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Abstract

Limited protective effects of commercially available vaccines necessitate the development of novel pneumococcal vaccines. We recently
reported a pneumococcal systemic vaccine containing two proteins, Pneumococcal surface protein A (PspA of family 1 and 2) and a
bacterium-like particle-based pneumococcal mucosal vaccine containing PspA2 and PspA4 fragments, both eliciting broad protective
immune responses. We had previously reported that subcutaneous (s.c.+s.c.+s.c.) immunization with the systemic vaccine induced more
pronounced humoral serum IgG responses, while intranasal (i.n.+i.n.+in.) immunization with the mucosal vaccine elicited a more
pronounced mucosal secretory IgA (sIgA) response. We hypothesized that a combinatorial administration of the two vaccines might
elicit more pronounced and broader protective immune responses. Therefore, this study aimed to determine the efficacy of combinatorial
prime-boost immunization using both systemic and mucosal vaccines for a pneumococcal infection. Combinatorial prime-boost immu-
nization (s.c.+i.n. and i.n.+s.c.) induced not only IgG, but also mucosal sIgA production at high levels. Systemic priming and mucosal
boosting immunization (s.c.+i.n.) provided markedly better protection than homologous prime-boost immunization (s.c.+s.c.+s.c. and
in.+.n+n.). Moreover, it induced more robust Thl and Th17 cell-mediated immune responses than mucosal priming and systemic
boosting immunization (i.n.+s.c.). These results indicate that combinatorial prime-boost immunization potentially induces a robust
systemic and mucosal immune response, making it an optimal alternative for maximum protection against lethal pneumococcal infections.
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Introduction

Streptococcus pneumoniae is the primary pathogen causing
invasive pneumococcal diseases, including pneumonia, men-
ingitis, and otitis media [1]. Over 1 million individuals world-
wide die from pneumococcal infections every year [2].
Moreover, pneumococcal infections account for approximate-
ly 20% of mortalities among children under 5 years of age [3].
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Thus far, vaccination remains the best control measure to pre-
vent pneumococcal infections. Current licensed vaccines in-
cluding polysaccharide vaccines and conjugate vaccines ef-
fectively prevent invasive pneumococcal infections; however,
they are not without their limitations. For example, the 23-
valent polysaccharide vaccine (PPV23) was developed exclu-
sively for a specific serotype capsule polysaccharide and is not
effective in children under 5 years of age [4]. The 13-valent
pneumococcal conjugate vaccines (PCV13) protect children
by inducing a T cell response and potent immunogenicity;
however, they show limited serotype coverage and cannot
be predicted to replace serotypes not covered by vaccines
[5-7]. Therefore, new vaccines with broader protection
against various S. pneumoniae strains are required. Protein-
based vaccines are promising candidates owing to a high de-
gree of conservation [8, 9]. Many pneumococcal proteins,
especially some cell-surface virulence factors, have been con-
sidered ideal antigens for pneumococcal protein vaccines in
recent years [10-12].
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Pneumococcal surface protein A (PspA) is a choline-
binding protein that influences pneumococcal virulence and
inhibits complement deposition on the bacterial cell surface
[13, 14]. This protein contains three domains, the o-helical
domain («HD), the proline-rich domain (PRD), and the
choline-binding domain that anchors the protein to the cell
wall [15]. The PRD is a prominent structure of PspA, and
the «HD is surface-exposed to antibodies [16, 17]. Based on
sequence variations in the «HD, PspA is classified into three
families encompassing six clades, family 1 including clades 1
and 2, family 2 including clades 3, 4, and 5, and family 3
including clade 6 [18, 19]. Although PspA is variable, anti-
PspA antibodies are highly cross-reactive and cross-protective
[20, 21]. As more than 96% of clinical isolates of
S. pneumoniae express PspA from family 1 or 2, we selected
PspA from the two major families as major antigens to devel-
op a pneumococcal protein-based vaccine [18, 22, 23]. We
had previously developed a pneumococcal systemic vaccine
containing two PspA proteins of families 1 and 2 and a
bacterium-like particle-based (BLP) pneumococcal mucosal
vaccine displaying PspA2 and PspA4 fragments.

We previously evaluated the protective effects of systemic
and mucosal vaccines [24]. The systemic vaccine comprised a
mixture of fusion protein PsaA-PspA23 and a single protein
PspA4. We found that subcutaneous immunization of mice
with the systemic vaccine with an aluminum hydroxide adju-
vant potentially protected against strains of different clades,
including clades 1-5. The mucosal vaccine comprised a mix-
ture of PspA2-PA-BLP and PspA4-PA-BLP (PA: protein an-
chor). BLPs are non-living shells of Lactococcus lactis with the
original morphology and size, and are favorable for uptake by
M cells on the mucosal surface and stimulation of innate im-
munity by TLR2 [25-27]. The PA domain comprises 3LysM
motifs in the repeat region of AcmA and can be conjugated
with antigens as a recombinant fusion protein [28-30].
Consequently, intranasal immunization of mice with the muco-
sal vaccine with a BLP adjuvant serving as a carrier induced
broad protective immune responses [31]. These positive protec-
tive results indicated that two types of vaccines potentially serve
as a promising substitute for capsular polysaccharide vaccines.

We previously reported that both types of vaccines elicited
adequate cross-protection against both family 1 and family 2
pneumococcal strains; however, each vaccine induced its own
antigen-specific immune responses [32]. The systemic vac-
cine induced more pronounced humoral serum IgG responses,
while the mucosal vaccine elicited more pronounced mucosal
secretory IgA responses. Therefore, we hypothesized that
combinatorial administration of the two vaccines further en-
hances the protective effect against a pneumococcal infection.
In this study, we investigated the efficacy of combinatorial
prime-boost immunization with the systemic and mucosal
vaccines for their protection against a pneumococcal
infection.

Materials and methods
Bacterial strains and culture conditions

The S. pneumoniae strains used herein were ATCC10813
(PspA family 1 clade 2) and ATCC BAA-334 (PspA family
2 clade 3). They were cultured in Todd-Hewitt broth supple-
mented with 0.5% yeast extract (THY) at 37 °C without agi-
tation and used for the bacterial challenge.

Mice

Four- to six-week-old female BALB/c mice, weighing 16—
20 g, were purchased from the Changchun Institute of
Biological Products. All animal experiments were approved
by the Institutional Animal Care and Use Committee of Jilin
University (Changchun, China).

Vaccine preparation

Antigens for the systemic vaccine comprised a mixture of the
fusion protein PsaA-PspA23 and PspA4, which were cloned
in Escherichia coli and purified via nickel affinity chromatog-
raphy. Protein purity was determined using a sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE) that was scanned via
near-infrared imaging (Odyssey). The adjuvants comprised
sterile phosphate-buffered saline (PBS) mixed with 10%
Al(OH);. Antigens were prepared as previously reported [33].

Antigens for the mucosal vaccine comprised recombinant
proteins PspA2-PA and PspA4-PA, which were cloned in
Escherichia coli BL21. BLPs were mixed with the antigens
to interact with the PA anchor on the antigen for 30 min at
25 °C. The particles were then washed thrice with sterile PBS
to eliminate unbound proteins, thus yielding PspA2-BLP and
PspA4-BLP vaccines. BLPs were prepared as previously re-
ported [34]. Proteins were quantified via SDS-PAGE and
near-infrared imaging (Odyssey). The amount of BLPs was
determined by comparing the absorbance at 600 nm with that
of different known concentrations of BLP standards.

Immunizations

Systemic antigens were prepared from 5 pg of PsaA-PspA23
and 20 ug of PspA4 in 100 ul PBS for subcutaneous (s.c.)
administration per dose. BALB/c mice were immunized sub-
cutaneously with three doses at 14-week intervals with a
100-pl systemic vaccine or 100 pl buffer as a negative control.
Mucosal antigens were prepared from 0.15 mg of PspA2-BLP
and 0.3 mg of PspA4-BLP in 20 ul PBS for intranasal (i.n.)
administration per dose. Mice were immunized intranasally
with three doses at 14-day intervals with 20 pul mucosal vac-
cine or 20 pl BLP as a negative control. The commercial
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PPV23 and PCV13 were used as positive controls. Details of
the immunization strategy are described in Table 1.

Determination of antibody titers

Serum, bronchoalveolar lavage fluid (BALF), and nasal wash
(NW) samples were collected 2 weeks after the third immuni-
zation to evaluate antibody levels. Antigen-specific IgG,
IgG1, and IgG2a levels in serum were measured via indirect
enzyme-linked immunosorbent assay. The 96-well plates were
coated with 0.5 pg antigens per well, and goat anti-mouse
IgG, IgGl, or IgG2a (1:1000; Sigma) and HRP-conjugated
rabbit anti-goat IgG (1:5000; Beijing Dingguo Changsheng
Biotech) were used to detect corresponding antibody levels
in serum samples. The optical density (OD) was measured at
450 nm, and the results are expressed as titers. The IgA titer in
BALF and NW was similar to that of IgG in serum. The bound
antibodies were detected with HRP-anti-mouse IgA (1:5000;
Gene Tex) in 8 serial 2-fold dilutions.

S. pneumoniae challenge

Two weeks after the third immunization with antigens or PBS,
mice were anesthetized with ether and intranasally challenged
with an LDy dose of S. pneumoniae strain ATCC 10813 (1 x
10* CFU/mouse) or ATCC BAA-334 (4 x 10’ CFU/mouse)
with 20 ul in each nostril. The mice were monitored for
14 days, and differences between survival rates in each group
were analyzed.

Measurement of cytokine levels

Splenocytes (5 x 10°) harvested from mice were cultured in
24-well plates for 12 h and then stimulated with 5 pl PspA
(containing 1 pug PsaA-PspA23 and 4 pg PspA4), 5 ul ConA
(containing 5 ng ConA) as a positive control, or 5 ul PBS as a
negative control for 48 h. To detect TNF-oc and IL-17A in the
culture supernatants, the CBA Mouse Soluble Protein Master
Buffer Kit (BD Biosciences) and the CBA Mouse Soluble
Protein Flex Set (BD Biosciences) were used in accordance
with the manufacturer’s protocols. TNF-o and IL-17A levels
were analyzed using FCAP Array software.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
Software (La Jolla, CA, USA). Differences were determined
using one-way analysis of variance with ¢ tests for post hoc
analysis. The results are presented as mean + SEM values and
P values < 0.05 were considered statistically significant.
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Results
Preparation of antigens

The fusion protein PsaA-PspA23 comprises full-length PsaA
and the N-terminal clade-defining region of PspA2 and
PspA3 [33]. Protein PspA4 contains the N-terminal and the
proline-rich region of PspA4. These proteins were purified
via nickel affinity chromatography and analyzed via SDS-
PAGE and western blot analysis (using mouse anti-His tag
monoclonal antibody as the primary antibody). As shown in
Fig. 1a, the purities of PsaA-Pspa23 and PspA4 were > 85%,
and their sizes were approximately 90 kDa and 65 kDa,
respectively.

The fusion proteins PspA2-PA and PspA4-PA for binding
BLPs were cloned in E. coli and mixed with BLPs in super-
sonic lysates. After binding with BLPs, PspA2-PA-BLP and
PspA4-PA-BLP were analyzed via SDS-PAGE and western
blot analysis (using mouse anti-PspA2 or anti-PspA4 mono-
clonal antibody as the primary antibody). As shown in Fig. 1b,
the PspA2-PA-BLP and PspA4-PA-BLP displayed obvious
bands in a background of degraded lactococcal components
and their sizes were approximately 67 kDa and 100 kDa, re-
spectively. Simultaneously, the binding efficiency of PspA2 or
PspA4 with BLPs was determined via Odyssey near-infrared
imaging; the binding capacities were 40 g PspA2-PA/mg
BLPs and 30 pg PspA4-PA/mg BLPs.

Heterologous prime-boost immunization induced
a comparable level of systemic immune response

Systemic immunization (s.c.) with the systemic vaccine
(PsaA-PspA23 and PspA4 with Al(OH); as the adjuvant)
via subcutaneous administration resulted in higher antigen-
specific IgG antibody levels in comparison with mucosal im-
munization with the intranasally (i.n.) administered mucosal
vaccine (BLP-PspA2 and BLP-PspA4) [32]. To evaluate
whether heterologous prime-boost immunization elicits a ro-
bust systemic immune response, antigen-specific IgG, IgGl,
and IgG2a antibody levels were determined in serum 2 weeks
after the final immunization (per the immunization scheme
shown in Table 1).

As shown in Fig. 2a, b, the anti-PspA23 and anti-PspA4
IgG titers in all immunized groups were significantly greater
than those in the negative control group (P <0.001).
Furthermore, IgG titers in the heterologous immunization
group (s.c. + i.n. and i.n. + s.c.) were significantly lower than
those in the systemic immunization group (s.c. + s.c. + s.c.)
(P <0.01), but comparable to those in the mucosal immuniza-
tion group (i.n. + i.n. + i.n.). No significant difference was
observed between the systemic priming-mucosal boosting
group (s.c. + i.n.) and the mucosal priming-systemic boosting
group (i.n. + s.c.). As shown in Fig. 2¢, d, significant
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Table 1 Immunization scheme

Group First prime immunization Second boost immunization Third boost immunization
s.C. + i.n. PBS SV v

in. +s.c. PBS v SV

S.C. + s.C. + S.C. SV SV SV

in. +in + in. v v v

Ppv23 Ppv23 Ppv23 Ppv23

Pcvl3 Pcvl3 Pcvl3 Pcvl3

PBS PBS PBS PBS

BLP BLP BLP BLP

S.C. subcutaneous immunization, /.N. intranasal immunization, BLP bacterium-like particle

Vaccines used in this study: SV, systemic vaccine; /V, intranasal vaccine; Ppv23, 23-valent pneumococcal polysaccharide vaccine; Pcv/3, 13-valent

pneumococcal conjugate vaccine

differences between IgG1 and IgG2a titers in anti-PspA23 and
anti-PspA4 IgG titers were observed in all immunized groups
(P<0.001). These results indicate that the heterologous
prime-boost immunization can induce a systemic immune re-
sponse and elicit a Th2 immune response.

Heterologous prime-boost immunization induced
a significant mucosal immune response

The intranasal administration of the mucosal vaccine (i.n.),
but not the systemic immunization of the systemic vaccine
(s.c.), induced the production of antigen-specific sIgA anti-
bodies at high levels [32]. To determine whether heterolo-
gous prime-boost immunization induces an adequate muco-
sal immune response, the antigen-specific sIgA antibody
levels were determined in BALF and NW samples 2 weeks
after the final immunization. As shown in Fig. 3a, b, the
heterologous immunization groups (s.c. + i.n. and i.n. +
s.c.) displayed a significant increase in anti-PspA2
(P<0.001 and P<0.01) and anti-PspA4 sIgA (P <0.001
and P <0.05) antibody levels in BALF, although the titers
were lower than those in the mucosal immunization group
(i.n. + in. + i.n.) (P<0.05). Furthermore, the systemic
priming-mucosal boosting group (s.c. + i.n.) significantly
induced the production of antigen-specific sIgA antibodies
in comparison with the mucosal priming-systemic boosting
group (i.n. +s.c.) (P <0.01). As shown in Fig. 3¢, d, the same
tendency was observed with anti-PspA2 and anti-PspA4
slgA antibodies in NW, although the difference between
the systemic priming-mucosal boosting group (s.c. + i.n.)
and the mucosal priming-systemic boosting group (i.n. +
s.c.) was not significant.

These results suggest that heterologous prime-boost immu-
nization can induce a mucosal immune response and systemic
priming, and that mucosal boost immunization is more effec-
tive at inducing an sIgA response.

Heterologous prime-boost immunization protected
mice against a lethal pneumococcal challenge
with different family strains

Heterologous prime-boost immunization generated marked
IgG and slIgA antibody production, which is important for
preventing pneumococcal infections. Hence, we evaluated
the protective effect of the combinatorial prime-boost immu-
nization with the vaccines through a pneumococcal chal-
lenge. Mice were immunized alone or alternately with a sys-
temic or mucosal vaccine at 2-week intervals. Two weeks
after the final immunization, mice were intranasally chal-
lenged with two pneumococcal strains of family 1 and family
2 and mortality was monitored for 14 days. The detailed
results of the survival analysis are described in Fig. 4. As
shown in Fig. 4a, when challenged with a lethal dose of
ATCC 10813, all immunized groups displayed a significant-
ly greater protective effect than their corresponding controls.
The heterologous immunization groups (s.c. + i.n. and i.n. +
s.c.) displayed a 100% survival rate, equivalent to that in the
systemic vaccine group (s.c. + s.c. + s.c.), whereas the mu-
cosal vaccine group (i.n. + i.n. + i.n.) only displayed an 80%
survival rate. Furthermore, the positive controls of PPV23
and PCV13 displayed 80% and 100% protection,
respectively.

As shown in Fig. 4b, on using strain ATCC BAA-334 for
the pneumococcal challenge, the systemic priming-mucosal
boosting group (s.c. + i.n.) displayed a 100% survival rate,
which was greater than that of the mucosal vaccine group
(in. + in. + i.n.); however, the mucosal priming-systemic
boosting group (i.n. + s.c.) only displayed a 70% survival rate,
being slightly lower than that of the mucosal vaccine group
(i.n. + i.n. + i.n.), wherein the survival rate was 80%.
Moreover, the negative control for BLP displayed a 60% sur-
vival rate, suggesting that mucosal application of BLP poten-
tially inhibits S. preumoniae infections. Furthermore, the
commercial positive controls of PPV23 and PCV13 did not
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Fig. 1 SDS-PAGE and western blot analysis of antigens. Lanes 1 and 3, systemic antigen PspaA-PspA23, 90 kDa; lanes 2 and 4, systemic antigen
PspA4, 65 kDa; lanes 5 and 7, mucosal antigen PspA2-PA, 67 kDa; lanes 6 and 8, mucosal antigen PspA4-PA, 100 kDa

provide any protection, although this serotype 4 challenge =~ PCV13; this could be because we applied high 90% lethal
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Fig. 2 Induction of antigen-specific antibody responses in serum. a PspA23-specific and b PspA4-specific IgG titers. ¢ PspA23-specific and d PspA4-
specific IgG1 and IgG2a titers. *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant
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of these vaccines. A similar discrepancy was observed in the
systemic vaccine group (s.c. + s.c. + s.c.), which displayed
only a 30% survival rate. All groups immunized with the
mucosal vaccine or BLP displayed significantly higher pro-
tection than did the PBS negative control group.

These results indicate that the heterologous prime-boost
immunization potentially provides effective protection
against pneumococcal strains from both family 1 and 2.
Furthermore, systemic priming and mucosal boost immuni-
zation induced more robust protection than systemic or mu-
cosal immunization alone, and this protection was significant
and exerted broad-spectrum effects against different clade
strains.

Systemic priming and mucosal boost immunization
elicit significant Th1 and Th17 cellular immune
responses

To further investigate the type of cell-mediated response con-
tributing to the protective effect of heterologous prime-boost
immunization, TNF-« and IL-17A levels were determined in
supernatants from splenocyte cultures re-stimulated with the
PspA antigen for 48 h, 2 weeks after the final immunization.

As shown in Fig. 5a, TNF-« levels in the systemic priming-
mucosal boosting group (s.c. + i.n.) and systemic vaccine
group (s.c. + s.c. + s.c.) were significantly higher than those
in the negative control group (P < 0.01), but significantly low-
er than those in the mucosal vaccine group (i.n. + i.n. + i.n.)
(P<0.01). Notably, the TNF-« levels did not significantly
increase in the mucosal priming-systemic boosting group
(in. +s.c.).

As shown in Fig. 5b, IL-17A levels were significantly
higher in the prime-boost immunization groups than in the
negative control group (P <0.01 and P<0.001) and signifi-
cantly higher in the systemic priming-mucosal boosting
group (s.c. + 1.n.) than in the mucosal vaccine group (i.n. +
in. + in.) (P<0.05). The IL-17A levels were significantly
lower in the mucosal priming-systemic boosting group (i.n.
+ s.c.) than in the mucosal vaccine group (i.n. + i.n. + i.n.)
(P <0.05), but comparable to those in the systemic vaccine
group (s.c. + s.c. + s.c.). These results indicate that combi-
natorial systemic priming and mucosal boost immunization
elicit an adequate Th1 and Th17 immune response and may
increase the potential to induce a Th17 cell-mediated im-
mune response in comparison with systemic or mucosal im-
munization alone.
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Discussion

A pneumococcal protein-based systemic vaccine comprising
PspA of families 1 and 2 and a BLP-based mucosal vaccine
with PspA2 and PspA4 fragments can induce broad-spectrum
protective immune responses against various pneumococcal
infections [24, 31]. Although the two vaccines exerted signif-
icant protective effects, the immune response of each vaccine
was unique owing to differences in adjuvants and optimal
immunization routes [32]. Subcutaneous immunization with
the systemic vaccine with AI(OH); as an adjuvant produced a
high level of IgG antibodies, but no IgA antibodies. Intranasal
immunization with the mucosal vaccine with BLP as an adju-
vant induced the production of not only IgA, but also of IgG at
high levels. However, the IgG levels were insufficient to pro-
vide complete protection in comparison with that provided by
the systemic vaccine. Because mucosal IgA and systemic IgG
antibodies constitute first-line defense against invading path-
ogens, they potentially prevent the colonization and infection
of S. pneumoniae after host cell invasion. Therefore, we hy-
pothesized that a combinatorial immunization with the two
vaccine forms might markedly augment the protective effects
against pneumococci. Therefore, this study evaluated the pro-
tective immune responses upon combinatorial immunization
with systemic and mucosal vaccines. Herein, we evaluated the
efficacy of 2-dose prime-boost immunization regimens using
different forms of vaccines. In particular, we aimed to deter-
mine whether combinatorial prime-boost immunization pro-
vides better and broader protection against lethal pneumococ-
cal infections.

We previously evaluated the immunogenicity and protec-
tive effects of systemic and mucosal vaccines, respectively,
and reported that homologous prime-boost immunization with
only three doses of systemic or mucosal vaccines elicited ad-
equate production of specific IgG or IgA antibodies and pro-
vided optimal protection. The present results show that the
combinatorial prime-boost immunization with one dose of
both systemic and mucosal vaccines was sufficient to signifi-
cantly increase IgG and IgA production in BALF and NW. In
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Fig. 4 Induction of protection against a lethal intranasal pneumococcal

challenge. Two weeks after the final immunization, the mice were
challenged (i.n.) with an LDy, dose of Streptococcus pneumoniae
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BALEF, systemic priming and mucosal boosting immunization
elicited significantly higher production of specific IgA than
mucosal priming and systemic boosting immunization alone.
This indicated that the combinatorial immunization, especially
of systemic priming and mucosal boosting immunization, po-
tentially induces a robust humoral immune response, inducing
both systemic IgG antibody and mucosal IgA production.
Furthermore, this immunization strategy reduces the number
of doses and duration of immunization, thus reflecting its ef-
fectiveness. However, owing to differences in the pneumococ-
cal strains and specificity of the antibodies, the potential pro-
tective effects of the highly specific IgG and IgA antibodies in
the present model remain somewhat unclear. Some studies
have reported that PspA-specific IgG can enhance comple-
ment deposition, thus potentially generating protection
through complement-dependent phagocytosis [35, 36].
Furthermore, other studies have reported that PspA-specific
IgA prevents bacterial colonization in the nasopharynx and
protects against pneumococcal infections [37]. Therefore, it
is necessary to determine the combinatorial protection effi-
ciency of the PspA-specific IgG and IgA antibody titers
against different pneumococcal strains.

Further studies have reported that combinatorial immuni-
zation potentially improves and augments the protective ef-
fects of the individual immunizations. The combinatorial
prime-boost immunization groups herein displayed signifi-
cantly increased survival rates after a challenge with different
family strains in comparison with the negative control groups.
However, the systemic priming-mucosal boosting group con-
sistently displayed the highest survival rates against these
strains in comparison with other groups. Homologous
prime-boost immunization groups only displayed partial pro-
tection. In particular, the systemic vaccine group displayed a
100% survival rate upon a challenge with strain ATCC 10813,
but only a 30% survival rate with strain ATCC BAA-334.
Similarly, partial protection was observed in the positive con-
trols of PPV23 and PCV13. The mucosal vaccine group
displayed an 80% survival rate upon a challenge with the same
two strains, but did not achieve complete protection. The BLP
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vaccine group displayed a 60% survival rate upon a challenge
with strain ATCC BAA-334, probably owing to the inhibitory
effect of BLP on bacterial colonization in the lungs, concur-
rent with previous reports on BLP-based vaccines [38, 39]. In
general, these results suggest that different types of vaccines
exert preferential protective effects on different strains; how-
ever, prime-boost immunization with systemic vaccines for
priming followed by boosting with the mucosal vaccine
displayed the most optimal protective effects among all vac-
cine groups. The mechanisms underlying the differential pro-
tective effects of various immunization regimens remain un-
clear. Previous studies reported that prime-boost immuniza-
tion with different types of vaccines elicits unique immune
responses for improved immunogenicity and protection [40,
41]. Thus, the aforementioned differences in protective effects
not only depend on specific humoral antibodies, but also are
potentially closely associated with different forms of cell-
mediated immunity.

IgG isotype analysis revealed that both systemic and mu-
cosal vaccines induced high titers of IgG1, indicating a potent
induction of the Th2-biased cell-mediated immune response.
Similarly, combinatorial immunization with systemic and mu-
cosal vaccines elicited a strong Th2 bias. By measuring
antigen-induced cytokine production by the splenocytes, sev-
eral studies have shown that heterologous prime-boost immu-
nization can induce strong Th1l and Th17 responses [42, 43].
Therefore, we detected the Thl and Th17 cytokine products
secreted upon antigenic stimulation of spleen cells to deter-
mine whether the combined prime-boost immunity of our
vaccine could also elicit strong cellular immune responses.
Cytokine analysis revealed that the mucosal vaccine induced
higher levels of TNF-o and IL-17A than the systemic vaccine,
suggesting a higher potential of the mucosal vaccine to induce
Thl- and Thl7-type immune responses. These findings are
concurrent with those of previous studies on vaccine adju-
vants, wherein an Alu-based vaccine elicited only a Th2 anti-
body response, while the BLP-based vaccine elicited Th1 and
Th17 cell-mediated responses (by interacting with TLR2) [27,

44]. However, it is rather unexpected that systemic priming
and mucosal boosting immunization not only induced peak
IL-17A production, but also provided optimal protection.
These results confirm the importance of IL-17 in protecting
against S. pneumoniae [45]. Other studies have reported that
the IL-17-mediated protective mechanism promotes pneumo-
coccal clearance through recruitment and activation of neutro-
phils and macrophages [46]. Moreover, the protective efficacy
of Th-17 mediated protein-specific immune responses has be-
come increasingly apparent and has been reported for numer-
ous pneumococcal protein-based vaccines [47, 48]. Therefore,
further studies are required to investigate the specific associa-
tion between the Th17 cell-mediated immune response and
protective ability of the present combinatorial vaccines.
Furthermore, although the present results indicate combinato-
rial involvement of the Th1, Th2, and Th17 components of the
immune system in response to immunization with systemic or
mucosal vaccines, the Th17 immune response potentially
plays a more prominent role in the combinatorial immune-
elicited protection reported herein.

An ideal vaccination regimen is expected to induce ade-
quate humoral and cellular immune responses to provide pro-
tection. In this study, the systemic and mucosal immunization
induced the highest levels of IgG or IgA antibodies, but did
not induce dominant IL-17A production or provide complete
protection, consistent with their antibody levels. In contrast,
systemic priming and mucosal boosting immunization not on-
ly induced peak IL-17A production, but also provided optimal
protection, although its IgG or IgA antibody levels were not
the highest. This inconsistency was also reported in our pre-
vious study, wherein humoral antibodies were found to be
effective in promoting the clearance of pneumococci, but pro-
tection against lethal pneumococcal infection required both
humoral and cellular immune responses [32, 44]. Other stud-
ies have also confirmed the important role of cellular and
humoral immunity in jointly providing protection against
pneumococcal infection [49, 50]. In addition, we acknowl-
edge that our understanding of the protective mechanism
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induced by this vaccination regimen is only partial. Therefore,
future investigation on the combined effects of both humoral
and cellular immune responses triggered by the combinatorial
immunization in our models will be required.

In conclusion, this study shows the potential benefits of
combinatorial prime-boost immunization with a systemic
and mucosal vaccine to induce heterologous protection
against pneumococcal strains. The present results suggest that
the combinatorial systemic priming and mucosal boosting im-
munization strategy in mice yields optimal protection against
a lethal challenge of pneumococcal strains of different fami-
lies. Further studies are required to illustrate the mechanism
underlying the role of combinatorial immunization in the pro-
tection against pneumococcal infections. The present results
provide insights into the development and optimization of an
effective pneumococcal vaccine.
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