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BACKGROUND: Bacteria use various endocytic pathways during entering non-phagocytic cells. The involvement of ca-
veolae/lipid rafts in bacterial invasion has been demonstrated for many bacterial pathogens. However, for bacteria of the ge-
nus Serratia, the involvement of membrane microdomains in the process of bacterial internalization has been poorly studied.

AIM: To evaluate the involvement of caveolae/lipid rafts in the invasion of S. grimesii and S. proteamaculans bacteria
into non-phagocytic epithelial Caco-2 and M-HelLa cells using nystatin.

MATERIALS AND METHODS: M-Hela and Caco-2 epithelial cells were incubated with 50 uM nystatin for 1 hour
at 37 °C, after which they were infected with the bacteria S. grimesii strain 30063 and S. proteamaculans strain 94, the
multiplicity of infection was 100 bacteria per cell. The number of intracellular bacteria was assessed using gentamicin
protection assay. The level of caveolin-1 in cells was visualized using confocal microscopy and Western blotting. The ex-
pression of Toll-like receptors genes were measured by real-time RT-PCR.

RESULTS: Treatment of epithelial cells with nystatin reduces the internalization of S. grimesii and S. proteamaculans
into M-HeLa cells by 30% and does not affect penetration into Caco-2 cells. At the same time, nystatin does not af-
fect the redistribution / the integrity impairment of lipid rafts and does not lead to the cytoskeleton reorganization of
eukaryotic cells. The addition of nystatin increases the level of caveolin-1 in M-HelLa cells (caveolin-1 is not expressed
in Caco-2), which leads to a change plasma membrane fluidity. Nystatin promotes the secretion of proinflammatory
cytokines interleukin-6 and interleukin-8 in both cell lines. Infection of M-HeLa cells pretreated with nystatin with
the studied bacteria leads to an increase in the expression of #r2 and tlr4 genes, but does not exceed the level of their
expression in control samples. Therefore, it is impossible to speak unambiguously about the participation of Toll-like
receptors in the invasion of Serratia bacteria.

CONCLUSIONS: The results obtained suggest that the interaction of bacteria with eukaryotic cells induces the ex-
pression of caveolin-1, which leads to a change plasma membrane components mobility. This may be due to the fact
that B1-integrin is involved in the invasion of the studied bacteria, which should be stabilized at the plasma membrane
upon binding of the ligand due to the formation of a cholesterol- and sphingolipid-rich membrane microenvironment.
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BAUSHUE HUCTATUHA HA WUHBA3WUIO BAKTEPUWN SERRATIA GRIMESII
N SERRATIA PROTEAMACULANS B SNMUTEAMAABHbBIE KAETKH
KO.M. bepcoH
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Obocnosanue. TIpy MPOHMKHOBEHMH B He(aroUUTUPYIOIINE KJIETKM OaKTEpUM 3aAeMCTBYIOT Pa3JIMYHbIE SHIOLIM-
TapHble TyTU. IS MHOTMX OaKTepHaJbHBIX MATOTeHOB OBLJIO MOKA3aHO YJYacTUe KaBeoJ/JUIMIHBIX padToB B Mpoliecce
GakTepuaibHOM MHBa3uu. OQHaKo I GakTepuii pona Serratia Majo U3ydeHO BOBJICUYCHHE MEMOPaHHBIX MUKPOIOMEHOB
B IPOLECC MHTEPHAIM3ALMY OaKTEPUIA.

List of abbreviations

IL — interleukin; CFU — colony-forming unit; LPS — lipopolysaccharide; CTSB — cholera toxin subunit B; RT-PCR — reverse transcrip-
tion-polymerase chain reaction; cAMP — cyclic adenosine monophosphate; DAPI — 4,6-diamino-2-phenylindole; DMEM — Dulbecco’s
Modified Eagle’s Medium; DPBS — Dulbecco’s phosphate-saline solution; LB — Luria—Bertani medium; MOI — multiplicity of infection;
PBS — phosphate-buffered saline; TLR — toll-like receptor
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Ileab — ycTaHOBUTH yyacTue KaBeOJI/MUIUIHBIX padTOB B MHBA3UM Oaktepuii S. grimesii n S. proteamaculans B He-
darouutupyoIme snuTearononodHsie kKiaeTku Caco-2 1 M-Hela ¢ momolblo HUCTaTHHA.

Mamepuaavt u memooor. DrutenuanbHble kKietku M-Hela m Caco-2 wHkyOoupoBaym ¢ 50 MKMOJIB/JT HUCTaTH-
Ha B TeueHue 1 4 mpm 37 °C, mocie dero 3apaxanu Oakrtepusmu S. grimesii mramm 30063 u S. proteamaculans
mraMM 94, MHOXECTBEHHOCTb 3apaxeHus coctaBisiia 100 Gakrepuii Ha KiaeTky. KoqnuyecTBO BHYTPUKIETOUHBIX OaK-
TEpUil OIICHUBAJIM C MCIOJIb30BaHWEM TeHTAMMIIMHA. YPOBeHBb KaBeojMHa-1 B KJIeTKaX BU3YaJIM3MPOBAIM C ITOMOIIBIO
KOH(OKAJIbHOIW MMKPOCKONUU U BECTEPH-OJIOTTUHIA. M3MeHeHue 3Kchpeccur TreHoB, Koaupywowux Toll-mogoOHbie
peLenTopbl, U3MEPSUIM METOAOM OOpPaTHOUM TPAHCKPWUIIIIMU U TOJIMMEPA3HOW ILIETHOW peakiMu B PeXUME PeabHOTO
BPEMEHU.

Pezyasmamotr. O6paboTKa SNMUTENMUATBHBIX KJIETOK HUCTATUHOM MPUBOAUT K YMEHBIIIEHUIO UHTEPHATIU3AIMU OaKTepuit
S. grimesii v S. proteamaculans B xnetku M-Hela Ha 30 % u He BaMsieT Ha MpoHUKHOBeHUe B KieTku Caco-2. [1pu aTom
HUCTAaTUH HE OKa3blBaeT BIMSHUS Ha TepepaclipenesieHre/HapyllieHe LeJOCTHOCTH JUMUIHBIX padTOB, HE MPUBOAUT
K peopraHu3aiyy IUTOCKeNleTa SYKapuoTUIeCKUX KJIeToK. Jlob6aBieHre HUCTAaTMHA YBEJIMIMBACT YPOBEHb KaBeOJWHa-
B kietkax M-Hela (B Caco-2 kaBeonnH-1 He BKCIPEeCcCUpPYyeTCs), YTO MPUBOAUT K M3MEHEHUIO TEKY4eCTH IIa3MaTH-
4yeckoil MeMOpaHbl. HUCTaTHH crocoGCTBYET CEKpelUU MPOBOCHAIUTENLHBIX LIUTOKUHOB MHTEPJICHKUHA-6 M MHTEp-
JeiikiuHa-8 B 00euX KJIETOYHBIX JUHUSX. 3apaxkeHue IpeaBapUTesIbHO oO0pabOTaHHBIX HUCTaTMHOM Kietok M-Hela
HccIeyeMbIMUA OaKTepUsSIMU TIPUBOIUT K YBEJTMYEHWIO SKCIIPECCUM TeHOB #lr2 u tlr4, HO He TIPEBOCXOIUT YPOBEHb WX
9KCIPECCUM B KOHTPOJIBHBIX 00pa3iiax, MO3TOMY HeJlb3si OMHO3HAYHO TOBOPUTH 00 ydacTuu Toll-momoOHbBIX perienTopoB
B UHBa3uu Oaktepuii Serratia.

3axarouenue. TlonydeHHBIE TaHHBIE TTO3BOJISIOT MPEIITOIOXKUTD, YTO B3AUMOMEHCTBUE OAKTepUil C 3YKapUOTHUECKIUMU
KJIETKAaMV WHAYIPYET SKCIPECCUIO KaBEeOJIMHA- 1, YTO MPUBOAUT K U3MEHEHUIO TTOABIKHOCTY KOMITOHEHTOB TITa3MaTH-
YeCcKoM MeMOpaHbl. DTO MOXET ObITh CBSI3aHO C TeM, YTO B MHBA3UM MCCIEMyeMbIX OaKTepuil yJacTByeT [31-MHTErpuH,
KOTOPBIi MOJKEH CTaOMIM3MPOBAThCS Ha MJIa3MaTUIeCKO MeMOpaHe TPy CBSI3IBAHMM C JIMTAHIOM 3a c4eT 00pa30oBaHUsT

MeM6paHHOFO MUKPOOKPYXKEHUAA, boraroro XOJIECTCPUHOM U C(i)I/IHFOIlI/Il'[I/I,HaMI/I.

KmoueBbie clioBa: OakTtepuanbHas WHBa3us; Serratia; HUCTaTUH, Tj1a3MaTtudeckasi memopana; TLR.

Background

Although a wide variety of antimicrobial drugs
are now available, the risk of bacterial infection
remains high. According to the World Health
Organization (report of 01.2022), the figures ob-
tained over the past decade indicate a high prev-
alence of hospital-acquired infections, many of
which are caused by multidrug-resistant micro-
organisms. Moreover, the pathological process of
infection development includes both tissue (inter-
cellular) invasion of microorganisms and penetra-
tion into cells that are not professional phagocytes.
Microbial penetration into host cells provides them
with protection not only from antibacterial drugs
but also from the host immune system. After in-
ternalization, the microorganisms can remain inac-
tive and persistent, causing recurrent infections and
chronic diseases [1].

The ability to penetrate the host epithelial cells is
an important virulence factor for several pathogenic
bacteria. However, not only pathogenic bacteria but
also opportunistic bacteria, such as Serratia marc-
escens (in hospital infections, it mainly affects the
urinary tract), can invade [2]. Other members of
the genus Serratia, namely S. grimesii and S. pro-
teamaculans, how also shown to be capable of in-
vading epithelial cells [3, 4]. The study of invasion
mechanisms is important not only for understand-
ing the fundamental processes of interaction between
bacterial and eukaryotic cells but also for assessing
the effectiveness of existing antimicrobial drugs and
developing new ones.

The plasma membrane of the cell is the first
barrier to bacterial penetration into the epithe-

lial cell; microorganisms use it actively for pro-
cesses of adhesion and invasion into the host cell.
Microdomains enriched in sphingolipids and cho-
lesterol (and therefore less fluid than the rest of
the membrane), namely caveolae and lipid rafts,
are present on the plasma membrane of eukaryot-
ic cells. Caveolae possess an invaginated structure
(owing to the presence of the caveolin-1 protein)
and lipid rafts, which are flat membrane regions.
As a rule, various proteins involved in the trans-
mission of cellular signals can be anchored to these
microdomains [5]. Interestingly, bacterial infec-
tious agents can induce the formation of lipid rafts
[6, 7]. The involvement of caveolae/lipid rafts in
penetration into epithelial cells has been document-
ed in certain bacteria [6, 8, 9]. For instance, in the
process of internalization of Pseudomonas aerugino-
sa, the participation of lipid rafts in the activation
of signaling pathways leading to invagination of the
membrane of epithelial-like nonphagocytic cells has
been proven. In addition, the direct role of glyco-
sphingolipids, which are the main components of
lipid rafts, in lectin A-induced invasion of P. aeru-
ginosa has been reported [10].

Nystatin (a polyene antibiotic that has a high af-
finity for cell membrane sterols owing to the pres-
ence of double bonds) has been shown to inhibit
caveolin-dependent endocytosis [11, 12]; however, it
does not affect clathrin-dependent endocytosis [13].
Nystatin can bind to cholesterol and extract it from
the plasma membranes of eukaryotic cells, which
leads to the flattening of caveolae and the destruc-
tion of lipid rafts [14].
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This study aimed to use nystatin to determine
whether caveolae/lipid rafts are involved in the in-
vasion of S. grimesii and S. proteamaculans into non-
phagocytic epithelial-like Caco-2 and M-HelLa cells.

Materials and methods

1. Bacterial strains and culture conditions

S. grimesii strain 30063 was obtained from the
German Collection of Microorganisms and Cell
Cultures (DSM 30063). S. proteamaculans strain 94
was kindly provided by I.V. Demidyuk (Institute of
Molecular Genetics, Russian Academy of Sciences).
The bacteria were cultured in Luria—Bertani me-
dium (LB, Dia-M, Russia) for 24 +2 h with
vigorous stirring at 37 °C (S. grimesii) or 30 °C
(S. proteamaculans). To determine the number of
colony-forming units (CFU/mL), the optical den-
sity of the bacterial suspension was measured spec-
trophotometrically at 600 nm, followed by dilution
and plating on Petri dishes with LB agar according
to Miller (Dia-M, Russia). The volume of bacterial
suspension corresponding to the multiplicity of in-
fection (MOI) of 100 CFU per cell was centrifuged
for 10 min at 13,000 rpm, the supernatant was re-
moved, and the bacterial pellet was resuspended in
Dulbecco’s Modified Eagle’s Medium (DMEM,
Biolot, Russia).

2. Cell culture and cultivation conditions

The cell lines M-HelLa (human cervical epi-
thelioid carcinoma) and Caco-2 (human colon
adenocarcinoma) were obtained from the Russian
Collection of Cell Cultures (Institute of Cytology,
Russian Academy of Sciences). The cells were cul-
tured in DMEM in the presence of 10% fetal bo-
vine serum (Gibco, Australia) without the addition
of antibiotics at 37 °C and 5% CO,. For the experi-
ments, the cells were trypsinized (Trypsin—Versene
solution, Biolot, Russia), plated in 24-well plates at
100—200 thousand cells per well, and incubated for
24—48 h to 70%—95% confluency. The cells were
countered in a Goryaev chamber using trypan blue
(Biolot, Russia).

Before incubation with nystatin (suspension
in Dulbecco’s phosphate-buffered saline [DPBS],
Sigma-Aldrich, USA), epithelial cells washed
twice with phosphate-buffered saline (PBS) pH 7.4
(Biolot, Russia) and then with 50 uM (205 U) ny-
statin in DMEM medium (without serum or anti-
biotics) or a similar amount of Dulbecco’s solution
(DPBS, Biolot, Russia) were added and incubated
for 1 h at 37°C and 5% CO,. Subsequently, the
cells washed twice with PBS and 500 uL. of DMEM
(without serum and antibiotics) or 0.05% Tween20
(Sigma-Aldrich, USA) in DMEM medium (without
serum and antibiotics) were added. Bacteria were
then added, as described in the quantitative inva-
sion method.

@)

3. Method for quantitative assessment of invasion

To quantitatively assess invasion, 100 uL of bac-
terial suspension in DMEM medium was added to
each well with eukaryotic cells in accordance with an
MOI of 100 CFU per cell. The plate was centrifuged
for 5 min at 2000 rpm and then incubated for 2 h
at 37 °C and 5% CO,. The cells were subsequently
washed thrice with PBS, trypsinized, and an equal
volume of DMEM medium containing 100 ug/mL
gentamicin (Biolot, Russia) was added and incubated
for 1.0—1.5 h to eliminate noninvasive extracellu-
lar bacteria. The cells were then lysed by adding
4.5% sodium deoxycholate solution (Applichem,
Germany) to the cell suspension in a 1:2 ratios. Then,
10-fold dilutions of lysate aliquots were prepared in
LB medium and plated on LB agar. The plates with
the inoculations were incubated for 48 h at room
temperature, after which the grown colonies were
counted. The obtained CFU value (considering the
dilutions) corresponded to the number of invading
bacteria.

All experiments were performed at least four
times, with three replicates per experiment. The
values obtained in the control samples were taken
as 100%. Statistical processing was performed using
SigmaPlot 12.0 (USA) and Microsoft Excel 2010
(USA) programs. The data were presented as M + SF
(mean values and standard deviations). To assess dif-
ferences, Student’s 7-test was used; differences were
considered significant at p < 0.05.

4. Confocal microscope

Caco-2 and M-HelLa cells grown on glass slides
were incubated with nystatin for 1 h at 37 °C and
5% CO,. The cells on the slides were then washed
with PBS and fixed in 4% formaldehyde (Sigma-
Aldrich, USA) for 15 min at room temperature.
Lipid rafts were stained using the cholera toxin
subunit B conjugated with the Alexa488 fluorescent
label (Sigma-Aldrich, Germany) without prior per-
meabilization for 15 min at 4 °C. For cell staining
with antibodies, the cell membrane was permeabi-
lized with 0.1% Triton X-100 (Helicon, Russia) for
10 min at room temperature. Nonspecific binding of
antibodies was blocked with 1% bovine serum albu-
min (Helicon, Russia) for 1 h at room temperature.
Antibodies were then added to a-tubulin at a dilution
of 1:1000 (#T5168, Sigma-Aldrich, USA) or caveo-
lin-1 at a dilution of 1:1000 (#GB11409, Servicebio,
China). Subsequently, the cell preparations were
incubated at 4 °C for 16—18 h, after which anti-
species antibodies conjugated with AlexaFluor488
1:500 (#sc-2010, Santa Cruz Biotechnology, USA)
or AlexaFluor555 1:1000 (#ab150078, Abcam, USA)
were added and incubated in the dark for 1 h at
room temperature. Cells stained only with anti-
species antibodies were used as a negative control.
Cytoskeletal F-actin was stained with rhodamine—
phalloidin solution (Invitrogen, USA) for 15 min
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at 37 °C; to visualize cell nuclei, preparations were
stained with 4,6-diamino-2-phenylindole dihydro-
chloride (Sigma-Aldrich, Germany). Preparations
were examined using an Olympus FV3000 micro-
scope (Olympus, Japan) at 405 nm, 488 nm, and
561 nm.

5. Western blotting

Eukaryotic cells were preincubated with
50 umol/L nystatin or DPBS for 1 h at 37 °C and
5% CO,. The medium was then removed, sample
preparation stain containing 2-mercaptoethanol was
added, and the cells were heated for 5 min at 56 °C.
Subsequently, the samples were heated for 5 min
at 98 °C.

Proteins were separated using polyacrylamide
gel electrophoresis under denaturing conditions;
prestained proteins (#26619, Bio-Rad, USA) were
used as molecular weight markers. The proteins
were then transferred to a 0.45 um nitrocellulose
membrane (Bio-Rad, Germany) using the semi-
dry method. Nonspecific binding was blocked with
a 3% solution of dry skim milk (Serva, Germany)
in 0.05% Tween20 in PBS. After transferring, the
membrane was cut and the corresponding parts were
incubated with either rabbit anti-caveolin-1 antibody
(#GB11409, Servicebio, China) at a dilution of
1:800 or murine anti-f-actin antibody (#GB15001,
Servicebio, China) at a dilution of 1:1000. The dilu-
tions were maintained for 2 h at room temperature.
The membranes were washed with 0.05% Tween20
solution in PBS and incubated with horseradish
peroxidase-conjugated secondary antibodies against
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Fig. 1. The number of intracellular bacteria in Caco-2 and
M-HelLa cells preincubated with 50 uM nystatin for 1 h
relative to control cells preincubated with DPBS (control).
Means and standard deviations are shown. *p < 0.05

Puc. 1. KonnuecTBo BHYTPUKIIETOUHBIX OAKTEPWIA B KIIET-
kax Caco-2 u M-HelLa, npenBapureibHO MHKYOMPOBAHHBIX
¢ 50 MKMOJIb/T HUCTATMHA B Te4eHUE 1 4, OTHOCUTEIBHO
KOHTPOJIbHBIX KJIETOK, MPEIMHKYOMPOBAHHBIX ¢ (pocaTHO-
coieBbIM pacTBopoM /JlynbOekko (KOHTpOJb). IlokazaHbl
CcpenHue 3HaYeHUs U CTaHAapTHble OTKJIOHeHus. *p < 0,05

murine (#ab97023, Abcam, USA) or rabbit (#31460,
Thermo Fisher Scientific, USA) immunoglobulin at
a dilution of 1:20,000 for 1 h at room temperature.
The signals were detected using SuperSignal West
Femto Maximum Sensitivity Substrate chemilumi-
nescence reagents (Thermo Scientific, USA) on
a ChemiDoc Imaging Systems instrument (Bio-Rad,
USA).

6. Real-time reverse
chain reaction (RT-PCR)

After preincubation with 50 umol/L nystatin or
DPBS and bacteria, epithelial cells were washed
thrice with PBS and trypsinized with 0.25%.
The cells were then pelleted via centrifugation at
1500 rpm for 10 min, and the supernatant was re-
moved. Total RNA was isolated from the resulting
pellet using the diaGene cell culture RNA isolation
kit (Dia-M, Russia). Reverse transcription and am-
plification were performed using BioMaster RT-PCR
SYBR Blue (Biolabmix, Russia) on a CFX96 Touch
device (Bio-Rad, USA). The stages included ini-
tial cDNA synthesis at 45°C for 30 min, dena-
turation at 95 °C for 5 min, and 40 amplification
cycles (95 °C for 30 s, 60 °C for 30 s, and 72 °C for
30 s). Each sample was analyzed in quadruplicate
at least twice. Primers (forward and reverse, respec-
tively) to tlr2 were CTGGACAATGCCACATAC
and CTAATGTAGGTGATCCTG, those to
tir4 were CAGAACTGCAGGTGCTGG and
GTTCTCTAGAGATGCTAG, and those to beta-
actin were GCCGGGACCTGACTGACTAC and
TTTCCTTAATGTCACGCACGAT. The PCR
analysis results were interpreted using the AACT
method based on the assessment of the expression
level of the target gene in relation to the reference
gene (B-actin).

transcription-polymerase

Results

1. Cholesterol sequestration by nystatin reduces
bacterial invasion by enhancing caveolin-1 expression

Caveolae/lipid rafts have been shown to be in-
volved in the invasion and intercellular spread
of many pathogenic and opportunistic bacteria
[15, 16]. Hence, whether caveolae/lipid rafts are
involved in the internalization of S. grimesii and
S. proteamaculans into epithelial cells was exam-
ined. Preliminary incubation of Caco-2 cells with
50 uM nystatin for 1 h did not affect the invasion
of cells by either Serratia species (Fig. 1). A four-
fold increase in nystatin concentration also did not
affect the invasion of the studied bacteria into colon
adenocarcinoma cells (data not provided). Nystatin
treatment of M-HeLa cells inhibited the invasion of
the studied bacteria by approximately 30%. These
results suggest that S. grimesii and S. proteamaculans
use caveolae and/or lipid rafts to enter M-Hela
cells.
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S. grimesii

Fig. 2. Confocal fluorescence microscopy of M-HeLa cells without bacteria and after 2-h incubation with S. grimesii or
S. proteamaculans. Nuclei are stained with DAPI (black), caveolin — indirect immunofluorescence (white)

Puc. 2. KondokanbHaa ¢ayopecleHTHasd MMKpockonus kieTtok M-Hela Ge3 Gaxkrepuii ¥ Imocie IByX4acOBOM MHKyOa-
uuu ¢ S. grimesii n S. proteamaculans. Slnpa oxpaiiieHsl 4,6-muaMuHO-2-HEeHUIMHIOIOM (YepHBIit), KABEOJUH — HerpsiMast

nUMMyHOdIIyopecteHIus (Oenblit)

Expression of caveolin-1 can modulate the
mobility of caveolae-associated proteins, resulting
in alterations in plasma membrane fluidity [17].
As confocal micrographs did not reveal unam-
biguous colocalization of bacteria and caveolin-1
(Fig. 2), whether the invasion-inhibitory effect of
nystatin was associated with changes in caveo-
lin-1 expression and plasma membrane fluidity
in M-HeLa cells was examined. Western blotting
(Fig. 3a) indicated that caveolin-1 was not ex-
pressed in Caco-2 cells, which is consistent with
literature data [18]. In contrast, the cytoplasmic
membrane of M-HelLa cells contained caveo-
lae, and the amount of caveolin-1 increased by

1.5 times after incubation with nystatin. Thus, the
treatment of M-HeLa cells with nystatin can be
assumed to induce a change (probably a decrease)
in the cell membrane fluidity owing to the increase
in the expression of caveolin-1. To enhance mem-
brane fluidity, the cells were first preincubated with
50 umol/L nystatin for 1 h, and then, the me-
dium containing 0.05% Tween20 was added [19].
Subsequently, the cells were infected with the
studied bacteria, and the invasion was measured.
The addition of the detergent did not affect ei-
ther the viability of eukaryotic cells or the viability
and growth rate of bacteria. According to Fig. 3b,
in the presence of Tween20, invasion into control

IZl IZl S. grimesii S. proteamaculans
Caco-2 M-Hela 2.5 0.4
i = DMEM - DMEM .y
Caveolin-1 - o | 20K0a =3 DMEM + 0.05% Tween20 | [ DMEM + 0.05 % Tween20
KaBeonmk-1 20+ I
Beta-acti 5 5 034
eta-actin = =
B—AKTVIH -—— e sy s /7 kDa § 5] §
Nystatin — + — + % % 024
Huctamn ° ° *
< 1.0 * ]
o o
o o
[ [
o () U‘I -
0.5
0.0 0.0

DPBS Nystatin / Huctatun DPBS Nystatin / Huctatun

Fig. 3. The protein level of caveolin-1 in Caco-2 and M-HeLa cells treated with 50 uM nystatin (+) or DPBS (—) was de-
tected by western blot analysis assays (a). The number of intracellular bacteria per M-HeLa cell preincubated with 50 uM
nystatin or DPBS (control), after that bacteria were added in DMEM or DMEM containing 0,05% Tween20. Means and
standard deviations are shown. *p < (0.05 (relative to corresponding control samples) (b)

Puc. 3. ODkcnpeccus kaBeonmua-1 B kietkax Caco-2 u M-Hela, npeasapurebHO WHKYOMPOBAHHBIX ¢ 50 MKMOJIb/NT HHU-
cratuHa (+) unu docdarHo-coneBbiM pacTBopoM [ynbOekko (—), JeTeKTUpOBaHA C MOMOIIbIO BeCTEPH-OJOTTUHTA (a).
KonnuectBo BHYTpUKIIETOUHBIX OakTepuit, mpuxoasuiuxcd Ha 1 knetky M-Hela, koTopeie npenBaputebHO MHKYOMPOBAIA
¢ 50 Mxmonb/m HUCTaTMHA WM (HOochaTHO-COJIEBBIM pacTBOpoM Jlyiab0eKKO (KOHTpOJb), TOCIEe Yero K HUM I00aBISUIN
Gaktepun B cpene DMEM wnu DMEM, conepxatueii 0,05 % Tween20. [TokazaHbl cpeqHue 3HAUEHUs U CTaHIAPTHBIE
oTKJIOHeHUs1. *p < (0,05 (OTHOCUTETBLHO COOTBETCTBYIOIIMX KOHTPOJBHBIX 00pa3loB) (b)
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e

DPBS DPBS Nystatin / Huctatue

Fig. 4. Confocal fluorescence microscopy: monitoring of lipid rafts distribution. Caco-2 (a) and M-HelLa (b) cells incu-
bated with 50 uM nystatin at 37 °C for 1 hour. GM1 was stained with CTxB-FITC (white), cell nuclei were stained
with DAPI (black)

Puc. 4. KondoxkanpHas diyopeciieHTHasS MUKPOCKOIINS JIUTTUAHBIX padToB. M3o6pakenue kietok Caco-2 (a) u M-Hela (b),
WHKYOUpoBaHHBIX ¢ 50 MKMmoinb/nm HuctatuHa Tnipu 37 °C B Teuenue 1 4. GM1 okpammBamun CTxB-FITC (6ensbrit), simpa
KJIETOK OKpalleHbl 4,6-1uaMUHO-2-(PeHWIMHIONIOM (YePHBIii)

Nystatin / Huctatne

cells preincubated with DPBS did not change, and
the number of intracellular bacteria in cells treat-
ed with nystatin increased by 1.6 times (compared
with the control). These results imply that differ-
ences in the invasion efficiency of S. grimesii and
S. proteamaculans into Caco 2 and M-Hela cells
are related to variations in the plasma membrane
properties of carcinoma cells.

2. Nystatin does not affect lipid raft assembly and
does not cause cytoskeletal rearrangements

Nystatin is known to have a higher affinity for
ergosterol than for cholesterol, but it has been shown
to sequester or remove cholesterol from lipid rafts
[20—22]. To assess the effect of nystatin on lipid
raft status, cells were stained with cholera toxin sub-
unit B conjugated to the fluorescent label Alexa488
(CTxB-FITC) as CTxB binding to ganglioside GM 1
is a marker for identifying lipid rafts. According to
Figure 4, treatment of cells with 50 umol/L nystatin
did not inhibit cellular uptake of the marker (con-
trol samples were supplemented with the appropriate
amount of DPBS).

Pretreatment of M-HeLa and Caco-2 cells for
2 h with methyl-B-cyclodextrin, which specifically
removes cholesterol from the plasma membrane and
disrupts the formation of lipid rafts, has previously
been shown to increase the amount of stress fibrils
in the cells [23]. Therefore, the effect of nystatin on
the reorganization of the cytoskeleton of carcinoma
cells was examined (Fig. 5).

Incubation of cells with nystatin did not result
in the reorganization of actin microfilaments and
microtubules of cytoskeleton in either Caco 2 or
M-HelLa cells.

3. Cell-specific agonistic and antagonistic activity
of nystatin toward toll-like receptors (TLRs)

The plasma membrane of epithelial cells, includ-
ing HelLa and Caco-2 [24, 25], contains pattern

recognition receptors, such as TLRs, which recog-
nize various microbial structural components. Thus,
TLR2 responds to lipoproteins and peptide glycan,
and TLR4 is activated by lipopolysaccharides (LPS)
on the outer membrane of gram-negative bacteria.
LPS molecules are recognized by CD14 and trans-
ferred to the MD2—TLR4 complex before TLR4
activation, and a portion of the LPS—MD2-TLR4
complex enters the cell via endocytosis [26]. Both
TLR2 and TLR4 and accessory proteins, as well as
the stimulated LPS—MD2-TLR4 complex, have
been shown to be associated with lipid rafts/caveolae
[27, 28]. This association is probably a prerequisite
for TLR-mediated signaling and target gene expres-
sion [29, 30].

Nystatin has been reported to inhibit LPS-in-
duced NF-kB activation and expression of genes
encoding immunomodulatory cytokines [29]. At the
same time, studies have shown that nystatin ex-
hibits TLR2- and TLR4-agonistic activity [31]
and stimulates interleukin-8 (IL-8) secretion by
TLR2-expressing cells [32]. In this regard, the ef-
fect of nystatin on the production of proinflam-
matory cytokines IL-6 and IL-8 by M-HelLa and
Caco-2 cells was investigated. As inferred from
Fig. 6, the addition of 50 umol/L nystatin result-
ed in a 1.5-fold increase in cytokine production
(IL-6 was not detected in Caco-2 cells).

Since nystatin can exhibit both agonistic and
antagonistic activity toward TLR2 and TLR4, its
effect on the expressions of genes encoding these
receptors (Fig. 7a) was compared. Depending on
the cell line, nystatin either increased (Caco 2)
or decreased (M-Hela) the expressions of #r2
and tlr4.

TLR4 is activated by LPS of gram-negative
bacteria to induce the production of proinflamma-
tory mediators aimed at the destruction of bacteria.
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Fig. 5. Visualization the cytoskeleton of Caco-2 (a) and M-HeLa (b) cells treated with 50 uM nystatin or DPBS for 1 h
by confocal fluorescence microscopy. Nuclei are stained with DAPI (blue), F-actin is stained with RF (red), a-tubulin is
indirect immunofluorescence (green)

Puc. 5. KondoxkansHas diyopeciieHTHass MUKpockorust kKieTok Caco-2 (a) m M-HelLa (b), BU3yanu3upyoras [IMTOCKEIET

SIUTEINAIBHBIX KIETOK, 00paboTaHHbIX 50 MKMOJIb/JI HUCTAaTUHA Wi (ocdaTHo-comeBoro pacrBopa dyi1p0eKKO B TeUeHME
1 u. fnpa okparieHsl 4,6-nuaMuHO-2-heHunHIoNoM (cuHuii), F-aktun okpaien RF (kpacHblit), a-TyOyIMH — HempsiMast

UMMYHOMIyopeceHLMs (3eJIeHbI)

For uropathogenic Escherichia coli, a decrease in
their internalization has been shown to be linked
to an increase in TLR4 expression, which leads
to a decrease in the amount of the phosphory-
lated form of the small guanosinetriphosphatase
Rac-1, which is involved in bacterial invasion [33].
In our study, the treatment of M-HeLa cells with
nystatin reduced the invasion of S. grimesii and

S. proteamaculans, which might be accompanied
by an increase in tlr4 expression. However, the ex-
pressions of both #r4 and tlr2 decreased after the
addition of the antibiotic. Therefore, the effects
of S. grimesii and S. proteamaculans on the ex-
pressions of #lr4 and tlr2 in control and nystatin-
treated M-HelLa cells were determined (Fig. 7b).
Bacterial invasion increased the gene expression

ISSN 1608-4101 (Print) Tom 24
ISSN 2687-1378 (Online) Volume

Bbinyck ,l
Issue

MeANLMHCKNN OKOAEMUYECKUI XKYPHOA
Medical Academic Journal

2024



OPUTMHAABHBIE MCCAEAOBAHMS / ORIGINAL RESEARCH

D)

N

o

o
'

mmmm Control / KonTponb T
=~ M-Hela

sekok
E=3 (Caco-2

J—
ol
o
1
)y
1

ol
o
L

Relative production of cytokines, %
OTHoCWTENbHAsA MPOAYKLMS LMTOKMHOB, %
=)

o

o

IL-6 / W6 -8 / Y-8

Fig. 6. Relative production of cytokines I1L-6 and IL-8 by
M-HeLa and Caco-2 cells after one-hour incubation with
50 uM nystatin, DPBS was added to control cells. Means and
standard deviations are shown. Statistically significant differ-
ences between the control and treated groups are indicated
by asterisks: *p < 0.05, ***p < 0.005

Puc. 6. OtHocuTenbHas TPODYKIMS IUTOKMHOB — WHTEP-
neiikuHoB-6 M -8 xierkamum M-Hela m Caco-2 mocie
yacoBOoii MHKybOamuu ¢ 50 MKMOJab/1 HuUcTaTHHA. K KOH-
TPOJBHBIM KJIETKAM J00aBISIM COOTBETCTBYIOIIEE KOIMYe-
c¢TBO (pocaTHO-coneBoro pactBopa Jynboekko. [TokazaHbl
CpeIHVEe 3HAYeHUs] U CTaHAApTHbIE OTKJIOHEHUs. CTaTUCTU-
YeCKM 3HAYMMbIe Pa3IMuMsl MEXIY KOHTPOJbHOW U 00pa-
OOTaHHOII TpyNIIaMu OTMEYeHBI 3Be3moukamu: *p < 0,05,
*Ep < 0,005

level in the treated cells to that in the control
samples. These findings signify that TLR4, TLR2,
and downstream signaling molecules do not par-
ticipate actively in the invasion of the studied
bacteria.

[=]

TLR2 TLR4
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2.0 1

R A i ]

OO0 O — — — — —

Caco-2 M-Hela Caco-2 M-Hela

Relative normalized expression, c.u
OTHOCUTESIbHAA HOPMaNM30BaHHasA 3KCMPECCHS, Y. €.
Relative normalized expression, c. u.
OTHOCUTESIbHAA HOPMaNM30BaHHaA 3KCMPECCHS, Y. €.

I DPBS

Discussion

The plasma membrane of the cell is involved in
various biochemical processes, and its composition
determines not only the cell structure but also its
functions. Thus, alterations in the distribution of
phospholipids in the lipid bilayer can be a signal
for processes such as cell aggregation, adhesion, and
apoptosis. Cholesterol is a key structural component
of the cell membrane and is involved in maintaining
its integrity and fluidity as well as compartmentaliza-
tion and signaling [34].

Many bacteria capable of invasion use lipid rafts
to penetrate the host cell. In this case, membrane
cholesterol plays a crucial role in the host—pathogen
interaction. Depletion or sequestration of cholesterol
reduces the adhesion and internalization of micro-
organisms into eukaryotic cells. Therefore, plasma
membrane cholesterol can play a dual role in bacte-
rial invasion, namely, as a site of bacterial binding
and as an integrating component of lipid rafts, pro-
viding a platform for efficient initiation of signaling
cascades [35].

The ratio of phospholipids and cholesterol
in the cell membrane depends on the cell type.
Cholesterol depletion by methyl-p-cyclodextrin has
previously been shown to promote a more effective
reduction in the invasion of S. grimesii and S. pro-
teamaculans into M-HeLa cells than into Caco-2
cells [23]. This effect could be attributed, among
other things, to the fact that the cytoplasmic mem-
brane of Caco-2 cells contains less cholesterol than
HeLa cells and does not express caveolin-1, which
plays an important role in cholesterol homeosta-
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Fig. 7. Relative normalized (to B-actin) expression of #r2 and #r4 genes. Caco-2 and M-HeLa cells were incubated with
50 uM nystatin or DPBS (control) for 1 h (a). M-HelLa cells were incubated with 50 uM nystatin or DPBS (control)
for 1 h, and then bacterial invasion was performed (MOI 100) (b)

Puc. 7. OtHocutenbHast HOpMaIn3oBaHHas (Ha (3-aKTHH) aKcrpeccust reHoB, komupyoommx TLR2 u TLR4. Kietku Caco-2
u M-Hela wnky6oupoBanu ¢ 50 MkMoib/a1 HuctatiHa uiu DPBS (koHTpoab) B TeueHue 1 9 (a). Kietku M-Hela unKy-
oupoBain ¢ 50 MKMOJIb/J1 HUCTaTUHA WK (hochaTHO-CONEBBIM pacTBOpoM Jlyab0eKKo (KOHTPOJIb) B TeueHue 1 4, a 3aTem
MPOBOAWIM OaKTepUaIbHYI0 MHBa3MIO (MHOXECTBEHHOCTh 3apaxeHust 100) (b)
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sis by binding it and transporting it to the mem-
brane [18].

Pathogenic bacteria and viruses use various en-
docytic pathways and receptors to penetrate the host
cell. Negatively charged particles, including bacteria,
can penetrate the cell via caveolin-dependent en-
docytosis [36]. Nystatin is one of the inhibitors of
caveolin-dependent endocytosis. Nystatin can form
pores in the cell membrane, whose number is direct-
ly correlated with the concentration of the antibiotic.
At the same time, low concentrations of the antibi-
otic (50 umol/L) do not significantly affect the size
and shape of cells [37]. Furthermore, nystatin can
bind cholesterol located on the plasma membrane
of eukaryotic cells and change the microstructure of
lipid rafts, which play a vital role in the internaliza-
tion of pathogens and the regulation of both innate
and adaptive immune responses [38]. This work has
shown that nystatin does not affect the distribution
of cholesterol in cells but increases the produc-
tion of IL-6 and IL-8 cytokines in M-HeLa and
Caco-2 cells. This antibiotic induces the secretion
of proinflammatory cytokines via a TLR2-dependent
mechanism [32]. In addition, cytokine synthesis by
epithelial cells in response to bacterial infection is
mediated by signaling pathways triggered by TLRs,
including TLR2 and TLR4. Signal transmission
from TLR4 can activate the transcription factor
NF-kB or trigger an alternative signaling pathway
that increases the production of the second mes-
senger cyclic adenosine monophosphate (cAMP).
Accumulation of cAMP promotes the inactivation
of the small Rho-guanosinetriphosphatase Racl,
which is involved in bacterial penetration via lipid
rafts. Thus, an increase in TLR4 expression leads
to a decrease in bacterial invasion [33]. Infection
of nystatin-pretreated M-HelLa cells with S. grime-
sii and S. proteamaculans has been shown in this
study to result in the increased expression of both
tlr2 and tlr4. However, the expression levels of these
genes in antibiotic-treated infected cells did not ex-
ceed those in control samples. Therefore, we can’t
speak unequivocally about the participation of TLRs
in the invasion of the studied bacteria.

Internalization of bacteria into eukaryotic cells
relies on plasma membrane fluidity, which in turn
depends on the cholesterol content in it [10].
However, some studies have indicated that a de-
crease in the cholesterol level in the cell membrane
owing to the overexpression of caveolin-1 augments
the membrane fluidity [39]. On the contrary, others
have indicated that the knockdown of caveolin-1 en-
hances the fluidity of the plasma membrane and the
mobility of membrane microdomain proteins [40].
Deficiency of caveolin-1 in eukaryotic cells can
contribute to both an increase and a decrease in
the number of intracellular bacteria, which is as-
sociated with the redistribution of various lipid raft

components during the clustering of receptors in-
volved in bacterial internalization. Thus, during
L. monocytogenes invasion, caveolin-1 knockdown
disrupts the recruitment of E-cadherin to bacte-
rial attachment sites [41]. During the adhesion of
Staphylococcus aureus to the surface of eukaryotic
cells, a redistribution of membrane microdomain
components and a recruitment of GM1 ganglioside
to bacterial attachment sites is noted depending on
the B1-integrin of the host cell. The clustering of
the receptor itself does not rely on membrane mi-
crodomains. However, bacterial invasion depends on
the composition of microdomains, and caveolin-1
deficiency increases the 1-integrin-mediated uptake
of S. aureus [40]. S. proteamaculans has also been
previously reported to recruit 31-integrin during the
invasion of epithelial cells [42]. Therefore, caveo-
lin-1 appears to limit the internalization of bacte-
ria that bind to Bl-integrin, and modulation of the
mobility of membrane microdomain components is
a key aspect of the pathogen—host interaction during
bacterial invasion.

Conclusions

The findings from this study suggest that the
decrease in the invasion of S. grimesii and S. pro-
teamaculans into epithelial cells pretreated with ny-
statin is associated with a change (probably a de-
crease) in plasma membrane fluidity. This effect may
be a characteristic of bacteria whose internalization
involves B1-integrin.
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