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ABSTRACT

An observational study to assess immunogenicity before and after the first, second, and third vaccina-
tions with the 23-valent pneumococcal polysaccharide vaccine in a cohort of 16 elderly patients with
chronic lung diseases was conducted. The safety of this vaccine was also compared between the
first, second, and third vaccinations. Serotype-specific immunoglobulin G (IgG) and the opsonization
index (OI) for serotypes 6B, 14, 19F, and 23F were analyzed, and adverse local and systemic reactions
were compared. The levels of serotype-specific IgG and Ol increased significantly 1 month after the
first, second, and third vaccinations. Peak IgG levels were higher after the third vaccination than after
the second vaccination, but the levels of serotypes 6B, 14, and 19F were not higher than after the first
vaccination. Serotype-specific Ols did not differ after the third vaccination compared with the first
and second vaccinations. The level of serotype-specific IgG required for killing 50% of bacteria decreased
significantly T month after the second vaccination. This level was slightly elevated immediately before
the third vaccination but decreased after the third vaccination. Although self-limited local and systemic
reactions were more frequent after the second and third vaccinations than after the first vaccination, no
serious systemic reactions were seen after any vaccination. These data suggest that sustained functional
serotype-specific IgG is produced after the first, second, and third vaccinations and they confirm the
safety of the second and third vaccinations in elderly people with chronic lung disease.
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Introduction The PPSV23 comprises a mixture of capsular polysacchar-
ides from 23 serotypes of S. pneumoniae. Several epidemiolo-
gical and clinical studies have shown that this vaccine is
particularly effective in preventing IPD.'®'" A recent study
of community-onset pneumonia in adults aged 65 years or
older demonstrated that the effectiveness of PPSV23 was
27.4% against all pneumococcal pneumonia, and 33.5%
against PPSV23 serotypes using the test-negative design.'?
Given these observations, improving the coverage rate of
PPSV23 in high-risk populations (such as the elderly and
patients with respiratory disorders) should now be a high
priority.

In recent years, Japan has become a “super-aged” society,
and a growing number of people who received their first dose
of pneumococcal vaccine 5 or more years ago have been
requesting a second dose. The practice of revaccination with
pneumococcal polysaccharide vaccine has also gained support
in many other countries following the publication of Jackson
et al."> Although local reactions occur more frequently follow-
ing revaccination compared with the first vaccination, these
reactions resolve within 3 days, and revaccination is not
associated with serious adverse reactions. Previously, we
obtained similar results demonstrating that a second vaccina-
tion with PPSV23 is safe and immunogenic in Japanese
patients with chronic lung disease (CLD).1

Despite current advances in medicine, Streptococcus pneumo-
niae continues to be a major human pathogen that causes
infectious diseases in adults worldwide." Pneumonia is still
one of the most common causes of death in adults, and
S. pneumoniae is the leading causative agent of pneumonia
in Japan.”

As a result of introduction of 13-valent pneumococcal
conjugate vaccine (PCV13) in the national immunization
program among children in Japan, the current vaccination
rate of the PCV13 is as high as 95% among children aged
5 years and younger.” Consequently, the incidence of invasive
pneumococcal disease (IPD) caused by the S. pneumoniae
serotypes included in PCV13 is low in both children and
adults, and there is a decreasing trend in the prevalence of
penicillin-resistant pneumococcal strains.* In some other
countries, implementation of the seven-valent pneumococcal
conjugate vaccine (PCV7) and PCV13 in children has report-
edly induced serotype replacement, leading to an elevated
incidence of IPD caused by the non-vaccine serotype 12F.>°
Recently, an increase in the incidence of IPD caused by
serotype 12F among adults was reported in Japan.” Because
serotype 12F is included in the 23-valent pneumococcal poly-
saccharide vaccine (PPSV23), this vaccine is highly effective
against serotype 12F IPD.*’
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As the demand for a second dose of pneumococcal vac-
cine increases, an increase in the number of people request-
ing a third dose 5 or more years after their second
vaccination is expected. Several studies have shown that
repeated doses of pneumococcal vaccine are immunogenic
and well tolerated.'>'® However, no research to date has
assessed the clinical course through their first, second, and
third immunizations with this vaccine in the same elderly
patients with chronic respiratory diseases.

In this study, we assessed the immunogenicity and safety of
repeated doses of PPSV23 by following the same group of
patients over time, from their first to third vaccination.

Materials and methods
Study participants

Between October 2001 and November 2002, 151 patients with
CLD who were aged 65 years or older received their first
vaccination with PPSV23 at our outpatient clinic. Serum
samples from these patients had been acquired before and
1 month after the first vaccination and had been preserved for
antibody titer analyzes.'” Forty of the 151 patients were
enrolled between September 2009 and January 2010 in
a study to investigate the safety and immunogenicity of
the second vaccination with PPSV23.'*

Of these 40 patients, 24 patients died or were lost to follow-
up at our outpatient clinic by November 2014, giving 16
patients who were enrolled between December 2014 and
February 2015 in our study of the safety and immunogenicity
of the third vaccination with PPSV23.

All patients provided written, informed consent. This study
was reviewed and approved by the ethics committee of the
National Hospital Organization, Tokyo National Hospital,
and was conducted according to the principles expressed in
the Declaration of Helsinki.

Samples

Blood samples were drawn from 16 study participants before
and 1 month after the third vaccination with PPSV23. Serum
samples were separated by centrifugation and stored at - 80°C
until used. The levels of serotype-specific immunoglobulin
G (IgG) and the OI were measured in the serum samples
obtained before and 1 month after the first vaccination, before
and 1 month after the second vaccination, and before and
1 month after the third vaccination.

Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of antipneumococcal IgG antibodies were
measured using the World Health Organization (WHO)-
approved ELISA methodology with standard reference
serum (89-SF or 007sp) and C-polysaccharide and 22F poly-
saccharide absorption, as previously described.'®'® The con-
centrations of serotype-specific IgG for the four serotypes, 6B,
14, 19F, and 23F, were measured according to the WHO
protocol. A detailed protocol is available at https://www.vac
cine.uab.edu/uploads/mdocs/ELISAProtocol(007sp).pdf

Multiplexed Opsonophagocytic Killing Assay (MOPA)

A MOPA for the four serotypes based on antibiotic-resistant
target bacteria was performed at the Research Institute for
Microbial Diseases, Osaka University, as previously
described.”® The quality control serum was prepared from
the pooled sera of adults vaccinated with PPSV23 and was
used in each assay. The OI was defined as the serum dilution
that killed 50% of bacteria, and the OI was determined for
the four serotypes 6B, 14, 19F and 23F using opsotiter3
software (www.vaccine.uab.edu/UAB-MOPA) according to
the WHO protocol. The functional activity of serotype-
specific IgG was expressed as the concentration of IgG
required for 50% killing of the pneumococcal strain by
dividing the IgG concentration of a test sample by the OL
The serotype-specific IgG required for 50% killing was
applicable to adult subjects as previously published.'®?!
A lower serotype-specific IgG required for 50% killing indi-
cates a better functional antibody.

The serotype-specific IgG and the opsonization index (OI)
were determined for serotypes 6B,14, 19F, and 23F, because
S. pneumoniae with these serotypes were prevalent as the
causative agents of community-acquired pneumonia when
the study patients received the first vaccination with PPSV23
between October 2001 and November 2002.>*

Adverse reactions

Participants were provided a diary to record their tempera-
ture and any local or systemic reactions that occurred from
the day of the third vaccination to day 14 after this vacci-
nation. They were instructed to assess the maximal
diameter of any redness or swelling at the site of injection.
This was classified as mild for diameters > 1 cm and
< 5 cm, as moderate for diameters > 5 cm and < 10 cm,
and as severe for diameters > 10 cm. A systemic symptom
was considered mild when the participant felt a certain
symptom but had no difficulties in daily life. A physical
examination with an interview was conducted to record the
participant’s condition on the day of the third vaccination
and 14 days later. The attending physician assessed the
presence of adverse reactions based on daily records sub-
mitted by the patient. Data for adverse reactions after the
third vaccination were compared with those after the first
and second vaccinations.'*'”

Statistical analysis

Average antibody concentrations and increases are expressed
as geometric means. Differences in the geometric mean con-
centrations (GMCs) of serotype-specific IgG, Ols, or IgG
concentration required for 50% killing were assessed using
the Wilcoxon matched-pairs signed-rank test. The relation-
ships between GMCs before the third vaccination and local
adverse reactions after the third vaccination were compared
using the Mann-Whitney U test. The frequencies of adverse
reactions were compared between the first, second, and third
vaccinations using Student’s ¢ test. Differences with a P value
< .05 were considered to be significant.
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Results
Patient characteristics

The group of patients comprised 7 men and 9 women whose
mean age was 80 years; 10 participants were in their 70s and 6
were in their 80s. The mean interval between the second and
third vaccinations was 5 years and 3 months. Their comorbid
illnesses included pulmonary tuberculosis sequelae (44%),
bronchial asthma (19%), bronchiectasis (13%), and other con-
ditions (24%). Six patients (38%) were on home oxygen ther-
apy (Table 1).

Immunogenicity

The GMCs of serotype-specific IgG for serotypes 14, 19F, 6B,
and 23F were significantly elevated 1 month after the first
vaccination (P < .01) and remained slightly higher than before
the first vaccination, even at the time of the second vaccina-
tion. The GMCs of serotype-specific IgG for all serotypes
increased significantly by the second vaccination, but the
GMCs of serotype-specific IgG for serotypes 14 and 23F
were lower 1 month after the second vaccination than
1 month after the first vaccination. Importantly, the GMCs
of serotype-specific IgG for all serotypes increased signifi-
cantly by the third vaccination, and the GMCs of serotype-
specific IgG for serotypes 14, 19F, and 23F were higher after
the third vaccination than after the second vaccination
(Table 2).

The GMCs of serotype-specific Ols for all serotypes
increased significantly 1 month after the first vaccination
(Table 2). For all serotypes, the GMCs of serotype-specific
OIs were higher 1 month after the second vaccination than
1 month after the first vaccination. The GMCs of serotype-
specific Ols for all serotypes increased significantly 1 month
after the third vaccination and were higher than before the
first vaccination (Table 2). The GMCs of serotype-specific Ols
for all serotypes decreased thereafter, but the second and third
vaccination values were higher or similar to those 1 month
after the first vaccination (Table 2).

The GMCs of serotype-specific IgG required for 50% kill-
ing for all serotypes decreased significantly after the first
vaccination (6B, 19F: P < .01, 14, 23F: P < .05; Figure 1).

Table 1. Baseline characteristics of 16 patients with chronic pulmonary diseases.

Characteristic Value
Sex
Male 7
Female 9
Mean age, years (SD) 80 (4.1)
70-79 years, n (%) 10 (62.5)
>80 years 6 (37.5)

Comorbid illness, n (%)
Sequelae of pulmonary tuberculosis 7 (
Asthma 3
Bronchiectasis 2 (
Nontuberculous mycobacteriosis
Aspergillosis
Interstitial pneumonia
Diaphragmatic hernia
Home oxygen therapy, n (%) 6 (3
Mean time between second and third vaccinations, months (SD)

SD: standard deviation.
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Between the first and second vaccinations, the GMCs of
serotype-specific IgG required for 50% killing were signifi-
cantly increased for serotypes 6B and 23F but did not change
for serotypes 14 and 19F. The GMCs of serotype-specific IgG
required for 50% killing for all serotypes decreased signifi-
cantly after the second vaccination (P < .01; Figure 1). The
GMCs of serotype-specific IgG required for 50% killing were
significantly increased for all serotypes from before to after
the third vaccination. The GMCs of serotype-specific IgG
required for 50% killing for serotypes 6B and 19F were sig-
nificantly decreased after the third vaccination (P < .05;
Figure 1), but those of serotypes 14 and 23F increased.

Safety

No serious adverse reactions, such as anaphylactic shock,
occurred after the third vaccination. The frequencies of local
reactions, including local swelling, redness, and pain, peaked
1 day after the third vaccination and then gradually disap-
peared within 1 week (Table 3). Several participants developed
systemic symptoms, including nausea, headache, muscle pain,
joint pain, or malaise. These symptoms were found more
frequently during the first 2 days after the third vaccination
and improved slowly thereafter. All adverse reactions disap-
peared within 2 weeks after the third vaccination.

The frequency of local reactions, including pain and swel-
ling or redness, was significantly higher after the third vacci-
nation than after the first vaccination but did not differ
significantly between the second and third vaccinations
(Figure 2A). The frequency of systemic reactions, especially
headache, was significantly higher in subjects after the third
vaccination than after the first vaccination (Figure 2B).

There was no relationship between the GMCs before the
third vaccination and local adverse reactions after the third
vaccination.

Discussion

This study shows that the third dose of PPSV23 was well
tolerated and that serotype-specific IgG levels and serum
opsonic activity were higher after than before the third
vaccination.

Musher et al.'> and Hammitt et al.'® have shown that the
immunogenicity of PPSV23 is preserved after repeated
administration. The present study also showed that, for all
four serotypes tested, serotype-specific IgG levels were signif-
icantly higher after the third vaccination than before the first
vaccination. These observations provide a rationale for the use
of repeated administration of the pneumococcal vaccine to
maintain high concentrations of antibodies against this patho-
gen. After the second vaccination, the GMCs of IgG antibo-
dies specific for serotypes 14 and 23F did not reach the levels
observed after the first vaccination. However, the GMC of
serotype-specific IgG for serotype 14 was higher after the
third dose than after the first dose. Furthermore, the GMC
of serotype-specific IgG for serotype 23F was similar after the
third dose to that after the first dose. The mean interval
between the second and third doses (63 months) was shorter
than that between the first and second doses (91 months).'*

1'16
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Table 2. Comparison of geometric mean concentrations (GMCs) and geometric increases (n-fold) in levels of serotype-specific IgG and the opsonization index (Ol) for
serum samples from the 16 participants before and after the first, second, and third vaccinations.

Geometric mean increase (n-fold; post/

Serotype Time point GMC of IgG (ug/mL) (95% Cl) Geometric mean increase (n-fold; post/pre) GMT of Ol (95%Cl) pre)
6B Predose 1 0.85 (0.57-1.27) 72 (31-166)

Postdose 1 2.00 (1.01-3.95)° 234 527 (186-1495)° 7.32

Predose 2 1.55 (0.89—2.70)b 347 (114-1050)°

Postdose 2 2.50 (1.38-4.52)¢ 1.62 1281 (6553—2492)3' 3.69

Predose 3 1.14 (0.65-1.98) 109 (40-300)

Postdose 3 1.67 (0.96-2.88)*9 1.46 895 (477-1681)*¢ 8.21
14 Predose 1 2.31 (1.37-3.89) 59 (21-161)

Postdose 1 8.05 (5.91-10.96)* 3.48 647 (229-1831)* 10.97

Predose 2 3.17 (1.60-6.28) 281 (106-745)*

Postdose 2 5.65 (3.04-10.50)*¢ 1.78 680 (264-1751)¢ 242

Predose 3 491 (2.75—8.76)a’d 189 (48-745)

Postdose 3 9.00 (4.66—17._’>9)a'd'f"-’J 1.83 562 (149-2120)*9 297
19F Predose 1 2.12 (1.55-2.91) 24 (10-58)

Postdose 1 3.70 (2.62-5.22)* 1.74 262 (144-477)% 10.92

Predose 2 2.47 (1.63-3.73) 104 (46-233)°

Postdose 2 3.88 (2.63-5.74)*¢ 157 380 (195-739)*<¢ 3.65

Predose 3 2.84 (1.79-4.51) 127 (47-348)°¢

Postdose 3 5.03 (2.95-8.56)*%9 177 336 (140-808)*%9 2,65
23F Predose 1 1.08 (0.63-1.87) 15 (6-35)

Postdose 1 2.47 (1.33-4.58)° 2.28 113 (40—3222}a 7.53

Predose 2 1.39 (0.71-2.73) 52 (22-121)

Postdose 2 1.93 (0.89-4.17) 1.39 159 (74-341)*4 3.06

Predose 3 1.27 (0.74-2.17) 17 (6-45)

Postdose 3 2.27 (1.19-4.32)*%9 1.79 84 (24-291)*9 494

GMC: geometric mean concentration, GMT: geometric mean titer, Cl: confidence interval.

dose 1: first vaccination, dose 2: second vaccination, dose 3: third vaccination, Predose 1: before first vaccination, Postdose 1: after first vaccination.
Predose 2: before second vaccination, Postdose 2: after second vaccination, Predose 3: before third vaccination, Postdose 3: after third vaccination.
Serum samples were collected 1 month before and after the first, second, and third vaccinations.

?p < .01 (vs. predose 1).
vs. predose 1).
vs. postdose 1).
(vs. predose 2).
€p < .05 (vs. predose 2).
fp < .05 (vs. postdose 2).
9p < .01 (vs. predose 3).
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Figure 1. The GMCs of serotype-specific IgG required for 50% killing of bacteria for serotypes 6B (diamonds), 14 (squares), 19F (triangles), and 23F (circles) before and
after the first, second, and third vaccinations with 23-valent pneumococcal polysaccharide vaccine. **P < .01 and *P < .05 versus before the first vaccination.

This may explain, at least in part, why the third immunization
was more effective than the second in producing serotype-
specific IgG for serotypes 14 and 23F.

In the present study, opsonic activity against serotypes 6B
and 19F was higher after the third dose than after the first
dose. We also found that the opsonic activities for serotypes
14 and 23F were similar after the third dose to those after the
first dose, although the activities following the third dose were

slightly lower. What is particularly noteworthy is that, for all
four serotypes tested, the opsonic activities were higher before
the third dose than before the first dose. The capsular poly-
saccharides included in PPSV23 are T-cell-independent anti-
gens. Therefore, this vaccine has traditionally been considered
to lack the ability to generate long-lasting immunological
memory. However, the present study demonstrates that opso-
nic activity was still present in the serum of patients who had
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Table 3. Percentages of participants with local and systemic reactions by day after the third vaccination.
Adverse Reaction Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Local Maximal diameter of redness or swelling at the injection site, cm
>1cmand <5cm 2 (12.5) 1 (6.25) 1 (6.25) 4 (25) 4 (25) 2 (12.5) 0 (0)
>5cmand <10 cm 3 (18.75) 6 (37.5) 3 (1875 2(125) 1(6.25) 0 (0) 0 (0)
>10 cm 0 (0) 2(125)  3(1875 1(6.25 1 (6.25) 0(0) 0(0)
Mild soreness in arm 5(31.25) 3 (18.75) 2 (12.5) 6 (37.5) 4 (25) 2 (12.5) 1 (6.25)
Moderate soreness in arm 2 (12.5) 5 (31.25) 4 (25) 0 (0) 0 (0) 0 (0) 0 (0)
Severe soreness in arm 0 (0) 1 (6.25) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Systemic  Nausea 0 (0) 0 (0) 1 (6.25) 1(6.25) 1(6.25) 1(6.25) 1 (6.25)
Headache 1 (6.25) 2(125)  3(1875 2(125) 2(125) 2125  2(125)
Myalgia 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Arthralgia 0 (0) 1 (6.25) 1 (6.25) 0 (0) 0 (0) 0(0) 0 (0)
Fatigue 2 (12.5) 5(31.25) 4 (25) 2(125) 1(6.25) 1(6.25) 3 (18.75)
Temperature >38°C 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

All data are presented as n (%) of participants (N = 16).
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Figure 2. Comparison of adverse reactions between the first, second, and third vaccinations in the study participants. Local adverse reactions (A) and systemic
symptoms (B) were compared between the first, second, and third vaccinations. Data are shown as the frequencies of participants who received the first, second, and
third vaccinations (n = 16). The grade of the finding or symptom is expressed as none (open bar), mild (slash bars), moderate (gray bars), or severe (closed bars). **P

< .01 and *P < .05 versus the primary vaccination.

received their initial dose of PPSV23 at least 10 years earlier.
This suggests that PPSV23 vaccination is capable of generat-
ing T-cell-independent B-cell memory.**

In the present study, for serotypes 6B and 19F, the GMCs
of serotype-specific IgG required for 50% killing were signifi-
cantly lower after the third dose than before the first dose."*
Similar results were obtained for serotypes 14 and 23F,
although the decreases in IgG levels required for 50% killing

were not significant. These findings imply that the immuno-
logical effects of PPSV23 can be restored by repeated admin-
istration of this vaccine at regular intervals.

Our study demonstrated that both local and systemic
adverse reactions occurred more frequently after the third
dose than after the first dose (Figure 2), as previously reported
by Jackson et al.** However, these adverse reactions were
resolved within 1 week after the third vaccination (Table 3),
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Table 4. Relationship between geometric mean concentrations (GMCs) before the third vaccination and local adverse reactions after the third vaccination in the 16

participant.
Soreness in arm Redness or swelling
Present Absent Present Absent
Serotype (GMC of 1gG (pg/mL) (95% Cl)) (GMC of IgG (pg/mL) (95% Cl)) p value (GMC of IgG (pg/mL) (95% CI)) (GMC of IgG (pg/mL) (95% Cl)) p value
6B 1.29 (0.65-2.56) 0.93 (0.26-3.37) 99 1.11 (0.56-2.21) 1.17 (0.40-3.41) 0.78
14 5.67 (2.55-12.62) 3.87 (1.24-12.06) 4.89 (2.10-11.40) 494 (1.77-13.74) 0.98
19F 3.27 (1.93-5.54) 2.25 (0.72-7.02) 2.97 (1.70-5.18) 2.72 (1.10-6.70) 0.70
23F 1.44 (0.72-2.86) 1.03 (0.31-3.41) 47 1.09 (0.47-2.50) 1.48 (0.61-3.60) 0.50

GMC: geometric mean concentration, Cl: confidence interval.

and the frequency of adverse reactions after the third dose was
similar to that detected after the second dose (Figure 2). These
results were interpreted as follows. Repeated vaccination with
PPSV23 can be performed safely, without serious adverse
reactions, and repeated vaccination does not always result in
increased adverse reactions.

We as well as other researchers have addressed the impor-
tant question of whether one could predict the risk of adverse
reactions in each individual before vaccination with PPSV23.
Jackson et al. showed that higher concentrations of serotype-
specific prevaccination antibodies correlate with an increased
risk of local adverse reactions (such as redness or swelling)
within 2 days of vaccination."” By contrast, Torling et al.
found no correlation between local adverse reactions and
prevaccination antibody levels.”> We found that the risk of
adverse reactions did not correlate with the concentration of
pneumococcal antibodies measured before the third dose
(Table 4). These findings suggest that prevaccination antibody
levels are unlikely to be a strong predictor of adverse reactions
associated with administration of PPSV23.

There are several limitations to this study. First, it included
a small number of participants. The clinical course of patients
vaccinated with PPSV23 was followed for an extended period of
time (10 years or longer), starting from their first dose. Because
these patients were elderly even at the time of the first vaccina-
tion, many of them dropped out of the study because of diffi-
culties visiting our hospital. Nevertheless, it was possible to
collect long-term follow-up data from the same group of
patients. This is unique to our research and has provided valu-
able insights into how repeated administration of PPSV23 is
capable of inducing immunogenicity. Second, only four sero-
types were included in the analysis of pneumococcal IgG levels
and serum opsonic activity. Third, changes in the concentra-
tions of serotype-specific IgG antibodies were investigated only
up to 1 month after the third dose. However, the concentrations
of these antibodies were measured before the third dose, as well
as after the second dose. Therefore, we were able to show that,
in elderly patients with chronic lung disease, the immunogeni-
city of PPSV23 was preserved over a long period of time, even
after multiple doses. Finally, we note that the in vitro assays
used to measure serotype-specific IgG levels and serum opsonic
activity may not always provide data that can be translated to
the in vivo protective effects of vaccination.

In conclusion, the present research demonstrated the
immunogenicity and safety of repeated administration of
PPSV23 by assessing the clinical course of the same patients
through their first, second, and third immunizations. To our
knowledge, no other studies have followed the same group of

vaccinated patients for an extended period of time, from the
first dose to the third dose. In the present study, the third
dose was administered at least 10 years after the first dose. It is
striking that serotype-specific IgG levels and serum opsonic
activity were higher (albeit only slightly) before the third dose
than before the first dose.

Japan is experiencing profound aging of its population, and
an increase in the number of older adults who request a third
dose of pneumococcal vaccine is expected. Our results provide
valuable information about the safety and effectiveness of
repeated administration of PPSV23.
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