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Rapidly growing resistance of pathogenic bacteria to conwational antibiotics leads
to inef ciency of traditional approaches of countering irdctions and determines the
urgent need for a search of fundamentally new anti-infectdv drugs. Antimicrobial
peptides (AMPs) of the innate immune system are promising calidates for a
role of such novel antibiotics. However, some cytotoxicityof AMPs toward host
cells limits their active implementation in medicine and foes attempts to design
numerous structural analogs of the peptides with optimizedproperties. An alternative
route for the successful AMPs introduction may be their usag in combination with
conventional antibiotics. Synergistic antibacterial eftts have been reported for a number
of such combinations, however, the molecular mechanisms othe synergy remain
poorly understood and little is known whether AMPs cytotoxiy for the host cells
increases upon their application with antibiotics. Our stdy is directed to examination
of a combined action of natural AMPs with different structie and mode of action
(porcine protegrin 1, caprine bactenecin ChBac3.4, human lpha- and beta-defensins
(HNP-1, HNP-4, hBD-2, hBD-3), human cathelicidin LL-37), @d egg white lysozyme
with varied antibiotic agents (gentamicin, o oxacin, oxailin, rifampicin, polymyxin B,
silver nanopatrticles) toward selected bacteria, includgdrug-sensitive and drug-resistant
strains, as well as toward some mammalian cells (human erythcytes, PBMC,
neutrophils, murine peritoneal macrophages and Ehrlich &ites carcinoma cells). Using
“checkerboard titrations” for fractional inhibitory conentration indexes evaluation, it was
found that synergy in antibacterial action mainly occurs kteveen highly membrane-active
AMPs (e.g., protegrin 1, hBD-3) and antibiotics with intragllular targets (e.g., gentamicin,
rifampcin), suggesting bioavailability increase as the nramodel of such interaction. In
some combinations modulation of dynamics of AMP-bacteriamembrane interaction in
presence of the antibiotic was also shown. Cytotoxic effec of the same combinations
toward normal eukaryotic cells were rarely synergistic. Ehobtained data approve that
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Zharkova et al. Synergy of AMPs and Antibiotics

combined application of antimicrobial peptides with antibbtics or other antimicrobials
is a promising strategy for further development of new apprach for combating
antibiotic-resistant bacteria by usage of AMP-based therpeutics. Revealing the
conventional antibiotics that increase the activity of huan endogenous AMPs against
particular pathogens is also important for cure strategieglaboration.

Keywords: antimicrobial peptides, synergy, antibiotics, d rug-resistant bacteria, antibacterial activity

INTRODUCTION interfere with the metabolic processes, including synthesis
the vitally important cell componentsBfogden, 2005; Hale
The XX century was marked by the undeniable success in thend Hancock, 2007; Le et al., 2).1Wide-scale multitargeted
eld of treatment and prophylactics of the infectious disesise action is believed to be one of the reasons for the e ectivenes
However, the spread of the drug resistance amongst pathogeri¢ AMPs toward multidrug-resistant bacterial strains and an
microbes poses a serious threat to the existing medical sectr obstacle for the development of a high resistance level to such
founded on the e ective use of antibioticsR@ssolini et al., compounds (Vimley, 2010; Guilhelmelli et al., 2013; LaRock and
2014; Ventola, 201)2Said phenomenon endangers not only theNizet, 2015. Overall, the bene cial features of AMPs are their
successful cure of the infections caused by the resistanbgahs  proad spectrum of activity, swift, and e ective bacterialiki
per se but the whole spectrum of therapeutic procedureshat also complicates the resistance development, and possible
associated with the risk of infectious complications, inafigd  additional e ects such as immunomodulationv@nsour et al.,
surgery, chemotherapy, etcvgntola, 2015p The gravity of 2014 and wound healing promotionfamanathan et al., 2002;
the problem at hand is publicly acknowledged worldwide Carretero et al., 2008; Pfalzgra et al., 2pteémonstrated for
Thus, in 2015 the Global Action Plan on antimicrobial certain peptides.
resistance\(/orld Health Organization, 20)5was endorsed at ~ Combined use of antimicrobials, in particular those with
the Sixty-eighth World Health Assembly. Necessary measurgjj erent targets, is a known strategy to overcome multiple
which must be taken in the face of the growing danger ofjrug resistanceillai et al., 2005; Zimmerman et al., 2007;
antimicrobial resistance include di erent scienti ¢, sa&i and  Turnidge, 2014; Ventola, 2015hit also allows reducing the
economic aspects, but the development of new compound§osages, attenuating side e ects and enhancing selectifity
or non-traditional methods e ective against multidrug-is&ant  compounds Chou, 2005 The concept of combined use comes
microorganisms is still the cornerstone of the whole stygte even more naturally concerning the AMPs, as in many tissues
(World Health Organization, 2095 these compounds are expressed together in certain groups and
Antimicrobial peptides (AMPs), evolutionary ancient and are shown to possess synergy with each otbéref et al., 2005;
conservative tools of the innate immune system providingbale and Fredericks, 2005; Lai and Gallo, 2009: Marxer et al.
immediate response to the large set of various pathogens)1q. Such synergy is believed to be one of the keys to their
(Wiesner and Vilcinskas, 20),@re seen as promising candidatessyccessfulness in combating di erent resistance mechanisms
for the development of novel antibiotics5prdon et al., 2005; jnvented by pathogenic bacteria during the long evolutional
Guani-Guerra etal., 2010; Mahlapuu et al., J0These peptides coexistence with the immune system of the hastuhelmelli
are stored in granules of phagocytic cells and exert theirts eCet al., 2013; LaRock and Nizet, 221So, the combined use of
in phagolysosomes or being secreted extracellularly; they anMPs with other antimicrobials such as conventional antthis
also widely expressed and released at epithelial surfaces afnitely has potential to increase the e ectiveness of both
in a site of in ammation Z85|0 , 2002; Tosi, 2005; Mardti groups of Compounds_
et al., 2011; Gallo and Hooper, 201AMPs remarkably di er It is also noted that the high ecacy of individual
in amino acid sequence and structure, but most of them ar@ntimicrobial agenin vivomay be in fact caused by a synergistic
cationic and they can adopt an amphipathic conformation, thusinteraction with the antimicrobial peptides of the organism
they are able to easily interact with the negatively chargegknappe et al., 20)6And vice versa, it is of interest to identify
components on the surface of bacterial cells and integrate in drugs that can enhance the e ects of the body's own defense
the lipid bilayers Phoenix et al., 2013; Haney et al., 2D17 system Gakoulas et al., 20)L4Revealing such dependencies for
The main mechanism of antibacterial action of AMPs is relatethuman AMPs and antibiotics used in clinics may be of help for
with their ability to alter membrane permeability and damagethe optimization of cure strategies in some cases.
its structure {{ancock and Rozek, 2002; Teixeira et al., 3012 One of the prominent examples of the AMPs with distinctly
This process is accompanied by the leakage of vital componenfsembranolytic mode of action is protegrin 1 (PG-Btéinberg
ions, and metabolites. Membrane destabilization additina et al., 1997; Bolintineanu and Kaznessis, }0isblated from
a ects functioning of membrane-associated protein complexepig leukocyteskokryakov et al., 19931t possesses k&hairpin
(Nguyen et al., 2011; Wilmes et al., 2Zl1Some AMPs are conformation stabilized by two disul de bonds\(imelas et al.,
non-membranolytic and penetrate bacterial membranes witho 199¢). In contrast, proline-rich AMPs are known for their low
disturbing their integrity. They have intracellular targeand  damaging action on membranes. A peculiar representative of
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this group is caprine bactenecin with the molecular weight ofs a penicillinase-resistanib-lactam, which inhibits bacterial
3.4 kDa (ChBac3.4) from the leukocytes of the domestic goakell wall biosynthesisKong et al., 2010 Polymyxin B is
Capra hircus which exhibits a pronounced e ect not only on a peptide antibiotic of bacterial origin, which increases the
Gram-negative, but also on Gram-positive bacteria, unlike t permeability of the bacterial membranes, similarly to AMPs
majority of proline-rich peptides $hamova et al., 20p9This  (Carmona-Ribeiro and de Melo Carrasco, 2)8entamicin and
linear AMP, supposedly, has a dual mechanism of action, similamikacin are aminoglycosides and inhibit protein biosynthes
to the one described for Bac7 (1-39)I4ttiuzzo et al., 2007; by the covalent irreversible binding to the 30S subunit of
Shamova et al., 2009t is suggested that in low concentrations it bacterial ribosomesavis, 198Y. Rifampicin creates obstacles
acts by a non-lytic mechanism via intracellular targets, jphgs to the process of transcription by inhibiting bacterial DNA-
binding to the aminoacyl site of bacterial ribosomé&ifsan dependent RNA polymeraseéMehrli, 1983. O oxacin is a
et al., 2015; Roy et al., 20Q16r interfering with the chaperone- quinolone antibiotic. It inhibits DNA-gyrase essential fDINA
dependent protein folding @tvos, 2002; Scocchi et al., 2009replication, thus, interfering with the bacterial cell divisio
Zahn et al., 201)3 as described for other proline-rich peptides. (Aldred et al., 201} Erythromycin is a macrolide antibiotic.
In higher concentrations ChBac3.4 actively damage thechbiatt It reversibly binds to the 50S subunit of the ribosome and has
membranes, although not as fast as PGsigmova et al., 2009  a bacteriostatic e ecteskar and Jugade, 2Q1™Meropenem
The main groups of AMPs presented in humans includeis one of the carbapenemb;lactam antibiotics, resistant to
cathelicidins and a- and b-defensins. The only human the majority of the bacterigh-lactamasesHapp-Wallace et al.,
cathelicidin LL-37, when it contact with the bacterial memaibe, 201J). The spread of resistance to carbapenems in recent years
adopts the conformation of an amphipatheehelix (Vandamme is one of the most concerning tendencies. Carbapenem-rasista
et al., 201p. Defensins are stabilized by three disul de bonds andstrains, especially Gram-negative ones, includikuinetobacter
are folded into the threstranded antiparalleb-sheet [ehrer baumannii Pseudomonas aeruginpaad various species of the
and Lu, 201p. b-Defensins have an additionathelical region at Enterobacteriacegamily (in particular, Klebsiella Escherichia
the N-terminus, which presumably facilitates anchoring loét coli, Serratia, and Proteu} are topping the global priority
peptide into bacterial membran&dylor et al., 2008; Machado list of antibiotic-resistant bacteria, composed Wjorld Health
and Ottolini, 2015. Antimicrobial activity of LL-37 and defensins Organization (2017)
is associated with the damaging of bacterial membranesf st Another class of antimicrobial substances, which attracts
noted that disruptive action of-defensins on them progressesthe attention of researchers as a promising and e ective tool
rather slowly, but is accompanied by the decrease in the sgigth against drug-resistant pathogens, is nanoparticles of variou
of bacterial DNA, RNA and proteins, and the bacterium alsoosemetals, in particular, of silverRai et al., 2012; Markowska
an ability to form colonies l(ehrer and Lu, 2012 Solid-state et al., 2013; Cavassin et al., 2)Mhich has been known for
NMR spectroscopy data support a “dimer pore” topology forits bactericidal properties for thousands of yeafdekander,
the pores formed bya-defensin HNP-1 in model membranes 2009; Yang et al., 20).8'he mechanism of antimicrobial action
(Zhang et al., 2001 These pores do not cause a signi cantof silver nanoparticles has not been completely deciphered
disorder in the membrane lipid packing-éhrer and Lu, 2002  yet, but it is associated with their ability to a ect the proper
Recent ndings shows, that hBD-3 and HNP-1 can also inhibitfunctioning of membrane associated proteins, including #os
the bacterial cell wall synthesis by speci cally binding dipi of respiratory chain, stimulate ROS production and induce
Il (de Leeuw et al., 2010; Sass et al., 2010 oxidative stresgfuran et al., 2010; Lara et al., 2)1The toxicity
Some AMP-like properties are also found in antimicrobialof nanoparticles was found to be much lower than that of ionic
proteins, for example in lysozyme, which is widely presentedilver, however the problem of their side e ects has not been
in animals. It is an important component of the secretions ofcompletely solvedfuran et al., 2010, 2015; Stensberg et al.,
many glands, including mammary, salivary, and lacrimafj ah  201J). Reducing their e ective concentrations by combined use
the mucus of nasopharynx and gastrointestinal traete(ning, with other antimicrobials can be bene cial.
1922; Fabian et al., 2014dysozyme shows activity primarily =~ The present study is dedicated to examining a combined
against Gram-positive bacteria, catalyzing the lytic dégtian  action of natural antimicrobial peptides of di erent structer
of peptidoglycan, which is the major component of their celland mode of action [porcine PG-1, caprine bactenecin
wall (Miasschalck and Michiels, 2008 owever, there are reports ChBac3.4, humana- and b-defensins (HNP-1, HNP-4;
suggesting that it can also act by a non-enzymatic mechanishBD-2, hBD-3), human cathelicidin LL-37] and egg white
probably similar to that of AMPsl(aible and Germaine, 1985; lysozyme with antibiotic agents, possessing varied targets
Ibrahim et al., 200 in bacterial cells (selected antibiotics, silver nanoptes),
Unlike AMPs, clinically used antibiotics usually act viain a search of novel approaches of combined antimicrobial
speci ¢ interactions with their molecular targets. Antilbics therapy for combating drug-resistant microbes. The tasks
can be classied on several groups depending on the vitalf the study included exploration of the activity of these
process or structure of bacterial cell they aect. Due tocombinations against a number of drug-sensitive strains, as
the diversity of mechanisms of action they represent avell as several multi-resistant isolates. Combined heriwlyt
perspective pool for searching synergistic interactionsulment  activity and cytotoxic action toward mammalian cells wergoal
study oxacillin, polymyxin B, gentamicin, amikacin, rifarojpi,  considered to assess the possibility of reducing toxic e ants
0 oxacin, erythromycin and meropenem were used. Oxacillinincrease selectivity.
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MATERIALS AND METHODS acid, cefotaxime, ceftazidime, ce xime, aztreonam, nedin,
M . cipro oxacin, trimethoprim/sulfamethoxazole),Pseudomonas
a.te,”als_ . . aeruginosaMIDR 522/17 (resistant to meropenem, ceftazidime,
Antlm_|crob|al Pepud_es and Proteln_s . cexime, amikacin, gentamycin, netilmicin, cipro oxacin,
Chemically synthesized bactenecin ChBac3.4 was kindlyjistin) Kiebsiella pneumonia&SBL 344/17 (resistant to
provided by Dr. A. Kolobov (State Research Institute of H'ghlyampicillin), Acinetobacter baumannii 7226/16  (resistant
Pure Biopreparations, Saint Petersbu.rg, Russia).. It ha§ begn imipenem,  gentamicin, tobramycin,  cipro oxacin,
produced by Fmoc/tBu-strategy on solid-phase using a Liberty;methoprim/sulfamethoxazole) and the susceptible strain
microwave peptide synthesizer (CEM Corp., USA), according ¢ acinetobacter baumanniiere isolated from infected wounds,
a standard syntheS|§ protocols. Peptide puri cation was edrri . fom patients urine in case of. coli and generously
out by RP-HPLC (Gilson; France) on a Waters Prep-NovaPaqided by Prof. G.E. A nogenov from Saint Petersburg State
6mm C18 (19 300 mm) column. Purity, as assessed by reversgp;yersity and Dr. A. A nogenova from the Research Institute
phase analytical chromatography on DeltaPakn® C18 100A o £pidemiology and Microbiology named after L. Pasteur, Saint
(3.9 150 mm) column, was about 99%. The molecular mass Wasgtershurg, Russia. Multidrug-resistant Gram-positive diihic
con rmed by MALDI-TOF MS. Protegrin 1 (PG-1) was a gift j5o|4te Staphylococcus aure899/17 (resistant to ampicillin,

from Prof. R. Lehrer (University of California, Los Angelés)is oy aillin, gentamicin, amikacin, o oxacin) originated frothe
peptide was produced by SynPep Corporation (USA); purity of;me source.

synthetic PG-1 was 99 %. LL-37, humarand b-defensins were

purchasepl at Peptidg Institutg, Inc., Japan. Egg white lysezyrEukaryotic Cells

was _obtamed from BlpChemlca, Germany. We prepared stock,man erythrocytes, mononuclear cells (PBMC) and
solutions of the peptides from Peptide Institute, Inc., Japan,e trophils used in the study were isolated from peripheral
according to the instruction provided by the manufacturer.pood of healthy donors.

For other peptides the concentration of stock solutions was 4 gptain erythrocytes, heparinized blood was centrifuged f
spect_rophotometrically veri ed based on their molar extioct 1 min at 3009 and 4. The supernatant liquid was removed,
coe cients at 280 nm pace et al., 1995 10 ml of cooled PBS containing 4mM of EDTA (pH 7.4) was
added to the precipitate, and the mixture was centrifuged for
Sj . . .10 min under the same conditions. Then, red blood cells were
ilver nanoparticles were synthesized by the photo-reduoctio hed th . it led PBS. Th di d red
of AgNOs in presence of gelatin, which was used as aif/ashed three more times with coole - The sedimented re

additional stabilizer. AQN®(99.9%, Chimmedsynthesis, Russia)bIOOCI cells were used for.the hemolytic test,
To obtain neutrophils and mononuclear cells, whole

latin (A Russi f hesis. 0. f= ) . ) ) .
and gelatin (Acros, Russia) were used for synthesis. 0.05g r?epannlzed blood was diluted with sterile PBS in a 1:1 ratid a

gelatin was added to 4 ml of 4. Aqueous AgNQ@ (6 ml, 1 M) A . .

was added to gelatin solution by continuous stirring. Thieison carefully msertgd mto the sterile polystyrene S0ml tupe upiue t .

obtained was placed into UV-reactor for UV irradiation for 5ml of the sterile Ficoll-400 (I?harmama, Sweden) with aq¢n5|

24 h at room temperature. Dialysis was performed to remov 21'077' Th?. tubethwas centrlfulged ?t. 60”0|g artﬂdfbt; 4t0 min. th

unbound gelatin and ionic silver, and the low level of thedatn er separation, the mononuclear ming located betwees

the samples was con rmed by the ionometry. The nanoparticlegloc’d plasma and Ficoll was collected with a Pasteur pipette,
. : . - . . fransferred to another tube, and washed twice with 10 ml of
iameter (includin latin in rmin lectr . . S -

diameter (including gelatin coating) dete ed by elect sterile PBS by centrifugation for 20 min at 300 g an@4

i imatel . . .
microscopy was approximately 50 nm The pellet formed under the Ficoll-400 layer after separation

Antibiotics, Culture Media, and Other Reagents contained both neutrophils and erythrocytes. It was also
All antibiotic powders, as well as phosphate-bu ered salindransferred into a separate tube, where the red blood cells
(PBS) tab|ets’ bovine serum albumin (BSA)’ O_nitrophdm,y|_ were |ysed with 0.83% ammonium chloride SOlUtion, which
D-galactoside (ONPG), ethylenediaminetetraacetic ZERITA), Was add_ed in a_ratio of 1:4. After_ the thorough mixing, the
and methylthiazolyldiphenyl-tetrazolium bromide (MTT) weer Suspension was incubated for 10 min at room temperature, and
bought from Sigma, USA. Miller-Hinton broth M391 was then centrifuged for 10min at 300g and @ The resulting
purchased from Oxoid, Germany. Other reagents and media weRd€cipitate containing neutrophils was washed twice with the

Silver Nanoparticles

supplied from BioloT, Russia. sterile PBS.
After washing, both mononuclear cells and neutrophils were
Bacterial Strains resuspended in 1-2ml of RPMI-1640 culture medium and

Escherichia coliML-35p and MRSA (methicillin-resistant immediately used in MTT test.

Staphylococcus aurg@éd CC 33591 bacterial strains were kindly ~ Peritoneal macrophages and Ehrlich ascites carcinoma (EAC)
provided by Professor R. Lehrer, University of California, Losells were obtained from (C57BL/6J CBA/J) F1 hybrid male
Angeles, USAMicrococcus luteuSIP A270 was obtained from mice, 3 months old (body weight of 18-22g). The animals
the collection of the Department of Molecular Microbiology were maintained under the standard vivarium conditions at
of the Institute of Experimental Medicine, Saint Petersburgroom temperature with a 12-h light/12-h dark cycle, free asce
Russia. Antibiotic-resistant Gram-negative bacteéfscherichia to food and water, according to the standards of laboratory
coli ESBL 521/17 (resistant to ampicillin, amoxicillin/clavulon animal welfare.
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Before the cells extraction, mice were sacri ced by cetvicalCheckerboard Titration Method
dislocation in accordance with the supplement to the Direstiv The combined antimicrobial action of AMPs and other
86/609/EEC and its update Directive 2010/63/EU address$iag t antimicrobial compounds was assessed using checkerboard
recommendations for euthanasia of experimental anim@ls{e titration approach under the conditions similar to that of
et al., 1995 To obtain peritoneal macrophages, healthy micehe microdilution assay. According to checkerboard titoat
were used. The abdominal cavity of each animal was washésmplate, one component (A) of the combination was diluted
with 3 ml of sterile PBS using a Pasteur pipette. The culture adlong the rows of the plate, while the other (B) was diluted
EAC cells was kindly provided by Dr. E.P. Kiseleva (Immunglogdown the columns, thereby creating the variety of mixtures
Department of the Institute of Experimental Medicine, Saintwith di erent concentrations of tested compounds. 208 of
Petersburg, Russia). On the tenth day after the intraperibne corresponding solutions of the components A and B were added
tumor inoculation, 0.5-1.5ml of ascitic uid containing EA into each well of the plate. Into the rst column and the lastwo
cells was obtained from the abdominal cavity of the animalsghe same amount of 10 mM sodium phosphate bu er, pH 7.4,
Murine cells (normal or tumor) were washed twice with 10 ml of containing 0.1% of BSA was introduced instead of the second
sterile PBS and resuspended in RPMI-1640 medium as describedmponent. Thus, all wells contained i of antimicrobial
above for human neutrophils and PBMC. compounds solutions (solo or in combination). The same vadum
The human erythromyeloid leukemia cell line K562 wasof bacterial suspension, prepared as described for micraalilut
obtained from the collection of the Institute of Cytology BA assay, was added into each well. The results were recoraed aft
(Saint Petersburg, Russia) and cultured in RPMI-1640 mediurthe overnight incubation, visually indicating the presenme
containing gentamicin (106g/ml) and 10% of fetal bovine absence of the microbial growth in the corresponding wells.
serum at 37C, 5% CQ. Doxorubicin-resistant K562 cells Based on the obtained data the isobolograms of combinedracti
were obtained from the parent line by continuous exposuravere plotted and/or Fractional Inhibitory Concentrationdites
of the cells to increasing concentrations of doxorubicionfr  (FICI) were calculated. The latter was done as follows: Rtk
0.00016 to Png/ml as describedGrinchuk et al.,, 1998 and D [AJ/[MIC A] C [B]/[MIC B], where [A] and [B] are respective
their resistance to doxorubicin was 1-2 orders of magnitudeoncentrations of substances A and B in their combination
higher than in the original K562 cells. Drug resistance wae ectively inhibiting bacterial growth, and [MIC A] and [MIC
maintained by monthly selection with the antibiotic f&/ml  B] are the individual MICs of A and B when they are used alone.
in the culturing medium). Doxorubicin was removed from Depending on the minimal value of the FICI the combined e ect
the medium 3 days prior to beginning any experiments.of the combination was classi ed as antagonism (FII2),
Before the testing K562 cells were washed twice with PBBdependent action (X FICI  2), additivity (0.5< FICI 1)
and resuspended in RPMI-1640 in the same way as the other synergy (FICI 0.5), as is recommended in the literature and
cell types. due to some drawbacks of the serial dilution methbdigh et al.,
1993; Orhan et al., 2005; Fehri et al., 20FICIs were assessed
in 3—6 independent experiments and median values were used to
Antibacterial Assays de ne the nature of interaction.
Broth Microdilution Assay
Prior to the “checkerboard” synergy test the minimal inhdsy ~ Bacterial Membrane Permeabilization Assay
concentrations (MIC) of individual substances were deter@di  The ability of antimicrobial peptides, alone and in combiioats,
using broth microdilution assay. Testing was performedo increase the permeability of the cytoplasmic membrane
in 60-well polystyrene Terasaki microplates with V-shapedf Gram-negative bacteria was examined using a previously
bottom generally according to the guidelines of the Europeanescribed procedure_ghrer et al., 1998 The method is based
Committee for Antimicrobial Susceptibility Testing withistle  on the certain features of the speci cally desigriedcoliML-
modi cations designed for AMP testingTEssi et al., 1997; 35p bacterial strain. As its parental straih coliML-35, this
Wiegand et al., 2008Cultivation of bacteria was carried out in bacterium constitutively expresses cytoplasimigalactosidase,
2.1% Muller-Hinton broth at 37C with shaking. Two-fold serial but is unable to transporb-galactoside containing substrates
dilutions of peptides, antibiotics and other antimicrobialene through the inner membrane in normal circumstances due to
made with 10 mM sodium phosphate bu er, pH 7.4, containingthe lack of lactose permease. In additidh, coliML-35p also
0.1% of BSA. The plates were preliminary incubated with 0.1%0ssesses periplasniidactamase. If the cytoplasmic membrane
BSA for 1 h at 37C to reduce a non-speci ¢ binding of peptides of the bacterium is damaged, the chromogenic marker o-
to the plates. After that BSA was removed, and serial dilgionnitrophenylb-D-galactoside (ONPG) penetrates into the cell
were added into the plate wells in triplicates followed by theand, when digested by bacteribtgalactosidase, produces a
same volume of the suspension of bacterial cells in logaiithm colored product o-nitrophenol. The accumulation of the latte
phase of growth in concentration of 1 10° CFU/ml. After can be spectrophotometrically detected at a wavelength of
the 18h overnight incubation at 3T, the MIC value for 420 nm.
each compound was determined as its lowest concentration Escherichia colML-35p was cultivated in the sterile 3%
completely inhibiting the visible growth of bacteria. The Trypticase soy broth (TSB) for 18 h at 7, then washed three
nal results were calculated as median values based on 3+Bnes with 10 mM sodium phosphate buer, pH 7.4 (10min
independent experiments. centrifugation at 600 g and £), diluted up to the OD of 0.4 at
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620nm (1 10® CFU/ml concentration), and used immediately The combined action of the test substances was classi ed as
or kept on ice until the start of the test. The incubation wellsindependent (in the absence of statistically signi cant deece

for the testing contained antimicrobial components (alone o found for both combinations of concentrations), additivé (

in combinations) in concentrations equal to % of MIC, 10 mM the statistically signi cant di erence was shown only for a
sodium phosphate bu er with 100 mM NacCl (pH 7.4), 2.5mM combination of ¥2 MEC AC % MEC B), or synergistic (if
ONPG, and 2.5 10’ CFU/ml of bacteria in a stationary growth there is a statistically signi cant di erence from the contr
phase washed out of the culture medium. Controls containedamples for both combinations of concentrations). When actio
equivalent volume of acidi ed water instead of antimicrabi on tumor cells was tested in combination with antitumor
agent(s). The assay was started by adding the bacteria amd veatibiotic the lower concentrations up to%{; MEC A C

run at 37 C, with periodical shaking. Optical density (OD) %, MEC B) as in checkerboard titration were additionally
measurement at 420 nm was performed every minute for 1-2 Bxamined to assess the magnitude of synergistic e ect more
using SpectraMax 250 Microplate Spectrophotometer (Moleculgrecisely. The nal conclusion was made based on the three

Devices, USA) and its SoftMax PRO software. independent experiments.

. . Hemolysis Test
Cytotpxmty ASSf'ﬂyS _ . Hemolytic activity was investigated by incubating tested
Combined Hemolytic or Cytotoxic Action compounds in various concentrations and their combinations

Examining the combined cytotoxic eects of variousyith a suspension of washed human red blood cells. Two
combinations of AMP with other active compounds We pyngred eighty microliters of erythrocyte precipitate obiad as
applied the same principle based on the Loewe additivityescribed in section Eukaryotic Cells was added into thelete
paradigm Greco et al., 1992hat was used in the analysis of the 15 m tupe and its volume was adjusted to 10 ml with cooled PBS.
combined antibacterial action. We calculated FractionatEve Using 0.5 ml plastic tubes, @ of the tested compound serially
Concentration Index (FECI), which could be seen as a padicul i ted in PBS or of the combination of two compounds were
case of the interaction index (I) proposed Bygrenbaum (1977) - mixed with the 27m of the prepared erythrocyte suspension for
or of the similar combination index (Cl) proposed liyhou and  gach sample. For positive control (100% lysis of erythrocytes) 3

Talalay (1983)according to the equation below: m of the detergent (10% Triton X-100 solution in PBS) were
added to the 271 of the erythrocyte suspension, and for negative
FEC IndexD [A]MEC A] C [B]9MEC B]. (1) control (0% lysis of erythrocytes) 8l of the PBS were used

instead of any cell-damaging compound. Resulting 2.5% (v/v)
. . erythrocyte suspensions were incubated for 30 min aC3with
Here, [MEC A] and [MEC B] are the minimum e ective nqriggical shaking. After incubation, the hemolysis proceas w
concentrations (MEC) of substances A and B, when they argqnneq by the addition of 78i of cooled PBS. The samples were
used alone. MEC is de ned as the minimum concentration ofoenifyged at 5,000 g and @ for 4 min. The optical density of
the compound, at which the statistically signi cant diereec ¢ gpernatants was measured at a wavelength of 540 nm using
with the control samples containing intact cells (0% hemislys ghectramax 250 Spectrophotometer (Molecular Devices, USA).
for hemolytic activity assay or 100% cell survival for MTT-the experiments were repeated three times. In each experiment
test) is found, concerning the studied e ect (thereby it isg| the test or control samples were made in triplicates. The

called “e ective”). [A] and [B] are respective concentraon percentage of hemolysis of erythrocytes was assessed by the
of substances A and B in their combination, where the SaMgy|iowing formula:

statistically signi cant di erence is detected. A non-paratric
Manry-Whltney.U-.test b< 0.95 orp < 0.01) was used for the Hemolysis(%)D (ODsample  ODosolysd=OD100%ysis
mentioned statistical comparison.

We have chosen the same intervals as that of FICI ODoslysig  100%, )
to determine synergy, additivity, independent action, and
antagonism based on the minimal FECI values. However, ia ca¥/neré ORampie ODossiysis and ODioowlysisare values of the
of cytotoxic or hemolytic e ect we were interested mainly in OD at 540nm for the test sample, negative (0% lysis) control,

testing the possibility of additive or synergistic inteiiaatitself, ~and positive (100% lysis) control, respectively. Howevee du
and not in assessing the exact magnitude of such interactiof® the design of the study of combined action, described
Thus, in contrast to the “checkerboard titration” methodegs @Pove in Combined Hemolytic or Cytotoxic Action, the
for combined antimicrobial activity investigation, stiidg the ~OPtained ORampie and ODyyiysis values were rather used to
combined cytotoxic e ect, we considered only two combinago détermine MECs and FECI by the Mann-Whitney-test

of concentrations for the substances A and B in the mixture: ~ (P< 0.05n3,n2D 3).

(*2 MEC A C 2 MEC B), which, if found e ective, provides MTT-Test

the FECI value of 1 (the threshold value for additivity); Standard MTT-test losmann, 1988 was used for the
(*a MEC A C % MEC B), which, if found e ective, examination ofthe cytotoxic activity of antimicrobial cgounds
provides the FECI value of 0.5 (the threshold value forlnd their combinations toward varied eukaryotic cells. Byie
synergetic interaction). cell suspensions in RPMI-1640 prepared as described in
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Eukaryotic Cells were dispensed into the 96-well microplg@es  shown). For lysozyme, which also is not active against these
10 cells/well). Then, serial dilutions of AMPs, or other antitic ~ two bacteria, that, however, was not the case, thus, it was
compounds, or their mixtures in RPMI-1640 were added. Innot excluded. The minimal FICIs for tested combinations of
positive controls (100% cell survival) the according voluoie AMPs or lysozyme with antibiotics are given Table 2 Values
RPMI-1640 without test substances was added instead. The nabrresponding to synergistic e ect (FICI 0.5) are shown in
volume in each well was 10@l. Negative controls (0% cell bold type.

survival) were made with 1081 of the sterile RPMI-1640. The The data are also represented as polygonogrdfigute 1)
plates were incubated at 32 under 5% CO2 for 24 h. Four hours to better visualize the general picture of interactions. @ive
before the end of incubation, Il of metabolic marker MTT 3-  polygonograms are in fact complete bipartite graphs, which
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brade (5 can be considered as labeled or even weighted, as the minimal
mg/ml, diluted in PBS) was added to each well. Incubation waBICI value for the particular combination is coded by thickse
stopped by adding 961 of isopropanol containing 0.04 M HCI. (the lesser — the thicker) and color of the edge connectirgy th
Content of the wells was thoroughly mixed, so that the foraraz nodes representing the components of the said combinatian. Pi
crystals, formed in case of the reduction of MTT in presenceharts re ecting various types of interactions for the stddc

of actively metabolizing cells, were fully dissolved. Tptcal compounds are placed in the corresponding nodes aSakol
density of the samples was evaluated at 540 nm, subtractirg al. (2011) The color coding used for both charts and edges
the background absorbance at 690nm, by SpectraMax 2% green for synergy (FICI 0.5), blue for additivity (0.5 FICI
Spectrophotometer (Molecular Devices, USA). The experiments 1), violet for independent action (& FICI  2) and red for
were repeated at least three times. In each experiment testtagonism (FICE 2).

samples were made in triplicates and control samples were made Synergistic e ects are found for combinations of bactenenci

in hexaplicates. OD values of samples and of positive controfShBac3.4 with rifampicin against Gram-negative bactEriaoli
(100% cell survival) were statistically compared using tk@h  ML-35p; with oxacillin against Gram-positive bacteria MRSA
Whitney U-test (p < 0.05 orp < 0.01;n; D 2-3,np, D 5-6) ATCC 33591, which has a relatively high resistance to this
to determine MECs and FECI (as previously de ned). The % o#ntibiotic; with o oxacin against Gram-positive bacterid.

surviving cells for test samples could be found as: luteus CIP A270. Membranolytic AMP PG-1 demonstrates
synergistic action with gentamicin against both Gram-rtega
Survival(%)D (ODsample  ODoossurvival (OD100sssurvival microorganisms tested, and, albeit to a lesser extentnsigtiie
ODoysurvival  100%, (3) Gram-positive strairM. luteusCIP A270.

The mutual enhancement of antimicrobial activity occurs in
where ORample ODovesurvivai and ODigoussurvivaidre values of Case of the combined use of lysozyme and polymyxin B on Gram-

the OD at 540 nm minus the OD at 690 nm for the test sampleN€gative bacteria. The action of lysozyme with some anittsot
negative (0% cell survival) control, and positive (100% cefi9ainst bacteria, which are highly resistant to the formeealso

survival) control, respectively. quite close to synergistic: namely, with gentamicin ageinstoli
ML-35p and with gentamycin, oxacillin, and polymyxin B agains
Ethics Statement MRSA ATCC 33591.

In this study erythrocytes, mononuclear cells and neutrdghi Amongst tested human AMPs, synergistic e ect is detected in
used for evaluation of cytotoxic activity of the peptides andollowing combinations: hBD-3 with gentamicin against Gram
antibiotics, were obtained from blood of healthy donorsacgi  negative bacteria; hBD-2 with rifampicin and polymyxin B
authors of this article served as such the donors, ethicalgainst susceptibld. baumannij as well as with polymyxin
approval was not required by the Ethics Committee of theéB against M. luteus CIP A270; HNP-1 or hBD-3 with
Institute of Experimental Medicine. All subjects/authorsvga rifampicin against MRSA ATCC 33591; LL-37, or HNP-

their written consent. 1, or hBD-2, or hBD-3 with gentamicin againdtl. luteus
CIP A270. Interaction close to synergy is observed for
RESULTS combinations of HNP-1 with rifampicin and hBD-3 with
0 oxacin againstE. coli ML-35p, as well as for LL-37 with
Effects on Bacterial Cells polymyxin B and HNP-4 with gentamicin again$fl. luteus
Combined Antibacterial Action CIP A270.

At the rst stage of the study we explored the combined action Intotal, counting the combined action of each AMP/antibiotic

of AMPs and lysozyme with antibiotics against drug-suscéptib combination on each tested bacteria separately, additigty
bacteria. MIC values for individual substances are displaged iobserved in 75.4% of cases (101 of 134), and synergy is found
Table 1 The individual antimicrobial activity of oxacillin, HNP- in 14.2% of cases (19 of 134). However, from 40 examined
4 and hBD-2 againsk. coliML-35p and that of LL-37 and combinations of AMPs and conventional antibiotics 13 (that
HNP-4 against MRSA ATCC 33591 is low. The combinationss 32.5%) shows synergistic e ect against at least one of the
including named substances were not further tested againststed bacterial strains. Ten of this thirteen combinasiamclude

the corresponding microorganisms after it was veri ed that a gentamicin, rifampicin or o oxacin, which a ect intracellufa
addition of ¥ MIC of the second antimicrobial to the %2 MIC biosynthesis of proteins and nucleic acids. No antagonistic
of the component with low activity was not e ective (data not interactions are found.
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TABLE 1 | Antimicrobial activity of individual fractions of AMPs andntibiotics against Gram-negative and Gram-positive baefria.

MIC?2 (mM) toward bacterial strains

Gram-negative Gram-positive

Sample E. coli ML-35p A. baumannii (clin. isol.) MRSA ATCC 33591 M. luteus CIP A270
LL-37 10 25 50 1.25
HNP-1 50 0.6 25 0.1
HNP-4 >100 [200] 0.8 125 0.2
hBD-2 >100 [200] 6.25 >100 [200] 1.0
hBD-3 30 1.2 6.8 0.6
PG-1 3.1 1.6 3.8 0.5
ChBac3.4 3.1 1.6 7.2 1.6
Lysozyme > 250 [500] 1.2 > 250 [500] 0.08
Oxacillin > 250 [500] 25 7.5 3.1
Polymyxin B 0.4 1.25 12.5 0.6
Gentamicin 0.625 0.06 0.16 0.16
Rifampicin 10 0.125 0.003 0.003
O oxacin 0.125 0.3 0.625 5

aMinimal inhibitory concentrations (MIC) values are medians of 3—6 ingendent experiments made in triplicates. If actual MIC value was out of theséed concentrations range, it was
assessed as twice the maximal tested concentration; the correspondingalue is given in square brackets.

TABLE 2 | Antimicrobial activity of combinations of AMPs with antibkics against Gram-negative and Gram-positive bacteria.

Minimal FICIs & of AMP nantibiotic(AB) combinations against bacteria

Gram-negative

Gram-positive

AMPNAB RIF PMB GEN OFL OX AMP nAB RIF PMB GEN OFL OX
E. coli ML-35p MRSA ATCC 33591
LL-37 0.75 0.75 0.75 1.12 - HNP-4 0.75 1.12 1 1 1.12
HNP-1 0.56 1 0.62 1.12 - HNP-1 0.5 1.12 0.75 1 1
hBD-3 0.75 0.75 0.28 0.53 - hBD-3 0.5 1 0.75 0.75 0.75
ChBac3.4 0.5 1 1 0.75 - ChBac3.4 0.75 0.62 0.75 1 0.5
PG-1 0.75 1 0.38 0.62 - PG-1 0.75 0.62 1 0.75
Lysozyme 0.62 0.25 0.53 1.12 - Lysozyme 0.62 0.56 0.53 1.12 0.53
A. baumannii (clin.isol.) M. luteus CIP A270
LL-37 1.12 1 0.75 1 15 LL-37 1 0.56 0.25 0.75 0.75
HNP-1 0.75 1 0.62 0.75 0.75 HNP-1 0.75 0.75 0.19 1 1
HNP-4 1.12 1 0.62 1 1 HNP-4 1 0.75 0.56 1 0.75
hBD-2 0.5 0.38 0.75 1 1 hBD-2 0.75 0.5 0.19 0.75 0.75
hBD-3 1.12 0.62 0.5 1.12 1 hBD-3 0.62 0.75 0.31 0.62 1
ChBac3.4 0.75 0.75 1 1 0.75 ChBac3.4 0.75 0.75 0.62 0.5 0.75
PG-1 1.12 0.75 0.38 1 1.12 PG-1 0.75 0.62 0.12 1 0.75
Lysozyme 1 0.5 0.75 1 1 Lysozyme 0.75 0.62 0.62 0.62 0.75

AMP, antimicrobial peptide; RIF, rifampicin; PMB, polymyxin B; GEN, gentacin; OFL, o oxacin; OX, oxacillin.
@Fractional Inhibitory Concentration Indices (FICI) values are tians of 3—4 independent experiments; FIC+ 2 indicates antagonism, 1< FICI
FICI 1 corresponds to additivity, FICI 0.5 denotes synergy; synergy cases are set off in bold type.

2 shows independent action, 0.5<

Interestingly, most of the synergy cases occur in combdmati  combinations with gentamicin had previously shown synergy,
of AMPs with gentamicin (the e ect is revealed for LL-37, PG-and similar results with amikacin were obtained. Correspogd
1, HNP-1, hBD-2, hBD-3). After this nding, measurements of isobolograms are shown &igure 2A. After the checkerboard
combined antimicrobial action with listed AMPs were replicghte titration test, the content of the wells was ten-fold dilutedda
using another aminoglycoside antibiotic — amikacin. Aitfiv putted onto the solid nutrient medium. Microbial growth was
was examined againg¥l. luteus CIP A270, where all these observed after a 24h incubation at & showing that the
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MRSA ATCC 33591 M.luteus CIP A270 A.baumannii (clin.isol.) E.coli ML-35p
LL-37 LL-37
low
individual ' ‘
Oxacillin activity Oxacillin ‘ Oxacillin

HNP-1 HNP-1 low

individual
activity
Polymyxin B g Polymyxin B HNP-4 \ Polymyxin B
) low
J individual
activity

ow |\

individual
activity

S Gentamicin Gentamicin

individual
activity

hBD-3

Gentamicin

Rifampicin Rifampicin Y N7 Rifampicin

ChBac3.4 Y . \ ‘

Ofloxacin Ofloxacin Ofloxacin
\
Lysozyme ‘

n 2:0 antagonism

Lysozyme

synergy 0.5 additivity 1.0 independent actio

FIGURE 1 | Polygonograms of combined antibacterial action of AMPs andonventional antibiotics shown inTable 2. Edges color and thickness re ect the type of
interaction (green for synergy, blue for additivity, vidiéor independent action, red for antagonism) and the Fraathal Inhibitory Concentration Index (FICI) value (the
lesser is FICI, the thicker is the edge). Nodes contain pie charshowing the ratio of different interaction types for eactantimicrobial peptide (AMP) or antibiotic in the
particular polygonogram.

e ects of combinations were not just bacteriostatic, butéed level of resistance, are also quite numerous. Rather slynila
bactericidal (examples are showrFégure 2B). to amikacin, this antibiotic a ects bacterial ribosomesbeit

For PG-1 and ChBac3.4, which were most active amongsinding to another subunit. The synergistic e ect is found enga
tested AMPs, combined antibacterial e ects with antibiotiere  P. aeruginosa&DR 522/17 andK. pneumoniaeESBL 344/17
further explored against drug-resistant clinical isoladse MICs  for combination of the antibiotic with PG-1, and against all
and minimal FICIs values are shown Tiables 3 4, respectively. tested strains, excepgt. baumannii 7226/16, for combination
As none synergistic interactions were previously found fowith ChBac3.4. Combination of o oxacin with PG-1 shows
combinations of either PG-1 or ChBac3.4 with polymyxin B, thesynergy only againsk. pneumoniaeESBL 344/17, which is
latter was excluded from the list of tested antibiotics. Mmmwem  susceptible to this antibiotic. On the other hand, for such
and erythromycin were examined instead. combination with ChBac3.4, synergistic action is detectgdrest

Individually PG-1 is active against all of the antibiotic-the o oxacin-resistant strainsA. baumannii 7226/16 ands.
resistant isolatesTable 3 in the same concentrations as againstaureusl399/17. The combined e ect of both PG-1 and ChBac3.4
laboratory drug-sensitive strainsTdble 1); for ChBac3.4 the with meropenem is synergistic against baumannii 7226/16,
MICs are just slightly higher. For combinations of AMPs with which has a high level of resistance to this antibiotic, arairag}
aminoglycoside amikacin, synergy is found in almost allesas S. aureud399/17, for which MIC of meropenem is also higher
with the exception of the action againSt aureusl399/17 for than that for susceptible strains. The combination of ChBéc3
PG-1 and againgk. coliIESBL 521/17 for ChBac3.4 Though onlyand oxacillin, previously shown to be synergistic against the
S. aureud 399/17 shows high resistance to amikacin itself as laboratory strain MRSA ATCC 33591, demonstrates similar e ect
can be seen iffable 3 Interestingly, the cases of synergy withagainst clinically isolate®. aureusl399/17, which is highly
erythromycin, to which all clinical isolates possessesi s@gmt  resistant to oxacillin.
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FIGURE 2 | Combined antibacterial action of aminoglycosides amikaniand gentamicin with AMPs againstM. luteus CIP A270. (A) Isobolograms demonstrating
synergistic effect of combinations of amikacin and gentargin with antimicrobial peptides (AMPs) agains¥!. luteus CIP A270. Concentrations of components are
given in fractions of their individual minimal inhibitoryomcentrations (MICs). Diagonal dashed line illustrates theodel additive interaction expected for Loewe
additivity criterion. Minimal FICI is shown in the upper riglzorner of each isobologram, its value is median of 3—4 indegndent experiments showing similar results;
isobolograms are samples from one of these experimentgB) Microbicidal action of combinations of amikacin and gentartin with AMPs againstM. luteus CIP A270.
After the checkerboard titration test, wells content was duted 10 times with phosphate-buffered saline, and 3l of the dilution was putted on tryptic soy agar placed
in the wells of a 96-well plate using the same template; 24 h gubation at 37 C was performed and microbial growth was subsequently obsered. Photographs show
the typical samples of the results obtained.

Results of the checkerboard titrations for combinations ofin almost all cases, except that agaifst baumannii for
ChBac3.4, PG-1, and lysozyme with gelatin-stabilizedessilv lysozyme. ChBac3.4 in combination with nanoparticles mainl
nanoparticles against drug-susceptible bacteria are repeste shows additivity.
as isobolograms dtigure 3. Minimal FICIs are shown in the Although the combined action with AMPs for the
upper right corners of the corresponding plots. They are typedjelatin-stabilized nanoparticles was not further examined
in green for synergy, in blue for additive e ect, and in violet against multidrug-resistant isolates, we carried out such
for independent action. Additional red numbers on the plotsexperiments using the combinations of PG-1 or ChBac3.4
are FIClIs calculated for combinations corresponding to retkd  with poviargolum {able 5, which is a preparation of
MIC values for antimicrobial action of gelatin-stabilizeiiver  polyvinylpyrrolidone-stabilized  highly  dispersed  silver
nanoparticles alone are given under the isobolograms as mediaused as broad-spectrum bactericidal agent (Patent of the
of 3—4 independent broth microdilution tests. Russian Federation No 2088234, owned by the Institute

According to the obtained data, combined e ect of PG-1of Macromolecular Compounds RAS). Synergy was found
and lysozyme with silver nanoparticles proves to be synérgistwith PG-1 against Gram-negative clinical isolateB.
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TABLE 3 | Antimicrobial activity of individual fractions of AMPs andntibiotics against drug-resistant clinical isolates.

MIC?@ (mM) against drug-resistant clinical isolates

Gram-negative Gram-positive

Sample E. coli ESBL 521/17 A. baumannii 7226/16 P. aeruginosa MDR 522/17 K. pneumoniae ESBL 344/17 S. aureus 1399/17
PG-1 0.4 6.25 1.6 16 1.0
ChBac3.4 6.25 125 6.25 6.25 125
Oxacillin >50 [100] >50 [100] >50 [100] >50 [100] >50 [100]
Meropenem 0.04 >50 [100] 25 0.04 6.25
Erythromycin >50 [100] >50 [100] >50 [100] 50 >50 [100]
Amikacin 1.0 6.25 1.0 0.25 >50 [100]

O oxacin 50 25 >50 [100] 0.25 >50 [100]

aMinimal inhibitory concentrations (MIC) values are medians of 3—-6 ingendent experiments made in triplicates. If actual MIC value was out of theséed concentrations range, it was
assessed as twice the maximal tested concentration; the correspondingalue is given in square brackets.

TABLE 4 | Antimicrobial activity of combinations of AMPs with antibkics against drug-resistant clinical isolates.

Minimal FICIs @ of antibiotic(AB) nAMP combinations against drug-resistant clinical isolates

Gram-negative Gram-positive

E. coli ESBL 521/17 A. baumannii 7226/16 P. aeruginosa MDR 522/17 K. pneumoniae ESBL 344/17 S. aureus 1399/17
ABnAMP PG-1 ChBac3.4 PG-1 ChBac3.4 PG-1 ChBac3.4 PG-1 ChBac3.4 PG-1 ChBac3.4
OX 1.12 1.12 0.75 1.12 1.12 1.12 1.12 1.12 1.12 0.25*
MEM 1.0 1.0 0.38* 0.5* 1.0 0.62 1.0 1.0 0.25* 0.31*
ERY 0.62 0.38* 1.12 0.75 0.5* 0.38* 0.25* 0.25* 0.75 0.5*
AMK 0.38 0.62 0.38* 0.5* 0.5 0.5 0.31 0.38 1.0 0.125*
OFL 0.75 0.75 0.62 0.5* 1.12 0.75 0.5 0.75 0.56 0.125*

AMP, antimicrobial peptide; OX, oxacillin; MEM, meropenem; ERY, erythromigc AMK, amikacin; OFL, o oxacin.

aFractional Inhibitory Concentration Indices (FICI) values are dians of 3—6 independent experiments; FIC+ 2 indicates antagonism, 1< FICI 2 shows independent action, 0.5<
FICI 1 corresponds to additivity, FICI 0.5 denotes synergy; synergy cases are set off in bold type.

“Bacterium has moderate or high resistance to the antibiotic being part of theynergistic combination.

aeruginosaMDR 522/17, K. pneumoniaeESBL 344/17 and For AMP/antibiotic pairs, where the peptide component
A. baumannii 7226/16, and, interestingly, with ChBac3.4 aslemonstrates rapid membranolytic e ect, such as hBD-
well: against Gram-negative straiis coli ESBL 521/17K.  3/gentamicin, hBD-3/rifampicin and PG-1/gentamicin, cess
pneumoniaeESBL 344/17, and Gram-positive bacteriugh  of combined action almost replicate those illustrating tleti@n
aureusl399/17. of the corresponding peptide alone. In case of the additive
combination of PG-1 with polymyxin B, where both components
are distinctly membranoactive, total e ect is predictablyebto
Analysis of the Bacterial Membrane Permeabilization the individual action of PG-1, as it arises more quickly.
Plots atFigure 4A show obtained kinetic curves, illustrating  The e ect of lysozyme and polymyxin B, when they are applied
the changes in the permeability of the cytoplasmic bacteridh combination, is noticeably intensi ed: its developmerite
membrane caused by AMP/antibiotic combinations, whichdoubles. Interestingly, the same phenomenon could be obderve
most often demonstrated synergy of antibacterial actionfor the outer membrane of the tested bacteifiglre 4B) using
in comparison with the eect of individual compounds. another chromogenic marker nitroce n, which is a substrafe
We examined combined e ect of ChBac3.4 with rifampicin, E. coliML-35p periplasmid-lactamase. The latter may indicate
o oxacin, or oxacillin; of PG-1 or LL-37 with gentamicin; of that the interaction between lysozyme and polymyxin B is not
HNP-1 or hBD-3 with gentamicin or rifampicin; and of lysozyme limited to the facilitation of lysozyme access to the peptidogty
with polymyxin B. However, it should be mentioned, that nat al layer. It is possible that lysozyme in its turn contributeseditly
of these combinations demonstrated synergy speci callyragia to the process of polymyxin interaction with the outer membean
E. coliML-35p. In addition, a combination of two membranolytic of bacteria, and later with the inner membrane as well.
agents PG-1 and polymyxin B, whose interaction was predigtabl ChBac3.4 and HNP-1 show no substantial e ect on the
additive, and a combination of lysozyme and gentamicin, 810 membrane permeability in concentrations equal to ¥4 MIC, which
e ect was close to synergistic, were also considered. is expected, as dimeric pores suggested for HNP-1 do not cause
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FIGURE 3 | Isobolograms of combined antibacterial action of gelatin-sated silver nanoparticles (Ag NPs) with lysozyme and AMPE€oncentrations of components
are given in fractions of their individual minimal inhibitp concentrations (MICs). MICs values for silver nanoparid alone are shown under the graphs. Diagonal
dashed line illustrates the model additive interaction exgzted for Loewe additivity criterion. Minimal Fractional hibitory Concentration Index (FICI) is shown in the
upper right corner of each isobologram, its value is medianfB—-4 independent experiments showing similar results; isigreen for synergy (FICI 0.5), blue for additive
effect (0.5< FICI 1), and violet for independent action (k FICI 2). Isobolograms represent samples from one of the experimas. AMP, antimicrobial peptide.

signi cant membrane disruption l(ehrer and Lu, 2002 and membrane disturbance, thereby accelerating AMP integration
ChBac3.4 in low concentrations is believed to act via noninto the bilayer and/or their aggregation.
membranolitic mechanism Shamova et al., 20p9However, For another combination with gentamicin, which includas
slight acceleration in the development of membrane-damggindefensin HNP-1, no changes are found comparing the action of
e ect of these peptides, when in combination with rifampicin, the peptide alone or with the antibiotic. As it was mentioned,
can be noted. HNP-1 does not show prominent e ect on the permeability
Signi cantly more prominent e ect of this nature occurs of bacterial membrane in concentrations of ¥4 MIC. Though,
for the combination of LL-37 with gentamicin. AMP alone is synergy between HNP-1 and gentamicin is observed not agains
causing quite slow enhance of the membrane permeability, bu. coliML-35p, but against Gram-positive bactehi luteusCIP
in presence of gentamicin the process of membrane-damagim270. Probably, in this case a certain role in the realizeditthe
is developing rather quickly. In the tested concentrationsynergistic e ect can be attributed to the ability of deferss{m
gentamycin alone causes no substantial increase in thgarticular, HNP-1) to bind lipid Il and block the biosynthesi$ o
permeability of the membrane. It means that a non-speci cthe cell wall, described not so long agte(Leeuw et al., 20).0
membrane damaging, which is possible at the late stages of In case of lysozyme, the addition of gentamicin in the
aminoglycosides action on bacteria, when the protein sysithe mixture unexpectedly results in slower increase of permiwbil
is a ected and incorrectly synthesized proteins are embeddeith comparison to the action of lysozyme alone. The e ect of
into the membrane disturbing its stabilityTéber et al., 1997 the combination againsE. coli ML-35p is close to synergy,
is out of the picture. Perhaps, aminoglycoside moleculethough the bacterium is highly resistant to lysozyme, as
can contribute to the lipid clusterization process and oJeralit is Gram-negative. It could be speculated, that after
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TABLE 5 | Antimicrobial activity of colloidal silver preparation ‘@iargolum” alone and in combinations with PG-1 or ChBac3.4gainst drug-resistant clinical isolates.

Bacteria Poviargolum MIC 2 (mg/ml) Poviargolum and PG-1 FICI b Poviargolum and ChBac3.4 FICI b
E. coliESBL 521/17 78 0.56 0.375

A. baumannii7226/16 78 0.5 0.75

P. aeruginosaMDR 522/17 78 0.5 0.625

K. pneumoniae ESBL 344/17 78 0.5 0.5

S. aureus1399/17 156 0.62 0.5

aMinimal inhibitory concentrations (MIC) values are medians of 4 indepéent experiments made in triplicates.
bFractional Inhibitory Concentration Indices (FICI) values are dians of 34 independent experiments; FIC+ 2 indicates antagonism, 1< FICI 2 shows independent action, 0.5<
FICI 1 corresponds to additivity, FICI 0.5 denotes synergy; synergy cases are set off in bold type.

FIGURE 4 | Effects of combinations of AMPs with antibiotics showing atibacterial synergy on membrane permeability dE. coliML-35p. (A) Permeability of the inner
membrane for a chromogenic marker o-nitrophenyb-D-galactoside (ONPG). % of minimal inhibitory concentrans (MICs) of antimicrobial peptides (AMPs) and
antibiotics were used when alone, and ¥4 MIC of AMRC % MIC of antibiotic when in combination. Curves illustrate ORG degradation by the cytoplasmic
b-galactosidase of bacteria, when the membranes are damagetby test substances. Curves slope and the time of their risingp the plateau correspond to the extent
of this damage. (B) Permeability of the outer membrane for a chromogenic markermitroce n under the effect of combination of lysozyme with pdymyxin B. Outer
membrane permeability was examined similarly to the inner @mbrane except for the chromogenic marker being used was nibce n in concentration of 20mM and
the OD measurement was performed at 486 nm. Nitroce n is a subsate for the periplasmicb-lactamase of the bacteria. RIF, rifampicin; PMB, polymyxiB; GEN,
gentamicin; OFL, o oxacin; OX, oxacillin.

lysozyme penetrates through the outer membrane EBf lyzozyme [(aible and Germaine, 1985; Ibrahim et al., 2001
coli ML-35p, it induces the cleavage of the cell wall, ands involved.

the access of the gentamicin molecules to its targets is )

probably facilitated, similar to the mechanism describedEffects on Eukaryotic Cells

for aminoglycosides andb-lactam antibiotics. However, Combined Hemolytic Activity

to explain observed changes in the dynamic of lysozymeSynergistic antimicrobial combinations of PG-1, ChBag3.4
induced membrane permeability increase, further reseasch lysozyme, and LL-37 with antibiotics (froifable 2 were tested
needed. Probably, the non-enzymatic mechanism, reported fdor hemolytic activity. MECs for individual substances are
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TABLE 6 | Cytotoxic action of individual fractions of AMPs and antibtics toward normal or tumor mammalian cells and their hemgtic activity toward human
erythrocytes.

Sample MEC?@ (mM) of cytotoxic action toward MEC?& (mM) of
hemolysis
of human

erythrocytes
Normal Cells Tumor Cells
Human PBMC Human neutrophils Murine peritoneal macrophages K5 62 Murine EAC

PG-1 5.0 2.5 2.5 1.25 1.25 2.0

LL-37 12 10 > 20 [40] 5.0 10 5.0

Lysozyme >50 [100] >50 [100] >50 [100] >50 [100] 50 >50 [100]

ChBac3.4 20 > 20 [40] > 20 [40] 20 5.0 >50 [100]

Gentamicin >50 [100] 50 >50 [100] 50 >50 [100] >50 [100]

Rifampicin >20 [40] 20 >20 [40] >20 [40] >20 [40] 20

Oxacillin >50 [100] >50 [100] >50 [100] >50 [100] >50 [100] 25

O oxacin >50 [100] >50 [100] >50 [100] >50 [100] >50 [100] >50 [100]

Polymyxin B 50 >50 [100] 50 25 50 >50 [100]

PBMC, peripheral blood mononuclear cells; EAC, Ehrlich ascites cginoma.

aMinimal effective concentrations (MEC) values are medians of 3—4 indepdent experiments made in triplicates. MECs are minimal concentrations vehe the statistically signi cant
difference from the untreated (intact) cells is found with Mann-Whiay U-test (p< 0.01; n; D 3, ny D 6-8 for cytotoxic action; p< 0.05, n1, nz D 3 for hemolysis). If actual MEC value
was out of the tested concentrations range, it was assessed as twicéghe maximal tested concentration; the corresponding value is given in squaibrackets.

summarized inTable 6 Peptides PG-1 and LL-37 start to show Data on the toxicity of AMP/antibiotic combinations in three
hemolytic properties in quite low concentrations &f10mM  independent experiments and corresponding FECIs values are
in in vitro conditions in absence of blood serum; amongstsummarized inTable 8in the same manner as for the hemolysis.
the antibiotics only oxacillin and rifampicin demonstratéght  Despite the promising results of the hemolytic test, we idedti
hemolityc action. Results for combinations Tiable 7illustrate  synergy of cytotoxic action against tumor and/or normal sell
by “C” the presence or by “~" the absence of any statisticallijn a number of cases. Thus, LL-37/gentamicin combination
signi cant hemolytic e ect of examined mixtures of AMPs with provides synergistic e ect toward both types of tested tumdisce
antibiotics in a series of three independent experimentse8as  (human K562, murine EAC) and normal PBMC; toward human
these data the corresponding FECI value for each combinatiomeutrophils and murine peritoneal macrophages it shows at leas
is assessed. Despite hemolytic properties possessed by somadafitive interaction. Combination of lysozyme with polymgxi
the tested compounds, no cases of synergy or even additiviB/ also demonstrates synergy against K562, EAC and PBMC

regarding combined hemolytic action are detected. cells, and additivity toward peritoneal macrophages of nf@-
1 and gentamicin applied together exert synergistic cytotoxic
Combined Cytotoxic Action action on human neutrophils; however, in other cases the e ect

To determine whether the cytotoxicity of combinations of AMP is independent. Combination of PG-1 and polymyxin B shows
and antibiotics against various normal and tumor eukargatlls  synergy against K562 cells, and PMBC. The combined e ect
is higher than that of individual substances, we used MTT-tesof lysozyme and gentamicin on eukaryotic cells is additive in
The e ect was observed toward human PBMC and neutrophils ofhe majority of the cases. For combinations of ChBac3.4 and
healthy donors, murine peritoneal macrophages of healthyemic antibiotics, combined action is mainly independent.
human erythromyeloid leukemia cell line K562 and murine EAC ~ We noticed that in the identi ed synergistic combinations
cells. Examined combinations were the same as for the heimolyat least one component demonstrates a pronounced
assay. Additionally, the combination of PG-1 and polymyxinmembranolythic action on bacterial membranes (PG-1, LL-
B, where both compounds had explicit membranolytic action37, polymyxin B). This fact corresponds with generally acaepte
was tested. conception that such mechanism contributes to non-specic
MECs of individual substances were determined beforgoxicity toward eukaryotic cells as well.
examining combined actionT@ble 6. Though AMPs are more The obtained data indicate that combined use of AMP and
toxic toward tumor cells, which correspond to the literature antimicrobial antibiotics in some cases can result in stangous
(Al-Benna et al., 2011; Gaspar et al., JDPE-1 also starts to  enhancement of antibacterial action and of cytotoxic e eots
damage normal cells in quite low concentrations. To thedess eukaryotic cells. Therefore, to strengthen only the rshdi
extent itis true for LL-37 against human PBMC and neutrophilsof activity, the selection of e ective combinations should b
and ChBac3.4 against human PBMC. Antibiotics are generallypproached with caution. However, it should be noted that
non-toxic toward both tumor and normal eukaryotic cells in in the majority of cases the concentrations of conventional
concentrations below 25-5aM. antibiotics used to examine the combined action on eukacyot
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TABLE 7 | Hemolytic action of combinations of AMP and conventional aibiotics
toward human erythrocytes.

A and B combination Hemolytic activity FECI 2

(*: MEC A C % MEC B) (% MEC A C % MEC B)

LL-37 and GEN C--H ———H >1.0
PG-1 and GEN -—=[ -——H >1.0
Lysozyme and GEN ———[-] -——H >1.0
Lysozyme and PMB  ———[-] — >1.0
ChBac3.4 and OX  ———[-] ———H >1.0
ChBac3.4 and OFL  ———[-] ———H >1.0
ChBac3.4 and RIF -——H - >1.0

GEN, gentamicin; PMB, polymyxin B; OX, oxacillin; OFL, o oxacin; Rlrifampicin.C | —

presence or absence of the statistically signi cant difference fromintact cells (Mann-

Whitney U-test p< 0.05, n1, n; D 3) in each of the three independent experiments;
resulting assessment of the combination effect is given in squarerackets.

aAssessment of the minimal Fractional Effective Concentration IndéXECI) based on the
results for (Y2 MEC AC %2 MEC B) and (¥4 MEC AC %2 MEC B) combinations of substances
A and B; FECI> 1.0 shows independent action or antagonism, 0.5< FECI 1 indicates

additivity, FECI 0.5 denotes synergy. MEC, minimal effective concentration.

cells signi cantly exceeded those used to study the conabine
e ect on bacteria. Resulting di erence in the molar ratios of
the components between combinations tested on eukaryotic an
bacterial cells probably makes the current assessment adloé m
pessimistic than it should have been, if component ratios were
preserved in accordance to antimicrobial assays.

At the same time, combined cytotoxic action of PG-
1 with anticancer agent doxorubicin was determined to be
synergistic against both doxorubicin-sensitive and daorkiacin-
resistant K562 tumor cells with minimal FECIs being 0.25 and
0.38, respectively (median values based on three independen
experiments). However, it must be noted, that this phenomenon
was tested regarding minimal toxicity level, and at the 5086te
level used to de ne Igp in standard antitumor activity tests
the type of interaction may di er. It is also of interest, thdtet
enhancement in MEC values comparing susceptible and resistan
cell lines is signi cantly higher for doxorubicin than forG1
(100 times, from 1 to 106g/ml, for doxorubicin against 4 times,
from 1.25 to 5.0nM, for PG-1). However, it may simply be due
to the absence of cross-resistance.

DISCUSSION

AMPs of animals' host defense are widely acknowledged to
e ectively suppress the growth of microorganisms resistant to
the clinically used drugsH{ancock and Lehrer, 1998; Deslouches
etal., 2013; Kang et al., 2Q1%he synergy of various AMPs with

di erent antibiotic compounds including other AMPs or proteins

of neutrophil granules as well as clinically used antib®tias
been reported in numerous paperSidcometti et al., 2000a,b,c;
Yan and Hancock, 2001; Cassone and Otvos, 2010; Yu et al.
2019. Current research was aimed to study the combined
e ects of AMPs with other antibiotic agents considering their
direct antibacterial and cytotoxic activity in order to eal
certain patterns in such interactions that can provide adufitl

rfmtal or tumor mammalian cells.

afBiotics toward no

TABLE 8 | Cytotoxic action of combinations of AMP and conventional

a
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information on the mechanisms standing behind the observednolecules which can limitto some extent their ability to peate
synergistic action, and to verify the e ectiveness of suchihrough the pores formed by AMPs.
combinations against multidrug-resistant bacterial Btsa Synergy with gentamycin was reproduced with another

A number of di erent generalized models explaining synergyaminoglycoside amikacin. According to existing knowledge,
are in place. Some are speci c to the mechanisms of action tf boafter the electrostatic binding of aminoglycoside molesul
components. They applies to the cases when the ways in whicarrying large positive charge to the negatively chargeatsires
interacting compounds perform their individual action comge  distributed on the surface of bacteria, the energy-depehden
at some speci c site; for example, if two drugs are inhibitinguptake of antibiotic into the cell takes place, although no speci
alternative pathways producing the same essential metalf@lit —carrier proteins were reportedigber et al., 1997 Frequently
et al., 2009; Yeh et al., 200%r if they share the same target, reported cases of synergy between aminoglycosides band
but bind non-competitively, providing synergy on molecular lactam antibiotics Rahal, 2006; Leibovici and Paul, 2D@re
level @Breitinger, 201p. In other scenarios synergistic action is believed to occur due to the damaging of the cell wall by
contributed mostly to the mechanism of action of one of theb-lactams, facilitating the access of aminoglycosides tor thei
components in the pair. In such cases this component providergets Davis, 198§ Based on that, the antimicrobial synergy of
to the other a better ability to exert its e ecE{mmerman et al., aminoglycosides with AMPs can also be attributed to the main
2007). It can be either due to facilitating the access of the sdconproposed model: membrane-damaging performed by peptide
component to its targets or due to inhibiting some mechanismallows easier access into the cell for the antibiotic. The fac
for example, biodegradation, that prevent the second compbnetthat the synergistic action of gentamicin and membranalyti
from taking its action Zimmerman et al., 2007; Cokol et al., AMP PG-1 is more pronounced against Gram-negative bacteria
201). In case of this bioavailability model, the rst compound (Table 2 Figure 1), where besides the cytoplasmic membrane, an
which is a “provider” of said bioavailability can demonse&at additional external one also exists, supports this theory.
synergistic interactions with a large number of substamassng The scenario of bioavailability increase is also applicable to
distinctly di erent mechanisms of actionGhou, 200%. On the the combination of lysozyme and polymyxin B found to exert
other hand, some researchers point out a possible danger synergy against Gram-negative bacteria. Our data correspon
increasing bioavailability not only for the desired drugitlalso  with the known fact, that the pretreatment with non-bactedial
for other substances which were not taken into consideratio doses of polymyxin B allows lysozyme to lyse bacterial wall of
(Cokol etal., 2011 Gram-negative bacteria in concentrations which are othsew

Synergy observed so far in AMP/antibiotic pairs or forine ective (Warren et al., 1957 and supply further evidence for
AMPs with antimicrobial proteins co-located with them vivo  this synergy in formal terms of Loewe additivity model. Hawwe
is generally attributed to AMPs brand ability to enhance thein this case it is the antibiotic that presumably damages the
permeability of bacterial membranes and by extent the aaafess outer membrane to provide lysozyme with the access to the
other compounds into the periplasm and cytoplasm of bacteriabeptidoglican layer. This hypothesis is supported by the study of
cells Cassone and Otvos, 2010; Yenugu and Narmadha, 201¢ombined action of lysozyme and polymyxin B immobilized on
Singh et al., 2014; Feng et al., 2015; Gupta et al., 2015; Khagarose beads which prevented the latter from interacting wi
et al., 2015; Soren et al., 20)1However, it do not eliminate other bacterial structures except outer membramf&genthal
the possibility that synergistic interactions of AMPs witthet  and Storm, 197) Though, there are facts demonstrating that
antimicrobials are not limited to just that. the bioavailability model here works the other way around

Most of the cases of synergistic interaction we found in preseras well. The report bysalizzi et al. (1975)ndicates that the
study were between AMPs having a pronounced e ect on theresence of low doses of lysozyme, which do not a ect microbial
permeability of bacterial membranes (PGbldefensins, LL-37) growth, renders Gram-positive bacteracillus subtilis both
and antibiotics a ecting the biosynthesis of nucleic aciggla polymyxin-resistant and sensitive strains, susceptible timeés
proteins, which, in order to perform their microbicidal actip lower concentrations of polymyxin B. And the dynamic of
must penetrate inside the cell. This fact supports the existingermeabilization of the cytoplasmic membrane Ef coliML-
bioavailability model proposed for such synergy, suggedtieg 35p by polymyxin B observed in current study shows signi cant
crucial role of AMP-provided membranolytic action in it. acceleration in presence of lysozyme.

Most frequently synergy was observed in combinations The e ect of combinations on the permeability of bacterial
of AMPs with aminoglycoside gentamycin a ecting protein membranes in comparison with the e ects of individual
synthesis at ribosomes, whereas e ects of combined actitn wisubstances in the same concentrations was investigateohhot
antibiotics in uencing nucleic acid synthesis (rifampiceind for lysozyme and polymyxin B, but also for other AMP/antibiotic
0 oxacin) were a bit less frequent (more so for o oxacin). dh pairs showing synergy, as the damage to bacterial membranes
rate of development of the damaging e ect can play a certain roles simultaneously the main mechanism of antibacterial aacti
here: violation of the synthesis of nucleic acids a ects\wdability of AMPs and the main estimated cause of their synergistic
in a more distant perspective and needs more time to make teraction with other antimicrobial compounds.
signi cant contribution compared to the rapid damage caused From mechanistic considerations if the synergy-providing
by the peptide, and compared to the peptide synthesis blockageraction of AMP and antibiotic is limited to the easier ass of
on ribosome as well. Another factor may be the presence af rigithe latter into the inner space of bacterial cells using AMP-fedm
structures of fused aromatic rings in o oxacin and rifampici pores in their membranes, the e ect of AMP on the membrane
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permeability should not be a ected by the presence or absence Synergy with o oxacin disturbing DNA-replication process
of antibiotic, at least in the beginning when antibiotic ingg@n  was also shown against drug-resistant isolates, though®@r
bacterial biosynthesis is yet to manifest. This assumptiaved 1 only against o oxacin-sucseptibke. pneumoniaeSynergistic
to be right for AMP/antibiotic pairs including PG-1 and hBD-3 interactions with di erent quinolone antibiotics are indited in
which caused swift increase of membrane permeability. various publications: with naladixic aci&¢ott et al., 1999; Zhang
On the other hand, observed synergy cases were not limitegt al., 1999; Sanchez-Gomez et al., 0With cipro oxacin
to combinations with AMPs demonstrating rapid membranolytic (Scott et al., 1999; Giacometti et al., 2000a; Yenugu and
action in tested concentrations. Thus, ChBac3.4 and HNR-1 iNarmadha, 2010; Gopal et al., 2014; Singh etal., 2014; Betsa e
tested concentrations caused only slight e ect on cytoplasmi201§, with levo oxacin (Feng et al., 20)5and with nor oxacin
membrane permeability. In case of synergy between HNP-(INiu et al., 201} as well as synergy with novobiocin which also
and gentamicin against Gram-positive bacteria, HNP-1 dbsdr  inhibit DNA-gyrase activity {/aara and Porro, 1996
ability to bind lipid 1l, thereby disturbing bacterial cell al Although the indications are quite vague, synergy between
synthesis, can contribute to the interaction observed, ras iChBac3.4 and oxacillin seems to manifest speci cally against
mentioned synergy of aminoglycosides whHactams Rahal, S. aureusstrains resistant to this antibiotic. Further study is
2006; Leibovici and Paul, 200the latter also aect said required to clarify if there are some unique features ungad
synthesis. Some supplementary mechanisms could be involvéd/IP/antibiotic interaction in this case. Noteworthy, not kgn
for ChBac3.4 as well, as its action is believed to includ€hBac3.4, but also PG-1 was found to be synergistic with
intracellular targets in addition to membrane disruption, meropenem, anotheb-lactam antibiotic, against resistam.
especially in low concentrations. baumanii and moderately resistars.aureushowever, against
Another interesting observation is a prominent accelematio meropenem-resistanP. aeruginosahis e ect wasn't shown.
of the membrane damaging process compared to the actioNevertheless, the obtained data look promising in the light
of AMP alone found for the combination of LL-37 with of recent challenges posed by carbapenem-resistant bacteria.
gentamicin. On a lesser scale such e ect was also observEdr both oxacillin and meropenem, synergy was found against
for combinations of ChBac3.4 and HNP-1 with rifampicin. It bacteria which had enhanced MIC levels to these antibicgticd,
suggests that in some cases the interaction between AMP amds not found against those more sensitive; thereby it may be
antibiotic may be more complex than the penetration of thesuspected, that some resistance mechanism can be a ected by
antibiotic through the pores formed by peptide, and can includeAMPs, thought further investigation is needed. Cases of AMPs
some direct or indirect e ect on the incorporation or orientah  synergy with b-lactam antibiotics against multidrug-resistant
of AMP molecules in the bacterial membrane mediatedbacteria (including those resistant to this particutelactam) are
by antibiotic. also demonstrated in numerous works for ampicillifenugu
Further examination of antibiotics combinations with PG- and Narmadha, 2010; Sanchez-Gomez et al.,)2@mMoxicillin
1 and ChBac3.4 against clinically isolated multidrugstsit (Giacometti et al., 2000c; Moerman et al., 2002; Sanchez-zome
strains of E.colj A. baumanij P. aeruginosaK. pneumoniae, et al., 2011; Wu et al., 20 7carbenicillin Gcott et al., 1999;
and S. aureuson rmed the described above dependencies inYenugu and Narmadha, 20),Qicarcillin (Sanchez-Gomez et al.,
synergistic interaction. Most numerous cases of synergyewe01)), aztreonam Pollini et al., 201), piperacillin (Giacometti
found for both peptides with amikacin used instead of gentamic et al., 2000b)¢ cephalosporins ceftazidimes{acometti et al.,
in these tests, and with erythromycin. This two antibiotics2000b,c; Soren et al.,, 2015; Bessa et al.,)2@&furoxime
both a ect protein synthesis by binding to bacterial ribosa@ne (Moerman et al., 2002 ceftriaxone Giacometti et al., 2000c;
Other studies also report synergy of AMPs with antibioticsSingh et al., 2014; Soren et al., 2015; Jindal et al.), ZA&fépime
targeting this process, such as chloramphenicdiang et al., (Feng et al., 20)5cefotaxime Gopal et al., 2014; Singh et al.,
1999; Yenugu and Narmadha, 2010; Sanchez-Gomez et al;, 204114; carbapenems meropenenGigcometti et al., 2000b,c;
Rajasekaran et al., 20Q1TetracyclinesGiacometti et al., 2000c; Sanchez-Gomez et al., 2011; Pollini et al., 20417d imipenem
Yenugu and Narmadha, 2010; Sanchez-Gomez et al.,);201(Sanchez-Gomez et al., 2011; Feng et al.,)20@5addition,
aminoglycosides gentamicifY énugu and Narmadha, 2010; Wu AMPs are reported to synergize with vancomyciigcometti
et al., 201Y, tobramycin Payne et al., 2017; Pollini et al., 2P17 et al., 2000a; Shin et al., 2002; Feng et al., 2015; Wu ed&D), 2
kanamycin fAnantharaman et al., 2010; Yenugu and Narmadhawhich also disturbs cell wall synthesiée et al. (2015)ndicate
2010, streptomycin {enugu and Narmadha, 20);Gnacrolides that wide synergy between magainin Il abdactam antibiotics,
azithromycin (Vu et al., 201y, erythromycin {/aara and Porro, also observed b§iacometti et al. (2000cseems to be unusual,
1996; Ulvatne et al., 2001; Moerman et al., 2002; Sanchend may be provided by some unique mechanishmcometti
Gomez et al.,, 2011; Gopal et al., 2014; Jindal et al.,)201&t al. (2000a,binention the hypothesis that AMPs may trigger
clarithromycin Giacometti et al., 1999, 2000a)b,8ynergistic the activity of bacterial murein hydrolases, hence connitiitg
interactions with rifampicin a ecting transcription and heec to the peptidoglycan degradation in cooperation witfiactams.
RNA synthesis are also frequently describgdafa and Porro, Regarding possible resistance mechanisms attenu&timhez-
1996; Giacometti et al., 2000a; Ulvatne et al., 2001; Cieibal., Gomez et al. (20113uggest that some AMPs can counteract
2008; Anantharaman et al., 2010; Yenugu and Narmadha, 20¥ux pump overexpression.Soren et al. (2015&also refer to
Khara et al., 2014, 2015; Gupta et al., 2015; Soren et al,;, 20&%mx pump systems as possible targets of AMPs action in Gram-
Pollini et al., 201). negative bacteria.
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Interestingly, in as much as 72.8 % (16 of 22) of al{Supplementary Figure S1B suggesting that they exert their
synergy cases observed in clinical isolates in the curteidys action without penetrating through the cytoplasmic membrane
bacteria indeed showed moderate or high level of resistandéowever, based on the observed synergy cases, we assume that
toward the antibiotic taking part in the synergistic pair. T§u membranolytic activity of AMPs plays a certain role in the
combined use of AMPs and antibiotics could be a valuableealization of synergistic interaction. We could also hypsihe,
tool to decrease MIC levels of antibiotics in resistant sai that wide-scale oxidative e ects provided by silver compounds
even if only 4-16 times. The ability of AMPs to preventcan contribute to this outcome, as it has been reported that
bio Im formation or aect those already formed Algburi  oxidation of membrane lipids potentiated bactericidal aityiof
et al., 2017; Chung and Khanum, 2Q1¢an also contribute membranoactive AMPd (bardo et al., 201)7
to overcoming bacterial resistance to antibiotics. Thisdkbf The preparition of colloid silver stabilized with
potentiation of antimicrobial activity was suggested inesay  polyvinylpyrrolidone, currently used as a bactericidal agent
reports Gopal et al.,, 2014; de la Fuente-Nufez et al.,, 201 Russian Federation, also exerted synergistic eect of
Bessa et al., 20)L8urther substantiating possible bene ts of antimicrobial action in combination with AMPs against
combination antimicrobial therapy including AMPs. However, multidrug-resistant clinical isolates, including Granegative
our study and previous worksPQllini et al., 201y indicate  carbapenem-resistant strains Af baumaniiand P. aeruginosa
that observed synergy is not universal for combating béaater when with PG-1, and mildly meropenem-resistant Gram-
strains and species with di erent resistance pro les. Henoehs positive strainS. aureud399/17, when with ChBac3.4; though
combination therapy will not allow avoiding susceptibiligsting  only 4 times dose reduction was achieved in these cases.
procedures even if applied in healthcare practice. Overall, the phenomenon of mutual potentiation of

It is also of note, that in synergy cases with conventionahntibacterial activity for combinations of silver nanopals
antibiotics we observedn vitro for human AMPs their or colloids with antimicrobial polypeptides manifests rather
concentrations were around 150 nM for LL-37, 12.5-125 nM fombundantly. As well as AMPs, silver nanoparticles are believe
HNP-1, 0.2-1.6nM for hBD-2, and 0.08-3.7%M for hBD-3. to provide wide-scale damage for bacterial cellsi{al et al.,
Some of these values fall within the range of concentrationg8016. Bacterial resistance to silver preparitions is rarely iretlic
of said peptides in di erent body uids of healthy individuals (Yang et al., 2098 Both AMPs Qlgburi et al., 2017; Chung
reported in literature. It is mostly true for LL-37, which was and Khanum, 201)7 and nanoparticlesRlanchette and Wenke,
detected in concentration of 0.15—-6rM in saliva, of 0.16— 2019 are reported to prevent bio Im formation. Considering all
1.9mM in bronchoalveolar lavage (BAL), and of 0.2-018 these facts, the possibility of combined use of these two slasse
in plasma By eld et al., 201), and to the lesser extent for of compounds against multidrug-resistant pathogens looky ver
a-defencin, which was found in plasma in concentration ofpromising. As the penetration within bacterial cytoplasm do
around 80-95nM [13.5 1.2 ng/50mL according toMattar  not appear to be necessarily required for the successfulractio
et al. (2016jand 323.3 173.1ng/ml according td/lukae et al. of named substances, the idea of developing AMP-capped silver
(2002] and in BAL in concentration of 3.7nM (12.9 15) nanoparticles also has a prospect of practical use, as it wasyalread
ng/ml according tdViukae et al. (2002However, fob-defensins  suggested for polymyxin B stabilized onesifibadi et al., 20)5
reported concentrations were lower, in saliva their dete&teels Though hints on the additional mechanisms behind the
were 2.2 (0.3-4.8) nM [9.5 (1.2-2fp/L] for hBD-2 and 63 synergy of AMPs with other antimicrobial compounds were
(10-182) nM [326 (50-931jng/L] for hBD-3 (Ghosh et al., found, their e ect on bacterial membranes permeability seems
2007, hBD-2 concentration in serum was reported to be onlyto be the main (or at least very important) cause of said
8.3 3.9 pM (36.1 17.0 pg/ml) Arimura et al., 200%; and hBD- interaction. The wide-scale e ect provided by AMPs on
3 was not detected in BALGhosh et al., 2007 Though, local membrane bilayers has its downside of comparatively low
concentrations of AMPs in the site of in ammation are supposedselectivity and is believed to be the cause of some cytotoxic
to become signi cantly higher, than these mean values. e ects toward eukaryotic cells, for instance, hemolytic attjv

We also found synergy of antibacterial action in combinatio observed in many AMPsMatsuzaki, 2009; Takahashi et al.,
of the membranolytic AMP PG-1 and of the antimicrobial 2010. Hence, we considered possible ampli cation of toxicity
protein lysozyme with gelatin-stabilized silver nanopdes; in combinations, as several cases where antibiotic presence
when tested on laboratory strains. This e ect was observelden enhanced the rate of membrane damaging caused by AMP in
majority of cases, against both Gram-positive and Gram-tiega bacteria had been revealed in previous experiments. Thetsesul
bacteria, and was quite pronounced providing 8-16 time®f hemolytic test for AMP/antibiotic combinations showing
decrease of e ective concentrations. Synergy was previousiytimicrobial synergy were promising: no evidence of syperg
described for silver nanoparticles with polymyxin Buden or even additivity of hemolytic action was detected, suppati
et al., 200Q which acts rather similarly to the membranolitic the notion that combined use may indeed reduce toxicity and
AMPs. However, for ChBac3.4 interaction was additive as iimcrease selectivity. The same is reported for AMPs and silver
some reported cases for other AMP&den et al., 2009; Mohanty nanoparticles Ruden et al., 2009However, when cytotoxicity
et al., 201 The impact of silver nanopaticles used in our studywas tested against di erent eukaryotic cells using MTT-test,
on bacterial membranes permeability was rather slow for theombinations including membranoactive components were
outer and absent for the inner on&(pplementary Figure S1§4  found synergistic in a number of cases. Though the proportion
but their e ect on metabolic activity of bacteria was swift of components in tested combinations was signi cantly di ate
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than that in the antimicrobial assays, as the range betwedmmune systems as non-traditional tools for counteractitngg-
toxic and antimicrobial concentrations is wider for antiics resistant bacteria, in particular by their usage in comhimat
than for AMPs, observed synergy indicates that this factowith conventional antibiotics.

should be closely considered when choosing the optimal

antimicrobial compositions containing AMPs. On the other AUTHOR CONTRIBUTIONS
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