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ABSTRACT

The control of lymphocyte extravasation from the circulation into sites of
inflammation is critical for the co-ordination of an appropriate and effective
immune response. Much previous work has focused on how leukocytes cross
the endothelial barrier, but there has been less emphasis on subsequent
events. This thesis aims to investigate aspects of adhesion involved in the
migration of extravasated leukocytes across the extracellular matrix. The
integrin family of cell surface receptors are a major family of lymphocyte
adhesion molecules involved in these events. It is already well established
that lymphocyte integrins are not constitutively active and require activation
before being able to bind to their ligands. Such activation can be achieved by
signals received by the T lymphocyte through its cell surface receptor, the T
cell receptor (TCR/CD3) complex, and also by direct effects of cations on the
integrin ectodomain in the absence of an intracellular signal. In this thesis, I
describe experiments examining the interaction of human T lymphocytes
with respiratory epithelial cells and with components of the extracellular
matrix, such as collagen and fibronectin, following various methods of

integrin activation. In particular, I present the first direct evidence for cross-
talk between B2 and B1 integrins on T lymphocytes. A model of lymphocyte
extravasation is proposed in which cross-talk co-ordinates sequential integrin
activation and successful transmigration. In addition, this thesis also includes
work aimed at defining signalling pathways involved in the activation of the
p2 and B1 integrins following TCR/CD3 engagement, and the role of the
lymphocyte cytoskeleton in such integrin activation. In summary, I have
described aspects of the control of leukocyte integrins on T lymphocytes
following various different stimuli, and the role of this controlled activation

in successful T lymphocyte migration.
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CHAPTER ONE

INTRODUCTION

1.1 Cells of the immune system

The immune system provides constant host surveillance, searching out
potential pathogens and destroying them. Innate immunity is present at all
times, unlike the adaptive immune response which is induced by antigen and
gives rise to long lasting protection against disease. The cells of the immune
system are the leukocytes (white blood cells) comprised of the myeloid cells

and the lymphoid cells.

1.1.1 Myeloid cells

The myeloid cells include the polymorphonuclear leukocytes (neutrophils,
basophils and eosinophils), monocytes, macrophages and mast cells which are
all derived from the same myeloid stem cells in the bone marrow. In general,
the myeloid cells are part of the innate immune system and can directly attack
and kill foreign micro-organisms by phagocytosis aided by complement-
mediated opsonisation or antibody-dependent cellular cytotoxicity. On
myeloid cells complement receptor (CR)1, CR3 and CR4 are responsible for
binding pathogens which have been opsonised by the complement products
C3b and iC3b, and immunoglobulin (Ig) receptors bind the Fc portion of Ig
bound to antigen (Ag). Synergistic activation of these receptors results in
successful endocytosis, and lysis of pathogens. The complement receptors

CR3 and CR4 are members of the integrin family of adhesion molecules
(section 1.5) and are also known as Mac-1 (aMf2) and p150,95 (XP2)

respectively.

1.1.2 Lymphocytes

The lymphocytes are the cells responsible for adaptive immune responses.
Most lymphocytes are small, rather featureless cells with little cytoplasm and
as late as the 1960s they had no known function. Much of their chromatin is

in the condensed state and the cytoplasm contains few organelles, both
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features of an inactive cell. A great step forward came in the early 1960s when
James Gowans described the continual recirculation of lymphocytes from
blood to lymph by way of the lymph nodes. In addition he found that when
he depleted rats of the small lymphocyte all known adaptive immune
responses were also lost. Immune function was, however, totally restored
when the lymphocytes were replenished (Gowans, 1996). These experiments
demonstrated for the first time the role of lymphocytes as the professional

immune effector cells responsible for immunological memory.

Two functional types of antigen-specific lymphocytes have been distinguished
that are similar by light- or electron-microscopy but differ by the molecules
that they bear on their surfaces. B lymphocytes, or B cells, develop into
plasma cells and secrete antibodies. T lymphocytes, or T cells, develop into
effector cells able to kill infected host cells and to activate other cells of the
immune system, including macrophages and B cells. Lymphocytes derive
from specialised stem cells in the bone marrow, and are found in four main
sites, bone-marrow, thymus, peripheral lymph organs, and mucosal surfaces
as well as in blood and lymph. Prospective T lymphocytes migrate to the
thymus to undergo maturation and acquire antigen specificity, while B
lymphocytes undergo maturation in the bone marrow. Mature antigen-
specific lymphocytes migrate from these tissues, via the blood, to the
organised secondary lymphoid organs including lymph nodes, spleen and
gut-associated lymphoid tissues. Lymphocytes leave the circulation and enter
these lymphoid organs across specialised endothelial cells in the postcapillary
venules. These cells are cuboidal and called high endothelial cells, and the
vessels that they line are known as high endothelial venules (HEVs). The B
and T cells that have not yet encountered antigen are referred to as naive
lymphocytes. Naive lymphocytes continually circulate from the blood to the
peripheral lymphoid tissues, where they encounter antigen, after which they
are returned to the blood via the lymphatics. They traffic continuously until
they die or respond to the antigen presented to them in the secondary

lymphoid environment. This recirculation is essential to allow the rare
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CHAPTER ONE-INTRODUCTION

absence of a co-stimulatory signal the T cells are rendered anergic. When
fully differentiated effector T cells encounter specific antigen, they are
activated without the need for co-stimulation. T cells can be further divided
into two subtypes based on their expression of the CD4 or CD8 surface
molecules. CD4 binds to invariant parts of the MHC class II molecule, and
CD8 to invariant parts of MHC class I molecule. During antigen recognition
CD4 and CD8 associate on the cell surface with components of the TCR/CD3
complex and are therefore known as co-receptors. CD4" (helper) T cells
recognise exogenous Ag processed as peptides and presented in the context of
MHC class II on APCs. Signals from TCR/CD3 and CD4 lead to T cell
proliferation and cytokine production. CD8" (cytotoxic) T cells recognise viral
and other foreign endogenous Ag products in the context of MHC class I
molecules. Co-stimulatory signals generated from ligation of TCR/CD3 and
CD8 result in the production of cytotoxic granules by the T cell which when
discharged are able to lyse the infected host cell. In addition cloned CD4" T
cells from mice and humans can be further divided into functional
subpopulations based on their patterns of differential cytokine secretion. T-

helper-1 (Ty,) are defined as those that produce the pro-inflammatory

cytokines interleukin (IL)-2, interferon (IFN)-y, tumour necrosis factor (TNF)-

a, and TNF-f in response to an antigenic challenge. In contrast T-helper-2

(Ty,) secrete a distinct pattern of cytokines (IL-4, IL-5, IL-6 and IL-10) in

response to Ag (for review see Jordan and Fredrich, 1997).

1.3 Lymphocyte adhesion molecules

The key characteristic of the cells of the immune system is their ability to
migrate freely around the body but able to respond promptly and
appropriately to danger signals by making use of transient, controlled and
reversible adhesive events. The result is a group of cells that circulate in the
blood but have the capacity to adhere to endothelium under shear-stress.
These cells can regulate their adhesion molecules to make contact with other
cells or extracellular matrix (ECM), and are able to cross endothelial and

epithelial barriers. The most well studied examples of adhesion are leukocyte
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extravasation across inflamed endothelium or into secondary lymphoid
tissues and the adhesion of T cells to APCs or target host cells in an immune
response. There are four main classes of adhesion receptor involved in these
interactions:  selectins, integrins, immunoglobulin super family (IgSF)

members and proteoglycans which will be discussed in some detail below.

1.4 Lymphocyte rolling and firm adhesion

1.4.1 Attachment and rolling

Under flow conditions, circulating leukocytes can attach and roll on vascular
endothelial cells. This rolling requires the reversible interaction of leukocyte
receptors with their ligands on recently stimulated endothelium. Selectins
are specialised cell surface receptors that mediate adhesion under, and even
initiated by, shear-stress. The interaction of leukocyte selectins with their
endothelial ligands is characterised by rapid on/off rates. The result is rapidly
formed, and rapidly broken, cell-cell contacts that allow the rolling of

leukocytes along the endothelium in the direction of blood flow.

1.4.1.1 Selectins

There are three members of the selectin family : L-(leukocyte; CD62L), E-
(endothelial; CD62E) and P-(platelet; CD62P) selectin, named after the cell
types in which they were originally discovered (for review see Kansas, 1996).
P-selectin is also expressed on endothelial cells. L-selectin is constitutively
expressed on all circulating leukocytes, except for a subpopulation of memory
T cells, but is shed upon cell activation (for review see Kansas, 1996). In
contrast, the endothelial selectins, P-and E-selectin, are mainly expressed at
sites of inflammation rather than unactivated endothelium and their
presence offers the lymphocyte the earliest clue that homeostasis has been
disrupted. Each of the selectins has an N-terminal Ca**-dependent lectin
domain that binds to specific glycoprotein ligands. Like other lectins, the
selectins all bind selectively, but with low affinity, to particular
oligosaccharides, so that all selectins bind to the tetrasaccharide sialyl Lewis x

(sLe*) and its isomer sialyl Lewis a (sLe?). However, selectins bind with higher
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affinity to only a few glycoproteins which appear to be recognised as a
“discontiguous carbohydrate epitope” in the context of a specific protein or
carbohydrate core (for review see Kansas, 1996)). In addition, cell specific
differences in the expression of glycosyl-transferases, that may reflect cellular
activation, can affect the ability of a cell to correctly modify a core protein to

act as a high affinity selectin ligand.

Candidate glycoprotein ligands for each of the selectins have been described
although it is uncertain if these are true ligands in vivo. Peripheral lymph
node (PLN)-specific vascular addressins defined by the MECA-79 mAb were
the first characterised counter receptors for lymphocyte L-selectin (Streeter et
al.,, 1988). Although normally expressed only in PLN, during inflammation
these addressins can be expressed at non-PLN sites (Salmi and Jalkanen, 1997).
Known collectively as peripheral node addressin (PNAd), these ligands
include glycosylation-dependent cell adhesion molecule-1 (GlyCAM-1; sgp50)
that appears to be released from HEV as a soluble ligand, a glycoform of CD34
(sgp 90) and sgp 200 (Salmi and Jalkanen, 1997). Another ligand for L-selectin
is the mucosal addressin cell adhesion molecule-1 (MAdCAM-1) (Berg et al.,
1993) expressed in Peyer’s patch and mesenteric lymph node HEV, and of
particular interest for being a ligand not only for L-selectin, but also for the
integrin o4f37 (Butcher and Picker, 1996). In addition there are several other
ligands that bind L-selectin (Salmi and Jalkanen, 1997) but it remains unclear
which, if any, acts as the L-selectin ligand expressed on activated human non-
lymphoid endothelium (Varki, 1997). P- and E- selectin have both shared and
unique ligands. The most convincing of all the selectin ligands is the P-
selectin glycoprotein ligand (PSGL)-1, which can also bind E- and L-selectins
with a lower affinity (Varki, 1997). The polypeptide backbone for PSGL-1
although widely expressed on all cells, including T cells, only acts as a P-
selectin ligand on a subset of activated/memory T cells because of cell-specific
differences in carbohydrate modifications (Kansas, 1996). On T cells the ability
to bind E-selectin correlates with the expression of cutaneous lymphocyte-

associated antigen (CLA; HECA-452), which has recently been identified as an
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inducible carbohydrate modification of PSGL-1, expressed on a small subset of
memory T cells that home to the skin (Fuhlbrigge et al., 1997). The picture
has been further confused by the excellent ability of selectins to recognise
ligands across species. So that although the carbohydrate-epitope may be
similar between species it may be presented on very distinct protein scaffolds.
For example, the human homologue of GlyCAM-1 has yet to be described. In
very general and simplified terms therefore it appears that lymphocyte CLA
on PSGL-1 interacts with E-selectin, lymphocyte PSGL-1 with P-selectin, and
endothelial PNAd and MAdCAM-1 with lymphocyte L-selectin. However, it
is worth bearing in mind that polypeptides, such as PSGL-1 only act as ligands
if they are correctly modified (i.e. glycosylated/sulphated) and that despite
many potential ligands one of the most controversial areas of selectin biology
remains the identity of the true, biologically relevant ligands for these

receptors.

Some insight into the role of the selectins in leukocyte extravasation has
come from the study of ‘knock-out’ mice. Taken together the data from
deficient mice suggest that P- and L-selectins are required for early leukocyte
rolling (Arbonés et al., 1994; Mayadas et al., 1993) with an overlapping
involvement of E-selectin at later time points (Labow et al., 1994). This is in
keeping with the time course of selectin expression, with P-selectin rapidly
mobilised to the plasma membrane from Weibel-Palade bodies and E-selectin
expression occurring later and requiring mRNA and protein synthesis.
However, the roles of the different selectins may be partially overlapping and
even synergistic as suggested by the P- and E-selectin double knock-out
(Bullard et al., 1996). Although expressed widely on leukocytes, the selectins
have a specialised role in some aspects of lymphocyte recirculation. For
example, L-selectin is essential for the naive T cells both to enter PLN through
HEV (Bradley et al., 1994) and to roll on MadCAM-1 as a prelude to entering
mucosal lymph nodes (Bargatze et al., 1995). These requirements are
consistent with the preferential expression of L-selectin on the naive subset of

T lymphocytes.
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CHAPTER ONE-INTRODUCTION

1.4.1.2 Other rolling receptors on lymphocytes

Unlike other leukocytes, lymphocytes can also use o4 integrins, as well as the
selectins, and probably also vascular adhesion protein (VAP)-1 (Salmi et al,,
1997) for rolling on endothelium (Alon et al, 1995; Berlin et al, 1995;
Luscinskas et al., 1994). Rolling mediated by a4 integrins, is jerkier and slower
than that mediated by selectins and may act as a bridge between fast selectin-
mediated rolling and firm adhesion. Constitutively active o4f7 appears
particularly important in the rolling of memory T lymphocytes on
MAdCAM-1 of mucosal lymphoid organs (Bargatze et al., 1995). Interestingly
these tethering molecules, L-selectin, a4B7 and 4Pl are all highly

concentrated at the tips of lymphocyte microvilli an effect which dramatically
increases the efficiency of initial endothelial contact under flow (Berlin et al,,

1995; Picker et al., 1991; von Andrian et al., 1995) .

1.4.2 Activation-dependent firm adhesion

These rolling adhesion receptors are able to slow the transit of leukocytes and

expose them to stimuli causing activation-dependent firm adhesion. The
integrins adp1, a4B7 and leukocyte function-associated antigen (LFA)-1 (aLp2)

have been implicated in activation-dependent stable arrest of lymphocytes

under flow (Bargatze et al., 1995; Luscinskas et al., 1995). LFA-1 however,

unlike the o4 integrins, cannot initiate adhesion under these conditions

without L-selectin and/or a4-integrins first tethering the lymphocyte to the
vessel wall (Bargatze et al., 1995; Luscinskas et al., 1995), presumably because
the formation of bonds between integrins and their ligands occurs too slowly
to achieve a stable interaction under shear stress. In addition, ICAM-1 is
needed for optimal P-and L-selectin-mediated rolling of leukocytes (Steeber et
al.,, 1998) arguing against sequential independent pathways for the different
adhesion receptors. Following arrest, LFA-1 is the principle integrin involved
in transendothelial migration (Luscinskas et al., 1995; Oppenheimer-Marks et
al.,, 1991; Smith et al., 1989; van Epps et al., 1989) although the stimulus that
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induces this §2 integrin-dependent movement across the endothelial layer is
unclear. Interaction with, and migration across, fibronectin and other ECM
components is then necessary for the successful completion of lymphocyte
migration into the tissues. Transmigration of any one T cell is, therefore, a
multistep process dependent on the tight regulation of the sequential, and
often overlapping, activities of the expressed integrins (Butcher and Picker,
1996) (Figure 1.1).

1.5 Integrins

The term integrin was first used to describe cell surface molecules that could
integrate the inner cell cytoskeleton with molecules present in the ECM. The
integrins are heterodimeric glycoproteins present on all nucleated cells. As
well as their involvement in lymphocyte migration they are also involved in
interactions with other cells of the immune system. The integrins consist of
noncovalently associated - and B- subunits each with a single hydrophobic
transmembrane segment. Data from electron-microscopic images suggest that

the integrins are asymmetric molecules comprised of a extracellular ligand

binding globular head with contributions from both - and B-subunits and
two stalks extending to the lipid bilayer (Weisel et al., 1992). At present 16a

(~150-210 kDa) and 8P (~95-110 kDa; 34 205 kDa) subunits have been described,
some of which can also exist as alternative spliced variants. Although in
theory these subunits could give rise to over 100 unique heterodimers, in fact

the actual diversity appears more restricted and to date there are only 22

recognised of combinations (Figure 1.2). Thirteen integrins are found on

leukocytes. These belong to the B1, B2, 3 and B7 subfamilies, with f2 and 7
integrins exclusive to leukocytes. The majority of integrins recognise ECM
molecules and soluble ligands although others such as LFA-1 recognise
surface receptors on other cells (Table 1.1). Many of these counter-receptors
belong to the immunoglobulin superfamily (section 1.6.1). The very large

numbers of different integrins, their overlapping specificities and
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CHAPTER ONE-INTRODUCTION

Integrin subunits Ligands and counterreceptors Recognition
site
Bl al Collagen (I, IV and VI), Laminin
a2 Tenascin, Collagen (I, IV and VI), Laminin, echivirus 1 | DGEA (Collagen)
o3 Laminin, Epiligrin, Collagen I, Fibronectin, Entactin, RGD
a2p1
ad Fibronectin(CS1), VCAM-1, Invasin LDV (Cs-1
IDSP (D 144
VCAM-1)
a5 Fibronectin, Denatured Collagen RGD
a6 Laminin, PH30
a7 Laminin
a8 Fibronectin, Vitronectin, Tenascin C
a9 Tenascin
aVv Fibronectin, Vitronectin, RGD
B2 al ICAM 1, ICAM-2, ICAM-3, ICAM-4 and ICAM-5
aM C3bi, Factor X, Fibrinogen,

ICAM 1, ICAM-2. 30kD fragment (Fg)
aX C3bi, Fibrinogen GPRP (Fg)
aD ICAM-3

B3 alb Vitronectin, Thrombospondin, von Willebrand factor RGD,

Fibronectin, Fibrinogen, KQAGDV (Fg)
av Vitronectin, Thrombospondin, von Willebrand factor RGD

Fibronectin, Fibrinogen, Collagen, Osteopontin,

Tenascin.
B4 ab Laminin
B5 aVv Vitronectin RGD
B6 aV Fibronectin RGD
B7 ad Fibronectin(CS1), VCAM-1, MAdCAM-1 LDV (CS-1
IDSP (D 1&4
VCAM-1)
LDT (MAdCAM-1)
QaE E-cadherin
B8 aV Vitronectin

Table 1.1: Integrins and their ligands
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redundancies raise questions about their functions and differences. One

answer may lie with the integrin cytoplasmic domains, which are different

among the individual a-subunits and show highly conserved regions among

several of the B-subunits. From such diversity different cellular responses

might arise in response to a single ligand (see Chan et al., 1992).

Divalent cations are essential for integrin function, and the nature of the

cation can affect the affinity and specificity for ligands. Divalent cations may
also been necessary for aff associations of some integrins (Loftus et al., 1994).

This has provoked a continuing search for both cation- and ligand-binding
domains within the integrin subunits, using function blocking monoclonal

antibodies (mAbs), ligand cross-linking studies and mutational analysis.

From these studies it is clear that high affinity ligand-binding requires both -
and B-subunits. In addition, integrins contain several ligand-contact points
with essential regions and specific residues defined in both o- and B-subunits.
The three major regions essential for ligand binding are the a-subunit I-
domain, the amino-terminal repeats of the a-subunit and a conserved region

of the B-subunit that may have some functional homology to the a-subunit I-
domain. There is also accumulating evidence that these regions show
various affinities and specificities for the binding of divalent cations. Taken
together these findings have reinforced the idea that cation- and ligand-
binding are intimately linked. All three of these regions will be discussed in

more detail below.

1.5.1 Integrin o-subunits

At the amino terminus of the a-subunits are seven extracellular tandemly
repeated domains (numbered I-VII or W1-7) of about 60 amino acids each
with weak sequence homology to one another (Figure 1.3). The homologies
include FG and GAP consensus sequences (single letter amino acid code). The

last three of these repeats (or four in non-I-domain containing integrins) are
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CHAPTER ONE-INTRODUCTION

thought to contain domains that bind the divalent cations Ca®* or Mg*.

Isolated domains from these regions of the a-subunit of LFA-1 (Stanley et al.,
1994) and ollb (D'Souza et al., 1990) have ligand-binding sites, and a potential

ligand-contact site has mapped to this region of the a4-subunit (Irie et al.,

1997; Kamata et al., 1995). Although these domains have putative cation-
binding sites it is still unclear how ligand- and cation-binding are related, if at
all (Stanley et al., 1994). It has recently been suggested that the FG-GAP repeats
(I-VII or W1-7), previously thought of as independent domains, may fold co-

operatively, around a central axis, into a single B-propeller domain related to

that of a G protein B-subunit (Springer, 1997). The upper surface of the
propeller, to which each FG-GAP repeat contributes, would be the predicted
ligand-binding site (Irie et al., 1997; Springer, 1997). This would place the Ca*
binding motifs of the a-subunits on the lower surface of the propeller away

from interactions with ligand (Springer, 1997).

Seven o-subunits (oL, aM, oX, oD, al, o2 and oE) have an inserted domain,
or I-domain between repeats II/W2 and III/W3 (Figure 1.3). This domain is
homologous to the A-domain of von Willebrand factor (vWF). The I;domain
plays a very important role in ligand binding and several groups have shown
that invariably the isolated a-subunit I-domain retains a major component of
ligand-binding activity of the parent integrin. This has been demonstrated for

the isolated o-subunit I-domains of LFA-1 (Randi and Hogg, 1994), Mac-

1(Ueda et al., 1994; Zhou et al., 1994) and o2p1 (Kamata and Takada, 1994;
Tuckwell et al., 1995). The I-domains also have divalent cation co-ordination
sites that are essential for ligand-binding (Michishita et al., 1993). Crystal
structures of the I-domains from Mac-1 (Lee et al., 1995) and LFA-1 (Qu and
Leahy, 1995) dramatically altered ideas about this domain. These crystal
structures showed the bound cation (Mg* or Mn?*) co-ordinated to a DxSxSx
amino acid sequence (single letter amino acid code where x is any amino acid)

and to two sequentially distant oxygenated amino acids, a threonine and an
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aspartate (Figure 1.3). This new cation binding motif is called the metal ion-
dependent adhesion site (MIDAS) motif. This motif is absolutely conserved
in integrin a-subunit I-domains (Lee et al., 1995) and there is strong evidence

that it plays a role in ligand-binding by integrins. Divalent cations are critical
for most integrin-ligand interactions and mutagenesis of amino-acids that
form the MIDAS motif abolish ligand binding (Kamata and Takada, 1994; Lee
et al., 1995; Michishita et al., 1993; Ueda et al., 1994). The role of bound cation
in promoting the binding of ligand to the I-domain has provoked much
interest. Recent studies have demonstrated that the binding of cation to the
metal free I-domain of Mac-1 does not induce a conformational change of the
I-domain (Baldwin et al., 1998). This suggests that rather th}t/inducing a

ligand-competent I-domain, the I-domain bound cation might directly bind
ligand. In the P propeller model, the I-domain, with homology to the o-

subunit of G proteins, is predicted to insert itself on the top of the  propeller

domain (Huang and Springer, 1997; Springer, 1997).

1.5.2 Integrin B-subunits

The most highly conserved region of the integrin [-subunits is an

extracellular ~250 amino acid stretch located near the amino-terminus (Figure
1.3). This region has been implicated in ligand and cation binding.

Surprisingly, this region also has an absolutely conserved DxSxSx sequence
which is found in all eight of the known integrin fB-subunits (Lee et al., 1995).

For B3 integrins, cross-linking studies using RGD as ligand, and terbium

luminescence experiments have directly implicated the MIDAS motif in both
ligand and cation binding (Cierniewski et al., 1994; Smith and Cheresh, 1988).

Ligand and cation binding are closely inter-linked, and ligand appears to cause
an unstable ternary intermediate complex of B3, ligand and cation from which
cation can be displaced (D'Souza et al, 1994). Mutations of the DxSxSx

sequence abolish ligand-binding not only of B3 integrins (Bajt and Loftus,

1994; Loftus et al., 1990) but also of a4f1 (Kamata et al., 1995), o581 (Takada et
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al., 1992) and even integrins with a-subunit I-domains, such as LFA-1 and
Mac-1 (Bajt et al., 1995). Although there is no sequence homology between
the a-subunit I-domain and the B-subunit using standard algorithms, their

consensus hydropathy plots can be favourably superimposed when aligned

around the conserved DxSxS sequences (Lee et al., 1995). This has led to the
proposal that the ligand-binding region of the integrin B-subunit might
consist of a MIDAS motif within a three dimensional structure similar to the

o-subunit I-domain (Lee et al., 1995). Mutagenesis of candidate oxygenated
residues in the 1, B2, B3 and 5 subunits suggest that the ligand binding

region in these B-subunits adopt a similar but not identical fold to the -
subunit I-domain (Lin et al., 1997; Puzon-McLaughlin and Takada, 1996; Tozer
et al., 1996). If a MIDAS-type motif was involved in ligand-binding by the

integrin B-subunit this would suggest that perhaps all integrins, and not just

those containing an a-subunit I-domain, might be regulated in a similar way

by divalent cations.

1.6 Integrin ligands

1.6.1 Immunoglobulin super family members

The immunoglobulin super family (IgSF) encompasses a large group of
molecules with multiple Ig-like domains. Some of the IgSF members
expressed on endothelium and leukocytes are counter-receptors for integrins.
These integrin receptors include intercellular adhesion molecule (ICAM)-1
(CD54), ICAM-2 (CD102), ICAM-3 (CD50), vascular cell adhesion molecule-1
(VCAM-1; CD108) and MAdCAM-1 (Figure 1.4). Expression of different IgSF

members can determine the specificity of the interactions between leukocytes
and the endothelium. For example, as resting neutrophils have no o4

integrins, they can only interact with endothelium expressing ICAM-1, and

not VCAM-1. In addition, whilst lymphocytes expressing high L-selectin can

34



8 $
0% @#%1 ( $ +)"@6
+)"@6 A +)"@6
+)"@6T
0@6T
A
A A A A A A
II@6 Il@ Il@? Il@ Il@!
) $ % 6 *& $ %# #$ I %

# 01 0- @ ( & #$ # $. 0%

%

/

A
+@ #
" @6 "("@6
$#H- &
"% !



+ *
| |
6 6 6
II# *)5I
/*
%
!
(
ll# *)4I
+
| #
/D !
6 6
E# *)5

*)5

"H# )4 !

2

(
%

%

" @6

" SLLN2Z2

)5

"# YA | %

+

"# *)5

"# *)5

"# *)5

SLLN2

)5
' BLL:2

(
"#o*)1

S5LL42

I+

"# *)H

+

E#

( H =
7TE'
II# *l (
[+ (
(
!
/
% )5 "4
' 5LL42 ! "
+
/. "' 5LL12 "# *)5'
I -
+ %
% )5 "# *)5
# )y (
"#ox !
"# *)H T - +
*)5 n

/2 5)1



CHAPTER ONE-INTRODUCTION

D 4-6. Integrins 04fl and o04P7 both function as leukocyte receptors for
VCAM-1 (Chan et al., 1992; Elices et al., 1990; Springer, 1994). There is a
binding site for both integrins in D1 with a contribution from a synergy site,
unique for each integrin, in D2 (Newham et al., 1997). In addition, there is a

second and independent binding site for both integrins in D4 (Kilger et al.,
1995; Osborn et al., 1992). Although 04f1 binds D1 and D4 via a common

mechanism mediated by the IDSP motif there appear to be different integrin
activation requirements for binding to these two sites, with binding to D1
occurring at 4°C (Kilger et al., 1995; Lobb et al., 1995; Needham et al.,, 1994).
VCAM-1 is also expressed in several non-vascular cell types, such as dendritic
cells (Lobb and Hemler, 1994), and VCAM-1-041 interactions are involved in
co-stimulation for T cell proliferation (Burkly et al.,, 1991; Damle and Aruffo,
1991). Mice deficient in VCAM-1 have illustrated the importance of this
molecule in development, as they suffer from defects in the development of

the placenta and heart and die during embryogenesis (for review see Hynes,

1996).

1.6.1.3 CD31 (PECAM-1)

One other member of the IgSF that may not act as an integrin ligand but
which can influence integrin function is CD31 or Platelet endothelial cell
adhesion molecule-1 (PECAM-1). CD31 is expressed on platelets, monocytes,
neutrophils and selected T cell subsets, biased towards CD8', CD45RA*
(Tanaka et al., 1992). CD31 mediates the adhesion of leukocytes and platelets
to endothelial cells and is also a major constituent of the endothelial
intercellular junction (For review see Newman, 1997). The extracellular
domain of CD31 is organized into six Ig-like homology domains (D1-D6),
followed by a single-pass transmembrane domain and an 118 amino-acid
cytoplasmic tail that contains specific sites for the assembly of cytosolic
signalling molecules (Jackson et al., 1997). Its amino-terminal Ig homology
domains D1 and D2 mediate homophilic cell-cell adhesion (Sun et al., 1996).

When endothelial cells come into contact with each other CD31 redistributes

37



CHAPTER ONE-INTRODUCTION

to the cell border and is thought to participate in cation-independent
homophilic interactions with CD31 on the neighbouring endothelial cell.
There is good evidence for an involvement of CD31 in leukocyte
extravasation both in vitro (Muller et al., 1993) and in vivo (Bogen et al.,
1994), and blocking CD31 mAbs have been shown to reduce infarct size in
models of ischaemia-reperfusion injury (Newman, 1997). Functions

mediated by CD31 in other cells are less well worked out although binding of
ligand to CD31 activates 04p1, a5p1, the B2 integrins LFA-1 and Mac-1 and

oIbB3 in a number of leukocytes (Berman et al., 1996; Newman, 1997; Tanaka

et al., 1992) and can modulate migration supported by B2 integrins in
neutrophils (Rainger et al., 1997). In addition mAbs against D6 of CD31 can
enhance ollbf3-mediated platelet aggregation and adhesion (Varon et al,
1998). It is thought that all of these effects are mediated by a signal transduced
by homophilic CD31-CD31 interactions. It is fascinating to speculate that
interaction of CD31 on leukocytes with CD31 on endothelial cells might
activate integrins in preparation for transendothelial migration and tissue
infiltration. In addition to homophilic interactions, several studies have
shown that CD31 can also undergo cation-dependent heterophilic interactions
with glycosaminoglycans and avf33 (Buckley et al., 1996; DeLisser et al., 1993;

Piali et al., 1995) although these observations require further confirmation.

1.6.1.4 Mucosal addressin cell adhesion molecule (MAdCAM)-1

MAdCAM-1 is a member of the IgSF, and also a mucin family member
(Briskin et al., 1993) that is selectively expressed by venules involved in the
lymphocyte trafficking to mucosal tissues. MAdCAM-1 is a ligand for 04f7

(Berlin et al., 1993) and this interaction plays a critical role in the targeting of
lymphocytes to mucosal Peyer’s patches and lamina propria. In addition,
carbohydrates attached to the mucin-like domain of MAdCAM-1 bind L-
selectin and mediate lymphocyte rolling (Berg et al., 1993). MAdCAM-1 is
unique in this dual role as both an integrin and selectin ligand. MAdCAM-1

has also been reported to bind weakly to 04Bl in vitro following Mn**
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treatment of lymphocytes, but the in vivo relevance of this interaction is

uncertain (Berlin et al., 1993; Strauch et al., 1994)

1.7 Integrin activation

1.7.1 Affinity versus avidity

Leucocyte integrins are normally inactive and require an activating stimulus
before they can bind to ligand. It is now well established there are at least two
mechanisms of activation. These involve either an increase in affinity or an
increase in avidity of the integrin. These two forms of activation are not

necessarily mutually exclusive and may be complementary (Hato et al., 1998).
Higher affinity forms of a4p1 and LFA-1 on T cells can be recognised by their

ability to bind soluble ligand independent of integrin-cytoskeletal connections
(Jakubowski et al., 1995; Stewart et al.,, 1996). This increase in affinity is
thought to reflect a change in the conformation of the integrin extracellular
domains. There is some evidence that naturally occurring agonists can cause
such an increase in integrin affinity (Faull and Ginsberg, 1995). In addition,
integrin affinity can be increased in vitro with specific combinations of
divalent cations (section 1.7.8), or the use of activating mAbs (section 1.7.2),
both of which are thought to directly alter the conformation of the integrin
without a requirement for intracellular signalling. In contrast, a change in
integrin avidity appears to involve an increase in number or clustering of
integrins in the cell membrane often in response to signals received through
another cell surface receptor such as the TCR/CD3 (section 1.7.4). Connections
between integrin and cytoskeleton are essential for this clustering and avidity

modulation (Stewart et al., 1996).

1.7.2 Monoclonal antibodies

In keeping with the idea that integrin activation involves a conformational
change, a large number of anti-integrin mAbs have been reported that either
perturb or enhance function. Certain mAbs, so called ‘activation reporters’

recognise epitopes that are regulated by cations and only expressed on
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integrins that are in a high affinity state. Such antibodies include mAb 24,

that reacts with high affinity B2 integrins (Cabafias and Hogg, 1993; Dransfield

et al., 1992; Stewart et al., 1996) and two B1 integrin mAbs, HUTS-21 and 15/7
(Gomez et al., 1997; Luque et al., 1996; Yednock et al., 1995). Other mAbs can
induce and stabilise a high affinity form of the integrin. For example, mAbs
8A2 and TS2/16 are able to inducijpfg a 4-20 fold increase in the affinity of a5p1
for a soluble form of its ligand, fibronectin (Arroyo et al., 1993; Faull et al.,
1993). Activating mAbs for the P2 integrins, for example mAbs KIM185
(Andrew et al., 1993) and KIM127 (Robinson et al., 1992) have also been
described. In addition some mAbs such as mAb HUTS-21 (Gomez et al., 1997),
and the B1 activating mAb 12G10 (Mould et al., 1995) appear to recognise a
true ligand-induced binding site (LIBS) epitope so that their binding to
integrin, at saturating concentrations of mAb, is increased in the presence of
ligand. There is also some evidence that mAb 24 may recognise a ligand-

dependent epitope under certain conditions (Cabafias and Hogg, 1993).

1.7.3 Inside-out signalling

Inside-out signalling is an energy-dependent process in which intracellular
signals induce changes in ligand-binding by alterations either in the integrin

extracellular domain, or in the integrin-cytoskeletal associations. There is
increasing evidence for a complex role of both a- and B-subunit cytoplasmic

domains in this process. Although, in general, there is little homology
between the different integrin cytoplasmic domains the membrane-proximal

regions of both domains are highly conserved across integrin families
(Williams et al., 1994). These conserved sequences for ¢- and B-subunits are

xGFFKR and LLvixhD respectively (with less conserved amino acids in the

lower case, and x indicates a non conserved amino acid). Deletion or
mutation (Hughes et al., 1996) of these sequences in either the allb (O'Toole et

al., 1994), oL (Peter and O'Toole, 1995) or B3 (Hughes et al., 1996) subunit will
produce high affinity integrin independent of intracellular signalling (Hughes
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et al.,, 1996). It is proposed that in the normal resting cell, a salt bridge forms
between the integrin o- and f- subunits at the “integrin hinge”, and this
bridge holds the integrin in an inactive conformation (Hughes et al., 1996).
Other residues in the B-subunit have also been shown to be important in
integrin affinity. For example, point mutations in the membrane proximal

NPxY/F motif (common to all integrin B-subunits except B4 and B8) can

prevent activation of 1 and B3 integrins as measured by the expression of an
activation epitope (O'Toole et al., 1995). A distal, less well conserved NPxY/F
motif, only exactly present in B1 and B2 integrins, is probably also important
(Hibbs et al., 1991; O'Toole et al.,, 1995). Interestingly, a TTT motif, that lies
between the two NPxY motifs of the f2 subunit, is essential for cytoskeleton-
association and efficient ligand-binding of LFA-1 even when the integrin is
locked in a high affinity state (Hibbs et al., 1991; Peter and O'Toole, 1995).
Taken together these findings suggest that the inside-out signalling pathway
probably acts upon both o- and B- subunit cytoplasmic domains. The result

may be a change in integrin affinity by altering integrin conformation, or a
change in integrin avidity by altering integrin-cytoskeletal connections or
both.

1.7.4 Cell surface receptors that generate an inside-out signal

Many cell surface receptors have been described that are capable of delivering
a intracellular signal that upregulates integrin activity. Such activation occurs

rapidly, typically within minutes, with no alteration in cell surface integrin

expression. On T cells the activators of LFA-1 and the B1 integrins, a4p1 and

a5B1, include the antigen specific TCR/CD3 complex, CD7, CD28 and CD31
(Dustin and Springer, 1989; Shimizu et al., 1992; Shimizu et al., 1990; Tanaka
et al., 1992; van Kooyk et al., 1989). In general the signals transduced enhance
integrin avidity rather than increasing integrin affinity (Jakubowski et al.,
1995; Stewart et al., 1996; Tanaka et al., 1992). In contrast, ligation of L-selectin,
either with its physiological HEV ligand GlyCAM-1 or with mAbs, stimulates
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the adhesion of naive but not memory T cells to ICAM-1 and fibronectin.
This appears to come about by an induction of high affinity forms of B2 and p1

integrins that express mAb 24 (Hwang et al., 1996) and bind soluble fibronectin
(Giblin et al., 1997) respectively. Cross-linking of the IgSF-members CD2
(Shimizu et al., 1990; van Kooyk et al., 1989) and CD50 (ICAM-3) (Cid et al.,

1994) also increases T cell adhesion through LFA-1 and B1 integrins, although,

as yet, there are no suggestions as to whether this reflects changes in affinity

or avidity of the integrins.

Other receptors implicated in integrin activation are receptors for the small
peptide chemoattractants, chemokines. The rapid activation of lymphocyte
binding to HEV in vivo is pertussis-toxin-sensitive, implicating a role for a
Goci-linked chemokine receptor in integrin activation (Murphy, 1994)
(Bargatze and Butcher, 1993). There have been several reports of chemokines
inducing binding of T cells to endothelial cells or purified ligands (for
example: (Lloyd et al., 1996; Taub et al.,, 1996)). However these assays have
often involved long incubation times, arguing against a role for these
chemokines in rapid adhesion. Recently it has become apparent that higher
cell surface levels of chemokine receptors are needed to trigger firm adhesion,
than are needed to mediate chemotaxis (Campbell et al., 1996; MacKay, 1996).
The levels of known chemokine receptors are low on T cells (10°/cell), but can
be increased by stimuli, such as IL-2 (Loetscher et al., 1996). In addition, T cells
respond rapidly to chemokines when the appropriate receptor is transfected at
high levels (10*-10°/ cell) (Campbell et al., 1996). This suggests that the T cell
has the right intracellular machinery to transduce rapid signals from
chemokine receptors if these receptors are present and stimulated in sufficient
number. These recent results have added impetus to the search for
chemokines that can produce rapid, within minutes, integrin-dependent
arrest of lymphocytes under physiological shear. Using these strict criteria
there is good evidence that LFA-1 activity on T cells can be rapidly
upregulated by secondary lymphoid-tissue chemokine (SLC) (Gunn et al.,
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1998), stromal «cell derived factor (SDF)-la, 6-C-kine, macrophage

inflammatory protein (MIP)-38 and MIP-3ac (Campbell et al., 1998). In
addition, monocyte chemotactic protein-1 (MCP-1), RANTES (regulated on

activation, normal T cell expressed and secreted), MIP-1o. and MIP-18 can

selectively activate the B1 integrins, a4Pl and o581 on T cells with no effect
on LFA-1 (Campbell et al., 1998; Carr et al., 1996). These results have provided
an important confirmation of the role of chemokines in T cell integrin
activation and suggest that other chemokines and their receptors remain to be
discovered. One speculation is that these, perhaps as yet undiscovered,
chemokine receptors will be expressed at high levels of T cells, and might

display differential effects on the integrins that they regulate.

1.7.5 Signalling pathways involved in inside-out signalling

The signals involved in inside-out activation of integrins are far from
elucidated. Engagement of TCR/CD3 initiates the activation of membrane
proximal tyrosine kinases such as Fyn, Lck and Zap 70 which lead to tyrosine

phosphorylation of LAT (linker for activation of T cells) (Zhang et al., 1998)
and couple the TCR to phospholipase C (PLC) y}/and Ras related signalling

pathways (Figure 1.5). PLCy acts on phosphatidylinositol bisphosphate (PIP,)
to generate diacylglycerol (DAG) and inositol triphosphate (IP;) leading to the
mobilisation of [Ca*], and activation of protein kinase C (PKC). However,
unlike the adhesion induced by phorbol esters, that stimulated by TCR/CD3
cross-linking has varying sensitivity to the non-specific PKC inhibitor,
staurosporine suggesting that other pathways may be involved (Dustin and
Springer, 1989; Shimizu et al., 1992). In addition cell adhesion to fibronectin
following CD2 cross-linking is only partially inhibited by the selective PKC
inhibitor, bisindolylmaleimide (Toullec et al.,, 1991) at concentrations that

completely inhibit PdBu-induced adhesion (Shimizu et al., 1995).

Another pathway for integrin activation might involve PI 3-kinase (Figure

1.5). InT cells a variety of cell surface receptors, including the TCR, CD2 and
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1.7.6 Cytoplasmic molecules that bind to integrins

As it became increasingly apparent that increases in integrin avidity were
dependent on clustering of integrins and an intact cytoskeleton (Stewart et al.,
1998; Stewart et al., 1996), the search for potential adapter proteins that might
link integrins with the actin cytoskeleton increased in momentum. Integrins
have very short cytoplasmic tails and two strategies have been used to identify
the cytoplasmic associations that they form. These strategies are firstly, in
vitro binding assays with candidate molecules that co-localise with integrins,
and secondly, affinity columns using synthetic peptides based on sequences in
the cytoplasmic domains of integrins. The problem is that the cytoplasmic
molecules involved only bind to integrins with low affinity and conditions
have to be right to allow co-purification but also to distinguish specific from
non-specific binding. In addition the full interaction of integrins with
cytoplasmic proteins appears critically dependent on both occupancy and
clustering of the integrins involved (Miyamoto et al.,, 1995). One potential
way of overcoming these problems has been the recent development of
recombinant structural mimics of the cytoplasmic face of occupied and

clustered integrins for use in affinity columns (Pfaff et al., 1998). To date, the
most convincing cytoskeletal associations are of integrin B-subunits with talin

(Horwitz et al., 1986; Pfaff et al., 1998), a-actinin (Otey et al., 1990) and filamin

(Pfaff et al., 1998). Interestingly several other non-cytoskeletal proteins have
also been shown to specifically bind certain integrin cytoplasmic domains.

These include the calcium binding protein calreticulin which binds to the
conserved GFFKR muotif on the integrin a-subunit (Rojiani et al.,, 1991); the
serine/threonine kinase, integrin-linked kinase (ILK) that associates with

several integrin PB-subunits and may be a negative regulator of integrin

function (Hannigan et al., 1996); cytohesin-1, which co-precipitates with the 32

integrin cytoplasmic subunit and appears to be a positive regulator of LFA-1-
mediated adhesion and overexpression of its pleckstrin-homology domain
inhibits LFA-1-mediated binding to ICAM-1 (Kolanus et al., 1996); endonexin,
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which interacts specifically with the B3 integrin cytoplasmic subunit and may

promote B3 integrin activation (Kashiwagi et al., 1997); focal adhesion kinase
(FAK) which has been shown to bind in vitro to peptides derived from
several B-subunit cytoplasmic domains (Schaller et al., 1995); finally, a protein
named integrin cytoplasmic domain-associated protein (ICAP)-1, has recently

been identified that binds specifically to the Bl-subunit NPXY motif and is

phosphorylated following Pl-integrin engagement (Chang et al., 1997).
Together these observations suggest that a complex interaction of cytoplasmic
subunits with regulatory and cytoskeletal molecules might influence both the
affinity and avidity of integrin and more cytoplasmic integrin binding

proteins probably remain to be discovered.

1.7.7 The role of cations

Divalent cations are critical for ligand-binding by integrins and can directly
modulate the adhesive state. For many integrins a similar, though not
exclusive, pattern of cation dependence of ligand binding can be seen. For
example, physiological (0.4 mM) levels of extracellular Ca2+ and Mg?+ produce
only low levels of cell adhesion in the absence of an additional stimulus.
However, the same levels of cations are necessary for, and able to support, the
upregulation of integrin avidity seen with inside-out signalling. In contrast
extracellular Mn2+, and to a lesser extent MgZ*, can stimulate integrin-
mediated adhesion in the absence of an intracellular signal and this adhesion
is inhibited by extracellular CaZ*. This led to a model in which integrins are
regulated in a complex manner through separate binding sites for Mn2+, MgZ+
and Ca?* (Mould et al., 1995). In this model, occupancy of either a high
affinity Mn?+ binding site (site 1) or a low affinity Mg?+ binding site (site 2)
could support ligand-binding. Although CaZ* competes with MgZ* at site 2, it
is also able to bind to a separate intermediate affinity Ca2+ effector site (site 3).
Binding of Ca?* to site 3 increases the affinity of Mg2* for site 2, but binding of

CaZ* to either site 2 or 3 appears to non-competitively inhibit the binding of

Mn2+ to site 1. This model, developed for a5B1, appears broadly applicable to
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other integrins including avf3 (Smith et al., 1994), a1B1 (Luque et al., 1994),

02P1 (Staatz et al., 1989) and LFA-1 (Dransfield et al., 1992; Stewart et al., 1996).
It is unlikely that the cation-binding sites are all part of the ligand-binding

site, and they may act in other ways to promote ligand binding such as
enhancing the association of the integrin o and f subunits, the clustering of

individual integrins or the interaction of integrin with other molecules in cis.

Mn?+ is able to induce high affinity integrins on its own, as shown for LFA-1,
04f1 (Jakubowski et al, 1995) and a5Bf1 (Mould et al, 1995). Supra-

physiological Mg 2+ with EGTA to remove extracellular Ca2* can also induce

high affinity LFA-1 (Stewart et al., 1996). It is not clear whether Mg*/EGTA
can induce high affinity of other, in particular non-al-domain-containing,
integrins. It is also unclear whether CaZ* alone can support adhesion
although this has been reported for allbB3 (Smith et al., 1994), and a4p1-

mediated binding to VCAM-1 but not to fibronectin (Masumoto and Hemler,
1993). Extracellular Ca2+ certainly plays a role in LFA-1 clustering and avidity
changes of LFA-1 (van Kooyk et al., 1994).

1.8 Cross talk between integrins

As well as regulation of integrins by other cell surface receptors (section 1.7.4)

there is increasing evidence that, on a given cell, one subset of integrins may
be regulated by ligation of another. For example a5B1 ligation activates a2f31-
mediated collagen binding in monocytes, an effect that requires the ob
cytoplasmic tail and is mediated by PKC (Pacifici et al., 1994). Transfection of
avf3 into K562 cells that endogenously express a5B1, provides a system in
which ligation of B3 inhibits the phagocytic, but not adhesive, function of
o581 (Blystone et al., 1994). Similarly, ligation of transfected allbf3 will
inhibit the function of co-transfected a2f1 or endogenous a5f1 in Chinese
hamster ovary (CHO) cells expressing these integrins (Didz-Gonzalez et al.,

1996). Such effects are dependent on an intact B3 cytoplasmic tail, and are
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considered to involve signal transduction (Blystone et al., 1995; Didz-Gonzélez

etal., 1996). In a further example, ligand binding by 041 on fibroblasts is able

to suppress the ability of a5B1 to induce metalloproteinase expression

(Huhtala et al., 1995).

1.9 Integrin associations with other receptors

Integrins can also form cis associations with other receptors on the same cell
to form multi-receptor complexes in which receptors co-operate to influence a
variety of signalling pathways. These complexes recruit signalling molecules
to sites of cell-cell or cell-matrix adhesion, such as focal complexes or focal
adhesions. = Some of the key molecules involved in such integrin

partnerships are discussed below.

1.9.1 Integrin associated protein (IAP; CD47)

Integrin associated protein (IAP) is a 50 kDa single chain protein comprising
an extracellular IgSF domain, five membrane spanning sequences and a short
cytoplasmic tail. A ligand for IAP is the cell binding domain of

thrombospondin which regulates motility and proliferation in many cell

types (Gao et al., 1996). IAP has also been found in associations with avf3,
olIbB3 (Lindberg et al., 1996), a21 (Wang and Frazier, 1998) and potentially

with avB5 (Lindberg et al., 1996). Although expressed on all cell types IAP
appears particularly important in myeloid cell activation (Brown, 1997) and
migration across endothelial and epithelial monolayers (Brown, 1997; Cooper
et al., 1995; Parkos et al., 1996). IAP”" mice fatally fail to recruit activated
neutrophils to sites of infection further emphasising the central role of this
protein in leukocyte migration and host defence (Lindberg et al., 1996).
Human cells that lack IAP are deficient in avf3-mediated ligand binding
(Lindberg et al., 1996) but transfection of such cells with the extracellular IgSF-

like domain of IAP can reconstitute av integrin function (Lindberg et al.,

1996). IAP appears to modulate the activity of the f3 by forming a functional
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membrane unit that signals through heterotrimeric G proteins (Gao et al,,

1996) rather than by a direct physical interaction.

1.9.2 Tetraspans (TMA4SF proteins)

The transmembrane-4 superfamily (TM4SF) includes at least 21 different
proteins with 20-30% sequence homology. The members of the TM4SF, so
called tetraspans, are presumed to have four membrane spanning domains,
resulting in two extracellular loops, and two intracellular tails (Hemler et al.,
1996). Like IAP, they are expressed on all cells tested to date, usually with
more than one tetraspan per cell type. Most of the tetraspan/integrin
associations have been demonstrated by reciprocal co-immunoprecipitation
studies which have shown that CD9, CD53, CD63, CD81, CD82, CP151/PETA-3
and NAG-2 can be physically associated in separate complexes with certain
integrins (Hemler et al., 1996; Tachibana et al., 1997; Yanez-Mé et al., 1998).

The integrins that have been identified in complexes with tetraspans are

03B1, 04p1, a6P1, 04B7 and ollbf3, but so far no association of tetraspans with

o2B1, a5B1, a6P4, av or the B2 integrins has been shown (Hemler et al., 1996).
Only a small fraction of each receptor type (5-10%) is committed to the
tetraspan/integrin complex (Mannion et al., 1996). Although the precise
function of the tetraspan family is not known, its members have been
implicated in the control of cell motility, metastasis and growth (for review
see Hemler et al., 1996). As integrins are also involved in these functions,
their associations with tetraspans may be highly relevant. There have been
suggestions that association of integrins with tetraspans affects cell adhesion
(Behr and Schriever, 1995; Masselis-Smith and Shaw, 1994; Yanez-Moé et al.,
1998), although others have found no consistent effects (Hemler et al., 1996;
Mannion et al., 1996) (M. Hemler-personal communication). It is now
becoming clear that the tetraspan/integrin association is involved in the
control of more complex integrin-mediated events such as cell motility (Shaw
et al., 1995) and the control of integrin recycling at the leading edge of the cell
(Berditchevski et al., 1995; Berditchevski et al., 1997; Berditchevski et al., 1996).
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1.9.3 CD98, an affinity modulator

CD98 is an o heterodimer expressed early in T cell activation. Recently, the
CD98 a-subunit has been found to release B1 integrins from dominant

suppression, caused by overexpression of Bl cytoplasmic tails (Fenczik et al.,
1997), by promoting a high affinity form of the integrin (Fenczik et al., 1997).
The speculation is that this rescue from suppression, depends on an

intracellular interaction between the cytoplasmic sequences of integrin and

the o subunit of CD98 (Fenczik et al., 1997).

1.9.4 GPI-linked proteins
Glycosyl-phosphatidyl inositol (GPI)-linked proteins lack intracellular

domains and must signal through membrane spanning partners. The most
well studied GPI-linked receptor that functions by this means is the urokinase

type plasminogen activator receptor (uPAR). There is a physical association

between uPAR and the (2 integrins Mac-1 and LFA-1 in monocytes

(Bohuslav et al., 1995) and uPAR has been co-immunoprecipitated with 31
integrins (Wei et al., 1994; Xue et al., 1997). Again, only a small proportion of
either uPAR or integrin is committed to the uPAR/integrin complex (Wei et
al., 1996). On human monocytes uPAR is a bonafide vitronectin receptor
(Chapman, 1997; Kanse et al., 1996, Wei et al., 1994) and activation or ligation
of Mac-1 promotes uPAR-mediated binding of vitronectin (Simon et al., 1996;
Wong et al, 1996), which synergistically increases Mac-1 binding of
fibrin(ogen) (Simon et al., 1996; Sitiri et al., 1996). In contrast, soluble uPAR
(Wei et al., 1996) or binding of uPA to cell-surface uPAR, inhibits Mac-1 and

o581 function (Simon et al, 1996). This differential effect of uPAR on

integrin function depending on the form of uPAR (soluble or cell surface
expressed) and the ligand it has bound (uPA, or vitronectin) is in apparent

contrast to the homogeneous effects of the other integrin-receptor pairings.
Other GPI-linked receptors shown to interact with integrins are FcyRIIIB
(CD16) which binds Mac-1 to promote antibody-dependent phagocytosis; and
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CD14 which binds the bacterial lipopolysaccharide and binding protein
complex (LPS/LBP) in association with Mac-1 causing the generation of

proinflammatory mediators (for review see Petty and Todd, 1996).

1.10 Integrin-mediated signalling

As well as mediating adhesion the integrins are involved in various other
biological processes. They play a role in co-stimulation of T lymphocytes and
the highly specific interactions between cells responsible for an adaptive
immune response (Bachmann et al, 1997). Integrins also co-operate with
growth factors to promote cell proliferation. In addition, adhesion is
necessary for cell survival and differentiation. In all these areas integrin-
associated signalling is thought to be involved and these pathways are
beginning to be defined (Juliano, 1996). Integrins have no intrinsic kinase and
phosphatase activity themselves but are able to recruit signalling molecules to
sites of cell-matrix and cell-cell adhesion. In adherent cells such as fibroblasts
and endothelial cells these are known as focal contacts or focal adhesions.
The proteins in focal adhesions have been extensively reviewed (for review
see Burridge and Chrzanowska-Wodnicka, 1996), and include a number of
structural proteins such as actin, vinculin, talin and paxillin. In addition
there are a number of signalling molecules including tyrosine kinases, such as
FAK; serine/threonine kinases such as PKC; adapter proteins which include
paxillin, p130 Cas, Grb2; proteases such as calpain II and other proteins such as
PI 3-kinase and the small GTP-binding proteins. The two most well studied
examples of direct integrin mediated signalling events are the activation of
FAK and the MAPK cascade (Howe et al., 1998). T lymphocytes express both
FAK and the related PYK2 which are auto-phosphorylated in response to
activation of Bl (Maguire et al., 1995) and 33 integrins (Ma et al., 1997).
Intriguingly, TCR/CD3 cross-linking and ligand-binding by integrin synergise
to cause increased FAK (Ma et al., 1997; Maguire et al., 1995) and PYK2 (Ma et
al., 1997) phosphorylation and MAPK activation (Figure 1.5) (Maguire et al.,
1995) expanding the list of FAK regulators to include the TCR/CD3 complex.
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1.11 Cell migration

Adhesion molecules are involved not just in the mechanics of static
adhesion, but also in the dynamic events of cell movement. Cell migration is
central to many biological processes including embryonic development,
wound healing and the immune response. Despite this, our understanding
of the molecular events by which adhesions form, release and generate
traction is still relatively limited. Initiation of cell migration involves a
protrusion bf the cell’s leading edge, presumably via actin polymerisation, to
form a lamellipodium which subsequently attaches to the substrate.
Adhesion receptors then connect the cytoskeleton to the substratum and the
cell can generate traction and force required for moving the cell body forward.
The final step is to release the adhesions, now at the rear of the cell, with
detachment and retraction of the rear end. Cell migration requires a co-
ordinated response to multiple environmental cues, and receptor cross talk
may play a role in integrating these signals. The focal adhesion has been used
as the model for the adhesive complex that forms between the cell and its
surrounding substratum. In general, cells that form strong focal adhesions
are less migratory, and more motile cells form less organised structures. In
lymphocytes these structures are smaller and less organised than focal
adhesions and are called focal contacts. Theory and experiment suggest that
an intermediate level of adhesive strength allows maximal migration. At
high adhesive strength cells cannot release their rear ends, and at low
adhesive strength they are unable to generate sufficient traction for migration
(DiMilla et al., 1993; Huttenlocher et al., 1996; Palecek et al., 1997)._ At
intermediate adhesiveness cytoskeletal forces are roughly in balance with
adhesion so that traction can be maintained at the cell front while it can be
disrupted at the cell rear, allowing the cell body to move. Concentrations of
substrate and receptor are, therefore, critical determinants of cell migration as
are integrin-cytoskeletal linkages (Huttenlocher et al., 1996). Changes in
integrin affinity are also central in controlling cell migration so that although
a high affinity integrin state supports adhesion it must be transient to allow

migration (Gomez et al., 1997; Huttenlocher et al., 1996; Kuijpers et al., 1993;
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Palecek et al., 1997). The cytoplasmic regions of the integrin receptors can
therefore potentially affect migration in a number of ways by affecting ligand
affinity, and by altering integrin-cytoskeletal linkages. Optimal migration also
depends on the formation of new adhesions at the front of the cells and their
subsequent release at the cell rear, suggesting there is an adhesive asymmetry
in the cell which is essential for cell progression. Intracellular Ca*-transients
play a role in maintaining this adhesive asymmetry. Ca*-depleted or -
buffered neutrophils are unable to migrate to a chemotactic stimulus due to a
failure to detach the rear end of the cell rather than failure to protrude a
lamellipodium. In neutrophils migrating on vitronectin these Ca*-transients

are thought to work through the Ca**-calmodulin-regulated phosphatase,
calcineurin, to regulate detachment and ovf3 recycling to the front of the
neutrophil (Lawson and Maxfield, 1995). In another model the Ca*-
dependent protease, calpain regulates cell locomotion and rear retraction in

CHO cells migrating on fibronectin or fibrinogen by destabilising cytoskeletal
linkages (Huttenlocher et al., 1997).

1.12 Actin-myosin interactions for adhesion & migration

Ultimately, the driving force for traction and propulsion of the cell comes
from the actin-myosin cytoskeleton. Myosins are actin activated ATPases that
generate force by translational movement along actin cables. Members of the
myosin family consist of two heavy chains (200 kDa) and two sets of light
chains (myosin light chains; MLC; 16-20 kDa). Myosin II is the best
characterised for its ability to promote cell migration and contraction in non-
muscle cells. Myosin II function is regulated by phosphorylation of the
regulatory light chains by the Ca**-calmodulin-regulated enzyme myosin light
chain kinase (MLCK). Phosphorylation of MLC by MLCK promotes ATPase
activity and polymerisation of actin cables. This results in a fully functional
contractile unit for cell motility, and MLCK had been shown to be essential for
migration in both haematopoietic (Walker et al, 1998) and non
haematopoietic cells (Klemke et al.,, 1997). Recently, MAPK has been
demonstrated to directly phosphorylate, and therefore activate, MLCK in
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carcinoma cells leading to the phosphorylation of MLC. This activation of
myosin II is essential for integrin-mediated cell motility (Figure 1.5) (Klemke
etal., 1997).

1.13 The Rho-subfamily in adhesion & migration

1.13.1 Rho, Rac and Cdc42 in adhesion and migration

In addition to an obvious role in cell migration, the actin cytoskeleton has
been implicated in the clustering of integrins to allow high avidity binding
although it is unclear how these cytoskeletal changes are brought about
(Stewart et al.,, 1996). The Rho-subfamily of the Ras superfamily of GTP-
binding proteins have recently become major candidates implicated in the
changes in actin polymerisation that contribute to the regulation of cell
adhesion and migration. The Rho-subfamily consists of several members
including Rho, Rac and Cdc42 which are active in the GTP-bound state and
inactive in the GDP-bound state. Their activation state is controlled by two
main classes of regulatory proteins: guanine nucleotide exchange factors
(GEFs) which promote the transition from the inactive GDP-bound to the
active GTP-bound conformation and the GTPase activating proteins (GAPs)
which stimulate GTP inactivation. In fibroblasts members of the Rho family
have specific functions and comprise a hierarchical cascade so that Cdc42
activates Rac which in turn activates Rho. This cascade co-ordinates the
dynamic organisation of the actin cytoskeleton and the assembly of associated
integrin structures (Tapon and Hall, 1997). There is strong evidence that the
same happens in T cells. Cdc42 regulates T cell polarisation towards APCs, an
event that is critical for efficient T cell/ APC contact and for the directed
release of cytokines (Stowers et al,, 1995). In addition, the genetic defect in
patients with the Wiskott Aldrich immunodeficiency syndrome (WAS) maps
to a Cdc42 effector protein called WASp (Symons et al., 1996). WAS is an X-
linked recessive disorder characterised by recurrent infections due to defects
in T and B cell function, thrombocytopenia and eczema. The cellular defects

are limited to haematopoietic cells and include cytoskeletal abnormalities of
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lymphocytes.  Similarly, although Rho and Rac are essential for the
mechanics of macrophage migration, it is Cdc42 that is necessary for the
polarisation and directed migration of these cells in a chemotactic gradient
(Allen et al., 1998). Rho appears to be directly involved in macrophage
migration due to its ability to stimulate contractility (Allen et al., 1998). In

lymphocytes Rho has been implicated in Bl and B2 integrin mediated

adhesion following PMA (Tominaga et al., 1993) and chemokine (Laudanna et
al., 1996) activation, and may also be a target for protein kinase A (PKA)-
mediated feedback inhibition of integrin-dependent adhesion (Laudanna et
al., 1997; Rovere et al., 1996). It is not clear whether the effects of Rho on
integrin-mediated lymphocyte adhesion are due to changes in integrin
affinity or effects on avidity following integrin clustering, or a quite unrelated
mechanism. To date, there is no established role for Rho in mediating
cytoskeletal changes in lymphocytes although this may change when our
rudimentary knowledge of the effectors of Rho in lymphocytes becomes more
extensive (for review see Reif and Cantrell, 1998). By contrast Rac, but not
Rho or Cdc42, has been shown to regulate integrin-mediated cell spreading
and adhesion of T cells. This adhesion is dependent on an increase in
integrin clustering and avidity, with no change in integrin affinity (D'Souza-
Schorey et al.,, 1998). In addition to a role in adhesion, a role for Rac in
lymphocyte migration is supported by the demonstration that TIAM (T cell-
invasion-associated molecule)-1, a molecule that promotes T cell migration is

also a specific exchange factor for Rac (Michiels et al., 1995).

1.13.2 Cellular targets of the Rho-subfamily

Like all GTPases, the cellular effects of the Rho-subfamily are mediated
through their GTP-dependent interaction with cellular targets. Although the
mechanisms involved in cytoskeletal organisation by members of the Rho-
subfamily are not fully understood, numerous candidate effectors have been

described (for review see van Aelst and D'Souza-Schorey, 1997). In the case of
Rho, the Rho-associated kinases ROCK and ROKa have attracted much
attention. These kinases phosphorylate myosin light chains (MLCs) (Amano
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etal.,, 1996) and also phosphorylate and inhibit MLC phosphatase (Kimura et
al., 1996). The result is to activate myosin by a net increase in MLC
phosphorylation by Rho-associated kinases and other protein kinases, such as
MLC kinase (MLCK) (Figure 1.5). Phosphorylation of MLCs leads to a
conformational change in myosin and allows it to interact with actin and to
promote the bundling of actin and myosin filaments into polarised contractile
fibres (Chrzanowska-Wodnicka and Burridge, 1996). There have also been
several reports that Rho and Rac control the production of
phosphatidylinositol-4,5-bisphosphate (4,5 PIP,) by regulating the activity of
phosphatidylinositol 4-phosphate 5-kinase (PIP 5-kinase) (Chong et al., 1994;
Hartwig et al., 1995). PIP, is known to interact with a number of actin binding
proteins and to be a key regulator of actin polymerisation so that it is likely
that PIP 5-kinase is an important target of Rho and Rac in mediating
cytoskeletal reorganisations (Figure 1.5) (Tapon and Hall, 1997). Numerous
other candidate targets for Cdc42 and Rac have also been identified and of
these p65 PAK, IQGAP, WASp, and PORI have been suggested to play a role
in actin filament assembly (van Aelst and D'Souza-Schorey, 1997). One recent
development is the finding that Rac activates LIM-kinase-1 which
phosphorylates cofilin, and prevents cofilin from depolymerising actin-
filaments (Arber et al., 1998; Yang et al., 1998). Other molecules that may be
common to all three GTPase dependent pathways are the
ezrin/radixin/moesin (ERM) family of proteins. The ERM proteins bind F-
actin, act as membrane cytoskeleton linkers, and have been shown to play an
essential role in both Rho- and Rac-dependent actin rearrangements (Mackay
et al, 1997). In addition three new proteins have been characterised in
fibroblasts and epithelial cells that form a distinct branch of the Rho family:
Rnd 1, Rnd 2 and Rnd 3/RhoE that appear to act as negative regulators of
actin assembly and of cell adhesion (Nobes et al., 1998). Their expression in

leukocytes remains to be established.

57



CHAPTER ONE-INTRODUCTION

1.14 Transendothelial migration of lymphocytes

The greatest barriers facing leukocytes in their migration are the endothelial
and epithelial tight junctions, and negotiating these junctions is one of the
least understood parts of the whole migratory process. Following arrest of the
lymphocyte on the endothelium, LFA-1 plays an essential role in the
transendothelial migration of lymphocytes (Luscinskas et al, 1995;
Oppenheimer-Marks et al., 1991; van Epps et al., 1989), but this does not
preclude a role for additional molecules (Carlos and Harlan, 1994). In
monocyte and neutrophil models, CD31 on both the leukocyte and the
endothelial surface is required for successful transendothelial migration in
vitro and in vivo (Bogen et al., 1994; Muller et al., 1993). However, CD31 is
only expressed on a subset of T lymphocytes and so may not be involved in T
cell extravasation (Tanaka et al., 1992). Similarly, although mAb blocking
studies have implicated IAP in neutrophil transendothelial migration
(Cooper et al.,, 1995), a role for this molecule in the migration of other
leukocytes has not been demonstrated. A role for lymphocyte CD31 in
transmigration is attractive because of the potential effects that ligation of this
molecule has on subsequent integrin-activation (section 1.6.1.3). One might
speculate that such cross talk could prime the migrating lymphocyte in
preparation for interaction with the sub-endothelial ECM. Once across the
endothelium, proteolytic activity is required to aid leukocyte migration
through the ECM. Integrin engagement can synergise with TCR/CD3
activation to induce uPAR expression (Bianchi et al., 1996). Upon binding to
uPAR, the serine protease urokinase type plasminogen activator (uPA) is
activated to convert plasminogen into plasmin. Plasmin is then able to
degrade fibrin and other ECM proteins, and acts as the major pericellular
fibrinolytic pathway. In support of the importance of this pathway is a report
that uPA-deficient mice are unable to mount an immune response against
lung pathogens due to a failure of T cells, neutrophils and macrophages to

migrate into the lung interstitium (Gyetko et al., 1996)
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1.15 Lymphocyte trafficking into the airway epithelium

Although T cell trafficking into the airway epithelium may be critical for
mucosal immunity, the mechanism of this trafficking is even more poorly
defined than for endothelial transmigration. In some way analogous to
endothelial transmigration the T cell must successfully interact with the
epithelial cell, pass between the tight junctions of neighbouring cells and into
the alveolar air space (Figure 1.6). Once in the alveolar space the T cell
interacts not only with allergens and pathogens but also the luminal surface
of the epithelial cell. Just as the endothelial cells play an important role in
transendothelial migration, the pulmonary epithelial cells are not silent
bystander in these events. As well as providing a surface for gas exchange
these epithelial cells are also involved in modulating inflammatory reactions
within the lung and maintaining a fine balance between combating infection
whilst keeping detrimental inflammation to a minimum. They achieve this
by the synthesis of a variety of pro-inflammatory mediators such as platelet
activating factor (Holtzman et al., 1991), prostaglandins (Churchill et al., 1989)
and several cytokines including granulocyte-macrophage colony-stimulating
factor (GM-CSF) and IL-6 (Churchill et al., 1992; Marini et al., 1992) and
chemokines such as IL-8 (Kwon et al.,, 1994; Nakamura et al., 1991), MCP-1
(Sousa et al., 1994), MCP-4 (Stellato et al., 1997) and RANTES (Stellato et al.,
1994; Taguchi et al., 1998). Many of these mediators are known to be
chemoattractant for T cells (Carr et al., 1994; Larsen et al., 1989; Schall et al.,
1990) suggesting that their production in response to pathogens or allergens

could be involved in the epithelial recruitment of T cells.

As much is known of the initial interaction of T cells with, and adhesion to,
the inflamed endothelium it is tempting to propose similar mechanisms in
the interaction of T cells with the epithelium. However, there are critical
differences, the most obvious being that leukocyte recruitment through the
endothelium occurs in a apical-to-basal direction but in the airway epithelium
leukocyte recruitment is from basal-to-apical. = The first stages of

transendothelial T cell migration depend on the co-ordinated regulation of
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selectins, integrins and possibly chemokines. In contrast the driving force and
molecular interactions that govern T cell migration across the airway

epithelium remain to be discovered.

1.16 Major aim of this thesis

The major aim of this thesis was to investigate the regulation of B1 and 2
integrin activity on T cells. Various integrin activating stimuli were assessed

for differential effects on Bl and P2 integrins on T cells. In addition cross

influences between the B1 and P2 integrins were examined. This involved

investigating the role of integrin activation in T cell adhesion and migration

using in vitro assay systems.
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MATERIALS AND METHODS

2.1 Materials

2.1.1 Monoclonal antibodies

Monoclonal antibody (mAb) G25.5 (CD11la; LFA-1 o subunit non-function
blocking; IgG2a) was purchased from Becton Dickinson (Oxford, UK), MAbs 38
(CD11la; LFA-1 o subunit function blocking; IgG2a), 15.2 (CD54; ICAM-1

function blocking; IgG1), 24 (CD11/CD18; 2 integrin activation reporter; IgGl)
(Dransfield et al., 1992; Dransfield and Hogg, 1989), 3.9 (CD1lc; p150,95 «-

subunit function blocking; IgGl), ICRF-44 (CD11b; Mac-1 o-subunit non-
function blocking; IgGl) 4U (control antibody; IgG2a) and 52U (control

antibody; IgG1) were prepared in this laboratory, and purified from ascites or

tissue culture supernatant by Protein A Sepharose chromatography (Ey et al.,
1978) as described in section 2.2.1. MAbs HUTS-21 (CD29; Bl subunit
activation reporter; IgG2b), and 5E8D9 (CD49a; al subunit, function blocking;
IgG2a) were gifts from Dr Carlos Cabafias, Madrid. MAb 5E8 (CD49b; o2
subunit, function blocking; IgGl) was a gift from Dr R. B. Bankert, Buffalo,
NY. MAbs HP1/2 (CD49d; 04 subunit, function-blocking; IgGl) and TS2/16

(CD29; B1 subunit activating; IgGl) were gifts from Roy Lobb, Biogen Inc.,
Cambridge, MA. The hybridoma producing mAb TS2/9 (CD58; LFA-3

function blocking; IgGl) was purchased from the American Type Culture
Collection (ATCC), Rockville, MD. MAb SAM-1 (CDA49%e; a5 subunit function
blocking; IgG2b) was purchased from Eurogenetics, Hampton, UK. MAb 7.2
(CD49d; a4 subunit, non-blocking; IgGl) was a gift from Dr John Marshall,
ICRF, London. MAb P5D2 (CD29; B1 subunit function blocking; IgGl) was
obtained from Developmental Studies, Hybridoma Bank, Iowa. MAb MEM 56
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(CD45RA; IgG1) was a gift from Dr. Vaclav Horesji, Prague, Czech Republic.
MADbs UCHL1 (CD45RO; IgGl), UCHL4 (CDS8; IgG1), UCHT1 (CD3; IgG1) and
UCHT?2 (CD5; IgG1) were gifts from Prof. Peter Beverley, University College,
London. MAb QS4120 (CD4; IgG1) was prepared by ICRF Hybridoma Service.
MADb G19.4 (CD3; IgGl) was a gift from Bristol-Myers Squibb Pharmaceuticals

Ltd., Princeton, NJ. MAbs KIM127 (CD18; B2 subunit activating; IgGl) and

KIM185 (CD18; 2 subunit activating; IgGl) were kindly given by Dr. Martyn

Robinson (Celltech Ltd,, Slough, UK). The murine IgM mAb against human
myosin light chains (MLC; 20 kDa) was purchased from Sigma. The FITC

conjugated mAb 44H6 (CD49d; a4 subunit, non function-blocking; IgG1l) was
purchased from AMS Biotechnology, Witney, UK. Unconjugated rabbit anti-

mouse IgG Fc, FITC-conjugated rabbit anti-mouse IgG Fc, and peroxidase
conjugated goat anti-human IgG Fc were purchased from Sigma, Poole, UK.
FITC-conjugated goat anti-human IgG Fc was purchased from Jackson
Immunoresearch Labs, West Grove, PA and FITC-conjugated rabbit anti-

mouse IgG2b from AMS Biotechnology.

2.1.2 Cells

The BEAS-2B cell line, immortalised by infection of normal human bronchial
epithelial cells with an adenovirus 12-simian virus 40 hybrid virus
preparation (Reddel et al., 1988), was purchased from ATCC. The BEAS-2B
cell line has been cultured continuously for >100 passages with a stable
phenotype. The cells were cultured in serum-free LHC-9 medium. The cells

were grown on plastic culture flasks that had been coated for 2 hr at 37°C with

a solution of 30 ug/ml! collagen, 10 pg/ml fibronectin and 10 ug/ml BSA.
LFA-1 transfected (K562/LFA-1;, KL/4) and untransfected K562
erythroleukaemic cells were a gift from Dr Martyn Robinson, Celltech Ltd.,
and were cultured in Dulbecco’s modified eagle medium (DMEM; ICRF
Central Cell Services) plus 10% foetal calf serum (FCS; Gibco BRL, Paisley, UK)
(Ortlepp et al., 1995). All other cell lines were obtained from ICRF Central Cell
Services and were cultured in RPMI 1640 plus 5% FCS. All cells were cultured
at 37°C in an humidified atmosphere of 5% CO, in air.
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2.1.3 Buffers
PBS-A and RPMI-1640 buffers were supplied autoclaved from the ICRF

Central Cell Services and their constituents are described in Appendix 1.

LHC-9 medium was purchased from Clonetics, San Diego, California.

2.1.4 Recombinant proteins

Tumour necrosis factor (TNF)- (15 pg/ml; Sigma); Monocyte
chemoattractant protein (MCP)-1 (50 ng/ml; Sigma) and Interleukin (IL)-1j

(100 pg/ml; PeproTech E.C. Ltd., London UK.) were purchased as powders and
reconstituted in low endotoxin water to the concentrations Stated. All

proteins were stored at -20°C for the short term or -70°C for the long term.

2.1.5 Inhibitors, stimuli and other reagents

Reagent Stock concentration Suppliel‘—-

BAPTA/AM 50 mM in DMSO Gibco, GBL, Paisley, UK
bis-(o-aminophenoxy)-

ethane-N,N,N’,N’

tetraacetoxymethyl

ester

BCECF/AM 1 mM in DMSO Calbiochem,

2',7-bis(carboxyethyl)-5 Nottingham, UK

(6")-carboxyfluorescein

pentaacetoxymethyl)

ester

bis-Indolylmaleimide = 10 mM in DMSO Sigma

BDM 5 M in DMSO Sigma

2,3 butanedione 2-

monoxime

Calpeptin 10 mg/ml (28 mM) in ~ Calbiochem
DMSO

Cytochalasin D 1 mg/ml in DMSO Sigma —

64



CHAPTER TWO-MATERIALS & METHODS

H7 20 mM in DMSO Calbiochem

H89 2 mM in DMSO Calbiochem

Ionomycin 1 mM in DMSO Calbiochem

K252a 250 uM in DMSO Calbiochem

KT5926 1 mM in DMSO Calbiochem

LY-294002 100 pM in DMSO Calbiochem

ML7 10 mM in DMSO Calbiochem

ML9 10 mM in DMSO Calbiochem

Okadaic acid 150 pM in DMSO Calbiochem

PD098059 30 mM in DMSO Calbiochem

PdBu 2 mM in DMSO Calbiochem

phorbol-12,13-

dibutyrate

PMA 2 mM in DMSO Calbiochem

phorbol-12-myristate,

13-acetate

RO-318220 18 mM (10 mg/ml) in  Dr Trevor Hallam,
DMSO Roche Research Centre

Thapsigargin 1 mM in DMSO Calbiochem

Wortmannin 10 mM in DMSO Calbiochem

2.2 Methods

2.2.1 Antibody purification on Protein A sepharose

MAbs were purified from ascites and tissue culture supernatant (TCS) by
affinity chromatography on Protein A sepharose (Pharmacia, Uppsala,
Sweden). Approximately 10 ml of ascites or TCS was microfuged and then
diluted with an equal volume of 0.1 M phosphate buffer, pH 8, and filtered
through a 0.4 pm filter (Millipore, Bedford, MA). This was then loaded onto a
Protein A sepharose column that had been pre-equilibrated with phosphate
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buffer. The column was washed with phosphate buffer to remove unbound
material. IgG subclasses were then sequentially eluted with 0.1 M citrate
buffers of varying pH: IgGl, pH 6; IgG2a, pH 4; IgG2b, pH 3; Eluted fractions
were rapidly neutralised with an appropriate volume of 1 M Tris, pH 9.
Fractions containing mADb were pooled, and protein concentration estimated
(section 2.2.2) and then concentrated and stored. The column was regenerated
with at least 10 volumes of 0.1 M Tris pH 8.5 containing 0.5 M NacCl, followed
by at least 10 volumes of 0.1 M sodium acetate pH 4.5, containing 0.5 M NaCl

then re-equilibrated with phosphate buffer prior to re-using.

2.2.2 Estimation of protein concentration

Protein concentrations were estimated using the Bio-Rad Protein Assay dye

reagent (Bio-Rad Laboratories, Hemel Hempstead, UK) in 96 well microtitre

plates. Gamma-globulin solutions of known concentrations (0-500 pg/ml)
were used as standards to allow a calibration curve to be drawn. Briefly, 5 pl

of either standard or test protein was added to wells along with 250 ul of dye
reagent concentrate diluted 1:4. Wells were performed in triplicates. The
plate was incubated at room temperature (RT) for 5-15 min. Absorbance at 595
nm was measured using a Titertek Multiskan plate reader. Test protein
concentrations were calculated from the standard curve of protein

concentration versus absorbance readings of gamma-globulin standards

2.2.3 Preparation of ICAM-1 Fc

A construct encoding a chimeric form of ICAM-1 consisting of the five
domains of ICAM-1 fused to the hinge and Fc regions of human IgGl
(Berendt et al., 1992) was a kind gift of Drs A. Berendt and A. Craig (Institute of
Molecular Medicine, Oxford, UK). This ICAM-1 Fc construct was transfected
stably into Chinese hamster ovary (CHO)-K1 cells by Paula Stanley (Leukocyte
Adhesion Laboratory, ICRF) using CaPO, precipitation. These cells were then
grown in GMEM-S medium (Appendix I) in the presence of 100 mM
methionine sulphoxamine (Sigma; stock solution 100 mM in GMEM-S) to
select high ICAM-1 Fc producers. Cells were passaged and expanded forty-fold
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until approximately 1.5 litres of cell culture supernatant was obtained. Cells
were then washed into serum free GMEM-S supplemented with 5 mM
sodium butyrate (Sigma, stock solution 1M in GMEM-S) to enhance ICAM-1
Fc production. After ten days the supernatant was harvested. Cell debris was
removed by centrifugation at 2000 g for 5 min and filtration through a 0.22
um filter (Milipore). Sodium azide (Sigma; 0.02%) was added to the
supernatant which was then loaded onto a prewashed Protein A Sepharose
column at a rate of 1 ml/min. The column was washed thoroughly with PBS-
A/ 0.02% sodium azide to remove unbound material. The ICAM-1 Fc was
eluted from the column in 0.1 M citrate buffer, pH 3 and collected in 2 ml
fractions. High protein containing fractions, as judged by reading absorbance
at 268 nm, were pooled and concentrated. The identity of the protein was
confirmed on sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE; section 2.2.18) and enzyme-linked immunosorbent assay (ELISA;
section 2.2.4), and its concentration measured using the Bio-Rad protein assay

(section 2.2.2)

2.2.4 ICAM-1 Fc ELISA assay

ICAM-1 Fc was detected in the supernatant and final product using an ELISA.
A 96-well Immulon 3 plate (Dynatech, Chantilly, VA) was coated with 50

ul/well of mAb 15.2 (anti-ICAM-1) or mAb 52U (isotype matched control),

both at 0.25 pg/ml in 50 mM Tris, pH 9, and incubated overnight at 4°C. The

plate was then washed 4 times with PBS-A and blocked with 10% FCS in PBS-
A for 2 hr at RT. The plate was washed twice in PBS-A prior to the addition of

50 ul/well of sample material, and incubation at RT for 30 min. The plate was
again washed 4 times prior to the addition of 50 pl/well of peroxidase
conjugated goat anti-human IgG Fc (1:500; Sigma). After a further 30 min at
RT wells were washed 4 times in PBS-A before the addition of 75 pul of OPD (0-
phenylene diamine dihydrochloride; Sigma) substrate (one OPD tablet added
to 10 pl of H,O,and 25 ml of a mixture of 2 parts 0.1IM NaHPO,: 1 part 0.1 M

citric acid by volume). The colour reaction was allowed to develop over 5
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min and then stopped with 50 pl/well of 3 M H,SO,. Absorbance at 492 nm

was measured using a Titertek Multiskan plate reader.

2.2.5 Preparation of T lymphoblasts (T cells)

Peripheral blood mononuclear cells were prepared from single donor
leukocyte buffy coats by centrifugation at 600g through Lymphoprep® (Sodium
metrizoate/ Ficoll solution; Pharmacia). T lymphoblasts were expanded from
this population by culturing in RPMI 1640 (ICRF, Media Supplies) plus 10%
FCS in the presence of phytohaemagglutinin (PHA; Murex Diagnostics,

Dartford, UK) at 1 ug/ml for 72 hours as previously described (Dransfield et

al., 1992). Cells were then washed and maintained for 1-2 weeks in medium
supplemented with 20 ng/ml of recombinant interleukin (IL)-2 (Euro Cetus
UK Ltd., Harefield, UK). The cells were used between days 10 and 14.

2.2.6 Production of mAbs against BEAS-2B cell surface epitopes

Antibody producing clones were produced by fusing spleen cells from a
BALB/c mouse immunised with BEAS-2B cells, with the SP2 mouse
myeloma cell line using standard procedures (ICRF, Hybridoma Services).
Supernatant from these clones was screened for mAb with the ability to
recognise surface epitopes on BEAS-2B cells by flow cytometry (section 2.2.7).

Of over 700 clones screened one, 7C2/10, was positive.

2.2.7 Flow cytometry for detection of antibody binding

Flow cytometry for detection of mAb binding was carried out using direct or
indirect immunofluorescence as described below. Where necessary before
labelling with mAb, adherent cells were released from cell culture plates by
washing once in PBS-A, followed by addition of trypsin (0.05%; ICRF cell
services) and EDTA (0.02%; ICRF cell services) for 5 min at 37°C. After this
time an equal volume of FCS was added and released cells were removed and

washed. Cells were then washed three twice into 20 mM HEPES, 140 mM
NaCl, 2 mg/ml glucose, pH 7.4 (assay buffer) and 2 x 10° cells in 50 pul of assay

buffer were transferred to each well of a Flexiwell® plate (Dynatech). For direct
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immunofluorescence, cells were incubated with the FITC-conjugated m Ab of
interest, together with appropriate concentrations of cations, stimulants,
inhibitors and other antibodies, on ice or at 37°C for 30 min. Cells were then
washed three times in ice cold assay buffer and samples were kept on ice prior
to analysis. For indirect immunofluorescence, the unconjugated mAbs of
interest were added to the wells with other reagents on ice or at 37°C as above.
Cells were then washed 3 times in ice cold assay buffer prior to incubation
with FITC-conjugated rabbit anti-mouse-Ig (Sigma) for 30 min on ice. Cells
were then washed three times in ice cold assay buffer and kept on ice prior to
analysis as described for direct immunofluorescence. Fluorescence (FL) of live
cells was measured on a FACScan® flow cytometer (Becton Dickinson,
Mountainview, USA), after counterstaining with 50 pl of 50 ug/ml propidium
iodide (PL; Sigma). Plis taken up by dead cells and causes fluorescence in the
FL2 channel allowing them to be distinguished from live cells in the same
population. Data was acquired and analysed by the Cell Quest® Program
(Becton Dickinson, UK). Data is presented as relative fluorescence intensity
on a logarithmic axis (labelled with the name of the mAb or the surface

antigen recognised by that mAb; X axis) plotted against cell number (Y axis).

2.2.8 Adhesion to respiratory epithelium

BEAS-2B cells were grown as monolayers in tissue culture flasks. The cells
from the monolayers were harvested with trypsin/EDTA and resuspended in
PBS-A, centrifuged at low speed (250 g, 5 min) and resuspended in fresh
medium before seeding in 96 well tissue culture plates. The cells were grown
to confluence in these plates over 5-7 days using the same conditions as for
cell culture. At 3-6 days post-confluence the culture medium was changed
and replaced with new medium and cytokine treatment where necessary.
After 24 hr the plates were washed three times in 20 mM HEPES, 140 mM
NaCl, 2 mg/ml glucose, pH 7.4 (assay buffer). T cells were washed 3 times in

assay buffer and labelled with 2.5 uM BCECF-AM (Calbiochem) in the same
buffer for 30 min at 37°C followed by two further washes. T cells (2 x 10° cells)

were added to each well in assay buffer with blocking mAbs. Ca®* and Mg**
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