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Abstract
The basic physiology of leucocyte emigra-
tion from the intravascular space into the
tissues is now known to be dependent on a
class of cell surface molecules that have
come to be known as adhesion molecules.
Many cell–cell interactions are dependent
on adhesion and signal transduction via
the various adhesion molecules, particu-
larly the integrins. The study of the
functions of these molecules has been
enhanced by the development of blocking
and activating monoclonal antibodies,
knockout mice, and by the rare “experi-
ments of nature” in the human popula-
tion, in whom there is absence or
dysfunction of one of the adhesion mol-
ecules. This review describes these leuco-
cyte adhesion defects and discusses how
they have provided important insights
into the function of these molecules.
(J Clin Pathol: Mol Pathol 2001;54:1–7)
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Over the past 15 years, the basic physiology of
leucocyte emigration from the intravascular
space into the tissues has been investigated
extensively. The classic steps of rolling, firm
adhesion, diapedesis, and chemotaxis are now
known to be dependent on a class of cell
surface molecules that have come to be known
as adhesion molecules. The major families of
cell adhesion molecules include the selectins,
the immunoglobulin superfamily, and the
integrins. The selectins are important for
leucocyte homing to particular tissues and can
be expressed on leucocytes (L-selectin
(CD62L)), vascular endothelium (P-selectin
(CD62P) and E-selectin (CD62E)), and plate-
lets (P-selectin). The immunoglobulin super-
family includes intercellular cell adhesion mol-
ecule 1 (ICAM-1), ICAM-2, and vascular cell
adhesion molecule 1 (VCAM-1). Integrins are
a large family of proteins that mediate cell
adhesion, migration, activation, embryogen-
esis, growth, and diVerentiation1 (table 1), and
it is not just leucocytes and endothelial cells
that express these molecules. Many cell–cell
interactions are now known to be dependent
on adhesion and signal transduction via the
various adhesion molecules, particularly the

integrins. The study of the functions of these
molecules has been enhanced by the develop-
ment of blocking and activating monoclonal
antibodies, knockout mice, and by the rare
“experiments of nature” in the human popula-
tion, in whom there is absence or dysfunction
of one of the adhesion molecules.

Among the many types of adhesion mol-
ecule, the only known human deficiencies to
date are of the branched pentasaccharide sialyl
Lewis x (CD15s) antigen and two members of
the integrin family, the leucocyte integrin
CD18 and the platelet integrin CD41/CD61
(GPIIbIIIa). In this review, we describe these
defects and discuss how aVected patients have
provided important clues to the function of
these molecules.

Background
Each member of the integrin family consists of a
non-covalently linked heterodimer of an á chain
and a â chain, transmembrane glycoproteins
with short cytoplasmic tails. They are subdiv-
ided according to the diVerent subunits, and
more than 20 diVerent combinations have been
recognised.2 Some bind to extracellular matrix
proteins and take part in the interactions
between cells and the extracellular matrix.
Others bind to cell membrane proteins (for
example, ICAM-1 and ICAM-2) and mediate
cell–cell adhesion and cell–cell communica-
tion. In this way, they are able to integrate the
activation of the extracellular matrix and the
cytoskeleton (hence the term “integrin”). Lig-
and specificity is determined by the particular
áâ subunit combination of the integrin.

Table 1 Some important integrins mentioned in the text
and their ligands

â subunit â2(CD18) â3(CD61)

áL LFA-1
(CD11a) CD11a/CD18

ICAMs

áM Mac-1
(CD11b) CD11b/CD18

ICAM-1, fibrinogen

áX p150.95
(CD11c) CD11c/CD18

iC3b
áV CD51/CD61
(CD51) Vitronectin

áIIb GPIIbIIIa
(CD41) CD41/CD61

Fibrinogen

The ligands are given in italics.
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Integrin ligands, including fibrinogen, use
specific amino acid sequences as recognition
motifs for receptor binding. The prototype
motif is RGD.3 However, numerous other
amino acid sequences are now recognised as
integrin ligands, some of which are much
longer than the originally described RGD
motif.4 Fibrinogen is important in the
leucocyte–endothelial interaction. Although
leucocyte integrins are able to bind to endothe-
lial ICAM-1 in the absence of fibrinogen,
fibrinogen greatly enhances leucocyte binding
to the endothelium, probably by acting as a
bridge between leucocyte Mac-1 and endothe-
lial ICAM-1 (fig 1).5 Platelet GPIIbIIIa binds
to three motifs in the fibrinogen chain: AGDV
at the C-terminal ã 408–411 of the fibrinogen
chain,6–8 an RGDS sequence at á 572–575, and
an RGDF sequence at á 95–98.9 The ability of
GPIIbIIIa to bind fibrinogen is essential in
platelet–platelet and platelet–endothelial inter-
actions and might also be important in
platelet–neutrophil interactions.10 11 Attach-
ment between adjacent platelets after platelet
activation is via a GPIIbIIIa fibrinogen bridge.
GPIIbIIIa also mediates platelet adhesion to
the intact endothelial surface via a bridging
mechanism using fibrinogen and endothelial
ICAM-1 or ávâ3 (fig 2).12

In conclusion, there is a complex network of
cellular adhesive events between platelets, leu-
cocytes, and endothelial cells dependent upon
adhesion molecules, particularly integrins and
their ligands, linking the processes of haemos-
tasis, thrombosis, and inflammation.

Defects of integrin expression
LEUCOCYTE ADHESION DEFICIENCY TYPE 1

(LAD-1)
LAD-1 is an immune deficiency characterised
by the inability of leucocytes, particularly neu-
trophils, to emigrate from the intravascular
space to sites of tissue inflammation. The syn-
drome was first described by Hayward et al in
1979.13 In its classic form, it is an autosomal
recessive disease characterised by recurrent
bacterial infections, impaired pus formation,
abnormal wound healing, and persistent pe-
ripheral blood leucocytosis. A delay in separa-
tion of the umbilical cord may be the first sign
of the disease. It is caused by the absence or
dysfunction of CD18. The genetic defect is at
chromosome 22q21 and consists of a variety of
mutations in the common â2 chain, including
splicing, frame shift, missense, and initiation
codon abnormalities (fig 3). The aberrant
CD18 precursor protein is either undetectable
or synthesised in a mutant form unable to
associate with its á subunit. Thus, the expres-
sion of all three of the leucocyte â2 integrins is
either completely absent or deficient.

The phenotype of this condition is variable,
with disease severity correlating to a large
extent with the levels of expression of â2

integrin. Patients with < 1% expression present
early in life, have recurrent life threatening
infections, and require bone marrow transplan-
tation for long term survival.26 Patients with a
moderate phenotype—having 2.5–6% of the
normal concentrations of protein—have peri-
odontitis, delayed wound healing, skin infec-
tions, and skin inflammation resembling pyo-
derma gangrenosum27 28 (fig 4). Delayed
umbilical cord separation is not a feature of the
moderate phenotype disorder. Heterozygous
relatives of the patients have 40–60% of the
normal amount of â2 integrins and are
clinically normal.29

Recently, it has become apparent that the
severity of the moderate phenotype disease is
dependent upon the relative binding of the
mutant CD18 molecule to the three CD11
proteins. A detailed molecular analysis of
patients with CD18 values between 1% and
10% of normal values has revealed that the
specific CD18 mutations in these individuals
lead to greatly diVerent levels of CD11a/CD18,
CD11b/CD18, and CD11c/CD18 expression.
For example, a mutation in the CD18 gene that
leads to an A270V substitution in the CD18
protein supports some expression and function
of CD11b/CD18 and CD11c/CD18 but not of
CD11a/CD18. As more of these mutations are
examined in detail, the importance of diVerent
regions of the CD18 molecule for expression
and function will be elucidated.

Although an absence of CD18 is clearly det-
rimental in the long term, there has been inter-
est in short term blocking of integrin function

Figure 1 Mechanisms of leucocyte–endothelial interaction. Rolling adhesion mediated by
sialyl Lewis x (SLex) and other glycosylated structures and selectins. Firm adhesion and
diapedesis mediated by integrins and molecules of the immunoglobulin superfamily. ICAM,
intercellular cell adhesion molecule; VCAM, vascular cell adhesion molecule.
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Figure 2 Platelet–endothelial and platelet–platelet
interactions. Platelets may bind via one of several bridging
mechanisms to intact endothelium. Platelet–platelet
interactions are mediated via GPIIbIIIa and a fibrinogen
bridge. ICAM-1, intercellular cell adhesion molecule 1;
vWF, von Willebrand factor.
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using monoclonal antibodies in several inflam-
matory conditions, including bone marrow
transplant associated graft versus host dis-
ease,30 meningitis,31 acute respiratory distress
syndrome (ARDS)32 and psoriasis.33

GLANZMANN’S THROMBASTHENIA

Glanzmann’s thrombasthenia is an autosomal
recessive disease characterised by a normal
platelet count, a prolonged bleeding time, poor
or absent clot retraction, and abnormal platelet
aggregation. The disease was first described in
1918,34 and is now known to result from absent
or defective platelet GPIIbIIIa.35 Several muta-
tions have been identified both in GPIIb
(CD41) and in GPIIIa (CD61). In GPIIb,
these mutations lead to defects in mRNA
splicing,36 mRNA stability,37 subunit associ-
ation,38 intracellular traYcking,39 and ligand
binding.40 Mutations in the GPIIIa gene
include nucleotide substitutions, splicing de-
fects, small deletions, gross deletions, and
complex rearrangements, and they all aVect
integrin mediated signal transduction41 (fig 5).

The absence of GPIIbIIIa means that although
activated platelets can bind to the subendothe-
lium, they cannot recruit additional platelets or
bind to intact endothelium.

Glanzmann’s thrombasthenia has been clas-
sified into two types: type 1, in which GPIIbIIIa
is completely absent; and type 2, in which
5–20% of the â3 integrin is expressed. Clot
retraction is completely absent in type 1 and
decreased in type 2. Clot retraction depends on
conformational changes in the platelet cytoskel-
eton demonstrating that “outside in” signalling
via GPIIbIIIa is functionally important. How-
ever, the classification has no clinical relevance
because, in contrast to the leucocyte adhesion
defects, the haemorrhagic tendency in Glanz-
mann’s thrombasthenia is not related to the
quantity of GPIIbIIIa on the platelet surface.

Several GPIIbIIIa blockers are now in clini-
cal use and under development. These are
antibody and peptide based antagonists given
intravenously, or non-peptides with parenteral
or oral routes of administration. Abciximab is
the Fab fragment of a monoclonal antibody
against GPIIbIIIa that has been humanised to
reduce immunogenicity.61 Eptifibatide is based
upon the snake disintegrin, barbourin, which
contains the amino acid sequence KGN within
a disulphide ring.62 Specific for GPIIbIIIa, this
blocker is believed to be an analogue of the
AGDV sequence at the extreme C-terminus of
the ã-chain of fibrinogen, which mediates the
binding of fibrinogen to the receptor.63 RGD
was the starting point for the design of
tirofiban.64 All three of these GPIIbIIIa block-
ers, and the others in clinical testing, react with
the resting and active forms of GPIIbIIIa.
Many of the oral GPIIbIIIa blockers also are
mimetics of the ã-chain or RGD peptides.
There have been several clinical trials of these

Figure 3 Exon map of the gene encoding CD18 (ITGB2) showing the gene mutations
identified to date and the resultant changes in the protein product.

M1 K14T1 G

D128 N17G382 A
S138 P18T412 C
L149 P19T446 C

G169 R20G505 A
P178 L21C533 T
K196 T22A587 C
D231 H23G691 C

CD18 (ITGB2) gene mutations
21q22.3
Mutation Protein1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

190–10 bp del

IVS4 – 37 169 bp del del exon 516

Frameshift early stop15

del.GA1256 Frameshift early stop19

Not known 220 bp deletion del. exon 1321

del.T2072 T deletion frameshift stop14

IVS6 – 14c a Splice error insertion PSSQ19

IVS7 + 1g a Splice error 1.2 kb insertion17

IVS9 + 3g c Splice error del. exon 925

G817 A G273 R18

G850 A G284 S19

A1052 G N351 S24

C1777 T R593 C22
G1756 T R586 W19
C1602 A C534 stop15

Figure 4 (A) Gingivitis and (B) non-healing in a
patient with leucocyte adhesion deficiency type 1 (LAD-1).
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drugs reporting favourable results in acute cor-
onary syndromes and stroke, and their use is
likely to become widespread.65

Defects of integrin function: LAD and
Glanzmann’s variants
Integrins change their conformation and shape
during ligand binding and activation (fig 6).66–68

This property allows integrins to play a role in
both “outside in” and “inside out” signalling.
Through the outside in signalling pathway,
binding of ligand to integrins alters gene
expression and aVects cellular proliferation and
diVerentiation.69 The inside out signal pathway
is important for leucocyte recruitment and
platelet aggregation because conformational
changes in the integrin heterodimer expose the
high aYnity integrin binding site, substantially
increasing the binding of specific ligand.
Integrin intracellular signalling is poorly un-
derstood, but it is known to be dependent on

the presence of divalent cations.70 Several anti-
bodies exist that are known as “activation
reporters”; that is, they bind at or very near to
the ligand binding site of the integrin. Mab 24
identifies the active site of CD11b/CD1871 and
Pac-1 identifies the active site of GPIIbIIIa.72

Alternatively, because fibrinogen is an integrin
ligand, its binding to either molecule can be
used as a proxy measure of the activation state
(figs 7 and 8).

We have recently described a defect of
integrin function in a 15 year old boy who had
“moderately severe” LAD-1, but whose CD18
expression was 40–60% of normal,18 which
should be suYcient for normal integrin func-
tion. However, this patient’s neutrophils did not
bind to the integrin ligands and did not display
a â2 integrin activation epitope after stimula-
tion. Sequencing of the two CD18 alleles
revealed that the patient was a compound
heterozygote with two diVerent mutations in
the â2 subunit conserved domain. Cells trans-
fected with the first mutation were totally
unable to express CD18, just as in LAD-1.
Normal expression of CD18 was observed in
cells that were transfected with the second
mutation, but these â2 integrins could not be
activated and did not support integrin function.
Thus, this unique patient expressed adequate
amounts of CD18, but the failure of CD18
function led to a disease that is clinically indis-
tinguishable from the severe form of LAD-1.

Defects in integrin function have also been
found in variant forms of Glanzmann’s throm-
basthenia. A single case has been described
similar to ours in which a boy with 50% of the
normal values of â3 integrin detectable by flow
cytometry had a clinical syndrome indistin-
guishable from Glanzmann’s thrombasthenia.41

This boy was also found to be a compound
heterozygote with diVerent mutations in each
of his two â3 integrin alleles. One of these
mutations resulted in a truncated protein con-
taining only the first eight of the 47 amino acids
normally present in the cytoplasmic domain,
whereas the other resulted in a frame shift and
early termination. In this case, the truncated
cytoplasmic portion of the â3 integrin was
thought to interrupt inside out signal transduc-
tion and thus disrupt function, preventing
integrin activation and fibrinogen binding.

Figure 5 Exon map of the gene encoding CD61 (ITGB3) showing the gene mutations
identified to date and the resultant changes in the protein product. The complex
rearrangements del 1 kb, inv 15 kb are not shown.60a

R62 stop45C278 T

CD61 (ITGB3) gene mutations

17q21.32 (nucleotide numbering as Zimrin, 1990
42

)

Nucleotide Protein change

IVS1 + 1g

0

1
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3
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5

6

7

8

9

10

11

12

13

14

t del. exon 1 early stop43

T192 C L33 P44

T444 G L117 W46

G449 T D119 W40

C579 T S162 L47

del.AG725 codon 210 frameshift stop48

del.6bp1069 Frameshift stop52

del.11bp2047 Frameshift stop59

C734 T R214 W49

G735 A R214 Q50

A929 C H280 P51

G1215 A C374 W53

T1718 C C542 R56

T2348 C S752 P60

G1773 T C560 F51

G1829 A G579 S51

G1940 T E616 Stop57

C2000 T R636 C58

C1313 G P407 A54

G1276 A Splice ds-6 del exon 955

Figure 6 The integrin heterodimer exists in two
conformational forms. On the left is the inactivated form.
Activation may occur by binding of ligand (right). This
may cause “outside in” signalling, in which intracellular
events occur as a result of ligand binding. Alternatively,
“inside out” signalling may occur, changing the
conformation of the integrin from inactive to active,
exposing the ligand binding site, and making the integrin
much more likely to bind to its ligand.
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Tako Kuijpers and colleagues73 recently
described a patient with defective function of
both the â2 (LAD-1) and â3 (Glanzmann’s
thrombasthenia) integrins. Although both mol-
ecules were present on cell surfaces, they did
not express activation epitopes on stimulation,
and both leucocyte adhesion and platelet
aggregation were impaired. Clinically, the child
had features of both moderate type LAD-1 and
Glanzmann’s thrombasthenia. This patient
and several similar cases are likely to have
defective inside out signalling of both â2 and â3

integrins, leading to a failure of high avidity
ligand binding.

LEUCOCYTE ADHESION DEFICIENCY TYPE 2 (LAD-2)
Sialyl Lewis x is a carbohydrate component
existing on neutrophils, monocytes, and eosi-
nophils that is involved in the very first step of
the leucocyte–endothelial interaction, rolling
adhesion. This step is mediated via an interac-
tion between leucocyte sialyl Lewis x and
endothelial adhesion molecules of the CD62
selectin family (fig 1). LAD-2 is a very rare
autosomal recessive disease, so far reported in

only two families, which is characterised by
recurrent infections and neutrophil motility
dysfunction, but normal â2 integrin expression.
It is related to defective expression in leuco-
cytes of sialyl Lewis x, a fucosylated ligand for
endothelial selectins.74 Neutrophil rolling on
vascular endothelium and hence recruitment
to sites of infection is extremely limited. These
patients have severe mental retardation, the
rare Bombay blood group, and are Lewis nega-
tive, suggesting a generalised defect of fucose
metabolism. The defect in LAD-2 has been
localised to the de novo pathway of GDP
fucose biosynthesis,75 but the molecular basis is
still unknown.

Conclusion
The adhesion molecules are of profound
importance in health and disease. There are
several human “experiments of nature” that
illustrate their central role in thrombosis,
haemostasis, and inflammation. They have a
role in cell adhesion, migration, activation,
embryogenesis, growth, and diVerentiation.
Therapeutic advances based upon this new
knowledge have already been made, with a new
class of drugs for use in acute coronary
syndromes and stroke, the GPIIbIIIa antago-
nists. A basic understanding of the adhesion
molecules is important because, as our under-
standing increases, it is likely that blocking
strategies will be developed against other adhe-
sion molecules in variety of clinical conditions.

We thank A Law and N Hogg who have helped to make this
work possible.
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