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In the Finnish Otitis Media Vaccine Trial, the now-licensed pneumococcal conjugate vaccine containing
polysaccharides conjugated to protein CRM197 (PncCRM) and the experimental pneumococcal polysaccha-
ride-meningococcal outer membrane protein complex conjugate vaccine (PncOMPC), showed similar efficacy
profiles against acute otitis media despite different antibody concentrations in sera. We now report the
opsonophagocytic activities (OPA) in these sera. OPA, antibody concentration, and avidity for serotypes 6B,
19F, and 23F were determined in sera of infants who received either pneumococcal conjugate (PCV) or control
vaccine at 2, 4, and 6 months of age and either the homologous or pneumococcal polysaccharide vaccine at 12
months of age. OPA varied by vaccine and serotype. The majority of PCV recipients had positive OPA after the
fourth dose, while OPA was undetectable in the control group. Coinciding with the efficacy data, the concen-
tration of antibodies required for 50% killing was low for 6B and high for 19F for both PCVs. Contradictory
to the efficacy data, PncOMPC induced lower functional capacity to 23F than PncCRM. OPA correlated with
antibody concentration, while avidity and functional capacity of antibodies showed no correlation. The OPA
data provide valuable additional information for serotype-specific differences in protection and when evalu-
ating serotype-specific immunogenicity and should thus be considered when defining serological correlates of
protection.

Various pneumococcal conjugate vaccines (PCVs) have
been tested in phase II (1, 3, 13, 21, 25, 28, 29, 33, 39, 44) and
III (7, 11, 12, 15, 22, 23, 30) clinical trials. The efficacy of seven-
or nine-valent pneumococcal conjugate vaccine containing
polysaccharides conjugated to protein CRM197 (PncCRM) has
been proven in prevention of invasive pneumococcal disease
(7, 12, 23, 30), acute otitis media (AOM) (7, 15), and pneu-
monia (8, 12, 23) in infants. The seven-valent PncCRM
(Prevnar, Prevenar) has now been licensed in many countries
for prevention of invasive disease and AOM due to Strepto-
coccus pneumoniae (Pnc) in children. PncCRM and another
seven-valent PCV, pneumococcal polysaccharide-meningo-
coccal outer membrane protein complex conjugate vaccine
(PncOMPC), were tested in parallel in the Finnish Otitis Me-
dia (FinOM) Vaccine Trial. Despite the similar efficacy against
vaccine type AOM, 57% (95% confidence interval [CI], 44 to
67%) for PncCRM and 56% (95% CI, 44 to 66%) for
PncOMPC (15, 22), the antibody concentrations and the ki-
netics of antibody concentrations induced by the two PCVs
differed (14).

After the licensure of PncCRM, new placebo-controlled ef-
ficacy trials with PCVs are, on ethical grounds, unlikely to be
conducted. When licensing new PCVs or PCV formulations,
the antibody concentration 1 month after the primary series of
the new PCV, as measured by enzyme immunoassay (EIA),

has been suggested as the primary endpoint in noninferiority
studies (18). The antibody concentration alone may, however,
be insufficient as a serological correlate of vaccine efficacy.
Additional data to demonstrate the functional capacity of the
antibody and induction of immunological memory are required
for registration (18).

Host protection against Pnc is mainly mediated by opsonin-
dependent phagocytosis (10, 40). Therefore, the in vitro op-
sonophagocytic activity (OPA) of serum is believed to indicate
the functional activity of antibodies and serve as a better cor-
relate of protection in vivo than antibody concentration. In
animal protection models, both OPA and the concentration of
anti-pneumococcal polysaccharide antibodies have been shown
to correlate with protection (19, 26, 35–37). Based on meta-
analysis of three efficacy trials (7, 23, 30), an antibody concen-
tration of �0.35 �g/ml has been recommended as a popula-
tion-based correlate of protection against invasive disease for
all serotypes (42). However, limited data exist on correlates of
protection against other clinical outcomes and on the qualita-
tive and functional characteristics of antibodies that contribute
to protection in humans. Moreover, the data on functional
antibody responses to different PCVs in humans remains lim-
ited.

The aim of the current study was to investigate the OPA in
sera elicited by two PCVs, PncCRM and PncOMPC, used in
parallel in the FinOM Vaccine Trial (15, 22). OPA was mea-
sured against serotypes 6B, 19F, and 23F, the most frequent
pneumococcal causes of AOM in the FinOM Vaccine Trial
(15, 22). The concentration and avidity of antibodies have been
reported previously (14). We now report the OPA in sera of
children vaccinated with the two PCVs and in sera of unvac-
cinated children. The specific aims were to determine sero-
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type-specific differences in OPA, the functional capacity of
antibodies, i.e., the concentration of antibodies required for
50% killing of Pnc, the correlation between functional capacity
and avidity of antibodies, the correlation between OPA and
functional capacity of antibodies after a primary series of
PncOMPC followed by a pneumococcal polysaccharide (PS)
vaccine (PncPS), and the correlation between OPA and con-
centration of antibodies. Finally, the antibody data were re-
lated to clinical protection.

MATERIALS AND METHODS

Study vaccines. The PncCRM vaccine (Wyeth Vaccines, Pearl River, NY)
consisted of 2 �g of capsular PSs 4, 9V, 14, 19F, and 23F, 4 �g of PS 6B, and 2
�g of serotype 18C oligosaccharide, each individually conjugated to the CRM197

protein. The PncOMPC vaccine (Merck & Co., Inc., West Point, PA) contained
1 �g of pneumococcal capsular PSs 4 and 14, 1.5 �g of PS 9V, 2 �g of PSs 18C
and 19F, 3 �g of PS 23F, and 5 �g of PS 6B, each individually conjugated to the
outer membrane protein complex of Neisseria meningitidis serogroup B. The
commercial 23-valent PncPS vaccine (Pneumovax23; Merck & Co., Inc.) con-
tained 25 �g of each capsular PS. The hepatitis B vaccine (Recombivax HB;
Merck & Co., Inc.), used as a control vaccine for both study arms, contained 5
�g of recombinant hepatitis B surface protein. All vaccines were administered
intramuscularly.

Vaccinees, vaccinations, and sampling. Written informed consent was ob-
tained from the parents or guardians of the study children prior to enrollment.
The study protocol was approved by the Ethics Committee of the National Public
Health Institute, Helsinki, Finland, by the National Agency for Medicines, and
by the relevant local health authorities. The subjects of this study formed a
subcohort of infants participating in the FinOM Vaccine Trial (15, 22). In this
subcohort, serum samples were obtained at 2, 4, 6, 7, 12, 13, and 24 months of age
from 166 infants, while samples from the rest of the vaccinees in the FinOM
study were taken at either 7 or 13 months only (22). In the subcohort, 56 infants
were vaccinated with PncCRM and 46 with PncOMPC at 2, 4, 6, and 12 months
of age. Serum samples taken at the ages of 7, 12, 13, and 24 months were used
for this study. In the PncOMPC arm of the trial, 187 of the total of 805 infants
received three doses of PncOMPC, followed by a dose of PncPS at 12 months of
age (22). In the subcohort, only six infants had received a PncPS booster. To also
assess this vaccination scheme, instead of using the samples obtained from these
six infants, we randomly selected 50 serum samples taken at 13 months from the
recipients of three doses of PncOMPC and PncPS as a booster. We report here
the antibody concentrations and OPA results of these samples for serotypes 6B
and 19F. The control group of 58 infants received hepatitis B vaccine at the same
ages as the PCVs were administered. The detailed data on concentration, kinet-
ics, and avidity of immunoglobulin G (IgG) antibodies in the two PCV groups
and the control group have been reported previously (14, 15, 22).

Laboratory methods. All serological determinations were performed blinded
at the Finnish National Public Health Institute. The laboratory personnel were
not aware of the vaccination status or the age of the child at the time of sampling.

The concentrations of IgG antibodies to pneumococcal capsular PSs 6B, 19F,
and 23F in sera taken at 7, 12, 13, and 24 months of age were measured by a
standardized enzyme immunoassay (EIA) (14, 21) without heterologous poly-
saccharide (22F) absorption.

The relative avidities of IgG antibodies to capsular PSs 6B, 19F, and 23F were
determined by EIA as described by Anttila et al. (4) for sera taken at 7, 12, 13,
and 24 months of age in the PCV groups and for the 24-month sample in the
control group (14). The assay is based on dissociation of antibody-antigen com-
plexes by sodium thiocyanate. Serotype-specific concentrations of sodium thio-
cyanate (0.5 M for antibodies to 6B and 23F and 0.65 M for antibodies to 19F)
were used.

OPA in sera against Pnc was determined by a standard method measuring the
killing of pneumococci by differentiated HL-60 cells (ATCC, Manassas, VA) in
the presence of baby rabbit complement (Pel-Freez Clinical Systems, Brown
Deer, WI) (34). The results are given as titers: the reciprocal of the serum
dilution with 50% killing compared with the bacterial growth in the control wells
without serum. For sera with OPA titers of �8, a value of 4 was assigned.
Repeatability was followed by including a control serum on each plate. The
coefficient of variance was �30% for all serotypes. OPA titers were determined
for serotypes 6B, 19F, and 23F for sera taken at 7, 12, 13, and 24 months of age,
except for serotype 23F in the control group, for which an OPA titer was
determined only for the 24-month sample. For the 13-month sample of children

who received PncPS boosting, OPA titers were determined for serotypes 6B
and 19F.

Statistical methods. Antibody concentrations are given as geometric mean
concentrations (GMC) and serum opsonophagocytic activities as geometric
means of OPA titers (GMOPA) with 95% CI. The avidity results are expressed
as avidity indices (AI) and assigned as percentages of antibodies that remained
bound to the antigens after thiocyanate treatment. The relative avidities are
given as mean AIs. GMCs were here calculated only for the sera for which OPA
analyses were performed. Therefore, GMCs differ slightly from the previously
published data (14). The functional capacity of antibodies (antibody concentra-
tion required for 50% killing of Pnc) was calculated by dividing the IgG anti-
pneumococcal PS antibody concentration of a sample by the OPA titer. This was
done only for the samples with a detectable OPA titer (�8). The results are given
as geometric means of antibody concentration (ng/ml needed for 50% killing)
with 95% CIs. The concentration of IgG antibodies remaining after elution with
thiocyanate was calculated by multiplying the IgG antibody concentration by the
AI. The percentage of reduction in IgG antibody concentration after elution with
thiocyanate was calculated by (1 � AI) � 100%. A linear regression model and
Spearman’s correlation coefficient test were used to analyze the correlation
between IgG antibody concentrations and respective OPA titers. Spearman’s
correlation coefficient test was used to analyze the correlation between the
functional capacity and avidity of IgG antibodies, between OPA titers and the
concentration of IgG antibodies remaining after elution with thiocyanate, and
between OPA titers and percentages of reduction in IgG antibody concentration
after elution with thiocyanate. All the comparisons were made within a time
point and for each vaccine group and serotype separately. In the statistical
analyses, log-transformed data of concentrations and OPA titers were used.

RESULTS

IgG antibody concentrations and avidity by EIA. The anti-
body concentrations and antibody avidity were determined for
a subcohort of children participating in the FinOM Vaccine
Trial. The antibody concentration results were in agreement
with those of the whole study population (15, 22). In the
control group, the GMCs of antibodies remained low for all
antigens, varying between 0.09 and 0.22 �g/ml at 7 months of
age, and started to increase slightly during the second year of
life (Table 1).

At 7 months of age, the GMCs of antibodies were highest in
both PCV groups for serotype 19F (Table 1). The lowest
GMCs were detected for anti-6B and -23F antibodies in the
PncOMPC group. During the 5 months after the primary series
of PCV (data not shown), the GMCs of antibodies had de-
creased (PncCRM group) or stayed unchanged (PncOMPC
group), as reported previously (14).

At 13 months of age, the GMCs were higher than at 7
months of age (Table 1). After the PCV boosting, the GMCs
of anti-6B and -23F, but not of anti-19F, antibodies were
higher in the PncCRM than in the PncOMPC group. After
the PncPS booster, the GMCs of antibodies to serotype 6B
and especially to 19F were higher than after PncOMPC
boosting (Table 1). At 24 months of age, 12 months after the
PCV booster dose, the GMCs of antibodies had declined for
all antigens, three- to sixfold in the PncCRM group and two-
to threefold in the PncOMPC group. The GMCs of antibod-
ies were, however, higher in both PCV groups than in the
control group (Table 1).

The mean AI of antibodies increased between the ages of
7 and 12 months in both PCV groups for all three serotypes
studied. The increase was most notable for serotypes 6B and
23F. By the age of 24 months, the mean AIs of antibodies to
serotypes 6B and 23F, but not to 19F, had increased further
in both PCV groups. Between 7 and 24 months of age, the
mean AIs to serotypes 6B and 23F increased notably, and
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that to 19F stayed unchanged in both PCV groups. In gen-
eral, the kinetics of avidity development were similar in the
two PCV groups, but the mean AIs of antibodies tended to
be higher in the PncCRM group than in the PncOMPC
group. The antibody avidity results have been described in
detail elsewhere (14).

OPA. In the control group, the number of infants with an
OPA titer of �8 in their sera remained low during the whole
follow-up period (Table 2).

At 7 months of age, 78 to 83% (depending on the serotype) of
infants in the PncCRM group and 23 to 83% in the PncOMPC
group had a positive (�8) OPA titer (Table 2). In the PncCRM
group, the GMOPA was substantially higher for serotype 6B than
for 19F or 23F, despite similar GMCs of IgG antibodies (Tables
1 and 2). In the PncOMPC group, by contrast, the GMOPA was
highest for serotype 19F (Table 2), agreeing with the GMC data.
However, while the GMCs of IgG antibodies differed up to 10-
fold (Table 1), the difference between GMOPAs was less.

At 12 months of age, the proportion of infants with a detectable
OPA titer was low in both PCV groups (7 to 46%), with the
exception of serotype 6B in the PncCRM group (61%). Due to
the low percentages of positive samples, GMOPAs were not cal-
culated.

The majority (64 to 95%) of sera obtained at 13 months of
age, 1 month after the booster dose, were positive for OPA in
both PCV groups (Table 2). In the sera of the PncCRM re-
cipients, the GMOPAs were highest for serotype 6B and lowest
for 19F (Table 2). In the PncOMPC group, the GMOPAs for
serotypes 19F and 6B were similar, even though the GMC for
anti-19F antibodies was five times as high as for anti-6B anti-
bodies (Table 1). Further, the GMOPA for 6B was five times
as high as for 23F, despite similar GMCs of IgG antibodies
(Tables 1 and 2).

The majority of sera obtained from infants boosted with
PncPS had a positive OPA titer for serotypes 6B and 19F
(Table 2). The GMOPA for serotype 6B was lower after PncPS

TABLE 1. Geometric mean concentrations of IgG antibodies measured by EIA to pneumococcal serotype 6B, 19F, and 23F polysaccharides
at indicated ages in infants immunized with a 7-valent pneumococcal conjugate vaccine, PncCRM or PncOMPC, or control vaccine at

2, 4, and 6 months of age and with a homologous vaccine or 23-valent polysaccharide vaccine (PncPS) at 12 months of age

Serotype Vaccine(s)
GMC (95% CI) (�g/ml) at age (mo):

7 (n � 53–55) 13 (n � 44–55) 24 (n � 43–54)

6B PncCRM 1.99 (1.35–2.95) 9.02 (6.48–12.54) 1.48 (1.11–1.99)
PncOMPC 0.40 (0.29–0.56) 1.89 (1.24–2.88) 0.95 (0.65–1.39)
PncOMPC � PncPSa NDb 3.73 (2.65–5.26) ND
Control 0.09 (0.07–0.12) 0.15 (0.12–0.20) 0.25 (0.19–0.32)

19F PncCRM 3.28 (2.56–4.20) 4.96 (3.86–6.36) 2.14 (1.47–3.12)
PncOMPC 3.52 (2.69–4.59) 8.88 (6.24–12.65) 4.88 (2.96–8.03)
PncOMPC � PncPS ND 63.04 (43.66–91.02) ND
Control 0.22 (0.17–0.29) 0.40 (0.31–0.53) 0.62 (0.47–0.82)

23F PncCRM 2.56 (1.87–3.50) 6.20 (4.51–8.52) 1.28 (0.98–1.68)
PncOMPC 0.61 (0.45–0.82) 2.14 (1.51–3.03) 1.05 (0.76–1.46)
Control 0.10 (0.07–0.12) 0.15 (0.12–0.20) 0.23 (0.17–0.31)

a A group of infants (n � 50) who received a primary series of PncOMPC at 2, 4, and 6 months of age followed by a booster dose of 23-valent PncPS vaccine at 12
months of age.

b ND, not done.

TABLE 2. GMOPA titers, percentage of infants with detectable (�8) OPA titer, and GMC required to kill 50% of Pnc antibodies to
pneumococcal serotype 6B, 19F, and 23F polysaccharides were measured in infants at 7, 13, and 24 months of age. The

children were immunized with a seven-valent pneumococcal conjugate vaccine (PncCRM, PncOMPC) or
control vaccine at 2, 4, and 6 months of age and either with the homologous vaccine or

23-valent polysaccharide vaccine (PncPS) at 12 months of age

Serotype Vaccine(s)
GMOPA titer (95% CI) at age (mo):

Infants (%) with
detectable OPA

titer at age (mo):

GMC (ng/ml) needed for 50% killing (95% CI)
at age (mo):

7 (n � 53–55) 13 (n � 44–55) 24 (n � 43–54) 7 13 24 7 13 24

6B PncCRM 143 (82–249) 606 (394–932) 42 (23–78) 83 95 67 10 (7–15) 13 (11–17) 17 (10–27)
PncOMPC 15 (9–26) 91 (49–170) 15 (8–27) 40 77 41 9 (5–17) 13 (8–22) 27 (15–47)
PncOMPC � PncPSa NDb 46 (28–78) ND ND 74 ND ND 56 (41–75) ND
Control �8 �8 (4–4.4) �8 (4–5) 0 2 2 ND ND ND

19F PncCRM 26 (18–37) 78 (55–110) 11 (7–19) 78 95 33 97 (81–117) 59 (45–76) 81 (45–145)
PncOMPC 51 (35–75) 84 (50–142) 27 (14–55) 83 84 56 50 (40–63) 78 (63–96) 101 (73–139)
PncOMPC � PncPS ND 478 (332–690) ND ND 98 ND ND 128 (112–147) ND
Control �8 �8 �8 (4–6) 0 0 6 ND ND ND

23F PncCRM 39 (26–58) 173 (109–273) 14 (9–20) 83 93 52 59 (46–75) 31 (25–37) 58 (43–79)
PncOMPC �8 (5–7) 17 (11–25) �8 (5–10) 23 64 19 92 (45–189) 96 (78–117) 65 (34–123)
Control ND ND �8 (4–5) ND ND 4 ND ND ND

a A group of infants (n � 50) who received PncOMPC at 2, 4, and 6 months of age followed by a 23-valent PS vaccine at 12 months of age.
b ND, not done.
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than PncOMPC boosting despite the greater GMC of anti-6B
antibodies after PncPS boosting (Tables 1 and 2). For serotype
19F, the remarkably higher GMC of IgG antibodies induced by
PncPS than PncOMPC (Table 1) resulted also in a substan-
tially higher GMOPA. Furthermore, for serotype 19F, the
GMOPA was clearly higher after PncPS boosting than after
PncCRM boosting (Table 2).

At 24 months of age, 19 to 67% of sera, depending on the
serotype and PCV used, had a positive OPA titer (Table 2).
The GMOPAs for the two PCV groups were similar, despite
the clear difference in GMOPAs for serotypes 6B and 23F at
13 months. The GMOPAs were higher in both PCV groups
than in the control group, except for serotype 23F in the
PncOMPC group (Table 2).

Functional capacity of antibodies. In both PCV groups and
at both 7 and 13 months of age, 1/3 to 1/10 concentrations of
anti-6B IgG antibodies were required for 50% killing of Pnc
compared to anti-19F or anti-23F antibody concentrations re-
quired for the same effect (Table 2). The functional capacity of
anti-6B antibodies was similar in the two PCV groups. After
the third PCV dose, a nearly twice as high anti-19F concen-
tration was required for 50% killing in the PncCRM group
than in the PncOMPC group, and after the fourth dose, more
anti-23F antibodies were required for killing in the PncOMPC
group than in the PncCRM group (Table 2). After boosting
with PncPS, the IgG concentrations required for 50% killing of
6B and 19F Pnc were two to five times as high as after boosting
with the PCVs, suggesting lower functional capacity of anti-
bodies induced by the PncPS (Table 2).

In sera taken at the age of 24 months, there were no differ-
ences in the functional capacity of antibodies between the two
PCV groups (Table 2).

Correlation between functional capacity and avidity. No sig-
nificant correlation was found between the antibody concen-
tration required for 50% killing of Pnc and the relative avidity
of antibodies within each serotype, time point, or PCV group
(data not shown).

Correlation between OPA and antibody concentration. The
detection threshold for the OPA method was approximately 1
�g/ml for the three serotypes. Individual antibody concentra-
tions correlated positively with OPA titers for all serotypes, as
follows: at 7 months, r � 0.70 to 0.84 (P � 0.001) for PncCRM
and r � 0.60 to 0.71 (P � 0.001) for PncOMPC; at 13 months,
r � 0.63 to 0.89 (P � 0.001) for PncCRM, r � 0.56 to 0.90
(P � 0.001) for PncOMPC, and r � 0.82 to 0.93 (P � 0.0001)
for PncPS (Fig. 1).

By 24 months of age, the proportion of sera with detectable
OPA had decreased, yet the antibody concentrations corre-
lated well with the OPAs: r � 0.64 to 0.78 (P � 0.001) in the
PncCRM group and r � 0.50 to 0.88 (P � 0.001) in the
PncOMPC group.

The correlation between OPA titers and the concentration
of high-avidity IgG antibodies, i.e., the concentration of IgG
antibodies remaining after elution with thiocyanate was, for all
serotypes and vaccine groups, similar to the correlation be-
tween OPA and total IgG antibody concentration. No signifi-
cant correlation was found between OPA titers and the per-
centage of reduction in antibody concentration after elution
with thiocyanate (data not shown).

DISCUSSION

The decision on the acceptance of a new pneumococcal
vaccine, vaccine formulation, or vaccination schedule should
be based on the efficacy of the vaccination. However, after
the licensure of a PCV, new efficacy trials are not feasible on
ethical grounds. In this situation, serologic correlates of
protection would be useful. The protective concentrations of
serotype-specific pneumococcal antibodies have not been
clearly defined, although recent meta-analysis has provided
guidelines (42). In addition, it has been suggested that a
functional antibody assay rather than binding of antibody as
measured by EIA is a more useful surrogate assay. In this
study, we measured the functional antibody activity elicited
by PncCRM and PncOMPC, used in parallel in the FinOM
Vaccine Trial.

There were serotype-dependent differences in the OPA re-
sults. Although GMCs of antibodies were generally highest for
serotype 19F and lowest for 6B, the antibody concentrations
required for 50% killing were substantially lower for 6B than
for 19F for both PCVs. This suggests better functional capacity
of anti-6B than anti-19F antibodies. The results are in agree-
ment with the previous studies, demonstrating low functional
activity of anti-19F antibodies (6, 32, 34, 43), and with the data
of Jokinen et al. (20), showing that a higher mean antibody
concentration is needed for protection against serotype 19F
than for 6B AOM after PCV vaccination. Serotypes 6B and
23F elicited similar antibody concentrations, yet the concen-
tration required for 50% killing of serotype 23F was 2 to 10
times as high as for 6B, indicating again the superiority of
anti-6B antibodies. The finding was unexpected, since previ-
ously published data for different PCVs (6, 32, 34, 43) indicate
equal functional activity of anti-6B and -23F antibodies. How-
ever, similar results have been presented by Nurkka et al. for
an 11-valent PnPD vaccine (29a).

The low functional activity of anti-19F antibodies could be
due to the lack of avidity maturation. There was no increase in
the avidity of anti-19F antibodies between 7 and 24 months of
age (14). By contrast, a clear increase was found in the avidity
of anti-6B and -23F antibodies (14). In previous studies, avidity
has been shown to have an effect on the functional activity of
antibodies (2, 24, 38, 41). The low functional activity of anti-
19F antibodies could also be due to bacterial factors: serotypic
differences have been documented in the deposition and deg-
radation of the opsonic complement protein C3b on the sur-
face of the pneumococcus, resulting in differences in resistance
to phagocytosis (16). However, our preliminary studies have
not indicated differences in C3b deposition between pneumo-
coccal serotypes 6B and 19F (25a).

The functional capacity of anti-23F antibodies differed be-
tween the PCV groups. After the fourth dose of vaccine, the
GMC of antibodies required for 50% killing was substantially
lower for PncCRM than for PncOMPC. The same trend was
seen after the third dose. Interestingly, the mean relative avid-
ity of anti-23F IgG antibodies was substantially higher in the
PncCRM group than in the PncOMPC group (14). This sug-
gests that the lower functional capacity of anti-23F antibodies
induced by PncOMPC is associated with lower avidity. In
agreement with these findings, previous studies have demon-
strated higher functional activity and avidity of antibodies to
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FIG. 1. The correlation (Spearman’s correlation coefficient; P � 0.001 for all serotypes and time points) and a linear regression model for the
IgG anti-6B, -19F, and -23F antibody concentrations (EIA, �g/ml) and OPA titers after three (7 months) and four (13 months) doses of vaccine.
The children were immunized with 7-valent pneumococcal conjugate vaccine (PncCRM or PncOMPC) at 2, 4, and 6 months of age and either with
the homologous vaccine or 23-valent polysaccharide vaccine (PncPS) at 12 months of age. All children boosted with PncPS had previously received
three doses of PncOMPC.
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the PS of Haemophilus influenzae type b evoked by CRM than
by OMPC conjugate vaccine (24, 38).

The differences in the OPA titers and antibody concentra-
tions for serotype 23F were not, however, reflected in the
protection. PncCRM and PncOMPC elicited similar protec-
tion against type 23F AOM (59% [95% CI, 35 to 75%] for
PncCRM and 52% [95% CI, 28 to 68%] for PncOMPC) (15,
22). Furthermore, even though the anti-6B antibody concen-
trations and OPA titers were clearly lower in the PncOMPC
group, no substantial differences between the two PCVs were
found in the anti-6B antibody concentrations required for 50%
killing of Pnc or in the efficacy against AOM due to serotype
6B (84% [95% CI, 62 to 93%] for PncCRM and 79% [95% CI,
58 to 89%] for PncOMPC) (15, 22). This suggests that both
vaccines had induced a satisfactory immune response to sero-
types 6B and 23F, even if there were quantitative and qualita-
tive differences. Further, a different PCV, protein D conjugate
(GlaxoSmithKline Biologicals), induced a very similar efficacy
profile to PncCRM and PncOMPC for serotypes 6B (88%
[95% CI, 58 to 96%]) and 23F (72% [95% CI, 25 to 90%]) (31),
suggesting that this range of protection is the maximum that
can be evoked by the present vaccines. The lack of good cor-
relation between differences in OPA titers and protection
could also suggest that protection against AOM, a mucosal
infection, may be mediated by other factors in addition to
opsonophagocytosis. The functional capacity of anti-19F
antibodies was, after three doses of vaccine, higher in the
PncOMPC than in the PncCRM group. After the fourth dose,
no such difference was found anymore. The low clinical efficacy
estimates (25% [95% CI, �14 to 51%] for PncCRM and 37%
[95% CI, 1 to 59%] for PncOMPC) are concordant with the
low OPA titers but not with the high antibody concentrations.

A number of studies have shown a relationship between
avidity and in vitro functional activity of antibodies (2, 27, 38,
41). We could, however, not find any correlation between the
concentration required for 50% killing and the relative avidity
of antibodies when the comparisons were made within a time
point for each PCV group and serotype. Accordingly, in the
study by Wuorimaa et al. (43), no such correlation was found.
However, relatively small numbers of samples obtained at the
same age may have resulted in the relatively narrow variation
of AIs, which, in turn, may have obstructed us from observing
a truly existing correlation. The lack of correlation may also be
due to the fact that the OPA assay includes all antibody iso-
types and specificities, while EIA measures only IgG antibod-
ies to pneumococcal polysaccharides.

A subcohort of the FinOM Vaccine Trial received a primary
series of PncOMPC followed by a PncPS booster (22). A
PncPS booster would be cheaper and benefit countries for
which the cost of the vaccine is a major hurdle to its introduc-
tion to the national immunization program. In accordance with
previous studies (9, 17, 44), boosting with the PncPS evoked
higher antibody concentrations than boosting with PCV. The
concentration of antibodies required for 50% killing was, how-
ever, higher after PncPS than after PCV booster. Accordingly,
antibody avidity has been shown to be lower after PncPS than
PCV boosting (5). The vaccine efficacy against AOM after
PncPS or PCV booster was not different (22), suggesting that
the differences shown in antibody concentrations and func-
tional capacities have low clinical relevance for short-term

protection in the case of AOM. The clinical relevance against
other pneumococcal outcomes and long-term effects on the
persistence of protection remain to be seen.

This study shows that though antibody concentrations and
OPA titers correlate well within each serotype, the data of OPA
and functional capacity provide valuable additional information
for serotype-specific differences in protection. Therefore, the
OPA and functional capacity of antibodies should, in addition to
the antibody concentrations, be taken into consideration when
defining correlates of protection.
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