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Oil-in-water emulsions have been successfully used to increase the
efficacy, immunogenicity, and cross-protection of human vaccines;
however, their mechanism of action is still largely unknown. Nlrp3
inflammasome has been previously associated to the activity of
alum, another adjuvant broadly used in human vaccines, and
MyD88 adaptor protein is required for the adjuvanticity of most
Toll-like receptor agonists. We compared the contribution of Nlrp3
and MyD88 to the adjuvanticity of alum, the oil-in-water emul-
sion MF59, and complete Freund’s adjuvant in mice using a three-
component vaccine against serogroup B Neisseria meningitidis
(rMenB). Although the basal antibody responses to the nonadju-
vanted rMenB vaccine were largely dependent on Nlrp3, the high-
level antibody responses inducedbyalum,MF59, or complete Freund’s
adjuvant did not require Nlrp3. Surprisingly, we found that MF59
requires MyD88 to enhance bactericidal antibody responses to
the rMenB vaccine. Because MF59 did not activate any of the Toll-
like receptors in vitro, we propose that MF59 requires MyD88 for
a Toll-like receptor-independent signaling pathway.

Vaccine adjuvants target the innate immune system to enhance
humoral and cellular responses to coadministered antigens.

In the last decade, a better understanding of the innate immunity
pathways lead to the characterization of the mechanism of action
of the vaccine adjuvants deriving from microbial structures. Most
of these compounds (e.g., CpG oligonucleotides, monophos-
phoryl lipid A) target a family of pattern-recognition receptors,
called Toll-like receptors (TLRs), expressed by immune cells,
including antigen presenting cells (APCs) (1). Engagement of
TLRs triggers the expression of cytokines and costimulatory
molecules through a signaling pathway that is largely dependent
on MyD88 adaptor protein. This pathway is required for priming
of naive CD4 T cells by APCs, and therefore most TLR agonists
require MyD88 for cellular and humoral responses in mice. Two
exceptions are represented by TLR4, which triggers MyD88 and
another adaptor protein called TRIF (TLR-domain-containing
adapter protein inducing IFN-β), and therefore is only partially
dependent on MyD88, and by TLR3, which depends only on
TRIF (1). Besides playing a central role for the TLR signaling,
MyD88 is involved in other innate immune pathways. MyD88
interacts also with the IL-1 receptor (IL-1R) through a domain
that is called the Toll-IL1R (TIR) domain and is required for
IL-1 and IL-18 signaling (2). Recently, it has been shown that
MyD88 can also interact with the receptor TACI, which triggers
class-switch recombination in B cells in a new TIR-independent
mechanism (3).
Adjuvants targeting TLR signaling have been licensed only

recently. In contrast, particulate adjuvants, such as aluminum
salts (alum) and emulsions, have been used in preclinical models
and human licensed vaccines for decades, despite which, their
mechanism of action is less characterized compared with the
adjuvants derived from microbial compounds.

Alum has been used in several human vaccines for more than
70 y. Experiments conducted in mice double-knockout for MyD88
and TRIF have suggested that alum acts independently from TLR
signaling (4). It has been shown that alum adsorption increases
antigen uptake by antigen-presenting cells (5). Alum alone is
a weak activator of immune cells in vitro (6–8) but synergizes with
LPS for the production of mature IL-1β through the activation of
the Nlrp3 inflammasome complex (9–11). The activation of Nlrp3
in vitro has also been demonstrated for QuilA and chitosan, two
other particulate adjuvants (11). The requirement of Nlrp3 for
the adjuvanticity of alum in vivo is more controversial. Immuni-
zation studies in mice deficient for the inflammasome cascade
have initially suggested that Nlrp3 activation is required for alum
adjuvanticity (9, 11). In a following study it has been proposed
that deficiency in the Nlrp3 inflammasome pathway has only
a partial effect, reducing IgE titers but not IgG (12). More re-
cently, the involvement of Nlrp3 on alum adjuvanticity has been
challenged altogether (13, 14).
MF59 is an oil-in-water emulsion made of squalene, emulsi-

fied with two surfactants (polysorbate 80 and sorbitan trioleate)
to obtain nanodroplets of 160 nm. MF59 has been licensed in
Europe for adjuvanted seasonal Flu vaccines since 1997, and is
known to increase immunogenicity and cross-protection in young
children and in the elderly (15). MF59 has been licensed in
Europe as well for pandemic influenza vaccines and has been
widely used for the 2009 H1N1 pandemic flu campaign (16).
Clinical trials conducted using avian H5 pandemic flu antigens
have demonstrated that MF59 allowed for antigen dose sparing
and increased seroconversion and cross-protection in vaccinees
(17). A recent study has shown that in infants MF59 increases the
efficacy of the Trivalent Inactivated influenza Vaccine from 43%
to 89%.* As with alum, the mechanism of action of MF59 is not
fully characterized. In vitro data on human cells have shown that
MF59 does not activate dendritic cells (DCs), but induces the
secretion of chemokines by granulocytes, macrophages, and
monocytes and promotes the differentiation of monocytes toward
DCs (7). MF59 is able to enhance antigen uptake by mouse
dendritic cells in vivo and to promote phagocytosis in human
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peripheral blood mononuclear cells (7, 18). In addition to anti-
gen delivery functions, MF59 induces the local up-regulation of
cytokines, chemokines, and other innate immunity genes in the
muscle (19), which promote the recruitment of immune cells like
monocytes, DCs, and granulocytes (20). The innate immune
pathways required for MF59 adjuvanticity are unknown.
Another particulate adjuvant—not licensed for human vaccines

but largely used in preclinical models–is complete Freund’s
adjuvant (CFA), a mix of mineral water-in-oil emulsion and
microbial products derived from Mycobacterium tuberculosis.
Experiments conducted in MyD88-TRIF double-knockout mice
have suggested that TLR signaling is not required for CFA-
enhanced antibody responses to TNP-KLH antigen (21). In con-
trast, another study has shown that IgG2c responses to ovalbumin
induced by CFA are affected by MyD88 deficiency (9).
In this study we assessed the contribution of Nlrp3 and MyD88

to adjuvanticity using knockout mice. We show that alum, MF59,
and CFA adjuvanticity to a recombinant meningococcus B vac-
cine (rMenB) is independent of Nlrp3 activation. Because Nlrp3
deficiency affected the antibody response to the unadjuvanted
vaccine, we propose that adjuvants can overcome the require-
ment for the Nlrp3 inflammasome by activating alternative in-
nate immune pathways. In addition, we show that mutations
affecting MyD88 strongly reduce the functional antibody titers to
MenB induced by emulsions MF59 and CFA, although they did
not affect the responses to alum. As MF59 did not engage any
TLR in vitro, we suggest that MyD88 plays a TLR-independent
function, which is required for MF59 adjuvanticity.

Results
MF59 Does Not Promote Inflammasome Activity in Vitro. To test
whether MF59, similarly to alum, can activate the inflammasome
complex in vitro, we added MF59 to LPS-primed murine bone
marrow-derived dendritic cells (BM-DC). Fig. 1A shows that
priming with rising concentrations of LPS leads to enhanced
production of pro–IL-1β and that subsequent addition of alum
results in detectable levels of cleaved, mature IL-1β. In contrast,
the addition of various amounts of MF59 did not induce pro–IL-
1β processing. Measuring cytokine concentrations in culture
supernatants of BM-DC gave similar results (Fig. 1B). By com-

paring BM-DC from WT and Nlrp3-deficient mice we could
confirm previous data showing that alum-mediated induction of
IL-1β processing is totally dependent of Nlrp3 (Fig. 1C). Our
data indicate that only alum but not MF59 can lead to inflam-
masome activation in vitro.

Nlrp3-Deficient Mice Respond Well to rMenB Vaccine When Adjuvanted
with Alum, MF59, and CFA. Although direct inflammasome activa-
tion in vitro by alum is well established, there is some controversy
about the requirement of the Nlrp3 inflammasome pathway to
alum-mediated adjuvanticity in vivo and no data were available
regarding MF59. We tested the contribution of the Nlrp3 inflam-
masome to the generation of adaptive immune responses using
three different recombinant clinical-grade proteins from the Neis-
seria meningitidis serotype B vaccine (rMenB): Neisseria adhesin
A (NadA), a fusion protein of Neisseria heparin binding protein
(NHBA) withNeisseria antigen GNA1030 (NHBA-GNA1030) and
a fusion protein of factor H binding protein (fHBP) with Neisseria
antigen GNA2091 (GNA2091-fHBP). All these antigens are ex-
pressed on the bacterial surface and have been selected because
they elicit broad protective antibody responses (22). Groups of
Nlrp3−/− (knock-out, KO) or control C57BL/6 mice (WT) received
three immunizations of either plain vaccine in PBS buffer or rMenB
adjuvantedwith alum,MF59, orCFA. Serumantibody titers toward
all antigens present in the vaccine were assessed 2 wk after a third
immunization.
Nlrp3-deficient mice mount a significantly weaker antibody

response toward the nonadjuvanted vaccine than WT controls
(Fig. 2A). In contrast to plain vaccination, the IgG antibody titers
induced by vaccines adjuvanted with alum, CFA, or MF59 are
similar in WT and in KO mice. All three adjuvants tested sig-
nificantly enhanced antibody production toward each antigen
contained in the vaccine compared with plain vaccination.
We further assessed the effect on Nlrp3 deficiency on de-

velopment of the different IgG subclasses. Significant differences
between KO and WT mice were only observed in the induction
of IgG1 and IgG2c antibodies against NHBA-GNA1030 in the
nonadjuvanted vaccine groups, but immune responses were in-
distinguishable between Nlrp3-deficient mice and controls for all
adjuvants tested (Fig. S1).

Fig. 1. IL-1β cleavage and release from BM-DC. BM-DC were primed overnight with serial dilutions of LPS (10 ng/mL, 1 ng/mL, 0.1 ng/mL, 0 ng/mL). MF59 or
alum were added to the cells at the indicated concentrations and cells were incubated for further 24 h. Cleavage of pro–IL-1β was assessed by Western
blotting (A) (M: protein weight marker) and cytokine release into the culture supernatant was measured by multiplex-bead ELISA (B). BM-DC from Nlrp3−/− or
WT mice were primed with 10 ng/mL of LPS and incubated overnight with MF59 (1:100, vol:vol) or alum (400 μg/mL) (C).
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Immunity toward infection with N. meningitidis correlates with
the presence of bactericidal antibodies, which kill the bacterium
in the presence of complement (23). Therefore, we further
addressed functionality and breadth of antibodies by performing
bactericidal killing assays using three different N. meningitidis
strains (MC58, M4407, and NZ98/254). The serum bactericidal
titers (SBAs) for each MenB strain depend not only on the im-
munogenicity of the vaccine but also on the level of expression
and on the sequence similarity of the three vaccine antigens used
(23). Vaccination with the plain vaccine induced high SBA titers
for strain MC58, expressing high levels of a conserved fHBP an-
tigen in WT mice; however, this response was reduced by four
times in Nlrp3-deficient mice (Fig. 2B). In addition, plain vaccines
induced low but detectable SBA titers for all other strains in WT
mice, but in Nlrp3-deficient mice SBA titers were below detection
limit. In agreement with the data on IgG titers, SBA titers toward

all Neisseria strains induced by alum-, MF59-, and CFA-adju-
vanted vaccines were increased compared with plain vaccine and
not affected by Nlrp3 deficiency (Fig. 2B and Table 1).
Next, we assessed how Nlrp3 deficiency impacts on local in-

nate immune responses induced by adjuvant administration. We
found that alum, MF59, or CFA injection led to cytokine release,
activation of resident macrophages, and recruitment of mono-
cytes and neutrophils in the peritoneum. In agreement with an-
tibody production data, all these innate immune events were not
affected by Nlrp3 deficiency (Fig. S2).
Taken together, these data show that adaptive and innate

immune responses induced by all vaccine adjuvant tested are in-
dependent of Nlrp3.

MF59 Adjuvanticity Depends on MyD88. Next we investigated the
effect of MyD88 deficiency on adjuvanticity. Groups ofMyD88−/−

or control C57BL/6 mice received three immunizations of rMenB
either as plain vaccine or adjuvanted with MF59, alum, or CFA.
As expected, all adjuvants tested lead to significantly enhanced
total IgG antibody titers in WT mice for all antigens (Fig. 3A).
Alum- or CFA-enhanced total IgG responses were not affected by
MyD88 deficiency. In contrast, MyD88 KO mice that received
MF59-adjuvanted vaccine displayed significantly reduced IgG
antibody titers similar to nonadjuvanted vaccine. A similar picture
was observed for IgG1 and IgG3 subclasses (Fig. 3B). Instead,
the production of IgG2b antibodies was reduced in all groups
of MyD88 mutant mice, independently of the adjuvant used
(Fig. 3B).
We further assessed functionality of antibody titers and found

that all adjuvanted vaccines lead to significantly higher SBA
titers in WT mice (Fig. 3C). In MyD88 mutants, the SBA titers
induced by nonadjuvanted or by alum-adjuvanted vaccines to all
of the MenB strains tested were not affected. In contrast, the
MyD88 deficiency resulted in a significant reduction of bacteri-
cidal activity elicited by both MF59- and CFA-adjuvanted vac-
cines (Fig. 3C and Table 2).
To better understand the role of MyD88 in adjuvanticity, we

compared the innate immune responses induced by adjuvant
injection in WT and MyD88 KO mice. Injection of alum, MF59,
and CFA lead to release of cytokines, like the neutrophil-attracting
chemokine KC, the monocyte chemoattractant protein-1 (MCP-
1), G-CSF, IL-5, and IL-6 in the peritoneum. We found that
G-CSF and IL-5 cytokine levels in the peritoneum were signifi-
cantly diminished in MyD88 KO mice compared with WT mice
after injection of all three adjuvants (Fig. 4A). Cytokine release in
the vaccination site subsequently leads to higher levels of the re-
spective cytokines in the serum and recruitment of responsive cell
types, like neutrophils and monocytes, from the blood stream into
the injection site. Consistently, we found that chemokine levels in
the serum in response to MF59 were reduced in MyD88 KO mice
(Fig. 4B). All adjuvants lead to macrophage activation and neu-

Fig. 2. Antibody titers in Nlrp3−/− mice and WT controls after vaccination
with plain or adjuvanted MenB antigens. (A) Total IgG antibody titers to all
antigens contained in the vaccine: NHBA-GNA1030, GNA2091-fHBP, and
NadA. Values represent means of Log10 titers of eight mice per group plus
SD. Unpaired, two-tailed Student’s t test was performed comparing WT
vs. Nlrp3−/− and adjuvant vs. PBS injection (in WT mice). *P < 0.05 are con-
sidered significant and **P < 0.001 highly significant. (B) SBA of mouse
polyclonal antibodies in the serum of eight single mice (black symbols) and
their median value (line). Statistical analysis of WT vs. KO mice was per-
formed using unpaired, two-tailed Mann-Whitney test. *P < 0.05.

Table 1. SBA of mouse polyclonal antibodies from Nlrp3−/−

mice and WT controls

Neisseria strains

MC58 M4407 NZ98/254

WT Nlrp3−/− WT Nlrp3−/− WT Nlrp3−/−

Plain 4,096 512 64 <16 128 <16
Alum 8,192 8,192 64 128 64 64
MF59 8,192 8,192 512 512 256 256
CFA >32,768 >32,768 2,048 4,096 1,024 4,096

Serum (Post 3) from eight mice per group were pooled and serial dilutions
(1:2) were assessed for their bactericidal activity. Differences in dilution steps
≥ 2 were considered significant and are highlighted in bold.
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trophil and monocyte influx into the peritoneum (Fig. 4C). How-
ever, only neutrophil recruitment in response to adjuvant injection
was affected by MyD88 deficiency. In summary, we could detect
some effects of MyD88 deficiency on the innate immune responses
induced by adjuvant injection, but none of these effect was specific
for MF59.
Because the adaptor molecule MyD88 is involved in signaling

of most TLRs, we tested MF59 and the M. tuberculosis extract
that is used to make CFA for their ability to activate TLRs
in vitro. Different TLR-reporter cell lines (stable TLR-2, -3, -4,
-5, -7, -8, or -9–expressing 293 cells) were stimulated with in-
creasing concentrations of MF59 (Fig. S3A), M.tuberculosis ex-
tract (Fig. S3B), or a combination of both (Fig. S3C). MF59 did
not activate any TLR but M. tuberculosis extract activated TLR2.

The addition of MF59 did not affect TLR stimulation by M. tu-
berculosis (Fig. S3C). Similarly, no interference was found by
costimulation of all TLR reporter cells with MF59 and their re-
spective TLR agonists (Pam3CSK4; PolyI:C; Flagellin; R848,
CpG) (Fig. S4). These data demonstrate that, in contrast to CFA,
which contains TLR2 elicitors, MF59 is not a TLR agonist and
does not interfere with TLR engagement.

Discussion
It has been proposed that particulate adjuvants, such as alum,
can induce inflammasome activation through a mechanism in-
volving phagosomal destabilization (24). However, the require-
ment of inflammasome activation for alum adjuvanticity is more
controversial and probably depends on the experimental model
used (9, 11).
In the first part of this study we addressed the requirement of

Nlrp3 inflammasome for three particulate adjuvants: a mineral
salt (alum), a squalene-based oil-in-water emulsion (MF59), and
a mineral water-in-oil emulsion mixed with microbial structures
(CFA). As antigen, we used a mix of three clinical-grade proteins
that represent five surface-exposed antigens of meningococcus B
known to require an adjuvant for an optimal antibody response,
which allows killing of the bacteria in the presence of comple-
ment. We found that the antibody responses (total IgG, IgG
isotypes, and functional SBA titers) were independent of Nlrp3
inflammasome for all adjuvants tested. Consistent with the
adaptive immunity data, we found that Nlrp3 mutation had no
effect on all innate immune reactions induced by the injection of
alum, MF59, and CFA. These data are in agreement with some
recent reports on alum adjuvanticity and suggest that adjuvants
based on oil emulsions are also independent of inflammasome
activation (13, 14). In addition, our data are consistent with a re-
cent study showing that MF59 adjuvanticity to a H5 influenza
vaccine is independent of Nlrp3 and caspase 1, but depends on
the adaptor protein ASC (25). We cannot exclude that other
inflammasome complexes may play a redundant role with Nlrp3
in vivo after the injection of emulsions (26). However, the in-
ability of MF59 to induce any processing of IL-1β in vitro in
mouse and human LPS-primed cells strongly suggests that it is
inflammasome-independent.
Interestingly, we found that Nlrp3 is required for an optimal

response to unadjuvanted vaccine to all three proteins used.
These data suggest that, in the absence of adjuvants, the acti-
vation of Nlrp3 inflammasome induced by the stress and the
damage caused by injection plays a role to trigger an adaptive
immune response to the vaccine. The addition of an adjuvant can
overcome Nlrp3 requirement, probably by activating other in-
flammasome complexes or alternative signaling pathways that
are redundant with Nlrp3 activation.

Fig. 3. Antibody titers in MyD88−/− mice and WT controls after vaccination
with plain or adjuvanted MenB antigens. (A) Total IgG antibody titers to all
antigens contained in the vaccine: NHBA-GNA1030, GNA2091-fHBP, and
NadA. (B) IgG subclasses IgG1, IgG2b, and IgG3 for one representative an-
tigen (NHBA-GNA1030). Values represent means of Log10 titers of eight mice
per group plus SD. Unpaired, two-tailed Student’s t test. *P < 0.05; **P <
0.01. (C) SBA of mouse polyclonal antibodies in the serum of eight single
mice (black symbols) and their median value (line). Unpaired, two-tailed
Mann-Whitney test. *P < 0.05.

Table 2. SBA of mouse polyclonal antibodies from MyD88−/−

mice and WT controls

Neisseria strains

MC58 M4407 NZ98/254

WT MyD88−/− WT MyD88−/− WT MyD88−/−

Plain 256 256 <16 <16 <16 <16
Alum 4,096 2,048 128 256 64 128
MF59 2,048 512 128 16 64 16
CFA 65,536 2,048 4,096 512 1,024 256

Serum (Post 3) from eight mice per group were pooled and serial dilutions
(1:2) were assessed for their bactericidal activity. Differences in dilution steps
≥ 2 were considered significant and are highlighted in bold. The difference
in SBA titers measured in WT mice in Tables 1 and 2 may be explained by the
fact that female and male mice were used, respectively.
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In the second part of the study we showed that a knockout of
the adaptor protein MyD88 did not affect alum, but affected
MF59 and CFA adjuvanticity to rMenB. Interestingly, we have
shown that MyD88 deficiency did not affect the total IgG Ab
response to CFA. These data are in agreement with previous
results obtained using a TNP antigen (21) but not with a following
study that used ovalbumin (9). In our experimental system,
MyD88 deficiency strongly reduced the ability of CFA to induce
antibodies that kill bacteria in a complement dependent assay.
This difference could be explained by the effect of MyD88 on Th1
responses induced by CFA and measured by IgG2b/c isotype.
Alternatively, it is possible that MyD88 is required for generation
of high avidity antibodies by CFA. The effect of MyD88 deletion
on CFA adjuvanticity is not surprising, considering our in vitro
data showing that M. tuberculosis extract can activate the TLR2/
MyD88 signaling pathway.
MyD88 deficiency abolished secretion of G-CSF and IL-5 in

response to all adjuvants and, accordingly, adjuvant-induced
neutrophil recruitment in peritoneum was diminished. Several
recent publications find that neutrophils can act as profession-
al antigen-presenting cells, and Abi Abdallah et al. state that
such neutrophils would lead to a T-cell differentiation with a
Th1/Th17 phenotype (27). The diminished neutrophil recruit-
ment observed in MyD88 KO mice might explain why IgG2b/c
isotype responses were affected in these mice in response to all
adjuvants tested.
Surprisingly, total IgG and subclasses (IgG1, IgG2b/c, and

IgG3) responses to MF59 were all strongly affected by MyD88
deficiency, suggesting that MyD88 is required for both Th1 and
Th2 adaptive responses generated by MF59. In addition, the
functional SBA titers induced by MF59 were reduced in all MenB
strains tested. MyD88 plays a central role in MF59 adjuvanticity;
however, this adaptor protein is required for multiple innate
immune signaling pathways. The next question will be to identify

which of these pathways is required for MF59 adjuvanticity. Be-
cause we show that MF59 is not able to activate any TLR in vitro,
it is very unlikely that a TLR-dependent pathway would be in-
volved. However, we cannot exclude that the injection of MF59
in vivo induces the secretion of endogenous TLR agonists such as
DNA, RNA, or lipids. Alternatively, MF59 adjuvanticity may
depend on the activity of cytokines that target the IL-1R family,
such as IL-1β or IL-18. If this hypothesis is true, the processing of
these cytokines should be Nlrp3-independent. More recently is
has been shown that MyD88 can play TIR-independent function
in B-cell signaling, by interacting with TACI, a receptor involved
in antibody class switch (3). Therefore, it can be hypothesized that
MF59 boosts the antibody responses to rMenB by activating an
intrinsic B-cell pathway. More work in different mutant mouse
strains needs to be performed to address these hypotheses.

Materials and Methods
Mouse Strains. Male MyD88−/− mice (C57B/6 background) aged 4 to 6 wk
were acquired from Oriental BioService, Inc.. Female Nlrp3−/− mice (in C57B/6
background) aged 4 to 6 wk were acquired from J. Tschopp, University of
Lausanne, Switzerland. Male or female C57B/6 control mice were purchased
from Harlan, Holland. Mice were used in agreement with institutional and
European guidelines.

Vaccine Antigen Composition. The recombinant protein vaccine against MenB
(rMenB) contains three recombinant antigens representing five different
surface-expressed Neisseria proteins: NadA, a single polypeptide, and NHBA-
GNA1030 and GNA2091-fHBP expressed as fusion proteins, as previously
described (22, 28, 29). We confirmed that antigens are endotoxin-free by
Limulus test and TLR-reporter cell lines.

Adjuvant Preparation. MF59 was prepared as described (20). Desiccated My-
cobacterium tuberculosis H37 Ra (Difco) was dissolved in PBS and used with
Freund’s Incomplete Adjuvant to give CFA.

Fig. 4. Innate immune responses after adjuvant stimulation in MyD88−/− mice or WT controls. (A) Cytokine content in intraperitoneal washfluid 4 h after
intraperitoneal adjuvant injection. Black bars: WT mice; gray bars: MyD88−/− mice. Values represent mean of three mice plus SD. Unpaired, two-tailed Stu-
dent’s t test was performed comparing WT vs. MyD88−/− and adjuvant vs. PBS injection (in WT mice). *P < 0.05 **P < 0.001. (B) Cytokine content in serum at
different timepoints postinjection of MF59. Black symbols: WT mice; gray symbols: MyD88−/− mice. Values represent mean of two to three mice ± SD. (C) Cell
recruitment events in the peritoneal cavity 4 h after adjuvant injection. Values are given per 10E6 total peritoneal cells and represent means of three mice per
group plus SD.
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Vaccine Formulation. Alum-adjuvanted vaccine formulations were prepared
by adsorbing each recombinant protein on aluminum hydroxide at 100 μg/mL
protein, 3 mg/mL aluminum, and 9 mg/mL NaCl in 10 mM histidine pH 6.5. All
components were mixed and left for 15 min under stirring at room temper-
ature and than stored overnight at 4 °C before the immunization. MF59- or
CFA-containing vaccine formulations were prepared by adding an equal
volume of MF59 or CFA to the antigen formulations just before immuniza-
tion. All formulations contained 10 mM histidine buffer pH 6.5 and NaCl to
reach a final osmolality of 0.300 mOsmol/kg and 20 μg of each antigen.

When unadjuvanted formulations were prepared, antigens were diluted
in PBS at 100 μg/mL just before injection; in these cases, final dose for each
antigen was 20 μg.

Immunization. Groups of eight mice were immunized intraperitoneally. For
each injection, mice received a total dose of 60 μg of rMenB vaccine (trivalent,
20 μg eachAg) in 0.2mL volume. Three injectionswere given at 0, 21, and 35 d.

Serology. Serum samples from individual mice were drawn at 21 d (post1),
35 d (post2), and 49 d (post3). Total IgG (IgG) antibody titers to the proteins
contained in the vaccine and IgG1, IgG2b, IgG2c, and IgG3 subclasses were
assessed by ELISA.

Complement-Mediated Bactericidal Activity. SBA against N. meningitidis
strains was evaluated as previously described by Borrow et al., with minor
modifications (30), using pooled baby rabbit serum (Cedarlane Laboratories)
as complement source.

In Vitro Inflammasome Activation Assays. Assays were performed as described
in Li et al. (11). BM-DC cultured for 8 d in medium supplemented with 200 U/
mL murine GM-CSF were plated and incubated overnight with serial dilutions
of LPS. Adjuvants were added to the cells, which were further incubated for
24 h. Cleavage of pro–IL-1β was assessed by Western blotting and cytokine
release into the culture supernatant was measured by multiplex-bead ELISA.

Peritoneal Wash. Mice were injected intraperitoneally with 200 μL of PBS, 3
mg/mL alum, MF59 (1:1, vol:vol), or CFA (1:1, vol:vol). At different timepoints
postinjection, peritoneal wash was performed with 2 mL of PBS. Cells in the
lavage fluid were harvested by centrifugation and analyzed by multicolor-
FACS analysis. The lavage fluid was stored at −20 °C until analysis of
cytokine content.

FACS Analysis. The following antibodies were used: α-Ly6C-FITC, α-CD11b-
PE-Cy7, α-CD19-APC, α-CD86-PE (all from BD Pharmingen) and α-I-A/I-E-
AlexaFluor700, α-F4/80-PacificBlue, α-CD11c-APC-AlexaFluor750 (all from
eBioscience).

Cytokine Analysis. Cytokine concentrations in peritoneal lavage fluid or
mouse serum was measured by multiplex-bead ELISA (Milliplex, Millipore)
according to the manufacturer’s instructions, using a mouse 13-plex panel.
The cytokines analyzed were IL-1β, IL-4, IL-5, IL-6, IL-10, IL-12(p40), IL-12(p70),
IL-17, G-CSF, IFN-γ, KC, MCP-1, and TNF-α.

In Vitro Activation of TLR-Reporter Cell Lines. Individual HEK293-NF-κB-Luc cell
lines stably expressing single human TLRs were incubated with different
concentration of their respective TLR agonist (e.g., Pam3CSK4/ TLR2; PolyI:C/
TLR3; LPS/ TLR4; Flagellin/ TLR5; R848/ TLR7; R848/ TLR8; CpG/ TLR9), or
the Mycobacterium extract, with different percentages (vol/vol) of MF59
or different concentration of the TLR agonist or the Mycobacterial ex-
tract in the presence of MF59. After 6 h, luciferase expression was mea-
sured and expressed as fold induction compared with cells incubated with
vehicle alone.
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