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ABSTRACT

Antibody responses to the infecting serotype in children who are vaccinated with pneumococcal conju-
gate vaccine (PCV) after having invasive pneumococcal diseases (IPD) have not been fully investigated.
Of 56 children diagnosed with IPD between October 2009 and April 2013 in whom the infecting serotype
was confirmed, 17 who were vaccinated with PCV7 following IPD were tested to determine the geomet-
ric mean concentration of serotype-specific immunoglobulin G (IgG) and the geometric mean titers of
opsonization indices (Ols) using paired sera obtained at the onset of IPD and after PCV doses following
the resolution of IPD. The geometric mean concentrations of serotype-specific 1gG for all PCV7 serotypes
other than serotype 6B were significantly increased after the last PCV7 dose compared with those at
the time of IPD onset (P<0.01), as were the geometric mean titers of Ols for all PCV7 serotypes. In 14
children with IPD caused by PCV7 serotypes for whom both 1gG and Ol results were available, the Ols
for the infecting serotype at the time of IPD onset were <8, although the IgG levels varied between from
<0.2 to >5.0 pg/ml. After the last PCV7 dose, the Ols for the infecting serotype remained <8 for six (43%)
of 14 children. In these six children, hyporesponsiveness to PCV7 was specific for the infecting serotype.
Hyporesponsiveness was found for serotypes 6B (n=5) and 23F (n=1). No difference was found between
the responders (n=8) and the hyporesponders (n=6) with regard to any clinical characteristics. Our data
suggest that hyporesponsiveness to the infecting serotype may occur in children vaccinated with PCV7
following IPD.

© 2014 Published by Elsevier Ltd.

1. Introduction

meningitis [1]. Antibodies to pneumococcal capsular polysac-
charide (CPS) and complement provide protection against

Streptococcus pneumoniae is a major worldwide cause of mor- pneumococcal strains with homologous or cross-reactive capsular
bidity and mortality resulting from pneumonia, bacteremia, and serotypes [2]. The introduction in 2000 of the seven-valent pneu-

mococcal conjugate vaccine (PCV7; Prevenar®, Pfizer) for children
in the United States younger than 2 years and children aged 2-4
years in a high-risk category was effective, dramatically reducing

* Corresponding author. Tel.: +81 3 5285 1111; fax: +81 3 5285 1129.
E-mail address: oishik@nih.go.jp (K. Oishi).
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the incidence of invasive pneumococcal disease (IPD) [3,4]. The
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lowered rate of hospitalization for childhood and adult pneumo-
nia has been sustained during the decade since the introduction of
PCV7 [5].

In Japan, PCV7 was licensed in October 2009, the Japanese gov-
ernment began to subsidize it for children less than 5 years of age
in November 2010. PCV7 for children under 5 years of age was sub-
sequently included in the routine immunization schedule at public
expense in April 2013.

Vaccine-induced protective immunity is currently esti-
mated by measuring the concentrations of serotype-specific
immunoglobulin G (IgG) using enzyme-linked immunosorbent
assay (ELISA) [6] and the opsonization index (OI) using a multiplex
opsonophagocytic assay (MOPA) [7]. The World Health Organiza-
tion (WHO) working group 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
OI of 8, which in turn correlated best with protective efficacy [8].
Henckaerts et al. proposed a protective threshold concentration
of 0.20 wg/ml assessed with ELISA using serum absorption with
22F polysaccharide as a measure of the serotype-specific efficacy
of the pneumococcal conjugate vaccine against IPD among infants
less than 1 year of age [9], with an exception of 19F [10]. We
recently reported that the Ols for the infecting serotypes in sera
of children with IPD were almost undetectable during acute phase
of IPD, although the levels of serotype-specific IgG were higher
than 0.20 pg/ml [11]. Based on this finding, it was necessary for
us to examine whether children with IPD could develop anti-
body response to the infecting serotype after vaccination with
PCV7.

A previous study demonstrated that most children respond
to PCV7 following resolution of IPD, but suggested that IPD
caused by particular serotypes in children could result in hypore-
sponsiveness to the infecting serotype [12]. However, limited
information is available in regards to the immune response
in children vaccinated with PCV following IPD because the
serotype-specific Ols have never been evaluated. We, therefore,
conducted the present study to determine antibody response
to PCV7 vaccine serotypes by measuring the OIs as well as
the IgG levels in children vaccinated with PCV7 following
IPD.

2. Materials and methods
2.1. Patients

Children under 9 years of age, who had infection caused by
S. pneumoniae, which was isolated from normally sterile body
sites such as blood or cerebrospinal fluid, were enrolled in this
study when their attending doctors requested the measure-
ment of the antipneumococcal antibodies in their sera. Fifty-six
children were enrolled between October 2009 and April 2013
at 41 hospitals in Japan. All of the pneumococcal isolates were
serotyped at the Department of Bacteriology I, National Institute
of Infectious Diseases, by agglutination tests with rabbit antisera
(Statens Serum Institute, Copenhagen, Denmark). Serotype 6C was
confirmed by an in-house antiserum [13]. Because the OI for the
infecting serotype was assumed to be low after the onset of IPD,
we determined the antibody response after vaccination with PCV7
vaccination following the resolution of IPD. Of 56 children with
IPD, 21 received PCV7 vaccination following the resolution of IPD
(Fig. 1). One child who died of IPD and the other 34 children did
not receive PCV7 vaccination. Paired sera collected at the onset
of IPD (the first blood sample) and after PCV7 vaccination (the
second blood sample) were collected from 17 children of the 21

Children who had
never received PCV7

Children who had
received 21 PCV7 doses

(n=25) (n=31)
[ Onset of IPD (n = 56) ]
(o)
21 PCV7 doses after IPD No PCV7 doses after IPD
(n=21) (n=34)

Exclusion from antibody response study (n = 4)
- Hypogammaglobulinemia (n = 2)
=Lack of serum coliection {n = 2)

Antibody response study (n =17)
+Infection with vaccine type (n = 14)
*Infection with nonvaccine type {n = 3)

Fig. 1. Flow diagram of this study of children with invasive pneumococcal disease.

children who received PCV7 vaccination following the resolution
of IPD. The other four children were excluded from this study
was not collected at the time of IPD (two children) or they had
comorbid hypogammaglobulinemia (two children). Fourteen of
the 17 children were infected with a PCV7 serotype, and three
were infected with a non-PCV7 serotype. As children received
one to three doses of PCV7 after their episode of IPD, we defined
the PCV7 dose before the second blood sampling as the last PCV7
dose. The median number of days (range) from IPD onset to the
first blood sampling and from the last PCV7 dose to the second
blood sampling was 0 (0-11) and 32 (27-120), respectively. The
median number of days (range) from the IPD onset to the last PCV7
dose was 132 (15-633). Sera from children were submitted to the
Research Institute for Microbial Diseases (RIMD), Osaka University,
Japan, for determination of the IgG levels by ELISA and the Ols by
MOPA.

Data collected from these patients included age at illness,
clinical manifestations, outcome, comorbid conditions, and vac-
cination history. Clinical manifestations were divided into two
categories: meningitis and non-meningitis. The non-meningitis
categories included clinical manifestations of sepsis and sepsis with
focal signs other than meningitis. The schedule of immunization
with PCV7 was implemented according to a previous guideline [3].
The standard schedule is for infants aged 2-6 months: 3 doses
as a primary series and the fourth (booster) dose at age 12-15
months. The catch-up schedules are for children aged >7 months:
2 doses as primary series and 1 dose as a booster for infants aged
7-11 months, 2 doses for children aged 12-23 months, and a
single-dose for children aged >24 months. Furthermore, some of
the children received more PCV7 doses than the age-appropriate
schedules after treatment for IPD, if the parents or guardians agreed
with additional booster doses of PCV7. Breakthrough infection was
defined as IPD in a child who had received >1 PCV7 dose and
for which the pneumococcal isolate was a PCV7 serotype, and
vaccine failure was defined as the subset of breakthrough infec-
tion in which the patients had completed the vaccine schedule
[3,14,15].
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This study was reviewed and approved by the Ethics Committee
of RIMD, Osaka University, and conducted according to the princi-
ples expressed in the Declaration of Helsinki.

2.2. ELISA

Antipneumococcal IgG antibodies were measured with the
WHO-approved ELISA using standard reference sera (89-SF and
007sp) and absorptions with C-polysaccharide and 22F polysac-
charide, as previously described [6,16]. The cutoff for the assay was
0.05 pg/ml for all serotypes. The levels of serotype-specific IgG for
the infecting serotypes, comprising serotypes 4, 6B, 9V, 14, 18C,
19F, and 23F, were determined according to the WHO protocol
(available at www.vaccine,uab,adu/ELISA protocol).

2.3. MOPA

The MOPA for the infecting serotype, based on antibiotic-
resistant target bacteria, was performed as previously described
[7]. The quality-control serum was prepared from pooled sera of
adults vaccinated with the PPV23, and this was used in each assay.
The OI was defined as the serum dilution that killed 50% bacteria,
and Ols were determined using opsotiter3 software according the
WHO protocol (at www.vaccine.uab.eduf/UAB-MOPA). The cutoff
for all serotypes was a serum dilution of 1:4, and the value below
the cutoff value was represented as <1:4. The serotypes for which
we determined Ols in this study were serotypes 4, 6B, 9V, 14,18C,
19F, and 23F.

2.4. Statistics

Chi-square analysis was used for comparison between children
who had never received PCV7 and children who had received at
least one dose of PCV7. The Ol was logarithmically transformed for
statistical analysis. Wilcoxon matched-pairs signed-ranks test was
used to assess the increase in the levels of serotype-specific 1gG
and the Ols from pre to post vaccination. Chi-square analysis and
Mann-Whitney U test were used to assess the differences in clinical
characteristics between the responder group and the hyporespon-
der group. All the analyses were performed with SPSS version 15.0
(SPSSInc., Chicago, IL, USA). P-values less than 0.05 were considered
significant.

3. Results

Of 56 the children with IPD enrolled in this study, 31 had
received at least one dose of PCV7 at the time of onset of IPD, while
25 children had never received PCV7. Of the 31 patients who had
received at least one dose of PCV7, only 5 (9%) had received the full
standard schedule of PCV7. The median age (range) in months at the
onset of illness for the 56 children with IPD was 17 (3-67). Thirteen
children (23%) had comorbid illnesses including hypogammaglob-
ulinemia (n=2), asplenia (n=1), Mondini dysplasia (n=1), bilateral
inner ear malformation with cochlea implant (n=1), chronic oti-
tis media (n=1), pulmonary artery stenosis (n=1), chromosomal
abnormality and craniosynostosis (n=1), hydrocephalus with VP
shunt (n=1), asplenia and single ventricle (n=1), a deficit of the
base of skull (n=1), chromosomal abnormality and tetralogy of
Fallot (n=1), and deficiency of interleukin-1 receptor-associated
kinase 4 (n=1). Only one fatality was noted: a patient with chro-
mosomal abnormality and tetralogy of Fallot who had received one
dose of PCV7 at 2 years of age.

In the 56 children with IPD, the most common infecting serotype
was 6B (n=15), followed by 19A (n=10), 6C (n=6), 23F (n=4), 19F
(n=4), 14 (n=4), and others (n=13). Twenty-eight children (50%)
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Fig. 2. Comparison of serotype-specific IgG concentrations between the time of
onset of invasive pneumococcal disease (IPD) and after PCV7 vaccination in 17 chil-
dren following the resolution of IPD. The IgG concentrations at the time of onset of
IPD and after the last dose of PCV7 are shown as ‘pre’ and ‘post’ for each serotype.
Bars indicate geometric mean concentrations (GMCs) with 95% confidence intervals.
'P<0.01 (‘pre’ vs. ‘post’), " P<0.001 (‘pre’ vs. ‘post’), #P> 0.05 (‘pre’ vs. ‘post’).

had IPD that were attributable to PCV7 serotype. Of the 28 chil-
dren with IPD caused by vaccine serotypes, eight had received at
least one dose of PCV7. Of these eight children, three (all with
serotype 6B) were defined as vaccine failure, and five were defined
as breakthrough infection (three with serotype 6B, two with 23F).
The frequency (26%) of IPD caused by PCV7 serotypes was signifi-
cantly lower in 31 patients who had received at least one dose of
PCV7 than in the 25 children who had never received PCV7 (80%)
(P<0.001).

To investigate the antibody responses induced in children by
PCV7 vaccination following the resolution of IPD, we compared the
serotype-specific IgG concentrations and the serotype-specific Ols
of 17 children atIPD onset (‘pre’) and following IPD after the last PCV
dose (‘post’) (Figs. 2 and 3). This group included no patients who
had been given intravenous immunoglobulin for treatment of [PD
or who had a comorbid condition that might influence the antibody
response after PCV7 vaccination. The geometric mean concentra-
tions (GMCs) of IgG specific for all of PCV7 serotypes other than
serotype 6B were significantly higher after the last PCV7 dose fol-
lowing IPD than those at the onset of IPD (P<0.01, Fig. 2). The
geometric mean titers (GMTs) of logyo Ols after the last PCV7 dose
were significantly higher than those at the onset of IPD for all the
PCV7 serotypes (P<0.01, Fig. 3), although the GMT of logyg Ol for
serotype 6B was lower after the last PCV7 dose than for the other
serotypes.

Of the 17 children, three were infected with a nonvaccine
serotype. Therefore, we were not able to determine the serotype-
specific IgG concentrations and Ols for the infecting serotype for
these children. The serotype-specific IgG concentrations and Ols
for the infecting serotype at the onset of IPD and after the last PCV7
dose are shown for the remaining 14 children with IPD infected
with a vaccine serotype (Table 1).

Of these 14 children, four had received one or three doses of
PCV7 before the onset of IPD. At the onset of IPD, the Ols for the
infecting serotypes were <8 for all 14 children, although the lev-
els of serotype-specific IgG varied between 0.17 and 5.62 p.g/ml.
The OIs for the infecting serotypes remained <8 after the last PCV7
dose for six (43%) of the 14 patients. Therefore, the 14 children
were classified into two groups: a responder group (n=8) and
a hyporesponder group (n==6). Six children were hyporesponsive
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Table 1
Clinical characteristics including antipneumococcal antibodies of paired serum for infecting serotype in fourteen children.

Case Sex Comorbid Clinical category Infecting Age Age (months) at which Time (days) Time (days) 1gG concentration and
condition serotype (months) at PCV7 administered from IPD from the OI for the infecting
IPD onset onset to the last PCV7 serotype
first blood dose to the
sampling second
blood
sampling
At the first blood At the second blood
sampling sampling
Before IPD After IPD IgG (g/ml) ol 1gG (pg/ml) ol
1 F None Non-meningitis? 23F 11 6,7,and 8 15 0 30 0.34 <4 0.13 <4
2 M None Meningitis 6B 21 18 22 and 24" 0 46 1.81 7 143 <4
3 F None Non-meningitis® 6B 31 26 35h 0 120 1.18 <4 0.39 <4
4 M None Non-meningitis® 6B 30 28 34h and 0 30 0.53 <4 0.32 <4
4511
5 F None Meningitis 6B 12,137 None 13,14, and 02 103 0.78 <4 2.80 <4
3211
6 M None Non-meningitis? 6B 14 None 16,18, and 11 32 0.22 <4 0.15 <4
20?\
7 M None Non-meningitis® 23F 12 None 13 0 27 0.36 <4 2,62 19
8 F None Non-meningitis® 6B 16 None 18 and 19 0 28 5.62 <4 2.37 562
9 F None Non-meningitis” 23F 18 None 19 and 22 0 31 0.72 <4 8.27 5491
10 M None Non-meningitis® 6B 14,17 None 31 38 37 1.78 <4 1.18 17,946
11 M None Non-meningitis® 19F 35 None 36 0 28 0.68 <4 3.73 85
12 M None Non-meningitis® 14 13,16 None 16 and 18 0¢ 42 2.09 5 9.61 4040
13 F None Non-meningitis® 14 15 None 36 0 31 1.75 <4 3.55 5266
14 M Mondini Meningitis® 9V 67 None 68 1 44 0.17 <4 2.65 491
dysplasia

Ol, opsonization index; F, female; M, male.
2 Septic arthritis.
b Bacteremia,
¢ Bacteremic pneumonia.
d Bacteremia with otitis media.
¢ Meningitis with otitis media.
f This patient had IPD at 12.0 and 13.9 months of age after the first dose of PCV7 at 13.0 months of age.
£ patient who had two episodes of IPD. Serum was obtained during the first episode of IPD.
h Additional booster dose of PCV7.
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Fig. 3. Comparison of serotype-specific opsonization index (Ol) between the time
of onset of invasive pneumococcal disease (IPD) and after PCV7 vaccination in 17
children following the resolution of IPD. The log;o Ol at the time of onset of IPD and
after the last dose of PCV7 are shown as ‘pre’ and ‘post’ for each serotype. Bars indi-
cate the geometric mean titers of logyy Ols with 95% confidence intervals. "P<0.01
(‘pre’ vs. ‘post’), " P<0.001 (‘pre’ vs. ‘post’).

to serotypes 6B (n=5) and 23F (n=1). Five children (Cases 2, 3,
4, 5 and 6) remained hyporesponsive to the infecting serotype
although they received one or two additional booster doses of
PCV7.

To clarify whether the hyporesponsiveness was specific to the
infecting serotype, the levels of serotype-specific 1gG and Ols
are shown for all the PCV7 serotypes at the time of IPD onset
and after the last PCV7 dose in the six hyporesponsive children
(Table 2). In these six children, the serotype-specific I1gG levels
and Ols increased for most of the noninfecting PCV7 serotypes,
so the hyporesponsiveness was specific to the infecting serotype.
Although we compared the clinical characteristics of two groups
(responder and hyporesponder) within 14 children with IPD, no
significant difference was found for the frequency of female sex
(P=0.64), meningitis (P=0.35), presence of comorbid conditions
(P=0.37), age at the onset of IPD (P=0.70) or at the first PCV7
dose (P=0.15), and days from the IPD onset to the last PCV7 dose
(P=0.25).

4. Discussion

This study included 56 children with IPD in whom the infecting
serotype was confirmed. As this study included a period of 1 year
before the Japanese government started to subsidize the PCV7 (in
November 2010), 25 (45%) of the children had never received PCV7
at the time of IPD onset. The significant difference found in this
study in the frequency of IPD with PCV7 serotypes between children
who had received at least one dose of PCV7 and PCV7-naive children
is in agreement with a recent report by Harboe et al. {17]. In 17
children who were vaccinated with PCV7 following the resolution
of IPD, a significant increase was found after the last PCV7 dose in
the level of IgG for all the PCV7 serotypes except serotype 6B and
in the OIs for all the PCV7 serotypes.

In all 14 children who had IPD caused by PCV7 serotypes, the Ols
to the infecting serotype were <8 at the time of IPD onset, although
most patients had IgG levels >0.20 wg/ml (Table 2). This finding is
consistent with results of our previous study [11]. Importantly, here
we found that six (43%) of 14 children remained hyporesponsive
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Table 2

Serotype-specific IgG concentrations and opsonization indices (OIs) of six children who were unresponsive to PCV7 for the infecting serotype.

Serotype-specific IgG concentration (g/ml) and Ol for PCV7 serotype

Age (months)

Infecting
serotype

Case

K. Tamura et al. [ Vaccine 32 (2014) 1444-1450

oV 14 18C 19F 23F

6B

PCV7 doses Blood

IPD onset

sampling

o1

1gG

Ol

1gG

Ol

IgG

Ol

ol

1gG

Ol

1gG

[0}}

1gG

6,7.8,15

11

23F

18,22,24

21

6B

26,35

31

6B

30 28,3445

6B

13,14.32

12,13

6B

14
21

14 16,18,20

6B

The values in the gray columns are those after the PCV7 dose.
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(0I<8) to the infecting serotype after the last PCV7 dose, although
the other eight children showed variable responses to the infect-
ing serotype based on increased Ols (0I=19-17,946). We could
not identify any clinical characteristic of the six children that was
associated with their specific hyporesponsiveness to the infecting
serotype after the last PCV7 dose.

A lack of a significant increase in IgG specific for serotype 6B
after PCV7 vaccination in 17 children with IPD could partly be
explained by the relatively weak immunogenicity of serotype 6B.
Previous studies have demonstrated no marked increase in anti-
6B IgG in children after one or two doses of PCV [18-20]. As the
hyporesponsiveness found in this study in children vaccinated with
PCV7 following the resolution of IPD was specific to the infecting
serotype, nonspecific immunosuppressing factors or genetic fac-
tors of the host are unlikely to contribute to this phenomenon.

Borrow et al. reported that eight of 107 children with IPD failed
to develop an IgG response to their infecting serotype [12]. For all of
these children, the IgG levels for the infecting serotypes were less
than 0.35 pg/ml (range: 0.01-0.34 jg/ml). The authors speculated
that this phenomenon could be explained by an immune paralysis
because of a large load of pneumococcal polysaccharide during the
episode of IPD and/or to a potential genetic basis for hyporespon-
siveness to individual serotypes. In contrast, in our study, the IgG
levels for the infecting serotypes ranged from 0.13 to 2.80 pg/ml
in the six children in our study who were hyporesponsive to the
infecting serotype after the last PCV7 dose. Although the IgG lev-
els exceeded 0.35 pg/mil for three of these six children, the Ols for
all six were less than 8. Therefore, an OI <8, but not an IgG level
<0.35 pgfmi, is a sufficient criterion to define children who are
hyporesponsive to PCV7.

Recent studies reported that pneumococcal carriage in the
nasopharynx of children resulted in serotype-specific hypore-
sponsiveness to PCV [21,22]. The hyporesponsiveness following
pneumococcal carriage may be attributable to the binding of the
circulating pneumococcal polysaccharides to serotype-specific B
cells in the marginal zone of the spleen in infants where CD21-
expressing cells are scarce [23]. Furthermore, a recent study has
demonstrated that B cell receptor crosslinking with a T cell-
independent type II antigen (TI-2 Ag) does not activate IgG+
memory B cells, but rather induces tolerance of these cells [24].
This may support the hypothesis of immune paralysis to the infect-
ing serotype proposed by Borrow et al., because a pneumococcal
polysaccharide is known to be a TI-2 Ag.

Hyporesponsiveness to serotype 6B after PCV7 immunization
lasted for more than 1 year in two children in our study (Cases 4
and 5). Dagan et al. similarly demonstrated that hyporesponsive-
ness lasted for several months, and was only partially overcome
by the 12-month booster [21]. Follow-up of the hyporesponders is
necessary to determine whether their hyporesponsiveness can be
overcome with time.

Two previous studies demonstrated that children unimmunized
against polyribosylribitol phosphate-tetanus protein conjugate
vaccine (PRP-T) developed a low or undetectable PRP antibody after
invasive Haemophilus influenzae type b infection, and that addi-
tional doses of PRP-T conjugate vaccine were required to elicit a
protective immune response in these children [25,26].

The limitations of our study are the small number of IPD cases
examined and the variable periods between the onset of IPD and
the last PCV7 dose and between the last PCV7 dose following IPD
and the second blood sampling. Another limitation is that children
with IPD were enrolled from 41 hospitals when their attend-
ing doctors requested the measurement of the antipneumococcal
antibodies in their sera, which may have resulted in a selection bias.

In conclusion, a significant increase in the serotype-specific
I1gG for PCV7 serotypes, except for serotype 6B, and in the Ols
for all PCV7 serotypes was found in sera from 17 children who

were vaccinated with PCV7 following the resolution of IPD. Of
14 children with IPD caused by PCV7 serotypes, six were iden-
tified on the basis of the OI to be specifically hyporesponsive to
the infecting serotype after PCV7 vaccination. Although the pre-
cise mechanisms of hyporesponsiveness to the infecting serotype
remain uncertain, the clinician should be aware of possible hypore-
sponsiveness to the infecting serotype in children who were
vaccinated with PCV following IPD. Because of a small number
of IPD cases in the present study further studies for hyporespon-
siveness to the infecting serotype after the resolution of IPD are
required.
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Introduction

Parvovirus B19 (PVB19) is one of the smallest viruses that are
known to infect humans [1]. Since the virus was first reported in
1975, infection with PVB19 has been demonstrated to be
associated with a variety of clinical manifestations. Among
children, the most common clinical form of infection is erythema
infectiosum (EI) which is also referred to as the slapped cheek
syndrome or the fifth disease [2,3]. El is a relatively mild disease
with non-specific influenza-like symptoms followed by facial rash
which is considered to be caused by antibody-antigen immune
complex depositions. Among adults, especially among middle-
aged women, PVB19 infection can lead to clinically significant
arthropathy. Moreover, among patients with increased erythro-
poiesis, PVB19 infection can cause transient aplastic crisis. Most
importantly, PVB19 infection in a pregnant woman can lead to
miscarriage or hydrops fetalis. Asymptomatic infection is seen in
25-50% of infections in host without comorbidity, and the
estimated risk of transplacental infection among pregnant women
is as high as 30% with a five to nine percent risk of fetal loss [4].
The transmission of PVB19 occurs primarily through droplets, but

PLOS ONE | www.plosone.org

it can also be transmitted through blood products. A vaccine is
presently under development [5].

While several industrialized countries regularly examine the
epidemiological dynamics of PVB19 infection through laboratory
(e.g. serological) investigations, Japan has been probably the only
country in which epidemiological surveillance of EI has been
conducted at a nationwide scale [6]. The number of clinically
diagnosed EI cases has been continuously notified from approx-
imately 3,000 pediatric sentinel sites across the country on a
weekly basis since 1982. Surveillance data over the past 30 years
has shown that epidemics of EI involve seasonality with a single
annual peak in late June or early July and also a periodicity with
four to six year cycles with geographic variations.

Published studies in other countries have indicated that
seroprevalence of anti-PVB19 IgG increases with age: 2-15%
among children below five years old, 15-60% among those aged
5-19 years and over 60% among adults [4,7-11]. Those studies
have also indicated that the circulation of PVB19 among children
poses risks to adult groups, particularly among those aged 40 years
and younger [12]. Since the potential risk of infection among
blood donors and pregnant women represent two distinct social
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concerns over infection with PVB19, published seroepidemiolog-
ical studies on PVB19 have estimated the risk among blood donors
[4,11] and investigated the burden of infection including fetal
outcomes among pregnant women using seroepidemiological
datasets and mathematical modeling techniques [7,8,12]. A
modeling study in Europe has estimated the risk of PVBI19
infection during pregnancy at 0.61% in Belgium, 0.69% in
England and Wales, 1.24% in Finland, 0.92% in Italy, and 1.58%
in Poland [12].

While serocpidemiological studies of PVB19 have also taken
place in Japan [13,14], they were conducted during 1970s-90s
without an update for some 20 years, and moreover, epidemio-
logical attempts have yet to explicitly estimate the risk of infection
in blood donors and quantify the burden of infection among
pregnant women. Using statistical modeling techniques, the
present study aims to characterize the scroepidemiology of
PVBI19 infection in Japan, validating the prevalence estimate by
looking into the antigen data among blood donors and estimating
the risk of infection among pregnant women and fetal outcomes.

Materials and Methods

Seroepidemiological survey

The serum samples in the present study were derived from the
National Epidemiological Surveillance of Vaccine-Preventable
Diseases (NESVPD) [15] through which population-based sero-
epidemiological profiles have been regularly characterized for
eight selected vaccine-preventable infectious discases in Japan.
This survey has taken place annually, collecting serum from at
least 5,400 randomly sampled individuals across all age-groups.
Participants are invited from randomly selected healthy individuals
from whom survey officers were able to obtain informed consent.
Such solicitation has taken place, for example, among local
government officials and their families during routine health
check-ups including those conducted among school children.
There were no left-over samples of patients from hospitals and
blood samples were obtained specifically for the purpose of this
routine seroprevalence survey. Although PVB19 is not included in
the selected eight vaccine-preventable diseases, we investigated a
part of anonymized serum samples derived from two neighboring
prefectures, Fukuoka and Saga, from 2004 to 2007, from the
National Serum Reference Bank/Tokyo, National Institute of
Infectious Disease, Japan, which stored the serum remnants of
NESVPD.

To appropriately use the existing number of serum samples, we
performed sample size calculations to determine the required
number of samples. In advance of analyzing the serum samples,
we examined a published seroprevalence study result in 1993
which had been conducted in three prefectures in Japan, including
Fukuoka {14]. Assuming age-independence in the risk of infection
with PVBI19, the force of infection, 4, ie., the rate at which
susceptible individuals are infected, was estimated at 0.028 per
year in 1993. Moreover, based on the census data in 2008, the
average age of mothers for all births was estimated at 30.9 years
old. Combining these two, it was implied that I-exp(-
30.94)=58.3% of mothers are already immune by the age of
30.9 years, suggesting that 94 samples would be required to detect
seroprevalence =10% within a 95% confidence interval (CI).
Considering differential fraction of immune individuals in other
age-groups, we decided to examine 100 samples for each group,
equally for 10 different age groups (0-4, 5-9, 10-14, 15-19, 20—
25, 26-29, 30-35, 35-39, 40-49, and over 49 years). In total, 1000
samples from 2004-07 were investigated with a fixed male-female
ratio at 1:1 for each age-group and equal frequency for year of
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observation. To ensure data accuracy, avoiding under- or over-
dilution, IgG antibody titer to PVB19 were examined in duplicate
by enzyme immunoassay (EIA) using a commercial kit (Denka
Sciken, Tokyo, Japan) according to the manufacturer’s instruc-
tions. The ratio of the optical density for test specimen (average of
two results for each specimen) to that of the control, hereafter
referred to as the IgG antibody index, was calculated. If the
antibody index was equal to or greater than 1.00, the test result
was interpreted as positive. Samples that showed equivocal results
at initial testing were retested. The seroepidemiological data in this
study are available upon request from the corresponding author
for noncommercial use.

Statistical analysis and modeling

First, we examined the demographic characteristics of the
obtained serum samples. In addition to gender- and age-
specificitics, we also investigated the presence of time-dependency
during the sampling period from 2004-07. Since samples from
different ages and years were taken from different individuals, we
employed Welch analysis of variance (Welch ANOVA) and #” test.
The former test followed the test of normality (i.e., T test).

Second, the force of infection (i.e., the hazard rate of infection)
was estimated in four different ways, i.e., (i) assuming time- and
age-independence (i.e. a constant force of infection model), (i)
assuming age-dependence and employing a parametric model, (i)
assuming age-dependence and using a non-parametric model, and
(iv) employing a time- and age-dependent model. The first three
models used only datasets from 2004-07, but we additionally
analyzed the 1993 data for model (iv) [14]. For now, we write the
most explicit model with time- and age-dependence, because
others are special cases of this type of force of infection model. Let
s(a,f) be the proportion of susceptible individuals at age a and time
4, the time- and age-dependent force of infection, A(4,f), governs the
dynamics as follows:

(5% + —(—%) s(a,t) = — Ma,t)s(a,b), (1)

with a boundary condition 5(0,/) = 1 for any ¢ (i.c. for simplicity, we
ignore maternal antibody effect for the first six months of life).
Integrating equation (1) along the characteristic line, we get

saf)=exp| — J/l(s,t—-a—l—s)ds . (2)
0

In the case of model (i), 4 is a constant, and thus, the
seroprevalence data are expected to be described by the equation
1-s(a) = 1-exp(-Ad) at age a for cross sectional data. For models (ii)

and (iii), only the time-element is dropped from (1) and the
expected proportion of seropositive individuals, (a), at age a is

(@)=1—exp| — J/I(s}ds . (3)
0

In the case of model (ii), we employed the well-known gamma-
type parametric model as already proposed elsewhere [16]. For a
non-parametric model (iii), we used a piecewise constant model
with five unknown parameters, measuring forces of infection
among those aged from 0-4, 5-9, 10-14, 15-39 years, and 40
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years and older, following the discrete age-interval in a published
study [7] and additionally separating adults into two groups by the
common childbearing age of mothers (i.e. those aged 39 years and
younger account for more than 96% of all births in Japan). For
model (iv), we assumed for mathematical convenience that time-
and age-elements are separable, ie, Ag)= A,(@4(), and
employed exactly the same piecewise constant model for the
age-dependent part as was assumed in model (). The time-
specific forcing, A, was also dealt with as a piecewise constant
model with five unknown parameters, i.e. 1972 and earlier, 1973-
82, 1983-92, 1993-2002, and 2003 and later. Maximum
likelihood estimates of parameters were obtained by minimizing
the negative log-likelihood that rested on binomial deviance as
described elsewhere [16,17]. The 95% CI was derived from the
profile likelihood. Goodness-of-fit of models () — (i) were
compared with each other using the Akaike’s Information
Criterion (AIC) [18]. The last model (iv) used additional
seroprevalence data in 1993, and moreover, the estimated time-
dependent forcing was overlaid with the notification data of EI
from the abovementioned two prefectures based on sentinel
surveillance from 1982.

As a measure of transmissibility, the basic reproduction number,
Ry, was computed. When using the constant force of infection in
model (i), we employed a homogeneous mixing assumption and
assumed that the average life expectancy at birth is L= 80 years
with a rectangular shape survivorship, so that we have Ry = AL. We
also used the age-dependent force of infection from model (iii) to
estimate Ry employing the following estimator derived by
Farrington et al. [19]:

Ro= fOOO KayMa) exp(— [} p(x)dx)da @
’ fow I(»)A(y) exp ( - foy AMx)+ ,u(x)dx) dy’

where [a) is the leading left eigenfunction of age-dependent
transmission rate. §(a) is the age-specific mortality rate, and for
consistency, we again employed the rectangular shape survivor-
ship. Since the piecewise constant model is discrete, we derived the
following discrete version of the estimate of Rp:

Ro=

Y lida;—a;_y)
i (%)

Zli exp{— lij /lj(a—aj~l)jl [exp(—Aiai—1) — exp(— 4wa;)]
l Jj=

where g represents the upper age bound of age-group 7. The left
eigenfunction, / of the contact matrix was derived from published
survey data in the United Kingdom [20] with an adjustment of
age-specific population size to Japanese data, assuming that age-
specific contact pattern in Japan is the same as that in the United
Kingdom [21,22]. Because it is difficult to estimate the sampling
distribution of Ry, the 95% percentile confidence intervals were
obtained by employing a bootstrapping method [23].

Risk estimation in blood donors and pregnant women
Using the age-specific proportion of antigen positives among
blood donors, we calculated the age-specific risk of PVBI19
infection, directly from empirical data. The dataset of antigen
testing results was available from 2001 to 2007, and during this
period, a receptor-mediated hemagglutination (RHA) assay was
used for screening. Age distribution of blood donors was extracted
from the latest available statistics of the Japanese Red Cross
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Society [24]. Assuming that the risk of positive blood sample is
binomially distributed, we obtained the 95% CI of prevalence. We
also obtained data on the age-specific proportion of IgM antibody
positive individuals against PVB19 from February 2008 to January
2009, as a marker of recent PVB19 infection. A total of randomly
selected 651 blood donors were tested for IgM using EIA at the
Japanese Red Cross Osaka Blood Center.

Subsequently, we estimated the burden of PVBI19 infection
among females at childbearing age including the estimated
number of infections during pregnancy in Japan. For the
calculation, we followed published studies in the United Kingdom
[7,8], adopting a random sampling assumption of pregnant
women from all women in an identical age-group. Since all
pregnancy events have not been stratified by the age of pregnant
women in the Japanese census record, we used the reported
number of birth events as an approximate of all pregnancy events.
We used the confidence intervals of the age-specific force of
infection based on a piecewise constant model (iii) and adopted the
published risk estimates of fetal death and hydrops fetalis due to
maternal infection during the first 20 weeks of pregnancy for the
former and from weeks 9 to 20 for the latter at 9.0% and 2.9%,
respectively [25], as already practiced elsewhere [8]. We did not
use estimates of the force of infection from the time- and age-
dependent model (iv) for abovementioned calculations because the
95% Cls of age-dependent element were only partially calculable
due to limited sample size. All statistical data were analyzed using
the statistical software JMP ver. 9.0.0 (SAS Institute Inc., Cary,
NC). The study protocol was reviewed and approved by the
Institutional Review Board at the Toho University School of
Medicine.

Results

Descriptive seroepidemiology

Of 1,000 serum samples tested in duplicates, eight samples
yielded equivocal results, and thus, the eight were re-tested in
duplicates, allowing six results to yield agreed result (and only two
remained to be equivocal with the antibody index ranging from
0.8-1.0). Figure 1A shows the distribution of the antibody index.
Taking a logarithmic scale for the antibody index axis, two distinct
peaks were identified. As suggested for the interpretation of the
testing result, the bimodal distribution was confirmed to be clearly
separated at the cut-off value of 1.00. In total, 543 individuals
tested positive (54.3%). Figure 1B shows the age-specific propor-
tion seropositive by sampling year. Mean age (and the standard
deviation) of seropositive individuals was 28.1 (14.8) years, while
seronegative individuals were significantly younger with mean age
of 22.4 (17.1) years (p<<0.01; Welch ANOVA). As indicated by
overlaps of seropositive fraction for multiple times in Figure 1B
(i.e. multiple crossing points between two different survival curves),
no significant difference was identified by the year of sampling,
and thus, the subsequent analysis used the aggregated data for all 4
years to quantify the transmission dynamics. There was no
significant gender specificity in seroprevalence (p = 0.48; 3 test).

Force of infection and age-specific seroprevalence
Assuming an age-independent risk of infection, the force of
infection is estimated at 0.031 per year (95% CI: 0.029, 0.034)
which was not significantly deviated from the estimate from 1993
data (the 95% CI ranged from 0.025 to 0.031 per year). Assuming
a rectangular age distribution, the basic reproduction number, Ry,
based on the constant force of infection model, was estimated as
2.51 (95% CI: 2.30, 2.74). Moreover, the constant force of
infection model indicated that the average age at infection is 1/
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Figure 1. Distribution of the IgG antibody index and the time- and age-dependent proportion seropositive against parvovirus B19
in Japan from 2004-07. A. The distribution of 1gG antibody index against parvovirus B19. The antibody index was calculated as the ratio of the
optical density of test sample to that of control. Using a logarithmic scale for the horizontal axis, a bimodal shape is clearly identified. B. The time- and
age-dependent proportion of seropositive against parvovirus B19. The collection of serum samples took place in 2004 (unfilled circles with thin solid
line), 2005 (crosses with dotted line), 2006 (diamonds with thick solid line) and 2007 (x marks with dashed line), respectively.
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A=31.8 years old (given the absence of age-dependence in the risk
of infection).

However, the goodness-of-fit for two other models were better
than that of the constant force of infection model (Figure 2A).
Employing the age-dependent force of infection either by the
parametric or the non-parametric model, all expected values were
included within the 95% CI of the observed proportion of
seropositive. AIC values for models (1), (i) and (i) were 203, 60.1
and 60.3, respectively, indicating that models (i) and (i) were
almost equally good and much better than the model (i) in
describing the observed pattern of the data. Figure 2B compares
the estimated force of infection by three different models. In the
case of the age-dependent parametric model (i), the peak of
infection was expected to occur at around the age of 5 years, while
the piecewise constant model (model (iii)) predicted that the
highest force of infection 0.12 (95% CIL: 0.00, 0.21) per year was
seen among those aged 5-9 years and the second highest force of
infection 0.05 (95% CI: 0.02, 0.10) among those aged 0-4 years.
For model (it1), upper bounds of the force of infection among those
aged 15-39 years and 40 years and older were 0.0059 and 0.0246
per year, respectively. The Ry using the age-dependent piecewise
constant model was estimated to be 2.07 (95% CI: 1.33, 2.98), the
expected value of which was smaller than the estimate based on
the constant force of infection model, but the difference was not
significant.

Figure 2C compares the observed age-specific proportions of
seropositive between 1993 and 2004-07, both of which were used
to parameterize the time- and age-dependent model (iv). Although
no significant difference can be identified in the constant force of
infection between 1993 and from 2004-07, we specifically
employed model (iv) to describe the time-dependent shift in a
dip in seropositive proportion from those aged 20-29 years in 1993
to 30-39 years from 2004-07. Comparing seroprevalence by birth
year (Figure 2D), it can be seen that the dip in seroprevalence is
observed in a birth cohort born from 1965-74. The relative
frequency of age-dependent forces was similar to the age-only
model (i) in Figure 2B. The age-clement of model (iv) was
compared against the observed seroprevalence data from 2004-07
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(Figure 2E) and the time-dependent element was compared
against the notification data in Figure 2F. The average over the
time-interval was only crudely captured (i.c. as was indicated by
estimates, there was no dramatic time-dependent trend in the risk
of infection), and a sharp peak in 1987 was perhaps smoothed out
by adjacent years and was not reflected in the estimated force of
infection from 1983-92. Although the time-clement was thus not
strongly aligned with the notification data, the predicted data
allowed us to realize the dip in seroprevalence among those aged
in their 30s (Figure 2E).

Blood donors

Assuming a random sampling assumption of blood donors from
the entire population, the age-specific proportion of antigen
positive was calculated among blood donors as a possible direct
measurcment of the risk of infection. From 2001-07, a total of 38
million persons donated blood, among which 2,806 tested positive
for antigen (prevalence: 7.4 (95% CIL: 7.1, 7.7) per 100,000
donors). Figure 3A shows the age-specific proportion of antigen
positive. Those aged 30-39 ycars yielded the highest prevalence
and those aged 4049 yiclded the second highest estimate.
Compared to those aged 20-29 years, the prevalence among
those aged 30-39 and 40-49 years were 2.6 and 2.0 times higher,
respectively. Figure 3B shows the age-specific proportion of IgM
antibody positive. Of 651 samples, 8 tested positive (1.2% (95%
CI: 04, 2.1)), and thus, the uncertainty was large, but the
proportion positive declined almost monotonically with age.

Pregnant women

Table 1 shows the estimated age-specific numbers of infection
among women at child-bearing age and during pregnancy, along
with rough corresponding estimates of fetal deaths and hydrops
fetalis. Although the precision is limited in the estimates, up to
2374 infections are estimated to occur annually among pregnant
women in Japan. Assuming that the risk of fetal death following
PVBI19 infection during the first 20 weeks of pregnancy is 9.0%,
up to 107 fetal deaths are anticipated per year. Similarly, adopting
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Figure 2. Seroepidemiological investigation of parvovirus B19 infection in Japan. A. Comparison between observed and predicted
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Japan. The differential styles of lines correspond to those in panel A. C. Comparison of observed seroprevalence data between 1993 and 2004-07.
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Filled circles represent the observed data from 2004-07, while unfilled diamonds represent the data from 1993. Whiskers extend to both ends of the
95% confidence intervals. D. Comparison of seroprevalence data between 1993 and 2004 by birth year. Dashed lines represent the 95% confidence
intervals. The horizontal line shows the birth year of 2004 participants, while the birth year of 1993 participants is calculated as the birth year minus 1
(i.e. those born from 1955-64 for 2004 participants are compared against those born from 1954-63 for 1993 participants). E. Comparison of predicted
data from 2004-07 using age-dependent model and age- and time-dependent model. Filled circles represent the observed data, and whiskers extend
to both ends of the 95% confidence intervals. Thick line shows the prediction based on time- and age-dependent assumption. F. The comparison
between the time-dependent element of the force of infection (dashed line; left vertical axis) and the annual notification rate of erythema infectiosum

from sentinel medical institutions in Fukuoka and Saga prefectures, Japan, from 1982 onwards (circles and solid line; right vertical axis).

doi:10.1371/journal.pone.0092519.9002

2.9% as the risk of hydrops fetalis among pregnant women at
weeks 9-20, up to 21 cases are estimated annually.

Discussion

The present study investigated the seroepidemiological profiles
of parvovirus B19 infection in Japan. Whereas various clinical
studies had taken place in Japan in advance of the present study
including those focused on pregnant women [26,27], to the best of
our knowledge, the present study is the first to explicitly estimate
the frequency of infection in blood donors and the burden of
infection among pregnant women in this country. The estimated
measure of the transmissibility, Ry, was 1.3-3.0, which did not
deviate from an carlier estimate ranging from 2.6-3.5 based on
seroprevalence survey in the Netherlands [4]. Across Japan, it was
estimated that up to 2374 infections could have occurred during
pregnancy, although the uncertainty bound was wide, ranging
from 0 to 2374 (as was also the case in the UK study [8]). Similar
estimates of the force of infection between Europe and Japan
indicate that the level of endemicity for PVB19 (i.e. frequency of
infection) and the contact pattern are likely similar to each other.

Two specific lessons should be learnt from our exercise. First, a
strong age-dependency in the force of infection was observed,
while no obvious indication of time-dependent change (e.g.
declining trend) in the proportion of seropositive was seen from
1993 to 2007. The highest frequency of infection was seen among
those aged below 10 years, and thereafter both parametric and
non-parametric models agreed that the annual risk of infection was

0.006 -

0.004 A

Proportion antigen positive (%)

0.002

0.000 T v T T T

18419 20-29 30-39 40-49 50-59
Age (years)

60-69

at most 1%. That is, the transmission dynamics of PVB19 is likely
regulated by and maintained among children, yielding very
important implications for future control planning including age-
dependent vaccination strategy. In fact, the risk of infection among
pregnant women is known to be higher in houscholds with small
children than those without [10,12] (which could partly explain
the observed peak among those in their 30s in Figure 3A), and
thus, within houschold contact between pregnant women and
children could play a key role in determining the optimality of
controlling the transmission by targeting children [28]. The
uncertainty in the age-dependent contact patterns could be a
plausible explanation for observing differential risk of infection
among pregnant women across European countries [12]. In the
future, the age-dependency should be closely monitored even in
the absence of vaccination, because a shift (e.g. delay) in the age at
infection can vary (e.g. increase) the number of infections among
pregnant women, as was observed for rubella under a partial
vaccination [29,30].

Second, in addition to age-dependent estimates of the force of
infection that could measure the incidence of infection among
blood donors (Figure 2B), we also analyzed the antigen screening
results among blood donors (Figure 3A). Age-specific proportion of
antigen positive yiclded the peak among those aged 30-39 years
followed by 4049 years. A similar age-specific antigen pattern was
previously reported from the Netherlands [31], but no explicit
reason has been dlarified for this observation. The peak in
prevalence among those in their 30s agreed well with the dip in
age-specific seroprevalence, possibly reflecting the absence of
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Figure 3. Age-specific proportions positive for antigen and IgM antibody against parvovirus B19 among blood donors from 2001-
2007 in Japan. A. Observed proportion of antigen positive as a function of age. Filled circles represent the mean, and whiskers extend to both ends
of the 95% confidence intervals. A receptor-mediated hemagglutination (RHA) assay was used. B. Observed proportion of IgM antibody positive. Solid
line and filled circles represent the mean, with the upper 95% confidence interval given by dashed line. Lower bound is identical to the horizontal
axis.

doi:10.1371/journal.pone.0092519.g003
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child-bearing age in Japan.
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Table 1. Estimated age-specific annual numbers of parvovirus B19 infections and associated complications among women at

Age group
(years)

No. females No. maternities

Total infections

Infections during

Fetal deaths Hydrops fetalis

164 (0-6,736)

104,053

3,116,000

3,987,000 373452 210 (0-8,129)

4,609,000

37,435

8 (0-35,597)

pregnancy

0 (0-289) 0 (0~13)

major epidemics during childhood among those born during 1965-
74 and substantial number of transmission events from children to
parents. Nevertheless, the antigen positive estimates among those
in their 30s and 40s were more than double of those in their 20s
(while the fraction susceptible, based on seroprevalence survey,
was not as different as the proportion of antigen positive).More-
over, IgM antibody data yielded an approximately monotonic
decline in the age-specific proportion positive. These findings were
not fully consistent with anticipating substantial child-to-parent
transmissions in explaining the observed pattern, and other
reasons might also explain observed phenomena (e.g. other
factors, including age-dependent biological reaction to the virus
and possible sampling effect (i.e. blood donors may not have well
represented the general population), might also explain the
observed pattern).

Four limitations should be noted. First, our subjects were limited
to the population in Fukuoka and Saga prefectures, both of which
are located on Kyushu Island, the western part of Japan. Our
estimates involve a limitation in the representativeness of the
finding and may not fully reflect that of entire Japan. Nevertheless,
rather than ensuring the representativeness, the present study
focused on two prefectures as the first attempt to explicitly
characterize infection risks while allowing comparability between
1993 data and the result from 2004-07. Second, the estimated risk
of infection among blood donors (Figure 3A) and pregnant women
(Table 1) rested on an assumption that they were randomly
sampled from the population irrespective of infection status.
However, as briefly noted above, household structure (e.g. if a
pregnant woman has any children) and other risk factors are
known to influence the risk of infection with PVBI19 during
pregnancy. A more precise estimation would require us to account
for known epidemiological risk factors using a more sophisticated
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uted to clarifying the key element of the epidemiology of PVB19 in
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