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Pneumococcal polysaccharide vaccine (PPV) is of limited immunogenicity in infants and immunocompro-
mised patients. Our prospective randomized controlled trial investigated whether priming with pneumococcal
conjugate vaccine (PCV) induced specific immunological memory in previously nonresponders to PPV. Of a
total of 33 children (2 to 18 years) with polysaccharide-specific immunodeficiency (PSI), group A (n � 16)
received two doses of 7-valent PCV in a 4- to 6-week interval, and a booster dose of 23-valent PPV after one year.
Group B (n � 17) received two doses of PPV in a 1-year interval exclusively. Specific antibody concentrations
for serotypes 4, 5, 6B, 9V, 14, 18C, 19F, and 23F were determined (enzyme-linked immunosorbent assay) before
and at 7 and 28 days after administration of the PPV booster and compared to an opsonophagocytosis assay.
Of group A, 64 to 100% had antibody concentrations of >1 �g/ml on day 28 after the booster versus 25 to 94%
of group B. Group A had significantly higher antibody concentrations for all PCV-containing serotypes already
on day 7, indicating early memory response. Antibody concentrations were in accordance with functional
opsonic activity, although opsonic titers varied among individuals. Pneumococcal vaccination was well toler-
ated. The incidence of airway infections was reduced after priming with PCV (10/year for group A versus
15/year for group B). Following a PPV booster, even patients primarily not responding to PPV showed a rapid
and more pronounced memory response after priming with PCV.

Pneumococcal infections cause at least one million deaths
worldwide annually, mostly in young children (52). Immuniza-
tion against Streptococcus pneumoniae has the potential to face
this burden of disease. An ideal vaccine should rapidly elicit
protective immunity and generate memory cells, which re-
spond efficiently to subsequent antigen exposure. Generation
of memory B cells and long lived plasma cells is associated with
isotype switching and hypermutation of the immunoglobulin
genes, resulting in selection of B cells with high-affinity B-cell
receptors (27, 28). The established 23-valent pneumococcal
polysaccharide vaccine (PPV-23) induces in adults primarily
immunoglobulin M (IgM), with hardly any class switching,
affinity maturation, or immunological memory (29, 47). It is
ineffective in infants and of limited efficacy in high-risk pa-
tients, since it elicits a solely T-cell-independent immune re-
sponse. In 2000, a 7-valent pneumococcal conjugate vaccine
(PCV-7) was introduced in the United States, resulting in a
dramatic decrease of invasive pneumococcal disease in the
following years (8, 51).

The efficacy of the conjugate vaccine is due to several mech-
anisms: increased amounts of circulating antibodies, higher
avidity, and an induction of immunological memory (2, 9, 16,
18). In addition, a reduction of nasopharyngeal carriage of
pneumococci was described for the PCV-7 (13, 14, 26, 31).

In light of the clinical background, the induction of memory
appears mandatory for long-term protection against pneumo-

coccal disease. In addition, antibody concentrations gradually
diminish after primary series of PPV, and may fall below a
protective threshold, underlining the importance of memory
versus circulating antibodies. However, while conjugate pneu-
mococcal vaccine apparently confers protection against pneu-
mococci, the presence of polysaccharide specific immunologi-
cal memory is difficult to demonstrate in individual subjects.
Pneumococcal polysaccharide specific memory in subjects im-
munized with glycoconjugates is demonstrated by challenge
with PPV, and the anamnestic response of polysaccharide-
specific IgG is considered a surrogate marker for memory (12).

Here, we investigated the immunogenicity of PCV with a
focus on its ability to induce an anamnestic response in pa-
tients with recurrent infections and an inability to respond to
PPV immunization sufficiently (55). This so-called polysaccha-
ride-specific immunodeficiency (PSI) is defined as an impaired
immune response to polysaccharide antigens, while antibody
response to protein antigens is intact. In this regard, PSI is an
excellent in vivo model to study the immunogenicity of protein-
coupled polysaccharide vaccines such as PCV. Typically, these
patients suffer from recurrent respiratory infections, which are
mostly due to encapsulated bacteria and require frequent an-
tibiotic treatment (3, 38, 49, 56). An effective vaccine strategy
for this patient group is still pending. In such risk groups,
immunological memory is a crucial secondary parameter to
characterize functional antibody activity and long-term protec-
tive responses. In order to study the nature and kinetics of the
immune response, we detected pneumococcal antibodies on
day 7 after vaccination as early postchallenge samples, and on
day 28, representing late response. Additionally, since the
host’s protection against pneumococcal infections is mediated
mainly by phagocytosis, we also determined the opsonophago-
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cytic activity (OPA) of the induced anticapsular antibodies.
This functional activity of antibodies in killing of pneumococci
is thought to correlate better with the efficacy needed to pre-
vent infections than antibody levels measured solely by en-
zyme-linked immunosorbent assay (ELISA).

MATERIALS AND METHODS

Our study cohort encompassed 33 children fulfilling the following criteria for
PSI: recurrent airway infections (e.g., pneumonia or otitis media; more than
three per year), a lacking immune response to repeat (at least two; range, two to
three) PPV applications, and a normal immune response to protein vaccines. A
lacking immune response was defined as pneumococcal serotype-specific IgG
antibody concentrations of �1.0 �g/ml in at least five of seven serotypes 4 weeks
after the last immunization with PPV. Exclusion criteria were a history of allergic
or serious adverse reactions to previous vaccinations. Other exclusion criteria
were progressive neurological disease or any current illness. All parents supplied
written informed consent prior to the study. Human experimentation guidelines
of Good Clinical Practice, the German Drug Act, and the declaration of Hel-
sinki/Hong Kong were followed in the conduct of clinical research. Local ethical
committee approval was obtained. During the 1-year period before the PPV-23
booster was administered, clinically defined airway infections were documented
for both groups on diary cards.

Group A received two doses of the 7-valent PCV and a booster dose of the
23-valent PPV 1 year after the first PCV-7 dose. Group B received one dose of
PPV and another dose of PPV after 1 year without previous PCV priming.

Vaccines. The 7-valent PCV (Prevenar, Wyeth-Lederle, Germany) contains
the polysaccharide capsular serotypes 4, 9V, 14, 18C, 19F, and 23F at 2 �g/ml,
and 6B at 4 �g/ml, coupled with a carrier protein, a nontoxic variant of diphtheria
toxin (cross-reactive material 197; CRM197). The 23-valent PPV (Pneumovax23,
Merieux MSD, Germany) contains serotypes 1 through 5, 6B, 7F, 8, 9N, 9V, 10A,
11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F, and 33F at 25 �g each. Both
vaccines were administered intramuscularly, and local and systemic side effects
were recorded on diary cards in the 3 days after each immunization.

Serological analysis. Serological determinations were performed blinded at
our laboratory. The staff were not aware of age, vaccination status, or medical
background of the vaccinees at the time of sampling. Serum antibodies against
two highly immunogenic (14 and 19F) and two low-immunogenic serotypes (6B
and 23F) and against serotypes 4, 9V, 18C, and the exclusively PPV-23-contain-
ing type 5 were determined before and 7 and 28 days after the PPV booster was
administered. Serotype-specific IgG-antibody concentrations were measured by
a modified ELISA technique using Nunc CovaLink microtiter plates (Nunc,
Germany) and serum lot 89-SF as the standard serum (FDA, Bethesda, MD).
Serum samples were preincubated with 10 �g/ml pneumococcal polysaccharide
C (CPS, Statens Seruminstitut, Denmark) for blocking of unspecific anti-CPS
antibodies. Reference serum 89-SF (provided by C. Frash, Rockville, MD) was
used for assay standardization. In addition, serum samples were adsorbed against
serotype 22F to remove cross-reactive antibodies (11). Sera with known high
antibody titers were used as reference and quality control sera (Endobulin HP,
Immuno, Austria). The minimum antibody detection level was 0.1 �g/ml. IgG
subclasses were measured by nephelometry (4a, 57).

A recent consensus conference by the World Health Organization recom-
mends pneumococcal antibody concentrations of �0.35 �g/ml as a surrogate for
conjugate vaccine efficacy against invasive disease in general (http://www.who.int
/biologicals/Guidelines/vaccines.html). This threshold level is only reliable after
vaccination with the conjugate vaccine (PCV) where memory cells are induced.
Thus, the estimation of seroprotection after vaccination with PPV-23 is even
more difficult. In contrast to PCV, PPV-23 does not prime the immune system
for a rapid booster response. Therefore, Sanders defined antibody titers of �1.0
�g/ml for at least five of seven measured serotypes as predictive for a successful
pneumococcal immunization after PPV-23 vaccination (40). Since our patients
did not respond to solely polysaccharide vaccination and seemed to be at an
increased risk of pneumococcal infections, we also chose antibody titers of �1.0
�g/ml as correlate of seroprotection.

Opsonophagocytosis assay. The complement-dependent opsonic activity of
serum antibodies was assessed using an opsonophagocytosis assay. We deter-
mined antibody activity against serotype 23F in a modified protocol (25). This
method uses granulocytes from a promyeloic leukemia cell line (HL 60) as
effector cells, and paraformaldehyde fixed 5.6-carboxyfluorescin succinimidyl
ester (FAM-SE)-labeled Streptococcus pneumoniae isolates as bacterial targets.
Granulocytes and bacteria are used in 1:4 relation and incubated with serum and
complement opsonization, subsequent phagocytosis of the bacteria follows. Se-

rum samples were preincubated at 56°C for 30 min for complement inactivation.
Baby rabbit serum (Pel-Freez) was used as a complement source. As quality
controls, a complement and a cell control were run with each assay. Sera with
known high antibody titers (Sandoglobin; Sandoz) were used as quality control
sera. Antipneumococcal opsonophagocytic activity was determined by collecting
fluorescent signals on the HL-60 granulocyte population by light scatter (FALS
and 90LS). FAM-SE was excited at 488 nm, and fluorescent signals were mea-
sured at 525 nm. Results were reported as percentage of gated cells with fluo-
rescence higher than the cell control. Opsonophagocytic titers were reported as
the reciprocal of the dilution with at least 50% of the maximum uptake of the
fluorescent labeled bacteria by HL-60 granulocytes.

Statistical analysis. Geometric mean concentrations (GMCs) of antibody with
95% confidence intervals and proportion of patients with antibody concentra-
tions �1 �g/ml, respectively are presented for each serotype. Antibody levels
before and after vaccinations were compared using the Wilcoxon signed-rank
test. The U test (Mann-Whitney) was performed for between-groups compari-
son. We used the SPSS for Windows version 11.0 software package. Probability
values (P) of �0.05 were considered statistical significant. Nonparametric cor-
relations between antibody titers and opsonic activity were calculated with Spear-
man’s correlation coefficient.

RESULTS

Demographics. Thirty-three patients (age, 2 to 18 years; 19
boys, 14 girls) were enrolled in the study and randomly as-
signed to group A (16 patients) or B (17 patients) (Table 1).
All patients returned completed diary cards. Each pneumococ-
cal vaccination was well tolerated in all patients. Adverse re-
actions were similar in both groups (Table 2); no severe ad-
verse reaction was observed. The median ages of the two
groups differed slightly (the median [range] was 7 [5 to 12]
years for group A versus 4 [2 to 14] years for group B; P �
0.05).

At study entrance, groups were comparable concerning fre-
quency of airway infections (�3/year; see inclusion criteria)
and medical history. Remarkable features of the vaccinees
included bronchial asthma (group A, 47%; group B, 53%),

TABLE 1. Demographics, underlying diagnosis, and clinical
diagnosed infections of subjects unresponsive to

pneumococcal polysaccharide vaccine

Parameter

Value for indicated group

A
(PCV primed)

(n � 16)

B
(unprimed)

(n � 17)

Age (yr)
Range 5–12 2–14
Median 7 4

Gender (male/female) 8/8 11/6
Underlying diagnosis

IgG2 deficiency 10 13
IgA deficiency 3
Hypogammaglobulinemia 1 3
Asthma bronchiale 8 9
Chronic bronchitis 1 1
Recurrent pneumonia 1 5
Recurrent otitis 2
Recurrent bronchitis 1 3

Infections during 12 mo prior to PPV-23
booster administration
Bronchitis 5 8
Pneumonia 5
Otitis 2 1
Tonsillitis 3 1
Fever of unknown origin 3 4
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IgG2 subclass deficiency (group A, 59%; group B, 76%), and
18% of group A suffered from IgA deficiency. After PCV
vaccination of group A, there were fewer upper and lower
airway infections during the year prior to the administration of
the PPV-23 booster (10 cumulative in group A versus 15 in
group B and a median of 10, with 5 remarkable episodes of
pneumonia in the PCV-7-primed group versus none in the
other).

Immunogenicity. Complete blood sample series were avail-
able from all 33 subjects for analysis of the immune responses
to the booster dose of PPV. Initial geometric mean antibody
concentrations were higher in group A after two PCV-7 appli-
cations (0.64 to 3.5 �g/ml) compared to group B after one
PPV-23 application (0.17 to 1.13 �g/ml) with significance for
the serotypes 4, 6B, 14, 19F, and 23F (Table 3). Following
administration of the the PPV booster, antibody concentra-
tions increased even more and were significantly higher in
group A: on day 7, group A had 1.76 to 8.39 �g/ml versus 0.21
to 1.67 �g/ml in group B with significance for all serotypes
except the non-PCV serotype 5) (Table 2). On day 28, anti-
bodies in group A remained significantly higher than in group
B (1.25 to 12.99 �g/ml versus 0.28 to 2.6 �g/ml [significant for
all serotypes except 5]). In addition, the mean rise from base-
line values of antibody GMCs from day 0 to day 7 was higher
in group A (ranging from 1.4- to 4.8-fold) than in group B (1.2-
to 2.1-fold) (Fig. 1). Also after 28 days, median antibody
GMCs increased higher from baseline values in group A (1.9-
to 7.5-fold), compared to 1.6- to 3.3-fold in group B (P � 0.01
for serotype 4) (Fig. 2).

In summary, the antibody response after PCV administra-

tion and after booster vaccination was higher and faster in the
PCV-primed group A for all PCV-related serotypes as com-
pared to the unprimed group.

For the exclusively PPV-23 serotype 5, there was no signif-
icant difference between groups at any time (Table 3). Before
the PCV boost, the GMCs were 0.64 �g/ml in group A (0.54 to
0.75) and 0.73 �g/ml (0.48 to 0.99) in group B. On day 7, the
group A GMC was 0.91 �g/ml (range, 0.74 to 1.08) and that for
group B was 0.95 �g/ml (range, 0.31 to 1.58). On day 28, the
GMCs were 1.25 �g/ml (range, 0.92 to 1.58) for group A and
1.21 �g/ml (range, 0.33 to 2.10) for group B. For group A, the
rise of antibody levels from baseline values was 1.4-fold on day
7 and 1.95-fold on day 28 (P � 0.05 each). For group B, there

FIG. 1. Increase of specific pneumococcal antibodies after vacci-
nation.

TABLE 2. Number of infants experiencing systemic reactions in the
3 days following each immunization

Symptom

No. (%) of infants with symptom in:

Group A:
PCV-7 priming

Group B:
solely PPV-23

Redness 6 (35) 6 (35)
Induration 2 (12) 3 (18)
Swelling 2 (12) 1 (6)
Pain at injection site 8 (47) 9 (53)
Irritability 2 (12) 1 (6)
Drowsiness 2 (12) 1 (6)
Lack of appetite 0 3 (18)
Body temperature of �38.0°C 2 (12) 1 (6)

TABLE 3. Serotype-specific IgG antibody GMCs of patients previously not responding to pneumococcal polysaccharide vaccinationa

PnC

GMC (�g/ml) (95% CI) Comparison of groups A
and BGroup A (PCV-7 primed) (n � 16) Group B (PPV-23) (n � 17)

Day 0 Day 7 Day 28 Day 0 Day 7 Day 28 Day 0 Day 7 Day 28

4 0.75 (0.45–1.05) 3.59** (0.00–8.25) 5.62* (1.80–9.44) 0.39 (0.17–0.61) 0.60* (0.21–0.99) 1.02 NS (0.50–1.54) ** *** ***
5 0.64 (0.54–0.75) 0.91* (0.74–1.08) 1.25* (0.92–1.58) 0.73 (0.48–0.99) 0.95 NS (0.31–1.58) 1.21 NS (0.33–2.10) NS NS NS
6B 0.64 (0.00–1.44) 1.76** (0.00–3.85) 2.24 NS (0.18–4.29) 0.18 (0.02–0.33) 0.27* (0.00–0.62) 0.32 NS (0.07–0.57) * * ***
9V 0.82 (0.19–1.45) 2.37** (0.00–7.22) 4.28** (0.00–10.4) 0.43 (0.00–2.18) 0.83* (0.00–1.68) 0.83 NS (0.00–2.17) NS * **
14 3.50 (2.50–4.49) 8.39** (0.00–18.4) 13.0* (0.00–28.7) 1.13 (0.54–1.73) 1.48* (0.86–2.11) 1.75 NS (1.38–2.12) *** *** ***
18C 0.86 (0.00–2.09) 2.35* (0.63–4.08) 2.94 NS (1.54–4.33) 0.39 (0.20–0.59) 0.78** (0.41–1.15) 1.13 NS (0.29–1.96) NS * *
19F 2.30 (0.00–5.27) 7.20** (0.00–15.02) 10.59* (2.35–18.8) 0.79 (0.34–1.24) 1.67** (1.25–2.10) 2.60** (1.22–3.99) * *** ***
23F 0.88 (0.14–1.63) 2.93** (0.00–7.22) 3.54 NS (0.25–6.83) 0.17 (0.03–0.31) 0.21* (0.00–0.62) 0.28 NS (0.00–0.88) ** *** ***

a PnC, pneumococcal serotype; n, number of patients; NS, not significant. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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was a 1.3-fold rise on day 7 and a 1.66-fold rise on day 28,
which reached no statistical significance.

Opsonophagocytic activity. OPA was determined for the
low-immunogenic serotype 23F before and 7 and 28 days after
the booster vaccination. Prior to immunization, median opso-
nic titers were 1:4 (1:4 to 1:2,048) for group A and 1:4 (1:4 to
1:32) for group B. On day 7, group A showed a median activity
of 1:4 (1:4 to 1:1,024) and group B of 1:4 (1:4 to 1:1,024). On
day 28, median opsonic titers were 1:256 (1:4 to 1:2,048) for
group A and 1:4 (1:4 to 1:512) for group B.

There was a direct correlation (Spearman r � 0.72; P � 0.01)
between antibody concentrations and functional OPA (Fig. 2).
OPA varied highly, especially in group A, reflecting high an-
tibody activity after conjugate vaccination. However, most in-
dividuals with a minimum antibody concentration of 1 �g/ml
had high OPA.

Seroprotection. A positive immune response to pneumococ-
cal serotypes was defined as an antibody concentration of �1.0
�g/ml and an opsonophagocytic titer of �1:64. Accordingly,
after 28 days, the percentage of responders was determined for
each group and revealed significantly more responders for low-
immunogenic serotypes 6B and 23F in group A, with 80.0%
and 73.7% of patients, compared to group B, with 25.0% each
(P � 0.01). There was no significant difference between re-
sponders in each group for the highly immunogenic serotypes
14 and 19F, even though the antibody concentration was sig-
nificantly higher in the primed group. Interestingly, even for
serotype 5, a higher percentage of responders was found in the
primed group A (64.3% versus 43.7% in group B).

Additionally, to further investigate the kinetics of immune
response, we determined the number of nonresponders to all
pneumococcal serotypes, remaining below the level of 1.0
�g/ml for each pneumococcal serotype (Table 4). As early as

on day 7 postvaccination, between 0 (serotypes 14 and 19F)
and 33.3% (serotypes 6B, 18C, and 23F) of group A subjects
remained below this critical threshold compared to between
5.9% (serotype 19F) and 82.4% (serotype 23F) of group B
subjects. For the non-PCV serotype 5, the percentage was
similar in both groups (57.1% in group A versus 62.5% in
group B).

DISCUSSION

Pneumococcal conjugate vaccines are immunogenic in in-
fants and induce long-term protection by inducing systemic
anamnestic IgG response (10, 37, 43). This has been demon-
strated by studying antibody responses to pure polysaccharide
antigens in infants who previously received conjugate vaccines
(10, 34). Significant responses to plain polysaccharide vaccine
challenge are generally not seen in unprimed infants. Thus, in

FIG. 2. Pneumococcal opsonophagocytosis titers versus antibody concentrations (r � 0.72; P � 0.01).

TABLE 4. Percentage of subjects with IgG antibody concentrations
below 1.0 �g/ml before and 7 and 28 days after pneumococcal

polysaccharide booster vaccination

PnCa
Group A (PCV-7 primed) Group B (unprimed)

Day 0 Day 7 Day 28 Day 0 Day 7 Day 28

4 68.8 6.7 6.7 87.5 70.6 56.3
5 85.7 57.1 35.7 75.0 62.5 56.3
6B 43.8 33.3 20.0 100 76.5 75.0
9V 68.8 20.0 13.3 81.3 47.1 62.5
14 6.3 0.00 0.00 31.3 17.6 6.3
18C 68.8 33.3 13.3 81.3 47.1 37.5
19F 12.5 0.00 0.00 43.8 5.9 6.3
23F 37.5 33.3 26.7 100 82.4 75.0

a PnC, pneumococcal serotypes.
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conjugate-primed toddlers a response upon a polysaccharide
challenge is considered indicative for immunological memory
(1, 44). In addition, we and others have shown that PCV-
vaccination can overcome the impaired immune response to
the plain pneumococcal polysaccharide in certain risk groups
(22, 30, 32, 39, 41, 46, 55). However, antibody concentrations
are not the only correlate of a protective immunity. As we
know from Haemophilus influenzae, conjugate vaccine efficacy
is also determined by differences in the kinetics of immune
response (17). Demonstration of B-cell memory has largely
been based on a rapid and strong antibody response to a dose
of plain polysaccharide vaccine after priming with a conjugate
vaccine (32, 33, 54).

There are only limited data on the kinetics of immunological
memory in high-risk groups. In our study, the anamnestic im-
mune response after the PPV booster vaccination was demon-
strated by the significantly more rapid and higher antibody
increase already within 7 days in the PCV-primed group A.
Moreover, the majority of patients primed with PCV-7 had
protective pneumococcal antibody levels (�1.0 �g/ml) for all
PCV-7 included serotypes already on day 7. This threshold
value also implicates long-term protection. Even for the weak
immunogenic serotypes 6B, 18C, and 23F, about two-thirds of
our subjects reached this threshold compared to 24%, 53%,
and 18%, respectively, in the unprimed group (Table 3). Ob-
viously, the kinetics of pneumococcal antibodies are serotype
dependent, an observation also suppported by others (15). As
there was only a marginal additional rise in antibody concen-
trations from day 7 to day 28 in these patients, the IgG anti-
body peak might have been reached even earlier. This obser-
vation is of special clinical importance when natural contact
with the organisms occurs and rapid protection is required
(e.g., in unvaccinated immunocompromized patients as post-
exposure immunization). Also, group B individuals previously
not responding to PPV-23 demonstrated a moderate immune
response seven days after the PPV booster. This might be also
due to having grown one year older in the meantime. While
group A subjects showed a further increase of specific pneu-
mococcal antibodies (significant for serotypes 4, 5, 9V, 14, and
19F) 28 days after PPV-23 administration, in group B, this was
observed only for the highly immunogenic serotype 19F and in
a much smaller amount.

Overall the development of a polysaccharide-specific mem-
ory seems to be influenced by the age at priming with the
glycoconjugate, the route of immunization, the time and fea-
tures of the booster, and other factors, as also demonstrated in
an early-life murine model reproducing the main features of
infant responses to pneumococcal vaccination (7, 24). Two
other studies in healthy senior subjects could not find a benefit
from a PPV-23 booster 1 (42) or 6 months (35) after PCV-7
immunization. The subsequent administration provided no ad-
ditional antibody response. On the other hand, in a Dutch
study 383 children (1 to 7 years old) with recurrent otitis media
were immunized with either PCV followed 6 to 7 months later
by PPV-23, or by hepatitis A or B vaccine (50). In the PPV-
23-boosted group, antipneumococcal antibodies against PCV-
containing serotypes were much higher. Also a study in 386
healthy United Kingdom infants showed results in favor of the
PPV-23 booster. They received three doses of PCV-7 or pla-
cebos in the first year of life, followed by a PPV-23 booster at
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13 to 16 months of age. The PPV-23 booster resulted in a 3.4-
to 51.7-fold rise of pneumococcal anticapsular IgG antibodies
depending on the serotype and immunization schedule (10).

PCV repeated priming like in our protocol has the potential
to support a booster response, improving immunogenicity and
efficacy. On the other hand, there is evidence that even a single
dose of a conjugate vaccine may increase antibody avidity (5,
6), and that higher avidity antibodies are more cross-reactive
with closely related pneumococci serotypes. Also, prevaccina-
tion antibodies are more cross-reactive than postvaccination
antibodies (44). In our study, we documented the frequency of
airway infections in our subjects in order to estimate clinical
efficacy prior to the PPV-23 challenge. Interestingly, there was
a marked reduction of previously frequent infections in the
PCV-primed patient group (Table 1).

We are aware of a minor selection bias, since the vaccinees
in group A were slightly older than in group B. Individuals up
to 5 years of age are regarded as relatively immature, which
finds its expression also in vaccination strategies (4). In order
to create comparable patient groups, we stratified our study
subjects as follows: patients up to 5 years of age and older than
5 years. The analysis of these data confirmed our results with
the restriction of smaller group sizes (Table 5). This better
immunogenicity of PCV compared to PPV beyond infancy has
also been suggested elsewhere (21, 39). Induction of immuno-
logical memory after priming with a pneumococcal conjugate
vaccine had previously also been shown for infants and patients
with Hodgkin�s disease after treatment (9, 15). Like in our
patients, a marked booster immune response was seen in in-
dividuals who initially did not respond to either polysaccharide
or conjugate vaccine alone. Even in patients without detectable
induction of circulating antibodies following the primary vac-
cination with PPV, the combined PCV-PPV schedule provided
protection against pneumococcal disease. This is presumably
due to the PCV-induced ability of these children to produce an
anamnestic response to contact with the wild-type bacteria. We
observed only moderate increases of GMCs for serotype 5,
which is exclusively included in PPV-23, in both groups. This
increase reached statistical significance only in the PCV-
primed group. This marginal phenomenon in group A subjects
might be due to more contact with wild pneumococci, since
they were slightly older and immunologically more mature.

All these concerns emphasize the importance of investigat-
ing not only quantitative but also qualitative aspects of pneu-
mococcal immunity in patients for whom antipolysaccharide
immunity is a problem. We could demonstrate a good corre-
lation of pneumococcal OPA and antibody concentrations (r �
0.72). Our observations confirm data from a study performed
in Filipino infants, who received an 11-valent pneumococcal
conjugate vaccine. The Finish group performing this trial
found comparable correlations between OPA and antibody
titers (r � 0.73 for serotype 23F) (36). The majority of our
patients with antibody GMCs of �1 �g/ml demonstrated high
OPA. In some cases, there was high opsonic activity related to
IgG antibody concentrations of less than 1 �g/ml, which would
be considered to be a nonresponder. But since polysaccharide
immunodeficiency is considered as a regulatory dysfunction of
the immune system, alternative compensatory mechanisms
might be more important in these patients. In our low-IgG
patients, we detected a marked serotype-specific IgM immune

response. In addition, there were a few other cases where
antibody levels of �1 �g/ml were associated with low OPA.
These cases may reflect individual variations of immune re-
sponse and underline the importance of qualitative testing in
this patient group. Other influences on the relationship be-
tween OPA and antibody levels are the IgG subclass distribu-
tion (19, 23), non-type-specific antipneumococcal antibodies
(53), or other heat-stable serum opsonins (e.g., mannose-bind-
ing lectin).

In conclusion, following a PPV booster, even patients pri-
marily not responding to solely PPV, showed a rapid and more
pronounced memory response after priming with PCV. There
was a good correlation between serum antibody GMCs and
OPA as a functional surrogate for protection.
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