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The capsular polysaccharide of Neisseria meningitidis group B is an autoantigen, whereas noncapsular
antigens are highly variable. These factors present formidable challenges for development of a broadly
protective and safe group B vaccine. Mice and guinea pigs were sequentially immunized with three doses of
micovesicles or outer membrane vesicles prepared from three meningococcal strains that were each antigeni-
cally heterologous with respect to the two major porin proteins, PorA and PorB, and the group capsular
polysaccharide. The resulting antisera conferred passive protection against meningococcal group B bacteremia
in infant rats and elicited complement-mediated bactericidal activity against genetically diverse group B
strains that were either homologous or heterologous with respect to PorA of the strains used to prepare the
vaccine. By using knockout strains, a portion of the bactericidal antibody was directed against the highly
conserved protein, neisserial surface protein A (NspA). Further, an anti-NspA monoclonal antibody elicited by
the sequential immunization was highly bactericidal against strains that were previously shown to be resistant
to bacteriolysis by anti-NspA antibodies produced by immunization with recombinant NspA. Sequential
immunization with heterologous vesicle preparations offers a novel approach to eliciting broadly protective
immunity against N. meningitidis strains. An NspA-based vaccine prepared from protein expressed by Neisseria
also may be more effective than the corresponding recombinant protein made in Escherichia coli.

Neisseria meningitidis is a major cause of bacterial meningitis
and septicemia in children and young adults. Meningococcal
strains can be subdivided into capsular groups based on im-
munologically and chemically distinctive capsular polysaccha-
rides. Serum antibody to the capsular polysaccharide confers
protection against disease. Effective capsular polysaccharide-
based vaccines have been developed for the prevention of
disease caused by meningococcal strains from groups A, C, Y,
and W-135. However, there is no vaccine capable of eliciting
broadly protective antibodies to group B strains (reviewed in
reference 14). The lack of a group B vaccine is a serious public
health limitation since these strains account for approximately
one-third of meningococcal disease in North America (28) and
up to 80% in northern Europe (6).

The group B capsular polysaccharide is identical to human
polysialic acid and, therefore, is an autoantigen (7), as well as
a poor immunogen (13, 37, 39). A chemically modified deriv-
ative of group B polysaccharide in which N-propionyl groups
are substituted for N-acetyl groups has been shown to be more
immunogenic and to elict bactercidal antibodies. However, a
subset of the antibodies elicited by the modified polysaccharide
react with N-acetyl group B polysaccharide and bind to host
tissues (11, 12). Whether or not these autoreactive antibodies
are harmful is not known, but these observations raise safety
concerns that will be difficult to resolve before this vaccine can
be used widely in humans.

Alternative approaches to the development of a group B
vaccine include the use of noncapsular antigens such as pilin,

the opacity proteins Opa and Opc, iron-regulated proteins,
porin proteins (i.e., PorA), or outer membrane protein vesicles
(OMV) containing a single or multiple PorA variants (re-
viewed in reference 14). In general, these candidate vaccines
do not provide broad protection against group B strains as a
result of variable expression and/or antigenic variation of the
epitopes accessible on the surface of the bacteria from differ-
ent strains.

Analyses of genomic sequence data from group A and B
strains of N. meningitidis, as well as a strain of N. gonorrhea,
have revealed many previously unidentified genes that are pre-
dicted to encode novel conserved proteins, some of which
appear to be potential vaccine candidates (24, 26). Neisserial
protein A (NspA), which originally was discovered with a
monoclonal antibody, is also a highly conserved protein and is
under investigation as a vaccine candidate (16, 17, 19, 21).
Some of these proteins would be expected to be present in
membrane vesicles prepared from N. meningitidis strains. How-
ever, repeated immunization with OMV prepared from a sin-
gle meningococcal strain elicits strain-specific bactericidal an-
tibodies that are primarily directed at PorA (22, 27, 36) and, to
a lesser extent, Opc (27). Our hypothesis in the present study
was that sequential immunization with vesicles prepared from
three meningococcal strains that were each heterologous with
respect to PorA, PorB, and capsule would focus the immune
response to conserved proteins that normally are poorly im-
munogenic when repeated injections are given with vesicles
prepared from one strain or multiple strains.

MATERIALS AND METHODS

Bacterial strains. The 20 N. meningitidis strains chosen for the present study
(Table 1) were selected to represent diverse PorA VR types. Ten of the strains
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have VR types homologous to those of the three vaccine strains and 10 have
heterologous VR types. VR sequence types for strains 8047, NMB, RM1090, and
Z1092 were determined by I. Feavers, National Institute for Biological Standards
and Control (NIBSC) (United Kingdom). The VR types of strains CU385,
H44/76, M986, S3032, and S3446 were inferred from DNA sequences obtained
from GenBank (accession numbers U92935, X52995, U92942, X57178, and
U92919, respectively). The VR types of the remaining strains were inferred from
DNA sequences done by the Institute for Genome Research, Rockville, Md.
(24).

The NspA mutants of strain MC58�NspA, in which the nspA gene was inac-
tivated, was a gift from J. Abu-Bobie, Chiron Corp., Siena, Italy. The PorA-
deficient MC58 mutant was selected by using a high-inoculum bactericidal assay
(21) that included human complement and the anti-PorA monoclonal antibody
(MAb) MN14C11.6 (obtained from the National Institute of Biological Stan-
dards and Control, Potters Bar, United Kingdom) that is specific for the P1.7
serosubtype. Lack of PorA expression was confirmed by whole-cell enzyme-
linked immunosorbent assay (ELISA) (21) and Western blots of outer mem-
brane proteins prepared from the PorA deficient strain and resolved on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels as de-
scribed below.

Vesicle preparations. The meningococcal strain, which was frozen at �80°C in
aqueous 2% skim milk (wt/vol), was subcultured on a commercial chocolate agar
plate (Remel, Laztakas, Kans.). After overnight growth at 37°C in 4% CO2,
several colonies were selected to inoculate �7 ml of sterile Mueller-Hinton broth
to an optical density at 620 nm (OD620) of 0.1. The culture was incubated at 37°C
and 4% CO2 with rocking until the OD620 reached 0.6 to 0.8 (2 to 3 h). Two to
three 7-ml starter cultures were then used to inoculate 500 ml of Mueller-Hinton
broth. The larger culture was grown to an OD620 of 0.9 to 1.0 at 37°C with
vigorous shaking. Phenol was added to the culture to a final concentration of
0.5% (wt/vol), and the mixture was left at 4°C overnight to inactivate the bacteria.
The cells were then pelleted by centrifugation (11,000 � g) for 30 min at 4°C. The
cell pellets were frozen at �20°C until used for preparation of OMV (strain
Z1092 OMV only). Microvesicles (MV) were harvested from the phenol-treated

cell-free culture supernatant by adding solid ammonium sulfate (390 g/liter, final
concentration) slowly with stirring. (Note that we use the term MV to differen-
tiate between blebs, which are outermembrane protrusions that are still attached
to the bacterium, versus blebbing outermembrane that has been released into the
medium as an MV [3]). After the ammonium sulfate was added and completely
dissolved, the mixture was left at 4°C overnight. The precipitate containing MV
was collected by centrifugation at 11,000 � g for 30 min. The pellet was resus-
pended in 20 ml of phosphate-buffered saline (PBS) and centrifuged again at
16,000 � g for 15 min at 4°C. The low-speed pellet was discarded and the MV,
which remained in the supernatant, were collected by centrifugation at 100,000
� g for 2 h at 4°C. The final MV-containing pellet was resuspended in 5 ml of
water (MV vaccine preparation).

OMV were prepared by the method of Zollinger et al. (39). The frozen cell
pellet was resuspended in 10 ml of 0.05 M Tris-HCl buffer (pH 7.4) containing
0.15 M NaCl and 0.01 M EDTA and heated to 56°C for 30 min, followed by
cooling on ice. The cell suspension was then sonicated on ice with several 15-s
bursts by using a sonifier fitted with a microtip (Branson, Danbury, Conn.). Cell
debris was removed by centrifugation at 16,000 � g for 15 min, and the OMV in
the supernatant were obtained by ultracentrifugation at 100,000 � g for 2 h at
4°C. The OMV pellet was resuspended in 2 ml of water (OMV vaccine prepa-
ration). The protein concentrations of the MV and OMV preparations were
determined by Dc protein assay (Bio-Rad, Richmond, Calif.). The OMV and MV
vaccine preparations were stored at �20°C until used for immunization.

Characterization of LOS and capsular polysaccharide content of MV and
OMV preparations. The lipooligosaccharide (LOS) content in each MV and
OMV preparation was determined by using a commercial Limulus amebocyte
lysate (LAL) assay (BioWhittaker, Inc., Walkersville, Md.) performed according
to the manufacturer’s directions. LOS standards included E. coli O111:B4 en-
dotoxin provided with the LAL kit and LOS purified by phenol extraction (1)
from each vaccine strain (mass uncorrected for water content). The results for
estimating the LOS content of MV and OMV preparations by using the respec-
tive vaccine strains and E. coli LOS standards were similar.

The amount of capsular polysaccharide in each of the vesicle vaccines was

TABLE 1. Summary of N. meningitidis strains

Straina Country Yr Serologic
classificationb

PorA VR designation
(sequence)c Immunotype NspA

reactivityd

Homologous
1000 Russia 1989 B:NT:5 5-1,10-4 NT ��
8047 United States 1978 B:2b:5,2 5-1,2-2 3,7,9 ��
BZ198e The Netherlands 1986 B:NT:4 7-2,4 NT ��
BZ232f The Netherlands 1964 B:5,2 5-2,2-2 2,5 V
BZ83 The Netherlands 1984 B:NT:5,10 5-2,10 3,7 �
M986 United States 1963 B:2a:5,2 5,2 3,7,9 �
NGP165 Norway 1974 B:NT:5,2 5,2 3,7 �
NMB United States 1982 B:2b:5,2 5-1,2-2 2 �
RM1090e United States Pre-1995 C:2a:5,2 5-1,2 3,7,9 ��
Z1092e West Germany 1964 A:4,21:10 5-2,10 10 �

Heterologous
BZ147 The Netherlands 1963 B:NT:NST 18-2,1-2 3,7,9 �
CU385 Cuba 1980 B:4,7:19,15 19,15 3,7,9 ��
H44/76 Norway 1976 B:15:7,16 7,16 3,7 �
MC58 United Kingdom 1985 B:15:7,16 7,16-2 3,7,9 V
NG3/88 Norway 1988 B:8:1 7-1,1 3,7 ��
NGH15 Norway 1988 B:8:15 19,15-2 NT �
NGH38 Norway 1988 B:NT:3 18-1,3 2,5 �
S3032 United States 1973 B:19,7:12,16 12,16 3,7,9 ��
S3446 United States 1972 B:19,14:23,14 23,14 3,7,9 ��
SWZ107 Switzerland 1986 B:4:14 22-1,14 3,7,9 �

a Homologous strains are considered to have PorA VR types homologous to that of one of the vaccine strains. The remaining strains are considered to be
heterologous. In order to be consistent, strains that have related but not identical VR types (e.g. 7, 7-1, or 7-2) are defined as heterologous, since even one amino acid
difference can result in differences in susceptibility to bactericidal activity (see Results for an example).

b NT, nonserotypeable; NST, nonserosubtypeable (with available MAbs).
c Based on the proposed PorA VR-type designation nomenclature of Sacchi et al. (30).
d As determined by flow cytometry with the anti-NspA MAb AL12. Results were scored as follows: �, �50% of total fluorescent events have an intensity above the

background level when tested at 100 �g of MAb/ml; �, �50% of total fluorescent events have an intensity above the background level at 100 �g/ml; ��, �50% of
total fluorescent events have an intensity above the background level at 10 �g/ml; V, subcultures were variable, ranging from � to �� as described elsewhere (21).

e Vaccine strain.
f Strain BZ232 was used only in the rat protection assay.
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determined by competitive ELISA (2) after treatment of the vesicles with 10 mM
EDTA to release free polysaccharide, performed as previously described (19).
The groups A-, B-, and C-specific MAbs used in the assays included a group A
MAb from NIBSC, 2-1-B (29), and C2/730 (9), respectively. Purified capsular
polysaccharides were used as standards in the competition assays (polysaccharide
from groups A and C were a the gift of Aventis Pasteur [Swiftwater, Pa.], and
group B was prepared in our laboratory by procedures described by Yang and
Jennings [38]).

SDS-PAGE and Western blots. The MV and OMV preparations were ana-
lyzed by SDS–15% PAGE as described by Laemmli (15) employing a Mini-
Protean II electrophoresis apparatus (Bio-Rad). Samples were suspended in
SDS sample buffer (0.06 M Tris-HCl [pH 6.8] 10% [vol/vol] glycerol, 2% [wt/vol]
SDS, 5% [vol/vol] 2-mercaptoethanol, 10 �g of bromophenol blue/ml) and
heated to 100°C for 5 min before being loaded directly onto the gel. The Western
blots were performed as previously described (19).

Immunization. MV or OMV preparations were diluted in PBS and mixed with
an equal volume of aluminum phosphate (1.0% Alhydrogel [wt/vol; Superfos
Biosector, Frederikssund, Denmark] that had been incubated with PBS buffer for
at least 3 h). For the first injection, mice were immunized subcutaneously (s.c.)
with 100 �l containing 5 �g of total protein of MV prepared from meningococcal
strain RM1090 or a mixture of equal parts of MV prepared from strains RM1090
and BZ198, and OMV prepared from strain Z1092. At 3- to 4-week intervals two
subsequent booster doses (5 �g/mouse, given s.c.) were given of either the
mixture of vesicles or MV prepared from meningococcal strain BZ198, followed
by OMV prepared from meningococcal strain Z1092. The sequential immuni-
zation with vesicles prepared from three different meningococcal strains, each
differing with respect to capsular group, PorB serotype, PorA serosubtype, and
LOS immunotypes, constitutes “sequential immunization,” whereas three doses
of an equal mixture of the three vesicle preparations constitute the “mixture
immunization.” In a second experiment, groups of guinea pigs were given either
sequential immunizations or the mixture immunization as described for the mice,
the only difference being that the total dose of protein for each injection was 25
�g for the guinea pigs instead of 5 �g used in the mice. As a negative control,
groups of animals in both experiments were given three injections of 25 or 5 �g,
respectively, of MV prepared from E. coli and adsorbed to aluminum phosphate
as described above for the Neisserial vesicles.

Complement-dependent bactericidal antibody activity. The bactericidal assay
was performed as previously described (19). The assay used log-phase broth-
grown bacteria. The complement source was human serum from a healthy adult
with no detectable intrinsic bactericidal activity or group B anticapsular antibody
when tested by ELISA (31). Serum bactericidal titers were defined as the serum
dilution (or antibody concentration) resulting in a 50% decrease in CFU per ml
after 60 min of incubation of bacteria in the reaction mixture compared to
control CFU per ml at time zero. Typically, bacteria incubated with the negative
control antibody and complement showed a 150 to 200% increase in CFU/ml
during 60 min of incubation.

Detection of anti-LOS antibody activity. LOS was prepared from each vaccine
strain by the method of Apicella et al. (1) for use as solid-phase antigens in an
ELISA and to prepare LOS affinity columns. The anti-LOS ELISA was per-
formed as described by Plested et al. (25). Monoclonal immunotyping reagents
were used as positive controls and included the MAbs 9-2-L379, 17-1-L1, 2-1-L8,
and 14-1-L10 (32). The LOS affinity columns were prepared as described by
Shenep et al. (33) with the following modifications. LOS was conjugated to
bovine serum albumin (BSA) through the carboxylic acid group of the terminal
2-keto-3-deoxyoctulosonic acid moiety as described by Brett et al. (5). Briefly,
LOS (1 mg) was combined with BSA (2 mg) in 100 mM MES buffer (pH 5.0).
EDC [1-ethyl-3-(3-dimethylaminopropyl) carbodiimide-HCl [Pierce Chemical,
Rockford, Ill.]; 100 �l of a 10-mg/ml solution in water] was added with stirring,
followed by incubation at ambient temperature for 2 h. An equal mixture of the
three LOS-BSA conjugates (1 mg of LOS-BSA conjugate per ml of hydrated gel)
was coupled to CNBr-activated agarose beads (Sigma) in sodium carbonate
buffer (0.1 M, pH 8.0) by overnight incubation at ambient temperature. Unre-
acted sites were blocked by adding 1 mM ethanolamine (Sigma) in carbonate
buffer. After the column was washed with carbonate buffer, the matrix was
equilibrated with PBS buffer containing 1% (wt/vol) BSA (PBS-BSA).

Mouse or guinea pig antiserum pools were added to the columns. The columns
were washed with PBS-BSA, and the antibody containing fractions passing
through the column were identified by whole-cell ELISA (21) by using the
nonencapsulated strain M7 (35) as the antigen. Fractions were combined, con-
centrated by ultrafiltration (Microcon; Millipore Corp., Bedford, Mass.) and
adjusted to the same anti-M7 titer as the unabsorbed antiserum pool by dilution
with PBS-BSA buffer.

Anti-rNspA antibody ELISA. An ELISA was used to measure serum antibody
titers to NspA as previously described (21). The solid-phase antigen consisted of
rNspA-containing MV prepared from E. coli or, as a control, vesicles from the
same E. coli strain lacking rNspA expression (19). The titer was defined as the
serum dilution giving an OD405 of 0.5 after a 30-min incubation with substrate.

Preparation of MAbs. Female CD1 mice (Charles River, Hollister, Calif.)
were vaccinated sequentially with MV or OMV from strains RM1090, BZ198,
and Z1092 as described above. The mice were given three 100-�l injections, each
separated by 3 weeks, containing 5 �g of protein. The first two doses were given
s.c., together with aluminum phosphate (0.5% [wt/vol]), and the final dose was
given without adjuvant and administered intraperitoneally (i.p.). Three days
later, the animals were sacrificed, and their spleen cells were fused with myeloma
cells (P3X63-AG8.653) at a ratio of 1 spleen cell to 1.7 myeloma cell. After 2
weeks of incubation in hypoxanthine-aminopterin-thymidine selective medium,
hybridoma supernatants were screened for antibody binding activity by whole-
cell ELISA with encapsulated group B strains 1000 and CU385 as the target
antigen as previously described (21). Hybridoma cells lines expressing antibodies
that were reactive with both group B strains by ELISA were then tested in
bactericidal assay as described above against group B strain 8047.

Passive animal protection. The ability of antiserum to confer passive protec-
tion against N. meningitidis group B bacteremia was tested in infant rats chal-
lenged i.p. by using a method described previously (21). In brief, infant pups (6
to 7 days old) from litters of outbred Wistar rats (Charles River, Hollister, Calif.)
were randomly redistributed to the nursing mothers. At time zero, groups of five
to six animals were given antisera or antibodies diluted in PBS containing 1%
BSA (wt/vol) by i.p. injection. Two hours later, the animals were challenged i.p.
with ca. 5 � 103 CFU of group B strain 8047, M986, or BZ232. At 18 h after the
bacterial challenge, blood specimens were obtained, and aliquots of 1, 10, and
100 �l of blood were plated onto chocolate agar as previously described (21).

RESULTS

MV and OMV used for immunization. MV were prepared
from three N. meningitidis strains: RM1090 (C:2a:5-1,2),
BZ198 (B:NT:7-2,4), and Z1092 (A:4,21:5-2,10). These strains
were primarily selected based on diversity of their respective
capsular groups, PorB serotypes and PorA serosubtypes. Sub-
sequently, they also were found to have heterologous LOS
immunotypes. Two of the strains were also high (BZ198) or
medium (RM1090) producers of NspA, as measured by SDS-
PAGE and Western blot of OMV and naturally blebbed MV
(See below). For strains BZ198 and RM1090, MV were used
for immunization since they are enriched for outer membrane
(23). Of the limited number of group A strains in our collec-
tion, none produced large amounts of MV. Therefore, for the
group A strain Z1092, an OMV preparation was used for
immunization instead of MV.

Figure 1A shows a Coomassie blue-stained SDS–15%
PAGE gel of the proteins present in the vesicles used for
immunization (lanes 1 to 3). As is typical of N. meningitidis MV
or OMV, all three vesicle preparations consisted mainly of five
major outer membrane proteins, including PorA (�43 kDa),
PorB (�38 to 43 kDa), RmpM (�36 kDa), and Opa/Opc (�29
to 33 kDa). A band that may represent a partially unfolded
form of NspA (�21 kDa) is visible by Coomassie blue staining
in the MV prepared from the group C and B strains RM1090
and BZ198, respectively (lanes 1 and 2). For comparison, lane
4 contains MV prepared from E. coli BL21(DE3) transformed
with plasmid pGMS1.0 containing nspA and expressing rNspA
(unfolded �18 kDa, partially unfolded �21 kDa; lane 4) and,
in lane 5, a 10-fold larger amount of MV from the same E. coli
stain containing the vector without nspA. Figure 1B shows a
Western blot of the same vesicle preparations as those shown
in Fig. 1A developed with polyclonal antisera prepared to
purified HisTag-rNspA (19). The results show that all three
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vesicle preparations (lanes 1 to 3) and rNspA (lane 4) contain
bands at �18 kDa that react with anti-HisTag NspA. Addi-
tional bands corresponding to partially unfolded NspA having
an apparent mass of �21 kDa also are visible for MV prepared
from strains RM1090 and BZ198 (lanes 1 and 2). Also, the
anti-HisTag NspA antibody appears to be reactive with pro-
teins in the MV and OMV preparations, with apparent masses
of �33 kDa that may correspond to Opa proteins that are
known to contain several segments having the same amino acid
sequences as segments in NspA (19). Based on the results of
SDS-PAGE, MV from BZ198 and RM1090 contain the high-
est relative amount of NspA and OMV from strain Z1092
contains the lowest amount of NspA.

The MV and OMV also contained LOS and capsular poly-
saccharide. The amount of LOS in each preparation was de-
termined by using an LAL assay with purified LOS from each
vaccine strain as the standard. The amount of LOS measured
was 0.3 �g/�g of protein for strain RM1090 MV, 0.2 �g/�g of
protein for strain BZ198 MV, and 1.4 �g/�g of protein for
strain Z1092 OMV. For comparison, the deoxycholate-ex-
tracted OMV used in the Norwegian vesicle vaccine is reported
to contain between 0.04 and 0.12 �g of LOS/�g of protein (8).

Capsular polysaccharide was determined by an inhibition
ELISA performed on soluble extracts of MV or OMV treated
with EDTA to release polysaccharide, as previously described
(19). The capsular polysaccharide contents of MV prepared
from group C strain RM1090 and group B strain BZ198 and of
OMV from group A strain Z1092 were 0.6, 0.003, and 0.009
�g/�g of protein, respectively.

Bactericidal activity of polyclonal antisera prepared in mice

and guinea pigs. Groups of mice (n � 7 to 10) and guinea pigs
(n � 3 to 8) were immunized at 0 and 3 weeks with MV
prepared from strains RM1090 and BZ198, respectively, and
were boosted at 6 weeks with OMV prepared from strain
Z1092. Control animals were given three injections of either an
equal mixture of MV and OMV prepared from each of the
three strains or, as a negative control, MV prepared from E.
coli. Mice received a dose containing 5 �g of protein, and
guinea pigs received a dose of 25 �g for each injection. Al-
though the animals immunized with the mixture of vesicles
received one-third the amount of each respective vesicle prep-
aration with each dose, over the three-dose schedule the ani-
mals in this group received the same total amount of each
vesicle preparation as that given to animals assigned to the
sequential immunization protocol. Each vesicle preparation
was given with aluminum phosphate (0.5% [wt/vol]). Serum
samples were obtained 2 to 3 weeks after the third injection
and were pooled and assayed for bactericidal activity using as
a complement source normal human serum that lacked endog-
enous bactericidal activity and had no detectable group B an-
ticapsular antibody as measured by ELISA. The 19 strains
tested (Table 1) included 9 strains that expressed PorA homol-
ogous to 1 of the 3 vaccine strains as determined by VR type
and 10 strains that expressed heterologous PorA. The negative
control antisera from mice or guinea pigs immunized with E.
coli MV were negative for bactericidal activity with all 19
strains tested (titers of �1:4). The positive control, a murine
anticapsular MAb (SEAM 12; immunoglobulin G2a [IgG2a])
(11), killed all 17 group B strains at similar respective concen-
trations of antibody. Positive controls for the group A (Z1092)

FIG. 1. (A) Coomassie brilliant blue R250-stained SDS-PAGE gel (15% polyacrylamide). Lanes: 1, RM1090 MV; 2, BZ198 MV; 3, Z1092
OMV; 4, rNspA MV prepared from E. coli BL21(DE3) containing plasmid pGMS1.0; 5, MV prepared from E. coli strain BL21(DE3) containing
control plasmid pSK(�) without nspA (10-fold-greater amount of protein loaded). (B) Binding of anti-HisTag-NspA mouse antiserum to the same
protein samples shown in panel A as determined by Western blotting.
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and group C (RM1090) test strains, consisted of dilutions of a
human serum pool obtained from adults immunized with me-
ningococcal polysaccharide vaccine (Menomune; Aventis Pas-
teur, Swiftwater, Pa.), and a murine group C anticapsular MAb
(C2/735) (9), respectively.

Figure 2A shows the reverse cumulative distributions of the
bactericidal titers of pooled mouse antisera tested against nine
N. meningitidis strains with homologous PorA to that of one of
the three vaccine strains. Figure 2B shows the corresponding
data for the guinea pig antisera. The complement-mediated
bactericidal titers of the antiserum pools against each of the
strains tested is summarized in Table 2. Antisera prepared
from mice immunized with meningococcal vesicles, either by
sequential immunization or with three doses of a mixture of
vesicles, were bactericidal (titer of �1:8) against nine of nine
or eight of nine of the homologous strains tested, respectively.
The results for the corresponding guinea pig sera were similar
(nine of nine strains tested for both sequential and mixture
immunization). For many of the strains the titers in the anti-
sera after the sequential or mixture immunization schedules
were 1:128 or greater.

Figure 3 shows the corresponding reverse cumulative distri-

butions of the bactericidal titers measured against 10 strains
expressing heterologous PorA to those contained in the three
vaccine strains. Antiserum from the mice given sequential im-
munization killed 7 of 10 strains tested at titers of 1:8 or
greater compared to 3 of 10 for mice given three injections of
the mixture of vesicles (Fig. 3A, P � 0.08 by Fisher exact test).
The corresponding results for the guinea pig antisera were 9 of
10 strains compared to 3 of 10, respectively (Fig. 3B, P � 0.01).
For both the mouse and the guinea pig antisera, more heter-
ologous strains were killed at higher titers with the antisera
from the animals given sequential immunization than the an-
tisera from the animals given three injections of the mixture.

Although not shown in Fig. 2 and 3, we also measured
bactericidal activity of pooled antisera from mice and guinea
pigs immunized with three or two injections, respectively, of an
OMV vaccine prepared by the Norwegian Institute of Public
Health, Oslo (4). The mouse antiserum had titers 	1:1,000
against the group B strain H44/76 (B:15:7,16), which was used
to prepare the vaccine, as well as to a second group B strain,
S3032 (B:19,7:12,16), which also is PorA VR2 type 16. In
contrast, there was no detectable bactericidal activity (titers of
�1:4) against the remaining 16 of 17 strains. The exception was

FIG. 2. Reverse cumulative bactericidal titers of antiserum from mice (A) and guinea pigs (B) immunized sequentially (Œ) or with three doses
of a mixture of vesicles (E) against homologous VR type strains. The corresponding titers for the antisera pool from control animals immunized
with three doses of MV prepared from E. coli are indicated by “�”.

TABLE 2. Complement-mediated bactericidal titers of pooled mouse and guinea pig antisera against homologous and heterologous strainsa

Homologous
strain

Bactericidal activity (1/titerb)
Heterologous

strain

Bactericidal activity (1/titerb)

Mouse Guinea pig Mouse Guinea pig

Sequential Mix Sequential Mix Sequential Mix Sequential Mix

1000 128 6 64 16 BZ147 40 51 9 	128
8047 300 125 	128 	128 CU385 128 �4 12 4
BZ198 220 1000 40 16 H44/76 	128 21 64 8
BZ83 109 205 24 	128 MC58 8 �4 	128 �4
M986 101 133 128 	256 NG3/88 4 �4 9 5
NGP165 120 90 64 	256 NGH15 	128 �4 	128 92
NMB 441 141 	256 	256 NGH38 �4 �4 	128 �4
RM1090 	128 	128 	1024 	1024 S3032 400 230 32 �4
Z1092 	128 	128 	1024 	1024 S3446 �4 �4 24 4

SWZ107 40 �4 �4 �4

a For definitions of homologous and heterologous strains, see Table 1 and the text.
b That is the dilution of serum that results in 50% killing of bacteria after 60 min of incubation in the presence of human complement.
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strain MC58 (B:15:7,16-2), which had a titer of 1:5. MC58
expresses PorA with a VR1 sequence identical to that of
H44/76 and a VR2 sequence that differs by a single amino acid
from VR2 expressed by the H44/76 vaccine strain (VR2 type
16-2 for MC58 versus 16 for H44/76) (18). The results with
antiserum prepared from guinea pigs immunized with two
doses of the Norwegian vaccine were similarly limited to
strains having type as that of the vaccine strain, except that the
guinea pig antiserum also had high bactericidal titers (�1:128)
against strains MC58 and NG3/88 (VR type 7-1,1) that have
similar VR1 sequences.

Lack of contribution of anti-LOS or anticapsular antibody
to serum bactericidal activity. The vesicle preparations used
for immunization contained LOS and therefore had the po-
tential to elicit anti-LOS antibodies, which could have contrib-
uted to the observed bactericidal activity. To determine the
possible contribution of anti-LOS antibodies, we purified LOS
from each of the three N. meningitidis strains used to prepare
the vesicle vaccines as described in Materials and Methods.
The resulting LOS preparations were used as solid-phase an-
tigens in an ELISA to measure anti-LOS antibody titers and to
prepare LOS-absorbent columns. Immunotyping MAbs 9-2-
L379 (strongly reactive with LOS from strain RM1090 and
weakly with LOS from strain BZ198) and 2-14-L10 (strongly
reactive with LOS from strain Z1092) were used as positive
controls in the anti-LOS antibody ELISA. Although the vesi-
cles used for immunization of the animals contained relatively
large amounts of LOS (0.2 to 1.4 �g/�g of protein), the anti-
LOS titers of the pooled guinea pig antisera to each of the
three LOS antigens were less than 1:400 irrespective of the
immunization protocol used. In mice, the highest anti-LOS
titers in the animals given the sequential immunization sched-
ule were against LOS prepared from immunizing strain BZ198
(titer of 1:900). The respective titers to LOS prepared from
strains RM1090 and Z1092 were �1:100 and 1:150. To deter-
mine the possible contribution of the LOS-reactive antibody to
the bactericidal activity of the serum pool from animals given
the sequential immunization, we absorbed LOS-reactive anti-
body by using affinity columns containing LOS from each of

the three immunizing strains. Although the LOS column ab-
sorptions removed �90% of the antibody reactive with LOS
(anti-LOS titers of �1:100), there was no significant change in
the bactericidal titers against a representative heterologous N.
meningitidis strain, S3032 (B:19,7:12,16:L3,7) (bactericidal ti-
ters of 1:259 for the LOS-absorbed antiserum and 1:234 for the
unabsorbed serum). Similarly, the LOS absorption did not
decrease the bactericidal activity of the corresponding guinea
pig antiserum. Taken together, the data indicate that anti-LOS
antibodies do not contribute to the observed bactericidal ac-
tivity, although this possibility cannot be completely excluded
for all of the strains.

The vesicles used for immunization also contained small
amounts of group A and B capsular polysaccharide and larger
amounts of group C polysaccharide (see above). For group A
and B polysaccharides, there were no detectable serum anti-
capsular antibody titers in the mouse or guinea pig antisera
(serum antibody titers by ELISA of �1:100). There also was no
detectable group C anticapsular antibody in the guinea pig
antiserum pools (titers of �1:75) compared to a titer of 	1:
2,000 in control antiserum from guinea pigs given two doses of
a group C polysaccharide protein conjugate (D. M. Granoff,
I. Aaberge, B. Haneberg, J. Holst, and H. Raff, Abstr. 11th Int.
Pathogenic Neisseria Conf., p. 61, 1998). The guinea pig anti-
sera also were negative for group C anticapsular antibody
(�0.4 �g/ml) when tested by a radioantigen binding assay (10).
However, the antiserum pools from mice given the sequential
or mixture immunization had group C anticapsular antibody
titers of 1:100 and 1:500, respectively, as measured by ELISA.
The only group C strain tested for bactericidal activity with
these mouse antiserum pools was the vaccine strain, RM1090,
which was included in the group of the nine strains tested with
homologous PorA VR types. The bactericidal titers of both
pools against this strain were 	1:1,000. At a dilution of 1:1,000,
it is unlikely that anticapsular antibody contributed to the
observed bactericidal activity, given the relatively low anticap-
sular antibody titers measured by ELISA (estimated to be �4
�g/ml in undiluted sera).

Of the 19 strains tested for susceptibility to bactericidal

FIG. 3. Reverse cummulative bactericidal titers of antiserum from mice (A) and guinea pigs (B) immunized sequentially (Œ) or with three doses
of a mixture of vesicles (E) against heterologous serosubtype strains. The corresponding titers for the antisera pool from control animals
immunized with three doses of MV prepared from E. coli are indicated by “�”.
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activity, 17 were capsular group B strains. None of the antisera
from guinea pigs or mice given the sequential or mixture im-
munization had detectable group B anticapsular antibody by
ELISA. To be certain that group B anticapsular antibodies
were not contributing to the observed bactericidal activity, we
tested the bactericidal activity of antisera prepared from the
mice or guinea pigs against a subset of homologous and het-
erologous group B strains in the presence or absence of 50
�g/ml of group B polysaccharide. This concentration of soluble
polysaccharides was chosen because it is 50-fold higher than
that needed to inhibit 	90% of the binding of a panel of group
B anticapsular antibodies (2). There was no significant de-
crease in the respective bactericidal titers measured with or
without the inhibitor (data not shown). Thus, group B anticap-
sular antibodies also do not contribute to the serum bacteri-
cidal antibody elicited by the sequential immunization.

Role of anti-NspA antibodies in bactericidal activity. The
strains used to prepare the vesicle vaccines were expressed the
highly conserved protein NspA. In an ELISA with E. coli MV
containing rNspA as the solid-phase antigen, antiserum from
guinea pigs given sequential vesicle immunization had a five-
fold-higher anti-NspA titer (1:76,000) than that of animals
immunized with a mixture of vesicles (1:16,000). The corre-
sponding titers in the mouse antisera were 1:48,000 and
1:9,000, respectively. The titers of each antiserum pool mea-
sured against the corresponding E. coli MV without rNspA
were �1:100.

To determine the possible role of anti-NspA antibodies in
the serum bactericidal activity induced by the sequential im-
munization, we measured the bactericidal titers against group
B strain MC58, which has a PorA serosubtype heterologous to
those of the three strains used to prepare the vesicle vaccines,
and to a mutant strain of MC58 in which the gene encoding
NspA had been inactivated (21). To determine the possible
contribution of anti-PorA antibodies, we also measured bacte-
ricidal activity against an MC58 strain that no longer expressed
PorA (selected with an anti-PorA P1.7 antibody MN14C11.6 as
described earlier [21]). The results obtained with guinea pig
antisera are summarized in Table 3. A similar experiment with
the antisera from mice was not done because of a lack of
bactericidal activity against this strain. The bactericidal titer of
the antiserum from guinea pigs given the sequential immuni-

zation as measured against the MC58 parent strain was similar
to that of the PorA-deficient MC58 strain (1:290 versus 1:484,
a difference within the experimental error of the assay). In
contrast, there was an �10-fold decrease in the bactericidal
titer measured against the MC58 NspA knockout strain (titer
of 1:32). These results show that a portion of the bactericidal
antibody against a strain with a heterologous PorA serosubtype
is directed against NspA. In this experiment, the antisera from
guinea pigs given a mixture of vesicles or those immunized with
vesicles prepared from E. coli lacked bactericidal activity
against any of the MC58 variant strains.

As a control for variation in susceptibility to complement-
mediated bacteriolysis of the mutants, all three strains were
killed by similar concentrations of an anticapsular MAb. Also,
the MC58 parent and mutant MC58�NspA stains showed sim-
ilar susceptibility to a bactericidal anti-PorA MAb (anti-P1.7),
whereas the MC58 strain that no longer expressed PorA was
completely resistant. Finally, the MC58 parent and PorA-de-
ficient strain showed similar susceptibility to a bactericidal
anti-NspA MAb (14C7; see below), whereas the MC58�NspA
mutant was resistant to this MAb.

MAbs prepared from mice sequentially immunized with MV
and OMV. A CD1 mouse given sequential immunization with
MV and OMV was sacrificed 3 days after the third dose, and
the spleen cells were fused with myeloma cells as described
previously (21). Hybridoma supernatants were screened for
antibody binding activity by a whole-bacterial-cell ELISA with
two encapsulated group B strains (1000 and CU385) that are
additionally relatively resistant to complement-mediated bac-
teriolysis by anti-rNspA antibodies (21). Supernatants that
were found to be positive by ELISA were retested for bacte-
ricidal activity against group B strain 8047. One of the positive
hybridoma cell lines, designated 14C7, produced an IgG3 an-
tibody that bound by ELISA to strain BZ198 but did not bind
to an isogenic mutant in which the NspA gene had been inac-

TABLE 3. Complement-mediated bactericidal activity of guinea pig
antisera measured against strain MC58 and two mutant

strains derived from MC58

Antiserum or MAb

Bactericidal activity (titer or
MAb concn [�g/ml])a

Parent �NspA PorA-Negative

Sequential immunization 1:290 1:32 1:484
Mixed immunization �1:4 �1:4 �1:4
E. coli vesicle immunization �1:4 �1:4 �1:4
Anti-PorA P1.7 MAb 1:3,000 1:2,200 �1:4
Anti-NspA 14C7 MAb 204 	820 182
Anticapsular group B MAb 150 75 75

a That is, the concentration of antibody or dilution of polyclonal antiserum
required to give 50% killing after 60 min of incubation with human complement
compared to that of controls in the absence of antibody or in the presence of
antibody and heat-inactivated complement. Typically, the CFU/milliliter at 60
min is 150 to 200% the CFU/milliliter at time zero.

TABLE 4. Complement-mediated bactericidal activity
of two anti-NspA MAbs

Strain
Bactericidal activity (�g/ml)a

AL12 (Ig2a)b 14C7 (IgG3)b

1000c 32 4
8047c 40 2
BZ198c 30 2
S3446c 80 7
BZ232 	600 94
CU385 	600 45
M986 	600 50
MC58 	600 204
NG3/88 	600 (120)
NGP165 	600 (70)
BZ198�NspA 	600 	60

a See Table 3, footnote a.
b The MAb 14C7 is a subclass IgG3 MAb and was prone to loss of activity both

during purification and as a purified antibody. Therefore, for uniformity, both
the 14C7 and the AL12 MAbs used in the assay were precipitated from culture
supernatant by ammonium sulfate (50%) and resuspended and dialyzed in PBS
buffer containing 1% (wt/vol) BSA. Note that the previously reported concen-
trations of AL12 for bacteriolysis were slightly lower since purified antibody was
used in the experiments. Values in parentheses were static.

c Strains selected based on previous data that they were susceptible to com-
plement-mediated anti-NspA bactericidal antibody. The remaining strains were
selected based on data showing resistance to anti-NspA bactericidal activity.
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tivated. This MAb also bound by ELISA to rNspA expressed
from plasmid pGMS1.0 in E. coli but not to membranes from
the same E. coli strain without nspA. Therefore, the MAb 14C7
is specific for NspA.

Table 4 summarizes the bactericidal activity of MAb 14C7 as
measured against 10 group B strains. Six of these ten strains
were selected based on being resistant in previous studies to
complement-mediated bactericidal activity induced by poly-
clonal or monoclonal antibodies prepared to rNspA (19, 21).
The remaining four strains (1000, 8047, BZ198, and S3446)
were known to be susceptible to complement-mediated lysis by
anti-rNspA antibody (19, 21). In the presence of human com-
plement, MAb 14C7 was bactericidal for these four known
susceptible strains, as well as for four of the strains (BZ232,
CU385, MC58, and M986) previously found to be resistant.
For the two strains not killed by 14C7 (NG3/88 and NGP165),
the MAb was bacteriostatic (	50%, but �100% survival after
1 h of incubation with antibody and complement compared to
the CFU/ml at time zero). For the strains killed by MAb 14C7,
the concentrations required for 50% bacteriolysis were, on
average, 10-fold lower than those required by anti-NspA MAbs
previously isolated from mice immunized with rNspA (repre-
sentative data are shown in Table 4 for AL12, an IgG2a MAb).

Passive protective activity in infant rat model. Anti-NspA
MAb 14C7 also was more active than anti-rNspA MAb AL12
in the ability to confer passive protection of infant rats chal-
lenged with encapsulated group B strains. For these experi-
ments we selected two group B challenge strains, BZ232 and

M986, which in previous experiments were moderately or com-
pletely resistant, respectively, to passive protection by mono-
clonal or polyclonal antibodies prepared to recombinant NspA
(19, 21). In experiment 1 (Table 5), 25 �g of MAb 14C7/rat
given i.p. at time zero gave better protection against develop-
ment of meningococcal bacteremia in infant rats caused by
strain BZ232 than a dose of 25 or 100 �g of MAb AL12
prepared against rNspA/rat (P � 0.03).

In experiment 2, there also was a trend for MAb 14C7 to
give better protection against strain M986 than AL12 (0.05 �
P � 0.12; Table 5, footnote c). In experiment 3, a similar trend
was observed for MAb 14C7 to give partial protection against
M986, compared to the respective geometric mean CFU/mil-
liliter in blood from animals pretreated with control antiserum
prepared to E. coli proteins (0.05 � P � 0.10; Table 5). In
experiment 3, pretreatment of rats with a 1:25 dilution of
antiserum from guinea pigs immunized sequentially with MV
or OMV was protective against this strain (P � 0.02).

Possible role of other antigens in eliciting protective anti-
bodies. In addition to MAb 14C7, we isolated several other
MAbs that were broadly reactive with diverse meningococcal
strains when tested in a whole-bacterial-cell ELISA. However,
these MAbs bound poorly to live cells in a flow cytometry assay
(21) and were not bactericidal (data not shown). The MAbs
were reactive with a 36-kDa outer membrane protein in West-
ern blots and in immunoprecipitation experiments (data not
shown). Based on the estimated mass of the target protein and
its ubiquitous presence in all Neisseria strains tested, these

TABLE 5. Passive protection of infant rats challenged with N. meningitidis group B strains

Expt no. (group B
challenge strain)

Pretreatment MAb
(immunoglobulin subclass) or antiseruma

Dose (�g) per rat or
serum dilution

Blood culture at 18 h

No. positive/total no. CFU/mld

1 (BZ232) Irrelevant (G1) 100 7/7 29
Anticapsular MAb (G2b) 25 1/7 0.002
Anti-rNspA MAb AL12 (G2a) 100 7/7b 23

25 7/7b 58
Anti-NspA MAb 14C7 (G3) 25 3/7b 0.4

5 7/7 42
1 7/7 64

2 (M986) Irrelevant (G1) 100 7/7 75
Anticapsular MAb (G2b) 25 4/7 0.02
Anti-rNspA MAb AL12 (G2a) 100 7/7 296

25 7/7 355
Anti-NspA MAb 14C7 (IgG3) 25 5/7 5

5 7/7 381
1 7/7 169

3 (M986) Anticapsular MAb (G2b) 20 1/6 0.002
Anti-E. coli MV (guinea pig) 1:5 6/6c 630
Anti-NspA 14C7 (G3) 10 5/7 5
Anti-N. meningitidis vesicle (sequential guinea pig) 1:25 1/6c 0.001

a Five- to seven-day-old infant rats were treated i.p. with different doses of control or anti-NspA MAbs or, in experiment 3, dilutions of antiserum prepared in guinea
pigs given sequential immunizations with MV, and OMV. Two hours later, the animals were challenged i.p. In experiment 1, the animals were given with 6 � 103 CFU
of strain BZ232. In experiments 2 and 3, the challenges were with 3.5 � 103 CFU and 4.8 � 103 CFU of strain M986, respectively. Quantitative blood cultures were
obtained 18 h later. For calculation of the geometric mean CFU/milliliter, animals with sterile cultures (100 �l of blood) were assigned values of 1 CFU/ml.

b P � 0.03, comparing 14 of 14 animals with bacteremia in the combined groups pretreated with 100 or 25 �g of MAb AL12 per rat versus 3 of 7 animals with
bacteremia treated with 25 �g of MAb 14C7. The difference between the respective geometric means of the CFU/milliliter valves in experiment 1 was also significant
(P � 0.01).

c P � 0.02 by Fisher exact test. In experiments 2 and 3, the differences in the respective geometric mean CFU/milliliter values between animals pretreated with AL12
or 14C7 (experiment 2) or between animals treated with 14C7 and anti-E. coli MV antisera (experiment 3) are not significant (0.05 � P � 0.12). In experiments 1 and
2, the respective geometric means of the CFU/milliliter values of animals given the irrelevant MAb are not significantly different from those given the corresponding
dose of AL12 (P � 0.2).

d Geometric mean value/103.
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MAbs may be specific for reduction modifiable protein (RmpM).
These putative anti-RmpM MAbs did not enhance or inhibit
bactericidal activity when combined with anti-NspA or anti-
PorA MAbs (data not shown). Therefore, it is unlikely that
these antibodies contributed to the bactericidal activity in the
polyclonal antisera from animals given the sequential immuni-
zation.

DISCUSSION

Immunization with vesicle vaccines prepared from a single
meningococcal strain is known to elicit bactericidal antibody
responses that are directed primarily against surface-exposed
loops of PorA (36) and, to a lesser extent, Opc (27). For
example, mice immunized in the present study with three doses
of OMV vaccine prepared at the National Institute of Public
Health (NIPH; Oslo, Norway) from group B strain H4476
developed serum bactericidal antibody titers of 	1:1,000 when
measured against strain H44/76 or against a second group B
strain with the same PorA VR2 type. However, the titer against
group B strain MC58, which has a single-amino-acid difference
in the loop 4 sequence (VR2) of PorA compared to that of
strain H4476 (18), was only 1:5. In contrast, antiserum from
guinea pigs immunized with two doses of the Norwegian vac-
cine was highly bactericidal against both strains H44/76 and
MC58 and against other strains having the homologous PorA
VR types but not against strains having different VR types. The
different results with strain MC58 between mice and guinea
pigs immunized with NIPH vesicle vaccine underscore the po-
tential for animal species differences to influence strain-spe-
cific bactericidal results.

In the present study, both guinea pigs and mice immunized
with three injections of a mixture of vesicles prepared from
three N. meningitidis strains developed high serum bactericidal
antibody responses when measured against the three strains
used to prepare the vaccines, as well as to six other test strains
with homologous PorA VR types (Fig. 2). However, these
antisera had a more-limited bactericidal activity against a panel
of group B strains with heterologous PorA VR types (Fig. 3).
These results were anticipated since the animals given three
injections of the mixture would be expected to have serum
bactericidal antibody responses directed primarily at antigenic
domains on loops 1 and/or 4 of the PorA molecules from each
of the three vaccine strains. Further, these antibodies would be
anticipated to react poorly with most PorA molecules with
heterologous VR types.

The most important finding in our study was the broad
spectrum of bactericidal activity found in sera from both mice
and guinea pigs immunized sequentially with vesicles prepared
from three strains with heterologous PorA, PorB, and capsular
groups. Although the animals given the sequential immuniza-
tion schedule received only a single dose of each of the vesicles
containing a particular PorA, high serum bactericidal titers
(i.e., �32) were present against most group B strains with
either homologous or heterologous PorA VR types (Fig. 2 and
3, respectively). The targets of the bactericidal antibodies in
these sera likely include PorA and a number of other antigens,
some of which remain undefined.

In designing the present study, our hypothesis was that a
portion of the antibody responses of animals given the sequen-

tial immunization would be directed, in part, at relatively con-
served antigenic domains that are relatively poorly immuno-
genic when multiple doses of vesicles are given from one strain
or a mixture of strains. Consistent with this hypothesis was our
finding that the animals given the sequential immunization
schedule had fivefold-greater serum antibody titers to NspA
than that of the control animals immunized with three injec-
tions of the mixture of the vesicles. Also, the bactericidal titer
of antiserum from sequentially immunized guinea pigs de-
creased �10-fold when measured against a mutant strain
MC58 that was deficient in NspA expression compared to the
corresponding titer measured against the parent strain that
expressed NspA (Table 4). NspA is a previously described
highly conserved membrane protein that is capable of eliciting
serum bactericidal antibodies in experimental animals (17).
However, the protein is present in relatively low copy numbers
(17, 19) and is reported to be poorly immunogenic in humans
recovering from meningococcal disease (J. L. Farrant, J. S.
Kroll, B. R. Brodeur, and D. Martin, Abstr. 11th Int. Patho-
genic Neisseria Conf., p. 208, 1998). Conceivably, in the present
study, the use of MV vaccines prepared from two strains ex-
pressing relatively large amounts of NspA may have contrib-
uted to the relatively high anti-NspA antibody responses of the
mice or guinea pigs given the sequential immunization.

Finally, we also produced an anti-NspA hybridoma cell line
from the spleen of a mouse given the sequential immunization,
and the MAb expressed (14C7) appeared to have superior
bactericidal activity (Table 4) and passive protective activity
against bacteremia in infant rats (Table 5) than that of poly-
clonal or MAbs prepared by us previously in mice immunized
with recombinant NspA (21). Although we cannot exclude the
possibility that greater functional activity of anti-NspA MAb
14C7 is a result of it being a different IgG subclass (IgG3) than
that of the AL12 MAb prepared to rNspA (IgG2a), it seems
more likely that the superior functional activity of the 14C7
MAb is a result of reactivity with different NspA epitopes
expressed in neisserial vesicles than that of antibodies made in
response to the recombinant protein.

While anti-NspA antibodies contribute to the broad-spec-
trum bactericidal activity elicited in response to the sequential
immunization, it is likely that antibodies to other conserved
antigens are also important. For example, the guinea pig an-
tisera from animals given the sequential immunization re-
tained a significant bactericidal titer (�1:32) against strains
deficient in NspA and/or PorA (Table 3). The identity of these
other antigenic targets remains unknown and will require fur-
ther investigation.

Sequential vaccination with vesicle vaccines shows promise
as an approach to elicit broad-based immunity to N. meningi-
tidis. However, the vaccine preparations used in the present
study contained capsular polysaccharide and relatively large
amounts of LOS that are undesirable in a vaccine intended for
use in humans. The results of preliminary studies in mice and
guinea pigs with vesicle vaccines for sequential immunization
that were treated with deoxycholate as described for the prep-
aration of the Norwegian vesicle vaccine (8), and which would
be more suitable for use in humans, showed poor anti-NspA
antibody responses and poor serum bactericidal responses
against heterologous VR type strains (unpublished data).
Thus, for a vaccine intended for humans, alternative ap-
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proaches to prepare vesicles are needed to minimize or elim-
inate unwanted components. Similarly, although the presence
of LOS or group B capsular polysaccharide in the vaccines
used in the present study did not elicit significant serum anti-
body responses that contributed to the observed broad-spec-
trum serum bactericidal activity, their presence in the vesicle
preparations could have been important in maintaining “na-
tive” epitopes in other antigens such as NspA, PorA, or other
as-yet-unidentified antigens. The LOS present in the vaccine
preparations may also have had an adjuvant effect (34). These
questions also will need to be addressed before considering
testing the sequential immunization approach in humans.
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