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SUMMARY

Leucocyte adhesion de®ciency (LAD) is an autosomal-recessive genetic disease that is characterized

clinically by severe bacterial infections and caused by mutations in the CD18 gene that codes for the

b2 integrin subunit. A patient with a severe LAD phenotype was studied and the molecular basis of

the disease was identi®ed as a single homozygous defect in a Herpes virus saimiri (HVS)-transformed

T-cell line. The defect identi®ed involves a deletion of 171 bp in the cDNA that encodes part of the

proteic extracellular domain. This genetic abnormality was further studied at the genomic DNA

level and found to consist of a deletion of 169 bp (from x37 of intron 4 to +132 of exon 5), which

abolishes the normal splicing and results in the total skipping of exon 5. The 171-bp shortened `in-

frame' mRNA not only resulted in the absence of CD18 expression on the cell surface but also in its

absence in the cytoplasm of HVS T-cell lines. Functionally, the LAD-derived HVS T-cell lines

showed a severe, selective T-cell activation impairment in the CD2 (but not in the CD3) pathway.

This defect was not reversible when exogenous interleukin-2 (IL-2) was added, suggesting that there

is also a functional interaction of the lymphocyte function-associated antigen-1 (LFA-1) protein in

the CD2 signal transduction pathway in human T cells, as has been previously reported in mice and

in the human Papillon±LefeÁvre syndrome. Thus, HVS transformation is not only a suitable model

for T-cell immunode®ciency studies and characterization, but is also a good system for investigating

the immune system in pathological conditions. It may also be used in the future in cellular models

for in vitro gene-therapy trials.

INTRODUCTION

Leucocyte adhesion de®ciency (LAD; MIM: Mendelian

Inheritance in Man, number 116920) is an autosomal recessive

hereditary disease caused by defects in the CD18 gene,1,2 which

codes for the b2 integrin. The b2 integrin subunit combines non-

covalently with the aL, aM and aX integrin subunits to form

the lymphocyte function-associated antigen-1 (LFA-1) (aLb2,

CD11a/CD18), Mac-1 (aMb2, CD11b/CD18) and p150, 95

(aXb2, CD11c/CD18) antigens, respectively.3 As these three

molecules are expressed exclusively on leucocytes, they are also

referred to as the leucocyte integrins.4,5 In vitro and in vivo

studies have demonstrated that the CD11/CD18 complex is the

major determinant of ®rm adhesion and transendothelial

migration of neutrophils.6

The CD18 gene spans < 40 kb and is organized into 16

exons. All the exons have been sequenced and the exon/intron

boundaries of the gene have been previously reported.7 The

CD18 gene has been located at chromosome 218,9 band

q22.3.10,11

The usual consequence of a defect in the CD18 gene is a low

or `null' expression of the three leucocyte integrins. The

expression level in different patients varies from 0 to < 10% of

normal values and the patients' cells show corresponding

degrees of impairment in their adhesion properties.12 Clini-

cally, LAD patients suffer from recurrent bacterial infections,

and those with severe phenotype (<1% expression of normal)

often do not survive into adulthood. The common outcome is

failure to produce a functional leucocyte integrin as a result of
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heterogeneous mutations within the common b2 (CD18)

gene.13,14

Two clinical phenotypes of LAD (severe and moderate or

partial), which correlate with the severity of the disease, have

been de®ned according to the level of b2 integrin expression on

patients' leucocytes.12,13 The diversity of the alterations has also

led to the de®nition of several types of LAD (I±V), the

classi®cation of which is based on the size and levels of the

CD18 subunit precursor, the CD18 mRNA and the resulting

phenotype.13 Analysis of severe and moderate LAD CD18 alleles

has identi®ed missense mutations,15±21 aberrant splicing

events17,19,20,22 and a 1-bp deletion15,21 within the structural

region of the CD18 gene. The molecular basis of the LAD defect

has been described for only a few patients3,16,17,19±26 (Table 1).

The establishment of T-cell lines that somehow reproduce

the defects observed in peripheral T lymphocytes from patients

with primary immunode®ciencies has been of great interest

owing to the enormous progress in the diagnosis and

characterization of T-cell defects.27,28 Herpes virus saimiri

(HVS), a c-2 herpes virus isolated from the squirrel monkey,

was reported to transform CD4+ CD8+ T cells and thymo-

cytes to continuous growth in vitro,29 but infected cells

remained dependent on the addition of exogenous interleu-

kin-2 (IL-2). It has also been reported that HVS-transformed

T cells maintain a functional T-cell receptor (TCR), the

stimulation of which initiates a biochemical cascade of events

(Ca2+ mobilization, pattern of tyrosine phosphorylation)

identical to that observed in peripheral blood mononuclear

cells (PBMCs).30,31 Furthermore, the analysis of primary T-cell

defects might shed new light on the physiology of T

lymphocytes, and HVS-transformed T cells is a good in vitro

model for analysing T-lymphocyte pathophysiology.

Molecular characterization of the defective CD18 gene

from a patient with severe LAD and functional analysis of his

lymphocytes (PBMCs and HVS-transformed T cell lines) has

been carried out. The results revealed a novel CD18 deletion

causing LAD, the total absence of CD18 (not only on the cell

surface but also in the cytoplasm) suggested a speci®c

biochemical interaction between the CD18 protein and the

CD2 activation pathway in T cells. Thus, HVS-transformed T-

cell lines are not only useful for studying the molecular defects

underlying immunode®ciencies or as a target for `in vitro' gene

therapy trials, but also for further investigation of speci®c

immune system mechanisms as immortalized natural human

knockouts.

MATERIALS AND METHODS

Case report

The patient investigated in this report is a deceased 1-year-old

male whose father was not known and who had no previous

family history of LAD. He had experienced omphalitis and

periumbilical cellulitis (caused by Escherichia coli) for 3 weeks,

and cerebrospinal ¯uid (CSF) infection with Staphylococcus

simulans. At the age of 3 months, he suffered from Strepto-

coccus viridans septicemia and oral candidiasis. The laboratory

®ndings at 7 months were consistent with a severe LAD

diagnosis: leucocytosis (up to 60 000/ml) and thrombocytosis.

The patient was classi®ed as having the severe form of the

disease, based on the severity of the clinical course and the total

absence of CD11a/CD18 in his peripheral lymphocytes (Fig. 1).

Moreover, the phagocytic capacity of his neutrophils was

reduced (data not shown) while the oxidative burst test was

within the normal range. The patient underwent two bone

Table 1. Mutations in the CD18 gene causing leucocyte adhesion de®ciency (LAD)

Missense/nonsense

Codon Exon Nucleotide Amino acid Reference

1 2 ATG-AAG Met-Lys 22

128 5 GAC-AAC Asp-Asn 14

149 5 CTA-CCA Leu-Pro 11

169 6 GGG-AGG Gly-Arg 11

178 6 CCG-CTG Pro-Leu 12

196 6 AAA-ACA Lys-Thr 2

284 7 GGC-AGC Gly-Ser 21

351 9 AAT-AGT Asn-Ser 15

534 12 TGC-TGA Cys-Stop 17

586 13 CGG-TGG Arg-Trp 15

593 13 CGT-TGT Arg-Cys 2

Splicing

Relative

location

Intron Donor/acceptor Substitution Reference

x14 6 as C-A 15

+3 9 ds G-C 4

+1 7 ds G-A 14

Deletions

Codon Exon Size (bp) Reference

39 3 10 17

418 11 2 20

690 14 1 16

553 13 220 12

110 5 171 This work

as, acceptor site; ds, donor site.
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marrow transplantations (BMT) at 7 and 10 months, respec-

tively. After T-cell depletion (with anti-CD3+anti-CD5+anti-

CD7 monoclonal antibodies [mAbs]) from human leucocyte

antigen (HLA) non-identical bone marrow donors, the patient

was conditioned with Busulfan and cyclophosphamide

[+Vp16 in the ®rst BMT or horse anti-thymocyte globulin

(ATGAM; Pharmacia-Upjohn) in the second]. Two months

after the second failed BMT, the patient died from a Fusarium

infection.

HVS-transformed T-cell lines

HVS-transformed T-cell lines were derived from the PBMCs of

a patient with severe LAD (LAD-HVS) and a normal control

(CT-HVS), as described previously.29 Three months after

inoculation with HVS, cell lines were completely established

with a stable morphology as well as surface phenotype.32 The

presence of the HVS genome was determined by using the

polymerase chain reaction (PCR) with speci®c HVS primers

(Table 2, see under HVS genome ampli®cation).33

Cyto¯uorographic analysis

For direct immuno¯uorescence, 1r106 LAD-HVS cells were

incubated with the corresponding mAbs: anti-CD3-tricolor

(Cy5-phycoerythrin [PE])-labelled (Caltag, San Francisco,

CA), anti-CD18 ¯uorescein isothiocyanate (FITC)-labelled

(Dako, Glostrup, Denmark), anti-CD11a (FITC) (Dako), anti-

CD11b PE-labelled (Dako), anti-CD11c (FITC) (Dako), anti-

CD2 (PE) (Coulter Clone, Hialeah, FL) and an anti-CD4

(PE)/CD8 (FITC) cocktail (Coulter Clone). Cells were washed

twice with phosphate-buffered saline (PBS) containing 0.01%

NaN3, and three-colour analysis of stained cells was carried out

in an EPICS-XL or a FACScan ¯ow cytometer. The precise

quanti®cation of CD18 molecules per cell in HVS-transformed

cell lines was performed by using indirect immuno¯uorescence

in parallel with calibrated beads (Qi®kit; Biocytex, Marseille,

France) following the manufacturer's protocol.32 Quantitative

comparisons of ¯uorescence intensities was also performed by

using an appropriate program, which calculated the mean

¯uorescence, in a linear scale, for each sample (EPICS cytological

software, version 2.01; Coulter).

Intracellular labelling

LAD-HVS and CT-HVS cells were lysed and permeabilized

with Fix & Perm (Caltag) using the intracellular labelling

procedure,34 after which the cells were labelled for CD18

intracellular protein with anti-CD18 FITC (Dako) mAb.

Before permeabilization, both cell lines were incubated with

an excess of pure unlabelled anti-CD18 (Dako) mAb to block

the surface CD18 antigen.

Ampli®cation of CD18 mRNA

Cytoplasmic RNA was extracted from 1r107 HVS-trans-

formed T cells from CT-HVS and from LAD-HVS using the

Nonidet P-40 (NP-40) lysis method.35 Reverse transcription

(log scale)
Fluorescence intensity

C
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l n
o.

C
D

18
C

D
11

a

Control PBLs LAD PBLs

Figure 1. Flow cytometry of peripheral blood lymphocytes (PBLs). Surface expression is shown of CD11a (top) and CD18 (bottom)

on lymphocytes in the leucocyte adhesion de®ciency (LAD) patient at diagnosis (right panel) and in a healthy control (left panel).

Lymphocytes were gated on the basis of CD45 staining and side scatter. The results shown are representative of three independent

stainings performed on the same day on lymphocytes from the patient. Dotted vertical lines represent cursor located based on

background staining (isotype-matched controls).
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(RT) was performed on 5 mg of cytoplasmic RNA using an

oligo(dT) primer and the reverse transcriptase kit from

Promega (Madison, WI), following the manufacturer's proto-

cols. PCR ampli®cation of the CD18 mRNA was carried out

with 10 ml of the cDNA synthesis reaction in a solution

containing 0.2 mM of each deoxynucleotide, 2.5 mM MgCl2,

50 mM KCl, 10 mM Tris-HCl pH 8.3, 1 mM of each oligonucleo-

tide primer (Table 2, see under CD18 mRNA ampli®cation)

and 2.5 U of Taq DNA polymerase. PCR ampli®cation was

performed as follows: 30 cycles of denaturation (at 95u for

30 seconds), annealing (at 58u for 30 seconds) and extension (at

72u for 1.5 min), followed by a ®nal 10-min extension step at

72u. Ampli®ed fragments were identi®ed by differential

migration in a 1% agarose gel and puri®ed using the QIA-

quick system (Qiagen, Hilden, Germany). The puri®ed

fragments were inserted into the P-GEM-T vector (Promega).

Ligation, transformation and identi®cation of recombinant

colonies were carried out according to the manufacturer's

recommendations. Double-stranded DNA templates were
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Figure 2. Flow cytometry of Herpes virus saimiri (HVS)-transformed T

lymphocytes. Cell-surface cyto¯uorographic analysis of HVS-trans-

formed T lymphocytes from the leucocyte adhesion de®ciency (LAD)

patient (right) and a healthy control (left) is shown. Dotted vertical

lines represent cursor located based on background staining (isotype-

matched controls, histograms labelled as `negative'). Cell-surface

staining was determined of CD11a, b, c and CD18 integrins, with

CD3 included as a positive labelling control.
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Figure 3. Intracellular cyto¯uorographic analysis of Herpes virus

saimiri (HVS)-transformed T lymphocytes from the leucocyte adhesion

de®ciency (LAD) patient and a healthy control. Dotted vertical lines

represent cursor located based on background staining (isotype-

matched controls, labelled as `negative'). CD3 staining was used as a

positive labelling control (labelled as `CD3'). CD18 surface expression

was previously blocked with pure unlabelled anti-CD18 monoclonal

antibody (mAb), as described in the Materials and methods, and then

stained with ¯uorescein isothiocyanate (FITC)-conjugated anti-CD18

mAb with (labelled as `CD18') or without (labelled as `CD18 blockage')

surface membrane permeabilization.
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sequenced using the dideoxy chain-terminator method of

Sanger, with dye-labelled dideoxy terminators.36 Each

sequence was con®rmed by analysis of four or more clones

from two different ampli®cations.

Ampli®cation of CD18 genomic DNA

PCR ampli®cation of genomic DNA was performed using cell

lysates of normal and LAD HVS T cells, as described by Saiki

et al.37 The 171-bp deletion corresponds precisely to exon 5 in

the CD18 transcript. The primers listed in Table 2 (see under

CD18 genomic DNA ampli®cation) were designed to amplify

the intron/exon boundaries for exon 5. Reagents used for high-

length fragment ampli®cation were purchased from Boehringer

Mannheim (Mannheim, Germany), and the PCR was

performed, according to the manufacturer's speci®cations,

using the hot-start procedure. Ampli®cation using primers

CD18-1.1 and CD18-1.2 required 35 cycles comprising a

denaturation step at 94u for 10 seconds and an annealing/

extension step at 68u for 4.5 min. Primers CD18-1.1 and

CD18-1.2 were designed outside exon 5, in exon 4 and exon 6,

respectively, and the expected ampli®cation product was

< 5400 bp. Ampli®ed fragments were sequenced by direct

sequencing of the PCR product using the dideoxy chain

terminator method of Sanger. The primers used for direct

sequencing are listed in Table 2 (see under Direct sequencing).

Cytogenetic studies

Chromosome preparations and Giemsa-stained metaphases

were obtained by using standard methods38,39 from phyto-

hemagglutininin (PHA)-stimulated HVS T lymphocytes.

Competitive PCR

Competitive PCR ampli®cation was performed on genomic

DNA obtained from the HVS-transformed T-cell lines derived

from LAD-HVS and CT-HVS. Three oligonucleotide primer

pairs were used: two were designed to amplify an undeleted

exon of the CD18 gene (exons 4 and 6) and the third to amplify

the exon that was found to be deleted in the cDNA of the

patient (exon 5). The reaction was limited to 20 cycles of PCR,

and a limiting amount of Taq polymerase (0.8 U) was added to

the PCR mixture (Table 2; see under Competitive PCR

analysis; the dye used to end-label PCR primers was

TAMRA).40 Each cycle comprised denaturation (at 95u for

15 seconds), annealing (at 58u for 15 seconds) and extension

(at 72u for 3 min). Under these conditions, the PCR

was quantitative and did not reach a plateau. The DNA was

electrophoresed at 1400 V for 14 hr and the data was

automatically analysed using the GENESCAN Fluorescent Frag-

ment Analyser (Applied Biosystems, Foster City, CA). The

ratios between the two band areas (control/target exons) were

calculated and compared between LAD-HVS and CT-HVS.

Functional assays

Proliferative assays in PBMCs. Isolated cells (80 000) were

placed in round-bottomed microtitre plates (Nunc, Roskilde,

Denmark) in 160 ml of serum-free ®nal culture medium (AIM-

V, Gibco, Paisley, Strathclyde, UK) supplemented with 1%

penicillin/streptomycin and 1% 20 mM L-glutamine (Whittaker,

Walkersville, MD). The following stimuli were used: anti-CD3

(OKT3, Ortho Pharmaceuticals, Raritan, NJ), 12.5 ng/ml and

PHA (Difco, Detroit, MI) 1 : 100 ®nal dilution. Wells were

pulsed individually with 1 mCi of [3H]thymidine after 3 days of

culture and its uptake was measured in a liquid scintillation

counter (Beckman, Brea, CA).

Proliferative assays in HVS-T cells. Cells were rested in

IL-2-free medium for 1 week before assaying their prolifera-

tion. Cells (4r104) were resuspended in AIM-V medium

supplemented with 1% 20 mM L-glutamine and incubated in the

plates. The following stimuli, or their combinations, were used:

IOT3b mAb (1 mg/ml, 2 mg/ml, 4 mg/ml; anti-CD3; Immuno-

tech, Marseille), anti-CD2 (1.1+2.1) (CLB) 1 : 40 ®nal dilution;

(increasing concentrations of CD2 antibody combination

were tested without any effect), PHA 1 : 100 ®nal dilution,

concanavalin A (Con A; Calbiochem, La Jolla, CA) and

human recombinant IL-2 (hrIL-2; Boehringer Mannheim).

After 24 hr of culture, cells were pulsed with [3H]thymidine for

another 16 hr, harvested onto glass-®bre ®lters and analysed by

direct b-counting.

RESULTS

Null surface expression of leucocyte integrins on LAD cells

At diagnosis, ¯ow cytometry analysis of the CD11a/CD18

integrin complex showed a null expression of this molecule in

the PBMCs of the patient (Fig. 1). No other phenotypic

alterations were detected with normal T, B and natural killer

(NK) cell proportions (60%, 28% and 12%, respectively). Flow

cytometry studies con®rmed that control HVS-transformed

T cells expressed the CD11/CD18 complex, while LAD-HVS

cells were totally de®cient in surface expression of the

CD11a, b, c/CD18 complex (Fig. 2). Both T-cell lines

were CD3+ CD4+ CD8± and showed the characteristic

surface phenotype of memory-activated T cells (HLA-

DR+ CD38+ CD45R0+ CD45RA±).

Quantitative analysis of the exact number of CD18

molecules per cell with an anti-CD18 mAb revealed a null

expression of CD18 in the LAD-HVS cell line compared with

97 000 molecules per cell in the CT-HVS cell line (data not

shown).

Analysis of intracellular expression of CD18 protein

To evaluate whether or not the CD18 protein was synthesized,

the presence of CD18 in the cytoplasm of the LAD cell line

(LAD-HVS) and the control cell line (CT-HVS) was studied.

CD18 surface expression was blocked with cold anti-

CD18 mAb and then the cell membranes were permeabilized

and the CD18 cytoplasmic protein was stained. Again, null

expression of CD18 in the LAD-HVS cell line was obtained

when it was compared to 100% staining in the CT-HVS cell

line. CD3 staining was obtained in 100% of both LAD and CT-

HVS cell lines, as a positive control (Fig. 3).

CD18 mRNA of LAD cells showed a 171-nucleotide deletion

CD18 mRNAs from the patient and the control were

ampli®ed by PCR. The presence of transcripts in the LAD

HVS cell line and the total absence of detectable CD18

protein, both on the cell surface and in the cytoplasm,

indicated the presence of deletions, insertions or nucleotide

substitutions in the CD18 mRNA that precluded the synthesis
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of a stable protein. To analyse the complete mRNA, RT and

ampli®cation of the CD18 cDNA were carried out using

the oligonucleotide primers listed in Table 2 (see under

CD18 mRNA ampli®cation) with the strategy described in the

Materials and methods. The CD18 transcript of the LAD-

HVS cell line was shorter than that obtained with the

CT-HVS cell line. DNA sequencing of the ampli®ed cDNA

demonstrated a 171-nucleotide deletion corresponding to the

total absence of exon 5 (from 329 to 500 bp). No other

ampli®cation product corresponding to the normal size of the

CD18 mRNA was obtained from the patient's cell line; thus

another mutation that affected the mRNA synthesis, or a

homozygous deletion, were suspected.

Analysis of LAD CD18 genomic DNA reveals a homozygous

deletion

To determine whether the deletion was present at the genomic

level or was a splicing artefact, the CD18 genomic DNA from

the control cell line was ampli®ed from intron 4 to intron 5 by

PCR (using primers CD18-1.1 and CD18-1.2) and subsequently

sequenced (using primers CD18-2 and CD18-3). The intronic

sequence obtained (previously unknown; data not shown)

allowed the synthesis of a pair of internal primers (I4F-1 and

I5R-2) to amplify the genomic DNA surrounding exon 5 of the

patient (Fig. 4). The ampli®cation product was directly

sequenced using primers I4F-3 and I5R-1 and the sequence

revealed a deletion of 169 bp, which included the 3k end of the

intron 4 and the 5k end of exon 5 (from x37 intron 4 to +132

exon 5) (Fig. 5). This con®rmed the RT±PCR results and

demonstrated that the deletion was present in the patient's

genome. Therefore, the deletion at the genomic level abolished

the intron 4 acceptor splicing site that resulted in the total

skipping of the residual exon 5 of the patient. Again, the lack of

an ampli®cation fragment of normal size was observed in the

patient; thus a genomic homozygous deletion was suspected.

Major cytogenetic alterations in the patient's chromosomes

were rejected because a normal karyotype in the LAD-HVS

cell line was obtained (data not shown). No genetic material

from the parents was available, but consanguinity of the

parents was suspected and the described results, both at the

mRNA and genomic DNA level, strongly suggested a

homozygous mutation in the CD18 gene. To de®nitively

characterize the genetic defect, a competitive PCR ampli®ca-

tion was designed and developed. In a ¯uorescent-labelled

PCR with limiting conditions (see the Materials and methods),

the exon 5 to exon 4 (or exon 6) ampli®cation ratios were

determined in the patient and in healthy controls. The results

obtained (not shown) showed that the exon 5-shortened

ampli®cation product of the patient corresponded to two

copies with exon5/exon4±6 ratios identical to those obtained in

the healthy controls.

The CD2 activation pathway is severely impaired in LAD-

HVS cells

PBMCs isolated from the patient were challenged in vitro with

OKT3 (anti-CD3 mAb) and PHA with results comparable to

those obtained from a healthy control (data not shown). To

further investigate the functional immune status of LAD-HVS

T-cell line, cells were rested and then stimulated with different

mitogens or their combinations. As expected, HVS-trans-

formed cells responded normally to anti-CD3 mAb and PHA.

The results obtained are shown in Table 3 and revealed a

normal proliferative response of LAD cells to all mitogens, but

that of CD2 was severely impaired, with a ®vefold reduction

when compared to controls. This poor response of the patient's

T cells to CD2 was not corrected by the addition of exogenous

IL-2.

Table 3. Response index* of Herpes virus saimiri (HVS)-transfected

T-cell lines from the patient with leucocyte adhesion de®ciency

(LAD) and the controls

Stimuli LAD-HVS{ Controls{

IL-2 8.4 9.3t2

PHA 5.7 3.5t1

PHA+IL-2 5.9 7.4t2

Con A 4.6 8.1t3

Con A+IL-2 4.9 7.8t3

CD2 2.9 14.5t3

CD2+IL-2 1.1 10.5t3

CD3 3.4 2.6t1

CD3+IL-2 4.0 5.4t2

Con A, concanavalin A; IL-2, interleukin-2; PHA, phytohaemagglutinin.
*Expressed as net relative increase of each stimulus to the minimum

stimulus (background).
{The results shown are representative of three independent experiments

performed on the patient.
{The results are expressed as meantstandard deviation of three different

HVS T-cell lines from normal donors.
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Figure 4. Products of the polymerase chain reaction (PCR) using

primers ¯anking exon 5. Partial CD18 genomic DNA ampli®cation was

performed by PCR using the primers and conditions described in the

Materials and methods. Unique bands of normal (549 bp) and

169 nucleotide-deleted (380 bp) sequence were observed in the control

cell line (CT-HVS) and the patient (LAD-HVS), respectively. Left lane,

molecular-weight (Mw) standards. CT, control; HVS, Herpes virus

saimiri; LAD, leucocyte adhesion de®ciency.
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DISCUSSION

A novel 169-nucleotide homozygous genomic deletion causes a

171-nucleotide mRNA in-frame deletion and total lack of

CD18 protein expression

In this work, the molecular basis of LAD was characterized in a

patient with a severe clinical LAD phenotype. A novel genetic

alteration in the CD18 gene, consisting of a homozygous

genomic deletion, was found following RT±PCR with sub-

sequent genomic DNA ampli®cation and sequencing of the

affected region, and ®nally competitive PCR analysis to study

the gene dosage in the patient. The mutation, a genomic

deletion of 169-nucleotides comprised the last 37 nucleotides of

intron 4 and the ®rst 132 nucleotides of exon 5. The deletion

included intron 4 acceptor splicing, causing the direct joining of

exon 4 to exon 6 during mRNA splicing and the total lack of

the residual exon 5, which is observed as a 171-nucleotide

deletion in the sequenced cDNA. This `in-frame' deletion did

not result in a premature stop codon, but rather a 57-residue

shortened protein.

Patient

Normal

Normal

Patient

Figure 5. Schematic representation of the homozygous mutation in the leucocyte adhesion de®ciency (LAD) patient. The 169-bp

genomic deletion is depicted in the upper part of the ®gure. Exons are shown by thick boxes and introns by thick horizontal lines. Intron

sequences are in lowercase letters and exon sequences in uppercase letters. Acceptor and donor splicing sites are also boxed and normal or

pathological splicing is depicted by lines with small arrows. The 171 bp `in-frame' mRNA deletion caused by the loss of the intron 4

acceptor splicing site and total exon 5 skipping, as well as the putative translated protein, are depicted in the lower part of the ®gure.
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The deleted region is crucial for CD11/CD18 integrin assembly

and expression

The deleted 57 amino acids are located in the extracellular

domain of the CD18 protein, belong to a highly conserved 60

amino acid region and are critical for heterodimer formation in

the integrin superfamily.7 Thus, the total lack of this region

would explain not only the total absence of a/b heterodimers on

the cell surface but also the absence of any stable protein in the

cell cytoplasm. Biosynthesis studies on CD11 and CD18

proteins have shown that association of the two subunits

precedes carbohydrate processing, which occurs in the Golgi

apparatus.3 Thus, if the CD18 protein of the patient was unable

to associate with the CD11 subunit in the rough endoplasmic

reticulum, as observed by the lack of intracellular staining, it

would probably be degraded. Other CD18 gene defects causing

LAD have been shown to result in production of a CD18

protein precursor that failed to mature to membrane form and

these CD18 precursors were rapidly degraded.16

Stimulation impairment in LAD cells highlights the functional

association of CD2 and LFA-1 molecules on human T cells

LAD-HVS showed mainly normal responses to most of the

stimuli assayed in the in vitro functional evaluation. DNA

synthesis for each stimulus was normalized as the net ratio of

counts per minute (c.p.m.) obtained with a given stimulus

relative to the minimum stimulus (background DNA synth-

esis); this strategy allowed us to standardize the results

obtained from the different assays. The data obtained showed

a selective anergy in the CD2 activation pathway of LAD cells.

In order to study this, both the proportion of positive cells (%)

and the mean cell surface density of the CD2 marker were

studied in LAD-HVS and in CT-HVS T lymphocytes: no

comparative difference was found (data not shown). Moreover,

other mitogenic responses were similar to the values obtained

from the normal control (CD3, Con A, PHA). The impaired

response to anti-CD2 mAbs was not reversed following the

addition of exogenous IL-2. The lack of CD11a/CD18 at the T-

cell surface seemed to be responsible for this CD2 activation

impairment.

Previous studies have reported the molecular association

between CD2 and LFA-1 in mouse T lymphocytes41 and the

present work con®rms this type of association in humans. The

signi®cance of this association is still unknown, but CD2 has

been found to be associated with other surface molecules,

including CD45 and TCRf and e chains.42±44 The CD2/LFA-1

interrelation observed suggests that CD2 (an adhesion

molecule) can form complexes not only with molecules

involved in signalling through the TCR, but also with other

adhesion molecules, namely LFA-1. As recognition of antigen

by the TCR results in increased LFA-1-mediated adhesion

between an effector T cell and its target,45 the possibility exists

that the association of CD2 with LFA-1 might play a role in co-

ordinating the adhesion events that occur, in humans and mice,

between the cells upon recognition of an antigen by the TCR.41

An alternative possibility is that the CD2/LFA-1 complex

provides LFA-1 with the ability to transduce a more diverse

range of intracellular signals than when unassociated. Occu-

pancy of CD11a/CD18 with its complementary ligands or with

speci®c mAb has been found to modulate neutrophil oxidative

bursts, and to deliver mitogenic or co-mitogenic signals during

B- or T-cell activation.46 In addition, recognition of the speci®c

epitope de®ned by the anti-HVSB6 mAb on LFA-1 can

modulate early signal transduction via the CD2 pathway on

peripheral human T cells, as determined by measurement of

Ca2+ ¯ux and phosphoinositol (PI) hydrolysis.47

Furthermore, the possibility that CD2 and LFA-1 adhesion

molecule synthesis28 are conjointly regulated in T lymphocytes

was previously put forward by us in a different human disease:

the Papillon±LefeÁvre Syndrome (PLS) patients.48 The evidence

that LAD shares some clinical symptoms (i.e. prepuberal

periodontitis) with other diseases, such as PLS, is now

somehow explained by the similarities of laboratory ®ndings

affecting expression of adhesion molecule in both diseases (in

PLS, a low-density expression of major adhesion molecules,

such as CD2, CD18, CD11a, CD29 and CD45RO, was

observed). Finally, it is necessary to study a greater number of

patients with LAD to further con®rm our present ®ndings.

The HVS T-cell line is a good model for LAD research

HVS-transformed T-cell lines in the LAD patient not only

maintained the peripheral CD18 expression defect but also

allowed us to further investigate the immune consequences of

the lack of CD18 on T lymphocytes. Moreover, HVS cell lines

could be used in the near future as a target for in vitro gene

therapy experiments, in the same way as EBV lymphoblastoid

cells have been used in other gene therapy trials.49
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