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Purpose: The zoonotic opportunistic pathogen Staphylococcus pseudintermedius 222 produces BacSp222 — an atypical peptide
exhibiting the features of a bacteriocin, a virulence factor, and a molecule modulating the host inflammatory reaction. The peptide is
secreted in an unmodified form and, additionally, two forms modified posttranslationally by succinylation. This study is
a comprehensive report focusing on the proinflammatory properties of such molecules.

Methods: The study was performed on mouse monocyte/macrophage-like and endothelial cell lines as well as human neutrophils.
The following peptides were studied: BacSp222, its succinylated forms, the form deprived of formylated methionine, and a reference
bacteriocin — nisin. The measurements of the nitric oxide (NO) level, induced NO synthase (iNOS) expression, the profile of secreted
cytokines, NF-kappa-B activation, reactive oxygen species (ROS) biosynthesis, and the formation of extracellular traps were
conducted to evaluate the proinflammatory activity of the studied peptides.

Results: BacSp222 and its succinylated forms effectively induced NO production and iNOS expression when combined with IFN-
gamma in macrophage-like cells. All natural BacSp222 forms used alone or with IFN-gamma stimulated the production of TNF-alpha,
MCP-1, and IL-1-alpha, while the co-stimulation with IFN-gamma increased IL-10 and IL-27. Upregulated TNF-alpha secretion
observed after BacSp222 exposition resulted from increased expression but not from membrane TNF-alpha proteolysis. In neutrophils,
all forms of bacteriocin upregulated IL-8, but did not induce ROS production or NETs formation. In all experiments, the activities of
deformylated bacteriocin were lower or unequivocal in comparison to other forms of the peptide.

Conclusion: All naturally secreted forms of BacSp222 exhibit proinflammatory activity against monocyte-macrophage cells and
neutrophils, confirming that the biological role of BacSp222 goes beyond bactericidal and cytotoxic effects. The atypical posttransla-
tional modification (succinylation) does not diminish its immunomodulatory activity in contrast to the lower antibacterial potential or
cytotoxicity of such modified form established in previous studies.

Keywords: cytokines, neutrophils, NF-kappa-B activation, nisin, nitric oxide, posttranslational modifications, Staphylococcus
pseudintermedius 222

Introduction

Pathogenic bacteria produce a broad spectrum of molecular factors that facilitate colonization of the host organism,
combat its immune response, and help acquire nutrients. These compounds are called virulence factors and include
cytolytic exotoxins, enzymes degrading host tissues, adhesion molecules facilitating physical attachment of bacteria,
fimbriae or pili granting motility for evading microorganisms, extracellular factors that enable biofilm formation,
chelators of iron, pro-apoptotic factors or modulin molecules causing inflammatory reactions, and a variety of molecules
inhibiting phagocytosis, chemotaxis, or oxygen-dependent bactericidal mechanisms. These virulence factors are mainly
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polypeptides, ie, peptides, proteins, or glycoproteins. However, others are polysaccharides, lipopolysaccharides, lipotei-
choic acids, or low-molecular-weight compounds such as siderophores or pigments.' Due to such a highly diverse and
multipotent nature of virulence factors, particular symptoms of infectious disease result from both direct host tissue
damage and over- or under-reaction of the host immune response. The inflammatory response manifesting in the
increased production of factors related to inflammation (such as NO, proinflammatory cytokines or adhesion molecules)
is the normal host response to invading pathogens. However, the overproduction of proinflammatory agents might lead to
immune-inflammatory diseases. Moreover, the pathogenicity of opportunistic microorganisms has a limited or condi-
tional character because they delicately evade different host immune response mechanisms and are able to cause disease
only in immunocompromised but not in immunocompetent hosts.*

Opportunistic pathogens are an integral part of the human and animal skin microbiota and their composition varies
significantly depending on anatomical localization, moist, dry, or sebaceous habitats, age, external physicochemical
factors, and host health status. Alterations in microbiome profiles result in local inflammatory reactions and/or systemic
diseases.” The growth and composition of the microbiome are affected by the host immune response and two important
microbial mechanisms: the quorum sensing phenomenon and the production of bacteriocins. Quorum sensing relies on
communication between bacterial cells living in a particular community. It is controlled by the secretion of diffusible
signaling molecules regulating the population density and coordinating gene expression. This mechanism ensures that the
growth rate of cells, their biological status (such as horizontal gene transfer competencies, formation of capsules or
biofilms), and production of key molecules (virulence factors, secretion systems, stress-response molecules) are coordi-
nated and give benefits to the whole bacterial population.®

On the other hand, bacteriocins are ribosomally synthesized polypeptides able to kill or inhibit the growth of similar
or closely related bacterial strains. The production on ribosomes is essential because it distinguishes bacteriocins from
classical polypeptide antibiotics, ie, non-ribosomally synthesized products of secondary metabolism.” Bacteriocins are
exceptionally widespread among different microorganisms, and some authors suggest that virtually all bacterial species
can produce such molecules. Moreover, many species produce different bacteriocins, allowing them to effectively
eliminate competitors in a polymicrobial environment.® Thus, bacteriocins appear to be critical molecular factors
influencing the proper microbiome composition of the skin, mucous membranes, and gastrointestinal and urogenital
tracts.>”

Bacteriocins are peptides or proteins with various sizes, structures, mechanisms of action, and organization of genes.
For example, bacteriocins produced by staphylococci — widespread residents and opportunistic pathogens of the skin and
mucous membranes of humans and many animals — comprise four groups: 1) lantibiotics (small single-chain posttran-
slationally modified peptides, such as epidermin, gallidermin, or BacCH91), 2) unmodified single-chain peptides (such as
aureocin A53, epidermicin NIO1, and BacSp222), 3) unmodified multi-chain peptides (such as staphylococcin C55 and
aurcocin A70), and 4) bacteriolytic enzymes (such as lysostaphins LSs and LSp222 as well as endopeptidase ALE-
1).'%!"" Among these factors, one staphylococcal bacteriocin has attracted our special attention in recent years, namely the
BacSp222 peptide, as this interesting molecule combines the features of a virulence factor, a bacteriocin, and a molecule
that modulates the host inflammatory reaction.

BacSp222 is produced by a commensal bacterium Staphylococcus pseudintermedius strain 222.' This particular
strain was initially isolated from dog skin, but in general S. pseudintermedius is a typical zoonotic bacterium of
canine origin able to infect humans.'® BacSp222 is a 50-amino acid long peptide encoded on a 15 kb p222 plasmid.
Nuclear magnetic resonance (NMR) studies have shown that the peptide is globular and forms a bundle composed of
four helices, as in the case of the other staphylococcal subclass I1d of bacteriocins: aureocin AS3, lacticin Q, entrocin
7A/JSA, and enterocin 7B/JSB.'+13 However, despite the significant similarities in the structure of these molecules,
their size, amino acid composition, formylation at the N-terminus, and physicochemical properties, all these
bacteriocins have quite different amino acid sequences. In addition, our recent study has shown that BacSp222 is
produced in three forms: one unmodified and two posttranslationally modified, named suc-K20-BacSp222 and suc-
K11/K20-BacSp222. Both these latter forms are succinylated at the epsilon-amino group of lysine residues K20 or
K20 and K11, and such modifications are unique and not seen previously in known bacteriocins. Our studies revealed
that the production of such modified forms occurs in response to environmental changes, protects the cells of the
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producing bacteria from autotoxicity of the secreted bacteriocin and limits the pathogenicity of the strain.'> The
principal biological activity of BacSp222 is bactericidal action against Gram-positive bacteria, especially staphylo-
cocci. However, in the context of the present work, it is particularly interesting that BacSp222 also demonstrates
some features of a virulence factor and an immunomodulatory peptide. At concentrations similar to bactericidal ones,
it exhibits cytotoxicity toward many eukaryotic cells, including murine monocytes and macrophages as well as human
skin fibroblasts and keratinocytes. Moreover, at much lower nanomolar concentrations, in macrophage-like cell lines
BacSp222 efficiently enhances interferon gamma-induced release of nitric oxide (NO) - an essential molecule in
various inflammatory pathways.'?

The current work is a comprehensive study focusing on the proinflammatory properties of BacSp222 and their
succinylated forms (suc-K20-BacSp222 and suc-K11/K20-BacSp222). Previous studies have revealed that such modified
forms of bacteriocin exert lower toxicity against bacteria and eukaryotic cells. Therefore, we wanted to investigate
differences in their proinflammatory activities. In addition, due to the significant role of bacterial formyl peptides in
inflammatory reactions, we also studied the form of a bacteriocin deprived of N-terminal formyl-methionine (-fM-
BacSp222).

Macrophages, neutrophils, and endothelial cells are part of the cellular arm of innate immunity, which is activated
immediately after pathogen invasion, while nitric oxide (NO) represents molecules produced by innate immune cells in
response to various biological (bacterial components or cytokines) or physical factors (eg, shear stress). Independently,
inducible NO synthase (iNOS) is an enzyme responsible for NO production during inflammation.?' The expression of
iNOS can be induced by bacteria-derived molecules, such as LPS, or by cytokines induced at the site of inflammation.
Although IFN-y-induced transcription factors have been shown as essential for iNOS expression, the much more potent
expression of iNOS occurs when IFN-y is combined with LPS or other proinflammatory cytokines.?***

In the presented study the experiments were performed using mouse monocyte/macrophage-like and endothelial cell
lines as well as human neutrophils. The study documented the influence of mentioned earlier peptides on NO biosynth-
esis and the expression of induced NO synthase (iNOS). We also determined the profile of cytokines produced after
stimulation of cells with the peptides and their influence on reactive oxygen species (ROS) biosynthesis and on the
formation of extracellular traps by neutrophils. The majority of the present experiments were conducted together with
a comparable widely applied commercial bacteriocin — nisin A.

Materials and Methods

Peptides and Protein Chemistry Techniques

BacSp222 and its succinylated forms (suc-K20-BacSp222 and suc-K11/K20-BacSp222) were purified from bacterial
post-culture medium by reversed-phase high-pressure liquid chromatography (RP-HPLC) essentially as described
earlier.'> The bacteriocin deprived of N-terminal formyl-methionine (-fM-BacSp222) was obtained after overnight
digestion of BacSp222 using cyanogen bromide and 70% (v/v) trifluoroacetic acid (TFA). After the reaction, the modified
peptide was purified using RP-HPLC as described above. Nisin A was purified from a commercially available preparation
(Sigma, St. Louis, MO, USA) according to the modified procedure described originally by Taylor et al.'® In brief, nisin
A was extracted from the commercial solid by shaking in methanol; the mixture was then spun down, the deposit was
discarded, and the clear supernatant was evaporated to dryness and redissolved in 0.1% (v/v) TFA. The obtained solution
was subjected to two consecutive purification steps by RP-HPLC using two buffers: A, containing 0.1% (v/v) TFA and B,
containing 0.07% TFA and 80% (both v/v) acetonitrile. The first separation was performed using a Discovery Bio Wide
Pore C5 10 x 250 mm column (Sigma, St. Louis, MO, USA), the linear gradient 10% to 100% of buffer B for 30 min,
and a flow rate of 1.5 mL/min. The second purification step was performed using a Discovery Bio Wide Pore C8 10 x
250 mm column (Sigma, St. Louis, MO, USA), linear-gradient 40% to 70% of buffer B, and a flow rate of 1.5 mL/min.
The concentration of all peptides in the solutions was determined by an amino acid analysis performed as described
earlier.'” The purity (estimated at over 99%), homogeneity, and identity of all peptides used were checked by analytical
RP-HPLC and mass spectrometry (Supplementary Figures 1 and 2). Each peptide used in this study was essentially free
of lipopolysaccharide (LPS), as assayed by an E-TOXATE kit (Sigma, St. Louis, MO, USA).

Journal of Inflammation Research 2022:15 hetps: 4603

Dove:


https://www.dovepress.com/get_supplementary_file.php?f=362066.pdf
https://www.dovepress.com/get_supplementary_file.php?f=362066.pdf
https://www.dovepress.com
https://www.dovepress.com

Smiatek et al Dove

Cell Culture Conditions

Murine monocyte/macrophage RAW 264.7 cells (ATCC TIB-71) and murine monocyte/macrophage P388.D1 cells
(ATCC CCL-46) were obtained from the American Type Culture Collection (Manassas, VA, USA). Murine brain
endothelial (MBE, passage 18-19) cells were a kind gift from R. Auerbach (University of Wisconsin, Madison, WI,
USA). The Animal Welfare Committee approved their use in the experiments at the Faculty of Biochemistry, Biophysics
and Biotechnology, Jagiellonian University, in accordance with the Polish and European legal acts.

Citrated human blood from healthy volunteers was purchased from the Regional Center of Blood Donation and
Treatment in Krakow, Poland. The Regional Center of Blood Donation and Treatment deidentifies blood materials
appropriately for the assurance of the confidentiality of human subjects. Thus, this study complies with relevant exclu-
sions from the approval of human subjects. Human polymorphonuclear neutrophils (hPMNs) were isolated from the
blood by centrifugation in a Ficoll-Paque Plus (GE Healthcare, Chicago, IL, USA) density gradient.

The cells were cultured in an incubator at 5% CO,, 37°C, and >95% humidity in DMEM + Glutamax (4,5 g/l
D-glucose, 110 mg/l sodium pyruvate) medium (GIBCO, Paisley, UK, catalog number 10569—010) containing 5% (v/v)
fetal bovine serum (FBS, GIBCO, Paisley, UK) (RAW 264.7, P388.D1), or in DMEM + Glutamax containing 10% (v/v)
FBS (MBE), or in RPMI (LONZA, Basel, Switzerland, catalog number BE12-702F) medium containing 10% (v/v) FBS
(neutrophils).

Analysis of NO Production by the Cells

RAW 264.7 and P388.D1 cells were seeded on 96-well plates in 100 upL DMEM supplemented with 5% (v/v) FBS at the
density of 2 x 10* cells/well. After 16 h, the medium was replaced with fresh DMEM with 2% (v/v) FBS. The cells were
stimulated for 24 h with 1) 100 ng/mL lipopolysaccharide from E. coli (LPS, Sigma, St. Louis, MO, USA), 2) 10 ng/mL
mouse interferon y (IFN-y, Biolegend, San Diego, CA, USA), 3) 1 uM BacSp222, 4) 1 uM suc-K20-BacSp222, 5) 1 uM
suc-K11/K20-BacSp222, 6) 1 uM -fM-BacSp222, 7) 1 uM nisin A, or 8) INF-y combined with LPS or with bacteriocins
at concentrations specified above.

MBE cells were seeded on 96-well plates (density of 4 x 10> cells/well, 100 uL 10% (v/v) FBS in DMEM). After 24 h, the
medium was discarded and replaced with 100 uL 2% (v/v) FBS in DMEM. After 24 h, the medium was again replaced with
fresh DMEM. The MBE cells were stimulated/co-stimulated with 1) 10 ng/mL human tumor necrosis factor o (TNFa
PromoKine, Kibbutz Beit-Haemek, Israel), 2) 10 ng/mL IFN-y, 3) 10 ng/mL human interleukin 1 (IL-1p, Biolegend, San
Diego, CA, USA), 100 ng/mL LPS, 4) 10 ng/mL TNFa and IFN-y or IL-1f or 100 ng/mL LPS, 5) 10 ng/mL IFN-y and IL-1§
or LPS, 6) 10 ng/mL IL-1p and LPS, 7) 10 ng/mL TNFa and IFN-y and IL-1§3, 8) 1 uM BacSp222, 9) 1 uM BacSp222 and
combination with all the cytokines specified above, 10) 1 uM -fM-BacSp222, or 11) 1 uM -fM-BacSp222 and combination
with all the cytokines specified above.

Nitrate levels were measured using the Griess assay.'®'® For this purpose, 100 pL of the cultured medium was
incubated for 10 min with 100 pL of a solution of 1% (w/v) sulfanilic acid (Sigma, St. Louis, MO, USA)/0.1% (w/v)
N-(1-naphtyl) ethylenediamine dihydrochloride (Sigma, St. Louis, MO, USA) in 2.5% (v/v) H3PO4. A sodium nitrate
(Sigma, St. Louis, MO, USA) solution in the concentration range from 1.95 to 250 uM was used to prepare the
calibration curve. Then, absorbance was measured at 545 nm with a Synergy H1 Hybrid plate reader controlled by
Gene5 version 2.00.18 software (both from BIOTEK Instruments, Winooski, VT, USA).

Analysis of Cell Viability

RAW 264.7, P388.D1, or MBE cells were cultured and stimulated as described in the previous section. The MTT assay
was applied to measure the metabolic activity of cells indicating their viability. The assay was performed according to the
standard protocol and the absorbance was measured at 545 nm using a Synergy H1 Hybrid plate reader controlled by
Gene5 version 2.00.18 software (BIOTEK Instruments, Winooski, VT, USA). The cell viability was calculated according
to the formula:

Absorb f bacteriocin — treated cell
Vit i AP ety
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Human polymorphonuclear neutrophils were cultured and stimulated with -fM-BacSp222 for 4h. The LDH release and
the level of ATP were determined according to the protocol described earlier.'

Analysis of the INOS mRNA Level in Murine Monocyte-Macrophage Cells
RAW 264.7 and P388.D1 cells were seeded on 12-well plates in | mL. DMEM supplemented with 5% (v/v) FBS at the
density of 3 x 10° cells/well. After 16 h, the medium was replaced with fresh DMEM with 2% (v/v) FBS, and the cells
were stimulated for 6 h with 1) 100 ng/mL LPS, 2) 10 ng/mL IFN-y, 3) 1 uM BacSp222, 4) 1 uM suc-K20-BacSp222, 5)
1 uM suc-K11/K20-BacSp222, 6) 1 uM -fM-BacSp222, 7) 1 uM nisin A, or 8) 10 ng/mL IFN-y combined with 100 ng/
mL LPS or 1 uM bacteriocins. Then, the post-cultured medium was removed. Total cellular RNA was isolated according
to the method proposed by Chomczynski and Sacchi.?’ The reverse transcription used 500 ng of total RNA and was
performed using a procedure provided by the M-MLV transcriptase manufacturer (Promega, Madison, WI, USA). RT-
gPCR was performed using RT PCR Mix SYBR (A&A Biotechnology, Gdansk, Poland) and the Eco Real-Time PCR
System (Illumina, San Diego, CA, USA). The samples were tested in duplicates; two reference genes, PolR2b and eEF?2,
were used. The relative quantification of gene expression was determined using the AACq method, a built-in function of
EcoStudy Version 5.0.4890 software (Illumina, San Diego, CA, USA). The sequences of the primers used are as follows:

iNOS Forward: 5’-AAGGCCAAACACAGCATACC-3".

iNOS Reverse: 5’-CTGAAGCACTAGCCAGGGAC-3’.

eEF2 Forward: 5’-CCACGGCAAGTCCACGCTGAC-3’.

eEF2 Reverse: 5’-AGAAGAGGGAGATGGCGGTGGATT-3".

PolR2b Forward: 5’~-GGATTCTGGGAACGTCGGAG-3’.

PolIR2b Reverse: 5’-CCGGAGTGATCTCATCGTCG-3".

Analysis of Cytokine Production by RAW 264.7 and P388.D| Cells Exposed to

Bacteriocins

RAW 264.7 and P388.D1 cells were seeded on a 96-well plate (3 x 10* cells per well in 100 pL. DMEM, 5% (v/v) FBS).
After 16 h, the medium was replaced with DMEM supplemented with 2% (v/v) FBS and 1) 100 ng/mL LPS, 2) 10 ng/mL
IFN-y, 3) 1 uM BacSp222, 4) 1 uM suc-K20-BacSp222, 5) 1 uM suc-K11/K20-BacSp222, 6) 1 uM -fM-BacSp222, 7) 1
UM nisin A, and 8) 10 ng/mL INF-y combined with 100 ng/mL LPS or 1 uM bacteriocins. After 24-h stimulation, the
cultured media were collected, and cytokine concentrations (IL-1a, IL-1B, IL-6, IL-10, IL-12p70, IL-17a, IL-23, IL-27,
MCP-1, IFN-B, IFN-y, TNFa, and GM-CSF) were determined using a LEGENDplex Mouse Inflammation Panel kit
(Biolegend, San Diego, CA, USA) and a BD LSRFortessa Cell Analyzer flow cytometer (BD Bioscience, Franklins
Lake, NJ, USA). The results were analyzed using LEGENDplex software (Biolegend, San Diego, CA, USA).

Analysis of TNFa Production by Murine Monocyte-Macrophage Cells

RAW 264.7 and P388.D1 cells were cultured and stimulated as described in the section “Analysis of NO production by
the cells”. After 6-h stimulation, the level of TNFa secreted to the culture medium was determined using ELISA MAX™
Standard Set Mouse TNFa (Biolegend, San Diego, CA, USA) according to the manufacturer’s protocol. Absorbance was
measured at 450 nm using a Synergy H1 Hybrid plate reader controlled by Gene5 version 2.00.18 software (BIOTEK
Instruments, Winooski, VT, USA).

Analysis of TNFa Proteolysis

P388.D1 cells were seeded on a 96-well plate at the density of 3 x 10* cells/well in 100 uL. DMEM containing 5% (v/v)
FBS. After 16 h, the medium was replaced with fresh DMEM supplemented with 2% (v/v) FBS, and the cells were
stimulated with 100 ng/mL LPS for 6 h to induce TNFa expression. Then, the medium was again replaced with 100 pL
of fresh DMEM or DMEM supplemented with metalloproteinase inhibitors: 1 pM galardin (Tocris Bioscience, Bristol,
UK) or 1 mM phenanthroline (Bioshop, Burlington, ON, Canada). After 30 minutes, the cells were stimulated with 1)
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phorbol 12-myristate 13-acetate (PMA, Sigma, St. Louis, MO, USA), 2) 1 uM BacSp222, or 3) 1 uM -fM-BacSp222 for
45 minutes, and the supernatants were used to determine the concentration of released soluble TNFa.

Analysis of NF-kB Activation in P388.D1| Cells

P388.D1 cells were seeded on a 6-well plate at the density of 1 x 10° cells/well in 3 mL DMEM containing 5% (v/v) FBS.
After 16 h, the medium was replaced with fresh DMEM with 2% (v/v) FBS, and the cells were stimulated with 1) 100 ng/mL
LPS, 2) 1 uM BacSp222, 3) 1 uM suc-K20-BacSp222, or 4) 1 uM -fM-BacSp222 for 30 minutes. Then, the medium was
removed, and the cells were washed with cold phosphate-buffered saline (PBS) and 150 pL. RIPA buffer with Halt Protease
Inhibitor Cocktail (Thermo Fisher Scientific, Waltham, MA, USA) and phosphatase inhibitors (20 pM NaF, 10 uM Na3;VOy,,
50 mM [-glycerol phosphate). The solutions were centrifuged, and the total protein concentration was measured using
a bicinchoninic acid assay (BCA). Then, Tris-glycine sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) under reducing conditions was performed using Mini-Protean Precast Gels (Bio-Rad, Hercules, CA, USA). After
electrophoresis, the proteins were transferred onto a 0.4 pum pore size polyvinylidene difluoride (PVDF) membrane
(Millipore, Burlington, MA, USA) using 25 mM Tris/192 mM glycine buffer containing 10% (v/v) methanol. Then, the
membrane was blocked in 5% (w/v) skimmed milk in Tris-buffered saline containing 0.05% (v/v) Tween-20 (TBST) and
incubated for 1h with rabbit anti-phosphorylated-NF-«B p65 (Ser536) (Cell Signalling Technology, Danvers, MA, USA) or
with mouse anti-NF-kB p65 antibodies (Santa Cruz Biotechnology, Dallas, TX, USA) dissolved in 5% (w/v) skimmed milk
or in 5% (w/v) BSA in TBST. Then, the membrane was incubated for 1 h with HRP-conjugated goat anti-rabbit IgG (Sigma,
St. Louis, MA, USA) or with HRP-conjugated goat anti-mouse Ig (BD Pharmingen, San Diego, CA, USA) in 5% milk in
TBST. Immobilon Western Chemiluminescence HRP Substrate (EMD Millipore Corporation, Burlington, MA, USA) and
luminescence imaging platform Fusion FX (Vilber Lourmat, Eberhardzell, Germany) were used to detect the signal. The
images were merged in Fusion Capt Advance software (Vilber Lourmat, Eberhardzell, Germany) and the intensity of the
bands corresponding to NF-kB was quantitated by the densitometric analysis (ImageJ software v. 1.53c, National Institute of
Health). The results are presented relative to control (unstimulated cells).

Analysis of IL-8 Production

Freshly isolated hPMNs were transferred onto a 12-well plate (20 x 10° cells per well in 1 mL 2% (v/v) FBS in RPMI)
and stimulated with 1) 100 ng/mL LPS, 2) 1 uM BacSp222, 3) 1 uM suc-K20-BacSp222, or 4) 1 uM -fM-BacSp222.
After 17 h exposure to the stimulants, the concentrations of IL-8 cytokine were measured in post-cultured media using
Human IL-8/CXCL8 DuoSet ELISA (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s

instruction.

Analysis of Reactive Oxygen Species (ROS) Production

Freshly isolated hPMNs were transferred onto a black-walled, clear-bottom 96-well plate at the density of 1 x 10 cells
per well in 100 pL DMEM without phenol red (GIBCO, Paisley, UK) containing 10% (v/v) FBS and fluorescent probes:
25 uM dichloro-dihydro-fluorescein diacetate (DCF-HDA, Sigma, St. Louis, MO, USA), or 10 uM dihydrorhodamine
(DHR, EMD Millipore, Darmstadt, Germany), or 10 uM dihydroethidium (DHE, EMD Millipore, Darmstadt, Germany).
At the same time, the media were supplemented with the following stimulants: 1) 100 nM PMA, 2) 1 uM BacSp222, 3) 1
uM suc-K20-BacSp222, 4) 1 uM suc-K11/K20-BacSp222, 5) 1 uM -fM-BacSp222, or 6) 1 uM nisin A. Then, kinetic
fluorescent measurements were conducted for 14 h (DCF-HDA, DHR) or 3 h (DHE) using a Synergy H1 Hybrid plate
reader and Gene5 version 2.00.18 software (BIOTEK Instruments, Winooski, VT, USA). The intensity of fluorescence
was measured in 15-minute intervals. The excitation and emission wavelengths for the individual probes were as follows:
DCF 470 nm/535 nm, DHR 485 nm/525 nm, and DHE 490 nm/590 nm.
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Analysis of Neutrophil Extracellular Traps (NETs) Formation by Detection of Released

DNA

hPMNs were seeded on a 96-well plate (1x 10° cells/well, 100 pL, 10% (v/v) FBS/DMEM without phenol red) and
stimulated with 1) 100 nM PMA, 2) 1 uM BacSp222, 3) 1 uM suc-K20-BacSp222, 4) 1 uM suc-K11/K20-BacSp222, 5)
1 uM -fM-BacSp222, or 6) 1 uM nisin for 4 h. Then, DNase (A&A Biotechnology, Gdansk, Poland) was added to the
final concentration of 10 U/mL. After 20-minute incubation at 37°C, the DNA digestion was stopped by adding an EDTA
solution (final concentration 5 mM). Next, the cells were centrifuged (10 minutes, 800 g), and 50 pL of the post-cultured
medium containing released and digested DNA was mixed with 50 uL of a 0.5 pM SYTOX™ Green Nucleic Acid Stain
solution (Thermo Fisher Scientific, Waltham, MA, USA) in DMEM without phenol red on a new black 96-well plate.
After 10 minutes of incubation in the dark at RT, the fluorescence intensity was measured at 465 nm/525 nm (Ex/Em)
using a Synergy Hl Hybrid plate reader and Gene5 version 2.00.18 software (BIOTEK Instruments, Winooski,
VT, USA).

Analysis of NET Formation by Fluorescence Microscopy

hPMNs (2 x 10° cells per sample) were seeded on poly-L-lysine-coated (Sigma, St. Louis, MO, USA) glass coverslips
placed in a 12-well culture plate. The cells were stimulated with 1) 100 nM PMA, 2) 1 uM BacSp222, or 3) 1 uM -fM-
BacSp222 for 3 h and fixed in a 4% (v/v) solution of methanol-free formaldehyde (Thermo Fisher Scientific, Waltham,
MA, USA) in PBS for 15 min at RT. After washing (3% in PBS), the cells were blocked and permeabilized in the
blocking buffer (5% (v/v) FBS, 0.3% (v/v) Triton X-100 in PBS) for 1 h at RT. Then, the cells were incubated overnight
at 4°C in a humidified light-protected chamber with recombinant anti-myeloperoxidase antibody (Abcam, Cambridge,
UK) diluted in the blocking buffer. After the incubation, the cells were washed three times with PBS. Then, they were
incubated with Alexa Fluor-647 goat anti-rabbit antibodies (Invitrogen, Waltham, MA, USA) diluted in blocking buffer
for 75 min at RT in the dark. After washing with PBS, the nuclei were stained with DAPI (Thermo Fisher Scientific,
Waltham, MA, USA), and then the cells were again washed with PBS. The samples were mounted onto slides in ProLong
Glass Antifade Mountant (Thermo Fisher Scientific, Waltham, MA, USA) and stored for 24 h in the dark. Finally, the
samples were observed using a Leica DMI600B inverted widefield fluorescence microscope (Leica Microsystems,
Wetzlar, Germany). Images were acquired using a 40x objective and Leica Application Suite X (3.6.0.20104) software.
The A4 (DAPI detection) and Y5 (Alexa-647 detection) filter sets (Leica Microsystems) were used for imaging. Final
image adjustments were performed using ImageJ 1.53c (National Institutes of Health, Bethesda, MD, USA).

Data Presentation and Statistical Analysis

All experiments were performed with at least two independent replications. The data were presented as mean + standard
error of the mean (SEM). Statistical analysis of the results for cytokines levels, NO concentration, DNA release assay, or
ROS detection assay was performed using Statistica software (Tibco Software, version 13.3). Statistical significance of
differences between the particular result and control was calculated by one-way ANOVA with Dunnett’s post-hoc test and
shown in Figures as asterisks: *, ** or *** for p < 0.05, p < 0.01, p < 0.001, respectively.

Results
All Natural Forms of Bacteriocin BacSp222 Enhance IFN-y-induced NO Production by
Murine Macrophage-like Cell Lines

We have shown recently that unmodified BacSp222 significantly upregulates NO synthesis when applied in combination
with IFN-y.'? Here, we extended our research to include the other recently discovered and naturally occurring forms of
BacSp222: suc-K20-BacSp222, suc-K11/K20-BacSp222, and BacSp222 with chemically removed formylated methio-
nine -fM-BacSp222. We analyzed the impact of these molecules on iNOS expression and NO production in P388.D1 and
RAW 264.7 cells.

We noticed that BacSp222, suc-K20-BacSp222, and suc-K11/K20-BacSp222 needed IFN-y co-stimulation to significantly
induce iNOS expression, upregulating NO production in P388.D1 and RAW 264.7 cells. Interestingly, the level of NO
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production induced by both suc-K20-BacSp222 and suc-K11/K20-BacSp222 forms in the presence of IFN-y was comparable
to the level induced by the combination of [FN-y and LPS (the measured NO concentrations were 39 uM, 37 uM, 45 uM for
RAW 264.7 and 25 uM, 24 uM, 33 uM for P388.D1 respectively). On the other hand, the potential of -fM-BacSp222 to
generate NO production was significantly lower (the measured NO concentrations were 14 uM for RAW 264.7 and 11 uM for
P388.D1) (Figure 1). It is also worth underlining here that, at the concentrations used, all forms of BacSp222 did not affect the
viability of the cells (Supplementary Materials Figure 3). Furthermore, in contrast to all forms of BacSp222, nisin A, which is

a bacteriocin produced by Lactococcus lactis, did not influence the NO production and iNOS expression regardless of the
presence or absence of IFN-y.
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Figure | Bacteriocin BacSp222 and its forms enhance NO production by P388.D1 and RAW 264.7 cells. (A and B) Determination of NO concentration measured by
Griess reaction in culture media collected from the stimulated cells. (C and D) Analysis of the iNOS expression level in the stimulated cells using the qQRT-PCR method. The
bars represent the mean + SEM (n=3). ¥**p<0.001 vs control.

Abbreviations: NO, nitrite oxide; iINOS, inducible NO synthase; qRT-PCR, Real-Time Quantitative Reverse Transcription PCR; LPS, lipopolysaccharide.
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As known, proinflammatory cytokines (TNFa, IL-1B, IFN-y) or LPS induce iNOS expression in macrophages and
endothelial cells.?** Given this, we analyzed the impact of BacSp222 and -fM-BacSp222 on NO production in
endothelial cells. We used mouse brain endothelial cells (MBE) as a model. However, our results revealed that the
MBE cells did not produce NO after stimulation with any of the bacteriocins studied, even if the bacteriocins were
combined with IFN-y, TNFa, or IL-1p (Supplementary Materials Figure 4).

Altogether, our results show that, in addition to BacSp222, the other naturally occurring forms of BacSp222 possess

the potential to induce NO production when combined with IFN-y. However, their activity was limited to macrophage-
like cells.

All Natural Forms of Bacteriocin BacSp222 Activate NF-kB — a Major Transcription
Factor Controlling the Inflammatory Process

To better understand the mechanism that underlines the bacteriocin-induced iNOS expression in the presence of IFN-y,
we asked whether activation of NF-kB is involved in this phenomenon. We asked this question based on the assumption
that the transcription of the iNOS gene requires activation of both IFN-y-induced transcription factors and NF-kB.?

To this end, we analyzed the impact of three forms of bacteriocin BacSp222 on the activation of this transcription factor.
Inactive NF-kB consists of a p50 and p65 subunit complex bound to the IkBa inhibitor. The activation of NF-kB requires
phosphorylation of its p65 subunit and dissociation of the IkBa inhibitor.?” Thus, to analyze the activation of NF-kB, we
assayed the level of the phosphorylated p65 subunit. The P388.D1 cells were incubated for 30 minutes with bacteriocins
BacSp222, suc-K20-BacSp222, -fM-BacSp222, or LPS as a positive control for potent NF-kB activation, and an extract of
intracellular proteins was prepared. We used antibodies specific to phosphorylated Ser536 p65 and Western blotting
analysis. The results showed a higher level of phosphorylated p65 in the cells exposed to bacteriocin BacSp222 and its
modified form suc-K20-BacSp222. However, -fM-BacSp222 did not induce p65 phosphorylation (Figure 2A). At the same
time, the level of unphosphorylated p65 was the same in all experimental groups (Figure 2B). The quantitative densito-
metric results of described Western Blot images are presented in Supplementary Materials Figure 5.

These results indicate that in P388.D1 cells stimulated by BacSp222 bacteriocin the transcription factor that under-
goes activation is NF-«B.
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Figure 2 Activation of NF-kB in P388.D1 cells exposed to different forms of BacSp222. The cells were incubated for 30 minutes in the medium (control) and in the medium
supplemented with LPS, BacSp222, suc-K20- BacSp222, or with -fM-BacSp222. The cells were then lysed, and the lysates were analyzed using the WB method. (A)

Intracellular level of the p65 subunit in the cells. (B) Intracellular level of the phosphorylated p65 subunit detected using an antibody specific to phosphorylated pé5 Ser536.
The WB results are representative of three independent experiments.

Abbreviations: LPS, lipopolysaccharide; WB, Western blotting.
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All Forms of Bacteriocin BacSp222 Increase the Production of Proinflammatory
Cytokines by Murine Macrophage-Like Cell Lines

The expression of genes of many proinflammatory factors (especially cytokines) in response to bacterial PAMPs
(pathogen-associated molecular patterns) undergoes robust amplification when the cells are simultaneously stimulated
with interferons.”® Therefore, we were interested in seeing a similar phenomenon in the studied bacteriocins. We
investigated the effect of all forms of BacSp222 on the cytokine production by RAW 264.7 cells. Measurements were
performed after stimulation only with bacteriocins or co-stimulation with bacteriocins and IFN-y.

The concentrations of cytokines in the culture media were analyzed after 24 h of exposure of the cells to the
aforementioned factors. None form of BacSp222 or nisin A affected the production of such cytokines as IFN-y, IL-12p,
IL-17A, GM-CSF, IL-6, IL-1p, and IL-23 (Supplementary Figures 6 and 7). However, as shown in Figure 3, BacSp222,
suc-K20-BacSp222, and suc-K11/K20-BacSp222 markedly stimulated the TNFa, MCP-1, and IL-1a production (bacter-
iocins used alone or with IFN-y). The lowest increase in cytokine concentrations was observed for -fM-BacSp222. On the

other hand, a significant increase in cytokines IL-10 and IL-27 was observed for BacSp222, suc-K20-BacSp222, and suc-
K11/K20-BacSp222, but only after the co-stimulation with IFN-y (Figure 3). In contrast, the IFN-f production was
increased after the exposure of the cells to all forms of bacteriocin in the presence of IFN-y. It is worth underlining that
these changes in cytokine concentrations after the stimulation with LPS or the co-stimulation with LPS and IFN-y were
similar to the concentration profiles determined after the stimulation with bacteriocins BacSp222 or the co-stimulation
with bacteriocins BacSp222 and IFN-y, respectively. In contrast, nisin A did not cause any changes in the production of
the cytokines studied.

We also analyzed the profile of cytokine secretion by P388.D1 cells stimulated with different forms of BacSp222 and
nisin A. The levels of TNFa, IL-27 were increased in samples stimulated with the tested forms of BacSp222
(Supplementary Figure 8), whereas none of the bacteriocins affected the levels of IL-1a, IL-1pB, IL-10, IL-6, IL-17A,
GM-SCEF, IL-23, IFN-B, and IFN- y (Supplementary Figures 9 and 10).

Altogether, these results show that all forms of bacteriocin BacSp222 potentiate the production of selected cytokines

by murine macrophage-like cells.

All Forms of Bacteriocin BacSp222 Stimulate the Expression but Not the Proteolysis
of Membrane TNFa

TNFa is a major proinflammatory cytokine with broad pleiotropic activity. Various bacterial factors influence the
expression of TNFa, and LPS is the best studied factor. TNFa has two biologically active forms: membrane (mTNFa)
and soluble (sTNFa). Soluble TNFa is generated exclusively through proteolysis of mTNFa by a disintegrin and
metalloprotease 17 (ADAM17 metalloprotease). After binding to TLR4, selected components of bacterial origin, such
as LPS, can indirectly stimulate the activity of different sheddases and the process of ectodomain proteolysis.*’ '
Therefore, we investigated whether the increased sTNFa secretion observed after the treatment of the cells with the
bacteriocins resulted from the upregulated cytokine expression or rather from the activated proteolysis of mTNFa.

First, we confirmed that all forms of bacteriocin BacSp222 increased sSTNFa secretion by the RAW 264.7 cells and, to
a somewhat lesser degree, by the P388.D1 cells (Figure 4A and B) just after 6 hours of incubation. We then investigated
the effect of bacteriocin BacSp222 on mTNFa proteolysis. The cells were stimulated with LPS for 6 hours to induce
mTNFa expression. Next, the medium was collected to remove sTNFa secreted during the incubation with LPS, and
selected groups of cells were treated with metalloprotease inhibitors (galardin and phenanthroline). The cells were then
stimulated with BacSp222 and -fM-BacSp222 or with PMA for 45 minutes to activate protein ectodomain shedding
(PMA is an activator of ADAM17, the essential mTNFa convertase in monocyte/macrophage cells). The concentration
of sTNFa secreted by the stimulated cells during this time and reflecting the intensity of mTNFa proteolysis was
determined using ELISA. As shown in Figure 4C, increased sTNFa concentrations were confirmed only for the PMA-
stimulated cells. Therefore, our results unambiguously demonstrate that the increase in sSTNFa secretion observed after
the stimulation with bacteriocins resulted exclusively from the increased cytokine expression and not from the mTNFa
proteolysis.
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Figure 3 Production of selected cytokines by RAW 264.7 cells exposed to various forms of bacteriocin BacSp222. The cells were incubated in the control medium and in
the medium supplemented with LPS, BacSp222, suc-K20-BacSp222, suc-K|1/K20- BacSp222, -fM-BacSp222, or nisin for 24 h. After 24 h, the media were collected and

subjected to flow cytometry analyses using a LEGEND/Plex Mouse Inflammation Panel kit to determine cytokine concentrations. The bars represent the mean + SEM (n=8).
##p<0.001 vs control, ¥p<0.01 vs control, ¥p<0.05 vs control.
Abbreviation: LPS, lipopolysaccharide.
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Figure 4 Analysis of TNFa secretion by murine monocyte-macrophage cells exposed to various forms of bacteriocin BacSp222. The P388.D1 (A) and RAW 264.7 (B) cells
were incubated for 6 h in the control medium or in the medium with IFN-y. Additionally, the media were supplemented with LPS, BacSp222, -fM-BacSp222, or nisin. The
concentration of TNFa released by the cells to the culture media was determined using ELISA. (C) The P388.D1 cells were treated for 6 h with LPS to stimulate TNFa
expression, and then the media were changed to remove proteins produced by the cells during the incubation. Next, the concentration of TNFa released from the cell
membranes was analyzed in media collected from cells pretreated with metalloproteinase inhibitors (galardin, phenanthroline, 30 minutes) and then stimulated with PMA or
BacSp222 and -fM-BacSp222 (45 minutes). The bars represent the mean * SEM (n=3). ***p<0.001 vs control, **p<0.01 vs control, *p<0.05 vs control.

Abbreviations: LPS, lipopolysaccharide; PMA, phorbol myristate acetate.

Bacteriocin BacSp222 and Its Forms Upregulate the Production of IL-8 by hPMNs but
Do Not Induce ROS Production or NETs Formation by hPMNs

Our studies on murine monocyte-macrophage cells revealed that bacteriocin BacSp222 and its forms activated the NF-xB
transcription factor, leading to increased expression of proteins associated with inflammation, such as iNOS and TNFa.
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Next to monocytes and macrophages, PMNs are the other essential cells involved in the innate immune response.*>*

The expression of many receptors specific to molecules of bacterial origin allows PMNs to be sensitive sensors detecting
pathogens and activating mechanisms leading to their elimination. One of the most important biochemical pathways
stimulated in activated PMNs is the NF-kB pathway.’* NF-kB is responsible for the expression of IL-8, one of the most
critical proinflammatory cytokines produced by activated PMNs. As demonstrated previously in this work, the natural
forms of bacteriocin BacSp222 activated NF-kB in monocytes and macrophages, so we decided to explore whether
hPMNs produce IL-8 after stimulation with these peptides. The lack of toxicity of the different forms of bacteriocin
BacSp222 (at 1 pM concentration) against hAPMNs was confirmed in our previous studies,'” and additionally we have
analyzed the toxicity of -fM-BacSp222 (Supplementary Figure 11). Then, the cells were incubated with LPS or with the

analyzed BacSp222 forms, and the concentration of IL-8 was measured with ELISA. As shown in Figure 5, BacSp222,
suc-K20-BacSp222, and -fM-BacSp222 effectively upregulated the level of IL-8 secreted by neutrophils — similarly to
LPS. Therefore, we confirmed that bacteriocin BacSp222 and its succinylated form stimulated cytokine production by the
mouse monocyte-macrophage cells and hPMNSs. Interestingly, the same effect was noticed in the case of -fM-BacSp222.
We also confirmed simultaneously that the nisin-treated hPMNs did not produce IL-8 (Supplementary Materials
Figure 12).

The production of ROS by hPMNs treated by studied bacteriocins was verified using three fluorescent probes:
2’-7'dichlorofluorescin diacetate (DCF-HDA), dihydrorhodamine (DHR), and dihydroethidium (DHE). After treatment of
cells by different forms of BacSp222, nisin or PMA the fluorescence intensity was measured for 3 h (DHE-stained cells) or 14

h (DHR- and DCF-HDA-stained cells). This approach allowed monitoring the possible production of ROS in the longer term
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Figure 5 Bacteriocins BacSp222 stimulate IL-8 production by human PMNs. The cells were incubated overnight in control media or in media with LPS, BacSp222, suc-K20-
BacSp222, or -fM-BacSp222. The concentration of IL-8 in the culture media was determined by the ELISA assay. The bars represent the mean + SEM (n=3). ***p<0.001 vs
control, ¥p<0.01 vs control.

Abbreviation: LPS, lipopolysaccharide.
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Figure 6 Analysis of ROS production by human PMNs exposed to the various forms of bacteriocins. Human PMNs were stained with ROS probes: DHE, DHR, or DCF-
HDA and exposed to PMA or bacteriocins. Fluorescence intensity corresponding to the level of intracellular ROS was measured for 3 or 14 h, depending on the probe used
(kinetic measurements). The graphs demonstrate the fluorescence intensity measured at the selected time points. The bars represent the mean + SEM (n=3). ***p<0.001 vs
control, ¥p<0.01 vs control, ¥p<0.05 vs control.

Abbreviations: PMA, phorbol myristate acetate; PMNs, polymorphonuclear leukocytes; DHE, dihydroethidium; DHR, dihydrorhodamine; DCF-HDA, 2’-7'dichlorofluor-
escin diacetate; ROS, reactive oxygen species.

after the addition of the bacteriocins. However, as shown in Figure 6 and Supplementary Figure 13, the increased ROS levels
were observed only after the stimulation with PMA, a known inducer of ROS production in cells.

Furthermore, we investigated the formation of NETs by neutrophils after the stimulation with the different forms of
bacteriocin using two complementary methods. The neutrophils were first incubated with bacteriocins, LPS, or PMA for
3 hours, and the DNA released from the cells was stained using a fluorescent dye. As shown in Figure 7A, increased
fluorescence intensity, corresponding to the increased DNA released, was observed only in the PMA-treated cells
(positive control of NET formation). Therefore, the NET formation was not confirmed for cells treated with either
bacteriocins or LPS. In the next experiment, NETs formation was observed using a fluorescence microscope. hPMNs
were incubated with PMA or bacteriocins for 3 hours and then stained with DAPI (to visualize DNA) as well as
antibodies specific to myeloperoxidase (MPO). As demonstrated in Figure 7B and Supplementary Figure 14, the
extracellular DNA and MPO were detected only after the treatment with PMA, a known inducer of NOX2 activity.
Based on these observations, it can be clearly stated that all the studied forms of bacteriocin BacSp222 do not induce
NETs formation.

Discussion

During the characterization of the biological activity of bacteriocin BacSp222 produced by Streptococcus pseudintermedius
222, we observed that the peptide significantly increases NO production by mouse monocytic-macrophage cells treated
simultaneously with IFN-y.'? The objective of the present study focused on evaluating the immunomodulatory activity of
various forms of BacSp222: BacSp222, suc-K20-BacSp222, and suc-K11/K20-BacSp222. Simultaneously, we compared
their activity with nisin A, one of the best-known and widely commercially applied bacteriocins.?” Because eukaryotic cells
are known to recognize formylated peptides precisely and effectively,’®>’ we also included -fM-BacSp222 (BacSp222
chemically deprived of formyl-Met) in our research.

Our previous studies specified the bactericidal activity and cytotoxicity of all the tested forms of BacSp222; thus, in
the present experiments, the cells were incubated with bacteriocin at a non-toxic concentration.'> We confirmed that
bacteriocin BacSp222 and its two succinylated forms, suc-K20-BacSp222 and suc-K11/K20-BacSp222, significantly
increased NO production and iNOS expression in the [IFN-y-stimulated RAW 264.7 and P388.D1 cells. Furthermore, the
weakest induction of iNOS expression was observed for -fM-BacSp222, indicating that the lack of formylated
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Figure 7 Bacteriocins do not stimulate NETs formation by human PMNs. (A) Human PMNs were incubated in the control medium or with PMA, LPS, various forms of
bacteriocin BacSp222, or nisin for 4 h. Released cellular DNA was detected by fluorescence measurement after staining with SYTOX™ Green Nucleic Acid Stain. The bars
represent the mean + SEM (n=>5). **p<0.001. (B) Human PMNs were incubated in the control medium or with PMA, BacSp222, or -fM-BacSp222. The cellular DNA stained
with DAPI (blue) and MPO stained using specific antibodies (red) were visualized using fluorescence microscopy.

Abbreviations: NETs, neutrophil extracellular traps; PMA, phorbol myristate acetate; PMNs, polymorphonuclear leukocytes; DAPI, 4,6-diamidino-2-phenyloindole; MPO,
myeloperoxidase.

methionine decreases the stimulatory potential of bacteriocin. At the same time, nisin A did not affect the iNOS
expression alone or in co-stimulation with IFN-y.

Our study revealed that the increase in the NO production in cells exposed to BacSp222 and suc-K20-BacSp222 (but
not -fM-BacSp222) resulted from the activation of the most crucial transcription factor inducing iNOS transcription in
cells, ie, NF-kB. However, the activation of NF-kB alone is not sufficient for iNOS promoter stimulation. When cells are
additionally treated with IFN-y, the activation of the signal transducer and activator of transcription 1 (STAT1) allows
cooperating with NF-kB in the iNOS promoter binding. Therefore, co-stimulation with bacteriocins and IFN-y results in
much more efficient NO production. iNOS expression is induced primarily in immune cells but is not limited only to
these cells. Numerous studies have confirmed that iNOS undergoes expression in endothelial cells, smooth muscle cells,
astrocytes, fibroblasts, or hepatocytes.”>***! The most potent stimulators of iNOS expression are LPS and proinflam-
matory cytokines: IFN-y, TNFa, and IL-1B. Combining these stimulators results in a synergistic effect; however, such
bacterial molecules as LPS appear to stimulate iNOS expression in immune cells best.>***** Our present research
confirmed this phenomenon. BacSp222 enhanced the expression of the iNOS gene only in the macrophages but not in the
endothelial cells; therefore, bacteriocin BacSp222 and its succinylated form could be recognized as a novel peptide
inducer of NO production by immune cells. To date, the best-known bacterial stimulator of iNOS expression is LPS.
However, pneumolysin from Streptococcus pneumoniae, CpG containing DNA, or formyl-methionyl-leucyl-
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phenylalanine (fFMLP) have also been indicated as NO production stimulators.***® It is worth underlining that there is no
research analyzing the influence of the other bacteriocins on NO production by iNOS; even the well-characterized and
commonly used bacteriocin nisin A has not been previously verified in this respect. According to the current knowledge,
the only bacteriocin analyzed for induction of iNOS expression is the circular bacteriocin AS-48 produced by
Enterococcus faecalis. Cebrian et al observed that bacteriocin AS-48 alone did not induce NO synthesis regardless of
the concentration but, contrary to our studies, their experiments did not verify the effect of AS-48 combined with IFN-y.
Interestingly, AS-48 used in some concentrations (2.7 uM and 13.5 uM) decreased the NO production in response to
LPS, whereas this phenomenon was not observed in other concentrations (0.27 uM and 27 uM).*

The activation of NF-xB in immune cells increases the expression of cytokines/chemokines involved in the
inflammatory response, such as TNFa, MCP-1, or IL-18.*"5? Our studies revealed that bacteriocin BacSp222 and its
posttranslationally modified form suc-K20-BacSp222 led to NF-kB activation and, consequently, increased the secretion
of cytokines involved in the inflammatory response. Simultaneously, all natural forms of BacSp222 individually or
combined with IFN-y enhanced the expression of TNFa, MCP-1, IFN-B, IL-10, IL-27, and IL-la in the murine
monocyte-macrophage cells. On the other hand, nisin A had no impact on the cytokine production. Interestingly for
bacteriocin BacSp222 and its modified forms, the profiles of upregulated cytokines were similar to the profiles observed
upon exposure to LPS or LPS co-stimulated with IFN-y. The augmented expression of inflammatory genes, including
genes coding for cytokines, observed after the co-stimulation with LPS and IFN-y, results from the integration of
intracellular signals generated independently by LPS and IFN-y. The activation of the STAT1 transcription factor by IFNs
and NF-kB by LPS provides transcriptional complexes enabling robust and synergistic upregulation of many genes
related to inflammation.>*** Therefore, our results indicate that a similar phenomenon might concern bacteriocin
BacSp222 and IFN-y. The present studies have revealed that BacSp222 regulates the production of cytokines, pointing
to BacSp222 as a peptide with proinflammatory activity. TNFa, IL-1, and chemokine MCP-1 are factors activating local
and systemic responses responsible for the resolution of inflammation.”> At the same time, IL-27 and IFN-B are
considered cytokines with unique pro-and anti-inflammatory properties, while IL-10 has anti-inflammatory
activity.>*® It is known that activation of immune cells by LPS induces secretion of proinflammatory cytokines
(TNFa, MCP-1), but it is always followed by upregulation of anti-inflammatory cytokines, such as IL-10, to precisely
control the inflammatory response.”’ In our opinion, a similar mechanism may be responsible for the increase in the IL-
10 concentration observed after 24 hours of incubation of the RAW 264.7 cells with bacteriocin BacSp222 and its
modified forms.

Neutrophils are the most abundant innate immune response cells exerting multiple functions.*® These cells with high
sensitivity are able to detect pathogen-associated molecular patterns (PAMPs), rapidly migrate to the place of infection,
and secrete proinflammatory cytokines such as IL-8, IL-1p, and IFN-y, to signal, communicate, attract, and stimulate the
other populations of immune system cells involved in elimination of pathogens. Moreover, neutrophils are also masters
of phagocytosis, degranulation, ROS production, and extracellular trap formation. However, the excessive activation of
neutrophils can lead to acute or chronic inflammation, resulting in tissue damage.***>® Our studies have shown that each
form of bacteriocin BacSp222 stimulates human neutrophils to produce IL-8. Simultaneously, we have not confirmed
increased expression of this chemokine in the case of nisin A-treated neutrophils. These results align with our
observations that BacSp222 and suc-K20-BacSp222 activate NF-kB and stimulate the expression of proinflammatory
cytokines in murine monocytic-macrophage cells. Furthermore, numerous studies indicate that, similarly to monocytes
and macrophages, NF-kB controls the expression of proinflammatory cytokines in neutrophils.** The proinflammatory
chemokine IL-8 (also known as CXCLS8) is a chemotactic agent recruiting leukocytes, primarily neutrophils, and
monocytes but also cytotoxic T cells to infected or inflamed tissues.>® The increased IL-8 expression is induced primarily
via activation of PAMP receptors such as TLRs and FPRs.**®° However, cytokines and other molecules associated with
inflammation are also potent stimulators of IL-8 expression.®'** The production of cytokines by immune cells exposed to
bacteriocins is poorly understood; the published reports are mostly focused on nisin, but some of them are contradictory.
Aranha et al did not observe an effect of nisin A on the production of TNFa, IL-6, IL-8, IL-10, and GM-CSF by rabbit
cells isolated from cervicovaginal tissue explants.®> Another team showed an increase in the production of IL-1B by
porcine peripheral blood mononuclear cells (PBMC) only in response to a very high concentration of partially purified
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nisin A. However, at the same time, the same preparation of nisin decreased the LPS-induced secretion of IL-6.%*

Mouritzen et al observed that post-culture media collected from PBMC stimulated simultaneously with LPS and nisin
A and found a decrease in the TNFa level, compared to cells exposed only to LPS.®® Similar observations indicating
suppression of LPS activity were reported for nisin Z. Simultaneously, a stimulating effect of nisin Z on the production of
chemokine MCP-1 and IL-8 by PBMC was observed.®®

The production of ROS and formation of neutrophil extracellular traps (NETs) are essential functions of neutrophils
in the first line of defense against invading pathogens. ROS production is triggered by activating several receptors that
bind molecules of bacterial origin or even some host proteins (such as adhesion molecules or antibodies). The stimulation
of the intracellular signaling cascade eventually leads to assembling a multiprotein NADPH oxidase complex (NOX2)
responsible for ROS production.®® Large amounts of ROS can induce damage to DNA and cellular structures and
effectively participate in pathogen elimination. Furthermore, ROS production is also necessary for activating granular
proteases, resulting in the formation of NETs consisting of DNA and proteins from granules, including elastase and
myeloperoxidase (MPO). Numerous observations indicate that ROS also play a key role in intracellular signal transmis-
sion, leading to the activation of selected transcription factors, thereby indirectly participating in the regulation of
different gene expression. Some data indicate that endogenous ROS produced by NOX2 by activated neutrophils may
also be potent inducers of IL-8 expression. ROS-dependent IL-8 expression was already observed in response to fMLP or
LPS.**¢7%% Since we confirmed that the bacteriocin and its different forms stimulated the production of this cytokine by
hPMNs, we were interested whether studied bacteriocins also induces ROS formation in these cells. However, our studies
did not prove upregulation of ROS synthesis in the neutrophils exposed to either BacSp222 or nisin A. ROS production
in neutrophils often increases after stimulation of various receptors. Signaling transmitted by integrin, Fc receptors, and
FPRs can stimulate this process by direct activation of the NOX2 complex. However, ligand binding to the other
receptors, including TLRs, primes neutrophils and makes NOX2 more susceptible to activation by the secondary
stimulus.®® Perhaps, bacteriocin BacSp222 needs an additional stimulating factor to induce ROS formation in neutro-
phils. However, verifying this hypothesis requires separate, more detailed research.

Finally, our research has confirmed that bacteriocin BacSp222, its modified forms, and nisin A do not induce NET
formation. Because the detection of NETs was carried out using two different methods and a few hours after the addition
of the stimulants, we excluded all forms of NETSs: vital, mitochondrial (occurring up to one hour after the exposure to the
stimulants), and suicidal (occurring a few hours after the exposure to the stimulants).®” These results appear consistent
with the results of experiments that also excluded ROS production after stimulation of neutrophils with bacteriocin
BacSp222, its modified forms, and nisin A. This is because various observations indicate that the classical intracellular
pathway triggering NET formation depends just on endogenous ROS production. For example, ROS produced in
a NOX2-dependent or NOX2-independent manner are required for peptidyl arginine deaminase 4 (PAD4), a key enzyme
involved in histone decondensation.”®”" The NET formation was also observed for various stimuli such as whole bacteria
or bacteria-derived components, fungi, viruses, complexes of antibodies with antigens, autoantibodies, or cytokines.’?

The potential effect of the other bacteriocins on NET formation is very poorly understood. Begde et al showed that
nisin A at a concentration of 75 or 150 uM induced NET formation by human neutrophils in a NOX2-dependent manner.
However, these studies have some limitations since the authors did not study the viability of neutrophils treated with such
high concentrations of nisin A, nor did they provide detailed information about the purity or homogeneity of the nisin
A used in the experiments.”® In our experiments, the concentration of bacteriocins (various forms of BacSp222 and nisin
A) was much lower (1 pM) than the cytotoxic one, and we used highly purified preparations devoid of other potential
components that could stimulate immune cells (such as LPS).

In summary, our studies indicate that all natural forms of BacSp222 A exhibit proinflammatory activity against
murine (monocyte-macrophages cells) and hPMNs. Simultaneously, we have excluded this activity in the comparable
and widely applied commercial bacteriocin — nisin A. The proinflammatory effect of bacteriocin BacSp222 primarily
consists in NF-«xB activation, increased iNOS expression, and upregulated secretion of several cytokines regulating the
inflammatory response. However, this proinflammatory effect does not involve ROS production and NET formation by
neutrophils, limiting the potentially harmful effects on the host cells. Our studies significantly extend the knowledge of
the biological importance of bacteriocins, because the details of their interactions with eukaryotic cells, particularly with
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immune cells, are poorly documented. Moreover, the results of the inflammatory activities of many bacteriocins —
especially nisin — are often contradictory. In our opinion, these discrepancies in observations most probably result from
using nisin preparations with insufficient or varying degrees of purity. Our research is one of the first comparative and
comprehensive studies of the interactions of the studied bacteriocins used in low concentrations. It was performed using
highly purified peptide preparations, which were additionally verified for the presence of possible contamination by LPS.
The results of the experiments performed with the mouse and human immune cells have revealed increased production of
NO and selected cytokines and confirmed the proinflammatory activity of bacteriocin BacSp222. We have also demon-
strated that the posttranslational modifications of this bacteriocin (succinylation) do not diminish its immunomodulatory
activity, contrary to the significantly lower antibacterial properties or cytotoxic activity of such modified forms of this
peptide against eukaryotic cells.'> Currently, we do not know the detailed mechanism of interactions of BacSp222 forms
with host cells. Particularly, a question arises whether and through which receptor bacteriocin BacSp222 interacts with
cells. TLRs and FPRs are receptors through which various cells recognize PAMPs. The biological activity of BacSp222
manifested in the activation of NF-xB, the stimulation of NO production, and cytokine expression, especially in
cooperation with IFN-y, may indicate interaction with one of the TLRs. In our study, we used BacSp222 deprived of
formylated methionine to compare its activity with its natural forms. However, we did not obtain conclusive results
indicating significantly lower activity of -fM-BaccSp222. The -fM-BacSp222 form was less likely to increase NO
production and activate NF-kB, but simultaneously stimulated the production of the selected cytokines to a similar degree
as the formylated forms of BacSp222. Thus, BacSp222 binding to FPRs also seems debatable. Other researchers
analyzing bacteriocin interactions with eukaryotic cells have not yet attempted to identify potential receptors through
which bacteriocins interact with cells.

Conclusion

After contact with the peptide, the mouse and human immune cells mobilized NF-«kB and exhibited increased production
of NO as well as selected cytokines, confirming the proinflammatory activity of bacteriocin BacSp222. The atypical
posttranslational modification of bacteriocin, ie succinylation, does not diminish such biological activities. On the other
hand, the experiments with BacSp222 deprived of formylated methionine gave no unequivocal results. Therefore, the
question of the type of the cellular receptor involved in bacteriocin recognition is still open.
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