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Abstract

Cell adhesion molecules mediate the contact between two cells or between cells and the extracellular matrix. They are essentia for
morphogenesis, organization of tissues and organs, regulation of immune cell responses and migration of inflammatory cells from the
blood vessels into inflamed tissues. Many diseases have been shown to be associated with dysfunction or with overexpression of certain
adhesion molecules. Increased cell adhesion molecule function and number are found in clinical disorders in which inflammation and
immune cells are involved. Several possible therapeutic agents are described here which have been shown to reduce the expression
and/or function of cell adhesion molecules. Anti-adhesion treatment can lead to diminished infiltration and activation of inflammatory
immune cells resulting in decreased tissue injury and malfunction. © 1998 Elsevier Science B.V.
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1. Introduction

Adhesion molecules are glycoproteins expressed on cell
surfaces, where they mediate the contact between two cells
(both homotypic and heterotypic interactions) or between
cells and the extracellular matrix (Springer, 1990; Carlos
and Harlan, 1994; Gumbiner, 1996). During ontogenesis,
cell adhesion molecules provide tissue- and organ-specific
information which guarantees the integrity of the entire
body. They regulate intercellular interactions, serve as
contact molecules during the arrangement of complex tis-
sues and mediate the composition of the intercellular net-
work. Furthermore, cell adhesion molecules play an essen-
tia role in the regulation of inflammatory and immune
responses. It is now realized that cell adhesion molecules
also serve as signaling molecules, thereby influencing
severa cell functions (Clark and Brugge, 1995; Crockett-
Torabi and Fantone, 1995; Hunt et al., 1997)).

The adhesion of cells is influenced by changes in the
number of adhesion molecules on the cell surface and/or
by alterations in the affinity or avidity of the molecules.
Enhanced expression is induced by the movement of adhe-
sion molecules from intracellular stores to cell surface or
by the synthesis of new adhesion molecules. For some
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groups of cell adhesion molecules, function can be modu-
lated by conformational changes or by clustering. A num-
ber of different cytokines and other inflammatory media-
tors affect the number and function of adhesion molecules
on cells. Selectivity depends on both the mediator and the
cell type involved. Moreover, combinations of different
cytokines may produce additive, synergistic or antagonistic
effects (Thornhill and Haskard, 1990; Thornhill et a.,
1991). These multiple levels of regulation of cell adhesion
molecule expression and function, together with
leukocyte-specific stimuli, can create a unique sequence of
events related to a certain inflammatory or pathophysiolog-
ical situation (Morland et a., 1992; Moser et al., 1992;
Neeley et al., 1993; Austrup et al., 1997).

2. Cell adhesion molecules

Most cell adhesion molecules can be classed into a
certain family, based on common molecular characteristics
(e.g., cadherins, integrins, selectins and immunoglobulin
superfamily; see below). In addition to molecules belong-
ing to these families of molecules, other cell adhesion
molecules have been identified which are also involved in
homing of lymphocytes, interactions between cells and
activation of immune cells (e.g., CD44 (Haynes et al.,
1989; Kincade et al., 1997), vascular adhesion protein-1
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(Salmi et d., 1993), glycosylation-dependent cell adhesion
molecule-1 (GlyCAM-1) (Imai et a., 1993), or CD34
(Baumhueter et al., 1993)).

2.1. Cadherins

Cadherins are Ca?*-dependent cell adhesion receptors
that bind cells to each other by means of hemophilic
interactions. Four members of the cadherin family have
been characterized at the molecular level: N-(neura), E-
(epithelial) P-(placental) cadherins and liver cell adhesion
molecule (L-CAM) (Takeichi, 1991). The intercellular part
of these molecules interacts via catenins with the cyto-
skeleton of a cell. Cadherins are crucial in the regulation of
morphogenesis and organization of tissues. Heterotypic
interactions between E-cadherin on epithelia cells and the
ag B, integrin on T-lymphocytes have also been found
(Cepek et a., 1994).

2.2. Integrins

Integrins are transmembrane glycoproteins composed of
two noncovalently associated heterodimers, designated as
the « and B subunits. There are at least 16 different «
subunits and 8 B subunits. The family of the integrins is
divided into various subfamilies according to the kind of
subunit expressed (Springer, 1990; Kavanaugh, 1997). In-
tegrins mediate cell—cell and cell-matrix interactions and
need to be activated for binding to their counter receptors.
Engagement of integrins also provides stimulatory or in-
hibitory signals for the cells expressing these adhesion
molecules (Clark and Brugge, 1995; Diaz-Gonzalez et al.,
1996; Giancotti, 1997; Hunt et a., 1997).

Members of the B;-integrin, or very late antigen (VLA),
subfamily play a role in tissue organization. They appear
to bind to the extracellular matrix of many tissues and to
basement membranes in the nervous system, muscles, en-
dothelium and epithelium. VLA-4 (e, B;; CD29,/CD49d)
functions both as a cellular matrix receptor and as a
cellular receptor for another cell adhesion molecule, vascu-
lar cell adhesion molecule-1 (VCAM-1) (Postigo et al.,
1994). VLA-4 is present on lymphocytes, monocytes, and
eosinophils but not on neutrophils.

The subfamily of the B, integrins is more commonly
known as leukocyte integrins since they are uniquely
expressed on the different types of leukocytes. The B.-
chain (CD18) can bind to four different a-chains resulting
in the subfamily members, lymphocyte function-associated
antigen-1 (LFA-1; «, B,; CD1la/CD18), complement
receptor 3 (Mac-1;, «a,, B,; CD11lb/CD18), gp150,95
(ay B,; CD11c/CD18) and a4/ B, (Springer, 1990; Ka-
vanaugh, 1997). B, integrins mediate the contact between
leukocytes and different target cells expressing one of the
intercellular adhesion molecules (ICAM-1, -2 or -3). Dur-
ing activation of leukocytes, the B, integrins not only
show an increased expression on the cell surface but also

undergo qualitative transformation, leading to enhanced
binding capacity (Loftus and Liddington, 1997). The inte-
grin-mediated contact reactions are always temporary.

Examples of other integrins involved in cell—cell inter-
actions are «, B, expressed on leukocytes interacting with
mucosal addressin cell adhesion molecule-1 (MAdCAM-1)
or VCAM-1 and «,,/B; (CD41/CD61) and «,/B;
(CD51,/CD61) present on platelets involved in platelet
aggregation and interaction with endothelial cells
(Kavanaugh, 1997).

2.3. Sdlectins

The selectin family is comprised of three proteins:
E-(endothdlial), P-(platelet), and L-(leukocyte) selectin. E-
selectin (CD62E) and P-selectin (CD62P) are expressed by
activated endothelial cells while L-selectin (CD62L) is
congtitutively expressed only on leukocytes (Springer,
1990; Bevilacqua and Nelson, 1993). These structures
mediate the initial phase of attachment of leukocytes to
vascular endothelial cells. Structural features common to
the selectins are the presence of an amino-terminal (Ca?*-
dependent) carbohydrate-binding (lectin) domain, an epi-
dermal growth factor-like domain, a variable number of
consensus repeats of sequences, similar to those appearing
in complement-regulatory proteins, a transmembrane do-
main and a short cytoplasmic carboxyl tail (Bevilacqua
and Nelson, 1993).

P-selectin is rapidly mobilized to the cell surface of
endothelia cells on activation by histamine, thrombin or
cytokines (McEver et al., 1989). Maxima E-selectin ex-
pression on the endothelium is found within hours (2 to 6
h) of stimulation by cytokines (Pober et al., 1986; Bevilac-
qua et al., 1989). P-selectin and E-selectin upregulation is
only transient. L-selectin is congtitutively expressed on
leukocytes but is lost within minutes upon activation of the
cells. All selectins can bind to ligands containing sialy-
lated, fucosylated carbohydrate moieties (e.g., siayl
Lewis*) (Varki, 1994, 1997). More specific interactions
with higher affinities occur between P-selectin and P-
selectin glycoprotein-1 (PGSL-1; CD162) (McEver and
Cummings, 1997) or between E-selectin and E-selectin
ligand-1 (ESL-1) (Steegmaier et al., 1995).

2.4. Immunoglobulin superfamily

The immunoglobulin (1g)-gene superfamily consists of
cell surface proteins that are involved in antigen recogni-
tion, complement-binding or cellular adhesion (Springer,
1990; Carlos and Harlan, 1994; Kavanaugh, 1997). These
proteins are characterized by a variable number of extra-
cellular 1g-like domains with conserved cysteine sequences
that form disulphide bonds to stabilize B-sheets of the
tertiary structure (Williams and Barclay, 1988). Members
of this family that are important for cell—cell interactions
are intercellular adhesion molecule-1 (ICAM-1; CD54),
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ICAM-2 (CD102), ICAM-3 (CD50), VCAM-1 (CD106),
LFA-3 (CD58), platelet-endothelia cellular adhesion
molecule-1 (PECAM-1; CD31), MAdCAM-1 and CD2
(Springer, 1990; Carlos and Harlan, 1994; Kavanaugh,
1997). These adhesion molecules are important in the
interactions between immune cells (e.g., ICAM-1 with
LFA-1 or CD2 with LFA-3), in tissue-specific homing of
lymphocytes (e.g., MAdCAM-1) and adhesion of leuko-
cytes to endothelia cells, leading to migration of leuko-
cytes into tissues (e.g., ICAM-1 with LFA-1 or Mac-1,
VCAM-1 with VLA-4 or PECAM-1 with PECAM-1).
VCAM-1 and ICAM-1 expression on endothelial cells is
increased after stimulation with tumor necrosis factor-«
(TNF-a) or interleukin-18 (Pober et al., 1986; Thornhill
et a., 1991). ICAM-1 expression on endothelial cells can
also be upregulated by interferon-y (Pober et al., 1986),
whereas interleukin-4 and interleukin-13 are selective for
VCAM-1 induction (Thornhill and Haskard, 1990; Thorn-
hill et a., 1991; Bochner et al., 1995; lademarco et a.,
1995). In contrast, ICAM-2 is constitutively expressed on
endothelial cells (Staunton et al., 1989; De Fougerolles et
al., 1991).

2.5. Cell adhesion molecules in inflammation

Adhesion molecules play a critical role in the communi-
cation between different immune cells and in the migration
of inflammatory cells from the bloodstream into inflamed
tissues (Springer, 1990; Carlos and Harlan, 1994; Konstan-
topoulos and Mclntire, 1996; Luscinskas, 1997). Localized
leukocyte accumulation is an essential process for the
body’s éimination of infectious agents. Leukocyte ex-
travasation is a multi-step process which can be divided
into initial attachment (tethering, rolling), firm adhesion
and migration through the endothelial layer. This process
of extravasation involves the sequential action of distinct
adhesion molecules (Butcher, 1991; Konstantopoulos and
Mclntire, 1996; Luscinskas, 1997). Several pro-inflamma-
tory cytokines and other mediators induce upregulation of
adhesion molecule numbers and function on the endothe-
lial cells (Malik and Lo, 1996; see also Section 2.4).
Selectin-based interactions mediate the initial interaction
between leukocytes and endothelial cells, resulting in slow-
ing down of the velocity of circulating cells. Interactions
via other adhesion molecules also takes place during these
initial interactions (e.g., VLA-4-VCAM-1 and PECAM-1-
PECAM-1). Further activation of leukocytes via selectin
and PECAM-1 interactions and via cytokine and chemokine
receptors induces upregulation and activation of the inte-
grins on leukocytes. Via these integrins, leukocytes inter-
act with the cellular adhesion molecules on the surface of
the endothelial cells (e.g., ICAM-1 and -2 and VCAM-1)
resulting in firm adhesion followed by transmigration.
Chemokines and their receptors and interactions via 3,
integrins are important for further migration into the tis-
sues.

Many diseases have been shown to be associated with
dysfunction or with overexpression of certain adhesion
molecules. Patients with leukocyte adhesion deficiency
type 1 (LAD-1) have alessened or absent expression of 8,
integrins on their leukocytes and patients with LAD-2 have
genetic defects in the fucose metabolism resulting in fail-
ure to synthesize selectin ligands (Anderson and Springer,
1987; Etzioni et a., 1992). These types of patients suffer
from recurrent infections due to the inability of neutrophils
to infiltrate into infected tissues.

Upregulated and/or overexpressed cell adhesion
molecules can be found in several diseases where inflam-
mation and immune cells are involved (e.g., arthritis,
asthma, ischemiareperfusion injury, transplant rejection
and inflammatory diseases of the cardiovascular system,
skin, kidneys, gastrointestinal tract, brain and liver) (Be-
vilacqua et al., 1994; Menger and Vollmar, 1996). Also,
tumor cells use adhesion molecules to grow and spread
throughout the body (Huang et al., 1997). Reduction or
blockade of the expression or function of a specific cell
adhesion molecule is a possible therapeutic way to dimin-
ish infiltration and /or activation of inflammatory immune
cells in order to reduce inflammation. This approach to
therapeutic intervention is, however, complicated by the
facts that most types of adhesion molecules are expressed
on more than one cell type, that most cells express more
than one adhesion molecule on their surface and that
several molecules can function as ligand for a single
adhesion molecule. Also, blockade of cell adhesion
molecules can interfere with functions of immune cells
essential for host defence.

3. Modulation of cell adhesion molecules

There are severa potential sites at which cell adhesion
function and expression can be affected. Inhibition of
proinflammatory cytokines and other inflammatory media-
tors that upregulate cell adhesion function and,/or humber
would result in a diminished number of, or less activated,
cell adhesion molecules. However, there is enormous re-
dundancy in the biological actions of many of the cy-
tokines, and cytokines are part of a complex network with
both stimulatory and inhibitory effects on other cells and
mediators. Therefore, it is very difficult to modulate a
specific cell adhesion molecule simply by inhibiting a
certain cytokine. A second potential mechanism by which
upregulation of cell adhesion molecule number can be
lessened is inhibition of transcription or trandation of
DNA or mRNA encoding a certain cell adhesion molecule
(e.g., by using antisense oligonucleotides). The third level
for inhibition of cell adhesion molecule function is a
specific inhibition of the cell adhesion molecule or its
counter-structure. This can be achieved by using com-
pounds that will bind to the adhesion molecule or its
counter-receptor (e.g., soluble adhesion molecules, mono-
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clonal antibodies directed against adhesion molecules or
counter-structures and low molecular weight compounds).
Furthermore, several anti-inflammatory drugs have been
shown to affect cell adhesion function and/or expression
apart from their effects on inflammatory mediator synthe-
sis and release.

3.1. Antisense oligonucleotides

Antisense oligonucleotides are short pieces of synthetic
nucleic acids designed to hind to complementary se-
guences in DNA or mRNA for blocking the transfer of
information leading to the formation of a specific protein.
The mechanisms by which interactions of oligonucleotides
with nucleic acids induce biological effects are complex
and numerous (Crooke and Bennett, 1996; Dean et al.,
1996). Phosphorothioate oligonucleotides are more resis-
tant to nucleases compared with phosphodiester oligo-
nucleotides, are taken up by a wide range of cells in vitro
and their therapeutic value has been evauated in animal
models and humans (Crooke and Bennett, 1996; Dean et
al., 1996). More potent anti-adhesion oligonucleotides with
reduced toxicity have been produced with chemical modi-
fications of the original molecules (Baker et al., 1997).
Also, carrier molecules can be used to increase the deliv-
ery of oligonucleotides into cells to enhance their biologi-
cal activity (Stewart et al., 1996). It has been demonstrated
that phosphorothioate oligonuclectides inhibit the expres-
sion of ICAM-1, VCAM-1 or E-selectin on endothelia
cells and reduce the adhesion of HL-60 cells to TNF-a-
activated endothelial cells (Bennett et al., 1994; Condon
and Bennett, 1996). ICAM-1 antisense oligonucleotides
have been shown to be effective in vivo as inhibitors of
upregulation of ICAM-1 expression and of leukocyte emi-
gration in affected tissue in animal models of endotoxin-in-
duced pneumonia (Kumasaka et al., 1996), dextran sul-
phate sodium-induced colitis (Bennett et al., 1997) and
ischemia-induced renal failure (Haller et al., 1996). More-
over, these compounds delay allograft rejection after trans-
plantation (Stepkowski et al., 1994, 1997; Katz et a.,
1997). Various oligonucleotides are now being tested for
immunosuppressive therapy in several human diseases, for
example, ICAM-1 antisense oligonuclectides for the treat-
ment of various inflammatory diseases (Dean et al., 1996).

3.2. Soluble adhesion molecules

Circulating forms of cell adhesion molecules have been
found and the levels of these molecules can rise during
diseases processes (Danaet al., 1991; Rothlein et a., 1991;
Seth et a., 1991; Gearing and Newman, 1993). For in-
stance, circulating levels of ICAM-1 and E-selectin, but
not VCAM-1, are significantly elevated in the peripheral
blood of patients with acute asthma compared to the levels
in stable asthmatic patients or norma volunteers (Monte-

fort et al., 1994b). Also, increased levels of soluble ICAM-1
(Takahashi et al., 1994), soluble VCAM-1 (Zangrilli et d.,
1995) and soluble E-sdlectin (Georas et d., 1992) have
been detected in the broncho-alveolar lavage fluid from
patients with asthma 18 h after antigen challenge. These
and other findings indicate that elevated concentrations of
soluble cell adhesion molecules can be regarded as mark-
ers for the presence of inflammation. Besides, increased
levels of soluble adhesion molecules might play a protec-
tive role by blocking complementary adhesion receptors
and thereby decreasing inflammatory cell recruitment and
migration to sites of inflammation. Indeed, it has been
shown that soluble adhesion molecules can inhibit the
interaction between inflammatory and endothelial cells
(Dana et al., 1991; Gearing and Newman, 1993). However,
systemic levels of soluble adhesion molecules are often too
low to have significant de-adhesive effects (Gearing and
Newman, 1993).

3.3. Antibodies directed against cell adhesion molecules

The use of antibodies directed against adhesion
molecules has reveadled associations between a number of
diseases and an increased expression of adhesion molecules
(Bevilacqua et a., 1994). Also, most studies on anti-ad-
hesion therapy have utilized antibodies as therapeutic
agents in experimental animal models. Findings from these
studies have led to clinical trials with anti-adhesion ther-
apy in patients suffering from inflammatory diseases, can-
cer, transplant rejection, ischemiareperfusion injury,
thrombosis, etc. Only a few of these diseases are reviewed
here to provide examples of studies utilizing monoclonal
antibodies as anti-adhesion therapy.

Results of several studies have indicated that cell adhe-
sion molecules play a role in asthma. Increased expression
of E-selectin, ICAM-1 and VCAM-1 has been detected in
the endothelium from lung tissue of asthmatic patients
after alergen provocation (Georas et al., 1992; Bentley et
al., 1993; Montefort et al., 1994a; Gosset et al., 1995;
Ohkawara et al., 1995). Additionaly, elevated ICAM-1
expression was found in the bronchial epithelium of these
patients (Gosset et al., 1995; Ohkawara et al., 1995). In
vitro studies also showed that primary cultured human
bronchial epithelial cells express ICAM-1, what can be
upregulated by incubation with pro-inflammatory cy-
tokines (Look et al., 1992; Bloemen et al., 1993). The
functional relevance of adhesion molecules for leukocyte
migration into the airways has been demonstrated in sev-
eral animal models of alergic asthma. Wegner et al.
(1990) were the first to show that a monoclonal antibody
directed against ICAM-1 not only attenuated eosinophil
infiltration, but additionally, suppressed airway hyperre-
sponsiveness in a primate model of asthma. The role of
ICAM-1 and other adhesion molecules like VCAM-1,
VLA-4, LFA-1 and Mac-1 in the development of airway
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hyperresponsiveness has also been shown in other animal
models of asthma (Abraham et al., 1994; Milne and Piper,
1994, 1995; Nakgjima et al., 1994; Pretolani et al., 1994;
Laberge et al., 1995; Nagase et al., 1995; Bloemen et al.,
1996; Buckley et al., 1996; Gonzalo et a., 1996; Richards
et al., 1996). Results of some of these studies made clear
that antibodies directed against adhesion molecules have
effects on the development of airway hyperresponsiveness
that cannot be explained only by an effect on migration of
leukocytes. In addition to their involvement in the recruit-
ment of inflammatory cells, adhesion molecules are impor-
tant for cell activation (Springer, 1990; Clark and Brugge,
1995; Giancotti, 1997). For example, antibodies directed
against LFA-1 and ICAM-1 can prevent the contact be-
tween antigen-presenting cells and T-lymphocytes that are
needed for costimulatory signals essential for cytokine
release and other lymphocyte responses (Wacholtz et al.,
1989; Springer, 1990; Van Seventer et al., 1991). Addi-
tionally, antibodies directed against B, integrins inhibit
degranulation and oxidative metabolism in eosinophils and
neutrophils (Horie and Kita, 1994; Nagata et al., 1995).
Treatments with monoclonal antibodies directed against
cell adhesion molecules may thus affect the development
of airway inflammation and hyperresponsiveness in asthma
through an impairment of cell activation.

Rheumatoid arthritis is another chronic inflammatory
disease in which adhesion molecules play an important
role in the invasion of leukocytes into synovia tissues,
leading to tissue damage. Increased expression of E-selec-
tin, VCAM-1 and ICAM-1 has been found on the vascular
endothelium of synovial tissues (Cronstein and Weiss-
mann, 1993; Paleolog et al., 1996). Treatment of patients
suffering from refractory rheumatoid arthritis with mono-
clonal antibodies directed against ICAM-1 results in a
moderate to marked improvement in half the patients
(Kavanaugh et al., 1993, 1994). It has also been shown
that antibodies directed against ICAM-1 induce a hypore-
sponsiveness of T-cells from patients with rheumatoid
arthritis that was correlated with clinical improvement of
these patients (Davis et al., 1995).

Platelet adhesion and aggregation can lead to occlusive
thrombus formation and irreversible ischemic damage to,
e.g., heart and brain. The integrin, «,,, B, is only present
on platelets and plays a major role in platelet adhesion and
aggregation as it binds to immobilized fibrinogen (Coller,
1997). Research aimed at the development of anti-throm-
botic drugs has therefore focused on this platelet integrin
(Lefkovits et al., 1995). Coller and his colleagues were the
first to demonstrate that platelet aggregation could be
inhibited by a mouse monoclonal antibody directed against
a,, B; (Coaller, 1995). The F,, parts of such an antibody
have been coupled to the F, part of a human immuno-
globulin to prevent immunogenicity, yielding a compound
(ReoPro™) that has been approved for human use for
reducing the risk of ischemic complications after percuta
neous coronary intervention (Coller, 1995, 1997).

3.4. Low molecular weight compounds

To inhibit adhesion instead of using high molecular
weight soluble adhesion molecules or antibodies, short
peptides and carbohydrates have now been constructed,
based on the structural sequences of adhesion molecules
and their counter-structures (Lowe and Ward, 1997). Po-
tent and stable mimetics of sialyl Lewis* have been devel-
oped or found which can prevent interactions that are
regulated via selectins (Rao et al., 1994; Kogan et al.,
1995). Adhesion of neutrophils to cytokine-activated en-
dothelial cells can be inhibited in vitro by synthetic deriva
tives of sialyl Lewis® (Nelson et al., 1993). In vivo, siayl
Lewis* analogues reduce neutrophil accumulation and the
extent of tissue damage in anima models of acute lung
injury (Mulligan et al., 1993a,b) and myocardia reperfu-
sion (Buerke et a., 1994; Lefer et al., 1994). Also, syn-
thetic peptides based on amino sequences within the lectin
domain of selectins, block neutrophil adhesion in in vitro
assays (Briggs et al., 1995; Kruszynski et al., 1996; Tam et
al., 1996) and neutrophil infiltration into inflammatory
sites in vivo (Briggs et al., 1995).

Several B;-integrins bind extracellular matrix proteins
(e.g., fibronectin) at domains containing a RGD
(arginine—glycine—aspartic acid) sequence. Binding of
VLA-4 and VLA-5 to fibronectin also takes place at the
connecting segment-1 (CS-1) region of fibronectin. Small
modified peptides based on the RGD sequence or CS-1
structure block the interaction between VLA-4-bearing
cells and extracellular matrix structures or VCAM-1-ex-
pressing cells (Cardarelli et al., 1994; Elices et al., 1994;
Molossi et d., 1995; Lobb, 1997; Vanderdice et al., 1997).
Synthetic peptides based on amino acid sequences in bind-
ing regions of ICAM-1 or VCAM-1 can inhibit adherence
(Fecondo et al., 1991; Ross et al., 1992; Wang et a.,
1995).

3.5. Glucocorticoids

Many investigators have found decreased expression
and function of adhesion molecules to follow treatment
with glucocorticoids. The upregulation of E-selectin and
ICAM-1 on human endothelial cells upon stimulation with
lipopolysaccharide or cytokines can be inhibited by dexa
methasone or cortisol (Cronstein et a., 1992; Brostjan et
al., 1997; Wheller and Perretti, 1997). These treatments
result in diminished adherence of neutrophils to endothe-
lial cells (Cronstein et d., 1992). In contrast, Burke-Gaff-
ney and Hellewell (1996) found that dexamethasone did
not affect the cytokine-induced expression on endothelial
cells but inhibited only lipopolysaccharide-induced ICAM-
1 expression. Forsyth and Talbot (1992) found no effects
of dexamethasone on neutrophil adhesion to lipopoly-
saccharide-activated endothelial cells and expression of
adhesion molecules by these cell types. Dexamethasone
treatment, however, inhibited the expression of ICAM-1
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on a human bronchial epithelial cell line (Van de Stolpe et
al., 1993) and the monocytic cell line U937 (Van de Stolpe
et al., 1993; Perretti et a., 1996). The inhibitory effect of
glucocorticoids on ICAM-1 and E-selectin expression is
probably regulated at the transcription level via reduction
of NF-kB activity (Van de Stolpe et al., 1994; Van de
Stolpe and Van der Saag, 1996; Brostjan et al., 1997).

In vivo treatment of animals with dexamethasone re-
duces the expression of ICAM-1 on peritoneal macrophages
and circulating monocytes (Perretti et al., 1996; Tailor et
a., 1997) and of L-selectin and CD18 on neutrophils
(Burton et al., 1995). Interestingly, adrenalectomy and
treatment of rats with metyrapone both result in increased
adhesion and migration of leukocytes, suggesting that se-
cretion of glucocorticoids in vivo normally suppresses
leukocyte—endothelial interactions (Farsky et al., 1995).
Oral and intravenous methylprednisolone given to humans
suffering from multiple sclerosis reduces LFA-1 expres-
sion on circulating T-lymphocytes (Pitzalis et al., 1997). In
contrast, no effects on CD11b expression on circulating
leukocytes were found in rats given dexamethasone (Tailor
et al., 1997). Also, the upregulation of CD11b on exuda
tive granulocytes in endotoxin-treated rats is insensitive to
dexamethasone pretreatment (O’ Leary et al., 1996).

Glucocorticoids given to humans and animals in vivo
also influence the synthesis and release of inflammatory
mediators and other cytokines (Wilckens and De Rijk,
1997), which affect the upregulation of cell adhesion
molecules indirectly. Some of the effects of glucocorti-
coids in the expression of adhesion molecules might there-
fore be explained by a reduction in the synthesis and
release of inflammatory mediators and cytokines.

3.6. Eicosanoids and their inhibitors

Eicosanoids are important mediators of physiological
and pathophysiological processes in the body. Severa
eicosanoids and their inhibitors of synthesis and action
affect the expression and function of adhesion molecules
during inflammation. Inhibitors of phospholipase A, de-
crease the upregulation of Mac-1 expression on stimulated
neutrophils (Jacobson and Schrier, 1993; Amandi-
Burgermeister et al., 1997). In contrast, nonsteroidal anti-
inflammatory drugs (NSAIDs) like aspirin and indo-
methacin can enhance the surface expression of fB,-in-
tegrins on leukocytes (Y oshida et al., 1993) and ICAM-1
on endothelial cells (Andrews et a., 1994) leading to
increased adhesion and emigration of leukocytes, and tis-
sue injury (Asako et al., 1992a,b; Yoshida et al., 1995;
Kurose et al., 1996). The formation of leukotriene B,
seems to play a role in the NSAID-induced adhesion of
leukocytes to endothelial cells because 5-lipoxygenase in-
hibitors and leukotriene B, receptor antagonists inhibit
NSAID-induced adhesion (Asako et al., 1992a,b; Y oshida
et a., 1993). Leukotriene B, itself is able to increase
Mac-1 expression on neutrophils and to induce a transient

state of hyperadhesiveness in endothelia cells, leading to
increased binding of neutrophils (Gimbrone et al., 1984,
Berger et a., 1985; Palmblad and Lerner, 1992; Palmblad
et al., 1994). NSAID-induced adhesion can also be ex-
plained by a reduction in the formation of prostaglandins
that normally exert an inhibitory effect on leukocyte adhe-
sion (Chopra and Webster, 1988; Riva et al., 1990; Doerr
et a., 1992; Bloemen et al., 1997).

Prevention of adhesion by NSAIDs has also been de-
scribed. Sanchez-Madrid and co-workers have found that
different NSAIDs, including indomethacin and aspirin,
rapidly decrease the expression of L-selectin on neu-
trophils and inhibit neutrophil—endothelial cell attachment
under nonstatic conditions (Diaz-Gonzalez et al., 1995;
Gonzalez-Alvaro et a., 1996). Recently, it was found that
piroxicam (member of the oxicam family) prevents TNF«,
granulocyte—macrophage colony-stimulating factor (GM-
CSF) and formyl-methionyl—leucyl—phenylalanine
(fMLP)-induced L-selectin shedding and CD11b upregula-
tion on neutrophils (Garcia-Vicuha et a., 1997). Further-
more, piroxicam was able to prevent the active conforma:
tion of CD11b induced by fMLP and TNF-a (Garcia
Vicuha et al., 1997). One possible mechanism by which
NSAIDs decrease the expression of adhesion molecules is
via inhibition of the transcription factor nuclear factor-« B
(NF-xB). This transcription factor is critica for the in-
ducible expression of adhesion molecules, and its activa-
tion is inhibited by aspirin (Kopp and Ghosh, 1994).
However, relatively high concentrations of aspirin are
needed to inhibit NF-«B, and also experiments with an-
other NSAID (indomethacin) did not show a decreased
activity of NF-« B (Kopp and Ghosh, 1994). An alternative
explanation for inhibition of adhesion by aspirin might be
the acetylation of the inducible form of cyclo-oxygenase
(COX-2) by this NSAID. The combined action of aspirin-
acetylated COX-2 and 5-lipoxygenase enhances the forma-
tion of 15 epi-lipoxins (Claria and Serhan, 1995). These
compounds, and aso lipoxins themselves, inhibit the
leukotriene-stimulated interaction of neutrophils with en-
dothelial cells (Claria and Serhan, 1995; Serhan et al.,
1995; Papayianni et al., 1996). Others, however, have
found that lipoxin A, induces an increased adhesiveness
of endothelial cells to neutrophils (Lerner et al., 1993).

Inhibitors of fatty acid metabolism other than NSAIDs
have been shown to influence adhesion molecule function
and expression. Tepoxalin, originally identified as a dua
inhibitor of cyclo-oxygenase and 5-lipoxygenase activities,
suppresses the surface expression of E-selectin and
VCAM-1 on endothelia cells and of Mac-1 on granulo-
cytes(Lee et al., 1996). This compound has been shown to
inhibit NF-xB activation as well (Kazmi et al., 1995).
Application of tepoxalin in vivo suppresses the upregula
tion of Mac-1 on neutrophils and E-selectin expression on
endothelia cells and inhibits neutrophil adhesion to vessel
walls and migration into inflammatory sites (Zhou et al.,
1996; Kirchner et al., 1997). Leukocyte adhesion to en-
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dothelia cells can also be inhibited by tenidap (Kyan-Aung
et a., 1993). Tenidap is an antirheumatic compound which
inhibits mainly the cyclo-oxygenase pathway of eicosanoid
formation (Bondeson, 1996). The thromboxane A, syn-
thetase inhibitor, DP-1904, suppresses ICAM-1 and E-
selectin expression on endothelial cells (Ishizuka et al.,
1994; Kameda et al., 1995). This effect might be caused by
a reduced production of thromboxane A, or of other
mediators which would normally enhance the expression
and function of adhesion molecules.

All these data still do not give a clearcut answer to the
question of how inhibition of eicosanoid metabolism af-
fects the expression and function of adhesion molecules.
Inhibitors of eicosanoid formation are not aways very
selective and various eicosanoids can have opposite ef-
fects. Also, a particular eicosanoid can act on different cell
types in multiple ways and can affect the production of
other mediators involved regulating adhesion molecule
function.

3.7. Leumidins

The term ‘leumidins' was introduced by Burch et al.
(1991) to describe a series of N-(fluorenyl-9-methoxy-
carbonyl)amino acids found to have a broad spectrum of
anti-inflammatory activity. NPC-15199 (N-(fluorenyl-9-
methoxycarbonyl)-L-leucine) and NPC-15669 (N-9H-
(2,7-dimethylfluorenyl-9-methoxycarbonyl)-L-leucine)
have anti-inflammatory activity in several anima models
of inflammation, including oxazolone-induced dermatitis
in mice, adjuvant arthritis in rats, reversed passive Arthus
reaction in rats, acetic acid-induced colitis in rats and
arachidonic acid-induced dermatitis in mice (Burch et al.,
1991, 1992a,b; Noronha-Blob et al., 1993a). Further, NPC-
15669 diminished pulmonary injury after reperfusion due
to cardiovascular bypass (Bator et al., 1993; Friedman et
al., 1995) or to preservation of lungs (Uthoff et al., 1995).
NPC-15669 aso reduced the mortality associated with
sepsis in rats (Noronha-Blob et al., 1993b) and with the
administration of endotoxin in mice (Noronha-Blob et al.,
1991; Burch et al., 1993). In al these anima models, the
injury was associated with neutrophil influx, and treatment
with leumidins reduced the recruitment of neutrophils into
the inflammatory sites. The effects of leumidins on several
other neutrophil functions were thus examined in more
detail in vitro (Bator et a., 1992; Burch et al., 1992b). It
was found that NPC-15669 inhibits the upregulation of
Mac-1 on neutrophils upon stimulation with fMLP and that
the adhesion of fMLP-stimulated neutrophils to endothelial
cells in vitro was inhibited in a concentration-dependent
manner (Bator et al., 1992; Burch et al., 1992b). Simpli-
fied analogues of leumidins (fluorene-containing car-
boxylic acids) inhibit neutrophil adherence more selec-
tively and with greater potency than do other leumidins

(Hamilton et al., 1995). Further investigations showed that
the inhibition of Mac-1 expression was due to the ability
of NPC-15669 to inhibit the binding of fMLP to its
receptor on neutrophils (Smith et al., 1995; Endemann et
al., 1996). However, NPC-15669 also affects the degranu-
lation and adhesion of neutrophils upon stimulation with
stimuli other than fMLP (Asako et al., 1992a; Endemann
et a., 1996). These findings suggest that leumidins block
an event that occurs at a late stage of neutrophil activation
and is necessary for adherence but is not involved in the
upregulation of Mac-1 expression. NPC-15199 and NPC-
15669 were not considered for further clinical develop-
ment because of lack of adequate oral bio-availability
(Burch et al., 1992b). An oraly active leumidin (NPC-
17923; N-(9H-(2,7-dichlorofluorenyl)-9-ethoxycarbonyl)-
4-aminobenzoic acid) has been shown to be an effective
inhibitor of PAF-induced leukocyte adherence to the en-
dothelium of rat mesenteric post-capillary venules in vivo
(McCafferty et al., 1993). Recently, leumidins such as
NPC-15669 and NPC-17923 were found to induce the loss
of L-selectin from the surface of neutrophils, resulting in
blockade of adhesion of neutrophils under conditions of
flow (Endemann et al., 1997).

4. Concluding remarks

The results of the various studies described above make
it clear that the expression and function of cell adhesion
molecules are affected by many different compounds. Most
of the anti-inflammatory drugs (e.g., corticosteroids,
NSAIDs) have the disadvantage that they do not selec-
tively inhibit a particular adhesion molecule and that they
influence inflammatory processes at other steps as well.
More selective anti-adhesion therapy is available with the
use of monoclonal antibodies directed against a particular
adhesion molecule or its counter-structure. For their chronic
clinical application, however, these types of antibodies
must be chimeric or humanized to reduce immunogenicity
and other possible adverse effects. At the moment, there
has only been one agent, based on a monoclonal antibody
directed against the adhesion molecule «,, 85, that has
been developed successfully. This compound can be used
for inhibition of platelet activation in vivo because the
integrin «,, B3, is present only in platelets. The best way
to inhibit interactions via adhesion molecules is probably
to use low molecular weight peptides or carbohydrates
which can inhibit adhesion receptor interactions specifi-
cdly (e.g., peptides based on the RGD sequence or CS-1
structure or oligosaccharides based on sialyl Lewis®).
Chemical modifications can further increase the stability
and potency of these compounds with subsequent in-
creased clinical applicability. An alternative approach to
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the highly selective inhibition of adhesion molecule func-
tion could be to use antisense oligonucleotides.

Complicating factors for selective anti-adhesion therapy
are that most types of adhesion molecules are present on
more than one cell type and that interactions between two
cells can take place through more than one adhesion
molecule. Moreover, no matter which anti-adhesion ther-
apy is used, one must remain aware that treatments of this
kind can affect essential immune cell functions as well.
There is another way in which adhesion molecules can be
used for therapeutic intervention. Monoclonal antibodies
directed against an adhesion molecule can be conjugated to
liposomes (immunoliposomes) and it has been shown that
immunoliposomes specifically directed against ICAM-1 or
E-selectin will bind only to cells expressing ICAM-1 or
E-selectin (Bloemen et al., 1995; Spragg et a., 1997).
Adhesion molecule-targeted immunoliposomes can then be
used as carriers for drugs to, e.g., sites of inflammation or
tumors (Vingerhoeds et al., 1994).
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