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Abstract
Streptococcus pneumoniae, or pneumococcus, is a major respiratory-tract pathogen that causes high levels of mortality and 
morbidity in infants and elderly individuals. Despite the development of various capsular polysaccharide vaccines to pre-
vent pneumococcal disease, it remains epidemic. Pneumococcal surface protein A (PspA) is a highly immunogenic surface 
protein existing in all strains of S. pneumoniae, and it can elicit immunizing protection against pneumococcal infection. 
In our previous studies, a fusion protein (PsaA-PspA23), consisting of PspA and pneumococcal surface antigen A (PsaA), 
displayed greater immunogenicity and provided better protection in mice against S. pneumoniae strains than either PsaA or 
PspA. In this study, the fusion protein PsaA-PspA23, together with PspA4, was formulated with four adjuvants Al(OH)3, 
MF59, AS03, and AS02, and subsequently subjected to dose optimization and immunological evaluation for determina-
tion of the antibody titers, bacterial burden, survival rates, and levels of cytokines in mice. All vaccines with high adjuvant 
doses displayed higher antigen-specific immunoglobulin G (IgG) titers. Bacterial burdens were notably decreased to dif-
ferent extents in the lungs and blood of mice immunized with the antigen and various adjuvants. Among these adjuvants, 
AS02 provided outstanding protection against challenge with pathogenic bacteria from different families and clades; it also 
induced high titers of IgG1 and IgG2a. Moreover, only AS02 elicited high levels of cytokines, such as TNF-α, IFN-γ, IL-2, 
and IL-4. These results suggest that PsaA-PspA23 and PspA4 formulated with AS02 may potentially be used as a subunit 
vaccine against deadly pneumococcal infection.
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Introduction

Streptococcus pneumoniae is the major pathogen causing 
pneumonia, otitis media, ocular infections, bacteremia, and 
sinusitis [1, 2]. Approximately 1.6 million people worldwide 
die each year from pneumococcal disease [3]. Moreover, 
pneumococcal disease results in death in almost 20% of 
infected children under 5 years of age [4]. The multitude 
of capsular polysaccharides and their conjugated vaccines 

have been developed to protect people from the invasion of 
pneumococcal strains. The most widely used capsular poly-
saccharide vaccine is Pneumovax 23 (PPV23). However, due 
to the weak immunogenicity of T-independent antigens, the 
high morbidity ratio of children and elderly people remains 
a challenge even after immunization with capsular polysac-
charide vaccines [1, 5]. Currently, the main polysaccharide-
conjugated vaccines include 7-valent pneumococcal conju-
gate vaccine (PCV7) and 13-valent pneumococcal conjugate 
vaccine (PCV13). These vaccines have been proven to pro-
tect children from strains of the serotypes covered by those 
vaccines [6]. However, PCV7 and PCV13 have a limited 
influence on pneumococcal disease caused by the serotypes 
not covered by the vaccines [7]. To address these problems, 
it is crucial to develop an effective and broad-spectrum vac-
cine to protect against S. pneumoniae.

In recent decades, a number of S. pneumoniae virulence 
factors have been identified, such as pneumolysin and many 
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cell-surface choline-binding proteins [8–10]. Among these 
proteins, pneumococcal surface protein A (PspA) serves to 
inhibit complement deposition on the bacterial cell surface; 
thus, it is one of the major choline-binding virulence factors 
of pneumococci. Therefore, PspA may potentially be used 
as a target antigen to restrain S. pneumoniae. PspA is clas-
sified into three families based on the sequence variability 
at its N-terminus: family 1 comprises clades 1 and 2; fam-
ily 2 comprises clades 3, 4, and 5; and family 3 presently 
only comprises clade 6 [11–13]. More importantly, PspA is 
a T cell-dependent antigen and has strong immunogenicity 
[14]; therefore, it can induce a better immunization effect 
in infants. To achieve complete coverage, it is hypothesized 
that a PspA-based vaccine should contain at least one PspA 
from each of the two major families (1 and 2). Our study 
and previous studies have revealed that parenteral immu-
nization of mice with a recombinant PspA from family 2 
(clades 3, 4, and 5) could induce effective protection against 
lethal pneumococcal strains expressing PspA from families 
1 and 2 [15]. Antibodies generated against PspA are highly 
cross-reactive [16] and cross-protective. The major cross-
protective epitopes are located in the N-terminal alpha-hel-
ical sequence of PspA, especially in the first and last 100 
amino acids [17]. Pneumococcal surface antigen A (PsaA) is 
another antigen candidate, because it is a conserved lipopro-
tein present in all pneumococcal strains. PsaA plays several 
important roles in pneumococcal virulence, such as manga-
nese transport, resistance to oxidative stress, and bacterial 
adhesion. The efficiency of the PsaA antigen in eliciting an 
immune response against S. pneumoniae infection has been 
evaluated in some studies, either as a protein or a recombi-
nant plasmid [18, 19]. In our previous study, we constructed 
a fusion protein of PsaA-PspA23 containing the adhesion 
region of PsaA, the N-terminal clade-defining region of 
PspA3, and full-length PspA2; we found that PsaA-PspA23 
plus an Al(OH)3 adjuvant triggered a high antibody titer 
in mice and conferred effective protection against PspA 
family-1 and family-2 strains, regardless of serotype [20]. 
To further improve protective efficiency, we attempted to 
include the full length of PspA4 into the PsaA-PspA23 for-
mulation in this study. In addition, a series of commercial 
adjuvants for human use were evaluated to illustrate their 
potential to enhance antigen immunogenicity and protection 
efficiency.

It is well known that adjuvants have been widely used 
in various vaccines to achieve a high antibody titer, to 
broaden vaccine response, and/or to overcome immune 
senescence [21]. Al(OH)3 alum-based adjuvant is the old-
est type in use, and it has shown great potential to induce 
Th2-biased immune responses. Moreover, Al(OH)3 
alum adjuvant is comparatively safe, although some rare 
immune responses, such as cytotoxic T lymphocytes or 
granulomas at the injection site, have been reported [22]. 

The mechanisms of Al(OH)3 alum adjuvant are compli-
cated and may vary depending on specific vaccine for-
mulations. The mechanisms involve induction of danger 
signals, enhancement of antigen presentation, and recruit-
ment of immune cells.

In addition to Al(OH)3 alum adjuvant, squalene-based 
emulsion adjuvants have attracted wide attention due to 
their safety and the potential benefits of dose sparing, 
broadened immune response, and high efficiency in vac-
cines for the elderly. Squalene-based emulsion adjuvants 
include MF59, AS03, and AS02. MF59 is a typical, milk-
white, oil-in-water emulsion that measures 160 nm and 
consists of squalene, span85, and tween 80 [23, 24]. Since 
1992, MF59-adjuvanted influenza vaccines have been 
licensed worldwide, and many other MF59-adjuvanted 
vaccines are in the clinical-study phase [25]. The main 
target of MF59 is to enhance antigen presentation after 
intramuscular injection via activation of tissue-resident 
monocytes, macrophages, and dendritic cells, followed 
by chemokine-mediated recruitment and differentiation 
of various immune cells [23, 26]. Similar to MF59, AS03 
is an oil-in-water emulsion adjuvant, but it consists of the 
surfactant tween 80 and two oils: squalene and DL-α-
tocopherol [27, 28]. AS03 is reported to induce transient 
NF-κB, cytokine and chemokine responses and results 
in an increased recruitment of innate immune cells from 
the bloodstream. This leads to monocyte activation and 
improved antigen presentation, which is then followed by 
the migration of antigen-presenting cells to draining lymph 
nodes [29]. Another advantage of AS03 is that it enhances 
the recruitment of innate immune cells in local drainage 
lymph nodes [30, 31]. Both MF59 and AS03 contribute to 
Th1 and Th2 immune responses. However, the addition 
of different immunomodulatory molecules may lead to a 
Th1- or Th2-biased immune response. For example, AS02, 
an adjuvant system consisting of a squalene-based oil-in-
water emulsion and potent immune stimulants, 3-O-desa-
cyl-4-monophosphory lipid A (MPL) and saponin QS21 
(Quillaja saponaria Moline, fraction 21), has been reported 
to induce a Th1-biased immune response [32]. However, 
it should be noted that use of different antigens may influ-
ence the subsequent immune response [33].

In this study, the fusion protein PsaA-PspA23, together 
with PspA4, was formulated with four different adjuvants 
[Al(OH)3, MF59, AS02, and AS03], then assessed to deter-
mine the optimal adjuvant dose. The resulting vaccines were 
further evaluated and compared to illustrate their potential 
in terms of antibody titers, bacterial burden, and survival 
rates. Moreover, cytokine levels and antigen-specific anti-
body titers of IgG subclasses in mice were assessed to reveal 
possible differences among these vaccines. This study pro-
vides valuable information regarding adjuvant selection and 
development of a pneumococcal subunit vaccine.
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Materials and methods

Bacterial strains and culture conditions

The strains used in this study were ATCC 6312 (PspA family 
1, clade 1), ATCC 10,813 (PspA family 1, clade 2), ATCC 
BAA-334 (PspA family 2, clade 3), and ATCC 6303 (PspA 
family 2, Clade 5). All were provided by the American Type 
Culture Collection (Manassas, VA, USA). S. pneumoniae 
bacteria were grown in Todd-Hewitt broth supplemented 
with 0.5% yeast extract (THY) at 37 °C without shaking. 
Two hours after stocks were maintained at -80 °C in a THY 
medium containing 10% glycerol, the bacteria were then 
diluted and cultured on blood agar plates at 37 °C in the 
presence of 5%  CO2 overnight. Resulting colony numbers 
were then counted to determine colony-forming units (CFU).

Mice

BALB/c female mice 4–6 weeks old weighing 16–20 g were 
procured from the Changchun Institute of Biological Prod-
ucts. Mice were housed in the IVC animal facilities at Jilin 
University (Changchun, China) and provided with abundant 
food and water throughout the study. All mouse experi-
ments were conducted in accordance with the Guide for the 
Care and Use of Laboratory Animals (National Research 
Council).

Vaccine preparation

The antigen consisted of PsaA-PspA23 and PspA4. The 
fusion protein PsaA-PspA23 included the adhesion area 
of PsaA, the N-terminal clade-defining region of PspA3 
(derived from strain EF3296), and full-length PspA2 
(derived from strain Rx1). The construction of PsaA-PspA23 
has been described in detail in our previous study [20]. The 
protein PspA4 (derived from strain EF5668) containing 
the N-terminal domain and the proline-rich region of PspA 
(clade 4), was subcloned into the pET-20b expression vector 
(Novagen, Darmstadt, Germany) which added a histidine 

tag to the C-terminal of the amino-acid sequence, and 
expressed in Escherichia coli. Both recombinant antigens 
were expressed in E. coli and purified using a nickel affin-
ity chromatography column. The purity of the protein was 
evaluated with an SDS–PAGE gel that was scanned using 
near-infrared imaging (Odyssey system; LI-COR, Lincoln, 
NE, USA). Adjuvants used in this study (listed in Table 1) 
were sterile phosphate-buffered saline (PBS) solution mixed 
with Al(OH)3, citrate buffer solution (pH 6.5) with MF59, 
and 50 mM PBS solution (pH 6.8) with AS02 and AS03. 
Oil-in-water emulsion adjuvants MF59, AS02, and AS03 
were prepared under high-pressure homogenization in a 
Microfluidizer (M-110L; Microfluidics, Newton, MA, USA), 
in accordance with reported protocols [23]. The particle 
sizes and polydispersity indexes of MF59, AS03, and AS02 
were determined using dynamic light scattering (NanoZS, 
Malvern Instruments, Malvern, UK). Particle sizes of these 
three adjuvant formulations range from 150 to 160 nm, and 
all polydispersity indexes were less than 0.15. Each standard 
dose of MF59, AS02, and AS03 per mouse used in this study 
contained 2.15 mg squalene. One standard dose of AS02 
per mouse used in this study also contained 20 µg MPL and 
15 µg QS21.

Immunization and challenge

Groups of six wild-type BalB/c mice were immunized intra-
muscularly with a 100 µl vaccine containing 5 µg PsaA-
PspA23, 20 µg PspA4, and adjuvants, or 100 µl buffer with 
Al(OH)3 as a negative control. The PPV23 vaccine was 
injected as a positive control; mice receiving this vaccine 
were subcutaneously immunized only once with 100 µl per 
mouse on day 14. This was done to follow the protocol for 
human immunization, using one-fifth of the human dose. 
In the other group, the immunization regimen was followed 
on days 14 and 28; a bacterial challenge was administered 
on day 42. The mice used for challenges were anesthetized 
and intranasally administered 40 µl total of 4 ×  106 CFU 
pneumococcal strains ATCC 6312 (clade 1, family 1), 7 × 
 105 CFU ATCC 10,813 (clade 2, family 1), 2 ×  107 CFU 
ATCC BAA-334 (clade 3, family 2), and 4 ×  105 CFU 

Table 1  Immunization scheme

i.m. intramuscular injection, s.c. subcutaneous injection

Adjuvant Emulsion type Adjuvant type Route of inocu-
lation

Number of mice

Antigen Control

Al(OH)3 None Mineral salt adjuvant i.m 6 6
Al(OH)3 None Mineral salt adjuvant s.c 6 NA
MF59 Oil-in-water Emulsion adjuvant i.m 6 6
AS02 Oil-in-water Emulsion adjuvant i.m 6 6
AS03 Oil-in-water Emulsion adjuvant i.m 6 6
PBS NA NA i.m 6 NA
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ATCC 6303 (clade 2, family 2) (shown in Table 2). The 
mortality rate was monitored for 2 weeks after challenge.

Detection of specific IgG, IgG1, and IgG2a levels 
in serum

The blood of the mice was sampled by orbital puncture 14 
days after the final immunization. Sera were obtained via 
centrifugation and stored at − 20 °C. Antibody titers were 
detected using the enzyme-linked immunosorbent assay 
(ELISA). The 96-well plates were coated with 0.5 µg puri-
fied PsaA-PspA23 or PspA4 protein per well, and HRP-anti-
mouse IgG, IgG1, and IgG2a were used for the detection of 
corresponding antibody levels in serum samples. The sample 
optical density (OD) was observed at 450 nm. The antibody 
titer was determined by the absorbance of a dilution ratio 
that was twofold greater than the average OD of the blank 
group.

Quantification of bacterial burden

Mice were immunized and challenged with strains ATCC 
10,813 and ATCC BAA-334. The dose of challenge was 2 
×  105 CFU per mouse, which was far lower than the lethal 
dose. Bacteria were recovered from the blood and lung at 
24 h post-challenge. Mice immunized with antigen plus 
adjuvants, PBS, or PPV23 were sacrificed by cervical dis-
location at 24-h post-challenge. The lungs and blood were 
collected aseptically in PBS, and the lung tissue was homog-
enized using a burnisher. Samples were diluted tenfold, and 
100 µl of every second dilution was cultured on blood agar 
plates. Plates were incubated at 37 °C in the presence of 5% 
 CO2 for 20 h. Finally, bacterial CFU were counted.

Cytokine measurement

On the 14th day after the final immunization, the mice were 
euthanized through an approved Institutional Animal Care 
and Use Committee procedure: they were sprayed with 75% 
ethanol. The skin was removed and an incision made in the 
mid-abdomen near the ventral side. The spleen was collected 
aseptically in RPMI 1640 medium, then placed in a ster-
ile RPMI 1640 1X medium after tissue separation. To split 

erythrocytes, a lysis buffer (ammonium–chloride–potas-
sium) was added. Five minutes later, the reaction was ter-
minated with RPMI 1640 medium. Collected spleen cells 
were centrifuged at 300 g for 5 min, then washed with RPMI 
1640 three times. Samples containing 1 ×  107 spleen cells 
were mixed with 5 µl PspA (containing 1 µg PsaA-PspA23, 
4 µg PspA4), 5 µl ConA (containing 5 µg ConA) as a posi-
tive control, or 5 µl PBS as a negative control. The spleen 
cells were diluted and cultured on RPMI 1640 with 10% fetal 
bovine serum at 37 °C in the presence of 5%  CO2 for 48 h. 
Then, samples were assessed in accordance with the instruc-
tions from the BD Cytometric Bead Array (CBA) Mouse 
Th1/Th2Cytokine kit (IL-2, IL-4, TNF-α, and IFN-γ) (BD, 
Franklin Lakes, NJ, USA).

Statistical analysis

All statistical analyses were performed using GraphPad 
Prism Software (GraphPad Software, La Jolla, CA, USA) 
and SPSS 17.0. Statistical data for the antibody titers and 
cytokine concentration were assessed using a one-way analy-
sis of variance or an unpaired, two-tailed Student’s t-test. 
Results were expressed as the mean ± standard error of the 
mean (SEM). Statistical data for the bacterial burden were 
assessed using a Dunnett’s post-hoc test, and the results were 
expressed as the dot plots. Statistical data for the survival 
rate were performed by log-rank Mantel–Cox test. Further-
more, we did not perform a Bonferroni correction or any 
other procedure that controls the family-wise error rate for 
the whole paper. All p values are exploratory and none of the 
results are significant in a strict statistical sense.

Results

Preparation of antigens

Fusion protein PsaA-PspA23 consists of the adhesion region 
of PsaA, the N-terminal clade-defining region of PspA3 
(derived from strain EF3296), and the full length of PspA2 
[20]. Protein PspA4 contained the N-terminal domain and 
the proline-rich region domain of PspA clade 4. They were 
expressed in E. coli using the pET-20b expression vector, 
proteins were purified through Nickel affinity chromatogra-
phy and analyzed using SDS–PAGE (Fig. 1). The purities 
of PsaA-Pspa23 and PspA4 were over 85% (measured with 
Odyssey), and molecular masses were approximately 90 kD 
and 65 kD, respectively.

Effect of adjuvant dose on serum antibody titer

To ensure a suitable dose of adjuvant, mice were inoculated 
with the antigen at same amount plus adjuvants of different 

Table 2  Strains challenged in this study

ATCC  American Type Culture Collection

No. ATCC no. Clade Serotype CFU (per mouse)

1 6312 1 12F 4 ×  106

2 10,813 2 3 7 ×  105

3 BAA-334 3 4 2 ×  107

4 6303 5 3 4 ×  105
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doses. As a control, some mice were immunized with adju-
vants only. Sera of the mice were extracted from the vas-
cular plexus of the orbit, 2 weeks after each immunization. 
The antibody titers of IgG against PspA23 and PspA4 were 
detected in the serum using ELISA. The results are shown 
in Fig. 2. No free antigens were detected in the presence 
of 3% Al(OH)3 adjuvant, suggesting complete adsorption 
of antigens onto the Al(OH)3 interface. For both PsaA-
PspA23- and PspA4-specific antibodies, an increasing dose 
of Al(OH)3 adjuvant resulted in higher IgG titers after final 
boost (p < 0.05). Similar to Al(OH)3, AS02, and MF59 dis-
played higher antibody titers in high-dose adjuvant groups 
(p < 0.05) after final boost, compared with those of medium- 
and low-dose adjuvant groups. In the AS03 group, the mid-
dle and high doses resulted in comparative IgG titer levels at 
all sampling points, except that of PsaA-PspA23 at the final 
boost. Based on these results, we used high-dose Al(OH)3, 
high-dose MF59, high-dose AS02, and medium-dose AS03 
in the subsequent studies to test their potentials for enhanc-
ing immunogenicity and immune protection efficiency. In 
these selected groups, antigens plus adjuvants showed an 
obvious increase in both anti-PsaA-PspA23 antibody titers 
(Fig. 2a) and anti-PspA4 antibody titers (Fig. 2b) after the 

boost (p < 0.05). The increasing antibody titers indicate that 
memory B-cell response was strengthened via the prime-
boost immunization strategy. Furthermore, all adjuvanted 
vaccines elicited significantly higher IgG titers than negative 
controls, suggesting an enhanced immune response in the 
presence of adjuvants and antigen. In addition, all antigen 
plus adjuvants groups exhibited similar levels of antigen-
specific IgG titers after final boost. These results indicate 
that all four adjuvants used in combination with the antigens 
PsaA-PspA23 and PspA4 could incite a potent antigen-spe-
cific IgG immune response.

Reduction of bacterial burden in the lungs 
and blood of immunized mice

All groups inoculated with antigen plus adjuvants showed 
strong systemic immune responses in the serum after immu-
nization. Thus, we evaluated whether the improved IgG 
titers could protect mice from bacterial infection. It is well 
known that more than 96% of isolated pneumococcal strains 
express family 1 or family 2 PspA [34–36]. For this reason, 
we chose ATCC BAA-334 (clade 3; family 2) and ATCC 
10,813 (clade 2; family 1) to challenge mice via intranasal 
administration. Bacteria were recovered from the blood and 
lungs 24 h after challenge. The numbers of bacteria (CFU/
ml) in the blood and lung homogenates of each group are 
shown in Fig. 3. The numbers of bacteria (CFU/ml) in the 
blood and lungs of mice immunized with antigen plus adju-
vants were less than those of the negative control mice, 
which suggests the adjuvanted vaccines resulted in effec-
tive bacterial clearance (p < 0.05). However, four adjuvanted 
vaccines, as well as the commercially available PPV23 vac-
cine, displayed variable efficiency in reducing the bacterial 
burden in both the blood and lungs of mice. For strain ATCC 
BAA-334 (clade 3; family 2), use of AS02 resulted in bet-
ter bacterial clearance in the blood than did use of MF59; 
this level of clearance is similar to that of PPV23. Use of 
AS03 and Al(OH)3 resulted in marginal bacterial clearance 
in the blood; both were less efficient than PPV23. Regarding 
ATCC BAA-334 burden in the lungs, use of Al(OH)3 and 
PPV23 resulted in significant bacterial clearance, and both 
were more efficient than MF59, AS02, and AS03.

For strain ATCC 10,813 (family 1, clade 2), use of AS02 
and MF59 eliminated 100% of the bacteria in the blood, fol-
lowed by AS03 and Al(OH)3. This clearance trend differed 
from that observed for ATCC BAA-334, as use of AS03 
resulted in higher clearance than Al(OH)3. However, both 
AS03 and Al(OH)3 were more efficient than PPV23. Obvi-
ous superiority of Al(OH)3, MF59, AS02, and AS03 over 
PPV23 in reducing the bacterial burden was also found in 
the lung tissue for strain ATCC 10,813. MF59 provided the 
highest bacterial clearance, followed by Al(OH)3. The dif-
ferent bacterial clearance efficiencies observed for the same 

Fig. 1  SDS–PAGE analysis of PsaA-PspA23 and PspA4 antigens 
expressed in Escherichia coli. The proteins were subjected to sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE) and 
were detected using direct staining with Coomassie Brilliant Blue. 
lane 1, Precision Plus Protein Standards Dual Color (BIO-RAD) in 
kD; lane 2, purified PsaA-PspA23; lane 3, purified PspA4
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adjuvant to different strains may be due to the diversity of 
pneumococcus [37, 38]. Additionally, different tendencies 
among pneumococcus strains to colonize the blood and 
lungs after an intranasal challenge may make bacterial clear-
ance more complicated.

Protection against pneumococci challenge

Although high IgG titers and effective bacterial clearance 
are important for prevention of pneumococcal infection, the 
most direct method to evaluate the effectiveness of a pneu-
mococcal vaccine is through challenge with S. pneumoniae. 

In this study, vaccine effectiveness was determined by 
increased survival. Two weeks after the last immunization, 
the immunized mice were challenged intranasally with four 
pneumococcal strains of PspA family 1 and family 2. Mor-
tality was monitored for 14 days. The survival percentages 
by group are shown in Fig. 4.

The survival rate increased in the groups of mice that 
received Al(OH)3-, MF59-, AS02-, and AS03-adjuvanted 
vaccines, compared with those who received correspond-
ing adjuvants and Ppv23. After challenge with ATCC 
6312, Al(OH)3 and AS02 showed better protection 
than MF59 and AS03, compared with non-vaccinated, 

Fig. 2  PsaA-PspA23 (a) and PspA4 (b)-specific IgG titers in sera of 
mice immunized with antigen and different doses of Al(OH)3, MF59, 
AS02, and AS03. Al(OH)3 was used at two different dose levels of 
30 µg and 100 µg, respectively. Each standard dose of MF59, AS02 
and AS03 per mouse used in this study contained 2.15 mg squalene. 
One standard dose of AS02 per mouse used in this study also con-
tained 20  µg MPL and 15  µg QS21. The low dose was 50% of the 
standard dose, the middle dose was standard dose, and the high dose 

was 150% of the standard dose. The sera of all mice in each group 
(six mice per group) were mixed into a serum pool and evaluated 
three times separately by ELISA. Symbols indicate statistically signif-
icant differences compared with corresponding controls by one-way 
ANOVA, followed by Tukey’s multicomparison test. For comparison 
of the high-dose group with the low-dose group: #p < 0.05. For com-
parison with the negative-control group: *p < 0.05
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non-adjuvant, and PPV23 groups. Protection against 
ATCC 10,813 was 100%, except in the non-vaccinated 
groups. The protection provided by the antigen with 
AS02 against ATCC BAA-334 reached only 50%, which 
remained higher than the general protection against this 
strain in all other groups. When challenged with ATCC 
6303, survival in the Al(OH)3 and AS02 groups was 100%. 
Furthermore, protection appeared in the negative group, 
which may be due to relatively low doses of bacteria and 
relatively weak infectivity of these bacteria.

These results reveal that the antigen with four different 
adjuvants may provide effective protection against pneu-
mococcal strains from both family 1 and family 2; thus, 
it shows the potential for broad-spectrum protection. The 
protection rate of the AS02 group was outstanding against 
four strains in a different clade.

Fig. 3  Bacterial burden in the blood and lungs of mice. Samples after 
challenge with two bacterial strains for the group of antigen plus 
adjuvants, negative control, and positive control (PPV23) group. The 
density of pneumococcal colonization, expressed in  log10 of total col-
ony-forming units (CFU) in the lungs and blood, was determined for 
individual mice at 24 h after challenge. a, b Burden of strain ATCC 
BAA-334 (family 2, clade 3) in blood and lungs, respectively; c, d 

burden of strain ATCC 10,813 (family 1, clade 2) in blood and lungs. 
Six mice per group were examined in each challenge. Statistical dif-
ference with negative controls by one-way ANOVA, with Dunnett’s 
post-hoc test, *P < 0.05, **P < 0.01, ***P < 0.001 versus NC group, 
and p values shown in this Figure. Results are from two independent 
experiments
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Measurement of IgG isotypes

To further illustrate the possible differences among vac-
cines containing the different adjuvants, titers of antigen-
specific IgG1 and IgG2a antibodies were determined by 
ELISA. The results are shown in Fig. 5.

For PsaA-PspA23, groups immunized with adjuvant-
containing preparations exhibited higher IgG1 and IgG2a 
titers than those immunized with antigen alone, suggesting 
an improved immunogenicity of antigen in the presence 
of adjuvants. Among these, Al(OH)3, MF59, and AS03 
showed comparable efficiency in inducing IgG1; AS03 
showed lower efficiency. High IgG1 titer usually indi-
cates a strong Th2 immune response. In contrast, AS02 
was more effective in inducing higher titers of IgG2a anti-
bodies than other adjuvants. The above tendency was also 
observed in the case of PspA4 (Fig. 5b). The high antibody 
titers of IgG1 and IgG2a elicited by use of AS02 indicated 
mixed Th1 and Th2 immune responses; this phenomenon 
was considerably different from the responses elicited by 
use of Al(OH)3 and MF59.

Production of cytokines in splenocytes

To further illustrate the possible differences resulting from 
various adjuvants, cytokines produced by isolated sple-
nocytes in the mice were assessed 14 days after the final 
immunization. The results are shown in Fig. 6. All groups 
immunized with the antigen and adjuvants showed higher 
cytokine levels than the negative control. Among these, use 
of AS02 elicited higher levels of TNF-α, IFN-γ, IL-2, and 
IL-4 than Al(OH)3, MF59, or AS03 (p < 0.05). For TNF-α, 
Al(OH)3 was the second-best adjuvant, as it elicited higher 
cytokine levels than MF59 or AS03.

Discussion

Pneumococcus is an invasive bacterium that can cause 
the death of infants and the elderly. Many pneumococcal 
proteins have been evaluated as protein-based vaccine can-
didates against S. pneumoniae infection. PspA is highly 
immunogenic and has the potential to induce cross-reactive 

Fig. 4  Vaccine-induced protection against lethal intranasal challenge. 
Mice were immunized subcutaneously three times at 2-week intervals 
with PspAs in combination with the adjuvant. Two weeks after the 
last immunization, the immunized mice were challenged intranasally 
with pneumococcal strains containing PspA family 1 and family 2. 

Mortality was monitored for 14 days. Six mice per group were exam-
ined in each challenge. Statistical difference of test vaccine groups 
from the negative controls by log-rank Mantel–Cox test: **P < 0.01, 
***P < 0.005
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immunization and broad-spectrum protection [39]. How-
ever, most investigations use Al(OH)3 as an adjuvant for 
the PspA protein [40–43]. The obvious advantage of this 
adjuvant is that it rarely causes a cytotoxic T lymphocyte 
response or granulomas at the injection site. However, the 
efficiency of Al(OH)3 in stimulating antibodies and enhanc-
ing the immune response is unsatisfactory. Therefore, it is 
important to seek an alternative adjuvant.

In this study, dose optimization of the four adjuvants was 
first performed by evaluating antigen-specific IgG titers. 
Then, the optimized doses of high-dose Al(OH)3, high-dose 
MF59, high-dose AS02, and medium-dose AS03 were cho-
sen to formulate with antigen candidates PsaA-PspA23 and 
PspA4. Evaluations of immunogenicity and immune pro-
tection, in terms of IgG titer, bacterial burden, and survival 

rate, were then carried out. Cytokines and IgG subclass were 
also measured to illustrate possible differences in the types 
of immune response.

The results showed that antigens with four different adju-
vants induced comparable antigen-specific IgG titers in sera. 
High IgG titers usually indicate increased immune protec-
tion against infection by pneumococcal strains. Furthermore, 
the presence of PspA-specific IgG titers may elicit protection 
by complement-dependent phagocytosis, thereby reducing 
the multiplication of bacteria in the blood. However, due to 
the diversity of pneumococcal strains and the incomplete 
coverage of the target antigens, efficiency of immune pro-
tection may vary. For example, in a previous report, high 
antibody titers against pneumococcal histidine triad protein 
D did not provide optimal passive protection against sev-
eral pneumococcal strains [44]. Therefore, it is necessary to 
determine the immune protection efficiency of high PspA-
specific IgG titers against different pneumococcal strains.

Further investigation confirmed that all use of formula-
tions of antigen with adjuvants resulted in varying levels of 
inhibition of bacteria in lung tissue and blood and yielded 
higher survival rates after challenge with different pneu-
mococcal strains, compared with the negative control and 
PPV23. The AS02 group showed superb protection against 
strains compared with other groups; it even reached 100% 
protection against strains ATCC 6312, 10,813, and 6303. 
Moreover, it showed an outstanding ability to achieve bac-
terial clearance in the blood during challenge with strains 
ATCC BAA-334 and 10,813. In the negative control group, 
protection against some strains (ATCC 6312, 10,813, and 
6303) was also observed. This may be due to relatively low 
doses of bacteria and relatively weak infectivity of these bac-
teria. Similar phenomena have also been reported by other 
research groups [44, 45]. In general, the results showed a 
similar trend between bacterial burden and survival rate. All 
groups of the antigen plus adjuvant showed obvious clear-
ance of bacterial burden when compared with the negative 
control. The AS02 and MF59 groups showed excellent 
clearance, especially in the blood; they even reached 100% 
clearance of ATCC 10,813, which indicated that the antigen 
provided 100% protection against this strain. Thus, the effec-
tiveness of the vaccine may be evaluated by bacterial burden.

The above differences in bacterial clearance and protec-
tion efficiency may be closely related to IgG isotypes and 
cytokine simulation. Further investigation revealed that use 
of AS02 induced high titers of IgG1 and IgG2a antibodies, 
indicating mixed Th1 and Th2 immune responses. How-
ever, use of other adjuvants, such as Al(OH)3 and MF59, 
only induced high titers of IgG1 antibodies, suggesting a 
Th2-biased immune response. The balanced Th1 and Th2 
immune responses of AS02 were further confirmed by the 
results of cytokine assays, which revealed that immunization 
with the antigen and AS02 induced higher levels of IL-2, 

Fig. 5  PsaA-PspA23- (a) and PspA4- (b) specific IgG isotype anti-
body titers in sera of mice immunized with PBS, antigen, and anti-
gen with Al(OH)3, MF59, AS02, and AS03. Sera were obtained after 
immunization with adjuvant plus antigen at 14 days after final boost, 
then determined by ELISA. Six mice per group were examined in 
each group. Statistical difference of IgG1 titer from the IgG2a titer: 
*P < 0.05; **P < 0.01 and p values shown in this figure
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IL-4, TNF-α, and IFN-γ, characteristic factors in Th1 and 
Th2 pathways. The high IgG1 and IgG2a titers, which are 
present in the balanced Th1 and Th2 immune response, may 
contribute to an efficient immune response and enhanced 
protection against respiratory pathogens. Further investi-
gations, such as those involving opsonophagocytosis and 
complement deposition, are needed to illustrate the possible 
mechanism.

In conclusion, the PsaA-PspA23 and PspA4 antigens, 
combined with four different adjuvants, enhanced systemic 
immune responses and provided protection and effective 
elimination in the blood and lungs against pneumococcal 
strains from different families. The AS02 group displayed 

the best performance, compared with the other groups in 
which MF59, AS03, and Al(OH)3 were used as adjuvants. 
PsaA-PspA23 and PspA4 antigens plus AS02 also provided 
more efficient immune protection than the commercially 
available PPV23 vaccine. These results suggest that PsaA-
PspA23 and PspA4 antigens plus AS02 may be used as a 
potential subunit vaccine against pneumococcal invasion. 
Further investigation is needed to illustrate mechanisms 
involved in the enhanced immune protection and the pos-
sible dose-sparing effect of various adjuvants on antigens. 
These insights, together with the findings in this study, may 
pave the way for successful development of an effective 
pneumococcal vaccine.

Fig. 6  Cytokine production in murine splenocytes. Mice were immu-
nized with PsaA-PspA23 and PspA4 in combination with vari-
ous adjuvants three times at 2-week intervals. Fourteen days after 
the third immunization, splenocytes were collected and stimulated 

in  vitro with PBS, PspA4, and PsaA-PspA23. Cytokine TNF-α (a), 
IFN-γ (b), IL-2 (c), and IL-4 (d) expression at 48 h after stimulation 
was detected via CBA assay. Six mice were examined in each group. 
P values shown in this figure
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