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New insight into the virulence
and inflammatory response of
Staphylococcus aureus strains
isolated from diabetic foot ulcers

Yuan Wu™, Ti Chen", Yanle Wang*, Mao Huang?,
Yurong Wang? and Zhen Luo™

‘Department of Laboratory Medicine, The Third Xiangya Hospital, Central South University,
Changsha, China, ?Department of Laboratory Medicine, Xiangya School of Medicine, Central South
University, Changsha, China

Staphylococcus aureus strains isolated from diabetic foot ulcers (DFUs) have less
virulence, but still cause severe infections. Furthermore, hypovirulent S. aureus
strains appear to be localized in the deep tissues of diabetic foot osteomyelitis,
indicating that the unique environment within DFUs affects the pathogenicity
of S. aureus. In this study, the cell-free culture medium (CFCM) of S. aureus
strains isolated from DFUs exhibited higher cytotoxicity to human erythrocytes
than those isolated from non-diabetic patients with sepsis or wounds. Among
these S. aureus strains isolated from DFUs, B-toxin negative strains have
less virulence than B-toxin positive strains, but induced a higher expression of
inflammatory cytokines. Our study and previous studies have shown that
the synergistic effect of phenol-soluble modulin oo and B-toxin contributes to
the higher hemolytic activity of B-toxin positive strains. However, lysis of
human erythrocytes by the CFCM of B-toxin negative strains was greatly
inhibited by an autolysin inhibitor, sodium polyanethole sulfonate (SPS). A high
level of glucose greatly reduced the hemolytic activity of S. aureus, but promoted
the expression of interleukin-6 (IL-6) in human neutrophils. However, 5 mM
glucose or glucose-6-phosphate (G6P) increased the hemolytic activity of
SA118 (a B-toxin negative strain) isolated from DFUs. Additionally, patients with
DFUs with growth of S. aureus had lower level of serum IL-6 than those with
other bacteria, and the CFCM of S. aureus strains significantly reduced
lipopolysaccharide-induced IL-6 expression in human neutrophils. Therefore,
the virulence and inflammatory response of S. aureus strains isolated from DFUs
are determined by the levels of glucose and its metabolites, which may explain
why it is the predominant bacteria isolated from DFUs.
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1 Introduction

Staphylococcus aureus is an important opportunistic pathogen
that colonizes various anatomical sites within human body, and
causes severe life-threatening diseases, such as skin and soft-tissue
infection, endocarditis, pneumonia, osteomyelitis and sepsis (Lowy,
1998). To adapt to different environments, S. aureus secretes a
variety of virulence factors through a finely tuned complex
regulatory network. The virulence of S. aureus is associated with
numerous toxins and extracellular proteases (Otto, 2014), which
cause tissue destruction, damage host cells to acquire nutrients
(such as iron) for bacterial growth, and impair the host immune
system for bacterial survival (Hongo et al., 2009; Kebaier et al., 20125
Katayama et al.,, 2013; Nakamura et al., 2013).

Diabetic foot problems are a major cause of hospitalization due
to the high prevalence of diabetes, and which are also the most
common reason for lower-limb amputations (Lipsky et al., 2020).
Diabetic foot ulcers (DFUs) are usually colonized by polymicrobial
flora, with S. aureus being the predominant bacteria, especially in
the mild stage of diabetic foot infections (DFIs) (Lew and
Waldvogel, 2004; Heravi et al., 2020). The pathogenesis of DFIs is
complex, and the severity of which is a consequence of host- and
microbial-related factors. A recent study has shown that the iron
acquisition system and pathways involved in cell-surface
components associated with adhesion and colonization are the
most common virulence factors for the development of S. aureus-
induced DFIs (Heravi et al., 2020). The most abundant reservoir of
iron is heme, which is the cofactor of hemoglobin. To gain access to
hemoglobin, S. aureus expresses numerous hemolysins to lyse
erythrocytes. However, S. aureus isolated from DFUs usually has
less virulence (Sotto et al., 2008; Tuchscherr et al., 2018). Therefore,
some particular virulence factors may help to acquire iron from
the host.

The function of superantigens, exfoliative toxins, bi-component
leukocidins and the pore-forming toxins, such as o-hemolysin and
phenol soluble modulins (PSMs), has been well characterized
during DFIs (Cassat et al., 2013; Dunyach-Remy et al.,, 2016;
Loughran et al, 2016). However, some particular features can be
observed in diabetic patients (Loughran et al., 2016; Jacquet et al.,
2019). For instance, S. aureus strains isolated from DFUs exhibit
less virulence than those from non-diabetic patients, and low-
virulent strains seem to be localized in the deep tissues and bone
of diabetic foot osteomyelitis (Tuchscherr et al., 2018). Additionally,
the genes encoding clp proteases, associated with the misfolded
protein response, are upregulated in S. aureus isolated from infected
diabetic mice. These genes are partially regulated by glucose and
affect the hemolytic activity of S. aureus (Jacquet et al., 2019).
Therefore, extracellular proteases secreted by S. aureus from DFUs
may play an important role in the development of DFIs.

Diabetes is a complex metabolic disorder that affects serum
glucose as well as other sugars, such as fructose and glucose-6-
phosphate (G6P)(Menni et al., 2013). High levels of sugar breed
pathogen development, leading to DFIs (Seo et al., 2021). However,
excessive glucose intake hinders the production of virulence factors
and reduces the severity of S. aureus infections (Seidl et al., 2008;
Dufresne et al., 2022; Chen et al., 2023). Herein, it was found that
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S. aureus strains isolated from DFUs exhibited higher cytotoxicity
to human erythrocytes. Additionally, a negative correlation was
observed between the hemolytic activity and the expression of
IL-6 in neutrophils. However, the hemolytic activity of S. aureus
strains was found to be influenced by the levels of glucose and
its metabolites, such as G6P.

2 Materials and methods

2.1 Ethics statement

This study was approved by the Ethics Committee of the Third
Xiangya Hospital of Central South University, China (no. 2018-
$340). Informed consent from patients was not necessary because
the clinical S. aureus strains used in the study were obtained as part
of standard clinical care. However, informed consent was obtained
from all healthy donors providing peripheral blood samples.

2.2 Patients and sample collection

Between February 2019 and September 2019, a total of 32 non-
duplicate S. aureus strains were isolated from inpatients with
diabetic foot ulcers (DFUs), which were diagnosed basing on the
International Working Group on the Diabetic Foot (IWGDEF)
Guidelines 2015. At the same period, a total of 32 non-duplicate
strains were isolated from non-diabetic inpatient with acute wound
infection, and 22 non-duplicate strains were isolated from blood of
non-diabetic inpatients with sepsis, derived from several different
clinical departments. Specimens of secretion were collected within
48 hours of admission and wounds were irrigated with sterile saline
before sampling via a sterilized swab with sufficient pressure over
the center of the wound (Rondas et al., 2013). Blood cultures were
obtained from non-diabetic inpatients with suspected sepsis when
they had a fever. These specimens were then placed into sterile
transport containers and sent to the Clinical Microbiology
Laboratory at the Third Xiangya Hospital of Central South
University within 2 h. All isolates were identified using matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry
(Bruker Biotyper, Germany).

2.3 Bacterial strains and culture conditions

The reference strains S. aureus ATCC25923, S. aureus
ATCC29213, Staphylococcus epidermidis RP62A, and
Streptococcus agalactiae ATCC13813 were kindly provided by
Juncai Luo (Tiandiren Biotech, Changsha, China). The S. aureus
strain RJ-2, a B-toxin positive strain, APSMotand aagr strains used
in this study were kindly provided by Professor Min Li (Renji
Hospital, School of Medicine, Shanghai Jiaotong University, China),
which were used in a previous study (Li et al., 2016). Bacteria were
routinely cultured at 37.0°C on 5% sheep blood agar plates (Autobio
Diagnostics Co., Ltd, China). S. aureus strains were then grown in
lysogeny broth (LB, Solarbio Life Sciences, China) at 37°C with
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shaking at 180 rpm, and culture supernatants were collected at 20 h
post-inoculation. The hemolytic activity of S. aureus affected by
glucose was assessed by culturing S. aureus strains in 3ml fresh LB
medium supplemented with 5-, 10-, 15-, and 20 mM glucose
(Sigma-Aldrich) or glucose-6-phosphate (G6P, Sigma-Aldrich)
within 12 mL tubes. The cell-free culture supernatants (CFCM)
were obtained by filtering through PES filters (0.22 um pore size;
Millipore) and used fresh or stored at -70°C.

2.4 Quantitative hemolysis assay

Quantitative hemolysis assays were conducted as described by
Ridder et al. (Ridder et al., 2021). Briefly, discarded whole blood from
healthy human subjects was washed twice with normal saline and
resuspended to a final concentration of 4% (v/v). CFCM of S. aureus
were added to 4% erythrocyte suspension in equal volumes, to a final
volume of 300 pl in 96-well flat-bottom plates, and incubated at 37°C
for 90 min. The supernatants were transferred to a new 96-well plate
and measured at ODs;, using a microplate reader. To inhibit hemolytic
activity, the CFCM of S. aureus was pre-incubated with fetal bovine
serum (FBS, Gibco), high density lipoprotein (HDL, Solarbio Life
Sciences, China), phenylmethylsulfonyl fluoride (PMSF, Sigma-
Aldrich), sodium ethylenediaminetetraacetate (EDTA, Sigma-
Aldrich), or sodium polyanethol sulfonate (SPS, Sigma-Aldrich)
for 30 min.

2.5 Reverse CAMP assays

Sheep blood agar plates were used to analyze synergistic
hemolysis by using bacterial cultures. These bacteria were placed
close to a streaked culture of S. agalactiae ATCC13813. S. aureus
ATCC25923 was used as a positive control, and ATCC29213 as a
negative control. Plates were incubated at 37°C for 24 h
before analysis.

2.6 Protease assay

Total proteolytic activity was determined using the modified
skim milk assay (El-Mowafy et al., 2014). The CFCM of S. aureus
(0.2 mL) were incubated with 0.8 mL 10% skim milk (Solarbio Life
Sciences, China) at 37°C, 1000 rpm for 5 h, and the turbidity of
supernatant was measured at ODs;, using a microplate reader. To
inhibit the protease activity, the CFCM of S. aureus was pre-
incubated with SPS or EDTA for 30 min.

2.7 Skin and soft tissue infection model
The mouse skin abscess formation model was performed as

described elsewhere (Cho et al, 2012). Briefly, male outbred,
immune-competent hairless mice aged between 8 and 10 weeks
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were used for the model. S. aureus strains grown to mid-exponential
phase, were washed twice with sterile phosphate buffer saline
(PBS) and resuspended in PBS at 1.0x10° CFU/mL. Mice were
anesthetized with isoflurane and inoculated with 100UL of S. aureus
suspension or PBS alone by subcutaneous injection. On the
third day, the abscess area was measured, incised, and
homogenized in normal saline to quantify the bacterial cells. After
completion of the entire procedure, all animals were euthanized. The
tissue surrounding the abscess was removed, fixed in a 4%
paraformaldehyde neutral buffer solution for 24 h, dehydrated in a
graded ethanol series, embedded in paraffin, and sliced into 5um
sections. These sections were then stained with hematoxylin-
eosin (H&E).

2.8 Analysis of S. aureus survival in
human blood

Blood samples were collected from healthy donors using 10 mg/
mL heparin anticoagulation tubes. S. aureus strains were washed
twice and resuspended to an ODsyo of 0.6. Then, 1 mL of
heparinized human blood was inoculated with 10 uL of S. aureus
suspension and incubated at 37°C. After 6 h of incubation, the
bacterial cells were appropriately diluted to detect the endpoint
numbers of CFUs. The survival rate of the bacteria was determined
by comparing it to the initial inoculum.

2.9 Isolation of human neutrophils

Peripheral blood was drawn from healthy donors and collected in
heparin blood collection tubes. Human neutrophils were isolated
from the peripheral blood using a previously described method
(Cheung et al., 2015). Briefly, peripheral blood was resuspended in
RPMI 1640, layered with Ficoll Hypaque Plus (Sigma-Aldrich), and
then centrifuged at 1000 g for 20 min. The supernatant was discarded,
and the red blood cell (RBC) pellet was incubated with red blood cell
lysis buffer (CWBiotech, China) at a 9-fold volume for 15 min at 37°C
to remove erythrocytes. After centrifugation at 1000 g for 15 min, the
supernatant was aspirated, and the cell pellet was washed and
resuspended in RPMI 1640 to the desired concentration.

2.10 Measurement of neutrophils lysis

The lactate dehydrogenase (LDH) release assay was performed
as described elsewhere (Cheung et al., 2015). Briefly, the CFCM of S.
aureus was added to 4.0x10° neutrophils/mL to a total volume
of 400 uL in 24-well plates and incubated at 37°C with 5% CO,
for 90 min. At the desired times, the samples were centrifuged at
2000 g for 5 min, and the supernatants were collected. The LDH
activity in the supernatants was measured using the automatic
biochemical analyzer 7600-010 (Hitachi, Japan) according to the
manufacturer’s instructions.
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2.11 Cytokine measurement

Human neutrophils were cultured in RPMI 1640 with 5% FBS.
The culture was then supplemented with 200 ng/mL
lipopolysaccharide (LPS, Sigma-Aldrich) or/and CFCM of S.
aureus strains, and further cultured at 37°C and 5% CO,. After
being cultured for 15 h, the culture supernatants were collected for
cytokine measurement. The levels of interleukin-1f (IL-1B) and
interleukin-6 (IL-6) were measured using a commercially available
ELISA assay kit (Abcam, USA) or an up-conversion
chemiluminescence assay (Hotgen Biotech Co., Ltd, Beijing,
China), respectively, following the manufacturers’ instructions.

2.12 Real-time RT-PCR

The homogenates of S. aureus-infected mouse skin tissues were
lysed using Trizol (Sigma-Aldrich). Total RNA was extracted using
a nucleic acid extraction kit (paramagnetic particle method)
(Shanghai BioGerm Medical Technology Co., Ltd) following the
manufacturer’s instructions. RNA quality and concentration were
evaluated using a NanoDrop 1000 (Thermo Fisher Scientific). DNA
was then removed by DNase I and the remaining RNA was reverse
transcribed into cDNA using a reverse transcription kit (Thermo
Scientific) according to the manufacturer’s instructions. Gene
relative expression was determined using the 2 AL method,
with the level of transcription relative to the expression of the
GAPDH gene. The primers used in this study were reported in a
previous study (Hirano et al., 2017).

2.13 Data analysis of patients with diabetic
foot ulcers

We retrospectively analyzed patients with DFUs who had
undergone both microbiological culture and serum IL-6 testing
within 48 h of hospitalization between January 1, 2020 and June 13,
2020, at the Third Xiangya Hospital of Central South University,
Changsha, China. Our institutional ethics board waived the need for
written informed consent for this retrospective study, which
evaluated de-identified data without posing any potential risks
to patients.

2.14 Statistical analysis

GraphPad Prism software version 8.3 was used to perform
statistical analysis. Significance levels were calculated using
unpaired t-test, paired t-test, one way ANOVA or two-way
ANOVA analysis. In cases where continuous variables exhibited
skewed distributions, the Mann-Whitney U test was used to
evaluate differences between two groups. Statistical significance
was defined as p<0.05. All error bars represent the standard
deviation.

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2023.1234994

3 Results

3.1 S. aureus strains isolated from
DFUs have higher cytotoxicity to
human erythrocytes

To determine the cytotoxicity of S. aureus strains isolated from
DFUs, we examined their hemolytic activity to human erythrocytes
in vitro. As shown in Figure 1, the hemolytic activity of S. aureus
isolated from DFUs was higher than those isolated from non-
diabetic patients with sepsis or wounds, whereas no significant
difference was observed between non-diabetic sepsis and wounds.
These data demonstrate that S. aureus strains isolated from DFUs
have higher hemolytic activity in vitro.

3.2 B-toxin positive S. aureus strains
isolated from DFUs have higher virulence

S. aureus strains isolated from DFUs exhibited complete and
incomplete hemolytic phenotypes after culturing strains on 5%
sheep blood agar plates (Figure 2A). These isolates were further
divided into B-toxin positive and negative strains by using
the reverse CAMP assay (Figure 2B), with 8 out of 32 isolates being
B-toxin positive strains. The hemolytic activity of B-toxin positive
strains was higher than that of B-toxin negative strains (Figure 2C), and
higher cytotoxicity of CFCM was observed in [3-toxin positive strains
when tested against human neutrophils (Figure 2D). These data suggest
that B-toxin positive strains isolated from DFUs have higher
cytotoxicity in vitro.

The virulence of B-toxin positive and negative strains isolated from
DFUs was further examined using the skin abscess formation model.
As shown in Figures 3A, C, the abscess areas caused by 3-toxin positive
strains were larger than that caused by [3-toxin negative strains. H&E
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FIGURE 1

S. aureus strain isolated from DFUs had higher hemolytic activity to
human erythrocytes. Lysis of human erythrocytes was measured by
quantitative hemolysis assays with the CFCM of S. aureus strains
isolated from DFUs (n=32), non-diabetic sepsis (n=22) and wounds
(n=32). **p<0.01, ***p<0.001.
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**p<0.01, ***p<0.001.

staining results showed that B-toxin positive strains caused greater
infiltration of leukocytes and destruction of skin structure than -toxin
negative strains (Figure 3B), and the bacterial load was higher in mice
infected with B-toxin positive strains (Figure 3D). Neutrophils have
been shown to be an essential component of the innate immune system
involved in the control of Staphylococcal infections (De Jong et al,
2019), and neutrophil-derived IL-1p is sufficient for immunity against
S. aureus skin infection (Miller et al., 2007; Cho et al., 2012). However,
the expression of IL-13 mRNA caused by B-toxin positive strains was
lower than B-toxin negative strains (Figure 3E). These data
demonstrate that B-toxin positive strains isolated from DFUs have
higher virulence in vivo.

3.3 Different cytotoxic factors lead to the
hemolytic activity of S. aureus isolated
from DFUs

As shown in Figure 4A, the hemolytic activity of SA19 (a B-toxin
positive strain) and SA118 (a P-toxin negative strain) CFCM
were both significantly inhibited by FBS. Previous study has shown
that the activity of Staphylococcal phenol soluble modulins
(PSMs) can be suppressed by serum lipoproteins, such as HDL
(Surewaard et al., 2012). The hemolytic activity of SA19 CFCM,
but not SA118 strain, was significantly reduced by HDL (Figure 4B).
The inhibition of hemolytic activity by FBS or HDL was observed in
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all eight B-toxin positive strains isolated from DFUs (Figure 4C).
Furthermore, deletion of PSMo. or agr gene significantly reduced the
hemolytic activity of B-toxin positive strain RJ-2 (Figure 4D), and the
production of B-toxin was unaffected (data not shown). These data
demonstrate that PSMs primarily contribute to the hemolytic activity
of B-toxin positive strains.

Next, the skim milk assay was used to determine the proteolytic
activity of S. aureus strains isolated from DFUs. The ODs5 value of
supernatants showed that the skim milk mixed with SA118 CFCM
was less turbidity than that of SA19 strain (Figure 4E), suggesting
that SA118 strain exhibits higher proteolytic activity. Additionally,
the hemolytic activity of B-toxin negative CFCM was unaffected by
a metalloprotease inhibitor, EDTA (Figure 4F). However, the
hemolytic activity of SA118 CFCM was significantly increased by
a serine protease inhibitor PMSF, whereas SA19 strain was
unaffected (Figure 4G). These data suggest that atypical proteases
maybe involved in the hemolytic activity of B-toxin negative
S. aureus strains isolated from DFUs.

Interestingly, SPS, an autolysin inhibitor, greatly reduced
the hemolytic activity of SA118 CFCM, but not SA19 strain
(Figure 4H). The inhibition of hemolytic activity by SPS was
17.82% and 73.54% in B-toxin positive and negative strains,
respectively (Figure 4I). Additionally, the turbidity of skim milk
mixed with SA118 CFCM was significantly increased by SPS, but
not by EDTA (Figure 4E). Autolysin has been shown to disperse
clusters of S. aureus (Sugai et al., 1995), and autolysin-deficient cells
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FIGURE 3
B-toxin positive strains isolated from DFUs had higher virulence in vivo. Mice were injected subcutaneously with ~10” CFUs per mouse of B-toxin
positive and representative B-toxin negative strains isolated from DFUs (n=8), and control mice received only sterile PBS. (A) Representative abscess
results were shown on day 2 after infection. (B) Representative histological results (H&E stain) were shown on day 2 after infection. (C) The abscess
areas were measured on day 2 after infection. (D) The bacterial load in the infected skin was measured 2 days after infection. (E) The expression of
IL-1B in the infected tissues was measured by real-time RT-PCR. ***p<0.001.
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grow in clusters and have lower proteolytic activity (Takahashi
etal., 2002). Herein, most of SA118 cells formed large clusters when
grown in presence of SPS, and the hemolytic activity was markedly
decreased (Supplementary Figure 1). These findings indicate that
autolysin may be an important cytotoxic factor of B-toxin negative
S. aureus strains isolated from DFUs.

3.4 Glucose affects the hemolytic activity
of S. aureus strains isolated from DFUs

Patients with DFUs usually have poorly controlled serum glucose,
and it is unclear whether the hemolytic phenotype of S. aureus within
DFUs is affected by glucose. As shown in Figures 5A, B, the hemolytic
activity of both SA19 and SA118 CFCM was greatly reduced by the
increasing concentrations of glucose. Surprisingly, the hemolytic
activity of SA118 CFCM was significantly increased by 5mM glucose
(Figure 5B). To exclude the possibility of S. aureus growth stimulated
by glucose, the CFUs were examined. It was found that the growth of
SA118 strain was unaffected by 5mM glucose after being cultured for
24 h (data not shown). The increased hemolytic activity by 5mM
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glucose was observed in most B-toxin negative isolates (Figure 5C),
but not in the 3-toxin positive strains isolated from DFUs (Figure 5D).
The hemolytic activity of S. aureus strains isolated from non-diabetic
wounds was also examined in presence of 5mM glucose, which
was unaffected (Figure 5E). A previous study has shown that
diabetes leads to an increase in serum glucose as well as its
metabolites like G6P (Seo et al, 2021). The hemolytic activity of
SAI118 strain was significantly increased by 5mM G6P, but was
inhibited by high concentration of G6P (Figure 5F). These data
indicate that the hemolytic activity of B-toxin negative S. aureus
strains isolated from DFUs are determined by the level of glucose
and its metabolites.

3.5 The inflammatory response of S. aureus
strains isolated from DFUs

In a patient with diabetic foot osteomyelitis, S. aureus was
isolated from both wound and bone marrow. S. aureus strain
isolated from the wound only showed a hemolytic phenotype
after being cultured on 5% sheep blood agar (data not shown),
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The hemolytic activity of B-toxin positive and negative strains was affected by different cytotoxic factors. The hemolytic activity of SA19 and SA118
strains was analyzed by increasing concentration of FBS (A) or HDL (B). (C) The inhibition of hemolytic activity by FBS or HDL was analyzed in -
toxin positive strains isolated from DFUs. (D) Lysis of human erythrocytes by CFCM of RJ-2, APSMa or aagr cultures was analyzed at increasing
dilutions. (E) The turbidity of skim milk mixed with SA19 and SA118 supernatants was analyzed by pre-incubated with EDTA or SPS. (F) The hemolytic
activity of B-toxin negative CFCM was analyzed by pre-incubated with EDTA (n=24). The hemolytic activity of SA19 and SA118 supernatants was
analyzed by pre-incubated with increasing concentration of PMSF (G) or SPS (H). (I) The inhibition ratio of hemolytic activity by SPS was analyzed in

B-toxin positive and negative strains isolated from DFUs. ***p<0.001.

whereas both hemolytic and non-hemolytic colonies were observed
in those isolated from bone marrow (Figure 6A). Compared to non-
hemolytic colony, the CFCM of hemolytic colony showed a higher
hemolytic activity to human erythrocytes (Figure 6B), but
stimulated a lower level of IL-6 in primary human neutrophils
(Figure 6C). In addition, the level of IL-6 stimulated by the CFCM
of SA118 with 15- or 20 mM glucose was higher than those without
glucose, but was lower with 5 mM glucose (Figure 6D). These data
indicate that the levels of glucose affect the hemolytic phenotypic
switch and inflammatory response of S. aureus.

Next, we examined the pro-inflammatory cytokines released by
primary human neutrophils upon stimulation with B-toxin positive or
negative CFCM in presence of FBS. Our results showed that [3-toxin
negative CFCM stimulated higher levels of IL-1 and IL-6 than 3-toxin
positive strains (Figures 6E, I), and a higher LDH activity was observed
in the culture supernatants stimulated by B-toxin negative CFCM
(Figure 6G). Furthermore, we compared the survival rate of S. aureus
strains by examining the relative viability of B-toxin positive or negative
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strains in human whole blood. B-toxin negative strains had a lower
survival rate compared to B-toxin positive strains (Figure 6H), but
stimulated a higher level of IL-6 (Figure 6I). These data suggest that
neutrophil-derived inflammatory cytokines were impaired by B-toxin
positive strains isolated from DFUs.

3.6 Lower IL-6 expression induced by
S. aureus strains within DFUs

A previous study has reported that serum IL-6 level seems to be
a promising inflammatory marker in the discrimination of infected
DFUs (Korkmaz et al., 2018). We retrospectively analyzed the level
of serum IL-6 in patients with DFUs. The level of serum IL-6 was
higher in those with growth of Gram-negative or other Gram-
positive bacteria, whereas no significant difference was observed in
the level of serum IL-6 between those with only growth of S. aureus
and those without bacterial growth (Figure 7A). Interestingly, the
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The effect of glucose on the hemolytic activity of B-toxin negative strains isolated from DFUs. Lysis of human erythrocytes by the CFCM of SA19
(A) and SA118 (B) strains when grown in LB medium with increasing concentration of glucose. Lysis of human erythrocytes was analyzed by the
CFCM of B-toxin negative strains (C) or B-toxin positive strains (D) from DFUs when grown in the LB medium with 5 mM glucose. (E) Lysis of human
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(F) Lysis of human erythrocytes was analyzed by the CFCM of SA118 strain grown in LB medium with increasing concentration of G6P. *p<0.05,

**p<0.01, ***p<0.001.

level of serum IL-6 in those with growth of both Gram-negative
bacteria and S. aureus was lower than those with growth of Gram-
negative bacteria (Figure 7A). Next, we examined the release
of neutrophil-derived IL-6 induced by LPS with SA19 or SA118
CFCM. As shown in Figure 7B, the level of IL-6 induced by LPS was
significantly reduced by both SA19 and SA118 CFCM, but not by
the CFCM of S. epidermidis RP62A. Additionally, the level of IL-6
induced by LPS with SA19 CFCM was lower than that of SA118
strain (Figure 7B). These data indicate that S. aureus inhibits the
inflammatory response and may favor its growth within DFUs.

4 Discussion

Several studies have shown that S. aureus isolated from DFUs
usually exhibit less virulence, but are perfectly adapted to infect deep
tissues and bone (Dunyach-Remy et al, 2016; Tuchscherr et al,
2018). Herein, it was found that the S. aureus strain isolated from
DFUs had higher cytotoxicity to human erythrocytes. S. aureus
isolated from DFUs were divided into [3-toxin positive and negative
strains. A previous study has shown that B-toxin positive strains lead
to the development of large caseous lesions in pneumonia, and
increase the size of pathognomonic vegetations in infective
endocarditis (Salgado-Pabon et al, 2014). Additionally, B-toxin
promotes S. aureus skin colonization by damaging keratinocytes,
and the colonization efficiency of 3-toxin positive strains on mouse
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ears is more than 50-fold greater than that of 3-toxin negative strains
(Katayama et al., 2013). Herein, 3-toxin positive strains isolated from
DFUs showed higher virulence than B-toxin negative strains, but
induced a lower inflammatory response. Therefore, B-toxin positive
strains appear to colonize in DFUs more easily and cause more severe
infections compared to -toxin negative strains.

B-toxin is a sphingomyelinase encoded in most S. aureus
strains, but the production of B-toxin was uncommon in human
S. aureus isolates due to the widely distributed hlb gene inactivating
bacteriophage (Van Wamel et al., 2006). Inactivation of B-toxin
gene strongly reduced the hemolytic activity of S. aureus to human
erythrocytes (Salgado-Pabon et al., 2014; Jung et al., 2017). Herein,
only 8 out of 32 S. aureus isolates from DFUs produced B-toxin, and
[-toxin positive strains had higher virulence than B-toxin negative
strains. The cytotoxicity of B-toxin is not as efficient as other toxins,
but enhances the activity of PSMs (Cheung et al., 2012). PSMs have
been identified as a key contributor to infection with S. aureus, and
which are regulated by the accessory gene regulator (agr) quorum-
sensing system (Janzon and Arvidson, 1990; Kretschmer et al,
2012). PSMs strongly affect the capacity of the S. aureus to lyse
many types of eukaryotic cells, including human erythrocytes and
neutrophils (Li et al., 2016). We observed that deletion of PSMo. or
agr gene significantly reduced the hemolytic activity of B-toxin
positive strain RJ-2, but the production of B-toxin was not affected.
In addition, the hemolytic activity of B-toxin positive CFCM was
inhibited by FBS due to the inactivation of PSMs activity by
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FIGURE 7
The inflammatory response was impaired by S. aureus strains isolated from DFUs. (A) The level of serum IL-6 was retrospectively analyzed in patients

with DFUs without bacterial growth (n=13) as well as in those with bacterial growth of S. aureus (n=11), other Gram-positive bacteria (n=10, included
3 Enterococcus faecalis, 3 Streptococcus dysgalactiae, 2 S. agalactiae and 2 Streptococcus anginosus), Gram-negative bacteria (n=21, included 8
Proteus mirabilis, 4 Enterobacter aerogenes, 4 Morganella morganii, 3 Escherichia coli and 2 Pseudomonas aeruginosa), or both Gram-negative
bacteria (included 3 E coli, 2 E aerogenes and 1 P. aeruginosa) and S. aureus (n=7). (B) The release of IL-6 was analyzed in neutrophils induced by
LPS with the CFCM of SA19, SA118 or S. epidermidis RP62A. **p<0.01, ***p<0.001.
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lipoprotein particles (Surewaard et al, 2012). Therefore, the
enhanced hemolytic activity of B-toxin positive strains isolated
from DFUs is due to the synergistic hemolysis of B-toxin and PSMs.

PSMs have been shown to be the main virulence factors of S.
aureus responsible for inflammatory mediator induction in human
keratinocytes (Damour et al,, 2021), and which are critical for the
early leucocyte influx to the site of infected skin (Nguyen et al,
2022). Herein, more infiltration of leucocytes was observed in the
skin infected by B-toxin positive strains than B-toxin negative
strains, but had impaired local inflammatory response and
increased the bacteria load. There is a suppressed transcriptional
signature that is conserved across S. aureus lineages, leading to a
decrease production of cytokines and chemokines (Zwack et al.,
2022). Herein, patients with DFUs with growth of S. aureus usually
had lower level of serum IL-6 than those with growth of Gram-
negative or other Gram-positive bacteria. Neutrophils are an
essential component of the innate immune system involved in
control of staphylococcal infections (De Jong et al, 2019). We
observed that the expression of IL-6 in neutrophils induced by
LPS was greatly decreased by SA19 or SA118 CFCM, but was not
affected by S. epidermidis RP62A. In addition, the hemolytic activity
of SA118 strain was decreased by high glucose, but induced higher
expression of IL-6 in human neutrophils. These data indicate
virulence factors secreted by S. aureus leads to a decrease
production of inflammatory cytokines. It is likely that the lack of
these virulence factors explains why we do not observe the same
suppression signature induced by S. epidermidis RP62A.

S. aureus secretes a range of extracellular proteases, some
of which are known virulence factors (Michel et al., 2006;
Pietrocola et al,, 2017). The majority of S. aureus isolated
from DFUs were B-toxin negative strains. Their hemolytic activity
was significantly inhibited by FBS, which contained a large amount
of protease inhibitors, but not by HDL. In addition, the CFCM of
SA118 strain exhibited higher proteolytic activity. These findings
indicate that the extracellular proteases contribute to the higher
hemolytic activity of B-toxin negative strains. The hemolytic activity
and proteolytic activity of B-toxin negative strains were greatly
inhibited by SPS. In addition, PMSF has been shown to increase the
release of extracellular autolysin activity (Fournier and Hooper,
2000), which significantly increased the hemolytic activity of SA118
strain. Deletion of Alt gene has been shown to reduce the
extracellular bacteriolytic activity of BH1CC strain (Houston
et al,, 2011). These data indicate that autolysin may contribute to
the hemolytic activity of B-toxin negative S. aureus strains isolated
from DFUs. SPS has been shown to suppress the activity of different
autolytic wall systems in normally growing staphylococci, but there
is no direct evidence to support that SPS directly interacts with the
autolytic wall enzymes (Wecke et al., 1986). Recent studies have
shown that autolysin creates depots for LukAB in the cell envelope
by breaking down the peptidoglycan strands, which in turn
indirectly reduces the cytotoxicity of S. aureus against human
neutrophils (Zheng et al, 2021; Zheng et al., 2022). Therefore,
autolysin may be an important cytotoxic factor for B-toxin
negative S. aureus from DFUs, but the exact mechanism needs
further investigation.
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The virulence of S. aureus is influenced by their intrinsic
virulence profile and the environmental conditions, and the
environmental stress usually induces hemolytic phenotypic switch
(Tran et al, 2019). Herein, the hemolytic phenotypic switch was
observed in a patient with diabetic foot osteomyelitis. Patients with
DFUs are usually accompanied by abnormal level of serum glucose,
and high level of glucose has been shown to reduce the bacteriolytic
activity of BHICC strain and the expression of virulence factors
(Houston et al., 2011; Dufresne et al., 2022). We observed that high
levels of glucose greatly reduced the hemolytic activity of S. aureus
strains isolated from DFUs. A previous study has reported that the
level of glucose in wound fluid ranges from 0.6 to 5.9 mM
(Trengove et al., 1996). It was found that 5 mM glucose
significantly increased the hemolytic activity of B-toxin negative
strains isolated from DFUs, so S. aureus isolated from the superficial
wounds in patients with DFUs usually had higher hemolytic
activity. The increased hemolytic activity by 5mM glucose is a
common phenomenon in the B-toxin negative strains isolated from
DFUs, which was not observed in the B-toxin positive strains and
those strains isolated from non-diabetic wounds, suggesting that S.
aureus strain forms unique virulence properties within DFUs.
Except for glucose, G6P is also an important metabolic signal for
S. aureus and enhances the virulence in diabetes (Seo et al., 2021).
The hemolytic activity of SA118 strain was increased by 5mM G6P.
Therefore, the special environment within DFUs maintains the
growth and virulence of S. aureus.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

This study was approved by the Ethics Committee of the Third
Xiangya Hospital of Central South University, China.

Author contributions

YW, TC and ZL designed the study, YW, TC, YLW, MH and
YRW conducted the experiments, YW, TC and ZL analyzed the
results. YW, TC and ZL wrote the manuscript, and YLW, MH and
YRW reviewed the manuscript. All authors contributed to the
article and approved the submitted version.

Funding

This study was supported by Natural Science Foundation of
Hunan Province (grant no. 2019JJ50925) and the National Natural
Science Foundation of China (grant no. 81501375). The funding
bodies had no role in the design of the study and collection, analysis,
and interpretation of data and writing the manuscript.

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1234994
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Wou et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or

References

Cassat, J. E., Hammer, N. D., Campbell, J. P., Benson, M. A, Perrien, D. S., Mrak, L.
N., et al. (2013). A secreted bacterial protease tailors the Staphylococcus aureus
virulence repertoire to modulate bone remodeling during osteomyelitis. Cell Host
Microbe 13, 759-772. doi: 10.1016/j.chom.2013.05.003

Chen, T., Xu, H, Yao, X,, and Luo, Z. (2023). Role of sodium pyruvate in
maintaining the survival and cytotoxicity of Staphylococcus aureus under high
glucose conditions. Front. Microbiol. 14, 1209358. doi: 10.3389/fmicb.2023.1209358

Cheung, G. Y., Duong, A. C,, and Otto, M. (2012). Direct and synergistic hemolysis
caused by Staphylococcus phenol-soluble modulins: implications for diagnosis and
pathogenesis. Microbes Infect. 14, 380-386. doi: 10.1016/j.micinf.2011.11.013

Cheung, G. Y., Yeh, A. ], Kretschmer, D., Duong, A. C., Tuffuor, K, Fu, C. L., et al.
(2015). Functional characteristics of the Staphylococcus aureus delta-toxin allelic
variant G10S. Sci. Rep. 5, 18023. doi: 10.1038/srep18023

Cho, J. S., Guo, Y., Ramos, R. I, Hebroni, F., Plaisier, S. B., Xuan, C., et al. (2012).
Neutrophil-derived IL-1beta is sufficient for abscess formation in immunity against
Staphylococcus aureus in mice. PloS Pathog. 8, e1003047. doi: 10.1371/
journal.ppat.1003047

Damour, A., Robin, B., Deroche, L., Broutin, L., Bellin, N., Verdon, J., et al. (2021).
Phenol-soluble modulins alpha are major virulence factors of Staphylococcus aureus
secretome promoting inflammatory response in human epidermis. Virulence 12, 2474
2492. doi: 10.1080/21505594.2021.1975909

De Jong, N. W. M., Van Kessel, K. P. M., and Van Strijp, J. (2019). Immune evasion
by Staphylococcus aureus. Microbiol. Spectr. 7. doi: 10.1128/microbiolspec. GPP3-0061-
2019

Dufresne, K., Podskalniy, V. A., Herfst, C. A,, Lovell, G. F. M,, Lee, 1. S., Dejong, E.
N., et al. (2022). Glucose Mediates Niche-Specific Repression of Staphylococcus aureus
Toxic Shock Syndrome Toxin-1 through the Activity of CcpA in the Vaginal
Environment. J. Bacteriol. 204, €0026922. doi: 10.1128/jb.00269-22

Dunyach-Remy, C., Ngba Essebe, C., Sotto, A., and Lavigne, J. P. (2016).
Staphylococcus aureus toxins and diabetic foot ulcers: Role in pathogenesis and
interest in diagnosis. Toxins (Basel) 8. doi: 10.3390/toxins8070209

El-Mowafy, S. A., Abd El Galil, K. H., El-Messery, S. M., and Shaaban, M. 1. (2014).
Aspirin is an efficient inhibitor of quorum sensing, virulence and toxins in
Pseudomonas aeruginosa. Microb. Pathog. 74, 25-32. doi: 10.1016/j.micpath.
2014.07.008

Fournier, B., and Hooper, D. C. (2000). A new two-component regulatory system
involved in adhesion, autolysis, and extracellular proteolytic activity of Staphylococcus
aureus. J. Bacteriol. 182, 3955-3964. doi: 10.1128/]JB.182.14.3955-3964.2000

Heravi, F. S., Zakrzewski, M., Vickery, K., Malone, M., and Hu, H. (2020).
Metatranscriptomic analysis reveals active bacterial communities in diabetic foot
infections. Front. Microbiol. 11, 1688. doi: 10.3389/fmicb.2020.01688

Hirano, S., Zhou, Q., Furuyama, A., and Kanno, S. (2017). Differential regulation of
IL-1beta and IL-6 release in murine macrophages. Inflammation 40, 1933-1943.
doi: 10.1007/s10753-017-0634-1

Hongo, 1., Baba, T., Oishi, K., Morimoto, Y., Ito, T., and Hiramatsu, K. (2009).
Phenol-soluble modulin alpha 3 enhances the human neutrophil lysis mediated by
Panton-Valentine leukocidin. J. Infect. Dis. 200, 715-723. doi: 10.1086/605332

Houston, P., Rowe, S. E., Pozzi, C., Waters, E. M., and O'gara, J. P. (2011). Essential
role for the major autolysin in the fibronectin-binding protein-mediated
Staphylococcus aureus biofilm phenotype. Infect. Immun. 79, 1153-1165. doi: 10.1128/
IAL.00364-10

Jacquet, R., Labauve, A. E., Akoolo, L., Patel, S., Alqarzaee, A. A., Wong Fok Lung, T,
et al. (2019). Dual gene expression analysis identifies factors associated with

Frontiers in Cellular and Infection Microbiology

11

10.3389/fcimb.2023.1234994

claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2023.
1234994/full#supplementary-material

SUPPLEMENTARY FIGURE 1
Representative morphology (A) and hemolytic activity (B) of SA118 strain was
analyzed when grew in LB medium in presence of SPS. ***p<0.001.

Staphylococcus aureus virulence in diabetic mice. Infect. Immun. 87, €00163-19. doi:
10.1128/IAL.00163-19

Janzon, L., and Arvidson, S. (1990). The role of the delta-lysin gene (hld) in the
regulation of virulence genes by the accessory gene regulator (agr) in Staphylococcus
aureus. EMBO J. 9, 1391-1399. doi: 10.1002/j.1460-2075.1990.tb08254.x

Jung, P., Abdelbary, M. M., Kraushaar, B., Fetsch, A., Geisel, J., Herrmann, M, et al.
(2017). Impact of bacteriophage Saint3 carriage on the immune evasion capacity and
hemolytic potential of Staphylococcus aureus CC398. Vet. Microbiol. 200, 46-51.
doi: 10.1016/j.vetmic.2016.02.015

Katayama, Y., Baba, T., Sekine, M., Fukuda, M., and Hiramatsu, K. (2013). Beta-
hemolysin promotes skin colonization by Staphylococcus aureus. J. Bacteriol. 195,
1194-1203. doi: 10.1128/JB.01786-12

Kebaier, C., Chamberland, R. R,, Allen, I. C., Gao, X., Broglie, P. M., Hall, J. D., et al.
(2012). Staphylococcus aureus alpha-hemolysin mediates virulence in a murine model
of severe pneumonia through activation of the NLRP3 inflammasome. J. Infect. Dis.
205, 807-817. doi: 10.1093/infdis/jir846

Korkmaz, P., Kocak, H., Onbasi, K., Bicici, P., Ozmen, A., Uyar, C,, et al. (2018). The
role of serum procalcitonin, interleukin-6, and fibrinogen levels in differential diagnosis
of diabetic foot ulcer infection. J. Diabetes Res. 2018, 7104352. doi: 10.1155/2018/
7104352

Kretschmer, D., Nikola, N., Durr, M., Otto, M., and Peschel, A. (2012). The virulence
regulator Agr controls the staphylococcal capacity to activate human neutrophils via
the formyl peptide receptor 2. J. Innate Immun. 4, 201-212. doi: 10.1159/000332142

Lew, D. P, and Waldvogel, F. A. (2004). Osteomyelitis. Lancet 364, 369-379.
doi: 10.1016/S0140-6736(04)16727-5

Li, M., Dai, Y., Zhu, Y., Fu, C. L, Tan, V. Y., Wang, Y., et al. (2016). Virulence
determinants associated with the Asian community-associated methicillin-resistant
Staphylococcus aureus lineage ST59. Sci. Rep. 6, 27899. doi: 10.1038/srep27899

Lipsky, B. A., Senneville, E., Abbas, Z. G., Aragon-Sanchez, J., Diggle, M., Embil, J.
M, et al. (2020). Guidelines on the diagnosis and treatment of foot infection in persons
with diabetes (IWGDF 2019 update). Diabetes Metab. Res. Rev. 36 Suppl 1, €3280.
doi: 10.1002/dmrr.3280

Loughran, A. ], Gaddy, D., Beenken, K. E., Meeker, D. G., Morello, R., Zhao, H., et al.
(2016). Impact of sarA and Phenol-Soluble Modulins on the Pathogenesis of
Osteomyelitis in Diverse Clinical Isolates of Staphylococcus aureus. Infect. Immun.
84, 2586-2594. doi: 10.1128/IAL.00152-16

Lowy, E. D. (1998). Staphylococcus aureus infections. N. Engl. . Med. 339, 520-532.
doi: 10.1056/NEJM199808203390806

Menni, C., Fauman, E,, Erte, L, Perry, J. R, Kastenmuller, G., Shin, S. Y., et al. (2013).
Biomarkers for type 2 diabetes and impaired fasting glucose using a nontargeted
metabolomics approach. Diabetes 62, 4270-4276. doi: 10.2337/db13-0570

Michel, A., Agerer, F., Hauck, C. R,, Herrmann, M., Ullrich, J., Hacker, J., et al.
(2006). Global regulatory impact of ClpP protease of Staphylococcus aureus on
regulons involved in virulence, oxidative stress response, autolysis, and DNA repair.
J. Bacteriol. 188, 5783-5796. doi: 10.1128/]B.00074-06

Miller, L. S., Pietras, E. M., Uricchio, L. H., Hirano, K., Rao, S., Lin, H., et al. (2007).
Inflammasome-mediated production of IL-1beta is required for neutrophil recruitment
against Staphylococcus aureus in vivo. J. Immunol. 179, 6933-6942. doi: 10.4049/
jimmunol.179.10.6933

Nakamura, Y., Oscherwitz, J., Cease, K. B., Chan, S. M., Munoz-Planillo, R.,
Hasegawa, M., et al. (2013). Staphylococcus delta-toxin induces allergic skin disease
by activating mast cells. Nature 503, 397-401. doi: 10.1038/nature12655

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2023.1234994/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1234994/full#supplementary-material
https://doi.org/10.1016/j.chom.2013.05.003
https://doi.org/10.3389/fmicb.2023.1209358
https://doi.org/10.1016/j.micinf.2011.11.013
https://doi.org/10.1038/srep18023
https://doi.org/10.1371/journal.ppat.1003047
https://doi.org/10.1371/journal.ppat.1003047
https://doi.org/10.1080/21505594.2021.1975909
https://doi.org/10.1128/microbiolspec.GPP3-0061-2019
https://doi.org/10.1128/microbiolspec.GPP3-0061-2019
https://doi.org/10.1128/jb.00269-22
https://doi.org/10.3390/toxins8070209
https://doi.org/10.1016/j.micpath.�2014.07.008
https://doi.org/10.1016/j.micpath.�2014.07.008
https://doi.org/10.1128/JB.182.14.3955-3964.2000
https://doi.org/10.3389/fmicb.2020.01688
https://doi.org/10.1007/s10753-017-0634-1
https://doi.org/10.1086/605332
https://doi.org/10.1128/�IAI.00364-10
https://doi.org/10.1128/�IAI.00364-10
https://doi.org/10.1128/IAI.00163-19
https://doi.org/10.1002/j.1460-2075.1990.tb08254.x
https://doi.org/10.1016/j.vetmic.2016.02.015
https://doi.org/10.1128/JB.01786-12
https://doi.org/10.1093/infdis/jir846
https://doi.org/10.1155/2018/7104352
https://doi.org/10.1155/2018/7104352
https://doi.org/10.1159/000332142
https://doi.org/10.1016/S0140-6736(04)16727-5
https://doi.org/10.1038/srep27899
https://doi.org/10.1002/dmrr.3280
https://doi.org/10.1128/IAI.00152-16
https://doi.org/10.1056/NEJM199808203390806
https://doi.org/10.2337/db13-0570
https://doi.org/10.1128/JB.00074-06
https://doi.org/10.4049/jimmunol.179.10.6933
https://doi.org/10.4049/jimmunol.179.10.6933
https://doi.org/10.1038/nature12655
https://doi.org/10.3389/fcimb.2023.1234994
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Wu et al.

Nguyen, T. H., Cheung, G. Y. C,, Rigby, K. M., Kamenyeva, O., Kabat, J., Sturdevant,
D. E, et al. (2022). Rapid pathogen-specific recruitment of immune effector cells in the
skin by secreted toxins. Nat. Microbiol. 7, 62-72. doi: 10.1038/s41564-021-01012-9

Otto, M. (2014). Staphylococcus aureus toxins. Curr. Opin. Microbiol. 17, 32-37.
doi: 10.1016/j.mib.2013.11.004

Pietrocola, G., Nobile, G., Rindj, S., and Speziale, P. (2017). Staphylococcus aureus
Manipulates Innate Immunity through Own and Host-Expressed Proteases. Front. Cell
Infect. Microbiol. 7, 166. doi: 10.3389/fcimb.2017.00166

Ridder, M. J., Daly, S. M., Hall, P. R, and Bose, J. L. (2021). Staphylococcus aureus
methods and protocols. Methods Mol. Biol. 2341, 25-30. doi: 10.1007/978-1-0716-
1550-8_4

Rondas, A. A, Schols, J. M., Halfens, R. J., and Stobberingh, E. E. (2013). Swab versus
biopsy for the diagnosis of chronic infected wounds. Adv. Skin Wound Care 26, 211-
219. doi: 10.1097/01.ASW.0000428984.58483.aa

Salgado-Pabon, W., Herrera, A., Vu, B. G,, Stach, C. S., Merriman, J. A, Spaulding,
A. R, et al. (2014). Staphylococcus aureus beta-toxin production is common in strains
with the beta-toxin gene inactivated by bacteriophage. J. Infect. Dis. 210, 784-792.
doi: 10.1093/infdis/jiul46

Seidl, K., Bischoff, M., and Berger-Bachi, B. (2008). CcpA mediates the catabolite
repression of tst in Staphylococcus aureus. Infect. Immun. 76, 5093-5099. doi: 10.1128/
TAL.00724-08

Seo, K. S., Park, N, Rutter, J. K., Park, Y., Baker, C. L., Thornton, J. A,, et al. (2021).
Role of Glucose-6-Phosphate in metabolic adaptation of staphylococcus aureus in
diabetes. Microbiol. Spectr. 9, €0085721. doi: 10.1128/Spectrum.00857-21

Sotto, A., Lina, G., Richard, J. L., Combescure, C., Bourg, G., Vidal, L., et al. (2008).
Virulence potential of Staphylococcus aureus strains isolated from diabetic foot ulcers:
a new paradigm. Diabetes Care 31, 2318-2324. doi: 10.2337/dc08-1010

Sugai, M., Komatsuzawa, H., Akiyama, T., Hong, Y. M., Oshida, T., Miyake, Y., et al.
(1995). Identification of endo-beta-N-acetylglucosaminidase and N-acetylmuramyl-L-
alanine amidase as cluster-dispersing enzymes in Staphylococcus aureus. J. Bacteriol.
177, 1491-1496. doi: 10.1128/jb.177.6.1491-1496.1995

Surewaard, B. G., Nijland, R., Spaan, A. N., Kruijtzer, J. A., De Haas, C. ], and Van
Strijp, J. A. (2012). Inactivation of staphylococcal phenol soluble modulins by serum
lipoprotein particles. PloS Pathog. 8, €1002606. doi: 10.1371/journal.ppat.1002606

Frontiers in Cellular and Infection Microbiology

12

10.3389/fcimb.2023.1234994

Takahashi, J., Komatsuzawa, H., Yamada, S., Nishida, T., Labischinski, H., Fujiwara,
T., et al. (2002). Molecular characterization of an atl null mutant of Staphylococcus
aureus. Microbiol. Immunol. 46, 601-612. doi: 10.1111/j.1348-0421.2002.tb02741.x

Tran, P. M,, Feiss, M., Kinney, K. J., and Salgado-Pabon, W. (2019). varphiSa3mw
Prophage as a Molecular Regulatory Switch of Staphylococcus aureus beta-Toxin
Production. J. Bacteriol. 201, e00766-18. doi: 10.1128/JB.00766-18

Trengove, N. J., Langton, S. R,, and Stacey, M. C. (1996). Biochemical analysis of
wound fluid from nonhealing and healing chronic leg ulcers. Wound Repair Regener. 4,
234-239. doi: 10.1046/j.1524-475X.1996.40211.x

Tuchscherr, L., Korpos, E., Van De Vyver, H., Findeisen, C., Kherkheulidze, S.,
Siegmund, A., et al. (2018). Staphylococcus aureus requires less virulence to establish an
infection in diabetic hosts. Int. J. Med. Microbiol. 308, 761-769. doi: 10.1016/
j.ijmm.2018.05.004

Van Wamel, W. J., Rooijakkers, S. H., Ruyken, M., Van Kessel, K. P., and Van Strijp,
J. A. (2006). The innate immune modulators staphylococcal complement inhibitor and
chemotaxis inhibitory protein of Staphylococcus aureus are located on beta-hemolysin-
converting bacteriophages. J. Bacteriol. 188, 1310-1315. doi: 10.1128/JB.188.4.1310-
1315.2006

Wecke, J., Lahav, M., Ginsburg, I., Kwa, E., and Giesbrecht, P. (1986). Inhibition of
wall autolysis of staphylococci by sodium polyanethole sulfonate 'liquoid". Arch.
Microbiol. 144, 110-115. doi: 10.1007/BF00414719

Zheng, X., Ma, S. X,, St John, A., and Torres, V. J. (2022). The major autolysin atl
regulates the virulence of staphylococcus aureus by controlling the sorting of lukab.
Infect. Immun. 90, €0005622. doi: 10.1128/iai.00056-22

Zheng, X., Marsman, G., Lacey, K. A., Chapman, J. R,, Goosmann, C., Ueberheide, B.
M,, et al. (2021). The cell envelope of Staphylococcus aureus selectively controls the
sorting of virulence factors. Nat. Commun. 12, 6193. doi: 10.1038/s41467-021-26517-z

Zwack, E. E., Chen, Z., Devlin, J. C, Li, Z., Zheng, X., Weinstock, A., et al. (2022).
Staphylococcus aureus induces a muted host response in human blood that blunts the
recruitment of neutrophils. Proc. Natl. Acad. Sci. U.S.A. 119, €2123017119. doi: 10.1073/
pnas.2123017119

frontiersin.org


https://doi.org/10.1038/s41564-021-01012-9
https://doi.org/10.1016/j.mib.2013.11.004
https://doi.org/10.3389/fcimb.2017.00166
https://doi.org/10.1007/978-1-0716-1550-8_4
https://doi.org/10.1007/978-1-0716-1550-8_4
https://doi.org/10.1097/01.ASW.0000428984.58483.aa
https://doi.org/10.1093/infdis/jiu146
https://doi.org/10.1128/IAI.00724-08
https://doi.org/10.1128/IAI.00724-08
https://doi.org/10.1128/Spectrum.00857-21
https://doi.org/10.2337/dc08-1010
https://doi.org/10.1128/jb.177.6.1491-1496.1995
https://doi.org/10.1371/journal.ppat.1002606
https://doi.org/10.1111/j.1348-0421.2002.tb02741.x
https://doi.org/10.1128/JB.00766-18
https://doi.org/10.1046/j.1524-475X.1996.40211.x
https://doi.org/10.1016/j.ijmm.2018.05.004
https://doi.org/10.1016/j.ijmm.2018.05.004
https://doi.org/10.1128/JB.188.4.1310-1315.2006
https://doi.org/10.1128/JB.188.4.1310-1315.2006
https://doi.org/10.1007/BF00414719
https://doi.org/10.1128/iai.00056-22
https://doi.org/10.1038/s41467-021-26517-z
https://doi.org/10.1073/�pnas.2123017119
https://doi.org/10.1073/�pnas.2123017119
https://doi.org/10.3389/fcimb.2023.1234994
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	New insight into the virulence and inflammatory response of Staphylococcus aureus strains isolated from diabetic foot ulcers
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Patients and sample collection
	2.3 Bacterial strains and culture conditions
	2.4 Quantitative hemolysis assay
	2.5 Reverse CAMP assays
	2.6 Protease assay
	2.7 Skin and soft tissue infection model
	2.8 Analysis of S. aureus survival in human blood
	2.9 Isolation of human neutrophils
	2.10 Measurement of neutrophils lysis
	2.11 Cytokine measurement
	2.12 Real-time RT-PCR
	2.13 Data analysis of patients with diabetic foot ulcers
	2.14 Statistical analysis

	3 Results
	3.1 S. aureus strains isolated from DFUs have higher cytotoxicity to human erythrocytes
	3.2 β-toxin positive S. aureus strains isolated from DFUs have higher virulence
	3.3 Different cytotoxic factors lead to the hemolytic activity of S. aureus isolated from DFUs
	3.4 Glucose affects the hemolytic activity of S. aureus strains isolated from DFUs
	3.5 The inflammatory response of S. aureus strains isolated from DFUs
	3.6 Lower IL-6 expression induced by S. aureus strains within DFUs

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


