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ABSTRACT

Normal lymphocyte homing comprises the physiological processes by which 

lymphocytes seek out, and localise to, particular tissues - and to specific 

microenvironments therein. Homing mechanisms play a major role in the 

maintenance of specialised microenvironments and are critical for the dispersal and 

targeting of naive and memory lymphocyte populations that are required for effective 

immune surveillance. Migration is central to lymphocyte homing and is achieved 

through the processes of adhesion and de-adhesion.

The adhesive and migratory capacities of the abnormal clone in 

lymphoproliférative disorders result in accumulation of these lymphocytes in 

particular lymphoid compartments. While the hairy-cells (HCs) of hairy-cell 

leukaemia show a consistent and peculiar tissue distribution, the cells of chronic 

lymphocytic leukaemia (CLL) exhibit variable patterns of migratory behaviour, 

although lymphocytosis and lymph node infiltration are usual. This thesis 

investigates the adhesive capabilities of HCs and CLL cells and attempts to relate 

these to in vivo behaviour. The role of cell activation is highlighted as a major 

determinant of adhesive behaviour in CLL.

Chapter 2 characterised in detail the adhesion molecule expression in ten cases 

of CLL. The expression of integrins was variable between cases, but all cases 

expressed (32 and (31 heterodimers. Any combination of a3(31, a4(31, a5(31 or a6pi 

could be present (a3(31 was most common, while only one case expressed a6|31). For 

the first time it was demonstrated that a4, when present in CLL, formed a heterodimer
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with pi and P7. Integrins of the P2 family were more consistent:-all cases expressed 

aLp2, about half had moderate levels of aMp2, and aXp2 was rare. CLL cells were 

also shown to express L-selectin and CD31.

Chapter 3 investigated the ability of CLL cells to interact with endothelial 

ligands as a prerequisite for tissue entry, demonstrating generally poor adhesion via 

several potential receptor-ligand pairs (e.g. p2 integrins/ICAMs; a4pl/VCAM-l; E- 

selectin ligand/E-selectin) which was increased in constitutively or in-vitro activated 

cells. On tissue entry CLL lymphocytes interact with extracellular matrix, and this 

was the subject of Chapter 4. Binding to fibronectin varied between cases, and 

activation state influenced this adhesive behaviour. Adherence to vitronectin was 

more variable, and did not relate to activation. CLL cells did not constitutively make 

any cytoskeletal responses following adhesion to extracellular matrix proteins, unlike 

HCs which have previously been shown to attain polar (motile) morphology on 

vitronectin and flattened (adherent) morphology on fibronectin. CLL cells required 

exogenous cytokine stimulation to become motile, and following this stimulation they 

acquired the ability to migrate under endothelial cells in co-culture experiments.

In HCL, adhesive behaviour more closely correlates with adhesion molecule 

expression and distinct migratory properties can be attributed to particular adhesion 

molecules on the HC. This is probably due to their activated nature. Chapter 5 

investigated the interactions of HCs with endothelial ligands. HCs bound generally 

better than did CLL cells under identical conditions; the interaction of a4pi with 

endothelial VCAM-1 was shown to be particularly strong, and the implications of this 

are discussed in terms of its potential influence on in-vivo distribution of HCs.
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Preface: Aims and content of the thesis

This study is intended to explore the hypothesis that adhesion receptors 

influence the in vivo recirculation behaviour of the lymphocytes of chronic 

lymphocytic leukaemia (CLL) and hairy cell leukaemia (HCL), and that particular 

adhesion structures may be associated with specific clinical features of the disorders.

Previous work in this Department has focused on the integrin-mediated 

functions of the hairy cells (HCs) of HCL and related the findings to the characteristic 

features of the disease (Burthem et al, 1994a and 1994b). The present study applies 

the same principles concerning the importance of adhesion molecules in lymphocyte 

function to the more complicated disease, CLL, where the behaviour of the abnormal 

cells is less predictable.

Chapter 1 provides a brief overview of the background to the project. In 

Chapter 2, the expression of adhesion molecules of ten cases of CLL is characterised 

using sensitive immunocytochemical techniques. The subsequent chapters analyse 

how these receptors are utilised in different aspects of lymphocyte recirculation 

processes. Interaction with endothelium is the subject of Chapter 3, and Chapter 4 is 

concerned with adhesion and responses to extracellular matrix ligands.

In Chapters 3 and 4, CLL cells are frequently compared with HCs because 

HCL had already been characterised in this Department with regard to integrin
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expression/function and thus constituted a ‘control’, and also because HCL is a related 

lymphoproliferative disorder in which tissue involvement is very different. The thesis 

is therefore concerned with both CLL and HCL. The endothelial assays set up for 

CLL in Chapter 3 and the transmigration assays in Chapter 4 had not been previously 

applied to HCL. The examination of the behaviour of HCs in these assays led to 

novel findings concerning HC/EC interaction, and these are presented in Chapter 5. 

The thesis finishes with a brief overview of the findings of the thesis, and a discussion 

of further investigations which may arise from this work, set out in a Conclusions 

chapter (Chapter 6).
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Chapter 1

General Introduction

As explained in the Aims, the thesis is concerned with both CLL and HCL, 

and both these diseases are therefore briefly reviewed. Given the hypothesis that 

adhesion receptors influence the in vivo recirculation and tissue distribution of the 

abnormal cells, particular emphasis is given to the different patterns of organ 

involvement in the two diseases.

Next, current understanding of B lymphocyte recirculation is explained and 

followed by a discussion of the many adhesion molecules involved in this process. 

Since lymphocyte movement is an important part of the tissue phase of lymphocyte 

recirculation, this subject is reviewed next.

Finally, lymphocyte activation is discussed since the concept is a recurring 

theme of the thesis. Thus many of the characteristics of HCs, including much 

integrin-mediated behaviour, have been shown to be related to the fact that HCs 

appear to be intrinsically activated cells (Katayama et al 1977; Braylan et al 1978). 

Furthermore, it is known that at least some of the heterogeneity of CLL is related to 

different degrees of activation present in different cases (Merle-Beral, 1990).

Chapters 3 and 4 show that such activation influences the adhesive/migratory 

properties of CLL cells. The discussion of activation is therefore related to both HCL 

and CLL.
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1.1 Chronic Lymphocytic Leukaemia

1.1.1 Definition

CLL is a lymphoproliferative disorder in which there is a clonal expansion of 

B cells arrested at an intermediate stage of differentiation (Freedman and Nadler, 

1993). A small proportion of cases of CLL involve monoclonal T lymphocytes. 

These, however, are most commonly considered to be a different disease and are 

excluded from this thesis. The abnormal lymphocytes of CLL are small apparently 

mature B cells; they express surface immunoglobulin (slg) which is restricted to a 

single light chain (k or X; Han et al, 1982), and also express CD 19, CD20, CD22, 

CD23, and CD24 (Freedman 1990).

CLL cells resemble naive B cells following release from the bone marrow; 

they show no evidence of affinity maturation (Dameshek, 1967). CLL is the most 

commonly occurring form of leukaemia in North America and Europe, accounting for 

almost one third of all cases, but is extremely rare in the Orient. The disease typically 

occurs in patients over the age of fifty years and is distinctly unusual in individuals 

younger than thirty years; the ratio of male:female cases is between 2 and 3 to 1 (Gale 

and Foon, 1985).

The expression of CD5, which is normally associated with T cells, is unusual 

among normal and neoplastic B cells and is therefore of diagnostic importance in 

CLL. The presence of CD5 on CLL cells has been a focus of the debate regarding a 

normal counterpart for the CLL cell. Populations of normal CD5-positive B 

lymphocytes exist, and these cells have many features in common with CLL cells, but 

also many striking differences. CD5-positive B-cells were originally considered to be

15



I

►

i

a separate lineage to CD5-negative B- cells, however, Wortis (1992) showed that CD5 

expression could be induced on CD5-negative cells by appropriate cross-linking of the 

surface IgM receptor. Conversely, normal CD5-positive B cells can be induced to 

differentiate to CD5-negative cells with features in common with germinal centre 

cells (Caligaris-Cappio et al, 1989). Thus CD5 expression in CLL may be a feature of 

their activated, undifferentiated nature (see later). Other candidate cells for a normal 

counterpart of CLL are mantle zone B lymphocytes, peripheral blood and spleen 

CD5-negative cells, and the CD5-positive population of foetal blood cells. Some 

groups regard the criteria of peripheral B-cell lymphocytosis plus bone marrow 

infiltration as sufficient for diagnosis of CLL (Binet et al, 1989). More often, CD5 

positivity is now regarded as an essential part of the diagnosis, and lack of this antigen 

is usually considered to indicate a CLL variant (Dighiero, 1993). For the purposes of 

this thesis a tight definition of CLL was employed, with a high proportion of the B 

cells in all cases expressing CD5, CD22 (low-moderate intensity), and CD23 

(moderate-high intensity).

1.1.2 Pattern of disease

The mechanisms by which CLL lymphocytes accumulate are not clear. A 

review by Strykmans et al, in 1977, concluded that both an increased rate of 

production and an increased life span probably contribute to steady accumulation of 

the abnormal cells. Also, blood CLL lymphocytes are capable of rapidly leaving and 

returning to the vascular system, but despite this, recirculation does not proceed 

normally in CLL. The reason for this phenomenon is not known.

The clinical course of CLL is highly variable between patients. The clinical 

features of CLL may be related to (1) leukaemic, (2) local, and (3) immunological
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manifestations of the disease, or a combination of these (Sweet et al, 1977). 

Leukaemic manifestations are the result of peripheral blood and bone marrow 

replacement of the normal elements, and of the associated metabolic problems and 

their effect. A local problem denotes an anatomical aberration due to a specific 

regional involvement. Immunological manifestations relate to CLL as a defect in 

immunoglobulin synthesis.

CLL may involve any organ system including the skin, lymph nodes, liver, 

spleen, gastrointestinal tract, lungs, nervous system, skeleton, and genitourinary tract 

(Sweet et al, 1977). However, the most common features which are clinically 

significant are lymphocytosis, bone marrow infiltration, lymph nodes, liver, and 

spleen. The lymphocytosis varies greatly from case to case (usually ranging from 

10xl09/l to 150x109/1, but may be as high as 400x109/l). Bone marrow infiltration is 

always present, but the extent and pattern (see section on histology below) vary and 

are of prognostic significance (Rozman et al, 1984; Mauro et al, 1994). Peripheral 

lymph nodes are frequently involved; splenic and hepatic involvement are less 

constant, but not uncommon.

Patients without symptoms and with minimal disease have a better prognosis 

than those presenting with bulky disease, anaemia, neutropenia and repeated infection 

(Dameshek, 1967). A number of staging systems have been proposed which consider 

the most important prognostic factors in CLL in order to predict the survival and 

therapy requirements of individual cases. The two staging systems widely used were 

devised by Rai et al (1975) and Binet et al (1981). In Chapter 2 of this thesis, the 

expression of adhesion molecules is compared with clinical features of the disease. 

The Binet staging system is employed as one of the criteria by which the CLL cases
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are classified. In the Binet staging system, the importance of the tumour mass is 

emphasised by taking into account the potential enlargement of five different 

“lymphoid” areas: (1) cervical; (2) axillary; (3) inguinal lymph nodes; (4) spleen; (5) 

liver. On the basis of the number of lymphoid areas involved and the presence or 

absence of anaemia and/or thrombocytopenia, three prognostic groups are 

distinguished. Median survivals for patients in stages A, B and C are 12, 5, and 2 

years respectively.

1.1.3 Histology

Bone marrow involvement may take on four different patterns of infiltration:- 

nodular, interstitial, mixed (nodular plus interstitial), and diffuse (Lipshutz et al,

1980; Rozman et al, 1984). However, for prognostic purposes, these patterns can be 

classified into two broad groups-diffuse and non-diffuse (Lipshutz et al, 1980; 

Rozman et al, 1981). Patients with diffuse bone marrow infiltration have a worse 

prognosis (median survival 2-4 years) than do those with non-diffuse involvement 

(median survival >8 years) (Montserrat and Rozman, 1987).

Within the lymph nodes, CLL cells behave like normal B cells, and occupy the 

B-dependent areas of the follicles, where they associate with the follicular dendritic 

cells. The accumulation of CLL cells in the node causes symmetrical enlargement.

The most common pattern of splenic involvement in CLL is expansion of the 

white pulp (Lampert et al, 1980). The white pulp may be infiltrated in either a 

nodular or a diffuse manner. T cells are displaced from their usual periarterial 

location, and appear more often in the red pulp (Lampert, 1983).
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1.2 Hairv-Cell Leukaemia

1.2.1 Definition

HCL is a clonal proliferation of pathognomonic HCs that take on a peculiar 

and specific tissue distribution and alter the tissue microenvironment in a distinctive 

way. The HCs have a very characteristic appearance (diagnostic cytology in 

Romanowsky preparations and unique surface topography), specifically express an 

isoenzyme of acid phosphatase, and possess a distinctive immunophenotype. HCL is 

rare, accounting for around 2% of adult leukaemias (Gale and Foon, 1985).

It is accepted that HCs are of B cell lineage. The malignant clone shows both 

heavy and light chain gene rearrangements and is able to synthesise and to secrete 

immunoglobulin of a single light chain type (k or X; Gordon, 1984). The 

immunoglobulin is either of IgG type alone or is a combination of multiple heavy- 

chain isotypes, with prominent IgD (Bums et al 1978). The HC also expresses 

surface antigens considered specific for late B lymphocyte lineage (reviewed in 

Cawley & Burthem 1992). These antigens, characteristically CD 19, CD20, CD22, 

and FMC7, are those associated with a mature, but pre-plasmacytoid stage of 

differentiation (Visser et al 1989).

As will be discussed later (section 1.6), the HC has a range of features 

indicating activation. In conclusion, then, HCL is a clonal proliferation of late B-cells 

with features of activation (Cawley and Burthem, 1992).

I
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1.2.2 Pattern of disease

The malignant HC has an unusual and consistent predilection for certain tissue 

sites. The red pulp of the spleen is heavily infiltrated and its architecture distorted, 

while the white pulp is not involved and is frequently atrophic (Pilon et al, 1981; 

Pilon etal, 1982; Shi-Hua et al, 1992). Although marked hepatic enlargement is 

unusual, and liver architecture well maintained, the hepatic sinusoids are consistently 

infiltrated by HCs (see below). Bone marrow infiltration is always present. The HC 

infiltrate is accompanied by a variable degree of reticulin fibrosis (Burke, 1978). 

Lymph node enlargement is unusual and although HCs may be present, the infiltrate 

is not usually prominent (Katayama and Schneider, 1977). A variable number of 

circulating HCs are present in the blood.

At sites of prominent HC infiltration (especially splenic red pulp) distinctive 

structures known as pseudosinuses may be present (Pilon et al, 1982). These consist 

of vascular spaces lined by HCs with an associated basement membrane. Such 

structures require tissue remodelling by HCs (Re al, 1988); see below.

1.2.3 Histology 

Cell-cell associations

Within tissues such as spleen and liver, two major cell-cell associations are 

usually apparent. The first is between the HC and the endothelial cell '(EC), and the 

second between the HC and the tissue macrophage (Nanba et al, 1977b; Pilon et al, 

1982). HCs overlie and infiltrate between endothelial cells, forming close cellular 

contact with them. In hepatic sinusoids the HCs align with endothelial cells in a
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manner resembling Kupffer cells. This association between HCs and endothelial cells 

appears to have metabolic consequences for the endothelial cells, which often appear 

atrophic and are eventually lost (Pilon et al, 1981).

Despite the monocytopenia of HCL, tissue macrophages are prominent and 

form an intimate association with surrounding HCs. This association probably has 

functional significance since it has been reported from this laboratory that 

monocytes/macrophages can stimulate HC proliferation (Griffiths and Cawley, 1991). 

Cell-matrix interactions

Infiltrating HCs are clearly associated with existing extracellular matrix and 

basement membrane elements. The tendency for HCs to line existing basement 

membranes in a polarised manner is a well recognised histological feature of the 

disease (Nanba et al, 1977a), and may have a role in the formation of pseudosinuses. 

In this Department, the interactions of HCs with extracellular matrix have been 

characterised (Burthem et al, 1994a and 1994b). HCs have been shown to express the 

a5p i and a4pi fibronectin receptors, and the vitronectin receptor, aVp3. These 

receptors are constitutively active, with HCs binding strongly to both vitronectin (VN) 

and fibronectin (FN). The adherent HCs also show cytoskeletal changes in response 

to this binding. On FN, HCs remain sessile and spread, attaining a flattened 

morphology resembling the shape of a fried egg. On VN, HCs attain a polar, motile 

morphology. Furthermore, immunohistochemical staining showed that FN is 

prominent in bone marrow (where it is at least partly responsible for the reticulin 

fibrosis), while VN is prominent in spleen. These observations, taken together, 

support the notion that integrins contribute in a major way to the peculiar and specific 

tissue reactions seen in HCL.
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1.3 B-Lymphocyte Recirculation

1.3.1 Definition of B lymphocytes

B lymphocytes are responsible for the production of antibodies that bind to 

foreign organisms and facilitate their destruction. B cells are the only cells capable of 

synthesizing immunoglobulin molecules that, in the resting B lymphocyte, remain 

attached to the cell membrane. Detection of membrane Ig is the most commonly used 

B cell marker (Jondal et al, 1973). Most B cells express IgM and/or IgD. A smaller 

number of B cells display IgG or IgA (Preud’homme and Seligman, 1974). To 

efficiently protect the body from infectious organisms, lymphocytes circulate as non

adherent cells in the blood and lymph, and migrate as adherent cells in tissues when 

necessary (Anderson et al, 1982; Butcher, 1991; Springer, 1994).

1.3.2 Recirculation (ecotaxis)

B lymphocytes are generated in the adult in the bone marrow. When fully 

differentiated, B cells are released into blood (Ikuta et al, 1992); T cell precursors 

migrate to the thymus prior to differentiating (Ikuta et al, 1992). These B cells are 

described as naive, because they have not yet encountered an antigen recognised by 

their antigen receptors (Gray, 1992). These naive B cells are IgM+IgD+ and 

constitute the majority of the B cells that recirculate between blood and lymphoid 

tissues (Strober and Dilley, 1973). Some of the B lymphocytes migrate to the 

periphery and possess the ability to “recognise” special compartments within the 

lymphoid organs, known as T-independent or B-dependent areas. This property is
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known as homing. The recirculation and homing patterns of lymphocytes were 

established in vivo using re-injection of isolated cells after fluorescence or 

radiolabelling (Pabst et al, 1993). B cells recirculate more slowly than T cells, 

although the reason for this is not known (Sprent, 1973). B lymphocytes prefer to 

home to the spleen, where they account for 50% of all lymphocytes as compared to 

25% in the lymph node. The slower recirculation of the B lymphocytes is related to 

an even slower passage through the spleen than through the lymph nodes.

Within the lymph nodes and spleen, B lymphocytes home to the follicles. The 

selective localization of B lymphocytes in specific areas of the lymphoid organs may 

be related to their affinity for particular accessory cells called follicular dendritic cells 

(Burton et al, 1995). Follicular dendritic cells are only present in B-dependent areas; 

they have long cytoplasmic processes and are thought to create a microenvironment to 

support the differentiation and proliferation of B cells (Kosco et al, 1992; review by 

Thorbecke et al, 1994).

Fig. 1.1 illustrates the normal pathways of B lymphocyte recirculation.

1.3.3 Tissue entry- the adhesion cascade.

In secondary lymphoid tissue (lymph nodes, spleen, gut associated lymphoid 

tissue), most B lymphocyte extravasation occurs in postcapillary venules with 

distinctive cuboidal histology- the high endothelial venules (HEV) (Stamper and 

Woodruff, 1976). Most recirculating lymphocytes selectively bind to the endothelium 

of HEV, (demonstrated by the Stamper-Woodruff method (1976) for allowing viable 

lymphocytes to adhere to frozen sections of lymphoid organs), but rarely to

23



Fig. 1.1 Normal pathways of B lymphocyte recirculation.

normal vascular endothelium (Mackay et al, 1990; Hall and Morris, 1965). The 

exception to this is during an inflammatory response, where damaged tissue 

influences the adhesion properties of the adjacent endothelium, resulting in local 

extravasation of lymphocytes (Kapiotis et al, 1994). The process of tissue entry has 

been described as an adhesion cascade, as it involves three or more steps, each 

mediated by a particular set of adhesion molecules (Hynes, 1992; Sanchez-Madrid 

and Corbi, 1992). The steps are:-lymphocyte rolling along endothelium, triggering of 

tight adhesion, and transendothelial migration.

Lymphocyte rolling

Selectin interactions with their ligands are believed to be the main component 

of the first step in lymphocyte adhesion to endothelium, although recently a4
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integrins have also been shown to be able to facilitate this (Berlin et al, 1995). These 

interactions are weak and transient, and because of the shear forces induced by the 

blood flow, the lymphocyte rolls along the endothelium (Butcher, 1991). The large 

number of selectin ligands suggests that some cells may simultaneously express two 

or more of these molecules, allowing precise control of this step (Butcher, 1991). The 

short-term cell-cell contact achieved by selectins brings lymphocytes into close 

proximity with the vascular endothelium in preparation for the next step in the 

adhesion cascade.

Adhesion triggering

During rolling the lymphocyte is exposed to chemoattractants that are 

displayed on or released from the endothelial lining of the vessel wall (Butcher, 1991; 

Rot, 1993). Chemoattractants bind to receptors that span the membrane seven times 

on the surface of lymphocytes. These couple to G proteins, which transduce signals 

that activate integrin adhesiveness (Butcher, 1991). The lymphocyte then binds 

tightly to the endothelium via integrin receptors on the lymphocyte and their ligands 

(usually members of the immunoglobulin superfamily of adhesive proteins, see 

below).

Transendothelial migration

Following directional cues from chemoattractants and using integrins for 

traction, lymphocytes then cross the endothelial lining of the blood vessel and enter 

the tissue. Transendothelial migration requires movement over the endothelial 

lumenal surface, and often some component of migration through subendothelial
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matrix, in addition to penetration between endothelial cells (Smith, 1992). The 

precise adhesion receptors involved in transendothelial migration are unclear, but 

almost certainly include (31 integrins binding to subendothelial matrix elements as 

well as CD31, which is expressed on the lymphocyte surface and also on endothelial 

cells, where it is localised at cell-cell junctions (Elenstrom-Magnusson et al, 1995; 

Albeda et al, 1991). Basement membrane contains predominantly laminin, collagen, 

entactin, and heparan sulfate, while extracellular matrix may comprise fibronectin, 

vitronectin, and collagen (Li and Cheung, 1992; Chan and Aruffo, 1993). The 

composition of basement membrane and extracellular matrix may vary between 

tissues, and these differences influence the pattern of infiltration by lymphocytes (Li 

and Cheung, 1992).

1.3.4 Tissue phase of lymphocyte recirculation

Having entered the tissue, adhesive processes continue to influence the 

lymphocyte’s behaviour. Interactions with matrix proteins and accessory cells dictate 

whether the lymphocyte will migrate within the tissue environment, and whether the 

cell will return to the circulation, or remain sequestered in an appropriate B cell area 

(Molossi et al, 1995). Soluble factors from the vascular endothelium and from 

accessory cells and other resident lymphocytes influence this stage of recirculation 

(Duijvestijn and Hamann, 1989; Randolph and Furie, 1995; Ebert, 1995).
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1.4 Adhesion molecules

Many adhesion molecules have been identified; these have been characterised 

and can be grouped into four major families: the selectins, integrins, immunoglobulin 

superfamily, and a group of highly glycosylated molecules. Selectins, integrins and 

immunoglobulin-like molecules are all relevant to this thesis, and are discussed under 

their respective headings below. In section 1.4.1 members of the group of adhesion 

molecules which might have a role in CLL and HCL cell behaviour are briefly 

mentioned. The reasons for excluding these adhesion molecules from the 

experimental work are discussed.

1.4.1 Other adhesion molecules

Since this work started, new adhesion molecules have been described, which 

may have a role in normal lymphocyte recirculation, but could not be included in this 

study, e.g. the vascular adhesion proteins described by Jalkanen et al (Salmi and 

Jalkanen, 1992; Salmi et al, 1993; Airas et al, 1993.), and also the immunoglobulin 

(I)-type lectins (carbohydrate-binding proteins) such as CD22, which is expressed on 

the majority of mature resting B cells. CD22 mediates interactions of B cells with T 

cells, other B cells, activated endothelial cells, or accessory cells (Wilson et al, 1991; 

Engel et al, 1993).

Another adhesion molecule that may be important in CLL, is CD44. This 

adhesion molecule is now known to be expressed at high levels in CLL. CD44 can 

bind to hyaluronic acid, and to the extracellular matrix proteins collagen, laminin, and
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fibronectin in vitro (Peach et al, 1993; Jalkanen and Jalkanen, 1992). CD44 may 

participate in lymphocyte binding to HEVs and activated endothelium, although 

evidence for this is contradictory (Stamenkovic et al, 1991; Jalkanen et al, 1987). 

However, CD44 is widely expressed in many cell types, and there are several variant 

isoforms of this glycoprotein with different binding activities and specificities 

(Dougherty et al, 1994; Salles et al, 1993). An attempt is being made by other 

workers to relate expression of CD44 with disease severity in CLL (De Rossi et al, 

1994). Since, when this study began, the function of this molecule was unclear, and 

since there is confusion regarding the importance of this molecule in lymphocyte 

biology, this study does not consider the potential role of CD44 interactions to 

mediate CLL cell or HC distribution.
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1.4.2 Selectins

There are three members of the selectin family of adhesion molecules. These 

receptors share a common mosaic structure consisting of an aminoterminal C-type 

lectin (sugar-binding) domain, a single epidermal growth factor (EGF)-like domain, 

several short consensus repeats (SCR) similar to those found in regulatory proteins 

that bind complement, a transmembrane domain, and a short C-terminal cytoplasmic 

domain (Bevilacqua et al, 1991). Selectins bind to carbohydrate ligands via the lectin 

domain, and anionic carbohydrates, such as sialyl Lewis X and sialyl Lewis A, can 

block in vitro adhesion of lymphocytes to lymph node HEVs (Springer and Lasky, 

1991; Lasky, 1992). Selectin ligands are a diverse range of carbohydrates; the 

common feature of most is a lactosamine backbone (Larkin et al, 1992). Table 1.1 

shows the selectin ligands described to date, which have been shown to be expressed 

in vivo, and thus may have a role in selectin-mediated interactions.

L-selectin (CD62L) is expressed on all leucocytes except activated, memory 

lymphocytes (Camerini et al, 1989). Its expression by leucocytes can be modulated; 

cell activation by chemokines or phorbol esters downregulates L-selectin expression 

on the plasma membrane by shedding (Kishimoto et al, 1990). Thus a soluble form of 

L-selectin can be found in plasma (Schleiffenbaum et al, 1992; Tamatani, 1993). L- 

selectin has been shown to be expressed on CLL and HCL lymphocytes (Csanaky, 

1994; Knapp et al, 1989).
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Table 1.1. Selectin Ligands. The table lists ligands in the chronological order in 

which they were described.

Original Name Source Polypeptide

name

Natural 

ligand for

Refs.

Sgp50 HEV L- 

selectin ligand

mouse peripheral 

LN

GlyCAM-1 L-selectin Imai et al, 1991. 

Lasky et al, 

1992

120kD myeloid

P-selectin

ligand

human

neutrophil, HL60 

cells

PSGL-1 P-selectin Moore et al, 

1992. Norgard 

et al, 1993

150kD myeloid

E-selectin

ligand

mouse bone 

marrow cells

polypeptide

unknown

E-selectin Levinovitz et al, 

1993. Lenteret 

al, 1994

sgp90

sulphated L- 

selectin ligand

mouse peripheral 

LN

CD34 L-selectin Baumhueter et 

al, 1993.

MAdCAM-1 mouse

mesenteric LN

MAdCAM-1 L-selectin Berg et al, 1993.

250kD E- 

selectin ligand

bovine y/8 

lymphocytes

polypeptide

unknown

E-selectin Walcheck et al, 

1993

Heparan

sulphate

bovine and 

human

endothelial cells

core protein not 

required

L-selectin Norgard- 

Sumnicht et al, 

1993

160kD myeloid

P-selectin

ligand

mouse bone 

marrow cells

polypeptide

unknown

P-selectin Levinovitz et al, 

1993. Lenteret 

al, 1994

P-selectin (CD62P) is expressed on activated platelets and endothelium (Larsen et al, 

1990). On the surface of endothelial cells P-selectin initiates the earliest phase of
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leukocyte recruitment into inflammatory sites (McEver, 1992; Lorant, et al, 1993; 

Jones et al, 1993). The P-selectin gene is constitutively expressed, and P-selectin is 

1 stored in Weibel-Palade bodies; it is translocated to the plasma membrane within

minutes after cell activation by histamine, thrombin, or complement factors (Geng et 

al, 1990; Smith et al, 1993; Sugama, et al, 1992).

E-selectin (CD62E) is expressed on endothelium after stimulation by the 

inflammatory cytokines IL-1 or TNFa, or by neuropeptides (Weller et al, 1992; Smith 

et al, 1993; Bevilacqua et al, 1987), as well as by lipopolysaccharide (Shimizu et al,

> 1991). Following endothelial cell activation by these agents, E-selectin is detected

after 3-6 hr and decreases to basal levels after 24 hrs (Weller et al, 1992; Fries et al, 

1993).

I
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1.4.3 Tntegrins

As well as being important in lymphocyte homing, integrins are involved in 

many other biological processes including embryonic development and maintenance 

of tissue integrity (Hynes, 1992; Albeda and Buck, 1990; Sonnenberg, 1993). All 

integrins are heterodimers composed of an a  subunit non-covalently associated with a 

P subunit (Hynes, 1987), illustrated in Fig. 1.2.

Fig. 1.2 Outline of the structure of integrins and the combinations of a-and 13- 

chains. (S-S=disuphide bridge; Ca=cation-binding site; C=cystein-rich domain)

At present 15 a- and 8 p-chains are known and at least 21 different 

heterodimers have been found (Hynes, 1992; Hemler, 1990). Lymphocyte 

populations can express any of thirteen integrins from the pi, P2, P3, and P7 

subfamilies, and eight of these are important in the lymphocyte-endothelial

Ligand
binding
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interaction; aLp2, aMp2, aXp2, a4pi, a4p7, aHp7, aVp3, a6pi (see below). The 

expression and heterodimer associations of these adhesion molecules by the abnormal 

cells of CLL are considered in Chapter 2. Members of the pi family of integrins, also 

known as the very late activation (VLA) antigens, are involved in interactions with 

extracellular matrix proteins. Table 1.2 shows the diverse ligands of this family of 

adhesion receptors.

Structure

Both a  and P subunits are transmembrane glycoproteins, and several 

cytoplasmic domains of the pi integrin subunit interact with cytoskeletal actin 

filaments via the proteins talin or a-actinin. The extracellular domains contain the 

ligand binding region. The a  chain contains areas that bind Ca or Mg and the 

nature of the cation can affect ligand affinity (Masumoto and Hemler, 1993; Larson et 

al, 1989). In many cells there is a retention of an intracellular pool of immature pi 

integrin chains associated with the chaperone calnexin (Lenter and Vestweber, 1994). 

Cell-surface expression of mature heterodimer is then regulated by biosynthesis, 

assembly, and transportation of the a-chain. The level of a-chain expression can be 

regulated by the addition of inflammatory cytokines, such as TNFa (Defilippi et al, 

1991; Defilippi et al, 1992). The changes in integrin expression on CLL cells after in 

vitro stimulation are investigated in Chapter 2.

Activation of integrins

Integrins rapidly transfer from a non-adhesive, low-affinity state to a transient 

high-affinity state (Hynes, 1992). This is probably due to a conformational change

33



caused by activation because certain mAbs react with pi or P2 integrins only after 

activation and others can activate integrins after binding (van Kooyk et al, 1991;

1 Sanchez-Mateos et al, 1993; Kovach et al, 1992). This controllable adhesiveness of

integrins provides a versatile mechanism for the arrest and tight adhesion of 

circulating lymphocytes on vascular endothelium, rapidly followed by intermediate 

adhesion during transendothelial migration, and finally de-adhesion at extravasation 

(Springer, 1994; Shimizu et al, 1992; Mackay and Imhof, 1993). Different cell-cell 

interactions can induce a higher affinity; for instance, interaction of T lymphocytes 

with the vascular endothelium through CD31 (see Immunoglobulin Superfamily 

► below) transduces activating signals into T cells which in turn activate integrins

(Tanaka et al, 1992; Piali et al, 1993). Similar activating signals are produced from 

interaction of the chemokines with their receptors (Baggiolini et al, 1994; Durum and 

Oppenheim, 1993). This means that the integrin-mediated activities of any cell, 

including lymphocytes is influenced not only by which integrins are expressed (and 

what heterodimeric associations are present), but also by the functional state of these 

integrins. These considerations may be very important in CLL and may well explain 

why previous authors have had difficulty in relating simple mAb-defined expression 

of integrin chains with clinical behaviour. The functional studies in Chapters 3 and 4 

were designed to address these issues. The homogeneous nature of HCs and their 

constitutive activation may explain why associations between integrin expression and 

clinical features of disease are more apparent.

»
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p2 integrins.

There are three members of this family of integrins expressed on human 

leucocytes. When expressed, these adhesion receptors are important in the tight 

adhesion between leucocytes and endothelium (Buckley, 1993). 

aLp2 is present on the surface of most leucocytes and interacts with the first Ig 

domain of the IC AMs (members of the immunoglobulin superfamily) (Kurzinger et 

al, 1981).

aM p2 is found predominantly on granulocytes, macrophages, and NK cells, and is 

also a receptor for ICAM-1 but does not bind to ICAM-2 and -3 (Miller et al, 1986; 

Keizer et al, 1987). Thus, aMp2 is a receptor involved in recruiting myeloid cells to 

inflammatory sites. aMp2 is also binds to, and aids phagocytosis of, complement- 

particles. aMp2 has been shown to be expressed on some, but not all, HCs (Knapp et 

al, 1989).

aXp2 is found predominantly on macrophages, monocytes and granulocytes; also on 

activated T and B lymphocytes, neutrophils and dendritic cells (Larson and Springer, 

1990). This molecule is expressed at high levels on HCs (Knapp et al, 1989) and is 

present in some cases of CLL (Hanson et al, 1990). aXp2 can bind to fibrinogen 

(Postigio et al, 1991a) and to iC3b (Micklem and Sim, 1985). This molecule also 

mediates interaction with endothelium, but the endothelial ligand is unknown (Stacker 

and Springer, 1991). 

p i integrins.

These are also known as very late activation (VLA) antigens. They are 

expressed on a wide variety of cells, including non-haemopoietic cells (Hemler, 1990;
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Hemler et al, 1990; Hemler, 1988). HCs have been shown to express high levels of 

a5p l, a4pl and low a3pl; these cells do not express other pi integrins (Burthem et 

al, 1994a). Moller et al (1991) described the expression of pi integrins on CLL cells 

as a l - ,  a2±, a3+, a4+, a5+, a6-.

Table 1.2 Ligands of the pi family of integrin heterodimers.

Heterodimer Ligand(s)

a ip i collagen, laminin

a2pl collagen, laminin

a3pl fibronectin, collagen, laminin

a4pl fibronectin (CS-1 domain), VCAM-1

a5pl fibronectin (RGD domain)

a6pi laminin

a7pl laminin

a8pi ?

a9pl ?

pi integrins bind to extracellular matrix components (Table. 1.2) such as 

fibronectin, laminin, and collagen, and thus play a role in lymphocyte adhesion and 

migration within tissues (Shimizu and Shaw, 1991; Ruoslahti and Pierschbacher, 

1987).

a3 p l is expressed at higher levels on CLL cells than on normal peripheral blood B- 

cells or other B-lymphoproliferative disorders, although the functional significance of 

this is unknown (Baldini et al, 1992).

36



a4 p i is the only member of the pi integrins which recognises, apart from the 

extracellular matrix component fibronectin, a transmembrane molecule which is a 

member of the immunoglobulin superfamily. VCAM-1, the ligand of a4 pi, is 

expressed on activated endothelium (Osbom et al, 1989; Elices et al, 1990).

Therefore, a4pi is also involved in lymphocyte-endothelial cell interactions. The a4- 

chain can be expressed on cell surfaces as a 180 or a 150 kD form; the latter can also 

appear as a cleaved configuration with 80 and 70 kD chain fragments. These forms 

may result in differential activation of this integrin by cellular signals. a4pl and 

a5pl are important in lymphocyte adhesion and migration on fibronectin and mediate 

lymphocyte movement underneath bone marrow stromal cells (Miyake et al, 1991; 

Miyake et al, 1992). a4pi also plays a role in leukocyte spreading on endothelium, 

and also in transendothelial migration since blocking of this integrin blocks 

extravasation (Butcher, 1991; McEver, 1992).

a5 p i expression contributes to the disseminative phenotype of malignant B cells- 

presence of a5pi correlates with ability of various lymphomas to spread (Blase et al, 

1995).

P7 integrins.

a4p7 is expressed on a subset of lymphocytes which colonise the gut and gut- 

associated lymphoid tissues (Holzmann et al, 1989; Schweighoffer et al, 1993). 

Integrin a4p7 recognises the mucosal endothelial ligand MAdCAM-1 (see Table 1.1) 

and mediates lymphocyte homing to Peyer’s patches. This integrin can also bind to 

VCAM-1 and fibronectin (Berlin et al, 1993; Strauch et al, 1994; Schweighoffer et al,
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1993); while MAdCAM-1 is involved in lymphocyte recirculation under normal 

conditions, interactions with VCAM-1 may only become important in inflammatory 

reactions. a4(37 can also mediate lymphocyte tethering under conditions of high shear 

stress, using loose reversible interactions prior to activation and firm sticking (Berlin 

et al, 1995). a4p7 does not appear to have a role in transendothelial migration (Chan 

and Aruffo, 1993).

aHp7 is involved in the interaction of lymphocytes with the intestinal epithelium 

(Cerf-Bensussan et al, 1992; Shaw et al, 1994). Recently it has been described that 

the heterotypic adhesive interactions between epithelial cells and intraepithelial 

lymphocytes are mediated by E-cadherin, the ligand of aHp7 (Cepek et al, 1994). E- 

cadherin is one of a member of a family of Ca -dependent cell adhesion molecules 

with a large extracellular domain with four repeated Ca binding regions, a single 

transmembrane sequence, and a 15kD cytoplasmic domain (Nagafuchi et al, 1987; 

Ringwald et al, 1987). The presence of aHp7 has been described on HCs, and is used 

as a marker to identify these abnormal B lymphocytes (Knapp et al, 1989).

P3 integrins.

aVp3 is the classical vitronectin receptor (Smith and Cheresh, 1988). This 

heterodimer is expressed on HCs and mediates HC adhesion and migration in the 

vitronectin-rich environment of splenic red pulp. Thus aVp3 has a role in directing 

the particular distribution of these cells in vivo (Burthem et al, 1994a). The 

expression of this integrin on CLL cells has been described (De Rossi et al, 1993), 

although expression was confined to a small number of cases, most of which were

38



atypical (i.e. CD5-negative). The expression of the heterodimer in these cases of CLL 

correlated with poor prognosis. A recent publication (Piali et al, 1995) showed that 

aVp3 can also bind to endothelial CD31, and may therefore have a role in 

transendothelial migration of aVp3-expressing cell types.
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1.4.4 Immunoglobulin superfamily.

The immunoglobulin (Ig) superfamily encompasses a large group of molecules 

with multiple Ig-like domains (Fig.l .3). This family includes a number of adhesion 

molecules, the majority of which are expressed on endothelium, although some 

(ICAM-1, ICAM-3, and recently VCAM-1) have been described on lymphocyte 

populations (Dustin et al, 1986; de Fougerolles et al, 1991; Reuss-Borst et al, 1995). 

Hence these receptors are important in the adhesion of lymphocytes to endothelial

cells as a prerequisite for tissue entry.

VCAM-1.7/VCAM-1.5

Fig. 1.3 The general structure of the immunoglobulin superfamily adhesion

molecules. (COOH=C-terminal cytoplasmic part; î=sugar side-chain;

C2=constant immunglobulin domain; S-S=disulphide bridge.
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Each Ig-like domain is usually encoded by a discrete exon, and consists of a 

primary sequence of 60-70 amino acids with a disulphide bridge spanning 50-70 

1 residues; several other conserved residues are involved in establishing a tertiary

structure referred to as an antibody fold (Simmons et al, 1988; Staunton et al, 1989; 

Newman et al, 1990; Osbom et al, 1989; de Fougerolles et al, 1993).

Five members of this family are involved in lymphocyte-endothelial cell 

interaction: ICAM-1, ICAM-2, ICAM-3, VCAM-1, PECAM-1 (CD31). Except for 

ICAM-3, these all serve as endothelial ligands for leucocytes.

ICAMs. Intercellular adhesion molecules (ICAMs) -1 and -2 were both initially 

• identified by their ability to bind to aLp2 integrin (Staunton et al, 1989; Marlin and

Springer, 1987). All three ICAMs are involved in antigen-specific interactions (de 

Fougerolles et al, 1994).

ICAM-1 binds aLp2 by the first domain and has also been found to bind aMp2 by a 

distinct site in the third domain (Diamond et al, 1990; Staunton et al, 1990). ICAM-1 

also binds CD43, which is widely expressed on leucocytes, although the significance 

of this interaction has not been established (Rosenstein et al, 1991; Cyster and 

Williams, 1992). ICAM-1 is weakly expressed on resting endothelium, but is 

strongly induced after several hours of stimulation by IL-1, TNFa, or interferon-y 

(Dustin et al, 1986; Pohlman et al, 1987; Rohlein et al, 1988). ICAM-1 is widely 

expressed in an inducible manner on all leucocytes (de Fougerolles et al, 1993). 

ICAM-2 is constitutively expressed at a high level on resting endothelial cells and its 

expression is not increased by activation (Nortamo et al, 1991; de Fougerolles et al, 

1991); the affinity of ICAM-2 for aLp2 is weaker than that of ICAM-1 (de 

Fougerolles et al, 1994), and is probably responsible for constitutive low
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transendothelial leukocyte traffic. ICAM-2 is not expressed on leucocytes (de 

Fougerolles et al, 1991)

ICAM-3 is not expressed on endothelium (Elgabalawy et al, 1994), and is strongly 

expressed on resting lymphocytes and monocytes (de Fougerolles et al, 1994). 

VCAM-1. The vascular cell adhesion molecule VCAM-1 was originally identified as 

a cytokine-inducible adhesion molecule on human endothelial cells, mediating the 

binding to leucocytes and melanoma cells (Osborn et al, 1989; Hession et al, 1992; 

Hession et al, 1991). VCAM-1 is a ligand for the a4pi integrin and binds weakly to 

a4p7 (Strauch et al, 1994; Elices et al, 1990; Ruegg et al, 1992). VCAM-1 is 

characterised by the presence of a variable number of Ig domains resulting from 

alternative splicing of the VCAM-1 gene (Osborn et al, 1989; Polte et al, 1990). The 

predominant form of VCAM-1 on endothelium contains 7 Ig domains (Hession et al, 

1991; Cybulski et al, 1991). Additional forms with 6 and 8 Ig domains have been 

described (Osborn et al, 1989; Cybulski et al, 1991) (Fig.1.4). In murine stromal and 

endothelial cells glycophosphatidylinositol-anchored and -non-anchored isoforms 

have also been described (Kinashi et al, 1995). This Pi-linked form contains only the 

three N-terminal Ig domains followed by a unique 21-amino acid C-terminus tail 

(Moy et al, 1993). In addition, a soluble 95-1 lOkD form of VCAM-1 has been 

purified from the supernatant of human cultured endothelial cells, as well as from 

blood of patients suffering from rheumatoid arthritis and SLE (Pigott et al, 1992; 

Wellicome et al, 1993).

VCAM-1 is absent on resting endothelial cells, but is induced by IL-1 and 

TNF, with maximal activity reached by 6-12 hr (Masinovsky, et al, 1990; Swerlick, et 

al, 1992). IL-4 also increases the expression of VCAM-1, but not E-selectin or
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ICAM-1 (Masinovsky, et al, 1990). Thus VCAM-1 and ICAM-1 are regulators of 

lymphocyte extravasation at sites of inflammation. VCAM-1 is also expressed in 

several non-vascular cell types, including populations of dendritic cells found in 

lymph nodes and skin, bone marrow stromal cells, splenic red pulp fibroblasts, and 

synovial cells in inflamed joints (Miyake et al, 1991; Freedman et al, 1990). At these 

locations it is involved in the adhesion of lymphocyte precursors to bone marrow 

stromal cells, the binding of B cells to lymph node follicular dendritic cells, and 

VCAM-l/a4pi interaction acts as a costimulator for T cell proliferation (Miyake et 

al, 1991; Ryan et al, 1991).

CD31. This is a six domain molecule which mediates both leukocyte and 

platelet/endothelial cell adhesion and transendothelial migration (Newman et al, 1992; 

Xie and Muller, 1993; Muller et al, 1993; Schimmenti et al, 1992). CD31 is 

expressed on platelets and on most leucocytes and is constitutively present on 

endothelial linings in vivo. CD31 mediates adhesion through homophilic interaction; 

however, a heparin-binding consensus sequence on domain 2 may mediate 

heterophilic interaction with cell surface or extracellular matrix proteoglycans 

(DeLisser et al, 1993; Newman et al, 1992; Muller et al, 1992). As stated above in 

the section on P3 integrins, CD31 can bind leukocyte aVp3 (Piali et al, 1995). CD31 

is able to activate pi and P2 integrins by ligand-induced signalling (Tanaka et al, 

1992; Piali et al, 1993). When endothelial cells come into contact with each other to 

form a cobblestone-like monolayer, CD31 redistributes to the cell border and is 

thought to participate in the endothelial cell-endothelial cell interaction that limits 

vascular permeability (Albeda et al, 1991).
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1.5 Lymphocyte Movement

The previous studies of HCL in this department have identified specific 

properties of HCs which influence their in vivo behaviour. This thesis applies the 

same theory to the in vitro investigation of CLL cell migration (Chapter 4). This 

section of the General Introduction is included to explain the morphological analysis 

of cells in order to identify their motility responses to adherence and to stimulation.

Motile cells of the immune system adopt a common basic morphology 

(Bememan 1990). A motile lymphocyte is illustrated in Fig. 1.4 below.

Direction of cell movement

A.
temmellipodia

B.
backward flow of 
v  cell “ruffles"

forward flow of lammellipodia

Fig. 1.4 Features of a typical motile lymphocyte.

A. from above

B. side view
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The distinctive morphological feature of motility is that of front-tail polarity 

(Keller et al 1989). Non-motile cells, in contrast, appear circular from above, 

resembling a fried egg shape.

Simple adhesion, mediated by glass-bound non-stimulating lectins, does not 

induce the motile behaviour of B lymphocytes. However if the bound lectin has 

stimulatory properties, cell motility ensues (Alexander et al 1976). This implies that 

simple cell adhesion requires an additional "activating" signal to induce cell motility. 

Evidence is now accumulating to suggest that different adhesive proteins can provide 

such a signal. Various workers in the field have employed different cell types and 

different experimental systems. However, in lymphocyte biology, three proteins in 

particular have been implicated: collagen, laminin and fibronectin. The factors which 

influence B cell migration are not fully defined, but in some studies it has been shown 

that B-lymphocyte migration can be induced by fibronectin substrata (Davies 1990). 

The capacity of different adhesive proteins to promote, or maintain, motile behaviour 

of lymphocytes strongly suggests that signals received from integrin receptors may be 

responsible for the motile behaviour of these cells. Engagement of a5pi and/or 

aVp3 can induce motility in various cell types (Akiyama et al 1989; Bauer et al 1992; 

Albelda et al 1990; Seftor et al 1992). Adherence of HCs to vitronectin via aVp3 

induces a motile response (Burthem et al, 1994a).

Whilst a role for integrin receptors and their adhesive protein ligands in cell 

motility is increasingly recognised, it remains clear that soluble factors such as the 

chemotactic peptides and cytokines are more potent and probably more flexible 

mediators of cell movement. Moreover in some cases adhesion-induced migration 

appears to be dependent on prior stimulation by soluble mediators (Wilkinson, 1986,

45



Ratner et al 1992). The migration response of CLL cells to adhesion to extracellular 

matrix proteins, as well as the modulation of this response by in vitro stimulators are 

investigated in Chapter 4 of this thesis.
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1.6 Activation

1.6.1 B-cell activation

The concept of activation is not easy to define. The term is usually used to 

refer to the dynamic sequence of changes that normally follow exposure of the cell to 

antigen, although less specific stimulators can clearly induce some of these changes. 

Immature B cells that escape negative selection develop into quiescent naive B cells 

that circulate in the blood. As these cells pass through the secondary lymphoid organs 

such as the spleen, they scan for the presence of trapped antigens that their slgM and 

slgD recognise. The binding of antigen to the B-cell antigen receptor initiates signals 

that activate the B cell to undergo maturation to become memory and antibody- 

secreting cells. The process of going from a resting B cell to an antibody-secreting 

cell can be divided into three stages: early activation, proliferation, and differentiation 

(reviewed in Gold and DeFranco, 1994). Early activation is characterised by (1) entry 

into the G! phase of the cell cycle; (2) increased synthesis of biosynthetic/secretory 

machinery (such as ribosomes and endoplasmic reticulum) that is needed for high-rate 

antibody secretion; (3) increased expression of surface proteins involved in the 

activation of T cells such as MHC class II molecules and CD80, the ligand for CD28; 

(4) increased expression of receptors for T cell-derived cytokines that promote B cell 

proliferation and antibody secretion, and (5) migration of a B cell into specific 

functional microenvironments (Clark and Lane, 1991; Wortis et al, 1995; Jumper et 

al, 1995; Jutila, 1994; Turunen, 1994). Such activation involves a range of stimuli in 

addition to crosslinking of the antigen receptor, and leads to proliferation, 

differentiation. Stimulation through the antigen receptor may also induce the cell to
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undergo apoptosis if the cell is immature or if other signals (via CD40 or cytokines) 

are absent.

1.6.2 Activation in HCL

The HC is now widely thought to be a highly activated cell. Many features of 

HCs support this conclusion. The heavy-chain isotype-switching referred to earlier 

(section 1.2.1) may be regarded as an activation feature, as might strong expression of 

slg. However, a range of other activation features is also present. Immunophenotypic 

studies show that markers normally lost after B-cell activation, such as CD21 and 

CD24, are expressed only at low levels on HCs, while B-cell activation markers 

CD22, CD25 and CD72 are strongly represented (Knapp et al, 1989; Visser et al,

1989) . “HC-restricted” antigens such as CD1 lc, B-Ly7 and HC2 are activation 

antigens on other cell types (Mulligan et al 1990; Chadbum et al, 1990; Posnett et al,

1990) . Furthermore, the adhesion receptor profile of HCs resembles that of normal 

activated B cells (Burthem et al, 1994a).

Perhaps the most obvious and unique feature of activation on HCs is the 

appearance of the cell. The HC is large, with an open chromatin pattern when 

compared with normal mature circulating lymphocytes indicating an activated cell 

(Katayama et al, 1977; Braylan et al, 1978). The characteristic and fluid pattern of 

microvilli and ruffles that characterise the surface of the HC reflect ongoing 

cytoskeletal and signalling activity. The cortical actin cytoskeleton and actin-binding 

structures are highly active (Caligaris-Cappio et al 1986; Zauli et al 1988), and there 

is strong evidence of ongoing signalling activity involving a number of pathways. 

Pronounced PKC activity in HCL has been long suggested by the induction of an
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“HC-like” phenotype in normal or malignant B-cells stimulated in vitro by phorbol 

ester (Caligaris-Cappio et al 1986; al Katib et al, 1992). More recently, high levels of 

activity involving the tyrosine protein kinase/phosphatase system have been identified 

(Zauli et al 1988), as has enhanced activity of certain serine/threonine kinases 

(Tamaki et al, 1992). Having emphasised the activation features of HCs, it must be 

acknowledged that the cells lack other characteristics (e.g. CD23) associated with 

normal B-cell activation. This presumably means that the activation of HCs is more 

specific than the activation that occurs during polyclonal B-cell stimulation.

Although the cell is known to be activated, this state is not rigid, and the HC 

retains the capacity to respond to further stimuli. For example, the HCs possess a rich 

cortical network of polymerised (F) actin, indicative of an "activated" cytoskeleton, 

however the cell may achieve further actin polymerisation and morphological change 

in response to pharmacological stimulation of protein kinase C (Caligaris-Cappio et 

al, 1986; Zauli et al, 1988).

Since most of the features described above are determinants of cell migration 

and adhesion, it is likely that the characteristic tissue distribution of the malignant cell 

reflects this activation.

1.6.3 Activation in CLL

Since CLL cells are small and morphologically appear inactive, the concept of 

activation less obviously applies to this cell type. Nevertheless CLL cells frequently

do express certain surface antigens normally expressed by activated B cells, and such
IJyBP.A*?

expression varies from case-to-case. For example, CLL cells frequently express the

following activation antigens:- B5, CD25, CD38, and CD71 (Merle-Beral, 1990).
BFM9T|LVXB /
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Furthermore, all cases of CLL express the activation antigen, CD23, which is 

upregulated on B cells stimulated with phorbol ester (Fournier et al, 1992; Fournier et 

al, 1994). However, the position of the CLL cell within the cell cycle is fully resting 

as documented by classic kinetic studies (Andreef et al, 1908) and by lack of c-myc 

protein expression (Larsson et al, 1987).

Since activation influences expression and function of cell surface adhesion 

receptors, the activation state of CLL lymphocytes is relevant to this thesis. In the 

experimental work described in the following chapters, a number of activation 

markers were selected to determine the state of activation of different cases of CLL.

In order to avoid giving special emphasis to a particular activation antigen, a large 

panel of markers was used to assess activation (CD23, CD25, CD39, CD71, CD80, 

a5, and aX). All of these activation markers have been shown to be expressed 

following B-cell early activation, either by phorbol esters, CD40-crosslinking, or by 

T-cell derived cytokines. CD23 is upregulated on normal B-cells which have been 

treated with phorbol ester and have progressed from G0 to Gb (Delespesse et al, 

1992). CD25 is the a-chain of the high-affinity IL-2 receptor, and is upregulated on 

normal B-cells which require further stimulation from accessory cells (Waldmann, 

1989). CD39 is widely reported to only be expressed on activated B-cells; it may 

have a role in homotypic adhesion but its major function is uncertain (Knapp et al, 

1989). CD71 identifies cells which have been stimulated to proliferate (CD71 is the 

transferrin receptor and iron is essential for proliferation; Schwarting and Stein, 

1989). CD80 was selected since this molecule is required for interaction with T cells 

in co-stimulation responses during B cell differentiation (Freeman et al, 1989). Since 

activation may induce an adhesive/motile response, two integrin sub-units, aX and
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a5, are recognised activation markers on B-cells (Sanchez-Madrid and Corbi, 1992; 

Ballard et al, 1991); these are included the assignment of activated status in this 

thesis. Certain activation markers which are always expressed in CLL (CD23, CD25) 

are included in the panel of antigens, and high or low expression of these was 

determined. Other surface antigens (CD39, CD71, CD80, a5, and aX) which are not 

always expressed in CLL are also determined. Because each of the antigens selected 

highlights a different aspect of early activation (i.e. CD80 is involved in T-cell co

stimulation, CD71 is essential for proliferation, CD25 is required to transduce signals 

to promote proliferation and antibody secretion, etc.), expression of more of these 

antigens should indicate that the cell is more activated. Thus cells expressing five or 

more of these antigens in a given case (>50% positive for CD23 and CD25) are 

designated, in this study, as activated. Such activation is then related to clinical 

features and immunophénotype (Chapter 2) and to various functional capabilities 

(Chapters 3 and 4).
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Chapter 2

The expression of adhesion molecules and activation markers in

CLL

Introduction

When this thesis was begun there was little information concerning adhesion 

molecule expression in CLL. During the period the present work was being 

performed a number of publications have appeared which examined the integrin 

expression of CLL cells and have related the findings to the clinical behaviour of the 

disease (De Rossi et al, 1993; Baldini and Cro, 1994; Takeuchi and Katayama, 1993). 

No consistent conclusions have emerged, although individual studies have suggested 

that the presence of certain chains may have prognostic significance and may 

influence tissue distribution (Woessner et al, 1994; Baldini et al, 1992). These other 

studies of CLL have not, however, determined detailed integrin heterodimer 

associations and have not examined in vitro cell responses to ligand binding.

This chapter examines adhesion molecule expression in CLL. For reasons 

discussed in the General Introduction (Chapter 1), the particular adhesion molecules 

studied were the integrins, CD31, and L-selectin. Since different a- and P-chain 

associations influence ligand specificity, immunoprécipitation studies were employed 

to demonstrate particular heterodimeric associations- something not previously done 

in CLL.
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Because previous studies of HCL in this Department have emphasised the 

importance of B-cell activation in integrin-mediated responses, and because CLL cells 

are known to display different degrees of activation, the observations in the present 

chapter are related to the activation phenotype of the CLL cases (see the discussion of 

CLL cell activation in the General Introduction, section 1.6.3).

Chapters 3 and 4 will examine how these adhesion molecules and activation 

markers influence the response of the CLL cell both to endothelium and to 

extracellular matrix.

»
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Methods

Antibodies and Immunologic Techniques 

Monoclonal antibodies (mAbs)

All the mAbs used in this chapter are listed in Table 2.1. The mAbs were 

against a range of adhesion receptors (Table 2.1) and activation antigens, or were used 

for purification (mAbs to CD3, CD16, and CD41).

Detection of mAb staining

All antigens for adhesion molecule expression were detected by APAAP. 

APAAP reagents (Dakopatts) were used according to standard protocols (Appendix 

1.1). Positive controls (usually peripheral blood mononuclear cells or hairy cells) 

were included in all staining series. Antigens which were positive in some or all cases 

of CLL were then analysed by triple-layer FACS.

Triple-layer flow cytometry

Such methods have been shown to enhance sensitivity, and lower the detection 

limit for surface molecules in low copy number (Zola et al, 1990). Briefly (see also 

Appendix 1.3), primary antibodies at saturating concentrations were followed by 

biotin-conjugated horse-anti-mouse mAh (Vector Laboratories, Peterborough, UK). 

The third layer was streptavidin conjugated to phycoerythrin (Becton Dickinson, Ltd. 

used at recommended working dilution).
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Table 2.1 mAbs used in this Chapter

Specificity 

(common name)

CD Clone

(Isotype)

Source

a2 49b 5E8 Dr. R. Bankert Roswell Park Cancer Inst, NY

a3 49c M-KID 2 (IgGl) Immunotech, SA

a4 49d 44H6 (IgGl) Serotec

a5 49e SAMI (IgG2b) Immunotech, SA

a6 49f 4F10 (IgG2b) Cymbus Bioscience Ltd.

aL 11a 25.3.1 (IgGl) Immunotech, SA

aM lib BEAR 1 (IgGl) Immunotech, SA

aX lie S-HCL-3 (IgG2b) Becton Dickinson

aV 51 13C1 (IgGl) Prof. G. Bums, Newcastle, NSW, Australia

aH 103 265.1 (IgGl) Immunotech, SA

PI 29 K20 (IgG2a) Immunotech, SA

P2 18 BL5 (IgGl) Immunotech, SA

(33 61 1076 (IgGl) Prof. G. Bums, Newcastle, NSW, Australia

PEC AM-1 31 5.6E (IgGl) Immunotech, SA

L-selectin 62L Dreg56 (IgGl) Immunotech, SA

Fes receptor (R) 23 EBVCS5 (IgGl) Becton Dickinson

IL-2R 25 2A3 (IgGl) Becton Dickinson

39 AC2 (IgGl) Immunotech, SA

transferrin R 71 LOl.l (IgG2a) Becton Dickinson

BB1 or B7 80 L307.4 (IgGl) Becton Dickinson

3 SK7 (IgGl) Becton Dickinson

16 G022 (IgGl) Becton Dickinson

41 M148 (IgGl) Serotec
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The intensity of fluorescence detected by FACS varied greatly for the different 

antigens tested. When large amounts of antigen were expressed, the positive peak 

1 was completely distinct from the isotypic control. However, when the antigen was

weakly expressed, the positive peak overlapped that of the isotypic control (Fig.2.1c 

overleaf). Since pure populations of cells were being used and because APAAP 

staining had already indicated that all the cells were positive for the antigens in 

question, all the cells in the right-shifted overlapping peak were reactive.

Nevertheless, the positivity was expressed as a percentage of cells to the right of the 

control marker (set to exclude 98% of the cells stained with the isotypic control,

» Fig2.1a). Positive staining was expressed in this way to indicate the intensity of such

staining.

Immunoprécipitation

This technique was performed using published protocols, and is described in 

full in Appendix 1.2.

Patient Material 

Selection of CLL patients

Ten morphologically typical cases of CLL were used in this study. A tight 

immunophenotypic definition of CLL was employed. In all cases the cells had the 

following phenotype as detected by direct fluorescence in the diagnostic laboratory:- 

weak light-chain-restricted surface Ig+, CD5+, CD22+, CD23+ (intensity of CD22 not 

I  greater than CD23). Four entirely typical cases of HCL were included for comparison

(Cawley and Burthem, 1992). In all cases informed consent was given.

56



3  Gated event: 5000
Right Gated % Tot Mean

5.98 98.4 98.4 n n
1000.00 1 .6 1 . 6 3.03

¡ A
r \

*1—rrrr
100

«T
iG 1

T  I T T TTTT y 

1 0 '
F L 2

n— i i rTmj 
1 0'

b Gated events : !

Gated % TotR i ght

5.98 
I 000.00

G0.0
40.0

60.0
40.0

Mean

5.55
9.57

r  \\

/ !j
W1

i

I'V
-i— i i rfTrrj------ r ''t  r n i  rf|—

IQ u 1 Q 1 10“’
F L 2

n— i I ' lT r u
10 3

C Gated events : 5000

Right % Gated % Tot

5.98 17.1 |?. l
1000.00 : 82.9 82.9

Fig.2.1 Level of expression of cell surface antigens by triple-layer FACS.

a) Isotypic control mAb used to set a gate to indicate approx. 2% positivity 

(%Tot on table).

b) anti-a5 staining. Moderate expression in this case, giving 40% positive 

(although Gaussian distribution indicates 100% of the cells actually express the 

antigen).

c) anti-a3 staining. High expression here moves the peak to the right, and 

percent positive is approaching 100%.
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Isolation, purification, and storage of leukaemic cells

Peripheral blood samples were collected into heparin (20U/ml final 

concentration). Peripheral blood mononuclear cells were isolated by Ficoll-Hypaque 

(Lymphoprep; Nycomed, Oslo, Norway) density gradient centrifugation. Cells were 

stored in liquid nitrogen in complete medium containing 10% dimethyl sulphoxide. T 

cells, monocytes and platelets were removed using magnetic beads (DYNA-BEAD; 

Dynal A.S., Oslo. Norway) coated with antibodies to CD3, CD16, and CD41 

respectively; after this depletion contaminating platelets, T lymphocytes or monocytes 

were all less than 1% as judged by alkaline-phosphatase anti-alkaline phosphatase 

(APAAP) staining of cytospin preparations.

The clinical features of the CLL patients

Clinical details of the ten cases of CLL were collated in order to compare these 

data with adhesion molecule expression, although the limitations of this exercise were 

acknowledged, given the small number of patients. The following parameters of the 

disease were tabulated:- stage, major organ involvement, peripheral white cell count, 

lymphocyte doubling time, haemoglobin level/platelet count and activated vs. non- 

activated phenotype (see below).

Activation state of CLL lymphocytes

Case-to-case variation in adhesion molecule expression in CLL may be due to 

differences in the activation states of the cells (Nakamura et al, 1994). In order to test 

this hypothesis, an arbitrary definition of activation state was employed. The 

expression of a panel of seven known B-cell activation antigens was determined by 

triple-layer FACS for the ten CLL cell populations, and cases expressing five or more
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of these antigens were said to be activated. The justification for the use of these 

antigens has already been given in detail in Chapter 1. The activation markers were as 

follows: CD23, the Fes receptor, (Defiance et al, 1987, Flores-Romo et al, 1989); 

CD25, the high affinity IL-2 receptor, (Paloczi et al, 1990); CD39, (Flores-Romo et 

al, 1989); CD71, the transferrin receptor, (Trowbridge and Omary, 1981); CD80, also 

known as BB1 or B7 (Yellin et al, 1994); a5 integrin subunit (Sanchez-Madrid and 

Corbi, 1992); and aX integrin subunit (Ballard et al, 1991).

In-vitro activation of CLL cells

Various known B-cell activators were used to stimulate CLL cells in vitro. 

These were TNFa (lOOng/ml), TNFa (10 ng/ml) combined with lng/ml PMA, IL-4 

(3ng/ml, Sigma), IL-10 (lOng/ml, Genzyme), or SAC (0.001%, purchased from 

Calbiochem), each added to CLL cells (2xl06/ml) for 2 or 24hrs. Changes in 

adhesion molecule expression were then analysed using triple-layer FACS.
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Results

2.1 Expression of adhesion molecules

2.1.1 APAAP

Although APAAP detects both surface and cytoplasmic antigens, for the 

antigens examined in this study, APAAP positivity was always associated with 

positivity by FACS, indicating that the antigen in question was, at least partly, at the 

cell surface.

Adhesion molecules were variably expressed by CLL cells. Some of the 

adhesion molecules investigated, i.e. a2, aV, and P3 integrin chains were not 

expressed in any case, and were therefore not examined by FACS.

When positivity was weak, judgments were difficult owing to CLL cells 

having very little cytoplasm; potentially positive antigens were re-examined by 

FACS. Moreover, due to both day-to-day variations in the substrate, and to the 

subjective nature of the assessment, determination of the level of antigen expression 

between samples is not possible by APAAP.

Fig.2.2, on the following pages, shows several APAAP preparations. Fast Red 

alkaline phosphatase substrate staining gives a red positivity, the counter-stain is 

haematoxylin (blue). The slides show a negative control stain, a test using anti-CD3 

antibody (CD3 is a T-cell marker, and was incorporated in the staining runs to 

confirm the efficiency of the purification process), two APAAPs with anti-a5 

identifying a positive and a negative CLL cell clone, and a positive anti-L-selectin 

stain.
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2.2a Isotypic control cytospin non-specific or Fc mediated staining is absent.

2.2b Anti-CD3 staining to demonstrate residual T cells in the CLL cell preparation.
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2.2c Anti-a5 staining to demonstrate strong a5 positivity in a particular case.

2.2d Anti-a5 staining to demonstrate an a5 negative case.
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2.2e Anti-L-selectin staining of CLL cells showing variable strong positivity. This 

slide also shows the presence of “ghost” or “smeared” cells, which are common in 

CLL cell preparations. These are believed to be ruptured cells, and appear because 

the CLL cells are particularly fragile.
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2.1.2 Flow Cytometry

p i  integrins. The shared 01 chain that defines the VLA family was demonstrable by 

FACS in all cases. However, the intensity of staining varied from case to case, giving 

positivity of 23-92%. In CLL, 01 could be co-expressed with any of a3, a4, a5, and 

a.6. Although these a-chains could all be expressed, the relative proportions of the 

four chains differed considerably between cases (Fig.2.3). In contrast, HCs 

consistently possessed high levels of a4 and a5; a3 expression was low or absent, 

and oc6 was absent (Fig.2.4).

P2 integrins. In CLL, the p2 chain was consistently present. Regarding associated a  

chains, a typical profile could be identified, namely aL+, aX-, with variable ocM 

expression (Fig.2.3). In HCL, a reciprocal pattern is seen (cxL-, aX+) (Knapp et al, 

1989), and this was confirmed here (Fig.2.4).

Other (non-integrin) adhesion molecules

CD31 was expressed at a high level in most cases, although 2 of the 10 were 

negative. L-selectin was consistently high. Similar results were obtained for HCs.

2.1.3 Immunoprécipitation

Previous studies in this Department identified specific associations of certain 

heterodimers on HCs which have implications on the homing properties of these cells. 

In particular, HCs express a4pi and aHp7 integrins but, unlike many B cell types, do 

not express the mucosa-homing-associated molecule 0.407 (Burthem et al, 1994a).
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Fig.2.3 Expression of integrin a-chains and other adhesion molecules in ten cases 

of CLL by triple-layer FACS. Each letter represents an individual patient. For 

explanation of “Percent Positive” see Fig.2.1. Top panel=a-chains associated with pi. 

Middle panel=a-chains associated with P2. Bottom panel=other adhesion molecules.
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Fig.2.4 Expression of adhesion molecules in four cases of HCL by triple-layer 

FACS, (only three cases tested for CD31 due to lack of reagents when HCs were 

available)



»

Flow cytometry showed that some (4/10) cases of CLL expressed a4 (none 

expressed aH), and thus it was important to determine the P-chain(s) associated with 

the a4 in these cases.

Immunoprécipitation, in addition to demonstrating heterodimeric associations, 

allows detection of certain P-chains for which there is not yet an antibody available 

(e.g. P7, which is potentially important here). Fig.2.5 is an immunoprécipitation of P1 

and cc4, and shows that a4, when expressed in CLL, can associate with both P1 and 

P7. a4 can exist in three isoforms (Hemler et al, 1990), one of which (the cleaved 

70/80-kD form) is associated with activation of certain lymphocyte types. Fig.2.5 

shows that oc4160 is the predominant form in these cells, but all three isoforms are 

present. The figure includes data for hairy-cell immunoprécipitations produced in the 

same way; these HC data demonstrate the position of the p7 band (Lane 6).
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Fig.2.5 Upper panel: Non-reduced immunoprécipitation of pi and a4 integrins.

In lanes 1-3 complexes were precipitated from surface I-labelled CLL cell lysates 

(8% SDS-PAGE). Lane 4 is derived from similarly prepared HCL lysates.

Lane 1. This pi I.P. reveals 5 specific bands corresponding to pi itself and to co

precipitated a-chains (a4180, 160, 80, 70kD); small amounts of a3/oc5 were also 

expressed, but are obscured by the larger amounts of a4 )60.

Lane 2. oc4 I.P. Six specific bands are present. A single different band (indicated by 

the arrow immediately adjacent to Lane 2) not present in Lane 1 is demonstrated; this 

band lies between pi and a480 in the expected electrophoretic position of P7.

Lane 3. Isotypic control mAb I.P. At least two high molecular weight bands are 

shown which are also present in Lanes 1, 2 and 4; their identity is not clear, but they 

are not integrin chains, and they also appear in lysates from other B-cells (Lane 4). 

Lane 4. Isotypic control mAb I.P. from identically prepared HCs. As compared with 

Lane 3, similar high molecular weight, non-integrin bands are present, confirming that 

such bands have no specific significance for CLL.

Lower panel: Non-reduced I.P. from HC lysates (10% SDS-PAGE) included as a 

control for P-chain associations in CLL. Since the acrylamide concentration differed 

from that in the upper panel, the mobility of the bands is slightly different.

Lane 5 a4 I.P. Five specific bands are shown (a4180, 160, 80, 70, plus pi); in contrast to 

the same I.P. in CLL (Lane 2), there is no band between pi and a480 (HCs do not 

express a4p7).

Lane 6. aHp71.P. Three specific bands are shown (aH180, and 150 and p7). This 

illustrates the position of P7, with a mobility between that of pi and a480 (compare 

Lanes 6, 5, and 2).
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2.2 Activation

2.2.1 Determination of activation state of CLL cells

The results, including a case of HCL for comparison, are shown in Table 2.2. 

Thus, four of the CLL cases, as well as the HCL case, could be said to be activated. 

Detection was performed by triple-layer flow cytometry. Both CD23 and CD25 were 

expressed to some extent in all cases, hence positivity was assigned only to cases with 

> 50% positivity.

Table 2.2 Expression of activation antigens on the abnormal cells of the panel of 

> CLL patients, and one HCL patient.

CD23 CD25 CD39 CD71 CD80 a5 aX Total Activated

Patient A + 0 + + 0 + 0 4 X

Patient B + 0 + + 0 0 0 3 X

Patient C + + + + 0 0 0 4 X

Patient D + + + + + + 0 6 V

Patient E + + + 0 0 0 0 3 X

Patient F + 0 + 0 0 + + 4 X

Patient G 0 0 + 0 0 0 0 1 X

Patient H + + + + 0 + 0 5

Patient I + + + 0 + + + 6 V

Patient J + + + + + + + 7 V

HCL 0 + + + 0 + + 5 •/

»
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2.2.2 Relationship of activation state to expression of adhesion molecules

Fig.2.6 (overleaf) shows the same adhesion molecule expression data as before 

(Fig.2.3), but now the activated (o) and non-activated (•) cases are indicated. 

Regarding ex vivo expression of adhesion molecules, there was no correlation between 

levels of expression and activation as determined by expression of the panel of 

monoclonal antibodies against B-cell activation markers.

2.2.3 Effect of in-vitro stimulation on adhesion molecule expression

A number of known stimulators of B cells were used to activate the CLL cells 

(see Methods). Adhesion molecule expression remained largely unchanged or was 

variably decreased (Table 2.3). However, stimulation with IL-10 produced variable, 

modest increases in the levels of many of the adhesion molecules. The various forms 

of stimulation, however, increased the expression of activation markers, thus 

validating the methods of stimulation, as well as the use of these particular antigens to 

assign activated status to cases of CLL.

i

»
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Table 2.3. Change in expression of adhesion molecules and activation markers 

in a case of CLL following 24hrs incubation in the presence of various B-cell 

stimulators. Numbers represent the percent positive on the FACS histogram, which 

indicates the level of antigen expression (see Fig.2.1). This case of CLL was

designated as activated before stimulation (patient J). Results from other cases show 

similar patterns of changes in antigen expression.

Adhesion molecule no stimulus PMA+TNF TNF SAC IL-4 IL-10

a3 61.4 53.7 63.1 38.8 46.0 64.1

a4 27.9 20.6 22.4 13.0 12.5 32.5

a5 49.2 21.4 25.2 26.7 36.6 59.2

a6 10.6 6.4 3.7 7.0 3.4 11.3

aL 21.3 12.8 7.1 10.0 6.6 20.0

aM 15.7 6.0 4.4 7.0 5.5 19.2

aX 41.3 18.7 30.8 18.0 31.7 48.8

L-selectin 1.2 0.6 1.4 5.0 1.0 7.3

CD31 2.1 0.6 0.8 5.5 1.1 11.9

Activation marker

CD23 10.7 4.1 8.1 8.2 8.0 16.9

CD25 80.9 72.7 88.6 80.7 83.4 94.4

CD39 94.6 81.8 89.6 88.9 86.6 98.5

CD71 0.9 2.0 5.7 6.9 1.3 5.9

CD80 0.7 3.9 4.0 4.9 0.7 5.7
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Fig.2.6 Adhesion molecule expression data showing no correlation with

activation state of CLL cells. Activated (o) and non-activated (•) cases are indicated; 

for explanation of “Percent Positive”, see Fig.2.1.
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2.3 Relationship between the clinical features of CLL and the phenotype of the 

abnormal cells

Table 2.4 shows the clinical features of the ten cases of CLL. There was no 

obvious link between any of these disease manifestations and the adhesion molecule 

expression. Neither did there appear to be any correlation between clinical features 

and intrinsic activation as defined by the panel of mAbs.

Table 2.4 Clinical parameters of the ten cases of CLL

Patient Stage

(Binet)

Major organ 

enlargement

w c c LDT

>12 months

Hb/platelets Phenotype

A B S, LN 25 + 11.4/178 P l~ cc4- •

B B S, LN 56
—

12.8/284 p r T a4 - •

C A S 16.1 NA 13.6/172 Plw a4 - •

D C S, LN 21.8
—

8.9/21.8 p lw a4 - o

E B S, LN 147 NA 15.1/149 p lw a4+ •

F C LN 56 — 9.5/230 p lw oc4+ •

G C none 228 NA 8.8/221 p l+ cx4+ •

H B S, LN, K 33
—

10.1/161 Pl+ a 4 - O

I A none. 16 + 13.4/151 p lw a 4 - O

J A S 38 — 15.3/143 Pl+ a4+ O

S=spleen, LN=lymph nodes, K=kidney, WCC=peripheral white cell count, 

LDT=lymphocyte doubling time, NA=not assessable, • and o refer to non-activated 

and activated state respectively (see above). p i+, p i++, p i+++= low, moderate, and 

high level of expression of pi integrins respectively.
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Discussion

The studies presented in this chapter have defined the integrin expression of 

CLL lymphocytes in more detail than has previous work. Thus the cells were shown 

consistently to express pi in association with any combination of a3, a4, a5, and a6. 

However, there was considerable variation in the expression of these a  chains from 

case to case, and the level of a particular chain did not necessarily correlate with that 

of the other three. This variable pattern of expression was different from the 

consistent pattern observed in HCL, where a4 and a5 were always present at high 

levels, while a3 was very low or absent.

The present findings in CLL are broadly in keeping with those of Moller et al 

(1992) and Baldini and Cro (1994), but differ from those of De Rossi et al (1993) who 

found that a substantial proportion of cases lacked p i . The reason for this latter 

discrepancy is not clear, but it may reflect the highly sensitive triple-layer 

immunophenotyping techniques used and the tightly defined immunophenotypic 

definition of CLL employed in this study. The present investigations have added to 

previous work in showing that, in addition to possessing a4pi, CLL cells can express 

a4p7. This latter heterodimer shares the same ligands as a4pl but, in addition, is 

concerned with gut and possibly peripheral node homing (Berlin et al, 1993; Streeter 

et al, 1988). Furthermore, most nodal lymphomas express a4(37 (Andrew et al,

1994), while in the non-nodal malignancies, HCL and myeloma, the abnormal cells 

consistently lack the heterodimer (Burthem et al, 1994a; Erie et al, 1994). It is 

tempting, therefore, to speculate that a407 may be important in the localisation of 

malignant lymphoid cells to the lymph node. However, the data presented here
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indicate that other mechanisms must also be involved in localisation to the node, as 

four of the six a4-negative cases of CLL showed lymph node enlargement (Table 

2.4).

The present immunophenotypic data on P2 integrins are largely in keeping 

with previous studies. Thus, CLL cells expressed aLp2, but generally lacked aXp2 

(Woessner et al, 1994; Kimby et al, 1994); the converse is true in HCL (Cawley and 

Burthem, 1992). Both CLL cells and HCs displayed variable levels of aMp2. 

Regarding P3 expression, the integrin was not present on the lymphocytes of any of 

the cases of CLL studied. This was in marked distinction to HCL where aVp3 is 

consistently demonstrable and mediates cell motility (Burthem et al, 1994a). The 

findings concerning P3 differ slightly from those of a study by De Rossi et al where a 

minority (around 15%) of patients expressed this chain at low levels (De Rossi et al, 

1993). However, many of De Rossi’s P3-positive cases were noted to be CD5 

negative. Since CD5-negative cases were specifically excluded from this study, it is 

perhaps not surprising that the group of patients studied here did not include an 

aVp3-expressing case.

The consistently high expression of L-selectin observed here is typical of 

recirculating cells and has previously been reported in CLL (Csanaky et al, 1994). 

CD31 (PECAM-1) expression in CLL has not previously been reported, and the 

present study found that expression could be high or negative. The functional 

significance of this variable CD31 expression is not clear.

The consistent expression and activity of HC integrins is probably related to 

the uniformly activated nature of the malignant cells (Cawley and Burthem, 1992). 

Therefore, the present study examined the hypothesis that the variable degrees of

75



activation observed in different cases of CLL might underlie the variability of 

adhesion molecule expression observed in the present study. To do this, a panel of 

seven recognised B-cell activation antigens was employed to divide the CLL patients 

according to their degree of activation. Arbitrarily, activated cases were defined as 

those expressing five or more of the panel of antigens. There was no correlation 

between integrin chain expression and activation as defined by simple mAb staining. 

Furthermore, in-vitro stimulation of CLL cells had no consistent effect on the integrin 

expression as determined by mAb staining. Following in vitro stimulation, however, 

expression of activation markers often increased, indicating that activation can be 

adequately examined using the selected panel of activation markers. Later in the 

thesis (Chapters 3 and 4) a clear correlation between activation state and adhesive 

behaviour will be demonstrated. As will be discussed later, these results taken 

together indicate that the functional state, rather than simple level of expression, of 

integrins is important in determining certain aspects of the adhesive behaviour of CLL 

cells.

There was no apparent relationship between known prognostic features in CLL 

and the simple expression of adhesion molecules. Although it is possible that 

examination of a very large number of patients might have helped to identify a trend 

which was not apparent from the small number of cases in this study, this seems 

unlikely and the labour-intensive nature of such a study made it impossible here. The 

finding that adhesion molecule expression in CLL does not directly correlate with 

clinical manifestations of the disease contrasts with HCL, where colonisation of 

particular tissues may be attributable to specific integrin-mediated functions of HCs 

(Burthem et al, 1994a and 1994b).
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In conclusion, then, the present study has demonstrated that there are clear 

qualitative and quantitative differences in adhesion molecule expression between 

different cases of CLL, but there were no obvious correlations with activation state or 

with patterns of clinical disease. This may partly explain why previous studies have 

failed to establish a clear relationship in CLL between simple integrin expression and 

clinical behaviour.

It seemed important to extend the present work to functional responses, and 

in Chapters 3 and 4. In these chapters it will be shown that there is a 

between activation and functional responses to adhesion.

this is done 

relationship
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CHAPTER 3

interaction of CLC cells with endothelial ligands

Introduction

Chapter 2 identified the adhesion molecule expression of a group of CLL cases 

and found no obvious correlation between such expression and clinical disease 

features. However, since adhesive behaviour is not simply determined by adhesion 

molecule expression but also by the functional state of these molecules, it seemed 

important to examine the functional adhesive properties of the cells of these same 

cases.

Lymphocyte interaction with endothelium is the first step in the process of 

tissue entry (see General Introduction, section 1.3) and is therefore potentially an 

important determinant of patterns of tissue involvement in the different 

lymphoproliferative disorders. The purpose of this chapter is to examine the 

interaction of CLL cells with endothelium and relate these functional observations to 

the phenotypic findings presented in Chapter 2.

To do this, the interaction between CLL cells and stimulated human umbilical 

vein endothelial cells (HUVEC) was examined. The differential expression of 

endothelial adhesion molecules by the HUVEC after various periods of TNFa 

stimulation, together with use of blocking mAbs, enabled an analysis of the 

potentially important receptor-ligand interactions. Furthermore, while activation 

(either intrinsic or following in-vitro stimulation) did not correlate with simple
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adhesion molecule expression in CLL (Chapter 2), this chapter identifies a clear 

correlation between activation and adhesive behaviour.

At the time the present work was started, the interaction between CLL cells 

and endothelium had not been investigated. Subsequently, two groups have published 

studies on CLL/EC adhesion. Csanaky et al (1993) looked at HEV-binding and found 

that binding was highest in cases with Binet Stage A disease and, in a subsequent 

study (1994), that the level of L-selectin on CLL cells directly correlated with 

adherence. A second group (Takeuchi and Katayama, 1993) examined adhesion to 

HUVEC after prolonged co-culture and showed a correlation between binding and 

CLL-cell-expression of aMp2 and ICAM-1.

The present studies add significantly to these investigations by directly 

establishing the receptors and ligands involved in strong binding of CLL cells to 

endothelial ligands, and by determining the importance of CLL-cell activation in this 

process.
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Methods

Antibodies and Immunologic Techniques

The mAbs used in this chapter are listed in Table 3.1. The mAbs were against 

a range of endothelial and CLL cell adhesion receptors:- some for phenotypic analysis 

and others for function blocking studies.

Table 3.1 mAbs used in Chapter 3

Specificity

(common name)

CD Clone

(Isotype)

Source

VCAM-1 (blocking) 106 1G11 (IgGl) Immunotech S.A.

E-selectin 62E 1.2B6 (IgGl) Serotec

ICAM-1 102 6.5B5 (IgGl) Dako

cFN - CBL 181 (IgGl) Cymbus Bioscience Ltd

PEC AM-1 31 5.6E (IgGl) Immunotech, SA

P-selectin 62P WGA-1 (IgGl) TaKaRa Biomedicals

Factor VUI-related Ag - F8/86 (IgGl) Dako

ICAM-1 (blocking) 102 LB-2 Becton Dickinson

E-selectin (blocking) 62E BBIG-E4 (IgGl) R&D Systems

Cell ELISA

A cell ELISA was employed to determine the expression of adhesion 

molecules (listed in Table 3.1) by confluent endothelial cells, both before and after 

stimulation with TNFa. The method is described in full in Appendix 1.6.
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HUVEC Culture

HUVEC were cultured according to published protocols (Till and Cawley, 

1994; described in full in Appendix 1.4). Cells were grown to confluence in flat- 

bottomed 96-well flexible assay plates coated with basement membrane proteins. All 

assays were performed at first passage as soon as HUVEC reached confluence.

Culture of endothelial cell line

These cells were grown in the same way as the HUVEC, except that the serum 

concentration was reduced to 10%.

Adhesion assay

A reproducible adhesion assay was required which provided a consistent 

means of removing weakly- or non-adherent cells. Therefore a reversed
•5 c

centrifugation method was developed. S-labelled CLL cells were allowed to adhere 

for a fixed time, then plates were sealed, inverted, and centrifuged at 250g for 5 

minutes. This removed weakly- and non-adherent cells. Adherent cells were then 

fixed and the proportion of cells bound were determined using a microbeta plate 

counter. The method is described in full in Appendix 1.7.

Blocking Assay

Blocking was performed by pre-incubation for lhr with mAbs as indicated. 

Saturating concentrations of antibody (> 4ja.g/ml) were included in the culture media.
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Activation studies and clinical parameters of the CLL cases

The activation states of the CLL cases were determined in Chapter 2, and were 

compared with functional behaviour in this chapter. CLL cells were stimulated using 

a panel of B-cell mitogens in the same way as in Chapter 2 to determine the effects of 

this stimulation on the function of adhesion molecules. The adhesive behaviour was 

also compared with clinical disease features, and the table of clinical details of the 

CLL cases can be found in Chapter 2 (Table 2.3).
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Results

3.1 Endothelial adhesion molecules

3.1.1 HUVEC

Of the adhesion molecules examined, only ICAM-1 was constitutively present 

at high levels on the cultured HUVEC; there were low levels of CD31 and cellular 

fibronectin (cFN), and very low levels of VC AM-1. Stimulation of the endothelium 

with TNFa induced expression of E-selectin within 1 hour; the level of expression 

peaked at around 6 hours, and then returned to the baseline by 24 hours (Fig.3.la). 

VCAM-1 was induced more slowly, increasing from 3-4 hours; expression peaked at 

6-7 hours and was still at this level after 24 hours (Fig.3.1a). ICAM-1, cFN, and 

CD31 expression were not increased after TNFa stimulation (Fig.3. lb). P-selectin 

could not be detected.

3.1.2 Endothelial cell line

For convenience, an attempt was made to replace HUVEC in the adhesion 

assay with this cell line. However, these ECs expressed only ICAM-1 constitutively 

and did not upregulate any adhesion molecules after TNFa stimulation (data not 

shown). Thus the endothelial cell line was only used in the assays of adherence of in 

vz'/ro-stimulated CLL cells to unstimulated endothelium.

»
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CZJ

Fig.3.1 Expression of adhesion molecules on TNFa-stimulated HUVEC. 3.1a 

shows those molecules that are induced by TNFa (VCAM-1 and E-selectin). 3.1b 

shows molecules not affected by TNFa (CD31, ICAM-1, cFN). Detection was 

performed by cell-ELISA on confluent monolayers of cells, stimulated for various 

times with lOU/ml TNFa, then fixed in iso-osmoitc fixative.
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3.2 Adhesion to unstimulated HUVEC

The ability of the CLL cells to bind to unstimulated endothelium varied from 

case to case (7-27% of cells bound; Fig.3.2).

3.2.1 Binding to unstimulated HUVEC involves more than one receptor-ligand pair

Monoclonal blocking antibodies to endothelial adhesion molecules could 

reduce CLL cells’ binding to the endothelium. Table 3.2 shows a typical example of 

blocking of endothelial ligands. Approximately 20% of binding was inhibited by 

blocking ICAM-1, and a further 20% of binding was inhibited by anti-E-selectin. The 

blocking of these two components was additive. However, this blocking only 

accounts for 40% of the total adhesion of CLL cells to endothelium, and while this 

may be attributable to incomplete blocking by the antibodies, other adhesion 

molecules may also be involved in this process.

Table 3.2 Blocking of CLL cell adhesion to unstimulated endothelium

Blocking antibody Percentage of Control (%)

Control (Factor VIII-related Ag) 100

VCAM-1 104 ±6.1

ICAM-1 79.6 ± 9.2

E-selectin 81.5 ±4.6

VC AM-1+IC AM-1 +E-selectin 60.3 ±5.8
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3.2.2 Adhesion to unstimulated HUVEC is not related to quantitative expression of 

any adhesion molecule

The ability to bind to unstimulated HUVEC was compared with the expression 

of adhesion molecules by the CLL cells as described in Chapter 2. There was no 

correlation between qualitative or quantitative expression of any of the adhesion 

molecules and the ability to bind to HUVEC. For example, the blocking studies 

(3.2.1) show that a component of constitutive binding was due to endothelial ICAM- 

1; the CLL cell ligand must be a member of the (32 family of integrins. All cases of 

CLL express some aL|32, but there was no correlation between the percentage of CLL 

cells bound to unstimulated HUVEC and the percent aL positivity (Fig.3.2). This 

lack of a correlation could be shown for all adhesion molecules on the CLL cells. The 

ligand on CLL cells for E-selectin has not been described.

3.2.3 Adhesion to unstimulated HUVEC correlates with intrinsic activation state of 

the CLL cell

Using the criteria to determine activation state described in Chapter 2 (2.2.1; 

Determination of activation state of CLL cells), there was a significant correlation 

between activation state and adherence to unstimulated HUVEC (Fig.3.3).
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Fig.3.2 Comparison of expression of aL on CLL cells with adherence to 

unstimulated HUVEC. Adherence is expressed as the percentage of cells bound 

after 10 minutes when a monolayer of CLL cells are placed on the HUVEC. 

Adherence is calculated from the mean of triplicate assays. The correlation 

coefficient, r2=0.00427.
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Fig.3.3 Comparison of intrinsic activation state with adherence to unstimulated 

HUVEC. Intrinsic activation state is defined in section 2.2.1; adherence is expressed 

as the percentage of cells which adhere after 10 minutes when a monolayer of CLL 

cells are placed on the HUVEC. Lower panel shows statistical analysis of the mean 

adherence for the activated (o) and non-activated cases (•); p<0.05.
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CLL cells were stimulated with TNFa, TNFa plus PMA, IL-4, IL-10, or SAC 

(concentrations as in Chapter 2). After all these stimuli, CLL cells showed a 

significant increase in adherence to the vascular endothelial cell line. SAC was the 

most efficient stimulator of adhesion, and these data are shown in Table 3.3. Since 

the test statistic is less than the critical values, and p<0.05, the difference between the 

mean adherence before and after stimulation is significant. This was not caused by 

changes in adhesion molecule expression (see Chapter 2), and increased adherence 

was due to activation of the adhesion molecules.

3.2.4 Adhesion of in-vitro stimulated CLL cells to unstimulated endothelium

Table 3.3 Adhesion of in-vitro stimulated CLL cells to unstimulated endothelial 

cells. The binding was calculated from the proportion of cells bound after 10 minutes 

(mean of triplicate assays).

Endothelial adhesion untreated
(% bound)

SAC, 24hrs
(% bound)

Patient 1 (N, Table 2.2) 68.7 102
Patient 2 (G, Table 2.2) 85.4 122.6
Patient 3 (C, Table 2.2) 35 48.5
Patient 4 (M, Table 2.2) 56.6 68.8

t-Test: Paired Two Sample for Means 1
Variable 1 Variable 2

Mean 61.425 85.475
Variance 449.7625 1098.849
Observations 4 4
Pearson Correlation 0.980459
Hypothesized Mean Difference 0
df 3
tStat -3.68834
P(T<=t) two-tail 0.034556
t Critical two-tail 3.182449
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3.3 Adhesion to stimulated HUVEC

The adherence of CLL cells following stimulation of the endothelium was not 

uniform between cases. In 6/10 cases the binding of CLL cells did not change after 

induction of endothelial adhesion molecules. In other cases the adherence of CLL 

cells increased with the duration of endothelial stimulation.

3.3.1 E nhanced binding to stim ulated H U VEC is due to expression o f  a4  integrin

The time-course of the enhanced adherence of some cases of CLL was 

compared with the induction of VCAM-1 and E-selectin on the endothelium. The 

increased adherence mirrored the pattern of VCAM-1 expression on the HUVEC 

(Fig.3.4). The importance of binding via VCAM-1 was confirmed by the observation 

that only the four CLL cell populations which expressed a4 integrin (the receptor for 

VCAM-1) demonstrated enhanced binding to stimulated HUVEC. Further evidence 

was provided by blocking of the adhesion by anti-VCAM-1 mAb (Table 3.4). At four 

hours VCAM-1, E-selectin, and ICAM-1 all appeared to have a role in the adherence 

of CLL cells, however, at 7 and 24 hrs only the VCAM-1 antibody blocked the 

increased adhesion to stimulated HUVEC.
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Fig.3.4 CLL cell binding to HUVEC stimulated with TNFa. Cases not expressing 

a.4 (example shown, a4- CLL) did not increase following stimulation of HUVEC 

with TNFa. In cases expressing a4, markedly enhanced binding was observed when 

the endothelium was stimulated (representative example shown, a4+ CLL). This 

increased binding closely paralleled the increased VCAM-1 expression induced by 

TNFa; other relevant adhesion molecules (ICAM-1, P-selectin, E-selectin) did not 

parallel the CLL binding. Both cases represent the mean of triplicate assays ± one

standard deviation.
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Table 3.4. The effect of function-blocking antibodies on the adherence of a4+ 

CLL cells to TNFa-stimulated endothelium.

Percent binding *

Duration of HUVEC

exposure to TNFa 4 hrs 7 hrs 24 hrs

control 100 100 100

VCAM-1 38.1±8.0 30.7±10.7 20.0110.6

ICAM-1 54.3±17.2 91.5±31.4 110126.3

E-selectin 45.8±8.6 115110.5 12016.2

* Results expressed as a percentage of cpm bound in the presence of a control 

mAb (factor VUI-related antigen).
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Discussion

Chapter 2 established the detailed adhesion molecule expression by CLL cells, 

and showed that there was no correlation between simple expression and in vivo 

disease features. Therefore, this chapter investigated the function of the CLL 

adhesion molecules to determine how they might influence the different in-vivo 

behaviour of CLL cells between cases.

In order to determine the adhesion processes involved in tight binding to cell- 

expressed ligands (a pre-requisite for tissue entry), a model of stimulated HUVEC 

was employed. Unstimulated HUVEC expressed high levels of ICAM-1, as well as 

very low levels of VC AM-1. After stimulation of the endothelium using TNFa, 

VCAM-1 and E-selectin were induced, but with different kinetics (ICAM-1 

expression was unchanged). Thus the endothelial ligand responsible for some CLL 

cells binding more strongly after endothelial stimulation was identified by comparing 

the pattern of endothelial adhesion molecule induction with the time-course of 

enhanced CLL cell binding.

The intrinsic ability of the CLL cells to bind strongly to unstimulated 

endothelium was variable, but generally low. This binding was shown to be mediated 

via aL(32/ICAM interactions and possibly by endothelial E-selectin binding to an 

unknown ligand on the CLL cell. However, when the endothelium was stimulated 

using TNFa, two patterns of adhesion were observed. In 4 of the 10 cases studied, 

lymphocyte adhesion was markedly enhanced; this enhanced binding was shown to be 

mediated by a4 integrin/VCAM-1 interaction (the subunit associated with a4 could 

be pi or P7, see Chapter 2). In the six cases where no enhanced adhesion to 

stimulated endothelium was observed, the CLL cells lacked a4. Overall, these results
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indicate not only that CLL cells from individual cases differ in their integrin 

expression, but also that these differences can affect the functional capabilities of the 

cell. This may have important clinical consequences. For example, in a given case of 

CLL, the presence of a4(31 may confer on the malignant population a propensity to 

localise at major sites of VC AM-1 expression; these include bone marrow, liver, and 

spleen (Schweitzer et al, 1996; Simmons et al, 1992; Steinhoff et al, 1993).

As simple expression of adhesion molecules did not correlate with the ability 

to bind to unstimulated endothelium, such adhesion was compared with cell activation 

state as determined by a panel of mAbs. The CLL cases with an activated phenotype 

bound significantly better than non-activated cases. The concept that activation is an 

important determinant of CLL adhesion was further examined by stimulating CLL 

cells in vitro. These experiments showed that such stimulation increased the adhesion 

of cells from all cases studied, without affecting the level of adhesion molecule 

expression. These studies of activation, taken together, indicate that although 

qualitative adhesion molecule expression can influence the adhesion of CLL cells 

(e.g. a4 expression facilitates adhesion to VCAM-1) adhesive behaviour is also 

dependent on the activation state of the cells from any particular case. This 

conclusion may partly explain why the previous chapter (and other studies of CLL 

adhesion molecules) have not found firm correlations between simple expression and 

in vivo disease behaviour. The variable intrinsic activation state of the abnormal cells, 

the effect of local cytokines, and the interaction with accessory cells will all influence 

the activity of adhesion molecules which direct the tissue distribution of the cell.

Following binding to the endothelium, the CLL cell must then transfer 

adherence from endothelial ligands to the extracellular matrix in order to transmigrate.
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The following chapter continues functional investigation of CLL adhesion molecules 

to show how they may be involved in migration and adhesion within tissues.
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Chapter 4

Response of CLL cells to extracellular matrix ligands

Introduction

The previous chapter described how CLL cells can interact with endothelium 

as a pre-requisite for tissue entry. During transendothelial migration the CLL cells 

must transfer adhesion from endothelial ligands to extracellular matrix ligands (Smith, 

1992). The extracellular matrix composition encountered by the lymphocyte varies 

between tissues (Li and Cheung, 1992). Thus interaction with matrix ligands within 

tissues effects different patterns of migration into and within different organs. Both 

the transduction of signals and the ability to adhere are facilitated by integrins on the 

CLL cells. Therefore this chapter is concerned with integrin-mediated interactions 

with purified extracellular matrix elements. The ability to adhere is investigated, and 

the integrins responsible are examined; the influence of cell activation (both intrinsic 

and after in vitro stimulation) is explored.

There have been no published studies of CLL cell binding to purified 

extracellular matrix proteins, so the data presented here is new. The study reflects 

previous work in this Department, discussed in the General Introduction to this thesis 

(Section 1.2.3 on histology in HCL; Burthem et al, 1994a and 1994b), where the 

consistent expression of integrins and the activated state of HCs confer particular 

properties regarding interaction with extracellular matrix elements, and these correlate
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with the specific tissue localisation of HCs. Since the interactions of HCs with 

extracellular matrix proteins are well defined, four cases of HCL were included in this 

study as a comparison.
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Materials and Methods

Adhesion Studies 

Adhesive proteins

Wells of Falcon microtest II flexible 96-well plates were coated with 40|j.g/ml 

purified extracellular matrix proteins overnight at 4°C. The efficiency of this coating 

method has been established previously by workers in this Department (Burthem et al, 

1994a). The purity of proteins used in this study was determined to be greater than 

95% using sodium dodecyl sulphate poly-acrylamide gel electrophoresis (SDS- 

PAGE) and Coomassie blue staining of 8% polyacrylamide gels.

Fibronectin (FN). FN was purified by gelatin-sepharose affinity chromatography 

according to the method of Engvall and Ruoslahti (1977) (fresh frozen plasma 

unsuitable for human therapeutic use was provided by BTS Liverpool, UK). 

Vitronectin (VN) and collagen (Coll). Human VN and type I Coll were purchased 

from Sigma Chemical Company Ltd..

Thrombospondin. Human thrombospondin was purchased from BDH Ltd..

Extract o f mouse sarcoma basement membrane. ECL attachment matrix containing 

entactin, collagen, and laminin was purchased from Promega Ltd..

Relation of adhesion to phenotype

The ability of CLL cells to adhere to the various substrata was compared with 

expression of adhesion molecules and activation markers, as described previously in 

Chapter 2 (section 2.2.1). The CLL cells were also stimulated using known B-cell 

mitogens as before (2.2.3), and compared with unstimulated cells in the adhesion 

assays.
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Morphological analysis

The size and shape of cells adherent on FN and VN were analysed using a 

1 computer image analysis system, which eliminated subjective human judgement. The

methods are described in full in the Appendix (section 1.10).

Trans-cell migration

Splenic red pulp fibroblasts were kindly donated by K. Till (Department of 

Haematology, Royal Liverpool University Hospital) and were from splenic outgrowth 

following splenectomy of a hairy-cell leukaemia patient. Bone marrow stromal cells 

were grown out from long term bone marrow culture after seven weeks, kindly 

donated by R. Harris (Department of Haematology, Royal Liverpool University 

Hospital).

HUVEC, splenic red pulp fibroblasts, or bone marrow stromal cells were 

grown on ECL-coated glass coverslips for 48hrs; they did not reach confluence before 

the assay. Purified CLL or HCL cells were added to the coverslips and allowed to 

 ̂ adhere for a few minutes; then they were rinsed in warm medium and placed in 24-

well plates. These were cultured for 24hrs in RPMI 1640 medium containing 10% 

foetal calf serum. Coverslips were then washed and fixed by adding 4% 

glutaraldehyde to the medium for 60 minutes. Cells were stained using rhodamine 

phalloidin, and visualised using fluorescence microscopy at an excitation of 545 nm.
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Results

4.1 Adhesion of CLL cells to purified extracellular matrix elements

A standardised assay of adhesion strength as described in Chapter 3 and 

Appendix 1.7 was applied to purified CLL cells from the ten cases already 

characterised in terms of their adhesion receptors in Chapter 2. Fig.4.1 shows the 

adherence of cells of different CLL cases to fibronectin (FN), extract of basement 

membrane proteins (ECL), collagen (Coll), and vitronectin (VN), and includes four 

cases of HCL for comparison. None of the cells bound to collagen or thrombospondin 

in this system (thrombospondin not included in Fig.4.1). Most CLL cells did not bind 

the entactin and laminin of ECL, and binding was always low; HCs bound rather 

better. CLL cells displayed a wide range of abilities to adhere to fibronectin, whilst 

HCs bound consistently and strongly. CLL cell binding to vitronectin tended to be 

lower than for FN, although variable, and was also lower for CLL cells than HCs;

HCs again bound consistently at a high level.

4.1.1 Relationship of adhesive activity to adhesion molecule expression

Each case of CLL expressed at least one of the known integrin adhesion 

receptors for fibronectin (a3(31, a4pi, a5pi). There was no correlation between the 

ability to bind fibronectin and expression of a particular integrin, or the level of 

expression of any of the subunits. CLL cells do not express the classic vitronectin 

receptor, aVp3, but some cases bound relatively well to VN.
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Fig.4.1 Adherence of cells from nine cases of CLL and four cases of HCL to 

collagen (Coll), extract of basement membrane proteins (ECL), fibronectin (FN), 

and vitronectin (VN). Binding is expressed as the percentage of cells which adhere 

after 10 minutes when a monolayer of CLL cells are placed in the protein-coated well. 

The mean of triplicate assays are shown; error bars indicating one standard deviation 

from the mean are too small to show on this scale. Activated (o) and non-activated 

(•) cases of CLL are indicated.
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4.1.2 Relationship of adhesive activity to activation

Activated cases of CLL (o, Fig.4.1) adhered much more strongly to fibronectin 

than non-activated (•). This difference was highly significant. However, binding to 

vitronectin did not correlate to the activation state of the CLL cells. Binding of HCs 

was always consistent between cases.

4.1.3 Effect of in vitro activation on adhesion

In vitro stimulation of CLL cells as described previously (Chapter 2, Section 

2.2.3) always increased adherence of CLL cells to FN, and the increase was 

significant. SAC was the most efficient stimulator of adhesion. As stated in Chapter 

2, this stimulation did not consistently alter the adhesion molecule expression of the 

CLL cells. Table 4.1 shows the increase in adhesion in four cases due to stimulation 

of the CLL cells using SAC.

Table 4.1 Adhesion of in-vitro stimulated CLL cells to fibronectin

Fibronectin adherence untreated 
(% bound)

SAC, 24hrs 
(% bound)

Patient 1 (N, Table 2.2) 7.9 21.7
Patient 2 (G, Table 2.2) 37.2 92.8
Patient 3 (C, Table 2.2) 45.8 89.8
Patient 4 (M, Table 2.2) 38 68.8

t-Test: Paired Two Sample for Means 1
Variable 1 Variable 2

Mean 32.225 68.275
Variance 278.0292 1078.103
Observations 4 4
Pearson Correlation 0.943814
Hypothesized Mean Difference 0
degrees of freedom 3
Test Statistic -4.01376
P(T<=t) two-tail 0.027758
t Critical two-tail 3.182449
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Interaction of lymphocytes with their environment may lead to a variety of 

responses, i.e. they may adhere firmly and become sessile, in which case they spread; 

or they may quickly detach. Alternatively, lymphocytes may migrate on a substrate, 

which causes them to attain a polar shape. Thus computer image analysis (see 

Methods) of cells on a substrate allows determination of the response of a cell to that 

substrate. The morphology of HCs on fibronectin and vitronectin has been examined 

previously (see General Introduction). These studies are now also applied to CLL 

cells, and HCs are included for comparison under exactly the same conditions. The 

results (Fig.4.2) show that while HCs achieve a polar morphology on VN and become 

spread on FN, CLL cells remain round and unspread.

4.2.1 Effect of in vitro activation on morphology of adherent cells

In Section 4.1.3 above, the in vitro stimulation of CLL cells was shown to 

increase their adherence to extracellular matrix proteins. The shape-change of these 

adherent cells was then assessed by image analysis. With TNFa-treatment of CLL 

cells there were minor differences in cell size and circularity, but after IL-10 

treatment, the changes were striking, with a significant reduction in circularity, (i.e. 

the cells became motile, and an increase in size (i.e. the cells were spread). Fig.4.3 

shows the difference in shape before and after stimulation, and Table 4.2 shows a 

statistical analysis of the shape-change in three cases of CLL.

4.2 Morphology of adherent cells on FN and VN
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Fig.4.2 Morphological change of CLL cells (open squares) and HCs (filled 

squares) adherent on VN and FN. Circularity and area are expressed in arbitrary 

units from the computer image analyser. The results show increased area and loss of 

circularity (VN>FN) in HCs, while CLL cells show little or no change. Error bars 

indicating one standard deviation from the mean are too small to show on this scale.
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Fig.4.3 Shape-change of CLL cells following stimulation with IL-10. (A) shows 

CLL cells before treatment. (B) shows cells from the same patient after culture 

for 24hrs with 100ng/ml IL-10. Cells are stained with Harris Haematoxylin.

These experiments were performed on intrinsically activated (n=2) and non-activated 

(n=2) cases of CLL, and results were similar.
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Table 4.2 Analysis of shape-change of CLL cells following IL-10-stimulation

Circularity and area are expressed in arbitrary units from the computer image 

analyser. * Letters refer to patients as in Table 2.2.

AREA CIRCULARITY
untreated IL-10,24hrs untreated IL-10, 24hrs

Patient 1 (N*) 1098 1165 0.918 0.849
Patient 2 (G*) 991 1179 0.906 0.849
Patient 3 (C*) 1217 1340 0.925 0.848
Patient 4 (M*) 210 302 0.946 0.871

t-Test: Paired Two Sample for Means

Variable 1 Variable 2 Variable 1 Variable 2
Mean 879 996.5 0.92375 0.85425
Variance 207436.7 220673.7 0.000282 0.000125
Observations 4 4 4 4
Pearson 0.99409 0.867775
Correlation
Hypothesized 0 0
Mean Difference
df 3 3
tS ta t -4.49464 15.44444
P(T<=t) two-tail 0.020556 0.00059
t Critical two-tail 3.182449 3.182449

4.3 Trans-cell migration of CLL cells

In order to enter a tissue the adherent cells must be able to migrate to 

endothelial cell junctions and crawl between the cells. Having shown that CLL cells 

can be made to become motile, this study attempted to demonstrate the conditions 

necessary for trans-cell migration. The assay is described in the methods above, and 

typical results are shown in Fig.4.4. In no case did CLL cells constitutively crawl 

under endothelium although cells could remain adherent on the endothelial surface for 

the duration of the assay (24hrs). Stimulation of the CLL cells with IL-10 caused 

significant migration under endothelium (Fig.4.4). CLL cells did not constitutively 

migrate under bone marrow stromal cells or splenic red pulp fibroblasts, and due to
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lack of material, the ability of stimulated CLL cells to migrate under these cell types 

could not be tested. HCs appeared under endothelium after 24hrs incubation without 

exogenous stimulation; this property of HCs is further examined in Chapter 5.

Fig.4.4 Migration of IL-10-stimulated CLL cells under endothelial cells after 

24hrs co-culture. Cells are stained with rhodamine phalloidin and visualised 

under a fluorescent microscope. All cases tested (n-4) showed this migratory 

response. Migration was difficult to quantitate; the ratio of CLL to HUVEC was 8:1 

at the start, and after 24hrs the modal number of CLL cells underneath HUVEC was 

4, while the range was 0 to 11.
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Discussion

The results in this chapter have identified specific patterns of behaviour on 

various extracellular matrix substrates. Generally, CLL cells adhered poorly in 

comparison with HCs. CLL lymphocytes did not adhere to basement membrane 

proteins (purified collagen, and basement membrane extract containing entactin, 

collagen and laminin), but were able to bind the stromal adhesive proteins fibronectin 

and vitronectin. Such binding was, however, very variable and was not correlated 

with the level of expression of any particular FN-binding integrin (a3(31, a4pi, 

a5pi), or VN-binding integrin. In contrast, HCs were able to bind to laminin, and 

adherence to FN and VN was consistently high. These findings reflect the different 

in-vivo behaviour of CLL and HCL. Thus, HCs show a strong propensity to localise 

in stroma (e.g. the splenic red pulp) and along basement membrane (Cawley and 

Burthem, 1992). In contrast, CLL cells do not associate with basement membrane, 

and tissue involvement (e.g. splenic or hepatic infiltration) varies greatly from case to 

case (Rai, 1993). Comparison of the variable binding of CLL cells to FN and VN 

with their activation state as defined previously (section 2.2.1) revealed that binding 

to FN correlated highly significantly with activated phenotype, whilst binding to VN 

did not. This difference may be due to CLL cells binding to VN via an unidentified 

(possibly non-integrin) adhesion molecule, with binding activity which is less 

dependent on the degree of cell activation than the known integrin FN receptors. In- 

vitro stimulation of the CLL cells further increased their adherence to FN; this 

increase was more marked than the stimulated endothelial binding shown in chapter 3 

(3.2.3).
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Having bound to a substrate, the lymphocyte may then respond by spreading 

or becoming motile. Image analysis of adherent cells revealed that CLL cells do not 

make either of these responses, and often detach after prolonged incubation. HCs, on 

the other hand, spread on FN and become motile on VN. Stimulation of the CLL cells 

could alter this behaviour, and the greatest response was due to IL-10; the CLL cells 

on FN showed a significant, but small, increase in size, and a significant loss of 

circularity.

Finally, the ability to migrate under stromal cells was investigated. Unlike 

HCs, no case of CLL had the ability to intrinsically crawl under endothelial cells, 

although some could sustain adhesion to the endothelial surface for long periods.

After stimulation of the CLL cells with IL-10, the CLL cells could be found under the 

endothelial cells.

Thus, regarding adhesion to extracellular matrix proteins, the expression of 

particular adhesion molecules by CLL cells can facilitate binding to appropriate 

substrates. However, expression alone does not predict the actual adhesive behaviour 

of CLL cells. This conclusion was true for endothelial binding shown in the previous 

chapter; intrinsic activation state is important in determining the function of integrins, 

and local activating factors such as cytokines will play a major role in influencing the 

in vivo behaviour of the cells. These studies may explain why simple expression data 

in other investigations (discussed in Chapter 2) does not correlate well with clinical 

features of the disease.

The techniques employed in this and the previous chapter have provided an 

insight into the adhesive behaviour of CLL cells. Whilst the idea for this study 

originated from investigations into HCL, some of the assays developed for this study
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had not been performed on HCs. The following chapter, therefore, returns to HCL 

and applies the new experiments to HCs to further explore the interactions of HCs 

with endothelium and stromal cells.
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Chapter 5

The interactions of HCs with endothelial ligands; the role of a4ßl in

HC function.

Introduction

In this chapter, the approaches used successfully in Chapter 3 to examine CLL 

cell-endothelial interaction are applied to HCs. This seemed important not only 

because HCs, like other lymphoid cell types, have to attach to and penetrate 

endothelium before gaining access to the tissues, but also because HC-endothelial 

interactions are prominent in HCL. Thus, in HCL, it has long been known that HCs 

form a close association with endothelial cells lining the red pulp of the spleen and the 

hepatic sinusoids; the malignant cells in these locations then come to replace 

endothelium and align themselves along the basement membrane of the sinusoids 

(Pilon et al, 1982). This process results in the so-called pseudosinuses which are 

diagnostic of HCL (Nanba et al, 1977a). Despite the diagnostic importance of 

pseudosinus formation, its pathophysiological basis has never been explained.

Here, adhesion and transmigration assays are used to examine the HC-EC 

associations, and blocking mAbs are employed to establish the receptors/ligands 

involved in this process. It is shown that, unlike CLL cells, HCs adhere to, and 

migrate under endothelium without any prior stimulation; this, it will be argued, is a
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reflection of their intrinsic state of activation. Furthermore, these functions are shown 

to be dependent on the interaction between a4(31 on HCs and VCAM-1 on ECs. 

Finally, the likely pathophysiological importance of a4[31/VCAM-l interactions is 

indicated by demonstration of VCAM-1 on splenic red pulp fibroblasts and bone 

marrow stromal cells, by adhesion assays involving these cell types, and by binding 

assays on splenic sections.
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Materials and Methods

Most of the methods have been described previously, and will not be repeated 

here. Full experimental protocols are in Appendix 1 or in appropriate chapters. 

Relevant methods are:- isolation and purification of B-cells (Ch.2); HUVEC culture 

(Al .4); splenic red pulp fibroblast and bone marrow stromal cell culture (Ch.4); triple

layer FACS (A. 1.3); cell ELISA (A. 1.6); adhesion assay (Al.7); blocking adhesion 

assay (Al.7); co-culture (Ch.4). Three techniques not used previously are 

immunohistochemistry on splenic sections, the Stamper and Woodruff frozen section 

assay, and a simple aggregation assay.

Immunohistochem istry

For this assay, paraffin-embedded tissue sections were employed. Paraffin 

was removed by heating to 56°C for 15 minutes followed by sequential washes in 

xylene, then 100%, 95%, then 80% ethanol. Endogenous peroxidase was then 

blocked using 3% H20 2. Primary antibody (VCAM-1 or matched class control 

antibody) was added in PBS/1%BSA for 1 hr at room temperature. Second and third 

layers were the peroxidase staining kit (ExtrAvidin EXTRA-2, Sigma 

Immunochemicals). In this case the substrate was diaminobenzidine (Sigma) with 

Mayer’s counterstain (Sigma).
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Frozen section assay

This method has been adapted from that first published by Stamper and 

Woodruff in 1976, which demonstrated the role of HEV in lymphocyte homing into 

lymph nodes.

HCL spleen, normal spleen, and tonsil tissue were obtained and frozen in 

liquid nitrogen before sectioning. Cryostat sections (5pm) were prepared at -15°C in 

a microtome, mounted on microslides, and air dried for 1 hour. These sections were 

either used immediately or stored at -20°C. All subsequent steps were performed at 

5°C. HCs were prelabelled with the red fluorescent dye PKH26 (Sigma, staining 

according to manufacturer’s instructions). Aliquots of 2x10s cells in 200pL RPMI 

containing 10% serum were layered onto each section, and the slides immediately 

placed on a rotating platform for 30 minutes. After incubation, the sections were 

washed in PBS, then fixed in 1% glutaraldehyde for lhr, and mounted in 

PBS/glycerol. Slides could then be examined and photographed using phase contrast 

fluorescence microscopy (adherent HCs stained red).

Aggregation assay

HCs were pre-incubated with saturating concentrations (>4pg/ml) of blocking 

or control antibodies, then cells were washed and placed in RPMI without serum, also 

containing antibody, and incubated at room temperature. Aggregation was assessed 

visually and the time for aggregates to form in serum-free medium noted.
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Results

5.1 HCs interact strongly with endothelium

Initially, the HUVEC model of Chapter 3 was used to examine the capacity of 

HCs to adhere to endothelial cells. In this experiment the HUVEC were stimulated 

with TNFa for various periods of time in order to induce expression of VC AM-1 and 

E-selectin. The adhesion assay identified the strong binding to HUVEC which is 

required for initial tissue localisation and subsequent extravasation. The capacity of 

HCs to adhere to the HUVEC (either unstimulated or exposed to TNFa) was 

determined by a reverse centrifugation method that reproducibly removed HCs that 

were not strongly bound.

When HCs were plated with “unstimulated” HUVEC at concentrations that 

potentially allowed all HCs to adhere, 20-60% (mean 35%) of HCs became adherent. 

However, when the endothelial layers were stimulated using TNFa, the adhesion of 

HCs was increased in all cases up to a maximum of 85% (mean 58%). These results 

suggest that HCs have a strong capacity to interact with endothelial ligands (see 

Fig.5.2).

15.2 Analysis of receptors potentially mediating the HC/HUVEC interaction

At least five endothelium-binding receptors are reportedly expressed by HCs, 

namely aX(32, a4|31, aMp2, CD31, and L-selectin (Moller et al, 1992; Knapp et al, 

1989.). To gain some further insight into their potential importance in the highly 

consistent adhesive behaviour of HCs, the level of expression of each receptor was 

examined on the cells from different cases of HCL. The results confirmed that each 

of the receptors was present in all cases, but that not all of the adhesion molecules
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were expressed strongly, or at consistent levels. Thus, aX(32, a4(31 and CD31 were 

each expressed at consistent and high levels; aMp2 was present at intermediate levels, 

while the level of L-selectin was more variable and generally lower (Fig.5.1).

5.3 Identification of the adhesive role of these different receptors/ligands in the 

HC interaction with HUVEC

Earlier chapters have highlighted the concept that the simple expression of a 

given receptor or ligand does not necessarily indicate its functional importance. 

Therefore, in this Chapter, three complementary approaches to probe the adhesive 

functions of the different HC receptors were employed. First, the temporal 

relationship between the number of HCs bound to the endothelium and the 

appearance/disappearance of HUVEC adhesion molecules following stimulation was 

determined. This identified a potential importance for VCAM-1 and E-selectin. 

Next, the ability of HCs to adhere to surfaces coated with these two proteins was 

examined. Thirdly, the importance of VCAM-1 and other adhesion molecules was 

further tested using adhesion-blocking mAbs.
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Fig.5.1 Expression of endothelium-binding adhesion molecules by HCs.

Determined by triple-layer FACS; for explanation of “Percent Positive”, which 

indicates the level of antigen expression on the HCs, see Fig.2.1.

The level of expression in each case is marked by an x. The dash (-) indicates the 

mean level of expression of each antigen. Five cases of HCL are represented, but only 

three are shown for CD31, due to shortage of reagents when patient material was 

available.
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5.3.1 HC adhesion mirrors the expression of particular ligands on HUVEC.

The clear enhancement in the adhesion of HCs that followed TNF stimulation 

of HUVEC implied that changes in ligand expression were occurring that were 

important to HC adhesion.

The altered expression of adhesion ligands seen in the ELISA assay at various 

times after TNF stimulation (Chapter 3, Fig.3.1) was therefore compared to the 

capacity of HCs to adhere to the endothelial cells. These assays suggested that the 

“baseline adhesion” of HCs to unstimulated HUVEC could be determined by any of a 

number of different ligands, since ICAM-1, CD31, and cFN, and even low levels of 

VCAM-1 were all expressed (Fig. 3.1). In contrast, the significantly enhanced 

binding that followed TNFa stimulation appeared to parallel the changes in 

expression of VCAM-1, although early involvement of E-selectin remained possible 

(Fig.5.2).

5.3.2 Purified endothelial ligands E-selectin and VCAM-1 both strongly support 

HC adhesion.

Adhesion assays similar to those used in Chapter 4 for binding to extracellular 

matrix proteins were employed. Affinity purified VCAM-1 and E-selectin were 

purchased from R&D Systems Ltd., Abingdon, UK). Binding of HCs to E-selectin 

and VCAM-1 was compared with their binding to FN (a strong ligand for HCs) or to 

artificial basement membrane (a weak ligand). The results showed that both VCAM- 

1 and E-selectin very strongly supported the adhesion of HCs, in fact allowing greater 

levels of adhesion than were supported by FN (Fig.5.3).
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Fig.5.2 Comparison of HC binding to TNFa-stimulated HUVEC with endothelial 

expression of VCAM-1 and E-selectin. Adherence is expressed as the percentage of 

cells which adhere after 10 minutes when a monolayer of CLL cells are placed on the 

HUVEC. The values are calculated from the mean of triplicate assays, and error bars 

represent one standard deviation from the mean. Expression of adhesion molecules 

was determined by cell-ELISA; duplicate assays were performed, and error bars 

showing standard deviation are too small to be seen on this scale.
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Fig.5.3 Adhesion of HCs to purified VCAM-1 and E-selectin; comparison with 

FN and ECL. The percentage of cells adherent are the mean of triplicate samples in 

two separate typical cases of HCL. Horizontal (error) bars represent one standard

deviation from the mean.



5.3.3 Blocking studies identify an important role for VCAM-1.

Although the preceding section indicates that HCs can adhere to both VCAM- 

1 and E-selectin, the stimulated HUVEC experiments indicated a predominant role for 

VCAM-1. Therefore a blocking mAb to pi integrin (the P subunit of a4pi, the 

ligand of VCAM-1) was used to establish whether or not a4pi/VCAM-l interaction 

was the major determinant of HC adhesion in the HUVEC model. A further mAb that 

blocked the adhesion of P2 integrins (the P subunit of the two endothelial-binding 

integrins, aMp2 and aXp2) was used both as a control, and to probe the interaction of 

HCs with p2 ligands such as ICAM-1.

With anti-p2 mAbs, no blocking of adhesion, either to stimulated or non- 

stimulated HUVEC, was seen. In contrast, although anti-pi did not affect the binding 

of HCs to unstimulated endothelium, it strongly inhibited (to baseline levels) the 

binding of HCs to stimulated endothelium. This was true both after 6 hours 

stimulation (when VCAM-1 and E-selectin were expressed on the endothelium), and 

after 24 hours stimulation (when only VCAM-1 was expressed) (Fig. 5.4).

Taken together, all the above results suggest that a number of different 

adhesion molecules can potentially mediate the binding of HCs to endothelia. The 

molecules that mediate the “baseline” binding of HCs were not identified. Thus, the 

failure of specific anti-p2 or anti-pl antibodies to inhibit such binding suggests that 

the mechanism of HC adhesion is likely to be integrin-independent or, perhaps, to 

involve several different molecules acting together. In contrast, the cause of the 

specific additional binding of HCs to stimulated endothelium was clearly attributable 

to VCAM-1 on HUVEC binding to its specific a4pl receptor on HCs.
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Fig.5.4 Blocking of HC adhesion to stimulated HUVEC using mAbs against HC- 

expressed integrins. Results are expressed as a percentage of cells which adhered in 

the presence of a control (isotype-matched) mAh. Triplicate assays were performed 

for one case of HCL, and indicated as the mean ± one standard deviation.
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Although adhesion alone is clearly important in lymphocyte homing, the 

ability of the cell subsequently to traverse the endothelium is also important; VCAM- 

l/a4pl interaction has been implicated in this process (Chuluyan et al, 1995; Sano et 

al, 1995.). It was therefore necessary to establish the functional consequences of HCs 

binding to VCAM-1.

5.4.1 VCAM-1 induces HC motility.

Previous studies in this Department have shown that HCs respond to adhesion 

by undergoing specific morphological changes. The different morphological forms 

clearly correlate with specific functional behaviour, and these were discussed in 

Chapter 1 (section 1.5):- polarised cells are actively motile; non-polar cells are non- 

motile, and may undergo either spreading or sessile adhesion. The different forms 

may readily be distinguished by microscopy, and can be quantified and statistically 

evaluated by image analysis.

HCs were allowed to adhere to glass cover slips coated with VCAM-1, E- 

selectin, or FN. Adherent cell preparations were then fixed at various time points and 

examined by image analysis. These experiments clearly showed that VCAM-1 

induced a polarised morphology suggestive of motility (Fig. 5.5). In contrast, HCs 

strongly adhered to E-selectin and FN, but far less change in shape was observed with 

little elongation. Fig.5.5 shows the results obtained for FN; HCs tended to have 

slightly larger area on E-selectin than on FN, although the circularity was similar; this 

implies that the cells were more spread, not elongated (not shown on Fig.5.5). These

5.4 The g4pi/VCAM-l interaction has specific functional importance in HC

transmigration
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findings suggest the potential involvement of VC AM-1 in the transendothelial 

migration of the neoplastic HC.

Fig.5.5 Morphology of HCs adherent on VCAM-1 compared with FN (E-selectin 

not shown). Elongation (area/circularity; see Methods) indicates the degree of 

polarisation of the cell. Results represent the mean of 200 cells from a single case; 

similar results were seen in other experiments. Error bars indicate one standard 

deviation from the mean.
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The co-culture experiments described in Chapter 4 were used to demonstrate 

interaction with HUVEC after prolonged incubation. After 24 hrs in culture, most of 

the HCs had migrated underneath the HUVEC (Fig.5.6). When HCs were co-cultured 

with HUVEC in the presence of blocking anti-VCAM-1 mAb, such transmigration 

was abolished.

5.5 The a4pi/VCAM-1 interaction is important in the tissue-accumulation of

HCs in vivo

Normal vascular endothelia express few adhesion receptors on their luminal 

surface. However, there is accumulating evidence that the endothelia of certain 

organs may, constitutively or in disease states, express particular adhesion molecules. 

With regard to the present study, it has recently been shown that VCAM-1 is 

expressed constitutively on the endothelia of bone marrow, and on spleen and liver 

sinusoids in certain haemopoetic disorders, but not on lymph node or splenic white 

pulp (Schweitzer et al, 1996; Rice et al, 1990). In addition, however, VCAM-1 is 

also expressed on certain stromal cell types; in particular it is expressed on hepatic 

Kuppfer cells and on splenic red pulp macrophages - two cell types with which HCs 

are recognised to associate. Such stromal expression of adhesion ligands can play a 

further role in the localisation of migrating cells within tissues.

In order to determine more closely the in vivo relevance of the a4pi/VCAM-1 

interaction to the tissue distribution of HCs, the interaction of HCs with a number of 

relevant stromal cell types, and with relevant tissue sections, were examined.

5.4.2 Binding of HCs to VCAM-1 is essential for their transmigration.
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Fig.5.6 Co-culture of HCs with HUVEC (a) or bone marrow stromal cells (b). 

Cells are stained with rhodamine phalloidin and visualised using fluorescence 

microscopy. HCs appear sessile under HUVEC and motile under marrow stromal 

cells. The number of HCs under the stromal cells ranged from 0 to 12; the modal 

number of transmigrated cells was five. Arrows indicate HCs.



5.5.1 a4pi/VCAM-l mediates the interaction of HCs with relevant stromal cells.

Both bone marrow stromal cells and splenic red pulp cells were examined. 

Bone marrow stromal cells were derived from long-term cultures of normal bone 

marrow, while the splenic red pulp cells were obtained from the outgrowth of an HCL 

spleen. Both cell types were found to express VCAM-1 without additional 

stimulation, and HCs strongly adhered to them. Following more prolonged culture, 

HCs were seen to have migrated under both cell types (Fig.5.6 shows migration under 

marrow stromal cells). Both the adhesion and transmigration of HCs were prevented 

by the blocking anti-VCAM-1 mAb.

5.5.2 a4pi/VCAM-l supports the adhesion of HCs to splenic tissues.

The expression of VCAM-1 by splenic endothelium and splenic red-pulp 

macrophages has previously been reported (Rice et al, 1990). A Stamper-Woodruff 

type assay on normal spleen showed that HCs adhered to the red-pulp areas, but not to 

other regions; such adhesion was blocked by the anti-VCAM-1 mAb (Fig.5.7). CLL 

cells that did not express a4pi did not adhere to the splenic sections, and HCs 

adhered poorly to control tissue (tonsil).

Since HCL spleen is greatly altered by the disease process, VCAM-1 

expression was examined immunohistochemically (Fig.5.8). These studies confirmed 

the continued expression of VCAM-1 by endothelial cells and also revealed strongly 

positive cells (probably macrophages) scattered throughout the splenic stroma. This 

assay also revealed that HCs in the spleen themselves appeared to be weakly positive

for VCAM-1.



Fig.5.7 Adherence of HCs to sections of normal spleen. Panel A shows adherence 

in the presence of isotype-matched control mAh. Approximately 30 HCs 

adhered per mm2 of section. Panel B shows adherence in the presence of 

blocking anti-VCAM-1 mAh. No adherent HCs were found.
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Fig.5.8 Immunohistochemical determination of VCAM-1 expression in sections 

of HCL spleen (a) control mAh; (b) staining with anti-VCAM-1 low 

magnification; (c) VCAM-1 high magnification. Strongly positive cells are 

^ probably macrophages. Positive endothelial cells and HCs are also

distinguishable.
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5.5.3 Expression of VCAM-1 by HCs

In order to confirm the observation that HCs express VCAM-1, peripheral 

blood HCs were analysed by triple-layer FACS. These cells were shown to be weakly 

positive. VCAM-1 was not passively bound since it was not lost following prolonged 

culture and was present after exposure of the cells to EDTA. In contrast to HUVEC, 

bone marrow stromal cells and splenic red pulp fibroblasts, VCAM-1 was not further 

induced by TNFa or PMA.

The functional significance of the expression of VCAM-1 on HCs is not 

known; it might, by binding to a4pl on adjacent HCs, act to promote homotypic 

adhesion. However, in a simple adhesion assay, neither anti-VCAM-1 nor anti-pi 

were able to inhibit HC aggregation (data not shown).
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Discussion

This chapter investigates the cell-cell interactions of HCs. The results show 

that a4pi has an important role in interactions with other cell types, and that such 

binding is an essential prerequisite for entry into tissues.

First the expression of adhesion molecules was determined by sensitive triple

layer FACS. Two cell-binding integrin receptors, a4pi and aXp2, were expressed at 

high levels, while other adhesion molecules (aVp3, aMp2, CD31, and L-selectin) 

were variably or less strongly represented.

However, quantitative expression alone cannot indicate function, and 

transendothelial migration must be preceded by strong adhesion that facilitates 

spreading. Thus the assay of strong adhesion was used to examine the functional 

activity of the various receptors. TNFa-stimulated HUVEC were employed as a 

model for the expression of relevant adhesion ligands. Only the interaction between 

a4pi and its ligand VCAM-1 mediated the strong binding of HCs, and when the 

action of this integrin was blocked using an anti-pl mAb, both induced and 

constitutive binding of HCs to endothelium was reduced.

In addition to its expression on endothelia, VCAM-1 is constitutively 

expressed by certain stromal cells. A cell ELISA confirmed the expression of 

VCAM-1 on bone marrow stroma and on stromal cells derived from HCL spleen. 

HCs adhered strongly to these VCAM-1-expressing stromal cells. Also, following 

extended culture, HCs readily migrated beneath all three VCAM-1-expressing cell 

types. Both adhesion and migration were almost completely abrogated by anti- 

VC AM-1 or anti-pl.
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All the above observations suggest that a4pi is the major adhesion molecule 

mediating strong cell-cell interactions in HCL, and that such binding is an essential 

prerequisite for transmigration into tissues. In this regard, it is highly relevant that the 

principal areas where VCAM-1 is constitutively expressed in vivo are also those 

typically involved by the abnormal lymphocytes of HCL. These areas are splenic and 

hepatic endothelia, together with marrow and splenic stroma; VCAM-1 is not 

expressed constitutively on other endothelial sites or on HEV. Therefore frozen 

section assays were employed to test the in vivo relevance of these observations. HCs 

readily adhered to normal splenic red pulp, and this adhesion was blocked by anti- 

VC AM-1 or anti-pi mAbs. HCs did not adhere to control tissues such as tonsil where 

VCAM-1 is not expressed.

Finally, VCAM-1 was shown to be expressed by HCs themselves. Expression 

of low levels of VCAM-1 were demonstrated both directly ex vivo and following 

freezing or extended culture; the molecule was also present on HCs in tissue sections. 

The level of expression was, however, significantly lower than that of a4pi and was 

not upregulated following in vitro activation of HCs using TNFa or phorbol ester.

The simultaneous expression of a4pi and its ligand VCAM-1 on HCs 

suggested that these adhesion molecules might provide a potential mechanism for 

HCs to bind to each other. ot4pi/VCAM-1 interaction between HCs would encourage 

further accumulation of the HCs in tissues already involved by the disease. However, 

anti-VCAM-1 or anti-pi mAbs did not prevent the aggregation of cultured HCs. 

Furthermore, HCs did not bind strongly to tissue sections from HCL spleen.

These experiments provide strong evidence that the a4pi expressed by HCs 

plays a major role in their tissue localisation. In this regard HCs resemble
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lymphoblasts which bind to VCAM-1 expressed on bone marrow stromal cells, and 

sickle cells which employ a4[31 to localise within splenic red pulp. However, a4pl is 

also expressed on a wide range of haemopoietic cells which do not show the same 

pattern of tissue localisation as HCs. The question therefore arises as to why all 

a4pi-expressing cells do not show the same pattern of tissue localisation. This may 

be explained by the multi-step model of tissue entry. HCs express a4pi in a 

functionally active form, unlike peripheral blood B cells which express a non-active 

form of the integrin and do not bind to VCAM-1 (Postigio et al, 1991b). HCs also 

have a highly active cytoskeletal structure and can respond to locally produced 

cytokines, enabling them to react to such adhesion; in contrast, cells such as CLL 

lymphocytes may bind to VCAM-1 but do not maintain this adhesion and under 

similar conditions do not transmigrate. Finally, the responses of HCs to adhesive 

proteins which have been described, favour their subsequent migration through 

tissues; in these tissues HCs may associate with other VCAM-1-expressing cells such 

as macrophages.

In this chapter, therefore, the findings support the notion that the tissue 

localisation of malignant cells is a multifactorial process. a4pi is essential to the 

initial tissue-homing of HCs, but its final distribution depends also on intrinsic 

activation of the abnormal lymphocyte, its response to locally secreted cytokine, and 

its specific interactions with adhesive proteins and with other VCAM-1 expressing 

cells in stroma of tissues.
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Chapter 6

General Conclusions

6.1 Results of the thesis and their interpretation

The experimental work of this thesis explored adhesion processes in CLL and 

HCL to show how adhesion may influence the tissue distribution of the abnormal 

lymphoid cells. Although CLL and HCL are both clonal proliferations of mature 13- 

cells, they differ greatly in many respects, especially in their patterns of organ/tissue 

involvement. It seemed reasonable to postulate that the adhesive properties of the 

abnormal cells underpin these differences in distribution- a postulate made all the 

more plausible by recent work from this Department relating integrin/ECM 

interactions of HCs to organ involvement in HCL (Burthem et al, 1994a and 1994b).

The first three experimental chapters were concerned with CLL and 

investigated adhesion molecule expression, interaction with endothelial ligands, and 

adhesion and response to extracellular matrix elements respectively.

Expression of adhesion molecules (Chapter 2) varied between cases and did 

not correlate with in vivo clinical disease features or with the degree of activation of 

the cells. It is not clear why expression varied from case-to-case in this way, but 

differences in the extent of differentiation of the abnormal clone may be relevant 

(Dighiero, 1993). These findings indicate that different patterns of clinical disease in 

CLL are not simply related to adhesion molecule expression. The function of these 

molecules and the external factors such as cytokines must be important. Chapters 3 

and 4 considered some of these issues.
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Chapter 3 considered interaction of CLL cells with endothelium. Chapter 2 

had already demonstrated that CLL cells possess receptors for endothelial ligands (all 

cases expressed aL(32 and L-selectin and any combination of aM(32, aXp2, a4pi, 

a4p7, or CD31). The function of these receptors was therefore explored. Adhesion 

to HUVEC was generally low, but was greater in cases with a more activated 

phenotype. Binding involved adhesion to ICAM-1, E-selectin, and possibly other 

endothelial ligands. This constitutive adherence was enhanced by exogenous B-cell 

activating agents. Only CLL cases expressing a4 integrins bound well to activated 

endothelium without exogenous stimulation. These findings indicate that CLL cells 

have a variable, but sometimes substantial, capacity to interact with endothelium and 

that this capacity is influenced both by the intrinsic activation state of the CLL clone 

and by exogenous stimulation ( e.g. by cytokines such as TNFa).

In Chapter 4 CLL cells were shown to bind variably to purified extracellular 

matrix proteins, especially fibronectin and vitronectin. The CLL cells expressed pi 

integrins, and a3pi, a4pi, and a5pi can all bind to fibronectin. Constitutive binding 

to fibronectin was correlated with intrinsic activation state, and adhesion increased 

following in-vitro stimulation of CLL cells. Binding to vitronectin was more difficult 

to explain; the CLL cells did not express the classic vitronectin receptor, aVp3, 

although binding to vitronectin could be high. The unidentified vitronectin receptor 

on the CLL cells did not depend on cell activation in order to bind. CLL cells did not 

bind to the basement membrane proteins, collagen and laminin. These observations 

are in keeping with the fact that CLL cells, unlike HCs, do not show any propensity to 

associate with basement membrane during tissue invasion (Rai, 1993). The 

significance of the potential of CLL cells to interact with fibronectin and vitronectin is

135



not clear, but the present findings indicate that ECM has the potential to modify CLL 

cell behaviour.

Following binding to matrix proteins, CLL cells showed no morphological 

changes which would indicate a cytoskeletal response. In addition, CLL cells did not 

migrate under endothelial cells during co-culture experiments. Stimulation of the 

CLL cells with IL-10 and, to a lesser extent with TNFa, caused pronounced polarity 

in the adherent CLL cells, and accumulation of CLL cells beneath the endothelium. 

These findings indicate that CLL cells have the potential for significant migratory 

responses. However, an external stimulus (e.g. cytokine) is required for this potential 

to be realised. As will be further considered in Chapter 5, HCs differ markedly in this 

respect in that they have the capacity to migrate without any obvious additional 

stimulus; such behaviour is, presumably, related to the nature of their intrinsic 

activation.

The observation that HCs form close associations with endothelial cells and 

macrophages in vivo led to an investigation, in Chapter 5, into the interactions of 

hairy-cells with cellular ligands. An important role for a4(31/VCAM-l ligation was 

identified. HCs bound efficiently to unstimulated endothelium, and very strongly to 

stimulated endothelium via a4pi/VCAM-l interaction. Furthermore, HCs showed a 

markedly polar (motile) morphology on VCAM-1, and required interaction via 

VCAM-1 on endothelium in order to migrate under these cells. HCs migrated under 

other VCAM-1-expressing cell types, such as stromal cells in bone marrow and 

splenic red pulp- cell types known to form important associations with HCs. VCAM- 

1 was also found to be expressed at low levels on the HCs themselves. The functional 

significance of this observation was not established, but is worth further investigation.
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All the data of Chapter 5 indicate that interaction of oc4pi on HCs with VCAM-1 can 

facilitate adhesion to VCAM-1-expressing endothelium, subsequent tissue entry, and 

then migration within VCAM-1-rich environments. These results, at least in part, 

provide a basis for the long-known specific interaction of HCs with endothelium and 

other accessory cell types. Furthermore the data add significantly to previous work 

from this Department concerning HC adhesion.

6.2 Future Directions

The present work suggests at least two important areas for further work. First 

of all, neither this thesis, nor previous work from this Department have considered the 

question of tissue remodelling. A general process is clearly important both for the 

lymphocyte to be able to migrate through the ECM and for the pathogenesis of the 

various lymphoproliférative disorders (e.g. psuedosinus formation in HCL). It has 

recently become clear that matrix metalloproteinases are important in these processes 

and that lymphocytes carry a number of such enzymes. It is likely that investigation 

of this area of research will be fruitful.

Secondly, localisation of lymphocytes to particular microenvironments will 

conceivably influence their proliferation and or survival; these processes are central to 

the pathogenesis of lymphoproliférative disorders. Such survival/proliferation is 

likely to be controlled by signals induced through adhesion molecules. Investigation 

of the different signals generated by different integrin receptors is therefore also likely 

to be a productive area for future study.
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APPENDIX 1
Materials and Methods

1.1 APAAP

(1) Cytospin preparations

Purified CLL or Hairy cells were suspended at 1.5xl05/ml in RPMI containing 

10% FCS. lOOpl of suspension was added to buckets of a Shandon Cytospin 2. CLL 

cells were spun at 200 rpm for 3 minutes, HCs at 500 rpm for 5 minutes, both at low 

acceleration. Slides were air-dried overnight, and CLL preparations used the 

following day. HCL samples were more robust, and cytospun preparations could be 

wrapped and stored at -20°C for several months.

(2) Fixation

This was usually in acetone-methanol (50:50) for 2 minutes. Once fixed the 

slides were not allowed to dry, and were wetted with TBS (0.15M NaCl, 0.05M TRIS, 

pH 7.4).

(3) Primary mAb

Optimal concentrations of each individual mAb was determined using 

immunofluorescence. mAb were diluted in TBS containing 4% human AB serum, 

and were centrifuged before use to remove Ig complexes. 50pl of mAb was added to 

the cytospin preparation for 30 minutes at room temperature. Slides were then 

washed in TBS, pH 7.4.
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(4) Second layer antibody

50pl rabbit anti-mouse antibody diluted 1:20 in TBS containing 4% human 

AB serum, 30 minutes. Washed in TBS.

(5) Tertiary layer APAAP complex

50pl mouse anti-alkaline phosphatase conjugated to alkaline phosphatase 

(1:20 in TBS), 30 minutes. Washed in TBS.

(6) Steps (4) and (5) were repeated to improve the intensity of staining. Incubation 

times were reduced to 10 minutes.

(7) Substrate

a) 2mg naphthol As-Mx phosphate dissolved in 200pl N,N dimethyl 

formamide

b) Added 10 ml TRIS/HC1, (0.1M, pH 8.2).

c) Added 10 mg Fast red TR.

d) Added 50 pi 1M levamisole.

e) Substrate was filtered (0.2pm pores) directly onto slide

f) Colour was allowed to develop for up to 15 minutes.

g) Slide was washed in TBS followed by dH20.

(8) Counterstain

Harris haematoxylin was added for 2 minutes, colour developed in running tap 

water for 10 minutes, then samples were mounted in Apathy’s mounting medium.
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1.2 Immunoprecipitation

(1) Cell labelling: lactoperoxidase catalysed radio iodination

Purified CLL cells (108/ml) were washed and suspended in phosphate buffered 

saline (PBS: 0.14M NaCl, 2.7mM KC1, 1.5mM KH2 PO4 , 8.1mM Na2 HPC>4 in sterile 

H2 O, pH 7.4). lmCi Na125I, and final concentrations of 0.02mg/ml lactoperoxidase, 

and 0.2 IU/ml glucose oxidase were added. The reaction was initiated by addition of 

5mM glucose, and allowed to proceed for ten minutes. Reaction was stopped using 

ice-cold PBS. Cells were then washed four times with cold PBS to remove unbound 

iodine.

(2) Preparation of cell lysate

Cells were lysed in PBS/1% NP40/1% BSA buffer (2ml) plus enzyme 

inhibitors (PMSF, final cone. 2mM; E-64 (L-trans-Epoxysuccinyl leucylamido (4 

guanodino)-butane, final cone. IOuM; Aprotinin - final cone. lOug/ml) on ice for 

30mins.

(3) Removal of cellular debris

The lysis mixture was then centrifuged at 13000g to clear the 

supernatant (for 30mins by microfuge). The supernatant was then dialysed overnight

into PBS + 0.05% azide at 4°C to remove free 125^ small peptides and other small 

radio labelled products.

(4) Pre-clearance of sample

The pre-clearance was extensive. First with protein G sepharose alone 

(twice) to remove non-specific and immunoglobulin material. Then with protein G
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sepharose pre-incubated with purified mouse IgGl and IgG2b (twice) to remove Ig 

binding proteins.

(5) Immunprecipitation

Test antibodies complexed particular integrins (class-specific control 

antibodies were also used). Antibody/antigen complexes were then collected using 

protein G sepharose beads. These beads were then extensively washed using wash 

buffer (0.5mM LiCl, lOOmM Tris pH 8, 0.5% nonidet P 40) to remove non- 

specifically bound proteins and the immunoprecipitated material was released by 

boiling the beads in DSSB for analysis by SDS PAGE (see section A. 1.8).
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1.3 Triple-laver Flow Cytometry

This method of preparing samples for flow cytometry has been reported to 

enhance sensitivity, and thus to detect surface molecules present in low copy number 

(Zola et al, 1990).

(1) Primary antibody

An appropriate amount of mAh, previously determined, was added to the 

bottom of a well of a 96-well tissue-culture plate. 100pl of purified CLL or Hairy 

cells (2xl06/ml) was added and incubated at room temperature for 10 minutes.

(3) Washing

Cells were washed twice by filling the well with phosphate buffered saline 

(PBS: 0.14M NaCl, 2.7mM KC1, 1.5mM KH2P04, 8.1mM Na2HP04 in sterile H20, 

pH 7.4) containing 1% BSA and 0.1% azide and centrifugation up to 2000 rpm 

followed by dumping off the supernatant.

(4) Second layer

Second layer was 200pg/ml biotin-conjugated horse-anti-mouse mAh (Vector 

Laboratories, Peterborough, UK) in PBS/BSA/azide, 10 minutes (room temperature). 

Cells were washed as before

(5) Third layer

Third layer was streptavidin conjugated to phycoerythrin (Becton Dickinson, 

Ltd. used at recommended working dilution). Cells were washed before analysis.

(6) Analysis

Cells were diluted to 1ml with FACS fluid and analysed by flow cytometry 

using Becton Dickinson FACS analyser with Consort 30 computer programme. 5000 

events were routinely analysed. The fluorescence marker was set to indicate 2%
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positivity for appropriate Ig control samples. As there was a pure population of CLL 

or HCs, and expression was uniform on the abnormal cells, expression was 

determined by the percentage of cells to the right of the isotypic control marker 

following a unimodal shift of the fluorescence peak.

143



1.4 HUVEC culture

Umbilical cords were generously provided by Christiana Hartley Maternity 

Unit of Southport & Formby D.G.H.. Umbilical veins were washed out using PBS, 

then endothelial cells detached using 0.7% trypsin/14% EDTA for 8 minutes at 37°C. 

Detached cells were collected and washed in complete medium (Iscove’s modification 

of Dulbecco’s medium, 20% newborn calf serum, 200IU/ml Penicillin, 200pg/ml 

Streptomycin). HUVEC were resuspended in complete medium, and placed in T25 

Falcon tissue culture flasks in an incubator at 37°C, 5% C02. Medium was replaced 

after 24hrs, then HUVEC were grown to confluence.

HUVEC were used at first passage; cells were detached using Trypsin/EDTA 

(Gibco, LTD.), and placed in 96-well plates (Falcon flexible microtitre plates, coated 

with Promega ECL attachment Matrix), at a dilution of approximately 1:2.5. 

Immunohistochemistry was used to confirm that these were endothelial cells using 

antibodies to smooth muscle actin and to factor VUI-related antigen.

►
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1.5 Endothelial cell line

A vascular endothelial cell line was generously donated by D. Pumford 

(Department of Haematology, Royal Liverpool University Hospital). The original 

source and method of transformation of this cell line was not known. These cells 

were shown to be endothelial cells morphologically, as well as by expression of 

smooth muscle actin, factor VIII-related antigen and CD31. These were stored in 

liquid nitrogen, and cultured in Iscove’s modification of Dulbecco’s medium 

containing 10% new-born calf serum, 200 IU/ml penicillin and 200pg/ml 

Streptomycin. These cells were used at up to eighth passage.
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1.6 ELISA

A cell ELISA technique was used to identify surface antigens on cells (such as 

HUVEC, the endothelial cell line, bone marrow stromal cells, and splenic red pulp 

fibroblasts) cultured in 96-well plates. Secondary and tertiary reagents were supplied 

as a kit from Sigma, Ltd., and used according to the manufacturer’s recommendations. 

Between each step of the following protocol, wells were washed three times with 

PBS/1%BSA.

(1) Cell preparation

Cells were grown to confluence in the wells. For identification of 

upregulation of adhesion molecules due to cytokine stimulation, lOU/ml of TNFa was 

added to wells in complete medium for the appropriate times before the assay.

(2) Fixation

The fixative was 4% paraformaldehyde in iso-osmotic buffer (0.13M 

phosphate buffer, pH 7.4-7.6 containing 30mM glucose. 100pi was added to wells for 

5 minutes.

(3) Endogenous peroxidase

In some samples, e.g. splenic fibroblasts and bone marrow stromal cells, but 

not HUVEC, it was necessary to block endogenous peroxidase activity. This was 

achieved by adding fresh aliquots of 3% H20 2 to the wells every few minutes. 

Peroxidase activity caused bubbles of oxygen to form in the wells; when bubbling 

stopped (2-40 minutes, depending on the tissue sample), the endogenous peroxidase 

activity had been lost.
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(4) Primary mAb

Antibodies were diluted according to suppliers’ directions in PBS/4% human 

1 AB serum/0.1% azide, and microfuged before use. Incubation was at 4°C overnight.

(5) Second layer

Biotin-conjugated goat-anti-mouse Ig, diluted 1:1000 in PBS/BSA/azide. 

Incubated lhr, room temperature.

(6) Third layer

ExtrAvidin-peroxidase (1:400) diluted as above, 30 minutes, room 

temperature.

1 (7) Substrate

OPD tablets (DAKO Ltd.) dissolved in 0.1 M phospho-citrate buffer, pH 5.0 

containing 12% H20 2. 100pl was added to wells and colour was allowed to develop 

for around 3 minutes, then the reaction was stopped using lOOpl 12.5% H2S04.

(8) Analysis

Absorbances were read at 492nm using a Titertek Multiscan Plus plate reader 

against blank wells containing lOOpl substrate and lOOpl 12% H2S04.
>
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1.7 Adhesion assay

This method was developed to compare the ability of CLL and HCs to adhere 

to various substrata. The technique is a distraction assay, which gives an indication of 

the strength of adhesion, and does not necessarily identify weak interactions. In order 

to optimise the washing step, an assay was performed using a range of centripetal 

forces. A chart was generated showing number of cells remaining adherent against 

rpm, and a point selected in the middle of the plateau for all subsequent experiments.

(1) Preparation of wells

For cell-cell adhesion assays, HUVEC or bone marrow stromal cells were 

grown to confluence in flat-bottomed 96-well assay plates as described in Appendix 

1.4. Alternatively, wells were coated with purified extracellular matrix proteins 

(20pg/ml in PBS overnight) (Burthem et al, 1994a).

(2) Cell labelling
n

Purified CLL cells or HCs (10 cells in 5ml) were suspended in methionine- 

free RPMI containing 10% foetal calf serum, 200 IU/ml penicillin and 200j_ig/ml 

Streptomycin, and supplemented with 20pCi S-labelled methionine (purchased from 

Amersham Ltd.). These were incubated overnight at 37°C in a humidified 

atmosphere of 5% C02. Cells were used for assay on the same day; and were washed 

in RPMI containing serum and antibiotics five times, and allowed to recover in this 

(methionine-containing) medium for at least lhr.

(3) Adhesion assay

Directly before the assay cells were suspended in RPMI without serum at 

2x106 cells/ml. 1 OOpL of this suspension was added to the prepared wells. This 

concentration gave a nearly confluent layer of cells in the well with no overlapping,
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and thus theoretically could allow 100% of cells to adhere. Plates were incubated for 

10 minutes at 37°C and 5%C02. Plates were then sealed with Wallac acetate plate- 

sealers, inverted, and centrifuged at 25 Og for five minutes. Plate sealers were quickly 

removed, then most of the medium was gently aspirated and replaced with warm iso- 

osmotic fixative (4% paraformaldehyde in 0.13M phosphate buffer, pH 7.4-7.6 

containing 30mM glucose) for 10 minutes. Next wells were washed and lOOpL of 

scintillant added (Wallac ‘Hi-load’) and plates were counted in a Wallac 1450 

MicroBeta liquid scintillation counter. Adherence was quantitated from the 

percentage of counts left in test wells compared to the total counts due to 105 cells 

(100%).
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1.8 SDS-PAGE

This method was used when analysing the purity of fibronectin isolated from 

human plasma (A. 1.9), and for separating integrin chains immunoprecipitated from 

CLL cell lysates (A. 1.2).

Reagents:

Double Strength Sample Buffer (DSSB). 20% v/v glycerol; 10% v/w sodium 

dodecyl sulphate; 25% stacking gel buffer; O.lmM EDTA; 4.5g bromophenol blue; 

ddH20  to 100%.

Running gel buffer. 1.5mM Tris-HCL, pH8.8; 4% SDS.

Running gel. Acrylamide at 8% (from 30% stock in ddH20); 25% running gel buffer; 

0.1% TEMED; 0.3% ammonium persulphate (fresh); distilled water to make 100%. 

Stacking gel buffer. 0.5M Tris-HCL, pH6.8; 4% SDS.

Stacking gel. 4% acrylamide; 25% stacking gel buffer; 0.1% TEMED; 0.3% APS; 

ddH20  to make 100%.

Electrode buffer. 1% SDS; 0.2M glycine; 25mM Tris, pH 8.3.

Coomassie blue stain. 0.12% w/v brilliant blue; 25% ethanol; 10% acetic acid. 

Destain. 10% methanol; 10% acetic acid; ddH20  to make 100%.

Procedure:

(1) Samples were prepared in Eppendorf tubes by heating to 95°C for 5mins with an 

equal volume of DSSB. These were then loaded directly onto gels.

(2) 16cm gels were cast using the Bio-Rad gel casting system and run using the Bio- 

Rad Protean II xi Slab Cell system. A 15 well 0.75mm comb allowed a well capacity 

of up to 120|_il for each sample. Sample volumes of 30 to 60 pi were used. A linear 

8% gel was employed, which gave good separation in the molecular weight range
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30kD to 200kD. Gels were routinely run at a constant voltage of 200V giving a 

standard run time of 6hrs.

(3) Gels were stained for 15 minutes and destained overnight to reveal bands, and 

then dried under vacuum using a BioRad gel drier. Sigma "high molecular weight 

markers" were employed, giving a molecular weight series of 205kD, 116kD, 97kD, 

66kD, and 29kD. These provided a linear plot using log/normal axes. Molecular 

weights of sample bands were calculated by reference to these values.

(4) Where radiolabelled samples were used these were visualised by autoradiography. 

Autoradiography film was pre-flashed to linearise response; the film was then placed

with the gel in a sealed cassette at -80°C. Appropriate exposure times were 

individually determined.

►
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1.9 Purification of fibronectin

FN was purified by gelatin-sepharose affinity chromatography according to 

the method of Engvall and Ruoslahti, 1977.

1) Preparation of plasma.

Fresh frozen plasma unsuitable for human therapeutic use was provided by 

BTS Liverpool, UK. Serine and metalloproteases were inhibited by the addition of 

EDTA to a final concentration of 5mM, and PMSF to a final concentration of ImM. 

Plasma was stored at -20°C, and before use was thawed and filtered to remove 

precipitated material which could clog the affinity columns. The filtered plasma was 

applied immediately to a gelatin sepharose column.

(2) Preparation of gelatin-sepharose.

Principle:

Cyanogen bromide activated sepharose 4B will bind proteins via free amino 

groups, immobilising them by a stable covalent linkage. Reactions proceed best in the 

pH range 8-10 where amino groups are unprotonated; therefore, coupling buffer 

should not contain free amino groups. The addition of 0.5M sodium chloride 

minimises non-specific protein/sepharose interaction which may interfere with 

chromatography. After coupling, the remaining active groups are blocked with excess 

ethanolamine (a primary amine).

M ethod:

2g of CNBr activated 4B sepharose (giving approx 7ml of swollen gel) were 

swollen in dH20 then washed over synthaglass with 400ml of ImM HC1.

152



20mg of gelatin were dissolved in coupling buffer (0.1M NaHC0 3 , pH8.3 and 

0.5M NaCl), and this was mixed with the swollen washed gel on a rotatory mixer 

overnight at 4°C.

Excess protein was washed away with coupling buffer, then free amino groups 

were blocked with ethanolamine (1M pH 9 for 2 hours at room temperature). 

Efficiency of coupling was estimated by determining the difference in optical 

absorbance at 280nm.

The gel was then packed in a column and washed with 4 cycles of alternating 

pH using coupling buffer (pH 8.3) and acetate buffer 0.1M (pH 4).

(3) Chromatography.

Plasma was applied to the column at a rate of 2ml/hr by peristaltic pump. The 

column was then washed with PBS until optical absorbance at 278nm had returned to 

its stable baseline. Specific elution of FN was achieved by the application of PBS/4M 

urea to the column. FN was eluted in the leading front. Purity was determined by 

SDS PAGE electrophoresis (A1.8).
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1.10 Image analysis

Glass coverslips were coated with fibronectin or vitronectin as described in the 

adhesion assay (A. 1.7). The coverslips were then transferred to 24-well plates where 

CLL cells or HCs were allowed to adhere for 5-10 minutes. Non-adherent cells were 

removed by washing and the remaining cells were cultured for up to 90 minutes in 

RPMI 1640 medium containing 10% foetal calf serum. Coverslips were then washed 

and fixed directly by adding 4% glutaraldehyde to the culture medium for lhr. The 

coverslips were then washed, air dried, and mounted on glass slides using clear 

cyanacrylate adhesive. Cells were stained with Harris haematoxylin. This stain was 

specifically selected for these experiments as it provided a good uniform staining of 

the cell including fine cytoplasmic processes, was highly visible to camera and image 

grabbing software, and gave very low background staining.

(4) An image analysis system (PC image, version 2.1, Foster Findlay Associates, UK.) 

was used to quantify cell morphology automatically, without subjective human 

interaction. Preparations were examined with an Olympus BH-2 microscope 

(magnification X400) and an attached JVC TK-1070E video camera. The final image 

was analysed using a Dell 486D/33 computer.

(5) The preparations were scanned and images of 200 cells were taken for each 

sample. In PC Image, 2.1, the field of view from the slide was converted into a binary 

image. A selective deletion was carried out removing non-cellular objects as well as 

touching or overlapping cells from the binary image. If cells were not stained 

absolutely evenly throughout the fill procedure was used to fill in the less strongly 

stained areas. The morphology of each individual cell was then measured. The
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parameters which best described cell form in this study were selected from the 

multiple parameters available. These were:

Area (= ^(X^Yk+i-Xk+fYk)) a simple measure of spread cell area

Circularity (= Area/Perimeter^) a measure of the deviation of cell shape

from that of a perfect circle (l=circular, 0=straight line) 

To give an indication of the polarisation of cells, results were often expressed as area 

divided by circularity, and this parameter was described as elongation.
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Abbreviations and Alternative Nomenclature
CLL=chronic lymphocytic leukaemia
HCL=hairy-cell leukaemia: HCs=the abnormal clonal lymphoid cells of HCL
Adhesion molecules
Name used in 
this Thesis

CD N° Other names

a2ßl CD49b/CD29 VLA-2, platelet glycoprotein Ia-IIa, ECMRI, Coll R
a3ßl CD49c/CD29 VLA-3, ECMRII, laminin receptor
a4ßl CD49d/CD29 VLA-4, LPAM-2 (VLA= Very Late Antigen)
a5ßl CD49e/CD29 VLA-5, GPIc-IIa, fibronectin receptor, aFpi
aößl CD49f/CD29 VLA-6, IcIIa, laminin receptor
a4ß7 CD49d/- a4pP, LPAM-1
aHß7 - human mucosal lymphocyte-(HML-)l, ocHp7, aEp7
aLß2 CDlla/CD18 leukocyte function associated molecule- (LFA-)l
aMß2 CD1 lb/CD18 Mac-1, leukocyte adhesion receptor Mol , CR3
aXß2 CD1 lc/CD18 p i50,95, Leu M5, CR4, LeuCAMc
aVß3 CD51/CD61 vitronectin receptor
CD31 CD31 platelet endothelial cell adhesion molecule-1 

(PECAM-1), endoCAM
VCAM-1 CD 106 (vascular cell adhesion molecule), INC AM-110
ICAM-1 CD54 (intercellular adhesion molecule-1)
ICAM-2 CD 102 (intercellular adhesion molecule-2)
ICAM-3 CD50 (intercellular adhesion molecule-3)
L-selectin CD62L LAM-1, Leu-8, TQ1, gp90me1'14, LECAM-1
P-selectin CD62P GMP-140, LECAM-3, PADGEM
E-selectin CD62E ELAM-1 (endothelial leukocyte adhesion molecule), 

LECAM-2
Activating agents
IL-10, (-4, -1), interleukin-10 (-4, -1) 
TNFa, tumour necrosing factor a  
PMA, phorbol mysteric acid 
SAC, Staphylococcus aureus Cowan-1 
Miscellaneous
Ab, mAb, antibody, monoclonal Ab 
Ig, slg, immunglobulin, surface Ig 
F-actin, filamentous(polymerised)actin

Cell types:
HUVEC, human umbilical vein 
endothelial cells 
HEV, high endothelial venules 
ECs, endothelial cells 
Extracellular matrix (ECM) proteins 
FN, fibronectin 
VN, vitronectin 
Coll, collagen
ECL, entactin,collagen,laminin 
Buffer solutions
PBS, phosphate-buffered saline, pH7.4
RPMI, synthetic culture medium, balanced salts, amino acids, vitamins and glucose
TBS, Tris-buffered saline, pH7.4
Techniques
APAAP, alkaline phosphatase, anti-alkaline phosphatase: immunocytochemistry 
FACS, fluorescence-activated cell sorting: immunocytochemistry 
ELISA, enzyme-linked immunosorbent assay
SDS-PAGE, sodium dodecyl sulphate-polyacrylamide gel electrophoresis


