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A better knowledge on how immune responses are initiated in mucosal tissues would facilitate the design of
new mucosal vaccines, as well as improve our understanding on host defense against infection. We investigated
the mechanisms of adjuvanticity of the Mycoplasma-derived macrophage-activating 2-kDa lipopeptide (MALP-
2), which binds to the heterodimer formed by the Toll-like receptors 2 and 6 (TLR2 and -6), at the level of the
murine nasal mucosa-associated lymphoid tissues (NALT). TLR2 expression analysis demonstrated that
several cell types from the nasal cavity were able to overexpress this receptor, either constitutively (such as B
cells) or after stimulation (i.e., T cells). MALP-2 stimulated a strong B-cell activation. In addition, the antigen
presentation capacity of dendritic cells was improved after in vivo loading with antigen in the presence of
MALP-2. We also observed an up-regulated expression of activation markers and adhesion molecules on T
cells, suggesting that they have enhanced responsiveness and interaction potential. Quantitative reverse
transcription-PCR analysis showed that MALP-2 administration resulted in the stimulation of a proinflam-
matory cascade. We observed an early up-regulated expression of IP-10, MCP-1, MCP-3, MIP-1�, MIP-2, and
CCR-2 which was reversed within 36 h. The obtained results demonstrated that MALP-2 creates a reversible
local microenvironment which promotes effective priming of T and B cells in the NALT.

The ability of a vaccine to induce protective immunity re-
quires not only an efficient presentation of antigenic epitopes,
but also the capacity to promote an adequate immune stimu-
lation. In this context, the improved understanding of the in-
teractions between the innate and adaptive immune systems is
having a major impact in the field of vaccinology. As a matter
of fact, the innate immune system does not only provide the
first line of defense against infection, but also determines the
nature of acquired immune responses (14). Danger signals
(e.g., microorganisms) are recognized, leading to the recruit-
ment and activation of immune cells. The stimulation of local
mucosal immune responses after vaccination is thought to fa-
cilitate infection control by preventing microbial colonization.
However, since the mucosal epithelium constitutes a natural
barrier, antigens administered by this route are usually poorly
immunogenic. One of the potential strategies to overcome this
problem is their coadministration with mucosal adjuvants. On
the other hand, the body is also confronted with potentially
harmful antigens from the environment and/or food at the
mucosal barrier. Thus, the local immune system plays a critical
role in the tight balance between tolerance and immune re-
sponsiveness.

The use of a particular adjuvant can strongly influence the
quality of the immune response elicited. However, it is difficult
to predict the type of immune response that will be induced by
a given adjuvant, since not all adjuvants behave in a similar

manner in a given mucosal site. Thus, it is crucial to under-
stand the underlying mechanisms to the adjuvanticity of these
molecules. The designation as mucosal adjuvant has been quite
largely attributed to and covers a variety of structural mole-
cules (35). The definition of the chemical nature of these
immune stimulants is an essential parameter for the identifi-
cation of their potential receptors, as well as for the better
understanding of their mechanism of action. Recently, our
investigators have demonstrated that the Mycoplasma-derived
macrophage-activating lipopeptide of 2 kDa (MALP-2) is able
to enhance mucosal and systemic immune responses against
coadministered antigens (4, 30). MALP-2 was shown to induce
leukocyte infiltration and activation of macrophages (7, 15)
upon engagement of the heterodimer formed by the Toll-like
receptors 2 and 6 (TLR2 and -6) (24, 28).

Thus, MALP-2 is an attractive immune stimulatory molecule
to unravel the cascade leading to an improved antigen-specific
response through activation of the innate immune system.
Here, we evaluated the influence of MALP-2 in the activation
of immune effector cells at the level of an antigen-exposed and
tolerogenic inductive site, namely, the nasal mucosa-associated
lymphoid tissues (NALT) (1, 38). The obtained results dem-
onstrated that MALP-2 acts in vivo as a proinflammatory stim-
ulus, leading to synergistic effects on dendritic cells, macro-
phages, B cells, and T cells.

MATERIALS AND METHODS

Animals and cell cultures. Six- to 8-week-old female BALB/c (H-2d) mice were
purchased from Harlan-Winkelmann (Germany), whereas DO11.10 (26), TCR-
HA, and Ins-HA (16, 34) mice were bred at the GBF animal facility. The animals
were maintained in accordance with local and European Community guidelines.
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DO11.10 mice are transgenic for a T-cell receptor (TCR) recognizing the ovalbu-
min (OVA)-derived peptide 323-339 (SQAVHAAHAEINEAGR) (26).
TCR-HA transgenic mice express an �/� (V�6.5) TCR specific for the peptide
111-119 from the hemagglutinin of the influenza virus (A/PR8/34) in the context
of I-Ed class II molecules (16). TCR-HA mice were back-crossed onto Ins-HA
mice, which express the hemagglutinin (HA) protein in pancreatic � cells under
the control of the rat insulin promoter (2). Transgene expression was determined
by analyzing tail DNA by PCR using TCR-V�- and HA-specific primers, as
already described (34). The mice used were heterozygous for both transgenes.
All cells were grown in RPMI 1640 supplemented with 10% fetal calf serum
(FCS), 100 U of penicillin/ml, 50 mg of streptomycin/ml, 5 � 10�5 M 2-mercap-
toethanol, and 1 mM L-glutamine (GIBCO-BRL, Karlsruhe, Germany) and
maintained at 37°C in a humidified 5% CO2 atmosphere.

Intranasal administration of MALP-2 and NALT preparation. BALB/c mice
(n � 12) received 20 �l of synthetic MALP-2 (0.5 �g) in phosphate-buffered
saline (PBS) or PBS only by intranasal route (25). Animals were sacrificed
immediately following the administration or after 2, 6, 16, 24, or 36 h. Then, cells
from NALT were recovered for RNA isolation, antigen presentation assays, or
flow cytometry as previously described (11, 12, 41). Briefly, after exsanguination
of the mice and isolation of cervical lymph nodes and spleen, the head and the
foreteeth were cut off. The facial skin, lower jaw, and cheek muscles were
removed, and the NALT were exposed by carefully peeling away the palate.
Individual NALT were removed by microsurgical tweezers under a stereoscopic
microscope and placed in ice-cold RPMI–10% FCS. The lymphoid cells were
dissociated by teasing with a syringe plunger through a 100-�m nylon mesh. Red
blood cells were lysed in ACK buffer, and cellular suspensions were filtered
through a 40-�m mesh. Cell suspensions from cervical lymph nodes and spleens
were obtained following the same process.

Cell division assays. Total spleen cells were labeled with 0.5 or 2 �M 5-(6)-
carboxyfluorescein diacetate N-succinimidyl ester (CFSE; Molecular Probes, Eu-
gene, Oreg.) for 5 min at 37°C, as described by Lyons et al. (19). Stained cells (2
� 106 cells per well in 800 �l of RPMI) were then cultured in the presence of
concanavalin A (ConA; 0.15 to 10 �g/ml), lipopolysaccharide (LPS; 0.31 to 20
�g/ml), or MALP-2 (0.015 to 1 �g/ml) in a 24-well plate. Alternatively, perito-
neal macrophages (105 per well) were incubated overnight and washed twice
from the nonadherent cells prior to culture with CFSE-labeled spleen cells. After
4 days of culture, cells were harvested and cell division was analyzed by flow
cytometry. Cells were stained with phycoerythrin (PE)-conjugated anti-CD3 and
anti-CD19–peridinin-chlorophyll a-protein complex (PerCP) antibodies (BD
PharMingen, San Diego, Calif.) prior to acquisition for identification of dividing
cells.

Analysis by flow cytometry. Spleen (5 � 105) or NALT (2 � 105) cells were
first incubated with mouse Fc block (BD PharMingen) in PBS–1% FCS for 1 h
at 4°C. Then, cells were stained for 30 min at 4°C with specific antibodies
conjugated with fluorescein isothiocyanate, PE, or PerCP from BD PharMingen.
TLR2 expression was detected after cell permeabilization by using a biotinylated
anti-TLR2 monoclonal antibody from HyCult Biotechnology (clone 6C2). Irrel-
evant labeled antibodies were used as isotype controls in all experiments. For
intracellular staining, cells were first fixed in 2% paraformaldehyde at 4°C for 30
min, washed in PBS, and permeabilized for 30 min at 4°C with 0.5% saponin in
PBS–1% FCS. Antibodies and streptavidin-allophycocyanin were further incu-
bated in PBS–1% FCS–0.5% saponin. The cells were phenotypically character-
ized using a FACSort or FACSCalibur flow cytometer and the CellQuest-Pro
software (Becton Dickinson, Mountain View, Calif.). NALT lymphocytes were
gated according to the physical characteristics and forward and side scatters of

splenic lymphocytes. A minimum of 20,000 gated events were used for the
analysis.

Quantitative RT-PCR. Total RNA was extracted from nasal tissues (12 mice
per time point), using the TRIzol reagent according to the manufacturer’s pro-
tocol (Gibco BRL, Life Technologies, Gaithersburg, Md.). RNA samples were
subsequently treated with 2 �l of DNase (Promega) for 30 min at 37°C. A
one-step reverse transcription-PCR (RT-PCR) was performed using Light-
Cycler-RNA Master SYBR Green I apparatus, following the recommendations
of the producer (Roche). PCRs without RT were performed to control RNA
quality for all samples by using the LightCycler-DNA SYBR Green I. Each
RT-PCR run included a negative control (water) and amplification of �-actin as
housekeeping gene. The primers used are indicated in Table 1. Data analysis was
performed using the LightCycler software (version 3.5). The specificity of the
RT-PCR was controlled by analysis of the melting curves in comparison to the
water sample. To ensure that the amplified fragments had the correct size, all
products were run in a 2% agarose gel containing ethidium bromide and visu-
alized under UV illumination. A preliminary relative quantification of the spe-
cific mRNA of the tested products was obtained by conversion of the fluores-
cence signal, using a standard curve based on �-actin amplification. Then, the
specific mRNA level was standardized on the �-actin amount for each sample,
thereby giving a final relative quantification. Quantifiable specific products were
expressed over a range of at least 4 orders of magnitude, between 0.01 and 20%
of the �-actin level. Where possible, the results were finally expressed as relative
amount with respect to the untreated control group (nonactivated cells).

Cell purification. CD4� T cells were purified from the spleens of BALB/c or
DO.11 mice by using the CD4� T-cell isolation kit from Miltenyi, as previously
described (10). T-cell preparations demonstrated a purity of �96% by fluores-
cence-activated cell sorter analysis. Positive selection of dendritic and B cells
from NALT was conducted using CD11c microbeads (Miltenyi Biotech) and
B220 dynabeads (Dynal, Oslo, Norway), in accordance with the manufacturers’
instructions.

Antigen presentation assays. To investigate the effects of MALP-2 on antigen
presentation, peritoneal macrophages seeded at a density of 2 � 104 cells/well in
flat-bottom 96-well microtiter plates (Nunc) were incubated with or without
MALP-2 (0.5 �g/ml) in the presence of the OVA323-339 peptide (SQAVHAAH
AEINEAGR) for 16 h. Each concentration of peptide was tested in triplicate.
Then, cells were washed twice with medium before adding OVA-TCR-specific
CD4� T cells prepared from the spleens of DO11.10 mice (2 � 105/well). To
investigate the in vivo-induced effect of MALP-2, NALT B cells and dendritic
cells isolated from mice that received 200 �g of the OVA peptide or 10 mg of
OVA protein (purity, �98%; Scripps Laboratories) coadministered with either
PBS or 0.5 �g of MALP-2 were cocultured with the OVA-specific T cells
obtained from DO11.10 mice. Enriched dendritic cells were washed and seeded
at an estimated concentration of 104 cells per well in quadruplicate, and B cells
were seeded at 105 per well. T-cell proliferation was measured after pulsing with
1 �Ci of [3H]thymidine for 16 h. The results are expressed as the arithmetic mean
of [3H]thymidine uptake, in counts per minute.

Measurement of glucose levels. Glucose levels in mouse urine were deter-
mined by using Diabur-Test 5000 strips (Roche, Mannheim, Germany) and
confirmed by blood glucose measurements using Haemo Glukotest 200-800R
(Roche). Mice were considered diabetic when the blood glucose level was �200
mg/dl for three consecutive measurements.

Statistical analysis. Comparisons between two experimental groups were per-
formed by using a double-sided Student’s t test. A P value of 	0.05 was consid-
ered significant. The statistical comparison of the data generated by flow cyto-

TABLE 1. Oligonucleotide primers used for RT-PCR analysis

Target Forward primer (5
–3
) Reverse primer (5
–3
) Product length (bp)

�-Actin TGGAATCCTGTGGCATCCATGAAAC TAAAACGCAGCTCAGTAACAGTCCG 348
IP-10 CTCTCCATCACTCCCCTTTACCC GCTTCGGCAGTTACTTTTGTCTCA 150
MIP-1� CTGCCCTTGCTGTTCTTCTCTGTA GATCTGCCGGTTTCTCTTAGTCA 200
MIP-2 ACCCTGCCAAGGGTTGACTTC GGCACATCAGGTACGATCCAG 285
MCP-1 CTCACCTGCTGCTACTCATTC GCTTGAGGTGGTTGTGGAAAA 317
MCP-3 GTGCCTGAACAGAAACCAACCT CATTCCTTAGGCGTGACCATT 146
CCR2 TGTTACCTCAGTTCATCCACGG CAGAATGGTAATGTGAGCAGGAAG 316
CCR5 GGAGAACGCCCCCAATAAT CAACACTGCTCCGAAACTGC 179
CCR6 GGAGCTGCAGCACCGAGAAAGT AGTAAACCCGGGCACAGAGGAAG 201
CCR7 TCCCGGAGATTCAAGACAGA ATTCCCATCATAGAGACCCAAACT 210
CCR9 GAGGGCAGGAAAAACAAAACAAAC CTGCTGCGCTTCTGGAGTGC 111
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metric analysis and displayed as histograms was performed using the
Kolmogorov-Smirnov test from the CellQuest-Pro software (Becton-Dickinson).

RESULTS

MALP-2 leads to strong B-cell activation in vitro. The stim-
ulatory capacity of MALP-2 was initially evaluated on spleen
cells in comparison to that of ConA and LPS, as T-cell and
B-cell reference activators, respectively. When CFSE-labeled
cells were stimulated, a dose-dependent response was observed
for all three activators (data not shown). After 4 days of cul-
ture, the highest percentage of cells undergoing division was
reached at a concentration of 5, 10, and 0.5 �g/ml for ConA,
LPS, and MALP-2, respectively (Fig. 1A). In comparison to
ConA (76%), fewer dividing cells were observed upon LPS
(42%) or MALP-2 (33%) stimulation. However, high division
levels were observed upon LPS or MALP-2 stimulation, as
measured by the CFSE intensity of dividing cells. The side
scatter and forward scatter analysis showed cells with increased
granularity and size, which correspond to activated lympho-
cytes (Fig. 1B). Specific staining using anti-CD3- and anti-
CD19-conjugated antibodies demonstrated that only B cells
divided upon MALP-2 stimulation (Fig. 1C). Similar results

were obtained with the addition of peritoneal macrophages
(data not shown), suggesting that MALP-2 exerts a direct mi-
togenic effect on B cells, thereby leading to a larger pool of B
cells at the site of administration.

Interestingly, the analysis of surface expression on CD19� B
cells from NALT cultured in the presence of MALP-2 dem-
onstrated an up-regulation of several activation markers (Fig.
2): major histocompatibility complex (MHC) class II (mean
fluorescence intensity [MFI], 1,644 versus 585), CD69 (MFI,
69 versus 14), CD25 (MFI, 20 versus 9), CD86 (MFI, 34 versus
15), CD11a (MFI, 52 versus 38), CD18 (MFI, 55 versus 44),
CD54 (MFI, 61 versus 28), and CD40 (MFI, 32 versus 18). A
similar analysis performed with splenocytes showed a compa-
rable activation of B cells in terms of surface markers ex-

FIG. 1. Cell division analysis of CFSE-labeled splenic cells by flow
cytometry. (A) Division profile showing the decrease of FL1 fluores-
cence resulting from the repartition of the CFSE dye after 4 days in
culture in the presence of ConA (5 �g/ml), LPS (10 �g/ml), or
MALP-2 (0.5 �g/ml) in comparison to that in nonactivated cells (solid
line). (B) Morphological changes (side scatter [SSC]granularity and
foreward scatter [FSC] size) of splenic cells after 16 h in culture in the
presence of MALP-2 (0.5 �g/ml) compared to control cells. (C) CFSE-
labeled dividing cells were analyzed by three-color staining after
MALP-2 stimulation, using anti–CD3-PE and anti–CD19-PerCP anti-
bodies. Results are representative of three independent experiments.

FIG. 2. Phenotypic characterization of B cells upon MALP-2 acti-
vation. NALT cells (upper panels) or splenic cells (lower panels)
cultured in the presence of MALP-2 (0.5 �g/ml) during 16 h were
analyzed by flow cytometry gating on the CD19� cells. The surface
expression of activation markers was compared in MALP-2-treated
cells (gray histogram) and nonstimulated cells (solid line). Results are
representative of three independent experiments.
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pressed (Fig. 2). Some differences were observed in basal ex-
pression levels and activation intensity (Fig. 2). However, these
results clearly demonstrated that B cells from NALT and
spleens are both responsive to activation with MALP-2. A
kinetic analysis performed with splenic cells demonstrated that
CD40, CD86, and CD54 were already up-regulated after 6 h of
culture in the presence of MALP-2 (data not shown). LPS
activation led to a similar up-regulation of activation markers
on cultured spleen cells after 16 h (data not shown).

In vivo activation of lymphocytes upon MALP-2 stimulation.
To evaluate B- and T-cell in situ activation upon MALP-2
administration, a fluorescence-activated cell sorter analysis was
performed using NALT cells isolated from BALB/c mice 16 to
18 h after nasal administration of 0.5 �g of MALP-2. The cell
preparations from NALT of naïve BALB/c mice contained
46.2% � 9.8% mature B cells and 16.1% � 3.5% mature T
cells (with a CD4/CD8 ratio of 4:1), according to the forward-
and side-scatter setting used for spleen lymphocytes and the
specific staining for CD19, CD4, and CD8. No significant ex-
pansion of T or B cells was observed 16 to 18 h after admin-
istration of MALP-2. However, an increment in cell size was
evident at this early time point, as already observed in in vitro
studies (data not shown).

Then, surface markers were evaluated by flow cytometry
gating on CD19� B cells from NALT (Fig. 3A). In contrast to
the in vitro data, no remarkable changes were observed in the
surface expression of MHC class I, CD40, CD25, and CD54
after nasal administration of MALP-2. However, the expres-
sion of the costimulatory molecule CD80 showed a significant
increment on cells isolated from NALT of MALP-2-treated
animals (Fig. 3A). This is very important, since B7 molecules,
which include B7-1 (CD80) and B7-2 (CD86), play an impor-
tant role in antigen presentation by providing critical costimu-
latory signals for T-cell activation (22). Concerning the adhe-
sion molecules, an increment in the surface expression of
CD18 was noticed (Fig. 3A). In contrast, the increment in
CD11a and CD54 expression was only evident at an intracel-
lular level (Fig. 3A).

The expression of surface markers was also analyzed on
CD4� T cells isolated from NALT 16 to 18 h after nasal
administration of MALP-2. Surface expression of CD45RB
showed that the majority of the CD4� T cells from NALT of
control animals corresponded to naïve T cells (CD45RBhigh)
(data not shown). In addition, T cells from naïve animals did
not express the interleukin-2 receptor (CD25) or the activation
marker CD69 (Fig. 3B). In contrast, MALP-2-treated animals
demonstrated an increase of T cells expressing at their surface
CD25 (17.7%) and CD69 (5%). A slightly increased expression
of MHC class I molecules was also observed on T cells from
MALP-2-treated mice (MFI, 117 versus 86) (Fig. 3), giving
some evidence of cellular activation. The interaction of the
molecules CD80 or CD86 with CD28 provides a potent co-
stimulatory signal for T-cell activation, whereas it is negatively
regulated by the engagement of CTLA-4 (33). No significant
increase of CD28 expression could be observed on T cells from
NALT 16 to 18 h after MALP-2 administration, whereas the
expression of CTLA-4 was decreased (MFI, 13.0 versus 18.4 in
the control group) (Fig. 3B). In addition, a substantial reduc-
tion in the expression of the L-selectin CD62L, which is a

marker for naïve T cells, was noted after MALP-2 activation
(58 versus 84% CD62Lhigh) (Fig. 3B).

The expression of adhesion molecules is critical for cellular
interactions, cell migration, and homing. As observed for the
NALT-derived B cells, the expression of the �-subunit CD11a
of the LFA-1 antigen, as well as that of the �2 integrin subunit
CD18, were substantially up-regulated in T cells isolated from
NALT of MALP-2-treated mice (Fig. 3B). Interestingly, while
NALT T cells exhibited an activated phenotype after in situ
stimulation by intranasal administration of MALP-2, no acti-
vation of T cells could be observed after in vitro culture in the
presence of MALP-2 (data not shown).

TLR2 expression. In order to understand the responsiveness
of NALT cells to MALP-2, TLR2 expression was analyzed by
RT-PCR and flow cytometry, after gating on CD4�, CD8�, or
CD19� cells (Fig. 4B). A high constitutive expression of TLR2
was detected in the B-cell population, which was not further
affected by MALP-2 treatment. In contrast, T cells showed a

FIG. 3. Phenotypic characterization of B and T cells from NALT
after intranasal administration of MALP-2. In vivo-activated CD19� B
cells (upper panel) and CD4� T cells (lower panel) isolated from
NALT of mice 16 to 18 h after administration of MALP-2 (0.5 �g)
were analyzed by flow cytometry. The surface expression of activation
markers was compared in treated mice (gray histogram) and untreated
controls (solid line). For each marker, the MFI is given for the treated
group (underlined MFI) versus the control group (MFI in brackets).
Results are representative of three independent experiments. *, intra-
cellular staining.
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weaker expression of TLR2, which was up-regulated after ac-
tivation with MALP-2. After exclusion of B and T cells, TLR2
expression could be also measured in the remaining non-phe-
notypically characterized cells from NALT (data not shown).
These results suggest that various cell types are involved in the
global activation of NALT promoted by MALP-2. In accor-
dance with the mRNA levels, the peak of TLR2 expression was
detected about 16 h after MALP-2 application. According to
the RT-PCR and flow cytometry analysis, TLR2 expression
was rapidly down-regulated to basal levels after 36 h.

Characterization of the NALT microenvironment in MALP-
2-treated mice. To further investigate the local mechanisms of
immune induction and recruitment of effector cells in NALT,
the mRNA expression profile was analyzed by quantitative
real-time RT-PCR. RNA was isolated from NALT of mice 2,
6, 16, 24, and 36 h after nasal administration of MALP-2 (0.5
�g). Templates containing 0.5 to 1 �g of total RNA/�l allowed
the generation of strong PCR signals and their quantification

by RT-PCR, for products expressed up to a minimum of 0.01%
of the housekeeping gene �-actin. The earliest and strongest
change upon MALP-2 activation corresponded to an incre-
ment (�300-fold) in the transcription of the IFN-�-inducible
protein 10 (IP-10) with respect to controls (Fig. 5A). The
activation peak was reached 6 h after administration and rap-
idly decreased to basal levels after 36 h. IP-10 induction was
accompanied by an up-regulation of MIP-1�, MIP-2, MCP-1,
and MCP-3 (Fig. 5A and Table 2). Transcripts from MIP-1�
were detectable 6 h after MALP-2 activation, whereas those
from MCP-1 and MIP-2 were detectable only after 16 and 24 h,
respectively. These chemokines peaked after 24 h and returned
to basal levels after 36 h (Fig. 5A and Table 2). Among the
screened chemokine receptors (CCR2, CCR5, CCR6, CCR7,
and CCR9), significant signals were only obtained for CCR2.
The basal level of transcription for CCR2 (control group)
corresponded to approximately 0.2% of the �-actin gene. A
rapid increment in its expression was evident already 2 h after
MALP-2 administration, which was maintained for at least
36 h. However, when the profile of CCR expression was ana-
lyzed with mRNA isolated from MALP-2-activated J774A.1
macrophages, an up-regulation of CCR2, as well as CCR5 and
CCR6, was observed in comparison to nonactivated J774 cells
(Fig. 5B and data not shown). CCR7 and CCR9 were up-
regulated only on LPS-treated control cells (Fig. 5B). Flow
cytometric analysis of J774A.1 cells further confirmed that
activation with MALP-2 resulted in an up-regulated expression
of CCR5 and CCR6 (Fig. 5C).

MALP-2 improves the antigen presentation capacity of pro-
fessional antigen-presenting cells. Studies were performed to
evaluate the activity of MALP-2 on the antigen presentation
capacity of macrophages, B cells, and dendritic cells cocultured
with splenic T cells from TCR transgenic DO11.10 mice (Fig.
6). In vitro pretreatment of peritoneal macrophages with
MALP-2 in the presence of the OVA323-339 peptide resulted in
an improved proliferation of DO11.10 CD4� T cells, demon-
strating an increased antigen presentation capacity of pre-
treated macrophages (Fig. 6A). Similar results were obtained
by using the OVA protein as antigen (data not shown). Then,
we assessed the effect of MALP-2 on the antigen presentation
capacity of B cells and dendritic cells from nasal tissues. Mice
received the OVA-peptide323-339 or the OVA protein by intra-

FIG. 4. TLR2 expression in murine cells from NALT. (A) TLR2
mRNA levels were measured by real-time RT-PCR with RNA isolated
from total cells from NALT of mice treated with MALP-2 (0.5 �g/ml).
(B) NALT cells isolated from mice treated with MALP-2 were ana-
lyzed for the intracellular expression of TLR2 by flow cytometry 16 and
22 h after nasal administration of MALP-2 and compared to responses
in untreated mice (time zero). Cells were gated on the basis of the
staining with PE-conjugated anti-CD4, fluorescein isothiocyanate-con-
jugated anti-CD8, and PerCP-Cy5-conjugated anti-CD19, and the ex-
pression of TLR2 was evaluated with biotinylated TLR2 plus allophy-
cocyanin-conjugated streptavidin (filled area). The percentage of
TLR2-positive cells with respect to control cells (solid lines) is indi-
cated in each histogram.

TABLE 2. Kinetic analysis of mRNA expression in NALT after
MALP-2 administrationa

Timeb

(h)

Relative expression (%)

MIP-1�c MIP-2c MCP-1c

0 NDd ND ND
2 ND ND ND
6 0.95 ND ND
16 1.10 ND 0.15
24 11.14 0.25 12.19
36 ND ND ND

a MIP-1�, MIP-2, and MCP-1 were either not constitutively expressed in
NALT or the basal transcription levels were below the detection limit.

b Time after intranasal administration of MALP-2 (0.5 �g).
c Results are expressed as the percentage with respect to the expression of the

housekeeping gene �-actin. Values are means of at least two independent mea-
surements.

d ND, not detectable RT-PCR product.
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nasal route in the presence or absence of MALP-2. After 3 h,
the animals were sacrificed, and enriched B220� or CD11c�

cells from NALT were cocultured with DO11.10 CD4� T cells.
As shown in Fig. 6B, stronger T-cell proliferation was observed
with dendritic cells isolated from MALP-2-treated animals
than in controls, with either the OVA peptide or OVA protein.
In contrast, the antigen presentation capacity of B cells was not

FIG. 5. RT-PCR analysis of RNA extracts obtained from NALT
after MALP-2 treatment. (A) Kinetic transcriptional analysis of the
genes coding for IP-10, MCP-3, and CCR2. Results are expressed as
the fold increase with respect to the untreated controls (mice which
received only PBS). (B) Electrophoretic analysis of the �-actin, CCR5,
CCR6, CCR7, and CCR9 products obtained by RT-PCR. For these
specific products the profile of the melting curves obtained by real-time
RT-PCR did not allow exact quantification. The gel shows the results
obtained with mRNA isolated from the macrophage-like cell line
J774A.1 (ATCC TIB 67) after activation with LPS (10 �g/ml) or
MALP-2 (0.5 �g/ml) during 16 h in comparison to results in non-
treated control cells. Twenty microliters of each PCR mixture was
loaded per lane. The relative amount of mRNA for �-actin was 304,
189, and 142 ng/�l for nonactivated, LPS-activated, and MALP-2-
activated cells, respectively. (C) The surface expression of CCR5 and
CCR6 was evaluated on J774A.1 cells after 18 h of treatment with
MALP-2 by flow cytometry, using anti-CCR5–PE and anti-CCR6–
Alexa Fluor 647 antibodies (BD Pharmingen). The percentages of
CCR5- and CCR6-positive cells are indicated in each quadrant for
MALP-2-activated and nonactivated control cells (in brackets).

FIG. 6. Effect of MALP-2 treatment on antigen presentation.
(A) OVA-specific CD4� T cells purified from DO11.10 mice were
cocultured with macrophages loaded in vitro with serial dilutions of the
OVA peptide in the presence or absence of MALP-2 (0.25 �g/ml).
(B) Dendritic cells, which were isolated by magnetic sorting for
CD11c� cells from NALT of mice that received OVA peptide (200 �g)
or OVA protein (10 mg), in the presence or absence of MALP-2 (0.5
�g) by the intranasal route. Cells were cocultured during 4 days, and
T-cell proliferation was assessed by [3H]thymidine incorporation. Re-
sults are expressed as the mean counts per minute values from tripli-
cate wells; standard deviations are indicated by vertical lines. *, statis-
tically significant at a P level of 	0.05 by Student’s t test.
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improved by MALP-2 treatment and was restricted to preload-
ing with the OVA peptide (data not shown).

Nasal administration of MALP-2 does not break peripheral
anergy. We investigated the possibility that immune activation
triggered by MALP-2 could favor autoimmune reactions by
using the experimental model of diabetes based on TCR-HA
� Ins-HA double transgenic mice (34). Although the pancre-
atic islets of all double transgenic mice are heavily infiltrated
(i.e., insulitis) by the age of 4 weeks, only 30 to 40% of them
develop overt diabetes and the rest remain clinically healthy
over a period of up to 24 weeks (2). These animals carry
approximately 22 to 25% CD4� T cells expressing the 6.5
transgenic TCR in spleen, lymph nodes, and NALT (data not
shown). Four weekly nasal administrations of MALP-2 to clin-
ically healthy double transgenic mice failed to induce any sign
of autoimmune reaction or disease during a 16-week period of
observation (healthy status was defined as a glucose level in
blood of 	200 mg/dl and stable body weight). These results
suggest that MALP-2 does not promote a break of peripheral
anergy, thereby showing a good safety profile as adjuvant.

DISCUSSION

Mucosal epithelia constitute the primary sites for pathogen
and antigen entry. Our knowledge on the mucosal barriers and
the mucosal immune system has significantly expanded in re-
cent years (5, 27). However, there is still limited information
on the molecular events leading to the elicitation of mucosal
immune responses after infection or vaccination. Furthermore,
most of the experimental work on mucosal immunity was ob-
tained using molecules administered by the oral route, while
the upper respiratory tract has specific features that make it a
distinct inductive site. Thus, it is essential to have a clear
understanding on how immune responses are elicited after
nasal challenge or vaccination.

The first line of defense against invading microorganisms
relies on the innate immune system, which also represents a
critical link for the stimulation of efficient adaptive immune
responses. The stimulation of pattern recognition receptors
present on the surface of the cells from the innate immune
system, such as the TLR, is a fundamental initial event in the
activation process. The data reported in the literature concern-
ing the surface expression of TLR2 are controversial but sug-
gest that there is poor expression in all cell types (17). This is
in contrast to what has been observed by RT-PCR analysis and
intracellular staining (13). However, two studies have clearly
shown that TLR2 is expressed in mucosa-associated lymphoid
tissues of human tonsils (8, 29). These results suggest that
TLR2-mediated signaling may play an important role in the
induction of immune responses at this mucosal inductive site.

In this study, we described the effects resulting from the
activation of innate immune system receptor TLR2/6 through
the binding of the adjuvant lipopeptide MALP-2 (4, 30). We
analyzed TLR2 expression in cells from NALT by both RT-
PCR and intracellular staining. The high constitutive expres-
sion of TLR2 by B cells from NALT is in accordance with their
capacity to be activated in vitro by MALP-2 treatment, as
demonstrated by the up-regulation of different activation
markers (Fig. 2). The obtained results also showed that
MALP-2 exerts a mitogenic effect on B cells in vitro. However,

the in situ activation of NALT B cells by MALP-2 was rather
modest (Fig. 3). In contrast, T cells from NALT, which do not
constitutively express high levels of TLR2, exhibited a strong
up-regulation of this receptor after MALP-2 application. This
should result in an enhanced responsiveness to danger signals.
In fact, it has been demonstrated that up-regulation of TLR2
(via a nonspecific signal, such as anti-CD3 stimulation) could
lead to sensitization of T cells to TLR2 agonists (21). In ac-
cordance with the above-mentioned regulatory loop, NALT-
derived T cells also showed an up-regulated expression of
activation markers and intercellular adhesion molecules. This
suggests an increased responsiveness to specific antigenic sig-
nals, as well as an enhanced capacity for naïve T cells priming
in situ.

Activation and expansion of T cells is the central event in the
development of adaptive immune responses against specific
protein antigens. An optimal T-cell response (i.e., T-cell ex-
pansion, cytokine secretion, and development of helper and
effector functions) requires two distinct stimuli. The first is an
antigen-specific signal provided by the interaction through the
TCR, whereas the second is a TCR-independent signal medi-
ated by the engagement of T-cell surface molecules with co-
stimulatory molecules expressed on antigen-presenting cells.
The best-defined costimulatory molecules are B7-1 (CD80)
and B7-2 (CD86) (22). The up-regulated expression of the
costimulatory molecule CD80 on NALT-derived B cells sug-
gests an increased potential for cross talk between T and B
cells. This may in turn promote T-cell-dependent antibody
production. The improved humoral responses observed after
vaccination with MALP-2 as adjuvant are in agreement with
these results (4, 30). The up-regulated expression of the adhe-
sion receptor LFA-1 (CD11a/CD18) observed after treatment
suggests that MALP-2 could favor T-cell binding to antigen-
presenting cells, as well as trans-endothelial migration. The
recruitment and activation of professional antigen-presenting
cells observed after MALP-2 administration provides the ideal
framework for enhanced immune responses. As demonstrated
for other molecules exhibiting adjuvant activity, such as LPS,
heat-labile enterotoxin of Escherichia coli, and CpG motifs (4,
9, 20, 36), MALP-2 also activates dendritic cells (18, 39). Ac-
cordingly, we demonstrated with in vitro-loaded macrophages
and in vivo-loaded dendritic cells that antigen presentation is
enhanced in the presence of MALP-2.

The global NALT microenvironment also appears to be
geared toward improved immune responses after MALP-2 ad-
ministration. We demonstrated that MALP-2 treatment acts as
a proinflammatory stimulus for the nasal mucosa. We observed
an increment in the expression of MCP-1 and CCR2, which are
involved in monocyte recruitment (3, 23). The expression lev-
els of IP-10 also matched those obtained by classical inflam-
matory stimuli, such as LPS and tumor necrosis factor alpha.
This is in agreement with the reported recruitment and acti-
vation of macrophages after intraperitoneal or intranasal ad-
ministration of MALP-2 (7, 30). The initiation of T-cell-inde-
pendent effector mechanisms could be sustained and amplified
by activated T cells at inflammation sites (37).

The expression of inflammatory chemokines and chemokine
receptors (CCR1, CCR2, CCR5, and CCR6) regulates the
migration of dendritic cells from peripheral tissues into T-cell
areas of draining lymph nodes, where they initiate primary
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T-cell responses (23). The differential expression of chemokine
receptors also dictates, to a large extent, the migration and
tissue homing of Th1 or Th2 cells (3). It has also been pro-
posed that the acquisition of a chemokine and chemokine
receptor profile is an integral part of T-helper-cell differenti-
ation (31, 40). Our results showed that MALP-2 induces the
expression of IP-10 and MIP-1�, which preferentially correlate
with a Th1 polarization, in nasal tissues (31). However, MCP-1
and CCR2, which correlate with a Th2 polarization, were also
up-regulated by MALP-2 activation (32). Thus, the induction
of a microenvironment characterized by the presence of mol-
ecules driving both Th1 and Th2 polarization matches the
Th1/Th2 mixed responses observed after vaccination using
MALP-2 as mucosal adjuvant (4, 30).

In vitro tests showed that MALP-2 represents a strong acti-
vation signal, as measured by the up-regulated expression of
surface markers on B cells and dendritic cells (18). The pres-
ence of MALP-2 also resulted in the generation of a local
immune-responsive environment in NALT. Discrepancies in
the intensity of activation between in vitro and in vivo tests may
reflect the fact that NALT are a highly tolerogenic milieu (1,
38). Alternatively, they may be related to the efficacy of
MALP-2 transfer across the mucosal barrier.

Immune stimulation may lead to autoimmune reactions by
breaking tolerance to self antigens. However, cell division stud-
ies proved that MALP-2 does not induce nonspecific T-cell
proliferation, which would represent a major drawback for an
adjuvant. This was further confirmed by the results obtained
using the murine model of autoimmune diabetes. This model is
highly suited for the study of immune modulation in vivo, as
demonstrated by the fact that administration of a dimeric pep-
tide-MHC class II chimera results in a down-regulation of the
T-cell-mediated autoimmune response (6). In this study, we
demonstrated that, although the NALT of double transgenic
mice contained a majority of HA-specific T cells, repeated
intranasal administration of MALP-2 did not break the periph-
eral tolerance.

In conclusion, the results obtained in the present work allow
dissection of critical parameters concerning the cellular inter-
actions and the antigen presentation processes after applica-
tion of the novel mucosal adjuvant MALP-2. An efficient ini-
tiation of acquired immune responses is promoted by a TLR2/
6-mediated activation via MALP-2. The adjuvant leads to
improved antigen sampling and recognition through an incre-
ment in (i) the number of antigen-presenting cells, (ii) the
expression of costimulatory molecules, (iii) the intercellular
adhesion capacity of immune cells, and (iv) T-cell stimulation.
MALP-2 also promotes the generation of a transient local
microenvironment which favors the ability of immune cells to
interact in a coordinated fashion, as well as to traffic and
localize within mucosal tissues. MALP-2 also supports a direct
B- and T-cell activation within nasal tissues, thereby lowering
the threshold for antigen-specific activation. This explains the
improved immune responses observed after intranasal vacci-
nation with MALP-2 as adjuvant (4, 30). The emerging knowl-
edge allows a better understanding of the mechanisms by
which MALP-2 modulates innate immunity first, promoting
strong acquired immune responses thereafter. This is expected
to provide the rational basis for its optimal exploitation as
adjuvant, as well as the design of new adjuvant molecules.
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