
The negative regulatory function of the lymphocyte-activation
gene-3 co-receptor (CD223) on human T cells

Introduction

T-cell activation through the T-cell receptor (TCR)

involves partitioning of receptors into discrete membrane

compartments known as lipid rafts, followed by the for-

mation of an immunological synapse (IS) between the T

cell and the antigen-presenting cell (APC). Formation of

an IS correlates with clustering of glycosphingolipid-

enriched microdomains (GSL complexes) that move into

the IS in response to CD3 and CD28.1 Lipid rafts are

enriched with signalling molecules critical for TCR-medi-

ated cell activation such as PKCh or lck2,3 but also for

inhibition of cell activation such as cytotoxic T-lympho-

cyte antigen-4 (CTLA-4; CD152).4 Studying the compart-

mentalization of negative regulators of T-cell activation

may provide insights into their mechanism of action.4

Here we looked at another negative regulator of T-cell

activation, LAG-3 (lymphocyte activation gene-3 or

CD223). LAG-3 is an activation-induced TCR coreceptor

that binds major histocompatibility complex (MHC) class

II molecules with high affinity.5–8 LAG-3 cross-linking on

activated human T cells induces T-cell functional unres-

ponsiveness and inhibition of TCR-induced calcium

fluxes.9 LAG-3 and CD3 have to be physically coligated

for negative signalling (as assessed by calcium flux induc-

tion) to occur.9 LAG-3 was found to be indeed specific-

ally associated with the CD3–TCR complex following

TCR engagement10 and is therefore considered as a (neg-

ative) coreceptor, like the two other TCR-associated

MHC ligands, CD4 and CD8.8 Finally, recent work by

Vignali et al. has shown that LAG-3 negatively regulates

CD4-dependent T-cell function in murine cells through

interaction of a ‘KIEELE’ intracytoplasmic motif with

downstream signalling molecules.11,12 In addition, LAG-

3(–/–) mice exhibit a T-cell defect leading to increased

T-cell expansion and increased numbers of CD4+ and
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Summary

Accumulating evidence indicates that the CD4 homologue lymphocyte

activation gene-3 (LAG-3) plays a down-regulatory role on T-cell

responses. However, the role of LAG-3/major histocompatibility complex

(MHC) class II interactions on primary human T-cell responses, as well

as the mechanism by which down-regulation occurs, are not clear. Here,

we show that LAG-3 colocalized with CD3, CD4 or CD8 in areas of cho-

lesterol-rich raft aggregation during this primary response, as well as in

the clustered raft region formed between T cells and antibody-coated

beads. Addition of a blocking LAG-3-specific monoclonal antibody to

both CD4 and CD8 primary resting T cells activated under conditions of

antigen-presenting cell-driven stimulation and low antigen concentrations

augments CD69 activation antigen expression, T-cell expansion and

T helper 1 (Th1, but not Th2) cytokine production. Blocking LAG-3/

MHC class II interactions leads to an increase in the number of cells

entering division at these low concentrations of antigen and to more

rounds of divisions with an accumulation of cells in the S-phase of the

cell cycle. These results indicate that LAG-3 signalling inhibits early events

in primary activation of human CD4 and CD8 T cells and further support

a role for LAG-3 signalling in regulating the expansion of activated effec-

tor or memory T cells, either directly or indirectly through Treg suppres-

sor activity.
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CD8+ cells in the memory T-cell pool.13 Finally, LAG-3

marks regulatory T-cell populations and contributes to

their suppressor activity.14

The addition of anti-LAG-3 antibodies (17B4), both

intact and Fab fragments, to antigen-dependent, MHC

class II-restricted responses of human T-cell lines and

clones first revealed that LAG-3/MHC class II interaction

down-regulates antigen-dependent, but not antigen-inde-

pendent, stimulation of CD4+ T lymphocytes.15 However

enhanced or prolonged thymidine incorporation was not

observed with CD8+ CTL clones or lines or when testing

the anti-LAG-3 monoclonal antibodies (mAb) in primary

T-cell responses such as the mixed lymphocyte reac-

tion.15 Thus, it was unclear whether LAG-3/MHC class

II interactions could have, like CTLA-4, a significant

biological role in attenuating human T-cell responses,

because these results suggest that the function of LAG-3

may depend on the context of the stimulatory conditions

present during T-cell activation. Our past results

obtained on some activated CD4 T-cell lines or clones15

were therefore not conclusive with regards to the negat-

ive regulatory function of LAG-3 on primary activated

human T cells.

CTLA-4 is considered to be a major player in the

down-regulation of specific immune responses and in

prevention of T-cell mediated exacerbation of disease.

After TCR stimulation, CTLA-4 coclusters with the TCR

and the lipid raft ganglioside GM1 within the IS.4 Cross-

linking of CTLA-4 was shown to inhibit T cell responses

in vitro while blocking CTLA-4 had the opposite

effect.16,17 CTLA-4 ligation blocked the induction of raft

surface expression caused by TCR ligation alone or in

combination with CD28.18 Because LAG-3 and CTLA-4

are both activation antigens that down-regulate T-cell

activation, we reassessed the negative regulatory role of

LAG-3 in human T cells in the light of recent advances in

understanding the cell biology of CTLA-4.19

Despite its pivotal role in the regulation of T-cell func-

tion and homeostasis13 little is known about the struc-

tural nature or mechanism of action of LAG-3-mediated

inhibition of T-cell activation. Here we present evidence

that LAG-3 is associated with the CD3/TCR complex and

the CD4 or CD8 coreceptors in clustered GSL complexes

on primary activated T cells. We then took advantage of

the possibility to stimulate a large (15–30%) subset of

both CD4 and CD8 primary resting T cells (i.e. peripheral

blood mononuclear cells, PBMC) under conditions of

APC-driven stimulation using low doses of staphylococcal

enterotoxin B (SEB) and found increased cell activation

and expansion in conditions where LAG-3/MHC class II

interactions are inhibited. We show that LAG-3 pre-

vents the entry of T cells into the growth phase beyond

the S-phase of the cell cycle, leading to inhibition of

T-cell expansion. Finally, we present evidence that LAG-3

function is not dependent on CD4, as primary CD8

T-cell activation is also inhibited by LAG-3/MHC class II

interactions.

Materials and methods

Cell culture and stimulation

PBMC were isolated from whole blood of normal healthy

volunteers by Ficoll-Paque density gradient centrifugation

(Amersham Pharmacia Biotech, Uppsala, Sweden) and

washed twice in phosphate-buffered saline (PBS). PBMCs

were cultured at 106 cells/ml with or without SEB (Sigma-

Aldrich, St Louis, MO) in complete medium (RPMI-

1640 supplemented with 10% heat-inactivated fetal calf

serum, 2 mm l-glutamine, 100 U/ml penicillin and

100 lg/ml streptomycin) for the indicated time in the

presence or absence of 10 lg/ml LAG-3-specific 17B4

mAb (immunoglobulin G1, IgG1) known to inhibit

LAG-3/MHC class II interactions.6 Mouse IgG1 was used

as control.

Cytofluorometric analysis

At day 1, 2 or 3 PBMCs were stained for 30 min at 4� in

PBS containing 1% bovine serum albumin (BSA) and

10 mm azide with fluoroscein isothiocyanate (FITC)– or

phycoerythrin (PE)–CD3, FITC– or PE–CD4, FITC– or

PE–CD8, FITC– or PE–CD69 (all Immunotech, Marseille,

France) mAbs. FITC– or PE–IgG1 mAbs (all BD Pharm-

ingen, San Diego, CA) were used as negative control.

Labelled cells were analysed with an Epics Elite cytometer

(Beckman Coulter, Villepointe, France).

For apoptosis analysis, cells were labelled with FITC–

annexin V according to the manufacturer’s instructions

(BD Biosciences, San Jose, CA) and propidium iodide (PI;

50 lg/ml, Sigma-Aldrich) for 15 min on ice in the dark.

Proliferation of carboxy-fluorescein diacetate succinimidyl
ester (CFSE)-labelled PBMCs

Fresh purified PBMCs were labelled with 4 lm CFSE

(Molecular Probes, Eugene, OR) for 10 min at 37� in PBS.

Cold complete medium was added and cells were incuba-

ted for another 5 min in the dark. Then cells were washed

and cultured as described above. At days 2, 3 and 4,

PBMCs were labelled with PE–CD4 or PE–CD8 mAbs and

MofFit Verity software was used to determine the percent-

age of live T cells in each division peak and data were

expressed as ‘sum of total percent divisions’ of CD4+ or

CD8+ cells (i.e. cells with low CFSE or CFSELow).

Cytokine assay

PBMC were cultured with 0�1 ng/ml SEB for 2 days at

37� in the presence or absence of 17B4 LAG-3-specific
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mAb. Th1 and Th2 cytokines were measured in culture

supernatants using microparticle-based flow cytometric

technology (CBA Kit, BD Biosciences) according to the

manufacturer’s instructions.

Cell cycling/DNA content analysis and
proliferation assay

At days 4 and 6, PBMC suspensions were washed and

incubated with FITC–CD3 mAbs for 30 min at 4� in the

dark. Then cells were washed and fixed in 500 ll 70%

ethanol at )20� at least for 1 day. Cells were resuspended

in 500 ll PBS containing 50 lg/ml PI for 30 min at 4�
and analysed by flow cytometry. The percentage of CD3

gated cells in S-phase was determined with the MofFit

Verity software.

Confocal microscopy

PBMC cultured with 10 ng/ml SEB for 2 days were fixed

with 2% paraformaldehyde (PFA) for 15 min at room

temperature, incubated with LAG-3-specific 17B4 mAb

(IgG1) and then incubated with Alexa Fluor 488 or 546

anti-mouse IgG1. Cells were washed and incubated with

FITC–CD3-, –CD4- or –CD8-specific mAbs. PE-conju-

gated CD11a-specific mAb (IgG1) was used as a negative

control for raft formation. All incubations were per-

formed at 10 lg/ml for 30 min at 4� in the dark.

Jurkat cells were stably transfected with a plasmid

containing the LAG-3 insert. Stably transfected cells were

stimulated for 30 min at 37� with OKT3 plus CD28

mAbs coated to latex Dynabeads according to the manu-

facturer’s instructions (Polysciences, Warrington, PA).

The cells/beads complexes were fixed with cold 4% para-

formaldehyde, washed, and incubated for 30 min on ice

in the dark with FITC–cholera toxin B chain (CTB-

FITC) (10 lg/ml, Sigma-Aldrich) then with LAG-3-speci-

fic 17B4 mAb and with Alexa Fluor 546 anti-mouse

IgG1.

Stained PBMC or Jurkat cells/beads complexes were

mounted on coverslips coated with poly L-lysine (Sigma-

Aldrich) using Fluoromount G (Southern Biotech-

nology Associates, Birmingham, AL). Confocal analysis

was conducted using a confocal laser scanning micro-

scope (LSM 510 equipped with an air-cooled argon

ion laser 488 nm and a helium neon laser 543 nm; Zeiss,

Le Pecq, France) configured with an Axiovert 100 m

microscope using a Plan Apochromat X 63/1�40 oil

objective.

Statistics

Data were analysed by the non-parametric Mann–Whitney

U-rank test and differences with P < 0�05 were considered

statistically significant.

Results

Sequestration of LAG-3 into rafts complexes following
antigen stimulation of human T cells

Immunofluorescence microscopy was used to examine the

relative location of LAG-3 in clustered lipid rafts known to

contain CD3, CD4 or CD8 and GM1 (recognized by CTB)

under conditions of APC-driven stimulation using SEB.

PBMC cultured for 2 days without SEB exhibited a homo-

geneous surface expression pattern of CD3, CD4 or CD8,

low surface expression of GM1 and no LAG-3 (data not

shown). After stimulation with 10 ng/ml SEB for 2 days,

LAG-3 was expressed and polarized to the same location as

the corresponding GSL complexes containing CD3, CD4 or

CD8 (Fig. 1a). CD11a was used as a negative control that

LAG-3

LAG-3

LAG-3 LAG-3CT-B CT-B

overlay

CD3

CD8

CD4

CD11a

LAG-3           

LAG-3           

DICoverlay DIC

overlayDICoverlay DIC

Figure 1. LAG-3 colocalizes in GSL complexes with CD3, CD4 or

CD8, and in the IS with CD3 and GM1 after TCR engagement.

(a) PRMC’s stimulated for two days with SEB were labelled with LAG-

3-specific mAb followed by staining with Alexa Fluor 488-goat anti-

mouse IgG1 (green) or Alexa Fluor 594-GAM IgG1 (red) and with

FITC-CD3-, CD4- or CD8-specific mAb. PE-CD11a-specific mAb was

used as negative control. (b) LAG-3-transfected Jurkat cells were

stimulated with (left) or without (right) OKT3 plus CD28 mAbs

coated-beads for 30 min at 37�. Cells were then fixed and stained with

FITC-CTB and LAG-3-specific mAb followed by staining with Alexa

Fluor 546-GAM (red). Beads are coloured in red in the left hand panel

because of the staining of CD28 mAb (IgG1) by Alexa Fluor 546-GAM.

DIC, differential interferential contrast. The pictures are representative

of the results obtained in three independent experiments.
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does not polarize in patches. GM1 expression was low and

could not be visualized using CTB. We then used a Jurkat

T clone transfected with a plasmid coding for LAG-3,

which expresses much higher levels of GM1 at the cell sur-

face. These cells were stimulated with anti-CD3 plus anti-

CD28 mAb coated latex beads. At the bead–cell interface,

the clustered rafts were clearly visualized with CTB and

LAG-3 (Fig. 1b, left-hand panel). Overall, these experi-

ments performed on live cells (PFA was added after label-

ling) show that most LAG-3 molecules are polarized into

clustered cholesterol-rich lipid rafts after T-cell antigen sti-

mulation. The present results confirmed the localization of

LAG-3 in the GSL complexes.20 These patched GSL com-

plexes probably function to concentrate the surface recep-

tors and ligands with the effectors, thus optimizing

associations during signalling.

By analogy with CTLA-4, which reduces the localiza-

tion of lipid rafts and raft-associated signalling proteins

in the IS18 we tested whether the negative regulatory role

of LAG-3 that attenuates TCR signalling could be associ-

ated with an ability to inhibit raft expression on the

plasma membrane, clustering of these rafts, and move-

ment to the IS. GM1 expression at the T-cell plasma

membrane was up-regulated following SEB stimulation

(as determined by CTB-FITC binding and fluorescence-

activated cell sorting (FACS) analysis), as described21 but

was unaffected by addition of LAG-3 mAb on SEB-stimu-

lated PBMC (data not shown). Also, intensity and num-

ber of clustered rafts in these experiments was unchanged

by addition of LAG-3 mAb (not shown).

LAG-3/MHC class II interactions inhibit both
CD4 and CD8 primary T-cell activation

The effect of blocking LAG-3/MHC class II interactions

on early events was studied in different cell subsets using

CD69, an early activation-induced cell surface molecule,

to follow TCR-induced cell activation. We used the 17B4

LAG-3-specific mAb that recognizes the extra-loop of the

first LAG-3 immunoglobulin-like domain.6,7 This IgG1

antibody as well as the corresponding Fab fragments inhi-

bit LAG-3/MHC class interactions and then increases

T cell proliferation as LAG-3 signalling antagonists.22

17B4 mAb has no agonist activity as determined by its

inability to induce intracellular free calcium elevation into

T cells in the absence of a secondary cross-linking reagent

(i.e. cross-linking on beads or addition of GAM).9

Fig. 2(a) shows that the addition of LAG-3-specific mAb

at the initiation of T cell stimulation leads to a significant

increase of CD69 expression on gated lymphocytes at

day 2 of the culture when low (0�01 ng/ml) or suboptimal

(0�1 ng/ml) doses of SEB are added to the culture. This

increase was not due to an increased number of cells that

are CD69+ as a consequence of increased cell expan-

sion because at day 2 there was no differences between

conditions in terms of total or CFSELow (see below) cell

numbers. This effect was also observed when optimal

concentration of SEB (10 ng/ml) was used (not shown).

However, lower doses were used throughout this study

since these in vitro experimental conditions were thought

to be more relevant in testing whether LAG-3 may down-

regulates T-cell activation in in vivo situations where in

most cases limiting concentrations of antigen are avail-

able. These results indicate that blocking LAG-3/MHC

class II interactions with the LAG-3-specific mAb leads to

higher expression of CD69 on activated T cells.

Addition of LAG-3 specific mAb significantly increases

the expression of CD69 on both CD4+ and CD8+
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Figure 2. Inhibition of LAG-3/MHC class II interactions leads to

increased CD69 expression in both CD4+ and CD8+ SEB-stimulated

PBMC cell subsets. PBMCs were stimulated with indicated concen-

tration of SEB for 2 days in the presence of LAG-3-specific mAb or

control IgG1 mAb. PBMC were stained with PE-CD4 or PE-CD8

and FITC-CD69. CD69 expression on total PBMCs (a), CD4+ (b) or

CD8+ (c) subsets of gated PBMC was determined by FACS using

FITC-CD69 mAb. Results are mean of 6 experiments performed on

different PBMC samples with *P < 0�05 and **P < 0�01.
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subpopulations. There was at day 2 a 77�3% and 77%

CD69 expression increase in the CD4 and CD8 subsets

stimulated with 0�1 ng/ml SEB, respectively (n ¼ 6

experiments; P < 0�01 and P < 0�05, respectively). These
data indicate that activation of both CD4 and CD8 sub-

sets is subjected to a feedback type of inhibition by LAG-3/

MHC class II interactions after TCR engagement.

LAG-3/MHC class II interactions inhibit CD4
and CD8 T-cell proliferation

We next studied the effect of the addition of LAG-3-

specific mAb to SEB-stimulated T-cell cultures to test whe-

ther the blocking of LAG-3/MHC class II interactions may

influence TCR-driven cell cycle progression. Figure 3(a)

shows a representative FACS analysis of CFSE-labelled

CD4+ and CD8+ cells stimulated by a suboptimal dose of

SEB (0�1 ng/ml) for 4 days. More cells in the dividing peaks

(i.e. the CFSELow cells) were found in cultures with LAG-3-

specific mAb compared to cultures with control IgG1 mAb.

To compare more accurately the amount of divisions in

LAG-3 treated vs. untreated cells the percentage of live

CD4+ or CD8+ T cells in each division peak was summed.

As shown in Fig. 3(b), there was a consistent increase in the

mean of dividing cells at day 4 for the low (0�01 ng/ml)

and suboptimal (0�1 ng/ml) doses of SEB in cultures with

LAG-3-specific mAb, compared to the control. When

PBMC were stimulated with 0�1 ng/ml SEB, the addition of

LAG-3 mAb increased by 38% and 44�5% the percentage of

CD4+ and CD8+ dividing cells, respectively (n ¼ 6 experi-

ments, P < 0�05 and P ¼ 0�01, respectively). The number

of cells in the undivided population (CFSEHigh) was

reduced accordingly, meaning that more cells were recrui-

ted and induced to divide at this ‘suboptimal’ (1/100th of

the optimal SEB dose) SEB concentration in the presence

of the LAG-3 mAb. In addition, the distribution of the dif-

ferentially shaded peaks in Fig. 3(a) is not the same

between the two conditions with a slight shift to the left of

the CFSELow peaks in the presence of LAG-3-specific mAb.

This shift was observed in all six experiments shown in

Fig. 3(b). This increase in cell cycle progression is shown

for the experiment described in Fig. 3(a) by using weighted

scores calculated by multiplying the ‘total percent divisions

of CFSELow’ by the number of cell divisions (Fig. 3c). In

the group of cells that were induced to divide in the pres-

ence of LAG-3 mAb in spite of minimal TCR engagement,

there were more cells that divide six times or more in the

4 day culture period compared to the IgG1 control condi-

tion. Thus, both increased recruitment into cell division

and more rounds of cell division are the hallmarks of

LAG-3-deficient cells in conditions where only limited con-

centrations of antigen are available.

The effect of LAG-3 mAb on apoptosis and cell death

was also investigated. PBMCs were stimulated as above in

the presence or absence of LAG-3-specific mAb, and

apoptosis was followed by annexin V and PI staining.

There was no significant increase of PI–/annexin V+ cells

in cultures with LAG-3-specific mAb (Fig. 4). Less than
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Figure 3. Inhibition of LAG-3/MHC class II interactions increases

cell division in CD4+ and CD8+ SEB-stimulated PBMC cell subsets.

CFSE-labelled PBMC were cultured with 0�1 ng/ml SEB for 4 days.

(a) ModFit Verity software analysis of CFSE staining in CD4+ and

CD8+ SEB-stimulated PBMC subsets. (b) The ‘total percent divisions

of CFSELow’, that is the sum of the percentage of CD4+ or CD8+ cells

in each division peak without the parental generation, are shown for

the LAG-3-specific 17B4 mAb (filled histograms) or the control IgG1

mAb (empty histograms). Results are mean of six experiments per-

formed on different PBMC samples. *P < 0�05 and **P < 0�01.
(c) The slight shift to the left of the dividing cells CFSELow peaks in

(a) is shown by using weighted scores calculated by multiplying the

‘total percent divisions of CFSELow’ by the number of cell divisions.
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2% of cells were PI+ with no differences between condi-

tions (not shown). Altogether, these data show that

blocking LAG-3/MHC class II interactions with a specific

mAb enhanced T-cell division without increasing the

number of apoptotic cells.

Blocking LAG-3/MHC class II interactions inhibits
cell cycle progression upon activation of resting
T cells

To test whether the blocking of LAG-3/MHC class II

interactions may influence TCR-driven cell cycle progres-

sion, we studied cell cycle entry in CD3+ cells stimulated

with 0�1 ng/ml SEB (see Fig. 5b for a representative

experiment).We first determined the relative position of

the G2 peak compared to the G1 peak in unstimulated

cultures (no SEB) to allow the ModFit software to deter-

mine subsequently the number of cells in S-phase in SEB-

stimulated cultures (Fig. 5a). At day 4 there was a 67%

increase (P < 0�05) in the percentage of cells in the

S-phase of the cell cycle and a 71% increase at day 6

(P < 0�01) in the presence of LAG-3 mAb, compared to

the IgG1 control (Fig. 5c). These results indicate that

primary resting T cells stimulated under conditions of

APC-driven stimulation and low dose SEB are incited to

divide more in the presence of LAG-3 mAb.

LAG-3/MHC class II interactions inhibit Th1 cytokine
production

To study the effect of LAG-3/MHC class II interactions

on cytokine production and on Th1 versus Th2 polariza-

tion, we used a simultaneous quantification of different

Th1 and Th2 cytokines in supernatant of PBMC stimula-

ted with 0�1 ng/ml SEB. There was a significant increase

at day 1 (not shown), day 2 (Fig. 6) and day 3 (not

shown) of interferon-c, interleukin (IL)-2 and tumour

necrosis factor-a production but not of IL-4, IL-5 and

IL-10 in the presence of LAG-3 mAb. This increase was
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Figure 5. Inhibiting LAG-3/MHC class II interactions increases the

percentage of cells in S-phase of the cell cycle in SEB-stimulated

PBMC.PBMC were cultured with or without 0�1 ng/ml SEB for 6 days

and stained with FITC-CD3 mAb and PI. The ModFit Verity software

was used to determine fractions of population in each phase of the cell

cycle. G0/G1 (white area) and S-phases (black area). (a) Histograms of

DNA content in CD3+ cells of a representative experiment used to

determine the relative position of the G2 peak compared to the G1 peak

in unstimulated cultures (no SEB). (b) Histograms of DNA content in

CD3+ cells of a representative experiment (0�1 ng/ml SEB) (c) Percent-

age of CD3+ cells in the S-phase of the cell cycle following culture with

LAG-3-specific 17B4 mAb (filled histograms) or control IgG1 mAb

(empty histograms) Results are mean of six independent experiments.

*P < 0�05 and **P < 0�01.
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not due to an increased number of cells that may produce

Th1 cytokines because at day 2 there were no differences

between conditions in terms of total or CFSELow (only

12% of cells are CFSELow at day 2) cell numbers. Similar

results were obtained with 0�01 ng/ml SEB (data not

shown). These results clearly indicate that LAG-3 signal-

ling affects the Th1 and not the Th2 differentiation path-

way following TCR engagement.

Discussion

LAG-3 has been shown to be present in a cell fraction

enriched in GSL complexes before their clustering by

CD3/TCR complex cross-linking.20 This low-density frac-

tion was isolated at the interface between the 35% and

the 5% fractions of a discontinuous sucrose gradient and

addition of 0�2% saponin (i.e. cholesterol depletion lead-

ing to raft disruption) to 1% Triton-X-100 abolished the

detection by Western blotting of LAG-3 in this cell frac-

tion.20 Micron-scale collections of raft domains are estab-

lished in cells by an actin/tubulin-dependent process and

these regions correspond to large areas in which lipids

become more resistant to extraction by cold Triton-X-

100. Despite the usefulness of non-ionic detergent extrac-

tion, this method of low density floating during sucrose

gradient centrifugation is not without pitfalls. A raft pro-

tein can be connected to the cytoskeleton and will not

float after detergent extraction; also, its association with

rafts can be so weak that it is solubilized by the detergent.

Here, we confirm the presence of LAG-3 in clustered rafts

induced following TCR signalling.

Protein reorganization at the surface of a T-cell and an

APC plays an important role in T-cell activation. Previous

studies have shown that MHC class II-peptides complexes

are incorporated on the surface of APC in a preorgan-

ized rather than a randomly distributed configuration in

the absence of T cells, with two types of MHC class

II-enriched membrane microdomains: (i) the GSL com-

plexes or lipid rafts; and (ii) tetraspan protein micro-

domains (for review see 23). Both these domains have

recently been shown to be preferentially recognized on

the surface of live human DC by a soluble LAG-3

(sLAG-3) protein.24 The present results showing the

polarization of LAG-3 in clustered regions under condi-

tions of APC-driven stimulation using low doses of SEB

further support the view that LAG-3/MHC class II inter-

actions are involved in the manner APC and T cells form

heterotypic junctions with the aim of evoking specific

T-cell responses. With antibody-coated beads, we also

induced the cytoskeleton-driven clustering of these micro-

domains, such as the ones observed when a 1–4 lm syn-

apse is formed between an APC and a T cell and showed

the polarization of LAG-3 into these clustered micro-

domains. Large-sized arrays of surface MHC class II on

APC and of LAG-3 on T cells may actively contribute to

enhance the already high avidity LAG-3/MHC class II

interactions (a Kd of 60 nm for LAG-3Ig at 37� on Daudi

B cells,25) and then contribute to induction and mainten-

ance of the IS. Overall, the integrity and dynamics of

these microdomains at the heterotypic junctions between

APC and T cells that control the final outcome of LAG-3/

MHC class II interactions are candidate determinants

favouring activation (through MHC class II signalling and

APC activation)8,26 or silencing (through LAG-3 signal-

ling) of T cells.

When recognition of the MHC class II-peptide complex

by a specific TCR occurs, intracellular signals are trans-

duced in the T cell through the TCR and in the APC

through MHC class II molecules. The question of how

signalling through MHC class II is achieved in APC fol-

lowing their engagement by sLAG-3 has been recently

documented.24,26 Here we report that the negative regula-

tory role of LAG-3 signalling into T cells9,11,12,15 operates

in primary CD4 and CD8 human T-cell responses. The

effect of the LAG-3-specific mAb in our assays is rather a

result of a direct blocking effect of LAG-3 signalling into

LAG-3+ effector cells than to an indirect mechanism

through the inhibition of the LAG-3+ Treg subset func-

tion.14 In the latter case, it has been shown than blocking

LAG-3/MHC class II interactions does lead to clear-cut

inhibition of Treg cell function only when using high

concentrations of antigen.14 Treg cells could utilize mul-

tiple molecules to mediate suppression and then could

conformably control T-cell expansion at low concentra-

tions of antigen (or SEB as in our bioassays) in the

absence of LAG-3 signalling. Note that we didn’t observe

any down-regulation of IL-10 secretion following addition

of LAG-3-specific mAb (Fig. 6 and unpublished results),

again raising doubts about the possibility of an indirect

mechanism through inhibition of Treg suppressor activity

in our in vitro system using low dose SEB.
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Figure 6. Inhibition of LAG-3/MHC class II interactions increases

Th1, but not Th2, cytokine production. PBMC were cultured with

0�1 ng/ml of SEB and with LAG-3-specific 17B4 mAb (filled histo-

grams) or control IgG1 mAb (empty histograms). At 48 hr, superna-

tants were collected and cytokine assays were performed using

microparticle-based flow cytometry analysis. Results are mean of six

experiments performed on different PBMC samples. *P < 0�05.

176 � 2005 Blackwell Publishing Ltd, Immunology, 115, 170–178

L. Maçon-Lemaı̂tre and F. Triebel



In contrast to murine T cells12 SEB stimulation in the

absence of LAG-3/class II interactions did not lead to

defective cell expansion associated with increased cell

death in vitro. To the contrary, we observed increased

T-cell expansion and accumulation of cells in the S-phase

of the cell cycle. These results may not be discrepant

because for both species T cells appeared to be hyperacti-

vated in the absence of LAG-3 signalling as assessed by

enhanced cytokine secretion.12 Thus, reduced cell expan-

sion and increased cell death in the murine system may

be caused by differences in cytokine starvation and/or

antigen-induced cell death between murine and human

cells in vitro. In any case, the LAG-3 attenuation of T-cell

expansion model discussed here implies that cells expres-

sing LAG-3 are arrested in low division states, whereas

LAG-3-deficient cells proceed through more rounds of

division. Blocking CTLA-4 or LAG-3 signalling leads in

both cases to more cells continuing to progress through

the cell cycle and thus, exhibiting higher numbers of cells

in the S-phase of the cell cycle27 (and Fig. 5). The path-

ways which influence the cell cycle following engagement

of these two T-cell activation antigen receptors may regu-

late the induction and/or progression of autoimmune

disease.

LAG-3 has now been shown to have a important role

for homeostatic lymphocyte expansion.13 In the present

study, we show that specific inhibition of Th1 cytokine

production (e.g. IL-2) is induced by LAG-3 in vitro. Thus,

the blockade of LAG-3/MHC class II interactions with

specific mAb in vivo could lead to increased numbers of

CD4+ and CD8+ cells in the memory T-cell pool, in line

with the mouse data.13 Accordingly, we propose that

LAG-3-specific mAb given intravenously could be used in

therapeutic vaccination protocols to increase the memory

pools as an adjunct to the vaccine procedure itself, either

by acting directly at the effector cell level9,12,15 or indi-

rectly by inhibiting LAG-3+ Treg subpopulations.14
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