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One of the candidate proteins for a mucosal vaccine antigen against Streptococcus pneumoniae is PsaA
(pneumococcal surface antigen A). Vaccines targeting mucosal immunity may raise concerns as to possible
alterations in the normal microbiota, especially in the case of PsaA, which was shown to have homologs with
elevated sequence identity in other viridans group streptococci. In this work, we demonstrate that intranasal
immunization with a cholera toxin B subunit-PsaA fusion protein is able to protect mice against colonization
with S. pneumoniae but does not significantly alter the natural oral or nasopharyngeal microbiota of mice.

Immunoprophylaxis would be the most efficient way to pre-
vent infections caused by Streptococcus pneumoniae. The most
immunogenic component of pneumococci is the capsular poly-
saccharide, which defines the serotypes. The currently avail-
able vaccines are thus composed of polysaccharide from the
most prevalent serotypes, conjugated or not with a protein
carrier, providing serotype-specific protection. Recent efforts
to develop new vaccines against pneumococci have focused on
proteins that may be conserved throughout the different sero-
types. One of the candidates is PsaA (pneumococcal surface
antigen A), a 37-kDa protein initially considered to be an
adhesin by homology with adhesins of other Streptococcus spe-
cies (31). It was later demonstrated that the psaA gene is part
of an operon responsible for metal (mainly manganese and
zinc) transport (9, 27). The analysis of the crystal structure of
PsaA has revealed a Zn2� binding site and characterized it as
a metal binding membrane transport protein (20). Mutation of
psaA has been reported to cause deficiencies in growth, viru-
lence, adherence, and the oxidative stress response (5, 9, 23,
35). Although it has been shown that PsaA is probably not
accessible on the surface of the pneumococcus (14, 17), natural
induction of anti-PsaA immunoglobulin G (IgG) and IgA
through S. pneumoniae colonization or infection has been de-
scribed in several countries (3, 13, 15, 19, 29, 32, 39). It has
been shown that PsaA has a significant role in protection
against pneumococcal carriage, and it has been proposed for
use as a component of a combined mucosal protein vaccine
including PspA (7). More recently, we have described an in-
crease in both systemic and mucosal antibodies in saliva and
nasal and bronchial wash samples after intranasal immuniza-

tion of mice with a cholera toxin B subunit (CTB)-PsaA fusion
protein (1).

PsaA has been shown to be highly conserved by restriction
fragment length analysis of PCR-amplified psaA of the 23
vaccine serotypes (30) and by analysis of the reactivity of
monoclonal antibodies with samples from 90 serotypes (8).
More recently, a PCR-based identification method based on
psaA was shown to amplify the gene from the 90 tested sero-
types (26). The facts that some monoclonal antibodies raised
against PsaA show immunoreactivity with homologous pro-
teins in several viridans group streptococcal species commonly
isolated from human clinical specimens (8, 16) and that the
psaA gene shows elevated sequence identity with Streptococcus
mitis, Streptococcus oralis, and Streptococcus anginosus ho-
mologs (16) have raised concerns about possible alterations in
the normal microbiota caused by immunization with PsaA. In
this work, we demonstrate that intranasal immunization with
CTB-PsaA fusion protein does not significantly alter the nat-
ural oral or nasopharyngeal microbiota in mice but is able to
protect mice against colonization with S. pneumoniae.

Induction of antibodies by intranasal immunization. In or-
der to test the immunogenic potential of the CTB-PsaA fusion
protein, female C57BL/6 mice (Instituto Butantan, 5 to 7
weeks old,12 animals per group) were immunized intranasally
twice a week for 3 consecutive weeks with saline, CTB (1.6 �g),
or CTB-PsaA (5 �g). The amount of CTB in 5 �g of CTB-
PsaA is the equivalent molar amount present in 1.6 �g of CTB.
Ten microliters was inoculated into each nostril of anesthe-
tized animals. Recombinant CTB and CTB-PsaA were ob-
tained according to previously described methods (1, 2). After
21 days, serum and saliva samples were analyzed in terms of
IgG and IgA anti-PsaA production, respectively, through
ELISA. Titers were considered the last dilution of serum that
registered an A492 of 0.1. As shown in Fig. 1, only animals
immunized with the fusion protein were able to produce high
titers of serum IgG and detectable levels of anti-PsaA IgA in
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saliva. Interestingly, immunization of C57BL/6 mice with PsaA
alone or along with CTB did not result in detectable levels of
either anti-PsaA IgG or IgA (data not shown), which is in
accordance with our results previously obtained with BALB/c
mice (1). The role of antibodies in protection against coloni-
zation is controversial. Several groups have recently shown that
colonization can be prevented in the absence of antibodies (22,
25, 36), while CD4� T cells seem to be required for protection
(22, 36). Since we have only analyzed the induction of antibod-
ies, we have used it as a parameter of induction of an immune
response against PsaA.

Protection against intranasal challenge with S. pneumoniae.
Immunized animals were challenged intranasally with S. pneu-
moniae, and nasopharyngeal colonization was analyzed 21 days
after the last immunization. Anesthetized animals were inoc-
ulated intranasally with 10 �l of a suspension containing 5 �
106 CFU of S. pneumoniae strain 0603 (serotype 6B) (21).
After 5 days, animals were sacrificed and nasal washes were
performed as previously described (38). Serial dilutions of the
samples were plated on blood agar containing 4 �g ml�1 gen-
tamicin. The total number of CFU in each sample was esti-
mated while considering the volume recovered. For represen-
tation in the graphic and statistical analysis, results were
expressed as log10 values and recovery of 0 CFU was consid-
ered 1 CFU. Only mice that had been immunized with CTB-
PsaA showed a statistically significant decrease in terms of the
number of CFU (P � 0.01, Mann-Whitney U test) recovered
from the nasopharynx, as well as in terms of the number of
colonized mice (P � 0.05, Fisher exact test) (Fig. 2). However,
we could not detect a correlation in individual mice between
the level of IgG and protection against colonization. Immuni-
zation with PsaA either alone or along with CTB did not confer
protection against challenge (data not shown). For this reason,
further investigation was restricted to mice that received the
CTB-PsaA fusion protein or the controls, saline and CTB,
intranasally. These results are in contrast with data published
by other groups showing significant antibody induction in both
serum and saliva and protection through immunization with
PsaA by using CTB as adjuvant (7). It is important to point out
that there are important differences in the antigens used in

these studies. Immunization in the work of Briles and collab-
orators (7) was performed with PsaA containing a signal se-
quence from outer membrane surface protein OspA from Bor-
relia burgdorferi, which renders the protein lipidated and
immunogenic even in the absence of adjuvants. Furthermore,
while our experiments were performed with recombinant CTB
purified from Escherichia coli (and treated for endotoxin re-
moval), CTB used in the previous work was purified from
Vibrio cholerae, resulting in some contamination with intact
cholera toxin.

Analysis of the microbiota of immunized mice. In order to
evaluate the possible impact of the immune response elicited
against PsaA on the nasopharyngeal and oral microbiota of
mice, we compared the total numbers of CFU in nasal wash
and saliva samples from mice inoculated with saline, CTB, or
CTB-PsaA. Appropriate sample dilutions were plated on
blood agar (5% sheep blood), mitis salivarius agar (Difco),
Rogosa agar (Difco), and mannitol salt agar (Difco). The
plates were incubated in a candle jar at 37°C for 24, 48, or 72 h.
The microorganisms were counted according to the colony
morphology on blood agar. Colonies resembling viridans group
streptococci were counted on mitis salivarius agar, seeded in
thioglycolate medium (Difco), and identified by microscopic
observation, Gram staining, biochemical tests (4, 10, 34), and
in API 20 Strep (BioMérieux) as well. Identification of staph-
ylococci was performed by Gram staining, colony morphology,
mannitol fermentation, catalase production, and coagulase
production (18). Lactobacilli were presumptively grouped into
four taxa by Gram stain morphology, catalase production, raf-
finose fermentation, and vancomycin susceptibility (28). For
statistical analysis, distribution of data on CFU was analyzed
through the Kolmogorov-Smirnov test. Experiments with nor-
mal distribution of data were analyzed by Student’s t test,
whereas those not normally distributed were analyzed by the
Mann-Whitney U test (P � 0.05). As shown in Fig. 3A, no
differences were detected between the groups in total counts of
bacteria recovered from either nasal washes or saliva and
grown on blood agar plates 3 weeks after the last immuniza-
tion. When we evaluated streptococci (Fig. 3B), lactobacilli

FIG. 1. Induction of anti-PsaA IgG and IgA after intranasal immu-
nization with CTB-PsaA. Anti-PsaA IgG titers of individual serum
samples and IgA titers of pooled saliva collected 3 weeks after the last
immunization are shown.

FIG. 2. Intranasal challenge with S. pneumoniae. Numbers of CFU
recovered from nasal washes after intranasal challenge with pneumo-
coccal strain 0603 are shown. �, values statistically different from con-
trol mice immunized with saline (Mann-Whitney U test). #, number of
colonized mice statistically different from the number of control mice
immunized with saline (Fisher exact test).
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(Fig. 3C), and staphylococci (Fig. 3D) individually, we could
not detect any statistically significant differences in bacterial
loads in animals from the CTB-PsaA group in relation to the
control group. Interestingly, a statistically lower load of strep-
tococci (but not of lactobacilli or staphylococci) was observed
in the control group of mice immunized with the adjuvant CTB
alone, in both nasal wash and saliva samples. Since we have
obtained similar results when analyzing nasal wash and saliva
samples, these results further indicate that the impact of nasal
immunization on nasopharyngeal samples and that on oral
samples are comparable. In order to address whether the effect
of immunization with the CTB adjuvant on streptococci was
transitory, we next analyzed streptococci in the saliva of ani-
mals inoculated with saline, CTB, or CTB-PsaA 8 weeks after
the last immunization. In accordance with the results obtained
with nasal wash and saliva samples 3 weeks after the last
immunization, no alteration was detected in mice immunized
with CTB-PsaA. As for immunization with CTB, the reduction
in the number of streptococci detected in both nasopharyngeal
and oral samples at 3 weeks continued to be detected at 8
weeks after the last immunization (data not shown). One hy-
pothesis for the unexpected finding that CTB affects the mi-
crobiota and an equivalent amount of CTB in CTB-PsaA does
not is that the structures of the two proteins are quite different;
although the fusion protein also assembled into a pentamer,
each monomer of CTB has a molecule of PsaA fused to it.
Although CTB-PsaA is capable of binding the GM1 receptor
in vitro (1), it is possible that its binding capacity in vivo varies
considerably from that of the CTB pentamer.

Identification of streptococci, lactobacilli, and staphylo-
cocci. The microorganisms obtained from nasal wash and saliva
samples were identified by biochemical tests, and the isolated
species are presented in Table 1. The streptococcal species
recovered were Streptococcus orisratti, Streptococcus ratti, Strep-
tococcus criceti (mutans group), Streptococcus mitis, Streptococ-
cus oralis (mitis group), and Streptococcus vestibularis (saliva-
rius group). In terms of the alterations in streptococcal species
in the CTB group, the numbers of animals colonized by S.
criceti in nasal washes and S. oralis and S. vestibularis in saliva
were found to be significantly reduced; however, S. ratti was
found to be increased (results not shown). Similar alterations
in the colonization of the animals with the individual species
were also observed in the CTB-PsaA group, but the total
amount was not altered since the reduction in S. vestibularis
was compensated for by an increase in S. ratti. In this case, S.
oralis was not changed (results not shown). Coagulase-negative
staphylococci were isolated in all nasal washes and saliva
groups. Three weeks after the last immunization, Staphylococ-
cus aureus was identified in the saliva of all mouse groups.
According to the group-based lactobacillus classification, it was
possible to identify three groups in the nasal washes and saliva:
Lactobacillus murinus, Lactobacillus reuteri, and Lactobacillus
casei. On the whole, the microbiota was very similar in terms of
the species of streptococci, staphylococci, and lactobacilli iden-
tified in the nasal wash and saliva samples from the saline and
CTB control groups and the group immunized with CTB-
PsaA. The variation in species isolated at 3 and 8 weeks after
the last immunization in the case of animals inoculated only

FIG. 3. Composition of the nasopharyngeal and oral microbiota. CFU of total bacteria (A), streptococci (B), lactobacilli (C), and staphylococci
(D) recovered 3 weeks after the last immunization from nasal wash (empty bars) and saliva (solid bars) samples are shown. *, value statistically
different from that of control mice inoculated with saline (Student’s t test).
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with saline shows that some of the differences detected be-
tween groups might be due to transitory temporal alterations
in the microbiota of the animals.

Immunoreactivity with anti-PsaA antiserum in isolated
streptococci. Since our purpose was to address the impact of
the immune responses against PsaA on the natural microbiota
of mice, because of the concern about the presence of homol-
ogous proteins in indigenous streptococci, it is essential to
evaluate whether the streptococcal species isolated from mice
have proteins that cross-react with anti-PsaA antibodies. West-
ern blot analysis of all of the streptococcal species isolated
(Fig. 4) showed that S. oralis and S. mitis, both from the mitis
group, and S. orisratti have bands reactive with anti-PsaA an-
tibodies. S. vestibularis (salivarius group) also has reactive
bands, but with a molecular mass very different from those of
S. pneumoniae St 491/00 (serotype 6B), the S. mitis reference
strain (kindly provided by M. C. C. Brandileone, Instituto
Adolfo Lutz, Brazil), and recombinant PsaA (rPsaA) controls.
S. ratti and S. criceti, both from the mutans group, did not show
any reactivity with anti-PsaA antiserum. Thus, there are strep-
tococci in the natural microbiota of mice with proteins that
cross-react with anti-PsaA antibodies. Most importantly, im-
munization with CTB-PsaA did not alter the total amounts of
streptococci nor did it eliminate any streptococcal species
showing reaction with anti-PsaA antiserum (S. oralis, S. mitis,
and S. orisratti). The alterations observed in the number of
animals with the different species of Streptococcus showed no
correlation with the presence or absence of PsaA (results not
shown).

The strategy of eradication of colonization is in contrast with
targeting only invasive infection and raises concerns about its
effect on the natural balance between pneumococci and co-
colonizing species (6). The nasopharyngeal microbiota seems
to be very dynamic, and replacement of colonization with vac-
cine serotypes by nonvaccine serotypes has been described
following immunization with the pneumococcal conjugate vac-
cine (12, 37). An augmentation of recurrent acute otitis media
caused by S. aureus has also been described following admin-
istration of the conjugate vaccine (37). As for interactions with
nonpathogenic bacteria, in vitro inhibition of S. pneumoniae by
alpha-hemolytic streptococci isolated from children (33) and a

FIG. 4. Immunoblot analysis of streptococci with anti-PsaA anti-
serum. Soluble cell extracts of streptococci were subjected to Western
blotting with anti-PsaA antiserum. (A) Lanes: 1, S. ratti; 2, S. orisratti;
3, S. vestibularis; 4, S. oralis; 5, S. mitis reference strain; 6, rPsaA.
(B) Lanes: 1, S. mitis; 2, S. criceti; 3, S. pneumoniae 491/00; 4, rPsaA.
Molecular mass markers in kilodaltons are indicated on the right.
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decline in carriage of resident viridans group streptococci dur-
ing active infection in children with otitis media caused by S.
pneumoniae, Haemophilus influenza, and Moraxella catarrhalis
(11) have already been described. To our knowledge, the effect
of vaccination against pneumococcal colonization on the resi-
dent nonpathogenic microbiota has not been addressed yet.
Here we show that the induction of an immune response
against PsaA can be protective against colonization and has a
negligible impact on the natural nasopharyngeal and oral mi-
crobiota of mice. Total bacterial counts, streptococci, staphy-
lococci, and lactobacilli were not affected either quantitatively
or qualitatively. However, we could detect a consistent reduc-
tion of streptococcal CFU after nasal immunization with the
adjuvant CTB alone. CTB is one of the most important mu-
cosal adjuvants tested currently and, when administered intra-
nasally with an influenza vaccine, was shown to induce protec-
tion against an influenza virus challenge through the activation
of nonspecific innate immunity (24). Such activation of innate
immunity could explain the effect of CTB on streptococci in
the oral microbiota. We have analyzed the oral microbiota up
to 8 weeks after the last immunization, and we could still detect
a reduction of streptococci in saliva after immunization with
CTB alone. This effect will be further investigated, but we
expect it to be transitory and not deleterious. On the whole,
our results show that induction of an immune response against
PsaA can lead to reduced colonization by pneumococci and
that it should have a negligible effect on the natural microbiota.
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