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Most vaccines are still given parenterally. Mucosal vaccination would offer different advantages over
parenteral immunization, including blocking of the pathogens at the portal of entry. In this paper, nontoxic
Escherichia coli heat-labile enterotoxin (LT) mutants and Supramolecular Biovector systems (SMBV) were
evaluated in mice as mucosal adjuvants and delivery systems, respectively, for intranasal immunization with
the conjugated group C meningococcal vaccine. The conjugated vaccine formulated together with the LT
mutants and the SMBV induced very high titers of serum and mucosal antibodies specific for the group C
meningococcal polysaccharide. This vaccination strategy also induced high titers of antibodies with bacteri-
cidal activity, which is known to correlate with efficacy. Importantly, the mucosal vaccination, but not the
conventional parenteral vaccination, induced bactericidal antibodies at the mucosal level. These data strongly
support the feasibility of development of intranasal vaccines with an enhanced protective efficacy against
meningococci and possibly against other encapsulated bacteria.

The vast majority of existing vaccines are still given by sys-
temic injection. Although widely accepted, parenteral vaccina-
tion is not devoid of potential drawbacks. Most of the patho-
gens invade their human hosts at the level of the mucosal
surfaces, which represent the very first antimicrobial barrier
through nonspecific (anatomical) and specific (immune) de-
fense mechanisms. Mucosal vaccination would offer several
advantages over the parenteral route of vaccination. First, by
inducing local microbial-specific immune responses, it would
block pathogens at the portal of entry, thus increasing the
general efficacy of the vaccine. Second, by avoiding the trau-
matic procedure of injection, it would increase the compliance
and consequently the coverage. Third, it would facilitate vac-
cine delivery, especially in poorer countries. Last, but not least,
mucosal immunization would significantly decrease the risk of
unwanted spread of infectious agents via contaminated sy-
ringes (9, 17), especially in areas with a high incidence of viral
hepatitis and human immunodeficiency virus infections.

Multiple strategies are currently pursued for the development
of systems aimed at enhancing the immunogenicity of mucosally
delivered vaccines. Most antigens are not immunogenic when
delivered mucosally and require the use of strong adjuvants.
Cholera toxin (CT) and Escherichia coli heat-labile enterotoxin
(LT) are the strongest mucosal adjuvants known so far (26).
However, their use in humans is hampered by their very high
toxicity. Indeed, 5 �g of CT is able to induce 1 to 6 liters of
diarrheal feces (19). During the past few years, site-directed mu-
tagenesis has permitted the generation of LT and CT mutants
devoid of toxic activity, while retaining their strong mucosal ad-

juvanticity (26). Among these are the LTK63 and the LTR72
mutants (mutation in the A subunit Ser633Lys and Ala723Arg,
respectively) (12, 26). The mucosal adjuvanticity of these mutants
has now been tested in various systems with viral, bacterial, and
parasitic models. After oral or intranasal (i.n.) delivery, vaccina-
tion with these mutants as adjuvants induced appropriate immune
effector mechanisms (antibodies, CD4� helper T cells, and CD8�

cytotoxic T cells) able to confer protection against the relevant
infectious challenge (23).

Other systems aimed at enhancing immunogenicity of vac-
cines after i.n. delivery include the so-called “Supramolecular
Biovectors” (SMBV), which are nanoparticles made of cationic
cross-linked polysaccharides surrounded by a lipidic bilayer (8,
22). These nanoparticles are known to act as carriers for anti-
gens and adjuvants (25, 28), to facilitate the delivery of anti-
gens to antigen-presenting cells, and to induce strong antigen-
specific immune responses after nasal delivery (2, 4, 25).

In the present work, we compared the mucosal adjuvanticity
of one LT mutant (LTK63) with that of the SMBV system and
evaluated the eventual enhancing effect of combining these
adjuvant-delivery systems. To this end, we decided to use as a
model a conjugated vaccine against group C Neisseria menin-
gitidis, because it induces bactericidal antibodies, the titers of
which are well known to correlate with protection. This vaccine
consists of the group C capsular oligosaccharide from N. men-
ingitidis conjugated to the nontoxic mutant of diphtheria toxin,
CRM197 (CRM-MenC) (6); it has been shown to be immu-
nogenic and efficacious in several clinical trials (18, 20, 21) and
is now commercially available in several countries.

MATERIALS AND METHODS

Conjugated CRM-MenC vaccine, LTK63 mutant, and nanoparticles. The
conjugated CRM-MenC vaccine was prepared as previously described in detail
elsewhere (6). The alum-adjuvanted vaccine (which is currently used in several
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countries [18]) was used at a 1:4 dilution for subcutaneous (s.c.) immunization of
mice. The equivalent bulk before adsorption with alum was used for formulation
with the LTK63 mutant and/or with the SMBV.

The fully nontoxic LTK63 mutant of the E. coli LT was produced by site-
directed mutagenesis of the wild-type toxin and purified as previously described
(12).

SMBV nanoparticles were prepared from maltodextrin as described previously
(3). Briefly, maltodextrin was dissolved in 2 N sodium hydroxide under magnetic
stirring at room temperature, reticulated with epichlorohydrin, and derivatized
with a cationic ligand (glycidyltrimethylammonium chloride). After 20 h, the gel
obtained was neutralized with acetic acid and finally sheared under high pressure
in a Minilab homogenizer (Rannie, APV Baker, Evreux, France). The 60-nm-
diameter polysaccharidic nanoparticles obtained were untrafiltered to remove
low-molecular-weight reagents and salts. SMBV nanoparticles were prepared by
mixing polysaccharidic nanoparticles, dipalmitoyl phosphatidyl choline (DPPC),
and cholesterol at 80°C, allowing the adsorption of the lipids onto the nanopar-
ticles (3, 8). The mean diameter of the SMBV, determined by laser light scat-
tering with the N4MD Coulter nanoparticle analyzer (Coultronics, Margency,
France), was 60 � 15 nm. SMBV were composed of polysaccharides (77%) and
a mixture of DPPC and cholesterol (70:30 [wt/wt]). Phospholipid, cholesterol,
and polysaccharide concentrations were determined according to established
methods (1, 10). Conjugated CRM-MenC vaccine and the LTK63 mucosal ad-
juvant were formulated together with the SMBV nanoparticles by simple mixing.

Mice and immunizations. Groups of six to eight female 6- to 8-week-old
BALB/c mice (Charles River, Calco, Italy) were used in all of the experiments.
In all groups, irrespective of the route of immunization, the mice received doses
of the CRM-MenC vaccine, which contained 2.5 �g of the MenC oligosaccharide
and 5 �g of the CRM197 carrier protein (corresponding to a 1:4 human dose).
Whenever present, the mice received at each dose 1 �g of the LTK63 mutant
and/or 100 �g of the Biovector system. For i.n. immunizations, unanesthetized
mice received 20 �l of the vaccine formulation (10 �l in each nostril). Immuni-
zations, either s.c. or i.n., were carried out on days 0, 21, and 35. Serum samples
were taken on days 0 (pre), 20 (post-1), 34 (post-2), and 45 (post-3). At day 45,
mice were sacrificed, and nasal washes (1 ml) were also collected from single
mice according to the procedure already described (7, 12). Individual serum
samples and nasal washes were frozen at �20°C until use.

Quantitation of MenC-specific and LT-specific antibodies. Titration of
Men-C- and LT-specific immunoglobulin G (IgG) and IgA antibodies was per-
formed with sera and nasal washes from each mouse according to the assays
already described. Briefly, for the titration of MenC-specific antibodies, enzyme-
linked immunosorbent assay (ELISA) microwell plates were coated with purified
group C N. meningitidis capsular polysaccharide in the presence of methylated
human albumin (31). For anti-LT antibodies, microwell plates were first coated
with purified GM1 ganglioside (Sigma Chemical Co., St. Louis, Mo.) followed by
incubation with wild-type LT, as described in detail elsewhere (7, 12). Antigen-
specific IgG and IgA were titrated by using alkaline phosphatase-conjugated goat
anti-mouse IgG or biotin-conjugated goat anti-mouse IgA antibody, respectively
(anti-IgG antibody from Sigma Chemical Co. and anti-IgA antibody from Ki-
erkegaard and Perry Laboratories, Gaithersburg, Md.). Antibody titers were
defined as the serum or nasal wash dilution giving an optical density (OD) value
higher than the mean plus 5 standard deviations of the values obtained with the
preimmunization samples at the first dilution. Preimmunization samples consis-
tently gave an OD value below 0.1. IgA antibody levels in nasal washes were
normalized by dividing the antigen-specific IgA titers by the total amount of IgA
measured by ELISA in the nasal washes from each mouse.

Titration of bactericidal antibodies. Bactericidal antibodies were titrated as
already described (14, 24). Briefly, group C N. meningitidis strain 2996 was grown
overnight at 37°C on chocolate agar plates (starting from a frozen stock) with 5%
CO2. Colonies were collected and used to inoculate 7 ml of Mueller-Hinton
broth containing 0.25% glucose to reach an OD at 620 nm (OD620) of 0.05 to
0.08. The culture was incubated for approximately 1.5 h at 37°C with shaking
until the OD620 reached 0.23 to 0.24. Bacteria were diluted in 50 mM phosphate
buffer (pH 7.2) containing 10 mM MgCl2, 10 mM CaCl2, and 0.5% (wt/vol)
bovine serum albumin (BSA) (assay buffer) at the working dilution of 105 CFU/
ml. The total volume of the final reaction mixture was 50 �l, with 25 �l of the
serial twofold dilution of test serum (individual or pooled samples) or nasal wash
(pooled samples), 12.5 �l of bacteria at the working dilution, and 12.5 �l of baby
rabbit complement (final concentration, 25%). Controls included bacteria incu-
bated with complement serum and immune sera incubated with bacteria and with
complement inactivated by heating at 56°C for 30 min. Immediately after the
addition of the baby rabbit complement, 10 �l of the controls was plated on
Mueller-Hinton agar plates by the tilt method (time 0). The 96-well plate was
incubated for 1 h at 37°C with rotation. Seven microliters of each sample was

plated on Mueller-Hinton agar plates as spots, whereas 10 �l of the controls was
plated on Mueller-Hinton agar plates by the tilt method (time 1). Agar plates
were incubated for 18 h at 37°C, and the colonies corresponding to time 0 and
time 1 were counted.

RESULTS AND DISCUSSION

A series of formulations were prepared (Table 1) in order to
evaluate the immunogenicity of the conjugated CRM-MenC
vaccine prepared with LTK63 mutants and/or with the SMBV
and delivered i.n. to groups of eight BALB/c mice. As a con-
trol, groups of mice received the conventional CRM-MenC
vaccine formulated with aluminum hydroxide (alum) and given
s.c. As shown in Fig. 1, after three immunizations either i.n. or
s.c., all groups of animals produced high titers of anti-MenC-
specific serum IgG antibodies. The vaccine given s.c. already
induced the strongest response after the first immunization.
This response remained significantly higher than those of all of
the other groups as well as after the second immunization.
However, after the third dose, the anti-MenC IgG antibody
titers in the serum samples from mice immunized with the two
formulations containing both the LTK63 and the SMBV were
similar to those obtained after s.c. immunization (P � 0.05 for
both groups 6 and 7). On the contrary, the anti-MenC IgG
antibody titers were significantly higher than those found in
mice immunized (group 4) with the vaccine formulated with
the SMBV alone (P � 0.01). The use of the LTK63 mutant
and/or of the SMBV did not influence the production of
MenC-specific IgG subclasses, in that equal amounts of anti-
MenC IgG1 and IgG2a isotypes were detected in all groups of
mice (data not shown)

The data clearly show that the nontoxic LTK63 mutant and
the SMBV have a synergistic (or at least additive) effect on the
immunogenicity of the conjugated CRM-MenC vaccine given
i.n. In fact, intranasal immunization with the conjugated CRM-
MenC vaccine formulated with both the nontoxic LTK63 mu-
tant and the SMBV induces specific serum IgG antibody titers
indistinguishable from those induced by the same vaccine given
s.c. It is interesting that this strong effect of i.n. immunization
was achieved with doses of as little as 2.5 �g of MenC and 1 �g
of LTK63, much lower than those used in previous reports
showing the i.n. adjuvanticity of the LTK63 mutant for this
vaccine (31).

The strong immunogenicity of the MenC vaccine given i.n.
after formulation with both the LT mutant and the SMBV is
further supported by the data representing the anti-MenC IgA
antibody titers in the sera and in the nasal washes. Serum IgA

TABLE 1. Groups of mice and immunization treatments

Mouse
group no.

Immunization treatment
Route

CRM-MenC Alum LTK63 SMBV

1 Yes No No No i.n.
2 Yes Yes No No s.c.
3 Yes No Yes No i.n.
4 Yes No No Yes i.n.
5 No No Yes Yes i.n.
6 Yes No Yes Yes i.n.
7 Yesa No Yesa Yes i.n.

a In group 7, conjugated CRM-MenC vaccine and the LTK63 mutant were in
the same particles, whereas in group 6, they were in different particles.
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titers to MenC were significantly higher in the groups of mice
immunized with the vaccine in the presence of both adjuvant
systems than in those receiving the vaccine with either one of
the systems (Fig. 1). It is noteworthy that a higher serum IgA
antibody response was evident already after the second immu-

nizing dose. Furthermore, anti-MenC IgA antibody titers were
detectable as well in the nasal washes taken after the third
immunization. Interestingly, the highest IgA antibody titers in
the serum were observed in the groups of mice that received
the conjugated MenC vaccine in association with the SMBV

FIG. 1. Serum and mucosal anti-MenC antibody responses. Groups of six to eight BALB/c mice were immunized three times with the different
formulations shown, containing the conjugated CRM-MenC vaccine (2.5 �g of oligosaccharide per dose) and the LTK63 mutant (1 �g per dose)
with or without the SMBV (100 �g per dose). In group 7, conjugated CRM-MenC vaccine and the LTK63 mutant were in the same particles,
whereas in group 6, they were in different particles. Serum samples were taken before (pre) and after (post-1, -2, and -3) each immunization and
tested individually to quantitate MenC-specific IgG and IgA antibody titers. Nasal washes were taken only after the third immunization at the
moment of sacrifice. Each column represents the mean of each group at each time point plus 1 standard deviation.
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(Fig. 1). In the nasal washes, the highest anti-MenC IgA anti-
body titers were observed in the groups of mice receiving the
vaccine together with the SMBV (groups 4, 6, and 7). It is
interesting that anti-MenC-specific IgG antibodies were con-
sistently not detectable in the nasal washes of all groups of
mice (data not shown).

As expected by the already known high immunogenicity of
these mutants (26), all groups of mice immunized with vaccine
formulations containing the LTK63 mutant had already
mounted a strong anti-LT antibody response after the first
immunization (Fig. 2). High titers of IgA antibodies were also
detected in the serum samples. In addition, nasal washes con-
tained very high titers of both IgA anti-LT antibodies, unlike
the mucosal MenC-specific antibody response, which was char-
acterized by IgA only. Anti-LT IgG antibodies were also de-
tected in the nasal washes of all groups receiving the vaccine
plus the LTK63 mutants (data not shown).

Vaccine-induced protection against N. meningitidis is medi-
ated by anticapsular antibodies able to induce lysis of the
bacteria in the presence of complement (13). It is well accepted
that bactericidal antibody titers correlate with the protective
efficacy of vaccines consisting of capsular oligosaccharides
alone or conjugated to carrier proteins such as the CRM. We
then asked whether i.n. immunization with the CRM-MenC
vaccine induced bactericidal antibodies at titers comparable to
those induced by the vaccine given s.c. Figure 3 clearly shows
that the alum-adjuvanted vaccine given s.c. was faster in induc-
ing detectable titers of serum bactericidal antibodies than the
i.n. vaccines were. However, after three immunizations, the
vaccines formulated with both the LTK63 mutant and the
SMBV were equivalent to the s.c. vaccine in inducing bacteri-
cidal antibodies.

These data suggested that i.n. immunization with conjugated
vaccines appropriately formulated can induce protective effi-
cacy, at least comparable to that induced by parenteral vac-
cines. Considering that parenteral vaccines do not induce sig-
nificant mucosal responses, we asked whether bactericidal
activity was also detected in the nasal washes taken after the
three immunizations. Figure 3 shows the results of these ex-
periments. Surprisingly, nasal washes from groups of mice im-
munized i.n. with the CRM-MenC vaccine formulated with the
SMBV and the nontoxic LTK63 mutant exhibited clearly de-
tectable bactericidal antibody titers. Since each nasal wash
contained 1 ml of washing buffer, the activities shown in the
figure should be considered quite substantial, since they do not
take into consideration (in the abscissa) the starting dilution
factor of the nasal washing. It is interesting that the groups of
mice with bactericidal activity in the nasal washes were the
same groups of animals with the highest anti-MenC-specific
IgA (but not IgG) antibodies in their nasal washes (Fig. 1). It
is thus logical to propose that MenC-specific IgA antibodies
produced locally at the level of the nasal mucosa were medi-
ating the bactericidal activity detected in our samples. We tend
to exclude the possibility that the effect we observed was due to
opsonophagocytosis, which has been shown to be mediated by
mucosal IgA directed against different encapsulated bacteria
(16). In fact, the storage conditions of the nasal washes before
the assay did probably destroy most of the phagocytic cells
possibly present at the moment of the harvesting of the washes.
The bactericidal effect observed at the nasal level could instead

have been directly mediated by complement activation. In-
deed, IgA can activate the complement through the alternative
pathway (15) or through the newly described third pathway of
complement activation driven by the mannan-binding lectin

FIG. 2. Serum and mucosal anti-LT antibody responses. Groups of six
to eight BALB/c mice were immunized three times with the different
formulations shown, containing the conjugated CRM-MenC vaccine (2.5
�g of oligosaccharide per dose) and the LTK63 mutant (1 �g per dose)
with or without the SMBV (100 �g per dose). In group 7, conjugated
CRM-MenC vaccine and the LTK63 mutant were in the same particles,
whereas in group 6, they were in different particles. Serum samples were
taken before (pre) and after (post-1, -2, and -3) each immunization, and
tested individually to quantitate LT-specific IgG and IgA antibody titers.
Nasal washes were taken only after the third immunization at the moment
of sacrifice. Each column represents the mean of each group at each time
point plus 1 standard deviation.
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(27). In this manner, mucosal IgA represents an efficacious
effector system against invading microorganisms (5). In agree-
ment with this hypothesis, it is known that individuals with
genetic deficiencies of the alternative (properdin) pathway ex-
hibit an increased susceptibility to meningococcal diseases
(11). Furthermore, an increased susceptibility to meningococ-
cal infections has also been reported in adults (29) and chil-
dren (30) with heterozygous and homozygous mutations in the
MBL gene.

The data presented in this paper clearly show that i.n. de-
livery of conjugated MenC vaccines in the presence of LTK63
mutant and SMBV significantly enhances the immunogenicity
and the protective efficacy of the vaccine. The best results were
obtained when both the LTK63 and the SMBV were given
together with the conjugated vaccine, in terms of antibody
titers, and, more importantly, in terms of induction of protec-
tive bactericidal antibodies at the mucosal level. Formulations
combining the nontoxic LT mutant and this delivery system
clearly deserve further testing in humans. Some concerns have
been expressed about the potential risks of localization in the
central nervous system (CNS) of LT, CT, and their derivatives
given as i.n. adjuvants (32). This may limit the use of these
molecules in humans. However, the concomitant use of appro-
priate delivery systems, such as the SMBV, may contribute to
reducing the amount of LT mutant necessary for good adju-
vanticity. Furthermore, additional studies are required to de-
termine whether fully nontoxic LT mutants, such as the LTK63
used in our study, may have side effects at the level of the CNS

when delivered i.n. Comprehensive studies specifically ad-
dressing these issues are in progress.

Importantly, we have shown that this immunization strategy
induces IgA-mediated bactericidal activity at the mucosal level,
which can be particularly effective in fighting the infection at its
portal of entry and in reducing the colonization by group C N.
meningitidis. It is tempting to hypothesize that such an i.n.
vaccine would show superior efficacy compared to the conven-
tional parenteral vaccines not only in protecting against the
meningogoccal disease, but also in protecting against bacterial
carriage, thus reducing the spread of the meningococci from
humans to humans.
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