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Glycoconjugate vaccines have dramatically reduced the incidence of encapsulated bacterial diseases in
toddlers under 2 years of age, but vaccine-induced antibody levels in this age group wane rapidly. We
immunized adults and 12-month-old toddlers with heptavalent pneumococcal conjugate vaccine to determine
differences in B-cell and antibody responses. The adults and 12-month-old toddlers received a pneumococcal
conjugate vaccine. The toddlers received a second dose at 14 months of age. The frequencies of diphtheria
toxoid and serotype 4, 14, and 23F polysaccharide-specific plasma cells and memory B cells were determined
by enzyme-linked immunospot assay. The toddlers had no preexisting polysaccharide-specific memory B cells
or serum immunoglobulin G (IgG) antibody but had good diphtheria toxoid-specific memory responses. The
frequencies of plasma cells and memory B cells increased by day 7 (P < 0.0001) in the adults and the toddlers
following a single dose of conjugate, but the polysaccharide responses were significantly lower in the toddlers
than in the adults (P = 0.009 to <0.001). IgM dominated the toddler antibody responses, and class switching
to the IgG was serotype dependent. A second dose of vaccine enhanced the antibody and memory B-cell
responses in the toddlers but not the ex vivo plasma cell responses. Two doses of pneumococcal conjugate
vaccine are required in toddlers to generate memory B-cell frequencies and antibody class switching for each
pneumococcal polysaccharide equivalent to that seen in adults.

Streptococcus pneumoniae is a major respiratory pathogen of
toddlers and elderly adults, causing 1 million childhood deaths
per year worldwide (19). The peak incidence of invasive pneu-
mococcal disease is between 4 and 18 months, when maternal
antibody has waned and before the immune responsiveness to
polysaccharide antigens develops (59).

The introduction of a new heptavalent, conjugated pneumo-
coccal capsular polysaccharide vaccine (Pnc7) in the United
States in 2000 led to a major reduction in invasive pneumo-
coccal disease cases among immunized toddlers (7, 79) and
more widely in the population as a result of “herd immunity,”
which arises because of the reduced transmission of the organ-
ism through the blockage of nasopharyngeal carriage (32, 41,
45, 78).

Toddlers immunized at 2, 4, and 6 months of age generate
immunoglobulin G (IgG) antibody responses to Pnc7 (16), but
the serum antibody wanes rapidly, with some serotype-specific
antibody levels falling below the protective threshold within a
matter of months (47, 64). Similarly, in early infancy antibody
wanes rapidly after immunization with other glycoconjugate
vaccines, such as the Haemophilus influenzae type b (30) and
serogroup C Neisseria meningitidis glycoconjugate vaccines
(68), and there is a corresponding loss of vaccine effectiveness
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(56, 70). This failure of persistence of IgG to capsular polysac-
charides after immunization in infancy may be overcome by the
subsequent administration of a booster dose of a conjugate
vaccine at 12 to 15 months of age, which results in a marked
rise in IgG antibody levels, demonstrating that immunological
memory had been induced by priming (2, 3, 58).

In the United Kingdom, Pnc7 was introduced into the pri-
mary immunization schedule at the end of 2006 as two doses
given at 2 months and 4 months of age, with a booster dose
given at 13 months of age. Children between 12 months and 2
years of age at the time that Pnc7 was introduced were in-
cluded in a single-dose catch-up campaign. However, at 12
months of age, a single dose of Pnc7 may not be sufficient to
induce protective levels (a protective level has been variously
described as >0.2 pg/ml or as 0.35 pg/ml or 1.0 ng/ml [4, 27])
of antibodies to all seven serotypes included in the current
vaccine (47), and there is little information about the persis-
tence of antibody after this single-dose priming regimen and
the subsequent memory responses.

By contrast, in adults a single dose of Pnc7 is sufficient to
induce protective levels of IgG to all seven serotypes included
in Pnc7, although the levels also wane somewhat (1, 33, 62, 80)
and no further increase in response is demonstrated following
reimmunization (75), perhaps because the polysaccharide an-
tigens (conjugated as well as purified) stimulate predominantly
marginal zone B (MZB)-cell responses in this age group (9, 37,
74, 75). These cells accumulate with age and require a mature
splenic marginal zone to function. They are also capable of
rapid isotype switching to IgG positivity during the first week
after immunization (21). Thus, fewer of these cells in early
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infancy and the immature phenotype expressed by these cells
may also contribute to the lack of the long-term maintenance
of serum IgG levels in toddlers (81).

During the first 7 days of the immune response to a booster
dose of glycoconjugate vaccine there is a rapid but transient
rise in the frequency of antigen-specific antibody-forming cells
(AFCs) in the peripheral blood of adults by day 7 (12). These
cells disappear from the circulation by day 9 of the vaccine
response. A similar time course has also been reported in
response to plain pneumococcal polysaccharide vaccines, tet-
anus toxoid, and influenza vaccines (17, 25); and it is likely that
these AFCs are plasma cells generated from preexisting mem-
ory cells. However, various subsets of B cells are presumed to
circulate through the peripheral blood following immuniza-
tion, including mature plasma cells, nonsecreting antigen-spe-
cific memory B cells, and long-lived plasma cell precursors
migrating to the bone marrow (20, 44); and uncertainty re-
mains about which of these cell subsets is responsible for both
the early rise in antibody levels after immunization and the
prolonged production of antibody over the subsequent months
and years.

While the phenotype of the B-cell response and the maturity
of bone marrow niches probably do vary with age, the differ-
ences in the magnitudes of the B-cell response at different ages
have not been studied extensively. In this investigation, the
antigen-specific memory B-cell response and the antibody re-
sponse following immunization with Pnc7 in adults and tod-
dlers were compared. The main aim of this study was to de-
termine whether the frequency of memory B cells and the
timing of their appearance in peripheral blood were the same
in the 12-month-old toddlers and the adults. The response in
the toddlers after a single or second dose of Pnc7 was com-
pared with that in the adults after a single dose. The reason for
these comparisons was to show how effective the catch-up
campaign of a single dose at 12 months was at inducing mem-
ory to the different serotypes.

Due to the restricted sample sizes for the toddler group, we
chose pneumococcal serotypes based on the previously pub-
lished rates of nasopharyngeal carriage and invasive disease
(10, 24, 65). Serotypes 4, 14, and 23F represented common,
intermediate, and rare serotypes for each of these factors,
respectively. We also looked at the CRM,q, (cross-reactive
material; mutant diphtheria toxoid) carrier response, repre-
sented in our assays by the diphtheria toxoid-specific AFCs in
the enzyme-linked immunospot (ELISPOT) assay.

MATERIALS AND METHODS

Subjects and clinical procedures. Twenty healthy adult volunteers (age range,
23 to 49 years; 8 males and 12 females) with no history of pneumococcal
vaccination received a single dose of the heptavalent pneumococcal-CRM; o,
conjugate vaccine (Pnc7; Wyeth Vaccines, Pearl River, MA) by intramuscular
injection in the left deltoid. The 0.5-ml dose of the vaccine contained a concen-
tration of saccharides of 2.0 pg/ml for each of serotypes 4, 9V, 4, 18C, 19F, and
23F and 4 pg/ml for serotype 6B. Each saccharide is conjugated to CRM, o, and
is adsorbed on aluminum phosphate. A 20-ml venous blood sample was collected
(2 ml was placed into a tube for clotted serum and 18 ml was placed into a tube
containing heparin for isolation of peripheral blood mononuclear cells [PBMCs])
prior to vaccination and again on days 6, 7, 15, and 28 following immunization.

Forty healthy toddlers aged 12 months received two doses of heptavalent
pneumococcal-CRM, ¢, conjugate vaccine at a 2-month interval. A 5-ml venous
blood sample was collected prior to vaccination, then day 6 or 7 later, then on day
56 (prior to the second dose), and finally on day 6 or 7 (day 62 or 63 after the first
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vaccination) following the second immunization. The toddler blood was allo-
cated for serum (1 ml clotted serum) and for isolation of PBMCs (4 ml in a tube
containing heparin). Due to ethical constraints, it was not possible to obtain a
further blood sample on day 56 after the second dose of Pnc7. All of the toddlers
had previously received all of their routine immunizations during infancy.

Informed consent was obtained from the volunteers, and the protocol was
approved by the Oxfordshire Research Ethics Committee (OXREC number
C02.005).

Antibodies used. (i) ELISPOT assay. The capture antibody was polyvalent
goat anti-human Ig (H17000; Caltag, Buckingham, United Kingdom) (14). The
detection antibody was a goat anti-human IgG, y-chain-specific-alkaline phos-
phatase conjugate (401442; Calbiochem-Novabiochem, Nottingham, United
Kingdom).

(ii) Pneumococcal ELISA detection antibodies. Goat anti-human IgG
(AHI0305), IgA (AHI0105), and IgM (AHI0605) all conjugated to alkaline-
phosphatase, were obtained from Biosource.

Preparation and in vitro stimulation of PBMCs for memory B-cell detection
by ELISPOT assay. PBMCs were isolated from peripheral blood by density
gradient centrifugation; and 2 X 10° cells/well were cultured in RPMI with
penicillin— streptomycin with 10% newborn bovine serum, with final well con-
centrations of the Staphylococcus aureus Cowan strain at a 1:5,000 dilution of the
Pansorbin cell suspension (Calbiochem-Novabiochem), GpG DNA at 2.5 pg/ml
(Autogen-Bioclear UK Ltd., Calne, United Kingdom), and pokeweed mitogen at
83 ng/ml (Sigma, Poole, United Kingdom) for 5 days at 37°C in 5% CO, and 95%
humidity. These cells were then harvested, washed, and resuspended at 2 X 10°
cells/ml for seeding into the ELISPOT assay plates as described below.

Enumeration of antigen-specific ex vivo plasma cells and in vitro-stimulated
memory B cells. Multiscreen hydrophobic polyvinylidene difluoride membrane
plates (Millipore, Watford, United Kingdom) were coated with anti-IgG, tetanus
toxoid, diphtheria toxoid (Statens Seruminstitut, Copenhagen, Denmark), or
pneumococcal polysaccharides (serotypes 4, 14, and 23F; LGC Promochem,
Teddington, United Kingdom) conjugated to methylated human serum albumin
(National Institute for Standards and Controls, Potters Bar, United Kingdom)
(13). Anti-IgG, diphtheria toxoid, and polysaccharides 4 and 14 were coated at 10
pg/ml in phosphate-buffered saline; and tetanus toxoid and serotype 23F were
coated at 5 and 20 pg/ml, respectively. Diphtheria toxoid was used to represent
the CRM,y, carrier protein response. Since the availability of PBMCs was
limited, only three of the seven vaccine serotypes were studied. Washed B cells
were seeded at 200 to 2 X 10° cells per well on ELISPOT assay plates that had
previously been blocked with 10% newborn calf serum (Sigma), and the plates
were incubated overnight at 37°C in 5% CO, and 95% humidity. The cells were
washed with phosphate-buffered saline-Tween, and bound IgG antibody was
detected by using an alkaline phosphatase conjugate and alkaline phosphatase
conjugate substrate kit (nitroblue tetrazolium plus 5-bromo-4-chloro-3-in-
dolylphosphate in dimethyl formamide; Bio-Rad Laboratories, Hemel Hemp-
stead, United Kingdom), before the cells were counted by using an AID
ELISPOT reader ELR02 and software, version 3.2.3 (Cadama Medical Ltd.,
Stourbridge, United Kingdom). The spots were characterized by the use of
preestablished settings and the AID software. The total frequency of IgG-se-
creting AFCs (IgG AFCs) was used as the positive control for the memory B-cell
ELISPOT assay. Samples with <1,000 total [gG AFCs/10° cultured PBMCs were
removed from the analysis. Tetanus toxoid (a nonvaccine antigen) was used as a
negative control in the ex vivo plasma cell ELISPOT assay and as a positive
control in the memory B-cell ELISPOT assay.

A positive response to immunization was defined as a more than twofold
increase in AFC frequency following immunization.

Pneumococcal ELISA for the detection of anti-polysaccharide Igs. The World
Health Organization standard protocol was used for the detection of human IgG,
IgA, and IgM antibodies against S. pneumoniae capsular polysaccharides (77;
http://www.vaccine.uab.edu). In brief, serum samples were preabsorbed with 10
pg/ml of cell wall polysaccharide (Statens Seruminstitut) and 10 pg/ml of non-
vaccine-related polysaccharide 22F (LGC Promochem, Teddington, United
Kingdom). Standard serum 89SF (FDA) was used for the concentration curve,
and control sera were obtained from National Institute for Standards and Con-
trols. Antibodies specific for capsular polysaccharides 4, 14, and 23F were de-
tected by using alkaline phosphatase conjugates, and the antibody concentrations
(in pg/ml) were calculated from a four-point, sigmoidal plot by using Revelation
software (ThermoLabs Inc., Basingstoke, United Kingdom).

Antibodies against tetanus and diphtheria toxoids will be quantified as part of
an ongoing study.

Statistics. Comparisons of the results between individuals and time points
were carried out by using the Wilcoxon signed-rank test and the Mann-Whitney
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test with SPSS software (version 12), Graphpad Prism software (version 4.0), and
the Microsoft Excel software TTEST function.

RESULTS

The spontaneous IgG AFC response following a primary
(day 0) and secondary (day 56) dose of Pnc7 in toddlers. For
all of the antigens tested except diphtheria toxoid, there was at
least one individual who had some ex vivo AFCs on day 0, prior
to immunization (Fig. 1a to e). There was no effect of Pnc7
immunization on the frequency of tetanus toxoid-specific
AFCs (Fig. 1la). However, at day 6 or 7 following immuniza-
tion, there was a significant rise in the frequency of AFCs in
response to diphtheria toxoid and serotypes 4, 14, and 23F
(P =0.001, P = 0.002, P = 0.007, and P = 0.013, respectively)
(Fig. 1b to e, respectively). The overall AFC response 1 week
after immunization was high, with between 62 and 100% of the
toddlers demonstrating a more than twofold increase in AFCs
specific for the vaccine antigens and with 0% increases for the
nonvaccine antigen tetanus toxoid. The strongest responses
following the primary dose of Pnc7 were to diphtheria toxoid
and serotype 4 (Fig. 1b and c, respectively), with 100% and
92% of the toddlers achieving more than twofold increases in
the AFC frequency, respectively. In response to serotypes 14
and 23F, only 62% and 67% of the toddlers achieved more
than twofold increases in the AFC frequency (Fig. 1d to e).

Following the second dose of Pnc7, no significant difference
in the magnitude of the AFC response was seen compared with
that seen at 1 week after the first or the second dose of Pnc7
(Fig. 1b to e). The percentage of toddlers achieving a more
than twofold increase in the AFC frequency in response to
serotypes 14 and 23F rose to 80% and 70%, respectively, fol-
lowing the second dose of vaccine, although this increase was
not significant. The ex vivo AFC response to diphtheria toxoid
was lower after the second dose than after the first dose of
Pnc7 (P = 0.002), with the proportion of toddlers achieving
more than twofold increases in the AFC frequency dropping
from 100% to 80%. Similarly, the frequencies of responders to
serotype 4 dropped from 92% to 70%.

Memory B-cell response following immunization of toddlers
with a primary and secondary dose of Pnc7. In vitro stimula-
tion of B cells isolated from the peripheral blood allowed the
detection of IgG AFC derived from memory B cells. Prior to
immunization, 86% of the toddlers already had diphtheria
toxoid-specific memory cells, while only 2.5 to 5.6% had any
polysaccharide-specific memory. There was no significant rise
in the frequency of tetanus toxoid-specific IgG AFCs after
immunization (Fig. 1f).

Seven days after primary Pnc7 immunization of the toddlers,
there was a significant increase (P = 0.001) in the frequency of
in vitro-inducible, antigen-specific AFCs derived from periph-
eral blood memory B cells (Fig. 1 g to j). The median numbers
of spots on day 6 or 7 were 70, 10, 5, and 10 per 10° cultured
PBMC:s for diphtheria toxoid and serotypes 4, 14, and 23F,
respectively. Between 67% and 81% of the toddlers made a
more than twofold increase in AFC frequency during the first
week. By day 56 the frequency remained significantly elevated
or even increased further above the baseline levels for serotype
4 (Fig. 1h) (P = 0.016).

The second Pnc7 dose generated a further, significant in-

CLIN. VACCINE IMMUNOL.

crease in inducible, polysaccharide-specific AFCs by 1 week
after immunization (Fig. 1g to j). However, the increase in
AFC frequency was lower than that after the first dose (except
in response to serotype 23F), so that at 1 week after the second
dose (day 62 or 63), only 41% to 59% of the toddlers re-
sponded with a more than twofold rise in the AFC frequency.
In response to serotype 23F, the proportion of responders
increased from 67% to 71%. In response to the carrier protein
(represented by diphtheria toxoid), only 12% of the toddlers
showed a further twofold rise in AFC numbers after the second
dose (Fig. 1g). The overall frequencies of memory B cells at
this time were the highest in response to diphtheria toxoid,
followed by serotypes 4, 23F, and 14, while the percentage of
toddlers achieving a more than twofold increase was greater in
response to serotype 23F (71%) and was the least for diphthe-
ria toxoid (12%).

Memory B-cell response to a single dose of Pnc7 in adults
versus that in toddlers. Total IgG-secreting cells were enumer-
ated as a control for the in vitro differentiation of AFCs from
peripheral blood memory B cells. The median frequency of
total IgG-secreting cells was significantly lower in the toddlers
than in the adults (P = <0.001). Within each age group,
however, the frequency remained constant throughout the
time course (data not shown).

The frequency of polysaccharide-specific IgG AFCs derived
from memory B cells was significantly lower in the toddlers
than in the adults at the baseline (Fig. 2a). The median counts
of spots specific for serotypes 4, 14, and 23F in the adults and
toddlers were 26 and 0, 23 and 0, and 27 and 0 AFCs/10°
cultured PBMCs, respectively. However, the diphtheria toxoid-
specific IgG AFC frequency did not differ significantly between
the adults and the toddlers (21 and 14 spots/10° cultured
PBMCs, respectively) (Fig. 2a). The wide range of the adult
tetanus toxoid-specific memory B-cell frequency meant that
the median was significantly higher in the adults than in the
toddlers (Fig. 2a).

Seven days after a single dose of Pnc7 vaccine the antigen-
specific memory cell frequency remained significantly lower in the
toddlers than in the adults for serotypes 4, 14. and 23F (P = 0.002,
<0.001, and 0.009, respectively) (Fig. 2b). In response to sero-
types 14 and 23F, more toddlers than adults made a more than
twofold response (59% and 30%, respectively, for the toddlers
and 71% and 40%, respectively, for the adults), while the per-
centage of responders to serotype 4 was similar between the age
groups (41% for the toddlers and 50% for the adults).

In response to diphtheria toxoid (the carrier response),
there was no difference in the frequency of memory B cells
between the toddlers and the adults (P = 0.224) (Fig. 2b), with
90% of the adults and 81% of the toddlers achieving a more
than twofold rise in memory cell frequency. There was also no
difference in the frequency of tetanus toxoid (nonvaccine an-
tigen) memory B cells between the age groups (P = 0.130)
(Fig. 2b), and only 38% of the adults and 10% of the toddlers
showed a response (a more than twofold rise).

The maintenance of the memory response following the first
dose was determined in the toddlers on day 56 after the first
dose and was compared to the adult memory response at day
28 after a single Pnc7 dose (Fig. 3a). By day 56 none of the
toddlers had maintained the more than twofold rise in AFC
frequency seen at day 7 after immunization, while between 20
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FIG. 1. Frequency of spontaneously secreting IgG AFCs (a to e) and memory B-cell-derived IgG AFCs (f to j) isolated from the peripheral
blood of 12-month-old toddlers prior to and 1 week following a primary and secondary dose of Pnc7, as determined by ELISPOT assay.
Immunizations were given on day 0 (d0) and day 56 (black arrows), with blood draws performed on days 0, 6 or 7, 56, and 62 or 63. IgG AFCs
specific for the control antigen (tetanus toxoid) and the vaccine antigens (diphtheria toxoid and polysaccharide serotypes 4, 14, and 23F) were
enumerated. The data represent the numbers of IgG AFCs/10° cultured PBMCs, and the bars represent the medians.
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FIG. 2. Frequency of memory B-cell-derived IgG AFCs isolated
from the peripheral blood of adults (triangles) and 12-month-old tod-
dlers (circles). In vitro-stimulated PBMCs were isolated at day 0 for
the baseline memory B-cell-derived IgG AFC frequency (a) and 1
week after a single dose of Pnc7 (b). IgG AFCs specific for the control
antigen (tetanus toxoid [tet]) and the vaccine antigens (diphtheria
toxoid [dip] and polysaccharide serotypes 4, 14, and 23F) were enu-
merated. The data represent the numbers of IgG AFCs/10° cultured
PBMCs, and the bars represent the medians.

and 80% of the adults still had a more than twofold AFC
frequency above that at the baseline at day 28. There was no
significant difference between the adult and the toddler IgG
AFC frequency in response to serotype 4 or diphtheria toxoid,
and the frequency remained significantly elevated above that at
the baseline in both age groups (Fig. 3a).

The frequencies of serotype 14 and serotype 23F IgG AFCs
remained significantly lower in the toddlers than in the adults
prior to the second dose of Pnc7 in the toddler group (Fig. 3a).

Memory B-cell response following a second dose of Pnc7 in
toddlers. One week after a second dose of conjugate (day 63),
the toddlers (who were then 14 months of age) attained fre-
quencies of memory B cells equivalent to those seen in adult
peripheral blood after a single dose for all antigens except
serotype 14, the response to which was still significantly lower
in the toddlers (P = 0.004) (Fig. 3b). The percentage of the
toddlers responding with a more than twofold rise in the IgG
AFC frequency compared to that for the adults was similar for
serotype 4 (41% and 50%, respectively), but the frequencies in
the toddlers remained slightly higher than those in the adults in
response to serotypes 14 (59% and 30%, respectively) and 23F
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FIG. 3. Comparison of in vitro-stimulated memory B-cell derived
IgG AFC frequency in adults (triangles) and 12-month-old toddlers
(circles). The responses to the single dose of Pnc7 in the adults and the
toddlers at day 28 were compared to those at day 56 (a). The frequency
of memory IgG AFCs achieved in the adults 1 week after one Pnc7
dose was compared with that achieved by the toddlers 1 week after a
second Pnc7 dose (b). IgG AFCs specific for the control antigen
(tetanus toxoid [tet]) and the vaccine antigens (diphtheria toxoid [dip]
and polysaccharide serotypes 4, 14, and 23F) were enumerated. The
data represent the numbers of IgG AFCs/10° cultured PBMCs, and the
bars represent the medians.

(71% and 40%, respectively). The response to diphtheria tox-
oid was lower in the toddlers after the second dose than in the
adults after a single dose (12% and 90%, respectively).

Spontaneous secretion of IgG by AFCs from adults and
toddlers. The frequency of spontaneously secreting, antigen-
specific AFCs was significantly greater in the adults than in the
12-month-old toddlers on day 7 after the primary dose of Pnc7
(P = <0.001 for all comparisons) (Fig. 4). This significant
difference between the age groups remained even after the
toddlers received a second dose of Pnc7 (P = <0.001 for
diphtheria toxoid and serotypes 4, 14, and 23F) (Fig. 4). The
percentage of the toddlers achieving a more than twofold in-
crease in spontaneously secreting AFCs rose after the second
dose but was still less than that of the adults for diphtheria
toxoid (80% and 100%, respectively) and serotypes 4 (70% and
100%, respectively), 14 (80% and 100%, respectively), and 23F
(70% and 100%, respectively).

Serum antipolysaccharide antibody response following a
primary or secondary dose of Pnc7 in toddlers. A single dose
of Pnc7 in the 12-month-old toddlers led to a significant in-
crease in the levels of IgG, IgA, and IgM antipolysaccharide
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FIG. 4. Frequency of spontaneously secreting IgG AFCs in adults
after a single dose of Pnc7 (triangles) and 12-month-old toddlers after
a single dose (closed circles) and a second dose (open circles) of Pnc7.
PBMCs were isolated prior to and 1 week after each dose of vaccine
and were allowed to spontaneously secrete IgG onto ELISPOT assay
plate wells coated with the control antigen (tetanus toxoid [tet]) and
the vaccine antigens (diphtheria toxoid [dip] and polysaccharide sero-
types 4, 14, and 23F). The spots were enumerated and expressed as the
numbers of IgG AFCs/10° PBMCs, and the bars represent the medians
(%%, P < (0.0001).

antibodies to each of the three serotypes tested at 1 week after
immunization (Table 1). The percentage of the toddlers re-
sponding with a more than twofold increase in antibody concen-
tration by day 7 for serotypes 4, 14, and 23F were 38%, 19%, and
29%, respectively, for IgG; 29%, 33%, and 10%, respectively, for
IgA; and 91%, 81%, and 57%, respectively, for IgM.

By day 56 (2 months postimmunization), IgG levels re-
mained elevated above the day 7 levels for serotypes 4 and 14
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(geometric mean concentrations [GMCs], 2.16 pg/ml and 2.78
wg/ml, respectively). The increases in the levels of antibodies
to serotypes 4, 14, and 23F were greater in the toddlers after
the second dose: 70%, 83%, and 83%, respectively, for IgG
and 83%, 91%, and 57%, respectively, for IgA. The IgM re-
sponse was lower than that after the first dose, with 30%, 44%,
and 39% of the toddlers responding to the three serotypes,
respectively. Thus, a single dose of Pnc7 did not generate an
IgG response to 23F that was as good during the same time
period. The IgA and IgM levels over the same 2-month period
declined from the day 6 or 7 levels. The IgG, IgA, and IgM
antibody concentrations remained above those at the baseline
throughout the time course.

A second dose of Pnc7 induced a significant increase in the
levels of IgG, IgA, and IgM to all three serotypes, with sero-
type 14 generating the greatest IgG response and serotype 23F
generating the least. The serotype 23F response (and, to a
lesser extent, the serotype 14 response) appeared to consist of
IgG and IgM equally.

The first dose induced more polysaccharide-specific IgM
than IgG to all three serotypes. By day 56 this was still the case
for serotypes 14 and 23F, while the serotype 4 response ap-
peared to have switched to a more IgG-mediated response.

Serum antipolysaccharide antibody in adults and toddlers
prior to immunization. The adults had significantly more
serotype 4-, 14-, and 23F-specific IgG than the toddlers at the
baseline (Fig. 5a). This was also the case for serum IgA (Fig.
5b). The levels of serum IgM specific for serotypes 4 and 14
differed significantly between the age groups, with the toddlers
having higher concentrations (Fig. 5c¢). Similar levels of IgM
against serotype 23F were present in both age groups (P =
0.590) (Fig. 5¢).

Serum antipolysaccharide antibody in adults and toddlers
following a single dose of Pnc7. Seven days following the first
Pnc7 dose, the GMCs of serotype 4-specific IgG were similar in
both age groups (P = 0.544) (Fig. 6a). Significantly higher
concentrations of IgG specific for serotypes 14 and 23F were
achieved by the adults than by the toddlers (P < 0.0001 in both

TABLE 1. Quantification of antipneumococcal polysaccharide serum antibody (IgG, IgA, and IgM) from 12-month-old toddlers prior to and
following each of two doses of Pnc7 vaccine

GMC (pg/ml) of anti-pneumococcal polysaccharide serum antibody from 12-mo-old toddlers

at the indicated times after”:

Second Pnc7 dose

Day 56°

Day 62 or 63”

Serotype Ie First Pnc7 dose
Day 0 Day 6 or 7°
4 1gG 0.02 (0.01-0.04) 0.77 (0.52-1.16)
IgA 0.02 (0.01-0.02) 0.49 (0.34-0.71)
IgM 0.14 (0.11-0.17) 1.12 (0.85-1.47)
14 1gG 0.05 (0.02-0.10) 0.66 (0.38-1.14)
IgA 0.02 (0.01-0.03) 0.28 (0.20-0.40)
IgM 1.22 (0.98-1.52) 5.90 (4.65-7.50)
23F 1gG 0.02 (0.02-0.04) 0.19 (0.10-0.36)
IgA 0.01 (0.01-0.01) 0.10 (0.07-0.16)
IgM 0.48 (0.38-0.59) 1.16 (0.88-1.52)

2.16 (1.65-2.83)
0.20 (0.14-0.71)
0.54 (0.42-0.68)

2.78 (1.72-4.50)
0.15 (0.11-0.21)
410 (3.22-5.21)

0.33 (0.19-0.55)
0.04 (0.03-0.05)
1.1 (0.87-1.42)

6.23 (4.42-8.78)
0.70 (0.51-0.97)
0.98 (0.75-1.29)

12.11 (9.44-15.55)

0.81 (0.62-1.07)
8.34 (6.57-10.60)

2.26 (1.35-3.78)
0.28 (0.18-0.45)
2.07 (1.59-2.70)

“The levels of antibodies against pneumococcal serotypes 4, 14, and 23F were quantified on days 0, 6 or 7, 56, and 62 or 63 after vaccination by ELISA. The 95%
confidence intervals are given in parentheses.
® These values represent a significant (P < 0.0001) rise in the GMC above that from the baseline following the first dose of conjugate at day 0 and the second dose

at day 56.
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FIG. 5. Quantification of preimmunization, antipneumococcal
polysaccharide serum IgG (a), IgA (b), and IgM (c) antibody levels in
adults (n = 20; triangles) and 12-month-old toddlers (n = 23; circles).
Antibody levels against pneumococcal serotypes 4, 14, and 23F were
quantified by ELISA. The data are plotted as the log of the individual
antibody concentrations (in pg/ml), and the bars represent the GMCs.

cases) (Fig. 6a). There was no significant difference between
the two age groups in the IgA antibody responses to any of the
serotypes generated by the first dose of Pnc7 (P = 0.149, 0.124,
and 0.056 for serotypes 4, 14, and 23F, respectively) (Fig. 6b).
This was also true for the IgM induced by serotypes 4 and 14
(P = 0.199 and 0.08, respectively) (Fig. 6¢c). The level of IgM
specific for serotype 23F was significantly higher in the toddlers
than in the adults (P = 0.026) (Fig. 6¢).

Serum antipolysaccharide antibody in toddlers following a
second dose of Pnc7 compared to that in adults following the
single dose. One week after a second dose of Pnc7 was admin-
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FIG. 6. Quantification of postimmunization, antipneumococcal
polysaccharide serum IgG (a), IgA (b), and IgM (c) antibody levels.
The adults received a single dose of Pnc7 (n = 20; triangles), and the
12-month-old toddlers received a single dose (n = 23; closed circles),
followed by a second dose (n = 23; open circles) 2 months later. The
levels of antibodies against pneumococcal serotypes 4, 14, and 23F
were quantified by ELISA. The data are plotted as the log of the
individual antibody concentrations (in pg/ml), and the bars represent
the GMCs.

istered to the toddlers, there were no significant differences in
the GMC of the serum IgG compared with that in the adults 1
week after they received their single dose (Fig. 6a). This was
also true for the levels of serum IgA to each of the capsular
polysaccharides (Fig. 6b). After the second dose, the toddlers’
IgM response to serotypes 14 and 23F was significantly higher
than that after the first dose (Fig. 6¢), but there was no differ-
ence for serotype 4.

DISCUSSION

This is the first comparative study of B-cell responses to the
pneumococcal conjugate vaccine in adults and toddlers and has
shown that although both adults and 12-month-old toddlers
mount significant immune responses to a single dose of a
pneumococcal conjugate vaccine, the magnitudes of the initial
IgG memory responses to the polysaccharide antigens were
significantly lower in the toddlers and were serotype depen-
dent. One week after the second Pnc7 dose in the toddlers, the
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memory B-cell-derived IgG AFC frequencies were equivalent
to the adult memory B-cell frequencies seen 1 week after a
single dose. The exception was the memory response to sero-
type 14, which remained lower in the toddlers than in the
adults.

The antibody response showed evidence of class switching
from IgM to IgG in the toddlers by day 56 after the first dose,
suggesting the development of a memory response. This was
serotype dependent, and IgM still dominated the response to
serotypes 14 and 23F. After the second dose of Pnc7 in the
toddlers, serotype 4 induced a mainly IgG-mediated response,
although the magnitude of the response was lower than that to
serotype 14. Serotype 23F induced equal amounts of IgG and
IgM following the second dose and was the poorest immuno-
gen in the toddlers.

Induction of antigen-specific B-cell memory is important for
sustained antibody responses and for the rapid rises in anti-
body seen following reexposure to the antigen. A priming
schedule at 2 and 4 months of age has now been introduced in
the United Kingdom, with a booster dose given at 12 to 15
months of age. This schedule induces demonstrable memory
responses with rapid elevations in antibody concentration,
even when prebooster antibody levels are negligible. Following
the introduction of the Pnc7 immunization into the United
Kingdom toddler immunization schedule, 12-month-old tod-
dlers received a single dose of conjugate in a catch-up cam-
paign. Therefore, it was important to know whether memory
would be generated in response to all components in the vac-
cine after a single dose.

Toddlers had no preexisting polysaccharide-specific IgG
memory. Prior to immunization, 100% of the adults in this
study had IgG-producing memory B cells specific for the cap-
sular polysaccharides of the three pneumococcal serotypes that
were studied, while only 2.8 to 5.6% of the toddlers had any
capsule-specific memory. Similarly, the adults had preexisting
serum IgG levels above the protective levels (4, 27) for all three
serotypes tested, while IgG was undetectable in the toddlers.
Interestingly, in our study the adults demonstrated higher lev-
els of naturally acquired IgG to the more commonly carried
serotypes 14 and 23F than to the rarely detected serotype 4
(Fig. 5a) (11, 24, 65).

Nasopharyngeal carriage of pneumoccoci is known to induce
IgG memory in older children and adults. The continued ex-
posure to pneumococci over many years enhances the adult
immune response to Pnc7, and it may be necessary to require
maintenance of detectable levels of IgG memory (55) This has
been demonstrated in mouse models of protection (55, 71).

For the toddlers in this study, the pattern of IgM at the
baseline mirrored the pattern of carriage, with higher levels of
anti-serotype 14 and 23F IgM. Thus, the response to the pri-
mary dose of conjugate in this age group looks more like a
naive response than that seen in adults, even though the vac-
cine is conjugated. The absence of naturally acquired, polysac-
charide-specific IgG B-cell memory in the toddlers prior to
immunization might be related to a lack of priming via the
nasopharyngeal carriage of pneumococci, except that a num-
ber of epidemiological studies have clearly shown that 80% of
toddlers have carried the vaccine or vaccine-related serotypes
of pneumococci by 1 year of age (10, 36, 40, 61, 65). These
observations suggest that the amount of pneumococcal car-
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riage experienced during the first year of life may not be
sufficient to maintain the levels of IgG or the elevated frequen-
cies of IgG memory B cells against all serotypes in this age
group. However, infants have been shown to be capable of
antibody generation and maturation in response to pneumo-
coccal surface proteins following nasopharyngeal carriage and
disease (57, 73). It has also been reported that adults are
capable of making polysaccharide-specific memory responses,
as characterized by increased Ig gene diversity, following na-
sopharyngeal exposure (5). The higher responses in adults
might reflect priming from prior exposure through nasopha-
ryngeal carriage. Therefore, the immaturity of B-cell immunity
that is specifically associated with T-cell-independent re-
sponses, such as low frequencies of MZB cells, low levels of
expression of CD21 by MZB cells, and immature splenic mar-
ginal structure, in 12-month-old toddlers results in a lack of
preexisting serum IgG and memory B-cell responses, which
then delays the memory response to primary immunization
with glycoconjugates compared to the time of the response in
adults. This is discussed in more detail later, in relation to the
cells involved in the immune response to polysaccharide anti-
gens. The link between the effectiveness of conjugate immuni-
zation and carriage was recently suggested in the United King-
dom, where a lack of exposure to Haemophilus influenzae type
b carriage led to an increased incidence of disease among
children given a priming course of immunizations but no
booster (30).

A single dose of Pnc7 induced polysaccharide-specific B-cell
memory responses in a serotype-dependent manner. Following
a single dose of Pnc7, there was a significant rise in the fre-
quency of polysaccharide- and diphtheria toxoid-specific mem-
ory B cells in both the toddlers and the adults (Fig. 1f to j).
However, 1 week after immunization the frequency of polysac-
charide-specific B cells was still significantly lower in the tod-
dlers than in the adults (Fig. 2b). The lack of priming from
nasopharyngeal carriage already discussed may be the reason
for the lower IgG response in the toddlers at this time point.
This is supported by the antibody data, which showed that IgM
dominated the antipolysaccharide serum antibody response to
the primary dose of Pnc7 vaccine in the toddlers (Table 1). The
antipolysaccharide serum IgG responses after the first dose of
Pnc7 observed in the toddlers in this study were also similar to
those observed in 2- to 5-year-old children primed with the
pneumococcal polysaccharide vaccine (60).

There was evidence of a maturing response to serotype 4 by
day 56 after a single Pnc7 dose in toddlers. First, the memory
IgG AFC frequency in response to serotype 4 in the toddlers
on day 56 after immunization was similar to that in the adults
at day 28 after a single dose (Fig. 3a). By contrast, the fre-
quencies of memory B cells specific for serotypes 14 and 23F
were still lower in the toddlers than in the adults. Second, the
antibody data show a change from an I[gM-mediated response
to an IgG-mediated response to serotype 4 that was equivalent
in the adults and the toddlers at day 7 (Fig. 6a).

In a recent Oxford University study of pneumococcal con-
jugate vaccine immunization of toddlers, the highest IgG an-
tibody response was generated against serotype 4 and the low-
est response was generated against serotype 23F. This is in
contrast to the carriage data obtained for the same children,
where serotype 23F was isolated frequently and serotype 4 was
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never isolated (61). The responses of toddler B cells to the
polysaccharides in the vaccine may be affected by the immu-
nogenicity of the antigen. In immunized adults the polysaccha-
ride of serotype 14 is more immunogenic than that of serotype
23F, and that of serotype 4 is poorly immunogenic (42). The
data reported here show the opposite for toddlers, with the
immunogenicity of serotype 4 followed by that of serotype 14
and then that of serotype 23F.

The serum IgA concentrations generated following immu-
nization differed by serotype, and the relationship was the
same in the adults and the toddlers. Serotype 4 induced the
best IgA response following the primary immunization. This
may be one reason for the low rates of detection of this sero-
type in carriage studies, and a lack of carriage in adults and
toddlers may explain the similarity in response to this serotype
following primary immunization (11, 24, 61, 65).

A second dose of Pnc7 was required for toddlers to generate
IgG memory responses to all three serotypes tested. While a
single dose of Pnc7 had initiated IgG memory formation in the
toddlers, it was enhanced by the second dose. Seven days after
the second dose of conjugate, the serum IgG response to all
three serotypes was the same as that in the adults at the same
time point after one dose (Fig. 6a). The serotype 14 memory
B-cell response remained lower in the toddlers at this time
point.

When the memory IgG AFC response of the toddlers was
compared to that of the adults on day 28, there was no signif-
icant difference in the frequencies for any of the antigens
tested (data not shown). This suggests that the toddlers were
able to respond to the conjugated forms of the capsular poly-
saccharides equally as well as the adults following preexposure
via the first dose.

Pnc7 immunization induces the circulation of spontane-
ously secreting plasma cells in toddlers, but reimmunization
does not improve the response. Previous studies have shown
that the reimmunization of adults with the polysaccharide vac-
cines does not boost the frequency of spontaneously secreting
plasma cells (29).

We have previously observed the same phenomenon with
two doses of conjugate pneumococcal vaccines in adults (un-
published observations). Similarly, we found that despite the
generation of increased memory B-cell frequencies, the reim-
munization of the toddlers failed to increase the frequency of
spontaneously secreting plasma cells generated 1 week after
immunization (Fig. 4). This suggests that the plasma cell re-
sponse is generated by a mechanism separate from that for the
memory response and is not affected by immunization.

A single dose of Pnc7 induced carrier protein-specific B-cell
memory in adults and toddlers. Follicular B cells rather than
MZB cells may have a greater role in immunity in 12-month-
old toddlers (75), and immunity may require the recruitment of
T-cell help by a carrier protein. We found that more than 80%
of the 1-year-old toddlers had preexisting memory to the car-
rier protein (diphtheria toxoid) (Fig. 1g), presumably induced
by the three-dose priming schedule with diphtheria and tetanus
toxoids and pertussis vaccines during infancy. The frequencies
at the baseline were similar in the adults and the toddlers at the
baseline. Following the first dose of Pnc7, all of the toddlers
responded to diphtheria toxoid, and the percentage achieving
a more than twofold rise increase in memory B-cell frequencies
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was equivalent to that in seen in the adults (Fig. 2b). Thus, the
differences in the magnitudes of the antipolysaccharide re-
sponse between the adults and the toddlers did not result from
poor carrier immunity or a lack of preexisting immunity to the
CRM,; carrier protein in toddlers.

Carrier protein-specific memory B-cell frequency in tod-
dlers was not improved by reimmunization. The diphtheria
toxoid memory IgG AFC response in the toddlers did not
increase following reimmunization, and this is supported by
evidence from a previous study in which an inverse relationship
between the AFC frequency and the number of doses of diph-
theria vaccine in adults was found (46). Preexisting antibody to
carrier proteins has also been shown to either enhance or
impair the anticapsular responses following glycoconjugate im-
munization (6, 15, 18, 22, 49, 51). Obukhanych et al. (48)
demonstrated that serum IgG levels regulate the responsive-
ness of specific B cells to their antigens. Therefore, toddlers
with preexisting and possibly high-avidity antibody to diphthe-
ria toxoid may have more limited responses to Pnc7 reimmu-
nization (26, 43). However, observations of carrier suppression
have mainly been seen when conjugate vaccines are used with
the tetanus toxoid as the carrier protein (15, 18, 51). Quanti-
fication of the diphtheria toxoid/CRM,,, antibodies was not
undertaken as part of this study, but this is the subject of future
work. From such data it will be possible to determine the
positive or negative effect of high anticarrier antibody levels on
the polysaccharide response.

Other studies have shown that polysaccharides of different
serotypes induce different antibody isotypes and have variable
immunogenicities, even in the presence of good anti-carrier
protein T- and B-cell responses (28, 39). Different cytokine
responses induced by individual polysaccharide-protein conju-
gates in the vaccine (38) alter the observed antibody isotype
response.

The maturation status of the toddler immune system delays
the development of the antipolysaccharide B-cell memory re-
sponses induced by Pnc7. MZB cells, implicated in adult re-
sponses to polysaccharide antigens, increase in frequency and
maturity with age and secrete IgM and IgG or IgA. Factors
such as bystander cytokine secretion rather than direct T-cell
contact are required to induce a switch of MZB cells from IgM
to IgG or IgA (31, 50, 72, 74-76). In a previous study we found
that Pnc7 induced B cells with a phenotype consistent with that
of MZB cells in adults (12). MZB cells are present only at low
frequencies in children <2 years old (63), and the splenic
structure lacks some of the functional features present in
adults, such as CD27" B cells (81) and CD21 expression (8, 52,
59), both of which are highly expressed on mature MZB cells.
The low frequency of CD27" memory B cells combined with
the low level of expression of CD21 (complement receptor
CR?2) reduces the strength of signaling via the B-cell receptor—
coreceptor complex (23, 59, 69). Thus, MZB cell activation in
toddlers is less efficient than that in adults. Together, this may
be an explanation for the delayed antipolysaccharide response
seen in the toddlers in this study.

The long-term survival of plasma cells in the bone marrow is
thought to be another mechanism for the maintenance of long-
term antibody production (34). It has been suggested that
differentiated plasma cells leave the germinal center following
Pnc7 immunization and migrate through the peripheral blood
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to the bone marrow, where the long-term survival of antigen-
specific plasma cells is maintained via contact with factors
expressed by bone marrow stromal cells (35, 66, 67). The sit-
uation in toddlers is less clear, but Pihlgren et al. (53, 54)
demonstrated that there is a lack of suitable bone marrow
niches for the maintenance of plasma cells in infant mice, and
it is postulated that this may contribute to the more rapid
waning of antibody in infancy. Although we did not look at the
long-term antibody responses in this study, the combination of
immature MZB cells and splenic structure combined with a
lack of suitable bone marrow niches for plasma cell survival
may be why priming of the immune response via nasopharyn-
geal carriage is less efficient in young children and therefore
may affect the response to the initial dose of Pnc7.

Thus, the data shown here have revealed that human tod-
dlers require two priming doses of Pnc7 conjugate vaccine to
induce memory B-cell and serum antibody responses similar to
those seen in adults after a single dose of the vaccine. Priming
of the immune system via continued exposure to nasopharyn-
geal carriage of pneumococci, the nature of the polysaccharide
capsule, and the age and maturation status of the immune
system are important factors in determining the generation of
IgG memory.
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