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The development of mucosal adjuvants is still a critical need in vaccinology. In the present work, we
show that bis(3�,5�)-cyclic dimeric GMP (cdiGMP), a second messenger that modulates cell surface
properties of several microorganisms, exerts potent activity as a mucosal adjuvant. BALB/c mice were
immunized intranasally with the model antigen �-galactosidase (�-Gal) coadministered with cdiGMP.
Animals receiving cdiGMP as an adjuvant showed significantly higher anti-�-Gal immunoglobulin G
(IgG) titers in sera than controls (i.e., 512-fold [P < 0.05]). Coadministration of cdiGMP also stimulated
efficient �-Gal-specific secretory IgA production in the lung (P < 0.016) and vagina (P < 0.036). Cellular
immune responses were observed in response to both the �-Gal protein and a peptide encompassing its
major histocompatibility complex class I-restricted epitope. The IgG1-to-IgG2a ratio of anti-�-Gal anti-
bodies and the observed profiles of secreted cytokines suggest that a dominant Th1 response pattern is
promoted by mucosal coadministration of cdiGMP. Finally, the use of cdiGMP as a mucosal adjuvant also
led to the stimulation of in vivo cytotoxic T-lymphocyte responses in C57BL/6 mice intranasally immunized
with ovalbumin and cdiGMP (up to 30% of specific lysis). The results obtained indicate that cdiGMP is
a promising tool for the development of mucosal vaccines.

Bacteria are an extremely diverse group of living organisms,
which are adapted to different environments including the hu-
man body. Despite their intrinsic diversity, pathogenic bacteria
share common gateways into the human body (i.e., mucosal
surfaces). Thus, the mucosal immune system serves as the first
line of defense against bacteria and viruses. Therefore, signif-
icant efforts have been invested on the development of muco-
sal vaccination strategies that are able to promote efficient
immune responses at both systemic and mucosal levels. The
implementation of a mucosal vaccination strategy should not
only result in disease prevention but also block early infection,
thereby reducing the likelihood of horizontal transmission to
susceptible hosts. In addition, vaccination by the mucosal route
reduces the risk of cross contamination, is associated with an
easy administration logistic, and is widely accepted by the pub-
lic. However, most antigens are poorly immunogenic when
administered by this route. This is in part due to enzymatic
degradation, structural modification resulting from extreme
pH, and/or mechanical removal. Mucosal adjuvants can be
exploited to overcome this problem. Unfortunately, there are
only a few molecules exhibiting this property.

Until recently, the discovery of new adjuvants has not been
an extremely successfully process, which was driven mainly by
the rules of serendipity. However, recent advances in our un-
derstanding of the immune system, particularly with respect to
early proinflammatory signals, have led to the identification of
new potential targets for immune modulation (4–6, 11, 24, 39).
The establishment of improved techniques for total chemical
synthesis has also allowed the production of well-defined mol-

ecules. This is expected to facilitate the generation of new
vaccines exhibiting an adequate safety-and-efficacy profile that
are able to stimulate immune responses according to specific
needs (21, 36, 37). Nevertheless, there is no vaccine formula-
tion containing a mucosal adjuvant on the market that is ap-
proved for human use. Thus, there is an urgent need for new
candidate adjuvants. Bacteria can communicate through small
“hormone-like” organic compounds, which are called autoin-
ducers. Bis(3�,5�)-cyclic dimeric GMP (cdiGMP) represents
one of these cell-to-cell signaling systems that allow bacteria to
regulate gene expression via cell density by a mechanism called
quorum sensing (29, 30). cdiGMP was first identified in Glu-
conacetobacter xylinus, where it regulates the production of
cellulose through the modulation of cellulose synthase activity
(31). It was shown previously that increased levels of cdiGMP
correlate with enhanced bacterial aggregation (34, 35, 40, 41)
and biofilm formation (13). Karaolis et al. also showed previ-
ously that cdiGMP can act on eukaryotes as a danger signal
(17). This prompted us to evaluate its potential as an adjuvant
(9). The coadministration of cdiGMP with �-galactosidase (�-
Gal) to mice by the subcutaneous route resulted in the stimu-
lation of strong humoral and cellular immune responses, which
were characterized by a balanced Th1/Th2 pattern. Subse-
quently, Karaolis et al. showed that cdiGMP stimulates the
expression of costimulatory molecules, maturation markers,
and cytokines by human dendritic cells (18). These results
suggested that cdiGMP might also exert immunomodulatory
activities when administered by mucosal routes. Therefore, in
the present work, we evaluated the potential of cdiGMP as a
mucosal adjuvant. To this end, immunization studies were per-
formed using �-Gal and ovalbumin (Ova) as model antigens.
Antigen coadministration with cdiGMP by the intranasal route
resulted in the stimulation of strong humoral and cellular im-
mune responses at both systemic and mucosal levels. The re-
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sults obtained suggest that cdiGMP represents a promising
tool for the development of mucosal vaccines.

MATERIALS AND METHODS

Synthesis of cdiGMP. cdiGMP was synthesized by cyclization according to
established protocols (14, 32, 44). The resulting compound was purified by
reversed-phase high-performance liquid chromatography at room temperature
using a Phenomex column (50 by 2 mm, 4 �m, C18) and a gradient of 25 mM
triethylammonium formic acid (solvent A [pH 6.8]) to acetonitrile (solvent B)
from 0% to 20% solvent B within 20 min at a flow rate of 0.7 ml/min. Subse-
quently, the sodium form of cdiGMP was obtained by Dowex-Na� ion exchange.
The structure of water-soluble cdiGMP was confirmed by 1H und 13P nuclear
magnetic resonance and matrix-assisted laser desorption-ionization mass spec-
trometry. To rule out lipopolysaccharide (LPS) contamination, the synthesized
compound was tested using the HEK-Blue LPS detection kit (InvivoGen) ac-
cording to the manufacturer’s instructions. Even when tested at 40 �g/ml, no LPS
contamination was detectable in the cdiGMP batches (detection limit, 0.3 ng/ml).
The final lyophilized compound was stored at �20°C. For the immunization
studies, cdiGMP was dissolved in sterile water. The resulting solution was stable
for at least 6 and 2 months at �20°C and 4°C, respectively.

Immunization protocols. Groups of female BALB/c (H-2d) or C57BL/6 (H-2b)
mice (n � 5), 6 to 8 weeks of age, were intranasally immunized on days 0, 14, and
28 with 30 �g of �-Gal (Roche, Germany) or 50 �g of Ova (Roche, Germany)
alone or coadministered with cdiGMP (1 or 5 �g/dose). The solution was pre-
pared in phosphate-buffered saline (PBS) 30 min before administration (final
volume, 20 �l; 10 �l per nostril). To facilitate animal manipulations and to
standardize the immunization protocols, mice were mildly anesthetized (1 min)
with Isoflo (Abbott Animal Health) according to the manufacturer’s instructions.
The optimal amount of the adjuvant used was determined in preliminary studies.
Animals in the negative control group received only PBS. Animal permission was
given by the local government of Lower Saxony (Germany) (no. 509.42502/07-
04.01).

Sample collection. Serum samples were collected on days �1, 13, 27, and 42.
Blood was taken from the retro-orbital complex to ensure that the lungs were not
injured (e.g., as may happen after heart puncture), thereby affecting the quality
of the bronchoalveolar lavage samples. Samples were then centrifuged to remove
red blood cells (10 min at 3,000 � g), and sera were stored at �20°C until
processing. On day 42, mice were sacrificed, and bronchoalveolar lavage samples
and vaginal lavage samples were obtained by flushing the organs with 1 ml of PBS
supplemented with 50 mM EDTA, 0.1% bovine serum albumin, and 10 mM
phenyl-methane-sulfonyl fluoride. After centrifugation to eliminate debris (10
min at 3,000 � g), supernatant fluids were collected and stored at �20°C until
processing for the detection of secretory immunoglobulin A (IgA) (sIgA).
Spleens were dissected, and the splenocytes were collected and used for moni-
toring of the stimulation of antigen-specific cellular responses. Antibodies were
investigated in individual animals, whereas cellular responses were analyzed
using pools of spleen cells as previously described (1).

Detection of �-Gal-specific IgG in serum. The �-Gal-specific antibodies in
serum samples were determined by enzyme-linked immunosorbent assay
(ELISA) using microtiter plates coated with 100 �l/well of �-Gal or Ova (5 �g/ml
in 0.05 M carbonate buffer [pH 9.6]) as previously described (2). Briefly, 96-well
Nunc (Roskilde, Denmark) Immuno MaxiSorp assay plates were coated with 5
�g/ml �-Gal or Ova in coating buffer (bicarbonate [pH 8.2]). After overnight
incubation at 4°C, plates were blocked with 3% bovine serum albumin (BSA) in
PBS for 1 h at 37°C. Serial twofold dilutions of sera in 3% BSA–PBS were added
(100 ml/well), and plates were incubated for 2 h at 37°C. After six washes with 1%
BSA–PBS–0.05% Tween 20, secondary antibodies were added: biotinylated
chain-specific goat anti-mouse IgG (Sigma) or, to determine IgG subclass, bio-
tinylated rat anti-mouse IgG1 and IgG2a (Pharmingen, San Diego, CA). Plates
were further incubated for 2 h at 37°C. After six washes, 100 �l of peroxidase-
conjugated streptavidin (Pharmingen) was added to each well, and plates were
incubated at room temperature for 1 h. After another six washes, reactions were
developed using ABTS [2,2�-azinobis(3-ethylbenzthiazoline-6-sulfonic acid)] in
0.1 M citrate-phosphate buffer (pH 4.35) containing 0.01% H2O2. Endpoint
titers were expressed as absolute values of the last dilution, which gave an optical
density at 405 nm of two times above the values of the negative controls after 15
and 30 min of incubation, as previously described (8).

Determination of �-Gal-specific sIgA. The amount of antigen-specific sIgA
present in the lavages was determined by ELISA using biotinylated alpha-chain-
specific goat anti-mouse IgA (Sigma), as described above (2). To compensate for
variations in the efficiency of recovery of secretory antibodies among animals, the
results were normalized and expressed as endpoint titers of antigen-specific IgA

per �g of total IgA present in the sample. In brief, plates coated with 2 �g/ml of
goat anti-mouse IgA (Sigma Chemie) as capture antibody were incubated with
serial twofold dilutions of either lavage samples or, for the standard curve,
purified mouse IgA (Dianova, Hamburg, Germany) for 1 h. After serial washes
with PBS plus 0.1% Tween 20, plates were incubated for 1 h with the secondary
antibody biotinylated goat anti-mouse IgA (Sigma), washed six times, and de-
veloped as described above.

Measurement of cellular proliferation. Spleen cells (5 � 105 cells/well) of
vaccinated mice were aseptically removed, and cell suspensions were prepared.
Erythrocytes were lysed by 2 min of incubation in lysis buffer (0.15 M NH4Cl, 1.0
M KHCO3, 0.1 mM EDTA [pH 7.2]). Cells were washed twice and adjusted to
2 � 106 cells/ml in complete RPMI medium containing 10% fetal bovine serum,
100 U/ml penicillin, and 100 �g/ml streptomycin. Splenocytes were then seeded
with a volume of 100 �l per well in quadruplicates in a flat-bottomed 96-well
microtiter plate (Sarstedt Inc., Newton, NC) and cultured for 4 days in the
presence of different concentrations of �-Gal (Sigma), 5 �g/ml concanavalin A,
or medium alone. Eighteen hours before harvesting, 1 �Ci [3H]thymidine (Am-
ersham International, Freiburg, Germany) was added to each well (2). Cells were
harvested on paper filters (Filtermat A; Wallac, Freiburg, Germany) using a cell
harvester (Inotech, Wohlen, Switzerland), and the incorporation of [3H]thymi-
dine into the DNA of proliferating cells was determined using a scintillation
counter (Wallac 1450; Micro-Trilux). The results are expressed as counts per
minute (cpm).

ELISPOT assay. To determine the amounts of gamma interferon (IFN-�)-,
interleukin-2 (IL-2)-, and IL-4-secreting cells, murine IFN-�, IL-2, and IL-4
enzyme-linked immunospot (ELISPOT) kits (BD Pharmingen) were used ac-
cording to the manufacturer’s instructions. Cells (1 � 106 or 5 � 105 cells/well)
were incubated for 16 h in the absence or in the presence of a �-Gal peptide
(TPHARIGL), which was known to encompass an Ld-restricted cytotoxic T-
lymphocyte (CTL) epitope (for IFN-�) or �-Gal protein (for IL-2 and IL-4) at a
concentration of 10 �M. Cells were then removed, and the plates were processed
according to the manufacturer’s instructions. Colored spots were counted with a
CTL ELISPOT reader and analyzed using ImmunoSpot image analyzer software
v3.2.

Cytometric bead array. To quantify the cytokines secreted by splenocytes
restimulated in vitro using �-Gal, supernatants were collected on days 2 and 4
and stored at �70°C. The contents of IFN-�, TNF-	, IL-2, IL-4, and IL-5 were
determined using a cytometric bead array according to the manufacturer’s in-
structions (Becton Dickinson, San Jose, CA). Supplied standards were used to
generate a standard curve.

Determination of lymphocyte-mediated cytotoxicity in vivo. Suspensions of
splenocytes from naı̈ve C57BL/6 mice were depleted of red cells and split into
two equal portions. One was labeled with a high concentration (1 �M) of carboxy
fluorescein succinimidyl ester (CFSE) (Molecular Probes) and pulsed for 1 h at
37°C with a peptide from Ova (amino acids 257 to 264) encompassing an im-
munodominant major histocompatibility complex (MHC) class I-restricted
epitope at a concentration of 15 �g/ml. The other was labeled with a low
concentration (0.1 �M) of CFSE and further incubated for 1 h at 37°C without
peptide. Equal numbers of each cell population were mixed. A total of 2 � 107

cells was adoptively transferred by intravenous injection into the mice immu-
nized with 50 �g of Ova protein coadministered with 5 �g cdiGMP by intranasal
injection on days 1, 14, and 28. Cells from spleen were analyzed by flow cytom-
etry after 16 h and 40 h with a FACSCalibur apparatus by using BD Cell Quest
Pro software. Specific lysis was distinguished by the loss of the peptide-pulsed
CFSEhi population in comparison with the control CFSElo population (12). The
following formula was used to calculate the percentage of specific lysis: 100 �
{[(% CFSEhi in immunized mice/% CFSElo in immunized mice)/(% CFSEhi in
control mice/% CFSElo in control mice)] � 100}.

Statistical analysis. The statistic significance of the differences observed be-
tween the different experimental groups was analyzed using the Student unpaired
t test and the nonparametric Mann-Whitney test. Differences were considered
significant at a P value of 
0.05.

RESULTS

Intranasal immunization using cdiGMP as a mucosal ad-
juvant results in the induction of strong humoral immune
responses at systemic and mucosal levels. To analyze the ca-
pacity of cdiGMP to act as a mucosal adjuvant in vivo, mice
were immunized with the model antigen �-Gal (30 �g/dose)
alone or coadministered with cdiGMP by the intranasal route.
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The use of cdiGMP as a mucosal adjuvant resulted in signifi-
cantly increased �-Gal-specific IgG titers in comparison to
animals vaccinated with �-Gal alone (Fig. 1A). Interestingly,
mice immunized with �-Gal coadministered with either 1 or 5
�g of cdiGMP showed significantly higher antigen-specific IgG
titers even after a single boost than controls receiving �-Gal
alone. However, the highest titers were observed in animals
receiving 5 �g of cdiGMP per dose.

The capacity of cdiGMP to stimulate mucosal immune re-
sponses was then further evaluated. To this end, antigen-spe-
cific secretory IgA titers were measured in lung and vaginal
lavage samples from vaccinated animals (Fig. 1B). As ex-
pected, intranasal immunization with �-Gal coadministered
with cdiGMP induced strong antigen-specific sIgA responses
both in the lung and in the vagina. In contrast, antigen-specific
sIgA was not detected in lavages from mice receiving �-Gal
alone (P 
 0.05).

Immunization using cdiGMP as a mucosal adjuvant stim-
ulates �-Gal-specific cellular immune responses. Lymphopro-

liferative assays were carried out to evaluate the capacity of
cdiGMP to promote cellular immune responses. Immune cells
isolated from spleens 42 days after the first immunization were
restimulated in vitro with the �-Gal protein. Proliferative re-
sponses were observed in cells from mice receiving �-Gal with
either 1 or 5 �g of cdiGMP (Fig. 2A). In contrast, almost no
responses were observed when splenocytes from mice immu-
nized with the �-Gal protein alone were tested. To further
analyze the in vivo influence of cdiGMP on the stimulation of
cytotoxic cells, Ova peptide-loaded spleen cells from naı̈ve
C57BL/6 mice were injected to Ova-vaccinated mice according
to the in vivo CTL protocol described previously by Hermans
et al. (12). In animals receiving Ova coadministered with 5 �g
cdiGMP, approximately 30% of the peptide-loaded cells were
lysed, whereas in mice vaccinated with the antigen alone, only
a weak (5%) Ova-specific lysis was observed (Fig. 2B).

To assess the effects on T-helper responses resulting from
using cdiGMP as a mucosal adjuvant, the subclass distribution
of �-Gal-specific serum IgG was first analyzed. Intranasal im-

FIG. 1. Humoral immune responses stimulated in mice vaccinated using cdiGMP as a mucosal adjuvant. (A) Kinetic analysis of anti-�-Gal IgG
responses in sera from BALB/c mice (n � 5) immunized on days 1, 14, and 28 (indicated by arrows) with PBS (control), �-Gal (30 �g/dose), or
�-Gal coadministered with cdiGMP (1 and 5 �g/dose) intranasally. (B) Analysis of antigen-specific secretory IgA in lung and vaginal lavage
samples of immunized mice. Results are expressed as �-Gal-specific IgA titers per �g of total IgA. The standard error of the mean is indicated
by vertical lines. Differences were statistically significant at a P value of 
0.05 (*) with respect to mice receiving antigen alone. Data from one
representative experiment out of three independent experiments are shown.
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munization of mice with �-Gal in combination with cdiGMP
resulted in a shift from a balanced Th1/Th2 to a dominant Th1
response pattern upon increasing the cdiGMP concentration
from 1 to 5 �g/dose (Fig. 3A). Up to 640- and 320-fold incre-
ments in antigen-specific IgG2a and IgG1, respectively, were
observed. To further confirm these data, the presence of
�-Gal-specific IFN-�-, IL-2-, and IL-4-secreting cells was as-
sessed by ELISPOT (Fig. 3B). Splenocytes from immunized
mice secreted predominantly IFN-� (sevenfold increment with
respect to cells from BALB/c mice) in response to �-Gal an-
tigen, followed by IL-4 (6.5-fold) and IL-2 (fourfold). These
results were in agreement with those for the cytokines secreted
by �-Gal-restimulated splenocytes. Intranasal coadministra-
tion of cdiGMP (5 �g/dose) also resulted in an enhanced
secretion of TNF-	 (50-fold), IFN-� (�2,000-fold), IL-5, and
IL-2 (more than eightfold) in comparison to spleen cells re-
covered from animals receiving antigen alone (Fig. 4). The
analysis of proinflammatory cytokines such as IL-6 and anti-

inflammatory cytokines such as IL-10 showed 24-fold and 16-
fold increases, respectively, with respect to the control group,
which was immunized with �-Gal alone (data not shown).

DISCUSSION

Vaccination remains the most cost-efficient strategy to pre-
vent infectious diseases. There is also increasing interest in the
therapeutic use of vaccines against infection, cancer, and
chronic inflammatory diseases (7, 28). Most pathogens enter
the host via the mucosa. Thus, the induction of humoral and
cellular immune responses at both systemic and mucosal levels
represents a major goal in the development of vaccines against
infectious agents. In fact, the efficient stimulation of local im-
mune responses at the portal of entry would allow prevention
not only against disease but also against infection. In addition,
vaccination by the mucosal route is more accepted by the

FIG. 2. Cellular immune responses stimulated in mice using cdiGMP as a mucosal adjuvant. (A) Proliferative responses stimulated in mice
immunized using cdiGMP as an adjuvant. Spleen cells from vaccinated animals were restimulated with different concentrations of �-Gal for 96 h.
Cellular proliferation was assessed by the determination of the [3H]thymidine incorporated into the DNA of replicating cells. Results are averages
of triplicates, and they are expressed as counts per minute (cpm). The results obtained in cdiGMP-vaccinated animals were statistically significant
with respect to those observed in mice receiving �-Gal alone, at a P value of 
0.05 (*). Data from one representative experiment out of four
independent experiments are shown. (B) Assessment of the effect of coadministration of cdiGMP on CTL responses as measured by the VITAL
assay (in vivo CTL) (see Materials and Methods). Lysis of CFSE� Ova peptide-loaded splenocytes was monitored relative to that of unloaded
splenocytes in spleens taken from mice that had been immunized three times with 50 �g of Ova alone or coadministered with 5 �g cdiGMP by
intranasal application 4 weeks after the last immunization. The percentage of specific lysis for each group of two animals is shown.
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public, and it is associated with a lower risk of appearance of
side effects (38).

The incorporation of a limited number of well-defined pro-
tective antigens into the vaccine formulation has also led to a
significantly improved safety profile. However, subunit vac-
cines are usually less immunogenic than whole-cell vaccines
(23). Therefore, adjuvants should be incorporated into the
formulation. On the other hand, it is important to consider that
adjuvants not only enhance the strength of the elicited re-
sponses but also exhibit immunomodulatory properties. In this
context, the stimulation of the right type of immune response
is a key aspect in order to achieve protection and avoid im-
mune pathological reactions (43).

In the present work, we investigated whether the responses

elicited after mucosal vaccination can be strengthened and
modulated by using the new candidate adjuvant cdiGMP,
which was demonstrated to exert immunostimulatory activities
when administered by the parenteral route (9, 18). To achieve
this aim, animals were immunized with model antigens coad-
ministered with cdiGMP by the intranasal route. The presence
of cdiGMP in the formulation resulted in a significantly im-
proved stimulation of antigen-specific immune responses at
both systemic and mucosal levels. More specifically, high titers
of �-Gal-specific IgG were detected in sera of vaccinated mice
even after a single boost. Furthermore, the production of
�-Gal-specific secretory IgA was efficiently stimulated not only
locally in the lungs but also at distant mucosal territories, such
as in vaginal secretions. Cellular responses were also stronger
in mice receiving �-Gal coadministered with cdiGMP than in
animals receiving the antigen alone. Similar results were ob-
tained after immunization of C57BL/6 mice with Ova, thereby
demonstrating that the adjuvant activity of cdiGMP is not
restricted to a particular mouse haplotype (data not shown).
Of note, the use of cdiGMP as a mucosal adjuvant promoted
MHC class I-restricted immune responses, as shown by the
analysis of CTL in vivo.

This vaccination strategy promoted a shift from a balanced
Th1/Th2 to a more Th1-dominated helper response pattern, as
demonstrated by the improved expression of IFN-�, IL-2, IL-4,
and IL-5 (Fig. 4). A deeper analysis showed that mice have
enhanced expression of cytokines and chemokines, which play
a role as attractants of naı̈ve and effector T cells and in T-cell
differentiation. By using a 20-plex cytokine of Biosource and
the QIAGEN Luminex system, we observed an increased se-
cretion of macrophage inflammatory protein 1	 (MIP-1	)
(CCL3) (29,800 ng/ml), IL-17 (2,978 ng/ml), and granulocyte-
macrophage colony-stimulating factor (GM-CSF) (18,400 ng/
ml) in supernatant fluids of restimulated spleen cells from mice
vaccinated with �-Gal plus cdiGMP. In contrast, spleen cells
recovered from mice vaccinated with �-Gal alone showed no

FIG. 3. Evaluation of the T-helper responses stimulated in mice
vaccinated using cdiGMP as a mucosal adjuvant. (A) Analysis of
�-Gal-specific IgG isotypes in sera of immunized mice. Anti-�-Gal-
specific IgG isotypes in mice immunized with PBS, �-Gal plus cdiGMP
(1 and 5 �g), or �-Gal alone by the intranasal route were determined
by ELISA. Results are expressed as endpoint titers. The IgG isotype
titers represent the means of data for five animals per experimental
group. (B) Detection of IFN-�-, IL-2-, and IL-4-secreting cells. Spleen
cells (1 � 106 and 5 � 105 cells/well) recovered from vaccinated mice
were incubated for 24 or 48 h in the presence of a peptide encompass-
ing the immunodominant Ld-restricted epitope of �-Gal (TPHPARI
GL), which is specific for MHC class I presentation (for IFN-�) or the
�-Gal protein (for IL-2 and IL-4). The numbers of IFN-�-, IL-2-, and
IL-4-producing cells were then determined by ELISPOT. Results are
presented as spot-forming units per 106 cells, which were subtracted
from the values obtained from nonstimulated cells. The standard error
of the mean of triplicates is indicated by vertical lines. Differences were
statistically significant at a P value of 
0.05 with respect to mice
receiving antigen alone (*). Data from one representative experiment
out of four independent experiments are shown.

FIG. 4. Analysis of the cytokines secreted by the splenocytes of
mice vaccinated using cdiGMP as a mucosal adjuvant. The cytokines
secreted by spleen cells recovered from vaccinated animals after re-
stimulation with �-Gal were evaluated by cytometric bead array. Data
from one representative experiment out of three are shown. Differ-
ences were statistically significant at a P value of 
0.05 with respect to
the values observed by testing cells from animals vaccinated with �-Gal
alone (*).
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or only marginal secretion of MIP-1	 (73.5 pg/ml), IL-17 (10.5
pg/ml), and GM-CSF (11.5 pg/ml).

MIP-1	 affects the magnitude and polarity of T-cell re-
sponses. Alternative pathways for Th1 and Th2 polarization, in
which a parallel exists between CCL3-CCR5 and IL-12, and
CCL2 and the capacity of IL-4 or IL-10 to polarize Th-cell
responses, have been proposed (25). Thus, the enhanced se-
cretion of MIP-1	 after the coadministration of cdiGMP could
explain, at least in part, the induction of IL-12 and IFN-�.
These molecules also influence T-cell differentiation, affecting
natural killer (NK) (3, 15, 16, 33) and NKT (26) cell activities
at inflammatory sites (10, 27, 33). On the other hand, IL-17 is
involved in the recruitment of neutrophils, cytokine expression,
and dendritic cell maturation (19–22, 38, 42, 45). IL-17 is also
able to induce GM-CSF via the RafI–MEK–extracellular sig-
nal-regulated kinase pathway (20). This can explain the ob-
served increment in GM-CSF, which might in turn be crucial
for the maturation of various cell subsets and T-cell polariza-
tion.

In conclusion, our results have demonstrated that the coad-
ministration of antigens with cdiGMP by the intranasal route
results in the stimulation of strong humoral and cellular im-
mune responses at systemic and mucosal levels. Recent studies
showed that cdiGMP also activates human monocyte-derived
dendritic cells (18). This further supports the usefulness of
cdiGMP in humans, suggesting that this signaling molecule is
indeed a promising adjuvant for the development of mucosal
vaccines.
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