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Abstract: Previously, we demonstrated that nasally administered Corynebacterium pseudodiphteriticum
090104 (Cp) or its bacterium-like particles (BLPs) increase the resistance of mice against bacterial and
viral respiratory pathogens by modulating the innate immunity. In this work, we evaluated the ability
of Cp and BLPs to stimulate alveolar macrophages, and to enhance the humoral immune response
induced by a commercial vaccine against Streptococcus pneumoniae. In the first set of experiments,
Cp or the BLPs were incubated with primary cultures of murine alveolar macrophages and the
phagocytic activity, and the production of cytokines was evaluated. The results revealed that Cp and
BLPs were efficiently phagocyted by respiratory macrophages and that both treatments triggered
the production of TNF-α, IFN-γ, IL-6, and IL-1β. In the second set of experiments, 3-week-old Swiss
mice were intranasally immunized at days 0, 14, and 28 with the pneumococcal vaccine Prevenar®13
(PCV), Cp + PCV, or BLPs + PCV. On day 33, samples of bronco-alveolar lavages (BAL) and serum
were collected for the study of specific antibodies. In addition, immunized mice were challenged with
S. pneumoniae serotypes 6B or 19F on day 33 and sacrificed on day 35 (day 2 post-infection) to evaluate
the resistance to the infection. Both Cp + PCV and BLPs + PCV groups had higher specific serum
IgG and BAL IgA antibodies than the PCV control mice. In addition, the mice that were immunized
with Cp + PCV or BLPs + PCV had lower lung and blood pneumococcal cell counts as well as lower
levels of BAL albumin and LDH, indicating a reduced lung damage compared to the control mice.
Improved levels of anti-pneumococcal antibodies were also detected in the serum and BAL samples
after the challenges with the pathogens. The results demonstrated that C. pseudodiphteriticum 090104
and its bacterium-like particles are capable of stimulating the respiratory innate immune system
serving as adjuvants to potentiate the adaptive humoral immune response. Our study is a step
forward in the positioning of this respiratory commensal bacterium as a promising mucosal adjuvant
for vaccine formulations aimed at combating respiratory infectious diseases.

Keywords: Corynebacterium pseudodiphteriticum; bacterium-like particles; mucosal adjuvant; respira-
tory infection; alveolar macrophages

1. Introduction

Respiratory infections caused by viruses and bacteria spread throughout the world
every year, severely affecting high-risk populations such as the elderly, infants, and im-
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munocompromised patients. Individuals that are vaccinated against respiratory pathogens
can prevent the severe pathological conditions caused by the infectious challenges. How-
ever, intramuscular and subcutaneous inoculations with vaccine antigens usually do not
prevent the infections themselves [1]. Even in vaccinated subjects, pathogens can replicate
in the respiratory tract, producing symptoms and spreading to other individuals. Then,
nasally administered vaccines that mimic natural infections and generate both systemic
and mucosal immunity can be useful tools to avoid severe cases of respiratory infections
but also to prevent the spread of pathogens. Of note, most of the candidate antigens for the
development of mucosal vaccines against respiratory infections have low antigenicity, and
therefore, it is necessary to administer them together with adjuvants to induce protective
immunity [2]. The lack of development of safe and effective mucosal adjuvants has limited
the application of intranasal vaccines and therefore, only a few nasal vaccines are currently
approved for humans, and all of them are live attenuated influenza vaccines [2].

Corynebacterium pseudodiphteriticum is a commensal bacterium normally found in the
human nasopharynx mucosa [3,4]. We demonstrated that the nasal administration of viable
C. pseudodiphteriticum 090104 to mice has a remarkable capacity to beneficially modulate
the respiratory immune system, increasing the resistance to respiratory syncytial virus [5],
Streptococcus pneumoniae [6], and hypermucoviscous carbapenemase-producing Klebsiella
pneumoniae [7]. The protective effect of the 090104 strain against the different respiratory
pathogens was related to its capacity to modulate the respiratory innate immune responses.
In fact, our studies showed that C. pseudodiphtheriticum increased the expression of MHC-II
molecules in CD11c+CD11blowCD103+ and CD11c+CD11bhighCD103− respiratory dendritic
cells (DCs) [5], and stimulated CD45+SiglecF+ alveolar macrophages thus improving their
production of interferon (IFN)-β and IFN-γ when Toll-like receptor 3 (TLR3) [5] or TLR2 [6]
signaling pathways are activated. Therefore, we hypothesize that nasal priming with C.
pseudodiphteriticum 090104 modulates the activity of respiratory antigen-presenting cells
(APCs), modifying their cytokine profile, which differentially coordinates innate immune
mechanisms in the respiratory tract. Considering that the modulation of the activity of
APCs may not only impact the innate immunity but also the adaptive immune responses,
it is possible to speculate that C. pseudodiphteriticum 090104 could also modulate antigen-
specific humoral and cellular immune responses in the respiratory tract. However, this
effect has not been evaluated so far.

Studies have demonstrated that non-pathogenic commensal microorganisms can be
effectively used as adjuvants and delivery systems in the development of mucosal vaccines.
Most of the research in this regard focused on genetically modified lactic acid bacteria
(LAB) strains expressing antigens from bacterial and viral pathogens [8–10]. The oral
or nasal administration of recombinant LAB have been shown to efficiently stimulate
antigen-specific immune responses, both at the systemic and mucosal levels. However, the
use of recombinant microorganisms in human vaccination raises concerns related to the
potential for antibiotic and/or virulence factor gene dissemination into the environment.
An interesting option for the replacement of genetically modified lactobacilli and lactococci
was the development of bacterium-like particles (BLPs) obtained by the heat and acid
treatments of LAB [11,12]. The BLPs from LAB strains do not contain cytoplasmic proteins
or genetic material but preserve the cell-wall structure of the microorganisms, exposing
the peptidoglycan. Therefore, BLPs from LAB have an increased ability to bind proteins
containing the lysine motifs (LysM) to the cell-wall peptidoglycan [11,12]. It was shown
that recombinant antigens carrying the LysM had a significantly higher ability to induce
systemic and mucosal-specific immune responses when they are attached to BLPs from
LAB in comparison to being administered alone [13,14], indicating that BLPs can function
not only as delivery systems but also as mucosal adjuvants.

The nasal priming with immunomodulatory beneficial microbes such as LAB improves
the respiratory immune responses, increasing the protection against bacterial and viral
pathogens (reviewed in [4]). Interestingly, it was shown that the viability of immunomodu-
latory LAB is not an essential requirement for them to exert their beneficial effects on the
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respiratory tract [15–18]. Then, the use of non-viable immunomodulatory microorganisms
including BLPs is an interesting option to regulate immunity in the respiratory mucosa of
an immunocompromised host since the viable bacteria may represent a potential threat.
In this regard, we have obtained BLPs derived from C. pseudodiphteriticum 090104 and
we have evaluated their capacity to modulate respiratory immune responses [5,6]. In our
hands, BLPs from C. pseudodiphteriticum 090104 administered nasally to infant mice were
as effective as the viable respiratory commensal bacterium at modulating the activation
of respiratory DCs and alveolar macrophages [5,6]. These results indicate that BLPs from
C. pseudodiphteriticum 090104 could be an alternative of great interest for the development
of mucosal vaccines for the respiratory tract if their adjuvant properties are demonstrated
and studied in depth.

Considering this background, in this work we evaluated the ability of C. pseudodiph-
teriticum 090104 and its BLPs to stimulate alveolar macrophages and to enhance the humoral
immune response induced by a commercial vaccine against S. pneumoniae. To the best of
our knowledge, there are no reports about the capacity of respiratory commensal bacteria
or their non-living cells as mucosal adjuvants for nasal vaccine development.

2. Materials and Methods
2.1. C. pseudodiphteriticum and Obtention of BLPs

C. pseudodiphtheriticum 090104 was cultured at 37 ◦C for 18 h (late log phase) in
trypticase soy broth. Bacteria suspensions were prepared as previously described [5,6].
For the experiments, the 090104 strain was washed with sterile 0.01 M phosphate-buffered
saline (PBS, pH 7.2) at 3000× g for 10 min and suspended in sterile PBS. The heat–chemical
treatment of the respiratory commensal bacterium to generate BLPs was performed as
previously described [5,6]. Briefly, C. pseudodiphtheriticum 090104 from a fresh overnight
culture was washed once with sterile distilled water at 13,000× g for 10 min. The pellet
was suspended in 20 mL of 0.1 M HCl and boiled in a water bath for 45 min. The obtained
BLPs were washed three times (PBS, pH 7.2). Finally, BLPs were resuspended in PBS
and stored at −20 ◦C. The number of BLPs per milliliter was adjusted according to the
CFU/mL determined in the starting culture. Viability of BLPs was checked by plating the
suspensions and several dilutions on BHI agar plates and broth.

2.2. Electron Microscopy

Scanning (SEM) and transmission (TEM) electron microscopies were performed in
the Centro de Investigaciones y Servicios de Microscopía Electronica (CISME–CONICET,
Tucuman, Argentina). Samples were prepared and processed according to standard proce-
dures. Briefly, C. pseudodiphteriticum 090104 and its BLPs were fixed with Karnovsky fixative
for 24 h at 4 ◦C. Then, samples were washed with 0.1 M sodium phosphate buffer (pH 7.4)
and post-fixed in a solution of 1% osmium tetroxide in sodium phosphate buffer for 16 h.
Dehydratation was produced by graded ethanol series, and then samples were embedded
in Spurr resin. Ultrathin sections were cut with an ultramicrotome and examined with a
Zeiss Libra 120 microscope for TEM and a Supra55VP microscope for SEM.

2.3. Modulation of Alveolar Macrophages by C. pseudodiphteriticum and Its BLPs

Murine alveolar macrophages were used for the experiments. Murine alveolar macrophage
primary cultures were performed, as described previously [17,18]. Macrophages were ob-
tained from infant mice via broncho-alveolar (BAL) samples. BAL cells were cultured in
RPMI 1640 medium containing 100 U/mL penicillin–streptomycin, 1 mM L-glutamine, and
10% FBS and were seeded in 24-well plates (105 cells/well). After an incubation for 2 h at
37 ◦C at 5% CO2 to promote adherence, non-adherent cells were washed, and macrophages
were recovered in RPMI 1640 medium with 10% FBS, 1 mM L-glutamine, and 100 U/mL
penicillin/streptomycin at 37 ◦C at 5% CO2. For light microscopy analysis, murine alveolar
macrophages (1.0 × 106 cells/well) were seeded in wells of glass-covered 6-well plates
and cultured for 16 h at 37 ◦C at 5% CO2. Cells were stimulated with viable C. pseudodiph-
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teriticum or its BLPs (1.0 × 108 cells/mL) for 30 min. Samples were fixed with methanol
and stained with Giemsa stain (Wako). Phagocytosis was observed by light microscope to
determine the number of bacteria/BLPs in each macrophage. Supernatants were collected
24 h after stimulation for cytokines analysis with commercially available ELISA technique
kits as described below.

2.4. Measurement of Cytokines’ Production by Alveolar Macrophages

For the determination of cytokines’ production by murine alveolar macrophages,
ELISAs were performed. Interleukin (IL)-6 (Mouse IL-6 Quantikine ELISA Kit), IL-1β
(Mouse IL-1 beta/IL-1F2 DuoSet ELISA Kit), interferon (IFN)-γ (Mouse IFN-gamma Quan-
tikine ELISA Kit), and tumor necrosis factor (TNF)-α (Mouse TNF-α 236 ELISA Kit) con-
centrations were measured with commercially ELISA technique kits following the manu-
facturer’s recommendations (R&D Systems, Minneapolis, MN, USA).

2.5. Animal Experiments

Three-week-old male Swiss albino mice were obtained from the closed colony at
CERELA (San Miguel de Tucumán, Argentina). Mice were housed in plastic cages and
environmental conditions were kept constant, in agreement with the standards for animal
housing. Experiments with animals were performed in accordance with the guide for the
care and use of laboratory animals and were approved by the CERELA-CONICET Animal
Care and Ethics Committee under the BIOT-CRL/19 protocol.

The dose of adjuvant for the experiments in this study was selected according to
our previous studies evaluating the immunomodulatory effects of C. pseudodiphtheriticum,
which demonstrated that the optimal dose to induce immunomodulation was 108 CFU [5,6].
Then, for immunization experiments, different groups of mice received 10 ug of the pneu-
mococcal vaccine Prevenar®13 (PCV), PCV together with 108 cells of C. pseudodiphteriticum
090104 or PCV and 108 BLPs by the nasal route on days 0, 14, and 28. Animals received
25 µL of PBS containing the different vaccine formulations by administering 12.5 µL into
each nostril. Five days after the last immunization (day 33), serum and BAL samples were
taken for the determination of specific antibodies.

2.6. Determination of Antibodies

IgA and IgG-specific anti-PCV antibodies were measured by ELISA. One µg of PCV
per well was used to coat plates overnight at 4 ◦C. Plates were then blocked with albumin.
Appropriate dilutions of the samples (serum 1:20; BAL 1:2) were incubated for 1 h at
37 ◦C. Peroxidase conjugated anti-mouse IgG, or IgA antibodies (1:500) (Sigma-Aldrich,
St. Louis, MO, USA) were added and incubated for 1 h at 37 ◦C. TMB substrate reagent
(Sigma-Aldrich) was used to reveal the reaction. The concentration of antibodies was
measured with reference to standard curves using known amounts of the respective mouse
immunoglobulin (Sigma-Aldrich).

2.7. Infection Challenge Experiments

S. pneumoniae serotypes 6B and 19F were grown on blood agar at 37 ◦C for 18 h. Todd
Hewitt broth (THB, Oxoid, Cambridge, UK) was used to obtain pneumococci for challenge
experiments. Grown colonies were suspended in THB and incubated overnight at 37 ◦C. S.
pneumoniae was harvested by centrifugation at 3600× g for 10 min, and then washed with
sterile PBS. Mice were infected nasally with 106 CFU of pneumococci per mouse. Lung and
blood pneumococcal cell counts were determined as described before [6,19]. In addition,
albumin content and lactate dehydrogenase (LDH) activity were determined in BAL of
infected animals, as described previously [6,19]. These parameters allow us to indirectly
measure increased permeability of the bronchoalveolar–capillarity barrier and general
cytotoxicity, respectively.
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2.8. Statistical Analysis

Each experimental group consisted of 4 mice per group at each time point and exper-
iments were performed in triplicates (n = 12 for each parameter studied). Results were
expressed as mean ± standard deviation (SD). The differences between groups were an-
alyzed using student t-test. Differences were considered significant at p < 0.05. ANOVA
one-way was used for analysis of variance among multiple groups.

3. Results
3.1. Obtention of BLPs from the Respiratory Commensal C. pseudodiphtheriticum

The heat–acid treatment of C. pseudodiphteriticum 090104 resulted in non-living BLPs
particles. The lack of viability from the BLPs derived from the 090104 strain was confirmed
by cultures in the BHI broth and agar. The TEM analysis revealed that this procedure
partially released or degraded the DNA and proteins from the BLPs (Figure 1). BLPs from C.
pseudodiphteriticum 090104 preserved the same size and shape of the respiratory commensal
bacterium, as shown by both the SEM and TEM analysis (Figure 1). Peptidoglycan, the
main component of the Gram-positive bacteria’s cell wall, was exposed by the harsh acid
treatment (Figure 1).
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Figure 1. Scanning (SEM) and transmission (TEM) electron microscopy analysis. Corynebacterium
pseudodiphteriticum 090104 untreated cells and bacterium-like particles (BLPs) obtained from the
090104 strain by heat–acid treatment. Ultrathin sections cuts were examined with a Zeiss libra 120
and a Supra55VP microscopes for TEM and SEM, respectively.

3.2. C. pseudodiphtheriticum and Its BLPs Modulate Alveolar Macrophages’ Function

We evaluated the capacity of C. pseudodiphtheriticum and its BLPs to be phagocyted by
alveolar macrophages and to induce their activation. For these experiments, we performed
primary cultures of murine alveolar macrophages. These respiratory immune cells were
incubated with C. pseudodiphtheriticum or its BLPs and the numbers of bacteria/BLPs were
counted in macrophages (Figure 2). An average of 14 bacteria/BLPs was detected in murine
alveolar macrophages. No significant differences were found when C. pseudodiphtheriticum-
treated macrophages were compared with those stimulated with BLPs, indicating that
both are equally phagocyted. In addition, we determined the levels of TNF-α, IL-1β, IL-6,
and IFN-γ in the supernatants of the primary cultures of murine alveolar macrophages
(Figure 2). Both C. pseudodiphtheriticum and its BLPs significantly increased the levels of the
four cytokines when compared to non-stimulated macrophages. No differences between
the treatments were found when the levels of TNF-α, IL-6, and IFN-γ were analyzed.
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However, the concentrations of IL-1β were significantly higher in BLP-treated alveolar
macrophages than in the cells stimulated with C. pseudodiphtheriticum (Figure 2).
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Figure 2. Interaction of Corynebacterium pseudodiphteriticum 090104 and its bacterium-like particles
(BLPs) with murine alveolar macrophages. Phagocytosis of C. pseudodiphteriticum and its BLPs
by murine alveolar macrophages was evaluated by microscopic analysis. The production of TNF-
α, IL-1β, IL-6, and IFN-γ in the culture supernatants of alveolar macrophages stimulated with
bacteria or BLPs was evaluated after 24 h. Untreated murine alveolar macrophages were used as
controls. Results represent data from three independent experiments (n = 12) and are expressed as
mean ± standard deviation. Letters indicate significant differences between the groups (p < 0.05).

3.3. C. pseudodiphtheriticum and Its BLPs Improve the Immune Response to a
Pneumococcal Vaccine

We next evaluated whether C. pseudodiphtheriticum and its BLPs were able to enhance
the humoral immune response induced by a nasally administered pneumococcal vaccine.
For this purpose, infant Swiss mice (3 weeks old) were intranasally immunized at days 0, 14,
and 28 with the pneumococcal conjugate vaccine Prevenar®13 (PCV), and the pneumococcal
vaccine plus C. pseudodiphtheriticum or its BLPs. On day 33, samples of blood and BAL were
obtained for the evaluation of specific antibodies. The immunization of mice with PCV by
the nasal route induced the production of specific BAL IgA and serum IgG (Figure 3). Of
note, when the PCV was administered with C. pseudodiphtheriticum or its BLPs, higher levels
of anti-pneumococcal IgA and IgG were found. No significant differences were detected
between the groups of mice immunized with PCV plus C. pseudodiphtheriticum or its BLPs
(Figure 3).
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Figure 3. Humoral immune response induced by the immunization with the pneumococcal conjugate
vaccine (PCV) plus Corynebacterium pseudodiphtheriticum 090104 or its bacterium-like particles (BLPs)
in infant mice. Swiss albino infant mice (3 weeks old) were immunized by the nasal route with PCV
or PCV plus C. pseudodiphtheriticum 090104 or it BLPs on days 0, 14, and 28. Five days after the last
immunization (day 33), serum and broncho-alveolar lavage (BAL) samples were obtained for the
determination of specific antibodies. Concentration of PCV-specific IgA in BAL and IgG in serum
were determined with ELISA. Results represent data from three independent experiments (n = 6)
and are expressed as mean ± standard deviation. Letters indicate significant differences between the
groups (p < 0.05).

In addition, to evaluate the protective effect of the immunization protocols including
C. pseudodiphtheriticum and its BLPs, immunized mice were challenged with S. pneumoniae
serotypes 6B or 19F on day 33 and sacrificed on day 35 (day 2 post-infection). The groups of
mice receiving the PCV plus with C. pseudodiphtheriticum or its BLPs had significantly lower
lung and blood pneumococcal cell counts than the controls, even for the most virulent
serotype 19F (Figure 4). We also detected lower levels of BAL albumin and LDH in mice
treated with the PCV plus C. pseudodiphtheriticum or its BLPs than the controls, indicating a
reduced lung damage (Figure 5).

Finally, we determined the levels of BAL IgA and serum IgG after the challenge
with the pneumococcal serotypes (Figure 6). As expected, the levels of respiratory and
systemic anti-pneumococcal antibodies were significantly higher after the challenge with
the pathogens (Figure 6) than after immunization (Figure 3) in all the experimental groups.
However, the groups of mice receiving the PCV plus C. pseudodiphtheriticum or its BLPs
had significantly higher levels of BAL IgA and serum IgG antibodies than the controls. No
significant differences were found when comparing C. pseudodiphtheriticum with BLPs in
the improvement of the humoral immune response (Figure 6).
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Figure 4. Resistance to Streptococcus pneumoniae infection induced by the immunization with the pneu-
mococcal conjugate vaccine (PCV) plus Corynebacterium pseudodiphtheriticum 090104 or its bacterium-
like particles (BLPs) in infant mice. Swiss albino infant mice (3 weeks old) were immunized by the
nasal route with PCV or PCV plus C. pseudodiphtheriticum 090104 or it BLPs on days 0, 14, and 28. Five
days after the last immunization (day 33), mice were nasally challenge with S. pneumoniae serotypes
6B or 19F. Lung and blood pneumococcal cell counts were performed on day 2 post-infection. Results
represent data from three independent experiments (n = 12) and are expressed as mean ± standard
deviation. Letters indicate significant differences between the groups (p < 0.05).
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Figure 5. Resistance to Streptococcus pneumoniae infection induced by the immunization with the pneu-
mococcal conjugate vaccine (PCV) plus Corynebacterium pseudodiphtheriticum 090104 or its bacterium-
like particles (BLPs) in infant mice. Swiss albino infant mice (3 weeks old) were immunized by the
nasal route with PCV or PCV plus C. pseudodiphtheriticum 090104 or it BLPs on days 0, 14, and 28. Five
days after the last immunization (day 33), mice were nasally challenge with S. pneumoniae serotypes
6B or 19F. The determination of albumin and lactate dehydrogenase (LDH) in broncho-alveolar
lavage (BAL) samples were performed on day 2 post-infection. Results represent data from three in-
dependent experiments and are expressed as mean ± standard deviation. Letters indicate significant
differences between the groups (p < 0.05).
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Figure 6. Resistance to Streptococcus pneumoniae infection induced by the immunization with the pneu-
mococcal conjugate vaccine (PCV) plus Corynebacterium pseudodiphtheriticum 090104 or its bacterium-
like particles (BLPs) in infant mice. Swiss albino infant mice (3 weeks old) were immunized by
the nasal route with PCV or PCV plus C. pseudodiphtheriticum 090104 or it BLPs on days 0, 14, and
28. Five days after the last immunization (day 33), mice were nasally challenge with S. pneumoniae
serotypes 6B or 19F. The determination of anti-pneumococcal IgA in broncho-alveolar lavage (BAL)
samples and IgG in serum were performed on day 2 post-infection. Results represent data from three
independent experiments (n = 12) and are expressed as mean ± standard deviation. Letters indicate
significant differences between the groups (p < 0.05).

4. Discussion

In recent decades, great efforts have been made to find mucosal adjuvants for the
generation of nasal vaccines. Advances in the understanding of the important role of
APCs and pattern recognition receptors (PRRs) in the link between innate and adaptive
immunity have focused adjuvant investigations on a new direction. The activation of the
innate immune system via PRRs in general, and TLRs in particular, was shown to be of
great importance for inducing lasting adaptive immunity. The activation of TLRs in APCs
can modulate the development of both humoral and cellular adaptive immune responses,
making the TLRs expressed in APCs attractive targets for the development of vaccine
adjuvants [20]. In this regard, it was reported that the nasal administration of antigens from
respiratory pathogens together with the TLR4 agonist monophosphoryl lipid A stimulated
a specific Th1 response and IgA production in the respiratory tract [21,22]. The synthetic
analog of double-stranded RNA and TLR3 agonist poly (I:C) [23,24], and the TLR9 agonist
unmethylated CpG oligodeoxynucleotide [25] were also shown to enhance the activity
of APCs and improve IgA production in the respiratory mucosa. On the other hand, it
was reported that the TLR5 agonist flagellin is capable of enhancing the mucosal IgA
production when nasally administered with vaccine antigens [19,26]. Immunomodulatory
LAB have been extensively studied as safe and effective mucosal adjuvants and antigen
delivery vehicles for mucosal vaccine development [27,28]. These Gram-positive microor-
ganisms are generally recognized as safe (GRAS) bacteria and their cell walls as well as
the molecules exposed on their surface such as peptidoglycan, teichoic acid, lipoteichoic
acid, and lipopeptides have been characterized as efficient activators of PRRs such as TLR2,
TLR6, NOD1, and NOD2 expressed in APCs [27,28]. The nasal administration of LAB or
their cellular fractions together with antigens have been shown to generate mixed Th1 and
Th2 responses in the respiratory tract and enhanced levels of specific IgA [19,29,30], indi-
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cating that Gram-positive GRAS microorganisms can be a valuable tool in the development
of mucosal vaccines.

The advances in the knowledge of the composition and functions of the microbiota
associated with the respiratory tract have made it possible to consider some Gram-positive
respiratory commensal bacteria as immunomodulatory microorganisms with positive
effects on health [3,4]. In this regard, we showed that the human nasopharynx C. pseu-
dodiphteriticum 090104 strain improved MHC-II expression in CD11c+CD11blowCD103+

and CD11c+CD11bhighCD103− lung DCs and CD45+SiglecF+ alveolar macrophages [5,6],
indicating its ability to stimulate APCs. Furthermore, the nasal administration of C. pseu-
dodiphteriticum 090104 to mice enhanced the capacity of alveolar macrophages to produce
IFN-β and IFN-γ after the challenge with TLR2 agonists [6]. In this work, we deepen and
extend these findings by demonstrating that C. pseudodiphteriticum 090104 is efficiently
phagocyted by alveolar macrophages in vitro, and that this commensal bacterium induces
the production of TNF-α, IL-1β, IL-6, and IFN-γ in this APC population. Antigen presen-
tation in the respiratory tract is mediated by DCs and macrophages, which constitutively
express MHC-I or MHC-II and have a high expression of co-stimulatory molecules, such as
CD80 and CD86 [31,32]. Respiratory APCs engulf pathogens and present their peptides to
naïve CD8+ or CD4+ T cells providing protection from pathogen infections [32]. Alveolar
macrophages have been suggested to play a functional role in antigen presentation during
tuberculosis and Cryptococcus neoformans infection in humans [33,34]. In contrast, studies
in mice models have demonstrated that alveolar macrophages are poor APCs compared
to DCs and other macrophages of the respiratory tract [31]. However, the role of alveolar
macrophages in the generation of both humoral and cellular adaptive responses in the
respiratory tract should not be underestimated. Alveolar macrophages are located on the
luminal surface of the respiratory mucosa, and therefore, they are the first to encounter
antigens and pathogens [35]. It was estimated that alveolar macrophages can handle up
to 10 intratracheally injected bacteria before there is “spillover” of the bacteria to the lung
DCs [36,37]. Interestingly, it was shown that alveolar macrophages can take pathogens
before lung DCs, and that a fraction of pathogen-bearing alveolar macrophages migrate
to draining the lymph nodes of the lung [38,39]. In addition, recent studies demonstrated
the key role of alveolar macrophages in the process referred as cross-presentation [40],
in which APCs uptake virus-infected cells and present their antigens to naive CD8+ T
cells via MHC-I [41]. In a murine model of influenza infection, it was shown that alve-
olar macrophages are required for the expansion of antigen-specific CD8+ T cells and
CD103+CD8+ resident memory T cells and the inhibition of influenza replication during
a secondary infection [40]. It was also reported that the cytokines produced by alveolar
macrophages after their encounter with pathogens can influence the degree of activity
and maturation of neighboring DCs [31]. In fact, cytokines such as TNF-α, IL-1β, IL-6,
and IFN-γ have been shown to significantly potentiate the activation of DCs [35,40,42].
Furthermore, alveolar macrophages highly express IL-18, which is of importance for the
development of lung CD103+CD8+ resident memory T cells during viral infections [40].

Our previous [5,6] and present results have allowed us to speculate that nasally
administered C. pseudodiphteriticum 090104 could improve the activation of APCs including
alveolar macrophages, beneficially impacting the generation of adaptive immune responses.
In fact, the in vivo immunization studies performed here demonstrated the capacity of
the 090104 strain to enhance both respiratory and systemic immune responses when
administered with a pneumococcal vaccine. In our hands, the nasal administration of
the PCV plus C. pseudodiphtheriticum significantly enhanced the production of specific
BAL IgA and serum IgG. Both types of antibodies have been demonstrated to be crucial
in the protection against pneumococcal infections. Mucosal surfaces are protected by
secretory IgA (sIgA). These antibodies are locally produced by plasma cells in the lamina
propria of the respiratory tract [43,44]. Antigen-specific IgA synthetized by B cells in
cooperation with Th cells is released in the lamina propria and interacts with the polymeric
Ig receptor (pIgR), which is expressed by respiratory epithelial cells to be transported
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to the airway [43,44]. Several works have demonstrated the important protective role
of sIgA against pneumococcal infection. Early studies showed that sIgA directed to S.
pneumoniae capsular polysaccharide improves the complement-mediated killing of the
pathogen [45]. It was also reported that mice immunized with a mucosal vaccine that
induced sIgA were protected against pneumococcal infection while the same treatment was
not able to induce protection against the nasal challenge with S. pneumoniae in pIgR−/−

mice [46–48]. Furthermore, it was demonstrated that IgA−/− mice immunized with a PspA-
based vaccine were not able to eliminate pneumococcal carriage in the nasal cavity because
of the lack of mucosal-specific antibodies [49]. In contrast, wild-type mice receiving the
PspA-based vaccine had high levels of specific IgA in the respiratory tract and essentially
no S. pneumoniae was detected in the nasal washes. On the other hand, as it has been
described for serum neutralizing IgG antibodies against viral surface proteins, serum anti-
pneumococcal antibodies of the IgG-type play a central role in controlling the spread of S.
pneumoniae [45]. Dectin-2 deficiency, which impairs specific IgG production induced by a
pneumococcal polysaccharide vaccine, significantly increase the susceptibility of mice to the
S. pneumoniae infection [50]. Passive immunization of mice with specific IgG1 and IgG2 anti-
pneumococcal antibodies resulted in the C3c deposition on bacterial surfaces and increased
the resistance of animals to the challenge with the pathogen [51]. Then, the improved
levels of specific BAL IgA and serum IgG antibodies induced by C. pseudodiphtheriticum
when administered with the PCV can explain the higher resistance of mice against S.
pneumoniae 6B and 19F as well as the reduced lung damage compared to mice immunized
only with PCV.

Despite the positive results in terms of the beneficial modulation of the respiratory
immunity obtained with C. pseudodiphteriticum 090104 in our previous and present works,
there is still concern about the use of viable bacteria of this species because of the reports
indicating their capacity to induce infections in patients with underlying cardiac or pul-
monary diseases [52,53] or in patients with mechanical ventilation, such as those with
severe COVID-19 [54]. Then, BLP derived from C. pseudodiphteriticum 090104 evaluated in
this work can help to alleviate these concerns associated with live bacteria because they
are non-living but retain the immunomodulatory properties. In fact, the BLPs were able to
be phagocyted and stimulate cytokine production by alveolar macrophages, potentiating
the humoral, mucosal, and systemic protective immune responses induced by the PCV
as efficiently as the viable C. pseudodiphtheriticum. In addition, the immunization with
PCV and BLP derived from C. pseudodiphteriticum 090104 was as efficient as the viable
respiratory commensal bacterium to protect mice against pneumococcal colonization and
lung damage. Of note, it was reported that the nasal immunization of adult mice with
ovalbumin plus LPS from Alcaligenes faecalis or cholera toxin isolated from Vibrio cholerae
induced similar levels of specific respiratory IgA and serum IgG [55]. However, authors
found differences between the vaccination treatments when specific cellular immune re-
sponses were evaluated. While both immunization treatments induced T cells to produce
IL-17, only the cholera toxin stimulated the production of IFN-γ. Therefore, an important
point for future research would be the evaluation of the specific cellular immunity induced
by C. pseudodiphteriticum 090104 and its BLPs to determine if they are equally effective
or not.

5. Conclusions

Although nasal immunization is non-invasive, simpler, less painful, and enables self-
administration, this type of vaccine needs safe and strong adjuvants to induce protective
immunity. Then, successful nasal vaccination requires the development of appropriate
mucosal adjuvants. Here, we demonstrated that the nasal immunization with PCV together
with C. pseudodiphtheriticum or its BLPs elicited PCV-specific antibody responses in both
respiratory and systemic compartments and improved the protection against pneumococcal
infections. The results indicate that C. pseudodiphtheriticum and its BLPs should be further
studied to position them as mucosal adjuvants for the development of efficient nasal
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vaccines to avoid the parenteral route and increase the patient’s compliance. BLPs would
have advantages compared to live bacteria in terms of security.
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