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Abstract

The aim of this study was to investigate the effect of the innovative Russian antibacterial drug Fluorothiazinone,
an inhibitor of the type Ill secretion system and flagellar function, on the virulence properties of urinary tract
infection (UTI) pathogens.

Materials and methods. Clinical isolates of Escherichia coli, Klebsiella pneumoniae, and Pseudomonas
aeruginosa species were obtained from 4 patients with recurrent UTI. Cytotoxicity analysis was performed on
Hela cells using the CytoTox 96 kit. Bacterial flagellar motility was assessed in 0.25% agar by measuring the
zone of motility. Biofilms were cultivated in 96-well plates and stained with crystal violet and Congo red. Biofilm
structure was assessed by microscopy, and the bacterial biofilm and exopolysaccharide matrix were quantified by
measuring the optical density of the dye bound to the biofilm. Intracellular development was studied in PC-3 cells
by determining the number of intracellular bacteria using a cell lysate plating method and an immunochemical
method involving staining the bacteria with specific antibodies.

Results. The Fluorothiazinone antibacterial specifically inhibited the cytotoxicity and motility of E. coli and
P. aeruginosa. For K. pneumoniae, susceptibility to Fluorothiazinone was observed, associated with the
suppression of cytotoxicity. For all the isolates studied, inhibition of biofilm formation on an abiotic surface was
demonstrated. For E. coli and K. pneumoniae, a significant decrease in intracellular replication within human
prostate adenocarcinoma cells and suppression of intracellular bacterial community formation were observed.
Conclusion. Fluorothiazinone disrupts mechanisms that contribute to pathogen persistence in the formation
of chronic UTI, including biofilm formation on abiotic surfaces such as catheters, stents, and drains, and the
formation of intracellular bacterial communities and dormant intracellular reservoirs.
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MNopaBneHne o6pasoBaHNA GMONNEHOK N BbDKUBAHUA
B SNUTENNANbHDBIX KNeTKaX KNNHNYECKMNX N301ATOB YpPOonaToreHoB
npwu gencreun npenapara Fluorothiazinone in vitro

KanotuHa J1.H.", MopryHoBa E.10.", Heno6uHa C.A.", ®eguHa E.[.",
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AHHOMauyusi

Llenbto faHHOrO nccnegoBaHus Gbino M3yvyeHve BNWSHWUS MHHOBaLMOHHOIO OTEYeCTBEHHOro aHTnbakTepuanbs-
Horo npenapata Fluorothiazinone, nHrméuTopa cuctemel cekpeumn |l TMNa n OYHKLUMOHUPOBAHMSA XIyTUKa, Ha
BUPYNEHTHbIE CBOMCTBA BO3GyaUTENEn MHAEKLMIN MoYeBbiBOAALLMX nyTen (MMI).

Matepuanbl u metoabl. KnuHnyeckue nsonatel BuaoB Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa 6bIny Nomny4yeHbl 0T 4 NAUWEHTOB C peuuanBupyowmMMmn nHdekumnsmm UMMM, AHanma uMTOTOKCUYHO-
CTV npoBoauny Ha knetkax HelLa ¢ nomoLbto Habopa «CytoTox 96». XKryTukoByto noaBMXHOCTb BakTepun oue-
HuBanu B 0,25% arape ¢ namepeHnem 30Hbl NOABMXHOCTU. BruonnéHkun kynstnenpoBanu B 96-nyHOYHbIX MiaH-
LIeTax 1 oKpalumBany KpucTannmyeckmm pronetoBbiM 1 KOHro KpacHbIM, OLIEHMBAnNmM CTPYKTypy G1onnéHok npu
MUWKPOCKOMMPOBAHWUU 1 MPOBOAMIN KONUYECTBEHHYH OLEHKY BakTepuanbHON OMOMMIEHKU 1 aK3oMonMcaxapuaHo-
ro mMaTpukca npyv u3MepeHun onTUYECKON NNOTHOCTM CBA3aBLUErocs ¢ buonnéHkow kpacutens. BHyTpukneTou-
HOe pa3BuTMe u3yyanu Ha knetkax PC-3 npu onpeaeneHumn KonuyecTsa BHYTPUKIETOUHbIX GakTepuii METO40M
BbICEBA NM3AaTOB KIETOK 1 UMMYHOXMMUYECKMM METOLOM NPpUY OKpacke 6akTepuin cneumdryeckuMy aHTutenamu.
Pe3ynkraTthl. [penapat Fluorothiazinone cneuuduryeckn nogaensan UUMTOTOKCUYHOCTb M NOABMXHOCTL E. coli
n P. aeruginosa. nsi K. pneumoniae Habnioganu 4yBCTBUTENLHOCTL K NpenapaTty Fluorothiazinone, cBs3aHHyto
C nogaBrieHNeM LMTOTOKCUYHOCTW. [INs BCex M3yyYeHHbIX N30MSTOB ObiNo nokasaHo MHrMbupoBaHne obpasoBa-
HUs BronnéHok Ha abrnoTnyeckon nosepxHocTu. [Ans E. coli n K. pneumoniae BbISsBUNN OCTOBEPHOE CHIDKEHME
BHYTPUKIIETOMHOIO Pa3MHOXEHMWS B KNeTkax afleHOKapLMHOMbI MpocTaThl YernoBeka 1 nogasneHme opMmpoBa-
HWSI BHYTPUKINETOYHbIX BakTepuanbHbIX COOOLLECTB.

3akntoueHume. MNpenapat Fluorothiazinone HapyliaeT mexaHM3mbl, CNOCOBCTBYHOLLME YCTAHOBINEHMWIO MEPCUCTEH-
Lun naToreHoB npu popmmpoBaHmmn xpoHndeckux NMI, cpeam koTopbix 06pa3oBaHue 6GuonnéHok Ha abnoTnye-
CKUX MOBEPXHOCTSAX, TAKUX KaK KaTeTepbl, CTEHTbI, ApEHaxu, 1 hopMmnpoBaHne BHYTPUKIETOYHbIX GakTepuanb-
HbIX COOBLLECTB U NOKOSLLUMXCS BHYTPUKIETOYHbIX pE3epByapoB.

KnroueBble cnoBa: Fluorothiazinone, Kuwe4Hasi nanoyka, cuHe2HoliHasi nasnoJyka, knebcuesina, aHmubuomuku,
UHbeKYUOHHbIe 3abonesaHusi, BHympuKrnemoyHsie bakmepuarsHble coobujecmea, UHeKyuU MoYe8bI800SUUX
nymed, 6UONNéHKU, XaymukK, YUmomoKCU4YHOCMb

Amuyeckoe ymeepideHue. ViccnenosaHve NpoBoaMock npu 4o6poBofibHOM MHGOPMUPOBAHHOM NUCbMEHHOM CO-
rnacum nauueHToB. [NpoTokon knuHudeckoro nccnegoanmsa Ne 07-dT-2024, PKA Ne 513 ot 30.10.2024.

UcmoyHuk pbuHaHcupoeaHusi. ABTOpPbI 3asBNsIIOT 06 OTCYTCTBUM BHELUHEro (DUHaHCMPOBaHWS NPU NPOBEAEHWUMN UC-
crnenoBaHus.

KoHgbsiukm uHmepecoe. ABTOPbI AEKNapUPYT OTCYTCTBUE SIBHBIX M MOTEHLMANbHbIX KOH(IIMKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnukaumen HacTosILLEeN cTaTbu.

Ana yumuposeaHusi: KanotvHa J1.H., MopryHosa E.1O., Hentoburna C.A., ®eannHa E.[., Koponésa E.A., BoHpape-
Ba H.E., MNepenaHosa T.C., 3uraHruposa H.A. NogaBneHne o6pasoBaHms GMONMEHOK U BbKMBaAHWUA B 3NUTENManbHbIX
KrneTkax KMMHUYECKUX M30MSTOB yponaToreHoB npu Aencteum npenapara Fluorothiazinone in vitro. XKypHan mukpobuo-
noeuu, anudemuonoauu u ummyHobuonoauu. 2025;102(5):547-559.
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Introduction

Recurrent urinary tract infections (UTIs) are
characterized by the reappearance of an acute bacte-
rial infection caused by the same pathogen. Recurrent
UTIs (rUTlIs) are typically defined as 2 or more epi-
sodes of uncomplicated UTIs in the past 6 months or
3 or more episodes in the past 12 months [1-4]. Ev-
ery year, 5-10% of adult women suffer from UTIs
[5], which affects treatment costs and reduces quality
of life, especially considering that more than 60% of
women are diagnosed with a UTT at least once in their
lifetime [6, 7]. The pathogen of most UTIs is uropatho-
genic Escherichia coli (UPEC) [8-10]. However, Kleb-
siella pneumoniae is increasingly becoming the sec-
ond most common etiological agent of rUTIs [11, 12].
This gram-negative bacterium has become a common
pathogen responsible for both community-acquired and
nosocomial UTIs, particularly in individuals with risk
factors for infection, weakened immune systems, and
chronic comorbidities [13—15].

The pathogens of UTIs are characterized by a
rather complex mechanism of infection development in
the bladder, where bacteria, after adhering to the blad-
der mucosa receptors, cause an inflammatory response
and penetrate the urothelium, forming intracellular bac-
terial communities (IBC) [16, 17]. Intracellular UPEC
undergo several stages in their development: invasion,
IBC formation, IBC maturation and the formation of
dormant intracellular reservoirs. IBC is a transient bac-
terial state that persists until the bacteria multiply and
exit the host cells. Quiescent intracellular reservoirs are
formed in the deeper layers of the urothelium. Bacteria,
capable of forming biofilms and dormant intracellular
reservoirs can evade phagocytosis, survive within host
cells while protected from antibiotics and immune fac-
tors. They form reservoirs of persistent pathogens in the
urinary tract and periodically cause UTIs.

One significant risk factor in the development
of rUTIs is bladder catheterization. Catheter-associat-
ed infections account for up to 40% of all nosocomial
infections [18]. The risk of infection with short-term
catheterization (up to 7 days) is up to 10% and increas-
es by 3—7% each day the catheterization continues [19].
With prolonged catheterization (over 30 days), bacte-
riuria develops in almost 100% of patients [18]. In pa-
tients with catheter-associated UTIs, the formation of
biofilms on the surfaces of catheters, stents, drains, etc.
is a factor in the development of urosepsis, leading to
significant complications in the course of the infection
and treatment inefficacy [20].

UTlIs are also largely associated with the rise of
antibiotic resistance in uropathogens. Antibiotics re-
main the cornerstone of treatment and prevention of
UTIs— approximately 25% of antibiotic prescriptions
are issued for UTIs [21]. Worldwide spread of antibiot-
ics, prolonged antibiotics prophylaxis or frequent use of
different antibiotic combinations in patients with rUTIs

can contribute to the development of further resistance.
The accumulation of resistant forms of bacteria can de-
velop within a few weeks. For example, E. coli resistant
to at least 4 antibiotics was identified in fecal isolates
from over 90% of patients who received prophylactic
treatment with low-dose antibiotics for 2 weeks [22].
Identifying the characteristics of the complex in-
teraction between uropathogens and the host organism
is necessary for both a deeper understanding of the
pathogenesis of UTIs and for selecting new treatment
approaches for these widespread bacterial infections.
The aim of the study was to investigate the effect
of the innovative Russian antibacterial drug Fluorothi-
azinone (FT; N.F. Gamaleya Research Institute of Ep-
idemiology and Microbiology, RU LP-No. (005077)-
(RG-RU)) on the virulence properties of isolates ob-
tained from the urine of patients with chronic UTI.

Materials and methods

Bacterial isolates

Clinical isolates of K. pneumoniae 5811, 5672,
P aeruginosa 5595, and E. coli 5424/1 were isolated
from the urine of 4 adult patients of both sexes from dif-
ferent age groups with clinical signs of UTI who were
hospitalized at the N.A. Lopatkin Research Institute of
Urology and Interventional Radiology, a branch of the
National Medical Research Center of Radiology of the
Ministry of Health of Russia. The study was conducted
with the informed consent of the patients. Urine isolates
were collected as part of a clinical trial according to
Protocol 07-FT-2024, RCT No. 513 dated 10/30/2024.

Bacteria culturing

The bacterial species were confirmed by streak
plate method on solid media: LB agar (BD Difco),
cetrimide agar (“Himedia”), followed by analysis of
the protein profile of single colonies using the Bruker
MALDI Biotyper instrument (Beckman Colter Diag-
nostics).

Clinical uropathogenic isolates were grown for
18 hours at 37°C in Luria—Bertani broth (LB broth) with
continuous aeration on a shaker (240 rpm) to a concen-
tration of 10° microbial cells/mL, which was assessed
using a McFarland standard on a Densi-La-Meter II
densitometer (ERBA Lachema). The resulting bacterial
suspension was diluted to the desired concentrations in
fresh LB broth.

Study drug

The active pharmaceutical substance FT was used
in the study.

To study the effect of FT on motility and biofilm
formation by clinical isolates, a stock solution with a
concentration of 2 mg/mL in 0.3 M CH,COONa buffer,
pH 7.0 £ 0.2, was used. The solution was prepared as
follows: 0.021 g of the substance was added to a solu-
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tion of 0.120 g of sodium hydroxide in 10 mL of dis-
tilled water. The mixture was then stirred on a magnetic
stirrer until the FT crystals were completely dissolved,
and subsequently acidified with glacial acetic acid to a
pH of 7-8. The resulting solution was filtered through
a 0.22 um syringe filter into a sterile tube. In the tests,
the antibacterial drug was used at a final concentration
of 100 pg/mL.

To study the cytotoxicity and intracellular survival
of the bacteria, a solution of FT in dimethyl sulfoxide
at a concentration of 10 mg/mL was used, with a final
concentration of FT in the medium of 20 pg/mL.

Cytoxicity analysis

Cytotoxicity analysis was performed according to
the method [23] with some modifications. HeLa cells
(cervical carcinoma cells, ATCC CCL-2™) grown in
IMDM culture medium (BioloT) with 10% fetal bovine
serum (HyClone) without the addition of antibiotics
were infected with a bacterial culture at a multiplicity
of infection (MOI) of 10 and 50, with 1 x 10° cells per
well. FT at a concentration of 20 pg/mL was added im-
mediately after the bacterial culture was introduced and
incubated at 37°C and 5% CO, for 20 hours. The plates
were centrifuged for 20 minutes at 1500 rpm.

The activity of released lactate dehydrogenase
(LDH) was determined in the supernatants using the
CytoTox 96 non-radioactive cytotoxicity assay kit
(Promega). LDH is a cytosolic enzyme present in nu-
cleated cells that is released into the extracellular en-
vironment after the cell membrane is damaged. The
percentage of LDH release was calculated relative to
an uninfected control (0% LDH release) and HeLa cells
lysed with Triton X-100 (100% LDH release). LDH in
bacterial cultures in the medium without a cell mono-
layer was not detected.

Swimming motility

To assess swimming motility, cultures were grown
for 18 hours at 37°C with aeration on a shaker (240 rpm),
diluted 100-fold in LB broth, and cultured for 3 hours un-
der the conditions described above. 2 pL. were inoculated
into the depth of 0.25% agar containing 1% tryptone and
0.5% NaCl in 90 mm diameter Petri dishes. They were
observed for 48 hours. Bacterial motility was assessed by
measuring the diameter of the bacterial migration zone
from the center of the plate. These values served as posi-
tive controls when assessing bacterial motility.

To assess the effect of FT on the motility of clin-
ical isolates, an FT solution in acetate buffer at a con-
centration of 100 pg/mL was used. For this purpose, the
solution of FT was added to the prepared and cooled
to 45-50°C 0.25% agar, mixed thoroughly, and poured
into Petri dishes. After the agar solidified, the bacterial
culture was introduced into the depth of the agar in a
volume of 2 pL.. The samples were cultured at 30°C in
a humid chamber for 48 hours. The effect of FT was

ORIGINAL RESEARCHES

evaluated by measuring the diameter of the bacterial
movement zone. Isolates with a zone of motility less
than 10 mm after 48 hours were classified as non-mo-
tile, while those with a zone greater than 10 mm were
classified as motile. Acetate buffer without FT was add-
ed to the control cups.

Biofilm formation

The ability of the isolates to form biofilms was
studied using a modified method by G.A. O'Toole et al.
[24]. Biofilm cultivation was performed in TC-treated
96-well polystyrene microplates (Corning 3599). Bac-
terial cultures were grown in LB broth at 37°C overnight
on a shaker at 240 rpm. Overnight cultures were grown
to ~ 10" CFU/mL in sterile LB broth supplemented with
an FT solution in acetate buffer at a final concentration
of 100 pg/mL, and 200 puL were added to each well of
the plate. The drug was not added to the wells selected
as a positive control. Sterile LB broth was added to the
wells as a negative control.

The plates were incubated statically at 37°C for
48 hours. After incubation, the contents of the wells
were aspirated and washed three times with 200 pL of
sterile phosphate-buffered saline, air-dried, and fixed
with 96% ethanol for 15 minutes. The ethanol was then
removed and the wells were dried.

Staining was performed using two methods: for
15 minutes with 0.1% crystal violet (Merck) or for 30
minutes with 0.1% Congo red (Merck). After the speci-
fied time, the dye was aspirated, the wells were washed
with distilled water and air-dried. For quantitative anal-
ysis, the dyes bound to the biofilm were extracted with
200 pL of 96% ethanol, and the extract was transferred
to the wells of a clean plate.

Optical density was measured using a Multiskan
EX spectrophotometer (Thermo Scientific) at a wave-
length of 540 nm for crystal violet dye and 492 nm for
Congo red. To study the biofilm structure, staining was
performed similarly; the wells were washed and thor-
oughly air-dried, then the plates were examined under
a light microscope (Nikon Eclipse 50i, Nikon) at 200%
magnification. For each isolate, 3 parallel experiments
were performed and each were repeated thrice.

Internalization and survival of bacteria in PC-3 cells

The study used the PC-3 cell line (human pros-
tate adenocarcinoma cells, ATCC CRL-1435). The cells
were incubated in RPMI-1640 cell culture medium
(BioLot) supplemented with 10% fetal bovine serum
(HyClone) without the addition of antibiotics, at 37°C
with 5% CO, for 24 hours. Cell counts were determined
using a Scepter 2.0 cell counter (Millipore).

Clinical isolates were grown for 18 hours at 37°C
in LB broth with continuous aeration on a shaker
(240 rpm) to a concentration of 10° microbial cells/mL.

A monolayer of PC-3 cells, grown in a 24-well
culture plate with sterile 12 mm diameter round cov-
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erslips, was infected with a bacterial culture. Infection
doses for the intracellular model were selected based
on the cytotoxicity results obtained for the clinical
isolates.

To assess cell invasion, cells were incubated for 1
hour, then washed three times with medium to remove
unattached bacteria, and incubated for 1 hour at 37°C
and 0.5% CO, in medium containing gentamicin (Gib-
co) to kill extracellular bacteria. The concentration of
gentamicin was determined by the minimum inhibitory
concentration (MIC) for each isolate. The cells were
washed three times to remove gentamicin. To deter-
mine the number of bacteria, PC-3 cells infected with
bacterial cultures were lysed with 0.25% Triton X-100
(Sigma) for 10 minutes at room temperature. Uninfec-
ted PC-3 cells were used as a negative control. Next, the
lysates were plated on cetrimide or LB agar (depend-
ing on the species of the isolate being studied) using
the serial dilution method. The number of intracellular
bacteria was expressed in CFU/mL. The average value
was calculated from the bacterial population of 2 wells
in 3 experiments.

To assess the onset of intracellular reproduction,
the cell monolayer was cultured for 4 hours, and all pro-
cedures for removing extracellular bacteria and reseed-
ing were performed as described above.

Intracellular survival of bacteria in PC-3 cells was
assessed 24 hours after infection with the bacterial cul-
ture. After this, 4 hours after infection, the cells were in-
cubated with gentamicin for 1 hour to eliminate extra-
cellular bacteria. The plate was then washed three times
to remove the gentamicin, and fresh nutrient medium
with a maintenance concentration of gentamicin was
added. All procedures for removing extracellular bac-
teria and culturing were performed similarly to those
described above.

To study the effect of FT, a solution of FT in di-
methyl sulfoxide was added to the culture medium at
a concentration of 20 ug/mL at different stages of the
experiment: 1 hour before infection, at the moment of
cell infection, 2 and 5 hours after infection and washing
off gentamicin, followed by incubation in the presence
of FT for 24 hours from the moment of infection.

For microscopic analysis, cells were fixed with
acetone and stained with mouse polyclonal antibod-
ies (antibodies were obtained for each isolate) for
30 minutes at 37°C and 5% CO, and with anti-mouse
IgG-FITC conjugate (“Merck”) for 30 minutes at 37°C
and 5% CO,. Samples were analyzed using a Nikon
Eclipse 50i fluorescence microscope (Nikon) at 1000%
magnification.

Statistical analysis

Statistical processing and visualization of the anal-
ysis results for in vitro bacterial studies were performed
using GraphPad Prism v. 8.4.3 (GraphPad Software).
The data from the experimental and control groups

were compared using the Student's t-test. The criterion
for statistical significance of the difference in the data
obtained was considered to be p<0.05. All experiments
were conducted in triplicate.

Results

Characteristics of clinical isolates

Antibiotic susceptibility analysis of the studied
clinical isolates was performed in the clinical diagnos-
tic laboratory of the N.A. Lopatkin Research Institute
of Urology and Interventional Radiology, a branch of
the National Medical Research Center of Radiology of
the Ministry of Health of Russia, and the results are pre-
sented in the Table.

FT does not affect the viability of clinical isolates

The effect of FT on bacterial viability was assessed
by culturing in nutrient LB broth in the presence of FT
at concentrations of 60, 80 and 100 pg/mL for 24 hours
with continuous aeration on a shaker (240 rpm) and de-
termining CFU by the streak/spread plate method. Ac-
cording to the mechanism of action, and as previously
shown for bacteria of different species, FT did not affect
the viability of the studied clinical isolates.

FT suppresses the cytotoxicity of clinical isolates

Both K. pneumoniae isolates were characterized
by significant cytotoxicity. For K. pneumoniae 5811
isolate, cytotoxicity at MOI, j was 65%, and at MOIL,, it
was 78%. For K. pneumoniae 5672 isolate, cytotoxicity
at an MOI of 10 was 70%, and at an MOI of 50, it was
76%.

The cytotoxicity of P aeruginosa 5595 and
E. coli 5424/1 on the HeLa cell line was less pro-
nounced. At MOI, , the cytotoxicity of the P. aerugi-
nosa 5595 isolate was 50%, and at MOI, , it was 61%.
For E. coli isolate 5424/1, 38 and 60% at MOI, and
MOI, , respectively.

Inthepresence of FT ataconcentration of20 pg/mL,
cytotoxicity after 20 hours of culturing was significant-
ly reduced, by 1.5-2.0 times at MOI, j and MOI,  for all
4 clinical isolates.

FT suppresses swimming motility

In a semi-liquid medium, bacterial cells are capa-
ble of swimming motility, moving by means of flagel-
la. K. pneumoniae belongs to bacteria that do not have
swimming motility via to flagella. In light of this, the
effect of FT on swimming activity was evaluated for
2 uropathogenic isolates: P. aeruginosa 5595 and
E. coli 5424/1.

It has been established that both clinical isolates
exhibit swimming motility. In the presence of FT at a
concentration of 100 pg/mL in the culture medium, a
pronounced suppression of motility associated with fla-
gellar activity was observed (Fig. 1).
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E. coli 5424/1

P. aeruginosa 5595

K. pneumoniae 5811 K. pneumoniae 5672

Antibiotic susceptibility testing
for isolated microorganisms quality MIC, quality MIC, quality MIC, quality MIC,
result mg/L result mg/L result mg/L result mg/L
Amikacin S <8 S S <8 S <8
Amoxicillin/clavulanic acid R R R
Ampicillin R >16 R R >16 R > 16
Ampicillin/sulbactam R
Gentamicin R 128 16 R 512 S <2
Imipenem S <0.25 S R >8 S <05
Colistin R
Levofloxacin S R >2 R >4
Meropenem S <0.125 S R >8 | 8
Nitrofurantoin R
Piperacillin/tazobactam S <4/4 S R S <4/4
Tigecycline S <1 R
Tobramycin S <2 S S <2
Trimethoprim/sulfamethoxazole S <2/38 | S <2/38
Fosfomycin with glucose-6-phosphate S <16 S <16
Cefazolin R >32 R R >32 R > 32
Cefepime S R >8
Ceftazidime R R >8 > 16
Ceftriaxone S <1 R R >4 R >4
Cefuroxime R >16
Ciprofloxacin S <0.25 R >1 R >1
Ertapenem S <0.25 R R >1 R >2
Note: S — susceptible; R — resistant; | — intermediate.

The diameter of the bacterial growth zone in
semi-solid agar for P. aeruginosa 5595 after 48 hours
was 65—-67 mm, and in the presence of FT, it was 25—
27 mm. For E. coli 5424/1 isolate, the diameter of the
zone of motility after 48 hours was 35-37 mm; in the
presence of FT, the zone decreased to 12—14 mm. In
control dishes with acetate buffer without the addition
of FT, motility was not inhibited. This demonstrated the
suppression of flagellar motility by FT.

FT suppresses biofilm formation

The ability to form biofilms and the effect of
FT on this process were evaluated for 4 isolates. The
biofilm density was quantified by staining the bacte-
ria with crystal violet. After 48 hours, P. aeruginosa
5595 formed an intense multi-layered mature biofilm,
K. pneumoniae 5672 and E. coli 5424/1 isolates formed
a dense monolayer with areas of multi-layered struc-
ture, and K. pneumoniae 5811 isolate showed the slow-
est biofilm formation rate: by 48 hours, a monolayer
with the formation of microcolonies was observed.

Adding FT simultaneously with the introduction
of the bacterial culture led to a significant reduction in

biofilm density and disruption of its structure. All iso-
lates formed a sparse monolayer with a cellular struc-
ture on an abiotic surface under the influence of FT, but
microcolony formation and biofilm maturation did not
occur (Fig. 2).

When quantifying bacterial density in biofilms un-
der the influence of phototherapy, a significant reduc-
tion in the number of bacteria within the biofilm was
observed: the maximum suppression (by 85%) was for
K. pneumoniae 5672, 79% for E. coli 5424/1, 75% for
P aeruginosa 5595, and 71% for K. pneumoniae 5811
(Fig. 2).

The formation of the biofilm exopolysaccharide
matrix (EPM) was assessed by Congo Red staining. It
was found that all the isolates studied are capable of
forming EPM, but the K. pneumoniae 5811 biofilm was
characterized by the lowest EPM intensity. Under the
effect of FT, all isolates lost their ability to synthesize
EPM (Fig. 3).

Quantitative assessment showed a significant de-
crease in biofilm formation for all isolates: K. pneu-
moniae 5811 — 76%, K. pneumoniae 5672 — T4%,
P aeruginosa 5595 — 70%, E. coli 5424/1 — 67%
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a mm
P. aeruginosa 5595 P. aeruginosa 5595

+FT
FT, 0 pg/ml
FT, 100 pg/ml

b mm

E. coli 5424/1 E. coli 5424/1

+FT
FT, 0 ug/ml
FT, 100 pg/ml

Fig. 1. Suppression of swimming motility of isolates after 48 hours of incubation in the presence of FT.

Representative images of swimming motility on Petri dishes and assessment of the change in the diameter of the zone of motility
of P. aeruginosa 5595 (a) and E. coli 5424/1 (b) in the presence of FT at a concentration of 100 pug/mL.
Error bars represent the SD of 2 replicates.

a b c d
K. pneumoniae 5811 K. pneumoniae 5672 P. aeruginosa 5595 E. coli 5424/1
K. pneumoniae 5811 K. pneumoniae 5672 P. aeruginosa 5595 E. coli 5424/1
+FT +FT +FT +FT
K. pneumoniae 5811 K. pneumoniae 5672 P. aeruginosa 5595 E. coli 5424/1

Fig. 2. FT alters the structure and biomass of biofilms formed by isolates K. pneumoniae 5811 (a), K. pneumoniae 5672 (b),
P. aeruginosa 5595 (c) and E. coli 5424/1 (d).
Microphotographs of formed biofilm fragments from control and experimental samples with the addition of FT at a concentration of 100 ug/mL

after 48 hours of incubation are presented. Biofilm biomass accumulation was assessed by staining with crystal violet at an optical density of
540 nm.
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(Fig. 3). The solvent without FT had no effect on bio-
film formation.

Thus, all the isolates studied are capable of forma-
tion of a biofilm on an abiotic surface, and FT inhibited
the formation of a mature biofilm.

FT suppresses the invasion and intracellular replication
of uropathogens

The ability of the studied uropathogenic isolates
to form biofilms was assessed using the PC-3 cell line
model (human prostate adenocarcinoma cells) by in-
fecting the cells with the isolates and observing them
during the invasion and intracellular replication stages
at 4 and 24 hours. To assess the effect of FT on these
processes, the drug was introduced 1 hour before infec-
tion, simultaneously with infection, and also after the
medium was changed (at 2 and 5 hours).

The number of viable intracellular bacteria was
assessed by culturing dilutions of the cell lysate after
removing extracellular bacteria by gentamicin treat-
ment for 1 hour. Simultaneously, the cell monolayer
was analyzed by microscopy after staining with specific
antibacterial antibodies.

For the E. coli 5424/1 isolate, an inoculum of
1.5 x 10® CFU/mL was used for infection, which result-
ed in MOI,,. After 1 hour, the invasion rate was 0.47%,
while under the effect of FT, it was 0.053%. After 4 hours,
the number of intracellular bacteria in the control group
was 2.1 x 10° CFU/mL, while in the presence of FT, it

a b
K. pneumoniae 5811 K. pneumoniae 5672

K. pneumoniae 5811 K. pneumoniae 5672

+FT +FT
0.5 0.8+
I
049 1 0.6

0.34
0.44
0.2+

N -
0.0

0.24

ORIGINAL RESEARCHES

was an order of magnitude lower, at 1.1 x 10* CFU/mL.
After 24 hours, an increase in the number of E. coli
5424/1 was observed to 2.4 x 10° CFU/mL in the con-
trol samples, while bacterial growth was significantly
reduced in the presence of FT to 7.5 x 10> CFU/mL.

In the micrographs of the infected cell monolayer
in the control samples, intracellular cell conglomerates
were detected as early as 4 hours, which formed typical
IBC by 24 hours. In the presence of FT, IBC were prac-
tically not identified (Fig. 4).

For the K. pneumoniae 5811 isolate, IBC forma-
tion was also observed, and it was suppressed in the
presence of FT. This isolate showed lower rate of inva-
sion, which was 0.005% for the control, while almost
similar rate of invasion was observed under FT treat-
ment. This isolate showed lower rate of invasion, which
was 0.005% for the control and similar for the FT treat-
ment group. (01 st ucnpasuna) This isolate showed to
have effective intracellular replication: after 4 hours, the
number of intracellular bacteria was 5 x 10° CFU/mL,
and after 24 hours, it was 2.0 x 10° CFU/mL. Under the
effect of FT, bacterial replication? was suppressed —
5.9 x 10 CFU/mL after 24 hours. The inhibition of IBC
formation in the presence of FT is clearly demonstrated
in the microphotographs (Fig. 5).

Discussion

The diagnosis of UTIs, which can mean both in-
fectious disease and asymptomatic bacteriuria, is some-

c d
P. aeruginosa 5595 E. coli 5424/1

E. coli 5424/1
+FT

P. aeruginosa 5595
+FT

0.8 0.8

T
1

0.6 0.6
1
0.4 0.4

0.24 0.24

K. pneumoniae 5811 K. pneumoniae 5672

P. aeruginosa 5595 E. coli 5424/1

Fig. 3. FT inhibits the production of EPM biofilm by K. pneumoniae 5811 (a), K. pneumoniae 5672 (b), P. aeruginosa 5595 (c),
and E. coli 5424/1 (d).
Microphotographs of biofilm fragments from control and experimental samples with the addition of FT at a concentration of 100 pg/mL are

presented after 48 hours of incubation. EPM biofilm products were evaluated by the degree of Congo Red staining of the matrix at an optical
density of 492 nm.
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times difficult to establish, especially in recurrent cases,
due to complex mechanism of interaction between uro-
pathogens and tissues of the urinary tract and the body's
immune system. International guidelines recommend
relying solely on clinical symptoms of the disease [1].
Although UTlIs are caused by pathogens from various
taxonomic groups, and most of these bacteria are ex-
tracellular, they nevertheless utilize a common strategy
for developing an infectious process: effective adhe-
sion, invasion of epithelial cells, and the formation of
pathogen reservoirs in the form of biofilms, dormant in-
tracellular reservoirs, or surface biofilms (on catheters,
foreign bodies). This strategy allows them to evade the
action of antibiotics and host immunity factors, which
determines clinical and epidemiological relevance of
recurrent UTIs.

New approaches in treating such chronic infec-
tions should be based on understanding the pathoge-
nesis mechanisms and on blocking of specific links
of these mechanisms. In the current study, we evalu-

1h 4 h
E. coli 5424/1

a E. coli 5424/1

b E. coli 5424/1 + FT

c 2.5x106

CFU/mI
[
®
[
<

0 T

1h 4h 24 h

B £ coii5424/1 B2 E. coli5424/1 + FT

E. coli 5424/1 + FT

=

ated the effect of the active pharmaceutical substance,
antibacterial drug FT, on the expression of virulent
properties of clinical isolates of 3 different species:
K. pneumoniae, P. aeruginosa and E. coli under in vitro
conditions.

FT is an original domestic antibacterial drug that
differs from antibiotics in its mechanism of action, as it
does not kill the bacteria but suppresses their virulence.
The specific inhibition of the type III secretion system
(T3SS), which is responsible for the production of tox-
ins that destroy immune cells and promote intracellular
bacterial survival, has been demonstrated for this anti-
bacterial drug. FT also inhibits bacterial flagellar motil-
ity and biofilm formation. Suppression of the virulence
factors leads to the halting of infectious process in the
host organism, as demonstrated in animal experiments
[25-27]. FT therapy is effective against bacteria resis-
tant to different classes of antibiotics because the target
of action is present regardless of the presence of resis-
tance determinants [28].

24 h
E. coli 5424/1

E. coli 5424/1 + FT

Fig. 4. The effect of FT on the invasion and
intracellular reproduction of E. coli 5424/1 in PC-3
cells over 24 hours.

a — micrographs of PC cells infected with E. coli 5424/1
at 1, 4 and 24 hours; b — micrographs of PC-3 cells
infected with E. coli 5424/1 at 1, 4 and 24 hours under
the effect of FT. TRITC/Cy3/TagRFP/Alexa Fluor 546
filter; c — the number of intracellular E. coli 5424/1
bacteria in PC-3 cells. Data are presented as M + SEM
of 3 independent experiments (p < 0.05).



556 JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(5)
DOI: https://doi.org/10.36233/0372-9311-723
ORIGINAL RESEARCHES
1h 4 h 24 h
a K. pneumoniae 5811 K. pneumoniae 5811 K. pneumoniae 5811
b K. pneumoniae 5811 + FT K. pneumoniae 5811 + FT K. pneumoniae 5811 + FT
c 2x106
1.5x10° 1
1x10°
5x10% -
£ A . . .
5 2x104\ Fig. 5. The effect of FT on the invasion and intracellular
6 ” reproduction of K. pneumoniae 5811 in PC-3 cells over
1.5x10%+ 24 hours.
1x104+ a — micrographs of PC-3 cells infected with K. pneumoniae
5x10°4 5811 at 1, 4 and 24 hours; b — micrographs of PC-3 cells
& infected with K. pneumoniae 5811 at 1, 4 and 24 hours under
01— T r the influence of FT. TRITC/Cy3/TagRFP/Alexa Fluor 546 filter.
1h 4 h 24 h ¢ — number of intracellular K. pneumoniae 5811 bacteria

E=mK pneumoniae =3 K. pneumoniae
5811 5811+ FT

In clinical trials on patients with acute UTI, it was
found that FT reduced the development of recurrences
by 10 times at 2 and 3 months after the end of therapy
compared to cefepime, which can be explained by the
effective eradication of uropathogens from their reser-
voirs, including the intracellular ones [29].

It is known that P. aeruginosa and E. coli secrete
cytotoxins directly into eukaryotic cells via the T3SS.
In this regard, we evaluated the effect of FT on the cy-
totoxicity of these isolates. The presence of the T3SS
is not demonstrated for K. pneumoniae, but a cytotoxic
effect associated with the presence of the capsular poly-
saccharide has been described [30].

For all analyzed isolates that were characterized
by significant toxicity toward epithelial cells, a statisti-
cally significant suppression of cell death was demon-
strated in the presence of FT.

Along with the flagellum, the target of FT is the
cilium, which has a similar structure at the base of the
organelle. For motile isolates of P. aeruginosa and
E. coli, almost complete blockage of flagellar function
was observed, which was expressed by the absence of

in PC-3 cells. Data are presented as M £+ SEM
of 3 independent experiments (p < 0.05).

a spreading zone in semi-solid agar. It should be noted
that bacterial growth was not inhibited in the presence
of FT, as shown in preliminary experiments.

The presence of surface structures in uropatho-
gens, such as pili, fimbriae and flagella, facilitates adhe-
sion to urothelial receptors as the first stage of bladder
colonization, and thus they are an important target for
suppression of infection development. One example of
confirmation of the efficacy of this adhesion-blocking
approach is the use of D-mannose in a clinical study,
which showed a statistically significant reduction in the
likelihood of recurrent UTIs [31].

Thus, the suppression of bacterial motility ob-
served under the effect of FT, which is related to the
function of flagella, is aimed at blocking of the first
stage of infection development — the stage of urothe-
lial colonization.

The key link in the development of a chronic in-
fectious process with a recurrent course, caused by the
long-term persistence of pathogens, is the bacteria's
ability to actively invade urothelial cells and form in-
tracellular biofilm-like communities.
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The effect of FT on the 24-hour development cycle
of K. pneumoniae and E. coli isolates in human prostate
adenocarcinoma cells was evaluated. It was previously
established that FT has high tissue availability due to its
pharmacological properties, it penetrates cells, and re-
tains activity in eukaryotic cells [32]. The introduction
of FT into the culture medium significantly reduced
the number of bacteria forming intracellular bacterial
communities, as demonstrated by determining viable
microorganisms and identifying intracellular structures
under microscopy 24 hours after the pathogens came
into contact with the cells.

Currently, the mechanisms by which FT suppress-
es intracellular bacterial replication are being studied.
Given that FT does not have a direct antibacterial effect,
the proposed mechanism involves blocking bacterial
virulence factors responsible for interaction with the
host cell during bacterial coexistence and persistence.

The ability of FT to suppress biofilms has been
previously demonstrated for various pathogens, includ-
ing carbapenem-resistant hospital-acquired infection
agents. Studying the dynamics of biofilm formation in
vitro and the effect of FT on this process showed that
the FT blocks biofilm formation at the stage of micro-
colony aggregation and multilayer structure formation.
Cultivation in the presence of FT has an inhibitory
effect on the ability of isolates to form biofilms and,
consequently, reduces the production of exopolysac-
charides [26, 27]. The obtained results are of significant
practical importance, as the EPM is a key factor in bio-
film resistance to antibiotics and protection against the
immune response.

Conclusion

In experiments conducted to study the effect of
FT, the inhibitor of the type III secretion system and
flagella, on the virulence properties of clinical isolates
of three species of uropathogens under in vitro condi-
tions, it was shown that FT suppresses key stages of
bacterial persistence development in chronic infections,
such as invasion of epithelial cells and the formation of
pathogen reservoirs in the form of intracellular bacteri-
al communities and surface biofilms. Properties of FT,
such as biofilm suppression and intracellular replication
inhibition, are a significant advantage of the innovative
Russian antibacterial drug over currently used antibio-
tics.
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