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We evaluated the adjuvant effect of a modified glycoform of lipopolysaccharide (LPS) (LgtB-LpxL1) compared to that of the non-
modified glycoform Lpxl1 serogroup B meningococcal H44/76 native outer membrane vesicles (nOMVs) on immune responses
to vaccination with the recombinant meningococcal protein, rPorA, tetanus toxoid, or meningococcal serogroup C capsular
polysaccharide. We used LgtB-LpxL1 LPS because the disruption of the lgtB gene, which results in the exposure of N-acetylgluco-
samine-galactose-glucose residues in the LPS outer core, has been shown to enhance the activation of human dendritic cells in
vitro. The responses were compared to those of a monophosphoryl lipid A (MPL)-based adjuvant and to an aluminum hydroxide
suspension. The nOMVs induced blood serum IgG responses against each of the three antigens comparable to those obtained
with MPL or aluminum salt. However, nOMVs elicited (i) a lower IgG1/IgG2a ratio against rPorA and (ii) serum bactericidal
antibody titers superior to those achieved with aluminum salt, reaching similar titers to those obtained with MPL. Similarly,
bactericidal antibody titers induced by immunization with meningococcal serogroup C polysaccharide and nOMVs were similar
to those obtained using MPL but were better than those with aluminum salt. Immunization with tetanus toxoid and nOMVs
resulted in tetanus toxoid-specific IgG responses similar to those obtained when adjuvanted with aluminum salt. These results
highlight the potential utility of meningococcal LpxL1 LPS-containing nOMVs as an adjuvant for recombinant meningococcal
protein vaccines and suggest their possible use with a variety of other antigens.

Serogroup B Neisseria meningitidis (MenB) is the predominant
cause of meningococcal disease in developed countries (1, 2).

Unlike with serogroups A, C, Y, and W-135, the prevention of
serogroup B is difficult to achieve using capsular polysaccharide
vaccines, as the MenB polysaccharide closely resembles cell sur-
face exposed structures, including those expressed on human neu-
ral cell adhesion molecules (3). It has been speculated that this
leads to immunological tolerance and possibly to autoimmune
reactivity induced by anti-MenB polysaccharide antibodies (3).
An alternative approach to vaccine development has been the use
of subcapsular antigens in the form of recombinant proteins or
outer membrane vesicles (OMVs) (4, 5). Meningococcal OMVs
consist of a phospholipid bilayer containing mainly outer mem-
brane proteins, lipoproteins, and lipopolysaccharide (LPS), some
of which can induce protective immune responses. OMV-based
vaccines have been used on a large scale for the control of clonal
outbreaks of meningococcal disease (5–7). Additionally, a recom-
binant protein-based vaccine containing OMV is currently in ad-
vanced clinical trials and was recently licensed in Europe (8).
OMV-based vaccines are immunogenic; however, protection is
restricted to the variants of the antigens in the vaccine, with the
surface protein PorA being immunodominant and a major com-
ponent of the OMVs. Therefore, the breadth of protection af-
forded by OMV vaccines against MenB disease largely depends on
the variability of PorA, and to a certain extent, other outer mem-
brane antigens expressed on the surfaces of the circulating target
strains (9). Adjuvants can broaden the coverage of these vaccines
(10), and the utilization of better adjuvants may ultimately be key

to the successful development of broadly protective vaccines
against MenB.

The adjuvants currently licensed for human use include alumi-
num salts, monophosphoryl lipid A (MPL), oil-in-water emul-
sions, and liposomes (11, 12). So far, aluminum salts have been
employed in most meningococcal OMV and protein vaccines that
have been developed. However, aluminum salts are poor adju-
vants in many situations, especially when a cellular immune re-
sponse is required, as they mainly induce a Th2-biased response
(13). Interestingly, aluminum salts in OMV vaccines may contrib-
ute to reducing LPS-associated toxicity (14, 15). LPS has been
suggested as an alternative adjuvant for meningococcal vaccines
and can also act as a potential antigen (16–19). LPS is a strong
adjuvant (20) and has been shown to skew T-cell responses toward
a Th1-type immunity, which may be important for protection
against meningococcal disease (21). The detergent extraction pro-
cedure used to produce OMV vaccines lowers LPS content and
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reduces reactogenicity but also minimizes the adjuvant effects of
LPS on vaccine immunogenicity. The toxic and adjuvant effects of
LPS are mainly mediated by its lipid A portion. A mutation in the
lpxL1 gene results in penta-acylated LPS (LpxL1 LPS), which is less
toxic but retains the immunostimulatory property of wild-type
LPS (22), and thus allows the use of LPS as a potentially safe and
effective adjuvant.

Upon recognition of the lipid A portion by the LPS-binding
protein, LPS is transferred to CD14, which in turn delivers it to a
Toll-like receptor 4 (TLR4)-MD2 complex present on the surface
of antigen-presenting and particularly dendritic cells (DCs). This
results in DC maturation and the activation of the adaptor pro-
teins MyD88 and TIR-domain-containing adapter-inducing � in-
terferon (TRIF), resulting in the release of proinflammatory cyto-
kines. Recently, the core oligosaccharide portion of LPS was
shown to mediate interaction with DCs independently of TLR4
(23). Since DCs play a central role in the initiation of immune
responses, an alteration in the sugar composition in the outer
core of LPS may enhance its adjuvant effect. In particular, the
disruption of lgtB, preventing the addition of galactose and fur-
ther extensions, allows a strong interaction with human DC-spe-
cific intercellular adhesion molecule 3-grabbing nonintegrin
(DC-SIGN), leading to better antigen capture, uptake, and pro-
cessing by DCs (24).

We hypothesized that the disruption of lgtB results in an LPS
molecule with a stronger adjuvant effect than an lpxl1 mutation
only. The lpxl1 mutation enabled us to utilize native OMVs
(nOMVs) that were produced without the use of detergent,
thereby maintaining a high level of LPS in its natural membrane-
bound conformation. In this study, we evaluated the adjuvant
effects of nOMVs containing LpxL1 LPS and LgtB-LpxL1 LPS
derived from the MenB strain H44/76 using a recombinant me-
ningococcal protein antigen, rPorA P1.7-2,4. We also evaluated
their adjuvant effects on a nonmeningococcal protein antigen
(tetanus toxoid) and a meningococcal nonprotein antigen (MenC
polysaccharide).

MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains used for nOMV
production were derived from N. meningitidis strains H44/76 (B:15:
P1.7,16, immunotype L3,7,9) and MC58 (B:15:P17, 16b, immunotype
L3) containing a disrupted lgtB gene (MC58-lgtB) (25). Serum bacteri-
cidal antibody (SBA) assays were performed using N. meningitidis strains
BZ198 (B:NT:P1.7-2,4) and C11 (C:16:P1.7,1). The bacteria were grown
on brain heart infusion (BHI) agar (Merck, Darmstadt, Germany) sup-
plemented with Levinthal’s base (10% vol/vol) in a humidified atmo-
sphere containing 5% CO2 at 37°C. Where required, the medium was
supplemented with kanamycin (100 �g/ml) or tetracycline (2 �g/ml)
(Sigma-Aldrich, Gillingham, United Kingdom).

Construction of isogenic mutant strains expressing different LPS
glycoforms. H44/76-lgtB was constructed by transforming H44/76 with
chromosomal DNA from MC58-lgtB using the spot transformation tech-
nique as previously described (26–28). The transformants were identified
on media as described above, supplemented with the appropriate antibi-
otics, and characterized using PCR and tricine-SDS-PAGE (TSDS-
PAGE). To disrupt lpxL1 in both the wild-type H44/76 and H44/76-lgtB
strains, the 5= and 3= ends of the lpxL1 gene were first amplified from
H44/76 chromosomal DNA by PCR using two primer pairs: lpxL1-for
(5=-ATCCTTCGGGGATGCAGG-3=) and lpxL1-rev (5=-TAATCGTTGC
CGTCTGAATACCG-3=), and lpxL1-XmaI-for (5=-TTGGTACCCGGGT
GCCGGAC-3=) and lpxL1-XmaI-rev (5=-GTCCGGCGGGCCCGTACC
AA-3=). The products were cloned separately into the TA vector pCR2.1-

TOPO (Invitrogen, Paisley, United Kingdom) before being ligated
together to create a novel XmaI restriction site within the gene. A tetracy-
cline resistance cassette excised from pUC4NmDUS (29) using XmaI was
used to disrupt the lpxL1gene, which was similarly prepared. The resulting
plasmid was used to transform N. meningitidis strains H44/76 and H44/
76-lgtB to produce H44/76-lpxL1 and H44/76-lgtB-lpxL1.

nOMV production. The nOMVs were produced as previously de-
scribed (30) but with some modifications. Briefly, bacteria were grown to
confluence and resuspended into 20 ml of 0.05 M Tris-HCl, 0.15 M NaCl,
0.01 M EDTA, and 0.01% thimerosal (pH 7.4). The suspension was incu-
bated at 56°C for 1 h and sonicated with 10 15-s bursts. Following two
rounds of centrifugation of the sonicated cell mass at 16,000 � g for 15
min at 4°C, OMVs were harvested from the supernatant and purified
twice by ultracentrifugation at 100,000 � g for 2 h at 4°C. The final OMV
pellet was resuspended in 3% sucrose containing 0.01% thimerosal and
stored at 4°C. The protein contents of the OMVs were quantified using a
Micro-Lowry assay (Sigma-Aldrich), and the protein and LPS profiles
were assessed by SDS-PAGE (31) and TSDS-PAGE (32), respectively.

Vaccines. Recombinant PorA P1.7-2,4 was prepared following ex-
pression of porA cloned into apET30-EkLIC plasmid in Escherichia coli
strain T7 Express (New England BioLabs, Hitchin, United Kingdom). The
cells were harvested, disrupted by sonication, and the inclusion bodies
isolated as previously described (33) and resuspended in a buffer of Tris
(10 mM [pH 7.5]), EDTA (1 mM), and urea (8 M). Following centrifu-
gation at 14,000 � g for 20 min to remove the cell debris, the supernatant
was added while stirring rapidly to Tris (20 mM [pH 7.9]), NaCl (1 M),
and 2% (wt/vol) Zwittergent 3-14 (ZW 3-14) in a 1:1 ratio before being
dialyzed against Tris (20 mM [pH 7.9]), NaCl (0.5 M), and 0.05% (wt/vol)
ZW 3-14 for two changes of 6 to 8 h at 4°C. After dialysis, the rPorA was
filtered through a 0.45-�m syringe filter and then applied to a HisTrap HP
column (GE Healthcare) in Tris (20 mM [pH 7.9]), NaCl (0.5 M), 0.1%
(vol/vol) lauryldimethylamine oxide, and imidazole (10 mM). The col-
umn was washed with the same buffer containing 40 mM, and then 500
mM imidazole was utilized to elute the rPorA, which was then dialyzed
against Tris (10 mM [pH 7.9]), NaCl (150 mM), and 0.05% (wt/vol) ZW
3-14. A circular dichroism spectrum was run using a Jasco J-10 spectrom-
eter and a 0.05-cm path length quartz cell and showed near-complete
folding. MenC polysaccharide (MenC-PS) and tetanus toxoid (TT) were
obtained from the National Institute for Biological Standards and Control
(NIBSC) (Potters Bar, United Kingdom). The aluminum hydroxide wet
gel suspension was obtained from Brenntag Biosector, Denmark, and the
MPL-based Sigma adjuvant system was obtained from Sigma-Aldrich.
This adjuvant, referred to as MPL, is a stable oil-in-water emulsion (2%
squalene oil-in-water), which can be used as an alternative to the classical
Freund’s water-in-oil emulsion. Each vial contains 0.5 mg monophos-
phoryl lipid A (isolated from Salmonella minnesota) and 0.5 mg synthetic
trehalose dicorynomycolate in 44 �l of squalene oil, 0.2% Tween 80, and
water. The Sigma adjuvant system has been tested for adjuvanticity and
safety by Sigma and is approved for use in mice.

Murine immunization. The animal studies were conducted according
to the United Kingdom Home Office regulations and were approved by
the local ethics committee at the NIBSC (Home Office Project license no.
80/2157). The samples were obtained following the use of terminal gen-
eral anesthesia, and all efforts were made to minimize suffering. Groups of
10 6- to 8-week-old National Institutes of Health (NIH) inbred mice
(NIH/OlaHSD) obtained from Harlan, United Kingdom, were injected
subcutaneously on days 0 and 28 with rPorA (5 �g), MenC-PS (10 �g), or
TT (1 flocculation unit [Lf], approximately 5 �g/ml), in combination
with either LpxL1 nOMVs (2.5 �g), LgtB-LpxL1 nOMVs (2.5 �g), MPL
(41.7 �g), or aluminum hydroxide (330 �g), as described in Table 1.
Blood samples were obtained by cardiac puncture on day 42, and the
blood serum was separated and stored at �80°C.

Analysis of antibody responses by ELISA. Recombinant PorA P1.7-
2,4 (0.4 �g/ml) in a buffer containing 15 mM sodium carbonate and 35
mM sodium bicarbonate (pH 9.6) was used to coat 96-well microtiter
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plates overnight at 4°C. After washing with Tris-buffered saline (5 mM
Tris, 15 mM NaCl [pH 7.6]), the plates were blocked with 0.5% bovine
serum albumin (BSA) (Sigma-Aldrich) at 37°C for 1 h. The serum samples
were diluted from 1:2,000 to 1:256,000 in 0.5% BSA before being added to
the wells (100 �l/well) and were incubated at 4°C for 16 to 18 h. The plates
were washed before the addition of either anti-mouse IgG (1:5,000)
(Sigma), anti-mouse IgG1 (1:2,500) (Southern Biotechnology), or anti-
mouse IgG2a (1:2,500) (Southern Biotechnology), conjugated to alkaline
phosphatase and diluted in 0.5% BSA. The plates were incubated at 37°C
for 2 h, washed, and 100 �l of p-nitrophenyl phosphate (pNPP) (Sigma)
diluted in pNPP substrate buffer (Zymed) was added to each well. Follow-
ing incubation in the dark at room temperature for 50 min, the reaction
was stopped by adding 50 �l of 2-M NaOH per well, and the absorbance at
405 nm was measured (with a 620-nm reference) using a Multiskan EX
microplate reader (Thermo Scientific).

An anti-MenC-PS enzyme-linked immunosorbent assay (ELISA) was
performed as described above using Immulon 2HB plates (Fisher Scien-
tific) coated with a mixture of MenC-PS and methylated human serum
albumin (NIBSC) diluted to a final concentration of 5 �g/ml each in
phosphate-buffered saline (PBS). The mouse serum samples were diluted
1:50 in PBS containing 5% newborn bovine serum (Sigma).

Anti-TT ELISA was performed as previously described (34), with
slight modifications. The plates (Immulon 2HB) were coated with TT
(NIBSC) diluted to 2 Lf/ml in sterile water. Blocking was performed using
skimmed milk (Fluka) diluted in 1% (wt/vol) PBS. The mouse serum
samples were diluted to 1:1,000 in PBS containing 0.5% BSA. The pNPP
substrate was incubated for 50 min (IgG1 and IgG2a) or 60 min (IgG).

An in-house standard serum pool was prepared by pooling the serum
samples of randomly selected mice. Variable starting dilutions between
1:50 and 1:2,000 (depending on the assay) were used to generate standard
curves against which the antigen-specific IgG concentration of each serum
sample was quantified. Each standard curve was fitted using a four-para-
metric sigmoid logistic model, as previously described (35).

To enable calculations of IgG1/IgG2a ratios, individual IgG1 and
IgG2a concentrations were expressed as the log10 of the titers, defined as
the reciprocal serum dilution that gave 50% of the maximum absorbance.

Serum bactericidal antibody assay. The SBA assay was performed as
previously described (36). Briefly, a serum pool was made for each
immunization group, using an equal volume of serum from each
mouse, which was then incubated at 56°C for 30 min to inactivate
endogenous complement. Pooled serum samples diluted 1:4 in Hanks’
balanced salt solution (HBSS) with 0.5% glucose were serially diluted
2-fold in 96-well plates (Greiner). The target strains were grown over-
night on agar plates and subplated for 4 h before suspensions of these
strains were diluted and added at 1,000 CFU/well, and they were incu-
bated with the mouse serum for 10 min at 37°C at 5% CO2. Baby rabbit
complement at 25% of the total volume was added, and the microtiter

plate was incubated at 37°C at 5% CO2 for 1 h. Part of the reaction
mixture was spread onto BHI agar plates, incubated overnight, and
counted. The SBA titer was defined as the reciprocal of the highest
serum dilution that resulted in �50% bacterial killing.

A competitive inhibition SBA assay was performed as previously de-
scribed (37). Briefly, rPorA P1.7-2,4 or P1.7,16 was added to a final con-
centration of 500 �g/ml to the decomplemented pooled serum of mice.
The mixture was incubated for 16 to 18 h at 4°C before being tested in the
SBA assay against strain BZ198, as described above.

Statistical analysis. ELISA results were analyzed using GraphPad
Prism 5 (GraphPad Software, Inc.). If the data were shown to follow a
normal distribution as assessed by the Shapiro-Wilk test, a one-way anal-
ysis of variance (ANOVA) was performed to look for an overall difference
between the groups. This was followed by a post hoc Bonferroni’s multiple
comparison test. If the data did not follow a normal distribution, a non-
parametric Kruskal-Wallis test, followed by the Mann-Whitney U test,
was performed.

RESULTS
Protein and LPS composition of H44/76-LpxL1 and H44/76-
lgtB-LpxL1nOMVs. Characterization of the protein and LPS con-
tents of LpxL1 and LgtB-LpxL1 nOMVs by SDS-PAGE and TSDS-
PAGE showed that the protein profiles were comparable, with the
exception of lpxL1 nOMVs having an additional band consistent
with a class 5 protein, i.e., Opa or OpcA (Fig. 1A). LpxL1 nOMVs
also possessed two distinct LPS bands (Fig. 1B), while a single
band was observed in the LgtB-LpxL1 nOMVs (Fig. 1B). The po-
sitions of the LgtB-LpxL1 band confirmed the successful trunca-
tion of the LPS molecule. The upper band of LpxL1 nOMVs was at
a similar level to the full-length LpxL1 cell lysate control; there-
fore, the lower band in the truncated lpxL1-LPS implies the pres-
ence of an additional truncated form of LPS in the LpxL1 nOMVs.

The adjuvant effect of nOMVs on IgG responses is antigen
dependent. The adjuvant effect of nOMVs, MPL, and aluminum
hydroxide differed depending on the immunizing antigen.
Groups of mice were immunized twice with one of the 3 antigens
at 4-week intervals, and immunogenicity was analyzed using
blood serum samples collected 2 weeks after the last injection.
Following 2 immunizations with rPorA, MPL induced a higher
IgG response in mice than either nOMV (P � 0.0001) or alumi-
num hydroxide (P � 0.05), as tested 2 weeks after the last injection
(Fig. 2A). In addition, aluminum hydroxide stimulated greater

FIG 1 (A) SDS-PAGE of LpxL1 and LgtB-LpxL1 nOMVs. Lane 1, low-molec-
ular-weight protein standard; lane 2, LgtB-LpxL1 nOMVs; lane 3, LpxL1
nOMVs. The identity of the protein represented in each band is also shown.
(B) Silver-stained TSDS-PAGE of LpxL1 and LgtB-lpxL1 nOMVs and cell
lysates. Lane 1, low-molecular-weight protein standard; lane 2, H44/76-LpxL1
cell lysates; lane 3, H44/76-LpxL1 nOMVs; lane 4, H44/76-LgtB-LpxL1 cell
lysates; lane 5, H44/76-LgtB-LpxL1 nOMVs.

TABLE 1 Murine immunization groups

Group
no. Antigen amount and type Adjuvant amount and type

1 5.0 �g rPorA P1.7-2,4 2.5 �g H44/76-lpxL1 nOMVs
2 5.0 �g rPorA P1.7-2,4 2.5 �g H44/76-lgtB-lpxL1 nOMVs
3 5.0 �g rPorA P1.7-2,4 41.7 �g MPL
4 5.0 �g rPorA P1.7-2,4 330 �g aluminum hydroxide
5 10 �g MenC polysaccharide 2.5 �g H44/76-lpxL1 nOMVs
6 10 �g MenC polysaccharide 2.5 �g H44/76-lgtB-lpxL1 nOMVs
7 10 �g MenC polysaccharide 41.7 �g MPL
8 10 �g MenC polysaccharide 330 �g aluminum hydroxide
9 1 Lf tetanus toxoid 2.5 �g H44/76-lpxL1 nOMVs
10 1 Lf tetanus toxoid 2.5 �g H44/76-lgtB-lpxL1 nOMVs
11 1 Lf tetanus toxoid 41.7 �g MPL
12 1 Lf tetanus toxoid 330 �g aluminum hydroxide
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IgG production than LgtB-LpxL1 nOMV (P � 0.05). A similar
pattern was observed following 2 immunizations with TT (Fig.
2B), as MPL elicited a significantly higher TT-specific IgG re-
sponse than the three other adjuvants (P � 0.0001 for LpxL1
nOMVs, P � 0.001 for LgtB-LpxL1 nOMVs, and P � 0.01 for
aluminum hydroxide) (Fig. 2B). In this case, however, there was
no significant difference between aluminum hydroxide and the
nOMVs. When MenC-PS was used as the antigen (Fig. 2C), all
four adjuvants had a similar effect on the production of total IgG
(Fig. 2C). In all cases, there was no significant difference between
the two nOMVs.

nOMVs bias PorA-specific IgG subclass production toward a
Th1-type response. We analyzed the presence of the IgG1 and
IgG2a antibody subclasses against rPorA and TT in order to
assess the effects of the different adjuvants on T helper cell
differentiation. In mice, IgG1 is produced predominantly by a

Th2-associated response, whereas IgG2a is produced by a Th1-
associated response (38, 39). Hence, a low IgG1/IgG2a ratio is
indicative of a Th1-predominant response in mice. Immuniza-
tions with all adjuvants resulted in similar levels of IgG2a
against rPorA, with the exception of MPL, which elicited sig-
nificantly more of this antibody type than the LgtB-LpxL1
nOMV (Fig. 3A). However, aluminum hydroxide mediated the
induction of significantly higher levels of IgG1 than either
nOMV (P � 0.0001), and there was no significant difference
between the two nOMVs (Fig. 3B). Consequently, both
nOMVs resulted in significantly lower IgG1/IgG2a ratios than
aluminum hydroxide (P � 0.0001). MPL also induced a lower
IgG1/IgG2a ratio than aluminum hydroxide (P � 0.0288) (Fig.
3C). With the TT antigen, although MPL elicited a stronger
IgG1 response than LpxL1 nOMVs (P � 0.0029), LgtB-LpxL1
nOMVs (P � 0.0021), and aluminum hydroxide (P � 0.0021),

FIG 2 Antigen-specific IgG levels in the blood serum samples of mice immunized with rPorA (A), tetanus toxoid (B), or MenC polysaccharide (C) in combination with
lpxL1 nOMVs, lgtB-lpxL1 nOMVs, MPL, or aluminum hydroxide. The antigens used to coat the ELISA plates were recombinant rPorA P1.7-2,4 (A), unadsorbed tetanus
toxoid (B), and MenC polysaccharide (C). The mice were immunized twice at 4-week intervals, and the serum samples were collected 2 weeks after the last injection. Each
graph shows individual IgG levels, the geometric mean, and 95% confidence interval. IgG concentrations are expressed as log10 of titer, defined as the reciprocal serum
dilution giving 50% of maximum absorbance. ns, nonsignificant; ***, statistically significant at P � 0.0001.

FIG 3 Recombinant rPorA P1.7-2,4-specific antibody subclasses. The serum samples of recombinant rPorA P1.7-2,4-immunized mice (ten per group) were
analyzed by ELISA for the presence of recombinant rPorA P1.7-2,4-specific IgG2a (A) or IgG1 (B). (C) The IgG1/IgG2a ratio was then calculated. Each graph
shows the antibody level or IgG1/IgG2a ratio for each serum sample, the geometric mean of each group, and the 95% confidence interval. The IgG1 and IgG2a
concentrations are expressed as log10 of titer, defined as the reciprocal serum dilution giving 50% of maximum absorbance. ns, nonsignificant; **, statistical
significance with P � 0.001; ***, statistically significant at P � 0.0001.
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there was no significant difference between the four adjuvants
in terms of IgG2a levels or the IgG1/IgG2a ratios (Fig. 4C).

nOMVs promote strong anti-meningococcal serum bacteri-
cidal activity following immunization with rPorA. In mice im-
munized with rPorA combined with an nOMV variant, both
nOMV variants helped induce SBA titers comparable to those
with the MPL adjuvant. Immunization using either MPL or
nOMVs resulted in positive titers between 1:32 and 1:128 (Table
2). By comparison, the combination of rPorA with aluminum
hydroxide was unable to mediate the induction of bactericidal
antibodies, resulting in an SBA titer of �1:4. To test the function of
the antibodies produced following immunization with MenC-PS,
SBA against MenC strain C11 (C:16:P1.7,1) was also performed
(Table 2). SBA titers of 1:128 were obtained with MPL, 1:64 with
H44/76-LgtB-LpxL1 nOMVs, and 1:32 using H44/76-lpxL1
nOMVs. No detectable bactericidal antibodies were induced in
mice immunized with aluminum hydroxide alone (titer � 1:4).
Although the SBA responses to PS immunization are known to
largely exceed the responses induced by subcapsular proteins, it
should be noted that the H44/76 nOMVs used as the adjuvant
share the same VR1 epitope with C11 (P1.7), hence favoring the
nOMV-induced response in this setting.

There was also a possibility of cross-reactivity in the bacteri-

cidal antibodies against PorA when nOMVs were used as the ad-
juvant, since they contain PorA P1.7,16, which has a VR1 se-
quence that closely resembles the VR1 used as the immunizing
antigen, P1.7-2,4. The P1.7-specific mouse monoclonal antibody
cross-reacts with P1.7-2 (40). Therefore, a competitive inhibition
SBA assay was performed to investigate whether the bactericidal
antibodies were specific for PorA P1.7-2,4. Incubation of the
mouse serum samples with rPorA P1.7-2,4 protein prior to SBA
showed that this removed all bactericidal activity of the sera when
analyzed against BZ198 (which expresses P1.7-2,4) as the target
strain. A similar adsorption level of serum with the recombinant
PorA P1.7,16 protein led to a reduction in bactericidal activity by
75%.

DISCUSSION

LPS is a potent inducer of the innate immune system through
activation of the TLR-4/MD2 complex, and as such, it is a prom-
ising adjuvant candidate for many vaccines if it can be rendered
less toxic (41). The recent discovery that certain genetic modifica-
tions, such as the disruption of lpxL1 and lgtB, result in a safer and
possibly more stimulatory molecule has underlined the potential
of LPS as an adjuvant for human vaccines. In this study, we pro-
vide evidence that meningococcal nOMVs containing LpxL1 or
LgtB-LpxL1 LPS are potent adjuvants for meningococcal protein
antigens. Their activities were comparable to that of MPL with
regard to the bactericidal response to meningococcal antigens.
With the view of the potential future use of nOMVs in human
vaccines, this is encouraging, given that the comparator MPL is a
component of adjuvants that have already been licensed for hu-
man use (AS01, AS02, and AS04) and have been shown to aug-
ment responses to a number of vaccine antigens (4, 42, 43). The
protein antigens induced more variable IgG responses when ad-
juvanted with MPL than with nOMVs or aluminum hydroxide.
We suspect that the mixing of MPL (oil) with the antigens (in
saline buffers) may have been less homogeneous than with the
nOMVs and aluminum hydroxide.

The immune responses elicited with adjuvants were not com-

FIG 4 Tetanus toxoid-specific antibody subclasses. The serum samples of tetanus toxoid-immunized mice (ten per group) were analyzed by ELISA for the
presence of tetanus toxoid-specific IgG2a (B) and IgG1 (A). (C) The IgG1/IgG2a ratio was then calculated. Each graph shows the antibody level or IgG1/IgG2a
ratio for each serum, the geometric mean of each group, and the 95% confidence interval. The IgG1 and IgG2a concentrations are expressed as log10 of titer,
defined as the reciprocal serum dilution giving 50% of maximum absorbance. Since the calculation of antibody titers became inaccurate when the highest optical
density at 405 nm (OD405) was �0.5, some sera were repeated at lower dilutions. If the OD405 was still �0.5 even at a 1:5 dilution, the sera were assigned an
arbitrary titer of 1. This applied to a total of 9 sera in the IgG2a ELISA (2 from the TT � LpxL1 group, 3 from the TT � LgtB-LpxL1 group, 1 from the TT � MPL
group, and 3 from the TT � aluminum hydroxide group). ns, nonsignificant; **, statistically significant at P � 0.001.

TABLE 2 SBA titers following immunization with rPorA or MenC-PS
against strains BZ198 (B:NT:P1.7-2,4) (following rPorA immunization)
or C11 (C:16:P1.7,1) (following MenC immunization)

Adjuvant

Titer for antigena:

PorA P1.7-2,4 MenC-PS

H44/76-lpxL1 nOMVs 1:32 1:32
H44/76-lgtB-lpxL1 nOMVs 1:128 1:64
MPL 1:128 1:128
Aluminum hydroxide �1:4 �1:4
a Titers represent the reciprocal of the last dilution at which �50% killing was achieved.
Serum samples whose first dilution yielded �50% killing of the number of bacteria
used were assigned a titer of �1:4.
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pared with ones elicited by the antigens alone in the absence of
adjuvant. Purified proteins notoriously induce poor immune re-
sponse on their own, and in this study, modified OMVs were
compared with the adjuvant currently used in humans, aluminum
hydroxide. However, previous data showed that the immuniza-
tion of mice with rPorA on its own induced low antigen-specific
antibody titers (mean of 21.6 U/ml, ranging from 0.97 to 57.7),
while immunization with rPorA plus aluminum hydroxide gen-
erated responses on average 12 times higher (mean, 165 U/ml;
range, 34.5 to 377 U/ml; P � 0.0001) (our unpublished data).

In addition to the LPS, other components of the nOMVs might
also have adjuvant properties for both meningococcal and non-
meningococcal antigens. For example, bacterial lipoproteins are
known agonists for TLR2, which may subsequently act as an ad-
juvant for Th1 immune responses (44). This may influence the
induction of bactericidal properties, as discussed below.

The demonstration of bactericidal antibodies following the
immunization of mice is the currently accepted animal model
used to indicate the likelihood of inducing SBA antibody re-
sponses in humans (45). These data demonstrate that nOMVs,
containing genetically detoxified LpxL1 LPS, are able to stimulate
a functional response against a meningococcal protein antigen,
similar to that produced by MPL (26, 46). Of greater importance is
our demonstration that both nOMVs were superior to aluminum
hydroxide. Aluminum salts are the current adjuvant in two me-
ningococcal protein vaccines that are in phase III clinical trials
(47–49), one of which was recently licensed in Europe. Therefore,
there is the possibility that the inclusion of nOMVs in future pro-
tein vaccines may result in superior SBA activity, with the added
benefit of the inclusion of additional antigens contained within
the nOMV. The advantage of nOMVs over depleted OMVs
(dOMVs) is that they retain some of the proteins that may be lost
during detergent extraction, such as factor H binding protein and
class 5 proteins, which may be important for stimulating a protec-
tive immune response (49).

The inhibition SBA assay confirmed that most of the bacteri-
cidal antibodies were targeted against PorA P1.7-2,4, given the
complete abrogation of bactericidal activity against a P1.7-2,4-
expressing strain when serum samples were preincubated with the
same rPorA variant. However, bacteriolysis was also partially in-
hibited by rPorA P1.7,16, suggesting some cross-reactivity be-
tween the two PorA variants. This might be due to the same VR1
family being present in both sequences. However, P1.7-2 is a
shorter VR1 sequence, also referred to as a masked or inaccessible
subtype epitope, because it only becomes available to the P1.7
monoclonal antibody when it is denatured (40). Most SBA activity
against PorA P1.7-2,4 is thus thought to be directed against the
VR2 P1,4 sequence.

Native OMVs helped stimulate SBA responses that were simi-
lar to those observed with MPL, despite inducing similar or lower
levels of antigen-specific total IgG. Only specific IgG subsets can
initiate bacteriolysis via the complement cascade. In mice, a lower
IgG1/IgG2a ratio indicates a Th1-biased response (50), which is
thought to favor the production of bactericidal antibodies (51,
52). The finding that nOMVs resulted in a lower IgG1/IgG2a ratio
than MPL or aluminum hydroxide with PorA was consistent with
the SBA data, and it is in agreement with the notion that TLR4
agonists and aluminum salts are adjuvants that bias toward Th1
and Th2 responses, respectively (13). Nevertheless, aluminum hy-
droxide failed to induce any detectable bactericidal activity against

BZ198, despite raising a similar level of recombinant PorA P1.7-
2,4-specific IgG2a as the other LPS-based adjuvants. This suggests
that bactericidal activity is not only dependent on the quantity of
IgG2a but also on other factors, such as antibody avidity (53),
epitope-specificity of the antibodies (54), and possibly the relative
amount of other IgG subclasses.

Purified LpxL1 LPS has been shown to inhibit TLR4-depen-
dent cytokine production in humans but has agonist activity in
mice (55, 56). The disruption of lpxL1, which reduces LPS toxicity,
may therefore also abrogate any LPS-stimulated adjuvant effect in
humans. However, a recent phase I study has shown that LpxL1
LPS contained in a nOMV-based vaccine is able to elicit bacteri-
cidal responses in humans (16).

The disruption of lgtB prevents the addition of a galactose
(Gal) residue to N-acetylglucosamine (GlcNAc), resulting in the
exposure of GlcNAc(�1-3)-Gal(�1-4)-Glc-R in the oligosaccha-
ride outer core of LPS. Steeghs et al. (24) showed that the exposed
GlcNAc, attached to the aforementioned oligosaccharide back-
bone, interacted with the carbohydrate recognition domain of
DC-SIGN on the surface of human DCs. This is believed to facil-
itate the activation of DCs and presentation to cells of the adaptive
immune system. There is evidence that the murine homologue of
DC-SIGN, mSIGNR1, interacts with similar residues in the outer
core of Salmonella LPS (57), which also enhances the activation of
the innate immune system (58). In addition, LgtB LPS has also
been shown to skew T cells toward a Th1-type response through a
currently unknown mechanism (24). However, mSIGNR1 has a
very different cellular expression pattern from human DC-SIGN;
therefore, the immunological outcome of LgtB LPS injection in
mice may not be similar to that in humans (59).

Nevertheless, we did not find convincing evidence of the supe-
riority of lgtB nOMVs. Although the nOMVs were engineered to
differ in their LPS glycoforms, the final preparations did contain a
number of other differences, namely, the presence of Opa or OpcA
and a truncated form of LPS in the H44/76-LpxL1 nOMVs. The
presence of the truncated LPS was possibly due to the L3 to L8
immunotype transition due to phase variation of lgtA, which has
been shown to occur in both H44/76 and MC58 (60, 61), and the
alteration in Opa/OpcA expression was likely also due to phase
variation occurring during strain construction (60).

In addition to their potential use in future vaccines consisting
of meningococcal protein antigens, these nOMVs elicited similar
levels of tetanus toxoid-specific IgG as aluminum hydroxide,
which has been employed successfully in human diphtheria-per-
tussis-tetanus vaccines (62). Therefore, this leads to the possibility
that meningococcal nOMVs may be an alternative adjuvant for
nonmeningococcal protein antigens, with the additional benefit
of providing some protection against meningococcal disease.

We demonstrated that LpxL1 LPS formulated in nOMVs had a
significant adjuvant effect with meningococcal PorA, TT, and
MenC-PS in mice. These effects were similar to those seen with
MPL, which is a potent TLR4 agonist, but which is not approved
for use in humans. However, nOMVs have already been tested in
phase I trials and were well tolerated (16). The superiority of
nOMVs over aluminum hydroxide in this study supports the pos-
sibility that nOMVs are a better adjuvant than aluminum salts in
novel meningococcal protein vaccines, which are able to skew the
immune response toward the production of bactericidal antibod-
ies. They would have the further benefit of providing additional
vaccine antigens, which might broaden the coverages of these vac-
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cines. These findings warrant further characterization of these
nOMVs and investigation into their safety and effectiveness in
humans.
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