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Abstract

Multidrug resistance (MDR) is a major global health challenge, necessitating alternative or adjuvant
strategies such as lactoferrin (Lf) and probiotics. Opportunistic bacteria are key drivers of healthcare-
associated infections (HAIs) due to their ability to form biofilms and cause persistent infections. Lf, a
glycoprotein present in mammalian milk and secretions, exhibits antimicrobial properties as part of
innate immunity. Similarly, probiotics —primarily lactic acid bacteria (LAB)—influence pathogen
growth and adhesion. This study evaluated the antimicrobial and anti-biofilm effects of purified
bovine Lf (bLf) versus commercial Lf, alone and combined with LAB-derived supernatants, against
several opportunistic strains. Using qualitative and quantitative methods, we assessed the
antimicrobial, anti-adherence, and immunomodulatory activities of bLf (Sigma-Aldrich), commercial
Lf (Jarrow Formulas), and LAB supernatants. High-purity bLf demonstrated superior antimicrobial
and antibiofilm effects compared to supplement-derived Lf. Furthermore, commercial Lf, combined
with LAB metabolites, effectively inhibited biofilm formation, reduced inflammation, and prevented
bacterial adhesion to eukaryotic cells. These findings support the potential use of lactoferrin, alone
or in synergy with probiotics, as adjuvants or prophylactic agents, particularly for
immunocompromised patients, to limit bacterial adherence and prevent chronic infections.

Keywords: lactoferrin; antimicrobial activity; anti-biofilm activity; probiotics; opportunistic
infections; immunomodulatory activity; multi-drug resistance (MDR)

1. Introduction

Antimicrobial Resistance (AMR), including Multi-Drug Resistance (MDR), counts among the
top 10 threats to public health and has been described as a “silent pandemic” [1-4]. MDR has been
defined as the decreased sensitivity to > 1 antibiotic agent from > 3 antibiotic classes [5]. More than
10 years ago, The World Health Organization (WHO) warned about entering a period where no
antibiotics will longer be effective against multi-resistant microorganisms, known as the “post-
antibiotic” era [1,6]. In less than 30 years from now on, it is presumed that more deaths will be due
to AMR alone than diabetes and cancer together [1,7]. The administration of broad-spectrum
antibiotics, either for empirical or targeted treatment, has led to the dissemination of multiple MDR
bacterial strains [3]. The most important pathogens causing MDR infections are: (1) Gram-negative:
Acinetobacter baumannii, Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia coli; and (2) Gram-
positive: Streptococcus pneumoniae, Staphylococcus aureus, Enterococcus faecium, from which the latter
two have developed extensive resistance to antibiotics, including methicillin and vancomycin
[1,2,4,7,8].
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Antibiotic resistance, driven by chromosomal or plasmid-mediated resistance genes, is divided
into: (1) natural or constitutive resistance, stemming from the bacterium’s intrinsic properties that
contribute to its resistance to the effects of antibiotics; and (2) acquired resistance, caused by multiple
mechanisms, such as: decreased membrane permeability and compositional alterations of cytoplasm
membrane, resulting in reduced drug quantities entering the cell; activation of efflux pumps;
synthesis of enzymes that decompose or block the activity of antibiotics; activation of secondary
metabolic pathways; structural modifications of the antibiotic target [2,8].

Though, as a result of the stress caused by adverse conditions including various antimicrobials,
bacterial cells have developed a secondary lifestyle of isolated cells, an adaptive state, in large
communities known as biofilms [9,10]. The term “biofilm” was firstly defined by Donlan et al. as a
sessile, multilayered microbial population consisting of cells permanently attached to one another
and to biotic or abiotic substrates, that are incorporated in a self-produced matrix of Extracellular
Polymeric Substances (EPS) and exhibit different, specific gene expression profiles and growth rate
phenotypes [10-12]. Bacterial cells embedded in a biofilm are more resistant than their planktonic
counterparts, attributed to “super resistant cells”, tolerant due to their metabolic latency or dormant
state that support the survival of biofilms during long-term antibiotic treatment [12,13].
Implementing alternatives or adjuvants to antibiotics, such as probiotics and Lf, stems from the
biofilm-included cells possessing a notable, non-inherited resistance or tolerance to antibiotics and
immune effectors, leading to chronic and persistent infections [10,12-14].

Lactoferrin (Lf) is an iron-chelating 80 kDa glycoprotein purified from bovine milk for the first
time 85 years ago [10,15]. It is present in the whey protein fraction of milk, alongside a-lactoalbumin,
[-lactoglobulin, lactoperoxidase, serum albumin, and immunoglobulins [16]. Besides mammal milk,
Lf has been identified in saliva, semen, tears, bile, intestinal, vaginal and bronchial secretions, where
it takes part in the local antipathogenic defense mechanisms [17-19]. Bovine Lf (bLf) and human Lf
(hLf) are similar in structure, given that the polypeptide chain of bLf is 689 aminoacids and 691
aminoacids long for hLf, allowing for the use of bLf in human therapeutics [20,21]. Past research has
underlined that Lf is a multivalent protein, given its antibacterial, antifungal, antiviral, antiparasitic,
antioxidant, anti-inflammatory, immune-promoting and antitumoral properties [10,18,22-24]. The
antimicrobial action of Lf is due to the bacteriostatic and bactericidal mechanisms described against
several Gram-positive and Gram-negative pathogens [21,23,25]. The bactericidal action is linked to
the N-terminal region of Lf (lactoferricin, Lfcin), as well as the positive charge of the molecule,
facilitating the interaction with anionic molecules on bacterial surface, such as lipopolysaccharides
(LPS) of Gram-negative bacteria and lipoteichoic acids of Gram-positive bacteria, resulting in
membrane permeabilization [21,23-26]. The bacteriostatic aspect of Lf is arising from its iron-
sequestering property, although the microbial metabolism and growth inhibition is transient and can
be restored by exogenous iron supplementation [21,25,26] (Figure 1). The interaction between Lf and
bacterial membrane porins might be correlated to the antibacterial properties [24]. In the context of
the emerging incidence of infections with MDR strains, Lf represents a promising candidate for the
management of HAI, enabling its use as an adjuvant to antibiotic therapy [27].
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Figure 1. The antimicrobial effects of Lf (generated with BioRender.com, accessed on October 17 2025).

Probiotics, including LAB, are represented by Gram-positive, non-spore-forming,
microaerophilic bacteria colonizing the normal gut microbiota that benefit the host [28-30]. The
immunostimulatory and immunomodulatory effect, anti-infectious activity, mutagenesis-inhibitory
action, diminishing blood ammonia and serum cholesterol concentrations, decreasing gut
inflammation and stabilization of mucosal barriers can be counted among these benefits [29,31]. The
idea about these beneficial microorganisms was underlined by E. Metchnikoff (1907), but the term
“probiotic” (“for life”) was coined later in 1953, describing it as bioactive compounds crucial for the
proper development of biological systems [29,32]. Probiotics comprise a heterogenous class of
bacteria also present in fermented products (cheese, meats, yogurt and other dairy products). The
most commonly used probiotic strains belong to the Lactobacillus, Bifidobacterium, Enterococcus,
Lactococcus, Pediococcus and Streptococcus genera, as well as yeast strains of Saccharomyces boulardii
and, most notably, a strain of Escherichia coli — E. coli Nissle 1917 [30,33-35]. Out of these, the most
predominant probiotic genera in the human gut and the first to colonize the newborn intestines are
Lactobacillus and Bifidobacterium [33,34,36]. The Lactobacillus genus is a member of the Lactobacillaceae
family within the Firmicutes phyla and is the most representative bacteria of the LAB group
[29,33,34]. Species of Lactobacillus are able to transform hexose carbohydrates into lactic acid, therefore
providing unfavorable acidic conditions, preventing the growth and adhesion of pathogenic bacteria
[33]. Lactobacilli are considerable antimicrobial agents due to the synthesis and release of benzoic
acid and H20:2 which inhibit the colonization of catalase-negative and low pH-sensitive pathogens.
Further antibacterial mechanisms of LAB include the antagonism for binding sites and nutrients,
interference with the quorum-sensing (QS) system, and secretion of bacteriocins [28,34,37]. These
molecules are antibacterial agents with low molecular weight and broad-spectrum activity against
multiple enteric microorganisms [34]. The previously described strategies are effective in eradicating
infections caused by Clostridium spp. (C. difficile), Salmonella spp., Helicobacter pylori and E. coli [29,31].
Besides, probiotics in general have notable effects on modulating the host's immune defense by
promoting release of anti-inflammatory cytokines and blocking synthesis of pro-inflammatory
cytokines [38]. Taking these benefits into consideration, LAB have attracted the interest of researchers
for their use as alternatives or adjuvants to antibiotics [34]. In recent times, antibiotic therapy has
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been administered simultaneously with probiotics to prevent gut dysbiosis caused by antibiotics,
even though probiotics alone proved an efficient decolonizing activity against pathogenic bacteria
[39].

In recent times, bacterial products as metabolites, non-viable cell fragments and extracellular
vesicles (EVs) have been included in the spectrum of probiotics’ action, being classified as postbiotics,
which are beneficial to the human organism [40-43]. Postbiotics have been defined in 2021 by the
International Scientific Association of Probiotics and Prebiotics as preparations of “inanimate
microorganisms and/or their components that confers a health benefit on the host” [44]. EVs are a
group of spheric lipid particles, with diameters within the nanometer scale (20-400 nm) and released
by both eukaryotic and prokaryotic cells, including probiotics [41-43,45,46]. Initially, it was
considered that EVs were exclusively produced by Gram-negative bacteria, given their structural
similarity to the outer membrane; though, these structures were observed in probiotic Gram-positive
bacteria such as Lb. plantarum, Lb. rhamnosus and Lb. paracasei [40,47-50]. LAB-derived EVs are
transporters of bioactive macromolecules (lipids, nucleic acids, proteins, enzymes, polysaccharides,
metabolites), therefore supporting the host’s health by their antibacterial and immunomodulatory
activities [40,42,43,47,48,51,52]. In this context, a nanoplatfom formulated with Lb. paracasei EVs was
demonstrated to be a novel approach to antimicrobial therapy against Staphylococcus aureus [47]. In
other studies, EVs from Lb. plantarum had a notable action against Shewanella putrefaciens, S. aureus
and Propionibacterium acnes [40,48]. Lb. rhamnosus, E. coli Nissle 1917 and Lb. plantarum-derived EVs
promoted the immunomodulatory release of anti-inflammatory cytokines (IL-1p3, IL-6, TNF-a) and
inhibition of anti-inflammatory cytokines (IL-10) synthesis in microglial cells and immune effectors
such as dendritic cells and macrophages [49,53-55]. In addition, EVs from E. coli Nissle 1917 enhanced
the bactericidal action of macrophages when infected with E. coli, S. aureus and S. typhimurium [53].

This study aimed to evaluate the inhibitory effect of bLf, in opposition to commercial Lf, upon
microbial growth and adhesion of several opportunistic strains. Furthermore, the combinations
between commercial Lf and supernatants derived from LAB cultures were tested for the same
activities. Finally, the immunomodulatory actions of these combinations against opportunistic
infections were measured.

2. Materials and Methods

2.1. Bacterial Strains

The Gram-positive and Gram-negative opportunistic bacterial strains used in the experiments
were purchased from American Type Culture Collection (ATCC, Manassas, Virginia, USA)
(Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853),
as well as isolated from newborn feces (Enterococcus faecium).

Prior to the evaluation, fresh cultures were obtained by transferring and incubating the strains
on nutritive agar in Petri dishes at 37°C, for 24h in a LBX Instruments incubator (Labbox, Barcelona,
Spain).

2.2. Tested Compounds

The tests were conducted using the following agents and procedures (Table 1):

Table 1. Procedures to obtain the tested compounds and their stock solutions.

Compound Stock solution(s) Procedure

bLf 10 mg (Sigma-Aldrich,(1) 1 mg/mL in distilled water;
St. Louis, Missouri, USA)  (2) 2 mg/mL in nutrient broth.
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(1) 5 mg/mL in nutrient broth;

(2) 25 mg/mL in Phosphate
commercial Lf 250 mgBuffered Saline (PBS);
(Jarrow  Formulas, Los(3) 25 mg/mL in liquid Man- -
Angeles, California, USA) Rogosa-Sharpe (MRS) media;

@4 25 mg/mL in LAB

supernatants.

gentamicin-sulphate 1 g
(Sigma-Aldrich, St. Louis, 1 mg/mL in distilled water -

Missouri, USA)
(1) obtaining fresh LAB cultures by
transferring 100 pL from previously
cultured pro-biotic strains into 10 mL
of liquid MRS media in Eppendorf
falcons  (Eppendorf, = Hamburg,
Germany), followed by incubation at
37°C, for 24h.
Cell-Free Supernatants (2) placing of 2 mL of each
(CFS) derived from LAB Lactobacillus  culture in  two
cultures (Lactobacillus Eppendorf tubes, pursued by
rhamnosus MF9 from centrifugation for 5 min at 6000 rpm.
newborn feces; Lb. plantarum i (3) filtration of LAB supernatants
F, Lb. brevis 10 from with 5 mL syringes Injekt®® (B. Braun,
fermented foods) Melsungen, Germany) and
ReliaPrepTM 0.2 um  filters
(Ahlstrom-Munksjo, Helsinki,

Finland) in order to remove any
contaminants and bacterial cells.

(4) acidity Dbuffering of LAB
supernatants (using a NaOH 10%
solution), bringing the pH to a neutral
value: 7-7,5 [36]

2.3. Antimicrobial Qualitative Test (Adapted Antibiogram Method)

Prior to the qualitative test, serial binary dilutions were performed to obtain six different
concentrations of bLf (1000, 500, 250, 125, 62.5, and 31.25 ug/mL). A standardized inoculum,
represented by a 0.5 McFarland bacterial suspension in 0.9% NaCl sterile solution, equivalent to 1.5
x 108 CFU (Colony Forming Units)/mL, was prepared for each strain. The inocula were individually
seeded on Petri dishes containing solid medium (nutritive agar), followed by placing 10 uL of each
bLf concentration using an Eppendorf pipette (Eppendorf, Hamburg, Germany). After the diffusion
of the drops, the Petri dishes were incubated at 37°C, for 18-20h, followed by the measurement of the
growth inhibition zone diameters in millimeters (mm) [56]. For each bLf dilution, the experiment was
performed in duplicate.

2.4. The Minimal Inhibitory Concentration (MIC) Method

The microdilution method was used to establish the Minimal Inhibitory Concentration (MIC) of
the tested compounds. Therefore, the method was carried out using 96-well plates, in sterile nutrient
broth liquid media. Serial binary dilutions of each compound were performed in a final volume of
200 pL, producing the following concentrations: bLf (2000, 1000, 500, 250, 125, 62.5, 31.25, 15.63, 7.81
and 3.91 ug/mL); commercial Lf (5000, 2500, 1250, 625, 313.5, 156.25, 78.13, 39.06, 19.53 and 9.77
pg/mL), alone and combined with LAB supernatants (50%, 25%, 12.5%, 6.25%, 3.13%, 1.56%, 0.78%,
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0.39%, 0.2%, and 0.1%), and gentamicin (100, 50, 25, 12.5, 6.25, 3.13, 1.56, 0.78, 0.39, and 0.2 ug/mL).
Then, a 1/10 dilution of the 0.5 McFarland suspension was executed for each pathogenic strain,
resulting in a density of 1.5 x 107 CFU/mL. 10 uL of each diluted bacterial suspensions were then
transferred to each well, succeeded by incubating the plates at 37°C, for 24h. Thereafter the MIC
values were determined by macroscopical analysis [12,56,57].

2.5. The Minimal Biofilm Eradication Concentration (MBEC) Method

To evaluate the compounds’ anti-biofilm action, the crystal violet microdilution method was
used. In short, each compound (bLf, commercial Lf alone and mixed with LAB supernatants, and
gentamicin, respectively) was diluted in 96-well plates, in sterile liquid broth, in a final volume of 200
pL. After that, each well was seeded with 10 puL of a suspension with a density of 1.5 x 107 CFU/mL
for each strain, followed by incubation of the plates at 37°C, for 24h. Thereafter, the liquid broth was
removed and the 96-well plates were washed twice with 150 pL of PBS to eliminate non-adherent
bacterial cells. The remaining adherent cells on the plastic substrate were fixed with 150 pL of cold
methanol for 5 min. Subsequently to the methanol removal, the bacterial cells were stained with 120
pL of a 1% crystal violet solution for 20 min and the remaining dye was washed off with tap water.
The aspect and incorporation of bacterial cells in the biofilms were examined by an inverted optical
microscope (200x) (Optika Microscopes, Ponteranica, Italy). The stained biofilms were resuspended
in 120 pL of a 33% acetic acid solution and the optical density (OD) of the suspensions was
determined spectrophotometrically at a 490 nm using the Synergy HTX ELISA reader associated with
the Genb 2.06 software (BioTek, Winooski, Vermont, USA) [12,56,57].

2.6. Induction of Cytokines Secretion

The colorectal adenocarcinoma HCT-8 cell line (ATCC, Manassas, Virginia, USA) was used to
assess the production of cytokines. The cells were maintained in DMEM (Dulbecco’s Modified Eagle
Medium):F12 (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) supplemented with 10%
FBS (Fetal Bovine Serum), in 24-well plates in a volume of 1 mL per well, at 37 °C in a humidified
atmosphere with 5% CO2, according to the provider’s instructions [58].

The immunomodulation protocol was adapted by Lepanto et al., 2019 [59], as it follows. Firstly,
the HCT-8 cells in every well were pre-treated with a volume of 200 uL commercial Lf and/or LAB
supernatants, succeeded by incubating the 24-well plates at 37 °C, 5% CO2, for 2.5 h. Secondly, after
the pre-treatment, the cells were stimulated by adding 400 pL of bacterial suspensions of S. aureus
ATCC 25923, E. coli ATCC 25922, P. aeruginosa ATCC 27853, and E. faecium at a density of 1.5 x 107
CFU/mL in PBS, then followed by plates” incubation at 37 °C, 5% CO2, for another 2.5 h. After the
immune stimulation, cell supernatants were transferred into Eppendorf 1.5 mL tubes and kept at -
20°C [56,59].

2.7. Enzyme-Linked Immunosorbent Assay

The release of anti-inflammatory (IL-10) and pro-inflammatory (IL-6, IL-8, TNF-a) cytokines was
quantified using EIAab Science ELISA kits (EIAab Science INC, Wuhan, China), as stated by the
manufacturer’s instructions. The assessments were conducted on the supernatants obtained in the
previous step, which were pre-treated with commercial Lf and/or LAB supernatants and then
stimulated with microbial suspensions (See 2.4.1). The cytokine concentrations were determined by
spectrophotometer readings at 450 nm using the Synergy HTX ELISA reader and the Gen5 2.06
software (BioTek, Winooski, Vermont) [56].

2.8. Bacterial Adhesion to Cell Substrate — Adhesion Patterns and Adhesion Index

In order to analyze the adhesion patterns and determine the Adhesion Index (AlI%), the HCT-8
cells were maintained in DMEM:F12 supplemented with 10% FBS, in 6-well plates in a volume of 2
mL per well, at 37 °C in a humidified atmosphere with 5% CO2. To every well, 200 uL of commercial
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Lf and/or LAB supernatants and 400 pL of bacterial suspensions of S. aureus ATCC 25923, E. coli
ATCC 25922 and P. aeruginosa ATCC 27853 at a density of 1.5 x 107 CFU/mL in PBS were added.
Subsequently, the plates were incubated for 2 h at 37 °C, 5% CO2, then washed twice with PBS,
stained for 20 min with a Giemsa solution (Merck, Darmstadt, Germany), then washed with tap water
and examined using a Zeiss Primo Star microscope (Zeiss, Oberkochen, Germany). The microscopic
examination was used to determine the adhesion patterns and Al%, indicating the percentage of
bacteria-adhering HCT-8 cells among total counted HCT-8 cells [56,60-63].

2.9. Data Analysis

Interleukin concentrations were calculated from the measured absorbance values based on
linear regression formulas according to the kit's manufacturer (EIAab Science INC, Wuhan, China).
Detailed investigations were performed by focusing on each tested variant (SNx, SNx + LF or
pathogens). Data was pooled for Gram-negative (E. coli ATCC 25922 and P. aeruginosa ATCC 27853)
or Gram-positive (S. aureus ATCC 25923 and E. faecalis) pathogens in order to observe the overall
effect of a bacterial group.

The absolute interleukin concentrations were used to create bar plots and perform statistical
testing. Given that the current research is a preliminary study, statistical significance was not
observed for these investigations due to small sample sizes (n = 2 for the experimental variants and
n =1 for the control variants), although trends in the data could be observed.

In order to evaluate the effect of each tested variant, the variant of interest was isolated using
calculations such as: A(Pathogen control — Cells control) for pathogens effect, A(LF — Pathogen
control) for LF effect, A(SNx — Pathogen control) for the effect of each tested SN, and A(SNx + LF -
Pathogen control) for the effect of each tested SN+LF. This investigation allowed for a precise
evaluation of the variant effect, whilst increasing the sample size from the pooled values
corresponding to Gram-negative or Gram-positive bacteria.

Graphical representations and statistical testing were performed in GraphPad Prism version
8.0.2 for Windows, GraphPad Software, Boston, Massachusetts, USA, www.graphpad.com. Error
bars for all bar plots were fitted using the mean + SEM (standard error of mean) option. Statistical
testing consisted of Kruskal-Wallis ANOVA paired with Dunn’s multiple comparisons post-hoc test.
Statistical significance threshold was set at a = 0.05 at 95% confidence.

3. Results

3.1. Assessment of Lactoferrin and/or Lactic Acid Bacteria Supernatants’ Effects Against Bacterial Adhesion
and Growth

3.1.1. Effects of Bovine Lactoferrin on Bacterial Growth

In the qualitative method, several bLf (Sigma-Aldrich, USA) concentrations (1000, 500, 250, 125,
62,5 and 31,25 pug/mL) corresponding to the following dilution factors: 1, 1/2, 1/4, 1/8, 1/16, 1/32 were
used. The results did not reveal a significant antimicrobial effect of either concentration on the S.
aureus ATCC 25923, E. coli ATCC 25922, P. aeruginosa ATCC 27853 and E. faecium strains cultured on
solid media. Given that the data obtained in the qualitative testing were moderate, further
quantitative testing of the antimicrobial and anti-biofilm effects in liquid media was conducted.

3.1.2. Antimicrobial and Anti-Biofilm Activity of High-Purity Bovine Lactoferrin Compared to
Commercial Lactoferrin

The quantitative evaluation of the action upon bacterial growth and adhesion underlined a
strain-dependent effect and a more prevalent anti-biofilm activity of both lactoferrin variants.

A significant effect against development of monospecific biofilms was recorded in the treatment
of Gram-positive strains (S. aureus ATCC 25923 and E. faecium) with bLf (Sigma-Aldrich, USA), in
comparison to growth inhibition. Thus, Minimal Biofilm Eradication Concentration (MBEC) (500
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pg/mL for S. aureus ATCC 25923 and 250 pg/mL for E. faecium) values were notably lower in contrast
to Minimal Inhibitory Concentration (MIC) values (2000 pg/mL for S. aureus ATCC 25923 and 500
pg/mL for E. faecium). The treatments with commercial Lf (Jarrow Formulas, USA) followed a similar
trend for both Gram-positive strains, with MBEC values (1250 pg/mL) beneath MIC (5000 pg/mL).
The antimicrobial control (gentamicin, Sigma-Aldrich, USA) had predominantly consistent effects:
MBEC = 4 ug/mL and MIC = 4 ug/mL for S. aureus ATCC 25923; MBEC = 12.5 pg/mL and MIC = 25
pg/mL for E. faecium. Our results suggest a higher sensitivity of the Gram-positive strains to bLf
(Sigma-Aldrich, USA) since it required lower doses in order to reach MBEC and MIC values (Table
2).

Table 2. MIC and MBEC values for bLf versus commercial Lf (cLf) compared to gentamicin (Ge), for the studied
Gram-positive strains (S. aureus ATCC 25923 and E. faecium).

Tested variant MIC (ug/mL) MBEC (ug/mlL)
S. aureus ATCC 25923 + cLf 5000 1250
S. aureus ATCC 25923 + bLf 2000 500
S. aureus ATCC 25923 + Ge 4 4

E. faecium + cLf 5000 1250

E. faecium + bLf 500 250

E. faecium + Ge 25 12.5

On a microscopic scale, bLf and commercial Lf visibly reduced the adhesion to inert substrates
for the S. aureus ATCC 25923 and E. faecium strains. Moreover, bLf induced a similar effect to
gentamicin on E. faecium (Figure 2).

S. aureus ATCC 25923 +bLf | S. aureus ATCC 25923 + cLf | S. aureus ATCC 25923 + Ge | S. aureus ATCC 25923 GC
; y — — B o e =

L e
S 3
s N
BN y
N 7
B
| . i
E. faecium + bLf E. faecium + cLf E. faecium + Ge
Q (T\,\ '-:', e

Figure 2. Microscopic images of the biofilms formed by the Gram-positive strains (S. aureus and E. faecium)
treated with bLf, commercial Lf (cLf), gentamicin (Ge) and the growth control (GC) (Crystal violet staining,
200x). The untreated bacteria (GC) generated more compact biofilms, as opposed to the dispersed biofilms

resulting from the treatments.

In contrast to the Gram-positive strains, one of the Gram-negative pathogens (E. coli ATCC
25922) displayed a higher tolerance to both bLf (Sigma-Aldrich, USA) and commercial Lf (Jarrow
Formulas, USA), yielding MIC and MBEC values of 5000 pg/mL and 2000 pg/mL respectively.
However, for the other Gram-negative strain (P. aeruginosa ATCC 27853), a similar predominant anti-
biofilm effect was noticed when treated with both Lf variants: MIC = 2000 ug/mL and MBEC = 62.5
pg/mL for bLf; MIC = 5000 pg/mL and MBEC = 1250 ug/mL for commercial Lf. Gentamicin (Sigma-
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Aldrich, USA) provided equal MBEC and MIC values for each strain: 4 ug/mL for E. coli ATCC 25922
and 25 pg/mL for P. aeruginosa ATCC 27853 (Table 3).

Table 3. MIC and MBEC values for bLf versus commercial Lf (cLf) compared to gentamicin (Ge), for the studied
Gram-negative strains (E. coli ATCC 25922 and P. aeruginosa ATCC 27853).

Tested variant MIC (ug/mL) MBEC (ug/mlL)
E. coli ATCC 25922+ cLf 5000 5000

E. coli ATCC 25922+ bLf 2000 2000

E. coli ATCC 25922+ Ge 4 4

P. aeruginosa ATCC 27853 + cLf 5000 1250

P. aeruginosa ATCC 27853 + bLf 2000 62.5

P. aeruginosa ATCC 27853 + Ge 25 25

Microscopically, the elevated MIC and MBEC for E. coli ATCC 25922 could be connected to its
diminished ability to develop biofilms. In the case of P. aeruginosa ATCC 27853, gentamicin and bLf
had more visible effects on bacterial adhesion (Figure 3).

E. coli ATCC 25922 + bLf E. coli ATCC 25922 + cLf E. coli ATCC 25922 + Ge E. coli ATCC 25922 GC
4

S

- v

LY
P. aeruginosa ATCC 27853 + | P. aeruginosa ATCC 27853 + | P. aeruginosa ATCC 27853 + | P. aeruginosa ATCC 27853
bLf cLf Ge GC

) JL

3 N

Figure 3. Microscopic images of the biofilms formed by the Gram-negative strains (E. coli ATCC 25922 and P.
aeruginosa ATCC 27853) treated with bLf, commercial Lf (cLf), gentamicin (Ge) and the growth control (GC)
(Crystal violet staining, 200x). Regarding P. aeruginosa ATCC 27853, the untreated bacteria (GC) generated more
compact biofilms, as opposed to the less dense biofilms resulting from the treatments. The biofilms produced by

E. coli ATCC 25922 were generally dispersed in all conditions, with minor differences between treatment settings.

Consequently, the results highlighted that the treatments with bLf had a greater capacity to
modulate both microbial growth and adhesion to inert substrates than Lf from food supplements.
Out of the tested pathogens, the Gram-positive strains were more susceptible to both Lf variants.
Regarding the Gram-negative strains, the inhibitory effect was dependent on the tested strain.

3.1.3. Influence of Lactoferrin and/or Lactic Acid Bacteria Supernatants on Biofilm Formation

This experiment was performed to evaluate the antimicrobial and anti-biofilm effects of the
association between commercial Lf (Jarrow Formulas, USA) and supernatants containing LAB
metabolites against S. aureus ATCC 25923, P. aeruginosa ATCC 27853, E. coli ATCC 25922 and E.
faecium. The supernatants from LAB strains were referred to in the experiments as it follows: SN
(supernatant) 1 = Lb. rhamnosus MF9; SN2 = Lb. brevis 10; SN3 = Lb. plantarum F.
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The variants considered in the testing yielded considerable MBEC values especially on the
Gram-positive strains (S. aureus ATCC 25923 and E. faecium) and less significant MIC values for both
Gram-negative and Gram-positive bacteria.

Accordingly, for the S. aureus ATCC 25923 strain, SN2 determined a MBEC value equal to the
MRS control (50%). When combined with LAB supernatants, a decrease in the MBEC value of
commercial Lf (0.08 pg/mL) was perceived in contrast to Lf alone (MBEC = 1250 pg/mL) (Table 4).

Table 4. MBEC values of LAB supernatants (SN), alone and associated with commercial Lf (cLf) obtained for the
S. aureus ATCC 25923 strain.

Tested variant SN (%) cLf (ug/mL)
SN2 50 -

MRS control 50 -

SN1 + cLf 6.25 0.31

SN2 + cLf 6.25 0.31

SN3 + cLf 1.56 0.08

MRS + cLf control 50 2.5

When microscopically examined, it has been observed that Lb. brevis 10 supernatant (SN2) had
a notable anti-biofilm action against S. aureus ATCC 25923 in opposition to the MRS control.
Additionally, the mixtures between commercial Lf (Jarrow Formulas, USA) and SN1, SN2, and SN3
determined lower MBEC values than the MRS + Lf control (Figure 4).

S. aureus + SN2 S. aureus + MRS

S e NG o . .
S. aureus + SN1 + cLf S. aureus + SN2 + cLf S. aureus + SN3 + cLf S. aureus + MRS + CLf,

Figure 4. Microscopic images of the biofilms generated by the S. aureus ATCC 25923 strain treated with LAB
supernatants, alone and combined with commercial Lf (Crystal violet staining, 200x). Compared to the dense
biofilms observed in the MRS and MRS + cLf wells, the addition of LAB CFS effectively dissociated microbial
biofilms.

In the case of E. faecium, the MBEC values needed to dissociate the biofilms formed on plastic
substrates were lower for SN1 and SN2 (0.2%) compared to the MRS media control (0.39%). In
addition, in the presence of LAB supernatants, a lower concentration of commercial Lf (Jarrow
Formulas, USA) was required to inhibit biofilm formation (MBEC = 0.31 pug/mL when combined with
SN1 and SN2 and MBEC = 0.08 pg/mL when associated with SN3) on E. faecium than Lf alone (MBEC
=1250 pg/mL). The commercial Lf — LAB supernatants association yielded lower MBEC values than
the Lf + MRS control (Table 5).
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Table 5. MBEC values of LAB supernatants (SN), alone and associated with commercial Lf (cLf) obtained for the

E. faecium strain.

Tested variant SN (%) cLf (ug/mL)
SN1 0.2 -

SN2 0.2 -

SN3 0.39 -

MRS control 0.39 -

SN1 + cLf 1.56 0.08

SN2 + cLf 1.56 0.08

SN3 + cLf 1.56 0.08

MRS + cLf control 6.25 0.31

The microscopical analysis of biofilms revealed lower adhesion capacities of E. faecium when
treated with the individual LAB supernatants compared to the control. In opposition, commercial Lf
(Jarrow Formulas, USA), in the supernatant combination, did not determine considerable MBEC
values compared to the control (Figure 5).

E. faecium + SN1 E. faecium + SN2
L

E. faecium + SN3 E. faecium + MRS

e : 7= &

E. faecium + SN1 + cLf E. faecium + SN3 + cLf E. faecium + MRS + cLf

E. faecium + SN2 + cLf

Figure 5. Microscopic images of the biofilms generated by the E. faecium strain treated with LAB supernatants,
alone and combined with commercial Lf (Crystal violet staining, 200x). The biofilms produced by E. faecium were

generally dispersed in most of the experimental conditions, with minor differences between each treatment.

3.2. Effects of Lactoferrin and/or Lactic Acid Bacteria Supernatants on Immune Modulation and Bacterial
Adhesiveness

3.2.1. Modulation of Cytokine Production

The immunomodulatory effect on HCT-8 cells pre-treated with 25 mg/mL commercial Lf and/or
LAB supernatants and subsequently infected with E. coli ATCC 25922, P. aeruginosa ATCC 27853, S.
aureus ATCC 25923 and E. faecium was evaluated by quantifying the release of pro- and anti-
inflammatory cytokines. The results obtained for every strain were compared to four distinct
controls: (1) Lf control, including the bacterial cells treated with commercial Lf and the HCT-8 cells;
(2) pathogen control, comprising the bacterial and eukaryotic cells; (3) MRS control, represented by
the bacterium, MRS media and HCT-8 cells; (4) cells control, containing the untreated HCT-8 cells.

For IL-6 and TNF-a, no significant data has been recorded regardless of pathogenic strain or
treatment. Though, the treatments had varying effects on the release of the pro-inflammatory
cytokine IL-8 depending on the compound and pathogen that the eukaryotic cells have been
challenged with. Therefore, compared to the untreated control (IL-8 level of 824.81 pg/mL), in the
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immune challenge with both Gram-negative pathogens (E. coli ATCC 25922 and P. aeruginosa ATCC
27853), the association between Lf and the Lb. rhamnosus MF9 supernatant (SN1) significantly reduced
these levels to 421.18 pg/mL and 383 pg/mL respectively, potentially exerting an anti-inflammatory
effect. Lf induced a lower pro-inflammatory response mediated by IL-8 (687.09 pg/mL) than P.
aeruginosa ATCC 27853 alone (887.55 pg/mL). For E. coli ATCC 25922, Lf induced no significant
differences compared to the pathogen alone and untreated control (Figure 6, a). Similar to the Gram-
negative pathogens, the Lf and Lb. rhamnosus MF9 supernatant (SN1) combination diminished the IL-
8 concentration in the infections with S. aureus ATCC 25923 (535.27 pg/mL) and E. faecium (559.82
pg/mL), as opposed to untreated cells. On top of that, for E. faecium, all LAB supernatants alone and
the mixture of Lf and the Lb. brevis 10 supernatant (SN2) had a significant impact on IL-8 levels,
generating concentrations between 636.63 — 692.55 pg/mL. Individual Lf administration, in the
absence of infection, suppressed inflammation (652.55 pg/mL) compared to untreated cells. For S.
aureus ATCC 25923 and E. faecium, Lf determined lower levels of IL-8 (599.82 and 657 pg/mL)
compared to the pathogens alone (985.76 and 677.55 pg/mL) and cells control (824.82 pg/mL) (Figure
6, b). No statistically significant differences were observed.
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Figure 6. Graphs illustrating the absolute values of IL-8 levels in HCT-8 cells treated with Lf and/or LAB
supernatants and infected with (a) Gram-negative pathogens and (b) Gram-positive pathogens. Statistical
significance was not obtained for tested variants pairs due to a low sample sizes (n = 2 for the experimental

variants and n =1 for the control variants).
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The dataset corresponding to the effect of each tested variant on IL-8 levels following expose to
Gram-negative pathogens was correlated with a statistically significant Kruskal-Wallis ANOVA (H
= 20.49, p = 0.0001, ndataset = 52). Post-hoc analysis in the form of Dunn’s multiple comparisons test
revealed statistically significant differences between the effects of: Gram-negative pathogens and SN1
(mean rank difference = 32.33, p = 0.002, Nformer = 6, Niatter = 8), Gram-negative pathogens and SN1 + LF
(mean rank difference =42.58, p = 0.0004, normer = 6, Niatter = 4), as well as SN3 and SN1 + LF (mean rank
difference = 32.25, p = 0.014, ntormer = 8, Niatter = 4) (Figure 7).
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Figure 7. Graph illustrating the variant effect values of IL-8 levels in HCT-8 cells treated with Lf and/or LAB
supernatants and infected with Gram-negative pathogens (* p < 0.05, ** p < 0.01, ** p < 0.001). Sample sizes for
the calculated effects of tested variants range between n =4 (SNx + LF groups) and n =10 (LF).

The dataset corresponding to the effect of each tested variant on IL-8 levels following expose to
Gram-positive pathogens was correlated with a statistically significant Kruskal-Wallis ANOVA (H =
26.25, p = 0.0005, ndataset = 52). Post-hoc analysis testing revealed statistically significant differences
between the effects of: SN2 and SN1 + LF (mean rank difference = 32.88, p = 0.011, nformer = 8, Niatter = 4),
SN3 and SNI+LF (mean rank difference = 32.25, p = 0.014, Nformer = 8, Niatter = 4), as well as SN1+LF and
SN3+LF (mean rank difference = -37.75, p = 0.012, nformer = 4, Niater = 4) (Figure 8).
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Figure 8. Graph illustrating the variant effect values of IL-8 levels in HCT-8 cells treated with Lf and/or LAB
supernatants and infected with Gram-positive pathogens (* p < 0.05). Sample sizes for the calculated effects of

tested variants range between n =4 (SNx + LF groups) and n =10 (LF).

In the assessment of anti-inflammatory cytokine IL-10 secretory pattern, the varied effects of the
applied treatments had been observed. When compared to untreated HCT-8 cells (0.98 pg/mL), the
Lb. brevis 10 supernatant decreased IL-10 levels (0.78 pg/mL) in cells infected with both Gram-
negative strains (E. coli ATCC 25922 and P. aeruginosa ATCC 27853). In the E. coli ATCC 25922
infection on HCT-8, Lb. brevis 10 (SN2) and Lb. plantarum F (SN3) supernatants associated with Lf
slightly promoted the secretion of IL-10 (1.12 pg/mL) compared to the control. The supernatant from
Lb. rhamnosus MF9 (SN1) significantly uplifted the IL-10 concentration (1.59 pg/mL) in cells infected
with P. aeruginosa ATCC 27853, correlating with the possible anti-inflammatory action by suppressing
IL-8 release. Lf generated slightly higher levels of IL-10 in E. coli ATCC 25922 (0.84 pg/mL) than those
observed in the pathogen control (0.71 pg/mL); for P. aeruginosa ATCC 27853, no significant data has
been recorded on the Lf treatment (Figure 8, a). In both Gram-positive bacteria (S. aureus ATCC 25923
and E. faecium), individual and Lf-associated supernatants induced an anti-inflammatory response
via release of IL-10. In S. aureus ATCC 25923, compared to untreated cells, all the supernatants, alone
and combined with Lf, promoted IL-10 synthesis. Regarding the infection with E. faecium, while SN1
and SN2, both mixed with Lf, determined lower IL-10 expression (0.84 pg/mL) in contrast to control
cells, all supernatants, but especially SN2, induced an anti-inflammatory effect (SN1 - 2.27 pg/mL,
SN2 — 4.24 pg/mL and SN3 — 1.32 pg/mL). Lf increased the IL-10 concentration in E. faecium and S.
aureus ATCC 25923 (1.32 and 0.84 pg/mL) in comparison to the pathogens alone (0.78 and 0.71 pg/mL)
(Figure 8, b). No statistically significant differences were observed.

The dataset corresponding to the effect of each tested variant on IL-10 levels following expose
to Gram-negative pathogens was correlated with a statistically significant Kruskal-Wallis ANOVA
(H=19.02, p=0.008, ndataset = 52). Post-hoc analysis testing revealed statistically significant differences
between the effects Gram-negative pathogens and SN1 (mean rank difference =-27.92, p=0.017, normer
= 6, Niatter = 8) (Figure 9).
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Figure 9. Graphs illustrating the absolute values of IL-10 levels in HCT-8 cells treated with Lf and/or LAB
supernatants and infected with (a) Gram-negative pathogens and (b) Gram-positive pathogens. Statistical
significance was not obtained for tested variants pairs due to a low sample sizes (n = 2 for the experimental

variants and n =1 for the control variants).

The dataset corresponding to the effect of each tested variant on IL-10 levels following expose
to Gram-positive pathogens was correlated with a statistically significant Kruskal-Wallis ANOVA (H
=20.21, p = 0.005, ndataset = 52). Post-hoc analysis testing revealed statistically significant differences
between the effects LF and SN2 (mean rank difference = -24.79, p = 0.016, nformer = 10, niater = 8) (Figure
10).
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Figure 10. Graph illustrating the variant effect values of IL-10 levels in HCT-8 cells treated with Lf and/or LAB
supernatants and infected with Gram-negative pathogens (* p < 0.05). Sample sizes for the calculated effects of

tested variants range between n =4 (SNx + LF groups) and n =10 (LF).

3.2.2. Influence on Adhesion Capacity on Cellular Substrates (Adhesion Patterns and Adhesion
Index)

The inhibitory effects of LAB supernatants, alone or associated with commercial Lf, against
adhesion on HCT-8 cells were assessed by analyzing the adhesion patterns and Adhesion Indices for
all the tested strains (E. coli ATCC 25922, P. aeruginosa ATCC 27853, S. aureus ATCC 25923). For each
strain, the results were compared to three distinct controls: (1) adhesion control, comprising the
bacterial and eukaryotic cells; (2) MRS control, represented by the bacterium, MRS media and HCT-
8 cells; (3) Lf control, including the bacterial cells treated with commercial Lf and the HCT-8 cells.

Out of all the treatments, SN1 (Lb. rhamnosus MF9) and its combination with commercial Lf were
effective against every opportunistic bacterial strain considered in this experiment, especially
compared to the adhesion and MRS controls. In the case of Gram-negative pathogens (P. aeruginosa
ATCC 27853 and E. coli ATCC 25922), commercial Lf was individually effective against adhesion to
cellular substrate as well (Al% = 50%). Additionally, for P. aeruginosa ATCC 27853, the mixture
between SN3 (Lb. plantarum F) and food supplements-derived Lf had a remarkable anti-adherent
effect (Al% = 25%). In contrast, for E. coli ATCC 25922, all the probiotic supernatants, alone and
correlated with Lf, were significantly efficient, with the lowest Al% values yielded by SN2 (Lb. brevis
10) and SN3 (equal values of Al% = 15%), along with their association with Lf, both generating an
Al% of 10%. Compared to the Gram-negative pathogens, for the Gram-positive strain included in
this experiment (S. aureus ATCC 25923), only SN1, alone and mixed with commercial Lf, induced a
lower AI% (50%). The obtained data indicates a more prevalent inhibitory effect on bacterial adhesion
to cell substrate against the Gram-negative strains (Figure 11).
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Figure 11. Graph illustrating the variant effect values of IL-10 levels in HCT-8 cells treated with Lf and/or LAB
supernatants and infected with Gram-positive pathogens (* p < 0.05). Sample sizes for the calculated effects of

tested variants range between n =4 (SNx + LF groups) and n =10 (LF).

Three main adhesion patterns (aggregative, diffuse and localized) have been previously
described in vitro when infecting eukaryotic cells with bacterial strains [62—-64]. Adhesion is a key
virulence factor and implementing novel agents targeting this mechanism is a valuable option to
standard antibiotic therapy as it mitigates the dissemination of MDR mechanisms.

Concerning the adhesion pattern to HCT-8 cells, when untreated and treated with MRS and
commercial Lf, P. aeruginosa ATCC 27853 exhibited a tendency to evenly bind to eukaryotic cells,
displayed as a diffuse pattern. The treatment with Lb. rhamnosus MF9 supernatant (SN1) potentially
induced a stress response, given the transition to a localized pattern. Interestingly, the Lb. brevis 10
supernatant (SN2), alone and mixed with Lf, and the Lb. plantarum F supernatant (SN3) determined
a shift to a diffuse-localized pattern, illustrated as the development of fine, but still dispersed
microcolonies, which significates that this probiotic strain has an antipathogenic potential, being able
to reduce the adherence capacity (Figure 12).
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Figure 12. Graphs illustrating the Adhesion Index (AI%) of (a) P. aeruginosa ATCC 27853, (b) E. coli ATCC 25922
and (c) S. aureus ATCC 25923 to cellular substrates induced by LAB supernatants, alone and associated with
commercial Lf (cLf) (* p <0.05, ** p <0.01, *** p <0.001).

With respect to the adherence capacity of E. coli ATCC 25922 to cellular substrates, compared to
the other Gram-negative strain, even though the Adhesion Indices (Al%) were reduced, neither of
the considered treatments altered the adhesion patterns, the diffuse pattern being prevalent (Figure
13).
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Figure 13. Adhesion patterns of P. aeruginosa ATCC 27853 to cellular substrates in the presence of tested
combinations and in controls (Giemsa staining, 1000x).

Regarding the ability of S. aureus ATCC 25923 to adhere to HCT-8 cells, the localized-aggregative
pattern was identified when untreated and treated with MRS and commercial Lf. A shift to the
localized pattern was remarked in the bacterial interaction with the supernatant from Lb. rhamnosus
MF9 (S5N1), suggesting bacterial clustering in response to the treatment. In association with Lf, SN1
yielded a diffuse pattern, perhaps determining an aggregate breakage. The supernatant obtained
from Lb. brevis 10 (SN2) did not alter the colonization pattern, whilst its combination with Lf, as well
as individual and Lf-associated Lb. plantarum F supernatant (SN3) produced a diffuse-localized
pattern, indicating an anti-virulence/antipathogenic potential of this combination, this effect being
underlined by the formation of diffuse cell clusters (Figure 14).
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Figure 14. Diffuse adhesion patterns of E. coli ATCC 25922 to cellular substrates in the presence of all tested

combinations, as well in controls (Giemsa staining, 1000x).
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Figure 15. Adhesion patterns of S. aureus ATCC 25923 to cellular substrates in the presence of tested

combinations and in controls (Giemsa staining, 1000x).

4. Discussion

The worldwide MDR phenomenon stands from excessive, often times unfounded use of
antibiotics in healthcare units and non-clinical settings. Therefore, pathogenic and conditionally
pathogenic bacteria adopted several resistance strategies to most antibiotic classes. This enforces the
urgency to implement novel therapeutic approaches in order to take action against infections caused
by MDR pathogens [8,24,65]. The antimicrobial effect of Lf has been previously characterized,
alongside its capacity to block pathogenic bacteria from adhering to different surfaces. For this
reason, to reduce persistent infections emerging from biofilm formation, Lf has been studied as an
anti-adherent agent [66]. The antibacterial action of Lf has been previously described against several
standardized and clinically-isolated bacterial strains, such as S. aureus, E. coli, P. aeruginosa, E. faecium,
Vibrio parahaemolyticus, Bacillus subtilis, Porphyromonas gingivalis, Prevotella intermedia, Streptococcus
agalactiae, K. pneumoniae and Helicobacter pylori [10,17,25,67-79]. In addition to Lf, LAB strains could
be antibiotic adjuvants arising from their benefits provided for the host, via the production of
antimicrobial agents such as lactic acid, H202 and bacteriocins [12,80,81]. Probiotic strains represent
a promising venue in managing MDR infections stemming from their antimicrobial and anti-biofilm
capacities towards Gram-positive and Gram-negative bacteria, by inhibiting adhesion to host cells
and QS mechanisms [28,37].
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In this context, in our study, we assessed the suppressive effects of high-purity bLf, in opposition
to commercial Lf, on bacterial growth and adhesion to both inert and cellular substrates of several
representative opportunistic strains. In addition, we tested the aforementioned properties of the
combination between commercial Lf and supernatants derived from cultures of Lb. rhamnosus MF9,
Lb. plantarum F and Lb. brevis 10. Lastly, we evaluated the potential immunomodulatory effects of
these combinations in managing opportunistic infections.

Antimicrobial peptides (AMPs) are part of the innate immunity and are represented by short-
chain positively or negatively charged molecules, with proven antibacterial, antifungal, antiviral and
antitumoral properties [24,70,82,83]. Lfcin is such an AMP obtained by gastric pepsin digestion from
the amino end of bLf, in the form of LfcinB, or hLf, as LfcinH [83]. S. aureus usually resides in the
human normal microbiota, but is also an opportunistic pathogen isolated from a range of infections,
including chronic skin conditions and subcutaneous, muscular or bone infections. This
microorganism is capable of producing exotoxins leading to additional pathogenic processes, such as
Toxic Shock Syndrome Toxin-1 (TSST-1), associated with TSS, and exfoliatins, responsible for the
scalded skin syndrome [84]. In this sense, the study published by Ulvatne and Vorland aimed to test
the inhibitory effects of an AMP resulted from LfcinB, LfcinB(17-31) respectively, against S. aureus
ATCC 25923 [82,85]. The data revealed diminished MIC values (30 pg/mL), in support of the
inhibitory effect of Lfcins against bacterial growth [82]. Data from another report underline MIC of
native-form bLf (partially iron-saturated) values between 125 and 1000 ug/mL against 15 bovine
mastitis-causing S. aureus strains, with the most predominant value being 500 pg/mL, roughly similar
to our results (2000 ug/mL for bLf) on S. aureus ATCC 25923 [75]. Equivalent to our study design,
Jugert et al. tested several commercially available food Lf-containing supplements Lf against 10 S.
aureus isolates and obtained a moderate (> 5-8 mm diameter) and strong inhibition (> 8 mm diameter)
in more than half of the strains by using the disk diffusion method [86]. In relation to our data on the
antibiofilm action of Lf (MBEChsLt= 500 pg/mL and MBECcommerdaiLt = 1250 pg/mL), is has been reported
that 1.0 mg/mL and 10 mg/mL of bLf reduced biomass and viability of MDR S. aureus biofilms after
12 and 24 hours. Thus, by inhibiting further adherence in pre-formed biofilms, bLf has been
suggested to be a bacteriostatic rather than bactericidal compound [87]. Lf has also been tested in the
form of a hydrolysate and disrupted staphylococcal biofilms on glass surfaces at the concentration of
2.5 mg/mL [88]. This activity of bLf might be a valuable strategy in eradicating biofilms established
on medical devices.

Infections produced by E. faecium (i.e., urinary tract infections - UTIs, endocarditis) are a global
health concern as a result of extreme usage of antibiotics. MDR enterococci are responsible for a
significant proportion of HAI acquiring tolerance to most antimicrobial drugs [70]. Additionally,
virulence factors as capsular polysaccharides and adhesins contribute to antibiotic resistance in E.
faecium strains. Resistance to antibiotics and virulence factors can be acquired by horizontal genetic
transfer (via mobile genetic elements) between enterococci [89]. Mishra et al. developed narrow-
spectrum AMPs exemplified by LfcinB6 5L and 6L derived from the antimicrobial domain of bLf.
These peptides provided MIC values ranging between 4-16 pg/mL against several antibiotic-resistant
E. faecium clinical isolates and prompted a 90% inhibition of biofilm formation for the E. faecium C68
strain at 32 ug/mL. Moreover, this anti-adherent concentration induced E. faeciurm membrane
depolarization, fluidization and disruption [70]. These studies indicate a higher efficacy of bLf-
derived AMPs against Gram-positive bacteria, compared to our data obtained on purified bLf (MIC
= 500 pg/mL and MBEC = 250 pug/mL) and commercial Lf (MIC = 5000 pg/mL and MBEC = 1250
pg/mL).

P. aeruginosa is a clinically relevant pathogen due to its QS network, allowing the bacteria to
adapt to external stress factors by gene expression regulation [74]. P. aeruginosa is well known for
adhering to cell surfaces, which correlates to chronic respiratory tract infections, wound infections,
and diminished antibiotic therapy efficacy [69,74]. Our findings coincide with the data obtained by
Kamiya et al. The effects of bLf treatment against growth and adhesion to inert substrates of 9
clinically-isolated P. aeruginosa strains were assessed. Similar to our observations, the bacterial
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adherence was predominantly suppressed, with bLf anti-biofilm concentrations recorded between
0.1-2 mg/mL, compared to the MIC of 16 mg/mL [74]. In contrast, another report focused on the
growth inhibitory effects of LfcinB against P. aeruginosa ATCC 27853, generating a MIC of 15.6 pug/mL
[90]. The native form of bLf displayed a significant inhibitory influence on P. aeruginosa PTCC 1707
biofilms at 14 mg/mL [91], compared to our observations (MBECoLt = 62.5 pg/mL and MBECommercial L¢
= 1250 pug/mL). Additionally, Ramamourthy et al. tested several bLf-derived peptides against P.
aeruginosa PAO1 planktonic cell growth and biofilm formation, highlighting the effectiveness of
LfcinB against this pathogen (MIC = 32 uM and MBEC = 128 uM) [69].

E. coli is part of the commensal bacterial communities colonizing the intestinal tract and also
responsible for HAI and other opportunistic infections, including wound infections following
surgery, UTIs and septicemia. The diseases caused by E. coli stem from different strains, affecting the
small [enterotoxigenic E. coli (ETEC), enteropathogenic E. coli (EPEC), enteroaggregative E. coli
(EAECQ)] and large intestines [enteroinvasive E. coli (EIEC), enterohemorrhagic E. coli (EHEC)]. Due
to the increasing resistance in E. coli strains, Lf and its derivatives could be used to alleviate these
diarrheagenic conditions [71]. The restraining effect of bLf-resulted AMPs was evaluated for E. coli
ATCC 25922 as well; hence, LfcinB induced a MIC value of 30 pg/mL, but also 62.5 pug/mL [82,90].
Moreover, the study conducted by Huertas Méndez et al. aimed to test the antimicrobial action of
bLf, LfcinB and several LfcinB-derived short synthetic peptides against E. coli ATCC 11775. The data
revealed a greater inhibitory action of Lfcin B compared to bLf, illustrated by MIC values of 100
pg/mL for LfcinB, ranging between 6.2 and 25 ug/mL for LfcinB synthetic peptides and larger than
200 pg/mL in the case of bLf. The elevated inhibitory concentrations of bLf point to a dose-dependent
efficacy of the native protein [83]. In addition, the pronounced antimicrobial action of Lf food
supplements against 10 E. coli clinical strains was underlined by generating detectable growth
inhibition in 90% of the strains (growth inhibition zones higher than 5-8 mm in diameter) [86].
Consistent with our experimental findings (MBECows = 2000 pg/mL and MBECcommercal ti = 2000
pg/mL), when administered at the concentration of 16 mg/mL, bLf determined a modest inhibition
towards E. coli ATCC 25922 biofilms [91].

Results of research done by Elass-Rochard at al. highlighted the presence of two binding sites
on both hLf and bLf to LPS on the E. coli 055B5 cell wall [92]. Other than LPS, outer membrane porins
act as Lf receptors in several Gram-negative bacteria residing in the gut. Several species, such as E.
coli, Shigella sp. and Salmonella sp., displayed Lf tolerance due to masking of porin binding sites by
the carbohydrate O-antigenic chains of LPS [93]. This binding site shielding could be an explanation
for our heterogenous results obtained on Gram-negative strains, the effects of Lf being strain-
dependent.

Probiotics, including LAB, are defined as live microorganisms that benefit the host health when
administered in proper doses [33,37,80,94]. LAB CFS can be promising adjuvants of antibiotic
therapy, proven by the synergistic action of Lb. rhamnosus PTCC 1637 CFS with aminoglycosides as
gentamicin and amikacin against P. aeruginosa PTCC 1430 [95]. Complementary to our data, Lb.
plantarum and Lb. rhamnosus CES were shown to prevent the formation of biofilms in several S. aureus
strains [96]. A paper published by Sulaiman et al. shed light on the biofilm inhibitory effects of cell-
free supernatants from several LAB strains (including Lb. plantarum OBISE A9) on biofilm formation
of multiple pathogens: E. coli EAEC DO28]J, Pseudomonas aeruginosa EO102, S. aureus OAU AAA 059A.
Interestingly, the results point towards a higher susceptibility of E. coli to LAB metabolites, followed
by S. aureus and P. aeruginosa. The LAB supernatants had a biofilm inhibitory activity of
approximately 24% on S. aureus when used at the concentration of 1% [37]. This is in contrast to our
data, since no visible suppressive effect against Gram-negative strains was observed, and only SN2
(Lb. brevis 10) induced a measurable MBEC value (50%) when applied on S. aureus ATCC 25923. In
regards to the other Gram-positive strain (E. faecium) included in our study, scientific reports mostly
refer to the probiotic or antimicrobial activity of several E. faecium strains of rather than the potentially
pathogenic strains [89,97,98]. Future studies could elucidate the inhibitory action of probiotic
supernatants on E. faecium growth and biofilm formation.
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The association between Lf and LAB has been investigated in prior studies for its antimicrobial
activities. In this sense, it has been proven that bLf can act as a prebiotic on several Lactobacillus
strains, including Lb. rhamnosus ATCC 53103, in dose-responsive manner, when their growth has
been inhibited by prior incubation at a lower temperature [36]. Another in vitro study focused on the
antimicrobial synergistic action of supernatants derived from several LAB strains, including Lb.
rhamnosus ATCC 53103 and ATCC 7469, combined with apo-bLf (iron-free bLf), on 9 MRSA
(methicillin-resistant S. aureus) clinical strains. Out of the probiotic strains, Lb. fermentum ATCC
11739, Bifidobacterium animalis subsp. lactis BCRC 17394 and Bifidobacterium longum subsp. longum
ATCC 15707 had a significant impact on bacterial growth, with the first LAB strain generating the
most notable synergistical effect when associated with apo-bLf. These results could be attributed to
the potentiating action of bLf, facilitating the entrance of LAB metabolites into pathogenic bacteria
[23].

To our knowledge, the combination between Lf and LAB CFS has not been tested for its effects
on release of cytokines before. Therefore, previous research has only described the
immunomodulatory action of Lf and LAB individually. Lf is considered to contribute to the
protection of intestinal mucosa against inflammation and infections generated by adhesion of
bacterial pathogens [99]. The absence of IL-6 and TNF-«a secretion in HCT-8 cells, as observed in our
experiments, might be explained by limited innate responsiveness of intestinal epithelial cells. Given
that HCT-8 is a transformed epithelial cell line, it might preferentially produce chemokines like IL-8
instead of macrophage-type cytokines like IL-6 and TNF-a [100-102]. Our results are in support of
the anti-inflammatory effects of Lf, since it suppressed the pro-inflammatory chemokine IL-8
secretion and promoted the anti-inflammatory cytokine IL-10 release in HCT-8 cells challenged with
E. coli ATCC 25922, P. aeruginosa ATCC 27853, S. aureus ATCC 25923 and E. faecium. With respect to
IL-8, Lf had a greater inhibitory action when administered in parallel with P. aeruginosa ATCC 27853,
S. aureus ATCC 25923 and E. faecium. In the case of IL-10, the pre-treatment induced a modest anti-
inflammatory response in infections with all pathogens. Our findings are in agreement with the bLf
inhibition on IL-8 secretion in THP-1 and Mono Mac 6 cells stimulated with LPS, but do not align
with the diminished IL-10 levels in Mono Mac 6 cells observed in the research done by Haversen et
al. [103]. In a similar manner, in Caco-2 colon adenocarcinoma cells infected with E. coli HB101, the
treatment with native and iron-saturated bLf reduced IL-8 levels [104]. Compared to our data
obtained in an immune assay, levels of IL-6, IL-8 and TNF-a in mRNA have been quantified, with
bLf inhibiting cytokine mRNA expression in E. coli LE82-infected Caco-2 cells [99]. In agreement with
our observations, in another report, IL-6 synthesis was not detectable in Caco-2 cells. Contrary to our
findings, the data obtained by Frioni et al. suggest a potential synergism between IFN-y and bLf in
Caco-2 cells infected with the clinical strain E. coli LF82 by highlighting an increase in IL-8 levels in
IFN-y-stimulated cells infected with E. coli. The effects of Lf on inflammation might depend on the
pathogen and cell line used [105].

Probiotics, either as whole bacterial cells or culture supernatants, have been studied for their
effects on modifying cytokine secretion patterns in eukaryotic cell cultures and in vivo models. It is
considered that several Lactobacillus strains might alleviate inflammatory responses in cell cultures
infected with pathogenic bacteria by upregulating IL-10 and downregulating TNF-a and IL-8 [106].
Our results demonstrated that CFS derived from Lb. rhamnosus MF9, Lb. brevis 10, Lb. plantarum F
cultures, alone and Lf-coupled, could ameliorate inflammation caused by infections with both Gram-
positive and Gram-negative strains in HCT-8 cells by suppressing IL-8 levels and promoting IL-10
secretion. Notably, SN1 (Lb. rhamnosus MF9) combined with Lf inhibited IL-8 release induced by both
Gram-negative bacteria, as well as S. aureus ATCC 25923. Likewise, the Lb. rhamnosus MF9 CFS
promoted the highest IL-10 response in P. aeruginosa ATCC 27853 infected cells, compared to the
infection control. In the case of the infection with E. faecium, Lb. brevis 10 most significantly increased
IL-10 levels. One report used a TNF-a-based method of inflammation induction in Caco-2 cells co-
cultured with Lb. plantarum, highlighting the reduction in IL-8 levels by this LAB strain [107]. In a
model of HT-29 colon cancer cells co-cultured with E. coli ATCC 43889 and several lactobacilli strains,
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the ability of some Lb. plantarum and Lb. rhamnosus strains to inhibit inflammation by lowering E. coli-
induced IL-8 release has been observed [106]. When incubated with Lb. rhamnosus KLDS, inhibition
of IL-8 production was described in Caco-2 cells challenged with LPS from E. coli 0111:B4 [108]. Pre-
treatment with Lb. brevis KU15152 produced an equivalent suppression of IL-8 induced by S. aureus
lipoteichoic acid in HT-29 cells [109]. The mRNA levels of pro-inflammatory cytokines have been
measured in similar settings; a paper by Huang et al. emphasized the restraining effect of treatment
with Lb. rhamnosus ATCC 53103 on P. aeruginosa PAO1-generated IL-8 expression in SW480 colon
cancer cells [110]. In another experiment, lack of IL-6 and TNF-a synthesis has been reported in Caco-
2 cells. Correlating to our ELISA results, the 4 hours pre-treatment with Lactiplantibacillus plantarum
(previously Lb. plantarum) in Salmonella-challenged Caco-2 cells stimulated the mRNA expression of
IL-10 compared to the pathogen alone or untreated cells [111]. In support of the in vitro results on
pro-inflammatory cytokines inhibition, in ICR mice infected with an ETEC pathotype strain,
inoculation of Lb. brevis AY858 decreased IL-6 relative mRNA expression [112]. While previous
research on CFS from the strains included in our experiments is scarce, interestingly, in an early
study, treatment with cell-free probiotic cultures exhibited pro-inflammatory effects on HeLa cells
infected with S. aureus and E. coli strains, by promoting release of IL-6 and IL-8 and blocking synthesis
of IL-10 [113]. A supernatant from Lactococcus lactis mitigated IL-8 production in LPS-stimulated HT-
29 cells [114]. Zanetta et al. evaluated the beneficial effects of CFS from Lactobacillus johnsonii LJO02
in S. aureus ATCC 43300-infected HaCaT cells and revealed the reduction of IL-6 production in
infected and CFS treated cells as opposed to infected cells (control) [115]. Notably, in a recent study,
CEFS from Lb. rhamnosus displayed inhibitory activities on IL-6, IL-10 and TNF-a release in human P.
aeruginosa LPS-stimulated PBMC [116]. When released by activated immune cells, pro-inflammatory
cytokines aid in eradication of infections and cancer cells. The immunostimulatory action of several
LAB supernatants has been tested in RAW264.7 cells, with results indicating the release of pro-
inflammatory molecules (IL-6, TNF-a) [117].

Adherence of pathogenic bacteria to susceptible host cells is the stage that precedes the
subsequent steps in the initiation of an infectious process [118]. In our experiments, when combined
with LAB CFS, Lf improved the anti-adherence properties in HCT-8 cells infected with Gram-positive
and Gram-negative bacteria. With regard to the interaction of opportunistic pathogens with cellular
substrates, Berlutti et al. investigated the influence of bLf on adhesion and invasion capacities of P.
aeruginosa ATCC 15692, using the A549 lung carcinoma cell line, cultured in monolayers [79].
Interestingly, compared to our results, the adhesiveness (measured as Adhesion Efficiency) of P.
aeruginosa was improved after 4 hours of incubation with bLf. Conversely, the incubation of the
infected cells with bLf diminished the invasiveness (measured as Invasion Efficiency) of P. aeruginosa
[79]. The results of the paper by Kawasaki et al., contrasting with the aforementioned work and
consistent with our observations, shed light on the suppressive effect of bLf at 16 mg/mL on the
adherence of 8 strains of ETEC and EPEC pathotypes to the JTC-17 cervical cancer cells [77]. The
differing results could be correlated to the source of the Lf used, considering that, for the adhesion
assay, we used commercial Lf, derived from food supplements which also contain some excipients.

In addition to the anti-adherent properties of Lf, probiotic strains are able to block bacterial
adherence and biofilm formation by competing for adhesion sites on eukaryotic cells due to
exopolysaccharides and cell wall proteins [118]. The trend among our adherence data is the effect of
LAB supernatants on P. aeruginosa ATCC 27853 and E. coli ATCC 25922 rather than S. aureus ATCC
25923. Especially, individual or Lf-combined SN1 (Lb. rhamnosus MF9) was effective in preventing
the adherence of all strains. E. coli ATCC 25922 proved to be the most sensitive to all supernatants,
most notably to SN2 (Lb. brevis 10) and SN3 (Lb. plantarum F). In resemblance to the
immunomodulation assay, these bacteria have been considered both as whole cells and CFS for
previous adherence studies. In line with our findings, previous reports have stated the inhibitory
action of whole bacterial cells from several Lb. rhamnosus strains (such as GG, GR-1, DSM 20021,
DSM7133, ATCC 7469) on adhesiveness of multiple S. aureus, P. aeruginosa and E. coli strains to
normal or tumoral eukaryotic cells [38,110,118-124]. In addition, Lb. plantarum strains (299v, C524.2,
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ZLP001, L15, GL17, MKMB01, MKMB02, L33, L125) isolated from different sources, including
fermented foods, have been tested for similar activities against E. coli and S. aureus [106,111,124-128].
Khodaii et al. evaluated the effects of bacteria-free supernatants from Lb. plantarum 5C, Lb. brevis 1D
and Lb. rhamnosus T against invasiveness of EIEC pathotype in T84 colon cancer cells, since invasion
is a significant virulence factor for the evolution of an infection [129]. The Lb. brevis 1D supernatant
displayed the most visible anti-invasive effect against E. coli on T84 cells, corresponding to our
observations on adhesion inhibition [129]. Furthermore, CFS from Lb. plantarum ATCC 14917 and Lb.
rhamnosus ATCC 53103 were demonstrated to prevent adhesion of MSSA (Methicillin-Susceptible S.
aureus) to human osteoblasts [96].

Prior studies investigating the influence of Lf and/or LAB CFS on alteration of adhesion patterns
are limited. In our experiments, for P. aeruginosa ATCC 27853, compared to the control (diffuse
pattern), the diffuse-localized pattern was predominant in most of the tested conditions. Concerning
E. coli ATCC 25922, the diffuse adhesion pattern was not modified in either of the experimental
conditions. In cells infected with S. aureus ATCC 25923, a similar shift to the diffuse-localized
adhesion pattern was noticed. The bacterial capacity to adhere to and enter eukaryotic cells is
generally dictated by =1 virulence factors, including adhesins [13]. Pili are the most common adhesins
of Gram-positive and Gram-negative bacteria, involved in motility, generation of biofilms and
conjugation, apart from adherence [130]. The localized adhesion phenotype, characteristic to
diarrheagenic E. coli EPEC, is mediated by intimin, an outer membrane adhesin, and is responsible
for inducing Attaching and Effacing (A/E) lesions in enterocytes [64,131,132]. Especially in the case
of S. aureus ATCC 25923, the transition from a localized-aggregative adhesion to the diffuse-localized
pattern might indicate a virulence reduction under treatments with LAB CFS and commercial Lf.
Targeting virulence strategies such as bacterial adhesion might be a promising venue in managing
MDR infections, since it exerts a low selective pressure for the development of novel MDR
mechanisms by withholding the bacterium’s virulence without hindering its viability [130,133].

As a result of their health-promoting benefits, food supplements containing both LAB strains
and Lf have been formulated and considered in a series of in vivo studies for modulating the female
genital normal microbiota and managing dysbiosis [23,80,81,134,135]. One example is the Respecta®
complex, comprising a combination of two probiotic strains: Lb. acidophilus La-14, Lb. rhamnosus
HNO001, and bLf RCX™ (50 mg) [80,81,134,135]. A pilot study conducted by De Alberti et al. concluded
that the oral administration of the Respecta® dietary supplement promoted the colonization of
vaginal microbiota with the aforementioned strains in the active-treatment group compared to the
placebo group [80], leading to the potential application in restoring vaginal microbiota. Another two
clinical trials underscored, besides the colonization with both strains, an amelioration of altered
female genital microbiota in a cohort of women suffering from bacterial vaginosis which were
administered the same Respecta® complex [134,135].

5. Conclusions

High-purity bovine lactoferrin generated a more notable antimicrobial and anti-biofilm activity
as opposed to food supplements-derived lactoferrin, supported by the results obtained in
quantitative assessments, indicating that the source of Lf might play an important role in its efficacy.
Both lactoferrin variants displayed a more significant modulation of bacterial adhesion to inert
substrates, rather than bacterial growth, especially on the tested Gram-positive strains (S. aureus
ATCC 25923 and E. faecium). Regarding the Gram-negative pathogens (E. coli ATCC 25922 and P.
aeruginosa ATCC 27853), the inhibitory effect of lactoferrin on biofilm generation was dependent on
the strain included in the experiment; thus, the treatments were more effective on biofilm eradication
in P. aeruginosa ATCC 27853 compared to E. coli ATCC 25922, potentially as a consequence of the
structure of Lf receptors on the bacterial membrane. The Gram-positive strains were more susceptible
to the combination between commercial lactoferrin and probiotic supernatants. By the addition of
Lactic Acid Bacteria metabolites, lactoferrin was more potent against biofilm formation. Cell-free
supernatants obtained from Lb. rhamnosus MF9, Lb. brevis 10 and Lb. plantarum F cultures, when
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administered individually or combined with lactoferrin, modulated the release of pro-inflammatory
and anti-inflammatory cytokines, promoting an overall inhibition of inflammation in eukaryotic cells
stimulated with bacterial pathogens. Similarly, lactoferrin alone inhibited IL-8 synthesis and
stimulated IL-10 release, supporting its quality of an anti-inflammatory agent. The addition of
probiotic metabolites to lactoferrin substantially prevented bacterial adhesion to cellular substrates.
The adhesiveness of Gram-negative pathogens (P. aeruginosa ATCC 27853 and E. coli ATCC 25922) to
eukaryotic cells was more hindered by Lactic Acid Bacteria supernatants in contrast to their Gram-
positive counterpart (S. aureus ATCC 25923). The Lb. rhamnosus MF9 supernatant, either alone or
coupled with lactoferrin, effectively blocked the adherence of all tested strains. To conclude with, the
results of this preliminary study encourage the therapeutic use of lactoferrin and Lactic Acid Bacteria
supernatants, individually or combined, as adjuvants or for prophylaxis, especially in
immunosuppressed patients, given their abilities to inhibit bacterial growth and adherence, and
modulate cytokine release towards eradicating persistent infections.
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The following abbreviations are used in this manuscript:

AJ/E Attaching and Effacing

Al% Adhesion Index

AMPs Antimicrobial Peptides

AMR Antimicrobial Resistance

ATCC American Type Culture Collection
bLf Bovine lactoferrin

CFS Cell-Free Supernatants

CFU Colony Forming Units

DMEM Dulbecco’s Modified Eagle Medium
EPS Extracellular Polymeric Substances
EVs Extracellular Vesicles

FBS Fetal Bovine Serum

HAI Healthcare-Associated Infections
hLf Human Lactoferrin

LAB Lactic Acid Bacteria

Lf Lactoferrin

Lfcin Lactoferricin

LfcinB Bovine Lactoferricin

LfcinH Human Lactoferricin
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MBEC Minimal Biofilm Eradication Concentration
MDR Multi-Drug Resistance
MIC Minimal Inhibitory Concentration
MRS Man-Rogosa-Sharpe
MRSA Methicillin-Resistant Staphylococcus aureus
MSSA Methicillin-Susceptible Staphylococcus aureus
PBS Phosphate Buffered Saline
QS Quorum Sensing
SEM Standard Error of Mean
TSST-1 Toxic Shock Syndrome Toxin-1
UTI Urinary Tract Infection
WHO World Health Organization
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