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short term (4, 12), although they are poorly immunogenic and
not protective in those under 2 years of age (35).
The original serological correlate of protection in military
recruits was obtained using an SBA in which human sera was
the exogenous complement source (hSBA). However, large
volumes of suitable human source complement preserved sera
are not available or even practical to obtain due to the occurrence of naturally occurring antimeningococcal antibodies induced by oropharyngeal carriage of meningococci or other
neisserial species. In the absence of a commercial source of
human complement, the standardization of assays between
laboratories, each of whom is using their own in-house source,
is difficult.
Commercially available heterologous complement has the
advantage of being manufactured and supplied to a high standard of consistency and offers the only practical way of achieving standardization of SBA results between laboratories.
Therefore, 3- to 4-week-old baby rabbit serum is now recommended as an alternative complement source for the SBA (26,
37).
It is generally accepted, however, that serogroup C meningococci are more susceptible to serogroup C-specific antibodies when using baby rabbit complement as opposed to human
complement, resulting in higher SBA titers (21). With the
reliance on serological correlates of protection for licensure of
MCC vaccines, we have evaluated the use of SBA titers gen-

Meningococcal serogroup C (MenC) conjugate (MCC) vaccines have been extensively evaluated in phase I and II trials in
the United Kingdom (7, 15, 31–34) and elsewhere (2, 10, 11,
23, 24, 36) and have been shown to be highly immunogenic,
generating functional antibodies as measured by serum bactericidal assay (SBA). Studies of military recruits during the
1960s had shown that those with naturally acquired SBA titers
of ⱖ4 were protected from MenC disease (20). The United
Kingdom Medicines Control Agency therefore took the view
that efficacy trials would not be required for MCC vaccines but
instead serological correlates utilizing SBA could be relied
upon. A similar rationale has also been used to license unconjugated MenC (and MenA) polysaccharide vaccines. Antibody
responses to these capsular polysaccharide vaccines have been
measured by various serological methods though licensure was
gained using data obtained by radioimmunoassay and SBA in
the United Kingdom. The original licensure in the United
States in the 1970s, however, was based upon classic randomized efficacy trials (4, 16). Serogroup C polysaccharide vaccines
have been shown to be efficacious in those over 2 years of age
and to reduce carriage of serogroup C meningococci in the
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The antibody data supporting the use of meningococcal serogroup C conjugate (MCC) vaccines in the United
Kingdom were generated by serum bactericidal assay (SBA) using rabbit complement (rSBA). This may give
higher titers than those obtained with human complement (hSBA), for which the “gold standard” correlate of
protection for meningococcal C disease is a titer of >4. Comparison of rSBA and hSBA titers in sera from
unvaccinated adults with an rSBA titer of >8 showed that for 93% (27 of 29) the titer was >4 by hSBA,
confirming natural protection. Furthermore, sera from MCC vaccinees showed that an rSBA titer of <8 or
>128 discriminated susceptibility and protection well (85% with rSBA titers of <8 had hSBA titers of <4, and
99% with rSBA titers of >128 had hSBA titers of >4). However, discrimination was poor in the rSBA titer
range 8 to 64, with only 60% having hSBA titers of >4. In such cases we propose that protection can be assumed
if there is a fourfold rise in titer between pre- and postvaccination sera or if there is a characteristic booster
response to a polysaccharide challenge dose with, if available, evidence of antibody avidity maturation or an
hSBA titer of result >4. Applying these criteria to toddlers, 10 to 40% of whom had titers in the range 8 to 64
after a single dose of MCC vaccine, showed that 94% had a fourfold rise in titer, including 98% of those in the
titer range 8 to 64. In addition, of those with titers of <128 post-MCC vaccination, 90% had titers of >128 after
a 10-g polysaccharide booster dose, compared with only 7% of unprimed age-matched toddlers given a full
50-g dose. Furthermore, the increase in geometric mean avidity index pre- and postbooster was independent
of post-primary MCC titer. These results indicated that the majority of toddlers with an rSBA titer between 8
and 64, and some of those with an hSBA result of <4, have mounted a protective immune response with the
induction of immunological memory.
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TABLE 1. Comparison of the numbers of sera positive and
negative by human complement stratified by rabbit complement
titer for subjects who have received MCC vaccination
and for unvaccinated adults
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ulation of unvaccinated infants and toddlers was also calculated with a 95% CI.
95% CIs were also calculated for the geometric mean avidity index.

RESULTS

No. of sera with indicated hSBA titer in:
rSBA titer

Unvaccinated
adultsa

MCC vaccinees
ⱖ4

⬍4

ⱖ4

⬍8
8
16
32
64
128
ⱖ256

34
3
3
2
4
1
0

6
0
3
5
10
26
97

0
0
2
0
0
0

2
2
4
5
4
10

Total

47

147

2

27

a

Note that only those adults with an rSBA titer of ⱖ8 were tested by the
hSBA.

erated with rabbit complement (rSBA) with the aim of defining
rSBA responses that predict protection against MenC disease.
The objective is to address concerns about specificity without
introducing unnecessarily stringent criteria that might obstruct
the licensure and use of MCC vaccines elsewhere.
MATERIALS AND METHODS
MCC vaccine. The MCC vaccines used in this study were the Meningitec
vaccine, which contains 10 g of MenC oligosaccharide coupled to CRM197
mutant diphtheria toxin (Wyeth Lederle Vaccine & Pediatrics [WLVP], Pearl
River, N.Y.), the Menjugate vaccine, which contains 10 g of MenC oligosaccharide linked to CRM197 mutant diphtheria toxin vaccine (Chiron Vaccines,
Siena, Italy) and the Neis-vac, a de-O-acetylated MenC polysaccharide (10 g)
coupled to tetanus toxoid (Baxter Hyland Immuno, formerly North American
Vaccines Inc. [NAVA], Beltsville, Md.). Booster doses at 6 months following
MCC vaccination comprised a 0.1 ml dose of licensed meningococcal AC polysaccharide (MACP) vaccine [Mengivac (A⫹C); Pasteur Merieux, Lyon, France]
containing 10 g each of MenA and MenC polysaccharides.
Study groups. The study groups were as previously described, comprising
infants (34), toddlers (12 to 14 months) (31), preschool children (3 to 4 years)
and school leavers (14 to 17 years) (E. Miller, P. Richmond, R. Borrow, E.
Kaczmarski, K. Cartwright, R. Morris, and C. Thornton, Abstr. 11th Int. Pathog.
Neisseria Conf., p. 57, 1998), 18 to 26 year olds (33), and laboratory staff
(R. Borrow, E. Miller, N. Peake, R. Rahim, N. Andrews, M. Acuna, S. Martin,
J. Southern, and E. B. Kaczmarski, submitted for publication) who were participants in trials of MCC vaccines in the United Kingdom. The postvaccination
serological data in this paper are restricted to recipients of the WLVP MCC
vaccine with the exception of the toddlers, for whom data for all three manufacturers’ vaccines are included. All study sera were assayed by rSBA as part of
the respective trials, with selective sera being reassayed by hSBA.
SBA. The SBA for infant, toddler, and 18- to 26-year-old cohorts was performed as described previously (2) using broth culture for growth of target
strains prior to the SBA assay. The SBA for preschool and school leaver cohorts
was performed as described by Maslanka et al. (26), in which agar culture was
utilized for target strain growth. The complement source used was either 3- to
4-week-old baby rabbit complement (Pelfreeze Biologicals, Brown Deer, Wis.) or
complement-preserved human serum collected from a subject with no intrinsic
SBA activity against strain C11. The target strain used throughout was C11
(C:16:P1.7a,1). SBA titers were expressed as the reciprocal of the final serum
dilution causing ⱖ50% killing at 60 min. For computational purposes and the
calculation of fourfold rises. SBA titers of ⬍4 were given a value of 2.
Avidity indices. Serogroup C-specific immunoglobulin G avidity was tested by
an elution enzyme-linked immunosorbent assay, using the chaotrophe thiocyanate as described elsewhere (18) and modified for the MenC assay (32).
Statistical methods. rSBA and hSBA titers determined for the same sera were
compared by calculating the proportion with protection by hSBA at different
rSBA titers with 95% confidence intervals (95% CIs). Specificity within a pop-

TABLE 2. rSBA titers 4 weeks after vaccination with
MCC vaccine (10-g dose)a
Vaccine manufacturer and age
at first dose

No. of
doses

No.
GMTb
tested

No. (%) of subjects with
indicated postvaccination rSBA titer:
ⱕ4

8–64

ⱖ128

Wyeth
2 mo
2 mo
2 mo
12–14 mo
3–4 yr
14–17 yr
18–26 yr

1
2 (1 mo apart)
3 (1 mo apart)
1
1
1
1

50
56
53
71
87
81
86

Chiron
12–14 mo

1

72

123

6 (8)

29 (40) 37 (52)

NAVA
12–14 mo

1

72

564

0 (0)

7 (10) 65 (90)

a
b

Data from United Kingdom trials.
GMT, geometric mean titer.

33 16 (32) 15 (30)
776 1 (2)
3 (5)
1,011 1 (2)
1 (2)
141 6 (8) 17 (24)
908 1 (1) 10 (11)
3,890 0 (0)
0 (0)
1,425 0 (0)
6 (7)

19 (38)
51 (93)
51 (96)
48 (68)
76 (88)
81 (100)
80 (93)
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⬍4

Comparison of rSBA and hSBA titers for the same sera.
Paired SBA titers generated with both rabbit and human complement were generated on a total of 194 post-MCC vaccination serum samples (Table 1). These comprised sera from
infants after single or multiple doses of MCC (34) as well as
those from toddlers after a single dose (31). An rSBA titer of
⬍8 or ⱖ128 discriminated well between susceptibility and protection as defined by the “gold standard” hSBA cutoff, since 34
of 40 (85% [95% CI, 70 to 94]) of sera with an rSBA titer of ⬍8
had an hSBA titer of ⬍4 and 123 of 124 (99% [95% CI, 96 to
99.9%]) with an rSBA titer of ⱖ128 had an hSBA titer of ⱖ4.
However, discrimination was less good in the rSBA titer range
8 to 64, with only 18 of 30 (60% [95% CI, 41 to 77%]) showing
a titer of ⱖ4 by hSBA. Although all three sera with titers of 8
by rSBA had titers of ⬍4 by hSBA, this titer was included in
the equivocal region because only three paired results were
available. Sensitivity and specificity are not calculated for the
post-MCC vaccination sera because they are highly dependent
on the proportion of samples that are in the rSBA titer range
8 to 64, which varies depending on the age and dose (Table 2).
In unvaccinated adults with rSBA titers of ⱖ8 (Table 1), 27
of 29 (93%) had an hSBA titer of ⱖ4. Of these 27, only 14
(52%) had an rSBA titer of ⱖ128. This shows that a high
proportion of individuals with natural exposure have an rSBA
titer in the equivocal range of 8 to 64. It also shows that in a
population of unvaccinated adults, an rSBA of 8 to 64 predicts
positivity (natural exposure) well with 13 of 15 also positive by
hSBA (87% [95% CI, 60 to 98%]).
Age groups in which equivocal rSBA results occur after
MCC vaccine. The rSBA responses in different age groups and
with different immunization schedules using the WLVP MCC
vaccine are shown in Table 2. Over 90% of infants have rSBA
titers of ⱖ128 after two doses, with a similar proportion being
found in 14 to 17 year olds and 18 to 26 year olds after a single
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TABLE 3. Proportion of toddlers with postbooster rSBA titers
of ⱖ128 grouped by postprimary rSBA titer
Vaccine
manufacturer

Chiron
WLVP
NAVA
Total (%)

Proportion of toddlers with the indicated
postprimary rSBA titera:
⬍8

8–64

ⱖ128

2/3
6/6

22/24
11/12
6/7

34/34
41/44
62/63

8/9 (89)

39/43 (91)

137/141 (97)

a

Results are given as number of toddlers with postbooster rSBA titer of
ⱖ128/total number of toddlers.

postprimary SBA titers of ⬍8, 8 to 64, or ⱖ128, the geometric
mean avidity indices (95% CI) being 119 (90 to 158), 128 (118
to 138), and 128 (123 to 134), respectively, for all three vaccines combined.
Fourfold rises, response to boosting and avidity maturation
according to post-MCC rSBA titers. In Table 4, the United
Kingdom MCC toddler study participants were categorized by
three different criteria: (i) by the presence of a fourfold rise in
SBA titer pre-MCC to 1 month post-MCC, (ii) by the achievement of an rSBA titer of ⱖ128 after a 10-g MACP booster,
and (iii) by evidence of avidity maturation (i.e., rise in avidity
index from 1 month post-MCC to pre-10-g MACP booster 6
months later). There were no differences in the proportions
meeting the above criteria between those with post-primary
MCC titers of 8 to 64 compared and those with post-primary
MCC titers of ⱖ128.
DISCUSSION
We have demonstrated the high specificity of the rSBA in
young children who have not been previously vaccinated with
MenC polysaccharide or MCC vaccines and could therefore
be presumed to be susceptible to MenC infection. Therefore, rSBA titers of ⬍8 predict susceptibility. This conclusion
was corroborated in a recent university outbreak of MenC
disease in which rSBA titers in students prior to or at the onset
of invasive disease were all ⬍4, suggesting that it is the absence
of bactericidal activity is that is important irrespective of the
complement source used (22). We have also shown that rSBA
titers of ⱖ128 are highly predictive of protection but that many
sera with rSBA titers in the range 8 to 64 also come from
individuals with protection, particularly for adults with natural
exposure. The main issue is therefore the interpretation of
rSBA titers in the region of 8 to 64. For groups in whom there
is likely to be a large proportion of results in this range, it is
important to have other information in order to determine
protection. We propose that the other information could be
either an hSBA titer (the gold standard), a pre- and postvaccination sample pair that would enable the assessment of fold
rises, or a post-polysaccharide booster result that can be compared with the primary response in age-matched controls.
We have shown that evidence of protection, as defined by
a fourfold rise in rSBA titer with a characteristic booster
response, may be present despite an hSBA titer of ⬍4. We
conclude, therefore, that while an hSBA titer of ⱖ4 indicates
protection, an hSBA titer of ⬍4 does not always indicate susceptibility. A similar conclusion was reached by Goldschneider
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dose. However, a substantial proportion of children under 5
years of age have rSBA titers in the equivocal titer range 8 to
64 after a single dose. The proportions of toddlers given a single dose of Chiron or NAVA MCC vaccine who had rSBA
titers in the equivocal range were 40 and 10%, respectively
(Table 2).
Resolution of the immune status of children with equivocal
titers was essential in order to decide whether a one- or twodose schedule was required for children of 1 to 4 years in the
United Kingdom catch-up MCC immunization program.
Specificity of rabbit complement in the SBA in unvaccinated
infants and toddlers. Prevaccination sera from 212 toddlers
(31) and 54 infants (34) participating in MCC vaccine trials
in the United Kingdom were tested by rSBA. None of these
children had a history of prior meningococcal infection and
should therefore be susceptible to MenC unless protective
SBA antibodies were acquired through carriage or, in infants,
through transfer of maternal antibodies.
Of the 212 toddler sera, 200 (94%) had rSBA titers of ⬍4,
with the remaining 12 distributed as follows: for six sera,
titer ⫽ 4; for two sera, titer ⫽ 16; for three sera, titer ⫽ 32; and
for one serum, titer ⫽ 512. For the 54 prevaccination infant
sera, 46 (85%) had rSBA titers of ⬍4; of the remaining 8 sera,
six had titers of 4, one had a titer of 8, and one had a titer of
64. Thus, only one prevaccination toddler serum with a titer
of 512 would have been categorized as protected based solely
on the rSBA result being ⱖ128. The hSBA titer with human
complement for this serum was 64, confirming protection. The
specificity of the rSBA test in a population of unvaccinated
uninfected individuals is therefore estimated to be 97% (258 of
265 [95% CI, 95 to 99%]) with a cutoff of ⱖ8 and 100% (265
of 265 [95% CI, 98.6 to 100%]) with a cutoff of ⱖ128. This
shows that the rSBA does not measure nonspecific functional
antibody in nonimmune subjects.
Fourfold rises. In the United Kingdom toddler study, 1
month after the primary dose of MCC vaccine, 94% of subjects, had a rise of four fold or more in rSBA titer compared
with their prevaccination titer (for the Chiron vaccine, 91% [60
of 66]; for the WLVP vaccine, 89% [56 of 63]; for the NAVA
vaccine, 100% [71 of 71]). For individuals in whom the postMCC vaccine rSBA titer was between 8 and 64, 98% (50 of 51)
had a fourfold rise in rSBA titer compared with prevaccination
levels, regardless of the MCC vaccine administered.
Immunological memory responses to plain polysaccharide.
In the United Kingdom MCC toddler study (31), the effect of
a booster dose with 10 g of C polysaccharide in toddlers
previously immunized with MCC vaccine was investigated. For
recipients of the Chiron, WLVP, and NAVA MCC vaccines,
47, 33, and 10%, respectively, had rSBA titers of ⬍128 1 month
after the first dose, but only 5, 6, and 3%, respectively, had
titers of ⬍128 postbooster (Table 3). For those with a postprimary SBA titer of ⬍128, 90% had a postbooster titer of ⱖ128.
This compares with 1 of 12 (8%) age-matched children (17 to
28 months) vaccinated with 50 g of MACP vaccine as part of
an outbreak control measure (8) (P ⬍ 0.0001).
Avidity indices for assessing immunological memory. Although the United Kingdom toddler study demonstrated a fall
in rSBA titer, the avidity index was shown to increase from
postprimary to preboost titers (Fig. 1). There was no significant
difference in the avidity index when comparing subjects with
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et al. (20), who stated, “The fact that base line sera from cases
of meningitis have bactericidal titers of less than 1:4 does not
mean that all people with titers below this level are susceptible
to infection, although many obviously are.”
Fourfold rises in titer from pre- to postvaccination are
widely used as measure of a significant response to vaccination,
including the meningococcal polysaccharide vaccine (37). The
World Health Organization specified the requirements for the
meningococcal polysaccharide vaccine, advocating the use of 3to 4-week-old baby rabbit serum as an exogenous complement
source, and stated that “The antibody titers of the sera from at
least 90% of the subjects should show a fourfold or greater rise
after immunization.” It is therefore already accepted that fourfold rises in serum bactericidal titers are indicative of the
development of a protective response to unconjugated meningococcal vaccines, and extension of this notion to recipients of
MCC would seem appropriate. Using this criterion, we showed
that 98% of individuals with post-MCC titers of 8 to 64 should
be protected against MenC disease.
Another indicator of long-term protection that is proposed
is the SBA response to a polysaccharide booster. For toddlers
with a postprimary SBA titer of ⬍128, 90% had a postbooster
titer of ⱖ128, compared with only 8% of age-matched naı̈ve
controls given a full 50-g dose of C polysaccharide (8). This
difference in response confirms the induction of immunological memory in the MCC vaccines despite postprimary SBA
antibody levels in the equivocal range. Response to a plain
polysaccharide boost has also been used to demonstrate immunological memory following Haemophilus influenzae type b
(Hib) conjugate vaccination, even in the absence of a detectable primary response to the Hib vaccine (14, 19), and it is
memory which is thought to contribute to the persistence of
protection against Hib in United Kingdom children vaccinated
only during infancy (6, 17).
There is now a growing consensus that evidence of successful
induction of immunological memory by conjugate vaccines can
be obtained by documenting avidity maturation in the months

after primary vaccination with a further increase following a
booster dose of plain polysaccharide antigen (1, 14, 18). By
examining avidity maturation following a 10-g booster dose
of meningococcal polysaccharide, we have demonstrated that
vaccinated individuals with SBA titers above and below 128
display similar avidity maturation in their antibody response
and by this criterion should therefore have immunological
memory established. Data now exist which demonstrate the
increase in avidity over time following priming of infants or
toddlers with Hib (18, 30), Streptococcus pneumoniae (3), and
Neisseria meningitidis serogroup C conjugate vaccines (31).
Such data have been generated in the context of boosters
of low doses of plain polysaccharide or conjugate vaccine in
young infants and are now accepted as indicative that a T-celldependent response has been generated.
Concerns have been raised about the relative protection
afforded by immunological memory to the different organisms
for which conjugate vaccines are available. SBA titers fall dramatically in young children after the primary series, with 25 of
53 (47%) infants with a three-dose schedule (34) and 16 of 65
(25%) toddlers with a one-dose schedule (31) of the WLVP
vaccine having SBA titers of ⬍8 6 to 10 months later. This
suggests that, as with Hib conjugate vaccines (14), reliance on
immunological memory rather than maintenance of SBA titers

TABLE 4. Categorization of United Kingdom MCC toddler sera
post-primary MCC rSBA titers into numbers positive by fourfold
rises, response to boosting, and avidity maturation
No. with fourfold No. with rSBA titer
No. with avidity
Post-MCC
rise in titer from of ⱖ128 post-10-g
Vaccine
maturationa/
rSBA titer
pre- to post-MCC/
MACP booster/
total no. (%)
total no. (%)
total no. (%)

⬍8
8–64
ⱖ128
a

All
All
All

0/11 (0)
48/49 (98)
116/117 (99)

8/9 (89)
39/43 (91)
137/141 (97)

Rise in avidity from post-MCC to pre-MACP booster.

3/5 (60)
25/27 (93)
78/86 (91)
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FIG. 1. SBA titers (solid lines) and antibody avidity (dotted lines) in toddlers receiving one dose of MCC followed by a 10-g dose of MACP
6 months later. The three vaccines used in the study were manufactured by Chiron (diamonds), WLVP (squares), and NAVA (triangles).
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above a protective threshold will be necessary if MCC vaccines
are to protect over the long term. In general, the pathogenesis
of the infections caused by N. meningitidis involves invasion
following nasopharyngeal colonization (9). Observations during epidemics (13, 20) and in infected laboratory workers (9)
indicate that this period is usually short, though a recent case
report demonstrated a 7-week interval (28). This suggests that
local immunity, induced by carriage, is able to prevent invasion, but in naı̈ve subjects, recent acquisition is associated with
invasion because of the delay associated with the mounting of
an effective primary response against the relevant strain. The
length of this delay is unknown, but is likely to be different in
naı̈ve from that in subjects primed by MCC vaccine. For example, with Hib conjugate vaccines, a detectable antibody response post-polysaccharide boosting is present after 4 to 5 days
(29), while responses following a primary series take up to 7
days (25). Pneumococcal conjugate vaccines (27), and even
MenC polysaccharide vaccines (4, 12), reduce nasopharyngeal
carriage of strains contained in the vaccine and therefore
clearly provide a degree of mucosal immunity; this is further
reinforced by recent pneumococcal conjugate vaccine efficacy
data from the United States (5).
Until more data are available it is difficult to correlate the
seriousness or speed of an invasive infection with the relative
protection afforded by memory. Furthermore, it is likely that
some degree of protection at the early stage of infection is
mediated by factors other than antibody (such as complement).
In addition, data on the seriousness of invasive infection have
been correlated with host factors such as cytokine promoter
polymorphisms, which may ultimately be more relevant to the
outcome of infection. In the context of our current understanding of memory and protection, the theoretical concerns raised
above do not justify unnecessarily stringent criteria for licensing and use of the current MCC vaccines. The United Kingdom postlicensure surveillance program will validate these immunological criteria against measures of clinical effectiveness
over the coming years.
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