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Meningococcal outer membrane vesicle (OMV) vaccines, which are treated with detergents to decrease endotoxin
activity, are safe and effective in humans. However, the vaccines elicit serum bactericidal antibody responses largely
directed against PorA, which is antigenically variable. We previously prepared a native (non-detergent-treated)
OMV vaccine from a mutant of group B strain H44/76 in which the lpxL1 gene was inactivated, which resulted in
penta-acylated lipid A with attenuated endotoxin activity. To enhance protection, we overexpressed factor H binding
protein (fHbp) from the antigenic variant 1 group. The vaccine elicited broad serum bactericidal antibody responses
in mice against strains with fHbp variant 1 (�70% of group B isolates) but not against strains with variant 2 or 3.
In the present study, we constructed a mutant of group B strain NZ98/254 with attenuated endotoxin that expressed
both endogenous variant 1 and heterologous fHbp variant 2. A mixture of the two native OMV vaccines from the
H44/76 and NZ98/254 mutants stimulated proinflammatory cytokine responses by human peripheral blood mono-
nuclear cells similar to those stimulated by control, detergent-treated OMV vaccines from the wild-type strains. In
mice, the mixture of the two native OMV vaccines elicited broad serum bactericidal antibody responses against
strains with heterologous PorA and fHbp in the variant 1, 2, or 3 group. By adsorption studies, the principal
bactericidal antibody target was determined to be fHbp. Thus, native OMV vaccines from mutants expressing fHbp
variants have the potential to be safe for humans and to confer broad protection against meningococcal disease from
strains expressing fHbp from each of the antigenic variant groups.

Neisseria meningitidis is a gram-negative pathogen that
causes meningitis and sepsis in humans. Conjugate vaccines
based on the capsular polysaccharide are available against
strains with capsular groups A, C, W-135, and Y. No broadly
protective vaccine is available against strains with capsular
group B, in part because of safety concerns about cross-reac-
tivities of anticapsular antibodies with glycoproteins in human
tissues (10, 15). Meningococcal outer membrane vesicle
(OMV) vaccines are safe and efficacious in humans (reviewed
in reference 20). However, OMV vaccines elicit serum bacte-
ricidal antibodies mainly against a major outer membrane
porin, PorA (37), which is antigenically variable (31). OMV
vaccines therefore are most suitable for the control of epidem-
ics caused by predominantly one strain (17, 36). Wide-scale use
of an OMV vaccine in New Zealand recently controlled a
long-standing group B epidemic (21).

In recent years, three principal strategies have been pursued
to expand vaccine protection against genetically diverse N.
meningitidis group B strains (16). One uses detergent-treated
OMV vaccines prepared from mutant strains engineered to
express more than one PorA (9). A second combines a deter-
gent-treated OMV vaccine with three recombinant proteins
containing five novel antigens that were identified as vaccine
candidates by “reverse vaccinology” (14). One of these new

antigens is factor H binding protein (fHbp), which was previ-
ously referred to as GNA 1870 (26) or LP2086 (11). This
antigen is a surface-exposed lipoprotein that binds human fH,
a downregulator of the alternative complement pathway (25).
Expression of fHbp and binding of complement fH enable N.
meningitidis to evade innate host defenses (14a, 25, 32, 40). The
third vaccine approach uses recombinant fHbps from two an-
tigenic groups (11, 45). In humans, all three vaccine ap-
proaches elicited serum bactericidal antibodies (6, 8; P. Rich-
mond, H. Marshall, M. D. Nissen, S. Lambert, T. Jones, W.
Gruber, and A. Arora, presented at the 16th International
Pathogenic Neisseria Conference, Rotterdam, The Nether-
lands, 7 to 12 September 2008; M. D. Snape, T. Dawson, A.
Morant, B. John, R. Ohene-Kena, R. Borrow, P. Oster, and
A. J. Pollard, presented at the 16th International Pathogenic
Neisseria Conference, Rotterdam, The Netherlands, 7 to 12
September 2008). However, with the OMV vaccine from mu-
tants with more than one PorA protein, coverage was incom-
plete for strains with certain PorA types (6, 8, 9). For the
vaccines with recombinant fHbp, coverage was incomplete
against some strains with antigenic variants and/or with low
expression of fHbp (K. U. Jansen, L. K. McNeil, V. Dragalin,
A. S. Anderson, S. K. Hoiseth, A. Arora, E. E. Emini, G. W.
Zlotnick, and T. Jones, presented at the 16th International
Pathogenic Neisseria Conference, Rotterdam, The Nether-
lands, 7 to 12 September 2008; M. D. Snape et al., presented at
the 16th International Pathogenic Neisseria Conference, Rot-
terdam, The Netherlands, 7 to 12 September 2008).

Conventional OMV vaccines are prepared by detergent
treatment of bacterial cells to extract lipooligosaccharide
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(LOS), which decreases endotoxin activity (12). This treatment
also extracts potentially desirable vaccine antigens such as
fHbp (22) and GNA 2132 (39). We previously prepared a
native (not treated with detergents) OMV vaccine from a mu-
tant of group B strain H44/76 in which we inactivated the gene
encoding LpxL1 (22), which is a late-functioning acetyltrans-
ferase (38). The mutation resulted in penta-acylated instead of
hexa-acylated LOS, which was known to have substantially less
endotoxin activity than that of wild-type LOS (38). To enhance
protection, we engineered the mutant to overexpress an fHbp
in the variant 1 (v.1) group. In mice, a native OMV vaccine
from the mutant elicited broad serum bactericidal antibody
responses against genetically diverse N. meningitidis strains
that expressed fHbp in the v.1 group. However, protection was
incomplete against strains expressing fHbp in the v.2 or v.3
group, which in the United States together accounted for
�30% of disease-causing group B strains (3). The purpose of
the present study was to determine whether a mixture of two
native OMV vaccines prepared from LpxL1 knockout (KO)
mutants engineered to express different fHbp antigenic vari-
ants would increase the breadth of protective antibodies
against N. meningitidis strains with fHbp from each of the three
antigenic groups.

(These data were presented at the 16th International Patho-
genic Neisseria Conference, September 2008, Rotterdam, The
Netherlands.)

MATERIALS AND METHODS

Neisseria meningitidis strains. To prepare the OMV vaccines, we used group B
strains H44/76 (P1.7,16) and NZ98/254 (P1.7-2,4) and their respective mutants
described below. For testing bactericidal activity, we used a panel of invasive
isolates from the United States and Europe with PorA proteins heterologous to

those of the vaccine strains (n � 14) (Table 1). Eight of these isolates expressed
subvariants of fHbp v.1 (small numbers of amino acid differences from the
sequence of the fHbp v.1 vaccine), and six strains expressed fHbp in the v.2 (n �
4) or v.3 (n � 2) group (Table 1). One of these strains, 8047, provided the gene
to express fHbp v.2 in the mutant of NZ98/254, which was used to prepare the
native OMV vaccine. The gene also encoded the protein used as the control
recombinant fHbp v.2 vaccine. The fHbps from the other v.2 or v.3 strains
differed in their respective amino acid sequences and/or monoclonal antibody
(MAb) reactivities from those of fHbp v.2 from strain 8047.

Growth conditions. N. meningitidis strains were grown at 37°C in an atmo-
sphere containing 5% CO2 on gonococcal agar or in Mueller-Hinton broth
supplemented with 0.25% (wt/vol) glucose and 5 �g/ml chloramphenicol or 80
�g/ml kanamycin as required.

Expression of heterologous fHbp. To express fHbp v.2 in N. meningitidis strain
NZ98/254, we used plasmid pComPind, which allowed integration of the gene of
interest into the chromosome of N. meningitidis (19). The tac promoter was
replaced with the strong promoter from gene nmb1523, and the resulting plasmid
was designated pComP1523. The gene encoding fHbp v.2 was amplified by PCR
from chromosomal DNA from strain 8047 using primers OK1NdeI (5�-GGAA
TTCCATATGAATCGAACTGCCTTCTGC-3�) and OK2NsiI (5�-TGCTACG
TACTGTTTGCCGGCGATGCCG-3�) and ligated to plasmid pComP1523. The
resulting plasmid was designated pComP1523-fHbp8047. Transformation of N.
meningitidis was performed as described elsewhere (29), and transformants were
selected on gonococcal agar plates containing 5 �g/ml chloramphenicol.

Vaccines. The native OMV vaccines consisted of membrane blebs that were
released by the bacteria into the broth and were prepared as described previously
(28). The strains for the OMV vaccines consisted of the previously described
LpxL1 KO mutant of H44/76 engineered to overexpress fHbp in the v.1 group
(22) and a new LpxL1 KO mutant of strain NZ98/254, which was engineered to
express both endogenous fHbp v.1 and a heterologous fHbp in the v.2 group. The
NZ98/254 mutant was prepared from a clinical isolate from a group B epidemic
in New Zealand. The strain was chosen for the second vaccine because its genetic
lineage (as defined by multilocus sequencing type) (4) and PorA protein differed
from those of the H44/76 vaccine strain (Table 1).

Control vaccines consisted of OMV vaccines prepared by detergent extraction
of bacterial cells of the wild-type strains H44/76 and NZ98/254 by following the
procedure described by the Norwegian Institute of Public Health, Oslo (13).
Control recombinant protein vaccines consisted of fHbp v.1 and v.2, which were

TABLE 1. Neisseria meningitidis strains from Europe, the United States, and New Zealandg

Strain Country of origin Capsular
group

fHbp variant group
(peptide ID)d

PorA VR
sequence

typee

Sequence
type

complex

Reactivity with anti-fHbp MAbf:

JAR 1 JAR 5 JAR 10 JAR 11 JAR 13

H44/76a Norway B 1 (1) 1.7,16 32 � � � � �
NZ98/254a New Zealand B 1 (14) 1.7-2,4 41/44 � � � � �
GB200 United Kingdom B 1 (13) 1.22,9 269 � � � � �
SK66 United States B 1 (ND) 1.22,14 269 � � � � �
SK94 United States B 1 (13) 1.5-1,10-1 1157 � � � � �
MD1412 United States B 1 (ND) 1.22,14 213 � � � � �
GB101 United Kingdom B 1 (15) 1.19,15 269 � � � � �
Z1092 Germany A 1 (4) 1.5-2,10 1 � � � � �
4243 United States C 1 (3) 1.5,2 11 � � � � �
M2197 United States C 1 (2) 1.7,1 11 � � � � �
8047b United States B 2 (77) 1.5-1,2-2 8 � � � � �
2996c United Kingdom B 2 (16) 1.19,15 8 � � �/� �/� �/�
GB013 United Kingdom B 2 (19) 1.22,9 269 � � � � �
MD1248 United States B 2 (ND) 1.22,26 44 � � � � �
M1239 United States B 3 (28) 1.23,14 41/44 � � � � �
03S-0451 United States B 3 (76) 1.22-1,14 32 � � � � �

a Strains used to prepare mutants for preparation of native OMV vaccines.
b Source of the gene for expression of fHbp v.2 in the NZ98/254 mutant and in E. coli for recombinant fHbp v.2 (GenBank accession number FJ422922).
c Low expresser of fHbp (GenBank accession number FJ422921) with an amino acid sequence that differed by 1 amino acid from that of strain 8047.
d ID, identification number assigned in the fHbp peptide database (http://neisseria.org/perl/agdbnet/agdbnet.pl?file�nm_fhbp.xml&amp;page�browse&amp;locus

�public_FHBP_p).
e VR, PorA variable region sequence type (determined at http://neisseria.org).
f Reactivity with anti-fHbp JAR MAbs was determined by bacterial-cell ELISA as described in the work of Beernink et al. (3) or by Western blotting (41). JAR 1

and JAR 5 were raised against recombinant fHbp v.1 (41), and JAR 10, JAR 11, and JAR 13 were raised against fHbp v.2 (2, 3). JAR 10 cross-reacts with some strains
that express fHbp in the v.1 group.

g ND, not done; �, an optical density 10- to 5-fold above background in a whole-bacterial-cell, anti-fHbp MAb ELISA; �/�, 3- to 5-fold above background; �, no
reactivity. Strains tested by Western blotting were scored as positive (�) or negative (�).
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expressed with N-terminal six-His tags in Escherichia coli BL21(DE3) (Invitro-
gen, Carlsbad, CA) and purified on Ni-Sepharose columns (GE Healthcare,
Piscataway, NJ).

Cytokine assay. Cytokine release by human peripheral blood mononuclear
cells (PBMCs) exposed to mixtures of the two native OMV vaccines was mea-
sured as described previously using the human 17-plex panel (Bio-Rad, Hercules,
CA) (22).

Immunization. Groups of 4- to 6-week-old female CD-1 mice (Charles River
Breeding Laboratories, Calco, Italy) were immunized intraperitoneally (10 to 15
mice per group). For each injection, the mice received a total dose of 2.5 �g
(based on protein content) of OMV vaccine (the mixtures contained 1.25 �g of
each OMV preparation) or 20 �g of each recombinant protein. The OMV or
recombinant protein vaccines were adsorbed with 3 mg of aluminum hydroxide
per milliliter of sterile water containing 10 mmol/liter histidine and 9 mg/ml NaCl
as previously described (22). The total dose of aluminum hydroxide per injection
was 600 �g. Three injections of vaccine were given, each separated by 3 weeks.
Blood was collected 3 weeks after the third injection. The experiments complied
with the relevant guidelines of Italy and the institutional policies of Novartis
vaccines.

Serology. Serum samples from four to five mice were pooled (two to three
pools per vaccine treatment group). Total immunoglobulin G (IgG) antibody
titers to fHbp v.1, v.2, or LOS were measured by enzyme-linked immunosorbent
assay (ELISA), which was performed as described elsewhere (22). The antigen
on the plate consisted of purified His-tagged fHbp v.1 or v.2 or purified LOS
prepared from the LpxL1 KO mutant of strain H44/76 as described previously
(42). Complement-mediated serum bactericidal antibody titers were measured
using washed, log-phase bacteria grown in Mueller-Hinton broth supplemented
with 0.25% glucose and 0.02 mmol/liter CMP-NANA (22, 40). The human
complement consisted of sera from healthy adults lacking intrinsic bactericidal
activity.

Adsorption of antibodies. For defining the antigenic targets of bactericidal
antibodies, we adsorbed serum pools on columns containing purified recombi-
nant fHbp v.1 and v.2 or purified LOS, each covalently bound to cyanogen
bromide-activated agarose (Sigma, St. Louis, MO). In brief, recombinant fHbp
or LOS was diluted in coupling buffer (0.1 mol/liter NaHCO3, 0.5 mol/liter NaCl;
pH 8.4) and incubated with the matrix overnight at 4°C. The column was washed
with coupling buffer to remove the unbound ligand. Reactive sites on the matrix
were blocked with 0.1 M diethanolamine (diluted in coupling buffer), and addi-
tional nonspecific binding sites were blocked with normal mouse serum. After
being washed, the matrix was incubated with the test serum sample overnight at
4°C. The adsorbed serum was eluted with Dulbecco’s buffer, and the samples
were concentrated to the original volumes.

RESULTS

The NZ98/254 mutant expresses fHbp in the v.1 and v.2
groups. We transformed group B strain NZ98/254 with plas-
mid pComP1523-fHbp8047, containing a gene that encodes
fHbp in the v.2 group. The strain also was engineered to have
attenuated endotoxin by inactivation of the lpxL1 gene. The
proteins were visualized in the OMV preparations by Western
blotting with anti-fHbp MAbs JAR 5 and JAR 11, which are

specific for fHbp in the v.1 and v.2 groups, respectively (2, 3,
41). Since the endogenous fHbp v.1 gene was not inactivated,
the OMV vaccine prepared from the mutant expressed both
fHbp v.1 and v.2 (Fig. 1, far right). The OMV vaccine prepared
from the control LpxL1 KO mutant of strain NZ98/254 that
expressed only endogenous fHbp v.1 reacted only with the
anti-fHbp v.1 MAb (left side of right panel).

The native OMV vaccine from the NZ98/254 mutant elicits
predominantly anti-fHbp v.2 antibody responses. As expected,
mice immunized with a native OMV vaccine prepared from the
LpxL1 KO mutant of H44/76, which was engineered to over-
express fHbp in the antigenic v.1 group, developed high serum
IgG antibody responses predominantly against fHbp v.1 (Fig.
2A). However, the native OMV vaccine from the NZ98/254
mutant that expressed both endogenous fHbp v.1 and heter-
ologous fHbp v.2 elicited IgG antibody responses predomi-
nantly to fHbp v.2. The magnitude of the IgG response to fHbp
v.2 was similar to that of control mice immunized with a re-
combinant fHbp v.2 vaccine (Fig. 2A). The control native
OMV vaccine from the LpxL1 KO mutant of NZ98/254 that
expressed only endogenous fHbp v.1 stimulated relatively low
IgG titers against both fHbp v.1 and fHbp v.2.

A mixture of two OMV vaccines from mutants elicits serum
IgG responses to both fHbp v.1 and fHbp v.2 and broad bac-
tericidal activity. We immunized mice with a mixture of two
native OMV vaccines prepared from the mutants of strains
H44/76 and NZ98/254. For simplicity, we designated the mix-

FIG. 1. Expression of fHbp v.1 and v.2 in OMV vaccines prepared
from LpxL1 KO mutants of strain NZ98/254. Primary antibodies were
anti-fHbp MAbs JAR 5, which is specific for fHbp v.1 (2, 3, 41), and
JAR 11, which is specific for fHbp v.2 (2, 3). NZ98/254 LpxL1 KO,
native OMV from mutants of NZ98/254 with inactivated LpxL1; WT
v.1, mutant expressing only endogenous wild-type fHbp v.1; KO v.1,
mutant with inactivated gene encoding fHbp v.1; Mutant v.1�v.2,
mutant with both endogenous fHbp v.1 and heterologous fHbp v.2;
rfHbp, recombinant fHbp v.1 or v.2.

FIG. 2. IgG antibody responses to fHbp v.1 (white bars) or fHbp
v.2 (gray bars) as measured by ELISA. All native OMV vaccines were
from LpxL1 KO mutants. (A) Responses to individual vaccines. Mu-
tant H44/76, OMV vaccine with overexpressed fHbp in the v.1 group;
Mutant NZ98/254, OMV vaccine with endogenous fHbp v.1 and het-
erologous fHbp v.2; Control NZ98/254, OMV vaccine with endoge-
nous fHbp in the v.1 group; Recombinant v.2, recombinant fHbp v.2
encoded by the gene from strain 8047; Al(OH)3, control (used as the
adjuvant for OMV and recombinant protein vaccines). (B) Responses
to vaccine mixtures. MNM-OMV, native OMV from H44/76 and
NZ98/254 mutants with fHbp v.1 and v.2; Recombinant v.1�v.2, re-
combinant fHbp v.1 and v.2; Detergent OMV WT H44/76 � NZ98/
254, detergent-treated OMV from the respective wild-type strains. SE,
standard error.
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ture of the two native mutant OMV vaccines the “MNM-OMV
vaccine.” Mice immunized with this vaccine developed high
serum IgG antibody responses to both fHbp v.1 and fHbp v.2
(Fig. 2B). Control mice immunized with a mixture of the two
detergent-treated OMV vaccines from the respective wild-type
strains developed 50-fold-lower IgG anti-fHbp antibody re-
sponses than mice immunized with the MNM-OMV or recom-
binant fHbp v.1 and v.2 vaccines.

Mice immunized with either the MNM-OMV vaccine or a
mixture of the two detergent-treated OMV vaccines from the
wild-type strains developed high serum bactericidal titers
against the parental H44/76 or NZ98/254 strain used to pre-
pare the vaccines (Fig. 3A). The mixture of the two recombi-
nant fHbp vaccines (v.1 and v.2) elicited high serum bacteri-
cidal titers against strain H44/76 (Fig. 3A, upper panel), which
expressed fHbp v.1 with an amino acid sequence identical to
that of recombinant fHbp v.1. The serum bactericidal antibody
titers of the recombinant fHbp vaccine group were lower
against strain NZ98/254 (Fig. 3A, lower panel), which is known
to be a relatively low expresser of a subvariant of fHbp in the
v.1 group (26).

Against a panel of 14 N. meningitidis strains with PorA
proteins heterologous to those of the vaccine strains, the
MNM-OMV vaccine elicited broad serum bactericidal anti-
body responses. At a 1:100 dilution, the sera were bactericidal
against all eight strains tested with fHbp in the v.1 group (Fig.
3B). The geometric mean titers (GMTs) were 1:2,074, 1:28,
and 1:11 for mice immunized with the MNM-OMV vaccine,
the recombinant fHbp v.1 and v.2 vaccines, or the two deter-

gent-treated OMV vaccines from the wild-type strains (P �
0.0001 by analysis of variance), respectively. Similar results
were observed against the six test strains that expressed fHbp
of the antigenic v.2 group (four strains) or v.3 group (two
strains) (Fig. 3C). The GMTs against these strains were 1:279,
1:20, and �1:10 (P � 0.025 by analysis of variance), respec-
tively. Although the MNM-OMV vaccine did not contain fHbp
v.3, the magnitudes of the bactericidal antibody responses
against the strains with fHbp v.2 or v.3 were similar (reciprocal
GMTs of 235 and 359, respectively).

Serum bactericidal antibodies elicited by the MNM-OMV
vaccine are directed largely against fHbp. We used a solid-
phase matrix with covalently bound LOS or recombinant fHbp
v.1 and v.2 to adsorb antibodies from a serum pool from mice
immunized with the MNM-OMV vaccine. In an ELISA, ad-
sorption on the LOS column removed 95% of the anti-LOS
antibody, and adsorption on the fHbp v.1/v.2 column removed
�99% of the anti-fHbp antibodies (anti-v.1 reciprocal GMT of
90,000 to 400 after absorption and anti-v.2 reciprocal GMT of
20,000 to �100 after absorption) (Fig. 4A). The adsorption was
specific, as there was no significant decrease in anti-LOS titers
after adsorption of the serum pool on the fHbp column and
there was only a twofold decrease of anti-fHbp titers after
adsorption on the LOS column.

Against both group B strains tested, the respective bacteri-
cidal GMTs of the unadsorbed and LOS-adsorbed serum pools
were similar to each other (Fig. 4B). In contrast, adsorption of

FIG. 3. Serum bactericidal antibody responses of mice immunized
with vaccine mixtures. The vaccine groups were native OMVs from
LpxL1 KO mutants of H44/76 and NZ98/254 expressing fHbp v.1 and
v.2 (MNM-OMV), detergent-treated OMVs from the indicated wild-
type strains (Detergent OMV, WT), and recombinant fHbp v.1 and 2
(rfHbp v.1 � v.2). (A) GMTs against wild-type strains used to prepare
mutants for the native OMV vaccines. P1.7-2,4 and P1.7,16 refer to the
variable region sequence types of the respective PorA proteins of the
test strains. (B and C) Reverse cumulative distributions of bactericidal
titers against strains expressing PorA proteins heterologous to those of
the vaccine strains and fHbp in the antigenic v.1 group (eight strains)
(B) or v.2 and v.3 groups (six strains) (C). The eight v.1 strains and six
v.2 or v.3 strains are described in Table 1. SE, standard error.

FIG. 4. Effect of adsorption of anti-LOS or anti-fHbp antibodies
from a serum pool from mice immunized with the MNM-OMV vac-
cine. (A) IgG antibody titers to LOS, fHbp v.1, or fHbp v.2 as mea-
sured by ELISA. (B) Serum bactericidal titers against strains 4243
(fHbp v.1) and GB013 (fHbp v.2). None, unadsorbed serum; LOS,
serum adsorbed on a LOS column; fHbp v.1 and v.2, serum adsorbed
on a fHbp v.1 plus fHbp v.2 column. The error bars in panel B
represent the range in results of replicate assays performed on differ-
ent days. Geo M, geometric mean.
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the anti-fHbp antibodies removed nearly all of the bactericidal
activity against strain 4243, which expressed fHbp in the v.1
group (Fig. 4B, upper panel), while the titer of the fHbp-
adsorbed serum decreased by approximately 10-fold against a
second strain, GB013, which expressed fHbp in the v.2 group
(Fig. 4B, lower panel). The residual bactericidal activity against
GB013 indicated that antibodies in addition to those directed
at fHbp contributed to the bactericidal activity.

PBMCs have similar cytokine responses when exposed to
the MNM-OMV vaccine or detergent-treated OMV vaccines
from the wild-type strains. In our previous study, the native
OMV vaccine from a mutant of H44/76 in which the LpxL1
gene had been inactivated had substantially decreased proin-
flammatory activity as measured by the release of the cytokines
interleukin 1� (IL-1�), IL-6, IL-8, and tumor necrosis factor
alpha (TNF-	) by OMV-stimulated human PBMCs. For the
present study, we analyzed the release of these proinflamma-
tory cytokines by human PBMCs exposed to the MNM-OMV
vaccine. The TNF-	 responses from a representative experi-
ment are shown in Fig. 5A. The concentrations of the MNM-
OMV vaccine and the mixture of the two detergent-treated
OMV vaccines, which stimulated cytokine responses 10-fold
higher than the background level, were similar for each of the
vaccines (�10�2 �g/ml). A much lower concentration of the

control native OMV vaccine from the NZ98/254 wild-type
strain (�5 
 10�4 �g/ml) stimulated the release of the same
concentration of TNF-	 as that elicited by the two other vac-
cines (Fig. 5A). The OMV concentrations required for release
of IL-1�, IL-6, IL-8, and TNF-	 were measured in three ex-
periments, each with PBMCs from different donors (Fig. 5B).
For each cytokine, the geometric mean concentrations of the
native wild-type OMV that elicited responses 10-fold above
background were 50- to 100-fold lower than those of the de-
tergent-treated OMV or MNM-OMV vaccines (P � 0.005).
The differences between the respective geometric mean OMV
concentrations of the mixture of the detergent-treated OMV
and MNM-OMV vaccines were not significant (P � 0.15).

DISCUSSION

As a vaccine antigen, fHbp is unique in that antibodies to
fHbp both activate classical complement pathway bacteriolysis
and block the binding of fH, which increases the susceptibility
of the bacteria to bacteriolysis by the alternative complement
pathway (2, 40). However, in previous studies, coverage by
anti-fHbp antibodies elicited by recombinant fHbp vaccines
was incomplete against strains with low levels of fHbp expres-
sion. One approach to extend coverage is to include additional
antigens in the vaccine, such as recombinant NadA, GNA 2132
(14), and a detergent-treated OMV vaccine (M. D. Snape et
al., presented at the 16th International Pathogenic Neisseria
Conference, Rotterdam, The Netherlands, 7 to 12 September
2008). Another approach is to prepare native OMV vaccines
from mutants in which endotoxin is attenuated and that over-
express fHbp, such as described in our previous study (22).
However, the vaccine in that study expressed only fHbp v.1,
and coverage was incomplete against strains with fHbp in the
v.2 or v.3 group.

To expand protection, we constructed a new LpxL1 KO
mutant of strain NZ98/254, which expressed a heterologous
fHbp in the v.2 group. Since we did not inactivate the endog-
enous fHbp gene, the mutant also expressed fHbp v.1. The
immunized mice had high IgG antibody responses to fHbp v.2
but minimal responses to fHbp v.1 (Fig. 2A). Control mice
immunized with a native OMV vaccine prepared from a mu-
tant of NZ98/254 that expressed only endogenous fHbp v.1 had
low IgG anti-fHbp antibody responses. These results and our
previous data (18, 23) indicated that overexpression of fHbp,
or expression of a heterologous fHbp gene, was required to
increase OMV anti-fHbp antibody responses. The mechanisms
underlying the low anti-fHbp antibody responses to native
OMV vaccines containing endogenous fHbp require additional
study. Note that most humans recovering from meningococcal
disease also showed relatively low anti-fHbp antibody re-
sponses (24). Collectively, these observations suggest that
fHbp is under relatively weak natural immune selection, which
may help to explain why fHbp expressed by genetically diverse
strains is relatively well conserved within the major antigenic
groups (3, 26).

In mice, the MNM-OMV vaccine elicited high IgG antibody
responses against both v.1 and v.2 fHbp (Fig. 2B) and high
serum bactericidal antibody activity against genetically diverse
N. meningitidis strains with fHbp in each of the three variant
groups. For those studies, we tested predominantly group B

FIG. 5. (A) Release of TNF-	 after incubation of human PBMCs
for 4 hours with OMV vaccines. The OMV concentrations that re-
sulted in a 10-fold-increased release of TNF-	 concentrations above
background are shown on the x intercepts. Native, WT, native OMV
from wild-type NZ98/254; MNM, MNM-OMV vaccine; Detergent,
WT, mixture of two detergent-extracted OMV vaccines from wild-type
strains of H44/76 and NZ98/254. (B) Concentrations of OMV that
resulted in a 10-fold-increased release of the proinflammatory cyto-
kines TNF-	, IL-1�, IL-6, and IL-8. The bars represent the geometric
mean concentrations determined in three experiments with different
blood donors. Error bars indicate two times the standard error. Native,
WT, native OMV from wild-type NZ98/254; MNM, MNM-OMV vac-
cine; Detergent, WT, mixture of two detergent-extracted OMV vac-
cines from wild-type strains of H44/76 and NZ98/254. Differences
between the GMTs of MNM-OMV vaccine and detergent-treated
OMV from the wild-type strain were not significant (P � 0.15).
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strains and a few group A and C strains (Table 1). The test
strains were selected to have PorA proteins heterologous to
those of the strains used to prepare the OMV vaccines. From
previous studies, it was well established that OMV vaccines
(native or detergent treated) elicited high bactericidal antibody
responses against strains with PorA matched to those of the
OMV vaccine (17, 18, 28, 37). Based on serum adsorption
studies, a large portion of the bactericidal activity elicited by
the MNM-OMV vaccine against strains with heterologous
PorA was directed at fHbp. This result was similar to our
previous results with sera from mice immunized with individual
native OMV vaccines from mutants (18, 22, 23). Other inves-
tigators have reported that antibodies to meningococcal LOS
can have bactericidal activity (7, 30, 46; W. D. Zollinger, M.
Donets, B. L. Brandt, B. Ionin, E. E. Moran, D. Schmiel, V.
Pinto, M. Fisseha, L. Labrie, R. Marques, and P. Keiser, pre-
sented at the 16th International Pathogenic Neisseria Confer-
ence, Rotterdam, The Netherlands, 7 to 12 September 2008).
However, depletion of anti-LOS antibodies in the immune
serum from mice immunized in the present study did not
decrease bactericidal activity (Fig. 5B). This result was consis-
tent with previous LOS antibody depletion studies of sera from
mice immunized sequentially with native OMV vaccines from
three strains, each with heterologous PorA molecules (28).

The anti-fHbp antibodies elicited by the native OMV vac-
cine had greater bactericidal activity than those elicited in
control mice immunized with a recombinant fHbp v.1 and v.2
vaccine. One possibility is that naturally occurring adjuvants in
the OMV, such as PorB (5, 27, 33, 43) and LOS (35), contrib-
uted to the broader anti-OMV serum bactericidal activity.
However, the magnitudes of the respective IgG anti-fHbp
titers elicited by the MNM-OMV and recombinant fHbp vac-
cines were similar to each other. These results suggested that
qualitative differences, not quantitative differences in antibody
responses, were responsible for the greater antibody functional
activity of the sera from the MNM-OMV group. Although not
measured in the present study, in a previous study, the IgG
subclass distributions of anti-fHbp antibodies elicited by a na-
tive OMV vaccine from a mutant with overexpressed fHbp v.1
were similar to those elicited by a control recombinant fHbp
vaccine (18). Thus, differences in IgG subclass response did not
appear to contribute to the greater serum bactericidal activity
elicited by the OMV vaccine.

Three factors may explain the greater serum bactericidal
activity elicited by the OMV vaccine than that elicited by the
control recombinant fHbp vaccines. First, not all of the
epitopes required for eliciting serum bactericidal antibody may
have been expressed by the control recombinant fHbp vac-
cines. Second, the anti-fHbp antibodies elicited by the MNM-
OMV vaccine may have targeted surface-exposed epitopes bet-
ter than the antibodies elicited by the control recombinant
fHbp vaccines. A third possible contributing factor may have
been antibodies stimulated by other antigens in the MNM-
OMV vaccine, such as transferrin binding protein, NspA, or
GNA 2123, which could be bactericidal or cooperate with the
anti-fHbp antibodies to elicit broader bactericidal activity (44).

Although the MNM-OMV vaccine contained only fHbp an-
tigens in the v.1 and v.2 groups, the immunized mice developed
serum bactericidal activity against strains with fHbp from all
three antigenic groups. This result was expected. There is more

amino acid sequence identity and cross-reactivity between
fHbps in the v.2 and v.3 groups than between fHbps in the v.1
and v.2 groups or between fHbps in the v.1 and v.3 groups (1,
3, 22, 26), which is one reason that the Zlotnick antigenic
classification system combined v.2 and v.3 fHbps into a single
subfamily, designated “A” (11). Our data indicated that a na-
tive OMV vaccine with a heterologous fHbp in the v.2 group
may be sufficient for eliciting protective antibodies against
strains with either v.2 or v.3 fHbp. However, the results were
based on testing a small number of strains in each of the
antigenic groups, and additional studies are required.

In summary, the LpxL1 KO mutation in the MNM-OMV
vaccine provided a means to attenuate endotoxin activity,
which may circumvent the need for detergent treatment of the
vaccine. The vaccine elicited broad serum bactericidal antibod-
ies in mice against genetically diverse N. meningitidis strains.
However, one needs to be cautious in extrapolating immuno-
genicity results from mice to humans since there can be im-
portant species differences in responses to adjuvants and T-
lymphocyte receptor signaling (34). Thus, the contribution of
naturally occurring adjuvants, such as PorB (5, 27, 33), lipid A
(34, 47), or the lipid portion of fHbp, to the ability of the
MNM-OMV vaccine to elicit broad anti-fHbp bactericidal re-
sponses in humans is not known. Additional studies with ani-
mal models, including nonhuman primates, or a clinical trial is
required to assess the potential safety and effectiveness of this
vaccine approach in humans.
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