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Abstract

The ongoing rise in antibiotic resistance, and a waning of the introduction of new antibiotics,
has resulted in limited treatment options for bacterial infections, including these caused by
methicillin-resistant Staphylococcus aureus, leaving the world in a post-antibiotic era. Here,
we set out to examine mechanisms by which theaflavin 3,3’-digallate (TF3) might act as an
anti-hemolytic compound. In the presented study, we found that TF3 has weak bacterio-
static and bactericidal effects on Staphylococcus aureus, and strong inhibitory effect
towards the hemolytic activity of its a-hemolysin (Hla) including its production and secretion.
A supportive SPR assay reinforced these results and further revealed binding of TF3 to Hla
with KD = 4.57x107° M. Interestingly, TF3 was also able to protect human primary keratino-
cytes from Hla-induced cell death, being at the same time non-toxic for them. Further analy-
sis of TF3 properties revealed that TF3 blocked Hla-prompting immune reaction by
inhibiting production and secretion of IL1B, IL6, and TNFa in vitro and in vivo, through affect-
ing NFkB activity. Additionally, we observed that TF3 also markedly attenuated S. aureus-
induced barrier disruption, by inhibiting Hla-triggered E-cadherin and ZO-1 impairment.
Overall, by blocking activity of Hla, TF3 subsequently subdued the inflammation and pro-
tected the epithelial barrier, which is considered as beneficial to relieving skin injury.

Introduction

Staphylococcus aureus (S. aureus) is a prevalent, Gram-positive, and non-motile coccus associ-
ated with skin and soft tissue infections (SSTI), as well as with sepsis and pneumonia [1-4].
This bacterium is vastly responsible for the infections in healthcare environments and in the
communal milieus. In the 1960s the first methicillin-resistant S. aureus (MRSA) was identified,
and it would later become endemic in hospitals. Meanwhile, in the 1990s, several community-
associated methicillin-resistant S. aureus strains (CA-MRSA) emerged, which are now posing
a major global challenge [4-8]. Over time it became apparent that S. aureus had positioned
itself as a challenging pathogen and a leading cause of common bacterial infections in humans
[9]. The pathogenicity of S. aureus is associated with numerous virulence factors, including
cell surface proteins (e.g., protein A, adhesins), and secreted enzymes and toxins (e.g.,
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hemolysins and leukocidins). These are associated with a variety of toxic effects, including tis-
sue damage, promotion of bacterial dissemination, and evasion of the host innate system. The
CA-MRSA strain type USA300 has been acknowledged as more virulent than customary hos-
pital-associated strains, in part owing to relatively higher expression of virulence factors e.g.,
phenol-soluble modulins (PSMs) and o-hemolysin (a-toxin, Hla), at the same time being
highly multidrug resistant in nature [10-18]. Recognizing that S. aureus easily colonizes the
nasal, mucosal, and tissue routes, that it is persistently carried by as many as 30% of healthy
adults (which renders more than 100 million people susceptible in the United States alone),
and that skin wounds affect more than 6 million individuals in the United States annually,
which parallels to annual costs of $25 billion for the healthcare system, S. aureus has been clas-
sified as a “serious threat” by the Centers for Disease Control and Prevention (CDC) [1-9]. S.
aureus infections are initiated through trauma to the skin or mucosal layer, and progress
through an invasive or toxin-mediated process. The list of pathogenic disorders includes dis-
ruption of the epithelial barrier, inhibition of opsonization, neutrophil cytolysis, interference
with neutrophil chemotaxis, and inactivation of antimicrobial peptides [10-18].
Alpha-hemolysin (o-hemolysin, o-toxin, Hla) is a pore-forming protein with cytolytic
activity toward a variety of cell types, including human keratinocytes and platelets, epithelial
and endothelial cells, monocytes and lymphocytes [11-25]. It functions primarily as an instru-
ment to adapt host tissue to a nutrient source for the bacteria. It is produced by almost all viru-
lent strains of S. aureus and is a concern in several diseases, including skin and soft-tissue
infections (SSTIs) and pneumonia. Seilie and Bubeck Wardenburg demonstrated that Hla is
essential for pathogenesis in a mouse model of CA-MRSA pneumonia and activation of NFkB
signaling pathway [22]. Bartlett et al. showed that Hla prompts severe lung inflammation
through forcing production of CXC chemokines by host cells during S. aureus-induced pneu-
monia [26]. Kwak et al. reported on reduction of protein associated with tight (ZO-1, ZO-3,
and occludin) and adherent (E-cadherin and B-catenin) junctions at cellular levels, while Liu
et al. showed activated MAPK signaling pathway upon Hla stimulation [27, 28]. Hla is secreted
as a water-soluble, 34 kDa monomer, isoelectric at pH 8.5 to 8.6, that binds to target cellular
membranes and then oligomerizes to form membrane-inserted heptameric pores 10 nm in
diameter [18, 19]. The hla gene was cloned and sequenced by Kehoe et al., who showed that
this gene is present in a single copy in the bacterial chromosome [29]. Expression of Hla is reg-
ulated, at least in part, by the two”machineries”, the Agr regulatory system, and the SaeR/S sig-
nal transduction system, which regulates the production of several exoproteins, including
staphylokinase and alpha-, beta-, and delta hemolysins, as well as serine and metalloproteases
[30-34]. Its discovery explained several earlier observations, e.g., that production of many exo-
proteins in S. aureus is strictly synchronized and appears mainly during the post-exponential
or stationary phase. Binding of Hla monomers to the cellular membrane triggers their oligo-
merization to a 232.4-kDa membrane-inserted heptamer [21, 22]. Hla interacts with specific
binding sites on cells (receptors) but can also engage in a non-specific interaction with lipid
layers. Both types of binding results in the formation of pore-forming oligomers. Although,
this protein does not contain cysteine, its central region is rich in glycine residues, which also
have a high probability of random coil, hence its ability to fold between the C- and N-domains.
In contrast to other porins (e.g., complement component C9, and E. coli hemolysin), Hla does
not require bivalent cations such as Ca** for binding and cytolytic function [23]. The work of
Bayley et al. and Bhakdi et al. established an oligomerization model, by which a Hla works, as
follows: binding of monomers to the lipid membrane, upon which they oligomerize, forming
hexamer that spontaneously insert into the membrane, causing its bridging and penetration,
ultimately forming an amphipathic channel across the lipid bilayer with an inner diameter of
about 1.5 nm pore [23, 32]. Resulting conformational changes are followed by disruption of
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the cellular membrane. Examples of subsequent ramifications include: influx of extracellular
Ca" into the cell, causing in turn hydrolysis of membrane phospholipids and metabolism of
arachidonic acid to leukotrienes, proteinoids, and thromboxane A2, an activation of the pro-
tein kinase C, and the induction of NFkB nuclear translocation, causing pro-inflammatory
stimulus production, e.g., IL1B, IL6, TNFa, and IL8 [35-39]. In the epithelial cells, which are
key targets of Hla, E-cadherin is a main substrate for ADAMI10, which is a receptor for Hla.
An activation of ADAMI0, a zinc-dependent metalloprotease expressed as a type I transmem-
brane protein on the surface of most host cells, involves degradation of E-cadherin, which
compromises the tissue barrier function, in turn facilitating S. aureus invasion. All this projects
the loss of the characteristic “milieu intérieur” required to sustain homeostasis and cell death.
The pathogenic relevance of Hla is based on the knowledge that (i) certain human cells, includ-
ing monocytes, endothelial cells, and platelets, express high-affinity binding sites that are effec-
tively attacked by the toxin under physiological conditions, and (ii) damage occurring to these
cells triggers pathological sequelae [39-41].

Theaflavins (TFs) are a class of polyphenolic compounds consisting of a benzotropolone
skeleton with or without the galloyl esters residues. They are responsible for the brownish pig-
ment of black tea, accounting for about 2-6% of their dried leaves (Camellia sinensis, fam.
Theaceae). TFs are formed during the oxidation process of selected catechins (epicatechin and
epigallocatechin-3-gallate) in the presence of polyphenol oxidase and peroxidase enzymes
[42-45]. During fermentation, the catechins get converted to TFs, primarily to theaflavin
(TF1), theaflavin-3-gallate (TF2A), theaflavin-3’-gallate (TF2B), theaflavin-3,3’-digallate (TF3),
as well as certain polymers of thearubigin [28]. Several health benefits of TFs have been identi-
fied, such as: anti-obesity, anticancer, anti-atherosclerotic, anti-inflammatory, anti-viral, anti-
bacterial, anti-osteoporotic, and anti-dental caries properties, with various pharmacological
activities such as anti-cancer, skin protection, and hepatoprotective and neuroprotective regu-
lation of gut microbiota, antioxidant, cardio-protectant, and nephroprotective effects. Among
all TFs, TF3 is especially studied, largely for its biological effects such as antioxidant, anti-
inflammatory, anti-cancer, and anti-microbial activities. Also, synergistic activity of TFs was
reported when used in combination with drugs [44]. Among many properties, TFs have been
shown to activate caspase 3, inhibiting the MAPK and activating the AMPK pathway, regulat-
ing NO signaling, scavenging of radical oxygen species, preventing cell-mediated LDL oxida-
tion, and down-regulating the KIM-1 level. A large number of in vitro and in vivo studies on
the TFs’ effects are reported, but still there are not enough clinical studies available to show
their clinical efficacy, although the number of such studies is growing. Also, new formulations
(nanoformulation/encapsulation) that are being developed to increase the bioavailability and
efficacy of TFs have already shown promising results, which can help in propagation of their
use and be recommended for future studies [42-45].

Material and methods
Test compounds, inhibitors, bacterial strains, and culture media

S. aureus USA300 and Wood 46, as well as human primary epidermal keratinocytes, were pur-
chased from (ATCC Manassas, VA). If not specified, all compounds, including stimulatory
and inhibitory agents, used in this study were obtained from Sigma (St. Louis, MO). S. aureus
cultures were grown in tryptic soy broth (TSB) or tryptic soy agar (TSA), and, unless otherwise
stated, all broth cultures were grown at 37°C. Primary keratinocytes were cultured in Dermal
Cell Basal Medium (DCB medium) supplemented with a Keratinocytes Growth Kit from
ATCC and grown at 37°C with CO, incubator. Native Hla (active, purified, and unconjugated)
was from Creative Diagnostics (Shirley, NY). sHla (soluble Hla, i.e., secreted Hla stripped by
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filtration and centrifugation from membrane-associated Hla, active) and EV-Hla (membrane-
associated Hla, i.e., secreted Hla and separated from the none-membrane associated Hla by fil-
tration and centrifugation, active) were isolated and quantified according to published meth-
odology [46].

Minimum inhibitory concentration (MIC) study

Tested TFs were examined for minimum inhibitory concentrations (MIC) against S. aureus
USA300 and Wood 46 strains. Clinical Laboratory Standards Institute (CLSI) and M100
guidelines for microtiter broth dilution testing were followed [47, 48]. Control included only
the vehicle (0.02% DMSO). All concentrations were tested in triplicate and repeated three
times on different days. Briefly, overnight bacterial cultures were standardized by optical den-
sity (OD) to 5 x 10° CFU/ml. Serial dilutions of TFs were performed to achieve a test range of
100-3.125 pg/ml. Tubes were incubated at 37°C for 24h under static conditions. Plates were
read at an ODg in a multimode plate reader (Tecan Group Ltd., Switzerland) at 0 and 24h
post-inoculation. The following formula, which considers the impact of extract color and vehi-
cle on the OD, was used as previously described [49]. MIC values were assigned based on the
concentration, respectively.

Minimum bactericidal concentration (MBC) study

Tested TFs were examined for minimum biocidal concentrations (MBC) against S. aureus
USA300 and Wood 46 strains. Clinical Laboratory Standards Institute (CLSI) and M100
guidelines for microtiter broth dilution testing were followed [47, 48]. Controls included the
vehicle (0.02% DMSO). All concentrations were tested in triplicate and repeated three times
on different days. Briefly, overnight bacterial cultures were standardized by OD to 5 x 10°
CFU/ml. Serial dilutions were performed to achieve a test range of 100-3.125 ug/ml. Plates
were incubated at 37°C for 24h under static conditions. Next, 100 pl of each culture was plated
on TBS agar plates for the next 24h at 37°C under static conditions. Colonies were counted
and MBC values were assigned based on the concentration, respectively.

Hemolysis assay

The hemolysis assay was performed as previously reported [50, 51]. Briefly, 100 pl of active
recombinant Hla (rHla) with a concentration of 0.5 pg/ml was pre-incubated in 96-well plates
in the presence of different concentrations (i.e., 2.5, 5.0, 10, and 25 pg/ml) of TFs at RT for 15
min. Then 100 pl (5 x 10° cells/ml) of defibrinated rabbit erythrocytes (rRBCs) was added to
each well. The plates were further incubated at 37°C for 20 min. Triton X-100 (1%) served as
the positive control and 100% of hemolyzed rRBCs, while PBS was used as the negative control
and as 0% of hemolyzed rRBCs. Control wells received mock treatment of 0.01% DMSO. Fol-
lowing centrifugation, the supernatants were removed, and their OD was measured at 540 nm.
Data are presented as a % of control without TFs addition (mean +/- SD, n = 6).

Hemolytic activity assay

The hemolytic activity assay was performed as previously reported and assessed by measuring
the hemolytic activity of culture supernatants on rRBCs [50, 51]. Overnight culture of S. aureus
USA300 strain was filtrated and inoculated at 1:500 into 5 ml of TSB containing TF3 at con-
centrations of 2.5, 5.0, 10, and 25 pg/ml, followed by incubation at RT for 15 min. Next, 50 ul
of each sample was dispensed in quadruplicate into 96-well plates. Then 1% v/v rRBCs (Hemo-
stat Laboratories, Dixon, CA), were added to the microtiter plates at 50 pl per well (yielding a
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final erythrocyte concentration of 0.5%). After 2h of incubation at 37°C for 20 min., hemolysis
was assessed by measuring ODs, using a multimode plate reader (Tecan Group Ltd., Switzer-
land). Triton X-100 (1.0%) served as the positive control and 100% of hemolyzed rRBCs, while
1 x PBS was used as the negative control and as 0% of hemolyzed rRBCs. Control wells
received treatment of 0.01% DMSO and 0.5 pg/ml Hla. Data are presented as a % of control
without TFs addition (mean +/- SD, n = 6).

Oligomerization assay

Oligomerization assay was performed as previously reported [52, 53]. Briefly, 20 pg of rHla
treated with or without TF3 was incubated with 5 mM deoxycholate at 22°C for 20 min. Next,
the mixtures were mixed with 4 x loading buffer without f-mercaptoethanol and incubated at
55°C for 10 min. 25 pl of this reaction mixtures were loaded to 10% PAGE followed by western
blot analysis.

Surface Plasmon Resonance (SPR) binding assay

To determine binding affinity of native Hla with TF3, SPR binding assay was performed (Crea-
tive Biostructure, Shirley, NY). The S. aureus Hla was printed onto the chip, while TF3 was the
analyte. After chip activation, ligand printing and chip blocking programs were performed,
which resulted in S. aureus Hla automatically printing onto the CM5 chip (Cytiva, Marlbor-
ough, MA). Next, the Biacore system pipeline was washed with HBS-EP buffer, and various
concentrations of TF3 were loaded into a Biacore 3000 injector (Cytiva, Marlborough, MA).
The program was run with the flow rate = 30 ul/min. to determine the binding affinity between
analytes and ligands. All the measurements were performed at 25°C. The signal changes (in
AU) after binding and washing were recorded as the assay value. Selected protein-grafted
regions in the SPR images were analyzed, and the average reflectivity variations of the chosen
areas were plotted as a function of time. Real-time binding signals were recorded and analyzed
by Data Analysis Module (DAM, Plexera Bioscience, Seattle, WA). Kinetic analysis was per-
formed using BIA evaluation 4.1 software (Biacore Inc., Marlborough, MA). After data collec-
tion, kinetics fitting, and data analysis, the KD was calculated.

In vivo S. aureus skin infection study

8-10-week-old BALB/c mice weighing approximately 25-30 g were used in this study (Charles
River, Wilmington, MA). The mice were kept at an ambient temperature of 21°C with stan-
dard rodent diet and water provided ad libitum during a light and dark cycle of 12h strictly in
accordance with the Animal Welfare Act and the DHHS Guide for the Care and Use of Labora-
tory Animals. Experimental animal protocol No. 03/B012022 was reviewed and approved in
2022 by the Animal Care and Use Committee at the Dr. Rath Research Institute, and all experi-
ments involving animals accurately followed this protocol. Veterinary care was under the
direction of full-time veterinarian boarded assistance. BALB/c mice were allowed to acclima-
tize to the BSL-2 level animal housing facility for seven days, prior to their inclusion in this
study, and were then randomly divided into experimental groups as presented in Table 1.
Inoculum of 5.0 ug native Hla, sHla, and EV-Hla, respectively, were injected intradermally.
Control animals received mock injection of 0.05% DMSO or 50 pg/ml TF3 only. At the end of
the experiment (i.e., 48h post-injection), mice were sacrificed by overdosing of isoflurane, skin
tissue was carefully shaved with an Accu-Edge microtome blade (Sakura-Finetek, Torrance,
CA) and cleansed by wiping with an alcohol prep pad (Covidien, Mansfield, MA). The skin tis-
sues were imaged, collected, and either subjected to permeability assays or immediately snap-
frozen in liquid nitrogen and then subjected to western blot. For histology, tissues were fixed
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Table 1. Experimental animal groups of in vivo study.

Group Treatment
animals intradermally injected with 0.05% DMSO, n = 4
animals intradermally injected with 50 pg/ml TF3, n = 4
animals intradermally injected with 5.0 pg/ml EV-Hla, n = 8
animals intradermally injected with 5.0 pg/ml sHla, n = 8

animals intradermally injected with 5.0 pg/ml native Hla,n = 8

QNG W N =

animals intradermally injected with 5.0 pg/ml EV-Hla and 50 pg/ml TF3 applied topically every 6h starting
5 min. after Hla injection, n = 8

7 animals intradermally injected with 5.0 pg/ml sHla and 50 pg/ml TF3 applied topically every 6h starting 5
min. after Hla injection, n = 8

8 animals intradermally injected with 5.0 ug/ml native Hla and 50 pg/ml TF3 applied topically every 6h
starting 5 min. after Hla injection, n = 8

https://doi.org/10.1371/journal.pone.0290904.t001

in 10% neutral-buffered formalin and stored until standard hematoxylin and eosin (H&E)
staining was performed. Stained slides were scanned with the Aperio AT2 system (Leica, Buf-
falo Grove, IL) and analyzed. The body weights of the mice were measured at the beginning
and the end of the experiment. Mice were monitored daily for signs of any distress (i.e., the
pre-established benevolent endpoint criteria, e.g., weight loss exceeding 20% of body weight
compared to the one recorded on day 0, hunching, loss of mobility and ruffled fur). No such
signs of distress or mortality were observed in the present study. All efforts were made to mini-
mize animal suffering. Animal research presented here complied with the ARRIVE guidelines.

Histology study

Skin tissues from mice euthanized on the last day of experiment (i.e., 48h post-injection) were
immediately fixed after harvesting in 10% buffered formalin, embedded in paraffin, sectioned
(5 um sections), mounted on glass slides, and stained with H&E (standard histological routine
was followed) that was performed cryptically coded sections by third party at the Inotiv facility
(Boulder, CO).

Tissue permeability assay

Two permeability assays, Evans blue (EB) penetration, and fluorescein-labeled ovalbumin
(OVA) penetration, were performed according to the described method [54]. For Evans blue
dye assays and fluorescein-labeled OV A penetration, 5 ug native Hla was used (see Table 1).
Control mice received injection of 1 x PBS or 0.05% DMSO. For EB assay, after 48h, 0.1%
Evans blue was added for 10 min. on dorsal skin, followed by washing with 1 x PBS. Skin was
then excised, immersed in formamide, and incubated at 60°C. After 6h, ODg,, nm was mea-
sured. For OVA-fluorescein penetration, 50 pg of fluorescein-conjugated OV A were added
twice and the skin was excised and homogenized. Fluorescence was measured at Ex/Em = 488/
530 nm using a multimode plate reader (Tecan Group Ltd., Switzerland). Data are expressed
as a % of control without TF3 addition (mean +/- SD, n = 6).

NFxkB activity assay

NFxB activity was performed using Indigo Biosciences assay kit (State College, PA). Per
instruction, a 21 ml suspension of NFkB reporter cells was dispensed into a 96-well plate
(200 pl per well) and pre-incubated at 37°C/5% CO, for 6h. Next, the medium was removed,
and cells were rinsed with cell screening medium (CSM) followed by its replacement with
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stock solution of TF3 diluted with CSM to concentrations ranging between 12.5-50 pug/ml.
Phorbol 12-myristate 13-acetate (PMA) at 3 nm served as positive control, and 0.05% DMSO
as a ‘no treatment’ control was included. The plates were transferred into a culture incubator
for 23h. Afterward, the treatment medium was discarded and 100 pl of luciferase detection
reagent (LDR) was added to each well of the assay plate. After 5 min., chemiluminescence was
measured. Data are expressed as a % of control without TF3 addition (mean +/- SD, n = 4).

Cytotoxicity assays

Cytotoxicity of TF3 (i.e., 5-50 pg/ml) with and without Hla (0.5 pg/ml native Hla, 0.5 ug/ml
sHla or 0.5 ug/ml EV-Hla) was evaluated with the MTT Viability/Cytotoxicity Assay Kit (Cay-
man, Ann Arbor, MI), LDH Cytotoxicity assay (Cayman, Ann Arbor, MI), and Annexin V
Apoptosis assay (Abcam, Fremont, CA) on human primary keratinocytes. For that purpose,
keratinocytes were seeded as 5 x 10* cells/well in 96-well tissue culture plates. Plates were incu-
bated for 16h, allowing attachment, prior to treatment. Next, different concentrations of TF3
alone or together with Hla were added, and plates were incubated at 37°C for 24h, followed by
the manufacturer’s protocol for detecting cell viability. Control wells received mock treatment
0f 0.05% DMSO. Data are presented as a % of control without TF3 addition (mean +/- SD,
n=_8).

ELISA assay

Hla was quantified using ELISA assay performed according to previous report [55]. Briefly,
96-well plates were coated with 1 mg/ml Hla antibody and incubated overnight at 4°C. Next,
the plates were washed three times with 1 x PBS with 0.05% Tween-20 and blocked with 2%
(w/v) non-fat dry milk in 1 x PBS for 2h at 37°C. The blocked plates were washed again, and
filtrated media from S. aureus USA300, treated previously with different concentrations of
TF3 (i.e., 5-50 pg/ml), was added, and again incubated, at RT, for 2h. After washing, anti-
mouse IgG, conjugated to horseradish peroxidase (HRP; KPL Inc., Gaithersburg, MD) at
1:1000 dilution, was added to the plates, and incubated at RT for another 2h. Plates were then
washed again, and signal was analyzed by adding ABTSH ELISA HRP Substrate (KPL Inc. Gai-
thersburg, MD). The reaction was stopped with ABTSH Stop Solution (KPL Inc. Gaithersburg,
MD), and OD,s, with microplate reader (Molecular Devices, Sunnyvale, CA). Data are pre-
sented as a % of control without TFs addition (mean +/- SD, n = 6).

qPCR analysis

S. aureus USA300 were first treated with 4 ug/ml lysozyme in TE buffer for 1h at 37°C. Bacte-
rial RNA was next isolated and purified using Total RNA Purification Kit (Norgen Biotek,
Thorold, ON) according to the manufacturer’s protocol. Thereafter, a total of 100 ng of RNA
was reverse transcribed (RT) using Maxima First Strand cDNA Synthesis Kit for qPCR (Ther-
moPFisher Scientific, Waltham, MA) according to the manufacturer’s protocol. A control reac-
tion without RT was set up for each sample to rule out residual DNA. The cDNA synthesis
reaction was diluted in water and 1/2000 was used for qPCR. At least three independent RNA
preparations were performed. Quantitative PCR Real-time qPCR was completed with the Bio-
Rad CFX96 thermocycler (Bio-Rad, Hercules, USA) using the DyNAmo HS SYBR Green
qPCR kit (ThermoFisher Scientific, Waltham, MA). Primer sequences for 16S rRNA (i.e.,
internal or reference control used to normalized expression levels of target genes), hla and
agrA genes (i.e., target genes) were as follow: hla F- 5/ ~-GCAAATGTTTCGATTGGTCA-3"
and hlaR—5’ ~-CCATATACCGGGTTCCAAGA-3’,agr F—5' -
CGAAGACGATCCAAAACAAAG-3" and agr R—5’ - ATGTTACCAACTGGGTCATGC-3’,
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16s RNA F—5'-TTATGGTGCTGGGCAAATACA-3" and R—5'-
CACCATGTAAACCACCAGATA-3’ with cycling parameters as: 20 seconds at 95°C; 40 cycles
at 95°C for 3 seconds and at 60°C for 30 seconds as published [34]. Data were calculated
according to Livak method [56].

Western blot (WB)

An overnight culture of S. aureus USA300 was inoculated into 1 ml of TSB at 1:500 and grown
at 37°C with shaking (250 rpm), in the presence of either DMSO or TF3 at concentrations of
12.5, 25, and 50 pug/ml. Following 24h of incubation, 500 pl of each culture was filter sterilized
using a cellulose acetate SpinX 0.22 pm filter (Corning Life Sciences, Tewksbury, MA) and the
filter-sterilized media was stored at -20°C. The filtered media was electrophoresed on gradient
8-16% SDS-PAGE gels and transferred to PVDF membranes (Bio-Rad, Hercules, CA). Mem-
branes were blocked overnight at 4°C in TBST (20 mM Tris [pH 7.5], 150 mM NaCl, 0.1%
Tween 20) with 5% non-fat dry milk, and then washed 3 times with TBST. Hla was detected
using a polyclonal rabbit anti-Hla antibody (Shlievert Lab, University of Iowa) at a1:5000 dilu-
tion and a goat anti-rabbit HRP secondary antibody (Cell Signaling, Danvers, MA) at a
1:10000 dilution. WB images were acquired using the Azure cSeries 600 system and auto-expo-
sure settings (Azure Biosystems, Dublin, CA).

Human primary keratinocytes were treated with indicated concentrations of TF3, with or
without Hla, and lysed using lysis buffer [50 mM Tris-HCI (pH = 7.4), 1.0% Triton X-100, 150
mM NaCl, 1.0 mM EDTA, 2.0 mM Na3zVO,, and 1 X complete protease inhibitors (Roche
Applied Science, Indianapolis, IN)]. The protein concentration was measured by the Dc pro-
tein assay (Bio-Rad, Hercules, CA). A 50 pg/well of protein was separated on 4-15% gradient
SDS-PAGE gels (i.e., tris-based electrophoresis using standard Laemmle’s method) and trans-
ferred to a PVDF membrane. Proteins were detected either with anti-E-cadherin antibody at
1:1000 dilution, anti-ZO-1 antibody at 1:1000 dilution, or anti-claudin antibody at 1:1000 dilu-
tion (Cell Signaling, Danvers, MA). WB images were acquired using the Azure cSeries 600 sys-
tem and auto-exposure settings (Azure Biosystems, Dublin, CA).

Statistical analysis

All data are presented as means + SD (n = 3). All experiments were performed at least three
times each, at least in triplicates. The Student’s two-tailed t test was used to determine statisti-
cally significant differences set at 0.05 levels. Statistical analysis was performed using GraphPad
software.

Results

Bacteriostatic and bactericidal effect of theaflavins and catechins on S.
aureus

Altogether we screened 9 compounds from two main groups of agents derived from
Camilla senesis, i.e., theaflavins and catechins, in order to check their bacteriostatic and
bactericidal effect against MRSA USA300 strain. None of them was able to inhibit growth
or have biocidal effect on these tested strains up to 100 pg/ml. We thus were unable to
establish MICgy and MBCy, values for all tested compounds against MRSA USA300 strain
(Fig 1).
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Fig 1. Bacteriostatic and bactericidal efficacy of theaflavins and catechins on Staphylococcus aureus USA300. (A)
Bacteriostatic effect of theaflavins and catechins was determined by standard macro-dilution assay after 24h. (B)
Bactericidal effect of theaflavins and catechins was determined from broth macro-dilution tube test by sub-culturing it
to blood agar plates that do not contain the test agent after 24h incubation; control—0.02% DMSO.

https://doi.org/10.1371/journal.pone.0290904.9001

Effect of theaflavins and catechins on production and secretion of Hla from
S. aureus

Since no effect on growth and viability of S. aureus USA300 was observed, we looked at the
production and secretion of staphylococcal Hla, as a crucial virulence factor contributing to
skin and pulmonary infections. Altogether, we again screened 9 compounds from two groups,
i.e., theaflavins and catechins up to 100 pg/ml concentrations. As presented in Fig 2, all theafla-
vins were more effective in inhibiting secretion of Hla compared to catechins. Also, amongst
theaflavins an interesting pattern was observed, as examined by ELISA assay. Namely, that
compounds with galloyl residue, such as TF1 and TF2, were more effective in decreasing Hla
secretion compared to TF (i.e., compound without this residue), and that the compound with
additional galloyl residues, such as TF3, revealed the most inhibitory effect compared to TF,
TF1 and TF2, respectively. Western blot analysis further confirmed a dose-dependent inhibi-
tory effect of TF3 on Hla secretion by S. aureus USA300, with a decrease reaching nearly 95%
at 100 pg/ml concentration (Fig 3A and 3B and S1 Fig in S1 Raw images). As TF3 reduced the
secretion of Hla, we therefore further checked the expression status of hla and agrA genes. As
shown in Fig 3C, the transcriptional level of these genes was negatively affected by treatment
with the same increasing concentrations of TF3 as well. Exposure of S. aureus USA300 cultures
to >25 pg/ml of TF3, significantly decreased the hla gene expression by about 0.49-fold (51%
decrease in expression) and reached the level of about 0.21-fold (79% decrease in expression)
at 100 pg/ml. A similar dose-dependent pattern was observed with inhibition of the agrA gene
with >50 pg/ml of TF3 with 0.36-fold (64% decrease in expression) at 100 ug/ml of TF3.

Effect of TFs on activity of Hla from S. aureus

To further elucidate the biological relevance of TFs on Hla, we sought to determine whether
TFs impair its hemolytic activity as well. Thus, we first exposed rHIa to increasing
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Fig 2. Inhibitory effect of theaflavins and catechins on Hla secretion by Staphylococcus aureus. (A) Dose-
dependent decrease in Hla secretion by S. aureus USA300 after 24h treatment with theaflavins and catechins was
quantified by ELISA assay. (B) Dose-dependent decrease in Hla secretion by Staphylococcus aureus Wood 46 after 24h
treatment with theaflavins and catechins was quantified by ELISA assay. Significant differences between treatment and
control are represented as # p < 0.05, A p < 0.01, * p < 0.001; control—0.02% DMSO; dash line—0.5-fold of change
reflecting 50% of expression level of target gene.

https://doi.org/10.1371/journal.pone.0290904.g002
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Fig 3. Inhibitory effect of TF3 on Hla production by Staphylococcus aureus USA300. (A) Inhibitory effect of TF3 on
Hla production. Dose-dependent decrease in Hla protein secretion by S. aureus USA300 after 24h treatment with TF3
as illustrated by western blot. (B) Densitometry of western blot bands. (C) Dose-dependent decrease in hla and agrA
genes expression by S. aureus USA300 after 24h of treatment with 12.5-50 pg/ml TF3 assessed by qPCR. Significant
differences between treatment and control were assessed by densitometry and are represented as A p < 0.01, *

p < 0.001; control—0.01% DMSO.

https://doi.org/10.1371/journal.pone.0290904.g003
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Fig 4. Inhibitory effect of TF3 on Hla activity. (A) Dose-dependent decrease of rHla hemolytic activity by TF3 as
demonstrated by rRBC hemolysis assay. 10% rRBCs were exposed to increasing doses of TF3 for 10 min. and treated
with 0.5 ug/ml of Hla for 20 min. (B) Dose-dependent decrease of secreted Hla hemolytic activity by TF3 as
demonstrated by rRBC hemolysis assay. 10% rRBCs were added to 100 pl of sample containing supernatant from S.
aureus USA300 overnight culture that was supplemented with different concentrations of TF3 and incubated at RT for
10 min. Significant differences between treatment and vehicle are represented as # p < 0.05, Ap < 0.01, * p < 0.001;
control sample—0.5 pug/ml rHIla or 100 pl of supernantant+0.01% DMSO, negative controls—1 x PBS or 0.01% DMSO,
positive control—1.0% Triton X-100. (C) Effect of TF3 on Hla oligomerization. Dose-dependent decrease in 5 mM
deoxycholate-induced oligomerization of 20 pg/ml native Hla was assessed by western blot, controls—0.01% DMSO
+native monomeric Hla treated with or without 5 mM of deoxycholate.

https://doi.org/10.1371/journal.pone.0290904.9004

concentrations of TFs and performed a hemolysin release assay (Fig 4A). We used rabbit red
blood cells (rRBCs), since it was reported that Hla very effectively hemolyzes them [50]. Our
results confirmed that observation and further revealed that treatment of rHla with increasing
concentrations of TFs significantly inhibits its lytic activity. The results affirmed a previously
observed pattern showing that the more galloyl residues in the compound, the stronger its
anti-hemolytic activity, thus TF3 was shown to be the most effective inhibitory compound
among all tested TFs, which at as low as 2.5 pg/ml concentration already significantly inhibited
heme release in 62.5%, with 100% blocked heme release at its 10 ug/ml concentration. In terms
of hemolytic activity, where we used secreted Hla instead of rHla, we also found that hemolysis
was significantly inhibited by TF3 (Fig 4B). The results showed the 52.9% inhibition of
secreted Hla activity at 2.5 ug/ml TF3 concentration, and 100% observed inhibition at 10 pg/
ml TF3. In the absence of TFs, both rHla and secreted Hla caused almost complete lysis of
rRBC:s (control samples), contrary to the samples containing only 1 x PBS (negative control).
Consistent with the results obtained thus far, we could demonstrate that TF3 significantly
inhibits the hemolytic activity of Hla of S. aureus USA300 at concentrations lower than the
ones that affect Hla’s expression.
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Effect of TF3 on oligomerization of Hla from S. aureus

Another aspect of Hla’s biological role is its oligomerization (heptamer formation) as being
critical for the pore-forming activity of the protein. Thus, an oligomerization assay was
employed to further evaluate whether TF3 treatment could interfere with the formation of Hla
oligomers. When the monomeric Hla (33.2 kDa) was incubated with deoxycholate, in order to
induce its oligomerization [52], a stable heptamer (Hla7, 232.4 kDa) was pictured (Fig 4C and
S2 Fig in S1 Raw images). Increasing concentrations of TF3 did not, however, significantly
inhibit formation of a stable heptamer induced by the deoxycholate, thus implying direct inter-
action between Hla and TF3 that subsequently affects activity of Hla exclusively.

Determination of the binding parameters of Hla with TF3

To better understand the mechanism of the action of TF3, we experimentally validated its Hla-
binding behavior in SPR assays and evaluated its binding affinity according to the steady-state
analysis fitting curve (Fig 5). By completing the SPR binding assay the association rate constant
Ka as 4.43x10> M"'s " and the dissociation rate constant Kd as 2.03x107% s was determined.
The equilibrium dissociation constant (KD) as 4.57x10~> M indicates that TF3 possesses an
ability to bind Hla with a moderate affinity.

Effect of TF3 on Hla-induced cytotoxicity in human keratinocytes

Hla of S. aureus is reported to be more recurrent in patients with skin infections, including
atopic dermatitis (AD), as well as being highly cytotoxic towards several cell types, including
keratinocytes [35, 57-59]. Based on the aforementioned findings, we further evaluated the abil-
ity of TF3 to protect keratinocyte cells from Hla-mediated injury. The effect on human pri-
mary epidermal keratinocyte survival was assessed by measuring cell viability after treatment
with 0.5 pg/ml native Hla. The results corroborated previous reports about Hla’s significant
cytotoxic effect towards keratinocytes. Compared to untreated cells, viability of keratinocytes
assessed by MTT dropped to 42.2% after treatment with native Hla, whereas treatment with
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Fig 5. Binding of TF3 to Hla of S. aureus. SPR result of Hla with TF3. Sensorgram curve of TF3 with concentration of
0 uM, 1.56 uM, 3.13 uM, 6.25 uM, 12.5 uM, 25 uM, 50 uM, 100 uM binding to Hla for evaluation of the binding affinity
and affinity parameters such as KD, ka and kd.

https://doi.org/10.1371/journal.pone.0290904.g005
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increasing concentrations up to 50 pg/ml of TF3 was positively associated with their survival
rate. Compared to untreated cells, the survival rate of keratinocytes co-treated with native Hla
and 12.5 pug/ml of TF3 increased to 90.8%, while the survival rate of keratinocytes co-treated
with native Hla and 25 pg/ml of TF3 increased to 90.6%, and to 89.8% when co-treated with
native Hla and 50 pg/ml of TF3 (Fig 6A). Data obtained here and by us previously have conse-
quently demonstrated that TF3 did not affect the cell viability at up to 50 pg/ml concentration
[60]. Thus, our result indicates that TF3, at the concentrations of 12.5 to 50 pg/ml, was able to
protect keratinocytes from injury in a dose-dependent manner.

As previously reported, different forms of Hla have differential cell-death triggering mecha
nism. As shown, EV-Hla causes their necrosis of keratinocytes, whereas sHla induces their
apoptosis [54]. Thus, to further validate our results, we checked the level of lactate dehydroge-
nase (LDH) released into culture media of EV-Hla-treated keratinocytes (necrosis marker),
and annexin V-positive keratinocytes (apoptosis marker) after treatment with sHla. In accor-
dance with the previously reported observations, the morphological changes of keratinocytes
in the form of swallowing, detachment, and rupture, were noticeably decreased after TF3 treat-
ment in contrast to the Hla treatment [54]. The cytotoxic effect on human primary epidermal
keratinocyte was elevated significantly after treatment with 0.5 ug/ml EV-Hla and 0.5 pg/ml
sHla, respectively. Keratinocyte viability was noticeably decreased upon treatment with
EV-Hla and accounted for a 76.3% increase in released LDH, as well as a 65.3% increase in
apoptotic cells, compared to their respective controls. Again, treatment with increasing con-
centrations up to 50 pg/ml of TF3 have a protective effect on keratinocytes. Co-treatment of
EV-Hla with TF3 (at the concentrations of 12.5 to 50 pg/ml) did not augment levels of LDH,
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Fig 6. Cytotoxic effect of Hla and TF3 on human primary keratinocytes. (A) Cells were treated with native Hla at
0.5 pg/ml concentration alone or with different concentrations of TF3 in order to check the survival rate that was
determined using MTT method and measuring absorbance at 570 nm after 24h. (B) Cytotoxic effect of EV-Hla at

0.5 pg/ml concentration alone or with different concentrations of TF3 on cells determined using LDH method and
measuring absorbance at 450 nm after 24h. (C) Viability of cells treated with sHla at 0.5 ug/ml concentration alone or
with different concentrations of TF3 in order to check the their apoptosis status determined using Annexin V method
and measuring fluorescence Ex/Em = 488/530 nm after 24h. Significant differences between treatment and control are
represented as * p < 0.001; control—0.05% DMSO.

https://doi.org/10.1371/journal.pone.0290904.g006
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neither did sHla co-treated with TF3 (at the concentrations of 12.5 to 50 pg/ml) increase
annexin-positive cells. In both cases cytotoxicity was similar to levels of their respective con-
trols (Fig 6B and 6C).

Effects of TF3 on Hla-induced pro-inflammatory cytokines

Previous reports have shown that Hla of S. aureus induces pro-inflammatory cytokine produc-
tion by several cell types, such as dermal fibroblasts, airway epithelial cells, and keratinocytes
[35, 51, 53, 54, 57-59]. When we used NF«B reported cells in order to check whether TF3
affects the activity of NFkB, an archetypal proinflammatory signaling pathway, we were able to
show that, indeed, TF3 application decreases the activity of NFkB reported cells at 25 and

50 pg/ml concentrations to the levels similar to those of its control (Fig 7A). Aforementioned
data also showed that EV-Hla is a key player in the development of AD phenotypes, and that
there is a difference in cytokines secretion patterns induced by EV-Hla vs. sHla. Collectively,
these findings demonstrated that EV-Hla induces IL1p in keratinocytes but inhibits TNFo.
production in the contrast to sHla, which prompts TNFo production, but that both EV-Hla
and sHla enhance IL6 production. We therefore evaluated the effect of TF3 on these inflamma-
tory cytokines relevant in AD pro-cytokines from human primary keratinocytes after treat-
ment with equal but respective amounts of EV-Hla and sHla. We found that the cytokine
production profiles indeed differ, but TF3 showed inhibitory effect. In our in vitro study, as
shown in Fig 7B, when EV-Hla was used as a stimulator, TF3 at 50 pg/ml inhibited secretion of
IL6 by about 63.2% and IL1B by about 58.1%, with no significant influence on TNFo. level.
When sHla was used as a stimulator instead, TF3 at 50 ug/ml inhibited secretion of IL6 by
about 65.2% and TNFo by about 54.3%, with no significant influence on IL1f level.

Our in vivo results on cytokines status in skin samples of mice intradermally injected with
the same amounts of EV-Hla and sHla, respectively, and evaluated by ELISA, corroborated
previously observed patterns. In skin samples of mice injected with EV-Hla, elevated levels of
IL6 and IL1B were found, compared to either control (i.e., uninfected mice) or the skin sam-
ples injected with TF3 only. Following treatment with 50 ug/ml TF3, the percentage of IL6
diminished to 60.4% and IL1f to 43.5%. Similarly, in skin samples of mice infected with sHla,
higher levels of IL6, IL1B, and TNFo were present, compared to either control (i.e., uninfected
mice) or the skin samples injected with TF3 only. In contrast, in skin lysates treated with
50 ug/ml TF3, the percentage of IL6 was reduced to 78.1%, IL1B to 59.4%, and TNFa to 63.2%
(Fig 7C). Moreover, as shown in Fig 7D, histological evaluation of H&E-stained skin sections
from mice injected with native Hla and treated 50 pg/ml TF3 showed minor pathological man-
ifestations determined by infiltration of leucocytes being at the level compared to control sam-
ples treated with 50 ug/ml TF3 only. The analyzed slides also showed negligible impact of TF3
only, in contrast to samples treated with native Hla only, where visible inflammatory process
and less dense dermis was detected.

Effects of TF3 on Hla-induced skin barrier disruption

After information obtained from analysis of H&E slides and seen protective effect of TF3
against Hla-mediated injury of human keratinocytes (resulting in inflammation), we
prompted further analysis, to establish whether similar protective effects take place in the skin
barrier, known to be affected by Hla as well and having consequences in skin-related infections
caused by S. aureus. To explore this matter, we co-treated human primary keratinocytes with
native Hla and either 25 pg/ml or 50 ug/ml concentration of TF3, checking the status of E-cad-
herin, ZO-1, and claudin after 24h. We noticed that claudin is not affected by Hla or TF3, and
others have reported that Hla also does not negatively affect B-catenin level [55, 56]. However,
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Fig 7. Cytokines status in vitro and in vivo. (A) Effect of native Hla alone and with TF3 on activity of NFxB
performed as described in Material and Method section; control—0.05% DMSO, positive control—control cells
stimulated with PMA at 3 nm concentration. (B) Human primary keratinocytes were treated with different
concentrations of TF3 upon EV-Hla and sHla stimulation, respectively. Levels of secreted pro-inflammatory cytokines
were assessed by ELISA after 24h post-treatment. (C) Mouse skin tissue samples injected with native Hla at 5.0 pg/ml
concentration alone or with 50 ug/ml TF3. Levels of secreted pro-inflammatory cytokines were assessed by ELISA after
48h. (D) Images or representative skin alterations after treatment with 5.0 ug of native Hla alone together with
different concentrations of TF3 for 48h stained with H&E; black arrows—noticeable skin pathology as described in
Result section, control animals treated with DMSO only n = 4, control animals treated with TF3 only n = 4, animals
treated with Hla only n = 8, animals treated with Hla and TF3 n = 8. Significant differences between treatment and
control are represented as # p < 0.05, Ap < 0.01, * p < 0.001.

https://doi.org/10.1371/journal.pone.0290904.g007
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we noticed about 99% decrease in E-cadherin levels after treatment with native Hla only, in
contrast to either co-treatment of native Hla with both concentrations of TF3, or controls (i.e.,
untreated cells or cells treated with TF3 only), which showed no significant changes in its lev-
els. A similar effect was obtained with ZO-1. Its expression was significantly affected and
accounted for about 98% decrease after treatment with native Hla only, with no observed
changes in its levels after co-treatment with 25 pg/ml and 50 pg/ml concentrations of TF3 (Fig
8A and 8B).

Our in vivo experiment, where mice were intradermally injected with 5 ug native Hla, fol-
lowing treatment with 50 pg/ml TF3, showed significant protection after 48h of skin barrier as
well, with no mortality occurring and no significant differences between the treatment groups
with or without the DMSO as a vehicle, indicating that DMSO has no toxic effect on the
infected mice (Fig 8A-8D, S3 Fig in S1 Raw images). We found about 87% elevated level of
Evans blue and about 86% elevated level of fluorescence-labeled ovalbumin (OVA) in skin
samples of mice injected with native Hla, compared to control samples (i.e., untreated or
treated with TF3 only). In skin samples co-treated with native Hla and TF3, these levels were
significantly lower and accounted for about 75% (Evans blue) and 73% (OVA), compared to
samples treated with native Hla only (Fig 8C). Moreover, western blot analysis of skin samples
revealed 78% decrease of E-cadherin after treatment with native Hla only, in contrast to co-
treatment with native Hla and 50 pg/ml TF3, which resulted in no significant changes in E-
cadherin expression. ZO-1 expression was negatively affected as well, with 76% decrease after
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Fig 8. Effect of Hla and TF3 on skin barrier. (A) Status of key molecules of adherence and tight junctions at the
cellular level analyzed by western blot using antibodies against E-cadherin, ZO-1, and claudin. (B) Densitometry of
western blot bands. (C) Representative images of mouse skin after Evans blue dye penetration upon treatment with
native Hla at 5.0 pg/ml concentration alone or together with 50 pg/ml concentration TF3 (see Table 1). (D)
Quantification of Evans blue dye and fluorescein-labeled OV A penetration into mouse skin after treatment with native
Hla at 5.0 g, respectively. Significant differences between treatment and control are represented as A p < 0.01, *

p < 0.001; control—0.05% DMSO.

https://doi.org/10.1371/journal.pone.0290904.g008
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treatment with native Hla only, and no significant differences noticed in samples co-treated
with native Hla and 50 pg/ml TF3. Interestingly, neither Hla nor TF3 affected claudin levels at
all. These results imply that interference of TF3 with Hla could significantly inhibit Hla patho-
logical effect on skin tissue.

Discussion

It is widely acknowledged, and well-evidenced, that the Staphylococcus aureus USA300 strain
is the leading pathological cause of community-associated bacterial infections in the United
States, and possesses enhanced virulence even compared to traditional hospital-associated
MRSA strains [1-8]. In addition, this pathogen can cause severe or even fatal invasive disease,
although the vast majority of USA300-caused infections are those of skin and soft tissue and
are immediately not life-threatening. Current research also indicates that the USA300 strain
produces and secretes relatively high levels of Hla in vitro, with implications of pulmonary and
skin-related pathogenesis in vivo. Hla-mediated cytotoxicity, with its primary (e.g., apoptosis/
necrosis of monocytes/macrophages, death and detachment of endothelial cells) and second-
ary (e.g., affected phagocytosis, disrupted epithelial and endothelial barrier) consequences,
results in the loss of the respective cellular functions, and, conceivably, either direct or indirect
pathologies, especially in lung and skin tissues [1-25].

Practice of the global and habitual use of antibiotics has improved the quality and length
of life for countless people since their earliest discovery. It is now obvious, however, that the
previously floated thought that antibiotics could subjugate most bacterial infectious diseases
was flawed, owing to the fact of the increasing emergence of antibiotic-resistant and/or
highly virulent strains. The occurrences of MRSA infections associated with high levels of
morbidity and mortality, which are incrementally growing, while the antibacterial agents
available are limited, even with appropriate doses of antibiotics, prove the point. Abating
bacterial virulence factors, rather than following a traditional approach aimed at bactericidal
and bacteriostatic activity, has been loudly proposed already as an effective and promising
strategy against staphylococcal infections, since preferred use of bactericidal antibiotics led
to the proliferation of drug-resistant strains [61-69]. Contrary to conventional antibiotics,
which function as biocidal agents, a tactic targeting virulent factors might apply a minor
selective pressure, since most of them are not essential to bacterial growth, therefore do not
instigate the resistance [61-66]. A strategy focused on targeting virulence may lessen patho-
genicity and its consequences, hence applying a milder selective pressure for the develop-
ment of resistance. Based on already reported results and the data provided in this study, Hla
may represent a promising anti-virulence target for the development of novel agents against
S. aureus. Successful examples of applying this strategy aimed at attenuating Hla activity
have already been reported. Tabor et al. demonstrated use of anti-Hla antibodies, whereas
Ragle et al. used a modified B-cyclodextrin against S. aureus pneumonia, and studies by
Quave et al. established that some natural compounds, such as Castanea sativa leaf extracts,
can attenuate S. aureus virulence in a mouse skin infection [12, 49, 70]. Since the hla gene is
contemporaneous in the genomes of most of S. aureus strains, it is probable that Hla protein
contributes to the severity of S. aureus-caused infections in humans, a perception that has
been confirmed in many animal infection models. Nonetheless, cautious application of
either synthetic or natural agents should be taken into consideration as well, since it is a
known fact that, although inhibitors such as clindamycin and linezolid inhibit the produc-
tion of virulence factors produced by S. aureus, others, e.g., B-lactam and glycopeptide anti-
biotics, induce Hla, enterotoxins, and toxic shock syndrome toxin-1 production, indicating
their harmful action, especially in MRSA infections [4-7, 61-66].
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Here we add more information to already broad knowledge about TF3 and its versatile effi-
cacy [42-45]. We were able to show that TF3 represses production, and secretion, and, most
importantly, inhibits activity of Hla from S. aureus USA300 with concentrations ranging from
2.5 to 100 pg/ml. We were also able to show that TF3 significantly suppresses expression of
exoprotein genes hla, and agrA in the MRSA USA300 strain. A virulence factor gene hla is
controlled by agr and saeR/S, although agrA is a regulator associated with the pathogenesis
and biofilm formation of S. aureus as well [31-34]. We noticed that TF3 reduces production of
Hla by S. aureus, primarily by inhibition of the hla gene and in part owing to inhibition of the
agr gene, although at concentrations 10 times higher than the ones inhibiting activity of Hla
protein. MD simulation of Hla with TF3, supported by SPR assay, helped to describe the mech-
anism of the inhibition of the activity, revealing the detrimental residues around the binding
site of TF3 governing this binding process and its specificity. The binding affinity KD between
S. aureus Hla and TF3 was calculated as KD = 4.57x10~> M; however, an important implica-
tion of this experiment is the mechanism of the inhibition activity. Concluding analysis of the
character of the binding demonstrates that the conformation of the binding in the complexes
with TF3 is relatively stable, implying that the TF3 binding is the “active” inhibitory force. We
believe this is even more important information, considering data firstly showing that Hla is a
“core” genome-encoded toxin in essentially all CA-MRSA strains, secondly proving that alter-
nate expression of virulence molecules “injects” variances in virulence of S. aureus strains, and
thirdly revealing that Hla production correlates with refractory skin colonization in patients
with atopic dermatitis [58, 59]. A therapeutic approach directed towards Hla would be rela-
tively broad in scope. We could not, however, show bacteriostatic and bactericidal effect of
TF3 towards MRSA or MSSA strains, even at high concentrations. Inhibition of Hla activity at
relatively low concentrations of TF3, on the other hand, has a good implication, thanks to the
fact that this inhibition of virulence and pathogenesis may be accomplished without posing
growth and biocidal inhibitory pressures on S. aureus. It may also imply that it would not affect
the common human cutaneous microbiome and trigger bacterial resistance, since a skin
microflora is critical to skin barrier health.

Pore formation and subsequent cellular lysis has been considered as the most salient signifi-
cance of Hla, owing to subsequent alteration of the cell signaling pathways involved in cell pro-
liferation, inflammatory responses, and cell-cell interactions of epithelial cells, endothelial
cells, T cells, monocytes, and macrophages [35, 36, 38]. Inflammation and skin barrier exacer-
bation is proven to be a concerning factor of almost all S. aureus-related skin infections,
including AD [38-41]. The pathology involves intrinsic factors such as host immune
responses, and extrinsic ones such as toxins, e.g., Hla. Hong et al. found that most of S. aureus
isolated from the skin of AD patients produced Hla (in soluble as well as EV-associated form)
[46]. Interestingly, EV-Hla induced AD-like skin inflammation and keratinocyte necrosis,
whereas sHla was found to induce their apoptosis. Moreover, EV-Hla up-regulated the pro-
duction of IL6, while sHla enhanced the production of TNFa, but both increased the level of
IL1. Since TF3 was able to protect human primary keratinocytes from apoptotic and necrotic
death, and at the same time inhibit secretion of all relevant cytokines in vitro as well as in the
mouse skin infection model (as a general or rudimentary approximation of S. aureus skin
infection in humans), TF3’s inhibitory effect on Hla’s activity finds its biological relevance.
Another factor strengthening TF3’s prospect is its effect on tight and adherent junctions,
shown by Kwak et al. to be directly affected by Hla [27]. In addition, Popov et al. identified a
cytoplasmic member of the adherent junctions, plekstrin-homology domain containing pro-
tein7 (PLEKHA?7), as yet another Hla receptor, after disintegrin and ADAM10, and reported
that it controls severity of skin infection and lethal pneumonia [69]. Disruption of skin barrier
integrity by reducing levels of either junctional proteins (e.g., E-cadherin, ZO-1, ZO-3,
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PLEKHA?7) or the receptors for Hla may underlie other consequences and pathologies such as
Ca" influx or sepsis. Thus, the preventive effect of TF3 seen in our study on epithelial perme-
ability, by shielding of the E-cadherin molecule as a major representative of adherence junc-
tions, and ZO-1 molecule as a significant representative of tight junctions from depletion,
could have more profound implications. Although it is arguable whether inhibitors of virulent
factors could function as impartial therapeutics, their adjunct or adjuvant application might
serve the purpose. Interestingly, Wang et al. reported about other polyphenols, namely myrice-
tin and curcumin, as promising inhibitors of staphylococcal Hla, whereas He et al. widened
the spectrum of natural compounds acting inhibitory on hemolytic activity of Hla about
kaempferol and quercetin [53, 71, 72].

In conclusion, we have demonstrated that a natural compound, which does not demon-
strate “typical” (i.e., bacteriostatic or bactericidal) antibacterial activity, has a great anti-hemo-
Iytic efficacy and pronounced potential as a therapeutic or adjunct agent, owing to its ability to
explicitly target virulence of S. aureus, while being non-toxic to human keratinocytes, with no
dermato-pathology. As mentioned above, owing to slower development of antibiotics and
faster rising bacterial resistance, targeting bacterial virulence rather and the bacterium itself is
not only a new idea but also well-acknowledged and approved strategy for the treatment of
bacterial infections. Although abolishing the expression and activity of only one of the proteins
does not necessarily always lead to recovery, it may nevertheless significantly reduce pathoge-
nicity and speed the recovery process. Thus, TF3 application might be beneficial wherever Hla
is a major determinant of infection.

Supporting information

S1 File. Raw western blot images.
(PDF)

Acknowledgments

The authors would like to thank Rose Schweizer for her valued contribution in the formulating
of this manuscript.

Author Contributions

Conceptualization: Anna Goc.

Data curation: Matthias Rath, Aleksandra Niedzwiecki.

Formal analysis: Anna Goc, Waldemar Sumera, Aleksandra Niedzwiecki.
Investigation: Anna Goc, Waldemar Sumera.

Methodology: Anna Goc, Waldemar Sumera.

Project administration: Anna Goc, Matthias Rath, Aleksandra Niedzwiecki.
Resources: Anna Goc, Matthias Rath, Aleksandra Niedzwiecki.
Supervision: Anna Goc, Matthias Rath, Aleksandra Niedzwiecki.
Validation: Anna Goc, Waldemar Sumera, Matthias Rath, Aleksandra Niedzwiecki.
Visualization: Waldemar Sumera, Matthias Rath, Aleksandra Niedzwiecki.

Writing - original draft: Anna Goc, Waldemar Sumera, Matthias Rath, Aleksandra
Niedzwiecki.

PLOS ONE | https://doi.org/10.1371/journal.pone.0290904  August 31, 2023 19/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0290904.s001
https://doi.org/10.1371/journal.pone.0290904

PLOS ONE

Theaflavins inhibit a-hemolysin activity

Writing - review & editing: Anna Goc, Waldemar Sumera, Matthias Rath, Aleksandra

Niedzwiecki.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

Tong SYC, Davis JS, Eichenberger E, Holland TL, Fowler VG Jr. Staphylococcus aureus infections:
Epidemiology, pathophysiology, clinical manifestations, and management. Clin Microbiol Rev. 2015;
28:603-661. https://doi.org/10.1128/CMR.00134-14 PMID: 26016486

Deleo FR, Otto M Kreiswirth BN, Chambers HF. Community-associated meticillin-resistant Staphylo-
coccus aureus. Lancet. 2010; 375: 1557—1568. https://doi.org/10.1016/S0140-6736(09)61999-1
PMID: 20206987

Millar BC, Loughrey A, Elborn JS, Moore JE. Proposed definitions of community-associated meticillin-
resistant Staphylococcus aureus (CA-MRSA). J Hosp Infect. 2007; 67: 109—113. https://doi.org/10.
1016/}.jhin.2007.06.003 PMID: 17669546

Boyce JM, Causey WA. Increasing Occurrence of Methicillin-Resistant Staphylococcus aureus in the
United States. Infect Control. 1982; 3: 377-383. https://doi.org/10.1017/s0195941700057337 PMID:
6752075

Daum R. S. Clinical practice. Skin and soft-tissue infections caused by methicillin-resistant Staphylo-
coccus aureus. N Engl J Med. 2007; 357: 380-390. https://doi.org/10.1056/NEJMcp070747 PMID:
17652653

Grundmann H, Aires-de-Sousa M, Boyce J, Tiemersma E. Emergence and resurgence of meticillin-
resistant Staphylococcus aureus as a public-health threat. Lancet. 2006; 368: 874—885. https://doi.org/
10.1016/S0140-6736(06)68853-3 PMID: 16950365

Chambers HF, Deleo FR. Waves of resistance: Staphylococcus aureus in the antibiotic era. Nat Rev
Microbiol. 2009; 7: 629-641. https://doi.org/10.1038/nrmicro2200 PMID: 19680247

Chambers H.F. The changing epidemiology of Staphylococcus aureus? Emerg Infect Dis. 2001; 7:
178-182. https://doi.org/10.3201/eid0702.010204 PMID: 11294701

Centers for Disease Control and Prevention. Methicillin-resistant Staphylococcus aureus skin or soft tis-
sue infections in a state prison—Mississippi. Morb Mortal Wkly Rep. 2001; 50: 919-922.

Wilke GA, Bubeck Wardenburg J. Role of a disintegrin and metalloprotease 10 in Staphylococcus
aureus alpha-hemolysin-mediated cellular injury. Proc Natl Acad Sci USA. 2010; 107: 13473-13478.

Grumann D, Nubel U, Bréker BM. Staphylococcus aureus toxins—their functions and genetics. Infect
Genet Evol. 2014; 21: 583-592. https://doi.org/10.1016/j.meegid.2013.03.013 PMID: 23541411

Tabor DE, Yu L, Mok H, Tkaczyk C, Sellman BR., Wu Y, et al. Staphylococcus aureus alpha-toxin is
conserved among diverse hospital respiratory isolates collected from a global surveillance study and is
neutralized by monoclonal antibody MEDI4893. Antimicrob Agents Chemother. 2016; 60: 5312-5321.
https://doi.org/10.1128/AAC.00357-16 PMID: 27324766

Jarraud S, Mougel C, Thioulouse J, Lina G, Meugnier H, Forey F, et al. Relationships between
Staphylococcus aureus genetic background, virulence factors, agr groups (alleles), and human dis-
ease. Infect Immun. 2002; 70: 631-641. https://doi.org/10.1128/IAl.70.2.631-641.2002 PMID:
11796592

Bartlett AH, Hulten KG. Staphylococcus aureus pathogenesis: secretion systems, adhesins, and inva-
sins. Pediatr Infect Dis J. 2010; 29: 860-861. https://doi.org/10.1097/INF.0b013e3181ef2477 PMID:
20720472

Otto M. Staphylococcus aureus toxins. Curr Opin Microbiol. 2014; 17: 32—-37. https://doi.org/10.1016/j.
mib.2013.11.004 PMID: 24581690

Bhakdi S, Tranum-Jensen J. Alpha-toxin of Staphylococcus aureus. Microbiol Rev. 1991; 55: 733-751.
https://doi.org/10.1128/mr.55.4.733-751.1991 PMID: 1779933

Tavares A, Nielsen JB, Boye K, Rohde S, Paulo AC, Westh H, et al. Insights into alpha-hemolysin
(Hla) evolution and Expression among Staphylococcus aureus clones with hospital and community
origin. PLoS One. 2014; 9: e98634. https://doi.org/10.1371/journal.pone.0098634 PMID:
25033196

Bubeck Wardenburg J, Patel R, Schneewind O. Surface proteins and exotoxins are required for the
pathogenesis of Staphylococcus aureus pneumonia. Infect Immun. 2007; 74: 1040—1044. https://doi.
org/10.1128/1A1.01313-06 PMID: 17101657

Song L, Hobaugh MR, Shustak C, Cheley S, Bayley H, Gouaux JE. Structure of staphylococcal alpha-
hemolysin, a heptameric transmembrane pore. Science. 1996; 274: 1859—1866. https://doi.org/10.
1126/science.274.5294.1859 PMID: 8943190

PLOS ONE | https://doi.org/10.1371/journal.pone.0290904  August 31, 2023 20/23


https://doi.org/10.1128/CMR.00134-14
http://www.ncbi.nlm.nih.gov/pubmed/26016486
https://doi.org/10.1016/S0140-6736%2809%2961999-1
http://www.ncbi.nlm.nih.gov/pubmed/20206987
https://doi.org/10.1016/j.jhin.2007.06.003
https://doi.org/10.1016/j.jhin.2007.06.003
http://www.ncbi.nlm.nih.gov/pubmed/17669546
https://doi.org/10.1017/s0195941700057337
http://www.ncbi.nlm.nih.gov/pubmed/6752075
https://doi.org/10.1056/NEJMcp070747
http://www.ncbi.nlm.nih.gov/pubmed/17652653
https://doi.org/10.1016/S0140-6736%2806%2968853-3
https://doi.org/10.1016/S0140-6736%2806%2968853-3
http://www.ncbi.nlm.nih.gov/pubmed/16950365
https://doi.org/10.1038/nrmicro2200
http://www.ncbi.nlm.nih.gov/pubmed/19680247
https://doi.org/10.3201/eid0702.010204
http://www.ncbi.nlm.nih.gov/pubmed/11294701
https://doi.org/10.1016/j.meegid.2013.03.013
http://www.ncbi.nlm.nih.gov/pubmed/23541411
https://doi.org/10.1128/AAC.00357-16
http://www.ncbi.nlm.nih.gov/pubmed/27324766
https://doi.org/10.1128/IAI.70.2.631-641.2002
http://www.ncbi.nlm.nih.gov/pubmed/11796592
https://doi.org/10.1097/INF.0b013e3181ef2477
http://www.ncbi.nlm.nih.gov/pubmed/20720472
https://doi.org/10.1016/j.mib.2013.11.004
https://doi.org/10.1016/j.mib.2013.11.004
http://www.ncbi.nlm.nih.gov/pubmed/24581690
https://doi.org/10.1128/mr.55.4.733-751.1991
http://www.ncbi.nlm.nih.gov/pubmed/1779933
https://doi.org/10.1371/journal.pone.0098634
http://www.ncbi.nlm.nih.gov/pubmed/25033196
https://doi.org/10.1128/IAI.01313-06
https://doi.org/10.1128/IAI.01313-06
http://www.ncbi.nlm.nih.gov/pubmed/17101657
https://doi.org/10.1126/science.274.5294.1859
https://doi.org/10.1126/science.274.5294.1859
http://www.ncbi.nlm.nih.gov/pubmed/8943190
https://doi.org/10.1371/journal.pone.0290904

PLOS ONE

Theaflavins inhibit a-hemolysin activity

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Gouaux JE, Braha O, Hobaugh MR, Song L, Cheley S, Shustak C, et al. Subunit stoichiometry of staph-
ylococcal alpha-hemolysin in crystals and on membranes: a heptameric transmembrane pore. Proc
Natl Acad Sci USA. 1994; 91: 12828-12831. https://doi.org/10.1073/pnas.91.26.12828 PMID: 7809129

Ikigai H, Nakae T Assembly of the alpha-toxin-hexamer of S. aureus in the liposomal membrane. J Biol
Chem. 1987; 262: 2156-2160.

Seilie ES, Bubeck Wardenburg J. Staphylococcus aureus pore-forming toxins: The interface of patho-
gen and host complexity. Semin Cell Dev Biol. 2017; 72: 101-116. https://doi.org/10.1016/j.semcdb.
2017.04.003 PMID: 28445785

Bhakdi S, Bayley H, Valeva A, Walev |, Walker B, Kehoe M, et al. Staphylococcal alpha-toxin, streptoly-
sin-O, and Escherichia coli hemolysin: prototypes of pore-forming bacterial cytolysins. Arch Microbiol.
1996; 165: 73-79. https://doi.org/10.1007/s002030050300 PMID: 8593102

Brown DR, Pattee PA. Identification of a chromosomal determinant of alpha-toxin production in Staphy-
lococcus aureus. Infect Immun. 1980; 30: 36—42. https://doi.org/10.1128/iai.30.1.36-42.1980 PMID:
6254884

Hildebrand A, Pohl M, Bhakdi S. Staphylococcus aureus alpha-toxin. Dual mechanism of binding to tar-
get cells. J Biol Chem. 1991; 266: 17195-17200. PMID: 1894613

Bartlett AH, Foster TJ, Hayashida A. Park PW. a-Toxin facilitates the generation of CXC chemokine
gradients and stimulates neutrophil homing in Staphylococcus aureus pneumonia. J Infec Dis. 2008;
198: 1529-1535.

Kwak YK, Vikstrdom E, Magnusson KE, Vécsey-Semjén B, Colque-Navarro P, Méllby R. The Staphylo-
coccus aureus alpha-toxin perturbs the barrier function in Caco-2 epithelial cell monolayers by altering
junctional integrity. Infec Immun. 2012; 80: 1670—-1680. https://doi.org/10.1128/IA1.00001-12 PMID:
22354024

Liu C, Hao K, Liu Z, Liu Z, Guo N. Epigallocatechin gallate (EGCG) attenuates staphylococcal alpha-
hemolysin (Hla)-induced NLRP3 inflammasome activation via ROS-MAPK pathways and EGCG-Hla
interactions. Int Immunopharmacol. 2021; 100: 108170. https://doi.org/10.1016/j.intimp.2021.108170
PMID: 34562843

Kehoe M, Duncan J, Foster T, Fairweather N, Dougan G. Cloning, expression, and mapping of the
Staphylococcus aureus alpha-hemolysin determinant in Escherichia coli K-12. Infec Immun. 1983; 41:
1105-1111. https://doi.org/10.1128/iai.41.3.1105-1111.1983 PMID: 6350179

Boles BR, Horswill A. R. Agr-mediated dispersal of Staphylococcus aureus biofiims. PLoS Pathog.
2008; 4: e1000052. https://doi.org/10.1371/journal.ppat.1000052 PMID: 18437240

Gudeta DD, Lei MG, Lee CY. Contribution of hla regulation by SaeR to Staphylococcus aureus USA300
pathogenesis. Infec Immun. 2019; 87: e00231-19. https://doi.org/10.1128/IA1.00231-19 PMID: 31209148

Walker B, Krishnasastry M, Zorn L, Bayley H. Assembly of the oligomeric membrane pore formed by
Staphylococcal alpha-hemolysin examined by truncation mutagenesis. J Biol Chem. 1992; 267: 21782—
21786. PMID: 1400487

Cheung AL, Koomey JM, Butler CA, Projan SJ, Fischetti VA. Regulation of exoprotein expression in
Staphylococcus aureus by a locus (sar) distinct from agr. Proc Natl Acad Sci USA. 1992; 89: 6462—
6466. https://doi.org/10.1073/pnas.89.14.6462 PMID: 1321441

Xiong YQ, Willard J, Yeaman MR, Cheung AL, Bayer AS. Regulation of Staphylococcus aureus alpha-
toxin gene (hla) expression by agr, sarA, and sae in vitro and in experimental infective endocarditis. J
Infect Dis. 2006; 194: 1267—-1275. https://doi.org/10.1086/508210 PMID: 17041853

Nygaard TK, Pallister KB, DuMont AL, DeWald M, Watkins RL, Pallister E. Q, et al. Alpha-toxin induces
programmed cell death of human T cells, B cells, and monocytes during USA300 Infection. PLoS One.
2012; 7: e36532. https://doi.org/10.1371/journal.pone.0036532 PMID: 22574180

Bhakdi S, Tranum-Jensen J. Damage to mammalian cells by proteins that form transmembrane pores.
Rev. Physiol Biochem Pharmacol. 1987; 107: 147-223. https://doi.org/10.1007/BFb0027646 PMID:
3303271

Powers ME, Kim HK, Wang Y, Bubeck Wardenburg J. ADAM10 mediates vascular injury induced by
Staphylococcus aureus a-hemolysin. J Infect Dis. 2012; 206: 352—356.

Fussle R, Bhakdi S, Sziegoleit A, Tranum-Jensen J, Kranz T, Wellensiek H. J. (On the mechanism of
membrane damage by Staphyloccocus aureus a-toxin. J Cell Biol. 1981; 91: 83-94.

Maretzky T, Scholz F, Kéten B, Proksch E, Saftig P, Reiss K. ADAM10-mediated E-cadherin release is
regulated by proinflammatory cytokines and modulates keratinocyte cohesion in eczematous dermati-
tis. J Investig Dermatol. 2008; 128: 1737—-1746. https://doi.org/10.1038/sj.jid.5701242 PMID: 18200054

Maretzky T, Reiss K, Ludwig A, Buchholz J, Scholz F, Proksch E, et al. ADAM10 mediates E-cadherin
shedding and regulates epithelial cell-cell adhesion, migration, and beta-catenin translocation. Proc
Natl Acad Sci USA. 2005; 102: 9182-9187. https://doi.org/10.1073/pnas.0500918102 PMID: 15958533

PLOS ONE | https://doi.org/10.1371/journal.pone.0290904  August 31, 2023 21/23


https://doi.org/10.1073/pnas.91.26.12828
http://www.ncbi.nlm.nih.gov/pubmed/7809129
https://doi.org/10.1016/j.semcdb.2017.04.003
https://doi.org/10.1016/j.semcdb.2017.04.003
http://www.ncbi.nlm.nih.gov/pubmed/28445785
https://doi.org/10.1007/s002030050300
http://www.ncbi.nlm.nih.gov/pubmed/8593102
https://doi.org/10.1128/iai.30.1.36-42.1980
http://www.ncbi.nlm.nih.gov/pubmed/6254884
http://www.ncbi.nlm.nih.gov/pubmed/1894613
https://doi.org/10.1128/IAI.00001-12
http://www.ncbi.nlm.nih.gov/pubmed/22354024
https://doi.org/10.1016/j.intimp.2021.108170
http://www.ncbi.nlm.nih.gov/pubmed/34562843
https://doi.org/10.1128/iai.41.3.1105-1111.1983
http://www.ncbi.nlm.nih.gov/pubmed/6350179
https://doi.org/10.1371/journal.ppat.1000052
http://www.ncbi.nlm.nih.gov/pubmed/18437240
https://doi.org/10.1128/IAI.00231-19
http://www.ncbi.nlm.nih.gov/pubmed/31209148
http://www.ncbi.nlm.nih.gov/pubmed/1400487
https://doi.org/10.1073/pnas.89.14.6462
http://www.ncbi.nlm.nih.gov/pubmed/1321441
https://doi.org/10.1086/508210
http://www.ncbi.nlm.nih.gov/pubmed/17041853
https://doi.org/10.1371/journal.pone.0036532
http://www.ncbi.nlm.nih.gov/pubmed/22574180
https://doi.org/10.1007/BFb0027646
http://www.ncbi.nlm.nih.gov/pubmed/3303271
https://doi.org/10.1038/sj.jid.5701242
http://www.ncbi.nlm.nih.gov/pubmed/18200054
https://doi.org/10.1073/pnas.0500918102
http://www.ncbi.nlm.nih.gov/pubmed/15958533
https://doi.org/10.1371/journal.pone.0290904

PLOS ONE

Theaflavins inhibit a-hemolysin activity

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Cork MJ, Danby SG, Vasilopoulos Y, Hadgraft J, Lane ME, et al. Epidermal barrier dysfunction in atopic
dermatitis. J Invest Dermatol. 2009; 129: 1892—1908. https://doi.org/10.1038/jid.2009.133 PMID:
19494826

He HF. Research progress on theaflavins: efficacy, formation, and preparation. Food Nutr Res. 2017;
61: 1344521. https://doi.org/10.1080/16546628.2017.1344521 PMID: 28747864

Shan Z, Nisar MF, Li M., Zhang C, Wan CC. Theaflavin Chemistry and Its Health Benefits. Oxid Med
Cell Longev. 2021; 2021: 1-16. https://doi.org/10.1155/2021/6256618 PMID: 34804369

Friedman M. Overview of antibacterial, antitoxin, antiviral, and antifungal activities of tea flavonoids
and teas. Mol Nutr Food Res. 2007; 51: 116—134. https://doi.org/10.1002/mnfr.200600173 PMID:
17195249

Takemoto M, Takemoto H. Synthesis of theaflavins and their functions. Molecules. 2018; 23: 1-9.
https://doi.org/10.3390/molecules23040918 PMID: 29659496

Hong SW, Kim MR, Lee EY, Kim JH, Kim YS, et al. Extracellular vesicles derived from Staphylococcus
aureus induce atopic dermatitis-like skin inflammation. Allergy. 2001; 66: 351-359.

Weinstein MP, Patel JB, Bobenchik AM, Campeau S, Cullen SK, Galas MF, et al. M100. Performance
standards for antimicrobial susceptibility testing; fifteenth informational supplement, 33rd Ed., Clinical
and Laboratory Standards Institute, Wayne, Pennsylvania. 2023.

Wiegand |, Hilpert K, Hancock REW. Agar and broth dilution methods to determine the minimal inhibi-
tory concentration (MIC) of antimicrobial substances. Nat Protocols. 2008; 3: 163—175. https://doi.org/
10.1038/nprot.2007.521 PMID: 18274517

Quave CL, Lyles JT, Kavanaugh JS, Nelson K, Parlet CP, Crosby HA, et al. Castanea sativa (European
Chestnut) leaf extracts rich in ursene and oleanene derivatives block Staphylococcus aureus virulence
and pathogenesis without detectable resistance. PLoS One. 2015; 10: e0136486. https://doi.org/10.
1371/journal.pone.0136486 PMID: 26295163

Cooper LZ, Madoff MA, Weinstein L. Hemolysis of rabbit erythrocytes by purified staphylococcal alpha
toxin. J Bacteriol. 1964; 87: 127—135.

Qiu J, Niu X, Dong J, Wang D, Wang J, et al. Baicalin protects mice from Staphylococcus aureus pneu-
monia via inhibition of the cytolytic activity of alpha-hemolysin. J Infect Dis. 2012; 206: 292—-301.

Bhakdi S, Fussle R, Tranum-Jensen J. Staphylococcal a-toxin: oligomerization of hydrophilic mono-
mers to form amphiphilic hexamers induced through contact with deoxycholate detergent micelles, Proc
Natl Acad Sci USA. 1981; 78: 5475-5479.

Wang J, Zhou X, Li W, Deng X, Deng Y, Niu X. Curcumin protects mice from Staphylococcus aureus
pneumonia by interfering with the self-assembly process of a-hemolysin. Sci. Rep. 2016; 6: 28254.

Hong SW, Choi EB, Min TK, Kim JH, Jeong SG, Lee BJ, et al. An important role of a-hemolysin in extra-
cellular vesicle on the development of Atopic Dermatitis induced by Staphylococcus aureus. PloS One.
2014; 9: e:100499.

Khodaverdian VY, Shoham M. ELISA for alpha-hemolysin (Hla) in methicilin-resistant Staphylococcus
aureus (MRSA). Bio-protocol. 2014; 4: e1118.

Livak KJ., Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-delta delta C(T)) Method. Methods. 2001, 4: 402—408. https://doi.org/10.1006/meth.2001.
1262 PMID: 11846609

Walev |, Martin E, Jonas D, Mohamadzadeh M, Muller-Klieser W, Kunz L, et al. Staphylococcal alpha-
toxin kills human keratinocytes by permeabilizing the plasma membrane for monovalent ions, Infect
Immun. 1993; 61: 4972—-4979. https://doi.org/10.1128/iai.61.12.4972-4979.1993 PMID: 8225571

Abeck D, Mempel M. Staphylococcus aureus colonization in atopic dermatitis and its therapeutic impli-
cations. Br J Dermatol. 1998; 139 (suppl 53): 13—16. https://doi.org/10.1046/j.1365-2133.1998.
1390s3013.x PMID: 9990408

Breuer K, Haussler S, Kapp A, Werfel T. Staphylococcus aureus: colonizing features and influence of
an antibacterial treatment in adults with atopic dermatitis. Br J Dermatol. 2002; 147: 55—-61. https://doi.
org/10.1046/j.1365-2133.2002.04872.x PMID: 12100185

Goc A, Sumera W, Rath M, Niedzwiecki A. Phenolic compounds disrupt spike-mediated receptor-bind-
ing and entry of SARS-CoV-2 pseudo-virions. PLoS One. 2021; 16: e0253489. https://doi.org/10.1371/
journal.pone.0253489 PMID: 34138966

Bernardo K, Pakulat N, Fleer S, et al. Subinhibitory concentrations of linezolid reduce Staphylococcus
aureus virulence factor expression. Antimicrob Agents Chem. 2004; 48: 546-555. https://doi.org/10.
1128/AAC.48.2.546-555.2004 PMID: 14742208

Stevens DL, Ma Y, Salmi DB, et al. Impact of antibiotics on expression of virulence-associated exotoxin
genes in methicillin-sensitive and methicillin-resistant Staphylococcus aureus. J Infect Dis. 2007; 195:
202—-211. https://doi.org/10.1086/510396 PMID: 17191165

PLOS ONE | https://doi.org/10.1371/journal.pone.0290904  August 31, 2023 22/23


https://doi.org/10.1038/jid.2009.133
http://www.ncbi.nlm.nih.gov/pubmed/19494826
https://doi.org/10.1080/16546628.2017.1344521
http://www.ncbi.nlm.nih.gov/pubmed/28747864
https://doi.org/10.1155/2021/6256618
http://www.ncbi.nlm.nih.gov/pubmed/34804369
https://doi.org/10.1002/mnfr.200600173
http://www.ncbi.nlm.nih.gov/pubmed/17195249
https://doi.org/10.3390/molecules23040918
http://www.ncbi.nlm.nih.gov/pubmed/29659496
https://doi.org/10.1038/nprot.2007.521
https://doi.org/10.1038/nprot.2007.521
http://www.ncbi.nlm.nih.gov/pubmed/18274517
https://doi.org/10.1371/journal.pone.0136486
https://doi.org/10.1371/journal.pone.0136486
http://www.ncbi.nlm.nih.gov/pubmed/26295163
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1128/iai.61.12.4972-4979.1993
http://www.ncbi.nlm.nih.gov/pubmed/8225571
https://doi.org/10.1046/j.1365-2133.1998.1390s3013.x
https://doi.org/10.1046/j.1365-2133.1998.1390s3013.x
http://www.ncbi.nlm.nih.gov/pubmed/9990408
https://doi.org/10.1046/j.1365-2133.2002.04872.x
https://doi.org/10.1046/j.1365-2133.2002.04872.x
http://www.ncbi.nlm.nih.gov/pubmed/12100185
https://doi.org/10.1371/journal.pone.0253489
https://doi.org/10.1371/journal.pone.0253489
http://www.ncbi.nlm.nih.gov/pubmed/34138966
https://doi.org/10.1128/AAC.48.2.546-555.2004
https://doi.org/10.1128/AAC.48.2.546-555.2004
http://www.ncbi.nlm.nih.gov/pubmed/14742208
https://doi.org/10.1086/510396
http://www.ncbi.nlm.nih.gov/pubmed/17191165
https://doi.org/10.1371/journal.pone.0290904

PLOS ONE

Theaflavins inhibit a-hemolysin activity

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Ejim L, Farha MA, Falconer SB, Wildenhain J, Coombes BK, Tyers M, et al. Combinations of antibiotics
and nonantibiotic drugs enhance antimicrobial efficacy. Nat Chem Biol. 2011; 7: 348-350. https://doi.
org/10.1038/nchembio.559 PMID: 21516114

Ohlsen K, Ziebuhr W, Koller KP, Hell W, Wichelhaus TA, Hacker J. Effects of subinhibitory concentra-

tions of antibiotics on alpha-toxin (hla) gene expression of methicillin-sensitive and methicillin-resistant
Staphylococcus aureus isolates. Antimicrob Agents Chemother. 1998; 42: 2817-2823. https://doi.org/
10.1128/AAC.42.11.2817 PMID: 9797209

Liu IX, Durha DG, Richards RM. Baicalin synergy with beta-lactam antibiotics against methicillin-resis-
tant Staphylococcus aureus and other beta-lactam-resistant strains of S. aureus. J Pharm Pharmacol.
2000; 52: 361-366. https://doi.org/10.1211/0022357001773922 PMID: 10757427

Wounderink RG, Rello J, Cammarata SK, Croos-Dabrera RV, Kollef MH. Linezolid vs vancomycin—
analysis of two double-blind studies of patients with methicillin-resistant Staphylococcus aureus noso-
comial pneumonia. Chest. 2003; 124: 1789—-1797. PMID: 14605050

Kong C, Neoh H, Nathan S. Targeting Staphylococcus aureus toxins: A potential form of Anti-Virulence
Therapy. Toxins. 2016; 8: 72—93. hitps://doi.org/10.3390/toxins8030072 PMID: 26999200

Sampedro GR, DeDent AC, Becker RE, Berube BJ, Gebhardt MJ, Cao H, et al. Targeting Staphylococ-
cus aureus alpha-toxin as a novel approach to reduce severity of recurrent skin and soft-tissue infec-
tions. J Infect Dis. 2014; 210: 1012-1018.

Popov LM, Marceau CD, Starkl PM, Lumb JH, Shah J, Guerrera D, et al. The adherens junctions control
susceptibility to Staphylococcus aureus alpha-toxin. Proc Natl Acad Sci USA. 2015; 112: 14337-14342.

Ragle BE, Karginov VA, Bubeck Wardenburg J. Prevention and treatment of Staphylococcus aureus
pneumonia with a beta-cyclodextrin derivative. Antimicrob Agents Chemother. 2010; 54: 298-304.
https://doi.org/10.1128/AAC.00973-09 PMID: 19805564

Wang T, Zhang P, Lv H, Deng X, Wang J. A Natural Dietary Flavone Myricetin as an a-Hemolysin Inhibi-
tor for Controlling Staphylococcus aureus Infection. Front Cell Infect Microbiol. 2020; 10: 330.

He S, Deng Q, Liang B, Yu F, Yu X, Guo D, et al. Suppressing Alpha-Hemolysin as Potential Target to
Screen of Flavonoids to Combat Bacterial Coinfection. Molecules. 2021; 26: 7577. https://doi.org/10.
3390/molecules26247577 PMID: 34946657

PLOS ONE | https://doi.org/10.1371/journal.pone.0290904  August 31, 2023 23/23


https://doi.org/10.1038/nchembio.559
https://doi.org/10.1038/nchembio.559
http://www.ncbi.nlm.nih.gov/pubmed/21516114
https://doi.org/10.1128/AAC.42.11.2817
https://doi.org/10.1128/AAC.42.11.2817
http://www.ncbi.nlm.nih.gov/pubmed/9797209
https://doi.org/10.1211/0022357001773922
http://www.ncbi.nlm.nih.gov/pubmed/10757427
http://www.ncbi.nlm.nih.gov/pubmed/14605050
https://doi.org/10.3390/toxins8030072
http://www.ncbi.nlm.nih.gov/pubmed/26999200
https://doi.org/10.1128/AAC.00973-09
http://www.ncbi.nlm.nih.gov/pubmed/19805564
https://doi.org/10.3390/molecules26247577
https://doi.org/10.3390/molecules26247577
http://www.ncbi.nlm.nih.gov/pubmed/34946657
https://doi.org/10.1371/journal.pone.0290904

