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SUMMARY

Murabutide is a safe synthetic immunomodulator derived from muramyl dipeptide, the smallest
bioactive unit of bacterial peptidoglycan. Although it is well known that muramyl peptides
modulate the functions of monocytes/macrophages, their activity on dendritic cells is poorly
documented. We thus investigated the effects of Murabutide on immunophenotype, endocytosis,
T-cell stimulatory capacity, and cytokine secretion of human monocyte-derived immature dendritic
cells (iDCs). We found that Murabutide triggers immunophenotypic changes as upon treatment,
iDCs up-regulate the surface expression of the major histocompatibility complex type II molecule
human leucocyte antigen-DR, the co-stimulatory molecules CD80, CD86 and CD40 and the
differentiation marker CD83, and down-regulate the expression of the mannose receptor. These
phenotypic changes are also mirrored by changes in their biological activity. Subsequent to
treatment with the synthetic immunomodulator, DC have a decreased endocytic capacity but
exhibit enhanced stimulatory capacity for both allogeneic and autologous T cells. In addition,
Murabutide-stimulated iDCs have a greater cytostatic activity toward the tumour cell line THP-1.
Furthermore, in the presence of Murabutide, DCs transiently increased the release of macrophage
inhibitory protein-18, tumour necrosis factor-o. and interleukin-10, whereas the enhanced
production of macrophage-colony stimulating factor was sustained over the 3-day period analysed.
In addition, Murabutide triggers the phosphorylation of the three classes of mitogen-activated
protein kinases in iDCs. Altogether our results demonstrate that Murabutide triggers the
maturation and activation of monocyte-derived iDCs. As this immunomodulator is approved for
administration in humans, it could be a useful adjunct to boost the efficacy of DC-based vaccines
designed against tumours or virus-infected cells.

*Laboratory of Molecular Immunology of Infection

INTRODUCTION

Dendritic cells (DCs) play a crucial role in the initiation of
primary T-cell-mediated immune responses.! These cells exist
in two major stages of maturation associated with different
functions. Immature DCs (iDCs) are located in most tissues or
in the circulation and are recruited into inflamed sites. They
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are highly specialized antigen-capturing cells, expressing large
amounts of receptors involved in antigen uptake or phagocy-
tosis such as the mannose receptor,2 FcyR,3 and CD36.*
Following antigen capture and processing, iDCs move to local
T-cell areas in lymph nodes or spleen.' During this process,
DCs lose their antigen-capturing capacity and the pattern of
cell surface molecule expression changes dramatically, turning
DCs into immunostimulatory mature DCs (mDCs).> The
mDCs display high levels of major histocompatibility complex
(MHC) —peptide complexes at their surface and up-regulate
the expression of co-stimulatory and adhesion molecules. Thus
these cells are able to activate T lymphocytes potently and
so induce an antigen-specific response.! Maturing DCs also
produce a set of chemokines that attract iDCs, monocytes and
T cells to the inflamed tissue, thereby amplifying the immune
response.” The importance of DCs in the initiation of the
immune response is underscored by the fact that in cancer or
chronic viral infections, DC functions are often impaired'®’
leading to limited immune responses directed against the
tumour or the infected cells. In this context, cell-based
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immunotherapy aimed at activating DCs ex vivo using tumour-
derived products or viral antigens prior to re-injection into
patients offers promising avenues.®'! However, the parallel
use of immunostimulatory molecules may be required to obtain
DCs that are optimally activated.'*!?

Murabutide (MB) is a synthetic immunomodulator derived
by chemical modification of muramyl dipeptide (MDP), which
is the minimal bioactive structure of bacterial peptidoglycan.
Unlike most other members of the muramyl peptide family
of molecules, MB is well tolerated by humans'*'> and main-
tains certain biological effects, acting principally on cells of the
reticulo-endothelial system. It possesses strong adjuvant
properties in both mice and humans when injected with poorly
immunogenic antigens.'*!® In addition, MB favours the release
of cytokines in vivo without significant induction of pro-
inflammatory mediators.'> Using murine models, it has also
been shown that this molecule enhances the host’s non-specific
resistance to certain bacterial and viral infections.!”'® More-
over, MB enhances the anti-inflammatory and antiviral
activities of type I interferons and potentiates the anti-tumour
activity of both interleukin-2 (IL-2) and interferon-o.'>!
Recently, we have demonstrated that this synthetic imm-
unomodulator dramatically inhibits HIV-1 replication in acu-
tely infected monocyte-derived macrophages (MDMs) and
mDCs.?

In vitro, blood monocytes cultured in granulocyte-macro-
phage colony-stimulating factor (GM-CSF) and IL-4 give rise
to iDCs possessing characteristics of peripheral tissue DCs.’
Further differentiation into mDCs can be triggered by
exposure to pro-inflammatory cytokines, such as tumour
necrosis factor-o. (TNF-o)) or IL-1B,>** or by bacterial cell
wall components, such as lipopolysaccharide (LPS) or
mycobacterial cell wall skeleton.>>* However, the effects on
DC:s of defined cell wall structures isolated from Gram-positive
bacteria have not been reported. Furthermore, although it is
well known that muramyl peptides modulate the functions of
monocytes/macrophages, their action on DCs is poorly
documented. Therefore, we investigated the effects of MB, a
synthetic but well-tolerated analogue of MDP, on the
phenotype, T-cell stimulatory capacity, cytostatic activity,
and cytokine secretion of human monocyte-derived DCs.
Furthermore, since signalling via mitogen-activated protein
(MAP) kinases plays an important role in cellular responses,
such as differentiation and cytokine secretion, > we also
examined the involvement of the three classes of MAP kinases
in response to MB stimulation.

MATERIALS AND METHODS

Reagents and antibodies

Recombinant human GM-CSF, IL-4 and TNF-o were from R
& D systems, Abingdon, UK. LPS from Escherichia coli strain
026:B6 was purchased from Sigma (Saint Quentin Fallavier,
France). MB was prepared as described elsewhere® and
dissolved in phosphate-buffered saline (PBS). The absence of
endotoxin contaminant (<6x 1072 EU/ml) was verified by
the Limulus amoebocyte lysate assay (BioWhittaker France,
Fontenay-sous-bois, France). Fluorescein isothiocyanate
(FITC)-dextran (MW 20 000) was purchased from Molecular
Probes (Interchim, Montlugon, France) and tetanus toxoid was
obtained from the Statens Serum Institute (Copenhagen,

Denmark). Fluorochrome-conjugated mouse monoclonal anti-
bodies directed against the following cell surface molecules
were used: CD14 (clone RM052), CD40 (clone mADb89),
CD25 (clone B1.49.9), CD86 (clone HAS5.2B7) and CDS83
[clone HB15a, immunoglobulin G2b (IgG2b)] (Immunotech,
Marseille, France); mannose receptor (MR) (clone 19), CD80
(clone L307) (Pharmingen, Rungis, France); HLA-DR (clone
L243) (Becton-Dickinson, Rungis, France). Antibodies recog-
nizing the phosphorylated form of human p38MAPK,
extracellular signal-regulated kinases (ERK), and C-Jun
N-terminal kinases (JNK) were from New England Biolabs
(Ozyme, Saint-Quentin en Yveline, France), and anti-actin
monoclonal antibody was from Sigma.

Generation of DCs

Peripheral blood mononuclear cells (PBMCs) were isolated by
gradient density centrifugation of buffy coats from healthy
donors (Etablissement de Transfusion Sanguine, Lille, France)
using Ficoll-Hypaque (Amersham-Pharmacia Biotech, Orsay,
France) and were resuspended in RPMI-1640 (Life Techno-
logies, Cergy Pontoise, France) containing 10% heat-inacti-
vated AB serum. Following overnight adherence to tissue
culture flasks (Falcon, Le pont de Claix, France) and washes
with warm PBS, monocytes were recovered by gentle detach-
ment with a cell scraper. The monocyte-depleted PBMCs were
used to purify CD4 T lymphocytes (see below). To generate
iDCs, monocytes were cultured in DC medium containing
RPMI-1640, 5% AB serum, 800 U/ml GM-CSF, and 500 U/ml
IL-4. On days 3 and 5, 90% of the medium was removed and
cultures were replenished with an equal volume of fresh
medium supplemented with cytokines as described above. After
7 days of differentiation, non-adherent and loosely adherent
cells representing the iDCs were harvested, washed and used for
subsequent experiments. In some experiments, the differentia-
tion was performed in DC medium supplemented with either
10 pg/ml of MB or 5 ng/ml of TNF-a over a 7-day period.

Stimulation and phenotypic analysis

The iDCs were seeded at 0-5x 10° cells in 0-5 ml per well of
a 48-well plate in DC medium. MB was added at 10 pug/ml, final
concentration, and LPS was added at 100 ng/ml. After 24,
48 and 72 hr of stimulation, culture supernatants were col-
lected and stored at —80° for subsequent analysis of secreted
cytokines. Cells were then harvested, washed with PBS,
and processed for phenotyping. A total of 1x 10° cells were
incubated for 45 min on ice with specific monoclonal anti-
body or with isotype-matched control diluted 1:100 in PBS
containing 2% fetal calf serum (Life Technologies). Follow-
ing one wash in ice-cold PBS, cells were resuspended and fixed
in 1% paraformaldehyde in PBS and analysed using a
FACSCalibur flow cytometer and the program CELLQUEST
(Becton Dickinson). Live cells were gated on their forward
and side light scatter characteristics, and the percentage of
positive cells and the mean fluorescence intensity (MFI) of the
population were recorded.

Endocytosis

MR-mediated endocytosis was measured by the cellular uptake
of FITC-dextran and was quantified by flow cytometry. The
iDCs, stimulated or not for 24 hr with MB, were incubated
in medium containing 1 mg/ml FITC-dextran for 60 min at
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Figure 1. Murabutide (MB) induces a phenotypic maturation of dendritic cells. (a) Changes in cell surface marker expression
following a 48-hr stimulation with MB or LPS. iDCs were positive for MR, CD86, HLA-DR and CD40. Left panel shows the
variation in % positive cells, right panel represents the change in MFI. Results are the mean + SEM of eight independent experiments
with MB and of three with LPS. The effect of LPS on the surface expression of HLA-DR and CD40 was not tested. * indicates values
significantly different compared with those of unstimulated iDCs (P < 0-05). (b) Differentiation of DCs in the presence of MB or TNF-
o.. Monocytes were cultured in DC medium, containing MB or TNF-a for 7 days before phenotypic analysis. Left panel shows the
variation in % positive cells, right panel represents the change in MFI. Results are the mean + SEM of four experiments. * indicates
significant difference between DCs differentiated in presence of MB or TNF-a and those differentiated in DC medium (P <0-05).

either 37° or 4° (control). Cells were then washed extensively in
ice-cold PBS and the uptake of FITC-dextran was determined
by flow cytometry. Results were expressed as percentage
inhibition calculated as follows: 100 x [1 —(MFTI of MB-treated
DCs at 37°—MFI of MB-treated DCs at 4°)/(MFI untreated
DCs at 37°—MFI untreated DCs at 4°)].

Mixed lymphocyte reaction and antigen presentation

CD4 T lymphocytes were purified from monocyte-depleted
PBMC:s by positive selection using magnetic beads coated with
a mouse monoclonal anti-CD4 antibody (Dynabeads, Dynal,
France) according to the manufacturer’s instructions. After
selection, cells were cultured overnight in medium containing
RPMI-1640 and 10% AB serum to allow bead detachment. The
CD4 T cells were either used in mixed lymphocyte reaction
(MLR) or stored frozen in liquid nitrogen in RPMI containing
20% AB serum and 10% dimethylsulphoxide until use for
antigen presentation. For the MLR, iDCs were treated with
50 pg/ml mitomycin C (Sigma) for 45 min at 37° and washed
extensively. Cells were resuspended in DC medium and seeded
at 2x10°—2x10* cells per well of a 96-well plate. The
allogeneic CD4 T cells were then added at 2 x 10° cells per well
in a final volume of 200 pl per well. Where needed, MB or
LPS was added to the cultures at 10 pg/ml or 100 ng/ml,
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respectively. Cells were co-cultured for 6 days and during the
last 16 hr of incubation, 0-5 uCi [*H]thymidine (Amersham-
Pharmacia Biotech) were added to each well. Incorporation
assays were performed in quadruplicate. The following day,
cells were harvested onto glass fibre filter plate (Optiplate,
Packard, France) and the radioactivity was counted on
a liquid scintillation counter (Top count, Packard). Radioacti-
vity incorporated in the presence of unstimulated iDCs at
a DC:CD4 T-cell ratio of 1:30 was set at 100%. For statistical
analysis, the actual count per minute (c.p.m.) values corrected
for spontaneous incorporation of [*H]thymidine into CD4
T cells were used. For antigen presentation assay, iDCs were
seeded at 1 x 10* cells per well of a 96-well plate in DC medium
then pulsed for 20 hr with 10 pg/ml tetanus toxoid (TT). Two
hours after the beginning of the pulse, MB, LPS, or TNF-a
were added at 10 pug/ml, 100 ng/ml and 5 ng/ml, respectively.
After the incubation period, medium was discarded and iDCs
were treated with mitomycin C as described above and washed
extensively. Autologous CD4 T cells (1 x 103/well) were then
added and co-cultured for 6 days. The last 16 hr of incubation,
0-5 uCi [*H]thymidine was added to each well. Incorporation
assays were performed in quadruplicate and the amount
of radioactivity incorporated into DNA was determined as
described above.
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Tumoristatic activity

The iDCs were seeded at 1 x 10* or 5x 10* cells per well of
a 96-well plate in DC medium. MB was added at 10 pg/ml
final concentration, 150 pl/well final volume, 24 hr before the
addition of THP-1 cells. THP-1 cells were added at 1 x 10* cells
per well in 200 pl per well final volume to yield ratio of DCs to
THP-1 of 1:1 or 5:1. Cells were co-cultured for 5 days and
were pulsed for the last 16 hr of incubation with 0-5 uCi per
well [*H]thymidine. Incorporation assays were performed in
triplicate and the amount of radioactivity incorporated
into DNA was determined as described above. Data were
presented as percentage inhibition calculated as follows: %
inhibition = (1 —test c.p.m./control c.p.m.) x 100%, where test
c.p.m. represents the radioactivity incorporated by tumour
cells cultured with DC treated or not with MB, and control
c.p.m. is the radioactivity incorporated by THP-1 cells cultured
without DCs but in the presence or absence of MB. Incor-
poration of [PH]thymidine in DCs was negligible compared
to the radioactivity incorporated into THP-1 cells (less than
4% compared to THP-1).

Cytokine determination

The amount of macrophage inhibitory protein (MIP) —1p,
TNF-a, and interleukin (IL) — 10, whereas the enhanced pro-
duction of macrophage-colony stimulating factor (M-CSF)
MIP-1B, TNF-a, M-CSF, IL-10, and IL-12p70 secreted in the
culture medium following stimulation of iDCs with MB or LPS
was quantified by ELISA as per manufacturer’s instructions
(Quantikine kits, R and Systems, Abingdon, UK).

Detection of the phosphorylated form of MAP kinases

The iDCs were harvested as described above and incubated in
RPMI-1640 without additives for 2 hr at 37°. Cells were then
stimulated with 10 pug/ml of Murabutide and, at the indicated
time-points, 2 x 10° cells were removed and washed once with
ice-cold PBS. The cell pellets were resuspended in boiling
2 x sodium dodecyl sulphate (SDS) sample buffer and incu-
bated for 5 min at 95°. Total proteins were separated by 12%
SDS-polyacrylamide gel electrophoresis and blotted onto
nitrocellulose membranes (Amersham-Pharmacia Biotech).
For the detection of phosphorylated MAP kinases, membranes
were processed following the manufacturer’s instructions
(New England Biolabs) followed by incubation for 1 hr with
peroxidase-conjugated secondary antibody. Immunoreactive
bands were visualized using enhanced chemiluminescence
(ECL, Amersham-Pharmacia Biotech). Membranes were then
stripped and reprobed with an anti-actin monoclonal antibody
(Sigma) to control for equal loading of proteins.

Statistical analyses

The Student’s paired ¢-test was used to determine the statistical
significance of the reported results except for antigen pre-
sentation where statistical significance was established using
Tukey—Kramer multiple comparisons test and a one-way
analysis of variance of all the c.p.m. measurements. P-values
<0-05 were considered statistically significant.

RESULTS

MB-treated DCs up-regulate the expression of co-stimulatory
molecules, MHC-II and activation markers

To test the hypothesis that MB activates iDCs, we first
investigated by flow cytometry the changes in cell surface
expression of several molecules following treatment with MB
over 48 hr. iDCs were generated from monocytes following
a 7-day differentiation period in medium supplemented with
GM-CSF and IL-4 (DC medium). Very few of the result-
ing iDCs expressed the co-stimulatory molecule CD80, the
activation marker CD25 and the differentiation marker CD83
(Fig. 1a), but all stained positively for MR, the co-stimulatory
molecule CD86, the major histocompatibility complex class 11
(MHC-IT) molecule human leucocyte antigen (HLA) -DR and
CDA40. Following a 48-hr stimulation with MB, the number of
cells expressing CD80, CD25 and CD83 rose dramatically from
3% to around 30% (Fig. 1a). In addition, following treatment,
we observed a steady decline over 48 hr in MR expression
as translated by a decrease in MFI (Fig. 1a). Conversely, the
expression of CD86, HLA-DR and CD40 significantly
increased 48 hr after the onset of stimulation. These changes
in the expression of cell surface markers following MB
treatment were similar to and not significantly different from
those observed following stimulation with LPS (Fig. 1). These
results suggest that MB promotes maturation of iDCs. It has
been shown that addition of the pro-inflammatory cytokine
TNF-a alongside GM-CSF and IL-4 in the DC medium leads
to the differentiation of DCs with mature phenotype.?” In order
to determine whether MB could substitute for TNF-o,
we compared DCs differentiated over 7 days in DC medium
supplemented or not with TNF-o or MB. The number of cells
expressing the MR tended to be lower in DCs differentiated in
the presence of MB or TNF-o (Fig. 1b), suggesting that both
molecules induced a maturation process. In addition, differen-
tiation in the presence of either compound led to a significant
increase in the number of cells expressing CD80 and CD83
along with an increase in HLA-DR, CD86 and CD40 exp-
ression, although only variation in the former marker reached
statistical significance. Therefore, MB had the same effect on
differentiation as TNF-a, leading to maturation of DCs. Of
note, as previously reported for TNF-o,>*?7 the presence of
either MB or TNF-a in the differentiation medium did not
result in an increase in CD25 expression which is in marked
contrast with the effect of MB on iDCs. Nevertheless, from
these results we concluded that MB activates DCs and
promotes the maturation of DCs at least with respect to the
expression of cell surface markers. Therefore, we next
determined the effects of MB on the biological activities of DCs.

Effect of MB on endocytosis, MLR and antigen presentation

Antigen capture is a hallmark of iDCs and this ability is down-
regulated during the maturation process. Antigen capture can
take place via endocytosis mediated by specific receptors
such as the MR which is a C-type lectin recognizing glycosy-
lated antigens.> We thus evaluated the effect of MB treat-
ment on the endocytic capacity of iDCs by measuring the
uptake of FITC-dextran. A 24-hr stimulation of iDCs with
MB led to a 43% decrease (+2% SEM, n=6, P<0-005) in
FITC-dextran uptake as compared to non-stimulated cells,

© 2001 Blackwell Science Ltd, Immunology, 103, 479-487
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Figure 2. Murabutide (MB)-activated DCs show enhanced T-cell
stimulatory capacity. (a) MB stimulates allogeneic T-cell proliferation
ina MLR. Mitomycin C-treated iDCs were seeded at graded doses then
allogeneic CD4 T cells were added in the absence or presence of MB or
LPS. The mean c.p.m. given by CD4 T cells incubated in presence of
untreated iDCs at a ratio of DCs to T cells of 1:30 was arbitrarily set
to 100%. Results are the mean of four experiments, when bars are
not visible, SEM is smaller than the symbol. * indicates significant
difference between MB- or LPS-activated DCs compared to unstimu-
lated DCs (P <0-05). (b) MB stimulates antigen presentation. iDCs
from three different donors were pulsed or not with TT. Two hours
after the beginning of the pulse, MB or LPS was added. Twenty-four
hours later, iDCs were washed and autologous CD4 T cells were added.
Cells were co-cultured for 6 days and were pulsed with [*H]thymidine
for the last 16 hr. Results are presented as mean c.p.m.+SEM of
quadruplicate wells. Statistical significance was established using
Tukey—Kramer multiple comparisons test at the level of P<0-05 and
a one-way analysis of variance of all the c.p.m. measurements.
* indicates significant difference in CD4 T-cell proliferation triggered
by pulsed DCs compared to unpulsed DCs whereas ** indicates
significant difference in proliferation triggered by MB- or LPS-
activated and pulsed DCs compared to unstimulated but pulsed DCs.

again suggesting that MB promotes the process of maturation
of iDCs.

DCs are potent stimulators of either allogeneic or
autologous T lymphocytes in a MLR or antigen presentation
assay, respectively. To ascertain the effect of MB on the MLR,
allogeneic CD4 T lymphocytes were added to graded concen-
trations of mitomycin C-treated iDCs in the presence or
absence of MB or LPS. As previously reported, LPS had a
marked stimulatory effect on the MLR (Fig. 2a). Compared to
untreated iDCs, the addition of MB resulted in a substantial
increase in the proliferation of allogeneic CD4 T cells that was
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Figure 3. Murabutide (MB) enhances the cytostatic activity of iDCs.
iDCs at either 1 x 10% or 5 x 10* cells per well were treated with MB or
left unstimulated. After 24 hr, THP-1 cells were added at 1 x 10%/well to
yield effector to target ratios of 1:1 and 5:1. Five days later, co-
cultures were pulsed with [*H]thymidine for the last 16 hr. The results
are presented as the mean % inhibition of triplicate wells obtained with
DCs from five separate donors. * indicates significant difference
between MB-activated DCs compared to unstimulated DCs (P <0-05).

statistically significant at DC to T-cell ratios between 1:30
and 1:100. There was no significant difference between the
effect of MB and of LPS although, the latter tended to be more
pronounced. Of note, MB on its own had no effect on T-cell
proliferation (not shown).

We next evaluated in three independent experiments the
effect of MB on soluble antigen presentation. To this aim, we
compared the proliferative response of autologous CD4 T cells
in the presence of iDCs pulsed with TT and treated or not with
MB or LPS. As shown in Fig. 2(b), untreated iDCs pulsed with
TT increased the proliferative response of CD4 T cells com-
pared to unpulsed and untreated iDCs, thus demonstrating
antigen presentation by iDCs. Addition of MB 2 hr after the
beginning of the pulse of iDCs with TT led to a significant
increase in the proliferation of autologous T cells compared to
unpulsed but treated iDCs. Moreover, in two out of three
experiments, the T-cell response was significantly enhanced by
TT-pulsed, MB-stimulated iDCs compared to pulsed and
untreated iDCs. LPS had a similar effect to MB although the
difference in T-cell proliferation triggered by pulsed and
LPS-treated iDCs compared to that triggered by pulsed but
untreated iDCs reached significance in only one experiment.

Besides, it has recently been shown that monocyte-derived
DCs possess the ability to inhibit the growth of several tumour
cell lines in vitro.?® Therefore, we evaluated the effect of MB on
the cytostatic activity of DCs. With this aim, iDCs at two
different densities were pretreated with MB or not before the
addition of the human tumour cell line THP-1. As shown in
Fig. 3, addition of MB significantly potentiated the tumori-
static activity of DCs at an effector-to-target ratio as low as
1:1. From all these results, we concluded that MB stimulates
the biological functions of iDCs in vitro.

Cytokine production

In response to maturation signals, DCs secrete several
cytokines that serve to attract other effector cells and to
organize the immune response.'*> Therefore, we measured the
effect of M B stimulation on the profile of cytokines secreted by
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Figure 4. Profile of cytokines released over a period of 3 days in culture
supernatants of iDCs stimulated or not with MB for 3 days. Results are
presented as mean + SEM of 10 experiments. Differences in cytokine
release between untreated and MB-treated iDCs were statistically
significant at the three time-points tested (P <0-05).

iDCs over a 3-day period. Resting iDCs secreted detectable
amounts of MIP-1f, and IL-10 but minute amounts of TNF-o
(Fig. 4). On the other hand, iDCs secreted large amounts of M-
CSF over the 3-day culture (ranging from 8-6 ng/ml to 10 ng/
ml). Upon treatment with MB, there was a sharp increase in the
release of MIP-1B, IL-10 and TNF-a (Fig. 4). Secretion of
M-CSF only increased less than twofold due to the high
constitutive secretion of this cytokine by iDCs. The level of
secreted cytokines dropped by day 2 of MB stimulation except
for M-CSF which remained at roughly the same level over the
3-day period. The differences in cytokine secretion between
MB-activated DCs and untreated DCs remained statistically
significant over the 3-day period analysed. When we compared
the levels of cytokine released by DCs following stimulation
with LPS or MB, we did not find any statistically significant
differences between the two immunomodulators (=4, not
shown). Of note, we also failed to detect any IL-12 p70 in
culture supernatants from either unstimulated or MB- or
LPS-treated iDCs.

Murabutide induces the phosphorylation of MAP Kkinases

It has been recently shown that multiple signalling pathways,
including p38MAPK and ERK, were activated during the LPS-
induced maturation of iDCs.?° Thus, to understand better the
maturation process triggered by MB, we investigated the
activation of MAP kinases in whole DC lysates by immuno-
blotting with antibodies specifically recognizing the phos-
phorylated, and hence the activated, form of these kinases. As
shown in Fig. 5, within 15-30 min of treatment with MB, there
was a marked increase in p38MAPK phosphorylation, levelling
off 60-90 min after the onset of stimulation and declining
thereafter. On the other hand, we detected at later time-points
(30-60 min) an increase in the phosphorylation of both
ERKI1/2 and JNK1/2 isoforms following stimulation with
MB. Besides, the phosphorylation of these two families of MAP
kinase was more transient than p38MAPK phosphorylation.
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Figure 5. Murabutide (MB) induces the phosphorylation of
p38MAPK, JNK and ERK. Whole cell lysates from iDCs exposed
to MB for various lengths of time were probed using phosphorylation
specific antibodies by Western blotting. Blots were first probed with
anti-phosphoMAP kinase antibodies then stripped and reprobed with
anti-actin to control for equal loading of samples. Results are
representative of three identical experiments.

DISCUSSION

Muramyl peptides, derived by chemical modification of MDP,
possess many biological activities modulating the functions of
monocytes/macrophages. Although they have been studied for
several years, little is known about the interaction of muramyl
peptides with DCs, cells that play a key role in the initiation of
T-cell mediated immunity. In this report, we demonstrate that
MB, a synthetic muramyl peptide approved for use in humans,
triggers the maturation of DCs, enhances the T-cell stimulatory
activities of DCs, induces a distinct pattern of cytokine release,
and induces the phosphorylation of the major classes of MAP
kinases.

We first addressed the question whether MB had any
effect on the spectrum of molecules expressed at the surface
of iDCs. Our results clearly show that this muramyl peptide
increases the expression of CD83 and CD25 which are con-
sidered as markers of DC maturation and activation, respec-
tively.?”**3! However, it is unlikely that MB induces full
maturation of DCs as after 48 hr of treatment only 30%
of DCs expressed CD83. On the other hand, there was a
marked increase in the cell surface expression of HLA-DR
and co-stimulatory molecules, turning MB-treated DCs into
DCs with high T-cell stimulatory capacity. This is illustrated
by the increased proliferation of allogeneic T cells in the
presence of MB-treated DCs. These phenotypic changes and
enhancement of MLR have been observed following treat-
ment of iDCs with pro-inflammatory cytokines, ATP, LPS,
or bacterial cell wall skeleton.>****32 However this is the first
report demonstrating that a muramyl peptide can trigger the
maturation of DCs.

In keeping with a maturation process, iDCs treated for
24 hr with MB have a decreased capacity to take up dextran,
a surrogate marker of endocytosis. Again, this decrease
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has been observed in maturing DCs following stimula-
tion with pro-inflammatory mediators. However, the effect
of a maturation-inducing agent on antigen uptake can be
a biphasic process as a transient increase in dextran uptake was
observed shortly after the addition of ATP followed by
a marked inhibition 24 hr later.>

It has been reported that treatment of iDCs with pro-
inflammatory cytokines prior to antigen pulsing leads to
a decrease in their capacity to stimulate autologous CD4
lymphocyte proliferation, reflecting a decrease in antigen pre-
sentation.> However, another report has shown that CD40
ligand or interferon-y enhances the DC-induced CD4 T-cell
proliferation when added shortly after the beginning of the
pulse with recall antigens.”> The enhancement in T-cell
stimulation following MB treatment may be explained by
the transient increase in antigen uptake immediately follow-
ing the addition of some maturation promoting agents,>
and also by the increased expression of HLA-DR, CD40
and co-stimulatory molecules at the cell surface of MB-treated
iDCs.

We provide preliminary evidence showing that MB-
activated DCs have a greater capacity than unstimulated
DCs to inhibit the proliferation of the tumour cell line THP-1.
A similar effect has been previously reported for LPS.?® These
authors have also shown that the continuous presence of LPS
in the co-culture medium was dispensable as LPS-pretreated
DC:s are as effective in blocking the growth of various tumour
cells. It remains to be determined whether MB-treated DCs
are active toward other tumour cell lines, and whether this
tumoristatic activity is cytokine-mediated or requires cell
contact, as is the case for LPS.?

Analysis of cytokine secretion by resting and MB-treated
iDCs yielded some unexpected results. Firstly, unstimulated
iDCs secreted large amounts of M-CSF over the 3-day period
studied. It has been previously reported that iDCs constitu-
tively secrete high levels of M-CSF and that this was due to the
presence of GM-CSF in the DC medium and to the activa-
tion of the phosphatidylinositol 3-kinase pathway.>* Secondly,
despite this high basal level, there was a long-lasting induction
of M-CSF following stimulation with Murabutide. This is
at variance with the other cytokines detected for which we
observed a transient induction and, at present, we cannot
provide any explanation for this intriguing finding. In addition,
MB-treated DCs secreted large amounts of pro-inflammatory
mediators. This is in contrast to MB-stimulated MDMs which
released over 20-fold less TNF-oo and seven-fold less MIP-1§3
(unpublished results). On the other hand, in MB-treated DCs
we detected a high secretion of IL-10, a cytokine with anti-
inflammatory properties, which was not detected in MB-
stimulated MDMs. It has been proposed that, in the tissue,
secretion of MIP-1f3, TNF-a and M-CSF by maturing DCs
may contribute to the recruitment of other iDCs but also
of effector cells such as T lymphocytes, granulocytes and
macrophages.” However, the high IL-10 and M-CSF secretion
upon MB stimulation would stop the maturation of incoming
iDCs as these two cytokines have been found to exert
a profound inhibitory effect on DC maturation in vitro."*>
Also, the presence of M-CSF after iDCs activation by MB
would favour the differentiation of monocytes having crossed
the endothelium into macrophages rather than iDCs.**¢ On
the other hand, it has been shown in vivo that the co-delivery of
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DNA vaccine along with a gene coding for M-CSF resulted in
increased cytotoxic T-lymphocyte responses and was also
associated with increased recruitment of DCs at the site of
injection and MIP-1p production.’” Hence, it is possible that
high M-CSF and MIP-13 by MB-activated DCs may bring
about strong cytotoxic T-lymphocyte responses in vivo. We
could not detect any secretion of IL-12 following either MB or
LPS stimulation. IL-12 is a notoriously difficult cytokine to
detect and indeed, there are conflicting data in the literature
regarding its secretion by DCs. While many groups have
reported a moderate to high IL-12 secretion by activated
DCs,*¥4° others have shown that secretion of this cytokine
by DCs requires either the presence of antigen-specific T cells*!
or a second maturation signal.*? Thus, it would be of interest
to determine whether MB synergizes with other immunomo-
dulators to stimulate IL-12 production in vitro or increases
the production of this cytokine by DCs in the presence of
antigen-specific T cells.

There is scant information about the signalling pathways
involved in the maturation of iDCs. To bring further insights
into the mechanism of the maturation process triggered by MB,
we studied the phosphorylation of the three classes of MAP
kinases and we have shown that they were phosphorylated
and hence, activated in MB-stimulated iDCs. This is in stark
contrast to the situation in MDMs where only ERKs pho-
sphorylation could be detected in response to MB treatment
(Vidal et al., submitted). Interestingly, although MDMs and
iDCs are derived from the same precursor cells, they react
differently to muramyl peptides. Hence, the differentiation
events leading to iDCs have brought about changes in the
way cells respond to this signal. Also, the strong MAP kinase
phosphorylation may partly explain the differences in cytokine
release observed between MB-treated iDCs and MDMs.
Moreover, it has recently been demonstrated that stimulants
leading to iDC maturation such as LPS or TNF strongly
activate MAP kinases.?>** In comparison to MB, LPS activates
p38MAPK and ERKs more rapidly. This difference may be
due to a difference in the early steps of recognition taking place
at the cell surface as we have shown that MB does not signal
through the LPS receptor Toll-like receptor 4 (Vidal et al.,
submitted). Nevertheless, the identification of the muramyl
peptide receptor will be instrumental in better understanding
the molecular events leading to maturation in MB-stimulated
iDCs.

Recently, DCs have attracted a lot of attention as potential
immunotherapeutic tools especially as tumour vaccines (see
refs 9 and 11 for reviews) and it has been proposed that the use
of mDCs may lead to more effective immunization against
tumour antigens.!? In this context, MB, which is already
approved for human use, could be valuable to boost the
efficacy of DC-based vaccine as MB-treated DCs have a higher
antigen presentation capacity in vitro. Also, the profile of
cytokines secreted by DCs stimulated by this immunomodu-
lator may prove useful in mounting a strong immune response
against tumours or virus-infected cells.
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