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Abstract: In previous studies, it was demonstrated that Corynebacterium pseudodiphtheriticum 090104,
isolated from the human nasopharynx, modulates respiratory immunity, improving protection against
infections. Here, the antagonistic effect of the 090104 strain on respiratory pathogens, including
Streptococcus pneumoniae, Staphylococcus aureus, Klebsiella pneumoniae, Pseudomonas aeruginosa, and
Acinetobacter baumannii, was explored. In a series of in vitro studies, the capacity of C. pseudodiph-
theriticum 090104, its bacterium-like particles, and its culture supernatants to coaggregate, inhibit
the growth, and change the virulent phenotype of pathogenic bacteria was evaluated. The results
showed that the 090104 strain was able to exert a bacteriostatic effect on K. pneumoniae and S. pneumo-
nige growth. In addition, C. pseudodiphtheriticum 090104 coaggregated, inhibited biofilm formation,
and induced phenotypic changes in all the respiratory pathogens evaluated. In conclusion, this
work demonstrated that, in addition to its beneficial effects exerted by host-microbe interactions,
C. pseudodiphtheriticum 090104 can enhance protection against respiratory pathogens through its
microbe-microbe interactions. The mechanisms involved in such interactions should be evaluated in
future research.

Keywords: Corynebacterium pseudodiphtheriticum; respiratory pathogens; microbe-microbe interaction

1. Introduction

Various studies demonstrated the ability of probiotic microorganisms to enhance
resistance to intestinal infections such as those induced by Lacticaseibacillus rhamnosus GG
against rotavirus [1-3]. Furthermore, diverse mechanisms through which probiotics can
exert antagonistic effects on intestinal pathogens have been reported. Among them, com-
petition for host tissue binding sites; competition for nutrients; production of metabolites
affecting the phenotype of pathogens by inhibiting, for example, their growth or biofilm
formation; and the modulation of intestinal immune responses have been described [1-3].
Through these microbe-microbe and microbe-host interactions, probiotics can help to
reduce the severity of intestinal infections [4-8].
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Microbe-microbe interactions can also affect the outcome of infections in the respira-
tory tract, such as the inhibition exerted by Dolosigranulum pigrum against the nasopharyn-
geal colonization of pathogenic Staphylococcus aureus and Streptococcus pneumoniae [9]. There
are reports describing microbial interactions between strains of the genus Corynebacterium
and pathogenic bacteria, which alter the virulence and/or viability of the latter. In this
regard, it was demonstrated that strains of the species Corynebacterium amycolatum can
coaggregate with pathogenic strains of Klebsiella pneumoniae, Pseudomonas aeruginosa, and
S. aureus [10]. It was also reported that the non-pathogenic respiratory commensal bac-
terium Corynebacterium accolens can inhibit the adhesion and invasion of S. aureus to
human nasal epithelial cells [11], while strains of the species Corynebacterium bovis [12],
Corynebacterium striatum [13,14], and Corynebacterium pseudodiphtheriticum [15] can inhibit
the growth of S. aureus in vitro. Corynebacteria can also exert inhibitory effects on other
respiratory pathogens, as demonstrated by studies in which S. pneumoniae was inhib-
ited by strains of C. accolens and C. amycolatum [16], and A. baumannii was inhibited by
strains of Corynebacterium aurimucosum, Corynebacterium aquatimens, and Corynebacterium
mucifaciens [17]. Interestingly, it was determined that corynebacteria can modulate the
phenotype of respiratory pathogens. It was shown that Corynebacterium xerosis prevents
biofilm formation on abiotic surfaces of S. aureus, Streptococcus mutans, Escherichia coli, and
P. aeruginosa [18], while C. striatum reduces the hemolytic activity of S. aureus [13].

In previous studies, we demonstrated that the respiratory commensal bacterium
C. pseudodiphtheriticum 090104, originally isolated from the human nasopharynx, is capable
of modulating innate and adaptive immune responses in the respiratory tract of mice when
nasally administered [19-21]. Through its capacity to modulate the function of dendritic
cells, alveolar macrophages, and T cells in the respiratory tract, the 090104 strain can
enhance the resistance to S. pneumoniae and RSV infections [19,20]. Although the microbe—
host interaction has been extensively evaluated in relation to the beneficial effects of
C. pseudodiphtheriticum 090104, its microbe-microbe interactions with relevant respiratory
pathogens was not evaluated before. Then, the aim of this study was to characterize
the capacity of the 090104 strain to exert antagonistic effects on respiratory pathogens of
clinical importance.

2. Materials and Methods
2.1. Microorganisms

The respiratory commensal bacterium C. pseudodiphtheriticurn 090104 (Cp090104)
and its bacterium-like particles (BLPs, designated here as PCp090104) were prepared
as described in previous works [19-21]. Six respiratory pathogens were also employed:
K. pneumonine LABACER27 and LABACERO1 [22], P. aeruginosa, S. aureus, A. baumannii, and
S. pneumoniae 19F [this work], which were isolated from different human clinical samples
and preserved at the Bacteriology Laboratory of the Institute of Microbiology “Dr. Luis C.
Verna” of the Faculty of Biochemistry, Chemistry, and Pharmacy—UNT (Tucumadn) or at
the Culture Collection of the ANLIS-Malbran Institute (Buenos Aires) (Table 1).

Table 1. Source of isolation and antimicrobial resistance of respiratory pathogens strains used in this
work. ! MLS: macrolide-lincosamide-streptogramin class.

Strain Isolation Resistance
K. pneumoniae LABACER27  Bronchial lavage (pneumonia)—Padilla Hospital [22] -lactams
K. pneumonine LABACERO1  Osteoarticular tissue (sepsis)—Padilla Hospital [22] [-lactams, quinolones, gentamicin
P. aeruginosa Sputum (pneumonia)—Padilla Hospital [this work] Imipenem
S. aureus Sputum (pharyngitis)—East Hospital [this work] -lactams, quinolones, aminoglycosides
A. baumannii Sputum (pneumonia)—East Hospital [this work] -lactams, quinolones, aminoglycosides
S. pneumoniae 19F Sputum (pneumonia)—Malbran Institute [this work] MLS 1, tetracycline, vancomycin

All bacteria were preserved and stored in 20% (v/v) glycerol at —20 °C [22]. For
activation, they were cultured on 1.5% (w/v) BHI agar plates (Britania) and incubated at
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37 °C under aerobic conditions for 24 h. Selected colonies were inoculated into BHI broth
and cultivated at 37 °C without agitation for 18 h or until reaching a DOgpp nm = 0.8 and
diluted according to the experiment to be performed.

In some experiments, the cell-free supernatant of C. pseudodiphtheriticum 090104 was
used, for which the protocol of Dey et al. [23], with some modifications, was employed.
Briefly, the 090104 strain was inoculated into 5 mL of BHI broth and cultivated at 37 °C
for 12 h, without agitation. The culture was centrifuged for 8 min at 8000 rpm (Sorvall
ST16R-Thermo Fisher, Waltham, MA, USA). The supernatant was collected with a sterile
syringe and needle and filtered using a sterile polyethersulfone membrane filter with a
pore size of 0.22 um and a diameter of 25 mm (Sigma-Aldrich, St. Louis, MO, USA). The
cell-free supernatant was stored at —20 °C until use.

2.2. Autoaggregation Test

The ability of bacteria to autoaggregate is considered essential for their adhesion
to mucosal surfaces [24-26], making this characteristic desirable for strains of probiotic
microorganisms [27]. The autoaggregation capacity of the bacteria was measured using
the protocol of [28], but with slight modifications. The bacterial cultures incubated for
12 h were centrifuged at 8000 rpm (Sorvall ST16R-Thermo Fisher) for 10 min at room
temperature, washed twice with PBS, and then resuspended in 3 mL of the same buffer
adjusting the DOggg nm to 0.3. Bacterial suspensions were incubated at room temperature
and examined at different time intervals (0, 2, 4, 6, 8, 10, and 12 h). The percentage of
autoaggregation (A%) was calculated as follows: A% = (Ag — At¢)/Ap x 100, where A
represents the absorbance (Agop nm) at time 0, and A¢ represents the absorbance (Aggo nm) at
different time intervals.

2.3. Coaggregation Test

Coaggregation refers to the microbiological process by which different bacterial species
join together to form aggregates. This bacteria—bacteria interaction has been described
as one of the mechanisms through which probiotic microorganisms can reduce the col-
onization and persistence of pathogens on mucosal surfaces [25]. The coaggregation
of the microorganisms was evaluated using the widely described methodology [28,29].
Bacterial suspensions were prepared in sterile PBS, as described in the autoaggregation
assay, and then each of the respiratory pathogens was brought into contact with Cp090104
or PCp090104. For this, equal volumes of the respiratory commensal bacterial suspen-
sions or their BLPs and the pathogenic bacteria (1.5 mL) were mixed in sterile tubes
and incubated at room temperature, without agitation. The absorbances (Agponm) of
the mixtures were determined at different intervals: 0, 2, 4, 6, 8, and 10 h. Pure sus-
pensions of Cp090104, PCp090104, and the respiratory pathogens were also used, and
their absorbance was measured at the same times. Coaggregation was calculated as
follows: [(Apat + Acp)/2 — (Amix)]/ (Apat + Acp)/2 X 100, where Apat and A¢p represent the
Agoo nm of the bacterial suspensions of the pathogen and Cp090104 (or PCp090104), while
Anix represents the absorbance of the co-culture.

2.4. Inhibitory Activity Assay

To determine the ability of Cp090104 and its cell-free supernatant to inhibit the growth
of respiratory pathogens, the method of Denkova et al. [30] was employed. First, 10 mL
of 1.5% (w/v) BHI agar medium was mixed with a 1% (v/v) inoculum of Cp090104
(DOg0o nm = 0.8, equivalent to 108 CFU/mL) or the cell-free supernatant, transferred to
Petri dishes, and incubated for 24 h at 37 °C to allow the development of a Cp090104
lawn. In the case of the cell-free supernatant, it was also incubated for 24 h at 37 °C to
discard Cp090104 growth. Then, 10 puL of each different dilution (1:1, 1:2, 1:4, and 1:8) of
the pathogen suspension (DOgpp nm = 0.8) was inoculated onto the Cp090104 lawn, allowed
to dry, and incubated at 37 °C for 24 h. Inhibitory activity was calculated considering
the volume of the inoculated sample, the highest dilution at which pathogen growth was
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inhibited, and the growth curve of each pathogen. Inhibition was confirmed by taking a
sample with a sterile swab from the area inoculated with the pathogen after exposure to
Cp090401. This sample was plated on BHI agar and incubated for 48 h at 37 °C.

The same protocol was used to evaluate the inhibitory capacity of each respiratory
pathogen on the growth of Cp090104. BHI agar medium was inoculated with an aliquot
of the bacterial suspension of each pathogen (ODgppnm = 0.8) to create the lawn and
incubated for 24 h at 37 °C. Then, different dilutions (1:1, 1:2, 1:4, and 1:8) of Cp090104
(ODggo nm = 0.8) were inoculated into the medium, allowed to dry, and incubated at 37 °C
for 24 h.

2.5. Biofilm Formation Assay

Biofilm formation is a fundamental survival strategy for bacteria, allowing them to
adhere to surfaces and enclose themselves in a self-produced matrix of extracellular poly-
meric substances [31]. Biofilms can promote colonization and resistance to antimicrobials
by pathogens [32,33]. The capacity for biofilm formation of Cp090104 and the respiratory
pathogens was evaluated using the methodology described in the literature [34]. Briefly,
from each bacterial suspension cultured for 18 h, an inoculum (5% v/v) was incubated
with 200 pL of fresh sterile BHI broth in a 96-well polystyrene plate for 24 and 48 h. This
procedure was performed in triplicate. Wells containing only BHI broth were considered
negative controls to exclude any effect of nonspecific binding to the staining solution. To
quantify biofilm formation, after incubation, the wells were washed with PBS, and the
adherent bacteria were treated for 30 min with 200 uL of 0.1% (w/v) crystal violet in an
isopropanol-methanol-PBS solution (1:1:18, v/v/v). Excess dye was washed off with
200 pL of sterile distilled water per well. Subsequently, the dye bound to the adhered cells
was extracted with 200 pL of 30% (v/v) glacial acetic acid. Then, 135 pL from each well was
transferred, and the ODsyg n, Was measured using an ELISA reader (Tecan, Mannedorf,
Switzerland). To classify biofilm-forming bacteria, a cutoff OD (ODc) was determined
following the criteria according to Stepanovi¢ et al. [34]. ODc equals three standard devia-
tions above the mean OD of the negative control. The ODsy ny, value of strains above the
cutoff line was considered positive for biofilm formation. This methodology also allows the
classification of bacteria under study into four groups: non-adherent (OD < ODc), weakly
adherent (ODc < OD < 2 ODc), moderately adherent (2 ODc < OD < 4 ODc), and strongly
adherent (4 ODc < OD).

2.6. Inhibition of Biofilm Formation Assay

The ability of the cell-free supernatant of Cp090104 to inhibit the biofilm formation of
respiratory pathogens was determined using the method of [35], but with modifications.
Bacterial suspensions cultured for 18 h were used to obtain cell-free supernatant. Then,
10 pL of Cp090104 supernatant was added to 10 uL of the pathogen culture and 180 uL of
sterile BHI broth and incubated for 24 and 48 h. This procedure was performed in triplicate.
Control groups included wells containing 10 uL of respiratory pathogen suspension plus
190 uL of BHI broth, and wells with 200 puL of cell-free supernatant and 200 pL of sterile
BHI broth. After incubation, the wells were treated as described above, with crystal violet.
To determine the effect on biofilm formation, the formula of Khusro et al. [36] was applied:
1 — (ODA/ODg) x 100, where OD4 is the absorbance of the well containing the mixture of
Cp090104 supernatant and the respiratory pathogen suspension, and ODg is the absorbance
of the well containing each respiratory pathogen.

2.7. Inhibition of Hemolytic Activity Assay

There is evidence that pathogenic bacteria, in the presence of other commensal or
pathogenic microorganisms, can change their phenotype, which impacts their
virulence [13,31,32]. To study the hemolytic activity of the microorganisms, BHI-blood
agar was used [30,37], which was prepared with sterile 1.5% (w/v) BHI agar and 5% (v/v)
defibrinated sheep blood. Aliquots of 10 uL of bacterial suspensions were inoculated onto
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the BHI-blood agar and incubated at 37 °C for 24 h, and hemolytic activity was observed
and classified as «, 3, or Y hemolysis. To evaluate the ability of Cp090104 to modify or
inhibit the hemolytic activity of respiratory pathogens, a lawn of the respiratory commensal
bacterium was prepared by mixing 10 mL of BHI-blood agar with a 1% (v/v) inoculum
of Cp090104 and incubated for 24 h at 37 °C. BHI-blood agar plates with the addition of
Cp090104 cell-free supernatant were also prepared and immediately used without incu-
bation. Four 10 pL aliquots of each pathogen suspension (ODgpg nm = 0.8, ratio 1:1) were
placed on the media containing Cp090104 or its supernatant and incubated at 37 °C for
24 h. Hemolytic activity was classified as «, (3, or Y hemolysis and compared with cultures
of the pathogens grown in the absence of Cp090104 or its supernatant.

2.8. Morphology of Respiratory Pathogen Colonies

To evaluate the effect of Cp090104 on the morphology of respiratory pathogen colonies,
the method of Hossain et al. [24], but with some modifications, was used. Briefly, plates of
sterile 0.3% (w/v) soft BHI agar were prepared with the addition of a 1% (v/v) inoculum of
Cp090104 or its cell-free supernatant. Plates containing only sterile soft BHI agar were used
as controls. Then, 5 pL aliquots of pathogen suspensions (ODggp nm = 0.8) were placed in the
plates, and the plates were incubated at 37 °C for 120 h. Colonies were visually analyzed,
and diameters (cm) were measured. Photographic records of the colonies developed under
different experimental conditions were also taken.

2.9. Statistical Analysis

For quantitative tests, units of measurement were defined and expressed as
mean =+ standard deviation (SD). Experiments were performed in duplicate or triplicate.
ANOVA test was used to assess differences and significance of the obtained data.

3. Results
3.1. Study of the Autoaggregation and Coaggregation Capacity of C. pseudodiphtheriticum 090104

The autoaggregation capacity of C. pseudodiphtheriticurn 090104 and its BLPs was eval-
uated and compared with different respiratory pathogens (Figure 1). It was observed that
Cp090104 showed an autoaggregation percentage of approximately 30% at 6 h, reaching
60% after 12 h of incubation. As expected, PCp090104 showed significantly lower ag-
gregation percentages compared to those found in Cp090104, reaching only 10% at 12 h
(Figure 1). The respiratory pathogens evaluated all achieved autoaggregation percentages
higher than those found for Cp090104, especially K. pneumonine LABACER01, LABACER?2?,
and A. baumannii, which surpassed 80% after 12 h of incubation (Figure 1). Considering the
criterion of [25], which considers strains strongly autoaggregative if they reach or exceed
80%, and non-autoaggregative if they present values equal to or less than 10%, Cp090104
can be considered a bacterium with weak autoaggregative ability.

The ability of Cp090104 and PCp090104 to coaggregate with the different respiratory
pathogens was also studied (Figure 2).

After 10 h of incubation of Cp090104 with the pathogenic strains, a notable capacity to
coaggregate with K. pneumoniae LABACERO1 and LABACER27 was observed, reaching
coaggregation percentages of approximately 80% in both cases. Conversely, the lowest
coaggregation percentage was detected for A. baumannii, with only 41% (Figure 2). When
evaluating the coaggregation ability of PCp090104 with respiratory pathogens, percentages
were approximately half the value of those found with Cp090104, except for A. baumannii,
which showed similar values to those found with the live respiratory commensal bacterium
(Figure 2).
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Figure 1. Autoaggregation assay. The autoaggregation was evaluated in distinct respiratory
pathogens and C. pseudodiphtheriticum 090104 (Cp090104) and its BLPs (PCp090104). The cutoff
value for bacterial aggregation is indicated by a solid line. Each bar corresponds to a time point of the
assay, depicting the percentage of autoaggregation at 6 and 12 h. All tests were performed in triplicate
and in three independent experiments (n = 9). Means with standard deviations are presented for
each measurement.

120
B Kiebsiella pneumoniae LABACER27

100 B Kiebsiella pneumoniae LABACERO1

I Pseud Saer c.
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B Staphylococcus aureus
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[] Acinetobacter baumannii

40

Percentage of
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20

0
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Figure 2. Coaggregation assay. The coaggregation assay was performed with C. pseudodiphtheriticum
090104 (Cp090104) and its BLPs (PCp090104) and the distinct respiratory pathogens. Bars for each
respiratory pathogen represent the sampling time at 10 h (endpoint). All tests were performed in
triplicate and in three independent experiments (1 = 9). Means with standard deviations are presented
for each measurement.

3.2. Evaluation of C. pseudodiphtheriticum 090104 Capacity to Inhibit the Growth of Pathogens

Next, the ability of C. pseudodiphtheriticum 090104 to inhibit the growth of respiratory
pathogens was evaluated. In this assay, the interaction between pathogenic bacteria and
Cp090104 was evaluated using agar medium containing the respiratory commensal bac-
terium, to which the pathogens were added (Figure 3). In this method, a concentration
of Cp090104 equal to or greater than (1:1, 1:2, 1:4, and 1:8) that of the microorganisms
to be tested is used, simulating a previous colonization of the respiratory commensal
bacterium at the contact site with the pathogens. An inhibitory effect by Cp090104 on
K. pneumoniae LABACER27 and S. pneumoniae 19F was observed when they were inoculated
at a 1:8 dilution (Figure 3).
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Kiebsiella pneumoniae LABACER27

Figure 3. Inhibitory activity assay. Inhibition with spot inoculation of two respiratory pathogens on
C. pseudodiphtheriticum 090104 (Cp090104) lawn. Dilutions made for both pathogens are indicated.
Photos on the right show the passage of residual inoculum after contact with Cp090104. All assays
were performed in duplicates.

This inhibition was partial, as the development of K. pneumoniae LABACER27 and
S. pneumoniae 19F was observed after swabbing the surface of the 1:8 dilution following
contact with Cp090104 (Figure 3), indicating a bacteriostatic rather than bactericidal effect.
The inhibition study using growth curves of the pathogens allowed us to determine that
K. pneumoniae LABACER?27 is inhibited by 108 cells of Cp090104 at doses less than or
equal to 103 CFU/mL, while S. pneumoniae 19F is inhibited by doses less than or equal to
10* CFU/mL. On the other hand, C. pseudodiphtheriticum 090104 was not able to inhibit
the growth of K. pneumoniae LABACERO1, P. aeruginosa, S. aureus, or A. baumannii. Ad-
ditionally, the potential inhibitory effect of the cell-free supernatant of Cp090104 was
studied, and no bactericidal or bacteriostatic effects were observed on any of the respiratory
pathogens evaluated.

The potential inhibitory effect of the respiratory pathogens on C. pseudodiphtheriticum
090104 was also evaluated (Figure 4). For this study, the respiratory commensal bac-
terium was cultured on agar plates previously inoculated with the different pathogens.
No inhibitory effects on Cp090104 were observed when K. pneumoniae LABACERO01 and
LABACER?27, P. aeruginosa, S. aureus, or S. pneumoniae 19F were studied. Conversely,
A. baumannii was able to inhibit the growth of Cp090104 from a 1:4 dilution (Figure 4). This
inhibition was complete, as no development of Cp090104 was observed after swabbing
the surface of the 1:4 dilution following contact with A. baumannii (Figure 4), indicating a
bactericidal effect. The inhibition study using growth curves of the respiratory commensal
bacterium allowed us to determine that it is inhibited by A. baumannii at doses less than or
equal to 10* CFU/mL.
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C. pseudodiphtheriticum 090104

Figure 4. Inhibitory activity assay. Inhibition with spot inoculation of C. pseudodiphtheriticum 090104
(Cp090104) on A. baumannii lawn. Dilutions made for the respiratory commensal bacterium are
indicated. Photos on the right show the passage of residual inoculum after contact with A. baumannii.
All assays were performed in duplicates.

3.3. Study of C. pseudodiphtheriticum 090104 Capacity to Form and Inhibit Biofilms

The capacity of Cp090104 to form biofilms on an abiotic surface was studied and
compared with respiratory pathogens (Figure 5). Under the experimental conditions of this
work, all the pathogenic microorganisms were able to form biofilms after 48 h of incubation,
with K. pneumoniae LABACERO1 and LABACER27 being the most efficient in achieving
this effect. Taking into account Stepanovic et al.’s classification [34], which considers the
variation in biofilm formation between 24 and 48 h, respiratory pathogens were classified
as weakly adherent (A. baumannii, P. aeruginosa, and S. pneumoniae 19F) or moderately
adherent (K. pneumoniae LABACER27 and LABACERO01, and S. aureus). On the other hand,
the results showed that Cp090104 was not able to form a biofilm on the abiotic surface and
exhibited weak adherence (Figure 5).

3 mm 24 h
mm 48 h
s 2
=
S
o
a
o
1
0
Cp090104 K. p i K. pne i P. aerugii S. aureus  A. baumannii S, pneumoniae

27 01 19F

Figure 5. Biofilm formation assay. Biofilm formation assay of distinct respiratory pathogens and
C. pseudodiphtheriticum 090104 (Cp090104). Two sampling times are presented, 24 and 48 h. All tests
were performed in triplicate and in three independent experiments (n = 9). Means with standard
deviations are presented for each measurement.

Additionally, the ability of the cell-free supernatant of Cp090104 to inhibit biofilm
formation by different respiratory pathogens was evaluated (Figure 6). After 24 h of
incubation, biofilm formation had at least a 20% of inhibition for all microorganisms, with
K. pneumonine LABACER27 and LABACERO1 being the most and least inhibited biofilm-
forming pathogens, respectively (Figure 6). After 48 h of incubation, the supernatant of
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Cp090104 exerted a greater inhibitory effect on biofilm formation in all bacteria except
A. baumannii and S. aureus, which remained at similar percentages to those found at 24 h
(Figure 6).

100

%%
g 80— = 24h
£ == 48h
=
.’E 60—
S
=]
% 40
3
=
¥
£ 20
"
0-—
K p iae K.p iae P. aerugi S. aureus  A. ba i S.p
27 01 19F

Figure 6. Inhibition of biofilm formation assay. Study of the effect of the cell-free supernatant of
C. pseudodiphtheriticurn 090104 (Cp090104) on biofilm formation by the respiratory pathogens. All
tests were performed in triplicate and in three independent experiments (1 = 9). Means with standard
deviations are presented for each measurement. Significant differences between the indicated groups:
(*) p <0.05; (**) p <0.01.

3.4. Effect of C. pseudodiphtheriticum 090104 on the Phenotype of Respiratory Pathogens

Finally, whether Cp090104 can induce changes in the phenotype of respiratory pathogens
was evaluated, and hemolytic activity was selected for this purpose. Firstly, the hemolytic
activities of the six pathogens used in this work were studied (Table 2). Assays conducted
on BHI agar-blood allowed for the detection of different types of hemolytic activity in
respiratory pathogens: v hemolysis for K. pneumoniae LABACER27 and LABACERO01, and
A. baumannii; 3 hemolysis for S. aureus and P. aeruginosa; and o hemolysis for S. pneumoniae.

Table 2. Hemolytic activity assay. Types of hemolysis produced by respiratory pathogens on BHI
agar-blood medium. Characterization of the effect of C. pseudodiphtheriticum 090104 (Cp090104) and
its cell-free supernatant on the hemolytic activity of pathogens. Tests were performed in triplicate
and in three independent experiments.

Pathogen Type of Hemolysis in the Presence of
Hemolysis Cp090104 Supernatant

K. pneumoniae LABACER27 2% hY% 2%
K. pneumoniae LABACERO1 2% 2% Y
P. aeruginosa B No activity B
S. aureus B No activity B
A. baumannii b 2% Y
S. pneumoniae 19F o No activity lod

When pathogens were cultured on blood agar in the presence of Cp090104, a loss
of hemolytic activity was detected for P. aeruginosa, S. aureus, and S. pneumoniae 19F
(Table 2 and Figure 7). No changes in hemolytic activity were observed for K. pneumoniae
LABACER27 and LABACERO1, and A. baumannii in the presence of Cp090104. Addition-
ally, it was observed that the cell-free supernatant of Cp090104 did not induce changes
in the hemolytic activity of any of the evaluated pathogenic microorganisms (Table 2 and
Figure 7).

To corroborate that C. pseudodiphtheriticun 090104 can induce changes in the phe-
notype of respiratory pathogens, the morphology of their colonies was compared in the
presence and absence of the respiratory commensal bacterium after 120 h of incubation. As
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Klebsiella pneumoniae
LABACER27

Klebsiella pneumeoniae
LABACERO1

Pseudomonas
aeruginosa

Staphylococcus
aureus

Acinetobacter
baumannii

Streptococcus
pneumoniae 19F

shown in Figure 8, the mucoid morphologies of the colonies of P. aeruginosa, K. pneumoniae
LABACER27 and LABACERO01, and S. pneumoniae 19F were not observed in the pres-
ence of Cp090104. In all cases, the colonies had more defined edges and were smaller in
size. A similar but less pronounced effect was detected when comparing the colonies of
A. baumannii cultured in the absence and presence of Cp090104 (Figure 8). On the other
hand, the yellowish colony of S. aureus decreased in size and turned white when the
pathogen was cultured in the presence of Cp090104 (Figure 8). When the cell-free super-
natant of Cp090104 was used, no phenotypic changes were observed in the colonies of any
of the respiratory pathogens studied.

Control ~ +Cp090104 +supernatant
Cp090104

Pseudomonas
aeruginosa
Control +Cp090104 T supernatant
Cp090104
Staphylococcus
aureus
Control +Cp090104 * supernatant
Cp090104
Streptococcus

pneumoniae 19F

Figure 7. Hemolytic activity assay. Characterization of the effect of C. pseudodiphtheriticum 090104
(Cp090104) and its cell-free supernatant on the hemolytic activity of respiratory pathogens when
cultured on BHI agar-blood medium. Tests were performed in triplicate and in three independent ex-

periments.

Control + Cp090104

2.5 ** *% il EX3 w%k
—_— — * % —_—
N N —
o
£ 15
b
£
£ 1.0
@
~ 17 U
0.0
\: K. p i K. p iae P. aeruginos S. aureus A, b i S.p
\ 27 01 19F
== Control
A

Figure 8. Colony morphology assay. Characterization of the effect of C. pseudodiphtheriticum 090104
(Cp090104) on the colony morphology of respiratory pathogens when cultured on BHI agar medium.
The diameter of colony was measured in the presence and absence of Cp090104. All tests were per-
formed in triplicate; means with standard deviations are presented for each measurement. Significant
differences between the indicated groups: (**) p < 0.01.
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4. Discussion

In previous works, we demonstrated the ability of the commensal bacterium
C. pseudodiphtheriticum 090104 to modulate respiratory immunity, resulting in decreased
susceptibility to infections [19-21]. In this work, we further characterized the probiotic
effects of the strain 090104 by showing that this bacterium could exert antagonistic effects
on various respiratory pathogens.

The autoaggregation of bacteria is considered important for their attachment to ep-
ithelial surfaces, as they provide an initial anchorage that allows them to colonize host
mucosa [26,38]. Autoaggregation is advantageous for bacteria, as it contributes to their
resistance to external pressures. For example, autoaggregation was reported to help bac-
teria to protect themselves when facing nutrient scarcity or oxidative stress. It can also
contribute to protecting them from the immune system [26]. Therefore, this property was
described in numerous pathogens, including those infecting the respiratory tract. In this
regard, the capacity for autoaggregation has been reported for P. aeruginosa, S. aureus, and
A. baumannii strains [26], as well as for carbapenemase-producing K. pneumoniae strains [39],
which use it to initiate their infection cycle. Consistent with these previous reports, it
was observed that all the respiratory pathogens studied here exhibited autoaggregating
capacities, which were particularly notable for K. pneumonine LABACER27, LABACERO1,
and A. baumannii. Studies have also described autoaggregative capabilities in pathogenic
species of Corynebacterium [40,41]; however, this behavior has not been thoroughly studied
for C. pseudodiphtheriticum strains.

A study conducted with C. pseudodiphtheriticurn ATCC10700, isolated from exudative
pharyngitis, described an adherence pattern called aggregative adherence, characterized by
groups of bacteria with a “stacked brick” appearance upon contact with human HEp-2 ep-
ithelial cells [42]. The work also observed that HEp-2 cells were infected by the ATCC10700
strain, and then the autoaggregation of C. pseudodiphtheriticum was associated with its
virulence resembling other respiratory pathogens. In contrast, when C. pseudodiphtheriticum
090104 was studied here, a weak/moderate autoaggregating ability was found according
to the criteria of Balakrishna et al. [25]. The low/moderate autoaggregating capacity of the
090104 strain could be associated with its lack of virulence and might not be associated with
its ability to colonize respiratory mucosa, as described for other commensal bacteria. It was
reported that C. accolens (strains C779, C781, and C787), another species of non-pathogenic
respiratory commensal bacteria, has a high capacity to adhere to human nasal epithelial
cells and prevent invasion by S. aureus [11]. It was also described that such adherence to
host cells was not related to the autoaggregating capacity of the strains. Another example
is the study describing that C. amycolatum (strains ICIS 9 and ICIS 53), isolated from the
vaginal mucosa of healthy women, exhibits a moderately autoaggregative phenotype de-
spite its high capacity to adhere to epithelial cells [43]. It is necessary to consider that the
autoaggregative capacity of bacteria can be altered in response to modifications in their
environment, such as changes in oxygen levels or temperature variations [26,38], scenarios
that can occur along the host’s respiratory tract. Therefore, further studies of the 090104
strain are needed to evaluate whether its autoaggregating capacity varies upon contact with
host cells and under environmental conditions that simulate those of the respiratory tract.

The ability of bacteria to aggregate is closely related to their capacity to form biofilms,
as the former is an initial step in the ecological adaptation that culminates in the es-
tablishment of a biofilm and subsequent colonization of the microbial community on a
biotic or abiotic surface [44,45]. Thus, pathogenic bacteria, including respiratory
ones [46—49], can form biofilms on a wide variety of surfaces, such as living tissues and
medical devices [31,50,51]. The capacity for biofilm formation has been documented in
Corynebacterium species [52,53], a property that is pronounced in pathogenic species such
as C. jeikeium, C. macginleyi, and C. diphtheriae [54-56]. This property was also described for
C. pseudodiphtheriticum strains associated with infections. C. pseudodiphtheriticurn HHC1507, iso-
lated from a patient’s blood with systemic infection, and C. pseudodiphtheriticum ATCC10700,
isolated from the respiratory tract of a patient with pharyngitis, showed high and moderate
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abilities to form biofilms on plastic surfaces, respectively [57]. In line with their autoag-
gregating capacities, the respiratory pathogens studied here exhibited a marked ability to
form biofilms that was greater than that observed in C. pseudodiphtheriticum 090104. The
low autoaggregating and biofilm-forming capacities of the strain 090104 would not affect
its adhesion to the respiratory epithelium or its ability to modulate the immune system
in vivo, as its BLPs, which preserve the immunomodulatory properties of live bacteria, did
not exhibit autoaggregating abilities and, of course, were unable to form a biofilm.

Although C. pseudodiphtheriticumn 090104 exhibited low /moderate autoaggregation, it
was observed that this respiratory commensal bacterium could coaggregate with all the
respiratory pathogens studied. These results are in line with reports describing the ability
of C. amycolatum ICIS 9 and C. amycolatum ICIS 53 to coaggregate with pathogenic strains of
K. pneumoniae, P. auruginosa, and S. aureus [10]. It was reported that the coaggregation prop-
erty of probiotics can play an important role in limiting the virulence of pathogenic bacteria
by inhibiting their adherence and colonization in the host mucosa [58,59]. Additionally,
coaggregation enhances other probiotic properties, such as competition for nutrients, inhi-
bition by antimicrobial substances, and the modulation of virulence factors” expression by
favoring closer contacts between microorganisms [60].

Studies have evaluated the ability of probiotic microorganisms to coaggregate with
respiratory pathogens, and it has been reported that this property depends on the strain an-
alyzed, the bacterial pathogen, and the incubation conditions [28]. L. plantarum MBS17 [61]
and L. fermentum LP10 [62] have been described to coaggregate with pathogenic strains of
K. pneumoniae, while L. brevis gp104 can coaggregate with S. aureus [63]. This phenomenon
has also been reported with pathogenic strains of P. aeruginosa isolated from sputum sam-
ples of cystic fibrosis patients, which can coaggregate with lactobacilli and bifidobacteria
strains [64,65]. On the other hand, it was documented that B. subtilis KATMIRA1933 and
B. amyloliquefaciens B-1895 are capable of coaggregating with various Acinetobacter spp.
isolates [66]. There is no published precedent describing the ability of a strain of the species
C. pseudodiphtheriticum to coaggregate with respiratory pathogens, making this work the
first report in that regard.

One of the most commonly used tests in selecting probiotic microorganisms for preven-
tion or treatment of infections is to determine their ability to inhibit the growth of pathogens
in vitro [1-3]. Therefore, the potential inhibitory effect of C. pseudodiphtheriticum 090104
against all the respiratory pathogens was also evaluated. The experiments showed that
the respiratory commensal bacterium managed only to inhibit the growth of K. pneumoniae
LABACER?27 and S. pneumoniae 19F, and that this effect was bacteriostatic rather than bacte-
ricidal. These results could explain data obtained in vivo, where C. pseudodiphtheriticum
090104 was used to enhance the resistance to respiratory infections produced by nasal
challenges with K. pneumoniae LABACER27 and LABACERO1 [67]. The treatment of mice
with the respiratory commensal bacterium before the challenge with LABACER27 and
LABACERO1 strains increased the resistance to infections, evidenced by lower bacterial
loads in lungs and blood, decreased lung damage, and improved survival rates compared
to control mice. This effect was associated with the ability of the strain 090104 to modulate
respiratory and systemic innate immunity. It is worth noting that the protective effect of
C. pseudodiphtheriticum 090104 was greater in the infection by K. pneumoniae LABACER27
compared to that of the LABACERO1 strain [67]. It is possible to speculate that this dif-
ference is due to the bacteriostatic effect exerted by the 090104 strain on K. pneumoniae
LABACER?27, allowing the immune system to act more efficiently. We hypothesized that
genomic differences between LABACER27 and LABACERO1 strains [22,68] could explain
the higher virulence of the latter in the in vivo model, as well as the lower efficacy in the
protection induced by C. pseudodiphtheriticum 090104. The results obtained here reinforce
this hypothesis since genomic differences between the strains could also explain the lack of
inhibitory effect of the respiratory commensal bacterium on K. pneumoniae LABACERO1.

On the other hand, the bacteriostatic effect of C. pseudodiphtheriticum 090104 on
S. pneumoniae would also contribute to protection against pneumococcal infection in vivo
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in addition to its immunomodulatory effect. Consistent with our results, it was reported
that bacterial lipases produced by strains of C. accolens and C. amycolatum are essential for
inhibiting the growth of S. pneumoniae in vitro [16]. Furthermore, using a murine model,
it was described that the colonization of the nasopharynx by C. accolens or C. amycolatum
significantly decreased the colonization of S. pneumoniae in the upper respiratory tract
and reduced lung infection. Additionally, mice treated with these Corynebacterium species
exhibited a respiratory immune response regulated differentially and characterized by
reduced inflammatory damage [16]. The results of previous studies [19-21] and those
presented here suggest that the protective effects exerted by commensal Corynebacteria are
mediated by mechanisms dependent and independent of the modulation of the immune
system, which could act together to improve resistance to infections.

Various studies have described the antagonistic effect of Corynebacterium spp. on
the pathogen S. aureus. Studies conducted in the 1980s already described the ability of
C. bovis to inhibit the growth of S. aureus in vitro [12]. It was also reported that C. striatum
strains can exert a bactericidal effect on this pathogenic bacterium [13,14]. However,
when the interaction of C. pseudodiphtheriticurn 090104 with S. aureus was studied, no
inhibitory effect was detected. This contrasts with previous studies in humans in which
C. pseudodiphtheriticum 090104, administered in a saline suspension as an aerosol to subjects
under conditions of hyperthermia and contaminated air, was able to eliminate or reduce
the counts of S. aureus from the upper respiratory tract [69]. Two hypotheses could explain
these differences, which are not mutually exclusive. One possibility is that the beneficial
effect observed in humans is due to the modulation of respiratory immunity and not to a
direct effect on the pathogen. Another possibility is that, under the experimental conditions
of the in vitro study, C. pseudodiphtheriticum 090104 does not express the factor(s) that inhibit
the growth of S. aureus in vivo. In support of this latter hypothesis, it was described that
C. pseudodiphtheriticum USU], isolated from the nasal mucosa of a healthy volunteer, has
an in vitro inhibitory activity on S. aureus that is notably greater than that observed for
C. pseudodiphtheriticum 10700, a laboratory-adapted strain [15]. Further studies are needed
to determine the mechanism(s) by which C. pseudodiphtheriticurn 090104 would exert its
protective effect against S. aureus in vivo.

There are precedents for the inhibitory effect of C. aurimucosum, C. aquatimens, and
C. mucifaciens strains on A. baumannii [17]. It was also reported that A. baumannii 17,978 in-
hibits the skin bacterium C. striatum ATCC6940 through the production of acinetobactin [70].
However, the interaction between this pathogen and C. pseudodiphtheriticum has not been
studied. The results presented in this work show that C. pseudodiphtheriticum 090104 does
not inhibit the growth of A. baumannii. On the contrary, A. baumannii exerts a bacterici-
dal effect on the respiratory commensal bacterium. This raises an interesting question
about whether it is possible to use C. pseudodiphtheriticum 090104 to increase resistance to
respiratory infections produced by A. baumannii.

There is evidence of alterations in the genetic expression of bacteria when a microbe—
microbe interaction is established, which can translate into phenotypic changes [32]. One
example of these changes is the demonstrated ability of some probiotic strains to inhibit
biofilm formation in pathogenic bacteria [71-73]. This property has also been reported
in some Corynebacterium strains. A study demonstrated that C. xerosis NS5 produces a
lipopeptide biosurfactant called coryxin, which prevents biofilm formation on abiotic
surfaces in S. aureus, S. mutans, E. coli, and P. aeruginosa [18]. On the other hand, the
cell-free supernatant of C. amycolatum ICIS 99 reduced biofilm formation in clinical iso-
lates of P. aeruginosa and K. pneumoniae [43]. It has also been shown that the exposure of
S. aureus to C. striatum CFCM induced a negative regulation of genes under the control of
the quorum sensing detection system Agr (AgrQS), resulting in changes in the pathogenic
bacterium, such as a notable reduction in its hemolytic activity [13]. Recently, it was de-
scribed that C. pseudodiphtheriticum USU1 negatively regulates the sensor protein agrC of
the Agr QS system, changing the expression of various virulence factors in S. aureus, which
also induced changes in cell surface morphology [14,15]. Considering these precedents,
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the ability of C. pseudodiphtheriticum 090104 to induce phenotypic changes in respiratory
pathogens was studied. The cell-free supernatant of C. pseudodiphtheriticum 090104 reduced
the formation of biofilms in all respiratory pathogens studied. It was also observed that
the respiratory commensal bacterium can induce changes in colony morphologies and
inhibit the hemolytic activity of respiratory pathogens producing « (S. pneumoniae 19F)
and (3 (S. aureus, P. aeruginosa) hemolysis. Further studies are needed to delve into the
mechanisms associated with the phenotypic changes resulting from the interaction between
C. pseudodiphtheriticum 090104 and the respiratory pathogens.

5. Conclusions

In conclusion, this work demonstrated that, in addition to its immunomodulatory
properties, C. pseudodiphtheriticum 090104 has antagonistic effects on respiratory pathogens
through its ability to coaggregate, inhibit their growth, interfere with biofilm formation,
and alter their phenotype. The mechanisms involved in such microbe-microbe interactions
should be studied in greater depth, using biochemical and molecular biology tools. For
example, a detailed genetic analysis would be critical in understanding the bacteriostatic
effects rather than the bactericidal effects observed in the experiments with K. pneumoniae
and S. pneumoniae. In addition, the impact of these microbe-microbe interactions on the
pathogens’ virulence and infectivity capacities should be evaluated in vivo.
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