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Serum-complement-mediated bactericidal antibody (SBA) remains the serologic hallmark of protection
against meningococcal disease, despite experimental and epidemiologic data that SBA may underestimate
immunity. We measured bactericidal activity against three strains of Neisseria meningitidis group B in sera from
48 healthy adults and in whole blood from 15 subjects. Blood was anticoagulated with lepirudin, a specific
thrombin inhibitor not known to activate complement. Depending on the test strain, protective SBA titers of
>1:4 were present in only 8 to 15% of the subjects, whereas bactericidal activity was present in 40 to 87% of
subjects according to the blood assay. Among SBA-negative subjects, blood from 23 to 42% gave a decrease
of >2 log10 CFU/ml after 1 h of incubation, and blood from 36 to 83% gave a decrease of >1 log10 after 2 h.
For most blood samples, bactericidal antibodies primarily were directed against noncapsular antigens, since
activity was not inhibited by group B polysaccharide. For some SBA-negative subjects, white cells were not
needed, since similar respective bactericidal activities were observed in blood and plasma. Bactericidal activity
by whole blood of SBA-negative subjects can be rapid (<1 h) and effective (>2 log10) and, among all subjects,
was four- to sixfold more prevalent than a positive SBA. Thus, while an SBA titer of >1:4 predicts protection
against meningococcal disease, a titer of <1:4 is poorly predictive of susceptibility. More sensitive assays than
SBA are needed to assess protective meningococcal immunity, or we risk underestimating the extent of
immunity in the population and the effectiveness of new meningococcal vaccines.

Studies by Goldschneider et al. in the 1960s provided com-
pelling data that a serum bactericidal antibody (SBA) titer of
1:4 or greater predicts protection against developing meningo-
coccal disease (reviewed in reference 14). Additional evidence
for protective immunity comes from studies demonstrating
passive protection by bactericidal antibody in animal models of
meningococcal disease (36) and a correlation between the abil-
ity of humans to mount SBA responses to vaccination with
clinical evidence of meningococcal vaccine effectiveness (15,
16, 25, 35). The importance of SBA in protection also is un-
derscored by clinical observations of greatly increased rates of
meningococcal disease in persons with deficiencies in terminal
complement components (10, 11, 30), whose sera cannot sup-
port bacteriolysis.

The ability of SBA to confer protection against meningococ-
cal disease is now widely accepted (3, 4) and, for purposes of
licensure of new meningococcal vaccines, regulatory agencies
generally accept SBA as evidence tantamount to vaccine ef-
fectiveness (5). What is more controversial is whether persons
with serum bactericidal titers of �1:4 also can be protected
against developing meningococcal disease (28). For example, a
whole-blood assay that measures both serum and opsono-
phagocytic bactericidal activity against Neisseria meningitidis is
reported to be positive in many persons whose SBA titers are
�1:4 (12, 17, 18). These data, together with recent epidemio-
logic data (38), suggest that the SBA results may grossly un-
derestimate the proportion of the population naturally im-
mune from developing meningococcal disease.

For the measurement of whole-blood bactericidal activity,
blood needs to be anticoagulated. Up to now, investigators
have used either citrate (19) or heparin (12, 17–19, 26). How-
ever, the choice of anticoagulant can be a critical factor influ-
encing the ability of N. meningitidis to survive in human blood
(19), and both citrate and heparin are known to interact with
critical steps in the inflammatory network (34), including com-
plement activation. For example, heparin is known to bind with
at least 13 different proteins in the complement cascade (32),
and heparin can have a direct inhibitory effect on the killing of
certain bacteria by human serum (7). Thus, one cannot exclude
the possibility that the previously reported bactericidal data
from testing whole blood were confounded by the effects of the
anticoagulant used on complement activation. The primary
purpose of the present study was to investigate the basis of
naturally acquired meningococcal group B immunity in healthy
adults living in the San Francisco Bay area, using an assay
performed with blood anticoagulated with the highly specific
recombinant protein thrombin inhibitor lepirudin (Refludan;
Berlex), which is reported not to activate complement (34).
Secondary objectives were to define the kinetics of killing of N.
meningitidis in the whole-blood assay and the reproducibility of
the results and to determine whether naturally acquired anti-
bodies that confer protection in the human blood assay are
directed against capsular or noncapsular antigens, since there
are few, if any, data addressing these questions in the previ-
ously published studies.

MATERIALS AND METHODS

Study subjects. We obtained serum samples for the measurement of bacteri-
cidal activity from 48 healthy adults ranging in age from 21 to 57 years (mean �
standard deviation, 33 � 11). The samples were obtained between 2002 and 2007
from participants enrolled in a group C meningococcal conjugate vaccine trial

* Corresponding author. Mailing address: 5700 Martin Luther King
Jr. Way, Oakland, CA 94609. Phone: (510) 450-7640. Fax: (510) 450-
7915. E-mail: dgranoff@chori.org.

� Published ahead of print on 3 October 2007.

1596



(40) or in a study of naturally acquired meningococcal immunity. Of the 48
subjects, 31 (65%) were female. The percentages of white, Hispanic, Asian, and
others were 73, 4, 15, and 10, respectively. A convenience sample of 15 subjects
(all employees of the hospital or research institute) agreed to provide whole
blood on two to four occasions for additional studies of meningococcal immunity.
They ranged in age from 21 to 57 years (mean � standard deviation, 36 � 13).
The guidelines of the Institutional Review Board of Children’s Hospital &
Research Center at Oakland were strictly adhered to by using an approved
protocol, and all subjects provided informed, written consent.

N. meningitidis strains. We used three group B strains as test organisms for the
measurement of bactericidal activity. NZ98/254 (B:4;P1.7-2,4) is lineage 3, se-
quence type (ST) 42, and is representative of the strain that caused a recent
epidemic in New Zealand (2, 9). Strain 8047 (B:2b:P1.5-1,2-2) was isolated from
a patient with meningococcal disease in the United States and is ST 8 and cluster
A4 lineage, as described previously (6). Strain BZ232 (B:NT;P1.5-2,2-2) is ST 38
and electrophoretic type 76 and was isolated from a patient in The Netherlands.

Growth of bacteria. Frozen aliquots of bacteria were subcultured overnight at
37°C in 5% CO2 on chocolate agar (Remel, Rancho Cordova, CA). Individual
colonies were picked and added to 7 ml of Mueller-Hinton broth (BD, Franklin
Lakes, NJ) supplemented with 0.25% (wt/vol) glucose and 0.02 mM cytidine-5�-
monophospho-N-acetylneuraminic acid (Sigma, St. Louis, MO). The bacteria
were grown at 37°C in a sealed glass tube for approximately 2 h (from an A620 of
�0.10 to �0.6). The culture was transferred and diluted to a final volume of 50
ml in Dulbecco’s buffer containing Ca2� and Mg2� (designated Dulbecco’s ��;
Mediatech, Herndon, VA) with added 1% bovine serum albumin (radioimmu-
noassay grade; Sigma). The bacterial suspension was centrifuged for 10 min at a
relative centrifugal force of 2,908, and the bacteria were resuspended in 7 ml of
the same buffer.

Serum bactericidal assay. For serum bactericidal assays, all test sera were
heated for 30 min at 56°C to inactivate complement. The complement source was
serum from a healthy adult with no detectable bactericidal activity and normal
hemolytic complement activity. The final bactericidal reaction mixture contained
20% (vol/vol) complement, serial twofold dilutions of human serum diluted in
Dulbecco’s �� buffer and approximately 12 �l of Dulbecco’s �� buffer con-
taining 300 to 400 CFU of N. meningitidis. After 60 min of incubation at 37°C,
aliquots from the microtiter plates (Nunc, Rochester, NY) were plated onto
chocolate agar (Remel). The plates were incubated at 37°C in 5% CO2, and the
following day the numbers of CFU per milliliter were determined. The lowest
serum dilution tested was 1:4. The bactericidal titer was defined as the serum
dilution resulting in a 50% decrease in CFU per milliliter compared to the CFU
per milliliter of the control at time zero. Typically, bacteria incubated with the
negative control antibody and complement showed a 150 to 200% increase in
CFU per milliliter during the 60 min of incubation.

Whole-blood bactericidal assay. To avoid the effects of heparin or chelation on
complement activation in the whole-blood bactericidal assay, we used recombi-
nant hirudin (lepirudin) as the anticoagulant (final concentration of 27.8 �g/ml,
which excludes the weight of mannitol) (34). Hirudin is a specific thrombin
inhibitor that is reported not to effect complement activation, since its effect is
limited to the final step of coagulation (34). Blood was drawn using a syringe
containing the anticoagulant and was assayed for bactericidal activity within 2 h.
All experiments were performed in replicate sterile glass tubes containing 1 ml
of anticoagulated blood (six tubes per subject). One set of duplicates contained
blood alone; a second set contained blood and group B meningococcal polysac-
charide (50 �g/ml); and a third set contained, as a negative control group, group
A meningococcal polysaccharide (50 �g/ml). The meningococcal polysaccharides
were the gifts of Novartis Vaccines, Siena, Italy. Twenty microliters of buffer
containing approximately 2,000 CFU of the target strain was added to each vial,
and the tubes were capped and gently mixed and incubated at 37°C on a rocking
shaker. Aliquots were removed at 0, 1, and 2 h and, for some experiments, also
at 3 or 4 h. Volumes of 100, 10, and 10 �l of a 1:10 dilution were plated onto
chocolate agar plates and incubated overnight at 37°C in 4% CO2 to ascertain the
numbers of CFU per milliliter. For the first four donors, we also measured
hemolytic complement activity in plasma or whole blood obtained at times 0, 1,
2, and 3 h (EZ Complement CH50 test; Diamedix Corp., Miami, FL). There was
no evidence of significant complement consumption (mean decrease in CH50

[reciprocal dilution of total serum complement that lyses 50% of cells] at 3 h
compared to that at time zero, 3.5%; range, 2 to 7%).

Plasma bactericidal assay. For experiments using plasma, the anticoagulated
blood was centrifuged for 10 min at 3,405 � g, and the plasma was centrifuged
a second time to ensure that all of the cells were removed, which was verified by
microscopy. To test bactericidal activity, we used undiluted plasma that was
stored at �70°C to preserve the internal complement. The plasma bactericidal
assay was performed in a manner similar to that of the serum bactericidal assay,

except that 60 �l of undiluted plasma was mixed with 6 �l of bacteria suspended
in Dulbecco’s �� buffer (approximately 500 CFU). The microtiter plates were
incubated on a rotating shaker at 37°C, and aliquots were removed at 0, 1, and
2 h and were cultured on chocolate agar plates to ascertain the number of CFU
per milliliter.

Statistical analyses. 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 according to
the method of Newcombe (27) and using a website calculator (http://faculty
.vassar.edu/lowry/prop1.html). Bactericidal activity in the whole-blood assay was
defined as either a decrease of �1 log10 in the number of CFU per milliliter after
2 h of incubation compared to that of the respective CFU per milliliter at time
zero or, for a more rigorous definition, a decrease of �2 log10 in the number of
CFU per milliliter after 1 h of incubation.

RESULTS

SBAs. Three of 48 sera (6%) were bactericidal at a serum
dilution of 1:4 or greater against all three strains. There were
no other sera that killed more than one strain. Overall, the
number of sera with bactericidal titers of �1:4 were 7 (15%)
against strain 8047, 6 (13%) against strain NZ98/254, and 4
(8%) against strain BZ232. The upper limits of the 95% con-
fidence intervals are 27, 25, and 20%, respectively.

Whole-blood bacterial killing assay. We assayed bactericidal
activity in whole blood from 15 of the 48 subjects. Of the 15,
the SBA titers were �1:4 in one subject against all three
strains, in another subject only against strain NZ98/254, and in
two other subjects only against strain 8047. Sera from the
remaining 11 subjects had SBA titers of �1:4 against all three
strains.

Reproducibility of the whole-blood assay. Blood samples
from each of the 15 donors were assayed for bactericidal ac-
tivity against each of the three strains in at least two experi-
ments 1 to 4 weeks apart (total of 90 independent data points
on different samples). The respective results in the second
experiment in relation to those observed in the first experiment
are summarized in Table 1. In general, there was excellent
concordance between the respective results. For example, after
2 h of incubation, there were 18 samples for which we observed
a decrease of �2 log10 CFU/ml of a strain compared to the
respective CFU per milliliter at time zero; 7 samples for which
we observed a decrease between 1 and 1.9 log10; and 20 sam-
ples for which we observed no decrease or a decrease of �1
log10. With only one exception, we obtained identical respec-
tive results when a second sample of blood from the same
donor was retested 1 to 4 weeks later. The one donor with a
discordant result showed a decrease of 0.8 log10 CFU/ml in
blood in the first experiment and 1.2 log10 in the second ex-
periment.

When there was discordance between the respective results
of two experiments, the assay was repeated a third time and the
consensus result was used to assign the value. Overall, the
percentages (95% confidence intervals) of subjects whose
whole blood gave �1 log killing were 40% (20 to 64%) for
strain BZ232, 47% (25 to 70%) for strain NZ98/254, and 87%
(62 to 96%) for strain 8047. Note that there was no evidence of
greater killing of group B strains by whole blood from the six
persons previously immunized with capsular group C or with
group A, C, Y, and W-135 polysaccharide-based vaccines (33%
against BZ323, 33% against NZ98/254, and 83% against strain
8047, compared to 44, 56, and 89%, respectively, for whole
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blood from the nine persons not previously immunized; P 	
0.5).

Examples of whole-blood bactericidal activity of subjects
with SBA titers of >1:4. The results from an experiment testing
blood of donor 1, whose serum killed all three strains, are
shown in Fig. 1 (left). Within 1 h of incubation in blood, the
CFU per milliliter of the bacteria from all three strains went
from �103 at time zero to not detectable (�50 CFU/ml).
Whole-blood bactericidal activity was not inhibited by the ad-
dition of 50 �g/ml of group B polysaccharide. Thus, despite the
killing of all three strains, the bactericidal antibodies in the
blood assay appeared to be directed primarily against noncap-
sular antigens.

The results of testing the blood of donor 2 also are shown in

Fig. 1 (right). The serum from this donor was bactericidal
against strain NZ98/254 but not against the other two strains.
In the whole-blood assay, we observed a decrease of �2 log10

CFU/ml of strain NZ98/254, and the activity was inhibited by
the addition of group B polysaccharide (Fig. 1, right) but not
by the addition of an irrelevant control polysaccharide (group
A; data not shown). Bactericidal activity of blood from donor
2 also was present against strain 8047 but not against strain
BZ232. However, in contrast to strain NZ98/254, the bacteri-
cidal activity against strain 8047 was not inhibited by group B
polysaccharide. Thus, BZ232 was resistant to killing by anti-
capsular antibodies in the blood of donor 2 that were sufficient
to activate bactericidal activity against strain NZ98/254, while
absorption of antibodies to group B polysaccharide did not
eliminate whole-blood bactericidal activity against strain 8047.
The latter observation implies that the blood of donor 2 also
contained antibodies against noncapsular antigens that acti-
vated bactericidal activity against strain 8047 but not against
the other two strains. These data underscore strain variability
in susceptibility to different antibodies that can contribute to
whole-blood bactericidal antibodies.

Examples of whole-blood bactericidal activity of subjects
with SBA titers of <1:4. Blood from donor 3 showed no killing
against any of the three strains tested (Fig. 2, left), while blood
from donors 4 (middle) and 5 (right) was bactericidal against
all three strains, although the respective kinetics were different
for the different strains. For donor 4, there was a decrease of
�2 log10 CFU/ml within 1 h of incubation with each of the
three strains; for donor 5, it took 1 h for a decrease of �2 log10

CFU/ml of strain 8047, 2 h for strain NZ98/254, and 4 h for
strain BZ232.

The antibodies responsible for the killing of strain NZ98/254
by blood from donor 4 appeared to be directed against the
group B capsule, since killing was inhibited by the addition of
group B polysaccharide. However, the addition of the polysac-
charide inhibitor had no significant effect on the bactericidal
activity of blood against the other two strains.

For purposes of analyses, we defined significant whole-blood
bactericidal activity as either a decrease of �1 log10 in CFU
per milliliter after 2 h of incubation or, for a more rigorous
definition, a decrease of �2 log10 in the number of CFU per
milliliter after 1 h of incubation. The results, stratified for each
of these definitions for subjects with SBA titers of �1:4, are
summarized in Table 2. Using the less rigorous definition,
blood from 10 of the 12 serum-bactericidal-negative subjects
(83%) killed strain 8047, 5 of 13 (38%) killed strain NZ98/254,

TABLE 1. Reproducibility of the whole-blood assaya

Incubation
time (h)

Reduction in bacterial
count (log10 CFU/ml)

No. of samples in
assay 1 that

showed bacterial
count reduction

% of samples (95% confidence interval) in assay 2 that showed a
bacterial count reduction (log10 CFU/ml) of:

�1 1 to 1.9 �2

2 �2 18 0 (0–18) 0 (0–18) 100 (82–100)
2 1–1.9 7 0 (0–35) 100 (65–100) 0 (0–35)
2 �1 20 95 (76–99) 5 (0–24) 0 (0–16)
1 �2 17 0 (0–18) 6 (1–27) 94 (73–99)
1 1–1.9 5 0 (0–44) 100 (56–100) 0 (0–44)
1 �1 23 87 (68–95) 13 (5–32) 0 (0–14)

a Blood samples from each of the 15 donors were assayed for killing against each of the three strains in at least two sets of experiments (against all three strains, a
total of 90 strain-specific data points from replicate assays done on two occasions 1 to 4 weeks apart were used).

FIG. 1. Bactericidal activity of whole blood from donors with pos-
itive serum bactericidal titers. Serum from donor 1 was bactericidal
against all three strains (titer of �1:4). Serum from donor 2 was
bactericidal only against strain NZ98/254. Solid lines, bacteria incu-
bated in blood in the absence of polysaccharide inhibitor. Dashed
lines, bacteria incubated in blood containing 50 �g/ml of group B
meningococcal polysaccharide. Error bars represent the range of the
CFU per milliliter measured in duplicate blood specimens assayed in
parallel. No significant inhibition of blood bactericidal activity was
observed in samples containing 50 �g per ml of a control, irrelevant
group meningococcal polysaccharide (group A; data not shown).
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and 5 of 14 (36%) killed strain BZ232. The corresponding
numbers and percentages using the second more rigorous
definition were 5 of 12 (42%) for strain 8047, 3 of 13 (23%) for
strain NZ98/254, and 4 of 14 (29%) for strain BZ232. Nearly
all of the whole-blood bactericidal activity could be attributed
to antibodies directed at noncapsular antigens, since, with few
exceptions, activity was not inhibited by the addition of group
B polysaccharide (Table 1).

Whole-blood bactericidal activity does not necessarily re-
quire polymorphonuclear leukocytes. Stored plasma samples
that had been prepared at the time of the whole-blood bacte-
ricidal assays were available for 10 of the 15 subjects. If the
respective serum sample had a bactericidal titer of �1:4, the
plasma samples alone efficiently killed the bacteria, with sterile
cultures achieved by 1 h of incubation (�2 log10 decrease in
CFU per milliliter compared to that at time zero). Conversely,
for subjects with SBA titers of �1:4, if the respective blood
sample was negative for killing (�1 log10 decrease in CFU per
milliliter), the respective plasma sample also was negative.
Among subjects with serum bactericidal titers of �1:4, there

were four whose whole blood gave a decrease of �2 log10

CFU/ml and whose corresponding plasma alone gave a de-
crease of �2 log10 (an example is donor 7 against strain
BZ232) (Fig. 3, top). In contrast, there also were two other
SBA-negative subjects whose whole blood gave a decrease of
�2 log10 CFU/ml but whose corresponding plasma samples
alone gave no decrease or �1 log10 decrease (see, for example,
donor 4 against BZ232) (Fig. 3, bottom). Thus, the presence of
leukocytes was required for whole-blood bactericidal activity
for some, but not all, subjects with serum bactericidal titers of
�1:4.

DISCUSSION

As described in the introduction, compelling data going back
to the studies of Goldschneider et al. indicate that comple-
ment-mediated SBAs confer protection against developing
meningococcal disease (13). However, recent seroepidemio-
logic data are inconsistent with the hypothesis that SBAs are
the primary mechanism responsible for the observed age-re-

FIG. 2. Bactericidal activity of whole blood from donors with serum bactericidal titers of �1:4 against all three strains. Symbols are identical
to those described in the legend to Fig. 1.

TABLE 2. Killing of N. meningitidis group B strains by whole blood from subjects with serum bactericidal titers of �1:4

Test strain No. of SBA-negative
subjects

No. (%; 95% CI) of blood samples with killing
activity according to definition:

Killing inhibited by group B
polysaccharidec (no. of
samples with inhibited

activity/no. of samples with
killing activity)1a 2b

8047 12 10 (83; 55–95) 5 (42; 19–68) 1/10
NZ98/254 13 5 (38; 18–64) 3 (23; 8–50) 2/5
BZ232 14 5 (36; 16–61) 4 (29; 12–55) 1/5

a Defined as a �1 log10 decrease in CFU/milliliter after 2 h of incubation compared to the CFU/milliliter at time zero.
b Defined as a �2 log10 decrease in CFU/ml after 1 h of incubation compared to the CFU/milliliter at time zero.
c Data are for blood samples showing killing as specified by definition 1 and showing a greater than 90% inhibition of killing when the blood contained 50 �g/ml of

group B polysaccharide.

VOL. 14, 2007 N. MENINGITIDIS GROUP B IMMUNITY 1599



lated acquisition of meningococcal immunity. For example, the
annual incidence of group B meningococcal disease in England
is reported to be �75 per 100,000 infants 6 to 12 months of age,
which decreases to �10 per 100,000 in the age group 4 to 5
years and �3 per 100,000 in the age group 10 to 12 years (38).
However, the prevalence of SBA titers of �1:4 is less than 10%
in all three age groups, and it is only by age 19 years that the
prevalence increases to 50% (38). This increase in SBA prev-
alence coincides with an increase in asymptomatic group B
colonization during the teenage years (8, 23). Thus, many teen-
agers with SBA titers of �1:4 are exposed to potentially patho-
genic N. meningitidis strains (21, 23), yet few develop disease
(39). The Goldschneider study showing that persons with SBA
titers of �1:4 were protected from developing meningococcal
disease also described SBA-negative recruits who became col-
onized with the epidemic group C strain: the attack rate was
high (5/13; 39%), but not everyone developed disease (13).
Taken together, the data imply the existence of mechanisms
other than SBA to explain the observed age-related increase in
protective meningococcal immunity.

Given the recent seroepidemiologic data, our hypothesis in
the present study was that some, but not all, adults with SBA
titers of �1:4 are protected against developing meningococcal
disease. Our finding that whole blood from some SBA-negative
subjects killed 	99% of the bacteria within 1 h of incubation
supports our hypothesis. However, it is impossible to be certain
that such persons would be entirely safe from developing me-
ningococcal disease if they actually were exposed.

Previously published studies using the whole-blood bacteri-
cidal assay indicated that there was an age-related acquisition
of the ability of blood to kill N. meningitidis (18) and that whole
blood from a substantial proportion of adults with SBA titers
of �1:4 was bactericidal against N. meningitidis group B strains
(12, 18, 19). The results of the present study extend these
observations: depending on the strain tested, we observed
whole-blood bactericidal activity (�1 log10) to be approxi-
mately four- to sixfold more prevalent than the respective
prevalence of SBA titers of �1:4. Further, the kinetics of
whole-blood bactericidal activity of SBA-negative adults can

be rapid (�1 h) and highly effective (decrease of 	2 log10

CFU/ml), and the results were reproducible when measured in
blood samples obtained from the same donor in different
weeks. Our results were from assays of blood anticoagulated
with lepirudin, which, unlike heparin, is reported not to acti-
vate complement (34). Taking the previously published and
present data together, there is a strong scientific rationale to
conclude that an SBA titer of �1:4 is sufficient to confer
protection against meningococcal disease, but it is not re-
quired.

The ability of whole blood from donors with serum bacteri-
cidal titers of �1:4 to be bactericidal for N. meningitidis can be
explained by two possible antibody-mediated mechanisms: the
presence of nonbactericidal opsonic antibodies (1, 20, 29, 30)
and the presence of complement-mediated bactericidal anti-
bodies below the threshold of detection of the serum bacteri-
cidal assay. It also is possible that innate immunity, such as
more effective alternative complement activation, contributed
to bactericidal activity in the whole-blood bactericidal assay.
Our data are consistent with all three explanations, since in
some subjects with SBA titers of �1:4 bactericidal activity was
present in 91% plasma, which could have resulted from the
high concentrations of antibody and/or complement present
compared to those of the assay used for measuring SBA. In
other subjects, bactericidal activity was observed with the
whole-blood assay but was greatly decreased or not observed at
all in the 91% plasma bactericidal assay, which implies that
white cells also were needed.

Based on the inhibition of whole-blood bactericidal activity
by group B polysaccharide, the naturally acquired bactericidal
antibody in the majority of the blood samples appears to be
directed against noncapsular antigens. This conclusion is the
opposite of that reported by Toropainen et al., based on their
studies of passive protective activity of absorbed human serum
in the infant rat group B meningococcal bacteremia model
(37). The most likely explanation for the discrepant results is
the different assays used, one using an animal model and the
other an ex vivo human model. Two recent studies reported
that factor H (fH), an important down-regulatory molecule in
the complement cascade, binds specifically to N. meningitidis
cells and enhances resistance of the organism to serum bacte-
riolysis (22, 33). Binding of fH by meningococci appears to be
specific for human, and not rat, fH (31). Thus, in the absence
of binding of fH in the infant rat model, the organisms are
more susceptible to clearance by antibody and complement,
and the presence of low concentrations of group B anticapsular
antibodies may be capable of eradicating bloodstream infec-
tion. However, these antibody concentrations may not be suf-
ficient for bactericidal activity of N. meningitidis in human
blood, in which the bacteria have fH bound to their surface. To
understand the actual mechanisms, further studies are needed.

In previous studies, the whole-blood bactericidal assay was
used to measure antibody responses of children (26) and adults
(12) to meningococcal vaccination. However, we agree with the
conclusions of Findlow et al. (12) that despite the apparent
utility of the resulting data, the whole-blood bactericidal assay
is primarily a research tool and is unlikely to be realistic for the
measurement of responses to vaccines in large clinical trials,
since fresh blood is required and the assay cannot be per-
formed on stored samples. What is needed, therefore, is a

FIG. 3. Bactericidal activity of plasma against N. meningitidis group
B, strain BZ232. Both donors had serum bactericidal titers of �1:4.
Solid lines and closed circles, bacteria incubated with whole blood.
Dashed lines with open triangles, bacteria incubated in 91% plasma
that had been stored frozen to preserve internal complement activity.

1600 WELSCH AND GRANOFF CLIN. VACCINE IMMUNOL.



reproducible assay that distinguishes between protective and
nonprotective sera with bactericidal titers of �1:4. Given the
contribution of white cells to the bactericidal activity of whole
blood of some donors, the assay likely will require direct mea-
surement of opsonic antibodies (24, 41) or the prediction of
opsonic activity (for example, the ability of serum antibody to
activate C3b deposition on the bacterial surface, performed in
the absence of leukocytes) (42, 43). By relying on SBA results
alone, we are underestimating the extent of meningococcal
immunity in the population as well as the potential effective-
ness of new meningococcal vaccines.
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