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Controlled Inflammatory Responses in the Lungs Are Associated with
Protection Elicited by a Pneumococcal Surface Protein A-Based
Vaccine against a Lethal Respiratory Challenge with Streptococcus
pneumoniae in Mice
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Streptococcus pneumoniae is a pathogen of great importance worldwide. We have previously described the efficacy of a nasal
vaccine composed of the pneumococcal surface protein A and the whole-cell pertussis vaccine as an adjuvant against a pneumo-
coccal invasive challenge in mice. Spread of bacteria to the bloodstream was probably prevented by the high levels of systemic
antibodies induced by the vaccine, but bacteria were only cleared from the lungs 3 weeks later, indicating that local immune re-
sponses may contribute to survival. Here we show that a strict control of inflammatory responses in lungs of vaccinated mice
occurs even in the presence of high numbers of pneumococci. This response was characterized by a sharp peak of neutrophils
and lymphocytes with a simultaneous decrease in macrophages in the respiratory mucosa at 12 h postchallenge. Secretion of in-
terleukin-6 (IL-6) and gamma interferon (IFN-vy) was reduced at 24 h postchallenge, and the induction of tumor necrosis factor
alpha (TNF-a) secretion, observed in the first hours postchallenge, was completely abolished at 24 h. Before challenge and at 12
h postchallenge, vaccinated mice displayed higher numbers of CD4* T, CD8* T, and B lymphocytes in the lungs. However, pro-
tection still occurs in the absence of each of these cells during the challenge, indicating that other effectors may be related to the
prevention of lung injuries in this model. High levels of mucosal anti-PspA antibodies were maintained in vaccinated mice dur-

ing the challenge, suggesting an important role in protection.

S treptococcus pneumoniae is the main etiological agent of bacte-
rial pneumonia, meningitis, and sepsis and can be of great
importance, especially in children from developing countries. Ev-
ery year, 1 million deaths of children under 5 years occur due to
pneumococcal diseases (39). Current vaccines are composed of
polysaccharides (PS) from different serotypes conjugated to pro-
tein carriers. Acquired immunity is achieved through the induc-
tion of anti-PS antibodies, protecting vaccinated children against
colonization and invasive pneumococcal diseases caused by the
serotypes included in the formulations (8, 46). The induction of
serotype-specific protection is an important issue to be consid-
ered, since variation in the prevalent serotypes (from more than
90 serotypes described) among different regions of the world is
observed (13, 23, 49). Several proposals of new vaccines are based
on conserved antigens that could confer protection against virtu-
ally all pneumococcal serotypes (10, 30, 32, 37, 40—42). These
vaccines also have emerged as a way to avoid a possible conse-
quence related to the massive use of the conjugated vaccines, that
is, the replacement of the prevalent serotypes by others not in-
cluded in the formulations (17, 56). Depending on the composi-
tion, the new vaccines can confer protection in mouse models of
pneumococcal infection by the induction of specific antibodies
and/or cellular immune responses (31).

In an experimental pneumococcal carriage study in humans,
McCool and collaborators reported a significant rise in serum IgG
against the pneumococcal surface protein A (PspA) (35). Differ-
ent immunization strategies and animal models were used to con-
firm PspA as a good vaccine candidate (4, 12, 36, 57). This antigen
has already undergone a phase I clinical trial and was shown to be
immunogenic in humans (38). Sera from immunized subjects
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were able to passively protect mice against pneumococcal lethal
challenges with different serotypes (11). PspA is expressed by all
pneumococcal isolates, but the N-terminal region of the molecule,
which contains protective epitopes, is highly variable. Sequencing
analyses led to the classification of PspAs in 6 clades that can be
grouped into three families (26). Cross-reactivity was reported for
molecules that belong to the same family or for specific molecules
that induce antibodies that recognize PspAs from different clades
(18). Broad-coverage vaccines based on PspA would thus depend
on the use of more than one molecule or on the choice of specific
PspA molecules (37). In animal models, protection elicited by
vaccines composed of PspA is often accompanied by the induction
of high levels of specific antibodies (10, 22, 24, 44) which, upon
binding to pneumococcal surface, promote the deposition of
complement (9, 12, 47, 57) and enhance killing by lactoferrin (9,
48). In addition, the use of adjuvants that elicit Th1 immune re-
sponses against PspA seems to optimize protection (4, 19, 20). We
have previously used the whole-cell pertussis vaccine (wP) as an
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adjuvant to a nasal vaccine formulated with an N-terminal frag-
ment of PspA from clade 5 (PspA5-wP) (43). As it is composed of
whole bacteria, wP can modulate the immune response, inducing
aThl and/ora Th17 character (7, 25) that may improve responses
against combined antigens (6, 51, 52). Mice immunized with
PspA5-wP were protected against an invasive respiratory chal-
lenge with a serotype 3 strain (43). Spread of the bacteria to the
bloodstream was prevented, probably by the high levels of anti-
PspA antibodies observed in vaccinated mice. However, despite
the presence of antibodies, complete clearance of bacteria from
the lungs occurred only 3 weeks after the challenge, suggesting
that immune responses in the respiratory mucosa may contribute
to protection (43). The control of inflammatory responses in
lungs seems to be an important feature for protection against
pneumococcal respiratory invasive challenges in mice (20, 21).
Here we have evaluated the mucosal immune responses elicited in
lungs of mice vaccinated with PspA5-wP. Infiltration of cells in the
respiratory mucosa as well as the secretion of cytokines in
the lungs of vaccinated mice after the challenge was evaluated. The
roles of CD4™ T, CD8* T, and B lymphocytes in the protective
responses induced by the PspA5-wP vaccine were also addressed.

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. pneumoniae was grown in
Todd-Hewitt broth (Difco) supplemented with 0.5% yeast extract (THY)
at 37°C without shaking. Bacteria were always plated in blood agar and
grown overnight at 37°C before inoculation in THY. Stocks were main-
tained at —80°C in THY containing 20% glycerol. The pneumococcal
ATCC 6303 strain (serotype 3, PspA clade 5) was a kind gift from Maria
Cristina Brandileone (Instituto Adolpho Lutz, Sdo Paulo, Brazil) and was
used for the lethal respiratory challenge. ATCC 6303-derived ApspA or
ApspC mutants (6303°PA~ and 63037P™) were constructed by inser-
tion-deletion using erythromycin and spectinomycin resistance cassettes,
respectively (1, 50). In both cases the entire sequences of the genes were
replaced. The ATCC 6303 Apsp ApspC double mutant (630375P4~/PsPC)
was constructed by the same procedure using the construct to delete pspC
to transform the 6303 ApspA strain. Mutant strains were grown in the
presence of 1 pg/ml of erythromycin, 300 pg/ml of spectinomycin, or
both.

Recombinant proteins and vaccine formulations. The N-terminal
fragment of PspA from clade 5 (from strain 122/02; Instituto Adolpho
Lutz, Sdo Paulo, Brazil), was expressed in Escherichia coli BL21 SI (Invit-
rogen) and purified by chromatography as previously described (18). The
whole-cell pertussis vaccine (wP) is composed of the whole bacteria inac-
tivated with 0.2% formalin and is currently produced by Instituto Butan-
tan (Sao Paulo, Brazil) for the formulation of the DTPw vaccine [com-
posed of diphtheria and tetanus toxoids and inactivated whole-cell
pertussis in the presence of AI(OH);], which is administered to Brazilian
children.

Immunization of mice and antibody responses. BALB/c mice were
produced by the animal facility from the Medical School of University of
Sao Paulo. Animals were supplied with food and water ad libitum, and
experimental protocols were approved by the Ethics Committee for Ani-
mal Use, Instituto Butantan. Immunization was performed in groups of 4
to 6 female mice. Each vaccine dose contained 5 pg of PspA5 alone or in
the presence of 1/8 of the human wP dose. Before formulation, the excess
lipopolysaccharide (LPS) from E. coli present in PspA5 preparations was
removed by Triton X-114 extraction as previously described (2). Nasal
immunization was conducted in mice previously anesthetized through
the intraperitoneal (i.p.) route with 200 pl of a mixture of 0.2% xilazine
and 0.5% ketamine. Vaccines were administered in a volume of 10 pl on
days 0, 3, 14, 17, 28, and 31 (total of 6 doses). This protocol was chosen
because it induces high levels of circulating anti-PspA5 antibodies in mice
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immunized with PspA5-wP (43). Groups that received only wP or PspA5,
as well as nonimmunized mice, were used as controls. Bronchoalveolar
lavage fluids (BALF) collected 21 days after the last immunization or at
different time points after the challenge, as described below, were evalu-
ated for antibody levels by enzyme-linked immunosorbent assay (ELISA)
in plates coated with PspA5. The assay was performed using goat anti-
mouse IgG or IgA and rabbit anti-goat serum conjugated with horseradish
peroxidase (HRP) (Southern Biotech, Birmingham, AL). Standard curves
were generated using mouse IgG or IgA (Southern Biotech).

Intranasal pneumococcal challenge. Immunized mice were anesthe-
tized through the intraperitoneal route with 200 pl of a mixture of 0.2%
xilazine and 1.0% ketamine. The ATCC 6303 strain was grown in THY
until mid-log phase (optical density at 600 nm [ODg,,] = 0.4), and ali-
quots were maintained at —80°C until use. Infections were performed
with thawed bacteria 21 days after the last immunization. Animals re-
ceived 3 X 10° CFU in 50 wl of saline, which was inoculated into one
nostril with the help of a micropipette. Animals were observed for 10 days
or for 21 days, depending on the experiment, for survival records.

Recovery of bacteria from blood and lungs. Lungs from each mouse
were collected and disrupted in 1 ml of half-saline with the use of a cell
strainer. Serial dilutions of lung homogenates or blood (collected through
the retroorbital plexus) were plated on blood agar. Plates were incubated
overnight at 37°C, and the number of CFU was determined. Detection of
0 CFU was considered 1 CFU. The limit of detection was 100 CFU/ml in
blood or lung samples.

BALF collection and cytospin and cytokine analysis. Mice were sac-
rificed before or at different time points after the challenge through injec-
tion of a lethal dose of urethane (15 mg per 10 g of body weight). A
catheter was inserted into the tracheae of mice, and lungs were rinsed with
0.5 ml of sterile phosphate-buffered saline (PBS), followed by an addi-
tional rinse with 1 ml of PBS. The fluids from both rinses were pooled to
compose the BALF. Cells obtained from the fluid of each animal were
counted, and 4 X 10* cells were spun onto glass slides (4 min at 1,300 rpm)
by the use of a cytocentrifuge (StatSpin Cytofuge; Iris International, Inc.,
Chatsworth, CA). Cytospin slides were stained, and 100 cells were differ-
entially counted to determine the infiltration of each cell type. Cell-free
fluid samples were stored at —80°C for cytokine analysis. BALF samples
were analyzed through sandwich ELISA for the presence of interleukin-6
(IL-6), gamma interferon (IFN-v), tumor necrosis factor alpha (TNF-a),
and IL-10 (Peprotech Inc., Rocky Hill, NJ) and IL-17 (monoclonal anti-
bodies from BD Biosciences, Franklin Lakes, NJ, and recombinant protein
from R&D Systems, Minneapolis, MN) according to the instructions of
the manufacturers.

Detection of antigen-specific IL-17. BALB/c mice (5 per group) were
vaccinated through the nasal route and challenged with the ATCC 6303
pneumococcal strain as described above. Animals were sacrificed at 12 h
after challenge for lung and spleen removal. Both lungs were dissected
into small pieces and digested with a collagenase-DNase solution (colla-
genase type IV and DNase at 150 and 50 units/ml, respectively; Sigma-
Aldrich, St. Louis, MO). Single-cell suspensions of spleen from each
mouse were obtained as described before (19). Viable cell counts in lungs
and spleens were determined by trypan blue exclusion. Cells (5 X 10%/ml)
were incubated in 5% CO, at 37°C in the absence or presence of 5 pg/ml
of PspA5. Detection of IL-17 was performed by sandwich ELISA of culture
supernatants (using monoclonal IL-17 antibodies from BD Biosciences
and recombinant IL-17 from R&D Systems) 72 h after stimulation with
the recombinant protein.

Analysis of lymphocyte infiltration in the respiratory tracts of im-
munized mice. BALF samples were collected as described above from
immunized mice before or at different time points after the challenge (3 to
5 mice per group). Cells were collected by centrifugation at 100 X g for 10
min. Suspensions of 10° cells in 100 pl of PBS were incubated for 30 min
on ice with one of the following antibodies: allophycocyanin (APC)-con-
jugated anti-mouse CD4 (RM4-5), peridinin chlorophyll protein
(PerCP)-conjugated anti-mouse CD8 (53-67), or phycoerythrin (PE)-
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FIG 1 Pneumococcal loads in the lungs and blood of mice after challenge with the ATCC 6303 strain. Lungs (A) or blood (B) from nonimmunized BALB/c mice
(Non) or mice immunized with wP or PspA5-wP were collected at different time points after the intranasal challenge. CFU were determined in four mice per
group after plating the samples in blood agar. Circles represent each animal, and lines represent the mean for each group. # and *, significantly lower numbers
of cells compared with those at the same time point in nonimmunized mice or mice immunized with wP, respectively. In panel A, P = 0.03 for all time points
except at 36 h, when no significant difference was observed when mice immunized with PspA5-wP were compared with mice inoculated with wP. In panel B, P =

0.02 for the time points shown in the graph.

conjugated anti-B220 (clone RA3-6B2) (BD Biosciences). Samples were
washed twice with PBS, suspended in 200 p.l of Cytofix (BD Biosciences),
and stored at 4°C until analysis. Flow cytometry was performed using
FACS Canto II (BD Biosciences) with 10,000 gated lymphocytes. Samples
were analyzed using the Flow Jo 7.6.1 software (Tree Star, Ashland, OR).

Depletion of lymphocytes in immunized mice. Groups of 6 mice
were immunized with the combination of PspA5 and wP (PspA5-wP) as
described above. Immunized mice received 250 g of purified anti-CD4
(GK1.5), anti-CD8 (2.43), anti-B220 (RA3-6B2), IgG from rat serum
(Sigma-Aldrich), or saline, by the intraperitoneal route, at 48 h and 12 h
before the challenge as well as 48 h after the challenge, for a total of three
injections. An additional control group was immunized with wP alone.
Flow cytometry analysis of splenocytes before and 12 h after the challenge
confirmed the depletion of more than 98% of each cell type in all cases.

Antibody binding and complement deposition assays. S. pneu-
moniae strains were grown on blood agar overnight. Bacteria were diluted
in THY, grown to an ODg, 0f 0.4 to 0.5 (~10® CFU/ml), and harvested by
centrifugation at 3,200 X g for 10 min. Bacteria were washed, suspended
in PBS, and incubated with 10% or 50% of BALF samples for 30 min at
37°C. Samples were washed once with PBS before incubation with fluo-
rescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG, IgA,
IgG1, or IgG2a (MP Biomedicals, Solon, OH), diluted 1:100 in PBS, for 30
min on ice. For complement deposition assays, BALFs were previously
heated at 56°C for 30 min and incubated with bacteria at a concentration
of 50% at 37°C for 30 min. Samples were washed once with PBS and
incubated with 10% normal mouse serum as source of complement in
gelatin-Veronal buffer (Sigma-Aldrich) at 37°C for 30 min. After washing,
samples were incubated with FITC-conjugated anti-mouse C3 IgG (MP
Biomedicals) in PBS for 30 min on ice. Samples were fixed with 200 pl of
Cytofix (BD Biosciences) after two washing steps and stored at 4°C. Flow
cytometry analysis was conducted using FACS Canto IT (BD Biosciences),
and 10,000 gated events were recorded. Fluorescence was analyzed in
histograms using the Flow Jo 7.6.1 software, and medians of the curves
were used to compare the groups.

Statistical analysis. Differences in CFU, antibody and cytokine con-
centrations, and number of infiltrated cells in BALF were analyzed with
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the Mann-Whitney U test. Differences in CD4*, CD8*, or B* lympho-
cytes in BALF samples were analyzed by one-way analysis of variance
(ANOVA) (with Tukey’s posttest). Survival was analyzed with the Fisher
exact test. Statistical analyses were performed using Prism 5.03 software,
and a P value of =0.05 was considered significantly different.

RESULTS

Pneumococcal loads in the lungs of mice vaccinated with
PspA5-wP remain steady in the first hours after challenge. We
have previously shown that the PspA5-wP nasal vaccine induces
high levels of anti-PspA5 antibodies and confers protection to
mice (100% survival) against a respiratory lethal challenge with
the ATCC 6303 strain. Although we have not detected bacteria in
the bloodstream of immunized mice, complete clearance from the
lungs takes around 3 weeks to occur (43). Here we have analyzed
the responses elicited in the lungs at the first hours after challenge.
Groups of 4 BALB/c mice were immunized with each formulation
through the nasal route and given the respiratory challenge with
the ATCC 6303 pneumococcal strain (3 X 10° CFU/mouse).
Pneumococcal loads in lung homogenates and blood were deter-
mined at different time points after the challenge. As observed in
Fig. 1A, at 3 h after challenge, pneumococcal counts were around
10° bacteria per lung homogenate in nonimmunized mice or mice
immunized with wP. These numbers progressively increased,
reaching around 107 to 10° bacteria per lung homogenate at 48 h.
On the other hand, pneumococcal loads in the lungs of mice im-
munized with PspA5-wP were already significantly lower at 3 h
after the challenge than those recovered from each control group
at the same time point. The numbers remained significantly lower
in this group at all time points tested. Although we have detected
significant differences between vaccinated mice and mice from
control groups, the levels of bacteria detected in the lungs of mice
immunized with PspA5-wP remained stable during the entire ex-
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periment (P > 0.05 when comparing bacteria recovered at 3 h
with bacteria recovered at the different time points) (Fig. 1A).
Pneumococci could be recovered from the blood of nonimmu-
nized mice or mice immunized with wP, starting from 24 or 36 h
after the challenge (Fig. 1B), and the levels increased at 48 h. Mice
from parallel groups were observed for longer periods and started
to die at around 72 h after the challenge. As we have previously
reported, immunization with PspA5-wP prevented pneumococ-
cal invasion to the bloodstream (Fig. 1B) and death (43).

Protection induced by the PspA5-wP vaccine correlates with
controlled cell infiltration in BALF. BALF samples were collected
at different periods after the challenge, and cell infiltrates were
evaluated (Fig. 2). A peak in total cell infiltrate at 12 h after chal-
lenge was observed in groups inoculated with wP and PspA5-wP
(P < 0.05 compared with nonimmunized mice). However, the
number of total cells recovered from BALF tended to decrease in
mice immunized with PspA5-wP, achieving preinfection levels in
36 h (Fig. 2A). In contrast, nonimmunized mice or mice immu-
nized with wP showed progressively increasing numbers of BALF
cells at 36 and 48 h postchallenge (Fig. 2A).

Differential cell counting revealed that the number of lympho-
cytes in PspA5-wP-vaccinated mice were significantly higher than
that observed in nonimmunized mice or mice immunized with
wP (P < 0.05) even before challenge (time 0). These levels re-
mained higher than those observed in both control groups until 12
h, when they started to reduce, reaching preinfection levels at 24 h
(Fig. 2B). Preinfection levels of lymphocytes in mice inoculated
with wP were also higher than those observed in nonimmunized
mice (P < 0.05), but the increase observed after the pneumococcal
challenge was not controlled even after 48 h (Fig. 2B). An increase
in lymphocytes in nonimmunized mice was detected only at 48 h
after the challenge (Fig. 2B), when mice from this group already
displayed significant evidence of disease.

Neutrophil levels in all groups were very low before the chal-
lenge (Fig. 2C). A narrow peak in neutrophil infiltration was ob-
served in mice vaccinated with PspA5-wP, beginning at 6 h and
remaining until 12 h after the challenge (P < 0.05 compared with
nonimmunized mice). Basal levels were restored after that (Fig.
2C). An increase in neutrophils was also observed for mice immu-
nized with wP, at 6 h after the challenge, but these cell numbers
remained high after that. For nonimmunized mice, infiltration of
neutrophils in lungs started only at 12 h after the challenge and
was not controlled from then on (Fig. 2C).

Before challenge, macrophage numbers were higher in the
lungs of vaccinated mice than those of nonimmunized animals
(P < 0.05). A decrease in infiltrated macrophages was observed at
6 hand 12 h after the challenge in mice vaccinated with PspA5-wP
(P < 0.05 compared with control groups), corresponding to the
same time points for lymphocyte and neutrophil peaks. However,
the levels of macrophages increased again at 24 h postchallenge
(P = 0.05 or P < 0.05 compared with nonimmunized mice or
mice immunized with wP, respectively) and were restored to the
basal levels at later time points (Fig. 2D). An increase in total
macrophages was observed in both control groups at 48 h after the
challenge (Fig. 2D). We have also analyzed cell infiltration in the
lungs of mice immunized with PspA5-wP, at longer periods after
the pneumococcal challenge. Although effective clearance of
pneumococci takes around 21 days to occur (43), no significant
changes in cell infiltrates were observed at time points later than
72 h (data not shown).
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FIG 2 Infiltration of cells in the respiratory tracts of mice after challenge with
the ATCC 6303 strain. BALF samples were collected from nonimmunized
BALB/c mice (Non) or mice immunized with wP or PspA5-wP at different
time points after the intranasal challenge, and slides were prepared with 4 X
10* cells. Numbers of total infiltrated cells (A), lymphocytes (B), neutrophils
(C), or macrophages (D) are expressed as means for 4 mice per group with
standard deviations. *, significantly higher numbers of cells compared with
those at the same time point in nonimmunized mice; O, significantly higher
numbers of cells compared with those at the same time point in mice immu-
nized with wP; #, significantly lower numbers of cells compared with those at
the same time point in nonimmunized mice; @, significantly lower numbers of
cells compared with those at the same time point in mice immunized with wP.
Statistical analyses were performed with the Mann-Whiney U test, and P <
0.05 for all the comparisons marked.

Protection induced by the PspA5-wP vaccine correlates with
controlled secretion of inflammatory cytokines in BALF. Mice
immunized with PspA5-wP displayed higher levels of IL-6 in
BALF, before (time 0) and 3 h and 6 h after the challenge, than
nonimmunized mice (P = 0.05) (Fig. 3A). This was also observed
for mice inoculated with wP (P = 0.05at0and 3 h; P = 0.02 at 6
h). However, a decrease in IL-6 concentration was observed in
mice vaccinated with PspA5-wP at 12 h after the challenge (P =
0.02) but not in mice inoculated with wP (Fig. 3A). Low levels of
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FIG 3 Cytokine secretion in the respiratory tracts of mice after challenge with
the ATCC 6303 strain. BALF samples were collected from nonimmunized
BALB/c mice (Non) or mice immunized with wP or PspA5-wP at different
time points after the intranasal challenge. Cells were removed by centrifuga-
tion, and cytokines were measured in the supernatants by sandwich ELISA
against IL-6 (A), IFN-y (B), TNF-a (C), and IL-17 (D). Results are represented
as means for 4 animals per group with the standard deviations. *, significantly
higher cytokine levels compared with those at the same time point in nonim-
munized mice; #, significantly lower cytokine levels compared with those at the
same time point in nonimmunized mice; @, significantly lower cytokine levels
compared with those at the same time point in mice immunized with wP.
Statistical analyses were performed with the Mann-Whiney U test, and P <
0.05 for all the comparisons marked.

IL-6 were maintained in BALF from mice vaccinated with
PspA5-wP until the end of the experiment. In the case of nonim-
munized mice, IL-6 levels were low before the challenge and
achieved the basal levels observed in the other groups only at 6 h
after challenge. For both control groups, the levels of IL-6 re-
mained high at the end of the experiment (Fig. 3A). A marked
decrease in IFN-y levels was observed in BALF from mice vacci-
nated with PspA5-wP, at 24 h after the challenge (P = 0.02 com-
pared with nonimmunized mice at 24 h and 36 h and compared
with mice inoculated with wP at 36 h; P = 0.05 compared with
mice inoculated with wP at 24 h and with both groups at 48 h)
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(Fig. 3B). IFN-vy levels tended to increase at late time points after
pneumococcal challenge in control groups (Fig. 3B). Pneumococ-
cal challenge induced an increase in TNF-a« in BALF in all groups
tested; still, low levels of TNF-a were restored in mice vaccinated
with PspA5-wP, at 24 h after challenge, and remained low until the
end of the experiment (Fig. 3C). In fact, at 12 h after the challenge,
the levels of TNF-a were already significantly lower in mice vac-
cinated with PspA5-wP than in nonimmunized mice or mice im-
munized with wP (P = 0.02 for both comparisons). These signif-
icant differences were maintained until 48 h after the challenge
(Fig. 3C). The profiles of IL-17 secretion in BALF from the three
groups of mice were very similar, with decreasing levels as time
passed after challenge (Fig. 3D). However, slightly larger amounts
of this cytokine were observed before (time 0; P = 0.05) and at 12
h after (P = 0.02) the challenge in the group vaccinated with
PspA5-wP than in nonvaccinated mice (Fig. 3D). Significant dif-
ferences in IL-10 secretion were detected only before and 3 h after
the challenge, when higher levels of this cytokine were present in
BALF from mice vaccinated with wP or PspA5-wP than in those
from nonimmunized mice (see Fig. S1 in the supplemental mate-
rial).

Since pneumococcus levels in the lungs of mice vaccinated
with PspA5-wP were still high at 48 h after the challenge (Fig. 1),
we analyzed cytokine secretion at later time points. Nevertheless,
no changes in BALF levels of IL-6, IFN-vy, TNF-a, IL-17, or IL-10
were observed from 24 h until 21 days after the challenge (data not
shown).

Total protein in BALF at different time points was evaluated as
an indirect measure of lung injury (27, 45) (see Fig. S2A in the
supplemental material). We observed a significant increase in
BALF proteins starting from 36 h postchallenge in nonimmunized
mice or mice immunized with wP (P < 0.05 compared with the
levels observed before the challenge for both groups). Conversely,
mice immunized with PspA5-wP showed no increase in total pro-
teins in BALF. Loss of body weight after the challenge was ob-
served in all animals, but a marked decrease in body weight was
observed only in nonimmunized mice or mice immunized with
wP at later time points. A trend for body weight control was ob-
served in mice immunized with PspA5-wP (see Fig. S2B in the
supplemental material).

Protection induced by the PspA5-wP vaccine correlates with
antigen-specific induction of IL-17 secretion by spleen cells.
IL-17 has been implicated in innate and acquired immunity
against pneumococcal nasal colonization or invasive infection in
animal models (29, 33, 58). Since our time course experiments did
not support any conclusion on the role of IL-17 in the protection
elicited by the PspA5-wP vaccine (Fig. 3D), we decided to analyze
antigen-specific secretion of this cytokine by spleen and lung cells
of vaccinated mice. For these experiments, mice were sacrificed at
12 h after challenge, a point that seems to be critical for the control
of inflammation in our model (Fig. 2 and 3). Basal levels of IL-17
secretion by spleen cells were very low in all groups tested. Signif-
icant IL-17 production by PspA5-stimulated spleen cells was ob-
served only for the group immunized with PspA5-wP, correlating
with protection (Fig. 4A) (P = 0.01 compared with nonimmu-
nized mice or mice immunized with wP; P = 0.02, compared with
mice immunized with PspA5). Interestingly, cultures of lung cells
derived from mice immunized with wP or PspA5-wP secreted
very high levels of IL-17 into the medium, even in the absence of
antigen stimulus (P = 0.01 when comparing mice inoculated with
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wP with nonimmunized mice; P = 0.007 and P = 0.004 when com-
paring mice immunized with PspA5-wP with nonimmunized mice
and mice immunized with PspA5, respectively). These levels could
not be further increased by stimulation with PspA5 (Fig. 4B).
Immunization with PspA5-wP induces an influx of CD4™ T,
CD8* T, and B lymphocytes in mice lungs. The lymphocytes
present in the lungs of immunized mice were characterized. The
results showed that nasal inoculation of wP alone already induced
an increase of CD4" T, CD8" T, and B cells in the respiratory
tracts of mice, compared with those in nonimmunized mice, al-
though the results were not significantly different (Fig. 5, left pan-
els). The immunization with PspA5-wP, however, induced signif-
icantly higher numbers of CD4™" T cells (P < 0.01 compared with
nonimmunized mice), CD8" T cells (P < 0.001 and P < 0.01
compared with nonimmunized mice or mice immunized with
PspAS5, respectively), and B cells (P < 0.001 compared with non-
immunized mice and P < 0.01 compared with mice immunized
with wP or PspA5). The results were very similar at 12 h after the
challenge (Fig. 5, right panels), when the immunized mice dis-
played higher numbers of CD4* T cells (P < 0.01 compared with
nonimmunized mice or mice immunized with PspA5), CD8* T
cells (P < 0.05 compared with mice immunized with PspA5), and
B cells (P < 0.01 compared with all groups). It is interesting to
note that, at both time points, only B cells were significantly higher
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anti-mouse CD8 (middle panels), or PE-conjugated anti-B220 (lower panels). Samples were analyzed by flow cytometry, and results for 10,000 gated lympho-
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in mice immunized with PspA5-wP than in those inoculated of wP
alone (Fig. 5). In mice that survived the challenge, increased num-
bers of B cells were also observed in the respiratory tracts of ani-
mals that were immunized with PspA5-wP compared with ani-
mals immunized with PspAS5 alone, at 10 days after the challenge
(see Fig. S3 in the supplemental material).

Depletion of CD4* T, CD8"* T, or B lymphocytes in mice
immunized with PspA5-wP does not impair survival against the
invasive challenge with the ATCC 6303 strain. BALB/c mice were
immunized with PspA5-wP, using the six dose-protocol which
induces high levels of anti-PspA antibodies in serum and in the
respiratory tract (43). Depletion of CD4* T, CD8" T, or B lym-
phocytes was achieved by the inoculation of monoclonal antibod-

dk
% %

105+ ek

PspAS

PspAS-wP

106 %
105 * %

* %

S I o M i

Non wP PspA5 PspA5-wP
Before the challenge

ies at 48 h and 12 h before the challenge. These cells were main-
tained at low levels in the first days after the challenge by an
additional inoculation of antibodies, at 48 h postchallenge. Mice
were monitored for up to 20 days after the challenge, but no signs
of disease were observed and 100% of mice immunized with
PspA5-wP survived the challenge in all cases (Fig. 6). Mice were
sacrificed at day 21 postchallenge, and the lungs were excised for
the analysis of pneumococcal CFU. Most of the mice showed no
bacteria in the lungs at this time point, independently of the anti-
body treatment (data not shown).

High levels of mucosal anti-PspA antibodies are maintained
in the respiratory tracts of mice after challenge. The levels of
anti-PspA antibodies in BALF samples were evaluated before and
12 h after the pneumococcal challenge. Immunization of mice
with PspA5-wP induced significantly higher mucosal anti-PspA5
IgG (P = 0.005 compared with nonimmunized mice and P =
0.002 compared with mice immunized with wP or PspA5) and IgA
(P = 0.004 compared with nonimmunized mice or mice immu-
nized with PspA5 and P = 0.002 compared with mice immunized
with wP), confirming our previous results (43). In addition, im-
munization with PspA5 alone did not elicit specific antibodies in
the respiratory mucosa (Fig. 7, left panels). Evaluation of anti-
PspA5 antibodies at 12 h after the challenge with the ATCC 6303
strain revealed no further increase in IgG levels compared with the
levels before the challenge (Fig. 7, upper right panel), and once
again, the group immunized with PspA5-wP was the only one
with significantly higher anti-PspA5 IgG (P = 0.05 compared with
nonimmunized mice or mice immunized with PspA5 and P =
0.02 compared with mice immunized with wP). However, more
than a 1-log-unit increase in the levels of anti-PspA IgA in BALF
from mice immunized with PspA5-wP was observed, compared
with the animals immunized with the same formulation before the
challenge (Fig. 7, lower right panel). This was the only group that
displayed large amounts of antibodies at this time point. The levels

-
o
)

-
o
s

103

IgG (ng/mL)
2

-
o
ey

-
o
=

wP PspA5 PspA5-wP

*

105 —

104

102
101

IgA (ng/mL)
2

— T
PspA5 PspAS5-wP

N<'>n w'P

12h after the challenge
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through ELISA. Concentrations of antibodies (means for 6 animals) with standard deviations are shown. *, significant differences from the indicated groups.
Statistical analyses were performed using the Mann-Whitney U test (*, P < 0.05; **, P < 0.01). Results are representative of two independent experiments.
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median fluorescence intensity is indicated for each sample. Data are representative of two experiments using different pools.

of anti-PspA5 antibodies in the respiratory mucosae from mice
immunized with PspA5-wP remained high even 10 days after the
challenge (see Fig. S4 in the supplemental material).

Flow cytometry analyses were performed with the ATCC 6303
bacteria incubated with pools of BALF samples from the different
mouse groups collected before the challenge. Higher binding of
IgA and IgG to the pneumococcal surface was observed when the
samples from mice immunized with PspA5-wP were tested (Fig. 8,
upper panels). The same samples also showed higher capacity for
binding of IgG1 and IgG2a to the pneumococcal surface (Fig. 8,
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middle panels). In addition, incubation of the ATCC 6303 strain
with BALF samples from mice immunized with PspA5-wP in-
duced the deposition of complement C3 component on the bac-
terial surface in vitro. (Fig. 8, lower panel). We have also con-
firmed that these antibodies preferentially bound to PspA exposed
on the ATCC 6303 surface, since binding of IgA was completely
abolished in the 6303"P4~ and 6303"PA/PPS~ mutant strains
(Fig. 9, left panel) and binding of 1gG was significantly lower and
completely abolished in the 63037PA~ and 6303"PA/P*P<~ mutant
strains, respectively (Fig. 9, right panel).
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DISCUSSION

In the recent years, Streptococcus pneumoniae conjugated vaccines
have been becoming widely adopted in different regions of the
world, including developing countries. Although the benefits to
public health strongly support mass vaccination with pneumo-
coccal conjugated vaccines, careful analyses of the impact of these
vaccines in the different regions are necessary (56). Protein-based
vaccines are among the alternatives for the induction of serotype-
independent protection. Our group has been studying formula-
tions composed of pneumococcal surface proteins such as PspA.
Although variability in the PspA amino acid sequence has been
well reported (26) and the gene has been recently described as a
hot spot for mutations among pneumococcal variants, cross-re-
activity between PspA molecules is observed (16). Moreover,
cross-protection in animal models can be achieved by the use of
formulations containing PspA molecules that can induce antibod-
ies that cross-react with PspAs from both families, such as the
PspAS5 used in this work (18, 37).

The PspA5-wP vaccine seems to prevent the invasion of the
bacteria into the bloodstream of mice, conferring protection. An-
other possibility is that bacteria are rapidly phagocytosed in the
blood, impairing their detection under our experimental condi-
tions. Pneumococcal loads were already lower in the lungs of vac-
cinated mice at 3 h after infection. Nevertheless, pneumococcus
numbers remained steady in the lungs of these mice, with no sig-
nificant changes from 3 h to 48 h postchallenge. In fact, resolution
of infection in vaccinated mice occurs only 3 weeks later (43).
These observations indicate that mucosal immune responses may
be important to hinder bacterial growth in the lungs and to pre-
vent tissue injuries in this model. An orchestrated cellular re-
sponse occurred in the lungs of mice vaccinated with PspA5-wP
after the challenge with the ATCC 6303 strain. This response was
characterized by peaks in the number of lymphocytes and neutro-
phils infiltrated in the lungs at 12 h postchallenge and a reduction
of macrophages numbers at the same time. Infiltration of cells
occurred later in control mice, especially in nonimmunized mice,
and reached higher counts when mice succumbed to the infection.
A review of the role of neutrophils during bacterial pneumonia
discusses that the strength of the response determines the out-
come of infection (15). While playing a critical antibacterial role,
their potential for harm must be controlled to avoid tissue damage
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(15). The lower levels of bacteria observed in the lungs of mice
vaccinated with PspA5-wP from the first hours of infection may
have had an impact in the strength of the inflammatory response.
In spite of this, it is remarkable that there seems to be a signal to
control neutrophil infiltration, even in the presence of pneumo-
cocci in the lungs. The control of lung inflammation in vaccinated
mice was also supported by a decrease in the secretion of proin-
flammatory cytokines, such as IL-6, IFN-vy, and, particularly,
TNF-q, at 24 h postchallenge. The capacity to rapidly secrete
TNF-a to the airways was previously related to innate host re-
sponses against pneumococci. This capacity seems to be reduced
in the CBA/Ca mouse strain, which is highly susceptible to pneu-
mococcal infection (27). In our results, mice from all groups re-
sponded quickly with TNF-a secretion in the respiratory mucosa,
but strong control of this cytokine was observed only in protected
mice. This is in agreement with previous results from our group
that correlated increased protection against pneumococcal inva-
sive challenge in mice with low levels of TNF-a secretion in the
airways at 13 h after challenge (20). Secretion of IL-6, IFN-vy, and
TNF-a in the respiratory mucosa was also followed for several
days until complete pneumococcal clearance (21 days later), but
the levels remained low in mice vaccinated with PspA5-wP at all
time points tested (data not shown). In contrast to what was ob-
served in control mice, the levels of total protein in BALF re-
mained unchanged in mice immunized with PspA5-wP after the
challenge, which indirectly suggests a preservation of the alveolus-
capillary barrier (27, 45).

Studies with a killed whole-cell pneumococcal vaccine have
shown that protection against colonization induced by this vac-
cine depends on the production of the IL-17 cytokine by CD4™ T
cells and that in the absence of these components, protection no
longer occurs (29, 34). This mechanism was also related to the
protection elicited by formulations composed of pneumococcal
subunits such as the cell wall polysaccharide or protein antigens in
animal models (5, 30). Previous colonization of naive mice with S.
pneumoniae also activates CD4™" T cells to produce IL-17, which
leads to cell recruitment and clearance of the bacteria after a sec-
ondary colonization challenge (34, 58). On the other hand, pro-
tection against invasive pneumococcal challenge in animal models
may not always rely on Th17 cell-mediated immune responses.
Using a mouse model of prior pneumococcal colonization fol-
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lowed by an invasive challenge in which bacteria were inoculated
in higher volumes to reach the lungs, Cohen and collaborators
have shown that protection against bacteremia was not dependent
on IL-17-producing CD4™ T cells but rather was conferred by the
presence of antibodies in the bloodstream (14). Secretion of IL-17
in mice vaccinated with PspA5-wP was slightly higher than that in
nonimmunized mice before the challenge with the ATCC 6303
strain. This can be explained by the ability of wP to induce an
IL-17 responses in mice (3, 25). However, we could not observe a
clear pattern of IL-17 secretion in the airways that could be related
to the protection elicited by the PspA5-wP vaccine. On the other
hand, high levels of PspA5-specific IL-17 secretion by spleen cells
of mice vaccinated with PspA5-wP were observed, indicating that
systemic IL-17 responses can be activated during the challenge. In
vitro results obtained with lung cells collected from mice vacci-
nated with PspA5-wP confirmed the stimulation of IL-17-pro-
ducing cells by vaccination with wP or PspA5-wP, which was in-
dependent of PspA5 stimulation.

Despite the presence of increased numbers of lymphocytes in
the respiratory mucosae of vaccinated mice before and after the
challenge, depletion of either CD4™ T, CD8" T, or B cells did not
abrogate protection conferred by the PspA5-wP vaccine. The lack
of a requirement for CD4™ T cells for protection in our model
resembles the case for the protection observed against invasive
pneumococcal challenge in mice by previous nasal colonization
(14).CD8™ T cells were described as the key mediator of resistance
to a pulmonary serotype 3 pneumococcal infection model in mice.
In fact, CD8 '~ mice were highly susceptible to infection by the
serotype 3 A66.1 strain, and this was related to increased numbers
of CD4" T IL-17-producing cells that could have detrimental in-
flammatory responses (55). In addition, a serotype 3 polysaccha-
ride (PS3)-conjugated vaccine failed to protect CD8 '~ mice
against a respiratory invasive challenge with the serotype 3 WU2
strain, although the animals presented high levels of anti-PS3 an-
tibodies (53). Our results show that under conditions of high lev-
els of anti-PspA5 antibodies, there is no requirement for CD8" T
cells during challenge with the ATCC 6303 strain for survival.
Regarding B lymphocytes, besides their role in humoral responses,
increasing data on their importance in the modulation of immune
responses are being published. One important mechanism related
to the control of inflammation by B cells is the secretion of the
anti-inflammatory cytokine IL-10 (28). However, we could not
correlate protection to the presence of B cells in the lungs during
the challenge. In addition, no correlation of protection elicited by
the PspA5-wP vaccine and the secretion of the anti-inflammatory
cytokine IL-10 in the airways could be observed.

We were able to detect high levels of mucosal antibodies in
mice vaccinated with PspA5-wP (IgG, IgA, IgG1, and IgG2a), even
at 12 h after the challenge, when the pneumococcal levels in the
lungs are also high. The majority of these antibodies react with
PspA, but some level of cross-reactivity with PspC was observed.
Binding of IgG2a and complement deposition on the surface of
the ATCC 6303 strain were induced in vitro after incubation of the
bacteria with BALF samples. However, the highest signal was ob-
served for IgG1 binding to bacterial surface. Recently, a study
showed that a monoclonal antibody to serotype 3 PS (1E2, IgG1)
mediated protection against pneumococcal pneumonia in mice,
through an antibody-mediated control of inflammation. Rather
than rapid bacterial clearance in the lungs, the authors observed
increased uptake of bacteria by macrophages followed by apopto-
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sis (54). Here we show that a strong control of the inflammatory
response in the lungs correlated with protection elicited by the
PspA5-wP vaccine against the challenge with the ATCC 6303
strain. Moreover, the control of inflammation occurred in the
presence of relatively high numbers of bacteria in the lungs
(around 10* CFU). The PspA5-wP vaccine induces a balanced
IgG1/IgG2a response (43), and the importance of this balance in
complement-mediated protection was previously demonstrated
by us and others (4, 19). Nevertheless, the role of anti-PspA5 an-
tibodies (possibly IgG1) in the control of inflammation in this
model needs further investigation.
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