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Background. After immunization with serogroup C meningococcal (MenC) conjugate vaccine, antibody re-
sponses and vaccine effectiveness are sustained in adolescents, in contrast to rapid waning in young children. We
investigated the persistence of serum bactericidal antibody (SBA) titers in children 6 years after immunization
with MenC vaccine (primed between 2 months and 6 years of age). The response to a Haemophilus influenzae
type b—-MenC conjugate (Hib-MenC) booster was also measured.

Methods. A phase 4 clinical trial was conducted among 250 healthy 6-12-year-old children. SBA titers were
measured before, 1 month after, and 1 year after Hib-MenC administration. The correlate of protection was an
SBA titer of =8.

Results. An SBA titer of =8 was observed in 61 (25% [95% confidence interval {CI}, 20%-30%]) of 244
participants (mean age, 9.1 years; mean interval since MenC immunization, 6.75 years). The proportion with an
SBA titer of =8 and the SBA geometric mean titer increased with age, from 12% (95% CI, 4%-23%) to 48%
(95% CI, 29%—67%) and from 2.90 (95% CI, 2.11-3.99) to 17.20 (95% CI, 6.80-43.5), respectively, from a mean
age of 7.0 to 12.1 years. One month after the Hib-MenC booster, all participants had an SBA titer of =8, which
was sustained in 99.6% at 1 year.

Conclusions. As a result of waning antibody, the majority of 6-12-year-old children in the United Kingdom
have inadequate serological protection against MenC. The persistence of MenC immunity and the response to a
Hib-MenC booster is dependent on age at priming. A booster was highly effective in this cohort and could sustain
population immunity against MenC disease.

Trial registration. Current Controlled Trials (http://www.controlled-trials.com) identifier: ISRCTN72858898.

The introduction of serogroup C meningococcal (MenC)
conjugate vaccine in the United Kingdom in 1999 was
a great success [1, 2]. A massive catch-up campaign
targeted all children and young adults from 2 months
to 18 years (later extended to 24 years) of age. As part
of the simultaneous introduction of MenC vaccine into
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the routine infant immunization schedule, a single dose
of MenC vaccine was administered to those 1-18 years
of age, 2 doses were administered to children 5-11
months of age, and 3 doses were administered to infants
at 2, 3, and 4 months of age. Vaccine coverage of >90%
was achieved for routine infant immunization, and
~85% was achieved in the catch-up cohort [3]. Post-
licensure surveillance revealed high rates of vaccine ef-
ficacy among teenagers and toddlers [4], a substantial
reduction in carriage [5], and a resultant increase in
herd immunity [6]. MenC disease rates declined dra-
matically among both immunized and unimmunized
individuals, and the beneficial effects with respect to
population protection have been sustained and accen-
tuated over time [5].
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Table 1.

Study Design and Number of Enrolled Participants

No. of

Approximate
interval since

Approximate

Age at MenC priming doses MenC vaccine age at enrollment, No. of enrolled
Group vaccine priming of MenC vaccine  priming, years years participants
1 <6 months 3 6 6-7 55
2 5-11 months 2 6 7 28
g 1-2 years (12-23 months) 1 6 7-8 b4
4 2-3 years (24-35 months) 1 6 8-9 30
B) 3-4 years (36-47 months) 1 6 9-10 27
6 4-5 years (48-59 months) 1 6 10-11 27
7 5-7 years (60-83 months) 1 6 11-12 29
Total 250

NOTE. MenC, serogroup C meningococcal.

However, additional postlicensure surveillance revealed that
despite short-term immunogenicity in all age groups [7], MenC
vaccine effectiveness wanes rapidly in children <3 years of age
[3] and is associated with a reduction in the proportion of
children with a serum bactericidal antibody (SBA) titer above
the accepted correlate of protection (serological protection).
Persistence of an adequate postimmunization SBA titer rather
than the demonstration of an anamnestic response to subse-
quent antigen challenge is now regarded as the key to the main-
tenance of individual protection against the rapid invasion of
MenC [8].

Few data on the long-term persistence of postimmunization
SBA titers in children immunized with MenC vaccine are avail-
able. Waning serological protection has been shown in infants
[9] and in 2-year-old children [10]. In contrast, sustained SBA
titers above the correlate of protection [11, 12] and high ef-
fectiveness [3] are found in older children immunized with
MenC vaccine at 6-15 years of age. However, there are no
published data, to our knowledge, addressing either the long-
term (>5 years) persistence of MenC SBA titers in children in
the United Kingdom with a documented history of MenC im-
munization or the response to a booster dose of MenC vaccine
in this age cohort.

We measured MenC SBA titers and immunoglobulin G (IgG)
concentrations in 250 children aged 6-12 years of age who had
been immunized 6 years previously between 2 months and 6
years of age in the United Kingdom MenC mass immunization
campaign. We also assessed the memory response at 1 month
and the persistence of antibody at 1 year after a Haemophilus
influenzae type b—MenC conjugate (Hib-MenC) booster by
measuring MenC SBA titers and IgG concentrations at these
additional time points.

METHODS

Study design and participants. We conducted an open-label

phase 4 study in Oxfordshire, United Kingdom, from Septem-

ber 2006 through July 2008. The primary objective was to eval-
uate the persistence of MenC SBA in participants aged 6-12
years of age who had received primary MenC vaccination dur-
ing the 1999-2001 United Kingdom MenC mass immunization
campaign. Children were recruited after parents responded to
a letter sent to all parents of children in the target age group.
Only healthy children who had received all United Kingdom
scheduled immunizations (including 2 catch-up vaccinations:
MenC vaccine in 1999-2000 and a Hib booster in 2003) were
enrolled. Children were excluded if they had a previous diag-
nosis of confirmed or suspected meningitis; were previously
exposed to or infected with MenC or Hib; had previously had
an anaphylactic reaction to vaccine components; had any acute
or chronic infection; had received antibiotics during the past
7 days; had a temperature =38°C during the past 3 days; had
received blood products during the past 3 months; had a serious
disease, bleeding disorder, immune dysfunction, or genetic
anomaly; were born at <36 weeks’ gestation; or had received
doses of Hib or MenC vaccines in addition to those given in
accordance with the routine United Kingdom immunization
schedule or catch-up campaigns. Ethical approval was obtained
from the Oxfordshire Research Ethics Committee (06/Q1605/
100). The study was registered at http://www.controlled-trials
.com (ISRCTN72858898).

Participant’s individual MenC immunization history was
verified from medical records or centralized immunization rec-
ords. Children were stratified into 7 groups on the basis of their
MenC immunization history (age of child at receipt of MenC
vaccine during the United Kingdom 1999-2001 mass immu-
nization campaign) and age at enrollment (Table 1). Devel-
opmentally appropriate information was provided to the par-
ticipant, and written informed consent was obtained from their
parent or legally authorized representative. A 10-mL blood sam-
ple was obtained and all participants received a single dose of
the Hib-MenC booster (Menitorix; GlaxoSmithKline Vaccines),
administered intramuscularly into the deltoid with a 23-gauge,

1602 « CID 2010:50 (15 June) * Perrett et al



25-mm needle. In the United Kingdom at enrollment, this
vaccine was licensed for use in children from 2 months of age.
Additional blood samples were collected 1 month and 1 year
after administration of the Hib-MenC booster.

MenC SBA assays, using baby rabbit
complement, were done by the Vaccine Evaluation Unit, Man-

Serological responses.

chester, United Kingdom, using standard protocols [13]. The
reference strain was C11 (C:16:P1.7-1,1), and SBA titers were
expressed as the reciprocal of the final serum dilution yielding
50% or greater killing at 60 min. An SBA titer of at least 8 was
used as the serological correlate of protection. SBA titers <4
were assigned a value of 2.

The MenC polysaccharide-specific IgG concentration in se-
rum was determined using an enzyme-linked immunosorbent
assay at the Oxford Vaccine Group, University of Oxford, as
described elsewhere [14]. Laboratory staff at both laboratories
were blinded to the participants’ age and group allocation.

Statistical analysis. The primary objective of the present
study was to determine the proportion of participants (in total
and in each group) who had an SBA titer of =8 six years after
immunization with MenC vaccine; 95% confidence intervals
(CIs) were calculated using the binomial exact method. In ad-
dition, SBA geometric mean titers (GMTs) were calculated for
each group. Each titer measured was logarithmically trans-
formed for analysis. Two-sided 95% Cls were constructed by
back-transformation of the CI for the mean of the logarith-
mically transformed assay results, computed using the Stu-
dent ¢ distribution.

Secondary objectives for this study included assessment of
IgG geometric mean concentrations (GMCs) 6 years after re-
ceipt of MenC vaccine (baseline). In addition, the proportion
of participants with an SBA titer of =8 and an SBA titer of
=128 as well as SBA GMTs and IgG GMCs 1 month and 1
year after administration of the Hib-MenC booster were cal-
culated; 95% ClIs were calculated as described above. All an-
tibody concentrations were log-transformed for analysis.

Analysis of variance was used to compare baseline concen-
trations (ie, assessment of persistence of antibodies 6 years af-
ter priming) between groups. Comparisons between groups 1
month and 1 year after boosting were done using analysis of
covariance, adjusting for baseline measures. The x* test was
used to compare protection rates.

All enrolled participants were included in the demographic
analysis. Analysis was conducted on all available data. However,
participants were excluded from the analysis for inappropriate
enrollment (Figure 1). Decisions with respect to exclusion of
participants from the analysis were made a priori. Sensitivity
analyses were also conducted with all participants included and
with those who had a protocol violation excluded. Results re-
mained consistent with the overall conclusion.

Data were analyzed using Excel 2007 software (Microsoft

Office), Stata software (version 10; StataCorp), and SAS soft-
ware (version 9.1).

RESULTS

Of the 13,103 families approached, 1586 responded; 459 pro-
vided favorable responses and were assessed for eligibility. Of
250 enrolled participants, 249 received the Hib-MenC booster;
244 (98%) were included in the analysis, and 230 (92%) com-
pleted all study visits (Table 1 and Figure 1).

The mean age at enrollment was 9.1 years; age ranged from
6.4 (group 1) to 12.6 (group 7) years. The mean age at primary
MenC immunization ranged from 0.2 (group 1) to 5.8 (group
7) years, and the mean interval since MenC immunization was
6.75 years (standard deviation, 0.36 years). There was a trend
toward MenC immunization to have been done slightly more
recently in older age groups (range, 5.94—7.25 years) (Table 2).

Primary objective. The proportion of participants with an
SBA titer of =8 and SBA GMTs 6 years after MenC immu-
nization (baseline) were calculated by age group (Table 3).
Overall, 61 (25% [95% CI, 20%-30%]) of 244 participants had
an SBA titer of =8 (range, 12% [95% CI, 4%—-23%] in group
1 to 48% [95% CI, 29%—-67%] in group 7; test for trend across
groups, P<.001). Antibody levels differed by age: an SBA titer
of =8 was found in 13% (95% CI, 5%-21%) of participants
in groups 1 and 2; 27% (95% CI, 19%-34%) in groups 3-6;
and 48% (95% CI, 29%—67%) in group 7. There was strong
evidence of a trend toward increasing SBA GMTs with age at
MenC priming (P<.001).

Secondary objectives. There were similar age-related dif-
ferences in IgG GMCs at baseline (range, 0.20 pg/mL in group
1 to 0.59 pg/mL in group 7, respectively) (Table 3). Age-de-
pendent immune memory responses were observed 1 month
after the Hib-MenC booster; all participants had an SBA of
=128 and a high SBA GMT (range, 4077-16,005). Anamnestic
IgG GMC responses were evident, although the trend across
the age groups was not significant.

One year after the Hib-MenC booster, 224 (99.6%) of 225
participants still had an SBA titer above the serological correlate
of protection and age-dependent responses persisted, as evi-
denced by only 87% (95% CI, 73%-95%) of group 1 partic-
ipants having an SBA titer of =128, compared with 100% (95%
CI, 87%-100%) of group 7 participants. SBA GMTs and IgG
GMC s increased across the age groups (test for trend, P<
.001 and P = .03, respectively).

DISCUSSION

The present study shows that vaccine-induced immunity is not
sustained after immunization of young children with MenC
vaccine. Specifically, only one-quarter of 6—12-year-old children
had persistent SBA titers above the serological correlate of pro-
tection (ie, SBA titer of =8). Furthermore, long-term persis-
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Figure 1. Study flow chart for recruitment, enroliment, and inclusion in demographic and immunogenicity analysis. Six participants (3 each from
groups 1 and 2) were excluded from the analysis for inappropriate enroliment (IE) because their confirmed dates of serogroup C meningococcal (MenC)
priming immunization fell outside of their group requirements (eg, group 1 participants must have received all 3 doses of MenC vaccine at <6 months
of age, and group 2 participants must have received 2 doses of MenC vaccine between 5 and 11 months of age). One participant in group 1 (indicated
by the asterisk) completed the study before being withdrawn for IE. Further exclusions from the per-protocol analysis were made for the following
participants: in group 1, blood was drawn from 3 participants outside the time lines (sample 2 assays excluded), and 1 participant was receiving oral
antibiotics at the 1-month visit (serum bactericidal antibody [SBA] assay excluded for sample 2); in group 2, blood was drawn from 1 participant
outside the time lines (sample 2 assays excluded); in group 3, blood was drawn from 3 participants outside the time lines (sample 2 [n = 2] and
sample 3 [n = 1] assays excluded); in group 4, blood was drawn from 1 participant outside the time lines (sample 3 assays excluded); in group 5,
no exclusions; in group 6, blood was drawn from 2 participants outside the time lines (sample 2 assays excluded); and in group 7, blood was drawn
from 1 participant outside the time lines (sample 2 assays excluded), and 2 participants were taking oral antibiotics at the 1-month visit (SBA assay

excluded for sample 2). LTFU, lost to follow-up; no blood, no blood sample obtained at visit; WC, withdrawal of consent.

tence of functional antibody was dependent on age at primary
immunization. To our knowledge, this is also the first study to
assess the response to a booster MenC vaccine given >5 years
after priming.

Previous studies have shown a rapid waning of MenC SBA
titers in infants. In the United Kingdom, 1 year after 3 doses
of MenC vaccine given at 2, 3, and 4 months of age, 54% of
children had an SBA titer of =8 [9, 15], declining to 12% by
4 years [9, 15]. In line with these findings, we found that 12%
of participants in a similar age cohort (group 1) had an SBA
titer of =8 six years after immunization. This figure is similar
to the age-specific prevalence of SBA titers above the serological
correlate of protection found in the United Kingdom prevac-
cine serosurvey [16]. This suggests that the nadir of bactericidal
antibody decline is reached within 4 years after infant MenC
immunization.

Antibody decline after immunization in toddlers appears to
be less rapid. A previous study reported that 37% of children
immunized at 2 years of age had SBA titers above the serological
correlate of protection at 4 years of age [10]. Protection in this
age cohort fell to 23% by 9 years of age in our study (group
4), suggesting that waning might continue in this age cohort
through childhood. We found that a similar proportion of chil-
dren had SBA titers above the correlate of protection (23%-—
33%) among those immunized at 1—4 years of age (groups 3—
6) 6 years after immunization, suggesting that immune persis-
tence after a single dose of MenC vaccine is not age dependent
among preschool children.

In contrast to the poor persistence of functional antibody in
infants and preschool children, Snape et al [12] reported that
4-5 years after immunization of 6-15-year-olds, most contin-
ued to have SBA titers above the correlate of protection; SBA
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titers of =8 were found in 79% of those immunized at 6-9
years of age (mean, 8.1 years) when measured at 11-13 years
of age and in up to 88% of those immunized at 10-15 years
of age when measured at 14-20 years of age. In our study, only
48% of children immunized at 5-6 years of age had SBA titers
above the serological correlate of protection at 11-12 years of
age. This suggests that there may be a maturation of immune
responses to polysaccharide-protein antigens occurring around
5 years of age that leads to improved antibody persistence.

An estimate of vaccine effectiveness in children targeted in
the United Kingdom MenC mass immunization campaign
showed a similar pattern, with better and more persistent pro-
tection in children immunized at >3 years of age [3]. Similarly,
a recent seroprevalence study showed a significant difference
in the persistence of SBA titers above the correlate of protection
between children given MenC vaccine at 5-9 years of age and
children given vaccine at 1-4 years of age (an SBA titer of =8
in 65% and 32%, respectively) [17]. In contrast to this sero-
survey, our study enrolled only those children who had a doc-
umented MenC immunization history, had narrow criteria for
group allocation on the basis of age at MenC priming, and had
a narrow time interval since immunization. These strict con-
ditions allowed persistence data to be accurately determined
for each increment in age at priming immunization between
infancy and 6 years of age in children in the United Kingdom.

The immune response to receipt of a MenC vaccine booster
was dependent on age. Secondary immune responses (1 month
and 1 year after boosting) paralleled postprimary persistent
immune responses (baseline), suggesting that younger children
were less well primed. Age-dependent differences in sustained
antibody responses to priming and booster immunization with
MenC vaccine may be explained by immune maturation. Im-
munization at an older age during childhood elicits a higher
primary immune response than that induced in infants. The
natural decline in circulating SBA titer with time also occurs
faster in infants than in older children [3, 18]. The mechanisms
behind these observations are thought to be related to inter-
ference by maternal antigens, immature intrinsic germinal cen-
ter B cell reactions, and suboptimal microenvironmental factors
in lymphoid tissue and bone marrow [19]. Booster or anam-
nestic responses are likely to be of a lower magnitude in young
children, for whom fewer preexisting memory B cells are avail-
able for the secondary immune response.

Studies conducted before the introduction of MenC vaccine
showed that there was no difference in the proportion of chil-
dren 2-14 years of age with SBA titers above the correlate of
protection (United Kingdom data) [16] and that nasopharyn-
geal carriage in children <10 years of age was rare (Norwegian
data) [20]. This implies that acquisition of natural immunity
with age or “priming” from nasopharyngeal carriage are un-
likely explanations for greater immune responses in older age

groups. Our study was designed to assess the persistence of
antibody after MenC immunization rather than be a popula-
tion-based seroepidemiological survey. Given that a vaccine
coverage rate of ~85% was achieved in the targeted cohorts
[1], it is unlikely that our findings significantly overestimate
the proportion with SBA titers above the correlate of protection
in the population.

In response to concern about the rapid waning of protection
against MenC disease after priming during infancy, in 2006 the
United Kingdom introduced a Hib-MenC booster during the
second year of life, and in 2007 Canada recommended this
booster if priming occurred at <12 months of age [21]. Of
concern, recent data indicate that antibody also wanes rapidly
after this booster during the second year of life, further sup-
porting our observation that immune responses remain sub-
optimal in preschool children [22]. Our data suggest that at
the end of 2009 most children in the United Kingdom aged
4-15 years were susceptible to invasive MenC disease and car-
riage—specifically those who either received MenC vaccine at
<6 years of age (group 2-7 cohort) in the 1999-2001 mass
immunization campaign or received the infant schedule with-
out a booster (group 1 cohort) from 1999 to 2006. In countries
such as the Netherlands and Australia, which give only a single
dose of MenC vaccine at 1 year of age (comparable to the
group 3 cohort), our data suggest that only one-quarter may
remain protected by 7 years of age. Therefore, without a booster
the vast majority of adolescents (a highly susceptible age group
in the prevaccine era) in these countries are likely to be sus-
ceptible to MenC disease.

We recently proposed that current population immunity in
the United Kingdom is the result of both direct protection of
young adults by their own vaccine-induced immunity (those
immunized in the MenC mass immunization campaign in
1999-2001 when aged 6-24 years and now around 16-35 years)
and indirect protection from herd immunity blocking trans-
mission from immune adolescents and parents to susceptible
adolescents and children [23]. Therefore, waning immunity is
currently offset by herd immunity in all countries that used a
catch-up campaign, and consequently there is now no signif-
icant disease in the cohorts of children described in this study
whose immunity has waned. Dynamic transmission models of
future MenC disease and carriage in the United Kingdom sug-
gest that further boosting for population immunity is not ur-
gent [24]. However, this situation is unlikely to remain static,
because the susceptible cohort will again become the transmit-
ting adolescents and parents. The excellent sustained booster
responses demonstrated in primed 6-12-year-old children in
this study provides evidence for preemptive strategies for sus-
taining population immunity. A timely MenC booster given at
an older age (eg, with routine preschool or adolescent vaccines)
could provide more-sustained protection that is both direct (to

1608 « CID 2010:50 (15 June) * Perrett et al



the older child or adolescent who was immunized) and indirect
(to the younger child). This strategy might also allow for the
cost-effective removal of 1 or more infant doses.

A model that incorporated both herd immunity and waning
immunity to determine the number of cases of meningococcal
disease averted compared different immunization strategies
based on Canadian epidemiology and found a 68% reduction
in invasive meningococcal disease if MenC vaccine was given
at 1 and 12 years of age and a 85% reduction if a quadrivalent
meningococcal vaccine was used as the 12-year booster [25].
In April 2009, the National Advisory Committee on Immu-
nization in Canada recommended that an adolescent dose of
meningococcal conjugate vaccine (monovalent serogroup C or
quadrivalent ACYW135) be incorporated into the routine
schedule regardless of previous infant or toddler doses [21].
The data described here provide the first comprehensive evi-
dence supporting the introduction of a booster dose of vaccine
for cohorts of children who have been immunized with mono-
valent MenC vaccine before school age. Adolescent boosting
should ensure sustained population immunity against this dev-
astating disease and should now be considered in all countries
that have introduced MenC vaccine into their routine child-
hood immunization schedules to prevent a resurgence of dis-
ease in the decades to come.

Acknowledgments

We are grateful to the study participants, without whom this study would
not have been possible. We are also grateful to Diane Kirby and Victoria
Mills, who assisted with enrolling and collecting samples from many of
the participants in this study; Emma Godfrey, who obtained participant’s
immunization history and assisted on study visits; and other research nurses
and doctors for assistance on study visits. We also thank Dr Elizabeth
Clutterbuck, who assisted with the development of the serogroup C me-
ningococcal enzyme-linked immunosorbent assay, and the Health Protec-
tion Agency Laboratory, Manchester, for conducting serum bactericidal
assays.

Financial support. National Institute for Health Research (NIHR) Ox-
ford Biomedical Research Centre, NIHR Thames Valley Comprehensive Local
Research Network, GlaxoSmithKline Vaccines, and the European Society of
Paediatric Infectious Diseases. A.J.P. is a Jenner Institute Investigator.

Potential conflicts of interest. The study was partly funded by
GlaxoSmithKline. A.J.P. has conducted clinical trials on behalf of Oxford
University sponsored by manufacturers of vaccines. A.J.P. does not accept
any personal payments from vaccine manufacturers; honoraria, travel ex-
penses, and grants for support of educational activities are paid to an
educational/administrative fund held by the Department of Paediatrics,
University of Oxford. R.B. has received assistance to attend scientific meet-
ings from Wyeth, Novartis, Sanofi Pasteur, and Baxter Bioscience and has
served as an ad hoc consultant for Wyeth, GlaxoSmithKline, Novartis,
Sanofi Pasteur, and Baxter Bioscience. Industry honoraria received for con-
sulting, lecturing, and writing are paid directly into the Central Manchester
and Manchester Children’s University Hospitals National Health Service
Trust endowment fund. R.B. has performed contract research on behalf of
the Health Protection Agency (funded by Wyeth, Novartis Vaccines, Baxter
Bioscience, GlaxoSmithKline, Sanofi Pasteur, Alexion Pharmaceuticals,
Emergent Europe, and Merck). All other authors: no conflicts.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Miller E, Salisbury D, Ramsay M. Planning, registration, and imple-
mentation of an immunisation campaign against meningococcal se-
rogroup C disease in the UK: a success story. Vaccine 2001; 20(suppl
1):558-S67.

. Balmer P, Borrow R, Miller E. Impact of meningococcal C conjugate

vaccine in the UK. ] Med Microbiol 2002;51(9):717-722.

. Trotter CL, Andrews NJ, Kaczmarski EB, Miller E, Ramsay ME. Ef-

fectiveness of meningococcal serogroup C conjugate vaccine 4 years
after introduction. Lancet 2004; 364(9431):365-367.

. Ramsay ME, Andrews N, Kaczmarski EB, Miller E. Efficacy of menin-

gococcal serogroup C conjugate vaccine in teenagers and toddlers in
England. Lancet 2001;357(9251):195-196.

. Maiden MC]J, Ibarz-Pav6n AB, Urwin R, et al. Impact of meningococcal

serogroup C conjugate vaccines on carriage and herd immunity. J Infect
Dis 2008; 197(5):737-743.

. Ramsay ME, Andrews NJ, Trotter CL, Kaczmarski EB, Miller E. Herd

immunity from meningococcal serogroup C conjugate vaccination in
England: database analysis. BMJ 2003;326(7385):365—366.

. Conterno LO, Silva Filho CR, Riiggeberg JU, Heath PT. Conjugate

vaccines for preventing meningococcal C meningitis and septicaemia.
Cochrane Database Syst Rev 2006; 3:CD001834.

. Andrews N, Borrow R, Miller E. Validation of serological correlate of

protection for meningococcal C conjugate vaccine by using efficacy
estimates from postlicensure surveillance in England. Clin Diagn Lab
Immunol 2003;10(5):780-786.

. Borrow R, Goldblatt D, Andrews N, et al. Antibody persistence and

immunological memory at age 4 years after meningococcal group C
conjugate vaccination in children in the United kingdom. J Infect Dis
2002;186(9):1353-1357.

Snape MD, Kelly DF, Green B, Moxon ER, Borrow R, Pollard AJ. Lack
of serum bactericidal activity in preschool children two years after a
single dose of serogroup C meningococcal polysaccharide-protein con-
jugate vaccine. Pediatr Infect Dis ] 2005;24(2):128-131.

Snape MD, Kelly DF, Salt P, et al. Serogroup C meningococcal gly-
coconjugate vaccine in adolescents: persistence of bactericidal anti-
bodies and kinetics of the immune response to a booster vaccine more
than 3 years after immunization. Clin Infect Dis 2006;43(11):1387—
1394.

Snape MD, Kelly DF, Lewis S, et al. Seroprotection against serogroup
C meningococcal disease in adolescents in the United Kingdom: ob-
servational study. BMJ 2008;336(7659):1487—1491.

Maslanka SE, Gheesling LL, Libutti DE, et al; Multilaboratory Study
Group. Standardization and a multilaboratory comparison of Neisseria
meningitidis serogroup A and C serum bactericidal assays. Clin Diagn
Lab Immunol 1997;4(2):156-167.

Gheesling LL, Carlone GM, Pais LB, et al. Multicenter comparison of
Neisseria meningitidis serogroup C anti-capsular polysaccharide anti-
body levels measured by a standardized enzyme-linked immunosorbent
assay. ] Clin Microbiol 1994;32(6):1475-1482.

Kitchin N, Southern J, Morris R, et al. Antibody persistence in UK
pre-school children following primary series with an acellular pertus-
sis-containing pentavalent vaccine given concomitantly with meningo-
coccal group C conjugate vaccine, and response to a booster dose of an
acellular pertussis-containing quadrivalent vaccine. Vaccine 2009;27(37):
5096-5102.

Trotter C, Borrow R, Andrews N, Miller E. Seroprevalence of menin-
gococcal serogroup C bactericidal antibody in England and Wales in
the pre-vaccination era. Vaccine 2003;21(11-12):1094—1098.

Trotter CL, Borrow R, Findlow J, et al. Seroprevalence of antibodies
against serogroup C meningococci in England in the postvaccination
era. Clin Vaccine Immunol 2008;15(11):1694—1698.

De Wals P, Trottier P, Pepin J. Relative efficacy of different immuni-
zation schedules for the prevention of serogroup C meningococcal
disease: a model-based evaluation. Vaccine 2006; 24(17):3500—-3504.

MenC Antibody Persistence in UK Children ¢ CID 2010:50 (15 June) ¢ 1609



19.

20.

21.

22.

Siegrist CA, Aspinall R. B-cell responses to vaccination at the extremes
of age. Nat Rev Immunol 2009; 9(3):185-194.

Caugant DA, Heiby EA, Magnus P, et al. Asymptomatic carriage of
Neisseria meningitidis in a randomly sampled population. J Clin Mi-
crobiol 1994;32(2):323-330.

National Advisory Committee on Immunization. Update on the in-
vasive meningococcal disease and meningococcal vaccine conjugate
recommendations: an advisory committee statement (ACS). Can Com-
mun Dis Rep 2009; 35(ACS-3):1-40.

Borrow R, Andrews N, Findlow H, et al. Kinetics of antibody persis-
tence following administration of a combination meningococcal se-
rogroup C and Haemophilus influenzae type b conjugate vaccine in

23.

24.

25.

healthy infants in the United Kingdom primed with a monovalent me-
ningococcal serogroup C vaccine. Clin Vaccine Immunol 2010;17(1):
154-159.

Pollard AJ, Perrett KP, Beverley PC. Maintaining protection against
invasive bacteria with protein-polysaccharide conjugate vaccines. Nat
Rev Immunol 2009;9(3):213-220.

Trotter CL, Edmunds WJ, Ramsay ME, Miller E. Modeling future
changes to the meningococcal serogroup C conjugate (MCC) vaccine
program in England and Wales. Hum Vaccin 2006;2(2):68-73.

De Wals P, Coudeville L, Trottier P, Chevat C, Erickson LJ, Nguyen
VH. Vaccinating adolescents against meningococcal disease in Canada:
a cost-effectiveness analysis. Vaccine 2007;25(29):5433-5440.

1610 * CID 2010:50 (15 June) * Perrett et al



