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Introduction

Summary

Major histocompatibility complex (MHC) class II molecules expressed on
monocytes may play a role in the control of differentiation of antigen-
presenting cells. A soluble LAG-3 (CD223) molecule (sLAG-3) is a natural,
high-affinity ligand for MHC class II. It is known to induce maturation of
monocyte-derived dendritic cells in vitro and is used as a vaccine adjuvant
to induce CD4 T helper type 1 responses and CD8 T-cell responses
in vivo. Here, we demonstrate that sSLAG-3 (but not an MHC class II-
specific monoclonal antibody) reduces the differentiation of monocytes
into macrophages in the presence of granulocyte—-macrophage colony-
stimulating factor (GM-CSF) as well as their differentiation into dendritic
cells in the presence of GM-CSF and interleukin-4, as shown by a decrease
in CD14 and CDla expression, respectively. Dendritic cells derived from
monocytes in the presence of sLAG-3 showed impaired antigen-presenta-
tion function, as assessed by the reduced capability to induce proliferation
of T cells. Our results suggest that activated LAG-3" lymphocytes present
at sites of inflammation may reduce the differentiation of monocytes into
macrophages or fully competent antigen-presenting dendritic cells, thus
limiting the magnitude of the ongoing T-cell immune responses.

Keywords: cell differentiation; dendritic cell; MHC Class IT; monocytes

may interfere with the control of monocyte switching to
either macrophages or DC.

Regulatory mechanisms controlling macrophage or dend-
ritic cell (DC) generation in vivo are poorly understood.
Blood monocytes cross the endothelium and enter tissues
where they can differentiate to scavenging macrophages
or antigen-presenting DC, according to distinct environ-
mental factors that influence their differentiation. For
instance, fibroblasts secreting interleukin-6 (IL-6) pro-
mote monocyte differentiation to macrophages.' In vitro,
monocytes can either differentiate into macrophages, in
response to macrophage or granulocyte—macrophage col-
ony-stimulating factor (M-CSF or GM-CSF), or into DC
in response to GM-CSF and IL-4.>’ In addition to epithe-
lial and fibroblast cells that represent two prominent stro-
mal cell types, monocytes may also encounter activated T
or natural killer cells under local inflammatory condi-
tions. Because monocyte-to-DC transition, as well as their
migration to the lymph node, are greatly enhanced by
these inflammatory conditions characterized by enhanced
monocyte phagocytosis and interferon-y production, we
surmised that these activated T (or natural killer) cells

© 2005 Blackwell Publishing Ltd, /mmunology, 114, 369-374

The lymphocyte activation gene-3 protein (LAG-3 or
CD223) is expressed on activated T and natural killer
cells*® and binds to major histocompatibility complex
(MHC) class II molecules with a much higher avidity than
CD4.” On T cells, LAG-3 associates with the T-cell recep-
tor : CD3 complex and, like cytotoxic T-lymphocyte anti-
gen-4, negatively regulates signal transduction®™'' A
soluble LAG-3 (sLAG-3) molecule induces DC to mature
and migrate to secondary lymphoid organs'>™'* where
they can prime naive CD4-helper and CD8-cytotoxic
T cells.">™"” Monocytes can be activated by T cells and this
positive signal is suppressed by LAG-3-specific mono-
clonal antibodies (mAb)."? Along the same lines, sSLAG-3
markedly enhances IL-12 production by monocytes stimu-
lated with infra-optimal concentrations of sCD40 ligand."?
However, the activation of monocytes via engagement of
MHC class II molecules by a natural ligand, LAG-3, does
not preclude their differentiation outcome in defined
cytokine culture conditions. Here, we show that MHC
class II molecules play another role in the control of
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antigen-presenting cell (APC) differentiation by inhibiting
monocyte differentiation into either macrophages or into
DC following engagement by LAG-3.

Materials and methods

Reagents

Recombinant soluble human LAG-3 immunoglobulin
molecules (also termed sLAG-3) were generated by fusing
the extracellular domain of human LAG-3 to a human
immunoglobulin G1 (hIgG1) Fc portion.'"® The resulting
recombinant protein was produced in Chinese hamster
ovary cells and purified as described previously.'® Pre-
parations contained less than 1 EU/mg endotoxin as
determined by the Limulus amoebocyte lysate assay
(Biowhittaker, Walkersville, MD).

Purification of human monocytes and culture conditions

Human peripheral blood mononuclear cells were isolated
from the venous blood of healthy voluntary donors and
purified as previously described."”'* Monocytes were
seeded at a density of 15 x 10° cells/well in 12-well plates
in 1 ml of complete culture medium (RPMI-1640 supple-
mented with 10% foetal bovine serum, 2 mm glutamine,
and 1 mm pyruvate) with GM-CSF (100 ng/ml, Novartis,
Rueil-Malmaison, France) and IL-4 (50 ng/ml, R & D,
Minneapolis, MN). In parallel, monocytes were cultured
with GM-CSF alone. Human IgG1l, MHC class II-specific
mAb (I3) or sLAG-3 were added at day 0. Every 2 days
the culture medium was renewed with freshly added
cytokine.

For lipopolysaccharide (LPS) stimulation, cells were
harvested after 4 days of culture with medium, hIgGl,
MHC class II-specific mAb, or sLAG-3 and resuspended
at a density of 1 x 10° cells/ml in complete culture med-
ium with cytokines and seeded in six- or 12-well plates.
LPS (Sigma-Aldrich, St. Louis, ML; 10 ng/ml) was added
and cells were incubated for another 24 hr at 37° in 5%
CO,.

For hIgG1 cross-linking, monocytes were preincubated
with 1 pg/ml hIgGl for 15 min at 37° and then with
10 pg/ml goat anti-human immunoglobulin. For Fc
receptor saturation experiments, monocytes were preincu-
bated with culture medium containing 10% human serum
for 30 min at 37°, washed with RPMI-1640 and 1 pg/ml
of sSLAG-3 was added before culture.

Cytofluorometric analysis

For double staining, cells were processed for 30 min at 4°
using fluorescein isothiocyanate (FITC)-CDla, phyco-
erythrin (PE)-CD14 (all Becton Dickinson, San Jose, CA),
PE-CD86, PE-CD83 (all Coulter, Fullerton, CA) and
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PE-CD80 (Immunotech, Marseille, France) mAbs. FITC-
IgGl and PE-IgGl mAbs (all Coulter) were used as
negative controls. Stained cells were analysed by fluor-
escence-activated cell sorting (FACS) using an Epics Elite
cytometer (Coulter).

To assess the binding of sSLAG-3, monocytes were incu-
bated with phosphate-buffered saline (PBS) containing
10% human serum and 10 mm sodium azide for 30 min
at 4° to saturate the Fc receptors. Cells were washed with
PBS and processed for double staining (30 min at 4°)
using Alexa 488-hsLAG-3 at 10 ug/ml and PE-CD14
(Becton Dickinson) in PBS containing 1% bovine serum
albumin and 10 mMm sodium azide. Alexa 488-hIgGl
(10 pg/ml) was used as a negative control.

Mixed leucocyte reaction

Cells cultured for 4 days with medium, hIgGl (1 pug/ml),
anti-class II (1 pg/ml), or sLAG-3 (1 pg/ml) were added
to 1 x 10° allogeneic peripheral blood lymphocytes (PBL)
in round-bottomed 96-well microtitre plates. After 5 days
of coculture, cells were pulsed with 1 pCi [*H]thymidine
for 18 hr.

Statistics

Data were analysed by the non-parametric Mann—Whitney
U rank test and differences with P < 0-05 were considered
statistically significant.

Results

APC differentiated in the presence of sLAG-3
have weaker immunostimulatory capacities

We first assessed the binding of sSLAG-3 on freshly puri-
fied monocytes. The binding of an Alexa Fluor-coupled
sLAG-3 molecule was clearly detectable at 10 pg/ml by
FACS analysis, compared to the isotype-matched IgGl
control (Fig. 1a).

Monocytes were cultured for 4 days in GM-CSF and IL-4
in the presence or absence of 1 pg/ml sLAG-3. APC were
then cocultured with naive allogeneic PBL for 5 more days
and proliferation was assessed by thymidine incorporation.
The sLAG-3-differentiated cells were less immunostimula-
tory at ratios of 1 : 100 and 1 : 1000 APC : PBL than cells
cultured with control hIgGl (see a representative experi-
ment in Fig. 1b), with a 57 = 23% and 75 + 17% mean
inhibition for these two ratios, respectively (for four experi-
ments). Immunostimulatory capacities of cells cultured with
either medium or 1 pg/ml anti-MHC class II mAb were
similar to that of the hIgG1 control condition (not shown).

It was unlikely that the inhibition of alloresponses by
SLAG-3 could simply be the result of the masking of
stimulatory MHC class II determinants on APC'® because:
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Figure 1. LAG-3 binds MHC class II molecules expressed by mono-
cytes and prevents the immunostimulatory properties of monocyte-
derived DC. (a) sLAG-3 binding on monocytes. Freshly purified
monocytes were saturated with 10% human serum in 1x PBS/10 mm
NaNj; and stained with PE-CD14 mAb (10 pg/ml). The CD14" cells
were analysed for staining with 10 pg/ml hIgGl-(empty histogram)
or sLAG-3-coupled Alexa Fluor 488 (filled histogram). (b) Prolifer-
ation of a 5-day coculture where allogeneic PBL are stimulated with
DC derived from 1 pg/ml hIgGl-treated or LAG-3-treated mono-
cytes. Results are representative of four experiments performed on
different PBL samples.

a non-blocking concentration of sLAG-3 was used (i.e.
1 pg/ml instead of 10 pg/ml), sLAG-3 was added 4 days
before initiation of the MLR, and no effect of the addi-
tion of anti-MHC class II antibodies at the start of the
culture was ever observed in these conditions.

LAG-3 prevents the generation of either CD1a* DC
or CD14" macrophage from blood monocytes

Monocytes were cultured for 6 days in GM-CSF and
IL-4 (Fig. 2a) or in GM-CSF alone (Fig. 2b) in the pres-
ence or absence of various doses of sLAG-3. For the
GM-CSF plus IL-4 conditions, cultures with sLAG-3 did
not contain cells with cytoplasmic protrusions and mem-
brane ruffling, as observed in controls: most cells were
small, round-shaped and remained positive for myelo-
peroxidase and o-naphthyl butyrate esterase staining,
which are conventional markers for monocytes (data not
shown). There was no change between the conditions in
terms of cell viability or cell yields (not shown). As
shown in Fig. 2(a), cells cultured in the presence of
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1 pg/ml sLAG-3 expressed very low levels of CDla, com-
pared to the control hIgGl condition. In contrast, cells
cultured in medium (not shown), the control hIgGl,
or the MHC class II-specific mAb expressed increasing
CDla levels at day 4 (Fig. 2a) and day 6 (not shown)
compared to day 2. At day 4 the inhibition of CDla
expression by sLAG-3 was strong, dose-dependent and
still measurable at a very low dose (0-01 pg/ml) of
sLAG-3 for some but not all monocyte samples (Fig. 3).
Addition of sLAG-3 on day 2 of the culture did not
inhibit the appearance of CDla (not shown). Only
CDla expression was affected by the addition of sLAG-3
as expression of CD80, CD83 and CD86 did not change
between culture conditions (Fig. 4). Induction of DC
maturation by LPS did not rescue CDla expression in
sLAG-3 cultures although it increased CD83, CD80 and
CD86 expression on these cells (Fig. 4). There were also
no differences in IL-12 or IL-10 concentrations in the
supernatant of cells cultured in the different conditions,
either before or after LPS stimulation (data not shown).
Finally, there was no skewing of the differentiation of
monocytes to macrophages, as observed with IL-10*° or
IL-6" because there was no difference in CD14 expres-
sion until it disappeared on day 2.

As we used a dimeric LAG-3 immunoglobulin recom-
binant protein and not the smaller physiological sSLAG-3
protein, which is an alternative splicing product found in
human serum,'” it was important to show that the dra-
matic phenotypic changes observed were not the result of
FcR signalling. This was made unlikely by four factors:
first, the use of a 30-min preincubation period with either
10% human serum (Fig. 5) or 10 pg/ml human IgGl
mADb (not shown) to saturate FcR; second, the use of
non-activated monocytes expressing low levels CD64
(high-affinity FcR); third, the use of low sLAG-3 concen-
trations (down to 0-01 pg/ml) (Fig. 3); and fourth, the
fact that direct and strong FcR cross-linking with hIgGl
plus goat anti-human immunoglobulin did not change
CD1a expression (Fig. 5).

In addition, because there was no obvious skewing
from DC differentiation to macrophage generation in the
presence of GM-CSF plus IL-4, we tested whether LAG-3
could have an effect on cell surface CD14 expression in
conditions where macrophages are generated by culturing
monocytes for 6 days in GM-CSF (without IL-4, which
down-regulates CD14 expression) in the presence or
absence of 1 pg/ml sLAG-3. Cells cultured with medium
(not shown), hIgGl, or anti-MHC class II mAb showed
increased CD14 expression from day 2 to day 4, while
monocytic cells cultured with SLAG-3 expressed very low
levels of CD14 together with a reduction in the number
of CDla" cells (Fig. 2b). There was 67 + 41% (for six
experiments) and 71 + 19% (for three experiments) inhi-
bition of CD14 expression by sLAG-3 at days 4 and 6,
respectively.
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Figure 2. LAG-3 inhibits CD1la or CD14 surface expression during monocyte to DC or to macrophage differentiation. Monocytes were cultured
with GM-CSF and IL-4 (a) or GM-CSF (b) and with 1 pg/ml of either hIgG1, MHC class II-specific mAb or sLAG-3. At the indicated times cells were
removed and the surface expression of CD1a (a) or CD14 (b) was assessed by FACS analysis. Dot blots show the phenotype of cells of a representative

experiment at day 2 and day 4. Percentage of CD1a-positive (a,b) or CD14-positive (b) cells is indicated.
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Figure 3. LAG-3-induced CDla inhibition during the monocyte-
to-DC pathway is dose-dependent. Monocytes were cultured with
GM-CSF and IL-4 alone or with 1 pg/ml of either hIgGl, MHC class
II-specific mAb, or sLAG-3. At day 4 cells were removed and the
surface expression of CDla was assessed by FACS analysis. Mean
fluorescence values were used to calculate the percentage of CDla
expression inhibition by sSLAG-3 compared to hIgGl. Data are given
as mean of percentage of inhibition + SD of five independent experi-
ments (*P < 0-05; **P < 0-01).

Discussion

This study demonstrates that MHC class II signalling
induced specifically by a natural ligand, sLAG-3, severely
impairs the differentiation of DC from human monocytes.
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Similarly, monocyte to macrophage ‘in vitro’ differenti-
ation was also significantly hampered and the implication
of these findings will be discussed in light of other situa-
tions where both the phenotypic and functional properties
of these APC have been shown to be altered in vitro or
in vivo.

For instance, such an impaired antigen-presentation
function of monocyte-derived DC, as assessed by the
reduced capability to induce T-cell proliferation, has been
described before for Mycobacterium tuberculosis-infected
monocytes.”! Inhibition of the differentiation of mono-
cytes infected by M. tuberculosis to fully competent
CDl1a" DC is used by the intracellular pathogen as an
escape mechanism for evading elimination by the host
immune system.”' Similarly, a strong correlation between
CDla expression and effective host immunity in the two
forms of leprosy has been reported, with high expression
of CDla in patients with the tuberculoid form (showing
strong cell-mediated immunity) and low expression in
patients with the lepromatous form (showing weak cell-
mediated immunity to the pathogen).*

Many of the substances capable of modifying CDla
expression in vitro are produced in vivo by tumours.
These include IL-10, gangliosides, or prostanoids
(reviewed in ref. 23). The density of CDla" DC has been

© 2005 Blackwell Publishing Ltd, Immunology, 114, 369-374
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Figure 4. LAG-3-differentiated cells show normal expression of costimulatory (CD80/B7.1, CD86/B7.2) and CD83 molecules. Dot plots of dou-
ble-stained DC derived from hIgG1- or sLAG-3-treated monocytes stimulated or not with LPS (10 ng/ml) are shown. The percentage of positive

cells for each marker is indicated. One representative result of five independent experiments is shown.

directly associated with clinical outcome in a variety of
human tumour types.”> CDla may well represent an
important mechanism for presentation of non-peptide
(e.g. glycolipids) tumour antigens to the immune system
and in situ immuno-incompetence could derive from the
down-regulation of CDla expression on APC by tumour
cells. As a large fraction of tumor infiltrating lymphocytes
(TILs) expressed LAG-3 in human tumours, as detected by
immunohistochemistry of tissue sections or FACS analysis
of freshly dissociated tumours,? one cannot exclude the
possibility that LAG-3 participates in the observed CDla
down-regulation in DC infiltrating the tumour. As
observed with DC,®> MHC class II signalling following
sLAG-3 binding on monocytes could lead to activation/
phosphorylation of PLCy2, p72syk, or Akt molecules that
may be implicated into CD1a down-regulation.

We conclude that inhibition of both DC and macro-
phage differentiation are dependent in part upon the spe-
cific engagement of MHC class II molecules by sLAG-3.
What are the implications of these findings in terms of
T-cell response development? On the one hand, sLAG-3
conditioning of DC first incites the professional APC to
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Figure 5. Neither direct FcR cross-linking nor FcR saturation with
human serum before sLAG-3 addition has any significant effect on
CDla expression. Monocytes were preincubated for 15 min at 37°
with 1 pg/ml hIgG1 before the addition of goat anti-human immuno-
globulin (10 pg/ml) to directly cross-link FcR (right) or for 30 min at
37° with 10% human serum to saturate FcR before sSLAG-3 (1 pg/ml)
addition (left). Cells were then cultured with GM-CSF and IL-4 for
6 days. At the indicated times, cells were removed and CDla expres-
sion was assessed by FACS analysis. Data are given as the mean of
mean fluorescence intensity (MFI) X percentage positive cells for
three independent experiments.
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carry the antigenic information from sites of inflamma-
tion to distant lymph nodes within a few hours, leading
to increased T-cell responses.”>™> On the other hand,
membrane-expressed LAG-3 later (after 1-2 days) inhibits
any overshooting of the immune response by down-regu-
lating T-cell receptor signalling into effector T cells, either
directly®"! or indirectly through the suppressor activity
of LAG-3" regulatory T-cell subsets.”® In addition, it may
be that increased sLAG-3 production (i.e. the physiologi-
cal sSLAG-3 protein derived from an alternative splicing
event'’), as a result of the ongoing T-cell activation,
blocks further recruitment of APC by reducing the differ-
entiation of monocytes into scavenging macrophages or
antigen-presenting DC, as shown in the present study.
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