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ABSTRACT

Serotype-specific protective immunity in pediatric patients with invasive pneumococcal disease (IPD)
has not been fully investigated. To determine the protective immunity to the infecting serotype, the
serotype-specific immunoglobulin G (IgG) levels and opsonization indices (Ols) were examined in 24
Japanese pediatric patients whose serum was collected within one month of an IPD episode between
May 2008 and June 2011. The median age (range) of IPD patients was 17 (10-108) months and 63% were
boys. In all 17 patients tested, the levels of serotype-specific IgG to the infecting serotype were higher
than 0.2 pg/ml, but the Ols to the infecting serotype were <8. The avidities of 19F- or 6B-specific IgG in
patients with levels higher than 5.0 pg/ml, but with undetectable Ols, were confirmed to be lower than
those in patients with high Ols. Our data demonstrated that although the levels of serotype-specific [gG
to the infecting serotype were higher than 0.2 ng/ml in sera of pediatric patients with IPD, the Ols were
low one month after the IPD episode. Low opsonic activities in these patients may, in part, be explained
by the low avidity of serotype-specific IgG.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

serotypes (VTs) has declined markedly, although the incidence of
non-VT infection has not declined [4-6]. A recent study reported

Streptococcus pneumoniae is a leading human pathogen that
causes a wide variety of diseases, ranging from otitis media to
pneumeonia, bacteremia, and meningitis in both children and adults
[1]. Antibodies to pneumococcal capsular polysaccharide (CPS) and
complement provide protection against pneumococcal strains with
homologous or cross-reactive capsular serotypes [2]. Seven-valent
pneumnococcal conjugate vaccine (PCV7; Prevnar®, Pfizer) has been
used for children in the USA since 2000 [3], and the incidence of
invasive pneumococcal disease (IPD) caused by the seven vaccine

* Corresponding author at: Infectious Disease Surveillance Center, National Insti-
tute of Infectious Diseases, Tokyo, Japan. Tel.: +81 3 5285 1111;
fax: +81 35285 1129.
E-mail address: oishik@nih.go.jp (K. Oishi).
1 See Appendix A.

0264-410X/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.vaccine.2012.11.010

that the incidence rate of IPD in children less than 5 years old was
12.6-13.8 per 100,000 in Chiba prefecture, Japan, before the intro-
duction of PCV7 [7]. However, no information is available regarding
a possible high-risk population for IPD in Japan, as was reported for
Navajo children in the United States [8].

PCV7 was licensed in Japan in October 2009, and a 3 + 1 schedule
(three doses for the primary series and one booster) was approved
and implemented (http://idsc.nih.go.jp/vaccine/dschedule.html).
Further, the Japanese government decided in November 2010 to
subsidize PCV7 for children below 5 years of age.

Vaccine-induced protective immunity is currently esti-
mated by measuring the concentrations of serotype-specific
immunoglobulin G (IgG) using enzyme-linked immunosor-
bent assay (ELISA) [9] and the opsonization index (Ol) using a
multiplex-opsonophagocytic assay (MOPA) [10]. The World Health
Organization working group suggested a serotype-specific IgG of
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concentration of 0.35 wg/ml as a putative measure of protection
at a population level against invasive disease in infants after
immunization with pneumococcal conjugate vaccine [11]. This
working group also reported that antibody concentrations of
0.2-0.35 pg/ml measured with the ELISA using serum without
serum absorption with 22F polysaccharide correlated best with
an Ol of 8, which in turn correlates best with protective efficacy.
Henckaerts et al. proposed a protective threshold concentration
of 0.20 pg/ml assessed with ELISA using serum absorption with
22F polysaccharide as a measure of the serotype-specific IPD
efficacy for the pneumococcal conjugate vaccine [12], with the
exception of serotype 19F [13]. A recent study also reported that
the serological response rate following a three-dose PCV7 primary
vaccination as determined using a threshold of >0.2 p.g/ml IgG and
an OI > 8 corresponded well with overall effectiveness against [PD
[14]. Although this threshold may not be necessarily applicable
to individual patients, it is of interest to determine the protective
immunity to the infecting serotype in sera collected during the
acute phase in pediatric patients with IPD.

In this study, we therefore examined the IgG levels and Ols to the
infecting serotype in sera of pediatric patients within one month
of an IPD infectious episode. We report that the opsonic activity to
the infecting serotype is low in sera obtained within one month of
an episode of IPD.

2. Materials and methods
2.1. Patients

Thirty-two pediatric patients, whose cultures from sterile sites,
such as blood or cerebrospinal fluid, were positive for S. pneumo-
niae between May 2008 and January 2012 at 22 hospitals in Japan,
were investigated in this study. All patients were enrolled in this
study when their attending doctors requested the measurement of
the antipneumococcal antibodies in their sera. Sera were obtained
from these 32 patients after the episode of IPD. All of the pneu-
mococcal isolates were serotyped using coagglutination tests with
rabbit antisera (Statens Serum Institute, Copenhagen, Denmark) at
the Department of Bacteriology I, National Institute of Infectious
Diseases. Serotype 6C was confirmed by an in-house factor anti-
serum [15]. All eight patients were excluded from our studies of
the protective immunity to the infecting serotype: six patients for
whom sera were collected more than one month after the onset of
the IPD, one patient who received intravenousimmunoglobulinas a
treatment of IPD, and one patient with an underlying hypogamma-
globulinemia. Consequently, we evaluated antipneumococcal 1gG
and the Ols to the infecting serotype in 24 pediatric patients with
IPD. This study was reviewed and approved by the Ethics Commit-
tee of the RIMD, Osaka University, and conducted according to the
principles expressed in the Declaration of Helsinki.

2.2. ELISA

Antipneumococcal IgG antibodies were measured with the
WHO approved ELISA using a standard reference serum (89-SF) and
C-polysaccharide and 22F polysaccharide absorptions as previously
described [9,16]. The levels of serotype-specific IgG for the infect-
ing serotypes including 6B, 9V, 14, 19F and 23F were determined
according to the WHO protocol [a detailed protocol is available at
www.vaccine.uab.edu/ELISAProtocol (89SF)].

2.3. MOPA
A multiplexed opsonophagocytic killing assay (MOPA) for the

infecting serotype based on antibiotic-resistant target bacteria
was performed at the Research Institute for Microbial Diseases,

Osaka University, as previously described [10]. The quality con-
trol serum was prepared from pooled sera of adults vaccinated
with the 23-valent pneumococcal polysaccharide vaccine (PPV23;
Pneumovax®, MSD), and this was used in each assay. The Ol was
defined as the serum dilution that killed 50% of bacteria, and the Ols
were determined using opsotiter3 software according to the WHO
protocol (at www.vaccine.uab.edu/UAB-MOPA). Only the Ol results
for the infecting serotypes including 6B, 6C, 14, 19A, 19F and 23F
were used in this study.

2.4. Measurement of protective immunity

Neither the serotype-specific IgG nor the Ol was available in one
patient with serotype 15B and another with serotype 24F infec-
tion. Only the OI was available in three patients with serotype
19A and two patients with serotype 6C infection. The Ols were not
determined in another five patients because their sera contained
antibiotics. Consequently, the level of serotype-specific IgG or OI to
the infecting serotype was measured in 17 patients, and both the
levels of serotype-specific IgG and Ols were measured in only 14
patients.

2.5. Avidity of serotype-specific IgG

The avidity of the serotype-specific IgG in sera was evaluated
using ELISA by the previously published method with a minor
modification [17]. Serum samples that had been preadsorbed C-
polysaccharide and 22F CPS were added to the coated microtiter
plates, and the plates were incubated for 1 h at 37 °C. After washing
the plates, sodium thiocyanate (NaSCN) at concentrations from O
to 1.0 M was added to each well and the plates were incubated for
15 min at room temperature. After washing of the plates, diluted
goat anti-human IgG HRP-conjugate was added to each well. After
incubation for 1 h at room temperature, the substrate solution was
added to the plates, followed by incubation for 20min at room
temperature. The optical density at 405nm was measured. The
avidity of serotype-specific IgG was expressed as the percentage
of absorbance remaining after treatment with different concentra-
tions of NaSCN.

3. Results

The clinical characteristics of the 24 pediatric patients with IPD
are shown in Table 1. The diagnosis of these patients included
meningitis (n=11), bacteremia (n=10), and bacteremic pneumo-
nia(n=2)and septicarthritis (n=1). The median age (range) was 17
(10-108) months, and 63% were boys. Four patients (17%) had asso-
ciated comorbid conditions including immune thrombocytopenia
and splenectomy, meningoencephalocele, asplenia and single ven-
tricle, and hydrocephalus (V-P shunt). In the 24 examined, the most
common infecting serotype was 6B (9 isolates, 38%), followed by
19F (4 isolates, 17%), 19A (3 isolates, 13%), 6C and 14 (2 isolates
each 8%) and one isolate each of 9V, 15B, 23F and 24F (4%). The
median (range) period from the onset of IPD to the time of serum
collection was two (0-23) days.

Three patients received PPV23 due to pre-existing medical con-
ditions (Table 1). Before their episode of IPD, two patients infected
with serotype 19F and one patient infected with serotype 9V
received PPV23. Because PPV23 contains serotypes 19F and 9V,
all three cases were considered PPV23 vaccine failure (VF). Ten
patients received one to three doses of PCV7 at various ages as
shown in Table 1. Only one patient (Case 18) completed a course of
three doses of PCV7 between 2 and 6 months of age. The other
nine patients were immunized with PCV7 during the catch-up
phase. PCV7 breakthrough infection (BTI) was defined where a
patient who received at least one dose of PCV7 had an episode
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Table 1

Clinical characteristics of 24 pediatric patients with invasive pneumococcal disease (IPD).

No. Age Sex  Diagnosis Comorbid condition Infecting Serum obtained  Antibody to the Vaccination before Age at each Category of IPD  Category of IPD Outcome
(months) serotype days after IPD infecting serotype IPD (doses) dose (month)  after PPV23 after PCV7
1gG (pg/ml)  O1
1 108 M Meningitis ITP, splenectomy 19F 10 6.53 2 PPV23(1) 62 Vaccine failure NA Alive
2 50 M Meningitis Meningoencephalocele 19F 17 5.1 2 PPV23(1) 42 Vaccine failure NA Alive
3 75 M Bacteremia Asplenia, single 9V 1 0.57 NT  PPV23(1) 24 Vaccine failure  NA Dead
ventricle
4 14 M Bacteremia None 6B 11 0.34 2 None - NA NA Alive
5 38 M Meningitis None 19F 4 1.08 2 None - NA NA Alive
6 14 M Bacteremia None 14 5 2.1 5 None - NA NA Alive
7 13 M Bacteremia None 6B 4 2.25 NT  None - NA NA Alive
8 12 M Meningitis None 6B 20 1.81 7 PCV7(1) 10 NA Breakthrough Alive
infection
9 10 M Meningitis None 19F 0 0.85 NT  None - NA NA Alive
10 17 M Bacteremic None 19A 2 NA NT  None - NA NA Alive
pneumonia
11 30 M Bacteremic None 6B 0 0.53 2 PCV7(1) 28 NA Vaccine failure Alive
pneumonia
12 17 F Meningitis None 24F 1 NA NA  PCV7(1) 16 NA Non-VT infection Alive
13 12 F Meningitis None 6B 12 0.78 2 None - NA NA Alive
14 10 M Meningitis None 15B 2 NA NA  None - NA NA Alive
15 30 F Bacteremia None 6B 0 1.18 2 PCV7(1) 26 NA Vaccine failure Alive
16 26 F Bacteremia None 19A 1 NA 2 None - NA NA Alive
17 15 F Bacteremia None 14 0 1.75 2 None - NA NA Alive
18 10 M Bacteremia None 19A 0 NA 2 PCV7(3) 4,5,6 NA Non-VT infection Alive
19 30 F Meningitis Hydrocephalus (V-P 6B 23 0.92 2 PCV7(1) 28 NA Vaccine failure Alive
shunt)
20 17 F Meningitis None 6B 0 1.38 2 PCV7(2) 9,11 NA Breakthrough Alive
infection
21 11 F Septic arthritis ~ None 23F 0 0.55 2 PCV7(3) 7,8,9 NA Breakthrough Alive
infection
22 16 F Bacteremia None 6B 0 5.62 2 None - NA NA Alive
23 49 M Meningitis None 6C 1 NA 2 PCV7(1) 36 NA Non-VT infection Alive
24 14 M Bacteremia None 6C 7 NA NT  PQV7(2) 9,10 NA Non-VT infection Alive

01, opsonization index; ITP, immune thrombocytopenia; PPV23, 23-valent pneumococcal polysaccharide vaccine; PCV7, 7-valent pneumococcal conjugate vaccine; NA, not applicable; NT, not tested because of antibiotic use;

VT, vaccine type.
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Fig. 1. Avidity of serotype 19F-specific IgG (A) and serotype 6B-specific IgG (B) in sera from pediatric patients with invasive pneumococcal diseases. Two serum samples
from Case 1 (closed diamond) and Case 2 (closed square), and the positive control serum (closed triangle) from Case 6 (four months after the episode of IPD and one month
after two doses of PCV7 vaccination) were examined for the avidity of serotype 19F-specific IgG. Two serum samples from Case 22 before (open diamond) and after (open
square) two doses of PCV7 vaccination, and a positive control serum (open triangle) collected from Case 6 after two doses of PCV7 were used to test the avidity of serotype

6B-specific IgG.

of IPD for which the pneumococcal isolate was a PCV7 serotype,
and PCV7 VF was defined as the subset of BTI in which the patient
had completed the Advisory Committee on Immunization Practice
(ACIP)-recommended PCV7 vaccine schedule at least two weeks
before the IPD [18,19]. An instance of an IPD patient who had had
at least one dose of PCV7 and for whom the pneumococcal isolate
was not a PCV7 serotype was defined as PCV7 non-VT infection. Of
10 patients who received PCV7 previously, three cases (Cases 11,
15 and 19) were classified as PCV7 VF, and three cases (Cases 8, 20
and 21) were classified as PCV7 BTI. The other four cases (Cases 12,
18, 23 and 24) were classified as PCV7 non-VT infection.

The level of serotype-specific IgG or the OI for the infecting
serotype was determined for 17 of 24 cases. The levels of specificIgG
for the infecting serotype ranged widely from 0.34 to 6.53 pug/ml.
In all 17 cases, the level of specific IgG for the infecting serotype
was higher than 0.20 pg/ml, the putative threshold for preventing
IPD [12,14]. The geometric mean concentration for the 17 cases was
1.35 pg/ml. In contrast, the Ol for the infecting serotype was <8 in
all of 17 cases. In particular, obvious discrepancies were found in
two patients with serotype 19F (Cases 1 and 2) and one patient with
serotype 6B (Case 22) who had serotype-specific IgG higher than
5 pg/ml and undetectable OL

To investigate these discrepancies, we next examined the avidi-
ties of serotype 19F-specific IgG in sera from Cases 1 and 2, and
the avidities of serotype-6B specific IgG in sera from Case 22. The
percentages of remaining absorbance to 19F CPS of the positive
control serum (IgG 7.25 pg/ml, Ol 2336) collected from a patient
(Case 6) after two doses of PCV7 vaccination were 100-75% at
concentrations of 0.25-1.0 M of NaSCN (Fig. 1A). In contrast, the
percentages of remaining absorbance to 19F CPS of sera from Cases
1 (IgG 6.53 pg/ml, OI 2) and 2 (IgG 5.10 wg/ml, OI 2) to 19F CPS
were 74-44% and 71-26% at concentrations of 0.25-1.0 M of NaSCN,
respectively.

The percentages of remaining absorbance to 6B CPS of the pos-
itive control serum (IgG 4.16 pg/ml, Ol 4626) collected from Case
6 after two doses of PCV7 99-59% at concentrations of 0.4-1.0M
of NaSCN (Fig. 1B). In contrast, the percentages of remaining
absorbance of serum from Case 22 before PCV7 vaccination (IgG
5.62 pg/ml, Ol 2) and after two doses of PCV7 vaccination (IgG
2.37 pg/ml, Ol 562) were 71-25% and 81-34% at concentrations
of 0.4-1.0M of NaSCN.

4. Discussion

In pediatric patients with IPD, the serum Ols for the infecting
serotype within one month after the infectious episode were <8

in all 17 patients tested for Ol, although the levels of IgG for the
infecting serotype were higher than 0.2 wg/ml in all 17 patients
tested for serotype-specific IgG. Undetectable Ols suggest that the
serotype-specific IgG in their sera are largely nonfunctional. Soini-
nen et al. similarly reported that sera from unimmunized children
without nasopharyngeal carriage contained serotype-specific IgG,
but infrequently had serotype-specific opsonic activity [20].

Three patients received PPV23 before PCV7 was licensed in
Japan in 2009 because they were at increased risk for pneumococ-
cal disease. Although the current guideline of the ACIP recommends
that children aged 2-18 years with underlying medical conditions
should receive PPV23 after completing all recommended doses of
PCV13[21], pediatricians should be aware of the possible induction
of nonfunctional IgG by PPV23 in high-risk children aged >2 years.
Two patients with PCV7 BTl received one or two doses of PCV79-11
months after birth, and two patients with PCV7 VF received only
one dose of PCV7 26-28 months after birth. All four of these patients
comprised the catch-up cases for PCV7. Interestingly, all cases with
BTI or VF were caused by serotype 6B. A recent study from the US
reported that 155 of 753 (21%) pediatric IPD cases were PCV7 BTIs
caused predominantly by serotypes 6B (32%) and 19F (29%) [18].
The PCV7 BTIs caused by serotype 6B were more likely to have
occurred in children who received only one or two PCV7 doses (84%)
compared with infections caused by other VTs (61%). Rennels et al.
also reported a low immune response to 6B and other serotypes,
including 9V and 18C in children who received fewer than three
doses of PCV7 [22].

Our data demonstrated that sera collected from Cases 1, 2 and
22 containing 19F- or 6B-specific IgG levels higher than 5.0 pg/ml,
but lacking opsonic activity, contained lower avidity of serotype-
specific IgG than the positive control sera with high Ols. An
improvement of the avidity of 6B-specific I[gG was confirmed in
the sera with a high OI from Case 22 by two doses of PCV7 vacci-
nation. Two previous studies using sera from healthy adults with
or without vaccination with PPV23 demonstrated that higher avid-
ity antibodies were more effective than lower avidity antibodies
in in vitro complement-dependent opsonophagocytosis and for
in vivo protection against pneumococcal infection in mice [23,24].
These data are, partially, in agreement with our findings of high
levels of serotype-specific IgG with low avidity in serum from
pediatric patients within one month after IPD. The low avidity of
serotype-specific IgG levels may explain the undetectable Ols in
sera collected from Cases 1, 2 and 22 within one month of an IPD
episode.

O'Brien et al. recently reported the pneumococcal antibody sta-
tus in a child with of PCV7 vaccine failure caused by serotype 14
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[25]. In this patient, the serotype-specific IgG and the Ols in serum
were 4.98 pg/ml and 1024, respectively, 35 days after the adminis-
tration of three doses of PCV7. However, this patient developed
occult bacteremia at 9.6 months of age, 53 days after the third
dose of PCV7. Because of a slightly decreased serotype-specific IgG
(4.25 pg/ml) and a significantly decreased OI of 4 in the serum of
this patient after this episode of IPD, the authors suggested that the
functional antibodies existing during infection with consumed by
binding to the serotype 14 antigen. This finding also suggests that
the ELISA assay detected some nonspecific or nonfunctional IgG in
the serum of this patient, and is in agreement with the findings in
the sera of our pediatric patients with IPD.

The limitations of our study are the small number of IPD cases
examined and the variable timing of serum collection, although
the sera were all collected within one month after the IPD episode.
These limitations meant that we were unable to compare the induc-
tion of opsonic activity to the infecting serotype between the acute
phase and the convalescence phase in pediatric patients with IPD.

In conclusion, in all of 17 patients tested within one month
of an IPD episode, the serum OIs to the infecting serotype were
<8, whereas the levels of serotype-specific IgG were higher than
0.2 pg/ml Low avidity of the serotype-specific IgG were confirmed
in three patients associated with the serotype-specific IgG levels
higher than 5 p.g/ml, but with undetectable Ols.
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