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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
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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

)
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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.

1 Hynes RO. Integrins: versatility, modulation, and signaling
in cell adhesion. Cell 1992;69:11–25.

2 Carlos TM, Harlan JM. Leukocyte–endothelial adhesion
molecules. Blood 1994;84:2068–101.

3 Humphries MJ. The molecular basis and specificity of
integrin–ligand interactions. J Cell Sci 1990;97:585–92.

4 Ruoslahti E. RGD and other recognition sequences for
integrins. Annu Rev Cell Dev Biol 1996;12:697–715.

5 Languino LR, Plescia J, Duperray A, et al. Fibrinogen medi-
ates leukocyte adhesion to vascular endothelium through
an ICAM-1-dependent pathway. Cell 1993;73:1423–34.

6 Kloczewiak M, Timmons S, Lukas TJ, et al. Platelet recep-
tor recognition site on human fibrinogen. Synthesis and
structure–function relationship of peptides corresponding
to the carboxy-terminal segment of the gamma chain. Bio-
chemistry 1984;23:1767–74.

7 D’Souza SE, Ginsberg MH, Burke TA, et al. Localization of
an Arg-Gly-Asp recognition site within an integrin
adhesion receptor. Science 1988;242:91–3.

8 Liu Q, Rooney MM, Kasirer-Friede A, et al. Role of the
gamma chain Ala-Gly-Asp-Val and alpha chain Arg-Gly-
Asp-Ser sites of fibrinogen in coaggregation of platelets and
fibrinogen-coated beads. Biochim Biophys Acta 1998;1385:
33–42.

9 Andrieux A, Hudry-Clergeon G, Ryckewaert JJ, et al.
Amino acid sequences in fibrinogen mediating its interac-
tion with its platelet receptor, GPIIbIIIa. J Biol Chem 1989;
264:9258–65.

10 Evangelista V, Manarini S, Rotondo S, et al. Platelet/
polymorphonuclear leukocyte interaction in dynamic
conditions: evidence of adhesion cascade and cross talk
between P-selectin and the beta 2 integrin CD11b/CD18.
Blood 1996;88:4183–94.

11 Peters MJ, Dixon G, Kotowicz KT, et al. Circulating
platelet–neutrophil complexes represent a subpopulation of
activated neutrophils primed for adhesion, phagocytosis
and intracellular killing. Br J Haematol 1999;106:391–9.

12 Bombeli T, Schwartz BR, Harlan JM. Adhesion of activated
platelets to endothelial cells: evidence for a GPIIbIIIa-
dependent bridging mechanism and novel roles for
endothelial intercellular adhesion molecule 1 (ICAM-1),
alphavbeta3 integrin, and GPIbalpha. J Exp Med 1998;187:
329–39.

13 Hayward AR, Harvey BA, Leonard J, et al. Delayed separa-
tion of the umbilical cord, widespread infections, and
defective neutrophil mobility. Lancet 1979;1:1099–101.

14 Sligh JE, Jr, Hurwitz MY, Zhu CM, et al. An initiation codon
mutation in CD18 in association with the moderate pheno-
type of leukocyte adhesion deficiency. J Biol Chem
1992;267:714–18.

Figure 7 Flow cytometry plots showing (A) neutrophil CD11b expression and (B) Mab
24 binding after maximal stimulation with f-met-leu-phe. Blue, leucocyte adhesion
deficiency type 1 (LAD-1); red/pink, leucocyte integrin activation abnormality; green,
Glanzmann’s thrombasthenia; black/brown, immunocompetent control.

Figure 8 Flow cytometry plots showing platelet fibrinogen binding after maximal
stimulation with thrombin. Blue, LAD-1; red/pink, Glanzmann’s type 1; green,
Glanzmann’s type 2; black/brown, immunocompetent control.

Demystified . . . Adhesion molecule deficiencies 5

www.molpath.com

 group.bmj.com on February 10, 2012 - Published by mp.bmj.comDownloaded from 

http://mp.bmj.com/
http://group.bmj.com/


15 Lopez RC, Nueda A, Grospierre B, et al. Characterization of
two new CD18 alleles causing severe leukocyte adhesion
deficiency. Eur J Immunol 1993;23:2792–8.

16 Allende LM, Hernandez M, Corell A, et al. A novel CD18
genomic deletion in a patient with severe leucocyte
adhesion deficiency: a possible CD2/lymphocyte function-
associated antigen-1 functional association in humans.
Immunology 2000;99:440–50.

17 Matsuura S, Kishi F, Tsukahara M, et al. Leukocyte
adhesion deficiency: identification of novel mutations in
two Japanese patients with a severe form. Biochem Biophys
Res Commun 1992;184:1460–7.

18 Hogg N, Stewart MP, Scarth SL, et al. A novel leukocyte
adhesion deficiency caused by expressed but nonfunctional
beta2 integrins Mac-1 and LFA-1. J Clin Invest 1999;103:
97–106.

19 Wright AH, Douglass WA, Taylor GM, et al. Molecular
characterization of leukocyte adhesion deficiency in six
patients. Eur J Immunol 1995;25:717–22.

20 Wardlaw AJ, Hibbs ML, Stacker SA, et al. Distinct mutations
in two patients with leukocyte adhesion deficiency and
their functional correlates. J Exp Med 1990;172:335–45.

21 Back AL, Kwok WW, Hickstein DD. Identification of two
molecular defects in a child with leukocyte adherence defi-
ciency. J Biol Chem 1992;267:5482–7.

22 Arnaout MA, Dana N, Gupta SK, et al. Point mutations
impairing cell surface expression of the common beta subu-
nit (CD18) in a patient with leukocyte adhesion molecule
(Leu-CAM) deficiency. J Clin Invest 1990;85:977–81.

23 Mathew EC, Shaw JM, Bonilla FA, et al. A novel point
mutation in CD18 causing the expression of dysfunctional
CD11/CD18 leucocyte integrins in a patient with leuco-
cyte adhesion deficiency (LAD) [in process citation]. Clin
Exp Immunol 2000;121:133–8.

24 Nelson C, Rabb H, Arnaout MA. Genetic cause of
leukocyte adhesion molecule deficiency. Abnormal splicing
and a missense mutation in a conserved region of CD18
impair cell surface expression of beta 2 integrins. J Biol
Chem 1992;267:3351–7.

25 Kishimoto TK, O’Conner K, Springer TA. Leukocyte
adhesion deficiency. Aberrant splicing of a conserved
integrin sequence causes a moderate deficiency phenotype.
J Biol Chem 1989;264:3588–95.

26 Fischer A, Trung PH, Descamps-Latscha B, et al.
Bone-marrow transplantation for inborn error of phago-
cytic cells associated with defective adherence, chemotaxis,
and oxidative response during opsonised particle phagocy-
tosis. Lancet 1983;2:473–6.

27 van de Kerkhof PC, Weemaes CM. Skin manifestations in
congenital deficiency of leucocyte-adherence glycoproteins
(CDLG). Br J Dermatol 1990;123:395–401.

28 Bedlow AJ, Davies EG, Moss AL, et al. Pyoderma
gangrenosum in a child with congenital partial deficiency
of leucocyte adherence glycoproteins. Br J Dermatol 1998;
139:1064–7.

29 Anderson DC, Schmalsteig FC, Finegold MJ, et al. The
severe and moderate phenotypes of heritable Mac-1,
LFA-1 deficiency: their quantitative definition and relation
to leukocyte dysfunction and clinical features. J Infect Dis
1985;152:668–89.

30 Maraninchi D, Mawas C, Stoppa AM, et al. Anti LFA1
monoclonal antibody for the prevention of graft rejection
after T cell-depleted HLA-matched bone marrow trans-
plantation for leukemia in adults. Bone Marrow Transplant
1989;4:147–50.

31 Saez-Llorens X, Jafari HS, Severien C, et al. Enhanced
attenuation of meningeal inflammation and brain edema by
concomitant administration of anti-CD18 monoclonal
antibodies and dexamethasone in experimental Haemo-
philus meningitis. J Clin Invest 1991;88:2003–11.

32 Gardinali M, Borrelli E, Chiara O, et al. Inhibition of
CD11–CD18 complex prevents acute lung injury and
reduces mortality after peritonitis in rabbits. Am J Respir
Crit Care Med 2000;161:1022–9.

33 Gottlieb A, Krueger JG, Bright R, et al. EVects of adminis-
tration of a single dose of a humanized monoclonal
antibody to CD11a on the immunobiology and clinical
activity of psoriasis. J Am Acad Dermatol 2000;42:428–35.

34 Glanzmann E. Hereditare hemorrhagische Thrombasthenie:
ein Betrag zur Pathologie der Bluttplattchen. Jahrbuch
Kinderheilkunde 1918;88:113–41.

35 Nurden AT, Caen JP. An abnormal platelet glycoprotein
pattern in three cases of Glanzmann’s thrombasthenia. Br J
Haematol 1974;28:253–60.

36 Burk CD, Newman PJ, Lyman S, et al. A deletion in the
gene for glycoprotein IIb associated with Glanzmann’s
thrombasthenia. J Clin Invest 1991;87:270–6.

37 Kato A, Yamamoto K, Miyazaki S, et al. Molecular basis for
Glanzmann’s thrombasthenia (GT) in a compound hetero-
zygote with glycoprotein IIb gene: a proposal for the classi-
fication of GT based on the biosynthetic pathway of glyco-
protein IIb–IIIa complex. Blood 1992;79:3212–18.

38 Wilcox DA, Paddock CM, Lyman S, et al. Glanzmann
thrombasthenia resulting from a single amino acid substitu-
tion between the second and third calcium-binding domains
of GPIIb. Role of the GPIIb amino terminus in integrin
subunit association. J Clin Invest 1995;95:1553–60.

39 Wilcox DA, Wautier JL, Pidard D, et al. A single amino acid
substitution flanking the fourth calcium binding domain of
alpha IIb prevents maturation of the alpha IIb beta 3
integrin complex. J Biol Chem 1994;269:4450–7.

40 Loftus JC, O’Toole TE, Plow EF, et al. A beta 3 integrin
mutation abolishes ligand binding and alters divalent
cation-dependent conformation. Science 1990;249:915–18.

41 Wang R, Shattil SJ, Ambruso DR, et al. Truncation of the
cytoplasmic domain of beta3 in a variant form of
Glanzmann thrombasthenia abrogates signaling through
the integrin alpha(IIb)beta3 complex. J Clin Invest
1997;100:2393–403.

42 Zimrin AB, Gidwitz S, Lord S, et al. The genomic organiza-
tion of platelet glycoprotein IIIa. J Biol Chem 1990;265:
8590–5.

43 Simsek S, Heyboer H, Bruijne-Admiraal LG, et al.
Glanzmann’s thrombasthenia caused by homozygosity for
a splice defect that leads to deletion of the first coding exon
of the glycoprotein IIIa mRNA. Blood 1993;81:2044–9.

44 Newman PJ, Derbes RS, Aster RH. The human platelet
alloantigens, PlA1 and PlA2, are associated with a
leucine33/proline33 amino acid polymorphism in mem-
brane glycoprotein IIIa, and are distinguishable by DNA
typing. J Clin Invest 1989;83:1778–81.

45 Vinciguerra C, Trzeciak MC, Philippe N, et al. Molecular
study of Glanzmann thrombasthenia in 3 patients issued
from 2 diVerent families. Thromb Haemost 1995;74:822–7.

46 Basani RB, Brown DL, Vilaire G, et al. A Leu117→Trp
mutation within the RGD-peptide cross-linking region of
beta3 results in Glanzmann thrombasthenia by preventing
alphaIIb beta3 export to the platelet surface. Blood
1997;90:3082–8.

47 Jackson DE, White MM, Jennings LK, et al. A Ser162→Leu
mutation within glycoprotein (GP) IIIa (integrin beta3)
results in an unstable alphaIIbeta3 complex that retains
partial function in a novel form of type II Glanzmann
thrombasthenia. Thromb Haemost 1998;80:42–8.

48 Skogen B, Wang R, McFarland JG, et al. A dinucleotide
deletion in exon 4 of the PlA2 allelic form of glycoprotein
IIIa: implications for the correlation of serologic versus
genotypic analysis of human platelet alloantigens. Blood
1996;88:3831–6.

49 Lanza F, Stierle A, Fournier D, et al. A new variant of
Glanzmann’s thrombasthenia (Strasbourg I). Platelets with
functionally defective glycoprotein IIb–IIIa complexes and
a glycoprotein IIIa 214Arg→214Trp mutation. J Clin Invest
1992;89:1995–2004.

50 Bajt ML, Ginsberg MH, Frelinger AL, III, et al. A
spontaneous mutation of integrin alpha IIb beta 3 (platelet
glycoprotein IIb–IIIa) helps define a ligand binding site. J
Biol Chem 1992;267:3789–94.

51 Ambo H, Kamata T, Handa M, et al. Three novel integrin
beta3 subunit missense mutations (H280P, C560F, and
G579S) in thrombasthenia, including one (H280P) preva-
lent in Japanese patients. Biochem Biophys Res Commun
1998;251:763–8.

52 Morel-Kopp MC, Kaplan C, Proulle V, et al. A three amino
acid deletion in glycoprotein IIIa is responsible for type I
Glanzmann’s thrombasthenia: importance of residues
Ile325Pro326Gly327 for beta3 integrin subunit associ-
ation. Blood 1997;90:669–77.

53 Grimaldi CM, Chen F, Scudder LE, et al. A Cys374Tyr
homozygous mutation of platelet glycoprotein IIIa (beta 3)
in a Chinese patient with Glanzmann’s thrombasthenia.
Blood 1996;88:1666–75.

54 Kuijpers RW, Simsek S, Faber NM, et al. Single point muta-
tion in human glycoprotein IIIa is associated with a new
platelet-specific alloantigen (Mo) involved in neonatal
alloimmune thrombocytopenia. Blood 1993;81:70–6.

55 Jin Y, Dietz HC, Montgomery RA, et al. Glanzmann throm-
basthenia. Cooperation between sequence variants in cis
during splice site selection. J Clin Invest 1996;98:1745–54.

56 Ruan J, Schmugge M, Clemetson KJ, et al. Homozygous
Cys542→Arg substitution in GPIIIa in a Swiss patient with
type I Glanzmann’s thrombasthenia. Br J Haematol
1999;105:523–31.

57 Ferrer M, Tao J, Iruin G, et al. Truncation of glycoprotein
(GP) IIIa (616–762) prevents complex formation with
GPIIb: novel mutation in exon 11 of GPIIIa associated
with thrombasthenia. Blood 1998;92:4712–20.

58 Santoso S, Kalb R, Kroll H, et al. A point mutation leads to
an unpaired cysteine residue and a molecular weight poly-
morphism of a functional platelet beta 3 integrin subunit.
The Sra alloantigen system of GPIIIa. J Biol Chem
1994;269:8439–44.

59 Newman PJ, Seligsohn U, Lyman S, et al. The molecular
genetic basis of Glanzmann thrombasthenia in the
Iraqi-Jewish and Arab populations in Israel. Proc Natl Acad
Sci U S A 1991;88:3160–4.

60 Chen YP, DjaVar I, Pidard D, et al. Ser-752→Pro mutation
in the cytoplasmic domain of integrin beta 3 subunit and
defective activation of platelet integrin alpha IIb beta 3
(glycoprotein IIb–IIIa) in a variant of Glanzmann throm-
basthenia. Proc Natl Acad Sci U S A 1992;89:10169–73.

60a Li L, Bray PF. Homologous recombination among three
intragene Alu sequences causes inversion-deletion resulting
in the hereditary bleeding disorder Glanzmann throm-
basthenia. Am J Hum Genet 1993;53:140–9.

61 Jordan RE, Mascelli MA, Nakada MT, et al. New therapeutic
agents in thrombosis and thrombolysis. New York: Marcel
Dekker, 1997.

62 Phillips DR, Scarborough RM. Clinical pharmacology of
eptifibatide. Am J Cardiol 1997;80:11B–20B.

63 Farrell DH, Thiagarajan P, Chung DW, et al. Role of
fibrinogen alpha and gamma chain sites in platelet aggrega-
tion. Proc Natl Acad Sci U S A 1992;89:10729–32.

64 Egbertson MS, Chang CT, Duggan ME, et al. Non-peptide
fibrinogen receptor antagonists. 2. Optimization of a
tyrosine template as a mimic for Arg-Gly-Asp. J Med Chem
1994;37:2537–51.

6 Inwald, Davies, Klein

www.molpath.com

 group.bmj.com on February 10, 2012 - Published by mp.bmj.comDownloaded from 

http://mp.bmj.com/
http://group.bmj.com/


65 Topol EJ, Byzova TV, Plow EF. Platelet GPIIb–IIIa blockers
[see comments]. Lancet 1999;353:227–31.

66 Frelinger AL, Du XP, Plow EF, et al. Monoclonal antibodies
to ligand-occupied conformers of integrin alpha IIb beta 3
(glycoprotein IIb–IIIa) alter receptor aYnity, specificity,
and function. J Biol Chem 1991;266:17106–11.

67 Sims PJ, Ginsberg MH, Plow EF, et al. EVect of platelet
activation on the conformation of the plasma membrane
glycoprotein IIb–IIIa complex. J Biol Chem 1991;266:
7345–52.

68 Kouns WC, Hadvary P, Haering P, et al. Conformational
modulation of purified glycoprotein (GP) IIb–IIIa allows
proteolytic generation of active fragments from either
active or inactive GPIIb–IIIa. J Biol Chem 1992;267:
18844–51.

69 Rosales C, Juliano RL. Signal transduction by cell adhesion
receptors in leukocytes. J Leukoc Biol 1995;57:189–98.

70 Hogg N, Harvey J, Cabanas C, et al. Control of leukocyte
integrin activation. Am Rev Respir Dis 1993;148:S55–9.

71 Dransfield I, Cabanas C, Craig A, et al. Divalent cation
regulation of the function of the leukocyte integrin LFA-1.
J Cell Biol 1992;116:219–26.

72 Shattil SJ, Hoxie JA, Cunningham M, et al. Changes in the
platelet membrane glycoprotein IIb–IIIa complex during
platelet activation. J Biol Chem 1985;260:11107–14.

73 Kuijpers TW, Van Lier RA, Hamann D, et al. Leukocyte
adhesion deficiency type 1 (LAD-1)/variant. A novel
immunodeficiency syndrome characterized by dysfunc-
tional beta2 integrins. J Clin Invest 1997;100:1725–33.

74 Etzioni A, Harlan JM, Pollack S, et al. Leukocyte adhesion
deficiency (LAD) II: a new adhesion defect due to absence
of sialyl Lewis X, the ligand for selectins. Immunodeficiency
1993;4:307–8.

75 Karsan A, Cornejo CJ, Winn RK, et al. Leukocyte adhesion
deficiency type II is a generalized defect of de novo GDP-
fucose biosynthesis. Endothelial cell fucosylation is not
required for neutrophil rolling on human nonlymphoid
endothelium. J Clin Invest 1998;101:2438–45.

Demystified . . . Adhesion molecule deficiencies 7

www.molpath.com

 group.bmj.com on February 10, 2012 - Published by mp.bmj.comDownloaded from 

http://mp.bmj.com/
http://group.bmj.com/


doi: 10.1136/mp.54.1.1
 2001 54: 1-7Mol Path

 
D Inwald, E G Davies and N Klein
 
deficiencies

 : Adhesion molecule… Demystified

 http://mp.bmj.com/content/54/1/1.full.html
Updated information and services can be found at: 

These include:

References
 http://mp.bmj.com/content/54/1/1.full.html#ref-list-1

This article cites 68 articles, 35 of which can be accessed free at:

service
Email alerting

box at the top right corner of the online article.
Receive free email alerts when new articles cite this article. Sign up in the

Notes

 http://group.bmj.com/group/rights-licensing/permissions
To request permissions go to:

 http://journals.bmj.com/cgi/reprintform
To order reprints go to:

 http://group.bmj.com/subscribe/
To subscribe to BMJ go to:

 group.bmj.com on February 10, 2012 - Published by mp.bmj.comDownloaded from 

http://mp.bmj.com/content/54/1/1.full.html
http://mp.bmj.com/content/54/1/1.full.html#ref-list-1
http://group.bmj.com/group/rights-licensing/permissions
http://journals.bmj.com/cgi/reprintform
http://group.bmj.com/subscribe/
http://mp.bmj.com/
http://group.bmj.com/

