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Streptococcus pneumoniae is a respiratory pathogen, and mucosal immune response plays a significant role
in the defense against pneumococcal infections. Thus, intranasal vaccination may be an alternative approach
to current immunization strategies, and effective delivery systems to mucosal organism are necessary. In this
study, BALB/c mice were immunized intranasally with chitosan-DNA nanoparticles expressing pneumococcal
surface antigen A (PsaA). Compared to levels in mice immunized with naked DNA or chitosan-pVAX1,
anti-PsaA IgG antibody in serum and anti-IgA antibody in mucosal lavages were elevated significantly in mice
immunized with chitosan-psaA. The balanced IgG1/IgG2a antibody ratio in serum, enhanced gamma interferon
(IFN-�) and IL-17A levels in spleen lymphocytes, and mucosal washes of mice immunized with chitosan-psaA
suggested that cellular immune responses were induced. Furthermore, significantly fewer pneumococci were
recovered from the nasopharynx of mice immunized with chitosan-psaA than for the control group following
intranasal challenge with ATCC 6303 (serotype 3). These results demonstrated that mucosal immunization
with chitosan-psaA may successfully generate mucosal and systemic immune responses and prevent pneumo-
coccal nasopharyngeal colonization. Hence, a chitosan-DNA nanoparticle vaccine expressing pneumococcal
major immunodominant antigens after intranasal administration could be developed to prevent pneumococcal
infections.

Streptococcus pneumoniae is the most common cause of
invasive pneumococcal diseases, including meningitis, sep-
ticemia, and bacteremic pneumonia, and noninvasive pneu-
mococcal diseases such as acute otitis media, sinusitis, and
nonbacteremic pneumonia. Antibiotics often are prescribed
for the treatment of pneumococcal infections. However, the
morbidity and mortality of pneumococcal diseases are still high
in both developed and developing countries due to worldwide
increasing antibiotic resistance (41). Therefore, the prevention
of pneumococcal diseases is of great interest. S. pneumoniae is
part of the commensal flora of the upper respiratory tract and
colonizes the nasopharyngeal niche. The asymptomatic naso-
pharyngeal carriage of pneumococci is widely prevalent among
young children worldwide (5). The carriage rate of S. pneu-
moniae in Chinese children ranges from 5.1 to 40.5% (51).
Although colonization with pneumococci is mostly symptom-
less, it can progress to local or even systemic pneumococcal
diseases (6). Therefore, vaccines to prevent pneumococcal dis-
eases should focus on the prevention of nasopharyngeal colo-
nization. However, the current 23-valent capsular polysaccha-
ride vaccine is not able to elicit protective antibodies in infants
who suffer the highest rates of pneumococcal carriages and
infections (8). Although the current 7-valent pneumococcal
conjugate vaccine is effective against invasive pneumococcal

diseases and nasopharyngeal colonization (36, 47), the protec-
tive effect is restricted to seven serotypes, which has been
shown to increase the carriage of the nonvaccine serotype (38).
Moreover, the high cost limits their extensive application in
developing countries (26).

Recently, a new vaccine strategy has focused on the pneu-
mococcal proteins that contribute to virulence and are com-
mon to all serotypes (19). Among these proteins, one of the
most promising candidates is pneumococcal surface antigen A
(PsaA) (42). PsaA is a member of the family of metal binding
lipoproteins and is highly conserved across all pneumococcal
serotypes (33). PsaA is required for the full expression of
competence and virulence (11), and the virulence of psaA
mutants was completely attenuated in systemic, respiratory
tract, and otitis media infection models (29). Previous studies
have shown that intranasal (i.n.) immunization with PsaA using
cholera toxin (CT) or cholera toxin subunit (CTB) as the
adjuvant elicits significant protection against colonization in
mice (37). On this basis, PsaA has been considered a suitable
candidate for pneumococcal vaccine development.

As S. pneumoniae is an extracellular bacterial pathogen, the
immunity to pneumococcal diseases has long been assumed to
depend on humoral immune responses. However, a recent
study by Malley et al. has shown that CD4� T cells mediate
antibody-independent acquired immunity in a pneumococcal
colonization model (28). In humans, activated T lymphocytes
with TH-1 cytokine profiles are highly engaged in the immune
response to S. pneumoniae in vivo (20). These studies indicated
that cellular immune responses play an important role in
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protection against pneumococcal infections. Studies have
demonstrated that immunization with DNA vaccines ex-
pressing pneumococcal antigens elicited humoral and cellular
immune responses (13, 31, 32). Furthermore, DNA vaccine is
easy to manufacture, has a low cost, and is more stable for
transportation, which make it an ideal vaccine in developing
countries.

The upper airway and the mucosal epithelium of the naso-
pharynx are the primary sites of the colonization of S. pneu-
moniae. The nasopharyngeal carriage of pneumococci is also a
prerequisite of infection and invasive diseases and is the source
of transmission (53). Therefore, local mucosal immunity within
the nasopharynx may play a crucial role in the reduction of
carriage. Mucosal immunization has been proven effective for
the induction of systemic and local mucosal immune responses
(16). Recent studies from the Lee laboratory demonstrated
that nasal immunization with CTB-PsaA fusion protein in-
duced systemic and mucosal immune responses and protected
mice against pneumococcal colonization (2, 35). However, na-
sal immunization with a PsaA DNA vaccine against nasopha-
ryngeal colonization has not been studied.

It is well known that the nasal delivery of naked plasmid
DNA induces only weak immune responses due to significant
physical and chemical barriers (15). To enhance the immuno-
genicity of DNA vaccine by mucosal delivery, chitosan was
used as a vehicle in this study. Chitosan is a natural biodegrad-
able polysaccharide derived from chitin that possesses biocom-
patibility and mucoadhesion properties. It has been shown to
be nontoxic in both experimental animals and humans (3). In
addition, it also is easily obtained, inexpensive, and not re-
stricted by patents. These advantages make it an ideal candi-
date for the nasal delivery of vaccines (44). Recently, chitosan
has been extensively studied as a mucosal gene carrier, and
chitosan-DNA nanoparticles have proved effective in inducing
mucosal and systemic immune responses in several experi-
ments (46, 49, 52). However, chitosan as a pneumococcal DNA
vaccine carrier has not been reported. Therefore, in this study,
BALB/c mice were intranasally immunized with the chitosan-
encapsulated psaA (chitosan-psaA) nanoparticles, and its effi-
ciency in the generation of mucosal and systemic immune
responses and protection against nasopharyngeal colonization
was evaluated in this study.

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. pneumoniae ATCC 6303 (serotype
3) was obtained from the American Type Culture Collection (ATCC) and was
grown in Todd-Hewitt broth (Sigma) supplemented with 0.5% yeast extract
(THY). Cultures in the exponential phase were frozen and stored at �80°C in
THY medium containing 10% glycerol. The bacteria were recovered from stock
cultures and were counted prior to challenge. Escherichia coli DH5� was used as
the host for routine plasmid cloning and was cultured in Luria broth supple-
mented with 50-�g/ml kanamycin.

Animals. Specific-pathogen-free (SPF) female BALB/c mice aged 6 to 8 weeks
were purchased from Sino-British SIPPR/BK Lab Animal Ltd. (Shanghai,
China) and were maintained under SPF conditions with food and water ad
libitum until challenge. Infected mice were raised at a biosafety level 2 (BSL-2)
biocontainment animal facility. All animal experiment protocols were approved
by the Chinese Science Academy Committee on Care and Use of Laboratory
Animals and were performed according to the guidelines of the Laboratory
Animal Ethical Board of EENT Hospital, Fudan University.

Construction of pVAX1-psaA and transfection into 293T cells. According to
the methods described by Miyaji (31), with some modifications, the 867-bp psaA
gene was amplified from S. pneumoniae genomic DNA (ATCC 6303; serotype 3)

without its signal sequence and with the ACC Kozak consensus sequence before
the ATG start codon. The primers used were 5�GTCGAAGCTTACCATGGC
TAGCGGAAAAAAAGATACAAC 3� and 5�TAGTAGGGATCCTTATTTTG
CCAATCCTTCAGCAATC 3� containing HindIII and BamHI enzyme restric-
tion sites, respectively. The psaA gene then was cloned into pMD19-T vector
(TaKaRa, Dalian, China) and further subcloned into HindIII and BamHI sites of
pVAX1 to form pVAX1-psaA. The psaA DNA was purified from Escherichia coli
DH5a using a plasmid Mega preparation kit (Qiagen, Germany). The purified
plasmid DNA was transfected into 293T cells using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instructions. After 48 h of transfection, cells
were harvested to test the expression level of the psaA gene. The transcription
level of the psaA gene was detected by reverse transcription-PCR (RT-PCR)
using the psaA primers mentioned above, and the transient expression was
analyzed by Western blotting. Briefly, the protein extracts from the transfected
293T cells were separated by SDS-PAGE and transferred onto a polyvinylidene
fluoride (PVDF) membrane. The mouse polyclonal anti-PsaA antiserum was
raised in BALB/c mice immunized with purified PsaA protein emulsified with
Freund’s complete adjuvant (1:1) at weeks 0 and 3 and with Freund’s incomplete
adjuvant (1:1) at week 5. The optimal dilution of polyclonal antiserum, after
serial dilutions, was found to be 1:20,000. Horseradish peroxidase (HRP)-con-
jugated goat anti-mouse IgG at a dilution of 1:10,000 (Santa Cruz Biotechnology
Inc., CA) was used as a secondary antibody, and detection was performed using
the SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford, IL).

Preparation of chitosan-DNA complex formulations. Chitosan, about 390 kDa
in size and �75% deacetylated, was obtained from Sigma-Aldrich. The chitosan-
DNA nanoparticles were prepared as described previously (39). In brief, 200 �l
of chitosan (0.02% [wt/vol] in 5 mM sodium acetate-hydrogen acetate buffer, pH
5.5) was added to plasmid DNA (200 �l) (100 �g/ml in 50 mM Na2SO4) at 55°C
and promptly vortexed for 30 s.

Particle size, zeta potential, and association efficiency of chitosan-DNA com-
plexes. Chitosan-DNA nanoparticles were freshly prepared each time. Size and
zeta potential were measured using the Malvern Zetasizer (3000HSA; Malvern,
United Kingdom) as described previously (52). In the assay of the association
efficiency of pVAX1-psaA, the nanoparticles first were centrifuged at 16,000 � g
for 1 h. The supernatants for the free pVAX1-psaA were quantified using a
Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, Thermo Fisher
Scientific Inc.). The association efficiency (AE) was calculated as follows: %AE �
(total amount of DNA � amount of free DNA)/total amount of DNA � 100.

Measurement of chitosan protection against DNase I digestion. One micro-
gram of naked pVAX1-psaA DNA or chitosan-DNA suspension in a volume of
20 �l was incubated with 2 U DNase I (MBI Fermentas) for 15 min at 37°C. The
DNase activity was stopped by adding 0.5 M EDTA to a final concentration of 50
mM, and then the integrity of DNA was analyzed by 1% agarose electrophoresis.

Chitosan-DNA i.n. immunization and sample collection. Female BALB/c mice
at 6 to 8 weeks of age (6 mice per group) were immunized i.n. with 50 �g
chitosan-psaA or naked psaA DNA in a volume of 20 �l without general anes-
thesia. An additional control group received the same dosage of chitosan-pVAX1.
The immunization was performed four times at 2-week intervals according to the
methods described by Xu et al. (49), with some modifications. For immunization
with purified recombinant PsaA (rPsaA) protein, mice were intranasally immu-
nized twice a week for three consecutive weeks with 10 �g rPsaA protein and 2
�g cholera toxin (CT) (Sigma). Recombinant PsaA protein was expressed in
Escherichia coli BL21 transformed with pET28a-psaA recombinant plasmid and
was purified by one-step Ni2� affinity chromatography. rPsaA was expressed in E.
coli BL21 in a soluble form. Two weeks after the last booster immunization, sera,
nasal lavages, bronchoalveolar fluids (BALF), and middle ear lavages (MEL)
were collected. Blood samples were collected from mouse tail veins. MEL was
collected by injection with 10 5-�l volumes of phosphate-buffered saline (PBS)
into the middle ear through the tympanic membrane, and the final volume was
adjusted to 100 �l. For the nasal and bronchoalveolar washes, cannula were
inserted into the trachea, and then the lungs and nasal cavities were lavaged with
1 ml and 500 �l cold PBS, respectively. All of the samples collected were stored
at �80°C until enzyme-linked immunosorbent assay (ELISA) detection.

ELISA measurement of anti-PsaA specific antibody. PsaA-specific antibody
levels in serum, nasal washes, MEL, and BALF were detected by indirect ELISA.
Briefly, 96-well plates (Corning Costar Corporation, Cambridge, MA) were
coated with rPsaA (1 �g/ml) at 4°C overnight. Plates were washed five times with
PBS containing 0.05% Tween 20 (PBS-T) and were blocked with 1% bovine
serum albumin (BSA) in PBS for 1 h. The plates then were incubated with serum
(2-fold dilution for IgG, IgG1, and IgG2a), nasal washes, MEL, or BALF (no
dilution for IgA) at 37°C for 2 h. The plates were incubated with HRP-conju-
gated goat anti-mouse IgG (1:10,000) (Santa Cruz), IgG1, IgG2a, or IgA (1:
2,000) (Southern Biotechnology, Birmingham, AL) at 37°C for 1 h. The plates
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were developed by adding tetramethylbenzidine substrate (TMB; eBioscience)
for IgG or p-nitrophenyl phosphate substrate (pNPP; Sigma) for IgG1, IgG2a,
and IgA and were read at an optical density (OD) of 450 nm for IgG and 405 nm
for IgG1, IgG2a, and IgA using a 1420 Victor 3 multilabel counter (PerkinElmer
Inc., Boston, MA). The reciprocal titer was considered the last dilution of serum
that registered an optical density of 0.10.

Detection of cytokines in the supernatants of spleen cell cultures. Cellular
suspensions of splenocytes from immunized mice 2 weeks after the last immu-
nization were obtained by passing spleens through a 70-�m cell strainer, and cells
were plated into 12-well tissue culture plates at a concentration of 106 cells/
well in 1 ml Dulbecco’s modified Eagle’s medium (DMEM) (HyClone) con-
taining 10% fetal bovine serum (FBS) (Gibco, Inc.) after being washed and
having red blood cells removed by hemolysis. Following 72 h of stimulation
with rPsaA (5 �g/ml), splenocyte supernatants were collected and stored at
�80°C until analysis by sandwich ELISA for the secretion of gamma inter-
feron (IFN-	) (PeproTech, Rocky Hill, NJ) or interleukin-17A (IL-17A)
(Bender MedSystems, Vienna, Austria). The supernatants were analyzed in
duplicate and read against a standard curve according to the instructions
provided by the manufacturers.

Pneumococcal nasopharyngeal colonization. As for the intranasal challenge, a
bacterial suspension containing 2 � 105 S. pneumoniae (ATCC 6303, serotype 3)
cells was instilled into the nares of each mouse at the second week after the last
booster immunization. At day 5 after challenge, all animals were euthanized by
intraperitoneal injection with a mixture of xilazine (6 mg/kg of body weight) and
ketamine (80 mg/kg), and nasal cavities were washed with 500 �l of sterile PBS
as previously described (48). The collected washes were serially diluted in PBS
and plated on blood plates containing 4 �g/ml gentamicin. The plates were
incubated at 37°C with 5% CO2 for 12 h, and the pneumococci were confirmed
by classical colonial morphology and sensitivity to optochin (Becton Dickinson,
Franklin Lake, NJ). The recovery of pneumococci from the nasopharynx was
counted, and all pneumococcal CFU are reported as log10 values. For graph-
ical representation and statistical analysis, a sterile wash sample was assigned
to 10 CFU.

Detection of IL-17A at mucosal washes. Two weeks after the last booster
immunization and 5 days after nasopharyngeal challenge with 2 � 105 S. pneu-
moniae cells, the BALF of all mice were collected according to the methods
mentioned above. The IL-17A levels in BALF were determined according to the
instructions provided by the manufacturers.

Statistical analysis. Statistical calculations were performed with the Graph-
Pad software program (GraphPad Software, San Diego, CA). The levels of
antibody and cytokines were compared by one-way analysis of variance
(ANOVA). Differences between the pneumococcal log10 CFU were analyzed

by the Mann-Whitney U test. P values of 
0.05 were considered statistically
significant.

RESULTS

Expression of PsaA in vitro. When the 867-bp psaA gene was
amplified and cloned into pVAX1 vector and the generated
pVAX1-psaA construct transfected into 293T cells, RT-PCR
and Western blotting confirmed PsaA expression in the eu-
karyotic system. RT-PCR results showed the expected band
(867 bp) from the cells transfected with pVAX1-psaA, whereas
no similar-sized bands were detected from the cells trans-
fected with pVAX1 as a control (Fig. 1A). The Western
blotting also showed specific reaction to anti-PsaA poly-
clonal serum (�37 kDa) only from the cells transfected with
pVAX1-psaA (Fig. 1B).

Characterization of chitosan-encapsulated DNA particles.
Chitosan-psaA particles were analyzed by the Malvern Zeta-
sizer, showing that the average size of the nanoparticles was
392 nm. The zeta potential was �12.5 mV, suggesting that the
chitosan-psaA nanoparticles were positively charged. The as-
sociation efficiency analyzed by a nanodrop spectrophotometer
was 97.5%. As shown in Fig. 2, the encapsulated psaA plasmid
was not digested by DNase I (lane 4), while the naked psaA
plasmid was completely digested (lane 2).

Induction of serum and mucosal anti-PsaA antibodies. To
evaluate the ability of chitosan-psaA nanoparticles to induce
mucosal and systemic humoral immune responses, groups
of mice were intranasally immunized with chitosan-psaA,
chitosan-pVAX1, or naked psaA containing 50 �g DNA four
times at 2-week intervals. Anti-psaA-specific IgG, IgG1, and
IgG2a levels in serum were determined by indirect ELISA, and
the results are shown in Fig. 3A. Total IgG levels were signif-
icantly higher in mice immunized with chitosan-psaA than in
those with naked psaA (P 
 0.01) or chitosan-pVAX1 (P 

0.01). As shown in Fig. 3B, IgG1 and IgG2a levels were higher
in mice immunized with chitosan-psaA than in either control
group (P 
 0.01). Balanced IgG1/IgG2a ratios in chitosan-

FIG. 1. Analysis of the expression of the pVAX1-psaA construct
in 293T cells by RT-PCR (A) and Western blotting (B). Total RNA
and proteins were extracted from 293T cells transfected with the
pVAX1-psaA construct or pVAX1 vector. Lane 1, DNA marker;
lane 2, PCR products from cells transfected with the pVAX1-psaA
construct, showing the 867-bp psaA gene and 217-bp glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) gene; lane 3, PCR products
from cells transfected with the pVAX1 vector; lane 4, distilled water as
a template serving as a negative control. Lanes 5 and 6, cells trans-
fected with the pVAX1-psaA construct, showing the expression of a
37-kDa PsaA protein; lane 7, cells transfected with the pVAX1 vector
only. The migration of standard molecular mass markers is indicated at
the left.

FIG. 2. Agarose gel electrophoresis of chitosan-psaA nanoparticles
following DNase I digestion. Lane 1, pVAX1-psaA without DNase I;
lane 2, pVAX1-psaA with DNase I; lane 3, chitosan-psaA without
DNase I; lane 4, chitosan-psaA with DNase I.
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psaA (ratio, 1.6) and naked psaA groups suggested that Th1
immune responses were induced by a DNA vaccine, while mice
immunized with rPsaA showed a higher IgG1/IgG2a ratio (5.1)
(Fig. 3B). To assess the mucosal immune responses, the nasal
washes, BALF, and MEL were collected. As shown in Fig. 3C,
detectable levels of IgA were induced in mice immunized with
both chitosan-psaA and naked psaA. However, a higher IgA
level was induced in the chitosan-psaA mice (P 
 0.01), sug-
gesting that chitosan enhances the efficacy of the DNA vaccine
for mucosal immune responses.

Cytokine secretion by splenocytes. The supernatants of
spleen cell cultures stimulated with rPsaA were collected, and
IFN-	 and IL-17A levels then were assessed by ELISA. The
results showed that splenocytes from mice immunized with
chitosan-psaA secreted significantly more IL-17A in response

to rPsaA than those from the naked psaA group (P 
 0.01)
(Fig. 4A) or the chitosan-pVAX1 group (P 
 0.01). Compared
to levels in the chitosan-pVAX1 group, the expression levels of
IFN-	 in the chitosan-psaA group also were significantly in-
creased (P 
 0.01), whereas the difference from the naked
psaA group was not significant (P � 0.076) (Fig. 4B).

Increased IL-17A secretion in BALF following intranasal
challenge. To investigate the IL-17A levels at the mucosal
surface, the BALF were collected before and after pneumo-
coccal challenge. The results showed that the secretion of
IL-17A was low in all of the groups before challenge. However,
after challenge, the levels of IL-17A in mice immunized with
chitosan-psaA were considerably increased compared to those
of mice immunized with naked psaA or chitosan-pVAX1
(Fig. 5).

FIG. 3. ELISA analysis of total anti-PsaA IgG in serum (A), anti-PsaA IgG isotypes in serum (B), and IgA antibody in nasal washes, BALF,
and MEL (C). Mice were intranasally immunized with four doses of chitosan-psaA, naked psaA, or chitosan-pVAX1 at 2-week intervals, and one
group was immunized with recombinant PsaA proteins with CT adjuvants as a control. Numbers above columns are mean IgG1/IgG2a reciprocal
titer ratios. Statistical analysis was performed using one-way ANOVA, and each column represents means � standard deviations. Statistical
difference between the group immunized with chitosan-psaA and that immunized with naked psaA (P 
 0.05) is marked with an asterisk. All
samples were obtained from individual mice. These results are representative of three experiments.

FIG. 4. ELISA detection of cytokine levels in spleen cells induced by chitosan-psaA. Splenocytes were isolated from immunized BALB/c 2
weeks after the last immunization and then were incubated for 72 h with rPsaA (5 �g/ml). IL-17A and IFN-	 in the supernatants were detected
through sandwich ELISA. Each column represents mean concentrations � standard deviations, and statistical analysis was performed using
one-way ANOVA. Statistical difference between the group immunized with chitosan-psaA and that immunized with naked psaA (P 
 0.05) is
marked with an asterisk. No significant difference was found between naked psaA and chitosan-pVAX1 groups in IL-17A (P � 0.851) and IFN-	
(P � 0.076). All data were the measurements of individual mouse samples. These results are representative of three experiments.
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Enhanced pneumococcal clearance from the nasopharynx.
To investigate whether i.n. immunization with chitosan-psaA
was able to protect mice against pneumococcal nasopharyngeal
colonization, BALB/c mice were challenged with 2 � 105 CFU/
mouse of type 3 pneumococci intranasally at the second week
after the last immunization. Nasopharyngeal CFU counts are
shown in Fig. 6. The significant reduction of S. pneumoniae
colonization was seen in the chitosan-psaA groups compared to
the groups immunized with naked psaA (P 
 0.01) or chitosan-
pVAX1 (P 
 0.01). However, no significant differences were
observed between mice inoculated with naked psaA and the
chitosan-pVAX1 group (P � 0.0931).

DISCUSSION

S. pneumoniae causes serious infections, including pneumo-
nia, bacteremia, and meningitis, in high-risk populations or
mucosal infection, such as otitis media and sinusitis, in young
children. Since infections occur mainly through respiratory
mucosa, the nasal mucosa is considered the first line of defense
against S. pneumoniae. Studies have emphasized the funda-
mental role of mucosal immunity in the control of pneumo-
coccal infections (22); thus, an effective vaccine and immune
strategy should be capable of stimulating effective mucosal
immunity. Compared to parenteral immunization, intranasal
immunization is very effective in eliciting mucosal and systemic
immune responses (9). The nasal mucosa is a highly vascular-
ized epithelium mucosa and has a relatively large surface area.
More importantly, nasal mucosa is rich in lymphoid tissue,
named nasal-associated lymphoid tissue (NALT). Thus, NALT
is the inductive site for mucosal immunity, where antigen is
encountered and the initial stimulation of naive T and B lym-
phocytes occurs. These sensitized B and T lymphocytes mi-
grate from the NALT to the draining cervical lymph nodes,
enter the blood circulation through the thoracic duct, and
subsequently induce the systemic immune response, such as
the production of serum IgG (7). Meanwhile, they may migrate
back into effector sites, such as nasal, middle ear, and the
upper respiratory tract mucosae, where B cells differentiate
into IgA plasma cells and produce serum IgA antibody (34). In

our study, the results demonstrated that intranasal immuniza-
tion with chitosan-psaA nanoparticles successfully elicited sys-
temic immune responses in serum and spleen and mucosal
immune responses in nasal cavity, middle ear, and broncho-
alveolar spaces as well. In addition, intranasal immunization
offers a convenient and painless method for vaccine delivery
that has been successfully exploited in various vaccination pro-
grams (16).

Although mucosal vaccines are thought to be ideal to induce
mucosal immunity, the development of a mucosal vaccine has
been impeded by poor mucosal absorption due to the low
epithelial cell membrane permeability, the mucociliary clear-
ance mechanism, and the possibility of enzymatic degradation
(17). Naked DNA is negatively charged and may be degraded
by DNase at mucosal surfaces, so it is difficult for naked DNA
to permeate across nasal epithelium. Therefore, an appropri-
ate DNA delivery system or adjuvant was demanded. Two
major mucosal delivery systems have been evaluated, including
viral and nonviral vectors. Although viral vectors have the
merit of high transfectability, their potential safety risks (23) as
well as immunogenicity hinder the extensive use of viral vectors
in gene therapy and vaccination. CT and CTB are the most
potent mucosal adjuvants and are widely used in laboratory
experiments. However, a potential neurotoxicity of both CT
and CTB has been indicated in a report showing that both CT
and CTB accumulated in the olfactory nerves and olfactory
bulbs of mice following intranasal application (45). The toxicity
of CT and CTB restrict their application in humans. During
the past decade, there has been increasing interest in the use of
chitosan as a nontoxic vector and adjuvant (21). The positively
charged chitosan has great potential for complexation with
negatively charged DNA and forming nanoparticulates to im-
prove the delivery of DNA (17). Previous studies have sug-
gested that chitosan enhanced the immunity of the vaccine by
providing longer residence times in the nasal cavity, and by
opening transiently the tight junctions among the mucosal
cells, these allowed the vaccine better access to the lymphoid
tissue (1). In the present study, chitosan-psaA nanoparticles
were prepared by coacervation methods, and the mean size of
nanoparticles was 392 nm with �12.5 mV zeta potential. These

FIG. 6. Bacterial recovery from mice immunized with chitosan-
psaA, naked psaA, or chitosan-pVAX1 after intranasal challenge with S.
pneumoniae. Log10 values of total CFU recovered from nasal washes
after intranasal challenge with pneumococcal strain ATCC 6303 are
shown. The median for each group is displayed as a line, and the
absence of colonies in individual nasal washes is represented as 1.0.
Statistical analysis was performed using the Mann-Whitney U test.
Statistical difference between the groups immunized with chitosan-
psaA and naked psaA (P 
 0.05) is marked with an asterisk.

FIG. 5. IL-17A responses in bronchoalveolar fluids (BALF) during
pneumococcal challenge. The BALF were collected before and after
pneumococcal challenge, and IL-17A levels were measured through
sandwich ELISA. Each column represents mean concentrations �
standard deviations. Before challenge, the secretion of IL-17A was low
in each group. Statistical difference after challenge between the group
immunized with chitosan-psaA and that immunized with naked psaA
(P 
 0.05) is marked with an asterisk. These results are representative
of three experiments.
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results suggested that chitosan enhanced the immunogenicity
of the psaA DNA vaccine.

Antibody long has been considered to play a key role in the
prevention of pneumococcal diseases. However, recent studies
from Richard Malley’s laboratory confirmed CD4� T-cell-
mediated antibody-independent acquired immunity to pneu-
mococcal colonization in mice immunized intranasally with the
cell wall polysaccharide, whole-cell vaccine, or purified pneu-
mococcal proteins. The studies further demonstrated that IL-
17A mediated acquired immunity to pneumococcal coloniza-
tion (4, 24, 25, 27, 28). IL-17A mainly produced by T helper 17
(Th17) cells enhances host defense by coordinating neutrophil
recruitment into mucosal sites and increasing neutrophil bac-
tericidal activity (10, 54). In this study, the antigen-specific
IL-17A response in splenocytes was higher in the chitosan-
psaA group than in naked psaA and chitosan-pVAX1 control
groups. In addition, IL-17A levels at the mucosal surface after
challenge were enhanced. The higher IL-17A response may be
relevant to enhanced protection against nasopharyngeal colo-
nization, but it merits further investigation.

Immunization with DNA vaccine expressing pneumococcal
surface protein A (PspA) by the intramuscular route previ-
ously has been shown to be protective against pneumococcal
challenge, although the antibody levels were lower than those
with protein vaccines (12, 30, 31). Previous studies from several
laboratories have shown that PsaA immunization is most ef-
fective against nasopharyngeal colonization (18, 35, 37). How-
ever, the effectiveness of PsaA immunization against systemic
pneumococcal challenges varies in different studies (14, 43).
The authors explained that bacterial and host factors that af-
fect the synthesis, thickness, and stability of bacterial capsular
polysaccharides may determine the exposure of PsaA, thus the
efficacy of PsaA immunization (14). However, the specific
mechanism still is not clear, and the protective role against
systemic infections with DNA vaccine expressing PsaA has not
been evaluated until now. DNA vaccines could elicit a more
balanced IgG1/IgG2a ratio (13). Antibody-mediated comple-
ment-dependent phagocytosis plays an important protective
role against systemic pneumococcal challenge, and IgG2a is
the isotype with the greatest capacity to mediate complement
deposition onto the pneumococcal surface. Therefore, a bal-
anced IgG1/IgG2a response might be beneficial in mediating
complement deposition (13). In this study, intranasal immuni-
zation with the chitosan-psaA vaccine gave a more balanced
IgG1/IgG2a level and induced IFN-	 secretion. The role of
IFN-	 in the resolution of pneumococcal infection is well de-
scribed in different mouse models (40, 50). Our future studies
will focus on the evaluation of protective roles of these differ-
ent responses against systemic challenge following intranasal
immunization with chitosan-psaA nanoparticles.

Taken together, mucosal, systemic, and cellular immune re-
sponses were induced with an enhanced level by intranasal
immunization with chitosan-psaA vaccines, and these findings
suggested that chitosan was efficient as a mucosal delivery
vector. Nasopharyngeal carriage also was markedly decreased
in mice immunized with chitosan-psaA nanoparticles, indicat-
ing that nasal vaccination could be a convenient and noninva-
sive route for the delivery of DNA vaccines against pneumo-
coccal infections.
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