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Native outer membrane vesicles (NOMV) (not detergent treated), which are prepared from recombinant
strains with attenuated endotoxin activity and overexpressed factor H binding protein (fHbp), elicited broad
serum bactericidal antibody responses in mice. The amount of overexpressed fHbp required for optimal
immunogenicity is not known. In this study we prepared NOMV vaccines from LpxL1 knockout (�LpxL1)
mutants with penta-acylated lipooligosaccharide and attenuated endotoxin activity. The recombinant strains
had wild-type (1�) fHbp expression or were engineered for 3-fold- or 10-fold-increased fHbp expression (3�
or 10� fHbp). Control vaccines included NOMV from �LpxL1/�fHbp mutants or recombinant fHbp. In mice,
only the 10� fHbp NOMV vaccine elicited significantly higher serum IgG anti-fHbp antibody titers than the
corresponding 1� fHbp NOMV or recombinant fHbp vaccine. The 10� fHbp NOMV vaccine also elicited
higher bactericidal responses (P < 0.05) against five group B strains with heterologous PorA than the
recombinant fHbp or 1� fHbp NOMV vaccine. The 3� fHbp NOMV vaccine gave higher bactericidal titers
against only one strain. Serum bactericidal titers in mice immunized with the control �fHbp NOMV vaccines
were <1:10, and bactericidal titers in mice immunized with the 10� fHbp NOMV vaccine were <1:10 after
adsorption of anti-fHbp antibodies. Mixing antiserum to NOMV vaccines from fHbp knockout mutants with
antiserum to recombinant fHbp did not increase anti-fHbp bactericidal titers. Thus, a critical threshold of
increased fHbp expression is required for NOMV vaccines to elicit broad serum bactericidal responses, and the
antibodies conferring protection are directed primarily at fHbp.

Neisseria meningitidis colonizes the nasopharynges of 10 to
20% of healthy adults. Relatively rarely, the bacterium invades
the bloodstream and causes meningitis and/or septicemia (40).
While polysaccharide-based vaccines against strains with cap-
sular groups A, C, W-135, and Y are available (27), there is
currently no broadly protective vaccine against capsular group
B strains. The group B polysaccharide has structural homology
with human tissues (12) and is poorly immunogenic, even when
conjugated with a carrier protein (20). To date, only detergent-
treated outer membrane vesicle (dOMV) vaccines are proven
to be effective for prevention of group B disease, and these
vaccines were used to control meningococcal group B epi-
demics in Cuba (35), Norway (5, 6), and New Zealand (15,
23, 31, 39).

The antibody responses to dOMV vaccines are directed
mainly at a major porin protein, PorA (38), which is antigeni-
cally variable (34). This property limits the utility of dOMV
vaccines to prevent endemic meningococcal disease, which is
caused by genetically diverse strains (17, 18). The detergent
treatment of bacterial cells used to prepare dOMV vaccines
extracts lipooligosaccharide (LOS) (8, 14), which decreases
endotoxin activity and improves vaccine tolerability (30). The
extraction also removes desirable antigens that may elicit bac-
tericidal antibodies (25). In an effort to improve immunoge-

nicity, we and others have prepared native OMV (NOMV)
vaccines, which were not treated with detergents (7, 13, 21, 22,
24, 25, 42, 46, 48). In order to attenuate endotoxin activity, the
vaccine strains had deleted lpxL1 or lpxL2 genes, which encode
late-functioning acyltransferases in the LOS biosynthesis path-
way. The resulting mutant LOS molecules are penta- or tetra-
acylated instead of hexa-acylated and have substantially de-
creased endotoxin activity (36, 41). The mutants also were
engineered to have increased expression of desirable antigens,
such as factor H binding protein (fHbp). In mice, NOMV
vaccines with overexpressed fHbp elicited broader bactericidal
antibody responses against genetically diverse N. meningitidis
isolates than NOMVs prepared from the respective wild-type
strains or recombinant protein vaccines containing fHbp (24,
25). The amount of overexpression of fHbp required for broad
bactericidal activity and the contribution of antibodies elicited
by non-fHbp antigens in NOMV vaccines to the serum bacte-
ricidal activity are the topics of investigation in the present
study.

MATERIALS AND METHODS

Neisseria meningitidis strains. The NOMV vaccines were prepared from mu-
tants derived from group B strain H44/76 (Table 1), which naturally expresses
relatively high levels of fHbp sequence variant ID 1 as classified in the Neisseria
fHbp public database (http://pubmlst.org/neisseria/fHbp/). This protein is as-
signed to the variant 1 group as described by Masignani et al. (26). Endotoxin
activity of the LOS expressed by the H44/76 strain was attenuated by deletion of
the lpxL1 gene as described previously (25), which generated the recombinant
strain H44/76 �LpxL1 with wild-type fHbp expression (1� fHbp) (Table 1). Four
additional recombinant strains were derived from strain H44/76 �LpxL1. The
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first fHbp-overexpressing strain was prepared by transforming the recombinant
�LpxL1 strain with the suicide plasmid pComPindFnrD148A (32), which gen-
erated the recombinant strain �LpxL1-FNRc. This strain contained the mutant
activator of fHbp expression, FNR-D148A, under the control of the IPTG
(isopropyl-�-D-thiogalactopyranoside)-inducible Ptac promoter, which was inte-
grated into the chromosome. As described in Results, this mutant had 3-fold-
increased fHbp expression (3� fHbp). Isogenic fHbp knockout strains of H44/76
�LpxL1 and �LpxL1-FNRc were obtained by transformation with plasmid
pBS�gna1870-ERM (26). The endogenous fHbp-encoding gene was replaced
with an erythromycin cassette, which generated recombinant strains �LpxL1
�fHbp and �LpxL1�fHbp-FNRc, respectively. A second fHbp-overexpressing
strain was generated by transforming �LpxL1�fHbp with the multicopy plasmid
pFP12-gna1870, (19) which in this study was renamed pFP12-fHbp. The plasmid
contained the gene encoding fHbp ID 1 and resulted in 10-fold-increased fHbp
expression (10� fHbp) (see Results).

The N. meningitidis test strains used to measure serum bactericidal activity are
described in Table 2. All of the recombinant vaccine strains were derived from
H44/76; thus, the H44/76 test strain expressed the same PorA included in the
NOMV vaccines and expressed an fHbp protein with an amino acid sequence
identical to that of the fHbp expressed by the vaccine strains or the recombinant
fHbp (ID 1). The other five test strains expressed PorA proteins heterologous to
that of the vaccine strains. The test strains expressed subvariants of fHbp in the
variant 1 group and are identified by the different fHbp ID numbers. The panel
of test strains was selected to represent the most prevalent fHbp sequence
variants in the variant 1 group expressed by disease-causing capsular group B
strains in the United States, the United Kingdom, and France (28, 33).

Preparation of NOMVs. The NOMVs consisted of native outer membrane
blebs that were spontaneously released into the culture supernatant during
growth of the bacteria. Five recombinant H44/76 strains were used for the
preparation of NOMVs (Table 1). In brief, 7 ml modified Catlin 6 medium (48)
was inoculated with single colonies and grown to mid-log phase (optical density
[OD], 0.6 to 0.7). The starter medium used to grow the recombinant strain
�LpxL1�fHbp-pFP12-fHbp was additionally supplemented with 5 �g/ml chlor-
amphenicol for maintenance of the plasmid. The starter cultures were trans-
ferred into flasks containing 100 ml modified Catlin 6 without antibiotics. In

order to maintain consistent conditions for each mutant, the medium was sup-
plemented with 1 mM IPTG, which was necessary to induce expression of the
mutant protein FNR-D148A. The bacteria were grown at 37°C for 6 h to early
stationary phase (OD 1.0 to 1.2). The bacteria were killed by treatment with 0.5%
(wt/vol) phenol for 1.5 h at 37°C, and the culture was left overnight at 4°C. After
centrifugation, the culture supernatant was filtered (pore size, 0.45 �m) to
remove residual cells and subsequently concentrated by filtration through a
membrane with a 100-kDa cutoff. NOMVs from the concentrated culture super-
natant were collected by ultracentrifugation. The pellet was washed twice with
3% sucrose, resuspended in 3% sucrose, and stored at �20°C. The protein
concentration was measured with the bicinchoninic acid (BCA) protein assay kit
(Thermo Scientific, Rockford, IL). The major proteins in the NOMVs were
assessed by SDS-PAGE with Coomassie blue staining (25). Selected bands were
cut from the gels and identified by mass spectrometry (11).

Quantification of fHbp in NOMVs. We used an fHbp capture enzyme-linked
immunosorbent assay (ELISA) adapted from the assay described by Donnelly et
al. (10) to measure the relative amounts of fHbp in NOMVs prepared from the
recombinant N. meningitidis strains. In brief, wells of a microtiter plate (Costar)
were precoated with rabbit anti-fHbp IgG (1 mg/ml). NOMVs were solubilized
by treatment with 5% Empigen BB in 10� phosphate-buffered saline (PBS),
0.25% proclin, and 0.01% methylene blue (final dilution, 1:11) (10). Serial 5-fold
dilutions of the solubilized NOMVs (starting from 10 �g/ml of protein) were
added to the wells of the microtiter plate and incubated for 16 to 18 h at 4°C.
After washing, bound fHbp was detected with a murine anti-fHbp monoclonal
antibody (MAb), JAR 5 (2 �g/ml; incubated for 2 h at room temperature). The
JAR 5 hybridoma was from a mouse immunized with fHbp ID 1 (44), and the
MAb showed broad reactivity with fHbp in the variant 1 group (4). The bound
antibody-antigen complex was detected with alkaline phosphatase-conjugated
goat anti-mouse IgG (Invitrogen, Carlsbad, CA), which contained 1% normal
rabbit serum to eliminate cross-reactive binding to the rabbit IgG used in the
capture step. Absorbance at 405 nm was plotted as a measure of the concentra-
tion of NOMVs added. The relative amount of fHbp present in the NOMV
preparations was determined by comparison of the respective x intercepts in the
linear portions of the resultant plots.

TABLE 1. Recombinant strains derived from H44/76 that were used to prepare the NOMV vaccines

Strain Relevant characteristics NOMV vaccine
(LpxL1 knockout)

�LpxL1 Derivative of H44/76 with penta-acylated LOS through deletion of lpxL1; with
wild-type fHbp expression

1� fHbp

�LpxL1-FNRc Derivative of �LpxL1 with constitutively active FNR mutant integrated into the
chromosome driving a 3-fold increase in endogenous fHbp-encoding gene
expression

3� fHbp

�LpxL1�fHbp-FNRc Derivative of �LpxL1-FNRc with endogenous fHbp-encoding gene deleted �fHbp, FNRc

�LpxL1�fHbp Derivative of �LpxL1 with endogenous fHbp-encoding gene deleted �fHbp
�LpxL1�fHbp pFP12-fHbp Derivative of �LpxL1�fHbp carrying a multicopy plasmid with fHbp-encoding

gene, which resulted in a 10-fold increase in fHbp expression compared with
wild-type expression

10� fHbp

TABLE 2. Characteristics of Neisseria meningitidis capsular group B strains used to measure serum bactericidal activity

Straina
fHbp

Serotype/serosubtype Clonal
complex LOS immunotyped

fHbp ID prevalence (%) ine:

IDb Modular groupc USA UK France

H44/76 1 I B:15:P1.7,16 32 L3,7,9 30 4 20
NM008 4 I B:4:P1.4 41/44 L3,7,9 14 24 7
GB200 13 I B:NT:P1.22,9 269 L1 5 10 2
NZ98/254 14 I B:4:P1.7-2,4 41/44 L3,7,9 5 7 23
NM117 15 IV B:21:P1.9 269 L1 0.3 22 6
GB101 15 IV B:NT:P1.19,15 269 L1,8

a H44/76 and its derivatives were used to prepare the NOMV vaccines. It also expressed an fHbp with the same amino acid sequence as that of the recombinant fHbp
vaccine.

b fHbp identification number assigned in the fHbp database (http://pubmlst.org/neisseria/fHbp/).
c fHbp modular group as described by Beernink and Granoff (2) and Pajon et al. (33).
d Determined by whole-cell ELISA and anti-LOS monoclonal antibodies 2-1-L8, 9-2-L379, 17-1-L1 and 14-1-L-10.
e The five fHbp variants accounted for 54, 67, and 58% of all group B isolates from cases in the United States, the United Kingdom, and France, respectively

(28, 33).
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LOS immunotype. The LOS immunotype was determined by whole-cell
ELISA. N. meningitidis strains were grown in Mueller-Hinton broth to mid-log
phase and heat inactivated at 56°C for 1 h. Cells were washed with PBS and
adjusted to an OD of 0.4. The cells were added to wells of a microtiter plate
(96-well MaxiSorp plates; Nunc) and dried. To determine the LOS immunotype,
serial 5-fold dilutions of anti-LOS monoclonal antibodies (see the footnotes to
Table 2) were added and incubated for 3 h at room temperature. Bound antibody
was detected with alkaline phosphatase-conjugated rabbit anti-mouse
IgG�A�M (Invitrogen).

Mouse immunization. Female CD1 mice (Charles River Breeding Laborato-
ries) (n � 15 per group for NOMV and recombinant fHbp vaccines and n � 10
for the negative-control group that received aluminum hydroxide only) were
immunized intraperitoneally with either NOMV vaccines (2.5 �g of total protein
per dose) or recombinant fHbp (20 �g per dose). All vaccines were adsorbed
with aluminum hydroxide (600 �g aluminum per dose) in the presence of 10 mM
histidine and 9 mg/ml NaCl. Three injections of vaccine were given at intervals
of 3 weeks, and blood samples were collected at 3 weeks after the third injection.
The sera were separated by centrifugation and stored in aliquots at �20°C.

Serological analysis. All sera were heat inactivated at 56°C for 30 min to
inactivate endogenous complement. Assays were performed on serum pools (five
sera per pool; n � 3 pools per vaccine group and 2 pools for the negative-control
mice). Total IgG antibody responses to fHbp and LOS were measured by ELISA,
which was performed as described elsewhere (25). The antigens on the plate
consisted of 1 �g/ml of purified His-tagged recombinant fHbp ID 1 or purified
LOS prepared from strain H44/76 �LpxL1, which was extracted by the hot
phenol-water method (45). Secondary antibody was alkaline phosphatase-conju-
gated goat anti-mouse IgG (Invitrogen). Complement-mediated serum bacteri-
cidal antibody responses were measured as described previously (1) using mid-
log-phase bacteria that had been grown in Mueller-Hinton broth supplemented
with 0.25% glucose and 0.02 mM cytidine-5�-monophospho–N-acetylneuraminic
acid (CMP-NANA) (Sigma-Aldrich). Human complement serum was obtained
from a healthy adult with no detectable intrinsic bactericidal activity against N.
meningitidis. On the day of the assay, the serum was depleted of IgG by adsorp-
tion on a protein G-Sepharose column (Hi Trap protein G HP; GE Healthcare,
Piscataway, NJ) (1). The bactericidal titer was defined as the reciprocal serum
dilution resulting in 50% killing of bacteria after incubation for 60 min at 37°C.

Adsorption of anti-fHbp antibodies. Serum pools were adsorbed using a solid-
phase matrix (cyanogen bromide-activated agarose; Sigma-Aldrich) with cova-
lently bound purified recombinant His-fHbp ID 1 or recombinant human albu-
min as a negative control. The matrix was washed to remove the unbound ligand,
reactive sites were blocked with 1 M diethanolamine, and additional nonspecific
binding sites were blocked with normal mouse serum. The matrix was incubated
with the test serum sample for 1 h. After elution with Dulbecco’s PBS, the eluate
was concentrated to the original volume using Microcon centrifugal filter devices
with a 10-kDa cutoff (Millipore, Billerica, MA). Adequacy of adsorption of
serum anti-fHbp antibodies was determined by ELISA.

Statistical analysis. Statistical analysis was performed using GraphPad Prism
version 5.01 (GraphPad Software, La Jolla, CA). ELISA and serum bactericidal
responses of the groups were expressed as geometric mean titers (GMT) 	 2
standard errors (SE) calculated on log10-transformed titers. The statistical sig-
nificance of differences in the titers between vaccine groups was performed by
one-way analysis of variance (ANOVA). If the overall difference was significant
(P 
 0.05, two-tailed test), the significance of pairwise differences between
individual groups was determined by Tukey’s multiple-comparison test.

RESULTS

NOMVs from a recombinant strain with a multicopy plas-
mid encoding fHbp contain more fHbp than NOMVs from the
strain with a mutant activator of fHbp expression. We pre-
pared NOMV vaccines from the recombinant strains described
in Table 1. Proteins in the NOMVs from the three H44/76
recombinant strains that expressed fHbp were separated by
SDS-PAGE. The NOMV preparations contained similar levels
of the major outer membrane proteins PorA and PorB. As
identified by mass spectrometry, fHbp comigrated in the gel
with a second protein, OpcA (Fig. 1A). To quantify the amount
of fHbp in the NOMV vaccines, we used an anti-fHbp capture
ELISA described in Materials and Methods. The relative
quantities of fHbp were correlated with the total protein con-

tent of the NOMV preparations (Fig. 1B). Approximately 0.6
�g/ml of NOMV protein from the recombinant �LpxL1 strain
expressing wild-type levels of fHbp resulted in the same ab-
sorption at 405 nm as 0.15 �g/ml of NOMV protein from the
recombinant strain �LpxL1-FNRc or 0.05 �g/ml from the
strain �LpxL1-pFP12-fHbp. Thus, the NOMVs from mutant
strain �LpxL1-FNRc had �3-fold-larger amounts of fHbp
than NOMVs from strain �LpxL1 with wild-type fHbp expres-
sion, while the NOMVs from strain �LpxL1-pFP12-fHbp had
�10-fold larger amounts. For convenience, we refer to the
NOMV vaccines from these two recombinant strains as 3� and
10� fHbp, respectively, and to NOMVs from the recombinant
strain �LpxL1 with wild-type fHbp expression as 1� fHbp.

The 10� fHbp NOMV vaccine elicits higher IgG serum
anti-fHbp antibody responses than the 3� fHbp NOMV vac-
cine. There was no detectable IgG anti-fHbp antibody in sera
of mice immunized with the NOMV vaccines prepared from
the two �fHbp recombinant strains or aluminum hydroxide
alone (reciprocal titers of 
50) (Fig. 2A). The reciprocal geo-
metric mean titers (GMT) in mice immunized with the 10�
fHbp, 3� fHbp, and 1� fHbp NOMV vaccines were 60,000,

FIG. 1. Characterization of NOMV vaccines. (A) SDS-PAGE and
Coomassie blue staining of NOMVs prepared from recombinant
H44/76 strains (Table 1). The NOMVs from the recombinant �LpxL1-
FNRc strain had larger amounts of two high-molecular-mass proteins,
which in parallel experiments were identified by mass spectrometry as
transferrin binding protein A and NMB1988 (9, 37). The NOMVs
from the recombinant �LpxL1-pFP12-fHbp strain showed larger
amounts of a band resolving at �30 kDa. In parallel experiments the
band resolving in this portion of the gel for NOMV preparations from
both the �LpxL1-FNRc and �LpxL1-pFP12-fHbp recombinant strains
contained fHbp and OpcA. (B) Relative amounts of fHbp in NOMV
vaccines prepared from recombinant H44/76 strains as measured by a
capture ELISA. Circles, �LpxL1; black triangles, �LpxL1-FNRc; Di-
amonds, �LpxL1-pFP12-fHbp; white triangles, �LpxL1�fHbp. The
NOMV vaccines from the recombinant strains �LpxL1-FNRc and
�LpxL1-pFP12-fHbp contained �3- and 10-fold more fHbp, respec-
tively, than the NOMVs from the �LpxL1 recombinant strain with
wild-type fHbp expression.
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18,300, and 10,000, respectively (P 
 0.05 by one-way analysis
of variance). The reciprocal GMT in control mice immunized
with the recombinant fHbp vaccine (28,500) was not statisti-
cally different from that in mice immunized with the 3� fHbp
NOMV vaccine and was lower than that in the 10� fHbp
NOMV group (P 
 0.05).

The IgG anti-LOS antibody responses of control mice im-

munized with the recombinant fHbp vaccine or aluminum hy-
droxide alone were below detection (1/GMT, 
50). There
were no significant differences between the respective recipro-
cal GMTs of the serum anti-LOS antibody responses of mice
immunized with the different NOMV vaccines (P � 0.05)
(Fig. 2B).

The 10� fHbp NOMV vaccine elicits higher serum bacteri-
cidal antibody responses than the 3� fHbp NOMV vaccine
against strains with heterologous PorA. All of the NOMV
vaccines as well as the recombinant fHbp vaccine elicited high
serum bactericidal antibody responses against the wild-type
strain H44/76 (reciprocal GMT, �20,000) (Fig. 3A), which had
a PorA that matched the PorA in the NOMV vaccines pre-
pared from the recombinant H44/76 strains. This test strain
also expressed fHbp sequence variant ID 1, which was the
variant used in the recombinant fHbp vaccine and in the fHbp
NOMV vaccines.

The remaining five test strains had PorA proteins heterolo-
gous to that of the vaccine strain and expressed fHbp sequence
variants with amino acid identity ranging from 87% (strains
NM117 and GB101, fHbp ID 15) to 96% (strain NM008, fHbp
ID 4) to that of the vaccine strain. Against each of these
strains, the 10� fHbp NOMV vaccine elicited higher geomet-
ric mean titers (P 
 0.05) than the 1� fHbp NOMV vaccine or
the recombinant fHbp vaccine. In contrast, mice immunized
with the 3� fHbp NOMV vaccine had higher titers (P 
 0.05)
against only one strain (NZ98/254). Against four of the five
heterologous strains (Fig. 3B, C, E, and F), the GMT in the
10� fHbp NOMV vaccine group also was significantly higher
than that in the 3� fHbp NOMV vaccine group (P 
 0.05).

Bactericidal antibody responses elicited by the 10� NOMV
vaccine against strains with heterologous PorA are directed
predominantly against fHbp. Despite high serum anti-LOS
antibody titers (Fig. 2B), mice immunized with control NOMV

FIG. 2. IgG antibody responses of immunized mice as measured by
ELISA. (A) Anti-fHbp. (B) Anti-LOS. The antigen on the plate was
recombinant fHbp ID1 or LOS prepared from recombinant strain
H44/76 �LpxL1. *, P 
 0.05 for 10� fHbp NOMVs compared to
NOMVs with 1� or 3� fHbp or recombinant fHbp vaccine (by
Tukey’s multiple comparison test). The differences between the re-
spective anti-LOS antibody titers were not significant (P � 0.05).

FIG. 3. Human complement-mediated serum bactericidal antibody responses of mice. The H44/76 test strain (A) was the parent of recombinant
H44/76 strains used to prepare the NOMV vaccines. The amino acid sequence of fHbp of this test strain also matched those of the fHbp in the
NOMV and recombinant fHbp vaccines. The other five test strains (B to F) each expressed a PorA heterologous to that of the H44/76 vaccine strain
and had heterologous fHbp sequence variants in the variant 1 group compared with the fHbp antigen in the vaccines (see text). *, P 
 0.05 for
the 10� fHbp or 3� fHbp NOMV vaccine group compared to NOMVs from strains with 1� fHbp expression (by Tukey’s multiple-comparison
test). ID, fHbp sequence variant identification number from the fHbp database (http://pubmlst.org/neisseria/fHbp/).
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vaccines from the two isogenic �fHbp recombinant strains
developed low or undetectable serum bactericidal antibody
responses against all five strains with a heterologous PorA
(1/GMT, �10) Fig. 3B to F). The lack of serum bactericidal
activity was consistent with undetectable serum anti-fHbp an-
tibody responses elicited by the NOMV vaccines from the
�fHbp recombinant strains (Fig. 2A).

To investigate the antigenic target of bactericidal antibodies
elicited by the 10� fHbp NOMV, we adsorbed anti-fHbp an-
tibodies from two of the serum pools from the immunized mice
and measured serum bactericidal activity against two strains,
NM008 and GB101, with heterologous PorA VR types. By
ELISA, approximately 98% of the anti-fHbp antibodies were
removed from the sera by adsorption on the fHbp column (Fig.
4A) while the levels of anti-LOS antibodies did not change
(Fig. 4B). Adsorption of the anti-fHbp antibodies resulted in a

decrease in the bactericidal titer from �1:1,000 to 
1:10
against strain NM008 and from �1:1,000 to 1:35 against strain
GB101 (Fig. 4C and D, respectively). These results were con-
sistent with fHbp being the main target of serum bactericidal
antibodies.

Lack of cooperative serum bactericidal activity between
anti-fHbp antibodies elicited by the recombinant fHbp vaccine
and antibodies elicited by �fHbp NOMV vaccines. Previous
studies indicated that for antibodies directed at “minor” pro-
tein antigens, a critical density of immune complexes on the
bacterial surface was required to elicit bactericidal activity, and
this threshold was reached only when more than one minor
antigen was targeted (47). Evidence for cooperative serum
bactericidal activity between antibodies to fHbp and Neisseria
heparin binding antigen in adults immunized with a multicom-
ponent recombinant vaccine was also recently reported (43).
Therefore, it was possible that the high bactericidal titers elic-
ited in mice by the NOMV vaccine with 10� fHbp resulted
from cooperative bactericidal activity between antibodies di-
rected at fHbp and antibodies elicited by other antigens in the
NOMV vaccine. To investigate this possibility, we mixed a
serum pool from mice immunized with the recombinant fHbp
vaccine with serum pools from mice immunized with the
�fHbp NOMV vaccines or, as a negative control, a serum pool
from mice immunized with aluminum hydroxide only (Table
3). We measured serum bactericidal activity of the mixed sera
against two strains with heterologous PorA. Strain NM008 had
an LOS immunotype homologous to that of the vaccine strain
(L3,7,9). Strain GB101 had a heterologous LOS immunotype
(L1,8). Against both test strains the respective reciprocal anti-
fHbp bactericidal titers of the antiserum to the recombinant
fHbp vaccine were not significantly augmented by the addi-
tion of antiserum from mice immunized with the �fHbp
NOMV vaccines. Thus, there was no evidence that antibod-
ies elicited by non-fHbp antigens in the NOMV vaccines
from the �fHbp recombinant strains cooperated and aug-
mented bactericidal activity of the anti-fHbp antibodies elic-
ited by the recombinant fHbp vaccine.

DISCUSSION

Detergent-treated meningococcal OMV vaccines are safe
(29, 30) and effective (reviewed in reference 16). Their major
limitation is a strain-specific serum bactericidal antibody re-

FIG. 4. Effect of absorption of serum anti-fHbp antibodies on bac-
tericidal activity. Two serum pools from mice immunized with 10�
fHbp NOMVs were incubated with recombinant fHbp or, as a negative
control, recombinant human albumin (rHu albumin), which were co-
valently linked to cyanogen bromide-activated agarose. Adsorption on
the fHbp column depleted 98% of the anti-fHbp antibodies (A) with-
out a significant effect on anti-LOS antibody titer (B). Depletion of
anti-fHbp antibodies eliminated or removed the majority of serum
bactericidal activity against strain NM008 or GB101 with a heterolo-
gous PorA (C and D).

TABLE 3. Serum bactericidal titers of mixtures of antisera

Antiserum Aa Antiserum Ba

1/titerb

Serum bactericidal activityc

IgG anti-fHbp
Strain GB101 Strain NM008

�fHbp NOMV Al(OH)3 without antigen 
10 
10 
50
�fHbp, FNRc NOMV Al(OH)3 without antigen 
10 
10 
50
Recombinant fHbp Al(OH)3 without antigen 90 10 11,000
Recombinant fHbp �fHbp NOMV 80 10 11,000
Recombinant fHbp �fHbp, FNRc NOMV 70 12 11,000
10� fHbp NOMV Al(OH)3 4,600 1,600 20,000

a Equal volumes of antisera A and B were mixed and assayed for bactericidal activity.
b Refers to the dilution of the mixed sera.
c Strain GB101 expresses an LOS immunotype (L1,8) heterologous to that of the H44/76 recombinant vaccine strains, while strain NM008 expresses a homologous

LOS immunotype (L3,7,9).
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sponse, which in infants is directed largely against antigenically
variable PorA (38). In the present study, we prepared NOMV
vaccines from recombinant �LpxL1 strains of H44/76 in which
either the gene encoding fHbp ID 1 was deleted or fHbp
expression was increased 3-fold or 10-fold compared to wild-
type fHbp expression, which in strain H44/76 is naturally high
(26, 33). Our most important finding was that only the 10�
fHbp NOMV vaccine consistently elicited high IgG anti-fHbp
titers and high serum bactericidal antibody responses against
strains with heterologous PorA. Several lines of evidence in-
dicated that anti-fHbp antibodies were principally responsible
for this bactericidal activity. First, depletion of anti-fHbp an-
tibodies from sera of mice immunized with the 10� fHbp
NOMV vaccine eliminated or substantially decreased serum
bactericidal activity. Second, sera from control mice immu-
nized with NOMV vaccines prepared from �fHbp recombi-
nant strains had minimal or no bactericidal activity. Third,
there was no evidence of augmentation of bactericidal activity
of anti-fHbp antibodies elicited by the recombinant fHbp vac-
cine when the serum pool was mixed with a serum pool from
the mice immunized with NOMV vaccines from the �fHbp
recombinant strains (Table 3). Collectively, the results indi-
cated that a relatively large increase in fHbp expression in the
NOMV vaccine was required for optimal fHbp immunogenic-
ity, that the principal antigenic target of the bactericidal re-
sponses was fHbp, and that other antibodies elicited by the
NOMV vaccine did not contribute to the observed bactericidal
activity.

In a phase 1 trial, Keiser et al. immunized adults with an
NOMV vaccine from a mutant with attenuated endotoxin
activity (�LpxL1), which also was engineered to overexpress
fHbp (21, 48). The LOS of the mutant also had a truncated
oligosaccharide chain. They found that most of the serum
bactericidal antibody response was directed against LOS, with
only a minor contribution of anti-fHbp antibodies. Similar
results were observed in an earlier study with this vaccine in
CD1 mice (48). Our findings provide a plausible explanation
for the low anti-fHbp antibody responses to the Keiser vaccine,
since by Western blotting the recombinant strain used to pre-
pare the NOMV vaccine had only approximately 2-fold-in-
creased fHbp expression compared to the parent wild-type
strain (48). Also, the recombinant strain was described as ex-
pressing fHbp levels similar to those of the H44/76 wild-type
strain (21), which would correspond to the 1� fHbp NOMV
vaccine in our study. In CD1 mice, only the NOMV vaccine
(10�) with 10-fold-increased fHbp elicited broad serum anti-
fHbp bactericidal antibody responses against strains with het-
erologous PorA; the 3� and 1� fHbp NOMV vaccines were
less effective.

All of the NOMV vaccines containing fHbp elicited higher
serum bactericidal titers against three of the five PorA-mis-
matched strains than the control recombinant fHbp vaccine
(Fig. 3B, C, and D). Our hypothesis is that the fHbp NOMV
vaccines elicited a different anti-fHbp antibody repertoire than
the recombinant fHbp vaccine, which can affect bactericidal
activity (3, 4). An alternative hypothesis is that there were
different anti-fHbp IgG subclass responses to the different
vaccine formulations, but previously published data did not
support this possibility (19). A third possibility was that anti-
bodies directed at other antigens in the NOMV vaccine aug-

mented bactericidal activity of the anti-fHbp antibodies. As
described above, this hypothesis also was unlikely, since adding
antisera from mice immunized with NOMV vaccines from
�fHbp recombinant strains did not augment the bactericidal
activity of antiserum to the recombinant fHbp (Table 3).

In conclusion, NOMV vaccines from �LpxL1 recombinant
strains with increased fHbp expression have the potential to be
safe for use in humans and efficacious. As shown in this study,
high levels of overexpressed fHbp (10� over wild-type fHbp
expression by strain H44/76) are needed in the NOMV vaccine
to elicit high anti-fHbp titers and broad bactericidal activity.
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