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Summary

Streptococcus pneumoniae is a serious public health problem, especially in
developing countries, where available vaccines are not part of the vaccination
calendar. We evaluated different respiratory mucosa immunization protocols
that included the nasal administration of Lactococcus lactis-pneumococcal
protective protein A (PppA) live, inactivated, and in association with a pro-
biotic (Lc) to young mice. The animals that received Lc by the oral and nasal
route presented the highest levels of immunoglobulin (Ig)A and IgG anti-
PppA antibodies in bronchoalveolar lavages (BAL) and IgG in serum, which
no doubt contributed to the protection against infection. However, only the
groups that received the live and inactivated vaccine associated with the oral
administration of the probiotic were able to prevent lung colonization by S.
pneumoniae serotypes 3 and 14 in a respiratory infection model. This would
be related to a preferential stimulation of the T helper type 1 (Th1) cells at
local and systemic levels and with a moderate Th2 and Th17 response, shown
by the cytokine profile induced in BAL and by the results of the IgG1/IgG2a
ratio at local and systemic levels. Nasal immunization with the inactivated
recombinant strain associated with oral Lc administration was able to stimu-
late the specific cellular and humoral immune response and afford protection
against the challenge with the two S. pneumoniae serotypes. The results
obtained show the probiotic-inactivated vaccine association as a valuable
alternative for application to human health, especially in at-risk populations,
and are the first report of a safe and effective immunization strategy using an
inactivated recombinant strain.
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Introduction

Streptococcus pneumoniae is an important respiratory patho-
gen with high incidence in both developed and developing
countries. Pneumococcal disease implies a significant eco-
nomic burden to health care systems in Latin America [1].
Defence against pneumococcal infection involves innate and
adaptive immune responses, and the control of these infec-
tions involves protective adaptive immunity through vaccine
administration. However, pneumococcal vaccines available
at present do not constitute a definitive solution to this
important health problem. This is because, while pneumo-
coccal polysaccharide vaccines (PPV) have the potential to
prevent disease and death, the degree of protection that they
offer against different serotypes and within different popu-

lations is uncertain. In addition, while the new conjugate
vaccines have shown effectiveness in young children, they do
not represent a definitive solution. Protecting against those
vaccine strains would give other pneumococcal strains the
opportunity to cause infection and the impact of a pneumo-
coccal vaccination programme would be reduced if serotype
replacement were significant [2,3]. Moreover, the high
cost of conjugate vaccines is one of the main reasons for
the search for better immunization strategies against S.
pneumoniae. New strategies in the fight against this pathogen
involve the identification of pneumococcal proteins and,
globally, scientific efforts continue to look for conserved
proteins. Some pneumococcal surface proteins are serotype-
independent and represent a promising alternative for the
design of a vaccine [4–6]. Adjuvants are necessary for protein
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administration by the mucosal route and cholera toxin or
heat-labile enterotoxin has been used. However, the combi-
nation of proteins with these kinds of co-adjuvants may not
be clinically safe [7]; this is the reason why new vaccines that
are safe and inexpensive for global application to popula-
tions at risk are necessary, especially in developing countries.
In this sense, probiotic microorganisms emerge as a valuable
alternative, as they have important immunomodulatory
effects and multiple applications that include the prevention
of allergies [8,9] and infectious diseases [10,11], anti-
carcinogenic activity [12] and the improvement of intestinal
bowel disease symptoms [13], among other beneficial effects
on the health of humans and animals. In addition, the gen-
erally regarded as safe (GRAS) condition of lactic acid bac-
teria (LAB), together with their effects on the immune
system of the host, make them good candidates for their use
as antigen vehicles. In previous work we have demonstrated
that non-recombinant Lactoccocus lactis administered orally
and nasally has intrinsic adjuvant properties and stimulates
both innate and specific immunity [14,15]. It also im-
proves protection against a respiratory infection with S.
pneumoniae. On the basis of these results, and in order to
potentiate the protective effect of L. lactis, we designed a
recombinant L. lactis able to express pneumococcal protec-
tive protein A (PppA) on its surface: L. lactis-PppA+ [16].
Pneumococcal protective protein A (PppA) is a small protein
conserved antigenically among different serotype strains of
S. pneumoniae (3, 5, 9, 14, 19 and 23). It has been reported
that nasal immunization of adult mice with PppA adminis-
tered with mucosal adjuvants elicits antibodies that are effec-
tive in reducing pneumococcal nasal colonization [17].
The recombinant strain L. lactis-PppA+ administered nasally
showed effectiveness in the induction of protective antibod-
ies against systemic and respiratory pneumoccocal infection
in both young and adult mice [16]. The results obtained with
recombinant bacteria that express different pneumococcal
antigens constitute an important advance in the fight against
the pathogen. However, the potential application of a live
recombinant strain by the nasal route in humans still pre-
sents aspects that need to be resolved, such as the elimination
of the antibiotic resistance genes used in its selection. Han-
niffy et al. evaluated the induction of protective antibodies
by a dead recombinant lactococcus in a pneumococal infec-
tion model [18]. This recombinant strain expresses as an
antigen a protein different from the one used by our work
team, and the results demonstrated that protection with
the live bacterium was better than that obtained with the
dead recombinant bacterium [18]. These results cannot be
extrapolated to other recombinant bacteria, in which the
variable is not only the antigen expressed, but also the mouse
strain and the model used for the study of the effectiveness of
the vaccine. The evaluation of new conserved antigens and
innovative strategies for the immunization of the respiratory
mucosa continue to pose a challenge to the global scientific
community. The induced immune response is extremely

important in the selection of the correct vaccine. Thus, T
helper (Th) CD4+ cells play a key role in the adaptive
immune response by co-operating with B cells for the pro-
duction of antibodies through direct contact or through the
release of cytokines that regulate the Th type 1 (Th1)/Th2
balance. On the other hand, lactobacilli enhanced the
antigen-specific immune response induced by viral or bac-
terial vaccines [19–21]. However, not all Lactobacillus strains
have intrinsic adjuvanticity or can be used as mucosal adju-
vants [22,23]. The ability of probiotics to modulate the
immune response depends in great part upon the cytokine
profile induced, which varies considerably with the strain
and dose used [24,25]. Previous studies in our laboratory
with pneumococcal infection models in immunocompetent
[26] and immunocompromised [27] mice showed that oral
administration of the probiotic L. casei CRL 431 improved
the immune response of the host against respiratory patho-
gens and that its effect was dose-dependent [26–29]. On the
basis of the above, we considered that it would be possible to
improve the immunity induced by the recombinant strains
by combining their application with a probiotic strain. There
are very few comparative studies of the lung mucosal and
systemic immune response induced by a live and an inacti-
vated recombinant bacterium, and we think that none of
them has dealt with the study of the co-administration of a
probiotic strain and a recombinant vaccine. Thus, the aim of
this work is to evaluate the adaptive immune response
induced by L. lactis-PppA live and inactivated and in asso-
ciation with the oral and nasal administration of a probiotic
strain and to analyse the possible mechanism involved in the
protection against a pneumococcal infection.

Materials and methods

Microorganisms and culture conditions

Recombinant Lactococcus lactis-PppA (LL) was obtained in
our laboratory and the development of this strain was
described in a previous report from our work group [16].
L. lactis-PppA was grown in M17-glu plus erythromycin
(5 mg/ml) at 30°C until cells reached an optical density
(OD)590 of 0·6 and then induced with 50 ng/ml of nisin for
2 h. Bacteria were harvested by centrifugation at 3000 g
for 10 min, then washed three times with sterile 0·01 M
phosphate-buffered saline (PBS), pH 7·2, and finally resus-
pended in PBS at the appropriate concentrations to be
administered to mice. For inactivation, bacterial suspen-
sions were pretreated with mitomycin C [30]. The inacti-
vated strain was called dead-L. lactis-PppA: D-LL L. casei
CRL 431 (Lc) [25–27], obtained from the Centro de Ref-
erencias para Lactobacilos (CERELA) culture collection,
was cultured for 8 h at 37°C (final log phase) in Man–
Rogosa–Sharpe broth (Oxoid, Hampshire, UK), harvested
and washed with sterile 0·01 M phosphate buffer saline
(PBS), pH 7·2. The bacterial suspension was adjusted to the
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desired concentration (109 cell/day/mouse) for later admin-
istration through the oral and nasal routes.

Two different serotypes of S. pneumoniae, kindly provided
by Dr M. Regueira from the Laboratory of Clinical Bacteriol-
ogy, National Institute of Infectious Diseases, Argentina, were
used. Freshly grown colonies of S. pneumoniae strains, sero-
types 3 and 14, were suspended in Todd Hewitt broth (THB)
and incubated at 37°C until the log phase was reached [16].
Then, the cell concentration of the pathogen was adjusted to
the dose used in the challenge assays (106 cells/mouse).

Immunization procedures

Three-week-old (young) Swiss albino mice were obtained
from the closed colony at CERELA. Animals were housed in
plastic cages and environmental conditions were kept con-
stant, in agreement with the standards for animal housing.
Each parameter studied was carried out in five to six mice for
each time-point. The Ethical Committee for Animal Care at
CERELA approved experimental protocols.

Mice were immunized nasally with recombinant L. lactis
PppA (LL), induced previously with nisin, at a dose of 108

cells/day/mouse, on days 0, 14 and 28, following an immu-
nization protocol assessed previously by our team [16]. The
inoculum was instilled slowly into the nostril of each mouse
in a 25 ml volume. The inactivated bacterium (D-LL) was
administered at the same concentration and using a proce-
dure similar to that used for LL. The administration of the
probiotic strain was carried out during the 2 days prior to
each immunization with LL or D-LL. The animals treated
orally with the probiotic received 109 cell/day/mouse of L.
casei (Lc) in the drinking water. This dose was selected on the
basis of our previous studies, in which we demonstrated that
Lc induced a significant increase in the innate and acquired
immune defence mechanisms of the host in a pneumococcal
infection model in adult mice [26]. Nasal administration of
the probiotic strains was carried out at the same concentra-
tion as oral administration (109 cells/day/mouse) in a final
volume of 25 ml and associated only with D-LL. The admin-
istration of L. casei in association with the live vaccine
through the nasal route was not carried out, because we
considered that the application of two live bacteria by this
route would imply too high a microbial load in the upper
airways. In addition, even if it was beneficial in our model, it
would not be of practical or safe application for transference
to humans, which is the aim of our research. Young non-
immunized mice that received PBS were used as control.

Serum and bronchoalveolar lavages (BAL) were collected
for determination of specific antibodies (days 0, 14, 28 and
42). In addition, BAL samples were collected on days 0, 28
and 42 for cytokine detection. BAL samples were obtained
according to the technique described previously [26]. Briefly,
the trachea was exposed and intubated with a catheter and
two sequential bronchoalveolar lavages were performed in
each mouse by injecting 0·5 ml of sterile PBS. The BAL

samples were centrifuged for 10 min at 900 g and the super-
natant fluid was frozen at -70°C for subsequent analyses.

Enzyme-linked immunosorbent assay (ELISA) for
anti-PppA antibodies

Serum and BAL antibodies against PppA protein were deter-
mined by ELISA modified from Green et al. [17]. Briefly,
plates were coated with rPppA (100 ml of a 5 mg/ml stock in
sodium carbonate–bicarbonate buffer, pH 9·6, per well).
Non-specific protein binding sites were blocked with PBS
containing 5% non-fat milk. Samples were diluted (serum
1 : 100; BAL 1 : 20) with PBS containing 0·05% (v/v) Tween
20 (PBS-T). Peroxidase-conjugated goat anti-mouse IgM,
IgA, IgG, IgG1 or IgG2a (Fc specific; Sigma Chemical, St
Louis, MO, USA) were diluted (1 : 500) in PBS-T. Antibodies
were revealed with a substrate solution [o-phenylenediamine
(Sigma Chemical)] in citrate–phosphate buffer (pH 5, con-
taining 0·05% H2O2) and the reaction was stopped by the
addition of H2SO4 1 M. Readings were carried out at 493 nm
(VERSAmax Tunable microplate reader; MDS Analytical
Technologies, Sunnyvale, CA, USA) and samples were consid-
ered negative for the presence of specific antibodies when
OD493 < 0·1.

Cytokine concentration in BAL

Cytokine concentrations in BAL were measured by mouse
Th1/Th2 ELISA Ready SET Go! Kit (BD Bioscience, San
Diego, CA, USA), including interleukin (IL)-2 and interferon
(IFN)-g as Th1-type, IL-4 and IL-10 as Th2-type cytokines.
The IL-17A as a Th17-type cytokine was also measured using
the ELISA kit from e-Bioscience (BD Biosciences). The sen-
sitivity of assays for each cytokine was as follows: 4 pg/ml for
IL-2, IFN-g and tumour necrosis factor (TNF)-a, and 2 pg/ml
for IL-4 and IL-10 and IL-17 4 pg/ml.

Respiratory challenge of immunized mice

Mice were challenged with different serotypes of S. pneumo-
niae as described in a previous work [16]. Briefly, freshly
grown colonies of S. pneumoniae strains 3 and 14 were sus-
pended in THB and incubated at 37°C until the log phase
was reached. S. pneumoniae serotype 14 was selected as it is
the one with the greatest incidence in our country, while
serotype 3 is the one with the greatest virulence in our model
[16]. The pathogens were harvested by centrifugation at
3600 g for 10 min at 4°C and washed three times with sterile
PBS. Challenge with the two pneumococcal strains was per-
formed 14 days after the end of each immunization protocol.
Mice were challenged nasally with pathogen cells by dripping
25 ml of an inoculum containing 106 cells into each nostril.
Mice were killed 48 h after challenge and their lungs were
excised, weighed and homogenized in 5 ml of sterile peptone
water. Homogenates were diluted appropriately, plated in
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duplicate on blood agar and incubated for 18 h at 37°C. S.
pneumoniae colonies were counted and the results were
expressed as log10 colony-forming units (CFU)/g of organ.
Progression of bacterial growth to the bloodstream was
monitored by blood samples obtained by cardiac puncture
with a heparinized syringe. Samples were plated on blood
agar and bacteraemia was reported as negative or positive
haemocultures after incubation for 18 h at 37°C.

Statistical analysis

Experiments were performed in triplicate and results were
expressed as mean � standard deviation (s.d.). Significant
differences between means were determined by analysis of
variance (anova) with Fisher’s least significant difference
(LSD) post hoc test using the StatGraphics software
(Manugistics, Rockville, MD, USA). Differences were consid-
ered significant at P < 0·05.

Results

Specific anti-PppA antibodies responses in BAL:
lung compartment

We evaluated administration of the probiotic strain L. casei
by oral (O) and nasal (N) routes associated with nasal
immunization with live (LL) and inactivated (D-LL) recom-
binant strains. Results are shown in Fig. 1a and b and sig-
nificant differences between groups on day 42 are shown in
Table 1. The D-LL + Lc (N) (IgA: P < 0·001, IgG: P < 0·01),
D-LL + Lc (O) (IgA: P < 0·01, IgG, P < 0·001) and LL + Lc
(O) (IgA: P < 0·05, IgG: P < 0·001) groups showed the
highest levels of IgA and IgG anti-PppA in bronchoalveolar
lavages in comparison with the live vaccine. D-LL + Lc (N)
induced the highest IgA levels in BAL, but without signifi-
cant differences with the D-LL + Lc (O) and LL + Lc (O)
groups. Although D-LL induced significantly high values of
specific IgA (P < 0·05) and IgG (P < 0·05) antibodies com-
pared to live vaccine (LL), IgA values were lower than those
obtained in the groups receiving the probiotic. The levels of
specific anti-PppA IgM were increased slightly compared to
those of LL in the groups that received Lc as an oral or nasal
adjuvant associated with the inactivated vaccine, especially
on day 28, although the differences were not significant (data
not shown). Results showed that administration of the pro-
biotic strain by both the oral and nasal routes exerted an
important adjuvant effect on the humoral immune response
in the lung compartment. This would provide an encourag-
ing alternative for the use of vaccines involving the
probiotic–inactivated recombinant bacterium association,
with their associated advantages: adjuvant properties of the
probiotic strain and safe application of an inactivated bac-
terium to human health. As expected, the groups that
received only PBS, Lc (O) or Lc (N) showed no levels of
specific anti-PppA antibodies.

Specific anti-PppA antibody response in systemic
compartments

Nasal immunization with LL induced a good response of
specific IgA, IgG and IgM antibodies in serum (Fig. 2a–c).
The associated administration of the probiotic by the oral
route did not induce a significant increase in the levels of
these specific immunoglobulins in any of the assessed
groups (Fig. 2). In contrast, immunization with the inacti-
vated recombinant strain associated with the nasal admin-
istration of the probiotic [D-LL + Lc (N)] induced a
significant increase in IgG (P < 0·01 on day 42) in serum in
comparison with the live vaccine (LL), showing an adju-
vant effect of Lc at the systemic level compared to the D-LL
group (Fig. 2b). IgM increased significantly only in the
D-LL + Lc (N) group compared to LL (P < 0·05) and
LL + Lc (0), but only on day 28 (P < 0·05) (Fig. 2c). The
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Fig. 1. Immunoglobulin (Ig)A (a) and IgG (b) anti-pneumococcal

protective protein A (PppA) antibodies response in bronchoalveolar

lavages of young mice immunized nasally with recombinant live

Lactococcus lactis PppA (LL), inactivated L. lactis PppA (D-LL) and

live and inactivated vaccine associated with Lactobacillus casei CRL

431, administered orally (O), LL + Lc (O), D-LL + Lc (O) and nasally

(N), D-LL + Lc (N). Results are expressed as the mean of the optical

density (OD) � standard deviation for each specific Ig. Antibodies

were determined using the enzyme-linked immunosorbent assay

method and samples were considered negative for the presence of

specific antibodies when OD 493 < 0·1.
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levels of IgA in serum showed no significant differences
among the different groups assayed (Fig. 2a).

Protection assays: respiratory infection in young mice
with S. pneumoniae serotypes 3 and 14

In order to study whether the specific humoral immune
response induced by the different immunization strategies
used in this work increased resistance in mice against a pneu-

mococcal infection, the animals were challenged intranasally
with serotypes 3 and 14 of the pathogen. Analysis of the
infection was carried out evaluating colonization in lung and
pathogen passage into blood on day 2 after challenge
(Table 2). All the treatments prevented colonization in lung
by both S. pneumoniae serotypes and also prevented dissemi-
nation into the blood of serotype 14. In contrast, when
animals were infected with serotype 3, only administration
of the recombinant bacterium, live (LL) and dead (D-LL),

Table 1. Statistical comparison of immunoglobulin (Ig)A and IgG anti-pneumococcal protective protein A (PppA) antibody levels between experi-

mental groups on day 42.

P-value for comparison between different immunization treatments (P <)

LL LL + Lc (O) D-LL D-LL + Lc (O) D-LL + Lc (N)

IgA anti-PppA BAL

LL – 0·01 0·05 0·01 0·001

LL + Lc (O) 0·01 – 0·05 n.s. n.s.

D-LL 0·05 0·01 – 0·05 0·001

D-LL + Lc (O) 0·01 n.s. 0·05 – 0·05

D-LL + Lc (N) 0·001 n.s. 0·001 0·05 –

IgG anti-PppA BAL

LL – 0·01 0·05 0·001 0·001

LL + Lc (O) 0·01 – 0·05 n.s. 0·05

D-LL 0·05 0·05 – 0·01 0·001

D-LL + Lc (O) 0·001 n.s. 0·01 – n.s.

D-LL + Lc (N) 0·001 0·05 0·001 n.s. –

IgA anti-PppA serum

LL – n.s. n.s. 0·05 0·01

LL + Lc (O) n.s. – n.s. n.s. 0·05

D-LL n.s. n.s. – n.s. n.s.

D-LL + Lc (O) 0·05 n.s. n.s. – n.s.

D-LL + Lc (N) 0·01 0·05 n.s. n.s. –

IgG anti-PppA serum

LL – n.s. 0·05 n.s. 0·01

LL + Lc (O) n.s. – 0·05 n.s. 0·001

D-LL 0·05 0·05 – n.s. 0·01

D-LL + Lc (O) n.s. n.s. n.s. – 0·01

D-LL + Lc (N) 0·01 0·001 0·01 0·01 –

Differences between means were established by analysis of variance (anova) with Fisher’s least significant difference (LSD) post hoc test at P < 0·05;

n.s.: not significant (P > 0·05); BAL: bronchoaveolar lavage.

Table 2. Lung bacterial cell counts and haemocultures after nasal challenge of mice with two different pneumococcal serotypes.

Group

Serotype 3 Serotype 14

Lung Blood Lung Blood

Control 7·8 � 0·2a 4·9 � 0·2a′ 6·7 � 0·3a″ 4·5 � 0·2a°

LL 3·9 � 0·3b < 1·5b′ < 1·5b″ < 1·5b°

D-LL 4·2 � 0·2b 2·1 � 0·4c′ 2·2 � 0·1c″ < 1·5b°

LL + Lc (O) < 1·5c < 1·5b′ < 1·5b″ < 1·5b°

D-LL + Lc (O) < 1·5c < 1·5b′ < 1·5b″ < 1·5b°

D-LL + Lc (N) 2·1 � 0·2d < 1·5b′ < 1·5b″ < 1·5b°

Mice were immunized with recombinant Lactococcus lactis-PppA+ live (LL) or inactivated Lactococcus lactis-PppA+ (D-LL) or in association with

the oral and nasal administration of Lactobacillus casei CRL 431. Mice receiving phosphate-buffered saline were used as controls. Results are expressed

as log colony-forming units (CFU)/g of lung or log CFU/ml of blood. The lower limits of bacterial detection were 1·5 log CFU/g of lung and

1·5 log CFU/ml of blood, respectively. Significant differences among groups were established by using the least significant difference test (LSD). Means

in the table with different letters (a–d, a′–b′, a″–b″ or a°–b°) were significantly different (P < 0·05).

Probiotic enhances the protective effect of inactivated pneumococcal vaccine

355© 2009 British Society for Immunology, Clinical and Experimental Immunology, 159: 351–362



associated with the oral administration of the probiotic
strain Lc, prevented dissemination of the pathogen into the
bloodstream. Administration of D-LL + Lc (N) did not
prevent colonization of the lung by serotype 3. These results

demonstrate that immunization with LL + Lc (O) and
D-LL + Lc (O) would be the most effective treatment for the
prevention against pneumococcal infection of young mice
with S. pneumoniae.

Influence of the different vaccination strategies on the
production of specific IgG1 and IgG2a in both lung
and systemic compartments

The effect of different treatments on the vaccine-induced
immune response is important in the selection of a vaccina-
tion strategy adequate against a specific pathogen. We
assessed the levels of IgG1 and IgG2a anti-PppA post-
vaccination (day 42) in order to analyse the Th1/Th2 balance
in both BAL and serum. Th1 cells secrete IFN-g, associated
with switching to IgG2a, while Th2 cells secrete mainly IL-4,
which promotes switching to IgG1. The results obtained
are shown in Table 3 and correspond to the IgG1/IgG2a
ratio for each group on day 42 (2 weeks after the third
immunization). Administration of LL induced a mixed-type
Th1/Th2 response in BAL. The live vaccine associated with
the oral administration of Lc [LL + Lc (O)] and the inacti-
vated vaccine (D-LL) induced a significant increase in the
IgG1/IgG2a ratio, indicating preferential activation of Th2
cells. In contrast, immunization with D-LL + Lc (N) and
D-LL + Lc (O) showed a significant decrease in the IgG1/
IgG2a ratio compared to the other groups. This would indi-
cate that the probiotic would induce a shift towards the type
Th1 response. Similar results were found in serum, although
the LL + Lc (O) group did not show significant differences
with LL.

Cytokines pattern in bronchoalveolar lavages

The type of immune response induced in the respiratory
mucosa is decisive in the protection of the host against
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Fig. 2. Antibody immune response to pneumococcal protective

protein A (PppA) antigen in serum after nasal immunization of

young mice with recombinant live Lactococcus lactis PppA (LL),

inactivated L. lactis PppA (D-LL) and live and inactivated vaccine

associated with the probiotic strain Lactobacillus casei CRL 431,

administered orally (O) and nasally (N). IgA (a), IgG (b) and IgM

anti-PppA antibodies are shown. Results are expressed as the mean

of the optical density (OD) � standard deviation for each specific

immunoglobulin. Antibodies were determined using the

enzyme-linked immunosorbent assay method and samples were

considered negative for the presence of specific antibodies when OD

493 < 0·1.

Table 3. Immunoglobulin (Ig)G1 [T helper type 2 (Th2)]/IgG2 (Th1)

ratio for experimental groups assessed.

Groups

IgG1/IG2a

BAL Serum

LL 1·55 � 0·02a 1·13 � 0·03a′

D-LL 1·86 � 0·06b 1·29 � 0·07a′

LL + Lc (O) 2·07 � 0·15c 1·24 � 0·12a′

D-LL + Lc (O) 0·82 � 0·07d 0·91 � 0·05b′

D-LL + Lc (N) 0·93 � 0·09d 0·95 � 0·06b′

Young mice were immunized nasally with the recombinant strain,

live (LL) and inactivated (D-LL), with/without the administration of

Lactobacillus casei (Lc) orally (O) and nasally (N). The IgG1/IgG2a

ratios were calculated 2 weeks after the third immunization (day 42).

An IgG1/IgG2a > 1 ratio indicates a mixed Th1/Th2 response; while an

IgG1/IgG2 < 1 ratio indicates a bias towards a Th1 response. Results are

expressed as mean � standard deviation (n = 5–6). Significant differ-

ences among groups were established by using the least significant dif-

ference test (LSD). Means in the table with different letters (a–f or a′–b′)
were significantly different (P < 0·05); BAL: bronchoaveolar lavage.
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pathogens that enter the organism through the airways.
In order to increase our knowledge of the immune cells
activated by vaccination, we analysed the cytokine profile
induced by the different treatments in the lung compart-
ment (BAL), considering the balance among the three T
helper cells: Th1, Th2 and Th17, of great importance in the
defence against S. pneumoniae. The basal levels of cytokines
and the ones induced by the oral and nasal administration
of the probiotic before immunization with recombinant
strains (day 0) were determined. With regard to the IL-2
and IFN-g Th1-type cytokines (Fig. 3a, b), the mice that
received L. casei by the oral and nasal routes before admin-
istration of the vaccine (day 0) showed a significant
increase in IFN-g. Oral administration of Lc induced
greater production of IL-2 compared to the control that
received PBS. On days 28 and 42 there was a significant
increase in IL-2 and IFN-g in BAL in all the groups treated
compared to the control. LL + Lc (O) and D-LL + Lc (O)
induced the highest level of IL-2, which would indicate that
the probiotic influenced the increase in this cytokine com-
pared to administration of LL [on day 42, LL versus
D-LL + Lc (O): P < 0·001, LL versus LL + Lc (O): P < 0·01)
and D-LL (D-LL + Lc (O) versus D-LL: P < 0·01, LL + Lc
(O) versus D-LL: P < 0·001]. The concentration of IFN-g in
BAL reached highest levels in the group that received
LL + Lc (O), followed by D-LL + Lc (N), with significant
differences between them (LL + Lc versus D-LL + Lc (N):
P < 0·01). With regard to the induction of the Th2-type

cytokine IL-4, oral and nasal administration of Lc before
immunization with recombinant vaccine (day 0) induced a
significant increase in IL-4 in BAL compared to the control
(Fig. 4a). Two weeks after the second (day 28) and third
immunizations (day 42) with the recombinant strain, there
was a significant increase in IL-4 in all experimental groups
compared to the control (day 0). On days 28 and 42, the
live and the inactivated vaccine associated with the probi-
otic strain administered by the oral and nasal routes
induced high IL-4 levels in BAL compared to both the LL
group [day 42, LL versus LL + Lc (O): P < 0·05) and the
D-LL group (D-LL + Lc (O) versus D-LL: P < 0·01, D-LL
versus D-LL + Lc (N): P < 0·01]. However, it should be
noted that the highest levels of this cytokine, which is a
marker of the stimulation of Th2 cells, was obtained with
the nasal administration of the probiotic strain associated
with the inactivated recombinant strain (P < 0·01). The
regulatory cytokine IL-10 (Fig. 4b) showed variable behav-
iour depending upon the experimental group studied. The
oral and nasal administrations of Lc induced high IL-10
concentrations compared to the control; however, the asso-
ciation of Lc (administered nasally) with D-LL (D-LL + Lc)
induced a similar concentration to the control group on
day 28. The highest IL-10 levels were reached 2 weeks after
the second immunization (day 28) in the group that
received D-LL (P < 0·001) compared to the control. In
addition, the experimental groups that received LL + Lc
(O) and D-LL + Lc (O) induced medium levels of IL-10,

Fig. 3. T helper type 1 (Th1) cytokines

production in bronchoalveolar lavages (BAL) of

young mice stimulated with recombinant

Lactococcus lactis-pneumococcal protective

protein A (PppA) strains: live (LL), inactivated

(D-LL) and in association with the probiotic

Lactobacillus casei (Lc) administered orally (O)

and nasally (N): LL + Lc (O), D-LL + Lc O) and

D-LL + Lc (N). Probiotic administration of Lc

(O) and Lc (N) was evaluated. Non-stimulated

young mice were also evaluated as controls of

basal cytokine levels (control). Results are

expressed as mean � standard deviation.

Significantly different from the control group:

*P < 0·01, **P < 0·001.
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followed by LL, while the lowest levels were obtained with
nasal immunization with the inactivated recombinant bac-
terium associated with nasal administration of the probi-
otic strain [D-LL + Lc (N) when compared with other
immunized groups (D-LL + Lc (O) versus D-LL + Lc (N):
P < 0·01; versus LL + Lc (O): P < 0·01; versus LL: P < 0·05;
versus D-LL: P < 0·001]. This result is important, because
low IL-10 levels would compromise regulation of the host
defence response against an infectious challenge, a point
dealt with below. IL-17A, which represents activation of the
Th17 cells, also showed a variable pattern depending on the
experimental group and on the days considered post-
immunization (Fig. 5). On day 0 (before immunization),
neither oral nor nasal administrations of Lc for 2 days was
able to induce an increase in IL-17A levels in BAL. On day
28 (2 weeks after the second immunization), LL (P < 0·01)
induced high IL-17 levels compared to control, the same as

the D-LL (P < 0·01), LL + Lc (O) (P < 0·05) and D-LL + Lc
(O) (P < 0·05) groups. In contrast, nasal administration
of the probiotic associated with inactivated vaccine
[D-LL + Lc (N)] induced lower levels than those of the
control. The highest IL-17 concentration was obtained 2
weeks after the third immunization (day 42) and the
highest level of this cytokine was induced in the D-LL
group compared to the control and to the other groups
[D-LL versus D-LL + Lc (N): P < 0·01; versus LL: P < 0·05;
LL + Lc (O): P < 0·001, versus D-LL + Lc (O): P < 0·05].
Interestingly, on day 42 D-LL, associated with the oral
administration of the probiotic [D-LL + Lc (O), P < 0·001],
induced concentrations similar to those induced by admin-
istration of the live vaccine, while the association of Lc with
live vaccine [LL + Lc (O)] induced significantly lower
values than those of live vaccine alone [LL + Lc (O) versus
LL: P < 0·05].

Fig. 4. Bronchoalveolar T helper type 2 (Th2)

cytokines production by young mice

immunized with different groups of

recombinant live and inactivated vaccine and

probiotic strain (see Fig. 3 for details).
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Fig. 5. Bronchoalveolar interleukin (IL)-17A

production by young mice immunized with

different groups of recombinant vaccine and

probiotic strain (see Fig. 3 for details).
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Discussion

S. pneumoniae infection continues to represent a serious
public health problem because of its high morbidity and
mortality rates, especially in developing countries. In Latin
America, approximately 20 000 children die every year
because of this bacterium. In Argentina there are 20 000
annual cases of pneumonia in children below 2 years of
age, with a mortality of 1%, as reported by the Sociedad
Latinoamericana de Infectología Pediátrica (Latin
American Pediatric Infectology Association) (http://www.
apinfectologia.org/?module=noticias&nota=196) in 2008.
Because of its high cost, the conjugate vaccine used in devel-
oped countries is not included in the vaccination calendar in
Argentina. This is why there is a pressing need for the search
for new inexpensive vaccination strategies for at-risk popu-
lations that can afford protection against the serotypes of
greatest incidence in our country. The world trend is towards
the design of mucosal vaccines, because they are practical
and non-invasive and are effective for the induction of an
adequate response at both mucosal and systemic levels. An
alternative explored by some researchers in relation to the
prevention of infections caused by S. pneumoniae is the use
of LAB as carriers of different pneumococcal antigens. In
previous studies we have demonstrated that immunization
with PppA, expressed as a wall-anchored protein on the
surface of L. lactis, was able to induce cross-protective immu-
nity against different pneumococcal serotypes, afforded pro-
tection against both systemic and respiratory pneumoccocal
challenges, and induced protective immunity in adult and
infant mice [16]. Additionally, on the basis of previous
studies, we have demonstrated that the nasal route is the best
alternative for protection against a pneumococcal infection
using L. lactis as adjuvant [14,15] and as antigen delivery
vehicle [16,31]. This agrees with the findings of other
researchers who demonstrated the convenience of the nasal
route for the immunization of mucosae against respiratory
pathogens [32,33].

In this work we have assessed new immunization strate-
gies using an inactivated recombinant bacterium by itself
and in association with a probiotic strain. Analysis of the
immunostimulatory properties of non-viable LAB strains
showed that they depend upon the strain used, although
there is evidence indicating that viable bacteria are more
effective for mucosal immunostimulation. In most cases,
heat-killed strains were assessed in which differences in
immunostimulation might be associated with heat-induced
alteration of epitopes [34]. In order to conserve the structure
of the PppA expressed in the surface of L. lactis, death was
carried out by chemical inactivation. The inactivated strain
proved to be effective for the induction of high levels of
specific IgA and IgG antibodies in BAL and of IgG in the
serum of the vaccinated young mice, which were higher than
those obtained with the live vaccine. The association of the
live and dead vaccines with the probiotic increased specific

anti-PppA antibodies, reaching maximum values in the
D-LL + Lc (N) group. The increase in IgA and IgG anti-
PppA is of fundamental importance at the lung level,
because while IgA prevents pathogen attachment to epithe-
lial cells, thus reducing colonization, IgG would exert pro-
tection at the alveolar level, promoting phagocytosis and
preventing local dissemination of the pneumococcus and its
passage into blood [35]. We demonstrated that the vaccine-
induced humoral immune response was increased in all
assessed groups at both the lung and systemic compart-
ments, although the highest levels of specific antibodies were
obtained when the vaccine, dead or live, was associated with
the probiotic. This was coincident with the increase in IL-4
in the lung compartment, indicating activation of the
Th2 cell population, which enhanced the humoral immune
response. Recent reports have shown that certain lactobacilli
improved the specific antibody response after vaccination
against some viral and bacterial pathogens [21,36]. In addi-
tion, L. casei 431 administered orally is able to induce an
increase in IgA+ cells in the bronchus-associated lymphoid
tissue (BALT) [26,37], and it seems likely that stimulation at
the level of the nasopharynx-associated lymphoid tissue
(NALT) exerts a similar effect when the probiotic is admin-
istered by the nasal route, favouring IgA production at the
lung level. At present, studies are being carried out in the
nasopharynx to analyse the immune mechanisms induced at
this level by the recombinant vaccine and by the probiotic
strain. On the other hand, analysis of the IgG1/IgG2a ratio
revealed that there exist differences in the specific IgG
subtype induced for each immunization protocol. Thus,
although the two anti-PppA IgG subtypes were induced with
all the treatments assayed, when the probiotic was used as an
oral and nasal adjuvant associated with the inactivated
vaccine the cellular response became polarized towards the
predominance of Th1 cells, as shown by an IgG1/IgG2a ratio
< 1. The effectiveness of anti-PppA antibodies induced by
vaccination was demonstrated by passive immunization in a
previous study [16]. Our results demonstrated that only vac-
cination with the live and dead recombinant strains associ-
ated with oral administration of the probiotic was able to
prevent lung colonization and the dissemination into blood
of the two serotypes assessed (3 and 14). Recently it was
shown that IgG2a has a great ability to mediate complement
deposition on the pneumococcal surface [38], which would
account partly for the protection afforded by vaccination
with D-LL + Lc (O), but not the results obtained for admin-
istration of D-LL + Lc (N), which enabled the lung coloni-
zation of serotype 3. In the LL and D-LL groups high IgG1
production would interfere with the complement-fixing
activity of the IgG2a anti-PppA and would partly explain the
lung colonization (serotypes 3 and 14) and the passage into
blood (serotype 14) of the pathogen. This was not found in
the LL + Lc (O) group, in which IgG1 production was
favoured, and there was full protection. In this sense, IgG1
contributes to protection against pneumococcal infection
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through Fc receptor binding or by preventing attachment
and colonization of the pathogen on mucosal surfaces. The
participation of specific humoral immunity in protection
against S. pneumoniae is undeniable, although recent reports
have indicated that T CD4+ cells would also play a relevant
role in the host’s defences against pneumococcal infections
[39]. In order to increase our knowledge concerning the
possible mechanisms involved in vaccine-induced protective
immunity, we assessed the cytokines that characterize differ-
ent CD4+ T cell populations. Th1, IL-2 and IFN-g cytokines
were increased in all the assessed groups, although the pro-
files induced for each immunization showed important
differences. Thus, LL + Lc (O) induced high levels of both
interleukins (IL-2 and IFN-g), while D-LL + Lc (O) induced
mainly an increase in IL-2 and D-LL + Lc (N) in IFN-g. Oral
and nasal administration of L. casei showed a similar pattern
of these Th1 cytokines and would have an influence on the
results when associated with the vaccine. IL-2 would exert a
strong influence on the proliferative capacity and mainte-
nance of memory T cells [40], which would be a desirable
characteristic in the selection of an efficacious long-term
vaccine. Some lactobacilli used as adjuvants in vaccination
protocols increased systemic protection through an increase
in the Th1 response [19]. In addition, an immune response
based on the Th1 population participates actively in the
resolution of S. pneumoniae infection in humans [41]. Con-
sidering our results, the probiotic strain would exert an
immunostimulatory effect on the Th1 cells and on the
release of their cytokines in the lung. On the other hand,
regulation of the inflammatory response is most important
in infectious diseases. In this sense, the probiotic adminis-
tered by the oral and nasal routes was able to increase the
regulatory Th2 IL-10 cytokine. This would be of great
importance to ensure a balanced immune response that
would enable resolution of the infectious process, limiting a
possible exacerbated inflammatory response and avoiding
damage to the host’s tissues. The greatest IL-10 production
was obtained on day 42 in the groups that received the live
and inactivated vaccine associated with orally administered
L. casei. In contrast, the nasal administration of Lc and
D-LL + Lc induced an IFN-g/IL-10 ratio > 1, which could
have negative implications for the host after infection if the
Th1 response was exacerbated. However, other factors must
be considered. Thus, recent works have associated IL-17 with
stimulation in the production of chemokines capable of
recruiting IFN-g-producing CD4+ T cells [42,43]. In addi-
tion, IL-17 and IL-22 produced by Th17 induce the attrac-
tion of neutrophils and macrophages into the parenchymal
tissue, favouring pathogen clearance [44]. It was also
demonstrated that this cytokine, being a key factor in
the adaptive immunity against the above pathogen, would
mediate the death of pneumococci in the presence or
absence of specific antibodies [45]. Moreover, using knock-
out mice, IL-17 was shown to be of fundamental importance
to reduce nasal colonization by S. pneumoniae. Oral and

nasal administration of L. casei in association with LL vac-
cination induced the highest IL-17 levels. It also increased
IL-2 and IFN-g cytokine levels and afforded full protec-
tion against pneumoccocal challenge. In contrast, the dead
vaccine failed to prevent pneumococcal colonization by both
serotypes 3 and 14 of the pathogen, although it induced high
IL-17 and Th1 cytokine levels, indicating the complexity of
the protective response. On the other hand, it should be
pointed out that too-high levels of IL-17 could be associated
with autoimmunity [44], so that a balanced response is
desirable after vaccination. In view of these facts, D-LL + Lc
(N) may have failed to prevent lung colonization by the more
virulent pneumococcal serotype because the induction of
IL-17 and IL-10 was not as high as in the other groups. This
could be due to the inhibitory effect exerted by the high IL-4
and IFN-g levels induced by D-LL + Lc (N) [44,46].
Although the combination of LL + Lc (O) was effective in
protection against infectious challenge, the safety implied by
the use of a dead recombinant strain makes D-LL + Lc (O)
the strategy of choice for potential use in humans. Nasal
vaccination with the inactivated strain associated with L.
casei administered by the oral route would favour the induc-
tion of not only protective specific antibodies, but also
of specific CD4+ T cells. The full protection exerted by
D-LL + Lc (O) would be the result of a balanced humoral
and cellular immune response between the protective anti-
bodies and the CD4+ Th1, Th17 and Th2 cells specific for the
PppA antigen. Oral administration of the probiotic strain
associated with both the live and inactivated vaccines
induced an evident improvement in the host’s defences
because it prevented lung colonization with the even more
virulent serotype. At present, further studies at both the lung
and nasopharyngeal levels are being carried out in order to
establish the scientific bases that will permit the application
of D-LL + Lc (O) to human health. As far as we know, this is
the first report that demonstrates the efficacy of the use of a
probiotic and an inactivated recombinant strain as a vacci-
nation strategy that is effective, relatively inexpensive and
with high application feasibility in Argentina.
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