (d), 

12 hours (e), or 24 hours (f) after addition of 50ng/ml LPS to the culture well. 

During early maturation, at time points up to 4 hours after LPS addition, CD 18 was 

located in podosomes (arrows in a, b and inset in a) and ruffles (arrowheads in a, 

b). By 4-8 hours after LPS addition, depending on the culture, podosomes were lost 

and a punctate pattern of cytoplasmic staining predominated (arrow in c). As 

maturation progressed, CD 18 relocated to ruffles (d-f and arrowheads in d-f). The 

scale bar represents 20pm.
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condensations (Figure 7.6 a) which when imaged in the vertical plane were seen to be 

distributed throughout the cytoplasm and not specifically at ventral surfaces (not 

shown). This distribution was maintained in the first 1-4 hours after LPS addition 

(Figure 7.6 b-c) when DC had a migratory morphology (see section 6.2). As polarisation 

and podosomes were lost, the punctate cytosolic pattern predominated (arrow in Figure 

7.6 c). This was replaced by localisation to ruffles in cells with a mature morphology 

(arrowheads in Figure 7.6 d-f).

7.5 Integrin distribution in mature DC

To further characterise the distribution of integrins in mature DC and examine the role 

of WASp in integrin localisation in these cells, normal and WAS LPS matured DC were 

plated to fibronectin-coated coverslips and examined by immunofluorescence (see 

section 2.4). In addition to CD18 (Figure 7.7 a-c), C D llc  (Figure 7.7 d-f), CD29 

(Figure 7.7 j-1), and CD49e (Figure 7.7 m-o) also co-localised with f-actin in ruffles in 

normal mature DC. In contrast, C D llb  staining was dim with a punctate cytoplasmic 

pattern (Figure 7.7 g-i). Mature WASp-null DC showed a similar integrin distribution 

with C D l8 (Figure 7.8 a-c), C D llc  (Figure 7.8 d-f), CD29 (Figure 7.8 j-1) and CD49e 

(Figure 7.8 m-o) distributed in ruffles. As with normal mature DC, CDl lb  staining was 

faint (Figure 7.8 g-i) making it difficult to accurately assess localisation.

7.6 Podosomes are not required for static adhesion

A role for podosomes in DC adhesion is suggested by their location at substratum 

contact sites and their specific recruitment o f integrin molecules. In order to investigate 

the contribution of podosomes to DC adhesion to fibronectin, the adherence o f normal 

and WAS-null DC was compared using a flow based adhesion assay (see section 2.7.1). 

During microinjection experiments (see section 6.8), it had been observed that mature 

DC were less spread than immature DC and more easily detached from fibronectin by 

the needle, suggesting a difference in adherence between DC in different maturation 

states. This was exploited in optimising the flow-based assays.

Either immature and LPS matured DC were infused onto fibronectin-coated slides in a 

flow chamber and allowed to adhere for 10 minutes by which time podosomes have
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Figure 7.7 Integrin localisation in norm al m ature DC

Normal mature DC, plated to fibronectin-coated coverslips, were stained with Tritc-phalloidin (a, d, g, j, m), CD 18 (b), C D llc  (e), C D llb  (h), 

CD29 (k) or CD49e (n) and imaged using confocal microscopy. Merged images are shown in (c), (f), (i), (1) and (o). Normal mature DC had a 

rounded morphology with abundant membrane ruffles (a, d, g, j, m), in which f-actin co-localised with CD 18, C D llc , CD29 and CD49e (arrows in 

c, f, 1 and o respectively). CDl lb  had a low level of immunofluorescence, but appeared to be diffusely located (h).

Scale bars represent 10pm.
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Figure 7.7 Integrin localisation in normal mature DC

For figure legend see opposite page.
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Figure 7.8 Integrin localisation in mature W AS DC

Mature WAS DC, plated to fibronectin-coated coverslips, were stained with Tritc-phalloidin (a, d, g, j, m), GDIS (b), C D l Ic (e), C D l lb  (h), CD29 

(k) or CD49e (n) and imaged using confocal microscopy. Merged images are shown in (c), (f), (i), (1) and (o). Mature WAS DC had a rounded 

morphology with abundant membrane ruffles (a, d, g, j, m), in which f-actin co-localised with C D l8, C D llc , CD29 and CD49e (arrows in c, f, 1 

and o respectively). C D l lb  had only a low  level o f  immunofluorescence, making accurate localisation difficult (h).

Scale bars represent 10pm.



Figure 7.8 Integrin localisation in WAS mature DC

For figure legend see opposite page.
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been assembled (see section 4.2). After a low flow wash (1 dyne) to remove non

adherent cells, increasing shear stress was applied and cell detachment filmed. At high 

concentrations of ftbronectin (lOOpg/ml) no difference in the proportion of cells 

remaining attached to the substratum was seen between immature and mature normal 

DC, even at high levels of shear stress (not shown). Therefore lower concentrations of 

ftbronectin were tested. At 2pg/ml ftbronectin, podosomes were still formed within 10 

minutes (Figure 7.9 a) but a reproducible significant difference in adherence was 

measurable between immature and mature normal DC (Figure 7.10 a). This 

concentration was used for subsequent experiments.

Under these conditions, normal immature DC adhered and spread rapidly and few 

detached even at shear stresses o f 70 dynes (Figure 7.10 a and supplemental data 3 a). 

Immature WASp-null DC also attached to ftbronectin and although spreading was less 

pronounced than in normal immature DC, there was no signiftcant difference in strength 

of attachment between normal and WAS-null immature DC (Figure 7.10 a and 

supplemental data 3 b). In contrast, normal and WAS-null mature DC both adhered to 

ftbronectin but did not spread and in both cases almost all cells detached by 40-60 dynes 

(Figure 7.10 a and supplemental data 3 c and 3 d).

Unlike ftbronectin, ICAM-1 is a p2 integrin speciftc ligand (reviewed in Plow et al, 

2000) and is mainly expressed on endothelial cells in vivo. Therefore, to investigate the 

role o f podosomes in DC adhesion to this ligand, the experiment described above was 

repeated with ICAM-1-coated instead of ftbronectin- coated slides. As demonstrated for 

ftbronectin, normal immature DC formed podosomes with 10 minutes of plating on to 

5pg/ml ICAM-1 (Figure 7.9 b). The level of diffusely distributed CD 18 

immunofluorescence was higher than seen with other substrata (Figure 7.9 d). However, 

in areas of podosome formation (arrow in Figure 7.9 c), CD 18 was excluded from the f- 

actin core (arrow in Figure 7.9 d), resulting in the characteristic honeycomb pattern of 

staining previously documented (see Figure 7.2), suggesting that CD 18 has the same 

arrangement in podosomes formed on ICAM-1 as those assembled on other substrata. In 

contrast, WAS immature DC plated onto ICAM-1 failed to assemble podosomes and 

CD18 was diffusely distributed (Figure 7.9 f-h).

Normal immature DC adhered strongly to an ICAM-1 coated surface (Figure 7.10 b and 

supplemental data 4 a), but WAS immature DC were markedly compromised in their
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Figure 7.9 Immature normal DC rapidly form podosomes when plated on to 

ICAM-1

Immature normal DC were plated on to fibronectin (a) or on to ICAM-1 (b) for 10 

minutes before fixing and staining with Tritc-phalloidin for confocal microscopy. 

Podosomes were assembled within 10 minutes on both substrata (arrows in a and 

b). In addition, normal (c-e) and WAS (f-h) immature DC plated on to lCAM-1 were 

stained with Tritc-phalloidin (c, f) and anti- CD 18 antibody (d, g). Merged images 

are shown in (e) and (h). In areas of podosome formation in normal immature DC 

(arrow in c), the characteristic honeycomb pattern of CD 18 staining (arrow in d) 

was visible. In addition, CD 18 localised to ruffles (arrowhead in d). In contrast, 

immature WAS DC failed to form podosomes (f) and CD 18 was diffusely 

distributed or localised in ruffles (arrowhead in g). Scale bars represent 10pm.
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Figure 7.10 Podosomes are required for strong adhesion to ICAM-1 but not to 

fibronectin

Flow chambers were assembled with either immature or mature normal or WAS DC 

plated to fibronectin-coated (a) or lCAM-1-coated (b) slides. After a low flow (1 

dyne) wash to remove non-adherent cells, increasing shear stress was applied while 

the chambers were imaged using time-lapse microscopy. The percentage of cells 

remaining adherent was calculated for each increment of shear stress. Each graph is 

a representative example of two repeat experiments. While both normal and WAS 

immature DC adhere strongly to fibronectin, all mature DC detach by 40-60 dynes 

(a). In contrast, only normal immature DC adhere strongly to ICAM-1 (b).
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ability to remain adherent to this ligand under stress. By 70 dynes, 60% of WAS 

immature DC had detached (Figure 7.10 b and supplemental data 4 b), resembling the 

behaviour of normal or WAS mature DC, the majority of which detach by 70 dynes of 

shear stress (Figure 7.10 b and supplemental data 4 c and 4 d). Therefore podosomes are 

essential for strong adhesion of DC to ICAM-1.

7.7 Discussion

Both pi and p2 integrin families are expressed by DC on their surface, regardless of 

maturation state. In contrast, only CD 18 (p2) and two of its a chains, C D llb  (aM) and 

C D llc  (aX) are recruited to DC podosomes. As previously reported for monocytes and 

macrophages, these integrins are located in rings around the f-actin core from which 

they are excluded (Gaidano et al, 1990; Duong & Rodan, 2000). It is unclear whether 

this area is devoid of integrin mediated substratum contacts or whether other integrins 

are situated here. In contrast to CD 18, CDl lb  and CDl Ic, CD49e (a5) and CD29 (p i) 

are diffusely distributed. It was not possible to determine whether low levels of the 

other a  chains CDl la  (aL), CD49c (a3), CD49d (o4) were localised to podosomes as 

immunofluorescence for these molecules was indistinguishable from secondary 

antibody control staining. This would seem unlikely, however, as CDl la  mediates cell

cell and not cell-substratum contacts in monocytes (Gaidano et al, 1990) and both 

CD49c and CD49d are a  ligands for pi which is diffusely distributed. Furthermore, 

CDS 1/61 (avpS), which is recruited to podosomes in osteoclasts, is only expressed at 

very low levels by DC and localisation of the p3 subunit was not possible by 

immunofluorescence.

Migrating leucocytes encounter a variety of ECM proteins (reviewed in Holly et al, 

2000) necessitating the ability to form contacts with a range o f substrata. The data 

presented here demonstrates that DC assemble podosomes on a variety of substrates 

including BSA, laminin, collagen 1, VCAM-1 and lCAM-1. Furthermore, the selective 

recruitment of CDl 8, C D llb  and C D llc  to podosomes is conserved on these proteins. 

While the possibility cannot be excluded that DC bound to glass or serum proteins at 

areas o f poor substratum coating in these experiments, the morphology of adherent cells 

on each substratum differs and DC do not bind to collagen IV at all. This data suggests 

that specific integrin-ligand interactions were established and that, when formed on 

different extracellular matrices, DC podosomes have conserved integrin components.
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It is not known how integrins are recruited to podosomes but WASp is shown here to 

play a role in regulating the localisation of (32 integrins to DC podosomes and in its 

absence a cortical distribution o f CD 18, C D llb  and C D llc  is seen. Furthermore 

maturation redistributes C D lS /C D llc  and CD18/CD1 lb  from substratum contacts in 

podosomes to ruffles, which mediate cell-cell interaction in mature DC. Although the 

recruitment of P2 integrins to podosomes requires WASp, relocation of these molecules 

to ruffles is a WASp independent process, demonstrated by the similarity in pattern of 

integrin expression between normal and WAS mature DC.

The data presented thus far suggests that podosomes are specialised substratum 

contacts. Their role in DC adhesion to fibronectin was tested using a flow based 

adhesion assay, which permits measurement of the strength o f cell attachment. 

Although podosomes are absent in WASp-null DC, no reduction was seen in the 

strength of adhesion to fibronectin, indicating that podosomes are not important for 

static adhesion to this ligand. This does not exclude the possibility that podosomes 

function to provide specific adhesion o f new protrusions to ECM proteins during 

motility. Furthermore, podosomes are required for strong adhesion to ICAM-1, 

suggesting a role in DC transmigration through endothelial barriers.
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8 Discussion

8.1 Introduction

Patients with Wiskott Aldrich Syndrome lack WASp in all haematopoietic cells 

resulting in a broad but variable immune defect. Many features of the disease are 

unexplained, including inflammatory and autoimmune manifestations and a late 

susceptibility to malignancy. However, evidence emerging over the past decade that 

WASp functions to regulate the actin cytoskeleton has begun a new phase in our 

understanding of the disease, as alterations of cytoarchitecture are a prerequisite for 

many leukocyte functions. Cytoskeletal defects have now been demonstrated in a 

variety of WASp-null leukocytes, including lymphocytes, monocytes and macrophages 

(see section 1.5.3). More recently, WASp-null DC were also reported to have an 

abnormal actin distribution and exhibit severely defective translocation (Binks et al,

1998). This is o f particular interest as normal DC function is dependent on efficient 

migration, which requires dynamic actin rearrangement. Conceptually, defective DC 

migration would not only significantly contribute to the immunodeficiency o f WAS but 

could provide explanations for other immunopathological features of the disease. This is 

a particularly exciting prospect because, despite their importance in initiating and 

regulating immune responses, DC have received little attention in the context of primary 

immunodeficiency research.

The aims of this thesis, therefore, were to investigate the nature o f the cyto skeletal 

abnormalities seen in WASp-null dendritic cells and to examine their effects on DC 

motility.

8.2 The role of WASp in cytoskeletal regulation in 

immature DC

In these studies, the DC cytoskeleton was characterised after adherence to fibronectin. 

DC from patients with severe WAS, who fail to produce any WASp, were compared 

with normal controls in order to examine the role of WASp in DC cytoskeletal 

regulation. The findings discussed here demonstrate that WASp is necessary to
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appropriately localise new actin polymerisation, for the formation of specific actin 

structures, for integrin clustering and for normal motility in immature DC.

8.2.1 WASp is necessary for the assembly of podosomes and stable 

lamellipodia

The most obvious abnormality of WAS immature DC is the failure to produce 

podosomes (see sections 3.2 and 3.4), a defect also described for WAS macrophages 

(Linder et al, 1999). In normal immature DC, podosomes make substratum contacts 

through integrins at the ventral surface of the cell and are mainly located behind leading 

edge lamellipodia, supporting roles in adhesion and motility. In addition to lacking 

podosomes, WAS immature DC form dysmorphic lamellipodia, which collapse back 

into the body of the cell and contrast with the broad, persistent lamellipodial protrusions 

seen during normal immature DC motility. The transient nature of new protrusions in 

WAS cells may result from assembly of an abnormal actin scaffold or from a failure to 

stabilise new protrusions with strong substratum attachments. The later explanation is 

supported by the observation that WAS mature DC form normal ruffles for cell-cell 

interactions, demonstrating that the mechanism for lamellipodial formation is intact in 

these cells. In addition, the coincident failure o f immature WAS DC to establish 

substratum contacts through podosomes at sites o f new lamellipodial production 

suggests that podosomes are important for stabilising new protrusions. In keeping with 

this hypothesis, reconstitution of WASp-null DC with EGFP-WASp not only restores 

podosome assembly, but also results in formation of lamellipodia with a normal 

morphology, suggesting that podosome formation and stabilisation of new protrusions 

are linked processes.

8.2.2 WASp localises actin polymerisation

In addition to lacking specific actin structures, more general actin cytoskeletal defects 

are demonstrated in immature WAS DC (see section 3.2). As has previously been 

described for EBV-transformed WAS cell lines (Facchetti et al, 1998), immature WAS 

DC have a lower intensity of Tritc-phalloidin immunofluorescence than controls, giving 

them a ghost-like appearance. Although these observations are qualitative, they suggest 

a generalised defect in actin polymerisation in the absence of WASp, which is 

consistent with evidence that WASp accelerates Arp2/3 mediated actin polymerisation
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(Machesky et al, 1999; Higgs & Pollard, 2000). However, supporting quantitative data 

is lacking and on the contrary, a single study, using flow cytometry to measure the 

quantity of f-actin before and after stimulation, has reported normal levels of new actin 

polymerisation in neutrophils, monocytes and lymphocytes (Rengan et al, 2000).

Although it is unclear how extensively the dynamics of actin polymerisation are 

affected in WAS DC, the localisation of f-actin is clearly abnormal, exhibiting a 

predominantly cortical pattern of distribution (Binks et al, 1998). Aberrant f-actin 

localisation has also been reported in adherent WAS monocytes after stimulation with 

chemoattractants (Badolato et al, 1998) and furthermore WAS monocytes are unable to 

recruit f-actin to phagocytic cups during IgG mediated or apoptotic cell phagocytosis 

(Lorenzi et al, 2000; Leverrier et al, 2001). These findings suggest that WASp may be 

important not simply to initiate and enhance f-actin formation but also for intracellular 

localisation of actin polymerisation pathways. Consistent with this hypothesis, WASp- 

null macrophages and B-cell lines fail to morphologically polarise (Facchetti et al, 

1998; Linder et al, 2000), a process that requires subcellular localisation of new actin 

polymerisation (reviewed in Lauffenburger & Horwitz, 1996). In normal DC, as for 

other motile cells, polarisation results in the limitation o f new protrusions to leading 

edges (see sections 3.2 and 5.4). Spatial restriction of protrusive activity is controlled by 

Cdc42 in fibroblasts (Nobes & Hall, 1999), possibly through localisation of Rho 

GTPase activity (Castellano et al, 1999; reviewed in Symons & Settleman, 2000) and is 

an important prerequisite for directional translocation (reviewed in Lauffenburger & 

Horwitz, 1996). However, in WASp-null DC this does not occur and lamellipodial 

protrusions are randomly positioned (see section 3.2 and 5.4), supporting a role for 

WASp in the spatial regulation o f these structures. WASp, therefore, appears to act not 

simply as a downstream effector in Cdc42-mediated polarity but to have an extended 

function to recruit and co-localise multiple components of the actin polymerisation 

pathway (see section 8.3.1).

The initiation of actin polymerisation at specific sites implies localisation of WASp 

activity to discreet subcellular locations. As yet, it remains tmclear how WASp itself is 

recruited to specific intracellular sites, but phosphatidylinositol 4,5-bisphosphate (PIP2) 

is a likely candidate. In addition to enhancing actin nucléation, PIP2 has been 

documented to localise WASp/Arp2/3-mediated actin polymerisation to sphingolipid- 

cholesterol-rich membrane rafts (Rozelle et al, 2000). Furthermore, PIP2 binds 

homologous N-WASp supporting a direct interaction with WASp family proteins.
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which may result in membrane localisation (Miki et al, 1996; Rohatgi et al, 1999; 

Rohatgi et al, 2000). Further investigation of upstream regulators is required to improve 

our understanding of this aspect of WASp signalling.

8.2.3 WASp plays a role in integrin clustering in immature DC

Integrin mediated adhesion is a vital step during normal cell migration (reviewed in 

Holly et al, 2000). Interactions between the cytoskeleton and integrins produce the 

contractile force required for forward propulsion and mediate dynamic integrin 

rearrangement. For example, motile cells redistribute integrins to leading edges through 

interaction of the cytoplasmic tail with components of the actin cytoskeleton (Schmidt 

et al, 1993) and the Rho family GTPases, which control cytoskeletal restructuring 

during motility, have been shown to regulate clustering of integrins to adhesion 

complexes (Ridley & Hall, 1992; Nobes & Hall, 1995).

DC express high levels of the p2 integrin family at their surface, and on adherence of 

normal immature DC to a range o f ECM proteins, C D llb , C d llc  and CD 18 are 

specifically recruited to sites o f podosome assembly. Immature WAS DC express a 

similar level of surface P2 integrins, but in the absence of WASp clustering on 

adherence does not occur, indicating a role for WASp in inside-out signalling. This 

defect has important implications not only for subsequent cell adhesion properties but 

also for integrin mediated signalling to the cytoskeleton as recent evidence suggests that 

integrin clustering can regulate Rho GTPase activity, attenuating cell polarisation and 

protrusive activity (Bialkowska et al, 2000; Cox et al, 2001).

8.2.4 The role of WASp in immature DC migration

Normal migration is dependent on efficient actin rearrangement and therefore, a defect 

in DC motility in the absence of WASp is not surprising. WASp has previously been 

shown to be necessary for immature DC translocation and for macrophage chemotaxis, 

which in addition to the motile machinery, requires detection and polarisation in 

response to a chemotactic agent (Badolato et al, 1998; Binks et al, 1998; Zicha et al,

1998). Although DC chemotaxis could not be measured in this study, WASp-null DC 

were confirmed to have severely impaired translocation (see section 5.4). Defects in 

both protrusion and retraction were evident. Although cytoskeletal reorganisation 

permitted elongation, WAS DC were unable to produce persistent lamellipodia, select
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leading edges or form uropods, as has been described for fixed cells adherent to 

fibronectin (see section 3.2). Possible reasons for these defects have been discussed (see 

sections 8.2.1-8.2.3). In addition elongated mutant cells failed to detach either extremity 

(see section 5.4). This may occur because WASp-null DC fail to polarise and therefore 

do not determine a trailing extremity for retraction or because defective adhesion of new 

protrusions results in a failure to generate the contractile force required for retraction. 

Alternatively, WASp may play a specific role in Rho mediated contraction or integrin 

release. Further work is required to investigate these possibilities.

8.2.5 The role of WASp in during DC maturation

Maturation-induced change is a key feature o f many DC functions, including antigen 

capture, processing and presentation, which are therefore subject to considerable 

developmental regulation (Caux et al, 1997; Pierre et al, 1997; Garrett et al, 2000; Inaba 

et al, 2000; Turley et al, 2000). Using an in vitro model (see sections 6.2-6.3), it has 

been shown here that normal DC maturation is also accompanied by significant changes 

in the organisation of the actin cytoskeleton that are characteristic of the maturation 

status o f the cell. Immature monocyte-derived DC form floating clumps in culture 

(Chapuis et al, 1997; Brand et al, 1998). However, once they receive an inflammatory 

stimulus, DC rapidly develop the capacity for adhesion to a substratum, and active 

planar migration. This process is associated with polarisation of membrane protrusive 

activity and assembly of podosomes at the leading edge, which are restricted to the early 

time points (up to 8 hours) after initiation of maturation. Subsequently, DC adopt a 

more rounded morphology, and reduce the number and strength of cell-substratum 

contacts. They then favour cell-cell interaction, and form clusters reminiscent of 

heterotypic DC-T cell interactions (Cumberbatch et al, 1991). This is accompanied by 

redistribution of actin to membrane ruffles, formation of veiled cytoplasmic processes 

covering most of the cell (Romani et al, 1996), and loss o f podosomes. These in vitro 

events therefore mirror the physiological maturation process observed in vivo, with 

initial DC migration from peripheral tissues into local lymphatics and later heterotypic 

DC-T cell interaction in the draining lymph node. Furthermore the persistence o f cell- 

substratum adhesion after activation (up to 8 hours) in vitro correlates well with the time 

taken for labelled DC to exit peripheral sites and enter regional lymph nodes in murine 

models o f DC migration (Macatonia et al, 1987; Kupiec-Weglinski et al, 1988). The 

restriction of podosome assembly to early maturation supports an active role for these
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structures in migration of DC through the connective tissue of peripheral tissues, to 

lymphatic vessels, from where maturing DC are thought to be carried passively in 

lymph to regional lymph nodes (reviewed in Flores-Romo, 2001).

WAS DC undergo the same phases of differentiation in response to a maturation 

stimulus (see section 6.4), firstly upregulating substratum attachment and subsequently 

favouring cell-cell interactions. The only demonstrable defect in this process is the 

failure of WAS DC to establish broad leading edge lamellipodia and podosomes during 

the migratory phase, which suggests that in vivo DC escape from peripheral tissues to 

lymphatics may be abnormal. Should this be the case, antigen presentation to T-cells in 

the lymph node, and therefore initiation of appropriate immune responses, would be 

impaired. Furthermore, maturing WAS DC may accumulate peripherally and initiate an 

inflammatory response, providing a plausible explanation for the pathophysiology of 

eczema seen in this disease.

Despite the clear defects of actin rearrangement in immature DC, mature WAS DC 

appear morphologically normal (see sections 6.5-6.6). Furthermore, their motility is 

comparable with normal mature DC, although the relevance of motility in mature DC in 

vivo is unclear. While redundancy exits in actin polymerisation pathways (Techier et al, 

2000; Machesky, 2000), it is unclear why these would be more effective in mature DC, 

in which a similar level of WASp protein is expressed when compared with normal 

mature DC. It therefore seems more likely that cytoskeletal defects are present in mature 

WASp-null DC although not detected here, and that these may impair cell-cell 

interaction during antigen presentation, which is the main in vivo function of mature 

DC.

8.3 Podosomes in normal DC

Following on from the observation that WAS DC lack podosomes, investigating the 

regulation and role of podosomes in normal DC function has emerged as a major 

component of this work. DC podosomes are similar to those found in other myeloid 

cells both in organisation and component proteins. They recruit structural and signalling 

proteins to an intracellular complex, in which the cytoskeleton is linked to ECM 

proteins through integrins. As reported for monocytes and macrophages, but in contrast 

with osteoclasts, the P2 family of integrins is specifically recruited to DC podosomes 

(see section 7.3). The failure of DC from WAS patients to assemble podosomes or
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cluster p2 integrins has provided a useful knock out model for investigating the control 

and function of podosomes in normal DC.

8.3.1 The regulation of podosome assembly

Studies in other cell types have shown that podosomes are highly dynamic structures 

with a turnover time estimated in minutes (Stickel & Wang, 1987; Kanehisa et al, 1990; 

Ochoa et al, 2000). The investigation of podosome regulation has, to date, been limited 

but in osteoclasts both gelsolin and Src are required for podosomes to assemble 

(Chellaiah et al, 2000a; Schwartzberg et al, 1997). In a similar manner, WASp is an 

absolute requirement for DC and monocyte podosome assembly (see section 3.2, Linder 

et al, 2000) and is likely to mediate f-actin formation through Arp2/3, with which 

WASp co-localises in myeloid cell podosomes (see section 3.3, Linder et al, 2000). A 

direct role for WASp in podosome dynamics is further supported by the demonstration 

that EGFP-WASp localises to podosomes in normal immature DC and is sufficient for 

reconstitution of podosome assembly by WAS DC.

However, the ability of WASp to interact with multiple protein families at different sites 

suggests that WASp acts not simply to transduce signals during podosome assembly, 

but also recruits and co-localises proteins from a variety of signalling pathways. 

Consequently, many proteins could function as upstream regulators of WASp, although 

few have been proven to do so. Cdc42 is an important regulator of WASp and a number 

of studies have demonstrated a role for the Rho family o f GTPases in podosome 

regulation, with conflicting results (see section 1.3.1). Therefore, in this study, the role 

of Rho GTPases in DC podosome formation was investigated by microinjection of 

constitutively active and dominant negative mutants of Cdc42 and Rac and of C3 

transferase. Podosome assembly is inhibited by N17Racl or C3-transferase, and both 

their asymmetric localisation and assembly are inhibited by N17Cdc42Hs (see section

4.3.2), suggesting that Cdc42Hs, Rac and Rho are all involved in podosome regulation. 

These findings conflict with a previous study, in which microinjection of V12Cdc42 in 

to macrophages resulted in podosome disassembly (Linder et al, 2000). As the time 

after microinjection at which macrophages were examined was not documented in that 

study, direct comparison with the experiments described here is difficult. It would be 

surprising, however, if Cdc42 activity disrupted podosomes in light o f the evidence that 

Cdc42/WASp interaction promotes actin polymerisation. Furthermore, in contrast with 

other studies (Ory et al, 2000), the effects of Rho proteins were shown here to be
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specific and not as a result of defective GTP hydrolysis (Symons & Settleman, 2000), as 

constitutively active Rac had no effect on podosome assembly.

The simplest explanation for the requirement of all three GTPases is that, as shown for 

fibroblasts (Nobes & Hall, 1995), Cdc42 activates Rac and Rho sequentially in a linear 

cascade, upstream of WASp. In that way, blockade at any step would inhibit the final 

outcome of podosome assembly. However, this does not take into account the strong 

evidence that Cdc42Hs initiates actin polymerisation directly by binding to WASp with 

subsequent activation of the Arp2/3 complex (Kolluri et al, 1996; Symons et al, 1996; 

Kim et al, 2000). Both direct and indirect pathways of Cdc42 regulation could operate 

simultaneously, as suggested by in vivo signalling studies in cell lines and neutrophils 

(Castellano et al, 1999; Glogauer et al, 2000).

Consistent with the importance of Cdc42 for establishing and maintaining polarity in 

many cell types (Allen et al, 1998; Nobes & Hall, 1999), Cdc42 controls the location 

and clustering of podosomes in DC. This suggests that Cdc42 regulates the localisation 

of Rac and Rho activity during podosome assembly, comparable with its restriction of 

Rac activity to the leading edges of motile fibroblasts (Nobes & Hall, 1999).

The pathways by which Rac and Rho regulate WASp mediated podosome assembly are 

unclear, but most likely to be indirect. Figure 8.1 displays a scheme that could explain 

the experimental results presented here, in the light of current knowledge of Rho family 

signalling. Both Rac and Rho have been shown to upregulate the activity of 

phosphatidylinositol 4-phosphate 5-kinase, thereby enhancing PIP2 production (Chong 

et al, 1994; Tolias & Carpenter, 2000), and as PIP2 enhances WASp/Arp2/3 mediated 

actin polymerisation synergistically with Cdc42 (Higgs & Pollard, 2000), this is an 

attractive hypothesis. Neutrophil studies have suggested that Rac can act downstream of 

Cdc42 to initiate actin nucléation by both WASp-Arp2/3 dependent and independent 

pathways, possibly mediated by polyphosphoinositides (Glogauer et al, 2000). Rho, on 

the other hand, may act to recruit Arp2/3 to podosomes, as has been demonstrated in 

phagosome formation during complement receptor mediated phagocytosis (May et al, 

2000). An alternative pathway for Rho could operate through Rho-kinase, which acts 

downstream of Rho in the formation of focal adhesions in fibroblasts (Rottner et al,

1999), although in this scheme subsequent events are unclear and unlikely to involve 

WASp.
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Figure 8.1 Schematic model for the regulation o f podosome assembly

This model presents possible pathways by which the Rho GTPases may regulate 

podosome assembly. Using specific inhibitors (shown here in green), it has been 

demonstrated that Cdc42, Rac and Rho regulate podosome assembly and distribution 

(see section 4.3.2). In other cells, Cdc42 interacts directly with WASp to initiate 

Arp2/3 mediated actin polymerisation and to sequentially activate Rac and Rho. In 

contrast, evidence is lacking for a direct interaction between Rac or Rho and WASp. 

These GTPases may indirectly promote WASp/Arp2/3 initiated actin polymerisation 

by enhancing the activity of PI4P-5R and consequently, PIP2 production. 

Alternatively, Rac and Rho may exert their effects through WASp independent 

pathways. Both the components of these pathways and the upstream events leading 

to GTPase activation (purple arrows) will require further investigation.

Abbreviations: P14P-5k = phosphatidylinositol 4-phosphate 5-kinase, PIP2 = 

phosphatidylinositol 4, 5-biphosphate, C3 = C3 transferase.
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In other cell types, Rac and Rho induce the formation of focal complexes and focal 

adhesions respectively and are mutually antagonistic (Ridley & Hall, 1992; Nobes & 

Hall, 1995; Hotchin & Hall, 1995; Allen et al, 1997). Focal complexes, which are 

thought to be important for protrusion of new lamellipodia during motility, can mature 

into anchoring focal adhesions, as the balance between Rac and Rho activity alters and 

this may determine whether a cell continues forward motility or stops (Rottner et al,

1999). In DC, however, podosomes are the predominant adhesive structure and the dual 

requirements for Rac and Rho activity in their assembly may provide an essential link 

between protrusive activity and re-attachment during DC motility.

Further work is required to test the hypothesis presented in Figure 8.1. Co-injection of 

N17Cdc42Hs with V12Rac and N17Racl with constitutively active Rho would test 

whether Rac and Rho are sequentially activated. Microinjection of Scar-WA inhibits the 

direct interaction of WASp with Arp2/3 by binding to and sequestering the latter (May 

et al, 2000) and could be used to test whether WASp/Arp2/3 mediated actin 

polymerisation is a common final pathway for all signalling pathways in podosome 

assembly. Polyphosphoinositide-binding peptides could be used to examine the role of 

P1P2 in actin polymerisation (Glogauer et al, 2000) and finally, the position of the Rho 

GTPases upstream of WASp could be challenged by injection of constitutively active 

GTPases into WASp-null DC.

Two other areas for future studies of podosome regulation arise from the results 

presented in this work. Firstly, the upstream regulators of the Rho GTPases in 

podosome assembly have not received attention. P13 kinase is a good candidate for 

further investigation as an increasing body of evidence suggests that it acts upstream of 

the Rho family proteins (reviewed in Jones, 2000) and plays a role in osteoclast 

podosome assembly (Lakkakorpi et al, 1997; Chellaiah et al, 2000b). Secondly, the 

signalling pathways by which DC maturation regulates podosome assembly remain 

elusive (see section 6.8). This may prove a difficult problem to address, as it seems 

likely that loss o f podosome assembly during DC maturation occurs as part of a 

widespread process o f functional change that is as yet poorly understood.
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8.3.2 The function of DC podosomes

The role that podosomes play in normal DC function has not previously been explored. 

In other cell types, podosomes are assumed to be important for cell adhesion and 

motility because of their ventral location and their specific recruitment of integrins 

(Gavazzi et al, 1989). A number o f studies have shown that myeloid cells lacking 

podosomes exhibit abnormal motility, supporting a role in cell migration (see section

1.3.2), but there is little direct experimental evidence that these structures are necessary 

for cell adhesion.

In this study it has been demonstrated that DC assemble podosomes on a wide range of 

ECM proteins and that CDl lb, CDl Ic and CD 18 are selectively recruited regardless of 

the binding ligand. In part, these observations reflect the wide range o f extracellular 

matrix proteins and intercellular adhesion molecules to which p2 integrins can bind, 

although neither laminin, nor VCAM-1 have been reported to be ligands for these 

adhesion molecules (reviewed in Plow et al, 2000). In addition, it is possible that cross 

talk arising from activation of alternative integrins (for example p 1 family) could result 

in recruitment of p2 family members to podosomes. For example, engagement of p i 

integrins on human neutrophils has recently been shown to activate p2 (CDl lb/CD 18) 

and CDl lb-mediated adhesion to fibronectin (Merlijn van den Berg et al, 2001) and in 

transformed fibroblasts, pi blockade with ROD peptides has previously been reported 

to inhibit p2 clustering in podosomes (Marchisio et al, 1988).

A flow-based assay was used here to examine the role o f podosomes in DC adhesion 

(see section 7.6). Surprisingly, it was found that these substratum contacts are not 

required for static adhesion to fibronectin, which may reflect the normal interaction 

between a 5 p i (VLA-5) integrin and fibronectin (Brand et al, 1998; Jancic et al, 1998), 

which is podosome-independent. Similarly, osteoclasts lacking gelsolin fail to assemble 

podosomes but remain capable o f adherence to osteopontin, vitronectin and fibronectin 

(Chellaiah et al, 2000a). Although static cell adhesion can proceed normally, the 

specific adhesion of lamellipodia during motility on fibronectin is abnormal in the 

absence o f podosomes, suggesting an important role in the rapid attachment and 

detachment of DC protrusions during migration through connective tissue. This role 

would be consistent with the dynamic nature of podosomes, their location at leading 

edges and their selective recruitment of integrins.
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In marked contrast, however, under conditions in which the binding ligand (ICAM-1) is 

selective for p2 integrins (Plow et al, 2000), the failure to form podosomes in immature 

DC equates with markedly diminished adhesion. This demonstrates that podosomes are 

an essential component of the mechanism by which immature DC adhere to ICAM-1, 

and they may therefore be critical for passage through endothelial cell barriers. The 

upregulation of ICAM-1 on endothelial surfaces by IFN-y, LPS, TNF-a and IL-lp 

during inflammation may be a critical requirement for this process to occur efficiently 

(Hubbard & Rothlein, 2000). In support o f this hypothesis, in transwell migration 

assays, CD 18 has been reported to be important for DC adhesion to and transmigration 

through a confluent human umbilical vein endothelial cell monolayer (HUVEC), but the 

experimental system could not examine the contribution of CD 18 to adhesion and 

transmigration separately (D'Amico et al, 1998). In addition, only two of the three a 

chains o f the p2 integrin family, CDl la  and CDl lb  were shown to be important for DC 

adhesion to HUVECS, raising the possibility that different p2 heterodimers play 

different roles in DC migration through connective tissue and endothelium.

Further investigation of role of podosomes and the importance o f p2 integrins for 

migration through connective tissue and endothelial barriers is required in order to 

better understand the function of these specialised structures. For this the adhesive and 

migratory properties of normal and WAS DC (lacking podosomes) on a range of ECM 

proteins should be examined. In addition, P2 specific blocking peptides could be used to 

confirm the role of p2 integrins DC adhesion to ICAM-I and other ECMs.

In order to examine whether cross-talk between integrin families occurs in DC 

podosome assembly, specific blocking peptides could be used to test whether activation 

of pi integrins is required to initiate P2 clustering and ligation on fibronectin. To test 

the hypothesis that podosomes are required for DC transmigration through lymphatics 

an adaptation to the flow chamber system could be used, in which DC are plated to a 

confluent endothelial monolayer and observed for their adherence to and migration 

through the monolayer. This system is superior to transwell assays as adhesion and 

transmigration are directly visualised and non-adherent cells can be washed off, 

allowing differentiation of these stages. Pre-incubation of DC with pi and p2 specific 

blocking peptides or with specific blocking antibodies could be used to examine the role 

o f these integrins in this process.
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8.3.3 Integrin signalling in DC podosomes

In addition to providing a structural link between the ECM and the cytoskeleton, 

podosomes are active signalling sites, as evidenced by their component proteins. Signals 

from the actin cytoskeleton to integrins can cluster integrins and alter affinity (inside out 

signalling) (Anderson et al, 2000) and ligand binding by integrins initiates signalling to 

the cytoskeleton (outside-in signalling) (Cox et al, 2001).

Integrin signalling is predominantly mediated through the cytoplasmic tails of p integrin 

chains, which interact with multiple signalling and adaptor proteins (reviewed in Liu et 

al, 2000). Likely candidates for integrin mediated podosome signalling in DC are Pyk2 

(proline-rich tyrosine kinase 2), paxillin and Src. FAK (focal adhesion kinase), an 

important signalling molecule in focal adhesions not appear to be present in podosomes 

in other cell types (DeFife et al, 1999) but Pyk2, a homologous family member, co- 

localises with vinculin, talin, paxillin and CDl lb/CD 18 in a ring around the actin core 

of macrophage podosomes (Duong & Rodan, 2000). Ligation of p2 integrins results in 

Pyk2 phosphorylation but the role of Pyk2 in podosome regulation remains unexplored 

to date. In addition, Pyk2 and paxillin are phosphorylated on macrophage adhesion, 

events which appear to be mediated through P13 kinase (Williams & Ridley, 2000). 

Furthermore, ligation of P3 in osteoclast podosomes activates P13 kinase and Src, which 

are complexed with a third podosome protein, gelsolin (Chellaiah et al, 1998). The 

importance o f Src is highlighted by the failure o f podosome assembly in Src-null 

osteoclasts (Schwartzberg et al, 1997).

Although both maturation and WASp have been demonstrated here to be important for 

integrin clustering to podosomes (see section 7.4), signalling to and from P2 integrins in 

DC was not further explored. Future studies will examine the presence o f FAK, Pyk2, 

Src and paxillin in normal and WAS DC, using western blotting. Subsequently, 

localisation could be examined using immunofluorescence and confocal microscopy. 

Immunoprécipitation and western blotting techniques could be employed to examine 

whether these candidate proteins are phosphorylated when normal DC adhere to ECM 

proteins. The role o f pi and p2 integrin ligation and P13 kinase in phosphorylation could 

be tested using pi and P2 blocking peptides and the specific P13 kinase inhibitor, 

LY294002. Furthermore, WASp-null DC could be used to examine the requirement of 

p2 integrin clustering in podosomes to initiate signalling.
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8.4 Application

8.4.1 Understanding DC motility

Over the past three decades, dendritic cells (DC) have emerged as the key link between 

innate and adaptive immunity, initiating and modulating immune responses 

(Banchereau & Steinman, 1998). Immature DC act as sentinels in peripheral tissues 

where they constantly sample their microenvironment for foreign and host antigens. 

Once maturation is initiated, for example during an inflammatory event, DC begin the 

sequence o f antigen processing, migration via afferent lymphatics to regional lymph 

nodes, and antigen presentation (reviewed in Caux et al, 1997; Rescigno et al, 1999; 

Banchereau & Steinman, 1998).

The importance of DC exceeds host protection against pathogens and tumours. In 

addition they are considered to be important in tolerance, allergy and autoimmune 

diseases (see section 1.1), so that understanding DC function is of critical importance 

for furthering our knowledge of mechanisms in a wide variety o f diseases. In recent 

years, clinical trials have commenced using DC vaccination in the treatment of cancer 

patients, which rely on the migration of antigen bearing DC to lymph nodes to initiate 

an immune response (reviewed Banchereau et al, 2000; Nestle et al, 2001). Therefore, 

for optimal therapeutic strategies, we need to understand more fully the regulation of 

DC migration.

The results presented in this thesis add to our understanding of the mechanisms of 

normal DC migration. Based on the experimental results presented here, a model for DC 

migration is proposed (Figure 8.2). In this model, DC initiate directional movement by 

Cdc42-mediated polarisation and extension of filopodia. Sequential polarisation of Rac 

and Rho activity by Cdc42, results in formation of lamellipodia and establishment of 

new podosomal structures at the leading edge of the cell. Perpetuation of cell movement 

is then dependent on continued signalling and co-operative activation o f Cdc42, Rac, 

and Rho. The formation of podosomes following membrane protrusion therefore allows 

the DC to establish new contact sites at the leading edge, and by retraction of the cell 

body, to achieve translocation.

The role o f WASp in cell movement and podosome assembly is more complex than that
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Signal to move

Resting 
immature DC

Cdc42 induces new filopodial 
formation and cell polarisation. 
Podosomes relocate to the 
leading edge, regulated by 
Cdc42, Rac and Rho.

\

Rac mediates new lamellipodial 
formation. 
Forward protrusion is stabilised 
by new podosome assembly and 
old podosomes disassemble.

Rho controls tail contraction. Forward
movement

Figure 8.2 Schematic model for the regulation of dendritic cell migration

Migration is initiated in resting immature DC by external signals such as LPS. Initial 

phases of cell motility require polarisation and leading edge protrusion, which are 

mediated by Cdc42 and Rac. Podosomes, regulated by Cdc42, Rac and Rho, relocate 

to the leading edge to stabilise new protrusions, facilitating the generation of 

tractional force. This is followed by retraction of the uropod, resulting in net cell 

translocation. As the cell membrane persistently moves forward, podosome 

components are recycled to the leading lamella.
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of a GTPase effector, as it provides a platform for recruitment of tyrosine 

phosphorylated signalling molecules, for localisation of the Arp2/3 complex, for 

binding o f Cdc42 (mediating polarity, filopodial extension, and podosome assembly), 

and possibly for sequential activation of Rac and Rho (mediating lamellipodia 

protrusion, podosome assembly, and cell contraction).

These data suggest that podosomes form highly dynamic specific substratum or cellular 

contacts that focus strong adhesion zones to new membrane protrusions, and thereby 

facilitate transmigration of large highly motile tissue-localised cells such as DC. The 

restriction of podosomes to stages of early maturation suggests that their importance lies 

in the escape of DC from their peripheral sites through extracellular matrix and 

lymphatic endothelium to afferent lymphatics, from where they are transported by flow 

to draining secondary lymphoid tissue.

8.4.2 Understanding WAS pathophysiology

The results presented here have confirmed earlier reports that DC migration in WAS is 

defective and have shown that the failure to assemble podosomes significantly 

contributes to this. Although, other leukocytes are also functionally deficient in the 

absence o f WASp, defective DC migration could explain many features of the disease. 

A failure to appropriately present foreign and self antigen to T-cells would significantly 

contribute to the susceptibility to infection, malignancy and autoimmunity seen in WAS 

patients and furthermore lack of antigenic stimulation could explain the progressive T- 

lymphopoenia characteristic of the disease. In addition, peripheral antigen capture 

without exit from peripheral tissues could result in ectopic maturation and an 

inflammatory process such as eczema. Use of the murine WASp knock out mouse will 

be invaluable in designing in vivo experiments to further investigate these areas.
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Appendix 1

Appendix 1 Supplemental Data

The supplemental data is located on a CD-Rom in the back pocket o f this Thesis. All 

supplemental data files are in .avi format and can be viewed using Microsoft Windows 

Media Player. The individual files are named Supplemental Data 1-4 with sub-parts.

Supplemental data 1 : Immature normal and WAS DC motilitv on fibronectin

Immature normal (a) or WAS (b) normal DC were plated on to fibronectin-coated 

coverslips and motility was observed using time-lapse microscopy. Frames were taken 

at 10 minute intervals for 600 minutes.

Immature normal DC polarised on a fibronectin substratum and randomly translocated 

by protrusion of a broad and stable leading edge and retraction of a fine uropod. In 

contrast, immature WAS DC did not produce persistent broad, leading edge 

lamellipodia but instead formed small, transient extensions randomly around the cell 

periphery. Cells elongated to an extreme degree but failed to select a leading edge or a 

uropod. Net cell translocation over the substratum was severely compromised.

Supplemental data 2: Both mature normal and WAS DC translocate on fibronectin

Mature normal (a) or WAS (b) DC were plated on to fibronectin-coated coverslips and 

motility was observed using time-lapse microscopy. Frames were taken at 5 minute 

intervals for 180 minutes and a selected 75 minute section is shown here.

Normal mature DC cells did not polarise on a fibronectin substratum but achieved a 

rapid random translocation by attachment o f fine, transient protrusions. In contrast with 

immature DC, motile mature WAS DC had a similar morphology to control mature DC 

and demonstrated a qualitatively normal capacity for random translocation.

Supplemental data 3 : Podosomes are not required for strong adhesion to fibronectin

DC were injected into flow chambers assembled with fibronectin-coated coverslips and 

allowed to adhere. After removal of non-adherent cells using a low flow wash (not 

shown), increasing increments of sheer stress were applied, starting at 10 dynes and 

increasing to 70 dynes. Cells were observed for detachment and the films shown are
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formed of 15 frames taken at 20 second intervals using time-lapse microscopy and xlO 

objectives.

Immature normal (a) DC spread rapidly adhered strongly to fibronectin. Although 

immature WAS (b) DC spread less well, strong attachment was also demonstrated. In 

contrast, mature normal (c) and mature WAS (d) DC failed to spread and had all 

detached by 40-60 dynes of sheer stress.

Supplemental data 4: Podosomes are required for strong adhesion to ICAM-1

DC were injected into flow chambers assembled with ICAM-1-coated coverslips and 

allowed to adhere. After removal o f non-adherent cells using a low flow wash (not 

shown), increasing increments of sheer stress were applied, starting at 10 dynes and 

increasing to 70 dynes. Cells were observed for detachment and the films shown are 

formed of 15 frames taken at 20 second intervals using time-lapse microscopy and xlO 

objectives.

Both immature normal (a) and immature WAS (b) DC spread on ICAM-1 but only 

immature normal DC adhered strongly. In contrast, the majority of immature WAS DC 

had detached by 70 dynes. Neither mature normal (c) or mature WAS (d) DC spread on 

ICAM-1 and most or all cells had detached by 70 dynes of sheer stress.
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Appendix 2 Publications

This enclosed publication has resulted from this work.
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IM M U N O B IO L O G Y

Configuration o f human dendritic cell cytoskeleton by Rho GTPases, 
the WAS protein, and differentiation
Slobhan Bums, Adrian J. Thrasher, Michael P. Blundell, Laura Maohesky, and Gareth E. Jones

The cellular mechanisms that configure 
the cytoskeleton during migration of den
dritic cells (DCs) are poorly understood. 
Immature DCs assemble specialized adhe
sion structures known as podosomes at 
their leading edge; these are associated 
with the localized recruitment of the Wis
kott-Aldrich Syndrome protein (WASp) 
and the actin organizing actin-related pro-

Introduction _______________

tein 2/3 complex. In immature DCs lack
ing WASp, podosomes are absent, re
sidual dysmorphic lamellipodia and 
filopodia are nonpolarized, and migration 
is severely compromised. Microinjection 
studies indicate that podosome assem
bly and polarization require concerted 
action of Cdc42, Rac, and Rho, thereby 
providing a link between sequential pro

trusive and adhesive activity. Formation 
of podosomes is restricted to cells with 
an immature phenotype, Indicating a spe
cific role for these structures during the 
early migratory phase. (Blood. 2001 ;98: 
1142-1149)
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Regulated migration of dendritic cells (DCs) is central to the 
induction of physiological immune responses and possibly to the 
maintenance of tolerance.'-^ These processes necessitate plasticity 
of the cytoskeleton, so much so that highly motile cells such as 
DCs have evolved specialized responses to specific external 
signals received firom the cell’s environment. Considerable evi
dence now exists for the use of sequential chemokine-chemokine 
receptor pairs for each step in the DC migratory process.^ How
ever, the dynamic organization of the cytoskeleton in DCs is 
poorly understood.

Cell motility in fibroblasts is controlled by small GTPases Rho, 
Rac, Cdc42Hs, and Ras. '̂* Cdc42Hs belongs to the Rho family of 
small guanosine 5'-triphosphate (GTP)-binding proteins and is a 
regulator of cell polarity, filopodial extension, macrophage chemo
taxis, Fc-receptor-mediated phagocytosis, and DC endocytosis.*’’ 
Activation of the related GTP-binding protein Rac leads to 
accumulation of an actin network at the cell periphery producing 
lamellipodia and membrane mffling." In Swiss 3T3 fibroblasts and 
BAC1.2F5 macrophages, Cdc42Hs and Rac have been shown to 
participate in the formation of cell-substratum focal adhesion 
complexes distinct from larger Rho-induced focal adhesions.
Rho also regulates the formation of contractile actin-myosin 
filaments to form stress fibers.* Activation of Cdc42Hs in Swiss 
3T3 cells leads to sequential activation of Rac, and then Rho, 
suggesting that multiple aspects of cell locomotion are coordi- 
nately regulated. Polarization of Rac activity is also dependent 
on Cdc42Hs.*'"

Wiskott-Aldrich Syndrome Protein (WASp) is expressed in 
hematopoietic cells. It belongs to a recently defined family of more 
widely expressed proteins involved in transduction o f signals firom

receptors on the cell surface to the actin cytoskeleton. The complex 
multidomain structure of WASp suggests that it plays a central role 
in the integration o f multiple signals and the direction of regulated 
effector functions. In vitro, WASp binds specifically to the GTP- 
bound form of Cdc42Hs and less well to GTP-bound Rac.’’"''̂  The 
interaction with Cdc42Hs/Rac has been shown to be mediated 
through a Cdc42Hs/Rac small GTPase interactive binding motif (or 
GTPase-binding domain) in WASp, which is found in many 
downstream effectors of Cdc42Hs and Rac, although regions 
outside this motif are necessary for tight interaction.'*

The C-terminus of WASp contains a series of acidic residues 
with net negative charge that are necessary for direct binding of the 
conserved eukaryotic cytoskeletal organizer known as the actin- 
related protein (Arp) 2/3 complex.'*'’ The function of the complex 
is to nucleate actin filament assembly and to link the pointed end of 
new filaments to the side of older filaments, thereby creating a 
branching network.'*’'’ Arp2/3 complex is therefore localized to 
areas of active actin polymerization, such as in lamellipodia, the 
base of filopodia, and phagocytic cups, specifically at the junctions 
of Y-branches of polymerizing actin filaments. In vitro, the 
nucléation of new actin filaments by Arp2/3 complex is consider
ably enhanced when they are bound to WASp-family proteins. 
Overexpression of the conserved C-terminal acidic A domain (but 
not the WH2 domain alone) of WASp and Scar disrupts the 
localization of the Arp2/3 complex, inhibits lamellipodia and 
stress-fiber formation in Swiss 3T3 cells, and inhibits endogenous 
filopodia formation in J774 macrophages, indicating that WASp- 
related proteins regulate the cytoskeleton through this complex.”  
Furthermore, in cell extracts depleted of Arp2/3 complex, WASp- 
coated microspheres and Listeria monocytogenes are nonmotile
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and fail to form characteristic actin tails.^* The activity of WASp 
family proteins in terms of their ability to bind Arp2/3 complex is 
also subject to regulation. Intramolecular interaction between the 
GTPase-binding domain and the C-terminus of WASp results in 
occlusion of the binding site for Arp2/3 complex.^^ Binding of 
GTP-bound Cdc42Hs produces conformational change, disruption 
of the hydrophobic core, and release of the C-terminus. Additional 
modulation of this auto-inhibitory mechanism may occur through 
binding of signaling molecules to other WASp domains.

We have previously shown that DCs lacking WASp exhibit 
defects of filopodial formation and polarity, suggesting that trans
duction of signals from activated Cdc42Hs through WASp is 
abolished. In this study, we show that WASp is necessary for 
recruitment of Arp2/3 complex to podosomes in DCs and that 
organization of their cyto-architecture is regulated by Rho-family 
GTPases Cdc42Hs, Rac. and Rho. We also show that formation of 
podosomes is developmentally regulated.

Materials and methods
Cell culture

Peripheral blood mononuclear cells were prepared from healthy volunteers 
and 6 patients with severe WAS, after informed consent was obtained. All 
patients lacked WASp by Western blotting in mononuclear cell protein 
extracts and had molecular defects confirmed by DNA sequence analysis. 
For DC preparations, peripheral blood mononuclear cells were cultured in 
RPMl supplemented with 10% lipopolysaccharide (LPSHow fetal calf 
serum (Myoclone Superplus) (Gibco, Life Technologies, Paisley, United

Kingdom), 10 000 lU/mL penicillin and streptomycin (Gibco), 100 ng/mL 
recombinant human granulocyte-macrophage colony stimulating factor 
(Leucomax) (Sandoz Pharmaceuticals, Camberley, United Ktngdom), and 
25 ng/mL recombinant human interleukin-4 (gift from Professor D. Katz. 
University College London, United Kingdom). Cytokines were refreshed 
on day 3 or 4 of culture. On day 6 or 7, nonadherent, immature DCs were 
harvested and purified to approximately 90% extraction of T and B 
lymphocytes by means of CD3 and CD19 Dynabeads (Dynal Biotech, 
Wiiral, United Kingdom). Immature DCs were matured by addition of 50 
ng/mL LPS on day 6 of culture for a total of 24 hours.

Expression and purification of recombinant proteins

V12Racl, V12Cdc42Hs, NlTRacl, N17Cdc42Hs, and C3 transferase were 
expressed as glutathione-S-transferase fusion proteins in Escherichia coli 
and purified on glutathione-sepharose/agarose beads with subsequent 
thrombin cleavage as described.* Protein concentrations were assayed by 
means of a Bradford assay (Bio-Rad Laboratories, Hercules, CA). The 
plasmid vector p-enhanced green fluorescent protein (pEGFP)-WASp was 
constructed by amplifying the human WASp coding region by polymerase 
chain reaction and cloning it into pEGFP-C2 (Clontech Laboratories, 
Basingstoke, United Kingdom), in frame and downstream of the EGFP 
coding region. The entire EGFP-WASp coding sequence was then cloned 
into a Moloney-based retroviral vector plastnid,^*'  ̂ downstream of an 
internal cytomegalovirus promoter.

Microinjection and analysis

We plated 2 X  K ft DCs onto 22-mm  ̂coverslips (Chance Propper. Smeth
wick, United Kingdom) coated with human fibronectin (Sigma, Poole, 
United Kingdom) and allowed them to adhere for 2 to 4 hours. We injected 
1 mg/mL V12Cdc42Hs, 0.4 mg/mL V 12 Rac 1,0.75 mg/mL N17 Racl, 3.5

Figure 1. Form ation  of p o d o so m e s  by norm al im m a
tu re  DCs. Normal Immature DCs plated for 2 hours on 
fibronectin form podosom es. DCs were stained with 
TRiTC-phaiioidIn (panels A, D, G) or antlvinculin (panel 
B), antiphosphotyrosine (panel E), or anti-Arp2/3 (panel 
H) antibodies. Merged Images a re  shown in panels C. F. 
and I. Under th ese  conditions, the  majority of normal DCs 
adopt a  polarized morphology. An abundant f-actIn pool Is 
concentrated In punctate condensations a t the ceii- 
substratum  interface situated just behind the leading 
edge  (arrow heads In panels A, D, G). Rings of vinculin 
around ttie actin core confirm that these are  podosom es 
(panel B and  insert arrows In panel B). Both tyroslne- 
phosphorylated proteins (panel E) and the Arp2/3 com 
plex (panel H) colocallze with f-actIn In podosom es 
(panels F, I). Scale bars represent 10 p.m.
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mg/mL N17 Cdc42Hs, and 0.1 mg/mL C3 transferase. For coinjection 
experiments, the concentration of V12Cdc42Hs was reduced to 0.5 mg/mL. 
The activity of V12Rac 1, VI 2Cdc42Hs, N 17 Rac 1, and N 17Cdc42Hs were 
verified by injection into BAC1.2F5 cells (as described in Allen et al’) at the 
same concentrations used for DCs. Injected cells were identified by 
co-injection of rabbit immunoglobulin (Ig)-G (Sigma) at 0.5 mg/mL with 
recombinant proteins and labeling with Alexa 488 goat anti-rabbit IgC 
(Molecular Probes, Leiden, The Netherlands). After injection, DCs were 
incubated at 37°C in 5% CO2 for 10, 30, or 60 minutes before fixing in 4% 
paraformaldehyde (PFA)/3% glucose for 20 minutes at room temperature. 
Plasmid DNA was injected at 10 or 100 ng/p,L, and cells were incubated for 
2 or 4 hours after injection before fixing and staining.

Time-lapse phase microscopy

DCs were allowed to adhere to fibronectin-coated coverslips as above. 
Dunn chambers (Weber Scientific International, Hamilton, NJ) were 
assembled with medium in both inner and outer wells.^^4? For each 
experiment, 2 Dunn chambers were run in parallel. Cells were visualized 
with an Olympus inverted microscope (Southall, United Kingdom) and 
10 X  phase-contrast objectives. Images were acquired from charge-coupled 
device cameras (model TM-765) (Pulnix Europe, Basingstoke, Hampshire, 
United Kingdom), captured by a Matrox Magic (Dorval, Quebec, Canada) 
video capture card, and digitally recorded at a time-lapse interval of 10 
minutes for 5 hours. The processed sequences were then replayed as 
a movie.

Immunofluorescence

Cells were fixed in 4% PFA in phosphate-buffered saline (PBS)/3% glucose 
for 20 minutes at room temperature, permeabilized by means of 0.5% Triton 
X-KX) in PBS for 5 minutes, and blocked with 1% bovine serum albumin 
(BSA) in PBS for 30 minutes at room temperamre. For localization of 
filamentous actin, cells were incubated with 0.1 pg/mL tetramethylrhoda-

mine B isothiocyanate (TRITC)-phalloidin (Sigma) for 30 to 45 minutes at 
room tenqjerature. Localization of phosphotyrosine, vinculin, or the Arp2/3 
complex was achieved by incubation for 30 to 45 minutes with a 1:100 
dilution of mouse antiphosphotyrosine antibody (Santa Cruz Biotechnol
ogy, CA), a 1:500 dilution of mouse anti-human vinculin antibody (Sigma), 
or 1:250 dilution of rabbit anti-p34 Arc (Arp-related complex) polyclonal 
antiserum followed by incubation for 45 minutes with 1:100 Alexa 488 goat 
anti-mouse (Molecular Probes) or 1:200 fluorescein isothiocyanate anti
rabbit antibodies (Jackson Immunoresearch Labs, West Grove, PA). All 
antibodies were diluted in 1% BSA/PBS. Coverslips were mounted in 
Mowiol 4-88 (Calbiochem, San Diego, CA) with added p-phenylenedi- 
amine anti-fade (Sigma). Confocal images were obtained by means of a 
confocal laser scanning microscope system (TCS NT) (Leica, St Gallen, 
Switzerland) fitted with appropriate filter sets. Images were processed for 
publication by means of Leica TCS Start and Adobe Photoshop software.

Results
Arp2/3 complex localizes to DC podosom es

To determine their cytoskeletal architecture, normal immature DCs 
were fixed on fibronectin-plated coverslips and examined by 
confocal microscopy. In addition to abundant lamellipodia concen
trated mainly at their leading edge, multiple podosomes were 
present on the ventral surface of polarized cells (Figure 1A,D,G). 
These were clustered predominantly behind the leading edges and 
were absent from the uropod. Each actin core was surrounded by a 
rim of vinculin (Figure IB), distinguishing these structures from 
smaller focal contacts, which were distributed more widely (not 
shown). In nonpolarized cells, the clusters of podosomes were also 
distributed diffusely over the ventral surface. Each podosome

. f t  ry
H i

Figure 2. C y to sk e le to n  o f WASp-null im m ature  DCs. 
WASp-null Immature DCs plated for 2 hours on fibronec
tin lack podosom es and  form abnormal lamellipodia. DCs 
were stained with TRITC-phalloidIn (panels A, D, G) or 
antlvinculin (panel B), antiphosphotyrosine (panel E), or 
antt-Arp2/3 (panel H) antibodies. M erged im ages are 
shown in panels C, F, and I. WASp-null DCs are charac
terized by diffuse f-acOn dlstritxitlon (panels A, D, G,) with 
predominantly cortical actin staining (amowhead In panel 
A). P odosom es are universally absent. Many cells exhibit 
a hyper-elongated morphology and form abnorm al lamel
lipodia randomly over the cell surface (arrows in panels A, 
D, G and Insert In panel D). Simllarfy, a  diffuse pattern of 
staining w as se en  for vinculin (panel B), phosphotyrosine 
(panel E). and the Arp2/3 complex (panel H). Scale  bars 
represent 10 pm.
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colocalized with areas of intense tyrosine phosphorylation (Figure 
IE) and the Arp2/3 complex (Figure IH), suggesting that these 
participate directly in their formation.

Recruitment of Arp2/3 to podosom es requires WASp

To investigate the role of WASp in the organization of DC cytoskeletal 
architecture, we derived immature DCs from WAS patients (null 
mutants). The surface immunophenotype and maturation state of 
WAS DCs did not differ from those o f control cells,^* In spread 
WAS cells, f-actin was arranged in a cortical distribution, which 
gives them a ghost like appearance (Figure 2A), Within the cell 
body, podosomes were completely absent, and vinculin, tyrosine- 
phosphorylated proteins, and Arp2/3 complex were distributed 
diffusely (Figure 2A-I). The formation of stable broad lamellipodia 
was also shown to be disturbed. In WAS cells, lamellipodia were 
small and dysmorphic and were not polarized to leading edges 
(Figure 2A,D,G). Many WAS DCs also developed abnormal 
hyper-elongated morphologies. When observed by time-lapse 
videomicroscopy, normal immature DCs migrated by selection of a 
persisting leading edge, uropod retraction, and net cell transloca

tion (Figure 3A), In contrast, WAS immature DCs were shown to 
develop from rounded cells by bipolar extension, but appeared 
unable to select a leading edge, retract either pole, or achieve net 
directional translocation (Figure 3B), As in fixed cells, lamellipodia 
appeared dysmorphic and were also poorly sustained. We then 
expressed an EGFP-WASp fusion by microinjection of normal 
immature DCs with a plasmid vector. Whereas DCs that expressed 
EGFP alone showed diffuse fluorescence (Figure 4B,D), EGFP- 
WASp clearly localized to podosomes (Figure 4F,H), Furthermore, 
expression of EGFP-WASp fusion protein in WAS immature DCs 
resulted in reconstitution of podosome assembly (Figure 5D,F), 
Therefore, WASp is critical for polarized recruitment of signaling 
molecules, Arp2/3 complex, and actin-associated proteins to the 
leading edge of DCs and for effective filopodium, lamellipodium, 
and podosome formation.

Podosomal assembly requires Cdc42Hs, Rac, and Rho

To determine the role of Rho family GTPases in the assembly of 
DC podosomes, we microinjected dominant-negative N 17Cdc42Hs 
or N17Racl, and constitutively active V12Cdc42Hs or V 12Rac 1,

Figure 3. T ransloca tion  of norm al and  W AS-lmm ature 
DCs. Translocation of WAS Immature DCs on a fibronec
tin substratum Is severely compromised. Scale bars 
represent 10 p.m. Fram es were taken at 60-mlnute 
Intervals for up to 300 minutes. (A) Over time, normal 
Immature DCs becom e polarized and begin random 
translocation over the substratum. In general, migrating 
cells have a  well-developed broad and stable leading 
edge (arrows) with a fine uropod (arrowheads) that 
retracts Into the cell body at sporadic Intervals, resulting 
In net cell translocatlon, (B) In contrast, many WAS DCs 
elongate to an extreme degree. Persistent broad, leadlng- 
edge lamellipodia do not form, although small, transient 
extensions are formed randomly around the cell periph
ery (arrows). Cells fall to select a leading edge or a 
uropod, and net cell translocatlon over the substratum  Is 
severely compromised.
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Figure 4. Normal Immature DCs expressing a GFP-WASp fusion protein.
GFP-WASp fusion protein localizes to podosom es In normal Immature DCs. Confocal 
im ages are  shown In horizontal (panels A, B, E, F) and  vertical (panels C. D, G, H) 
planes. TRITC-phalloidIn staining of mlcroinjected normal DCs Is shown In left-hand 
panels (panels A, C, E, G). Right-hand panels show expression of EGFP (panels B. 
D) or EGFP-WASp (panels F, H). While EGFP show s a  diffuse distribution within the 
cytoplasm (panels B. D), EGFP-WASp fusion protein In normal DCs Is concentrated 
at sites of podosomal assem bly  (panels F, H).

into immature DCs adhered to a fibronectin substratum. On the 
basis of our initial observations that the process of DC microinjec
tion induces membrane ruffling and destabilizes podosomes, we 
observed the establishment of podosomal structures over a period 
of 1 hour after injection, by which time they have recovered in both 
number and distribution (Figure 6A). In contrast to uninjected or 
immunoglobulin-injected cells, many DCs injected with 
N 17Cdc42Hs lost polarity and displayed membrane ruffles around 
the cell periphery (Figure 6B). Assembly of podosomes was 
significantly inhibited (Figure 6B,G), but where present, podo
somes were usually arranged in a nonpolar distribution (not 
shown). Cells injected with V12Cdc42Hs produced multiple filopo
dia and nonpolar stellate extensions (Figure 6C). The majority of 
these cells re-formed some podosomes, but instead of being 
grouped at the leading edges, they were dispersed over the lower 
surface (Figure 6C), indicating that their polarity and normal 
clustering (but not necessarily their formation) had been disturbed 
(Figure 6H). In contrast, DCs injected with NlVRacl achieved 
normal polarity (Figure 6D), but podosome assembly was inhibited 
(Figure 6D,I). Cells injected with VI2Racl were indistinguishable 
from control-injected cells (Figure 6E,J). Previous studies in Swiss 
3T3 cells have indicated that Rho participates in the formation of 
focal adhesions by regulating the maturation of focal complexes 
into focal contacts.^’ To determine whether Rho is involved in the 
formation of podosomes, we injected recombinant C3 transferase.* 
In both BAC1.2F5 macrophages^ and DCs, this induced striking 
arborization and spreading (Figure 6F). Recovery of podosomes in 
DCs was also significantly inhibited (Figure 6K). In contrast to

immature DCs, LPS-matured cells were completely devoid of 
podosomes (Figure 7A). Furthermore, it was not possible to 
reconstitute their assembly by injection of VI2Cdc42Hs (Figure 
7C), V12Racl (Figure 7D), or a combination of the 2 (Figure 7E). 
Therefore, our findings are consistent with a role for Cdc42Hs, 
Rac, and Rho in the assembly of podosomes in immature cells, and 
specifically for Cdc42Hs in their organization into polarized 
clusters situated near the leading edges.

Discussion

In this study, we have examined the morphology and cytoskeletal 
organization of human DCs. We have found that clusters of 
podosomes are polarized to the regions behind the leading edge of 
immature cells, but are absent in LPS-matured cells. Podosomes 
are specialized dynamic structures restricted to highly motile cells 
(monocytes, monocyte-lineage-derived macrophages, osteoclasts, 
and some transformed cells) and are confined to contact sites 
between the cell and substratum. Distinct in size and morphology 
from focal adhesions, podosomes are conical structures composed 
of a core of actin filaments, a-actinin, fimbrin, gelsolin, and 
vimentin. These are typically surrounded by a ring of vinculin, 
talin, and paxillin.^*'’̂  Whereas the formation of filopodia and 
lamellipodia are clearly linked to the protmsive activity of DCs, the 
role of podosomes in cell reattachment and motility, and the

Figure 5. WASp-null Immature DCs expressing a GFP-WASp fusion protein.
WASp-null immature DCs mfcrolnjected wltti a  GFP-WASp fusion protein form 
podosom es and lamellipodia. Confocal im ages a re  shown In horizontal (panels A-D) 
and vertical (panels E-F) planes. TRITC-phalloldIn staining of microlnjected WASp- 
null DCs is shown In left-hand panels (panels A. C, E). Right-hand panels show 
expression of EGFP (panel B) or EGFP-WASp (panels D, F). Confocal im ages are 
shown In horizontal (panels A-O) and vertical (panels E-F) planes. Expression of 
EGFP In WASp-null DCs show s a  diffuse distribution within the cytoplasm (panel B). 
In contrast, expression of EGFP-WASp fusion protein results in the appearance of 
podosom es a t the sutistratum  Interface (panels C-F). In addition, EGFP-W ASp- 
expresslng cells a re  capabile of forming broad lamellipodia (arrowhead In panel D). 
behind which the podosom es a re  located. A normal DC morphology Is therefore 
reconstituted.
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Figure 6. Role of Rho-fam ily p ro te in s  in p o d o so m e  
assem b ly  and  d istribu tion . Rho-family proteins control 
podosome assem bly and distribution in normal immature 
DCs. DCs were fixed 30 to 60 minutes after microinjec
tion with igG (panel A), N17Cdc42Hs (panel B), 
V12Cdc42Hs (panel C), N17Rac1 (panel D), V12Rac1 
(panel E), or C3 transferase  (panel F) and stained with 
TRITC-phaiiiodin. In morphology, the DCs injected with 
IgG (panel A) are indistinguishable from uninjected cells. 
N17Cdc42Hs results in a loss of polarity, excessive 
mem brane ruffling (arrowheads in panel 8), and loss of 
podosom es (panel B). Microinjection of V12Cdc42Hs 
(panel C) stimulates filopodial extension around the 
periphery of the cell (arrows in panel C), resulting in a 
characteristic stellate morphology. There are  generally 
fewer podosom es (arrowheads in panel C). and cluster
ing of podosom es is inhibited. Vinculin staining w as used 
to confirm the identity of podosom es (data not shown) in 
such cells. The leading edge of cells injected with 
N17Rac1 (panel D) show filopodial extensions (arrow
head in panel D) but lack podosom es. In contrast, 
V12Rac1 injection ca u se s  no morphological change, and 
normal podosom e distribution is retained (panel E). 
Injection of C3 transferase (panel F) results In cell 
spreading (arrowheads in panel F), and podosom es are 
absent. In normal DCs, microinjection of control IgG 
protein cau ses  partial disruption of podosom es and 
progressive recovery over 60 minutes (panels G-K) 
Injection of N l7Cdc42H s (panel G), V12Cdc42Hs (panel 
H), N17Racl (panel I), or C3 transferase  (panel K) 
significantly inhibits podosomal recovery. In contrast, 
recovery occurs normally in VI 2Rac1 -Injected cells (panel 
J). Data were analyzed by m eans of the chi-square test. 
Significant differences betw een IgG and recombinant 
protein-injected cells are indicated by asterisks. "  indi
cates P < .0 1  and Indicates P <  .05. Each graph 
represents the combined data from 2 experiments, and 
each bar represents an average of 102 injected cells.
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mechanism of their formation or dissolution, are less well 
understood.

As has been noted previously, the formation of filopodia and 
podosomes in mutant DCs lacking WASp is severely af
f e c t e d . T h e s e  DCs also have significant disturbances in 
motility, particularly in the initiation and persistence of cell 
movement. However, the specific roles of, and interactions be
tween, WASp-Arp2/3 and Rho GTPases in these processes have 
remained unclear. In this study, we have shown that podosome 
assembly is consistently inhibited when cells are injected with 
N 17Rac 1 or C3-transferase and that both their asymmetric localiza
tion and their assembly are inhibited in cells injected with 
dominant-negative N 17Cdc42Hs. These data suggest that Cdc42Hs, 
Rac, and Rho are each involved in their localization and assembly. 
Consistent with evidence showing that Cdc42Hs is important for 
establishment and maintenance of polarity in many cell typeŝ -̂̂ * 
and that Cdc42Hs-WASp binds to and activates the Arp2/3 
c o m p l e x . w e  believe that the role of Cdc42Hs is not in the

disassembly of podosomes, as previously reported, but in the 
regulation of their assembly and polarity.^^

The participation of Rac and Rho in podosome assembly or 
stabilization is reminiscent of their role in the formation of integrin 
adhesion complexes'"'^^ and the maturation of focal contacts from 
focal complexes in Swiss 3T3 c e l l s . I n  other cell types, 
engagement of integrins by antibody-mediated clustering or substra
tum attachment results in activation and translocation of Rho to 
membrane ruffles at the edges of lamellae.'*^'’* Podosomes may 
therefore provide an essential link between protrusive activity and 
reattachment during DC motility. The way in which Rac and Rho 
participate with Cdc42Hs-WASp in the assembly of podosomes is 
less clear. One possibility is that Rac interacts with WASp in vivo 
(as has been shown in vitro, albeit weakly). Conformational 
changes in WASp induced by interaction with other signaling 
molecules could also favor binding and activation by Rac. The 
interaction between WASp and Rac may also be indirect, as has 
been shown for other GTPase effectors.'’ Furthermore, studies in
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immature mature

Figure 7. DC m atu ration  an d  p o d o so m e  lo ss . Maturation of DCs during 24-trour 
culture with LPS results in almost complete loss of podosom es (panel A). In contrast 
with immature DCs, m ature DCs are rounded cells that are adhere  poorly on 
fibronectin and have little tendency to spread. IgG-injected mature DCs have the 
sam e morphology a s  uninjected cells, remaining unpolarized and unspread despite 
displaying active peripheral lamellipodial formation (arrowhead in panel B). Microin
jection of V12Cdc42 (panel C) cau ses  striking filopodial assem bly (arrowheads in 
panel C) w hereas V12Rac injection (panel D) stimulates vigorous ruffling (arrowhead 
in panel D) and lamellipodial formation (arrow in panel D). When V12Cdc42 and 
V12Rac are coinjected (panel E), both filopodia (arrowhead in panel E) and 
lamellipodia (arrow in panel E) are assem bled.
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