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a  b  s  t  r  a  c  t

A  quadrivalent  meningococcal  vaccine  conjugated  to CRM197 (MenACWY-CRM197) is immunogenic  in
young  infants.  We  assessed  the memory  B-cell  and  antibody  responses  after  a primary  and  booster
course  of  MenACWY-CRM197 in  children.  At  5  months  of age,  following  primary  immunisation,  serogroup-
specific  memory  B-cells  were detectable  in fewer than  25%  of  children,  although  protective  antibody
titres  (hSBA  ≥ 4) were detectable  in  69%  of  children  against  serogroup  A  and  more  than  95%  against  the
other  serogroups.  At 12 months,  before  booster  immunisation  the  percentages  with  hSBA  ≥ 4  were  5%
for  serogroup  A,  and  between  44  and  70%  for the  other  serogroups.  One  month  after  booster  immunisa-
tion  with  MenACWY-CRM197 over 50%  of  children  had detectable  memory  B-cells,  and  91%  had  hSBA  ≥ 4
against  serogroup  A and more  than  99% against  the  other  serogroups.  These  data  show  that  few  antigen-
specific  anticapsular  memory  B-cells  can be detected  after  two-doses  priming  with  MenACWY-CRM197.
For MenC  and  CRM197, the  antigens  with  the  highest  number  of B-cells  at 5  months,  there  was  a  defi-
nite  (p ≤ 0.02)  but weak  correlation  with  antibody  persistence  at  12 months.  Although  previous  studies
suggest  that measuring  memory  B-cell  responses  after  priming  immunisations  in  infancy  can  be  used  to
predict  antibody  persistence  and  memory  responses,  this  may  not  be suitable  for  all  antigens  in  young
children.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

A tetravalent serogroups A, C, W and Y meningococcal protein
polysaccharide vaccine conjugated to CRM197 (MenACWY-CRM197)
is licensed in the US in persons 2–55 years of age and EU for
use in persons above 2 years of age. The MenACWY-CRM197
vaccine is immunogenic in young infants, inducing antibody

Abbreviations: CRM197, cross reactive material (CRM197: mutant peptide related
to  diphtheria toxoid); DTaP-Hib-IPV, combined diphtheria toxoid, tetanus toxoid,
acellular pertussis, Haemophilus influenzae type b, and inactivated polio vaccine;
GMC, geometric mean concentration; GMT, geometric mean titre; MenACWY-
CRM197, tetravalent serogroups A, C, W and Y meningococcal protein polysaccharide
vaccine conjugated to CRM197; PCV, pneumococcal conjugate vaccine (PCV-7: 7-
valent pneumococcal conjugate vaccine); SBA, serum bactericidal activity (hSBA
with human complement).

∗ Corresponding author at: Center for Clinical Vaccinology and Tropical Medicine,
Churchill Hospital, Oxford, OX3 7LJ, UK.

E-mail address: geraldine.blanchardrohner@paediatrics.ox.ac.uk
(G. Blanchard-Rohner).

responses against the four serogroups in more than 80% of
young children [1,2]. Similar to serogroup C meningococcal
glycoconjugate vaccine (MenCV), following MenACWY-CRM197
priming in early infancy, a decline in protective antibodies was
observed less than one year after immunisation despite the induc-
tion of immunologic memory as measured by the booster response
[2]. Long-term protection against invasive meningococcal disease
relies on the persistence of bactericidal antibodies in serum [3,4].
Studies of B-cell responses to immunisation in animal models sug-
gest that the generation of memory B-cells and long-lived plasma
cells during primary immunisation may  be the principal determi-
nant of long-term maintenance of antibody, as these cells have been
shown to persist and to contribute to antibody secretion [5,6]. How-
ever, in humans the organs of formation and residence of these cells
are not easily accessible, and B-cells can only be readily assessed
in peripheral blood [7]. In this study, memory B-cell and anti-
body responses specific to the four serogroups of meningococci
were determined one month after a two-dose primary course of
MenACWY-CRM197 vaccine, and before and after a booster dose
at 12 months of age. The primary objective of this study was
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to assess whether the frequency of polysaccharide-specific mem-
ory B-cells, measured at 5 months of age, after priming with
MenACWY-CRM197 vaccine, predicts the hSBA titers against the
four serogroups of meningococci at 12 months of age. A correlation
between memory B-cells at 5 months and antibody persistence at
12 months would confirm the major role of memory B-cells in driv-
ing long-term antibody persistence of immunity. If this relationship
is reproducible, the assessment of memory B-cell responses in addi-
tion to antibody responses should be used in evaluation of vaccines
to provide a better indication of long-term protection.

2. Materials and methods

2.1. Study population

A phase II, single centre, open-label, randomised study was con-
ducted in Oxford, UK, between May  2007 and December 2009, to
assess the serogroup-specific B-cell responses to a primary and
booster course of MenACWY-CRM197 vaccine (Menveo, Novar-
tis Vaccines and Diagnostics Srl, Siena). Potential participants
were recruited by information letter in the Thames Valley region,
UK. Exclusion criteria included previous meningococcal disease
or household contact with meningococcal disease, immune dys-
function, recent receipt of antibiotics or corticosteroids. Written
informed consent was obtained from the mothers of all enrolled
infants. Ethical approval was obtained from the Oxfordshire
Research Ethics Committees (approval number B07/Q1605/41;
Eudract number 2006-003476-35). The trial was registered with
clinicaltrials.gov (identifier NCT 00488683). Participating infants
were randomised to one of three groups in a 2:1:1 ratio to allow
assessment of immunogenicity at various time-points whilst min-
imizing the number of blood samples obtained from each child.

2.2. Immunisation procedures

One dose of 0.5 ml  of the MenACWY-CRM197 vaccine was
administered by intramuscular injection into the right antero-
lateral thigh at 2, 4 and 12 months of age. The 0.5 ml  dose consisted
of N. meningitidis serogroup A, C, Y and W capsular saccharides
(10 �g of serogroup A; 5 �g each of the other serogroups) individ-
ually conjugated to CRM197, without adjuvant. At the same time, as
per the routine UK immunisation schedule, concomitant vaccines
were administered into the left thigh; the combined diphtheria tox-
oid, tetanus toxoid, acellular pertussis, Haemophilus influenzae type
b (Hib), and inactivated polio vaccine (Pediacel, Aventis-Pasteur
MSD  Ltd) at 2, 3 and 4 months of age, and the 7-valent pneumococ-
cal conjugate vaccine (PCV-7, Prevenar, Wyeth Vaccines) at 2 and
4 months of age (Table 1).

In addition group I received the PCV-7 at 13 months of age
and groups II and III received the PCV-7 concomitantly with the
MenACWY-CRM197 at 12 months of age. Furthermore the combined
measles, mumps  and rubella vaccine (MMR)  and a booster dose of
Hib were offered on the completion of the study at 13 months of
age according to the routine UK immunisation schedule at the time
(Table 1).

2.3. Sampling procedures

For all children, blood samples were taken at 5 months, follow-
ing priming with MenACWY-CRM197 at 2 and 4 months of age (visit
4), immediately before the third immunisation with MenACWY-
CRM197 at 12 months (visit 5), 1 month following the 12-months
immunisation (visit 6). In addition, participants had one additional
blood draw at a time which was determined by their group: group
I children were divided into 6 subgroups for the kinetics study,
which involved a blood draw either before or at various days after

the second dose of MenACWY-CRM197 at 4 months; group II had an
additional blood draw at the time of enrolment (2 months); group
III had an additional blood draw 6–7 days following the 12-months
dose of MenACWY-CRM197 (Table 1).

2.4. Preparation of PBMCs

Up to 5 ml  of heparinised blood was diluted 1:2 with
RPMI-1640 medium (Sigma–Aldrich, England) to which penicillin-
streptomycin solution (Sigma–Aldrich, England) and l-glutamine
200 mM (Sigma–Aldrich, England) had been added at a dilution of
1:100 (complete medium). The peripheral blood mononuclear cells
(PBMCs) were then separated by density gradient centrifugation
over Lymphoprep (Axis-Shield, Diagnostics, England). PBMCs were
washed once in complete medium prior to further preparation for
ELISpot or cell culture.

2.5. Preparation of ELISpot plates

ELISpot plates (96 well PVDF membrane) (Millipore, England)
were coated with either serogroups A, C, W-135 and Y meningococ-
cal polysaccharide (5 �g/ml) (NIBSC, UK) conjugated to methylated
human albumin (5 �g/ml) (NIBSC, UK), or 10 �g/ml CRM197 (Novar-
tis Vaccines, Siena, Italy), or 10 �g/ml goat anti-human Ig (Caltag
laboratories, Burlingame, USA) in sterile phosphate buffered saline
(PBS). PBS alone was added to the antigen blank wells. The ELISpot
plates were stored at 4 degrees centigrade until use.

2.6. Detection of memory B-cells

PBMCs prepared from peripheral blood were re-suspended in
complete medium with 10% foetal calf serum at a final concentra-
tion of 2 × 106 PBMCs/ml and 100 �l was added per well of a 96-well
round bottomed culture plate (Greiner One-Bio Ltd, England).
The cells were stimulated with medium, containing 1/5000 of
Staphylococcus aureus Cowan strain suspension (SAC), (Calbiochem,
England), 83 ng/ml Pokeweed mitogen (PWM)  (Sigma–Aldrich,
England) and 2.5 �g/ml CpG oligonucleotide (ODN-2006) (Source
Bioscience, England). The cells were incubated at 37 ◦C in 5% CO2
for 5.5 days before being re-suspended and washed 4 times in
PBS-EDTA with 0.5% new born bovine serum and resuspended in
complete medium with 10% foetal calf serum. The cultured cells
were plated onto pre-coated ELISpot plates that had been previ-
ously blocked with complete medium with 10% foetal calf serum
at 2 × 105 cells/well. The ELISpot plates containing the cells were
then incubated overnight at 37 ◦C in 5% CO2 and 95% humidity.
The wells were washed with PBS-Tween and bound IgG anti-
bodies detected using a 1:5000 dilution of goat anti-human IgG
�-chain specific alkaline phosphatase conjugate (Calbiochem, UK)
in complete medium with 10% foetal calf serum for 4 h. Bound alka-
line phosphatase conjugate was detected using the substrate kit
(5-bromo-4-chloro-3-indolyl phosphate in nitroblue tetrazolium
dissolved in aqueous dimethylformamide, Bio-Rad Laboratories,
England). The reaction was  stopped with sterile distilled water,
200 �l/well.

2.7. ELISpot counting

Spots were counted using an AID ELISpot Reader ELR02 (AID)
and ELISpot software, version 3.2.3 (Cadama Medical Ltd, Stour-
bridge, UK). Spot-forming cells were counted and confirmed by
visual inspection. Identical settings were used for all plates but
different settings were used for the different antigens (polysaccha-
ride antigens versus protein antigens). The operator was  blinded to
which sample was  being counted.
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Table 1
Study groups and number of subjects for each group.

Visit 1 2 3 4 (All Groups) 4 (Kinetics)
(Group 1 only)

5 (Group 1 and 2)
5a (Group 3)

5b (Group 3 only) 6

Age/Group
(no.  subjects)

2 months 3 months 4 months 5 months (Group 1
variable)

12 months 6/7 days post V5a 13 months

1 (108) Maternal
venepuncture
MenACWY
DTaP-Hib-IPV
PCV

DTaP-Hib-IPV MenACWY
DTaP-Hib-IPV
PCV

Venepuncture (day 30
post V3)

Venepuncture
MenACWY

Venepuncture Hib*
MMR*  PCV

Venepuncture (kinetics)
(visit timing according to
subgroup allocation)

2  (54) Maternal
venepuncture
Venepuncture
MenACWY
DTaP-Hib-IPV
PCV

DTaP-Hib-IPV MenACWY
DTaP-Hib-IPV
PCV

Venepuncture (day 30
post V3)

Venepuncture
MenACWY PCV

Venepuncture Hib*
MMR*

3  (54) Maternal
venepuncture
MenACWY
DTaP-Hib-IPV
PCV

DTaP-Hib-IPV MenACWY
DTaP-Hib-IPV
PCV

Venepuncture (day 30
post V3)

Venepuncture
MenACWY PCV

Venepuncture Venepuncture Hib*
MMR*

MenACWY = study vaccine MenACWY-CRM197, DTaP-Hib-IPV = combined diphtheria toxoid, tetanus toxoid, acellular pertussis, Hib and inactivated
polio  vaccine Pediacel, PCV = 7-valent pneumococcal conjugate vaccine Prevenar

2.8. Anti-N.meningitidis serogroups A, C, W and Y-specific
bactericidal activity as measured by hSBA

Serum bactericidal antibody (SBA) assays using human com-
plement (hSBA) for meningococcal serogroups A, C, Y and W
were performed at the laboratories of Novartis Vaccines, Marburg,
Germany according to standard protocols [8,9]. Briefly, twofold
dilutions of heat-inactivated sera were incubated with suspen-
sions of meningococcal strains A, C, W and Y and freshly thawed
human complement. The last dilution producing a ≥50% reduction
in colonies (killing) compared to control wells, containing com-
plement and bacteria, was taken as the end point hSBA titre. The
reference strains used for the relevant serogroups were serogroup
A, F8238; C, C11; W,  M01-240070; and Y, 860800.

2.9. Anti-N. meningitidis serogroups A, C, Y and W antibody
concentration as measured by ELISA

The concentration of IgG specific for meningococcal serogroups
A, C, W and Y was determined by ELISA following a previ-
ously described method [10]. Briefly, immulon-2 microtiter plates
(Thermo Electron Corporation, England) were coated with either
serogroup A, C, W and Y meningococcal polysaccharide (5 �g/ml)
(NIBSC, England) conjugated to 5 �g/ml methylated human albu-
min  (NIBSC, England) in sterile PBS. Following blocking, eight
twofold dilutions of the reference serum (CDC 1992, NIBSC 99/706);
starting dilution 1:400 for serogroup A and 1:150 for serogroups C,
W and Y) and test sera (starting dilution 1:25) were made directly
in the microtiter plate by well-to-well transfer with a multichan-
nel pipette. The reference serum was assayed in triplicate, and test
sera were assayed in duplicate. Additionally an internal quality
control (an anti-meningococcal adult immune serum) was diluted
to yield optical densities approximately on the high, middle, and
low portions of the reference curve. After overnight incubation at
4 ◦C, microtiter plates were developed with monoclonal-PAN anti-
human Fc � peroxidase antibody (diluted in serum/conjugate [S/C]
buffer) (Stratech Scientific Ltd., England) for 2.5 h at room tempera-
ture, followed by the chromogenic substrate tetramethylbenzidine
dihydrochloride monohydrate (Sigma–Aldrich, England), and the
reaction was stopped after 30 min  with 2 M H2SO4. The optical
density of each well was then read at 450 nm. A sigmoid logistic

plot of reference sera dilutions was used to calculate test sera anti-
body concentrations. The antibody concentrations were calculated
in ng/ml from the sigmoid logistic plot using Revelation softwear
(ThermalLabs Inc., Basingstoke, UK). All the data were then subse-
quently converted to mcg/ml for analysis.

2.10. Anti-CRM197 IgG concentration

The CRM197 IgG concentration was  determined using an inter-
nally validated ELISA. In brief, Nunc Immuno Maxisorp microtitre
plates (Thermo Fisher Scientific) were coated with 5.0 �g/ml
of diphtheria toxin mutant CRM197 (Novartis, Siena). Follow-
ing blocking and washing steps, serial dilutions of sample sera
and a reference diphtheria antitoxin serum NIBSC (00/496), were
made in duplicate. Following two hours of incubation, plates
were washed and goat anti-human IgG-Fc specific alkaline phos-
phatase conjugate antibodies (Sigma–Aldrich) were added for one
hour. Plates were once more washed and p-nitrophenyl phosphate
(Sigma–Aldrich) added, after 20 min  the enzymatic reaction was
terminated with 3 M NaOH. The optical density of each well was
read at 405 nm and results were reported in International Units
(IU) per ml.

2.11. Statistical analysis

Intention to treat analysis was  performed. For the purposes of
analysis, ELISpot assays in which fewer than 4 spots were detected
were treated as though no ASCs were detected. Normally, eight
replicate wells were used for each meningococcal serogroup and
CRM197, and so the maximal sensitivity of the assay was  2.5 cells per
million PBMCs. However, when the total number of PBMCs avail-
able was limited, at least 8 replicate wells were used for serogroup
C and 4 replicate wells for CRM197, and the rest of the cells were
used to assess the other serogroups. A memory B cell frequency of
less than 2.5 cells/million cultured lymphocytes was assigned the
value “0”. hSBA titre and ELISA IgG concentrations were summari-
sed using geometric means. B-cell numbers were summarised by
medians. The percentage of participants with hSBA titre ≥4 were
calculated. Stata (version 9.1, StataCorp, USA) was  used for the sta-
tistical analysis.
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3. Results

3.1. Population

A total of 216 children were enrolled in three groups (108 in
group I, 54 in group II and 54 in group III), of whom 196 (91%)
completed the study (Table 1).

3.2. Memory B-cell responses

At 5 months of age, the proportion of children who  had
detectable memory B-cells (i.e. ≥2.5 memory B-cells per million
cultured lymphocytes) was 25% for serogroup C and varied between

12–16% for the other polysaccharide serogroups. In contrast, 54%
children had detectable CRM197-specific memory B-cells. For all
serogroups the median frequency of – memory B-cells was 0 as
compared to 3 cells per million cultured lymphocytes for CRM197-
memory B-cells. After 5 months, the proportion of children with
detectable memory B-cells was  similar across all time-points up
to and including 12 months of age. At 12 months the proportion of
children who had detectable memory B-cells was  24% for serogroup
C, varied between 13–17% for the other polysaccharide serogroups,
and was 80% for CRM197. Following the booster dose of MenACWY-
CRM197 at 12 months of age, the proportion of children who had
detectable memory B-cells increased and by 13 months was 66%
for MenA, 70% for MenC, and around 50% for MenW and MenY, and
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Fig. 1. The memory B-cell response specific to meningococcal-serogroup A, C, W,  Y and CRM197 was measured following priming with 2 doses of MenACWY-CRM197 at 2 and
4  months of age, and following boosting at 12 months of age. The minimum sensitivity of the assay is plotted as a broken line. The zero values have been given the arbitrary
value  of 1 for illustrative purposes. The horizontal bars represent the median number of specific memory B-cells at each time point for the whole sample size. The tables
below  each graph report the age, the days following the 4-months immunisation, the number of children tested, the median frequency of memory B-cells, and the number of
children with detectable memory B-cells (i.e. ≥2.5 polysaccharide or CRM197 specific memory B-cells per million cultured lymphocytes)/total number of children, with the
percentage.
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Fig. 2. The functional antibody response measured by serum bactericidal assay using human complement specific to serogroup A, C, W and Y was measured following second
dose-priming with MenACWY-CRM197 at 4 months of age, and following boosting at 12 months of age. The broken line represents the correlate of protection hSBA ≥4. The
horizontal bars represent the geometric mean titre (GMT) at each time point for the whole sample size. The tables below each graph report the age, the days following the
4-months immunisation, the number of children tested, the GMT, and the number of children with seroprotection (hSBA ≥ 1:8)/total number of children, with the percentage.

95% for CRM197. The median frequency of polysaccharide-specific
memory B-cells at 30 days post-booster varied between 2 and 5
per million cultured lymphocytes and was 23 per million cultured
lymphocytes for CRM197-memory B-cells (Fig. 1).

3.3. Functional antibody responses (hSBA)

At 5 months of age, one month after 2 dose-priming with
MenACWY-CRM197 vaccine; the proportion of children who  had
hSBA titres ≥4 was 69% for MenA, and between 95 and 99% for the
other serogroups. Between 5 and 12 months of age, polysaccharide-
specific functional antibody titres decreased slowly. At 12 months,
the proportion of children who had serogroup specific hSBA titres
≥4 was around 70% for serogroups W and Y, 44% for serogroup C and
only 5% for serogroup A. Following the booster dose of MenACWY-
CRM197 at 12 months of age, the functional antibody titre increased
rapidly and at 13 months the proportion of children who had SBA
titres ≥4 was 91% for serogroup A and more than 99% for the other
serogroups (Fig. 2).

3.4. Antibody responses (IgG)

Following the second priming dose of MenACWY-CRM197 at
4 months there was a rapid increase in polysaccharide-specific
IgG-antibody. Then, the GMC  for all serogroups decreased from
5 months until 12 months of age. Following a booster dose of
MenACWY-CRM197 at 12 months, the concentration of serogroup
specific-antibody increased rapidly. For the CRM197-IgG concen-
tration there was a clear rise from baseline following the first dose

of MenACWY-CRM197 at 2 months of age, but no further rise after
the second dose of MenACWY-CRM197 at 4 months. The concen-
tration of CRM197-IgG remained similar from 4 months until 5.5
months and then decreased slowly to 12 months of age. Following
the booster dose of MenACWY-CRM197 at 12 months of age, the
concentration of CRM197-IgG increased rapidly (Fig. 3).

3.5. Association between the memory B-cell frequencies at 5
months of age and the hSBA titer/IgG concentration at 12 months
and 13 months of age

There was  a weak inconsistent positive correlation (Spearman’s
correlation coefficient between 0.2 and 0.4) between memory B-
cell frequency measured in peripheral blood at 5 months of age
and the antibody measured by hSBA titre and IgG concentration at
12 months and 13 months of age for some serogroups of meningo-
cocci (in particular MenC and MenW)  (see Table 2). In comparison,
there was a Spearman’s correlation coefficient of 0.5 (p < 0.001,
n = 133) for the correlation between the frequency of CRM197-
specific memory B-cells detected at 5 months of age and the
CRM197-IgG concentration measured at 12 months of age. Further-
more, there was a Spearman correlation coefficient of 0.3 (p = 0.003,
n = 134) for the correlation between CRM197-specific memory B-
cells at 5 months and the IgG concentration at 13 months.

4. Discussion

As previously reported, the present study show that there is a
good antibody response following MenACWY-CRM197 from early
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Fig. 3. The IgG-antibody response specific to serogroup A, C, W,  Y and CRM197 was  measured following second dose-priming with MenACWY-CRM197 at 4 months of age,
and  following boosting at 12 months of age. The horizontal bars represent the geometric mean concentration (GMC) at each time point for the whole sample size. The tables
below  each graph report the age, the days following the 4-months immunisation, the number of children tested and the GMC.

infancy. However, as it is the case with other conjugate vaccines,
this response is associated with rapid waning of antibody in chil-
dren vaccinated before one year of age, although the response
to booster immunisation is excellent [2,11–14]. There appears
to be a smaller decline in antibody for children primed with
the MenACWY-CRM197 at older ages [15]. The rate of decline in
polysaccharide-IgG concentration from 5 months to 12 months of
age following two-doses-priming with MenACWY-CRM197, is sim-
ilar to the rate of decline of serogroup C-IgG from 5 months to 12

months of age, following priming with two or three-doses of MenCV
in infancy [14,16], and does not appear to depend only on the bio-
logical half-life of antibody of 3 weeks [17] as the level at 12 months
of age was higher than would be predicted solely by the half-life of
antibody. Therefore, the level of persisting antibody by 12 months
of age is not only determined by the level reached after primary
immunisation at 5 months of age, but also by other determinants
such as, presumably, the production of long lived plasma cells and
memory B-cells. However, it appears that these mechanisms are not

Table 2
Correlation between polysaccharide and CRM197- specific memory B-cells at 5 months of age with the antibody measured by hSBA titre and IgG concentration at 12 months
and  13 months of age.a

hSBA titre at 12 m hSBA titre at 13 m IgG at 12 m IgG at 13 m

p p n p p n r p n r p n

MenA MBc  frequency at 5 m 0.09 0.3 104 0.4 0.001 105 −0.08 0.6 56 0.3 0.02 89
MenC  MBc  frequency at 5 m 0.3 0.0003 147 0.2 0.02 143 0.3 0.02 86 0.002 1 115
MenW MBc  frequency at 5 m 0.3 0.0005 112 0.3 0.004 104 0.05 0.7 74 0.2 0.02 91
MenY  MBc  frequency at 5 m 0.02 0.9 59 0.02 0.9 44 −0.2 0.08 57 0.3 0.03 76
CRM  MBc  frequency at 5 m 0.5 <0.001 133 0.3 0.003 134

a Pearman’s rank correlation coefficient (r) with the p values (p) and the number of subject tested for each association (n).
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sufficient to maintain serological protection through the ensuing
7 months. The fact that only a small proportion of children pro-
duced serogroup-specific memory B-cells after priming, and that
there was only a low concentration of IgG-antibodies, in contrast
to the high bactericidal antibody response in the short-term fol-
lowed by a rapid decline by 12 months of age has several possible
explanations; The induction of germinal centres with the produc-
tion of long-lived plasma cells and memory B-cells is very low in
early life, as demonstrated in murine studies [18,19], and there-
fore, antibodies are not maintained in the long-term. Additionally,
other murine studies have shown that bone marrow homing of
long-lived plasma cells is low in early life [20], a phenomenon that
also contributes to the rapid decline of antibody from 5 months
until 12 months of age. Alternatively, antigen-specific memory B-
cells may  be produced at such low frequencies that they cannot be
detected by the ELISpot assay used in this study. This small pool
of memory B-cells appears to be sufficient to sustain immuno-
logical memory (as suggested by the rapid increase in memory
B-cells and antibody in peripheral blood following boosting at 12
months), but not to maintain protective antibody in serum. This
phenomenon has been observed in a murine study, where the
generation of memory B-cells during priming was impaired due
to a mutation in the xid gene, and the persistence of antibody
was reduced, although immunological memory was  preserved
[21]. The present data raise important issues about the under-
lying role of memory B-cell, measured in the peripheral blood,
in antibody persistence following priming immunisation in early
infancy. The aim of this study was to assess whether the memory
B-cells detected in peripheral blood following priming immunisa-
tion with MenACWY-CRM197 at 5 months of age allow prediction
of the persistence of antibody by 12 months of age, and the anti-
body response to booster immunisation with MenACWY-CRM197.
In a previous study assessing the antibody and B-cell response
after three-dose priming with MenCV at 2, 3, and 4 months of
age, 100% of the study children had reached protective bacteri-
cidal antibody titres against serogroup C (rSBA ≥1:8) at 5 months
of age and 64% had detectable MenC-specific memory B-cells [14].
In the same study, it was observed that by 12 months of age only
41% of the study children had maintained protective bactericidal
antibody titre, and, there was a good correlation between the mem-
ory B-cell responses at 5 months and the persisting antibody titre
by 12 months of age (Spearman’s correlation coefficient of 0.65, p
values = 0.02) [14]. In the present study, there was only a weak posi-
tive correlation (Spearman’s correlation coefficient of 0.3) between
polysaccharide-specific memory B-cell responses at 5 months and
polysaccharide-specific persisting antibody at 12 months of age
for some serogroups of meningococci (MenC and MenW). These
results suggest that the memory B-cell produced at 5 months of
age only produce a fraction of the antibody titre at 12 months. The
power of these results to detect a correlation is likely to have been
limited by the number of individuals in whom no memory B-cells
were detected at the 5 months time-point (only 12–25% of infants
had detectable memory B-cells depending of the serogroup). In
comparison, the proportion of children with detectable carrier-
specific memory B-cells was comparable in both studies (54% of
CRM197-memory B-cells in the present study, compared to 60%
of diphtheria toxoid-memory B-cells in the previous study – at
that time CRM197 was not available for the ELISpot) [14,22]. In the
present study, there was a significant moderate correlation (r = 0.5,
p < 0.001) between the carrier-specific memory B-cells detected at
5 months of age and the persistence of antibody at 12 months
of age which may  imply that the assay in the present study was
not sensitive enough to test the correlations between the lower
memory B-cell responses at 5 months of age and the persisting anti-
body at 12 months of age for polysaccharide antigens. The lower
proportion of children with detectable MenC-memory B-cells in

the present study in comparison to the preceding study [14,22]
has several possible explanations. The children were primed with
two doses of MenACWY-CRM197, in comparison to three doses of
MenCV in the preceding study (because the new UK vaccination
schedule includes only two  doses of MenC-conjugate vaccine for
primary immunization). Furthermore, MenACWY-CRM197 vaccine
is somewhat less immunogenic than the MenCV for the serogroup
C meningococcal antibody response when studied in infants from
2 months of age [2], presumably because the MenACWY-CRM197
contains a lower concentration of serogroup C capsular saccharide
in comparison to the MenCV, is not adjuvanted with aluminium
phosphate and is a multivalent vaccine with possible interference
between the conjugates. However, another study comparing the
functional antibody response following a single dose of MenCV or
MenACWY-CRM197 at 12 months of age found similar results for
serogroup C meningococcal antibody response [23]. At the level
of the individual, for the MenACWY-CRM197, the current memory
B-cell assay was  insufficiently sensitive to detect memory B-cells
on enough individuals to be a reliable predictor of antibody per-
sistence in all individuals. The assay sensitivity could have been
increased by culturing larger numbers of cells for each antigen but
this would have meant a reduction in the antigens assessed. For
antigens where more B-cells were detected (CRM197 and MenC)
the correlations with IgG and hSBA at 12 months suggest the use-
fulness of this assay. The fact that the memory B cell-immune
response was  of greater magnitude for the carrier-protein than
the polysaccharide antigen can be explained by previous exposure
(both cumulative dose and number of doses) to the protein-carrier
antigen through the use of other protein-polysaccharide conjugate
vaccines using CRM197 as carrier protein and as a result of exposure
to diphtheria toxoid vaccine, from which CRM197 is derived. In con-
trast for MenC-specific memory B cells, the increase in the memory
B cell frequency may  be partly explained by the priority given to this
antigen in the conduct of the study where there were low volume
blood samples, which increased the sensitivity of the ELISpot assay
for MenC in comparison to the other serogroups. There was  no dif-
ference for the bactericidal antibody response between serogroups
C, W and Y. In conclusion, the MenACWY-CRM197 is immunogenic
in early infancy, although few anticapsular-specific memory B-cells
and low production of IgG-antibody were detected after two doses-
priming with this vaccine. However these antibodies were strongly
bactericidal and likely to provide protection. Despite there being a
relatively low-frequency of memory B-cells detected after prim-
ing these were associated with a potent antibody responses after
a booster dose of MenACWY-CRM197 at a year of age, together
with an expansion of memory B-cell responses, which may indi-
cate strong priming or simply the improved responses that are
possible with maturation of the immune system by a year of age
[14,24,25]. Whilst comparison with other studies indicates that
memory B-cell assays are a useful method of assessing immuno-
logical memory, the low numbers of B-cells detected here suggest
that this method may  not be suitable for all antigens, especially in
young children where only small volumes of blood can be obtained
for analysis, thus limiting sensitivity. For the moment the only way
to guarantee long-term immunity in the population is by sustaining
immunity through the use of booster doses of vaccine. Recent data
suggest that boosters in the second year of life will raise the bacte-
ricidal antibody temporarily [26] but more sustained responses are
achieved when booster doses are administered later in childhood
(after 6 years of age) [27]. Boosters administered in adolescence, as
has recently been recommended by the UK Department of Health’s
Joint Committee on Vaccination and Immunisation [28], are likely
to provide more sustained immunity and also to maintain herd
protection since this age group has high colonisation rates and is
thought to be responsible for driving transmission of serogroup C
meningococci [29].
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