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Introduction
S. pneumoniae is a leading human pathogen that causes a

wide variety of diseases, ranging from otitis media to pneumonia, 
bacteremia, and meningitis in both children and adults. Pneumococcal 
infections can occur at any age but are more frequent in infants, the 
elderly and immunocompromised patients. Despite the development 
of effective treatments, the pneumococcus has remained a significant 
cause of morbidity and mortality worldwide [1,2]. Because of this, a 
clear need for an effective vaccine for the prevention of disease exists. 
Currently licensed polysaccharide-based pneumococcal vaccines only 
elicit protective antibodies against the infection of serotypes that are 
included in the vaccine. In addition, invasive diseases attributable to 
non-vaccine serotypes of S. pneumoniae have increased greatly [3,4]. 
Therefore, the search for new vaccine candidates that elicit protection 
against a broader range of pneumococcal strains is an important goal. 
To broaden the protection, the use of pneumococcal proteins represents 
a feasible and preferable alternative. Several pneumococcal proteins are 
currently under investigation as potential candidates for such a vaccine 
[5,6]. One of these proteins, PspA has recently undergone phase one 
clinical trials in humans and has been found to be safe and highly 
immunogenic [7,8]. PspA is a surface protein of S. pneumoniae that is 
found on all pneumococci and is broadly expressed among different 
serotypes of pneumococci [8]. Antibodies to PspA generated in mice 
[9,10] or humans [7,8] are capable of passively protecting mice against 

infections with different serotypes. PspA is, therefore, an attractive 
candidate for use as future protein-based pneumococcal vaccines. 

Since S. pneumoniae enters the host primarily through the 
respiratory mucosa, vaccination strategies designed to target the airways 
are of great interest. An appropriate mucosal adjuvant is required to 
elicit an antigen-specific immune response in both the mucosal and 
systemic compartments [11]. We previously reported that each of the 
TLR agonists used in this study is an effective nasal adjuvant for the 
PspA antigen at a high dose (2.5 µg per mouse), and that it elicited the 
production of PspA-specific IgA in the airways and PspA-specific IgG 
in plasma. Because of this, it was capable of reducing the bacterial load 
in both the nasopharynx and lungs after a challenge with pneumococci 
with different serotypes [12]. Nasal immunization with a high dose 
of PspA alone could induce a certain level of PspA-specific IgG in the 
plasma and increased mouse survival, compared with mice that were 
nasally immunized with PBS alone, in a fatal pneumonia model in this 
study. These data suggest that nasal immunization with the reduced 
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Abstract
To develop a cost-effective pneumococcal vaccine, we compared the effects of a panel of Toll-like receptor (TLR) 

agonists on a low dose pneumococcal surface protein A (PspA) nasal vaccine in a fatal pneumococcal pneumonia 
model using a serotype 3 strain. The mice were nasally immunized with 10 µg of the TLR agonist (TLR 2, 3, 4 and 
9) and 0.1µg of PspA once per week for three weeks. A high level of PspA-specific immunoglobulin G (IgG) was
detected in sera of mice that were nasally administered a low dose of PspA plus each TLR agonist, while no PspA-
specific IgG were detected in sera of mice that had been nasally administered a low dose of PspA alone. A relatively
low level of PspA-specific IgG was also detected in the airway of mice that had been nasally administered a low dose
of PspA plus each TLR agonist. The binding of PspA-specific IgG increased the deposition of C3 on the bacterial
surface. Bacterial density in the lung and blood was significantly decreased in mice that had been administered a
low dose of PspA plus each TLR agonist, compared with mice that received a low dose of PspA alone 24 h after
a bacterial challenge. Furthermore, significant increases in survival rate were found in a murine model of fatal
pneumonia that had been nasally administered a low dose of PspA plus each TLR agonist, compared with mice
that received a low dose of PspA alone. The rank order of TLR agonists on the effect of increasing survival rate was
LPS > Pam3CSK4 > Poly(I:C) and CpG 1826. These data suggest a potentially new strategy for the development
of a cost-effective intranasal vaccine with a low dose PspA plus TLR agonist that would be effective against life-
threatening bacteremic pneumococcal pneumonia.
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dose of PspA in combination with a TLR agonist was able to prevent 
the development of fatal pneumonia in this model. In the present 
study, we therefore examined the issue of whether nasal immunization 
using different TLR agonists in conjunction with a low dose (0.1µg per 
mouse) of PspA could confer protection against fatal pneumococcal 
pneumonia in healthy mice. 

Materials and Methods

Mice and bacterial strains

Female C57BL/6 mice (6- to 8-wk-old) were purchased from 
Charles River Japan, Kanagawa, Japan. Mice were transferred to 
microisolators and maintained in horizontal laminar flow cabinets. 
They were provided sterile food and water in a specific pathogen-
free facility. All mice used in these experiments were free of bacterial 
and viral pathogens. All animal experiments described in this study 
(protocol number; 08008) were performed in accordance with 
institutional guidelines for the Osaka University animal facility. S. 
pneumoniae WU2 strain with serotype 3, expressing PspA belonging to 
family 1, clade 2, was grown in Todd-Hewitt Broth (BD, Franklin Lakes, 
NJ) supplemented with 0.1% yeast extract (THY) to the mid-log phase 
and washed twice with phosphate-buffered saline (PBS) without CaCl2 
and MgCl2. Bacteria were suspended in THY, and aliquots were snap 
frozen in liquid nitrogen and stored at -80°C until used. 

Recombinant PspA and adjuvants

Recombinant PspA/Rx1 (amino acids 1 to 302) was prepared as 
previously described [8]. To extensively remove LPS from the PspA 
preparations, we used an LPS removal column, ProteoSpinR, (Norgen, 
Thorold, Canada). Four TLR agonists, including Escherichia coli K12 
LPS (TLR4 agonist), Pam3CSK4 (TLR1/2 agonist), Poly(I:C) (TLR3 
agonist) or CpG ODN 1826 (TLR9 agonist) were selected to use as 
adjuvants. The LPS, Pam3CSK4 and Poly(I:C) were purchased from 
InvivoGen (san Diego, CA). CpG ODN 1826 was purchased from 
Hokkaido System Science (Sapporo, Japan). Each of these adjuvants 
was used in a dose of 10 µg for nasal immunization. 

Nasal immunization 

Mice were immunized intranasally three times at weekly intervals 
with 12µl of PBS containing 10µg of each TLR agonist and 0.1µg of 
PspA, 0.1µg of PspA alone or 12 µl of PBS on days 0, days 7 and days 14. 
The mice were euthanized on day 21 to obtain serum, bronchoalveolar 
lavage fluid (BALF) and a nasal wash (NW). The time points of nasal 
immunization and sampling for the determination of antibody levels 
were determined according to our previous study [13]. After removing 

the mandible, the nasal cavity was gently flushed with 1 ml of PBS from 
the posterior opening of the nose. The NW obtained from the anterior 
openings of the nose was collected. BALF was obtained by irrigation 
with 1 ml of PBS using a blunted needle inserted into the trachea after 
a tracheotomy [13].  

PspA-specific antibody assays

PspA-specific antibody titers of IgG or IgA in Serum, BALF and 
NW were determined by ELISA as previously described [12]. PspA was 
used as the coating antigen (1 µg/ml). A 100µl sample was added to each 
well, followed by incubation at 37°C for 30 min. The plate was washed, 
and then reacted with 100µl of alkaline phosphatase-conjugated goat 
anti-mouse IgA, IgG, IgG1 or IgG2a (Zymed, San Francisco, CA) and 
the OD at 405 nm was then measured. End-point titers were expressed 
as the reciprocal log2 of the last dilution giving an OD405 of 0.1 OD 

unit above the OD405 of negative control samples obtained from non-
immunized mice. 

IgG binding and C3 deposition assays 

Antibody binding was analyzed by whole cell ELISA. Frozen 
stock of S. pneumoniae WU2 (family 1 and clade 2) were plated onto 
blood agar, incubated overnight and then grown in THY to an OD600 
of 0.4~0.5 and harvested by centrifugation. The bacterial cells were 
washed, resuspended in PBS, and fixed with 80% ethanol at room 
temperature for 1 h. The ethanol-killed bacteria were washed twice 
with PBS, and the pellet resuspended in PBS to an OD600 of about 0.2. 
50µl of the ethanol-killed bacteria were coated in ELISA overnight at 
4°C. The following day, the wells were washed 3 times with 0.05% of 
Tween-20 in PBS (PBST). The plates were then blocked with 3 % of 
skim milk in PBST at room temperature for 1 h. After 3 washes with 
PBST, 50µl of diluted serum in 1 % of skim milk in PBST were added 
to the plates, which were then incubated at 37°C for 2 h. The plates 
were washed 3 times with PBST, and then reacted with 100µl of alkaline 
phosphatase-conjugated goat anti-mouse IgG (Zymed, San Francisco, 
CA). The OD at 405 nm was then measured. The end-point titers were 
expressed as the reciprocal log2 of the last dilution giving an OD405 of 
0.1 OD unit above the OD405 of negative control samples obtained from 
non-immunized mice. 

C3 deposition was analyzed by flow cytometry. 10µl or 20µl of heat-
inactivated serum was incubated with washed S. pneumoniae WU2 
cells in 100µl of a reaction mixture achieving at a final concentration 
of 108 cfu/ml at 37°C for 30 min. The live bacteria were washed once 
with PBS and then incubated with 10% fresh normal mouse serum as 
the source of complement in gelatin veronal buffer with Ca2+ and Mg2+ 
(Sigma, St. Louis, MO) at 37°C for 30 min. After washing, live bacteria 
were incubated with 100µl of fluorescein isothiocyanate-conjugated 
anti-mouse C3 IgG (MP Biomedicals, Solon, OH) in PBS for 30 min 
on ice. The samples were fixed with 2% formaldehyde after two washing 
steps and stored at 4°C. Flow cytometry analysis was conducted using 
a FACSCalibur apparatus (Becton Dickinson), and 10,000 gated events 
were recorded. 

Fatal pneumococcal pneumonia model

To determine the protective effects of nasal immunization with 
PspA plus each TLR agonist, S. pneumoniae WU2 strain at a dose of 2.0 
× 107 cfu (3 x LD50) suspended in 30µl of sterile saline was intranasally 
administered to both the immunized and untreated mice 2 weeks 
after the last immunization. The 2-week interval between the last 
immunization and the bacterial challenge was maintained to avoid the 
influence of each TLR agonist on pulmonary defense, since some TLRs 
are involved in the innate immune response to S. pneumoniae [14-16]. 
The blood or lungs were aseptically removed from mice that had been 
anesthetized or euthanized with pentobarbital at 24 h post-bacterial 
challenge. The lung tissue was homogenized in 2  ml of sterile saline 
per whole lung tissue prior to culturing. To prevent coagulation, the 
blood was collected in tubes containing heparin. Quantitative bacterial 
cultures of blood or lung tissues were performed on horse blood agar. 
Mortality was monitored for 16 days following the pneumococcal 
challenge. 

Statistics

Statistical analyses were performed using one-way ANOVA and 
Tukey’s multiple comparison method for antibody titers and bacterial 
clearance [17], and a log rank (Mantel-Cox) test for analysis of the 
survival curve with Graphpad Prism (GraphPad Software, Sandiego, 
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CA). Data were considered to be statistically significant if the p-values 
were less than 0.05. 

Results
Immune responses to PspA in mice after nasal immunization 
with a low dose of PspA plus TLR agonists

While no PspA-specific IgG was detected in sera of mice that had 
been immunized nasally with PspA alone, increased high levels of PspA-
specific IgG were detected in sera of mice that had been immunized 
nasally with PspA plus and either LPS, Pam3CSK4, Poly(I:C) or CpG 
1826 (Figure 1A). The levels of PspA-specific IgG in the sera of mice 
immunized PspA plus LPS were significantly higher than those of mice 
that had been immunized with PspA plus and either Poly(I:C) (p < 0.01) 
or CpG 1826 (p < 0.01). No significant difference was found among 
the levels of PspA-specific IgG among mice that had been immunized 
nasally PspA plus Pam3CSK4, Poly(I:C) or CpG 1826. 

The levels of PspA-specific IgG in the BAL fluids and NWs of mice 
that had been nasally immunized with PspA plus the LPS were 5.17 ± 
0.98 and 1.67 ± 1.03, respectively. In contrast, negligible levels of PspA-
specific IgG were induced in the BAL fluids and NWs from mice that 
had been nasally immunized PspA plus Pam3CSK4, Poly(I:C) and CpG 
1826. PspA-specific IgA was not detected in the BAL fluid or NWs from 
these mice that had been immunized nasally with PspA plus the TLR 
agonist. 

No PspA-specific IgG1 or IgG2a was detected in sera of mice that 
had been immunized nasally with PspA alone (Figure 1B). In contrast, 
increased levels of PspA-specific IgG1 or IgG2a were found in mice 
that had been immunized nasally with PspA plus the TLR agonist. The 
levels of PspA-specific IgG1 in sera of mice that had been immunized 
nasally with PspA plus LPS were significantly higher than those of mice 
that were immunized nasally with PspA plus Pam3CSK4 (p < 0.05), 
PspA plus Poly(I:C) (p < 0.01) or PspA plus CpG 1826 (p < 0.01). No 

Figure 1: Induction of PspA-specific IgG (closed bars)(A), PspA-specific IgG1 (open bars) and IgG2a (gray bars) (B) in serum by intranasal immunization with either 
PspA plus each TLR agonist or PspA alone. Mice were nasally immunized three times at weekly intervals with 10 µg of TLR agonist and 0.1 µg of PspA. One week after 
the final immunization, the mice were euthanized to obtain serum, and PspA-specific antibody titers were determined using ELISA. The results are expressed as the 
mean ± S.D. for six mice per group. *p < 0.05, **p < 0.01, when compared with mice that were nasally immunized PspA plus LPS. ND, not detected.

17

13

9

5

1

LPS

Pam
3C

SK4

Poly(
1:C

)

+ Psp A

CpG

Psp
A al

one

R
ec

ip
ro

ca
l l

og
2 T

ite
r

ND

****

A 17

13

9

5

1

LPS

Pam
3C

SK4

Poly(
1:C

)

+ Psp A

CpG

Psp
A al

one

R
ec

ip
ro

ca
l l

og
2 T

ite
r

ND

IgG1
IgG2a

****

*

B

Figure 2: Binding of IgG antibodies (A) and C3 deposition (B) on the S. pneumoniae WU2 cell surface in the presence of sera from immunized and control mice. Binding 
The levels of IgG were analyzed by whole cell ELISA, and the C3 deposition were analyzed by flow cytometry using S. pneumoniae WU2 cells which were incubated with 
20% (open bars) or 10% (gray bars) of pooled sera from mice that were immunized by intranasal immunization with either PspA plus each TLR agonist or PspA alone. 
The percentage of fluorescent bacteria (greater than 10 fluorescence intensity units) is shown as C3 deposition for each sample. *p < 0.05, **p < 0.01, when compared 
with mice that were nasally immunized PspA plus LPS. The results are expressed as the mean ± S.D. for six mice per group. ND, not detected.  
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significant difference was found in PspA-specific IgG1 levels among the 
sera of mice that were nasally immunized with PspA plus Pam3CSK4, 
Poly(I:C) or CpG 1826. No significant difference was found in PspA-
specific IgG2a among sera of mice that were immunized nasally with 
PspA plus the TLR agonist. The mean ratios of PspA-specific IgG1 titers 
to PspA-specific IgG2a titers were 2.26 for LPS, 2.33 for Pam3CSK4, 
1.68 for Poly(I:C), and 1.32 for CpG 1826, respectively. 

IgG binding and C3 deposition on the bacterial surface
While no binding of mouse IgG was observed in the case of bacteria 

treated with sera from mice that were immunized nasally with PspA 
alone, the levels of mouse IgG found on bacteria that were treated with 
sera from mice immunized nasally with the PspA plus LPS, Pam3CSK4, 
Poly(I:C) or CpG 1826 (Figure 2A) was increased. The levels of mouse 
IgG were significantly higher in sera from mice that were immunized 
nasally PspA plus LPS compared to mice that were nasally immunized 
with PspA plus Pam3CSK4 (p < 0.05), PspA plus poly (I:C) or PspA 

plus CpG 1826 (p < 0.01).  These levels of mouse IgG in serum from 
mice that were immunized nasally with PspA plus the TLR agonist 
closely corresponded with the levels of PspA-specific IgG induced in 
serum. The frequencies of C3 depositions were substantially increased 
in bacteria that had been pretreated with 10% and 20% sera from mice 
that were immunized nasally with PspA plus each of the TLR agonists, 
compared with those of mice that were immunized nasally with PspA 
alone (Figure 2B). No differences were found in the frequencies of C3 
deposition on bacteria that were pretreated with sera from mice nasally 
immunized with PspA plus each TLR agonist. 

Bacterial clearance from the lungs and the blood

The bacterial densities (mean ± S.D. for Log10 cfu / g) reached 
6.83 ± 0.26 in the lung and 4.89 ± 0.3 in blood from mice that were 
immunized nasally with PspA alone at 24 h post-challenge (Figure 
3A and 3B). Significant decreases were found in bacterial density in 
the lungs of mice that were immunized nasally with PspA plus either 

Figure 3: The effect of intranasal immunization with PspA plus each TLR against on the bacterial densities in Lung tissue (A) and blood (B) at 24 h post-challenge with 
the S. pneumoniae WU2 strain. An invasive dose of 2 × 107 cfu / mouse was nasally administered to mice that had been previously immunized with either PspA plus each 
TLR agaonist or PspA alone. Mice were euthanized to obtain lung tissues or blood from infected mice at the indicated time-point after bacterial challenge, and quantitative 
bacterial cultures of lung tissue or blood were performed. Values represent the Log10 cfu / g or Log10 cfu / ml (mean ± S.D.) for six mice per group. *p < 0.0001, when 
compared with mice that were nasally immunized with PspA alone.  
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LPS, Pam3CSK4, Poly(I:C) or CpG 1826 compared with mice that were 
immunized nasally with the PspA alone (p < 0.0001). No significant 
differences were found in the bacterial densities in the lung among mice 
immunized nasally with PspA plus LPS, Pam3CSK4, Poly(I:C) or CpG 
1826 (Figure 3A). Significant decreases were also found in blood from 
mice that were immunized nasally with PspA plus either Pam3CSK4, 
Poly(I:C) or CpG 1826 compared with mice that were immunized 
nasally with the PspA alone (p < 0.0001). No bacteria were detected in 
blood samples from any of the mice that were immunized nasally with 
PspA plus LPS agonist. No significant differences were found among 
mice immunized nasally with PspA plus LPS, Pam3CSK4, Poly(I:C) or 
CpG 1826 (Figure 3B). 

Protection by PspA plus each TLR vaccine against fatal 
pneumococcal pneumonia

As shown in Figure 4, the Kaplan-Meier analysis demonstrated 
significant protection as evidenced by the mean survival rate for 
mice that were immunized nasally with PspA plus each TLR agonist 
compared with mice that were immunized nasally with PspA alone or 
PBS alone. The survival rate was 90% for mice immunized nasally with 
the PspA plus LPS agonist (p < 0.0001 for PspA alone or PBS alone), 
70% for mice immunized nasally with PspA plus Pam3CSK4 agonist 
(p = 0.0008 for PspA alone or p = 0.0006 for PBS alone), 60% for mice 
immunized nasally with PspA plus Poly(I:C) agonist (p = 0.0005 for 
PspA alone or p = 0.0003 for PBS alone), 50% for mice immunized 
nasally with PspA plus CpG 1826 agonist (p = 0.0127 for PspA alone or 
p = 0.0062 for PBS alone), respectively. No significant differences were 
found among mice that were immunized nasally with PspA plus LPS, 
Pam3CSK4, Poly(I:C) or CpG 1826. 

Discussion
The findings reported herein provide a demonstration of the 

protective effects of the nasal vaccination of a low dose of PspA plus 
each TLR agonist against a fatal model of pneumococcal pneumonia 
with serotype 3 S. pneumoniae WU2. Nasal vaccination of a low dose 
of PspA plus each TLR agonist induced a high level of PspA-specific 
IgG in the serum and a low level of PspA-specific IgG in the airways of 
mice. The binding of PspA-specific IgG in sera resulted in an increase 
in C3 deposition on the bacterial surfaces.  Subsequently, the bacterial 
densities in the lung tissues and blood were significantly decreased 
in mice that were immunized nasally with PspA plus TLR agonist, 
compared with the values for mice immunized nasally with a low dose 
of PspA alone. The reduction in bacterial densities in lung tissues could 
be explained by the sufficient extravasation of PspA-specific IgG into 
the alveolar space of mice that were immunized nasally with a low 
dose of PspA plus each TLR agonist [18]. Bacterial invasion into the 
blood circulation was readily suppressed by PspA-specific IgG in sera of 
mice immunized nasally with a low does of PspA plus each of the TLR 
agonists. The survival of infected mice that were immunized nasally 
with a low dose of PspA plus TLR agonist was significantly increased 
compared with those of mice that were immunized nasally with a 
low dose of PspA alone. These findings are in contrast with findings 
reported in our previous study, showing no significant difference in 
the survival of infected mice between nasal immunization with a high 
dose (2.5µg) of PspA plus TLR agonist and a high dose of PspA alone 
in a fatal pneumonia model using the WU2 strain [12]. The findings 
reported herein on the effect of a low dose of PspA plus TLR agonist 
also suggest possibilities for the development of a cost-effective PspA 
intranasal vaccine with the goal of preventing a fatal pneumonia.

We recently reported on the pivotal role of PspA-specific IgA on 

the bacterial clearance of a less virulent serotype 19F strain in the 
upper airway in a mouse model of bacterial colonization [19]. Since 
PspA-specific IgG was shown to be sufficient for protecting mice 
against a fatal bacteremic pneumonia caused by a virulent serotype 3 
strain in this study, PspA-specific IgA may not be essential for invasive 
pneumococcal infections, such as bacteremic pneumonia.

While the rank orders of PspA-specific IgG induced in sera were 
LPS > Pam3CSK4 > Poly(I:C) and CpG 1826, no difference was found 
in the frequency of C3 deposition on bacterial surfaces in immune sera 
induced by a low dose of PspA plus each TLR agonist in this study. 
This discrepancy between the levels of PspA-specific IgG and the 
frequencies of C3 deposition may be explained by the similar ratios 
of PspA-specific IgG1 titers to IgG2a titers (1.32 to 2.33) among mice 
that were immunized nasally with a low dose of PspA plus each TLR 
agonist in this study, because the C3 binding activity of the IgG2a 
isotype is superior to those of other IgG isotypes [20]. Although 
antibacterial effects in the lung and blood were the highest in mice 
that were immunized nasally with a low dose of PspA plus LPS than 
those in mice immunized nasally with a low dose of PspA plus the 
other TLR agonists at 24 h post-infection, no significant difference was 
found in the survival rate of mice immunized nasally with a low dose 
of PspA plus each TLR agonist. This discrepancy may be explained by 
subsequent bacterial growth in the lungs and blood in mice that had 
been immunized nasally with a low dose of PspA plus LPS as well as 
mice immunized nasally with a low dose of PspA plus the other TLR 
agonists later than 24 h post-infection. 

Despite similar C3 binding activities of immune sera, the rank orders 
for the survival rates of the immunized mice were LPS > Pam3CSK4 > 
Poly(I:C) and CpG 1826, and were in agreement with those of plasma 
levels of PspA-specific IgG reported in this study. Although LPS or 
Pam3CSK4 demonstrated a superior adjuvant effect among the TLR 
agonists tested in this study, these bacterial products are highly toxic to 
humans. In contrast, a synthetic analogue of a dsRNA compound, such 
as Poly (I:C) or Poly I:PolyC12 U (AmpligenR), or CpG ODN would be 
expected to be applicable as a safe mucosal adjuvant in humans [21,22]. 

In conclusion, the data presented here provide evidence to indicate 
that intranasal immunization with a vaccine containing a low dose 
of PspA plus each TLR agonist elicited a high level of systemic PspA-
specific IgG, and was capable of preventing the development of fatal 
pneumococcal pneumonia in mice. An intranasal administration of 
each TLR agonist in combination with a low dose PspA significantly 
increased the survival rates of the infected mice in the following order: 
LPS > Pam3CSK4 > Poly(I:C) and CpG ODN 1826. This study confers 
an important insight regarding strategies for a cost-effective PspA 
protein-based vaccine against invasive pneumococcal infections. 
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