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Table 5

5429

Number of cases of invasive pneumococcal disease by number of vaccine doses received, serotype, and patient age group.

Serotype age group (y) Serotype number of cases by number of PCV7 doses received Total number
0 dose 1 dose 2 doses 3 doses 4 doses
All PCV7 serotypes 63 2 0 0 0 65
0 12 0 0 0 0 12
1 23 1 0 0 0 24
2 12 1 0 0 0 13
3 7 0 0 0 0 7
4 6 0 0 0 0 6
>5 3 [¢] ¢l a 0 3
All non-PCV7 serotypes 34 0 4 6 11 55
0 4 0 2 2 0 8
1 10 0 1 4 7 22
2 8 0 0 0 4 12
3 4 0 0 0 0 4
4 2 0 1 4] 0 3
>5 6 0 0 0 0 6
Not determined 175 2 5 6 3 191
0 33 0 0 2 0 35
1 77 1 3 4 2 87
2 21 0 0 0 1 22
3 18 0 2 0 0 20
4 10 0 0 0 0 10
=5 16 1 0 0 0 17

PCV7, heptavalent pneumococcal conjugate vaccine,

the incidence of pediatric IHiD was rapidly increasing; the annual
incidence for children less than 5 years of age in 2005 was 16.5
per 100,000 [17]. Sakata also evaluated the incidence of IHiD, in
Kamikawa subprefucture, Hokkaido, Japan between 1996 and 2005.
He mentioned that a marked increase in the annual incidence rate
in children aged under 5 years was observed in 2005, reaching
56.8/100,000. Serotyping in 37 of 38 (97.4%) cases demonstrated
Hib [18]. This incidence rate was similar to that in other devel-
oped countries in the pre-Hib conjugate vaccine era [19]. Our study
revealed a 94.7% reduction in IHiD in children younger than 5
years of age in Chiba prefecture, Japan. This remarkable reduction
was observed after the introduction of special funding from the
Japanese government. Similar to previous investigations, we found
that most children with IHiD were less than 2 years of age and
that meningitis occurred more frequently in younger than in older
children [19,20]. In this study, meningitis was the most important
cause of long-term morbidity in IHiD patients, accounting for 87.5%
(7/8) of the sequelae. Immediately before and in the early period
of Hib conjugate vaccine usage, almost all IHiD in children was
caused by Hib, and the majority had not been immunized with any
dose of Hib vaccine. Hib vaccine efficacy is high, ranging from 93
to 100% after the 3-dose primary series, and IHiD after full vaccina-
tion is rare [21]. In this study period, there was only 1 patient who
received the 3-dose primary series of Hib vaccine and subsequently
developed Hib meningitis. Although rare, Hib disease still occurs
despite high vaccination coverage and the low carriage prevalence
in children, suggesting continued circulation and transmission of
Hib [22]. Efforts should focus on maintaining high vaccination cov-
erage based on appropriate timing of the primary series and booster
doses to prevent Hib disease. In contrast, the number of the IHiD
caused by NTHi gradually increased during this study period. NTHi
has been the most common isolate among adults in virtually all
published series [23-25]. Whether invasive strains of NTHi have
distinct genotype and phenotype characteristics compared with
noninvasive isolates remains largely unknown. Several strains of
NTHi possess Hib-like encapsulated properties [26]. However, to
date no single set of virulence determinants has been conclusively
associated with invasive NTHi [27,28]. Although no vaccine is avail-
able for invasive disease caused by encapsulated non-type b and
NTHi, serotyping of H. influenzae isolated from invasive diseases

and analysis of the pathogenicity of NTHi are important for new
vaccine development against all IHiD.

Using hospitalized population-based surveillance, we had
already reported the annual incidence of IPD among Japanese chil-
dren younger than 5 years of age (12.6-13.8 per 100,000) from
2003 to 2005, which was similar to those rates reported in a study
conducted in Germany [29,30], but was much lower than the inci-
dence reported in the pre-PCV era in the United States [31]. After
that, the annual incidence of pediatric IPD increased, and this study
determined the annual incidence of IPD among Japanese children
younger than 5 years of age in the pre-PCV7 era. Compared with 6
years ago, there has been a 57.4% reduction in IPD. This remarkable
reduction was observed after the introduction of special funding
from the Japanese government. In this study, 60.5% of all IPD cases
and 66.7% of the pneumococcal meningitis cases involved children
under 2 years of age. Similar to previous investigations, we found
that almost half of children with IPD were less than 2 years of age
and that meningitis occurred more frequently in younger than in
older children [32,33]. Analysis of current cases of IPD revealed that
<5%(15/311) of IPD occurred in children younger than 6 months of
age, before completion of the primary vaccination series. To have an
impact on disease reduction in this subgroup of children, we must
rely on herd immunity. Our data also indicated that 21.2% of the
patients with IPD have various underlying diseases. These include
malignancy, congenital anomaly syndrome and congenital heart
disease. Prematurity has recently been associated with anincreased
relative risk for IPD [34]. The underlying disorders in our study were
different from those in other studies. For instance, the most com-
mon underlying disorders in Bennett's and Levine's studies were
sickle cell anemia and chronic pulmonary disorder, respectively
[35,36]. These results may relate to racial differences. There were
2 fatal cases in our study. Both cases had severe underlying dis-
ease. Vaccination is one of the possible ways to prevent this type of
infection. The introduction of PCV7 has dramatically decreased the
incidence of IPD caused by vaccine serotypes of S. pneumoniae all
over the world [37-39]. However, the non-vaccine serotype 19A
has been the predominant agent of IPD among children and the
second most common agent among older adults after PCV7 intro-
duction in the US [40]. Serotype 19A, especially sequence type
(ST) 320, was increasingly recognized in Korean children before
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the introduction of PCV7 [41]. The serogroups 15 and 33 were
also identified to be important in the US [42]. The 51% decline of
IPD in Japanese children in this study is far below the 77% reduc-
tion observed in children under the age of 5 years in the regions
covered by US surveillance conducted in 2005 [43]. In our study,
immediately before and during the early period of PCV7 usage,
more than 50% of IPD in children was caused by PCV7 serotype
group disease. Chiba et al. [12] compared the serotypes of S. pneu-
moniae isolated from pediatric IPD between 2006 and 2011. They
mentioned that coverage by PCV7 decreased from 71.8% in 2006
to 51.6% in 2011. Serotype 19A tended to increase and serotypes
15A and 22F also increased. Our study revealed that the rate of
IPD caused by PCV7 serotypes decreased from 57.9% (11/19) in
2008 to 11.8% (2/17) in 2013, Although almost one-third of iso-
lates were unavailable for serotyping, we have no expectation that
the serotype distribution of the missing isolates was different than
the available isolates.

Serotype replacement was recognized in the early stages of
PCV7 introduction in Japan. In our study, 2 cases were break-
through cases, caused by serotype 6B. Both of them received one
dose of PCV7. We defined a breakthrough case as IPD in a child
who had received 21 PCV7 dose and for which the pneumococ-
cal isolate was a PCV7 serotype; a vaccine failure was defined as
the subset of breakthrough infections in children who had com-
pleted the PCV7 vaccination schedule at least 2 weeks before
the occurrence of IPD. The remaining cases in children who had
received at least one shot of PCV7 were IPD caused by non-PCV7
serotypes. Park et al. [44] reported that IPD identified in vacci-
nated US children was primarily caused by disease resulting from
non-PCV7 serotypes rather than failure of the PCV7. They also men-
tioned that incomplete vaccination and co-morbid conditions likely
contribute to breakthrough vaccine-type pneumococcal infections.
PCV13 added 6 serotypes to the original 7 serotypes in PCV7. PCV13
replaces PCV7 for routine administration in infants and children,
and is now used in many countries. The Advisory Committee on
Immunization Practices in the United States recommends, as the
standard immunization schedule for PCV13, a 4-dose series at ages
2, 4, 6, and 12-15 months [45]. It is important that the stan-
dard immunization schedule for PCV13 be followed in all children.
After the introduction of PCV13, several countries are reporting
on the epidemiological effects on IPD in children [46,47]. PCV13
was introduced in November 2013 in Japan; we should contin-
uously monitor serotype distribution in isolated strains from IPD
patients.

In conclusion, the introduction of Hib conjugate and PCV7 vac-
cines was followed by a significant decrease in IHiD and IPD in
young children in Chiba prefecture, Japan. However, NTHi and non-
PCV7 serotype S. pneumoniae are gradually increasing as invasive
pathogens after the introduction of these two conjugate vaccines.
Nationwide surveillance to determine the incidences of IHiD and
IPD and monitoring of H. influenzae and S. pneumoniae serotypes
isolated from patients with invasive disease should be continuously
performed in Japan.
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Global Control of Pneumococcal Infections by Pneumococcal Vaccines
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Abstract: Streptococcus pneumoniae is a major worldwide cause of morbidity and mortality. Pneumococcal
carriage is considered to be an important source of horizontal spread of this pathogen within the community.
Pneumococcal conjugate vaccine (PCV) is capable of inducing serotype-specific antibodies in sera of infants, and
has been suggested to reduce nasopharyngeal carriage of vaccine-type pneumococci in children. PCV is generally
immunogenic for pediatric patients with invasive pneumococcal disease, with an exception for the infecting
serotypes. Based on evidences from the clinical trials of PCV, the health impact of childhood pneumococcal
pneumonia appears to be high in developing countries where most of global childhood pneumonia deaths occur.
PCV vaccination may prevent hundreds of deaths per 100,000 children vaccinated in developing countries, while
PCV vaccination is expected to prevent less than 10 deaths per 100,000 children vaccinated in the developed
countries. Therefore, the WHO has proposed a strategy to reduce the incidence of severe pneumonia by 75% in
child less than 5 years of age compared to 2010 levels by 2025.

Key words: Streptococcus preumoniae, Bacterial colonization, Invasive pneumococcal disease, Pneumococcal

conjugate vaccine, Serotype-specific IgG, Opsonization index, Childhood pneumonia, WHO

PNEUMOCOCCAL DISEASES AND PNEUMOCOCCAL
CONJUGATE VACCINE

Streptococcus pneumoniae is a major worldwide
cause of morbidity and mortality resulting from pneumo-
nia, bacteremia, and meningitis [1]. An important feature is
that pneumococcal diseases will not occur without preced-
ing nasopharyngeal (NP) colonization with homologous
strain [2]. Pneumococcal carriage is considered to be an
important source of horizontal spread of this pathogen
within the community. Crowding in the hospital or day-
care center, increases horizontal spread of pneumococcal
strains. The rates of NP colonization of S. preumoniae
were found to be 20 to 40% in healthy children in Japan
[3] and Thailand (Oishi K, et al. unpublished data). In con-
trast the rate of NP colonization of S. pneumoniae was
reported to be high (approximately 90%) in Gambia,
Africa [4].

Antibodies to pneumococcal capsular polysaccharide
(CPS) and complement provide protection against pneu-
mococcal strains with homologous or cross-reactive
capsular serotypes [5]. The seven-valent pneumococcal

conjugate vaccine (PCV7) is capable of inducing serotype-
specific antibodies in sera of infants, and has been sugges-
ted to reduce nasopharyngeal carriage of vaccine-type
(VT) pneumococci in toddlers, possibly by preventing
acquisition rather than by eradicating pneumococci from
the NP [6, 7].

The introduction in 2000 of PCV7 for children in the
United States younger than 2 years and children aged 24
years in a high-risk category was effective, dramatically
reducing the incidence of invasive pneumococcal disease
(IPD) [8, 9].

In Japan, PCV7 was licensed in October 2009, the
Japanese government began to subsidize it for children less
than 5 years of age in November 2010. PCV7 for children
under 5 years of age was subsequently included in the rou-

. tine immunization schedule at public expense in April

2013. According to “Research report on evidence of and
measures for improvement of usefulness of vaccination”
(Ihara-Kamiya Research Project that started in 2007), inci-
dence of IPD per 100,000 population under the age of five
decreased significantly owing to the immunization pro-
gram. Namely, meningitis decreased from 2.8 in 2008

! Infectious Disease Surveillance Center, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjyuku, Tokyo162-8640, Japan
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2010 to 0.8 in 2012 (decrease by 71%), and non-meningitis
IPD from 222 to 10.6 (decrease by 52%) (http:/
www.nih.go.jp/niid/ja/iasr-vol34/3343-iasr-397.html).

Vaccine-induced protective immunity is currently
estimated by measuring the concentrations of serotype-
specific immunoglobulin G (IgG) using enzyme-linked
immunosorbent assay [10] and the opsonization index (OI)
using a multiplex opsonophagocytic assay [11]. We
recently determined the geometric mean concentration
(GMC) of serotype-specific IgG and the geometric mean
titers (GMT) of Ols among 17 pediatric patients with IPD
using paired sera obtained at the onset of IPD and after
PCV doses following the resolution of IPD. The GMCs of
serotype-specific IgG 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
(Table 1), as were the GMTs of Ols for all PCV7 serotypes
(Table 2). These data suggest that PCV7 is generally
immunogenic for pediatric patients with IPD, with an
exception for the infecting serotypes [12].

Tropical Medicine and Health Vol.42 No.2 Supplement, 2014

ImMraCT oF CHILDHOOD PNEUMONIA AND
PrxeEuMococcAL CONJUGATE VACCINE WORLDWIDE

Determining the cause of pneumonia in young chil-
dren is difficult, but nearly all studies undertaken in the
developing world have identified S. pneumoniae as the
most frequent bacterial cause of severe pneumonia [13]. In
2003, the World Health Organization (WHO) estimated
that up to 1 million children die each year from pneumo-
coccal disease, primarily pneumococcal pneumonia [14].
Currently, the WHO provisionally estimates that pneumo-
coccal infections are responsible for 1.6 million deaths
each year, including approximately 716,000 deaths among
children < 5 years of age [15]. Therefore, the health impact
of childhood pneumococcal pneumonia appears to be high
in developing countries, especially those with high child
mortality rates, where > 90% of global childhood pneumo-
nia deaths occur [16].

Several clinical trials of PCV have been conducted in
African countries. PCV9 reduced the incidence of IPD
caused by vaccine serotype in human immunodeficiency
syndrome (HIV)-negative children by 83% and that of
radiological pneumonia by 20% [17]. Another study repor-

Table 1. Comparison of serotype-specific IgG concentrations between the time of onset of invasive pneumococcal disease (IPD)
and after PCV7 vaccination in 17 children following the resolution of IPD.
serotype specific IgG concentrations (pg/ml) P-value
serotype at the first blood sampling at the second blood sampling first vs. second

4 0.46 (0.26-0.81)* 4.08 (3.23-5.16) <0.01

6B 0.97 (0.58-1.62) 1.47 (0.82-2.65) 0.266
9V * 0.34 (0.19-0.61) 3.97 (2.91-5.42) <0.01
14 1.76 (0.92-3.36) 6.30 (3.63-10.94) <0.01
18C 0.41 (0.22-0.76) 3.63 (2.69-4.91) <0.01
19F 1.23 (0.80-1.89) 3.51(2.48-4.96) <0.01
23F 0.69 (0.40-1.21) 2.66 (1.52-4.67) <0.01

*Numbers in parentheses, 95% CI

Table 2. Comparison of serotype-specific opsonization index (OI) between the time of onset of invasive pneumococcal disease
(IPD) and after PCV7 vaccination in 17 children following the resolution of IPD.

serotype serotype specific OI (Log,, OI) P-value
at the first blood sampling at the second blood sampling first vs. second

4 0.63 (0.42-0.96)* 3.54 (3.36-3.70) <0.01

6B 0.53 (0.36-0.79) 1.64 (0.94-2.60) <0.01
Y 0.80 (0.43—1.46) 3.60 (3.34-3.81) <0.01

14 0.78 (0.43-1.38) 3.71 (3.54-3.90) <0.01
18C 0.93 (0.57-1.51) 3.53 (3.29-3.69) <0.01
19F 0.65 (0.41-1.01) 3.13 (2.85-3.38) <0.01
23F 0.56 (0.37-0.85) 3.04 (2.21-4.06) <0.01

*Numbers in parentheses, 95% CI
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ted that PCV9 efficacy was 37% against first episode of
radiological pneumonia [18]. Furthermore, PCV9 reduced
the incidence of pneumonia-associated with any of respira-
tory viruses in children by 31% [19]. This finding also
suggests that S. pneumoniae plays a major role in the
development of pneumonia-associated with respiratory
viruses, and viruses contribute to the pathogenesis of bac-
terial pneumonia. These effects of PCV against childhood
pneumonia were found in the clinical trials in African
countries, but not in developing countries in Asia.

Based on the accumulated evidences, the impact of
PCV vaccination on childhood illness and mortality in the
developing countries appears to be much greater than that
in industrialized countries. PCV vaccination is expected to
prevent about 700 deaths per 100,000 children vaccinated
in developing countries, such as Gambia, while in the Uni-
ted States, PCV vaccination is expected to prevent 6 deaths
per 100,000 children vaccinated [20]. The authors also
demonstrated that analysis of expected health impact of the
Global Alliance for Vaccines and Immunization (GAVI])
eligible countries illustrated the values of accelerated PCV
may prevent 3.7 millions child deaths. According to this
idea, the WHO has proposed a strategy to reduce mortality
from pneumonia in children less than 5 years of age to
fewer than 3 per 1000 births and to reduce the incidence of
severe pneumonia by 75% in child less than 5 years of age
compared to 2010 Ievels by 2025 [21].

REFERENCES

1. O’Brien KL, Wolfsan LJ, Watt JP, Henkle E, Deloria-
Knoll M, McCall N, Lee E, Mulholland K, Levine OS,
Cherian T; Hib and Pneumococcal Global Burden of
Disease Study Team. Burden of disease caused by
Streplococcus pneumoniae in children younger than 5
years: global estimates. Lancet 2009; 374: 893-902.

2. Bogaert D, Groot R de, Hermans PWH. Streptococcus
pneumonia colonization: the key to pneumococcal dis-
ease. Lancet Infect Dis 2004; 4: 144—-154.

3. Otsuka T, Chang B, Shirai T, Iwaya A, Wada A,
Nakayama N, Okazaki M, on Behalf of the SADO-study
Working Group. Individual risk factors associated with
nasopharyngeal colonization with Streptococcus pneumo-
nice and Heamophilus influenzae: A Japanese Birth
Cohort Study. Pedtr Infect Dis J 2013; 32: 709-714.

4. Hill PC, Akisanya A, Sankareh K, Chung YB, Saaka M,
Lahai G, Greenwood BM, Adegbola RA. Nasopharyngeal
carriage of Streptococcus pneumoniae in Gambian Villag-
ers. Clin Infect Dis 2006; 43: 673—679.

5. Musher DM, Chapman AJ, Goree A, Jonsson S, Briles D,
Baughn RE. Natural and vaccine-related immunity to
Streptococcus pneumoniae. J Infect Dis 1986; 154: 245—
256.

6. Dagan R, Malemed R, Muallem M, Piglansky L,

— 242 —

10.

11.

12.

14.

15.

16.

17.

85

Greenberg D, Aramson O, Mendelman PM, Bohidar N,
Yagupsky P. Reduction of nasopharyngeal carriage pf
pneumococci during the second year of life by a heptava-
lent conjugate pneumococcal vaccine. J Infect Dis 1996;
174: 1271-1278.

Dagan R, Givon-Lavi N, Zamir O, Fraser D. Effect of a
nonvalent conjugate vaccine on carriage of antibiotic-
resistant Streptococcus pneumonia in day-care centers.
Pediatr Infect Dis J 2003; 22: 532~540.

[No authors listed]. American Academy of Pediatrics;
Committee on Infectious Diseases. Policy statement: rec-
ommendations for the prevention of pneumococcal infec-
tions, including the use of pneumococcal conjugate
vaccine (Prevnar), pneumococcal polysaccharide vaccine,
and antibiotic prophylaxis. Pediatrics 2000; 106: 362—
366.

Whitney CG, Farley MM, Hadler J, Harrison LH, Bennet
NM, Lynfield R, Reingold A, Cieslak PR, Pilishvili T,
Jackson D, Facklam RR, Jorgensen JH, Schuchat A;
Active Bacterial Core Surveillance of the Emerging Infec-
tions Program Network. Decline in invasive pneumococ-
cal disease after the introduction of protein
polysaccharide conjugate vaccine. N Engl J Med 2003;
348: 1737-1746.

Concepcion NF, Frasch CE. Pneumococcal type 22F
polysaccharide absorption improves the specificity of a
pneumococcal-polysaccharide enzyme-linked immuno-
sorbent assay. Clin Diagn Lab Immunol 2001; 8: 266—
272.

Burton RL, Nahm MH. Development and validation of a
fourfold multiplexed opsonization assay (MOPA4) for
pneumococcal antibodies. Clin Vaccine Immunol 2006;
13: 1004—1009.

Tamura K, Matsubara K, Ishiwada N, Nishi J, Ohnishi H,
Suga S, Thara T, Chang BB, Akeda Y, Oishi K, the Japa-
nese IPD Study Group. Hyporesponsiveness to the infect-
ing serotype after vaccination of children with seven-
valent pneumococcal conjugate vaccine following
invasive pneumococcal disease. Vaccine 2014 Jan 28.
[Epub ahead of print]

Scott JAG, Brooks WA, Peiris JSM, Holtzman D,
Mulholland EK. Pneumonia research to reduce childhood
mortality in the developing world. J Clin Invest 2008;
118: 1291-1300.

World Health Organization. Pneumococcal vaccines:
WHO position paper. Wkly Epidemiol Rec 1999; 74:
177-184.

World Organization. Pneumococcal vaccines: WHO posi-
tion paper. Wkly Epidemiol Rec 2003; 78: 110-118.
Williams BG, Gouws E, Boschi-Pinto C, Bryce J, Dye C.
Estimates of world-wide distribution of child deaths from
acute respiratory infections. Lancet Infect Dis 2002; 2:
25-32.

Klugman KP, Madhi SA, Huebner RE, Kohberger R,
Mbelle N, Pierce N for the Vaccine Trialists Group. A
trial of a 9-valent pneumococcal conjugate vaccine in
children with and those without HIV infection. N Eng J



86

18.

19.

Med 2003; 349: 1341-1348.

Cutts FT, Zaman SMA, Enwere G, Jaffar S, Levine OS,
Okoko JB, Oluwalana C, Vaughan A, Obaro SK, Leach
A, McAdam KP, Biney E, Saaka M, Onwuchekwa U,
Yallop F, Pierce NF, Greenwood BM, Adegbola RA, for
the Bambian Pneumococcal Vaccine Trial Group. Effi-
cacy of nine-valent pneumococcal conjugate vaccine
against pneumonia and invasive pneumococcal disease in
The Gambia: randomised, double-blind, placebo-
controlled trial. Lancet 2005; 365: 1139-1146.

Madhi SA, Klugman KP, the Vaccine Trialist Group. 4

— 243 —

20.

21.

Tropical Medicine and Health Vol.42 No.2 Supplement, 2014

role for Streplococcus pneumoniae in virus-associated
pneumonia. Nat Med 2004; 10: 811-813.

Levine OS, Greenwood B. Opportunities and challenges
for pneumococcal conjugate vaccines in low-and middle-
income countries. In: Siber GR, Klugman KP, Makela PH,
eds. Textbook of Pneumococcal vaccines. Washington,
D.C.: ASM Press; 2007. pp 405-418.

WHO. GAPPD: ending preventable child deaths from
pneumonia and diarrhoea by 2025. http://www.who.int/
woman_child_accountability/news/gappd 2013/en/



Vaccine 33 (2015) 327-332

journal homepage: www.elsevier.com/locate/vaccine

\jaccine

. Contents Jists available at ScienceDirect. = -

Comparison of the immunogenicity and safety of polysaccharide and
protein-conjugated pneumococcal vaccines among the elderly aged

¢ CrossMark

80 years or older in Japan: An open-labeled randomized study

Ho Namkoong??, Yohei Funatsu?, Kazunori Oishi¢, Yukihiro Akeda?, Rika Hiraoka®,
Kei Takeshita®, Takahiro Asami?, Kazuma Yagi?, Yoshifumi Kimizuka?, Makoto Ishii?,
Sadatomo Tasaka?, Yukio Suzuki®, Satoshi Iwataf, Tomoko Betsuyaku?,

Naoki Hasegawa ©*

2 Division of Pulmonary Medicine, Department of Medicine, Keio University School of Medicine, Tokyo, Japan

b Japan Society for the Promotion of Science, Tokyo, Japan

¢ Infectious Disease Surveillance Center, National Institute of Infectious Disease, Tokyo, Japan

d International Center for Infectious Diseases, Research Institute for Microbial Diseases, Osaka University, Osaka, Japan
¢ Department of Respiratory Medicine, Kitasato University, Kitasato Institute Hospital, Tokyo, fapan

f Center for Infectious Diseases and Infection Control, Keio University School of Medicine, Tokyo, Japan

ARTICLE INFO

Article history:

Received 27 May 2014

Received in revised form 10 October 2014
Accepted 13 November 2014

Available online 22 November 2014

Keywords:

Serotype-specific IgG

Serotype-specific opsonophagocytic
activity

Pneumococcal protein-conjugate vaccine
Pneumococcal polysaccharide vaccine
Elderly patients

ABSTRACT

An open-labeled randomized study was conducted to compare the immunogenicity and safety of polysac-
charide (PPV23) or protein-conjugated pneumococcal vaccine (PCV7) among the elderly aged 80 years
or older. A total of 105 nursing home residents were enrolled in this study. We analyzed the geometric
mean concentration (GMC) of serotype-specific immunoglobulin G (IgG) and the geometric mean titer
(GMT) of the opsonization index (OI) for serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F. The GMCs of serotype-
specific IgG and the GMTs of the Ol significantly increased one month after vaccination in both groups
for all seven serotypes evaluated. In the PCV7 group, study subjects with serotypes 4, 9V, 18C, and 23F
exhibited statistically significant elevations in both serotype-specific IgGs and Ols compared to those of
the PPV23 group. Both vaccines were tolerated without any severe adverse events, and no differences
in systemic adverse events were observed between the two groups, although adverse reactions such as
redness and localized swelling were more common in the PCV7 group. Our data demonstrated that the
GMCs of serotype-specific IgG and the GMTs of the Ol were higher in the PCV7 group compared to those
in the PPV23 group. Our study also confirmed the safety of both the PCV7 and PPV23 vaccines in elderly

people aged 80 years or older.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

its surface capsule, PPV23 does not elicit T cell-dependent immune
responses and is a poor inducer of immunologic memory. Fur-

Streptococcus pneumoniae infection is a major cause of mortality
and morbidity worldwide among the elderly. The 23-valent pneu-
mococcal polysaccharide vaccine (PPV23) is widely recommended
for administration to those who are at a high risk of S. pneumo-
niae infection, such as elderly people and splenectomy patients [1].
However, owing to the purified free polysaccharides that comprise

* Corresponding author at: Center for Infectious Diseases and Infection Control,
Keio University School of Medicine, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582,
Japan. Tel.: +81 3 3353 3793; fax: +81 3 3353 2502.
E-mail address: n-hasegawa@z8.keio.jp (N. Hasegawa).

http://dx.doi.org/10.1016/j.vaccine.2014.11.023

thermore, vaccine-induced antibody titers may achieve insufficient
levels and decrease annually, particularly 5 years after vaccination
[2].

The conjugation of the capsular polysaccharide to a diphtheria
protein stimulates not only B-cell immune response but also T cell-
dependent immune responses and enhanced memory response at
the time of boosting [3]. Therefore, pneumococcal conjugate vac-
cines produce superior immune responses, particularly in infants.
For this reason, the heptavalent pneumococcal conjugate vaccine
(PCV7) was licensed in 2000 in the United States and in 2009 in
Japan. PCV7 also produces better immune responses than PPV23 in
groups at higher risk of developing invasive pneumococcal diseases

0264-410X/© 2014 The Authors, Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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and pneumococcal pneumonia, such as individuals with HIV [4] or
chronic obstructive pulmonary disease [5].

In healthy elderly people 50-80 years old, Goldblatt et al. [6]
reported that PCV7 produced superior immunogenicity compared
with PPV23. In recent years, the increasing number of elderly peo-
ple over 80 years old hospitalized for pneumococcal pneumonia has
been reported [7]. While pneumococcal vaccination is strongly rec-
ommended for this population, no data are currently available for
comparison of the immunogenicity and safety between PCV7 and
PPV23 for this age group. Therefore, we performed this prospective
study to clarify these unknown aspects.

2. Materials and methods
2.1. Study subjects

The present study was a randomized, open-label study designed
to compare the immunogenicity and safety of PCV7 (Prevenar;
Pfizer) with those of PPV23 (Pneumovax; MSD). Data were col-
lected between April 2011 and December 2012 from participants
who were 80 years or older and had never received pneumococcal
vaccinations. None of the participants had any documented history
of pneumococcal infection. They were selected from five differ-
ent nursing homes around Tokyo and were randomly assigned to
either the PPV23 group or the PCV7 group using the sealed enve-
lope system with a 1:1 allocation ratio. A total of 105 participants
were enrolled in this study, and all participants provided written
informed consent.

In addition, subjects were excluded if they had a history of
any streptococcal vaccination, a history of anaphylactic reaction to
diphtheria toxin, or symptoms of fever on the day of vaccination.

We set the sample size on the basis of a study by Goldblatt
et al. [6] on the comparison of immunogenicity between PCV7 and
PPV23 among adults aged 50-80 years. They assigned 33-60 sub-
jects to a subgroup of one arm and showed higher geometric mean
concentrations (GMCs) of serotype-specific IgG response in several
serotypes.

This study was reviewed and approved by the Research Ethics
Committee of Keio University School of Medicine (2010-231-2)and
by the Research Ethics Committee of Kitasato University Kitasato
Institute Hospital (1108-02). This trial was registered with the
UMIN Clinical Trials Registry (UMINOO0006132).

2.2. Vaccines

The PCV7 used in this study is currently licensed only for pedi-
atric use in Japan. PCV7 contains polysaccharides of pneumococcal
serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F, which are conjugated to
the protein carrier CRM197, a nontoxic variant of the diphtheria
toxin. Each serotype-specific polysaccharide is conjugated sepa-
rately prior to formulation as a multivalent vaccine. The vaccine
contains aluminum phosphate as an adjuvant.

PPV23 contains a mixture of purified capsular polysaccharides
from 23 different serotypes of S. pneumoniae: 1, 2, 3, 4, 5, 6B, 7F, 8,
9N, 9V, 10, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F, and
33F. This vaccine is adjuvant-free.

Each participant received 0.5 mL of either PPV23 or PCV7 via
subcutaneous injection. PPV23 and PCV7 were dispensed and
administered by members who were not blinded and not involved
in subsequent data analysis.

2.3. Samples

Blood samples (10 mL) were drawn from all the subjects on the
day of vaccination and approximately one month after vaccination.

Sera were separated by centrifugation (3500 rpm, 15 min, 4°C) and
stored at —80°C.

2.4. Enzyme-linked immunosorbent assay (ELISA)

Anti-pneumococcal immunoglobulin G (IgG) antibodies were
measured by World Health Organization (WHO)-approved ELISA,
using standard reference serum (89-SF or 007sp) and C-
polysaccharide and 22F polysaccharide absorption, as previously
reported [8,9]. The levels of serotype-specific IgGs for seven
serotypes (4, 6B, 9V, 14, 18C, 19F, and 23F) were determined in
both vaccination groups according to the WHO protocol (a detailed
version of the protocol is available at http://www.vaccine.uab.edu/
ELISAProtocol(89SF).pdf). These serotypes are covered by PCV7.

2.5. Multiplexed opsonophagocytic killing assay

A multiplexed opsonophagocytic killing assay for seven
serotypes, 4, 6B, 9V, 14, 18C, 19F, and 23F, based on antibiotic-
resistant strain target bacteria, was performed at the Research
Institute for Microbial Diseases, Osaka University, as previously
described [10]. The quality control serum used in each assay
was prepared from the pooled sera of adults vaccinated with
PPV23 or PCV7. The opsonization index (OI) was defined as the
serum dilution capable of killing 50% of the bacteria, which
was determined by using opsotiter3 software according to the
WHO protocol (a detailed version of this protocol is available at
www.vaccine.uab.edu/UAB-MOPA.pdf) [11]. Laboratory analysis,
ELISA, and a multiplexed opsonophagocytic killing assay were per-
formed by members who were blinded to vaccine allocation.

2.6. Adverse reactions

All patients were observed daily by medical staff to monitor
body temperature and any local or systemic reactions, starting from
the day of vaccination to day 7. Injections were graded based on
the occurrence of several possible adverse events as follows: grade
I (the reaction was present but easily tolerated), grade II (the reac-
tion interfered with normal activity), and grade Ill (the reaction was
severe or incapacitating).

2.7. Statistical analysis

Average antibody concentrations and the increases from base-
line were expressed as geometric means. Differences in the GMCs of
serotype-specific IgG and the geometric mean titers (GMTSs) of the
Ol'were assessed by the Wilcoxon matched-pairs signed-ranks test.
For multiple comparisons, we calculated Bonferroni-adjusted Pval-
ues. The frequencies of adverse reactions were compared between
vaccinations by the Fisher exact test. Differences with P<0.05 were
considered to be statistically significant. Data analysis was per-
formed by members who were blinded to vaccine allocation.

3. Results
3.1. Participant characteristics

Overall, 623 eligible participants were reviewed in the 5 nursing
homes (Fig. 1). One hundred and five participants were enrolled
in this study after they provided written informed consent. Five
subjects were subsequently dropped from the study prior to vac-
cination (2 subjects were hospitalized, 2 subjects left the nursing
home, and 1 subject died). Consequently, 100 subjects were vac-
cinated (Table 1); of these, 49 received PPV23 and 51 received
PCV7. The mean ages at enrollment were 88.3 years for the PPV23
group and 87.7 years for the PCV7 group, with 45 subjects in their
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Table 1
Participants characteristics.
Characteristics PPV23? pPCv7h Pvalue
(n=49) (n=51)
Age, years 88314 877415 0.29
Male, % 12 (24.5) 11(21.6)
Female, % 37(75.5) 40(78.4)
Height, cm 145.1£3.9 146.5+£2.2 0.24
Weight, kg 45924 46.0+2.1 0.47
Hypertension, ¥ 34(69.4) 32(62.7)
Diabetes mellitus, % 15 (30.6) 18(35.2)
0ld cerebral infarction, % 17 (34.7) 14 (27.5)
Dementia, % 15 (30.6) 13 (25.5)
Dyslipidemia, % 14 (28.6) 12 (23.5)
Neck of femur fracture, % 12 (24.5) 13(25.5)
Congestive heart failure, % 12 (24.5) 10(19.6)
Vertebral compression 11(22.4) 9(17.6)
fracture, %
Cataract, ¥ 6(12.2) 5(9.8)
Chronic obstructive 6(12.2) 3(5.9)
pulmonary disease, ¥
0ld myocardial infarction, 5(10.2) 5(9.8)
%
Malignancy, ¥ 4(8.1) 5(9.8)
Benign prostatic 5(10.2) 3(5.9)
hyperplasia, %
White blood cells, 5796+ 398 6101431 0.15
counts/jl
Hemoglobin, g/dl 11.84£04 12.2+04 0.09
Platelets, x104 counts/l 23.6+2.2 22.8+2.0 0.28
Albumin, g/dl 3.7+0.1 3.7+0.1 0.35
AST, IU/1 20.7+2.0 211429 0.40
ALT, IU/1 129+2.0 13.5£25 0.35
BUN, mg/dl 17.6+1.0 165+1.3 0.10
Creatinine, mg/d! 0.68+0.5 0.704+0.5 0.25

Data are presented as mean = SD (standard deviation) unless otherwise indicated.
2 23-valent pneumococcal polysaccharide vaccine.
b 7.valent pneumococcal conjugate vaccine.

90s and 3 subjects who were 101 years old. The majority (77%)
of the subjects were female. There were no significant differences
in major co-morbidities between the PPV23 group and the PCV7
group. No other significant differences in laboratory data were
observed between the two groups. All the participants from both
groups received routine immunization against seasonal influenza.

3.2. Immunogenicity: levels of serotype-specific IgG

Data for the GMCs of serotype-specific IgG responses before
and one month after vaccination with PPV23 or PCV7 are summa-
rized in Table 2 and presented graphically in Fig. 2. The original
data on serotype-specific IgG are also shown in Supplementary
Table 1. No significant differences of baseline serotype-specific IgG
GMCs were observed between the two groups for all serotypes
measured. In both groups, significant increases in IgG GMCs were
observed from baseline to one month following the initial dose
for all seven serotypes evaluated. The GMCs of serotype-specific
1gGs for serotypes 4, 9V, 18C, and 23F of the study subjects were
significantly more elevated in the PCV7 group than in the PPV23
group.

3.3. Immunogenicity: OI

Data for the GMTs of serotype-specific Ols before and one
month after vaccination with PPV23 or PCV7 are summarized in
Table 3 and presented graphically in Fig. 3. The original data on
serotype-specific Ols are also shown in Supplementary Table 2. No
significant differences in the baseline GMTs of serotype-specific
Ols were observed between the two groups for all serotypes mea-
sured. In both groups, significant increases in the GMTs of Ols were
observed from baseline to one month following the initial dose
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for all seven serotypes evaluated. The GMTs of serotype-specific
QIs for serotypes 4, 9V, 18C, and 23F of the study subjects were
significantly elevated in the PCV7 group compared to the PPV23
group.

3.4. Safety

Both vaccines were tolerated without any severe adverse events.
No differences were observed in systemic side effects between the
two groups; however, local side effects such as redness and local-
ized swelling were more commonly observed in the PCV7 group
(Table 4). No participants required unscheduled medical examina-
tions within the first 7 days after vaccination.

4. Discussion

The current study is the first to demonstrate pneumococcal vac-
cine responses in pneumococcus vaccine-naive elderly people (at
or over 80 years of age) by evaluating serotype-specific IgG anti-
bodies and serotype-specific Ols between PPV23 and PCV7. Our
major findings are that both PPV23 and PCV7 elicited increases in
I1gG and O], and that PCV7 is more potent than PPV23 in terms of
its immunogenicity against four out of seven serotypes included
in PCV7. We also demonstrated the safety of these preparations in
these elderly individuals, with no serious adverse effects observed
in either group.

We believe that there are several important strengths of this
study. One of them is that not only serotype-specific IgG levels but
also serotype-specific Ols were evaluated. Due to technical difficul-
ties with OI assays, Ol measurements have been reported in only
a limited number of clinical studies to date. However, we were
able to evaluate functional antibodies, which are superior surro-
gate markers for protection against pneumococcal pneumonia and
bacteremia, by utilizing the latest generation of ELISA methodology
[12].

Another important strength of this study is the age distribu-
tion of the participants, considering the currentinevitable tendency
toward increasing longevity in humans. Since the host response
induced by vaccinations varies depending on the age of the recip-
ient, the development of safe and effective vaccinations for the
elderly is clinically important.

In our study, antibodies against serotypes 4, 9V, 18C, and
23F were significantly elevated in the study subjects. These
data were consistent with a previous study indicating that
serotype-specific IgG levels of 4, 6B, 9V, 14, 18C, and 23F, and
serotype-specific Ols of 4, 9V, 14, 18C, and 23F were significantly
elevated in the PCV7 group consisting of elderly people more
than 70 years old [2]. In addition, in accordance with our data,
they reported that serotype 6B and 19F did not show superior
immunogenicity compared with other serotypes in elderly peo-
ple.

In several studies, 1.0-mL doses of PCV7 were administered
[5,13]. However, we used half this dosage in our clinical study
to minimize potential adverse effects. In fact, both PPV23 and
PCV7 were tolerated by the participants and were associated with
few local reactions or systemic adverse effects. No severe adverse
effects were observed in either group. A higher frequency of local
reactions was observed in the PCV7 group compared with the
PPV23 group, although we were unable to determine if this increase
was caused by the conjugation specifically. According to a dose-
range study of pneumococcal conjugate vaccine reported by Lode
et al. [14], both serotype-specific IgG and OI displayed increases
in dose-dependent manners, although local reactions for the dou-
ble dose were not statistically higher than for the single dose.
Based on this notion, in our study, 1.0-mL injections rather than
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Assessed for eligibility (n=623)

Excluded (n=518)

Not meeting inclusion criteria (n=365)
> Declined to participate (n=151)
Other reasons (n=2)

Randomized (n=105)

!

A

Assigned to 23-valent pneumococcal polysaccharide
vaccine (PPV23) (n=52)

Lost to follow-up (n=3)
Left nursing home (n=1)
Hospitalized (n=1)

Died (n=1)

Analyzed (n=49)

v

Assigned to 7-valent diphtheria-conjugated
pneumococcal polysaccharide vaccine (PCV7) (n=53)

Lost to follow-up (n=2)
Left nursing home (n=1)

Hospitalized (n=1)

Analyzed (n=51)

Fig. 1. Flow diagram of trial.

0.5-mL injections of PCV7 could have safely obtained more potent
immunogenicity.

The mean number of co-morbidities of study participants stay-
ing at nursing homes was 3.34 in our study. According to the
nationwide epidemiological study in Scotland by Barnett K et al,,
the mean number of co-morbidities is 2.60 in elderly people aged
65-84 years and 3.62 in elderly people aged 85 and over [15]. The
cross sectional study of aged Medicare beneficiaries in the United
States shows that the mean number of co-morbidities is 2.71 in
elderly people aged 80 and over [16]. Considering these previous
data, our study population of nursing homes could be regarded as
not an unusual population of the elderly people in the developed
countries.

Table 2

This study has several limitations. Firstly, a vaccine type and
an injection route have to be considered. In this study, we
could not use PCV13 because of the lack of the license in Japan
at the time of the current study, while PCV13 was launched
in Japan in 2014, Therefore our study is out-of-date data at
the present. Although PCV is usually administered intramuscu-
larly, not subcutaneously, an intramuscular injection of PCV7
was not allowed in Japan at the time of our clinical study. In
order to minimize injection dependent bias, we administered
PCV7 subcutaneously by following that the most common route
of PPV23 is the subcutaneous route in Japan. Even though, we
should have administered both PPV23 and PCV7 intramuscu-
larly.

The geometric mean concentrations of serotype-specific IgG antibody before and one month after vaccination pneumococcal vaccines.

Serotype Pre 1gG pg/ml (95% CI) Post 1gG pg/ml (95% CI) Bonferroni-adjusted

Pvalue
PPV23? (n=49) PCV7® (n=51) PPV23 (n=49) PCV7 (n=51)

ry 0.44 (0.35-0.55) 0.52 (0.42-0.66) 1.02(0.77-1.34) 3.38 (2.32-4.92) >0.001

6B 1.22(1.00-1.64) 1.11 (0.84-1.39) 3.51 (2.66-5.30) 3.32(2.08-4.84) 6.205

oV 1.03 (0.81-1.38) 0.92(0.70-1.18) 4,01 (3.12-5.66) 8.75 (5.80-12.14)" 0.003

14 1.88 (1.44-2.85) 2.26 (1.61-3.22) 7.66 (5.00-14.02) 11.41(7.57-18.26) 3.723

18C 1.12 (0.89-1.56) 1.08 (0.80-1.39) 4,93 (3.53-6.76) 10.02 (6.98-14.39) 0.043

19F 1.69 (1.38-2.15) 2.24(1.72-2.82) 5.26 (3.65-7.30) 6.10 (4.08-8.45) 2,467

23F 1.28 (0.95-1.81) 1.31(0.95-1.80) 5.39(3.51-8.98) 14.68 (9.75-22.04) 0.014

a 23-valent pneumococcal polysaccharide vaccine.

b 7_valent pneumococcal conjugate vaccine.

° Asignificant difference in absolute postvaccination IgG levels between vaccine groups.

Within each study group, postvaccination antibody levels were higher than baseline (P<0.01) for all serotypes.
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Table 3

The geometric mean titers of serotype-specific opsonization index before and one month after vaccination pneumococcal vaccines.
Serotype Pre OI* (95% CI) Post O (95% CI) Bonferroni-adjusted

Pvalue
PPV23® (n=49) PCV7¢ (n=51) PPV23 (n=49) PCV7 (n=51)

4 3.55(2.55-5.22) 5.77 (3.53-9.44) 45,84 (25.55~104.83) 710,65 (307.45-1642.62) 0.005
6B 17.97 (10.58~38.69) 23.34(12.10-40.88) 271.51(123.06-586,19) 700.27 (327.87-1188.63) 2227
oV’ 24.44 (13.77-49.77) 19.34 (9.97-34.30) 234,47 (138.37-478.25) 958.78" (559.49-1680.79)" 0.012
14 44.83 (24.67-101.30) 90.57 (38.43-183.84) 588,67 (262.75-1380.93) 1925.23 (1144.17-3430.09) 2.259
18C 47.67 (25.48-89.65) 39.13 (19.53-69.75) 708.20 (329.96-1295.19) 2730.37" (1805.42-4118.33) 0.016
19F 18.26 (10.23-32.94) 25.94 (13.43-45.32) 352.42 (163.69-628.10) 414.32 (196,85-707.47) 3.572
23F 19.00 (10.50-35.76) 14.51 (7.30-26.69) 197.51 (80.78-466.58) 2076.517 (1129.01-3937.53)" >0.001

2 Opsonization index.

b 23.valent pneumococcal polysaccharide vaccine,

¢ 7-valent pneumococcal conjugate vaccine,

* Bolded items represent a significant difference in absolute postvaccination Ol levels between vaccine groups.
Within each study group, postvaccination Ol were higher than baseline (P<0.01) for all serotypes.

Another limitation is that it was only one month after vaccina- secondary vaccination with PPV23 among elderly individuals with
tion that the antibody levels were examined, thereby limiting our chronic lung diseases [17]. We therefore intend to compare the
knowledge regarding long-term effects. Our recent study suggested serotype-specificIgG and Ol after primary vaccination between the
sustained levels of serotype-specific IgG and Ol after primary and study subjects immunized with PPV23 and PCV7 in this study.
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Fig. 2. The serotype-specific baseline and 1-month absolute IgG antibody levels are shown for each patient. The heptavalent diphtheria-conjugated pneumococcal polysac-
charide vaccine (PCV7) resulted in statistically significantly higher antibody levels at one month to baseline for serotypes 4, 9V, 18C and 23F,
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Fig. 3. The serotype-specific baseline and one-month geometric mean opsonophagocytic killing index are shown for each patient. The heptavalent diphtheria-conjugated
pneumococcal polysaccharide vaccine (PCV7) resulted in statistically significantly higher geometric mean opsonophagocytic killing index at one month to baseline for
serotypes 4, 9V, 18C and 23F.
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Table 4
Comparison of adverse reactions among elderly individuals after vaccination with
pneumococcal vaccines.

Characteristics PPV23? pPCV7b Pvalue
(n=49) (n=51)
Fatigue
Gradel 3 3 0.96
Grade Il o] 0 -
Muscle aches
Gradel 0 0 -
Grade Il 0 0 -
Headache
Grade | 0 0 -
Grade II 0 0 -
Itching of vaccinated arm
Grade | 2 4 0.43
Grade II 0 [¢] -
Pain of vaccinated arm
Gradel 1] 0 -
Grade I 0 0 -
Fever
Grade [ 4 3 0.65
Grade II 0 0 -
Redness
Grade I (<8cm) 9 16 0.13
Grade I (>8cm and <15cm) 3 5 0.50
Grade Il (>15¢cm) 0 0 -
Localized swelling
Grade I (<8cm) 11 19 0.11
Grade I (>8 cm and <15cm) 0 0 -

2 23-valent pneumococcal polysaccharide vaccine.
b 7.valent pneumococcal conjugate vaccine.

There are several unsolved issues for pneumococcal vaccination,
The titer of correlate of protection for adults who received pneu-
mococcal vaccines has not yet been established, while a titer of
0.35 pg/mL has been defined as a correlate of protection against
invasive diseases among infants who received the pneumococcal
conjugate vaccine. In this respect, as for adults, the advantage of
the higher immunogenicity in the PCV7 group is not clear in pro-
tection against pneumococcal diseases. Moreover, the difference of
the serotypes covering range by each pneumococcal vaccine has to
be taken into consideration. Based on the newest domestic reports
on the serotype distribution of community-acquired pneumonia
(CAP) [18] and invasive pneumococcal disease (IPD) [19], the ratio
of serotypes of CAP covered by PPV23, PCV7 and PCV13 are 82.5%,
61.4% and 83.3% while the ratio of serotypes of IPD covered by
PPV23, PCV7 and PCV13 are 85.4%, 39.8% and 61.9%, respectively.
Taken together, to make best of our current study, the nation-
wide surveillance of S. pneumoniae infections is essential in Japan.
Beyond the scope of this current study, the most important aspect
is to establish the vaccine policy which produce clinical efficacy for
preventing S. pneumoniae infections.

In conclusion, we demonstrated higher increases in the GMCs
of serotype-specific IgG levels and the GMTs of Ols in the PCV7
group compared to the PPV23 group, and confirmed the safety of
vaccinations with PCV7 and PPV23 for subjects aged 80 years and
older.
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Anincrease in the appearance of nonvaccine serotypes in both children and adults with invasive pneumo-
coccal disease (IPD) after introduction of pneumococcal conjugate vaccine represents a limitation of this
vaccine. In this study, we generated three recombinant pneumococcal surface protein A (PspA) proteins
comprising PspA families 1 and 2, and we examined the reactivity of antisera raised in mice immu-
nized with a PspA fusion protein in combination with CpG oligonucleotides plus aluminum hydroxide
gel. The protective effects of immunization with PspA fusion proteins against pneumococcal challenge
by strains with five different PspA clades were also examined in mice. Flow cytometry demonstrated
that PspA3+2-induced antiserum showed the greatest binding of PspA-specific IgG to all five challenge
strains with different clades. PspA2+4- or PspA2+5-induced antiserum showed the lowest binding of
PspA-specific IgG to clade 3. Immunization with PspA3+2 afforded significant protection against pneu-
mococcal challenge by five strains with different clades in mice, but immunization with PspA2+4 or
PspA2+5 failed to protect mice from pneumococcal challenge by strains with clades 1 and 3. The binding
of PspA-specific IgG in antisera raised by three PspA fusion proteins was examined in 68 clinical iso-
lates from adult patients with IPD. Immunization of mice with PspA3+2-induced antiserum with a high
binding capacity for clinical isolates expressing clades 1-4, but not clade 5. Our results suggest that the
PspA3+2 vaccine has an advantage over the PspA2+4 or PspA2+5 vaccine in terms of a broad range of
cross-reactivity with clinical isolates and cross-protection against pneumococcal challenge in mice.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction in the incidence of IPD caused by non-PCV7 serotypes has been

also observed in children and adults [3-5]. In addition, after intro-

Streptococcus pneumoniae is a major cause of morbidity and mor-
tality caused by pneumonia, bacteremia, and meningitis worldwide
[1]. After introduction of the seven-valent pneumococcal conjugate
vaccine (PCV7) in children, significant declines in the incidence of
invasive pneumococcal disease (IPD) caused by vaccine serotypes
were reported in children and adults [2,3]. However, an increase
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duction of a 13-valent pneumococcal conjugate vaccine (PCV13)in
children, serotypes not included in PCV13 have been isolated with
increasing frequency in pediatric and adult patients with IPD [6,7].
Because there are >90 different pneumococcal capsular serotypes,
continuous supplementation of pneumococcal conjugate vaccines
with new serotypes for serotype replacement may not be a practical
strategy.

Previous studies have demonstrated that several pneumococ-
cal proteins are potential vaccine candidates [8-11]. One candidate
protein antigen is pneumococcal surface protein A (PspA), which is
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an exposed virulence factor found in virtually all pneumococcal
strains [12,13]. Anti-PspA antibodies overcome the anticomple-
ment effect of PspA, allowing for increased complement activation
and C3 deposition on PspA-bearing bacteria [14,15]. Serum from
humans immunized with PspA can passively protect mice against
challenge with various pneumococcal strains [16]. Importantly, a
recent study confirmed that the rabbit antibodies to PspA could
mediate killing in the modified opsonophagocytosis killing assay
[17].

PspA is composed of five domains: (i) a signal peptide, (ii)
an a-helical highly charged (N-terminal) domain, (iii) a proline-
rich region domain, (iv) a choline-binding domain, and (v) a short
hydrophobic tail [18,19]. The «-helical domain of PspA has an
antiparallel coiled-coil motif and is considered to be the most
exposed part of the molecule [20]. The a-helical domain binds to
protective monoclonal antibodies and inhibits killing of pneumo-
cocci by at least two host cationic peptides [21,22]. The proline-rich
domain is composed of many repetitive sequences shared by other
proline-rich domains making its inclusion important for achieving
broad protection [23].

PspA proteins have been grouped into three families encom-
passing six different clades based on the C-terminal 100 amino
acids of the a-helical region [24]. Family 1 comprises clades 1 and
2; family 2 comprises clades 3, 4 and 5; and family 3 comprises
clade 6 [22,24]. Pneumococcal strains expressing family 1 or 2 PspA
proteins constitute >96% of clinical isolates from patients with IPD
[6,13,25]. Although different PspA proteins induce antibodies with
different degrees of cross-reactivity in vitro and cross-protection
of mice [26,27], our previous studies demonstrated that no sin-
gle PspA construct can elicit complete protection against challenge
by strains with all PspA clades and families [28]. To accommo-
date this variability, it was proposed that a combination of two
PspA antigens, one from PspA family 1 and one from PspA family
2, should elicit protection against the vast majority of pneumo-
coccal strains [29-31]. Thus, it is important to determine which
PspA fragments show the broadest cross-reactivity. In this study,
we prepared fusion proteins of three pairs of PspA molecules, and
determined which provided the broadest cross-reaction with clin-
ical isolates of S. pneumoniae.

2. Materials and methods
2.1. Pneumococcal strains

Six laboratory strains (all originally from patients), including
BG9739 (serotype 4, PspA clade 1), D39 (serotype 2, PspA clade
2), WU2 (serotype 3, PspA clade 2), TIGR4 (serotype 3, PspA clade
3), EF5668 (serotype 4, PspA clade 4), and ATCC 6303 (serotype 3,
PspA clade 5) were used to construct the fusion PspA proteins. These
laboratory strains and a recent clinical isolate, KK1162 (serotype 3,
PspA clade 4), were used for bacterial challenge. Sixty-eight clini-
cal isolates, including KK1162 strain, from Japanese adult patients
with IPD were also used [32]. These isolates were serotyped using
agglutination assay, and their PspA clades were determined using
a method published previously [32,33].

2.2. Construction of fusion PspA fragments

Our previous study demonstrated a significant protection
against sepsis caused by WU2 strain (PspA clade 1) by immuniza-
tion with full-length BG9739 derived PspA (clade 1) but only a weak
protection against homologous challenge with BG9739 [28]. There-
fore, we excluded PspA clade 1 derived from BG9739 strain from the
fusion PspA proteins. In this study, we prepared the fusion proteins
from three pairs of PspA clade 2 from family 1 and PspA clades

3, 4 and 5 from family 2. All cloning procedures were performed
with Escherichia coli DH5« grown in Luria-Bertani medium (Sigma-
Aldrich, St. Louis, MO) supplemented with kanamycin (30 pg/ml).
DNA fragments encoding portions of the N-terminal regions (con-
taining the a-helix domain and proline-rich region) of PspA clades
2 and 3 were amplified by PCR using strains D39 and TIGR4. The
primers used in this procedure are available in Appendix 1. The
resulting PCR products were digested with Ndel and EcoR], and were
ligated to the pET28a (+) vector (Novagen, Madison, WI), and the
sequences were confirmed by DNA sequencing. The pET28a~PspA
constructs digested with EcoRl and Xhol, and the resulting frag-
ments, which encoded portions of the N-terminal regions of PspA
clades 4, 5, or 2 were amplified by PCR using strains EF5668 (Acces-
sion no. U89711), ATCC6303 (Accession no. AF071820), or WU2
(Accession no. AF071814), respectively, and were ligated to the
linearized vector. The fusion PspA proteins were obtained with
primers that allowed the removal of the signal sequence. The fusion
PspA2+4 was constructed by fusing the 3’ terminus of PspA clade
2 of D39 strain (Accession no. AF071814) with the 5’ terminus
of PspA clade 4 of EF5668 strain, through the EcoRI ligated to
pET28a-6 x His. The fusion PspA2+5 was constructed by fusing
the 3’ terminus of PspA clade 2 of D39 strain with the 5’ termi-
nus of PspA clade 5 of ATCC6303 strain, through the EcoRI ligated
to pET28a-6 x His. The fusion PspA3+2 was constructed by fus-
ing the 3’ terminus of PspA clade 3 of TIGR4 strain (Accession no.
AE005672.3) with the 5’ terminus of PspA clade 2 of WU2 strain,
through the EcoRI ligated to pET28a~6 x His.

2.3. PspA expression and purification

Competent E. coli BL21 (DE3) cells were transformed with
pET28a (+) vectors containing the fusion PspA or the single PspA
constructs. The recombinant proteins were purified and stored as
described elsewhere [34].

2.4. Immunization of mice

Female C57/BL6j mice (6-8 weeks old) were purchased from
CLA Japan. Mice were immunized subcutaneously three times at
7-days intervals with 0.1 ug of recombinant fusion PspA deriva-
tives in lipopolysaccharide-free phosphate-buffered saline (PBS)
(Sigma) in combination with 2.5 g of TLR9 ligand adjuvants K3
CpG oligonucleotides (CpG ODNs) and 5 pg of aluminum hydrox-
ide gel (AHG) (A gift from The Research Foundation for Microbial
Diseases of Osaka University) or CpG ODNs alone (final volume
of 200 .1 per mouse). A subcutaneous route of immunization was
chosen because our preliminary study demonstrated the levels of
PspA-specific IgG in mice subcutaneously immunized with 0.1 pg
of PspA plus 2.5 pg of CpG ODNs were significantly higher than
those in mice nasally immunized with 0.1 pg of PspA plus 2.5 pg of
CpG ODNs (data not shown). CpG ODNs were prepared as described
previously [35]. Because the PspA clade-specific IgG levels tended
to be higher in mice immunized with each PspA fusion protein with
CpG ODNSs plus AHG than in those immunized with PspA fusion pro-
tein with CpG ODNs alone (see Appendix 2), we used the CpG ODNs
plus AHG (define as the double adjuvants), for the immunization of
mice with PspA fusion proteins in this study. These double adju-
vants were safe in nonhuman primate models, and were applicable
to humans [36]. Serum was collected from mice by retro-orbital
bleeding 1 week after the third immunization. All animal experi-
ments were approved by the Animal Care and Use Committee of the
Research Institute for Microbial Diseases, Osaka University, Japan
(Permit Number: Biken-AP-H23-05-0).
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Fig. 1. Schematic diagram of PspA and three fusion PspA proteins. The entire PspA molecule containing the N-terminal a-helical domain, which contains the clade-defining
region (CDR), the proline-rich region, the choline-binding domain, and the C-terminal tail (upper column). Each recombinant fusion protein is shown with its different

composition (three lower rows).

2.5. Binding of PspA-specific IgG to pneumococcal strains by flow
cytometry

Five pneumococcal strains for bacterial challenge and 68 clin-
ical isolates were grown in blood agar plates overnight and then
subcultured again on blood agar plates for 4-5 h. The bacteria were
collected in PBS, harvested by centrifugation, and washed once with
PBS. Ninety microliters of the bacterial suspension at a concentra-
tion of 1 x 108 colony-forming units (cfu)/ml in PBS was incubated
with 10l of mouse antisera for 30 min at 37°C. After incuba-
tion, the suspension was washed once with PBS, resuspended in
100 .l of fluorescein isothiocyanate-conjugated goat anti-mouse
1gG (1:100), and incubated for 30 min on ice. After the incubation,
the bacterial suspension was washed twice with PBS and suspended
in 500 pl of 1% formaldehyde. The samples were kept on ice in the
dark until analyzed by flow cytometry using a BD FACSCalibur™
with CellQuest software (BD Sciences, San Jose, CA), and the per-
centage of fluorescent bacteria (>1 fluorescence intensity unit) in
each group was determined. Sera from mice immunized with dou-
ble adjuvants only were used as the negative controls.

2.6. Protection against pneumococcal challenge

The mice immunized with the PspA fusion protein plus double
adjuvants were challenged intranasally with 2 x 107 cfu of strain
BG9739 (clade 1), 2 x 107 cfu of strain WU2 (clade 2), 5 x 108 cfu of
strain TIGR4, 2 x 107 cfu of strain KK1162 (clade 4), or 5 x 105 cfu
of strain ATCC6303 (clade 5). Bacterial challenges were performed
2 weeks after the final immunization. Mortality was monitored for
2 weeks following pneumococcal challenge. The mice immunized
with double adjuvants alone were used as a control.

2.7. Statistical analysis

Analysis of variance followed by an unpaired Mann-Whitney U
test was used to evaluate differences in antibody titer. The per-
cent binding by immune sera to each pneumococcal strain was
compared by paired t-test. Survival rates were analyzed by the
Kaplan-Meier log-rank test. All analyses were performed using
GraphPad Prism Software (GraphPad software, La Jolla, CA). p values
<0.05 were considered significant.

Fig. 2. Characterization of three purified fusion PspA proteins by SDS-PAGE (A) and Western blot analysis (B). The proteins were subjected to SDS~PAGE and detected by
direct staining with Coomassie brilliant blue. Lane 1, standard molecular weight markers; lane 2, PspA2+4; lane 3, PspA2+5; 4, lane PspA3+2. The values on the left are
molecular sizes in kilodaltons. Mouse antiserum against PspA recombinant protein (clade 2) was used for Western blot analysis. Lane 2, PspA2+4; lane 3, PspA2+5; lane 4,

PspA3+2.
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