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To provide more extensive evidence of long-term effects of vaccination on immunity against Streptococcus pneumoniae, a fol-
low-up study of the Finnish Otitis Media (FinOM) Vaccine Trial was conducted. One of the objectives was to assess the persis-
tence and avidity of pneumococcal antibodies 4 years after pneumococcal vaccination given in infancy. Children with complete
follow-up in the FinOM trial up to 24 months of age were invited to a single visit in their fifth year of life. A blood sample was
taken from all children for determination of anticapsular antibody concentrations to vaccine serotypes and avidity of antibodies
to three serotypes. Children had been vaccinated at 2, 4, 6, and 12 months of age with 7-valent pneumococcal capsular polysac-
charide, CRM197 conjugate vaccine (PCV7), or a control vaccine. Serum IgG antibody concentrations to vaccine serotypes re-
mained significantly higher in children who had received PCV7 than in control children for 4 years after the fourth PCV7 dose.
Concentrations of antibodies to frequently carried serotypes (6B and 19F) declined less than those of antibodies to a rarely car-
ried serotype (4), suggesting that natural boosting contributed to antibody persistence. Furthermore, antibody avidity was sig-
nificantly higher in PCV7 than control vaccine recipients. Four doses of PCV7 given in infancy elicit long-lasting antibody re-
sponses with high avidity. (This study has been registered at ClinicalTrials.gov under registration no. NCT00378417.)

Streptococcus pneumoniae is a major causative agent of invasive
disease, pneumonia, meningitis, and acute otitis media in chil-

dren and adults worldwide. To date, a 7-valent pneumococcal
vaccine based on conjugation of capsular polysaccharides (PS) of
S. pneumoniae to a nontoxic cross-reacting variant of diphtheria
toxin CRM197 (PCV7) has been proven efficacious against inva-
sive disease (1–4), pneumonia (2, 3, 5), and acute otitis media (1,
6, 7) due to vaccine serotypes, when given in infancy, and has been
licensed (Prevnar/Prevenar; Wyeth Lederle Vaccines). Following
introduction of PCV7, two additional pneumococcal conjugate
vaccines (PCV) were licensed on the basis of immunological non-
inferiority to PCV7, the 10-valent pneumococcal nontypeable
Haemophilus influenzae protein D conjugate vaccine (Synflorix;
GlaxoSmithKline Biologicals) (8) and 13-valent CRM197 conju-
gate vaccine (Prevnar 13/Prevenar 13; Wyeth Lederle Vaccines)
(9). The current data on long-term effectiveness of vaccination on
pneumococcal carriage and subsequent disease is, however, lim-
ited; thus, the duration of protective immunity still remains an
important area of research. Despite a substantial decrease in the
incidence of pneumococcal invasive and mucosal disease after 2
years of age, pneumococcus remains a significant pathogen at
older ages (10, 11).

An IgG antibody concentration of 0.35 �g/ml has been used as
a reference point of comparison in infant vaccine trials to support
licensure of new PCVs. The IgG antibody concentration was de-
termined from pooled data from three efficacy studies with inva-
sive disease endpoints and measured by a World Health Organi-
zation (WHO) enzyme-linked immunosorbent assay (ELISA)
(with no serotype 22F preadsorption). Its predictive value for dis-
ease episodes among individuals or for protection several years
after PCV administration is unknown. Furthermore, limited data
exist on persistence of pneumococcal antibodies and of the role of
pneumococcal antibody avidity in long-term persistence of pro-
tective immunity. Antibody avidity, the measure of the relative

strength with which antibody binds to antigen, has been shown in
a murine model to inversely correlate with the amount of anti-
body required for prevention of lethal bacteremia and to directly
correlate with improved opsonophagocytosis (12). Avidity has
also been correlated with bactericidal activity (13) and with suc-
cessful priming of immunological memory in humans (14, 15).
Low antibody avidity has been associated with vaccine failure after
Haemophilus influenzae type b (Hib) (16) conjugate vaccination.
However, subjects with meningococcal serogroup C vaccine fail-
ure were not protected against disease despite having higher IgG
avidity in acute-phase serum samples than unvaccinated subjects
with meningococcal serogroup C disease (17).

In order to provide more extensive evidence of long-term effi-
cacy of vaccination on pneumococcal carriage, otitis media mor-
bidity, need for surgery because of otitis media, and immunity
against pneumococcus up to 5 years of age, we conducted a fol-
low-up study of the Finnish Otitis Media (FinOM) Vaccine Trial
(6). Administration of PCV7 in infancy was associated with lower
carriage rate of vaccine serotype pneumococci (8.5 versus 13.6%)
in the fifth year of life (18) and with a significant reduction in
tympanostomy tube placements during the period from 24
months to the fifth year of life (19).

The objective of this study was to determine serum IgG anti-
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body concentrations to vaccine serotypes and antibody avidity to
three serotypes in the fifth year of life after four doses of PCV7 or
control vaccine given in infancy. The serum antibody determina-
tions of the FinOM study (6, 20) initially were performed at the
time when serotype 22F polysaccharide preadsorption (21) was
not a standard practice in the enzyme immunoassay (EIA). Pre-
adsorption with 22F is currently recommended by the WHO to
improve assay specificity (22). In addition to determining anti-
body concentrations without 22F preadsorption, IgG antibody
concentrations were measured in a subset of samples with 22F
preadsorption.

MATERIALS AND METHODS
Subjects and methods. Study vaccines. The PCV7 vaccine (Wyeth Lederle
Vaccines) consisted of 2 �g of capsular polysaccharides (PS) 4, 9V, 14,
18C 19F, and 23F and 4 �g of PS 6B, each individually conjugated to the
nontoxic variant diphtheria toxin (CRM197). The hepatitis B vaccine (Re-
combivax HB; Merck & Co., Inc.), used as a control vaccine, contained 5
�g of recombinant hepatitis B surface protein.

Vaccinees, vaccinations, and sampling. Written informed consent
was obtained from the parents/guardians of the study children prior to
enrollment. The study protocol was approved by the Ethics Committee of
the Pirkanmaa hospital district, Tampere, Finland. Originally, 1,662 in-
fants were enrolled in the FinOM trial and randomized to receive either
PCV7 (n � 831) or control vaccine (n � 831) at 2, 4, 6, and 12 months of
age (6) (Fig. 1). A blood sample was taken at 7 or 13 months from each
infant. In addition, blood samples were taken at the ages of 2, 4, 6, 7, 12, 13,
and 24 months from a cohort of 115 children (57 in PCV7 and 58 in

control groups). All children who had completed the trial follow-up and
were still living in the study area were invited to a follow-up visit at the age
of 4 to 5 years. The mean age of the participating children (n � 756) was
4.8 (range, 4.1 to 5.7) and 4.9 (range, 4.1 to 5.7) years in the PCV7 and
control groups, respectively. The mean time since the last dose of study
vaccine was 3.8 years (range, 3.1 to 4.8 years). At the follow-up visit, a
blood sample was taken from 382 and 341 children originally in the PCV7
and control groups, respectively. A nasopharyngeal sample for detection
of carriage and an unstimulated saliva sample were also taken; the data
have been described elsewhere (18, 23).

Laboratory analyses and selection of samples. Serum concentrations
of IgG to pneumococcal capsular PSs of vaccine serotypes in samples
taken at 2, 4, 6, 7, 12, 13, and 24 months and in the fifth year of life were
measured by enzyme immunoassay (EIA), including preadsorption with
the cell wall polysaccharide (CPS) but not with type 22F PS (24). The
antibody concentrations for vaccine serotypes at 2 to 24 months of age
have been described in detail elsewhere (25).

Serum concentrations of IgG to serotypes 4, 6B, and 19F were deter-
mined by EIA with CPS and 22F preadsorption (26) in a subgroup of
children (Fig. 1). All children who had samples taken at 13 and 24 months
and in the fifth year of life were selected to study antibody kinetics (n � 25
to 29 in the PCV7 group and n � 20 to 29 in the control group, depending
on time point, serotype, and sufficient serum volume being available).
Serotypes 6B and 19F were chosen because they represented relatively
frequently carried serotypes (2.0 and 2.8% in the PCV7 group and 2.7 and
3.7% in the control group) as well as serotype 4, because it was rarely
carried (0.3 and 0.6% in PCV7 and control groups, respectively) among 4-
to 5-year-old children who were in the FinOM trial (18).

The avidity of IgG in CPS and 22F PS preadsorbed sera was measured

FIG 1 Process of sample selection for this study. The sets of sera selected for antibody concentration and avidity determinations, including PS 22F preadsorption,
were not the same, and the sets of sera for different serotypes were not the same in these determinations.
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FIG 2 Kinetics of serum pneumococcal IgG antibodies during the first 5 years of life in children immunized with PCV7 or control vaccine at the ages of 2, 4, 6,
and 12 months; n (2 to 24 months) � 52 to 58; n (5 years) � 341 to 382.
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for serotypes 4, 6B, and 19F. Avidity was measured by the thiocyanate
elution assay (27), with minor modifications. Briefly, a serum dilution
that yielded an optical density of 1.0 at 420 nm was calculated. Diluted sera
were allowed to bind for 2 h at 37°C to an antigen-coated plate. After
washing, sodium thiocyanate diluted in phosphate-buffered saline (PBS)–
10% fetal bovine serum was added in duplicate at concentrations of 0 to 4
M for 15 min. After washing, the detection of remaining bound IgG was
done in a manner similar to that described above for the EIA. Avidity was
expressed as an avidity index (AI) corresponding to the molar concentra-
tion of sodium thiocyanate required to produce a 50% reduction in opti-
cal density. This value represents an estimation of average antibody avid-
ity. The coefficient of variation for AI of a control serum included on each
plate was �15%. Avidity could be determined only for sera having �0.5
�g/ml of serotype-specific IgG. To study the kinetics of antibody avidity,
30 children per serotype were randomly selected in the PCV7 group from
children who had blood samples taken at 13 months of age and in the fifth
year of life and who had serum IgG concentrations for PS 4, 6B, and 19F of
�0.5 �g/ml at both time points (Fig. 1). In the control group, 30 children
were randomly selected for serotypes 6B and 19F from children who had
blood samples taken in the fifth year of life and serum IgG concentration
for PS 6B and/or 19F of �0.5 �g/ml. For serotype 4, only 11 samples taken
in the fifth year of life had serum IgG concentrations of �0.5 �g/ml in the
control group.

Statistical methods. Antibody concentrations are given as geometric
mean concentrations (GMC) and avidity indices as geometric means
(GMAI) with 95% confidence intervals (95% CI). Data are also presented
as proportions of children with IgG concentrations of �0.35, 1.0, and 5.0
�g/ml. These levels were chosen as points of reference and do not neces-
sarily correspond to a seroprotective level. Pearson’s chi-squared test with
Yates’ continuity correction was applied for comparisons of proportions.
Statistical comparisons were carried out using the two-sample t test on
log-transformed data of concentrations and AIs. A P value of �0.05 was
considered statistically significant.

RESULTS
Persistence of pneumococcal antibodies. As reported previously
(25), serum IgG antibodies to vaccine serotypes of PCV7 recipi-
ents show a response to primary series of three doses, the subse-
quent decline to the age of 1 year, a strong response to the fourth
vaccine dose given at 12 months of age, and again a decline during
the next 12 months (Fig. 2).

The new data show that in the subsequent years, up to 4 years
from the last PCV7 dose, the mean serum IgG concentrations for
vaccine serotypes did not decline (Fig. 2). The GMCs of antibodies
ranged between 0.51 �g/ml for serotype 4 and 4.66 �g/ml for 19F

(Table 1). Furthermore, there were serotype-specific differences
in the kinetics; while the GMCs of antibodies to serotypes 4, 9V,
14, 18C, and 23F remained at the 24-month level, the GMCs of
antibodies to serotypes 6B and 19F were more than 2-fold higher
in the fifth year of life than at 24 months of age (Fig. 2).

The data from children in the control group show the natural
development of antibodies against pneumococcal PS. An increase
in GMC was seen for all vaccine serotypes from 1 year of age
(GMC ranging between 0.09 and 0.34 �g/ml for different sero-
types) to the fifth year of life (between 0.33 and 1.38 �g/ml) (Fig. 2,
Table 1). The increase was most notable for serotypes 6B, 19F, and
14, with fold increases in GMC between 2.1 and 2.4. However, the
GMCs of antibodies in the fifth year of life were significantly lower
in the control vaccine recipients than in the PCV7 recipients for all
serotypes (P � 0.001).

The distribution of IgG concentrations in both groups in the
fifth year of life can be graphically seen in the reverse cumulative
distribution curves in Fig. 3. Based on the position of the curves,
the seven vaccine serotypes can be divided into two groups: sero-
types which show a clear difference between PCV7 and control
vaccine recipients in the proportion of children with IgG concen-
trations above 1 and 5 �g/ml (serotypes 6B, 14, 19F, and 23F) and
serotypes for which the two curves lie close to each other (sero-
types 4, 9V, and 18C). The proportion of children with an IgG
concentration of �0.35 �g/ml was significantly greater (P �

TABLE 1 Pneumococcal IgG concentrationsa

Serotype

GMC (95% CI) of anti-PS, �g/ml

% of children with
antibody concentrations
of �0.35�g/ml (95% CI)

PCV7
(n � 382)

Control
(n � 341)

PCV7
(n � 382)

Control
(n � 341)

4 0.51 (0.46–0.57) 0.33 (0.30–0.38) 64 (59–69) 47 (41–52)
6B 3.33 (2.92–3.81) 0.59 (0.52–0.67) 96 (94–98) 70 (65–75)
9V 0.95 (0.84–1.08) 0.58 (0.50–0.67) 80 (76–84) 69 (64–74)
14 1.94 (1.68–2.24) 0.58 (0.50–0.66) 90 (86–92) 64 (59–69)
18C 0.76 (0.66–0.87) 0.34 (0.29–0.39) 73 (68–77) 49 (43–54)
19F 4.66 (4.07–5.34) 1.38 (1.21–1.57) 98 (96–99) 86 (82–89)
23F 1.19 (1.04–1.37) 0.36 (0.31–0.41) 82 (78–86) 51 (46–57)
a Results are GMC (�g/ml) and percentage of children with IgG antibody
concentrations of �0.35�g/ml at the age of 4 to 5 years in children vaccinated with
PCV7 or control vaccine at 2, 4, 6, and 12 months of age.

FIG 3 Reverse cumulative distribution curves of the serum pneumococcal
IgG antibody concentrations in the fifth year of life of children who received
four doses of PCV7 or control vaccine in infancy. The vertical lines denote the
IgG reference concentrations of 0.35, 1.0, and 5.0 �g/ml.
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0.001) for all vaccine serotypes in the PCV7 group than in the
control group (Table 1 and Fig. 3).

Effect of PS 22F preadsorption on antibody concentrations.
The effect of PS 22F preadsorption on IgG concentrations was
assessed for a subset of samples taken at 13 and 24 months and in
the fifth year of life for relatively frequently carried serotypes 6B
and 19F and a rarely carried serotype, serotype 4. PS 22F pread-
sorption resulted in greater assay specificity and lower serotype-
specific responses; ratios of GMCs ranged between 1.1 and 3.1 in
the PCV7 group and between 2.1 and 4.9 in the control group for
all three serotypes (Fig. 4). When measured without PS 22F pre-
adsorption, the mean IgG concentrations did not differ between
the selected subset of samples and the whole study cohort (data
not shown).

In the PCV7 group, PS 22F preadsorption did not change the
kinetics of antibody concentrations between 13 months and 5
years of age for serotypes 6B and 19F. However, for serotype 4,
preadsorption with PS 22F resulted in different kinetics, showing
a decrease in GMC of IgG between the age of 24 months and 5
years of age (Fig. 4). In the control group, the GMCs of IgG after
preadsorption of sera with PS 22F increased with age, but the
increase was more evident for serotypes 6B and 19F than for sero-
type 4; fold increases in GMC between 24 months and 5 years of
age were 2.5, 2.7, and 1.4, respectively. At 5 years of age, the GMC
of IgG was significantly higher in the PCV7 group than in the
control group for serotypes 6B and 19F (P � 0.001), whereas for
serotype 4 no significant difference in GMC was found (P � 0.13)
(Fig. 4).

Antibody avidity in the fifth year of life. Due to limitations of
the assay, avidity was determined only for samples with IgG con-
centrations of �0.5 �g/ml. Thus, the kinetics of IgG avidity could
be studied only in the PCV7 group. The previous data of the

FinOM trial for serotypes 6B and 19F show that four doses of
PCV7 induce an increase in mean AI between 7 and 24 months for
serotype 6B but not for 19F. At the age of 24 months the mean AI
is, however, higher in the PCV7 than in the control group for both
serotypes (25).

In the fifth year of life, the GMAI of IgG in the PCV7 recipients
was similar to the GMAI at 13 months of age and was higher than
that in the control group for serotypes 4 and 6B (Fig. 5) (P �
0.001). For serotype 19F, the GMAI of antibodies decreased be-
tween the ages of 13 months and 5 years, but in the fifth year of life
it was still higher in the PCV7 than the control group (P � 0.001).

DISCUSSION

These results demonstrate that IgG antibody concentrations to
vaccine serotypes remain at significant levels in children for as
long as 4 years after the fourth dose of PCV7 given in infancy.
Antibody concentrations to frequently carried serotypes (6B and
19F) were higher than those to rarely carried serotype 4, suggest-
ing that natural exposure to bacteria contributed to persistence of
antibodies. Furthermore, antibody avidity was significantly higher
in PCV7 than in control vaccine recipients, suggesting that good
functionality of antibodies persisted 4 years after the fourth PCV7
dose.

The currently available data on long-term persistence of pneu-
mococcal antibodies after vaccination of infants and children is
limited. After the introduction of PCV into national immuniza-
tion programs in several parts of the world, the WHO has empha-
sized the importance of viewing antibody persistence in conjunc-
tion with effectiveness data (22). The current data on persistence
of pneumococcal antibodies after PCV given in infancy come
from only a few studies, two studies with 9-valent CRM197 conju-
gate vaccine conducted in South Africa (28, 29), a study with 11-

FIG 4 Effect of PS 22F preadsorption on IgG antibody concentration (results are GMC, in �g/ml, with 95% CI) kinetics in the PCV7 (n � 25 to 29) and control
(n � 20 to 29) groups between 13 months and 5 years of age for serotypes 4, 6B, and 19F.

FIG 5 Pneumococcal IgG antibody avidity (results are GMAI, with 95% CI) kinetics between 13 months and 5 years (60 months) of age in the PCV7 (n � 30)
and control (n � 11 for serotype 4, n � 30 for 6B and 19F) vaccine groups. The vaccines were administered at 2, 4, 6, and 12 months of age.
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valent PCV with H. influenzae protein D as a carrier conducted in
the Czech Republic (30), and a study with 10-valent PCV with H.
influenzae protein D as a carrier conducted in Sweden and Slova-
kia (31), in which the follow-up time ranged from 15 months (28)
to 5 years (29, 30, 32) after primary vaccination. In addition, phase
II studies with investigational 4- or 8-valent PCV formulations
included follow-up until the age of 2 (33) to 3 (34) years, but these
studies did not include comparison to unvaccinated controls. The
results of the present study are in agreement with the existing data.

It is important to realize that the currently available data (in-
cluding the data presented here) on persistence of pneumococcal
antibodies after administration of PCV come from studies con-
ducted before the introduction of PCV into national immuniza-
tion programs. After the introduction of PCV into national im-
munization programs, the natural exposure of the population to
pneumococcal serotypes included in the vaccine is expected to
decrease, which is likely to affect the persistence of pneumococcal
antibodies in the population. In the present study, this could be
illustrated by concentrations of antibodies to the rarely carried
serotypes 4 and 9V, which did not increase between 24 months
and 5 years of age in the PCV7 group, in contrast to concentra-
tions of antibodies to the more frequently carried serotypes 6B and
19F, yet they were higher than levels in the control group. This
suggests that the higher antibody levels against relatively fre-
quently carried serotypes were the result of natural exposure, in-
cluding nasopharyngeal colonization by vaccine serotypes or bac-
teria with cross-reactive epitopes. Furthermore, during this
period there was also a notable increase for the same serotypes in
antibody levels of the unvaccinated children. More data will be
essential for assessment of persistence of pneumococcal antibod-
ies after introduction of PCV into national immunization pro-
grams.

The EIA determinations of this study were performed without
polysaccharide 22F preadsorption to allow comparison of the fol-
low-up antibody levels to the previously determined antibody lev-
els in the FinOM study. Polysaccharide 22F preadsorption (21)
was not a standard practice in the EIA at the time the antibody
determinations of the FinOM study were initially performed. It is,
however, important to properly address analytical specificity to
recognize the immunogenic cell wall polysaccharide (CPS), non-
CPS polysaccharide, and protein contaminants found in the pu-
rified pneumococcal polysaccharides used in pneumococcal vac-
cines and in the EIA. To reduce such non-serotype-specific
responses, the addition of PS 22F to the serum diluent before
performing EIA is currently recommended (21, 22). To evaluate
the effect of 22F preadsorption on antibody concentrations and
kinetics in this study, a subset of sera was reanalyzed after pread-
sorption with PS 22F. The greater assay specificity resulted in a
change in IgG antibody concentration kinetics for serotype 4 only.
This shows that the increase in antibody concentrations until the
fifth year of life was due to specific antibodies for serotypes 6B and
19F in children who had received PCV7 or control vaccine in
infancy. In contrast, the specific mean IgG antibody concentration
for serotype 4 decreased in the PCV7 group and stayed similar in
the control group at 13 months and 5 years of age, which may be
due to relatively low exposure to natural contact with serotype 4 in
the population. The results suggest that natural exposure to sero-
type-specific bacteria contributes to the persistence of antibody
levels in previously vaccinated and unvaccinated subjects.

In addition, the data of this study show that IgG antibodies

detected 4 years after PCV7 given in infancy have higher mean
avidity than antibodies of unvaccinated controls. The higher avid-
ity antibodies in the PCV recipients may have been produced by B
cells that have, following a T cell-dependent antigen stimulus,
such as PCV, undergone a selection process in the germinal cen-
ters during which they have somatically mutated their Ig V region
genes to generate high-affinity memory B cells and long-lived
plasma cells that have given rise to long-term serum antibodies. In
contrast, in the children of the control group, the antibodies have
been generated after natural encounter by pneumococcus or
cross-reacting pathogen without induction of B cell maturation
and affinity maturation. The data on Hib vaccine studies suggests
that high-avidity antibodies have better functional activity than
antibodies with low avidity (13), but the importance of avidity in
determining protection from disease is unclear.

Our study has some limitations. Because antibody avidity
could reliably be determined only for sera having �0.5 �g/ml of
anti-PS IgG after preadsorption with 22F PS, the set of sera in the
avidity determinations was selected, and it was not necessarily a
representative sample of the whole study population. This was
emphasized in the control group, in which antibody concentra-
tions generally were lower than those in vaccinated children. It can
be speculated that in the control group, the sera selected for the
avidity measurements were from individuals who had had previ-
ous contact with specific or cross-reacting pathogen and conse-
quently had serum antibodies against S. pneumoniae. In that case,
the differences in immune responses between PCV7 and control
groups in this study would reflect the differences between PCV-
induced and natural priming of the immune system. Another lim-
itation of the study was that for each study group, evaluation of
(22F EIA) IgG antibody concentrations and antibody avidity for
each of the serotypes (4, 6B, and 19F) was based on sera from
different subsets of subjects (total of 12 subsets). Furthermore, the
relatively small number of available sera for anti-serotype 4 anti-
body avidity determinations in the control group was a limiting
factor of the study.

The results presented here lead us to conclude that PCV7 given
in infancy elicits serum antibodies which are of high avidity and
which are maintained at significant levels at least 4 years after the
fourth vaccine dose.
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