surface of the bacteria, such as choline-binding protein A and
pneumococcal surface adhesin A, are considered attractive anti-
gens for a new vaccine (1, 2, 9, 10). Among them, pneumococcal
surface protein A (PspA) is thought to be particularly promising.
PspA is found in all clinical S. preumoniae isolates (11). Some
studies have demonstrated that antibodies against PspA neutralize
the anticomplement effect of PspA, which results in clearance of
the bacteria by depositing complement C3 on the bacterial surface
(12, 13). Moreover, anti-PspA antibodies have also been shown to
prevent infection from strains with different serotypes (14). We
previously reported that mice immunized with recombinant PspA
protein in combination with polyinosinic-poly(C) [poly(I-C)], a
Toll-like receptor (TLR) agonist, as an adjuvant were completely
protected against secondary pneumococcal pneumonia after in-
fluenza virus infection (15). Moreover, in human trials, intramus-
cular immunization with the recombinant PspA protein induced
cross-reactive antibodies to heterologous PspA (14).

Influenza virus also causes serious respiratory infections, and
inactivated and live-attenuated influenza vaccines are approved
for prophylaxis against influenza. Although inactivated vaccines
are highly safe and induce IgG in serum, they cannot elicit secre-
tory IgA at the mucosal surface of the respiratory tract, where
influenza virus replicates. Intranasal administration of live-atten-
uated vaccines, which carry mutations that lead to temperature
sensitivity and viral attenuation, induces not only IgG in serum
but also IgA at the mucosal surface. However, live-attenuated vac-
cines are not recommended for children under the age of 2, adults
aged 50 or over, immunocompromised patients, or pregnant
women (16-18). To overcome these limitations, efforts are ongo-
ing to develop an ideal influenza vaccine that is highly safe and
induces secretory IgA at the mucosal surface of the respiratory
tract.

Recently, we (19) and others (20, 21) demonstrated that repli-
cation-incompetent influenza viruses that lack a functional hem-
agglutinin (HA) segment can induce virus-specific humoral and
cellular immunity and provide protective immunity against a le-
thal dose of infection with influenza virus. Given that such viruses
replicate efficiently in HA-expressing cell lines, this system could
be used to generate bivalent vaccines in which the antigen gene of
another respiratory pathogen is introduced into the HA gene. To
assess this possibility, here we generated an HA knockout (KO)
PspA virus as a bivalent vaccine candidate, possessing the PspA
antigen gene instead of the HA gene, and examined its immuno-
genicity and vaccine efficacy against both influenza virus and S.
preumoniae in mice.

MATERIALS AND METHODS

Cells. Madin-Darby canine kidney (MDCK) cells were maintained in
minimum essential medium (MEM) containing 5% of newborn calf se-
rum (NCS). Human embryonic kidney 293T (HEK293T) cells were main-
tained in Dulbecco’s modified Eagle medium supplemented with 10%
fetal calf serum. MDCK cells expressing HA (HA-MDCK) were estab-
lished by cotransfection with plasmids for the expression of HA derived
from influenza virus A/Puerto Rico/8/34 (PR8) and puromycin N-acetyl-
transferase as previously described (19). HA-MDCK cells were cultured in
MEM containing 5% NCS and 5 pg/ml puromycin dihydrochloride (Na-
calai Tesque).

Preparation of virus and bacteria. PR8 was generated by using reverse
genetics (22) and propagated in MDCK cells at 37°C. Forty-eight hours
after infection, the supernatants were harvested and stored at —80°C until
use. S. pneumoniae strain WU2 with serotype 3 and strain EF3030 with
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serotype 19F, which are virulent and relatively avirulent in mice, respec-
tively (23, 24), were grown in Todd-Hewitt Broth (Becton, Dickinson and
Company) supplemented with 0.5% yeast extract (THY) to mid-log phase
and washed twice with Dulbecco’s phosphate-buffered saline (PBS) with-
out CaCl, and MgCl, (Sigma-Aldrich). The bacteria were then suspended
in THY containing 10% glycerol, aliquoted, and stored at —80°C
until use.

Plasmid construction. For viral RNA (vVRNA) expression, plasmids
containing the cDNAs of PR8 genes between the human RNA polymerase
I promoter and the mouse RNA polymerase I terminator (referred to as
Poll plasmid) were generated. To generate plasmids that express the PspA
antigenic region or green fluorescence protein (GFP) from the HA seg-
ment, we utilized the packaging signal of the HA segment of influenza
virus (25). Plasmids pPolI-HA(9)PspA(80) and pPoll-HA(9)GFP(80)
were constructed to replace the Poll plasmid that encoded the HA seg-
ment of PR8. These plasmids contained the 3’ HA noncoding region, 9
nucleotides that correspond to the HA-coding sequence at the 3’ end of
the vRNA followed by the PspA antigenic region of the Rx1 strain (sero-
type 2) (amino acid positions 32 to 333), or the GFP-coding sequence, 80
nucleotides that correspond to the HA-coding sequence at the 5” end of
the VRNA, and lastly the 5" HA noncoding region. The sequences were
determined to ensure that no unwanted mutations were introduced.
Primer sequences are available upon request.

Plasmid-driven reverse genetics. To generate the viruses that possess
the HA segment encoding the PspA antigenic region (HA-KO/PspA vi-
rus) or GFP (HA-KO/GFP virus), we used plasmid-driven reverse genet-
ics as described previously (22). Briefly, pPoll-HA(9)PspA(80) or pPoll-
HA(9)GFP(80) and the remaining 7 Poll plasmids were cotransfected into
HEK293T cells together with eukaryotic protein expression plasmids for
PB2, PBI, PA, NP, and wild-type HA derived from PR8 by using the
TransIT-293 transfection reagent (Mirus). Forty-eight hours after trans-
fection, the supernatants containing the HA-KO/PspA virus or the HA-
KO/GFP virus were harvested and propagated once in HA-MDCK cells at
37°C for 48 h in MEM containing L-(tosylamido-2-phenyl) ethyl chlo-
romethyl ketone-treated trypsin (0.8 wg/ml) and 0.3% bovine serum al-
bumin (BSA; Sigma-Aldrich). Cell debris was removed by centrifugation
at 2,100 X gfor 20 min at 4°C, and the supernatants were stored at —80°C
until use. The virus titers were determined by counting cells expressing
PspA or GFP by immunostaining or fluorescence observation, respec-
tively, after a plaque assay using HA-MDCK cells.

Immunofluorescence assay. MDCK and HA-MDCK cells were in-
fected with PR8 or HA-KO/PspA virus at a multiplicity of infection (MOI)
of 0.0001. Thirty-six hours after infection, the cells were washed twice
with PBS and fixed with 4% paraformaldehyde for 10 min. After permea-
bilization with PBS containing 0.2% Triton X-100, the cells were incu-
bated with a mouse anti-PspA antiserum and with rabbit antiserum
against influenza virus (A/WSN/33). Goat anti-mouse IgG Alexa Fluor
488 and anti-rabbit IgG Alexa Fluor 594 (molecular probes) served as
secondary antibodies. Cells were observed by means of confocal micros-
copy (Nikon).

Immunization and protection test. Seven-week-old female C57BL/6
mice (Japan SLC) were intranasally inoculated with 10° PFU of HA-KO/
PspA virus (in 50 pl) twice, with a 2-week interval between the inocula-
tions. As control groups, age-matched female C57BL/6 mice were intra-
nasally inoculated with 10°> PFU of HA-KO/GFP virus (in 50 pl) or
medium on the same schedule. Two weeks after the final vaccination, six
mice per group were euthanized to obtain sera, bronchoalveolar lavage
fluids (BALF), and nasal wash samples. Also 2 weeks after the final vacci-
nation, mice were challenged with 100 times the 50% mouse lethal dose
(MLD,) of virus PR8. Eight mice per group were monitored for survival
and body weight changes for 14 days after PR8 challenge. Lungs and nasal
turbinates from three mice per group were collected on days 3 and 6 after
challenge to determine virus titers. Virus titers were determined in MDCK
cells. In addition, 2 weeks after the final vaccination, mice were intrana-
sally challenged with 3 MLDy, (equivalent to 2 X 107 CFU) of S. pneu-
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FIG 1 Expression of the PspA antigenic region and viral proteins in cells infected with PR8 or HA-KO/PspA virus. MDCK and HA-MDCK cells were infected
with the indicated virus at an MOI of 0.0001, and an immunofluorescence assay was performed 36 h postinfection. PspA (green) and viral proteins (red) were
detected by anti-PspA and anti-WSN antibodies, respectively. White arrows indicate cells that express the viral proteins but not the PspA protein.

moniae strain WU2. Ten mice per group were monitored for survival for
14 days after challenge. Similarly, 2 weeks after the final vaccination, mice
were intranasally challenged with 1.0 X 10> CFU of S. pneumoniae strain
EF3030. Nasal wash samples from 10 mice per group were collected on day
5 after challenge to determine the bacterial clearance from the nasophar-
ynx. A quantitative bacterial culture of the nasal wash samples was per-
formed.

All animal experiments were performed in accordance with the Uni-
versity of Tokyo’s Regulations for Animal Care and Use, which were ap-
proved by the Animal Experiment Committee of the Institute of Medical
Science, the University of Tokyo (approval number PA 12-14). The com-
mittee acknowledged and accepted both the legal and ethical responsibil-
ity for the animals, as specified in the Fundamental Guidelines for Proper
Conduct of Animal Experiment and Related Activities in- Academic Re-
search Institutions under the jurisdiction of the Ministry of Education,
Culture, Sports, Science, and Technology.

Detection of pathogen-specific antibodies. Pathogen-specific anti-
bodies in nasal wash samples, BALF, and sera were detected by means of
an enzyme-linked immunosorbent assay (ELISA) (26). To detect virus-
specific antibodies, we used 2-fold serially diluted serum, BALF, and nasal
wash samples. In this assay, 96-well ELISA plate wells were coated with
approximately 200 hemagglutination units (in 50 pl) of purified PR8
virus treated with disruption buffer (0.5 M Tris-HCI [pH 8.0], 0.6 M KC],
and 0.5% Triton X-100). After the diluted samples were incubated on the
virus-coated plates for 1 h at room temperature, goat anti-mouse IgA or
IgG antibody conjugated to horseradish peroxidase (Kirkegaard & Perry
Laboratory Inc.) was added to detect bound antibody. The optical density
at 405 nm (OD,45) was measured with a microplate reader. Endpoint
titers are expressed as the reciprocal log, of the last dilution whose OD
value was more than the cutoff value. The cutoff value was determined by
adding 3-fold standard deviations (SD) to the mean (i.e., mean + 3 SD) of
the OD values of samples from naive mice. PspA-specific antibody titers in
nasal wash samples, BALF, and sera were determined by use of an ELISA as
previously described (15). Microtiter plates were coated overnight at 4°C
with 100 wl of 1-pg/ml PspA. The plates were then washed with PBS with
0.05% Tween 20 (PBS-T). Serially diluted nasal wash samples, BALF, and
sera (50 pl) were added to the plates, and the plates were then incubated
for 30 min at 37°C. The plates were washed three times with PBS-T and
incubated with alkaline phosphatase-conjugated goat anti-mouse IgG,
1gG1,IgG2a, or IgA (Zymed) for 30 min at 37°C. After this incubation, the
plates were washed three times with PBS-T, and then 4-nitrophenyl phos-
phate disodium salt hexahydrate (Sigma-Aldrich) diluted with substrate
buffer (1 M diethanolamine, 0.5 mM MgCl,) was added; the plates were
then incubated for 30 min at room temperature in the dark. The OD at 405
nm was then measured with a microplate reader (Bio-Rad Laboratories).
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The endpoint titers were expressed as the reciprocal log, of the last dilu-
tion giving 0.1 OD 45 unit above the OD 5 of negative-control samples
obtained from nonimmunized mice.

RESULTS

PspA and GFP expression in infected cells. To examine whether
PspA was expressed in HA-KO/PspA virus-infected cells, we in-
fected MDCK and HA-MDCK cells with HA-KO/PspA virus and
attempted to detect PspA in virus-infected cells by use of an im-
munofluorescence assay. PR8 served as a control. PspA expression
was detected in both cell types infected with HA-KO/PspA virus
but not in cells infected with PR8 (Fig. 1). Although HA-KO/PspA
virus could efficiently spread and express its viral proteins and
PspA in HA-MDCK cells, the infection of HA-KO/PspA virus did
not spread in MDCK cells (Fig. 1). Indeed, the virus titer of HA-
KO/PspA reached 107° PFU/ml in HA-MDCK cells. In both cell
types infected with HA-KO/PspA virus, we found some cells that
expressed the viral proteins, but not PspA (Fig. 1, white arrows).
This may be because the HA gene segment encoding the PspA
antigenic region was not incorporated into the virus particles that
infected those cells. This is not surprising because not all virions
contain authentic viral RNA segments (27). Taken together, these
results indicate that HA-KO/PspA virus is replication incompe-
tent but can express not only viral proteins but also PspA in virus-
infected cells. We obtained similar results with HA-KO/GFP virus
(data not shown).

Induction of antibodies against PspA and influenza virus by
HA-KO/PspA virus. To assess the ability of HA-KO/PspA virus to
induce antibodies against both PspA and PR8, mice were intrana-
sally inoculated twice with 10° PFU of HA-KO/PspA virus. Mice
inoculated with HA-KO/GFP virus or medium served as controls.
Two weeks after the final vaccination, nasal wash samples, BALF,
and serum samples were collected and subjected to ELISA to mea-
sure antigen-specific IgG and IgA in these samples. The induction
of IgG against PR8 was detected in serum samples from mice
inoculated with HA-KO/PspA or HA-KO/GFP virus (Fig. 2A).
Moreover, both IgG and IgA against PR8 were detected in nasal
wash samples and BALF from these mice, although IgA in the
nasal wash samples of mice inoculated with HA-KO/PspA virus
was not significantly induced compared with that in the nasal
wash samples of mice inoculated with medium (Fig. 2B and C).
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FIG 2 Induction of influenza virus-specific IgG and IgA in serum (A), nasal wash (B), and BALF (C) samples. Mice were intranasally inoculated with medium,
HA-KO/GFP virus, or HA-KO/PspA virus with a 2-wecek interval between the inoculations. Samples from six mice from each group were collected 2 weeks after
the final vaccination. Virus-specific antibodies were detected by using an ELISA. Results are expressed as the means of the reciprocal titer log, (+ standard
deviations [SD]). Statistically significant differences between groups were determined by using the Dunnett method. The asterisk indicates a significant difference
from samples taken from mice inoculated with medium (*, P << 0.05). The broken lines indicate the detection limits.

These results indicate that the HA-KO/PspA and HA-KO/GFP vi-
ruses elicited both virus-specific mucosal and systemic immunity. To
assess whether these antibodies could neutralize wild-type PR8 virus,
we performed neutralizing assays. However, we could not detect neu-
tralizing antibodies in serum samples from mice inoculated with ei-
ther HA-KO/GFP or HA-KO/PspA virus (data not shown). On the
other hand, for the antibody response to PspA, both IgG and IgA
titers in the BALF and IgG titers in the serum and nasal wash samples
significantly increased only in mice inoculated with HA-KO/PspA
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FIG 3 Induction of PspA-specific IgG and IgA levels in nasal wash fluids (A)
and BALF (B) and 1gG levels in sera (C), as well as IgG1 and IgG2alevels in sera
(D). Mice were intranasally inoculated with medium, HA-KO/GFP virus, or
HA-KO/PspA virus with a 2-week interval between the inoculations. Samples
from six mice from each group were collected 2 weeks after the final vaccina-
tion. PspA-specific antibodies were detected by use of an ELISA. The value of
IgG in panel D is identical to that of the IgG of HA-KO/PspA in panel C.
Results are expressed as the means of the reciprocal titer log, (= SD). Statisti-
cally significant differences between groups were determined by using the
Dunnett method. The asterisk indicates a significant difference from samples
taken from mice inoculated with medium (¥, P < 0.05).
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virus (Fig. 3A, B, and C). Likewise, PspA-specific IgG1 and IgG2a
titers were also elevated in the sera of these mice (Fig. 3D). While both
isotypes inhibit the anticomplement effect of PspA, the complement-
fixing ability of [gG2a is superior to that of other isotypes (28). There-
fore, the increase in IgG2a titer in mice inoculated with HA-KO/PspA
represents a significant response in terms of the efficient clearance of
S. pneumoniae via opsophagocytic killing. A PspA-specific anti-
body response was not observed in samples from mice inoculated
with HA-KO/GFP virus or medium. These results indicate that
HA-KO/PspA virus can induce a significant antibody response
against both influenza virus and PspA at the mucosal surface of the
respiratory tract and in blood.

Protective efficacy of HA-KO/PspA virus against lethal doses
of S. pneumoniae and influenza virus. To evaluate the protective
efficacy of HA-KO/PspA virus against S. pneumoniae and influ-
enza virus, we performed a challenge experiment. Mice were in-
tranasally inoculated with medium, HA-KO/GFP, or HA-KO/
PspA virus on the same schedule as the aforementioned
experiment. Two weeks after the final vaccination, these mice
were infected with lethal doses of either PR8 or S. pneumoniae
serotype 3 strain WU2. Survival of mice challenged with either
influenza virus or S. pneumoniae and body weight changes of mice
challenged with influenza virus were monitored during the obser-
vation period.

In the case of influenza virus infection, the body weights of
mice inoculated with medium rapidly decreased and all mice died
by day 5 after infection (Fig. 4). On the other hand, mice inocu-
lated with either HA-KO/PspA or HA-KO/GFP virus showed no
reduction in body weight and all of these mice survived during the
observation period (Fig. 4). We also determined virus titers in the
lungs and nasal turbinates of each group of mice after challenge
(Table 1). Although virus was recovered from the lungs of 2 out of
3 mice inoculated with HA-KO/PspA virus on day 3 after chal-
lenge, virus titers were appreciably lower than those in the lungs of
mice inoculated with medium. Further, except for the lungs of
these mice, virus in the nasal turbinates and lungs of mice inocu-
lated with HA-KO/PspA or HA-KO/GFP virus was undetectable
on days 3 and 6 after challenge. These results indicate that the
HA-KO/PspA and HA-KO/GFP viruses confer protective immu-
nity to mice against a lethal dose of influenza virus.

With regard to the S. pneumoniae infection, all mice mock
immunized with medium died when challenged with S. pneu-
moniae strain WU?2 of serotype 3. Moreover, in contrast to the PR8
infection, all mice immunized with HA-KO/GFP virus also died.
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FIG 4 Body weight changes and survival curves for mice challenged with
lethal doses of PR8. Eight mice per group were intranasally infected with 100
MLDs, of PR8 2 weeks after their final vaccination. Body weights were mea-
sured (A) and survival rate was monitored (B) for 14 days after infection. Open
triangles, mice inoculated with medium; open squares, mice inoculated with
HA-KO/GFP virus; closed circles, mice inoculated with HA-KO/PspA virus.

However, all mice immunized with HA-KO/PspA virus survived
(Fig. 5A). To determine the effect of the vaccine on the level of
bacterial colonization of the nasopharynx, we challenged immu-
nized mice with S. pneumoniae serotype 19F strain EF3030; we did
not use S. pneusnoniae WU2 for this experiment because it causes
bacteremia, which would make it problematic to differentiate true
bacterial colonization from bacteria derived from blood. Al-
though the bacterial densities in the nasopharynx of mice inocu-
lated with HA-KO/GFP virus were comparable to those in the
nasopharynx of mice inoculated with medium, the bacterial den-
sities in the nasopharynx of mice inoculated with HA-KO/PspA
virus were significantly lower than those in the nasopharynx of
mice inoculated with medium or HA-KO/GFP virus (Fig. 5B).
These results indicate that HA-KO/PspA virus confers immunity
against S. pneumoniae of a heterologous serotype because the
PspA gene in HA-KO/PspA virus was derived from serotype 2
(strain Rx1), which differs from the serotype of the challenge bac-
terium (i.e., serotypes 3 and 19F).

Overall, these results demonstrate that HA-KO/PspA virus
provides protective immunity to mice against lethal infection with

13414 jviasm.org

influenza virus and S. pneumoniae, suggesting that HA-KO virus
can be used as a platform for a bivalent vaccine against respiratory
infectious diseases.

DISCUSSION

Secondary bacterial infections after influenza virus infections
complicate disease severity and increase mortality and morbidity.
Indeed, most victims of the 1918-1919 influenza virus pandemic
likely died from secondary bacterial pneumonia (29). In addition,
autopsy samples from those who succumbed to infection with the
2009 pandemic HIN1 influenza virus exhibited signs of secondary
bacterial infections, and the severity of the infections caused by
this influenza virus was correlated with S. pneumoniae coinfection
(30, 31). Damage to mucosal epithelial cells, exposure of receptors
that facilitate bacterial adherence, and dysfunction of immune
effectors by influenza virus infection are prominent features that
allow bacteria access to the lower respiratory tract (4). It was,
therefore, once thought that secondary pneumococcal infections
could be prevented by administering influenza vaccine alone be-
cause if the influenza virus infection was prevented, the above-
described features that contribute to bacterial invasion would be
minimized (32, 33). However, protection from bacterial infection
via influenza vaccination per se is not feasible because of the lack of
specific immunity against bacteria. Therefore, the induction of
antibodies against S. pneumoniae via vaccination is important to
prevent such bacterial infections. Here, we generated a replica-
tion-incompetent HA-KO virus that encodes the PspA antigenic
region in the coding region of its HA segment gene (HA-KO/PspA
virus). This virus induced not only influenza virus but also PspA-
specific antibodies on the respiratory mucosa and in the sera of
mice. We also demonstrated that mice inoculated with HA-KO/
PspA virus were completely protected from lethal challenge with
S. pneumoniae or influenza virus. In addition, we also demon-
strated that nasal immunization with HA-KO/PspA virus signifi-
cantly decreased the levels of bacterial colonization in the naso-
pharynx of mice. Therefore, our findings suggest that nasal

TABLE 1 Protection against challenge with a lethal dose of PR8 in mice
inoculated with HA-KO/GFP or HA-KQO/PspA virus”

Days Mean virus titer *
Inoculum postinfection Organ SD (log,, PFU/g)
Medium 3 NT 63+04

3 Lung 7.9 +£02

6 NT NA

6 Lung NA
HA-KO/GFP 3 NT ND

3 Lung ND

6 NT ND

6 Lung ND
HA-KO/PspA 3 NT ND

3 Lung 2.9,4.3

6 NT ND

6 Lung ND

“ Six mice from each group were intranasally infected with 100 MLDs,, of PR8 (50 .l
per mouse) 2 weeks after the final vaccination. Three mice per group were sacrificed on
days 3 and 6 postinfection, and lungs and nasal turbinate were collected to determine
virus titers. When virus was not recovered from all three mice, individual titers are
given. Abbreviations: NT, nasal turbinate; NA, not applicable because the mice died;
ND, not detected (detection limit, 10 PFU/lung or 5 PFU/NT).
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FIG 5 Survival curves for mice challenged with lethal doses of S. preumoniae strain WU2 and bacterial densities in the nasopharynx 5 days after challenge with
S. pneumoniae strain EF3030. (A) Ten mice per group were intranasally infected with 3 MLD;, of strain WU2 2 weeks after their final vaccination. The survival
rate was monitored for 14 days after infection. Open triangles, mice inoculated with medium; open squares, mice inoculated with HA-KO/GFP virus; closed
circles, mice inoculated with HA-KO/PspA virus. (B) Mice were intranasally infected with 1 X 10* CFU/mouse of strain EF3030 2 weeks after their final
vaccination. Five days after challenge with strain EF3030, nasal washes were collected, and a quantitative bacterial culture of nasal washes was performed. Values
represent the log,, CFU/ml (mean = SD) for 10 mice per group. Closed circles, mice inoculated with medium; closed squares, mice inoculated with HA-KO/GFP
virus; closed triangles, mice inoculated with HA-KO/PspA virus. Statistically significant differences between groups were determined by using the Kaplan-Meier
log rank test for the survival analysis or the Mann-Whitney test for the bacterial clearance analysis. The asterisk indicates a significant difference (¥, P < 0.05).

immunization with HA-KO/PspA virus can prevent pneumococ-
cal colonization and protect mice infected with S. preumoniae or
with influenza virus. Therefore, the HA-KO/PspA virus is a prom-
ising bivalent vaccine against these important respiratory patho-
gens.

It has been reported that live-attenuated influenza vaccines
may cause adverse effects, such as runny nose and sore throat, due
to the replication of the vaccine virus (16). In contrast, replica-
tion-incompetent HA-KO/PspA virus can replicate only in HA-
expressing MDCK cells and not in wild-type MDCK cells (Fig. 1).
We previously found that no infectious virions were detected in
mouse lungs infected with an HA-KO virus (unpublished data).
Therefore, we believe that HA-KO virus-based vaccines are safer
than live-attenuated influenza vaccines.

We did not test the stability of the foreign gene (i.e., the anti-
genic region of PspA) in HA-KO/PspA virus in this study, because
we previously found that expression of a foreign gene in HA-KO
virus gradually decreases during serial passages (unpublished
data), and this is likely also the case for HA-KO/PspA virus. There-
fore, the stability of the foreign gene in a replication-incompetent
virus requires further evaluation and improvement.

In this study, neutralizing antibodies against influenza virus
were not detected in mice immunized with HA-KO/PspA virus,
although we did detect anti-influenza virus antibodies. It is possi-
ble that nonneutralizing antibodies might contribute to protec-
tion from a lethal dose of influenza virus infection as has been
reported previously (34, 35). Furthermore, virus-specific cyto-
toxic T lymphocytes (CTLs) also play an important role in protec-
tion (36). Indeed, we have previously demonstrated that mice in-
tranasally immunized with a replication-incompetent influenza
virus elicit NP-specific CTLs in the lung (19). Thus, it is possible
that CTLs were elicited in the lungs of mice immunized with HA-
KO/PspA virus. In addition, these nonneutralizing antibodies and
CTLs can mitigate infection of homologous and heterologous
strains of influenza virus (35, 36). Therefore, HA-KO/PspA virus
may confer heterosubtypic immunity as well as homosubtypic
immunity. As to protection from S. pneumoniae infection, the
induction of anti-PspA antibodies is considered a promising strat-
egy. Anti-PspA antibodies disable PspA function, which inhibits
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the complement deposition on the bacterial surface (12, 13, 28)
and can facilitate bacterial clearance by opsonization-mediated
phagocytosis. Thus, HA-KO/PspA virus could provide mice with
protective immunity against S. pneumoniae as well as influenza
virus infection.

It has been previously demonstrated that intranasal adminis-
tration of the PspA protein alone does not elicit an adequate an-
tibody response and that administration of PspA with adjuvants,
such as different types of TLR ligands, can confer sufficient immu-
nity against S. preumoniae in mice (37). Remarkably, however, we
demonstrated that HA-KO/PspA virus induced efficient immu-
nity against S. prneumoniae infection without any mucosal adju-
vants. The possible mechanisms are as follows: first, infection with
HA-KO/PspA virus triggers the innate immune response via rec-
ognition of VRNAs by pattern recognition receptors, such as TLR7
(38) and Retinoic acid-inducible gene I (RIG-I) (39, 40), in the
infected cells since these VRNAs are amplified in HA-KO/PspA
virus-infected cells even though infectious progeny virus cannot
be generated; second, PspA is expressed in virus-infected cells as
shown in Fig. 1; and third, antigen-presenting cells (APCs) phago-
cytose the infected cells that contain the ligands for the TLRs
(VRNAs) and the antigens (PspA in addition to viral proteins), and
the major histocompatibility complex classes I and II efficiently
present these antigens on the cell surface of the APCs (41, 42). As
such, it is possible for PspA-specific antibodies to be induced by
HA-KO/PspA virus in the absence of any exogenous mucosal ad-
juvants.

There is a concern that HA-KO vaccines may not confer im-
munity to those who have been previously exposed to influenza
viruses. However, because the antigenicity of seasonal influenza
viruses changes (e.g., via antigenic drift), the HA used for HA-KO
virus could be changed to match the antigenicity of the circulating
strains. Therefore, HA-KO vaccines would not be neutralized by
antibodies in vaccines and should be efficacious.

In conclusion, the replication-incompetent influenza virus-
based approach presented here could be used as a platform to
develop bivalent vaccine candidates against various pathogens
that cause respiratory infectious diseases.
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An observational study was conducted to determine immunogenicity before and after primary and
secondary vaccinations with 23-valent pneumococcal polysaccharide vaccine in a cohort of 40 elderly
patients with chronic lung diseases. Safety of this vaccine was also compared between primary and sec-
ondary vaccination. We analyzed serotype-specific immunoglobulin G (1gG) and the opsonization index
(OI) for serotypes 6B, 14, 19F, and 23F and compared adverse local and systemic reactions. The levels
of serotype-specific IgG and the Ols significantly increased 1 month after primary and secondary vac-
cinations. Peak levels of IgG after secondary vaccination were 5-20% lower than those after primary
vaccination, while serotype-specific Ols after secondary vaccination were comparable with those after
primary vaccination. The levels of serotype-specific [gG required for 50% killing significantly decreased 1
month after vaccination. These values for serotypes 14, 19F, and 23F were slightly elevated immediately
before secondary vaccination, but those for serotype 6B did not change. After secondary vaccination,
these values declined slightly for serotypes 14, 19F, and 23F and remained low for serotype 6B. Although
self-limited local and systemic reactions were more frequent after secondary vaccination compared with
primary vaccination, no serious systemic reaction was found after either vaccination. Our data suggest
a sustained functional serotype-specific IgG after primary and secondary vaccination and confirmed the

safety of secondary vaccination among elderly individuals with chronic lung disease.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Streptococcus pneumoniae is a leading human pathogen that
causes a variety of diseases, such as invasive pneumococcal disease
(IPD) and non-bacteremic pneumonia, in children and adults. The
rates of IPD are highest among children under 5 years of age and
among adults who are older than 65 years of age [ 1-3]. Community-
acquired pneumonia (CAP), which is most likely to be caused by S.
pneumoniae, and the incidence of pneumococcal CAP is also high
among the elderly [3-5].

The efficacy, immunogenicity, and safety of the 23-valent pneu-
mococcal polysaccharide vaccine (PPV23; Pneumovax®, Merck
Sharp & Dohme) has been extensively studied in adults [6,7].
Although S. pneumoniae is commonly responsible for 8-25% of

* Corresponding author. Tel.: +81 3 5285 1111; fax: +81 3 5285 1129.
E-mail address: oishik@nih.go.jp (K. Oishi).

0264-410X/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.vaccine.2013.09.060

exacerbation in patients with chronic lung diseases such as chronic
obstructive pulmonary disease, the immunogenicity studies of
PPV23 in this population are scarce [8-12]. Consistent results
from observational studies have demonstrated that PPV23 reduces
the risk of IPD in immunocompetent older adults. Recent studies
from Japan reported that PPV23 prevented pneumococcal pneumo-
nia and reduced the death rate due to pneumococcal pneumonia
among nursing home inhabitants in Japan and that PPV23 was
effective for all-cause pneumonia for study subjects older than 75
years of age after routine immunization with the influenza vac-
cine [13,14]. As the percentage of the elderly population (aged 65
years and over) is 23.1% in Japan [15], the demand for receiving
PPV23 revaccination 5 years or more after primary vaccination is
increasing. The US Advisory Committee on Immunization Practices
recommends a single revaccination for persons at increased risk,
including adults >65-years old who had received their first vac-
cination >5 years previously and were less than 65 years old at
the time of their first vaccination in 1997 [16]. Revaccination with
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PPV23 was contraindicated in Japan until October 2009 [17], but
revaccination has been approved for adults who had received their
first dose of PPV23 more than 5 years previously.

Jackson et al. reported that secondary vaccination with PPV23
induced local reactions more frequently than primary vaccina-
tion, but that these reactions were not serious and resolved within
3 days [18]. In addition, two recent studies from the United
States demonstrated comparable functional antibody responses
between primary and secondary vaccination in adults older than
65 years of age [19,20]. Hammitt et al. also demonstrated that
repeat revaccination with PPV23, administered 6 years or more
after the prior dose, was immunogenic and generally tolerated [21].
Furthermore, 1gG concentrations were found to exceed vaccine-
naive levels for seven of eight serotypes tested 10 years after the
first or second doses of PPV23 [22]. In this study, we examined
the immunogenicity and safety of PPV23 in a cohort of patients
with chronic lung disease (CLD) who were followed up through
the time of primary to secondary vaccination at a single institu-
tion and report on the sustained and functional serotype-specific
antibodies raised by primary and secondary vaccinations with
PPV23.

2. Materials and methods
2.1. Study subjects

Between October 2001 and November 2002, 101 patients with
CLD who were 65 years of age or older received primary vacci-
nation with PPV23 at our outpatient clinic. Serum samples from
these study subjects had been acquired before and 1 month after
primary vaccination and had been preserved for antibody titer anal-
yses [23]. Of 101 patients, 30 patients died and 31 patients were
lost for follow-up at our outpatient clinic until September 2009. All
patients provided written informed consent.

This study was reviewed and approved by the ethics commit-
tee of the National Hospital Organization, Tokyo National Hospital,
and was conducted according to the principles expressed in the
Declaration of Helsinki.

2.2. Samples

Blood samples were drawn from 40 study subjects before and
1 month after secondary vaccination with PPV23. Sera were sepa-
rated by centrifugation and stored at —80°C until used.

The levels of serotype-specific immunoglobulin G (IgG) and
the opsonization index (Ol) were measured in the serum samples
obtained before and 1 month after primary vaccination and before
and 1 month after secondary vaccination.

2.3. ELISA

Antipneumococcal I1gG antibodies were measured with the
World Health Organization (WHO)-approved ELISA methodol-
ogy, using standard reference serum (89-SF or 007sp) and
C-polysaccharide and 22F polysaccharide absorptions, as previ-
ously described [24,25]. The levels of serotype-specific IgG for
four serotypes, 6B, 14, 19F, and 23F, were determined accord-
ing to the WHO protocol (a detailed protocol is available at
www.vaccine.uab.edu/ELISAProtocol [89SF]). These four serotypes
are commontly found in adult patients with CAP in Japan {5].

2.4. Multiplexed opsonophagocytic killing assay
A multiplexed opsonophagocytic killing assay (MOPA) for the

four serotypes, based on antibiotic-resistant target bacteria, was
performed at the Research Institute for Microbial Diseases, Osaka

Table 1
Baseline characteristics of 40 patients with chronic pulmonary diseases.
Characteristics Values
Male sex: No. (%) 18(45)
Mean age: years of age (SD) 77(6.1)
65-69 years of age: No. (%) 4(0.1)
70-79 years of age: No. (%) 22(55)
=80 years of age: No. (%) 14(35)
Comorbid illness: No. (%)
Sequela of pulmonary tuberculosis 13(33)
Bronchiectasis 7(18)
Asthma 7(18)
Nontuberculous mycobacterial infection 6(15)
Aspergillosis 3(8)
Chronic obstructive pulmonary disease 3(8)
Interstitial pneumonia 1(3)
Home oxygen therapy: No. (%) 15(38)
Mean time to revaccination: months (SD) 91(3.7)

SD, standard deviation.

University, as previously described [26]. The quality control serum
was prepared from the pooled sera of adults vaccinated with PPV23
and was used in each assay. The Ol was defined as the serum dilu-
tion that killed 50% of bacteria, and the Ol was determined using
opsotiter3 software according to the WHO protocol (a detailed pro-
tocol is available at www.vaccine.uab.edu/UAB-MOPA). Functional
activity of serotype-specific IgG was expressed as the concentra-
tion of 1gG required for 50% killing of the pneumococcal strain by
dividing the 1gG concentration of a test sample by the 01[27].

2.5. Adverse reactions

Subjects were provided a diary to record their body temper-
ature and any local or systemic reactions that occurred from the
day of secondary vaccination to day 14. They were instructed to
assess the maximal diameter of any redness or swelling at the site
of injection; this was expressed as mild for a maximum diameter
of 1-5cm, as moderate for a maximum diameter 25 cm, and as
severe for a maximum diameter 210 cm. A systemic symptom was
considered mild when the subjects felt a certain symptom but had
no difficulty in daily life. A physical examination with an interview
was conducted to record the condition of the study subject on the
day of secondary vaccination and 14 days after. Data of adverse
reactions after primary vaccination were used for comparison with
those after secondary vaccination [23].

2.6. Statistical analysis

Average antibody concentrations and increases were expressed
as geometric means. Differences in the geometric mean concentra-
tions (GMCs) of serotype-specific IgG, the Ols, or the IgG required
for 50% killing were assessed by the Wilcoxon matched-pairs
signed-ranks test. The frequencies of adverse reactions were com-
pared between primary and secondary vaccinations by the Student
t-test. Differences with a P value <0.05 were considered to be sta-
tistically significant.

3. Results

The subject patient group comprised 18 males and 22 females,
and all of them were Japanese (Table 1). Four subjects were in their
60s, 22 in their 70s, and 14 in their 80s; the mean age was 77
years. The mean interval between primary and secondary vaccina-
tions was 7 years and 7 months. Their comorbid illnesses included
sequelae of pulmonary tuberculosis (33%), bronchiectasis (18%),
bronchial asthma (18%), nontuberculous mycobacterial infection
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Table 2

Comparison of geometric mean concentrations (GMCs) and geometric increases (n-fold) in levels of serotype-specific IgG in sera and opsonization index (OI) of sera from 40

study subjects before and after primary and secondary vaccination.

Serotype Time point GMC of IgG (mg/ml) (95% CI) Geometric mean increase GMT of 01 (95% Cl) Geometric mean increase
(n-fold; post/pre) (n-fold; post/pre)
6B Pre dose 1 1.29 (1.02-1.64) 75(44-129)
Post dose 1 2.99 (2.18-4.10)* 2.32 557(327-949) 7.43
Pre dose 2 1.65(1.20-2.28) 267(142-500)
Post dose 2 2.73(1.97-3.79)° 1.65 768 (489-1206)" 2.38
14 Pre dose 1 3.11(2.36-4.12) 120(67-216)
Post dose 1 8.75(7.01-10.91)? 2.81 1028(539-1958)* 8.55
Pre dose 2 4.31(2.82-6.58) 344(182-648)
Post dose 2 6.96 (4.70-10.32)P-¢ 1.61 699(384-1273)° 203
19F Pre dose 1 2.46 (2.05-2.94) 34(19-62)
Post dose 1 4.61(3.81-5.59)° 1.87 538(325-892)* 15.77
Pre dose 2 2.81(2.20-3.58)4 158(91-275)
Post dose 2 438(3.53-5.44) 1.56 556 (349-887)° 3.51
23F Pre dose 1 1.31(1.00-1.70) 17(10-27)
Post dose 1 3.10(2.34-4.110 2.37 142(74-271) 8.57
Pre dose 2 1.57 (1.12-2.20) 47(27-80)
Post dose 2 2.56 (1.75-3.75)° 1.63 179(100-322)° 3.84

GMC, geometric mean concentration, GMT, geometric mean titer; Cl, confidence interval; dose 1, primary vaccination; dose 2, secondary vaccination. Pre dose 1: before
primary vaccination; post dose 1: after primary vaccination; pre dose 2: before secondary vaccination; post dose 2: after secondary vaccination. Sera were collected 1 month

before and after primary and secondary vaccinations.
2 P<0.01 (vs. pre dose 1).
b P<0.01 (vs. pre dose 2).
€ P<0.01 (vs. pre dose 1).
d p<0.05 (vs. pre dose 1).
€ P<0.01 (vs. post dose 1)

(15%), and others. Fifteen patients (38%) were on home oxygen
therapy.

The GMCs of serotype-specific IgG for serotypes 14, 19F, 6B, or
23F of the study subjects were significantly elevated 1 month after
primary vaccination (P<0.01) and remained slightly higher than
that before primary vaccination, even at the time of prevaccina-
tion. The GMCs of serotype-specific IgG for serotypes 14 and 19F
were significantly higher immediately before secondary vaccina-
tion compared with those before primary vaccination, whereas the
GMCs of serotype-specific IgG for serotypes 6B and 23F before sec-
ondary vaccination did not significantly differ from those before
primary vaccination. The GMCs of serotype-specific 1gG for all
serotypes significantly increased by secondary vaccination, but the
GM(Cs of serotype-specific IgG for all serotypes 1 month after sec-
ondary vaccination were lower than those 1 month after primary
vaccination. The proportions of the peak IgG levels 1 month after
secondary vaccination compared with those 1 month after pri-
mary vaccination were 79.5-95.0% for all serotypes. The GMCs
of serotype-specific OIs for all serotypes significantly increased 1
month after primary vaccination (Table 2). The GMTs of serotype-
specific Ols 1 month after secondary vaccination were higher or
comparable with those 1 month after primary vaccination for
serotypes 6B, 19F, and 23F, but not for serotype 14. The GMTs
of serotype-specific Ols for all serotypes decreased thereafter,
but secondary vaccination significantly increased the GMTs of
serotype-specific Ols at 1 month postvaccination. The GMCs of
serotype-specific IgG required for 50% killing for all serotypes sig-
nificantly decreased after primary vaccination (P<0.01; Fig. 1). The
GMCs of serotype-specific 1gG required for 50% killing was signif-
icantly elevated for serotype 19F but did not change for serotypes
6B, 14, and 23F during the interval between primary and sec-
ondary vaccinations. The GMCs of serotype-specific IgG required
for 50% killing significantly decreased for serotypes 14, 19F, and
23F between before and after secondary vaccinations (P<0.01) but
remained unchanged for serotype 6B.

No serious adverse reaction, such as anaphylactic shock,
was found after secondary vaccination. The frequencies of local

reactions, including local swelling, reddening, and pain, peaked 1
day after secondary vaccination and then gradually disappeared
within 1 week (Table 3). Only one subject developed fever over
38°C on the day of revaccination, while none of the other subjects
developed fever. Several subjects developed systemic symptoms,
including nausea, headache, muscle pain, joint pain, or malaise.
These symptoms were found more frequently during the first 2
days after secondary vaccination and improved slowly thereafter.
All adverse reactions disappeared within 2 weeks after secondary
vaccination.

The frequency of local reactions, including pain and swelling or
redness, was significantly higher in subjects after secondary vac-
cination than after primary vaccination (Fig. 2A). The frequency of
systemic reactions, including headache, malaise, muscle pain, and
joint pain, was also significantly higher in subjects after secondary
vaccination than after primary vaccination (Fig. 2B).

4. Discussion

In this study, we demonstrated immunogenicity during the
period from before primary vaccination to 1 month after secondary
vaccination in a cohort of elderly patients with CLD. Significant
increases in the GMCs of serotype-specific IgG or serotype-specific
Ols occurred after primary and secondary vaccinations. Peak lev-
els of serotype-specific IgG after PPV23 secondary vaccination were
only 5-20% lower than peak levels after primary vaccination, which
isin agreement with previous studies [19,20,28]. This phenomenon
of hyporesponsiveness induced by PPV23 was found to be asso-
ciated with a depletion of the memory B-cell population {29].
In contrast, we found serotype-specific Ols after secondary vac-
cination to be comparable with those after primary vaccination.
Therefore, hyporesponsiveness was not found in opsonic activ-
ity after secondary vaccination. The GMCs of serotype-specific
IgG or the Ols after primary vaccination declined within several
years, but these levels before secondary vaccination were still
higher than those before primary vaccination. The values of Ols
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Fig. 1. The GMCs of serotype-specific IgG required for 50% killing of bacteria for serotypes 6B (closed circle), 14 (closed square), 19F (closed triangle), and 23F (closed diamond)
before and after primary and secondary vaccinations with 23-valent pneumococcal polysaccharide vaccine. The number of subjects examined for serotypes 6B, 14, 19F, and
23F were 30, 33, 23, and 21, respectively. *P<0.05 versus before primary vaccination; #P>0.05 versus 1 month before secondary vaccination.

for serotypes 14 and 23F before and after primary and secondary
vaccination were comparable to those reported in a previous
paper [20].

A previous study reported that serotype-specific IgG 30 days
after secondary vaccination was modestly lower than that after pri-
mary vaccination, but the difference was transient and was resolved
within several years after secondary vaccination [19]. Levels of Ol
were similar after primary or secondary vaccination, although lev-
els 30 days after secondary vaccination were insignificantly lower
than those 30 days after primary vaccination [20]. A recent study
also demonstrated that serotype-specific IgG levels for seven of
eight serotypes tested during 10 years after secondary vaccination
were higher than those after primary vaccination [22].

Although we determined the levels of serotype-specific IgG, but
not IgM or IgA, the serum opsonic activity correlated best with
levels of serotype-specific IgG in healthy adults after vaccination
with PPV23 [30,31]. Significant decreases in IgG levels required
for 50% Kkilling for serotypes of 6B, 14, 19F, and 23F after primary
vaccination indicated an improved efficiency of opsonic activity in
sera. These values of IgG required for 50% killing slightly increased
during the mean interval more than 7 years, except for serotype
6B. However, these values for all serotypes were still lower than
those before primary vaccination, suggesting a sustained functional
serotype-specific IgG after primary vaccination. The values of 1gG

required for 50% killing in serotype 14, 19F, and 23F further declined
after secondary vaccination. These findings suggest an improved
efficiency of opsonic activity of serotype-specific IgG for these three
serotypes after secondary vaccination. Our results may provide new
insights for protective immunity more than five years after pri-
mary vaccination and after secondary vaccinations in the elderly
population.

Among the previous studies of immunogenicity by PPV23 in
patients with chronic lung diseases [8-12], we could directly com-
pare the levels of serotype-specific IgG in the present study with
those of our previous study in 13 hospitals, Japan [12], because the
WHO approved ELISA [24,25] was used to determine the [gG levels
for serotypes 6B, 14, 19F, and 23F in our previous study [12] and in
the present study. The IgG levels in our previous study before pri-
mary vaccination with PPV23 were slightly higher for all serotypes
than those after primary vaccination in the present study. Because
of the higher prevaccination IgG level, the fold increases for all
serotypes 1 month after primary vaccination in previous our study
were lower than those in the present study.

It remains uncertain whether the immune response in adult
patients with chronic lung diseases is inferior to that in healthy
adults. We previously reported that 31% of 84 patients with chronic
lung diseases were low responders to PPV23 [12]. Rubins et al.
also reported that 20% of elderly patients with chronic illnesses

Table 3
Proportion of local and systemic adverse reactions after secondary vaccination among 40 subjects.
Adverse reactions Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Maximal diameter of redness No. of subject (%)
or swelling at the injection site
<5cm 9(23) 11(8) 6(15) 6(15) 8(20) 5(13) 3(7.5)
Local >5cm 7(17.5) 11(27.5) 8(20) 6(15) 3(8) 1(3) 2(5)
210cm 0(0) 1(2.5) 2(5) 0(0) 0(0) 0(0) 0(0)
Mild soreness in arm 13(33) 23(58) 15(37.5) 10(25) 6(15) 1(2.5) 2(5)
Moderate soreness in arm 4(10) 4(10) 0(0) 0(0) 0(0) 0(0) 0(0)
Severe soreness in arm 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Individual symptom
Nausea 1(3) 1(3) 1(3) 1(3) 1(3) 1(3) 3(8)
Headache 3(8) 5(12.5) 1(2.5) 3(7.5) 6(15) 4(10) 2(5)
Systemic Myalgia 4(10) 5(12.5) 2(5) 1(2.5) 1(2.5) 2(5) 3(8
Arthralgia 0(0) 0(0) 0(0) 2(5) 2(5) 1(3) 1(3)
Fatigue 6(15) 9(23) 5(13) 7(18) 7(17.5) 3(8) 4(10)
Body temperature 238°C 1(2.5) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
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Fig. 2. Comparison of adverse reactions between primary and secondary vaccinations among the study subjects. Local adverse reactions (A) and systemic symptoms (B) were
compared between primary and secondary vaccinations. Data are shown as the frequencies of subjects who received primary and secondary vaccinations (n=40). The grade
of finding or symptom was expressed as none (open bar), mild (slashed bar), moderate (gray bar), or severe (closed bar). **P<0.01, *P<0.05 versus primary vaccination.

including chronic lung diseases were poor responders, while none
of the healthy young adults were poor responder [32]. Therefore,
the great heterogenicity of the study subjects as shown in Table 1
might influence on the results of immunogenicity in this study.

Although we found self-limited local and systemic reactions
to be more frequent after secondary vaccination than after pri-
mary vaccination, no serious systemic reaction was found after
secondary vaccination. These findings are in agreement with two
previously published reports [18,22].

The limitations of this study include (1) a small number of
study subjects for comparative investigation of safety and immuno-
genicity between primary and secondary vaccination; (2) only four
serotypes examined for the serotype-specific IgG and Ols; and (3)
the antibody levels were examined only 1 month after secondary
vaccination. In addition, it should be noted that the increased
levels of opsonic activity after primary or secondary vaccination
found in this study are not directly associated with protection of
patients with chronic lung disease from [PD or non-bacteremic

pneumococcal pneumonia, since the protective levels of Ols against
such pneumococcal infections in adults remain unknown.

In conclusion, we demonstrated significant increases of GMCs of
serotype-specific IgG and Ols after primary and secondary vaccina-
tions with PPV23. The GMCs of serotype-specific IgG and Ols several
years after primary vaccination were still higher than those before
primary vaccination. Either primary or secondary vaccination con-
ferred a long-term sustained and functional serotype-specific IgG.
Our study also confirmed the safety of secondary vaccination with
PPV23.
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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

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

* Corresponding author. Tel.: +81 3 5285 1111; fax: +81 3 5285 1129.
E-mail address: oishik@nih.go.jp (K. Oishi).

http://dx.doi.org/10.1016/j.vaccine.2014.07.108
0264-410X/© 2014 Elsevier Ltd. All rights reserved.

in the incidence of IPD caused by non-PCV7 serotypes has been
also observed in children and adults [3-5]. In addition, after intro-
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 atleast 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 p.g/ml).
DNA fragments encoding portions of the N-terminal regions (con-
taining the c-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 EcoRlI 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 g 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 g 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 jul per mouse). A subcutaneous route of immunization was
chosen because our preliminary study demonstrated the levels of
PspA-specific 1gG in mice subcutaneously immunized with 0.1 pg
of PspA plus 2.5 ug of CpG ODNs were significantly higher than
those in mice nasally immunized with 0.1 g of PSpA plus 2.5 g 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 10 pl of mouse antisera for 30min at 37 °C. After incuba-
tion, the suspension was washed once with PBS, resuspended in
100 pl of fluorescein isothiocyanate-conjugated goat anti-mouse
IgG (1:100), and incubated for 30 min on ice. After the incubation,
the bacterial suspension was washed twice with PBS and suspended
in 500 ul 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.

A

kDa 1 2 3 4
175-

80-
58-
46-

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 10 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, LaJolla, 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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Fig. 3. The binding of PspA-specific 1gG by antisera with PspA fusion proteins to the challenge strains with different clades. The mean percentages of fluorescent bacteria
positive for IgG binding by antisera from mice immunized with PspA2+4, PspA2+5, or PspA3+2 in combination CpG ODNs plus AHG (double adjuvants) are shown for five
pneumococcal strains with PspA clades 1-5 used in the challenge experiments. The numbers in parentheses represents the PspA clade.

3. Results

A schematic diagram of PspA and the three PspA fusion proteins
constructed from PspA families 1 and 2 are shown in Fig. 1. The puri-
fied recombinant fusion proteins were electrophoresed on sodium
dodecyl sulfate~polyacrylamide (SDS-PAGE) gels and evaluated by
Coomassie blue staining (Fig. 2A) and by Western blotting using
mouse anti-PspA/Rx1 sera (PspA/Rx1 and PspA/D39 are identical
clade 2 PspA molecules) (Fig. 2B).

PspA-specificlgG binding >60% was found in antiserumraised by
PspA2+4 or PspA2+5 plus double adjuvants for the challenge strains
expressing PspA clades 1, 2, 4, and 5, but not for the strain express-
ing clade 3 (Fig. 3). By contrast, PspA-specific IgG binding > 60% was
found for the challenge strains expressing all five PspA clades in
antiserum raised by PspA3+2 plus double adjuvants.

For the challenge with the bacterial strain BG9739 with PspA
clade 1, the survival rate was greater in mice immunized with
PspA3+2 plus double adjuvants (p<0.01) compared with mice

BG9739/clade 1 WU2/clade 2
[ EX
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20 20 =8=PspA3+2 + double
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0 fmy B 0 O
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Days after pneumococcal challenge Days after pneumococeal challenge
TIGR4/clade 3 KK1162/clade 4 ATCC6303/clade 5
* * 3k
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Days after pneumococcal challenge
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Fig. 4. Protective effects of immunization with fusion PspA proteins against pneumococcal challenge in mice. Mice were immunized subcutaneously with PspA2+4 (closed
squares), PspA2+5 (closed triangles), or PspA3+2 (closed circles) in combination with CpG ODNs plus AHG (double adjuvants) or double adjuvants alone (open circles) three
times at 1-week intervals. Two weeks after the last immunization, the immunized mice were challenged intranasally with pneumococcal strains with PspA clades 1-5.
Mortality was monitored for 2 weeks. Eight to 10 mice per group were examined in each challenge experiment using pneumococcal strain with five different clades. *p <0.05

(vs double adjuvants alone), **p <0.01 (vs double adjuvants alone).
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Table 1
Serotypes and PspA clades of 68 isolates from adults with invasive pneumococcal
disease.

Serotype  No. strain No. strain

Family 1 Family 2

Clade 1

1
9 1

Clade2 Clade3 Clade4 Clade5
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1

Total 68 (100% 3(4%)

=

34 (50%) 19(28%) 6(9%) 6 (9%)

immunized with double adjuvants alone (Fig. 4). By contrast, the
survival rate did not differ between mice immunized with PspA2+4
or PspA2+5 plus double adjuvants compared with mice immunized
with double adjuvants alone. For the bacterial challenge with the
WU2 strain with PspA clade 2, the survival rate was significantly
higher in mice immunized with PspA2+4, PspA2+5, or PspA3+2 plus
double adjuvants (p<0.01) compared with mice immunized with
double adjuvants alone. For the bacterial challenge with the TIGR4
strain with PspA clade 3, the survival rate was significantly higher
in mice immunized with PspA3+2 plus double adjuvants (p <0.05)
compared with mice immunized with double adjuvants alone. The
survival rate did not differ between mice immunized with PspA2+4
or PspA2+5 plus double adjuvants compared with mice immunized
with double adjuvants alone. In the case of challenge with clade
4 and 5 strains, all three PspA fusion vaccines showed significant
protection compared with mice immunized with double adjuvants
alone (p<0.01 or p<0.05). These data indicate that immunization
with the PspA3+2 vaccine conferred significant protection of mice
against pneumococcal challenge by all of the strains expressing
PspA clades 1-5. The other two PspA fusion proteins failed to elicit
protection against two of the challenge strains (PspA clades 1 and
3).

The distribution of serotypes and PspA clades of 68 clinical
isolates from adult patients with IPD are shown in Table 1. The
major serotypes were serotype 3 (15%) and 6B (15%), followed by
serotypes 14 (7%) and 23F (7%). The major PspA clades were clade 1
(50%) and clade 3 (28%), followed by clade 4 (9%), clade 5 (9%), and
clade 2 (4%). All the clinical isolates belonged to PspA clades 1-5,
which is in agreement with previous studies [6,13,25].

The binding of PspA-specific IgG in antiserum raised by PspA2+4,
PspA2+5, or PspA3+2 plus double adjuvants was examined for the
68 clinical isolates (Fig. 5). The binding of PspA-specific IgG for clade
3.strains (n=19) in antiserum raised by PspA3+2 was significantly
higher than in that raised by PspA2+4 or PspA2+5 (p<0.05). By

contrast, the binding of PspA-specific IgG for clade 5 strains (n=6)
inantiserumraised by PspA3+2 was significantly lower than that by
PspA2+4 (p<0.05) or PspA2+5 (p<0.05). No significant difference
was found in the binding of PspA-specific IgG for 34 clade 1 strains,
three PspA clade 2 strains, or six PspA clade 4 strains between the
three types of antiserum raised by PspA2+4, PspA2+5, or PspA3+2.

4. Discussion

In this study, we have demonstrated >60% binding of PspA-
specific IgG in the antiserum raised in mice by PspA2+4 or PspA2+5
to four challenge strains expressing clades 1, 2, 4, and 5, but
low binding of PspA-specific IgG to the strain expressing clade
3 (Fig. 3). By contrast, >60% binding of PspA-specific IgG in anti-
serum raised in mice by PspA3+2 was found to all five challenge
strains expressing PspA clades 1-5. Immunization with PspA3+2
provided significant protection against pneumococcal challenge by
these five strains expressing clades 1-5, but PspA2+4 or PspA2+5
protected mice against only three of the strains expressing clades
2, 4 and 5 in this study (Fig. 4). Therefore, it may be specu-
lated that the binding of PspA-specific IgG closely correlates with
the protective effects of PspA fusion protein against pneumococ-
cal challenge in mice. These findings are supported by a recent
report on the ability of opsonophagocytic killing and protection
of mice against pneumococcal infection by human antiserum to
PspA [17]. Only one exception for this speculation is that no pro-
tection was found against pneumococcal challenge by the clade 1
strain BG9739 (serotype 4) in mice immunized with PspA2+4 or
PspA2+5 plus double adjuvants despite of >60% binding of PspA-
specific IgG in antiserum raised by PspA2+4 or PspA2+5 for this
clade 1 strain. One possible reason for the inefficient immunization
with PspA2+4 or PspA2+5 in mice infected with BG9739 strain may
be the presence of serotype 4 capsular polysaccharide. Our previ-
ous study demonstrated that the difficulty in protecting against
serotype 4 strains was eliminated when mice were immunized
with a homologous PspA of the same PspA family [37]. However,
only weak protection against infection with strain BG9739 was
observed by immunization of mice with the homologous PspA clade
1[28]. Therefore, it remains uncertain whether immunization with
PspA2+4 or PspA2+5 plus double adjuvants did not protect against
pneumococcal challenge by the clade 1 strain BG9739 in mice.

No differences were found in the binding of PspA-specific IgG
to the clinical isolates belonging to the major clade 1 (n=34) and
the two minor clades 2 (n=3) and 4 (n=6) between the types of
antiserum raised by the three PspA fusion proteins. For the clinical
isolates belonging to the second major clade 3 (n=19), antiserum
raised by PspA3+2 demonstrated the greatest binding between the
three types of antiserum raised by the PspA fusion proteins (Fig. 5).
These findings are in agreement with those showing the binding
of PspA-specific IgG to the TIGR4 strain expressing clade 3 for
the three types of antiserum raised by each PspA fusion protein
(Fig. 3). However, antiserum raised by PspA3+2 demonstrated the
lowest binding to six clinical isolates belonging to the minor clade 5
between three types of antiserum raised by each PspA fusion pro-
tein. Collectively, PspA3+2 appears to be advantageous in terms
of its cross-reactivity with clinical isolates and cross-protection
against pneumococcal challenge in mice compared with the other
two PspA fusion proteins.

Darrieux et al. reported that immunization with fusion proteins
containing fragments of PspA from families 1 and 2 provided cross-
protection against pneumococcal strains from families 1 and 2 in
mice [30]. The fusion proteins containing PspA clade 1 and PspA
clade 3 or 4 fragments provided significant protection against the
A66.1 strain (PspA clades 1,and 2), but the protection against strains
from clades 3 and 4 was of borderline significance. In another
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Fig. 5. Comparison of PspA-specific IgG binding by antisera with PspA2+4 (A), PspA2+5 (B), or PspA3+2 (C) in combination with CpG ODNs plus AHG (double adjuvants) to
68 pneumococcal isolates (34 for clade1, three for clade 2, 19 for clade 3, six for clade 4, and six for clade 5). The serotypes and PspA clades are shown in parentheses after
the strain names. *p <0.01 (vs PspA2+4), **p <0.05 (vs PspA2+5), "*p <0.05 (vs PspA2+4 or PspA2+5).

study, these authors reported that antiserum against fusion protein
PspAl1+4 demonstrated strong cross-reactivity with PspA clades 1
and 5 but low cross-reactivity with PspA clade 2 or 3 [29]. Conse-
quently, Darrieux et al. failed to demonstrate significant protection
against pneumococcal challenge by strains with PspA clades 1-5,
although they demonstrated limited cross-protection by immu-
nization with the fusion proteins containing fragments of PspA
from families 1 and 2.

Alimitation of our study is that we generated and examined only
three PspA fusion proteins, which contained one clade each from
PspA families 1 and 2. Another limitation is that the binding of PspA-
specific IgG was assessed in a small number of clinical isolates from
adult patients with IPD.

The antiserum raised by PspA3+2 demonstrated relatively weak
binding capacity to the clinical isolates expressing PspA clade 5
in this study. Further studies are required to generate the other
types of PspA fusion proteins that can induce PspA-specific IgG
with a high affinity to strains expressing PspA clades 5, as well
as to strains expressing PspA clade 1-4. In addition, immuniza-
tion with PspA2+4 or PspA2+5 provided better protection than
PspA3+2 against bacterial challenge of clade 4 or clade 5 strain in
this study. Therefore, the combined immunization with PspA3+2
with PspA2+4 or PspA2+5 simultaneously or sequentially may have
the potential to improve the breadth of immunity against pneumo-
coccal isolates.

In conclusion, immunization of mice with PspA3+2 induced
antiserum exhibiting a high binding capacity to the clinical iso-
lates expressing PspA clades 1-4, but not clade 5. Among the
three PspA fusion proteins examined in this study, PspA3+2 was
found to be advantageous over the other two PspA fusion proteins

because PspA3+2 induced a broad range of cross-reactivity with
clinical isolates and afforded a cross-protection against pneumo-
coccal challenge in mice.
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