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Background.  Meningococcal outer membrane vesicle (OMV) vaccines are prepared with detergents to remove endotoxin, 
which also remove desirable antigens such as factor H binding protein (FHbp). Native OMV (NOMV) vaccines with genetically 
attenuated endotoxin do not require detergent treatment and elicit broader serum bactericidal antibody (SBA) responses than OMV 
or recombinant FHbp (rFHbp) vaccines.

Methods.  We measured human complement–mediated SBA responses in mice immunized with NOMV with overexpressed 
FHbp subfamily B (NOMV-FHbp), NOMV with FHbp genetically inactivated (NOMV-KO), and/or a control rFHbp vaccine against 
meningococcal and gonococcal strains.

Results.  Despite having 36-fold less FHbp per dose, the NOMV-FHbp vaccine elicited a ≥3-fold higher serum IgG anti-FHbp 
geometric mean titer than control vaccines containing rFHbp (P ≤ .003). Against 2 meningococcal outbreak strains with mismatched 
PorA and heterologous FHbp subfamily B sequence variants, the NOMV-FHbp vaccine produced ≥30-fold higher SBA titers than 
control vaccines. Mice immunized with NOMV-FHbp and NOMV-KO vaccines also elicited SBA against a gonococcal strain 
(P < .0001 vs the adjuvant-only control group). In contrast, 2 licensed meningococcal serogroup B vaccines, including one contain-
ing detergent-extracted OMV, did not produce gonococcal SBA in humans.

Conclusions.  A meningococcal NOMV vaccine elicits SBA against gonococci and with overexpressed FHbp elicits SBA against 
meningococci.
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Meningococcal outer membrane vesicle (OMV) vaccines are 
treated with detergents to decrease endotoxin activity, and this 
treatment also removes certain desirable lipoprotein antigens, 
such as factor H binding protein (FHbp) [1] and neisserial 
heparin binding antigen [2]. As a result, detergent-extracted 
OMV (dOMV) vaccines elicit serum bactericidal antibody 
primarily against strains with PorA variable regions (VR1 and 
VR2) matched to the vaccine [3, 4]. Meningococcal dOMV 
vaccines have been used to control serogroup B epidemics 
and hyperendemic disease predominantly caused by clonal 
strains with PorA sequences matched to those of the vaccines 
[5–8]. A  dOMV is also a principal component of a recently 
licensed serogroup B vaccine (Bexsero; referred to herein as 
“MenB-4C”), which also contains 3 recombinant protein anti-
gens, including FHbp [9].

A potentially more promising strategy to confer broad pro-
tection against meningococcal disease is the use of native OMV 
(NOMV) vaccines prepared from meningococcal strains with 
genetically attenuated endotoxin and overexpressed FHbp 
[10, 11]. Since the NOMV vaccines are not prepared with a 
detergent, they retain protective detergent-soluble lipopro-
tein antigens [4]. NOMV vaccines also may have more native 
membrane protein conformations that might not be present in 
recombinant antigens.

Although the mechanism is not clear, recent epidemiologic 
studies suggest that an unexpected benefit of meningococcal vac-
cination with dOMV (MeNZB) or MenB-4C is partial protection 
against gonococcal disease [12–14]. Conceivably, components of 
the meningococcal dOMV, with or without recombinant protein 
antigens in the MenB-4C vaccine, might cross-react with anti-
gens present in gonococcal strains and decrease the incidence 
and/or severity of gonococcal disease [15].

In the present study, we tested the immunogenicity in mice 
of a meningococcal NOMV vaccine with genetically attenuated 
endotoxin and overexpressed FHbp (NOMV-FHbp), which 
was produced for an infant primate study. The serum antibod-
ies elicited in the mice had broader meningococcal bactericidal 
activity than those elicited in control mice immunized with a 
recombinant FHbp (rFHbp) vaccine or with a NOMV vaccine 
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from a FHbp knockout (NOMV-KO) strain given individually 
or in combination with rFHbp. Unexpectedly, the anti-NOMV 
antibodies also elicited human complement–mediated SBA 
against the gonococcus. In contrast, sera from humans immu-
nized with MenB-4C or a second licensed serogroup B vaccine 
(Trumenba; referred to herein as “MenB-FHbp”) did not elicit 
SBA against the gonococcal strain. Collectively, the data high-
light the potential for a meningococcal NOMV vaccine to elicit 
protection against both meningococci and gonococci.

METHODS

Preparation of NOMV and rFHbp Vaccines

FHbp can be subdivided into 2 families, A and B, based on the 
relatedness of amino acid sequences and antigenic cross-reac-
tivity [16]. For the NOMV-FHbp vaccine and control rFHbp 
vaccine, we used a subfamily B FHbp with amino acid sequence 
variant ID 1 (previously referred to as 1.1 from strain MC58 
[1]). In addition, we introduced the R41S substitution that 
has approximately 100-fold decreased binding to human or 
nonhuman primate FH, compared with wild-type FHbp [17]. 
This mutation has a minimal effect on immunogenicity in mice 
whose FH does not bind to wild-type FHbp [18].

The NOMV vaccines were prepared from mutant strains 
described previously [18], which included inactivation of the 
LpxL1 gene to attenuate endotoxin activity [19], and overex-
pressing FHbp (NOMV-FHbp) or inactivating the gene encod-
ing FHbp (NOMV-KO). For comparison of the amount of FHbp 
in each vaccine preparation, we also prepared a control NOMV 
from the parental strain H44/76 containing the wild-type FHbp 
gene and an empty pFP12 [10, 20] plasmid (NOMV-Empty). 
Modifications to the previous NOMV isolation procedure 
included (1) growth of the bacteria in Frantz medium [21] 
instead of Mueller-Hinton medium; (2) use of filtration (0.2 µm; 
Millipore), which removes residual bacteria, instead of phenol 
treatment, which kills residual bacteria; and (3) use of ultrafiltra-
tion (100-kDa molecular weight cutoff; Amicon) to concentrate 
the NOMV, instead of (NH4)2SO4 precipitation.

Characterization of NOMV Vaccines

The relative amount of FHbp and the identity of protein antigens 
present in the NOMV preparations were determined by liquid 
chromatography tandem mass spectrometry (LC-MS/MS), per-
formed at the University of California–Davis Proteomics Core 
Facility. Total protein in the NOMV preparations was processed 
for mass spectrometry as described in protocols provided by 
the University of California–Davis Proteomics Core Facility. 
Cysteine residues were reduced and carboxyamidated, and the 
mixture was digested with Lys-C/trypsin (Promega). Also, we 
approximated the amount of the major outer membrane pro-
tein antigens by determining the relative amount of PorB, using 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
and densitometry of Coomassie blue–stained gel (SimplyBlue 

SafeStain; Thermo Scientific) and then dividing the peak area 
for the most abundant peptide for each protein by the peak area 
for the most abundant PorB peptide. The results are presented 
in Table 1. The identity of the proteins in each NOMV prepara-
tion are presented in Supplementary Table 1. Sequence coverage 
for all of the major outer membrane proteins except immuno-
globulin A1 (IgA1) protease was ≥90%.

Mouse Immunogenicity

Five groups of 3-week-old female CD-1 mice (14–16 per group) 
were immunized intraperitoneally at 3-week intervals, and ter-
minal collection of blood specimens was done 2 weeks after the 
third dose. The vaccines tested were NOMV-FHbp, NOMV-KO, 
rFHbp, a combination of rFHbp and NOMV-KO (rFHbp/
NOMV-KO), and aluminum hydroxide adjuvant (Al(OH)3) 
alone (Alhydrogel, Brenntag Biosector). The dose of NOMV was 
5 μg, and the dose of rFHbp was 10 μg, with each antigen adsorbed 
with 600 µg of Al(OH)3. One mouse in each of the NOMV-FHbp 
and NOMV-KO/rFHbp groups died before the conclusion of the 
immunogenicity experiment. For each vaccine group, we made 
4 serum pools (3–4 mice per pool), which were stored at −80°C 
prior to performing antibody assays. Mouse immunogenicity 
experiments were conducted under a protocol approved by the 
Institutional Animal Care and Use Committee at the University 
of California–San Francisco Benioff Children’s Hospital Oakland.

Human Sera

SBA against the gonococcus was performed on stored sera from 
healthy adults immunized with the recommended 2 doses of 
MenB-4C or 3 doses of MenB-FHbp as part of 2 previously 
published immunogenicity studies [22, 23]. For this study, all 
human serum samples were deidentified; investigators were 

Table 1.  Relative Amounts of Candidate Vaccine Proteins Measured by 
Mass Spectrometry

Protein

Molecular  
Weight, 

kDa

Protein Level per 5 µg of NOMVa

Empty, µgb Knockout, µgc FHbp, µgc

FHbp 23 0.02 0.00 0.40

PorA 42 0.25 0.15 0.18

PorB 34 0.53 0.70 0.75

RmpM 26 0.38 0.21 0.54

IgA1 protease 203 0.08 0.05 0.03

FetA 74 0.23 0.17 0.43

Opa 25 0.02 0.10 0.03

TbpA 99 0.06 0.05 0.17

Omp85 88 0.07 0.04 0.10

Opc 28 0.01 0.01 0.09

NspA 18 0.01 0.00 0.01

Abbreviations: FHbp, factor H binding protein; IgA1, immunoglobulin A1; NOMV, native 
meningococcal outer membrane vesicle.
aThe amount was calculated as described in Methods.
bControl NOMV was used for analytical purposes, which was prepared from strain H44/76 
with natural wild-type expression of FHbp ID 1 and transformed with a negative control 
plasmid that did not contain the gene encoding FHbp.
cNOMV vaccines used to immunize mice.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy609#supplementary-data
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aware of the vaccine assignment and the pre- or post-immuni-
zation status associated with each sample.

Serologic Analysis

Complement activity was inactivated in mouse or human 
sera by incubation at 56°C for 30 minutes. Serum immuno-
globulin G (IgG) anti-FHbp antibody titers were measured by 
ELISA using rFHbp ID 1 (2 µg/ml diluted in phosphate-buff-
ered saline) as the antigen on the plate. Bound mouse IgG was 
detected with goat anti-mouse IgG (whole molecule) conjuga-
ted to alkaline phosphatase (Sigma-Aldrich; 1:10 000 dilution) 
and para-nitrophenyl phosphate substrate (Sigma-Aldrich; 
1 mg/mL in 50 mM NaCO3 and 1 mM MgCl2 [pH 9.8]). Titers 
were assigned from the interpolated reciprocal serum dilution 
that yielded an absorbance at 405 nm of 2.0.

 Meningococcal SBA titers were measured as previously 
described using mid–logarithmic phase meningococci grown 
in liquid culture in Frantz medium [21] containing 4 mM D,L-
lactate and 2 mM CMP-NANA (Sigma-Aldrich). The comple-
ment was a mixture of serum specimens that were collected 
from 3 healthy human subjects and had been depleted of IgG 
antibodies by using a protein G column (HiTrap Protein G, 5 ml; 
GE Life Sciences) as previously described [17]. Informed con-
sent was obtained from the subjects who provided complement, 
under a protocol approved by the Institutional Review Board of 
the University of California–San Francisco Benioff Children’s 
Hospital Oakland. SBA titers of the mouse sera were assigned 
from the interpolated serum dilution that resulted in 50% sur-
vival of the bacteria after incubation at 37°C for 60 minutes as 
compared to negative control wells at t = 60 minutes.

We measured SBA against 4 invasive meningococcal sero-
group B strains (Table 2). Strain H44/76 is a case isolate from an 
epidemic in Norway [6]. This strain also was used to construct 
the mutant strains from which the NOMV vaccines were pre-
pared. The test strain therefore is matched for PorA VR 7,16 in 
the NOMV-FHbp and NOMV-KO vaccines and for FHbp ID 1 
in the NOMV-FHbp and rFHbp vaccines. Strain SK106 is a case 
isolate from a patient hospitalized in Ohio in 2003 [24] and is 

mismatched for the NOMV PorA and matched for FHbp ID 1 
in the vaccines. Strains CH819 and CH860 are invasive case iso-
lates from outbreaks at a university in New Jersey [25, 26] and 
in Quebec, Canada [27, 28], respectively. Both test strains are 
mismatched for the PorA VR type in the NOMV vaccines and 
matched for the FHbp subfamily (B). CH819 expresses FHbp 
ID 276 with 96% amino acid sequence identity to FHbp ID 1 in 
the rFHbp or NOMV-FHbp vaccines. CH860 expresses FHbp 
ID 15 with 87% identity to the FHbp ID 1 in the vaccines.

For gonococcal SBA, we tested heat-inactivated serum at a 
1:5 dilution with 20% exogenous normal human serum as a 
complement source and used gonococcal strain FA1090. For 
the mouse sera, we depleted IgM antibodies to remove naturally 
acquired SBA. In brief, the sera were mixed with equal volumes 
of anti-mouse IgM sepharose (Sigma) and incubated at room 
temperature for 30 minutes. The IgM-depleted sera were col-
lected following centrifugation at 1000 ×  g for 1 minute. The 
resin was washed with 1 volume of Hank’s balanced saline solu-
tion (HBSS++), and the wash solution was added to the IgM-
depleted sera. Sera were sterilized using a cellulose acetate filter 
(Costar) and stored at 4°C prior to use. For the human sera, 
depletion of IgM was not needed because FA1090 is resistant to 
killing by normal human serum [29–31] and preimmune sera 
did not show any killing (see Results).

Statistical Analyses

Serum antibody reciprocal titers were transformed to log10 val-
ues for calculation of geometric means. Titers below the low-
est dilution tested were assigned half of the value (eg, a titer 
of <1:10 was assigned a value of 1:5). Statistical tests were 
unpaired, 2-tailed Mann-Whitney t tests. A χ2 test was used to 
compare the percentages of mice in each group with gonococcal 
SBA titers of <1:5 or ≥1:5. P values of ≤.05 were considered to be 
statistically significant.

RESULTS

Serum IgG Anti-FHbp Antibody Responses

Serum IgG anti-FHbp antibody titers were tested in 4 serum 
pools per vaccine group (3–4 mice per pool). Despite a 36-fold 
lower amount of FHbp per dose of the NOMV-FHbp vaccine, 
the reciprocal geometric mean titer (GMT) of the mice immu-
nized with the NOMV-FHbp vaccine was 3.2–3.3-fold higher 
than those of mice immunized with the rFHbp/NOMV-KO 
combination vaccine or the rFHbp vaccine (reciprocal GMT, 
12 196 vs 3755 or 3677, respectively; P ≤ .003; Figure  1). The 
reciprocal IgG anti-FHbp GMTs of mice immunized with the 
NOMV-KO vaccine or aluminum adjuvant without a vaccine 
antigen were <500 (the lowest dilution tested).

Meningococcal Serum Bactericidal Antibody Responses

In previous studies, the principal antigenic targets of SBA elic-
ited by NOMV-FHbp vaccines were PorA and FHbp [4, 10, 

Table 2.  Neisserial Strains Used for Measurement of Serum Bactericidal 
Activity

Species Strain PorA VRa FHbp IDb Reference(s)

NmB H44/76 7, 16 ID 1 [6, 43]

NmB SK106 19, 15 ID 1 [24]

NmB CH819 5, 2-2 ID 276 [25, 26]

NmB CH860 19, 15-11 ID 15 [27, 28]

Ng FA1090 NA NA Available at: https://www.ncbi.nlm. 
nih.gov/nuccore/NC_002946.2

Abbreviations: FHbp, factor H binding protein; NA, not applicable; Ng, Neisseria gonor-
rhoeae; NmB, Neisseria meningitidis serogroup B; VR, variable region.
aSequence type of PorA based on VR1 and VR2 as designated on the public database (avail-
able at: https://pubmlst.org/neisseria/PorA/).
bFHbp amino acid sequence identification number as designated in a public database (avail-
able at: https://pubmlst.org/neisseria/fHbp/). All FHbp variants were assigned to subfamily B.

https://www.ncbi.nlm.nih.gov/nuccore/NC_002946.2
https://www.ncbi.nlm.nih.gov/nuccore/NC_002946.2
https://pubmlst.org/neisseria/PorA/
https://pubmlst.org/neisseria/fHbp/
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32]. For strain H44/76, which matched the vaccines to those 
2 and other antigens, the reciprocal GMTs for mice immu-
nized with the rFHbp, NOMV-KO, or rFHbp/NOMV-KO 

combination vaccines were 815, 1939, and 2695, respectively (P 
≥ .33, by pair-wise t tests). In contrast, the reciprocal GMT of 
mice immunized with the NOMV-FHbp vaccine (10 589) was 
3.8-fold to 5.5-fold higher than for the other vaccine groups (P 
≤ .006, by pair-wise t tests; Figure 2A). All of the titers of the 
negative control pools from mice immunized with aluminum 
hydroxide alone were <1:10.

Serogroup B strain SK106 was mismatched for PorA in the 
NOMV vaccine and matched with FHbp ID 1 for the rFHbp 
and NOMV-FHbp vaccines (Table  2). Mice immunized with 
the NOMV-KO vaccine had a reciprocal GMT of 9 (Figure 2B). 
In contrast, mice immunized with the rFHbp vaccine, the com-
bination rFHbp/NOMV-KO vaccine, or the NOMV-FHbp 
vaccine had a reciprocal GMT of 1299, 547, and 1420, respec-
tively (P ≥ .052; Figure  2B). Thus, when the test strain had a 
mismatch for PorA and an exact match with FHbp ID 1 in the 
rFHbp or NOMV-FHbp vaccines, SBA titers were high. With 
the NOMV-KO vaccine, titers were high for strain H44/76 with 
PorA that matched the vaccine but not for strain SK016 with a 
heterologous PorA VR type.

In general, SBA responses to FHbp are subfamily specific 
[16, 33]. The FHbp vaccine antigen was FHbp ID 1 in subfamily 
B. We measured SBA responses against 2 additional serogroup 
B strains responsible for outbreaks in North America. Both 
strains were mismatched for both PorA and had FHbp subfamily 
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Figure 2.  Human complement-mediated serum bactericidal activity (SBA) against 4 meningococcal strains. Each symbol represents the titer of a serum pool from 3 to 4 
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B sequence variants that were not exactly matched to that in 
the NOMV-FHbp and rFHbp vaccines. For strain CH819, the 
reciprocal GMT was 329 for the NOMV-FHbp vaccine versus 
<10 for the rFHbp, the rFHbp/NOMV-KO combination, or the 
NOMV-KO vaccines (P ≤ .004; Figure 2C). For strain CH860, 
the reciprocal GMT was 452 for the NOMV-FHbp vaccine ver-
sus ≤11 for the other vaccines (P ≤ .009; Figure 2D).

Gonococcal Serum Bactericidal Antibody Responses

For measurement of gonococcal SBA responses, we focused 
on the sera from mice immunized with NOMV-FHbp or 
NOMV-KO vaccines, since gonococci do not express FHbp 
on the bacterial surface [34]. Mice immunized with aluminum 
hydroxide adjuvant without an antigen served as a negative 
control. Eleven of 15 mice immunized with the NOMV-FHbp 
vaccine and 12 of 16 immunized with the NOMV-KO vaccine 
had SBA titers of ≥1:5, compared with 0 of 14 immunized with 
the aluminum hydroxide adjuvant without antigen (P < .0001, 
by the χ2 test; Figure 3). Since the dOMV vaccine used in New 
Zealand and the MenB-4C vaccine, which contains dOMV, 
were reported to provide protection against gonococcus [12, 
35], we tested SBA in stored sera obtained before dose 1 and 
1 month after dose 2 or dose 3 from healthy adults immunized 
in previous studies with meningococcal serogroup B vaccines 
[22, 23]. It was noteworthy that 0 of 12 subjects immunized with 
MenB-4C or 0 of 6 immunized with MenB-FHbp had non-de-
tectable  SBA in sera obtained before or after immunization 

(titers, <1:5; Figure  4A and 4B). A  positive control showed 
that antigonococcal lipooligosaccharide monoclonal antibody 
2C7 [36] was bactericidal under the same assay conditions 
(Figure 4C).

Mass spectrometry of the protein composition of the 
meningococcal NOMV vaccines identified 249 proteins 
(Supplementary Table 1). Forty of these had >80% amino acid 
sequence identity based on the whole-genome sequence from 
gonococcal strain FA1090, which identifies them as potential 
antigenic targets of SBA.

DISCUSSION

In the present study, we tested the immunogenicity in mice of 
1 lot of an NOMV vaccine with genetically attenuated endo-
toxin and an overexpressed FHbp subfamily B mutant R41S 
with decreased binding of human FH. The main purpose of the 
study was to confirm the immunogenicity of the NOMV-FHbp 
vaccine lot before testing the vaccine in an infant primate study. 
One of our observations was that mice vaccinated with NOMV-
FHbp had 3-fold higher serum IgG anti-FHbp antibody titers 
than mice immunized with a control rFHbp vaccine or a control 
rFHbp vaccine administered in combination with a NOMV-
FHbp KO vaccine. The NOMV-FHbp vaccine also elicited 
≥30-fold higher SBA titers against 2 meningococcal test strains 
with heterologous PorA VR types, compared with the NOMV-
FHbp vaccine and FHbp amino acid sequence variants with 
87% or 96% identity to the vaccine FHbp antigen. These results 
are noteworthy because the NOMV-FHbp vaccine contained 
36-fold less FHbp per dose than the rFHbp vaccine. The reason 
for the higher anti-FHbp antibody responses to the NOMV-
FHbp vaccine is not simply an effect of adjuvant properties in 
the NOMV, since administering the rFHbp in combination with 
a NOMV-FHbp KO vaccine did not enhance serum anti-FHbp 
antibody responses, compared with the rFHbp vaccine alone. 
It is possible that the higher responses to FHbp in the NOMV-
FHbp result from more-optimal presentation of FHbp in the 
context of the NOMV and/or the lipid moiety present on FHbp 
in the NOMV.

Several meningococcal NOMV vaccines that have geneti-
cally attenuated endotoxin and contain FHbp have been tested 
in human clinical studies [37, 38]. Although these vaccines 
appeared to be safe and well tolerated, the breadth and magni-
tude of the SBA responses were modest. One possible reason is 
that the NOMV vaccines tested had minimal overexpression of 
FHbp (estimated to be approximately 2-fold higher than that for 
the parent wild-type strain from which the mutant vaccine strain 
was derived). Data from wild-type mice (whose mouse FH does 
not bind to FHbp) indicated that optimal NOMV-FHbp immu-
nogenicity required at least 3–10-fold higher expression of FHbp 
as compared to strain H44/76 [10, 11], which has naturally high 
expression of FHbp [39]. In contrast, the NOMV-FHbp vaccine 
in the present study had approximately 20-fold higher FHbp 
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Figure  3.  Serum bactericidal activity (SBA) measured against Neisseria gon-
orrhoeae strain FA1090. Bacteria were incubated with individual mouse serum 
samples at a 1:5 dilution, after which normal human serum (20%) was added as a 
complement source. SBA was defined by <50% survival of bacteria after incubation 
for 30 minutes at 37°C. A total of 12 of 16 mice immunized with native meningo-
coccal outer membrane vesicle–knockout (NOMV-KO) and 11 of 15 mice immunized 
with NOMV–factor H binding protein (FHbp) had SBA titers of ≥1:5, compared with 
0 of 14 mice immunized with aluminum hydroxide (Al(OH)3) given without an antigen 
(P < .0001, by the χ2 test).

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy609#supplementary-data
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expression than NOMV from wild-type strain H44/76. Also, 
the wild-type FHbp antigens used in the human clinical studies 
bound human FH. Data from human FH transgenic mice and 
infant rhesus monkeys whose macaque FH binds to wild-type 
FHbp indicated that binding of FH to FHbp vaccines impaired 
SBA responses [17, 40, 41, 42]. Further, mutant FHbp antigens 
with low binding to human or macaque FH, such as the R41S 
mutant used in the present study, elicited higher SBA responses 
than control FHbp vaccines that bound FH [18].

Both the NOMV-FHbp and NOMV-FHbp KO vaccines unex-
pectedly elicited SBA against Neisseria gonorrhoeae. In contrast, 
adult humans immunized in previous studies with licensed 
meningococcal serogroup B vaccines showed no evidence of 
gonococcal SBA in preimmunization or postimmunization sera. 
Although one cannot compare directly the antibody responses of 
mice given the NOMV vaccines and humans given the licensed 
serogroup B vaccines, the lack of SBA responses in humans 
indicates that the presence of SBA responses in mice is not the 
result of an overly sensitive SBA method. Furthermore, the lack 
of gonococcal SBA responses in humans immunized with the 
MenB-4C vaccine are particularly noteworthy, given the results of 
retrospective epidemiologic analyses indicating that the menin-
gococcal dOMV (MeNZB) given alone in New Zealand [12] or as 
part of the MenB-4C vaccine in Quebec [35] may have decreased 
the incidence of gonococcal disease in both populations. Thus, if 
these dOMV vaccines confer protection against gonococcal dis-
ease, the protection would appear to be independent of eliciting 
SBA against the FA1090 test strain used in the present study.

For NOMV vaccines against meningococci, the most import-
ant antibodies for SBA are against PorA, when the VR type of 
the target strain matches that of the vaccine, and against FHbp, 

when that in the target strain is in the same subfamily as that 
in the vaccine. In contrast, the gonococcal SBA did not require 
antibodies to FHbp because the NOMV-KO vaccine elicited 
activity similar to that of the NOMV-FHbp vaccine. Mass spec-
trometry of the NOMV vaccines provides insight on potential 
meningococcal antigens that might cross-react with gonococci. 
However, further studies are necessary to determine whether 
one or more of these antigens elicits protection against gono-
coccal disease. Our hypothesis is that an effective combination 
meningococcal-gonococcal vaccine can be developed based on 
meningococcal NOMV overexpressing the cross-reactive gono-
coccal antigen(s).
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Figure 4.  Serum bactericidal activity (SBA) measured against Neisseria gonorrhoeae strain FA1090. Bacteria were incubated with heat-inactivated individual human serum 
samples at a 1:5 dilution and with normal human serum (20%) as a source of complement. A, Sera obtained before dose 1 or after dose 2 from humans immunized with 
2 doses of MenB-4C in a previous study [22]. B, Sera from humans immunized with 3 doses of MenB–factor H binding protein (FHbp) in previous studies [23]. None of the 
immunized humans had gonococcal SBA titers of ≥1:5 in sera obtained before immunization dose 1 or 1 month after dose 2 or dose 3. C, Positive control monoclonal antibody 
(MAb) 2C7 (50 µg/mL) showing bactericidal activity against strain FA1090.
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