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The binding of complement factor H (fH) to meningococci was recently found to be specific for human fH.
Therefore, passive protective antibody activity measured in animal models of meningococcal bacteremia may
overestimate protection in humans, since in the absence of bound fH, complement activation is not downregu-
lated. We developed an ex vivo model of meningococcal bacteremia using nonimmune human blood to measure
the passive protective activity of stored sera from 36 adults who had been immunized with an investigational
meningococcal multicomponent recombinant protein vaccine. Before immunization, human complement-me-
diated serum bactericidal activity (SBA) titers of =1:4 against group B strains H44/76, NZ98/254, and S3032
were present in 19, 11, and 8% of subjects, respectively; these proportions increased to 97, 22, and 36%,
respectively, 1 month after dose 3 (P < 0.01 for H44/76 and S3032). Against the two SBA-resistant strains,
NZ98/254 and S3032, passive protective titers of =1:4 were present in 11 and 42% of sera before immunization,
respectively, and these proportions increased to 61 and 94% after immunization (P < 0.001 for each strain).
Most of the sera with SBA titers of <1:4 and passive protective activity showed a level of killing in the
whole-blood assay (>1 to 2 log,, decreases in CFU/ml during a 90-min incubation) similar to that of sera with
SBA titers of =1:4. In conclusion, passive protective activity was 2.6- to 2.8-fold more frequent than SBA after
immunization. The ability of SBA-negative sera to Kill Neisseria meningitidis in human blood where fH is bound
to the bacteria provides further evidence that SBA titers of =1:4 measured with human complement may

underestimate meningococcal immunity.

Complement-mediated serum bactericidal activity (SBA)
confers protection against meningococcal disease (reviewed in
reference 14), and an SBA titer of =1:4 measured with human
complement is a widely accepted surrogate of vaccine efficacy
(5). While a positive bactericidal titer is specific for protection
against meningococcal disease, seroepidemiologic data suggest
that some persons with SBA titers of <1:4 also may be pro-
tected. For example, in the study performed by Goldschneider
et al. that established that military recruits with SBA titers of
=1:4 were protected from developing meningococcal disease,
the majority of recruits with SBA titers of <1:4 who became
colonized by the epidemic strain did not develop disease (13).
Further, in a recent study in the United Kingdom, the inci-
dence of meningococcal group B disease was reported to de-
crease more than 10-fold between the ages of 6 months and 4
years without a corresponding age-related increase in the prev-
alence of SBA titers of =1:4 (36). Thus, while SBA titers of
=1:4 appear to be specific for protective meningococcal im-
munity, SBA at titers of <1:4 and/or opsonic activity may also
be sufficient to confer protection (26, 38).

New meningococcal vaccines are being developed for the
prevention of disease caused by group B strains, for which
there is currently no licensed vaccine in the United States or
Europe. Efficacy is being inferred from immunogenicity data
(1,2, 4), because the incidence of group B disease is too low for
randomized studies to determine the efficacy of these new
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vaccines. If a candidate antigen does not elicit SBA, it may not
be included in a new vaccine, because of the difficulty of es-
tablishing that the antigen contributes to protective immunity.
More-sensitive assays that predict protective meningococcal
immunity, therefore, are needed to assess the vaccine potential
of such antigens.

We recently described an ex vivo model of meningococcal
bacteremia that used human blood (38) anticoagulated with
lepirudin, a specific thrombin inhibitor, which does not activate
complement (30). Neisseria meningitidis strains survived or in-
creased in CFU/ml when incubated for 2 to 4 h in blood from
healthy adults who apparently had no naturally acquired im-
munity. In the present study, we have adapted this ex vivo
model to measure the ability of heat-inactivated test sera from
adults immunized with an investigational meningococcal mul-
ticomponent recombinant protein vaccine to confer passive
protection (PP) against bacteremia. The PP assay, which is
based on the interactions of human antibodies with physiologic
concentrations of human complement and human polymor-
phonuclear leukocytes (PMNs), appears to be more sensitive
for measuring the killing of N. meningitidis than a standard
complement-mediated bactericidal assay using human comple-
ment or an opsonic assay with human complement and human
PMNs.

MATERIALS AND METHODS

Serum samples. Stored serum samples were available from 36 subjects, 19 to
40 years old, who were immunized with an investigational meningococcal mul-
ticomponent recombinant protein vaccine as part of two previously performed
phase I clinical trials. These studies were conducted at three sites: Lincoln, NE
(principal investigator, James C. Kisicki), Austin, TX (principal investigator,
David Carter), and Tacoma, WA (principal investigator, Royce Morrison). The
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sponsor was Chiron Corporation (now Novartis Vaccines and Diagnostics, Inc.,
Cambridge, MA). The vaccine contained three recombinant proteins (three
components; thus, an “r3C” vaccine) (12). Two of the components were fusion
proteins: one was a fusion of genome-derived neisserial antigen 2091 (GNA
2091) and a factor H binding protein (fHbp) from the antigenic variant 1 group
(22), and the other consisted of GNA 2132 (25, 40) and GNA 1030. The third
component of the vaccine was recombinant NadA (6, 7).

Subjects were given three intramuscular doses, separated by 1-month intervals.
Each dose contained 150 pg of protein (50 pg of each component), which was
adsorbed with aluminum hydroxide (total of 1.5 mg per injection). Stored serum
samples obtained immediately before immunization and at 1 month after the
third dose were provided by Novartis Vaccines. The selection of the sera was
based on the availability of sufficient volumes for our assays. The clinical research
protocols and consent forms for the studies were approved by independent
institutional review boards at each of the clinical sites, and permission for the
investigations of the stored sera reported here was granted by the institutional
review board of Children’s Hospital & Research Center, Oakland, CA.

Neisseria meningitidis strains. We used three group B strains. H44/76-SL (B:
15;P1.7,16; sequence type 32 [ST-32]) was from an epidemic in Norway (3, 11)
and is referred to as H44/76. NZ98/254 (B:4;P1.7-2,4; ST-41/44 complex) was
from a recent epidemic in New Zealand (8), and S3032 (B:19,7;P1.12,16; ST-
6875) was from a patient hospitalized in the United States (10). None of these
strains had the gene for NadA, which was one of the components of the vaccine.
Strains H44/76 and NZ98/254 each had fHbp in the variant 1 group. The fHbp
expressed by H44/76 was relatively abundant (41) and matched the amino acid
sequence of the fHbp antigen in the vaccine, while that of NZ98/254 was rela-
tively sparse and had a small number of amino acid differences from the se-
quence of the recombinant protein vaccine (39, 41). The fHbp of strain S3032
was a naturally occurring chimera of fHbp from the variant 2 and 3 groups
(GenBank accession number EU921901) and thus was heterologous to the fHbp
in the vaccine. The third major antigen in the vaccine, GNA 2132, was expressed
by all three strains. Strains H44/76 and NZ98/254 expressed a GNA 2132 con-
taining a homologous 63-amino acid-peptide that was also present in the recom-
binant vaccine antigen. While this segment was absent in GNA 2132 from strain
S3032 (40), it is not known whether this segment is surface exposed or contains
epitopes that are targets of SBA antibodies.

Serum bactericidal assay. The SBA assay was performed as described else-
where (26, 41) using early-log-phase, broth-grown N. meningitidis and dilutions of
test sera that had been heated at 56°C for 30 min to inactivate internal comple-
ment. The complement source was serum from a healthy adult with normal total
hemolytic complement activity and no detectable serum bactericidal antibodies
against any of the test strains. A positive SBA titer was defined by a >50%
decrease in CFU/ml after a 60-min incubation in the reaction mixture compared
with the CFU/ml in negative control wells at time zero. Note that bacteria
incubated with the negative-control serum and complement typically showed a
150% increase in CFU/ml during the 60 min of incubation.

Opsonophagocytic killing assay. The opsonophagocytic activity (OPA) assay
was performed as described elsewhere (26), except that we used C6-sufficient
serum as the complement source instead of C6-depleted serum. The complement
donor was the same as the donor for the SBA assay. The OPA procedure was
essentially the same as the SBA method except that the OPA reaction also
contained human PMNS (ratio, 40 PMNs per CFU of bacteria). A positive OPA
titer was defined by a 50% decrease in CFU/ml after a 60-min incubation in the
reaction mixture compared with that of the negative controls at time zero.

Ex vivo PP. The PP assay was adapted from the method previously described
(38), which was performed in tubes, to the use of a 96-well microtiter plate
format. In brief, fresh blood from a healthy adult was obtained using a syringe
containing recombinant hirudin (lepirudin; final concentration, 27.8 pg/ml) as
the anticoagulant. The blood donor was the same person whose serum was used
for complement to measure SBA and OPA. To each well of the microtiter plate,
65 pl of blood, 25 ul of heat-inactivated test sera, 10 pl of phosphate-buffered
saline buffer containing 15% heated complement and 1% bovine serum albumin
(Equitech), and approximately 4,000 CFU were added. The test strains were
NZ98/254 and S3032, described above. The positive antibody controls were a
relevant anti-PorA monoclonal antibody (anti-P1.4 or anti-P1.12; NIBSC) and
human serum samples with high, medium, or low OPA and SBA against the
respective test strains. Negative controls consisted of heat-inactivated serum
from the complement donor and buffer alone. The microtiter plates were incu-
bated for 90 min at 37°C under 5% CO, with agitation on an MS 3 digital
minishaker (IKA, Wilmington, NC) at 500 oscillations per min. Samples were
removed from the wells, and quantitative cultures were performed on chocolate
agar plates, which were incubated at 37°C under 5% CO,. The following day, the
CFU/ml was ascertained, and the results were calculated as the log,, change in
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TABLE 1. Serum bactericidal responses after three doses of
an investigational meningococcal multicomponent
recombinant protein vaccine”

% of subjects with SBA

b
1/GMT (95% CIy titers of =1:4 (95% CI)

Strain
Pre Post Pre Post
H44/76 2.9 (22-3.8) A 64 (38-110) B 19 (8-36) C 97 (85-100) D
NZ98/254 25 (2.0-3.0) A 38(24-58)B 11 (3-26)E 22 (10-39) F
S3032 22(19-24) A 38(2853)B 8(222) G 36 (21-54)H

“The vaccine contained two fusion proteins, GNA 2091-fHbp variant 1 and
GNA 2132-GNA 1030, and a third component, recombinant NadA (12). Sera
from 36 subjects were tested, except for strain H44/76, for which sera from 35
subjects were tested because of insufficient volume of 1 postimmunization
sample.

? CI, confidence interval; Pre and Post, prevaccination and postvaccination,
respectively. For A versus B, P < 0.001 by a paired ¢ test. P values by the Fisher
exact test are as follows: <0.001 for C versus D, >0.3 for E versus F, and <0.01
for G versus H.

CFU/ml at 90 min compared to that at time zero with negative-control test sera.
Based on the reproducibility of replicate assays performed on different days (see
Results), we defined a positive PP activity as a serum giving a =0.5 log,, decrease
in CFU/ml from that at time zero (i.e., a ~70% decrease in CFU/ml). All assays
were performed in duplicate, and the results reported were from independent
experiments performed on at least three occasions.

Statistical analyses. Statistical calculations were performed using GraphPad
Prism 5 for Mac OSX, version 5.0a. The respective geometric means of the
bactericidal titers were computed by exponentiating (base,). For log transfor-
mation, titers below the 1:4 lower limit of detection were assigned a value of half
of the lower limit (i.e., 1:2). The proportion of sera with serum bactericidal titers
of =1:4 (considered a protective titer when measured with human complement
[5, 13]) was computed along with the respective 95% confidence intervals. The
latter were calculated according to the method of Wilson (24) using a website
calculator (http:/faculty.vassar.edu/lowry/prop1.html). The differences found in
the proportion of subjects in the respective groups were compared by Fisher’s
exact test (two-tailed). Bactericidal activity in the whole-blood assay was defined
by a decrease of =0.5 log;, in CFU/ml after a 1.5-h incubation compared with the
respective CFU/ml at time zero (see Results).

RESULTS

Complement-mediated serum bactericidal responses. Be-
fore vaccination, the percentages of subjects with SBA titers of
=1:4 ranged from 8 to 19% depending on the test strain (Table
1). After vaccination, the respective proportion of subjects with
titers of =1:4 increased to 97% against strain H44/76 (P <
0.0001), which was chosen as a test strain because of its known
susceptibility to SBA by antibodies elicited by the vaccine, and
22% (P > 0.3) and 36% (P < 0.01), respectively, against strains
NZ98/254 and S3032, which were chosen as test strains because
of their known resistance to SBA by antibodies elicited by the
vaccine. The reciprocal geometric mean titers (GMT) of anti-
bodies after vaccination were 1:64, 1:3.8, and 1:3.8 against
strains H44/76, NZ98/254 and S3032, respectively, significantly
higher than the respective reciprocal GMT before vaccination
(P < 0.001 by paired ¢ test) (Table 1).

Complement-mediated opsonophagocytic Kkilling. Serum
OPA responses against the two SBA-resistant strains were
measured. The proportions of subjects with serum OPA titers
of =1:4 before immunization were 11% for both strains, in-
creasing after immunization to 36% against strain NZ98/254
and 42% against S3032 (for each strain, P < 0.03 by Fisher’s
exact test).

PP activity. When a 1:4 dilution of preimmunization serum
from a representative subject was added to anticoagulated
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FIG. 1. Serum PP activity in a human ex vivo model of meningo-
coccal bacteremia. N. meningitidis strains NZ98/254 and S3032 were
incubated with human blood from the donor whose serum was used as
the complement source for measuring serum SBA and OPA, together
with a 1:4 dilution of heat-inactivated pre- or postimmunization serum
from a subject whose SBA titers were <1:4 against both strains. With
the preimmunization serum (solid lines), the CFU/ml of both strains
were unchanged during the 90-min incubation period, whereas in the
presence of the postimmunization serum (dotted line), there were >2
log,, decreases in the respective CFU/ml from those at time zero.

blood from the nonimmune donor along with N. meningitidis
from strain NZ98/254 or S3032, the bacteria survived or in-
creased slightly in CFU/ml during the 90 min of incubation
(Fig. 1). In contrast, the addition of a 1:4 dilution of the
respective postvaccination serum resulted in a >2 log,, de-
crease in the CFU/ml for both strains. The killing in the whole-
blood PP assay occurred despite that fact that the SBA titer of
this subject was <1:4 against both strains.

The PP results were reproducible, as evidenced by the re-
sults of three independent assays performed over 3 months on
paired pre- and postimmunization serum samples from each of
the subjects. The data points for each of the assays of sera from
the first 14 subjects are shown in Fig. 2, with each data point
representing the result of an individual assay. The only excep-
tion to good reproducibility was serum sample 1A (preim-
mune) against strain S3032, with —0.73, —1.49, and —2.26
log,, changes in CFU/ml in the three assays.

We defined a positive serum PP activity as a sample giving
a =0.5 log,, decrease in CFU/ml from that at time zero. A
total of 72 sera were assayed for PP activity (36 pre- and 36
postimmunization sera). Against strain NZ98/254, 26 of
these samples were positive in assay 1. Of these, 24 of 26
(92%) and 23 of 24 (96%) tested were positive by assays 2
and 3, respectively (Table 2). Forty-six samples were nega-
tive for PP against strain NZ98/254 in assay 1. Of these, one
was positive by assay 2 (2%), and two (4%), including the
sample positive in assay 2, were positive by assay 3. For the
second strain, S3032, the respective data for the three assays
showed a level of reproducibility similar to that observed with
strain NZ98/254 (Table 2).
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FIG. 2. Reproducibility of measurements of PP activity in sera
from individual subjects. (A) Strain NZ98/254; (B) strain S3032. PP
was measured in three independent assays, performed over 3 months
on test sera diluted 1:4. Data from the first 14 subjects are shown,
represented by three data points (X) per subject for each serum sam-
ple. Serum samples are labeled with the subject number followed by
the letter A for preimmunization sera and B for postimmunization
sera.

Figure 3 shows the PP results for individual pre- and postim-
munization sera from the 36 adults immunized with three
doses of the meningococcal recombinant protein vaccine. Each
symbol represents the mean from at least two assays. Against
strain NZ98/254, 11% of the preimmunization sera were pos-
itive for PP, and this proportion increased to 61% after immu-
nization (P < 0.001). For strain S3032, the proportions of sera
with PP activity were 42% and 94%, respectively (P < 0.001).

For strain NZ98/254, the mean log,, change in CFU/ml for
the 36 preimmunization sera was —0.12 log;, before immuni-
zation and —1.0 log,, after three doses of vaccine (P < 0.001).
The respective median values before and after immunization
were 0.065 and —0.52 log,, change in CFU/ml (P < 0.0001 by
the Mann-Whitney test). For strain S3032, the mean log,,
change in CFU/ml for the 36 preimmunization sera was —0.59
before immunization and —1.69 after immunization (P <

TABLE 2. Reproducibility of passive protective activity as
measured in three independent assays”

No. positive/total no. (%) at retesting
Assay 1 result (1)

Assay 2 Assay 3
Strain NZ98/254
Positive (26) 24/26 (92) 23/24% (96)
Negative (46) 1/46 (2) 2/46° (4)
Strain S3032
Positive (51) 50/51 (98) 47/507 (94)
Negative (21) 0/21 (0) 0/21 (0)

“ A positive serum PP activity was defined as a sample giving a =0.5 log,,
decrease in CFU/ml compared with the CFU/ml of negative-control sera mea-
sured at time zero (see the text). Data were combined for 36 preimmunization
and 36 postimmunization sera (n = 72).

® Two samples, each positive in assays 1 and 2, were unavailable for assay 3
because of insufficient quantities.

¢ One of the two samples positive in assay 3 was also positive in assay 2.

@ One sample, which was positive in assays 1 and 2, was not available for assay
3 because of insufficient quantity.
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FIG. 3. PP activity against meningococcal bacteremia in an ex vivo model
using human blood. The results are shown for individual pre- and postimmu-
nization sera from the 36 adults immunized with three doses of the menin-
gococcal recombinant protein vaccine. Each symbol represents the mean
from two to three assays. The dashed lines represent a —0.5 log,, change, the
threshold considered positive in the assay (see Table 2). Against strain NZ98/
254, 11% of the preimmunization sera were positive for PP, and this propor-
tion increased to 61% after immunization (P < 0.001). For strain S3032, the
proportions of sera with PP activity before and after immunization were 42%
and 94%), respectively (P < 0.001).

0.001). The respective median values before and after immu-
nization were —0.30 and —1.75 log;, change in CFU/ml (P <
0.0001 by the Mann-Whitney test).

PP activity in relation to SBA. We stratified the individual
postimmunization PP results in relation to the respective SBA

A. Nz98/254

Subject No.

1 BA = 1:4 and Positive PP
@ 3 5 7 9 15 24 36
=] n.
c O T T T T T T T
S E s
05 -1
ez "I«
o © 21
o x z H * x
-

BA <1:4 and Positive PP
10 11 18 19 20 22 23 28 30 33

1 2 4 6 8
SIEE

o

=2

5E

c -0.5 X

SE . )
-0 x i

8’ e o« " = =

-

BA <1:4 and Negative PP

12 13 14 16 17 21 25 26 27 29 32 34 35

¥ T T T T %~

05 ) x X ¥ * -

Log10 change
CFU/mI

.34

CLIN. VACCINE IMMUNOL.

titers. With one exception, the sera could be stratified into
three categories: SBA titers of =1:4 and positive PP activity,
SBA titers of <1:4 and positive PP activity, and SBA titers of
<1:4 and negative PP activity. (The exception was one serum
sample with an SBA titer of 1:7 and a PP of —0.4 log,, change
in CFU/ml against strain NZ98/254.) Figure 4 shows the results
of the remaining individual sera stratified by each of the three
categories. All of the sera with SBA titers of =1:4 had strong
PP activity in the whole-blood assay (>1 to 2 log,, decreases in
CFU/ml [Fig. 4, upper panels]). However, a large proportion of
the sera with SBA titers of <1:4 and positive PP activity (Fig.
4, center panels) showed strong killing in the whole-blood
assay, similar to that of the sera with SBA titers of =1:4.

Prevalence of SBA, OPA, and PP. Figure 5 compares the
respective percentages of subjects with positive serum titers of
=1:4 before and after immunization for each of the three
antibody functional assays. Depending on the strain, the pro-
portions of subjects with serum PP after vaccination were 2.6-
to 2.8-fold higher than those with SBA (61 versus 22%, respec-
tively, for NZ98/254 and 94 versus 36%, respectively, for
S$3032). The corresponding proportions of postimmunization
sera with OPA were 36 and 42% for strains NZ98/254 and
S3032, respectively.

DISCUSSION

Complement-mediated SBA is a well-accepted serologic
marker of protection against meningococcal disease (5). The
recombinant protein vaccine given to the subjects in the

B. 3032

Subject No.
BA = 1:4 and Positive PP

1-
e 3 7 8 9 15 18 19 25 26 27 28 29 30
c_ 04— " " T"T——T
S E-0s
Q5 .4
25 { *
o 21 % = ¥ ox x ¥ k4 % * X
a

BA <1:4 and Positive PP

12 4 5 6 1011121417 20 21 22 23 24 31 32 33 34 35 36

(]
g’c......-..............
g E-05 P L L L S TR R E R PR e
55 4 ¥ :
o W x
$° SEERIE IR ALY
2 7. g, £ ,
-

-34

BA <1:4 and Negative PP

1.
2 13 16
5= ¢ 3 )
s E-05
o5 -1
=
g
|

FIG. 4. Serum PP activity in relation to complement-mediated serum bactericidal titers. Each point represents the mean =+ standard deviation
for three assays performed on different days on 1:4 dilutions of postimmunization sera from individual subjects. (A) Strain NZ98/254; (B) strain
$3032. Positive PP (dashed lines) was defined by a =0.5 log,, decrease in CFU/ml at 90 min from the CFU/ml of the negative control at time zero.
The log;, changes in CFU/ml in the whole-blood assay for many of the sera with SBA titers of <1:4 and positive PP (center panels) were similar
in magnitude to those observed for sera with bactericidal titers of =1:4 and positive PP (upper panels). Note that there was one subject with a
postimmunization bactericidal titer of 1:7 and negative PP (—0.4 log,, decrease) against strain NZ98/254. Since no other sera exhibited positive
SBA and negative PP, a fourth panel with the single data point is not shown.
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FIG. 5. Summary of the proportions of immunized subjects with
titers of =1:4 in SBA, OPA, or PP assays. The bars represent the
proportions of preimmunization (open bars) or postimmunization
(filled bars) sera that were positive when tested at a 1:4 dilution in each
assay. Error bars, 95% confidence intervals (CI). A positive serum
SBA or OPA titer was defined as a 50% decrease, after a 60-min
incubation of bacteria, from the CFU/ml at time zero. Positive PP
activity was defined as a =0.5 log,, decrease, after a 90-min incubation,
from the CFU/ml at time zero. Depending on the strain, postimmuni-
zation PP activity was 2.6- to 2.8-fold more frequent then an SBA titer
of =1:4.

present study contained five antigens, of which three, NadA,
fHbp, and GNA 2132, were found in previous studies to be
important targets of serum bactericidal antibodies (12). The
remaining two antigens, GNA 1030 and GNA 2091, elicited
antibodies that bound to the surface of N. meningitidis and/or
conferred protection in animal models but individually had
minimal or no bactericidal activity (12). The vaccine that is
currently in phase III clinical studies contains the three recom-
binant proteins (five antigens) combined with an outer mem-
brane vesicle vaccine prepared from strain NZ98/254. The
present studies were limited to sera from adults given the multi-
component recombinant protein vaccine without the outer mem-
brane vesicle vaccine.

Subjects given this vaccine showed strong SBA responses
when measured with human complement against strain H44/
76, which is a naturally high expresser of fHbp with an amino
acid sequence that matches that of the vaccine antigen. As
expected, the SBA responses against the other two strains,
NZ98/254 and S3032, which were selected because they were
known to be resistant to SBA by antibodies elicited by the
recombinant protein vaccine, were much lower. Here we
present data showing that the vaccine-induced antibodies of
some subjects with SBA titers of <1:4 killed the two SBA-
resistant strains in OPA and/or PP assays.

In previous studies, a whole-blood assay that measured both
serum and opsonophagocytic bactericidal activities against N.
meningitidis also was reported to give positive results for many
persons whose SBA titers were <1:4 (18-20, 38), including
children or adults immunized with outer membrane vesicle
vaccines (9, 23). These assays were performed over many
months on fresh whole-blood samples obtained from individ-
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uals, an approach that is not likely to be realistic for the
measurement of antibody responses to vaccines in large clinical
trials (38). What is novel about the present approach is the use
of fresh blood from a nonimmune donor to assay the PP
activity of stored sera from subjects enrolled in a vaccine trial.
Thus, pre- and postimmunization sera from individuals could
be assayed in parallel. We also used blood that was anticoag-
ulated with lepirudin, a specific thrombin inhibitor not known
to activate complement, whereas the previous studies used
citrate or heparin, which are known to affect complement ac-
tivation (29). In future studies, the PP activities of sera from
persons given different vaccines can be compared directly in
single assays.

The antigenic targets of the antibodies responsible for the
OPA or PP were not defined. However, none of the test strains
had the gene for NadA, and one of the strains, S3032, ex-
pressed fHbp from an antigenic group different from the vari-
ant 1 protein contained in the vaccine. This strain also was
resistant to SBA, OPA, and PP activity by mouse antiserum to
recombinant fHbp in the variant 1 group (titer, <1:10) but was
susceptible to the SBA of a mouse antiserum to GNA 2132
(titer, ~1:200 with human complement). Thus, it is likely that
the functional antibody activities observed against strain S3032
in the sera from the vaccinees in the present study reflected, at
least in part, antibodies elicited by GNA 2132. This conclusion
is consistent with our previous results from studies of mouse
and/or human anti-GNA 2132 antibodies (26, 40).

Recently two laboratories reported that factor H (fH), a
downregulating molecule in the complement pathway, bound
to N. meningitidis, which enabled the organism to evade innate
immunity (21, 28). In a subsequent study, we found that the
binding of fH to N. meningitidis was specific for human fH (16).
Further, when N. meningitidis was incubated with infant rat or
rabbit serum, there was unregulated complement activation
and C3 deposition on the bacterial surface. The addition of
human fH to the reaction mixture inhibited rat or rabbit C3
activation and lowered the SBA titers, measured with rabbit
complement, of human vaccinee sera more than 10-fold (16).
Thus, human species-specific binding of fH by N. meningitidis
may explain why serum bactericidal titers measured with rabbit
complement are higher than titers measured with human com-
plement (27, 43), where human fH was bound to the bacteria.

The infant rat model has been used to measure the ability of
antibodies to confer PP against meningococcal bacteremia (15,
17, 31-35, 37, 39, 40). Although nonbactericidal antibodies to
fHbp and/or GNA 2132 conferred protection in this model (40,
42), we must now consider that the observed in vivo protection
occurred in the presence of unregulated complement activa-
tion. Therefore, it may not be possible to extrapolate the PP
results from the animal model to protection of humans from
meningococcal disease, where fH is bound to the bacterial
surface and complement activation is downregulated, render-
ing the organism resistant to bacteriolysis.

Based on titers of <1:4 in the SBA or OPA assay, only a
minority of the adults immunized with the investigational re-
combinant protein vaccine in this study was predicted to be
protected against disease caused by N. meningitidis strain
NZ98/254 or S3032. However, the results of the serum PP
assays indicated that a majority of the test sera, when added to
nonimmune human blood, could kill these strains. Thus, a
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much higher proportion of the vaccinated subjects may have
been protected than that predicted by the SBA or OPA results.
The greater sensitivity of the PP assay may reflect the higher
complement concentrations in the ex vivo model of bacteremia
using whole human blood than that in the SBA or OPA assay
(20%), but whether the PP results overestimate protection is
unknown. Thus, the actual extent to which SBA or OPA re-
sponses underestimate the meningococcal immunity induced
by vaccination, and the ability of the serum PP assay to predict
protection, will need to be validated by additional studies.
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