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In 1880, the Scottish surgeon Sir Alexander Ogston first described staphylococci in
pus from a surgical abscess in a knee joint: “The masses looked like bunches of grapes” [1].
In 1884, the German physician Friedrich Julius Rosenbach differentiated the staphylococci
by the color of their colonies: S. aureus (from the Latin aurum, gold) [2]. For another 20
years, very little was known on the pathophysiology of this bug. Based on a PubMed
search record, the first Staphylococcal paper was published in 1900 on a case report [3].
More and more scientists gradually engaged to study diseases caused by this bacterium.
There were some 10 publications recorded during the period 1900–1910, which translate
in average to one publication/year. Research on this bug exploded in the 20th century,
which is reflected in a recent PubMed search. It yields 47,974 publications records when
searched using the keyword “Staphylococcus” in the title. During the period 2010–2020,
the average publication was 2000 articles/year. This record makes Staphylococcus the
single most researched bacterium based on this publication track record.

Over time, numerous Staphylococcus species were discovered, consisting of more than
45 staphylococcal species and 24 subspecies classified using molecular methods [4]. These
various species of Staphylococcus are clinically important as 30% of the healthy human
population is colonized with various Staphylococcus spp. Some strains are opportunistic
pathogens and can cause a minor infection to life-threatening diseases. Pathogenicity of
these different strains depends on several virulence factors: Level of protein expression as
well as the robustness of the regulatory networks expressing these virulence factors. These
factors consist of numerous toxins, enterotoxins (some of which act as superantigens),
enzymes, and proteins with other functions (cytoplasmic, extracellular, and surface) that
are tightly regulated by two-components (TC), transcriptional and translational regulators,
as well as quorum-sensing (QS) regulatory networks [5]. This Special Issue is dedicated
to the studies and recent advancements in our understanding of staphylococcal virulence
mechanisms that enable Staphylococcus spp. either to successfully establish themselves as a
colonizer or to overcome the host’s defense system to cause infection.

Fourteen wonderful papers are included in this issue with a wide spectrum of Staphy-
lococcal research. A vaccine paper by Dr. Anderson from the Pfizer Vaccine group entitled
“Performance of a four-Antigen S. aureus vaccine in preclinical models of Invasive dis-
eases [6]” clearly reflects a critical problem faced by all vaccine companies struggling to
demonstrate that these vaccines are clinically efficacious so that they can be approved
by regulatory agencies: A lack of correlation between preclinical efficacies with human
clinical trials [6]. The SA4Ag vaccine described in this paper clearly demonstrates the
significant decrease in the organ bacterial loads in a deep tissue infection, a bacteremia, a
pyelonephritis mouse model, as well as a complete protection of endocarditis in a rat model,
which is still not enough to provide significant protection in human surgery-associated
invasive S. aureus infection.

This is not a single case. Most of the anti-staphylococcal vaccine and therapeutics that
failed in clinical trials 2 and 3 have similar stories. Merck V710, an S. aureus iron-regulated
surface determinant B (IsdB) vaccine, provided a significant protection in different animal
models (both by active and passive immunization) [7–11], whereas it failed in a blinded
randomized trial [12]. Anti-toxin engineered mAb successfully neutralized six major S.
aureus toxins in an in vitro study, as well as exhibited great efficacies in various animal
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models [13–16], but failed in a human clinical trial (https://clinicaltrials.gov/ct2/show/
NCT02940626 (accessed on 19 April 2021)) due to the lack of enough efficacy. In recent years,
these failed efficacy studies sparked a clear debate among the Staphylococcal vaccinologists
and therapeutic scientists into two schools of thought: One believes in surface protein and
other believes in extracellular toxins and proteins as better targets. A great review by Millar
et al. [17] has published evidence that extracellular toxins such as pore-forming toxins
(PFT) and superantigens targeted therapeutics/vaccine are more likely to provide better
protection over the approaches to induce antibodies to facilitate opsonophagocytosis [17].
Numerous recent published papers focused on targeting secreted toxins and virulence
factors [18–23] as vaccine targets. Again, in animal models, great protection and efficacy
were reported in this approach. On the other side, many scientists believe that the surface
proteins, capsule, and cell wall structure such as the Wall teichoic acid (WTA) [24–28] and
lipoteichoic acid (LTA) are better targets which are well characterized. In addition, the
important virulence factors helping bacterial adhesion and invasions are an important
target for future vaccine and therapeutics development. Equally convincing data are
available to support this hypothesis (in different animal models) [11,29–33]. Not only the
vaccine, but also different therapeutics options for anti-staphylococcal infections failed to
provide enough protection in the human clinical trial even though their preclinical data
in animal models were impressive [12,13,28]. I completely agree and hope that all the
scientists working in these areas agree with the author [6], in that a clear animal efficacy
model is needed for every intended vaccine and therapeutic testing, which correlates
with the human clinical outcome before going into these expensive clinical trials to save
resources, human subjects, as well as time.

A paper by Dr. Holtfreter, “Discovery of S. aureus Adhesion Inhibitors by Automated
Imaging and Their Characterization in a Mouse Model of Persistent Nasal Colonization” de-
scribes a novel automated high throughput screening method that can quantify the bacterial
adhesion in human epithelial cells [34]. Since adhesion inhibitors/blockers/neutralizers
interfere with the entry of pathogens into the cell, it will be a highly effective treatment for
the first line of defense [35–38]. Many studies have generated high-quality data in favor of
arresting pathogens in these stages [39–44].

A paper by Dr. Bischoff’s group from Saarland University explained the role of
histidine-containing phosphocarrier protein HPr (encoded by ptsH) in carbon catabo-
lite repression (CCR) and infectivity [45]. CCR has been established as a connector for
metabolome to the virulence factors [46–53]. Though the impact of HPr on CCR is well
studies in other Gram positive bacteria, it was largely unknown in S. aureus This paper
clearly demonstrates that the inactivation of ptsH alters the transcription of genes involved
in the TCA cycle as well as alpha hemolysin, a well-characterized virulence factor in
S.aureus. A significant reduction in biofilm production was reported in the ptsH mutant
under static and flow conditions, which correlates in a reduction in CFU/catheter fragment
in a S. aureus-based murine foreign body infection model. Putting these data together,
there is a clear potential of ptsH to be a target gene for vaccine and therapeutics. srtA is an
another gene function reported in this Special Issue by Dr. Becker’s group [54]. Though
well characterized in S. aureus [55–59], very little is known about the role of this gene in
another species: S. lugdunensis. This paper demonstrates that though there is no significant
decrease in adherence and invasion in a human cell line, the mutant srtA exhibited a de-
crease in biofilm production, as well as affected the transcription of two different adhesins
genes (Fbl and vWbF). Since srtA in different pathogens is considered as a therapeutic
target [60,61], the characterization of this locus in new species is critical to understanding
the pathogen.

Two papers included in this issue are focused on the characterization of S. aureus
biofilm inhibitors. Dr. Reigada reported the “Combined Effect of Naturally-Derived
Biofilm Inhibitors and Differentiated HL-60 Cells in the Prevention of S. aureus Biofilm
Formation” [62] and the other by Dr. Jimi from Fukuoka University on “The Effects of
Silver Sulfadiazine on Methicillin-Resistant S. aureus Biofilms” [63]. Staphylococcal biofilm
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is still a huge health burden throughout the world as 80% of the infection in medical device
associated infection (usually hospital acquired) results in biofilm. In the former paper [62],
three naturally derived biofilm inhibitors: Dehydroabietic acid (DHA) 1 and 2 and the
third one flavan derivative (FLA1) were tested along with differentiated HL-60 cells in
implantable titanium devices and low-density polyethylene endotracheal tubes. Out of the
three tested inhibitors, DHA1 exhibited the optimal anti-biofilm profile in coculture. These
compounds can have a great potential for anti-biofilm drugs in medical devices. In a later
paper [63], anti-biofilm activities of the existing drug silver sulfadiazine is reported.

Dr. Månsson in her paper “Methicillin-Resistant S. epidermidis (MRSE) Lineages in the
Nasal and Skin Microbiota of Patients Planned for Arthroplasty Surgery” [64] reports a
clinical study where 45% of patients were colonized with MRSE, among them 15% were
with multidrug-resistant strains. A previously reported lineage associated with prosthetic
joint infections was among the isolates. This type of screening prior to hospitalization and
proper antimicrobial prophylaxis helps minimize cross infections. Dr. Dekker reported the
molecular characterization of the S. aureus isolates from chronically infected wounds in
rural Ghana [65]. Twenty-eight isolates were characterized by whole genome sequencing
and the resistance profile was analyzed to determine the population structure of the isolates
in the rural part.

The bacterial strain-specific model development in different animals is very critical
for efficacy testing of the vaccine, therapeutics, as well as an antimicrobial development
pipeline. An epidemiological study for the predominant clones and animal model develop-
ment based on these existing clones are vital for the success of any drug and biologics. In a
very elaborate study, Dr. Zhang compares “Community-Associated MRSA Strain USA300
from Other MRSA Strains in A Murine Skin Infection Model” [66]. In a dermatopathol-
ogy readout, USA300 induced dermonecrosis with extensive open [67] lesions, increased
neutrophil recruitment, and increased the production of cytokines associated with disease
severity when compared with USA400 and M92 (colonizing control) strains. This study
is highly relevant as USA300 is still one of the leading causes of community and hospital-
acquired infections in the USA, as well as many countries around the world [68–73].

A paper by Dr. Ehrhardt’s group from Jena University reported a significant im-
pact on the regulation of pro-inflammatory factors contributing to a synergistic effect on
cells’ intrinsic innate response when a human S. aureus small colony variants colonizer is
subsequently infected with influenza virus [74].

Dr. Johler’s group from the University of Zurich reported the possibility of post-
transcriptional modifications in SEC expression under lactic acid stress conditions, in some
strains of S. aureus, based on the difference in the level of sec mRNA with protein [75]. Since
enterotoxins are a major cause of staphylococcal food poisoning in humans [76,77], the
pH-dependent regulations (transcription and translations) of these genes under different
food storage conditions are of interest in terms of food safety as well as food shelf life.

A paper by Dr. Mishra, Dr. Bayer, and Dr. Rose’s group from UCLA on “Cell Mem-
brane Adaptations Mediate β-Lactam-Induced Resensitization of Daptomycin-Resistant
(DAP-R) Staphylococcus aureus In Vitro” reported the multiple mechanisms involving the
resensitization of DAP-R back to sensitive strains by prolonged exposure to cloxacillin [78].
The reported mechanisms involved the accumulation of multiple point mutations in the
mprF gene, resulting in overall changes in cell membrane composition and function [79].
This study is highly significant during the era in which most antibiotics are ineffective due
to the emergence of drug resistance and a very limited discovery pipeline because of its
high cost. Understanding these resistance mechanisms will help to repurpose these old
drugs which are relatively cost-effective [80–82].

There are two review papers included in this issue. One is “Human mecC-Carrying
MRSA: Clinical Implications and Risk Factors” [83]. This relatively new mecC type first
reported in 2011 has now been reported in animals as well as in humans. This review covers
epidemiological data for mecC carrying MRSA strains including the resistance profile, and
virulence factors associated with different clonal complexes. Another is, “No Change, No
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Life? What We Know about Phase Variation in Staphylococcus aureus” [84] by Dr. Gor. In
this review based on the relatively new topic, the author discusses a different aspect of gene
switching and phase variation in S. aureus. Since, heterogeneity and phase variations are
common phenomena in S. aureus [85,86] and can be clearly visible in terms of an antibiotic
heterogeneous population, small colony variants, and persister colonies [74,87–92], this
review shed the light on the possible mechanism of these genes switching.

Overall, this issue has an impressive participation of scientists throughout the world.
We would like to thank all the authors, contributors, and reviewers for their valuable time
and their important contribution to this Special Issue.

Funding: The APC was funded by AI136143 from National Institute of Allergey and Infectious
Diseases.

Conflicts of Interest: This article is an opinion of the author and does not reflect the company’s
interest.
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Abstract: A Staphylococcus aureus four-antigen vaccine (SA4Ag) was designed for the prevention of
invasive disease in surgical patients. The vaccine is composed of capsular polysaccharide type 5 and
type 8 CRM197 conjugates, a clumping factor A mutant (Y338A-ClfA) and manganese transporter
subunit C (MntC). S. aureus pathogenicity is characterized by an ability to rapidly adapt to the host
environment during infection, which can progress from a local infection to sepsis and invasion of
distant organs. To test the protective capacity of the SA4Ag vaccine against progressive disease
stages of an invasive S. aureus infection, a deep tissue infection mouse model, a bacteremia mouse
model, a pyelonephritis model, and a rat model of infectious endocarditis were utilized. SA4Ag
vaccination significantly reduced the bacterial burden in deep tissue infection, in bacteremia, and in
the pyelonephritis model. Complete prevention of infection was demonstrated in a clinically relevant
endocarditis model. Unfortunately, these positive preclinical findings with SA4Ag did not prove the
clinical utility of SA4Ag in the prevention of surgery-associated invasive S. aureus infection.

Keywords: Staphylococcus aureus; invasive disease; surgery-associated infection; sepsis; SA4Ag
vaccine; conjugated polysaccharide; ClfA; MntC; protection; animal models

1. Introduction

Staphylococcus aureus is a Gram-positive bacterium that is carried asymptomatically
in the nares of 20–50% of the general population [1]. However, upon a breach of skin or
mucosal barriers, it can cause a wide spectrum of diseases, ranging from relatively mild skin
infections, such as carbuncles, to life-threatening wound and bloodstream infections [2].
S. aureus infections following surgery carry particularly high mortality rates, and survivors
require an additional 13–17 days in the hospital, significantly increasing healthcare costs [3].
The burden of S. aureus disease is exacerbated by the prevalence of antibiotic-resistant
S. aureus isolates [4], highlighting the need for an effective prophylactic vaccine.

A consideration in both development and preclinical evaluation of a S. aureus vaccine
is the organism’s ability to rapidly adapt to the host microenvironment [5]. S. aureus
can enter normally sterile sites through lesions such as those created during surgery or
traumatic injury and rapidly deploy an array of pathogenesis mechanisms, rendering
S. aureus a challenging vaccine target. Consequently, a licensed vaccine against S. aureus
disease is not yet available, and a clinically validated correlate of protection has not yet
been established. Prevention strategies for patients at high risk for invasive S. aureus
disease, such as surgical patients, include decolonization and antibiotic prophylaxis [6].
These procedures are limited by the variable effectiveness of decolonization and by the
development of antibiotic resistance [7–9]. Thus, alternative preventative strategies, such
as prophylactic vaccines, would be a welcome addition to the clinician’s armamentarium.

With that aim, a four-antigen S. aureus vaccine (SA4Ag) was designed for the preven-
tion of invasive S. aureus infections following elective surgery. Each vaccine component
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was carefully selected so that, when combined, the vaccine would contravene major
S. aureus pathogenesis mechanisms, namely initial adhesion events (ClfA), nutrient acqui-
sition sustaining growth (MntC), and evasion of neutrophil-mediated killing (MntC and
capsular polysaccharide (CP) type 5 and type 8 conjugates). The adhesin ClfA enables the
attachment of S. aureus to human fibrinogen, and antibodies directed against this protein in-
hibit ClfA-mediated fibrinogen binding [10]. MntC is a highly conserved component of the
manganese transporter MntABC that is quickly upregulated in vivo [11] and is expressed
during biofilm formation in animal models [12]. Manganese acquisition by S. aureus is
important for both growth and evasion of neutrophil killing through detoxifying oxygen
radicals [11,13]. Finally, the vaccine contains capsular polysaccharide type 5 and type 8
conjugated to cross-reactive material 197 (CRM197), which induce functional antibodies
that kill the bacteria following opsonophagocytosis [14,15], the process whereby antibodies
coat the bacterium, fix complement, and induce uptake and killing by phagocytes, such
as neutrophils. It has become clear that antibodies that bind to a bacterial antigen, such
as those measured by an enzyme-linked immunosorbent assay, are not always functional,
especially in adults with pre-existing exposure to a pathogen. Thus, demonstration of func-
tional antibody activity, such as through an opsonophagocytic killing assay or fibrinogen
binding assay is important as another step in the evaluation of a vaccine candidate, along
with in vivo proof of concept studies.

The correlate of protection for S. aureus is not yet known, and a vaccine for the preven-
tion of S. aureus disease has yet to be commercially licensed. The two candidates previously
advanced to the clinic were supported by preclinical serology [16] and/or murine sepsis
model studies [17,18]. These studies demonstrated that the vaccine candidates were im-
munogenic in preclinical models, an important first step in selecting candidates to advance
to the clinic. In the case of iron-regulated surface determinant B (IsdB), a single challenge
model, the murine sepsis model, was used to support preclinical efficacy [17,18]. The
murine sepsis model mimics hematogenous spread through the body, one important aspect
of S. aureus infection. However, S. aureus has notoriously complex pathogenesis mecha-
nisms, which can only be modeled using multiple preclinical models. The development of
relevant preclinical models for S. aureus is challenging, as S. aureus is adapted to the human
host environment, and preclinical models have failed to predict clinical efficacy [19,20].
Here, the ability of SA4Ag to protect against invasive disease is demonstrated in three
preclinical rodent models of S. aureus infection, each mimicking a distinct phase of S. aureus
infection, namely deep tissue invasion, bacteremia, and distal infection. In the absence of a
defined correlate of protection, and due to the limited ability of any single preclinical model
to predict S. aureus vaccine clinical success, demonstrating efficacy in multiple models of
S. aureus invasive disease is relevant for advancing a vaccine into clinical trials.

2. Materials and Methods

2.1. Bacterial Strains

The S. aureus clinical isolates from Pfizer’s internal collection that were used for in vivo
analyses are listed in Table 1. These strains represent a diverse set of clinical isolates.

2.2. Animal Studies

All animal work was performed in strict accordance with approved Institutional Ani-
mal Care and Use Committee protocols at an Association for Assessment and Accreditation
of Laboratory Animal Care, International-accredited facility, under the following Animal
Use Protocols: PRL-2011-00105 (approved in 2007), PRL-2011-00249 (approved in 2008),
PRL-2011-00102 (approved in 2002) and PRL-2011-00338 (approved in 2002) for mouse
studies, and PRL-2011-00440 (approved in 2002) for rat studies. For all animal studies,
statistical significance was determined via Student’s t-test using Welch’s correction, and a
p value of ≤ 0.05 was considered significant (GraphPad Prism). For each model, bacterial
challenge dose and immunization schedule were optimized.
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Table 1. S. aureus Strains Used in These Studies.

Strain Name
Capsule

Type
Source MRSA/MSSA ST/CC Comments

CDC3
(USA300) 5 ID MRSA ST8/CC8 PVL+

PFESA0241
(USA300) 5 ID MRSA ST8/CC8 Mec IV, PVL+

TSST-neg

PFESA0158 5 ID MSSA ST28/CC25

PFESA0186 8 Carriage MSSA ST57/CC30

Reynolds 5 ID MSSA ST25/CC25
ID, Invasive Disease; MRSA, Methicillin-resistant Staphylococcus aureus; MSSA, Methicillin-sensitive Staphylococcus
aureus; PVL+, Panton-Valentine leukocidin-positive; ST/CC, sequence type/clonal complex; TSST-neg, Toxic
shock syndrome toxin-negative.

2.2.1. Surgical Site Infection Mouse Model

CD-1 female mice (6–8–week–old, 10–20/group; Charles River Laboratories) were
vaccinated subcutaneously at weeks 0, 3, and 6 with 100 μL volume containing 1 μg CP8-
CRM197 + 1 μg CP5-CRM197 + 10 μg Y338A ClfA + 10 μg MntC (SA4Ag, Pfizer, described
in [11,14,21]) in QS-21 (Pfizer) or QS-21 alone. Two weeks after the final vaccination,
animals underwent surgery, where a small incision was made in the thigh muscle parallel
to the femur [22]. A stitch was placed in the deep tissue, then ~300 colony forming units
(CFU) of S. aureus PFESA0158 in 10 μL phosphate-buffered saline (PBS) was instilled
into the surgical site, which was then closed. Two days post-challenge, the mice were
euthanized, quadriceps muscles were collected and homogenized, and serial dilutions of
tissue homogenate were plated on tryptic soy agar (TSA; Becton Dickinson, Franklin Lakes,
NJ, USA) plates (Becton Dickinson) to enumerate bacterial burden.

2.2.2. Murine Bacteremia Model

Groups of 10 female (6–8–week–old) CD-1 mice (Charles River Laboratories, Wilm-
ington, MA, USA) were vaccinated by subcutaneous injection at weeks 0, 3, and 6 with
either vehicle or SA4Ag (Pfizer) in 23 μg AlPO4 as adjuvant. On week 8, the animals were
challenged by intraperitoneal injection with ~4 × 108 CFU of S. aureus CDC3 or PFESA0241.
Three hours after challenge animals were exsanguinated by cardiac puncture and serial
dilutions of blood plated on TSA to enumerate CFU.

2.2.3. Murine Pyelonephritis Model

Groups of 5 female (6–8 week–old) CD-1 mice (Charles River Laboratories) were
vaccinated by subcutaneous injection at weeks 0, 3, and 6 with either vehicle or SA4Ag
(Pfizer, New York, NY, USA) in 23 μg AlPO4 as adjuvant. On week 8, the animals were
challenged by intraperitoneal injection with ~2 × 108 CFU of S. aureus Reynolds. Two
days after challenge, kidneys were harvested and homogenized, and serial dilutions of
homogenate plated on TSA to enumerate CFU.

2.2.4. Rat Endocarditis Model

The vaccine was tested in two rat endocarditis models, a standard model [23] and a
refined model that more accurately represents clinical disease.

Standard Model

Groups of female Sprague Dawley rats (5–6–week–old, 20/group, Charles River
Laboratories) were vaccinated at weeks 0, 3, and 6, with SA4Ag in AlPO4 or with placebo.
At week 8, two weeks after the final vaccination, catheter placement surgery was performed
to generate sterile valvular vegetations [23]. Due to the complex nature of the model and
surgery required, a proportion (<10%) of animals succumbed before infectious challenge
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due to the surgery and were thus not included in the analysis. Two days after surgery,
animals were challenged intravenously with ~4 × 106 CFU of S. aureus PFESA0158 in 0.1 mL
PBS. Two days post-challenge, the rats were euthanized and hearts collected. Bacteria in
homogenized heart tissue were enumerated (CFU/mL), and the arithmetic mean and 95%
confidence interval (CI) were calculated for each treatment group.

Refined Model

In order to reflect the low challenge inoculum that has been reported in human
infections [24], the endocarditis model was refined. Groups of female Sprague Dawley
rats (5–6–week–old, 14/group; Charles River Laboratories) were vaccinated at weeks 0, 3,
and 6, with SA4Ag in AlPO4 or with AlPO4 alone, and catheter placement surgery was
conducted on week 8 as described above. Two days after surgery, animals were challenged
intravenously with ~4 × 103 CFU of S. aureus PFESA0186. Two days post-challenge, the rats
were euthanized and hearts and kidneys collected. Tissues were plated and the presence or
absence of bacterial CFU scored.

2.3. Assessment of Immune Responses to Vaccination
2.3.1. Opsonophagocytic Activity Assay

Serologic responses to capsular polysaccharides CP5 and CP8 were measured by
an opsonophagocytic activity (OPA) assay, as previously described [14]. Briefly, serial
dilutions of heat-inactivated immune sera were mixed with either a CP5-expressing or CP8-
expressing clinical isolate of S. aureus and allowed to opsonize the bacteria. The reaction
mixtures were then mixed with baby rabbit complement (Pel-Freez, Rogers, AR, USA) and
neutrophil-like HL-60 cells (ATCC® CCL-240™, Manassas, VA, USA). An OPA antibody
titer was defined as the reciprocal of the highest serum dilution resulting in 50% reduction
of the number of bacterial colonies after incubation for 60 min at 37 ◦C when compared
to the background control from which serum was omitted. Samples without detectable
activity at the lowest serum dilution of 100 were assigned OPA titer values of 50.

2.3.2. Competitive Luminex Immunoassay

Competitive Luminex-based immunoassays (cLIA) were used to quantify antigen-
specific binding antibodies elicited by the investigational vaccine. The assays monitor the
ability of each vaccine component to elicit antibodies that can compete with the binding of
antigen-specific monoclonal antibodies (mAbs) that have shown functional activity either
in vitro or in vivo. The ClfA mAb prevents binding of live S. aureus to fibrinogen [10], while
the MntC mAb inhibits manganese uptake [25,26]. The mAbs used for the CP antigens
facilitated killing of S. aureus as measured by the OPA assay. Spectrally distinct Luminex
microspheres were coated individually with each of the antigens and incubated overnight
with appropriately diluted serum samples. A mixture of phycoerythrin (PE)-labeled CP5-,
CP8-, rmClfA-, and rP305A-specific mouse mAbs is then added to the microsphere/serum
mixture, and after incubation, the unbound components are washed off. After reading in a
Bio-Plex reader (Bio-Rad, Hercules, CA, USA), signals are converted to Units/mL.

3. Results

3.1. SA4Ag Is Immunogenic in Mice, Rats and Non-Human Primates

SA4Ag is comprised of capsular polysaccharides type 5 and type 8 CRM197-conjugates,
ClfA, and MntC. SA4Ag was also shown to be able to elicit functional antibody responses
in mice, rats and non-human primates, as measured by the OPA assay, which monitors
the ability of serum samples to opsonize and induce uptake and killing of target bacteria
by a neutrophil-like cell line, or by cLIA, which monitors the ability of serum to compete
with mAbs for antigen binding. Importantly, the mAbs used in these assays inhibit the
pathological function of the antigens they bind—e.g., fibrinogen binding in the case of
ClfA [10] and manganese uptake in the case of MntC [26] (Figure 1). As Figure 1 shows,
humans and non-human primates mount responses to the antigens in SA4Ag after a single
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dose (PD1), even in the absence of adjuvant, while rodents (mice and rats) require multiple
immunizations with an adjuvant (e.g., AlPO4) to generate similar magnitude responses.
This is likely due to the induction of an anamnestic response to the antigens in SA4Ag in
non-human primates and humans, which is absent in the rodent species.
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Figure 1. SA4Ag antigens are immunogenic in preclinical species. Immune responses against
SA4Ag antigens CP5, CP8, ClfA, and MntC were measured before (pre) and after (PD) immunization.
Rodents were immunized three times subcutaneously with SA4Ag + AlPO4 prior to sample collection
post-dose 3 (PD3). Non-human primates (NHP) were immunized a single time with SA4Ag without
adjuvant. Anti-capsular immune responses were measured by the OPA assay for CP5 (A) and CP8
(B). Anti-protein immune responses were measured by cLIA for ClfA (C) and MntC (D). Human
responses to a single unadjuvanted dose of SA4Ag are included as a comparator, adapted from [27].

3.2. Immunization with SA4Ag Reduces Bacterial Burden in a Murine Model of Surgical
Site Infection

Immunization with SA4Ag was evaluated in a murine model of surgical site infection.
Analogous to human deep tissue surgical site infection, S. aureus was not introduced
systemically but instead a low number of bacterial cells were inoculated into the surgical
wound. As shown in Figure 1 and observed by others [28], mice respond relatively poorly
to ClfA immunization, in comparison to both rats and humans, even in the presence of
AlPO4 adjuvant. To enhance the ClfA response in a model where initial adhesion events
are likely important, we considered the addition of an alternate, non–alum-based adjuvant.
We limited our selection to adjuvants that are usable in human clinical trials, as some
highly reactogenic adjuvants, such as Freund’s, overinflate immunogenicity. QS-21, a
derivative of the bark of the Quillaja saponaria tree, has been used in human clinical trials
and is purported to induce a more balanced IgG1/IgG2a response than alum-containing
adjuvants in mice [29,30]. Addition of QS-21 to SA4Ag resulted in enhanced ClfA responses
(geometric mean titer: 516.4; 95% CI: 222.4–1199.0; unpaired t-test with Welch’s correction:
p = 0.048) as compared with AlPO4 (geometric mean titer: 42.8; 95% CI: 17.9–102.1). In the
murine surgical site infection model, immunization with SA4Ag adjuvanted with QS-21
reduced bacterial burden (Table 2), illustrating an impact of SA4Ag in this difficult local
infection model.

3.3. Immunization with SA4Ag Protects against MRSA Challenge in a Murine Bacteremia Model

S. aureus can disseminate from a local infection via the bloodstream. Therefore,
SA4Ag was evaluated for its ability to reduce the bacterial burden in a murine bacteremia
model, which mimics very early stages of hematogenous spread. Mice were immunized
three times with SA4Ag with AlPO4 and then challenged with either S. aureus CDC3 or
PFESA0241, both USA300 MRSA isolates. Blood was collected three hours post-challenge
and bacteria were enumerated. Immunization with SA4Ag significantly reduced the
number of recovered CFU with both USA300 MRSA isolates (Table 3).
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Table 2. Immunization with SA4Ag Reduces S. aureus Burden in a Murine Surgical Site Infection Model.

Trial Vaccine Number of Animals
Mean log CFU/mL

(95% CI)
p Value vs. Control

1 SA4Ag 20 4.65 (3.90–5.40) 0.0393
Vehicle 20 5.72 (4.99–6.45)

2 SA4Ag 15 6.42 (5.07–7.77) 0.0330
Vehicle 13 7.89 (6.95–8.83)

3 SA4Ag 17 5.95 (4.60–7.31) 0.2899
Vehicle 16 6.45 (5.11–7.81)

Meta-analysis SA4Ag 48 6.29 (5.57–7.01) 0.0126
Vehicle 43 7.36 (6.75–7.97)

Female CD1 mice (n = 10–20) were immunized on weeks 0, 3, and 6 with SA4Ag + QS-21 or QS-21 alone. On week 8, animals underwent
surgery by placing an incision and stitch into the quadriceps muscle. Approximately 300 colony-forming units (CFU) of S. aureus PFESA0158
were instilled into the surgical site. Two days after surgery, tissue was harvested and bacterial burden was enumerated. p values were
determined by Student’s t-test.

Table 3. Immunization with SA4Ag Reduces Bacterial Burden in a S. aureus Bacteremia Model.

Challenge Trial Vaccine Number of Animals
Mean log CFU/mL

(95% CI)
p Value vs. Control

S. aureus CDC3
(USA300)

1 SA4Ag 10 4.65 (4.33–4.97) 0.0056
Vehicle 10 5.35 (4.96–5.73)

2 SA4Ag 10 4.49 (4.07–4.90) 0.0147
Vehicle 10 5.24 (4.76–5.72)

3 SA4Ag 10 3.63 (3.25–4.01) 0.0056
Vehicle 10 4.47 (4.00–4.94)

Meta-analysis SA4Ag 30 4.25 (4.00–4.51) <0.0001
Vehicle 30 5.02 (4.75–5.29)

S. aureus PFESA0241
(USA300)

1 SA4Ag 10 4.17 (3.83–4.51) 0.0491
Vehicle 10 4.68 (4.25–5.12)

2 SA4Ag 10 4.26 (3.93–4.59) 0.0157
Vehicle 10 4.82 (4.48–5.15)

3 SA4Ag 10 4.38 (3.98–4.78) 0.0455
Vehicle 10 4.88 (4.54–5.22)

Meta-analysis SA4Ag 30 4.27 (4.09–4.45) 0.0002
vehicle 30 4.79 (4.60–4.98)

Female CD-1 mice (n = 10) were vaccinated at weeks 0, 3, and 6, with SA4Ag or with vehicle alone. Two weeks after the final vaccination
animals were challenged with ~2 × 108 S. aureus CDC3 or PFESA0241. Three hours post-challenge, the mice were euthanized and blood
collected. Bacteria in blood were enumerated (colony-forming unit [CFU]/mL), and the log CFU reduction with 95% confidence interval
(CI) was calculated compared to the vehicle-treated control. p values were determined by Student’s t-test.

3.4. Immunization with SA4Ag Reduces Bacterial Burden in a Murine Pyelonephritis Model

S. aureus can cause infection at sites distant from the initial site of infection, and the
kidney is a common end organ for S. aureus infection. A murine pyelonephritis model
was used to evaluate the ability of SA4Ag to reduce the bacterial burden in the kidney.
Mice were immunized with SA4Ag and then challenged with S. aureus Reynolds. Two
days after challenge, kidneys were harvested and homogenized to enumerate bacterial
burden. Immunization with SA4Ag significantly reduced the number of recovered CFU
from kidneys (Figure 2).
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Figure 2. Immunization with SA4Ag reduces bacterial burden in a S. aureus pyelonephritis model.
Female CD-1 mice (n = 5) were vaccinated at weeks 0, 3, and 6, with SA4Ag or with vehicle alone.
Two weeks after the final vaccination animals were challenged with ~2 × 108 S. aureus Reynolds.
Two days post-challenge, the mice were euthanized and kidneys collected. Bacteria in kidneys were
enumerated (colony-forming unit [CFU]/kidney). p value was calculated by Student’s t-test.

3.5. Immunization with SA4Ag Protects against Both CP5- and CP8-Expressing S. aureus in a Rat
Endocarditis Model

S. aureus can cause infection at sites distant from the initial site of infection. SA4Ag
was evaluated for its ability to reduce the bacterial burden in a model of foreign body–
like infection, i.e., rat endocarditis following catheterization, considered a very stringent
preclinical model. A catheter was inserted into the heart via the jugular vein across the aortic
valve to create sterile valvular vegetations. Two days after catheter placement, animals
were challenged intravenously with S. aureus. In two out of three studies, immunization
with SA4Ag reduced the bacterial burden of a CP5-expressing S. aureus clinical isolate
from infected heart tissue (Table 4). Meta-analysis of these three studies demonstrated a
significant reduction in recovered CFU (Table 5, p = 0.0126).

Table 4. Immunization with SA4Ag Reduces Recovered CFU of a CP5-expressing S. aureus Clinical Isolate in a Rat
Endocarditis Model.

Trial Vaccine Number of Animals
Mean Log CFU/mL

(95% CI)
p Value vs. Control

1 SA4Ag 16 6.52 (5.20–7.84) 0.0319
Vehicle 14 7.88 (7.19–8.58)

2 SA4Ag 15 6.42 (5.07–7.77) 0.0330
Vehicle 13 7.89 (6.95–8.83)

3 SA4Ag 17 5.95 (4.60–7.31) 0.2899
Vehicle 16 6.45 (5.11–7.81)

Meta-analysis SA4Ag 48 6.29 (5.57–7.01) 0.0126
Vehicle 43 7.36 (6.75–7.97)

Groups of female Sprague Dawley rats (20/group) were vaccinated at weeks 0, 3, and 6, with SA4Ag in AlPO4 or with AlPO4 alone.
Two weeks after the final vaccination, catheter placement surgery was performed to generate sterile valvular vegetations. A certain
number of animals succumbed due to the surgery and were not included in the analysis. Two days after surgery, animals were challenged
intravenously with S. aureus PFESA0158. Two days post-challenge, the rats were euthanized and hearts collected. Bacterial burden in heart
tissue was enumerated (colony-forming unit [CFU]/mL) and the arithmetic mean and 95% confidence interval (CI) were calculated for
each treatment group.

The endocarditis model was next refined to improve clinical relevance by reducing
the challenge inoculum. It is believed that S. aureus-induced foreign body infections and
endocarditis are caused by the seeding of very low numbers of bacteria introduced to the
bloodstream either during surgery or as a result of minor tissue injury, such as resulting
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from a scratch or brushing of teeth [24]. To model human bacterial exposure more closely,
the infectious inoculum was reduced to a level just above the threshold for achieving
an infection. In this model, S. aureus preferentially seeds the damaged valvular tissue
and the kidneys; no bacterial burden was detected in the liver, spleen or lungs. In the
refined model, the complete absence of detectable infection in both hearts and kidneys
following immunization with SA4Ag was evaluated. Rats were immunized subcutaneously
three times on weeks 0, 3, and 6 with SA4Ag, and then underwent catheter placement
surgery. Two days after catheter placement, rats were challenged intravenously with a
CP8-expressing clinical S. aureus isolate, PFESA0186. Immunization with SA4Ag reduced
the number of animals with detectable S. aureus infection in the hearts and kidneys in two
separate experiments. Meta-analysis of the two experiments showed a significant reduction
in the number of infected animals upon immunization, representing a vaccine efficacy of
88.7% (Table 5).

Table 5. Immunization with SA4Ag Reduces the Number of S. aureus Infections in a Rat Endocarditis Model of Infection.

Experiment Vaccine Number of Infected Animals Number of Uninfected Animals p Value vs. Control

1
SA4Ag 0 11 0.0983
Vehicle 4 9

2
SA4Ag 1 11 0.0730
Vehicle 6 7

Meta-analysis SA4Ag 1 22 <0.0001
Vehicle 10 16

Female Sprague Dawley rats (n = 11–14) were vaccinated at weeks 0, 3, and 6, with SA4Ag in AlPO4 or with AlPO4 alone. Two weeks after
the final vaccination, catheter placement surgery was performed to generate sterile valvular vegetations. A certain number of animals
succumb due to the surgery and were not included in the analysis. Two days after surgery, animals were challenged intravenously
with ~4 × 103 colony-forming unit (CFU) S. aureus PFESA0186, a CP8-expressing clinical isolate. Two days post-challenge, the rats were
euthanized, and tissue bacterial burden was quantitated in hearts and kidneys.

4. Discussion

A four-antigen S. aureus vaccine (SA4Ag) was designed as a candidate to prevent
invasive S. aureus disease in postsurgical populations. Therefore, SA4Ag was evalu-
ated for the ability to protect against invasive S. aureus disease in a series of preclinical
models that mimic aspects of human postsurgical infection. Individual components of
SA4Ag have previously been shown to elicit robust antibody responses and efficacy in
rodents [11,14,21,31], but efficacy of the combined SA4Ag vaccine in multiple preclinical
models has not previously been reported. SA4Ag was found to significantly reduce or
abrogate infection in murine models of surgical site infection, bacteremia, and in two
iterations of a rat endocarditis model. These models mimic the progression of S. aureus
postsurgical invasive disease from a local deep tissue infection, through hematogenous
spread, and dissemination to distant tissue sites, such as the heart valves and kidneys.
Together, the responses seen in these models demonstrated that vaccination with SA4Ag
elicits an immune response that restrains multiple stages of invasive preclinical S. aureus
infection and suggested that similar positive outcomes could be achieved in the clinic.
Importantly, in the refined rat endocarditis model, a complete absence of infection was
observed in 96% of vaccinated animals, reflecting a vaccine efficacy of 88.7%. This is the
first time to our knowledge that a sterilizing immune response has been demonstrated
after administration of an S. aureus vaccine in a preclinical model, and supported moving
the SA4Ag into clinical development.

S. aureus disease is challenging to effectively model in animals due to the organism’s
adaptation to the human host environment and the lack of a defined correlate of protection
for invasive S. aureus disease. As demonstrated in Figure 1, rodents, which are commonly
used in preclinical models of S. aureus pathogenesis, required three doses of SA4Ag with
an adjuvant to achieve immune responses similar to those seen in non-human primates
and humans after a single unadjuvanted dose of SA4Ag. It is possible, therefore, that the
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response of repeatedly immunized naïve animals does not fully recapitulate the maturation
of an immune response originally elicited through natural exposure. The response to ClfA
may serve as a case in point. Naïve mice respond poorly to ClfA, even after multiple
immunizations in the presence of adjuvant, while humans and non-human primates
respond well after a single dose. Interestingly, even though humans respond well to a
single dose of ClfA-containing SA4Ag, implying ClfA is eliciting an anamnestic response,
a functional anti-ClfA response, which can block the binding of ClfA to fibrinogen, is only
observed after immunization [10]. This highlights the need to match the right vaccine with
antigen presentation in the correct format.

Invasive S. aureus infection can proceed from a local inoculation site, through dissemi-
nation in the bloodstream, to distant tissues. A given vaccine candidate may show efficacy
in one or more models, but it is the combination of vaccine candidates and evaluation in
relevant models of infection that improves the robustness of the conclusions drawn from
the preclinical program. Based in part on the preclinical data included here, the S. aureus
vaccine was advanced into clinical testing. Prior to the clinical assessment of SA4Ag, two
other S. aureus vaccines also failed to demonstrate efficacy in the clinic, despite having
supportive preclinical data. Both vaccines had a single antigenic target, either capsular
polysaccharide or IsdB. The StaphVax vaccine, comprised of capsular polysaccharides type
5 and type 8 conjugated to Pseudomonas exotoxin A, did not meet its Phase III clinical
endpoint. It has been suggested that this may have resulted from quality variations of the
conjugate used in the trial, as opposed to a failure of the mechanism of action [32]. Thus,
S. aureus capsular polysaccharides had remained an attractive vaccine candidate but poten-
tially not sufficient to protect against invasive S. aureus disease. A second single-antigen
S. aureus vaccine, V710, contained the iron uptake component, IsdB, and also did not
meet its primary efficacy endpoint (prevention of serious postoperative S. aureus infections
following cardiothoracic surgery) in a randomized Phase 2b/3 trial. Additionally, V710 was
associated with increased mortality among patients who developed S. aureus infections [33].
IsdB did protect mice in preclinical lethal challenge models [17,18]. However, S. aureus
has multiple redundant iron acquisition systems and prefers human hemoglobin as an
iron source, which may have limited the predictive value of the models used to evaluate
this antigen [34]. In preclinical models, the protection seen with IsdB was improved with
incorporation of additional S. aureus antigens [35]. The recognition that a single antigen
approach may not be sufficient to protect against S. aureus-mediated disease spurred the
development of several multi-antigen approaches in addition to SA4Ag [36–38].

In an early Phase 1/2 clinical study (NCT01364571), SA4Ag elicited robust functional
immune responses and showed an acceptable safety profile [27]. However, a large ran-
domized, placebo-controlled Phase 2b study (STRIVE; NCT02388165) in adult patients
undergoing elective open posterior spinal fusion surgery [39], the results of a pre-planned
interim analysis indicated low statistical probability to meet the pre-defined primary ef-
ficacy objective—prevention of invasive S. aureus disease (bloodstream and surgical site
infections), leading to the decision to terminate the study and discontinue the clinical de-
velopment [40]. This failure indicates that despite protection seen in the current preclinical
studies, the animal models that were used had limitations that did not enable prediction of
clinical efficacy of the vaccine. One such potential shortcoming is the measure of protection.
For example, the absence of detectable infection was used as the criterion of induced protec-
tion for the refined endocarditis model. A second shortcoming is that the infection models
all evaluated early time points before any animals could have succumbed to infection.
Examination at later time points might have determined any impact of the vaccine on
survival, and changes in pathology could be identified (e.g., wound size and induration,
paralysis or some other signs of morbidity, or histological changes). Examination of the
immune responses elicited by the vaccine in more detail (innate vs. adaptive) might also
have provided more insight into the mechanism(s) of protection.

Since there is no human correlate of protection against S. aureus infection, establishing
reliable animal models for preclinical evaluation of S. aureus vaccine candidates remains
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very challenging [19,20]. This is further supported by the observation that while non-
human primates required a single dose of SA4Ag without adjuvant to generate functional
immune responses, rodents required multiple doses of SA4Ag with adjuvant to achieve
similar levels of immune response. Therefore, current preclinical efficacy models play
an important yet circumscribed role in illustrating the protective potential of a S. aureus
vaccine candidate. Animal models are useful in this context for demonstrating proof
of principle or proof of mechanism, but ultimately clinical efficacy data, obtained using
carefully selected vaccine formulations and target populations, is required until a reliable
correlate of protection is identified [19,20]. Identification of a relevant correlate of protection
for invasive S. aureus disease and development of preclinical models that accurately reflect
these human correlates is needed to improve effective preclinical evaluation of S. aureus
vaccine candidates.

5. Conclusions

Although a S. aureus vaccine candidate, SA4Ag, showed promise in the various
preclinical models presented, it ultimately did not show clinical efficacy. SA4Ag is the
latest in a series of S. aureus vaccines that showed protection in preclinical models, which
did not translate into positive clinical outcomes. This highlights the need to identify
relevant correlates of protection for invasive S. aureus infection, and to develop appropriate
preclinical models that better predict clinical efficacy.
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Abstract: Due to increasing mupirocin resistance, alternatives for Staphylococcus aureus nasal decolo-
nization are urgently needed. Adhesion inhibitors are promising new preventive agents that may be
less prone to induce resistance, as they do not interfere with the viability of S. aureus and therefore
exert less selection pressure. We identified promising adhesion inhibitors by screening a library of
4208 compounds for their capacity to inhibit S. aureus adhesion to A-549 epithelial cells in vitro in a
novel automated, imaging-based assay. The assay quantified DAPI-stained nuclei of the host cell;
attached bacteria were stained with an anti-teichoic acid antibody. The most promising candidate,
aurintricarboxylic acid (ATA), was evaluated in a novel persistent S. aureus nasal colonization model
using a mouse-adapted S. aureus strain. Colonized mice were treated intranasally over 7 days with
ATA using a wide dose range (0.5–10%). Mupirocin completely eliminated the bacteria from the
nose within three days of treatment. In contrast, even high concentrations of ATA failed to eradicate
the bacteria. To conclude, our imaging-based assay and the persistent colonization model provide
excellent tools to identify and validate new drug candidates against S. aureus nasal colonization.
However, our first tested candidate ATA failed to induce S. aureus decolonization.

Keywords: Staphylococcus aureus; colonization; mouse; JSNZ; aurintricarboxylic acid; ATA; adhesion
inhibitor; mupirocin; nose

1. Introduction

Nasal colonization with Staphylococcus aureus is a major risk factor for invasive staphy-
lococcal infections [1,2]. In particular, infections caused by methicillin-resistant S. aureus
(MRSA) have limited treatment options and are associated with higher morbidity and
mortality [3]. To prevent endogenous infection as well as transmission within the hospital,
newly admitted patients are routinely screened for MRSA colonization and decolonized
using the antibiotic mupirocin [4]. However, increasing bacterial resistance to mupirocin
with a prevalence exceeding 13% for MRSA [5] and restrictions for its use have created a
need for alternatives [6,7]. In the past, several alternative interventions for the clearance of
S. aureus nasal carriage have been explored, including antibiotics, such as neomycin [8],
polysporin [9], and bacitracin [10], bacteriocins such as lysostaphin [11], as well as fatty acid
derivatives (lauric acid monoesters) [12], and cationic synthetic polymers [13]. However,
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most of these candidates have failed to completely eradicate S. aureus nasal colonization.
Hence, new approaches to combat S. aureus colonization are urgently required.

The first step towards an effective colonization of S. aureus in the nares and on other
sites of the human body is the attachment of the bacteria to human epithelial cells. This
process is facilitated by multifunctional and redundant adhesins on the staphylococcal
surface that bind to host cell molecules. An up-to-now underexplored possibility to prevent
or eliminate S. aureus colonization is to specifically interfere with this bacterial adhesion.
Adhesion inhibitors that do not interfere with the viability of the bacteria are promising
new preventive agents, because they exert less selective pressure and therefore do not
foster the development of resistances [14,15]. Initial studies have been carried out in this
context, but so far, they did not lead to clinically useful compounds [16].

The identification of adhesion inhibitors from large compound libraries requires high
throughput screening approaches. In former investigations on the adhesion of S. aureus to
epithelial cells, adherent bacteria were quantified by visual inspection with a microscope
and counting [17] or by employing radioactively-labeled bacteria [18]. Alternatively, the
adherent bacteria were quantified by determining colony-forming unit (CFU) values after
their detachment from eukaryotic cells [19]. These approaches are impractical for the
screening of hundreds and thousands of compounds, and they do not detect morphologic
effects of the test compounds on the eukaryotic binding partner. Recently, a procedure
was reported that is amenable to higher throughput. It utilizes an ELISA to measure
binding of S. aureus to the major eukaryotic interaction partners fibronectin, keratin, and
fibrinogen [20]. However, influences of the compounds on the phenotype of the eukaryotic
cells cannot be detected in this screening procedure either.

The in vivo validation of candidate adhesion inhibitors requires a robust and sustained
S. aureus colonization model. We have previously established a persistent murine nasal
colonization model using the mouse-adapted S. aureus strain JSNZ [21,22]. Due to its
long-term adaptation to the murine host, this strain is capable of inducing persistent
colonization of the murine nose and gastrointestinal tract without the need for prior
antibiotic treatment [23]. This model enables researchers for the first time to study host–
pathogen interaction during persistent colonization in the mouse and also to evaluate
decolonization drugs.

Here we report on the development and application of a high throughput microtiter
plate-based phenotypic in vitro assay that quantifies the adhesion of S. aureus to human
epithelial cells. The procedure utilizes fluorescence labeling of eukaryotic cell nuclei and
bacteria after their adhesion, followed by detection with an automated microscope with
image analysis, in combination with a pipetting robot for the distribution of substance
libraries and for liquid handling. We performed a medium throughput screen of more
than 4000 compounds, and subsequently characterized aurintricarboxylic acid (ATA) that
was identified as the most potent adhesion inhibitor in this assay. The ability of ATA to
eradicate nasal S. aureus colonization was assessed in our persistent S. aureus colonization
model. While the standard-of-care antibiotic mupirocin completely eliminated S. aureus
colonization within three days of treatment, ATA did not show an anti-bacterial effect
in vivo. Nevertheless, our novel microscopy-based screening approach and the mouse-
adapted strain JSNZ are powerful tools to identify and validate new drug candidates
against S. aureus nasal colonization.

2. Materials and Methods

2.1. Epithelial Cells

For the screening procedure, the human epithelial lung cell line A-549 (ACC 107)
was obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany). For the verification of the activity of hit substances, Human
Nasal Epithelial Primary Cells (HNEPC) from Provitro GmbH (Berlin, Germany) were
used. Both cell lines were cultivated under conditions recommended by their respective
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depositors. Cell culture reagents came from Invitrogen (Carlsbad, CA, USA) and Provitro
GmbH (Berlin, Germany).

2.2. S. aureus Strains

For the screening procedures, the S. aureus strain N315 (ST5-CC5-MRSA) was used [24],
kindly provided by Prof. Dr. K. Becker, University of Greifswald, Germany. For the devel-
opment of the assay conditions S. aureus SA113 [25] (ST8-CC8-Methicillin-sensitive S. aureus
(MSSA)) and its adhesion-deficient deletion mutant Delta tagO were kindly provided by
Prof. Dr. A. Peschel, University of Tübingen, Germany [26]. For hit validation, the wild
type S. aureus strains 50,307,270 (rifampicin resistant), 50,128,509 (MRSA), and 50,046,981
(MSSA) were kindly provided by the Institute for Microbiology, Immunology and Hospital
Hygiene from the city hospital of Braunschweig, Germany. For the in vivo experiments, the
mouse-adapted S. aureus strain JSNZ (ST88-CC88-MSSA) was employed [21].

2.3. Compounds

Six substance collections were investigated (Table 1). Aurintricarboxylic acid (ATA)
was initially part of the LOPAC collection. For further testing, it was obtained from
Sigma-Aldrich/Merck (Darmstadt, Germany) as the free acid.

Table 1. Substance collections for adhesion inhibitors screenings.

Type Entities Stock conc.

Secondary metabolites from myxobacteria 1 117 2 mM in DMSO
LOPAC collection of pharmacologically active compounds 2 1408 10 mM in DMSO

VAR collection 3 1600 5 mM in DMSO
Peptide library of the structure XXX12XXX-DKP made of D-amino acids 4 361 2.2 mM (in 2-propanol/water 1:1)
Peptide library of the structure XXX12XXX-DKP made of L-amino acids 5 361 4 mM (in 2-propanol/water 1:1)

Cyclic peptides of the structure [AA12AAC] made of D-amino acids 6 361 3.5 mM in DMSO

Total 4208
1 Academic collection of the Helmholtz Centre for Infection Research (HZI), sourced from in-house myxobacterial research [27]. 2 Sigma-
Aldrich/Merck (Darmstadt, Germany); LOPAC = abbreviation for ‘Library of Pharmacologically Active Compounds’. 3 Academic collection
of the HZI, sourced from multiple medicinal chemistry groups; VAR stands for ‘various sources’. 4 X = mixture of all proteinogenic
amino acids, 1 and 2 = defined amino acids (all proteinogenic amino acids in D-configuration), Cys excluded; DKP = diketopiperazine.
5 X = mixture of all proteinogenic amino acids, 1 and 2 = defined amino acids (all proteinogenic amino acids in L-configuration), Cys
excluded; DKP = diketopiperazine; 4,5 prepared in the peptide synthesis facility of the HZI. 6 1 and 2 = all proteinogenic amino acids in
D-configuration, Cys excluded [28].

2.4. Mice

Female C57BL/6NRj mice with Specific and Opportunistic Pathogen Free status (SOPF,
S. aureus-free, 9 weeks old) were purchased from Janvier Labs (Saint-Berthevin, France).
Females were selected because they are less prone to develop genital abscesses upon
JSNZ colonization than males [21]. Moreover, males tend to be more aggressive and to
present fight wounds that might get infected with S. aureus. After delivery, the animals
were acclimatized for 7 days before starting the experiments. The animals were kept in
individually ventilated cages (IVC, 4 animals/cage) under SOPF conditions with litter
material. Food and water (acidified with HCl) were provided ad libitum.

2.5. In Vitro Adhesion Assay

A-549 cells were resuspended in RPMI 1640 containing 10% FCS and seeded at a
density of 1 × 104 cells per well in 100 μL medium into 96 well, black, optical bottom
microtiter plates (sterile, cell culture-treated; order no. 165,305, Nalgene Nunc, Rochester,
NY, USA). After an incubation period of 4 to 5 days under cell culture conditions at
37 ◦C, when the cells had formed a uniform confluent layer at the bottom of the wells,
the incubation medium was removed and replaced by 75 μL infection medium (RPMI
1640 containing 1% FCS and 20 mM Hepes, pH 7.4). Test compounds were added with a
pipetting robot equipped with a pin tool at a final concentration of 20 μM (pipetting robot:
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Evolution P3, PerkinElmer, Waltham, MA, USA; pin tool: FP3CB, 96 floating tube pins,
0.787 mm diameter, length: 33 mm, transfer volume 80 nL, V&P Scientific, Inc., San Diego,
CA, USA). In each microtiter plate, four wells each of the following controls were included:
Cell culture medium containing DMSO in concentrations corresponding to the substance
testing and as positive control, 50 μg/mL polyinosinic acid (Sigma-Aldrich, Darmstadt,
Germany), which has been shown before to reduce the adhesion of S. aureus to epithelial
cells by approximately 50% at this concentration [29].

25 μL of S. aureus N315 suspension that had been grown overnight in Brain Heart Infu-
sion (BHI) medium (Sigma-Aldrich, Darmstadt, Germany), washed twice with phosphate-
buffered saline (PBS), and re-suspended in infection medium to an optical density (OD)
OD600 = 1.0 (1 × 108 CFU/mL), was added to each well, resulting in an assay concentration
of OD600 = 0.25 (2.5 × 106 CFU/well). After an incubation period of 1 h at room tempera-
ture (RT), non-adherent bacteria were removed by carefully washing the cell layer three
times with PBS. The A-549 cells with adherent bacteria were fixed with 4% paraformalde-
hyde in PBS for 20 min at RT and afterwards washed twice with PBS. For the detection of
adherent bacteria 50 μL/well of a primary rabbit antibody against S. aureus lipoteichoic acid
(Acris Antibodies GmbH, Herford, Germany) diluted 1:5000 in PBS with 1% bovine serum
albumin (BSA) was added. After 35 min at RT, 50 μL of 4′,6 diamidino-2-phenylindol-
dihydrochloride (DAPI-solution, Sigma-Aldrich, Darmstadt, Germany) for the detection
of A-549 cell nuclei was added at a final concentration of 1 μg/mL. For some preliminary
experiments in the course of evaluation, the cytoplasm was stained with CellTrackerTM

Red CMTPX (Molecular Probes®, Invitrogen, Carlsbad, CA, USA) by incubating with a
final concentration of 5 μM together with DAPI. After 10 min at RT and three washing
steps with PBS, 50 μL/well of the secondary mouse antibody anti-rabbit Alexa Fluor®

488 (Invitrogen) was added at a dilution of 1:1000 in PBS/1% BSA. After an incubation
time of 45 min and washing with PBS, bacteria and A-549 cells were analyzed with the
automated microscope ImageXpress Micro (IXM, Molecular Devices, Sunnyvale, CA, USA)
and the dedicated software MetaXpress. The initial screening of the substance collections
was carried out in duplicate in two independent experiments. In the reevaluation of the
initial hits, different concentrations of active compounds were used (5, 10, 20, 50, 100 μM,
for ATA also lower concentrations).

For the determination of the effect of ATA on precolonized cells, the adhesion assay
was modified: After the initial 1 h incubation of the A-549 cells with bacteria without
addition of compounds, the wells were washed carefully three times with PBS. Fresh
infection medium and ATA were added to the cells at concentrations of 0.95 and 2.2 μg/mL.
After further incubations for 1, 2, 3, 4, and 5 h, the cells were washed three times with PBS,
followed by the microscope-based quantification procedure. For each time point controls
without ATA were carried out, providing the reference values.

2.6. Quantification of Epithelial Cells and Bacteria

Each plate was imaged with the automated microscope. For each well, nine images
from different sites with a size of 0.4 × 0.4 mm were acquired. A 20× objective and the
fluorescence filters “DAPI” (377 and 447 nm for excitation and emission, respectively) for
the detection of A-549 nuclei and “FITC” (475 and 536 nm for excitation and emission,
respectively) for the quantification of Alexa Fluor® 488 labeled bacteria were used. For some
preliminary experiments in the course of evaluation, stained cytoplasm was visualized with
the fluorescence filter “Texas Red” (560 and 624 nm for excitation and emission, respectively).
Each image was analyzed with the MetaXpress software modul “Transfluor” and the mode
“Vesicle area per cell”. With this mode, the bacterial area per DAPI stained cell nucleus was
quantified. The average was calculated from the nine different images per well. Performance
of the assay was evaluated in 92 wells without added compounds; 4 wells contained 50 μg/mL
polyinosinic acid as positive control. In addition, the signal from the adherent bacteria (Alexa
Fluor® 488 fluorescence; excitation/emission at 485 nm/535 nm) was determined with a
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fluorescence microtiter plate reader (Fusion Universal Microplate Analyser, PerkinElmer,
Waltham, MA, USA).

2.7. Cytotoxicity Assay

The cytotoxicity of our hit compounds on A-549 cells was quantified using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay following the proce-
dure by Mosmann [30], modified by Sasse [31]. Briefly, sub-confluent A-549 cells were
washed with PBS without Ca2+ and Mg2+, trypsinized, and resuspended in DMEM con-
taining 10% FCS. 60 μL of serial dilutions of the test compounds were added to 120 μL
aliquots of a cell suspension (5000 cells) in 96 well microtiter plates in duplicate. Blank and
solvent controls were incubated under identical conditions. After 24 h, 20 μL MTT in PBS
was added to a final concentration of 0.5 mg/mL. After 2 h, the precipitate of formazan
crystals was centrifuged and the supernatant was discarded. The precipitate was washed
with 100 μL PBS and dissolved in 100 μL 2-propanol containing 0.4% hydrochloric acid.
The microplates were gently shaken for 20 min to ensure a complete dissolution of the
formazan, and finally the absorption was measured at 595 nm using an ELISA plate reader.
The percentage of viable cells was calculated and the mean was determined with respect to
the controls with medium only.

2.8. Investigation of the Antimicrobial Activity

Aliquots of 120 μL of an overnight culture of S. aureus N315 in BHI medium were washed,
adjusted to OD600 = 0.015, corresponding to approximately 5 × 105 CFU/mL, and added to
60 μL of a serial dilution of the test compounds in BHI. After an incubation time of 18 h at
37 ◦C without shaking under moist conditions, the OD600 was measured with a microtiter
plate reader (Fusion Universal Microplate Analyser, PerkinElmer, Waltham, MA, USA). The
lowest concentration that completely suppressed growth defined the MIC values.

2.9. Preparation of the S. aureus Inoculum for In Vivo Experiments

S. aureus JSNZ strain was grown over night in BHI medium at 37 ◦C and 200 rpm.
Thereafter, the culture was diluted to OD595 = 0.05 in BHI medium and cultivated at 37 ◦C
and 200 rpm until the mid-logarithmic phase (OD595 = 2.0–2.5). Cells were harvested by
centrifugation for 10 min at 8000× g, resuspended in BHI containing 14% sterile glycerine,
and frozen at −80 ◦C. Before intranasal inoculation, bacteria stocks were thawed on ice,
washed once with 40 mL PBS, and reconstituted in PBS to the desired concentration
(1 × 1010 CFU/mL) based on the optical density of the suspension (OD595 = 1; equals
2.6 × 108 CFU/mL). The actual bacterial dose was determined by plating serial dilutions
of the inoculum on LB agar plates right after intranasal colonization. Plates were incubated
over night at 37 ◦C and CFU were counted the following day.

2.10. Preparation of Substances for Intranasal Application

For initial experiments, ATA was dissolved in three different carrier substances for
intranasal application: Poloxamer 407, Softisan 649/Vaseline 9:1, and PBS. Poloxamer
407 powder (Sigma-Aldrich, Darmstadt, Germany) was dissolved in sterile distilled water
to the desired concentration and homogenized over night by gently shaking at 4 ◦C. This
substance was stored at 4–8 ◦C and maintained on ice before intranasal inoculation. Softisan
649/Vaseline 9:1 (w/w) (Fagron GmbH & Co. KG, Barsbüttel, Germany), hereafter referred
to as S/V, was warmed up to 65–80 ◦C for 10–30 min to obtain a liquefied solution suitable
for pipetting. Since mupirocin 2% (Turixin®, GlaxoSmithKline GmbH & Co, München,
Germany) was also formulated with S/V, this drug was also liquefied by warming to
80 ◦C for 15 min to enable pipetting of small volumes. ATA (Sigma-Aldrich, Darmstadt,
Germany) was dissolved in sterile distilled water to 10–20%, thereafter diluted to the
required concentration with Poloxamer (20% w/v) or with liquefied S/V.
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2.11. Treatment of Colonized Mice with Drug Carriers, ATA and Mupirocin

To exclude a direct effect of the drug carrier itself on the bacterial load, we determined
the impact of the three drug carriers PBS, 20% Poloxamer 407, and Softisan 649/Vaseline 9:1
(w/w) in a persistent S. aureus nasal colonization model. Mice were colonized intranasally
with 0.7–1.0 × 108 CFU S. aureus JSNZ (5 μL per nostril) under mild isoflurane anesthesia.
Starting on day 3 after colonization, mice were treated once daily for 7 consecutive days
with 10 μl of the respective carriers or left untreated. All substances were applied into the
nasal cavity using a Hamilton© syringe (100 μL Microliter Syringe, 22s-gauge, Hamilton,
Bonaduz, Switzerland) with a shortened and blunted needle. The blunted needle was
inserted a few millimeters into the anterior nares to ensure application of the substances
within the nasal cavity. Gastrointestinal colonization was examined via stool samples that
were collected from individual mice in septic cages on day 0, 3, 6, and 10 after colonization.
Mice were weighed and visually inspected for any symptoms of infection on a daily basis.
On day 6 and 10 after colonization, mice were sacrificed by isoflurane overdose. The
nose including the nasal cavities as well as the cecum were collected for evaluation of the
bacterial load.

To determine the anti-adhesive capacity of ATA, mice were colonized with JSNZ for
three days as described above and afterwards treated once per day for consecutive 7 days
with ATA or left untreated. Five microliters of ATA were slowly applied in each nostril
(10 μL in total) using the blunted Hamilton© syringe. The compound was applied at
different concentrations (0.5%, 2%, 5%, or 10%) in two different carriers. ATA-Poloxamer
was cooled on ice while ATA-S/V was warmed to 65–80 ◦C to turn liquid before intranasal
application. The reference substance mupirocin was liquefied at 65–80 ◦C and applied in
the clinically used dose of 2.0% (5 μL/nostril) following the same procedure. Both ATA
and mupirocin were not affected by heating in this temperature range as verified by LC-MS
controls and mupirocin sensitivity testing, respectively (data not shown) [8]. Animals were
sacrificed by isoflurane overdose after 0, 3, or 7 days of treatment, and nose and cecum
were obtained as detailed above.

2.12. Determination of the Bacterial Load

Stool samples were adjusted to 0.2 g/mL with sterile PBS followed by homogenization
for 20 min at 1400 rpm and 4 ◦C using a Thermo Mixer C shaker (Eppendorf, Hamburg,
Germany). The nose and cecum were weighed, transferred to autoclaved homogenizer
tubes containing zirconium oxide beads (diameter: 1.4/2.8 mm, Precellys, France), and
filled up with 1 mL sterile PBS. Cecum samples were homogenized at 6000 rpm for 2 × 20 s
with a 15 s interval. Noses were homogenized at 6500 rpm for 2 × 30 s with a 5 min
interval. Homogenized samples were serially diluted; 10 μL of each dilution were plated
out in triplicate on S. aureus Chromagar plates (CHROmagar, France) and enumerated the
next day.

2.13. Ethics Statement

Animal experiments received ethical approval from the responsible State authori-
ties (Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-
Vorpommern, 7221.3-1-018/19). The experiments were performed in accordance with the
German Animal Welfare Act (Deutsches Tierschutzgesetz), the EU Directive 2010/63/EU
for animal experiments and the Federation of Laboratory Animal Science Associations
(FELASA). All animal experiments comply with the ARRIVE guidelines.

2.14. Statistics

Data analysis was performed using the GraphPadPrism6 package (GraphPad Software,
Inc., La Jolla, California, USA). Group-wise comparisons were conducted using the Mann-
Whitney test or Welch’s unpaired t-test, as indicated in the particular graph. Paired samples
(i.e., disease activity scores) were compared using the Friedman test and Dunn’s multiple
comparison test for post hoc analyses.
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3. Results

3.1. Development of a Screening Method for the Identification of S. aureus Adhesion Inhibitors

Our first aim was the development of an automated microscopy-based method that
allows the screening of several thousand substances for compounds that inhibit the adhe-
sion of S. aureus to human lung epithelial cells (A-549) [17,32–34]. Since the bacteria were
found to adhere to the plastic surface of the microtiter plates (not shown), it was important
to grow the A-549 cells to a dense confluent layer before performing the adhesion assay.
Initial experiments showed a linear correlation between the amount of bacteria used and
the bacterial adhesion to A-549 cells (Figure S1). For the subsequent screening campaigns
we found an intermediate amount (OD600 = 0.25, corresponding to 2.5 × 107 CFU/mL) to
be optimal for the performance of the assay. An incubation time of one hour at RT was
found most suitable, since longer incubation times or higher temperatures led to a bias due
to bacterial proliferation and/or compounds that have an influence on bacterial growth
rather than on adhesion. For the reliable detection and quantification of the bacteria in the
automated microscope, fluorescence labeling was employed, and several methods were
evaluated, including pre-incubation of the bacteria with fluorescein isothiocyanate (FITC)
and Syto 9. The most suitable approach was paraformaldehyde fixation at the end of the
incubation period, followed by the staining of adherent bacteria with a commercial primary
antibody against S. aureus lipoteichoic acid and an Alexa Fluor 488-conjugated secondary
antibody, together with DAPI staining of the eukaryotic cell nuclei.

During assay development, we investigated the adhesion of S. aureus N315 to A-549
cells in relation to the growth phase. S. aureus was cultivated for 2 h, 4 h, 6 h, 8 h, 19 h,
and 24 h in BHI, harvested, washed, and resuspended in infection medium. The adhesion
of overnight grown bacteria was comparable to the adhesion of mid-log phase bacteria
(Figure S2). For technical reasons we preferred to use overnight cultures in our approach.

The adherence was measured with an automated microscope by a quantitative de-
tection of the ‘vesicle area per cell’, the “vesicles” representing the Alexa Fluor-labeled
bacteria and the “cells” the DAPI-stained nuclei of the A-549 lung epithelia. In parallel, ad-
herent bacteria were quantified by scanning the plates with a fluorescence microtiter plate
reader. The microscopic approach led to more reliable and reproducible values than the
data obtained with the microtiter plate reader. The reliability of both assays was assessed
by performing the adhesion test in 92 wells without addition of compounds, including
controls (Figure S3). For the microscopy-based test, the Z’ factor was determined to be 0.54,
which was considered to be of sufficient quality for the screening procedure [35], whereas
the Z’ factor for the microtiter plate-based test was only 0.12 and considered insufficient.

The functionality of the assay in terms of the detection of influences on adhesion
was validated with the S. aureus wild type strain SA113 and its isogenic mutant SA113
Delta tagO, whose efficiency of adhesion was reduced by approximately 50% as shown
before [34]. Different ratios of bacteria to A-549 cells showed the expected differences
between the strains (Figure S1).

The cell nuclei and the adherent bacteria were reliably identified by automated mi-
croscopy and image analysis. As illustrated in Figure 1, there was a good match between
the microscopic pictures of the bacteria and the A-549 cells after adhesion, fixation, and
fluorescence staining (upper pictures) and the results from the automated image analysis
and the labeling of the recognized structures (lower pictures). By staining the cytoplasm
of the A-549 cells in addition to the cell nuclei and the bacteria, we verified during the
assay development that the bacteria did not migrate from their initial attachment site
on the A-549 cells to sites on the well surface where the eukaryotic cells have been de-
tached during the washing procedures (Figure S4). To conclude, the established automated
microscope-based approach enabled the quantitative investigation of adhesion processes
in microtiter plates and additionally revealed morphological changes that are induced to
the cells upon exposure to the tested substances.
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Figure 1. Identification of adherent bacteria by automated microscopy and image analysis. Adhesion
of wild type Staphylococcus aureus SA113 (left) and S. aureus SA113 Delta tagO (right) to A-549
cells is depicted. Cell nuclei were stained with DAPI (upper panel, blue and lower panel, green)
and bacteria were stained with a primary antibody against teichoic acid and an Alexa 488-labeled
secondary antibody (upper panel, green and lower panel, red). Upper panel: Images acquired with
the automated microscope after washing and staining; lower panel: Bacterial and epithelial cell
areas as identified by the imaging software MetaXpress with the module “Transfluor” and the mode
“Vesicle area per cell”, based on the microscopic images shown in the upper panel. A bacterial density
of OD600 = 0.1 has been used (for quantification please refer to Figure S1).

3.2. Screening of Compound Libraries for S. aureus Adhesion Inhibitors

After the optimization and validation of the assay conditions, bacterial adhesion was
investigated in a screening approach with 4208 compounds (Table 1) at 20 μM concentration
in duplicate. The compound collection consisted of six different parts. Our in-house
collection of secondary metabolites from myxobacteria (part 1) is a unique source of highly
bio-active compounds. Many of those compounds have shown antibacterial, antiherbal,
cytotoxic, and other properties and are the focus of ongoing investigations by us and many
others [27,29]. The LOPAC collection of pharmacologically active compounds (part 2) is a
broad collection of a large number of drugs and drug-like molecules, most of which have
already been studied in preclinical and clinical investigations. Hits that would be derived
from the collection have the advantage that an approval as a drug can be aided by prior
data that is already available, which may speed up the process considerably and reduce cost
(“drug repurposing”). Our front-runner ATA was part of the LOPAC collection. The VAR
collection (part 3) is also unique at our institute and provides a variety of unusual structures
that are not found in most commercial substance collections and extended the “structure
space” of our screening campaign considerably. The linear and cyclic peptides (part 4–6)
are consisting of sublibraries with defined and randomized positions. Such libraries have
been used successfully in other screening approaches by employing an iterative stepwise
procedure to enhance biological activities. We considered this combination of unique and
drug-like structures a solid basis for our project.

The adhesion inhibitor polyinosinic acid was used at 50 μg/mL as a positive control
in each microtiter plate [36]. In the primary screen, 62 compounds were found to be active
with at least 30% reduction of adhesion (Supplementary Tables S1 and S2). Substances
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that caused substantial loss of eukaryotic cells during the incubation were excluded from
further testing. An advantage of using the automated microscope was the possibility to
reinvestigate wells individually by visual inspection of the pictures that were recorded.
Since the ratio of bacteria to cell nuclei was determined, the approach was, contrary to
the microtiter plate readings, insensitive to partial losses of the epithelial cells during the
washing procedures. The antimicrobial effect of the initial hits was evaluated in a broth
dilution assay (MIC determinations). Substances with MIC values below 100 μM were
excluded from further testing. After the re-evaluation process three compounds were
identified that reliably and selectively reduced bacterial adhesion without detaching the
eukaryotic cells and with MIC values > 100 μM (Table S3 and Figure S5; for structures see
Figure 2B and Figure S6).

3.3. ATA Inhibited S. aureus Adhesion to Epithelial Cells In Vitro

The most active substance found in the screen was polyaromatic aurintricarboxylic
acid (ATA, Figure 2B), which reproducibly reduced bacterial adhesion with a half-maximal
inhibitory concentration (IC50) of 0.95 μg/mL. The maximum effect size was a reduction
of adhesion to ca. 20% of the original value; this was reached at a compound concentration
of approximately 2.2 μg/mL (Figure 2A).

Over the course of the adhesion experiment, ATA did not cause any apparent mor-
phological effect on the A-549 cells. In addition, bacterial growth was not impaired by ATA
up to a concentration of 42 μg/mL (100 μM, data not shown). In order to assess whether
ATA exerts cytotoxic effects, an MTT test with A-549 cells was carried out. After 24 h of
incubation, ATA caused less than half-maximum inhibition of metabolic activity of the
A-549 cells up to the highest test concentration of 370 μg/mL (data not shown). Toxicities
for ATA in mice have been reported before. A dose of 100 mg/kg/day per day i.p. was
found to be lethal, whereas 30 mg/kg/day was not [37].

To analyze the activity of ATA towards different S. aureus strains, three clinical isolates
of S. aureus were used, strain 50,307,270 (rifampicin resistant), strain 50,128,509 (MRSA),
and strain 50,046,981 (MSSA). ATA could inhibit the adhesion of all strains with a potency
that was equal to or higher than that found for N315 (Figure 2C).

Next, the effect of ATA on HNEPC was investigated. The results obtained with the
immortalized epithelial cell line A-549 could be confirmed: The adhesion of S. aureus N315
to the primary cells was reduced with an IC50 of approximately 1 μg/mL (Figure 2D).
Again, ATA did not completely block adhesion, but reduced it to approximately 40% of the
original level.

In the primary screening assay, the compounds were already present when bacteria
were added to the host cells. Thus, the assay mimics a preventive setting. In order to
investigate whether ATA might also work in a therapeutic setting, its effect on already
adherent bacteria was investigated next. For this purpose, A-549 cells were precolonized
with S. aureus N315 for one hour, followed by the removal of non-adherent and planktonic
bacteria by washing. Further incubations from one to five hours with 0.95 μg/mL and
2.2 μg/mL ATA (corresponding to the IC50 and maximal effective concentrations, respec-
tively) were carried out. In comparison to the controls without an active compound, ATA
was able to reduce the number of bacteria from precolonized A-549 cells in a dose- and
time-dependent manner (Figure 2E). This demonstrates that ATA can disrupt an already
existing bacterial adhesion, which suggests that ATA might be used in both preventive and
therapeutic settings.
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Figure 2. Aurintricarboxylic acid (ATA) inhibited S. aureus adhesion to A-549 cells and to human primary epithelial cells in
a dose-dependent manner and reduced precolonization. (A) Adhesion of S. aureus N315 to A-549 cells was determined in
the presence of different concentrations of ATA using the microscopic adhesion assay; Mean and standard deviation for
three replicates are depicted. (B) Structure of ATA in its monomeric form. (C) ATA reduced the adhesion of S. aureus clinical
isolates to A-549 cells. Mean and standard deviation for two replicates are depicted. * p < 0.4, ** p < 0.003, ns = not significant,
as compared to control according to Welch’s unpaired t-test. (D) Adhesion of S. aureus to primary epithelial cells from
human nares (HNEPC) in presence of ATA. Mean and standard deviation for three replicates are depicted. (E) Application
of ATA to A-549 cells that were pre-colonized with S. aureus N315 resulted in the time-dependent detachment of the bacteria;
incubation times are indicated. The values for each time point are related to controls without ATA. Mean and standard
deviation for three replicates are depicted. * p < 0.014, ** p < 0.01, ns = not significant, as compared to control according to
Welch’s unpaired t-test.
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3.4. Drug Carriers Did Not Interfere with S. aureus Colonization

A suitable drug carrier has to distribute the active compound throughout the nasal
cavity to facilitate S. aureus elimination [38], without affecting the bacterial load itself. In a
pilot experiment, we compared the intranasal distribution of three drug carriers, Poloxamer
407, S/V, and PBS. We mixed them with Evans blue to visually inspect their distribution
in the nasal cavity. Poloxamer 407 and S/V were chosen because of their very different
viscosity and physical properties, which could influence their distribution in the nasal
compartments. Whereas S/V is highly viscous at room temperature and needs to be
warmed up to become liquid and pipettable, Poloxamer 407 is liquid at low temperature
and turns into a gel at 37 ◦C. All substances were applied into the nasal cavity by inserting a
Hamilton© syringe with a shortened and blunted needle a few millimeters into the anterior
nares. All three substances spread equally well throughout the entire nasal cavity 30 min
after application. They were found in the ventral region close to the nares, along all nasal
turbinates, and also in the most dorsal regions, such as the nasopharynx (data not shown).

Next we studied the influence of the carrier substances on S. aureus colonization in vivo
using a new mouse model of S. aureus nasal colonization/decolonization established by our
group [21,22]. Mice were intranasally inoculated with the mouse-adapted S. aureus JSNZ
strain to induce persistent colonization. Mice were colonized with JSNZ for three days
and subsequently treated daily with Poloxamer, S/V or PBS without the active compound
for 3 to 7 days. As expected, S. aureus JSNZ persistently colonized the nasopharynx and
gastrointestinal tract of mice throughout the experiment (Figure 3). The tested drug carriers
did not impact on S. aureus colonization, as reflected by constant bacterial loads in the
nose, cecum, and feces. This advantageous result is in strong contrast to our preliminary
findings in the cotton rat model (see below). A complete elimination of S. aureus in the
nose and cecum was only observed in a single mouse treated for 3 days with S/V. These
experiments demonstrated that all tested carrier substances are suitable for the delivery of
candidate drugs in our S. aureus nasal colonization/decolonization model.

3.5. ATA Failed to Induce S. aureus Decolonization, While Mupirocin Was Highly Effective

Finally, we investigated whether the hit compound ATA reduces S. aureus nasal burden.
We used Poloxamer and S/V as drug carriers. After three days of bacterial colonization,
mice were treated for 7 consecutive days with ATA ointment in two different doses (0.5%
and 2%). Its effect on the S. aureus load was compared with the human therapeutic agent
mupirocin. As expected, the antibiotic mupirocin eradicated S. aureus from the nasal region
even in a short treatment regime of 3 days (Figure 4A). Although applied only to the nasal
cavity, mupirocin also eliminated S. aureus from the gastrointestinal tract of most mice
within 7 days of treatment (Figure 4B,C). In contrast, ATA did not reduce the S. aureus
burden in the nose, cecum or feces. This was true at concentrations of 0.5% (2.5 mg/kg body
weight) or 2% (10 mg/kg body weight) and in combination with Poloxamer or S/V. Even
very high ATA concentrations of up to 10% just reaffirmed the inefficacy of the compound
in reducing S. aureus colonization. On the contrary, ATA treatment even increased the
median nasal burden of S. aureus JSNZ (Figure 4). Moreover, mice treated with 10% ATA
showed a slight reduction of weight when compared with untreated mice, resulting in
a significantly higher disease activity index of this group (p = 0.0473 for 10% ATA-S/V;
Figure S7). Altogether, the in vivo experiments demonstrate the robustness and suitability
of our murine S. aureus nasal colonization/decolonization model for testing candidate
drugs for S. aureus decolonization. ATA, however, failed to induce S. aureus decolonization.
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Figure 3. Drug carriers did not interfere with the bacterial burden in a persistent S. aureus colonization model. Female
C57BL/6N mice were colonized intranasally with 0.7–1.0 × 108 CFU S. aureus JSNZ. Starting on day 3 after colonization, mice
were treated once daily for 7 consecutive days with 10 μL of the carrier substances PBS, Softisan 649/Vaseline, Poloxamer
407 or left untreated. The S. aureus burden was determined in the homogenized nose (A), cecum (B), and feces (C) 0, 3, and
7 days after starting the treatment. The detection limit is indicated by a dashed line; medians are indicated. Data were
pooled from two independent experiments with 4 mice/group. Abbreviations: Ctrl—control; PBS—phosphate-buffered
saline; Pol.—Poloxamer 407; S/V—Softisan 649/Vaseline 9:1 (w/w).
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Figure 4. Mupirocin eradicated S. aureus colonization, while ATA was not effective. Female C57BL/6N mice were colonized
intranasally with 0.7–1.0 × 108 CFU S. aureus JSNZ. After three days of colonization, mice were treated on a daily basis for
7 days with 10 μL 2% Mupirocin or ATA in different concentrations (0.5%, 2.5%, 5% or 10%) using Softisan 649/Vaseline or
Poloxamer 407 as drug carrier. Groups receiving 5% or 10% ATA were only analyzed at day 7. A control group remained
untreated. The S. aureus bacterial load was determined in the homogenized nose (A), cecum (B), and feces (C) 0, 3, and
7 days after starting the treatment. The detection limit is indicated by a dashed line; medians are indicated. Data were pooled
from two independent experiments with 4 mice/group. Statistics: Groups were compared with Ctrl using Mann-Whitney
test, * p < 0.05, ** p < 0.01. Abbreviations: Ctrl—control; Pol.—Poloxamer 407; S/V—Softisan 649/Vaseline 9:1 (w/w).
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4. Discussion

Due to increasing numbers of mupirocin-resistant S. aureus, new decolonization ap-
proaches are urgently required. In this study, we investigated pathoblockers, which means
compounds that reduce the pathogenicity of the bacteria without interfering with their
viability. Hence, adhesion inhibitors should exert less selection pressure than antibiotics
and reduce the development of resistances. In accordance with this goal, we have sorted
out compounds that showed antimicrobial effects (MIC values) below 100 μM in our further
evaluation of the initial hits.

Our first task was the development of a method that allows the screening of several
thousand substances for compounds that inhibit the adhesion of S. aureus to epithelial cells.
For this purpose, an automated microscope was employed that allows the quantitative
investigation of adhesion processes in microtiter plates and that can in addition be used to
reveal morphological changes that are induced to the cells by the influence of the substances.
Studies of the adhesion of bacteria to respiratory epithelial cells are frequently carried out
with the human lung epithelial cell line A-549 [17,24–32], which was also employed in the
present investigation.

In the human nose S. aureus is in a constant process of exponential growth due to ongo-
ing excretion and shedding [39]. Such a situation suggests good chances for a therapeutic
application of adhesion inhibitors. We report a medium throughput screening of more than
4.000 compounds for S. aureus adhesion inhibitors and the subsequent characterization of
ATA, which was identified as the most potent compound in this assay. Our method works
with unlabeled bacteria and eukaryotic cells during the adhesion process, which offers the
possibility to use unmodified wild type bacterial strains and to capture any influences of the
test compounds on the morphology of the eukaryotic cells in the initial screening campaign.
This is an advantage over previously published procedures, as it allows the rapid exclusion
of compounds that exert their effect mainly through toxic effects on the eukaryotic cells. It
is likely that the approach for identifying adhesion inhibitors presented in this study can be
applied to other settings, where the adhesion of pathogens to epithelial cells or eukaryotic
cells in general is of interest. Bacterial adhesion to epithelial cells is the important first
step in many clinically significant conditions, like the infection of the urinary tract with
Escherichia coli [40], the colonization of the lungs with Pseudomonas aeruginosa [41] or the
adherence of Streptococci to the pharynx [42]. By employing specific and adequate staining
procedures, the approach described in this study can be adopted to the particular setting.

The number of bacteria that may have internalized into the A-549 cells has not been
determined in our current protocol. Previous studies reported a low internalization rate
with only 15% of A-549 cells being infected and low bacterial numbers per cell after 1.5 h of
incubation [43]. Therefore, we do not expect a relevant influence of internalization events
on our results.

For ATA several biological functions have been described [44–50], but the finding
that ATA potently prevents the adhesion of S. aureus to epithelial cells was new. It should
be noted that ATA, which is shown in its monomeric form in Figure 2B, has a strong
tendency to oligomerize, which results in polyanionic structures [51]. We speculate that
the activity of ATA to reduce adhesion of S. aureus to epithelial cells might be linked to its
acidic functions, because several other polyanionic substances like polyinosinic acid and
sulfated polysaccharides are known to inhibit the cellular adhesion of S. aureus [35,52–54].
Whereas the polypharmacological properties and the limited chemical stability render a
systemic use of ATA challenging, a topical administration for the decolonization of the
nose appeared attractive based on the cellular data.

Apart from the anti-adhesive effect reported here, ATA can act as a S. aureus pathoblocker
by potent inhibition of Stp1 [55]. Stp1 is a Ser/Thr-phosphatase involved in the global
regulation of staphylococcal virulence factors, such as alpha-hemolysin and leukocidins,
immune-evasion molecules, such as SCIN and CHIPS, as well as capsular polysaccharide
synthesis enzymes [56–59]. Hence, Stp1 inhibition switches S. aureus from an invasive, virulent
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state to a more silent, immune-evasive state. Administration of ATA significantly reduced the
severity of staphylococcal infection in a murine abscess formation model [55].

ATA is also well-known as a small molecule inhibitor of nucleases and nucleic acid-
binding enzymes [60]. Diverse studies have reported that ATA inhibits the replication
of a variety of viruses in vitro by interference with viral polymerases and RNA-binding
proteins [61–63]. Moreover, ATA compromised bacterial biofilm formation by limiting
protein-nucleic acid interaction [64]. Whether this is also relevant to S. aureus biofilms,
which are also composed of eDNA, remains to be investigated.

Despite being the top candidate in the in vitro screening approach, ATA was ineffective
in promoting S. aureus decolonization in our mouse S. aureus colonization model, but even
increased the bacterial burden when applied intranasally in a higher dose (10% ATA, equals
50 mg/kg body weight/day). We suggest that the anti-adhesive effect of ATA observed in
our in vitro assay could have been masked in vivo by its anti-inflammatory activity [65–68].
It is well known that the innate and adaptive immune responses are critical for the clearance
or persistence of S. aureus nasal colonization [69–71]. ATA, however, can inhibit innate
and adaptive immune responses in many ways. The compound interferes with JAK-STAT
signaling, thereby inhibiting IFN-G-induced iNOS expression [68]. Moreover, ATA is able
to block chemotaxis of dendritic cells and T cells [67], to inhibit complement activation
in vitro [65], and to convert naïve CD4+ T cells into FoxP3+ regulatory T cells [66]. Collectively,
these mechanisms could reduce the immune response against the colonizing staphylococci
and thereby enhance bacterial persistence in the nasal cavity. In consequence, such an
anti-inflammatory effect could override the anti-adhesive properties of ATA in the nasal
colonization model. ATA’s anti-inflammatory effect could also explain other cases where a
protective effect shown in vitro could not be reproduced in the living organism. In line with
our data, intraperitoneal injection of ATA enhanced disease severity in murine models of
vaccinia virus and orbivirus infection [44,72].

The in vivo evaluation of novel decolonization drugs requires a robust and persis-
tent S. aureus colonization model with high discriminatory power between treated and
untreated animals. In the past, researchers usually colonized laboratory mice with human-
adapted clinical S. aureus isolates. Due to poor adaptation to the murine environment,
human S. aureus isolates usually do not consistently colonize mice and are frequently elimi-
nated from the murine nasal cavity within days [12,21,73,74]. Nevertheless, several drug
candidates were investigated using this model [8,12]. However, the variable colonization
rate and the rapid natural decolonization strongly reduced the signal-to-noise-ratio in these
studies [12].

In search for a more robust and reliable animal model, Kokai-Kun et al. established a
nasal colonization model in cotton rats [11]. In cotton rats there is consistent and persistent
high-level (~5000 CFUs/nose) nasal colonization by S. aureus and consequently a high
discriminatory power. This model has been used over the past two decades to evaluate
antimicrobials, e.g., lysostaphin [11], cationic methacrylate polymers [13], epidermicin [75],
and antimicrobial peptides [76]. Cotton rats are highly excitable rodents and hence much
more difficult to handle than mice [77]. We carried out initial studies with ATA in the cotton
rat model using human-adapted S. aureus strains. However, several drug carriers without
drug led to a drastic decrease of the nasal bacterial load within just a few days, which
made it impossible to discern any additional drug-related effect (data not shown). Hence,
it is essential that the drug carrier distributes the active compound throughout the nasal
cavity to facilitate S. aureus elimination [38], but does not affect the bacterial load itself.
In our study, all three tested substances (Poloxamer 407, S/V, and PBS) spread equally
well throughout the entire nasal cavity 30 min after application and did not impact on the
S. aureus density in the nose.

We have recently reported that laboratory and wild mice are natural hosts of S. aureus,
and that their colonizing strains show features of adaptation to their murine host. The
prototype of these mouse-adapted strains, JSNZ, can colonize the murine nose and gas-
trointestinal tract for several weeks [21,59]. Colonization was induced in all inoculated
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animals with average nasal colonization loads even higher than in the cotton rat model
(2 × 105 CFU/g nose tissue, corresponding to 4 × 104 CFU/nose). Our consistent and
reproducible S. aureus colonization model now enables researchers to reliably evaluate
novel decolonization drugs in the mouse.

The validity of our animal model is underlined by the results of mupirocin treatment,
which served as benchmark for S. aureus decolonization. After three days of treatment
nasal decolonization was 100%, decolonization of the gastrointestinal tract took a few days
longer. In studies with mice that were colonized with human S. aureus strains or that used
the cotton rat model, mupirocin frequently failed to completely decolonize the nose even
at the clinically effective concentration of 2% mupirocin [8,12,13,76]. Apart from the animal
model, this might also be due to differences in the experimental settings such as different
application modes and schemes. Moreover, the employed carrier substances could have an
impact on the spatial distribution of mupirocin within the nasal cavity and its release over
time [11].

5. Conclusions

Adhesion inhibitors are a promising, but yet underexplored option to prevent or
eliminate S. aureus colonization. The microscopy-based screening presented here is a
powerful method to identify and test new S. aureus adhesion inhibitors. Our adhesion
assay works with unlabeled bacteria and eukaryotic cells, which offers the possibility to use
unmodified wild type bacterial strains and to capture any influences of the test compounds
on the morphology of the eukaryotic cells in the initial screening campaign. Hence, it
allows the rapid exclusion of compounds that exert their effect mainly through toxic effects
on the eukaryotic cells. Importantly, this approach can be applied to other settings where
the adhesion of pathogens to epithelial cells or eukaryotic cells in general is of interest.

The mouse-adapted strain JSNZ induces persistent nasal colonization and therefore
provides an excellent tool for testing drug candidates against S. aureus nasal colonization
in mice. In contrast to previous models using human-adapted S. aureus strains in mice, this
model has a high discriminatory power between treated and untreated animals. While
cotton rats can also be persistently colonized with S. aureus, their handling is much more
difficult and less molecular tools are available to study the host response in detail. Even
though our first candidate ATA failed to decolonize S. aureus from the murine nose, we are
optimistic that our screening approach and persistent colonization model will provide a
powerful tool for identifying effective antibacterial drugs in the future.
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Abstract: Carbon catabolite repression (CCR) is a common mechanism pathogenic bacteria use to
link central metabolism with virulence factor synthesis. In gram-positive bacteria, catabolite control
protein A (CcpA) and the histidine-containing phosphocarrier protein HPr (encoded by ptsH) are the
predominant mediators of CCR. In addition to modulating CcpA activity, HPr is essential for glucose
import via the phosphotransferase system. While the regulatory functions of CcpA in Staphylococcus
aureus are largely known, little is known about the function of HPr in CCR and infectivity. To address
this knowledge gap, ptsH mutants were created in S. aureus that either lack the open reading frame
or harbor a ptsH variant carrying a thymidine to guanosine mutation at position 136, and the effects
of these mutations on growth and metabolism were assessed. Inactivation of ptsH altered bacterial
physiology and decreased the ability of S. aureus to form a biofilm and cause infections in mice. These
data demonstrate that HPr affects central metabolism and virulence in S. aureus independent of its
influence on CcpA regulation.

Keywords: Staphylococcus aureus; physiology; metabolism; carbon catabolite repression; CcpA; HPr

1. Introduction

Carbon catabolite repression (CCR) is a common regulatory mechanism of bacteria
to coordinate central metabolism with available carbon source(s) [1]. By modulating
transcription of genes encoding proteins involved in the import and catabolism of carbon
metabolites, bacterial CCR facilitates the efficient use of available carbon sources [1]. In
pathogenic bacteria, regulators of CCR often affect transcription of virulence factors that
are important for the exploitation of host-derived nutrient sources [2].

Staphylococcus aureus is a gram-positive opportunistic pathogen and a frequent cause of
nosocomial infections in which central metabolism and infectivity are linked by numerous
regulatory factors, including the catabolite control proteins A (CcpA) and E (CcpE), CodY,
Rex, RpiRc, and SrrAB [3]. CcpA, a member of the GalR-LacI repressor family [4], is
thought to be the major factor regulating CCR in S. aureus by binding catabolite-responsive
element (cre) sequences of target genes [5]. Depending on the cre sequence location in
the promotor region, the binding of CcpA results in either activation or repression of
transcription [6]. Studies using Bacillus megaterium and Streptococcus pyogenes demonstrated
that the binding affinity of CcpA for cre sites is low, but can be increased drastically by
complex formation with the histidine-containing phosphocarrier protein (HPr), encoded
by ptsH [7,8]. Electrophoretic mobility shift assays suggest this is also true in S. aureus [6],
although CcpA can also bind to cre sites in the absence of HPr [9]. Activity of HPr is
dependent on at least two phosphorylation sites, namely amino acids histidine 15 (His-15)
and serine 46 (Ser-46) [1]. For complex formation with CcpA, HPr must be phosphorylated
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on Ser-46 [7]. This ATP-requiring process is catalyzed by the HPr-kinase/phosphorylase
(HPrK/P), which is regulated in a dose-dependent manner by the glycolytic intermediate
fructose-1,6-bisphosphate (FBP) [10]. For this reason, the amount of Ser-46 phosphorylated
HPr (P-Ser-HPr) is closely connected with glycolytic activity of the cell and the uptake of
sugars. Sugar uptake in bacteria is predominantly mediated by the phosphotransferase
system (PTS), consisting of three main components: HPr, enzyme I (EI), and enzyme II
(EII) [11]. In a first step, HPr is phosphorylated at His-15 (P-His-HPr) by E1, using the
glycolytic intermediate phosphoenolpyruvate as the phosphate donor. The phosphate
group is transferred to the substrate by EII, which translocates and phosphorylates the
sugar into the cell at the same time. Activated glucose, namely glucose 6-phosphate, then
enters glycolysis [12]; hence, HPr connects glycolytic activity with CCR via its dual role in
sugar uptake through the PTS and as an activator of CcpA [13,14].

Numerous genes have been identified to be regulated on the transcriptional level by
CcpA in S. aureus [15–17]. In addition to genes/operons involved in carbon catabolism,
the synthesis of factors associated with biofilm formation and virulence of S. aureus are
also influenced by CcpA [6,15–21]. Specifically, CcpA promotes transcription of the ica-
operon and cidA [19], encoding proteins needed for polysaccharide intercellular adhesion
(PIA) synthesis and extracellular DNA release, respectively [22,23]. These observations are
consistent with the fact that deletion of ccpA abrogates biofilm formation under glucose-
rich conditions. [19]. Furthermore, inactivation of ccpA in S. aureus reduces the formation
of liver and skin abscesses in mouse models of infection [6,24,25]. Taken together, these
observations demonstrate the linkage between CcpA, glucose catabolism, and virulence in
S. aureus; however, the function of HPr remains largely unknown. Here, we characterize the
function of HPr of S. aureus in the context of carbon metabolism, growth kinetics, biofilm
formation, and in vivo infectivity in different murine infection models.

2. Materials and Methods

2.1. Bacterial Strains and Plasmids

The bacterial strains and plasmids used in this study are listed in Table 1. All mutant
strains generated for this study were confirmed by sequencing of the affected region, and by
assessing gene transcription by quantitative real-time reverse transcriptase PCR (qRT-PCR).

Table 1. Strains and plasmids used in this study.

Strain Description 1 Reference or Source

S. aureus
Newman Mouse pathogenic laboratory strain (ATCC 25904) [30]
RN4220 NCTC8325-4 derivative, acceptor of foreign DNA [31]
SA113 PIA-dependent biofilm producer (ATCC 35556), agr rsbU [32]
Nm ccpA MST14; Newman ΔccpA::tet(L); TcR [15]
Nm ptsH Newman ΔptsH::lox72 This study
Nm ptsH-aph Newman ΔptsH::lox66-aphaIII-lox71; KanR This study
Nm ptsH::ptsH Newman ΔptsH::pBT ptsH; TcR This study
Nm ptsH* Newman ΔptsH::lox72 pBTptsH*; TcR This study
Nm ccpA_ptsH Newman ΔccpA::tet(L) ΔptsH::lox72; TcR This study
RN4220 ptsH RN4220 ΔptsH::lox72 This study
SA113 ccpA KS66; SA113 ΔccpA::tet(L); TcR [19]
SA113 ptsH SA113 ΔptsH::lox72 This study
SA113 ptsH::ptsH SA113 ΔptsH::pBT ptsH; TcR This study
SA113 ptsH* SA113 ΔptsH::lox72 pBTptsH*; TcR This study
SA113 ccpA_ptsH SA113 ΔccpA::tet(L) ΔptsH::lox72; TcR This study
E. coli
DH5α Cloning strain Invitrogen
DC10B Δdcm in the DH10B background; Dam methylation only [28]

44



Microorganisms 2021, 9, 466

Table 1. Cont.

Strain Description 1 Reference or Source

Plasmids
pBT S. aureus suicide plasmid; tet(L) [27]

pBT lox-aph pBT derivative harboring lox66-aphAIII-lox71; tet(L),
aphIII [26]

pRAB1 Temperature sensitive E. coli-S. aureus shuttle plasmid,
expression of cre in staphylococci; cat, bla [29]

pBT ‘ptsI pBT derivative harboring a C-terminal ptsI fragment;
tet(L) This study

pBT ptsH1 pBT derivative harboring a T136G ptsH variant; tet(L) This study

pBT ptsH KO pBT derivative harboring the genomic regions flanking
ptsH and lox66-aphAIII-lox71 of pBT lox-aph; aphIII, tet(L) This study

1 KanR, kanamicin-resistant; PIA, polyintercellular adhesin; TcR, tetracycline-resistant.

2.2. Bacterial Growth Conditions

S. aureus strains were grown in tryptic soy broth (TSB) containing 0.25% (w/v) glucose
(BD, Heidelberg, Germany) or on TSB plates containing 1.5% agar (TSA). Antibiotics were
only used for strain construction and phenotypic selection at the following concentrations:
tetracycline, 2.5 μg/mL; erythromycin, 2.5 μg/mL; kanamycin, 15 μg/mL; and chloram-
phenicol, 10 μg/mL. Bacteria from overnight cultures were diluted in pre-warmed TSB
to an optical density at 600 nm (OD600) of 0.05. All bacterial cultures were incubated at
37 ◦C and 225 rpm with a flask-to-medium ratio of 10:1. Samples for determination of
the OD600, pH, and metabolites were taken every hour. The growth rate (μ) of S. aureus
strains was calculated by the formula (ln OD2–ln OD1)/(t2–t1), with OD1 and OD2 being
the OD calculated from the exponential growth phase at time t1 and t2, respectively. The
generation time of each strain was determined using the formula ln 2/μ.

2.3. Mutant Construction

For the S. aureus ptsH deletion mutants, 1.4- and 1.1-kb fragments (nucleotides 1053472-
1054838 and 1055049-1056169 of GenBank accession no. AP009351.1, respectively), contain-
ing the flanking regions of the ptsH open reading frame (ORF), were amplified by PCR
from chromosomal DNA of S. aureus strain Newman using primer pairs MBH-94/MBH-
112 and MBH-113/MBH-114, respectively (Supplementary Table S1). The PCR products
were digested with KpnI/EcoRI and BamHI/XbaI, respectively, and cloned together with
the EcoRI/BamHI-digested lox66-aphAIII-lox71 resistance cassette obtained from pBT lox-
aph [26] into KpnI/XbaI-digested suicide vector pBT [27] to generate plasmid pBT ptsH
KO. Plasmid pBT ptsH KO was propagated in E. coli strain DC10B [28] and subsequently
electroporated directly into S. aureus strain Newman to obtain strain Newman ΔptsH-
aph, in which nucleotides 8 to 225 of the 267-bp spanning ptsH ORF were replaced by
the lox66-aphAIII-lox71 cassette by allelic replacement. The deletion of ptsH in Newman
ΔptsH-aph was confirmed by PCR, and the strain was then used as a donor for transducing
the lox66-aphAIII-lox71 tagged ptsH deletion into S. aureus strains SA113 and RN4220.
Resistance marker-free ΔptsH::lox72 derivatives were constructed by treatment with a
Cre recombinase expressed from the temperature-sensitive vector pRAB1 [29], which was
subsequently removed from the aphIII-cured derivatives by culturing the strains at 42 ◦C.

For the cis-complementation of the ΔptsH::lox72 mutants, a 1-kb fragment (nucleotides
1055996-1056973 of GenBank accession no. AP009351.1) of the C-terminal region of the
ptsI ORF and the annotated terminator region of the ptsHI operon was amplified by
primers MBH-427/MBH-428 (Supplementary Table S1), digested with EcoRI/KpnI and
cloned into EcoRI/KpnI-digested suicide vector pBT [27] to generate plasmid pBT ‘ptsI.
The plasmid was electroporated into S. aureus strain RN4220, and a tetracycline-resistant
RN4220 derivative that integrated pBT ‘ptsI in its chromosome at the ptsI locus was used as
donor to phage-transduce the tet(L)-tagged ptsI allele into Nm ΔptsH and SA113 ΔptsH,
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respectively, thereby replacing the ptsH::lox72 deletion with the ptsI::pBT ‘ptsI genomic
region containing a functional ptsHI operon.

For the construction of S. aureus ptsH variants harboring a T to G exchange of nu-
cleotide 136 of the ptsH ORF (termed ptsH*), 0.6-kb and 1.1-kb fragments, containing
either the promoter region of ptsH and the N-terminal part of the ptsH ORF (nucleotides
1054446-1054998 of GenBank accession no. AP009351.1) or the C-terminal part of the
ptsH ORF and an N-terminal fragment of the ptsI ORF (nucleotides 1054976-1056121 of
GenBank accession no. AP009351.1) were amplified by PCR from chromosomal DNA of
S. aureus strain Newman using primer pairs MBH-484/MBH-485 and MBH-86/MBH-20,
respectively (Supplementary Table S1). Primer MBH-484 contains a non-complementary
base that introduces a point mutation in the PCR fragment leading to the T136G exchange
of the ptsH ORF. Both PCR products were digested with StyI and subsequently ligated with
T4 DNA-ligase. The ~1.7-kb ligation product was gel-purified, digested with KpnI/PstI,
and cloned into KpnI/PstI-digested pBT to generate plasmid pBT ptsH1 (Table 1). Presence
of the T136G exchange in ptsH* harbored by plasmid pBT ptsH1 was confirmed by sequenc-
ing, the plasmid propagated in E. coli strain DH5α, electroporated into RN4220 ΔptsH,
and selected for tetracycline-resistance. A tetracycline-resistant RN4220 derivative that
integrated pBT ptsH1 at the ptsHI locus was used as donor to transduce the tet(L)-tagged
ptsH* allele into the ΔptsH mutants.

S. aureus double mutants lacking ptsH and ccpA were created by transducing the
tet(L)-tagged ccpA deletion of MST14 into ΔptsH derivatives.

2.4. RNA Isolation and Purification, cDNA Synthesis and qRT-PCR

S. aureus strains were cultivated in TSB as described above. Bacterial pellets were
collected after 2 h and 8 h of incubation by centrifugation at 5000 rpm at 4 ◦C for 5 min,
and immediately suspended in 100 μL ice-cold TE-buffer (10 mM Tris-HCl, 1 mM EDTA,
pH 8). Bacteria were disrupted, total RNA isolated, transcribed into cDNA, and qRT-PCRs
carried out as described previously [33] using the primers listed in Supplementary Table S1.
Transcriptional levels of target genes were normalized against the mRNA concentration of
housekeeping gene gyrB according to the 2−ΔCT method.

2.5. Measurement of pH, Glucose, Acetate, and Ammonium in Culture Supernatants

Aliquots (1.5 mL) of bacterial cultures were centrifuged for 2 min at 10,000× g, and
supernatants were removed, pH measured, and stored at −20 ◦C until further use. Glu-
cose, acetate, and ammonia concentrations were determined with kits purchased from
R-Biopharm (Pfungstadt, Germany) and used according to the manufacturer’s directions.
The metabolite concentrations were measured from at least three independent experiments.

2.6. Biofilm Assays

Biofilm formation under static conditions was assessed as described [19]. Briefly,
overnight cultures were diluted to an OD600 of 0.05 in fresh TSB medium supplemented
with glucose to a final concentration of 0.75 % (w/v), and 200 μL of the cell suspension
was used per well to inoculate sterile, flat-bottom 96-well polystyrene microtiter plates
(BD). After incubation for 24 h at 37 ◦C without shaking, the plate wells were washed twice
with phosphate-buffered saline (pH 7.2) and dried in an inverted position. Adherent cells
were safranin-stained (30 sec with 0.1% safranin; Merck, Darmstadt, Germany) and the
absorbance of stained biofilms was measured at 490 nm after resolving the stain with 100 μL
30 % (v/v) acetic acid, using a microtiter plate reader (Victor2 1420 Multilabel Counter;
Perkin Elmer, Rodgau, Germany).

Biofilm formation under flow conditions was performed as described [34], with minor
modifications: Bacteria from overnight cultures were diluted to an OD600 of 0.05 in fresh
TSB medium supplemented with glucose to a total concentration of 0.75% (w/v) and
cultivated for 2 h at 37 ◦C with shaking at 150 rpm. Flow cells (Stovall Life Science) were
filled with pre-warmed TSB medium supplemented with glucose to a total concentration of
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0.75% (w/v), attached to a peristaltic pump (Ismatec REGLO Digital; Postnova, Landsberg
am Lech, Germany) and inoculated with 0.5 mL of the bacterial cultures. Thirty minutes
after inoculation, the flowrate was set to 0.5 mL/min and chamber. Biofilm formation was
visually documented at different times.

For the assessment of biofilm formation on medical devices under dynamic conditions,
peripheral venous catheter (PVC, Venflon Pro Safety 18 G; BD) fragments of 1 cm length
were placed into reaction tubes filled with 1 mL of TSB and inoculated with 5 × 105 CFU
of TSB-washed bacterial cells obtained from exponential growth phase (inoculation of TSB
from overnight cultures to an OD600 of 0.05 and incubation for 2.5 h at 37 ◦C and 225 rpm).
The PVC fragments were incubated under non-nutrient limited conditions for five days
at 37 ◦C and 150 rpm, and the media were replaced with fresh media every 24 h. PVC
fragments were placed five days post inoculation into fresh reaction tubes filled with 1
mL of TSB, biofilms were detached from the catheter surface and resolved by sonification
(50 watt for 5 min) followed by 1 min of vortexing. CFU rates and biomasses of resolved
biofilms and culture supernatants at day five post inoculation were determined by plate
counting and OD600 measurements, respectively.

2.7. Primary Attachment Assay on Polystyrene

The primary attachment of bacterial cells to polystyrene surfaces was performed as
described [35], with minor modifications. Briefly, bacteria from the exponential growth
phase (inoculation of TSB from overnight cultures to an OD600 of 0.05 and incubation for
2.5 h at 37 ◦C and 225 rpm) were diluted in TSB to 3000 CFU/mL. 100 μL of the bacterial
inoculum was poured onto polystyrene petri dishes (Sarstedt, Nümbrecht, Germany) and
incubated under static conditions at 37 ◦C for 30 min. After incubation, petri dishes were
rinsed gently three times with 5 mL of sterile PBS (pH 7.5), and subsequently covered with
15 mL of TSB containing 0.8% agar maintained at 48 ◦C. Plates were incubated at 37 ◦C for
24 h. Bacterial attachment to polystyrene was defined as the number of CFU remaining
on the petri dish bottom after washing compared to the number of CFU remaining on the
petri dish bottom without washing.

2.8. Animal Models

All animal experiments were performed with approval of the local State Review
Board of Saarland, Germany (project identification codes 60/2015 [approved 21.12.2015],
and 34/2017 [approved 09.11.2017]), and conducted following the national and European
guidelines for the ethical and human treatment of animals. PBS-washed bacterial cells
obtained from exponential growth phase cultures were used as inoculum.

For the murine abscess model, infection of animals was carried out as described [33],
with minor modifications; specifically, 8- to 12- week-old female C57BL/6N mice (Charles
River, Sulzfeld, Germany) were anesthetized by isoflurane inhalation (3.5%; Baxter, Un-
terschleißheim, Germany) and 100 μL bacterial suspension containing 5 × 107 CFU were
administered intravenously by retro bulbar injection. Immediately after infection, animals
were treated with a single dose of carprofen (5 mg/kg; Zoetis, Berlin, Germany). Behavior
and weight of mice was monitored daily, and four days post-infection, mice were sacrificed,
and livers and kidneys were removed. The bacterial loads in liver and kidney tissues were
determined by homogenization of weight-adjusted organs in PBS (pH 7.4), followed by
serial dilutions on sheep blood agar plates and plate counting after 24 h incubation at 37 ◦C.

For the S. aureus based murine foreign body infection model, implantation of catheter
fragments and infection of animals was carried out as described [36], with minor modi-
fications: 8- to 12- week-old female C57BL/6N mice (Charles River) were anesthetized
by intraperitoneal injection of 0.05 mg/kg body weight fentanyl (Hexal, Holzkirchen,
Germany), 5 mg/kg midazolam (Hameln Pharma Plus, Hameln, Germany) and 0.5 mg/kg
medetomidine (Orion Pharma, Hamburg, Germany). After treatment with a dose of
carprofen (5 mg/kg, Zoetis), the animals were shaved with an animal trimmer (BBraun,
Melsungen, Germany) and depilated with asid-med hair removal cream (Asid Bonz, Her-
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renberg, Germany) on both flanks. The depilated skin was disinfected with ethanol (70%)
and 1 cm catheter fragments (PVC, 14G, Sarstedt) were implanted subcutaneously and
inoculated with 1 × 104 CFU of the respective S. aureus strains. Wounds were closed with
staples (Fine Science Tools, Heidelberg, Germany) and anesthesia was antagonized with
1.2 mg/kg body weight naloxone (Inresa, Freiburg im Breisgau, Germany), 0.5 mg/kg
flumazenil (Inresa) and 2.5 mg/kg atipamezole (Orion Pharma). Behavior and weight of
the animals was monitored daily. Ten days post infection, animals were sacrificed, edema
sizes were measured and photo documented, and catheter fragments with surrounding
tissue were harvested for microbial analyses. Excised tissues were homogenized in 1 mL
TSB with a hand disperser (POLYTRON PT 1200 E; Kinematica, Eschbach, Germany), and
biofilms were detached from the PVC fragments and resolved by sonification (50 watt for
5 min) followed by vortexing (1 min). CFU rates in tissue and of biofilm formed on the
catheter were determined by plating serial dilutions on sheep blood agar plates and plate
counting after 24 h of incubation at 37 ◦C.

2.9. Statistical Analyses

The statistical significance of changes between groups was assessed by one-way
ANOVA followed by Holm-Sidak’s post-hoc tests for experiments containing ≥ 5 biological
replicates using the GraphPad software package Prism 6.01 (San Diego, CA 92108, USA).
p values < 0.05 were considered statistically significant.

3. Results and Discussion

3.1. Growth, pH Characteristics, and Metabolite Profiles Differ between ptsH and ccpA Mutants

To determine if inactivation of ptsH in S. aureus leads to changes in growth and carbon
catabolism, mutants were constructed in the S. aureus laboratory strain Newman (Table 1)
and growth and physiology were assessed (Figure 1). In detail, a mutant lacking ptsH
(ΔptsH) was constructed and cis-complemented (ptsH::ptsH), and a ΔccpA ptsH double
mutant was created (ccpA_ptsH). In addition, a ptsH mutant harboring a point mutation in
the ptsH gene (T136G) leading to the substitution of serine to alanine at position 46 of HPr
(HPr-S46A) was constructed (ptsH*). The phosphorylation at this amino acid represents a
known prerequisite for HPr to activate CcpA in other gram-positive bacteria (14), while
its activity in the phosphotransferase uptake system (PTS) should be unaffected. The
parental strain Newman and the cis-complemented ptsH derivative displayed similar
growth characteristics and comparable generation times, respectively. In contrast, all ptsH
mutants (ptsH, ccpA_ptsH, and ptsH*) had reduced growth rates in the exponential (1–3 h)
and the transition phase (4–6 h) relative to the wild type (Figure 1 and Table 2). Interestingly,
the growth rate of the isogenic ccpA deletion mutant was only slightly diminished relative to
that of strain Newman (Figure 1 and Table 2), and differed significantly from the wild type
only during the transition phase. After 12 h of cultivation, growth yields were comparable
for all strains (Figure 1b), suggesting that neither the lack of CcpA nor HPr has a clear
long-term effect on biomass production of S. aureus cultured in rich medium. This is in line
with earlier findings regarding CcpA [15].

Table 2. Generation time of S. aureus strains cultivated in TSB under aerobic conditions.

Strain Generation Time (min) 1 p Value 2

Newman 28.6 ± 1.9
Nm ptsH 34.8 ± 1.6 <0.01

Nm ptsH::ptsH 27.8 ± 1.3 0.34
Nm ptsH* 33.3 ± 1.4 <0.01
Nm ccpA 30.0 ± 1.3 0.19

Nm ccpA_ptsH 34.3 ± 1.0 <0.01
1 Data are presented as mean ± SD (n = 6). 2 p values were determined by one-way ANOVA and
Holm-Sidak’s multiple comparison test.
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Figure 1. Impact of ptsH and/or ccpA on growth and pH profiles of S. aureus TSB cultures. Bacteria were inoculated to an
OD600 of 0.05 in TSB and cultured aerobically at 37 ◦C and 225 rpm. OD600 (a,b) and pH measurements (c) of the culture
media were determined hourly. Symbols represent: strains Newman (black symbols), Nm ptsH (white symbols), Nm
ptsH::ptsH (grey symbols), Nm ptsH* (yellow symbols), Nm ccpA (red symbols), and Nm ccpA_ptsH (blue symbols). The
results are the mean ± SD of at least five independent experiments. (b) OD600 readings of the cell cultures at 2, 5, and 12 h
of growth, respectively. The data are presented as box and whisker plot showing the interquartile range (25–75%, box), the
median (horizontal line), and the standard deviation (bars) of 5–6 independent experiments. **, p < 0.01 (one-way ANOVA
and Holm-Sidak’s multiple comparison test. Only differences between Newman and mutants are shown).

To assess the bacterial acid production during growth, the pH of culture supernatants
was measured over time (Figure 1c). The pH of culture supernatants from wild type and
cis-complemented ptsH mutant cultures were similar. In contrast, pH values of culture
supernatants from the ptsH and ccpA_ptsH deletion mutants indicated that little acid was
produced during growth. The pH profiles of the ptsH* and ccpA mutant cultures were
between these two extremes but indicated that acidic end-products were produced and
consumed during growth. Taken together, these data indicate that inactivation of ptsH,
or interference with HPr phosphorylation, delays growth and medium acidification to
a greater extent than does deletion of ccpA. In addition, the small differences in physi-
ological parameters (i.e., growth and pH kinetics) between the ptsH and the ccpA_ptsH
mutants and between the ccpA and ptsH* mutants indicate additional, CcpA-independent
functions of HPr.

To get an idea about the metabolic processes that are active in Newman wild type
and mutant cells cultured in TSB, the concentrations of glucose, acetate, and ammonia
were determined in culture supernatants over time (Figure 2). Strain Newman and the
cis-complemented ptsH mutant (ptsH::ptsH) depleted all available glucose in the medium
within the first 5 h of cultivation (Figure 2a). In contrast, glucose depletion in ΔptsH and
ΔccpA_ptsH mutant cultures was severely delayed, and low concentrations of glucose
were still detectable in culture supernatants even after 10 h of growth. In ΔccpA and ptsH*
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mutant cultures, glucose levels decreased slower than in wild type cultures, and no glucose
was detectable after 7 h of growth (Figure 2a).

Figure 2. Impact of ptsH and/or ccpA on glucose consumption, acetate and ammonia production of S. aureus Newman
during in vitro growth. S. aureus strains Newman (black symbols), Nm ptsH (white symbols), Nm ptsH::ptsH (grey symbols),
Nm ptsH* (yellow symbols), Nm ccpA (red symbols), and Nm ccpA_ptsH (blue symbols) were cultivated in TSB, and glucose
(a), acetate (b), and ammonia (c) concentrations in culture supernatants were determined hourly. Results are presented as
the average and standard deviation of at least three independent experiments.

When S. aureus is cultured aerobically in a glucose-containing medium, cells produce
and secrete acetate as long as glucose is available [37]. Consistent with this fact, increasing
acetate concentrations in the culture supernatants were observed during the first 5–6 h
of growth for all strains (Figure 2b). However, while all strains accumulated acetate
in the medium, the maximum concentrations differed; specifically, the wild type and
the cis-complemented ptsH derivative accumulated up to 22 mM of acetate. In contrast,
supernatants from ΔptsH and ΔccpA_ptsH mutant strain cultures had approximately one-
third of the concentration of that from the wild type strain. Similar to that seen in the pH
profiles (Figure 1c), the acetate profiles of ptsH* and ΔccpA mutant cultures centered in
between those two extremes (Figure 2b). At 7–8 h post inoculation, acetate levels decreased
in the supernatants of all cultures, irrespective of the fact that glucose was present in ΔptsH
and ΔccpA_ptsH mutant cultures (Figure 2a).

S. aureus also utilizes amino acids as carbon sources for growth, a process that requires
deamination of the amino acids, resulting in the secretion of ammonia into the culture
supernatant [20]. The uptake and catabolism of amino acids in S. aureus is subject to
CCR [20]. While glucose was present in the medium, ammonia levels remained low in
the wild type and ptsH::ptsH culture supernatants, followed by a steady increase in the
ammonia concentrations (Figure 2c). In contrast, cultures of strains Nm ptsH and Nm
ccpA_ptsH began to accumulate ammonia beginning at 3 h of cultivation. Interestingly, the
ammonia concentration in the supernatant of the ΔccpA mutant closely resembled that of
the ptsH deletion mutants, while the ptsH* mutant resembled the late induction of the wild
type strain (Figure 2c).

Taken together, these data show that the inactivation of ptsH or ccpA results in distinct
differences in glucose consumption, acetate accumulation and reutilization, and ammonia
secretion in S. aureus. Furthermore, the exchange of an amino acid critical for the interaction
of HPr with CcpA in the ptsH* mutant resulted in metabolite profiles (i.e., glucose and
acetate) comparable to the ΔccpA mutant, while some alterations in the growth profile,
generation time, and ammonia secretion were observed. Importantly, after 12 h of growth,
the biomass of S. aureus Newman was independent of ccpA and ptsH, suggesting that S.
aureus has other means to utilize carbon sources in the growth medium. Specifically, ptsH
mutants were able to utilize glucose from the growth medium—although much slower
than the wild type—demonstrating that S. aureus can transport glucose independent of the
group translocation PTS [38]. A likely compensatory transporter would be one of the many
ATP binding cassette transporters identified in S. aureus [39].
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3.2. Inactivation of ptsH and/or ccpA Alters Transcription of TCA Cycle and Virulence
Factor Genes

CcpA is known to affect transcription of a large number of central carbon metabolism
and virulence genes [15–17]. For this reason, the effect of ptsH deletion on transcription
of genes regulated by CcpA such as citB (encoding the TCA cycle key enzyme aconitase),
pckA (encoding the gluconeogenesis key enzyme phosphoenolpyruvate carboxykinase),
and hla (encoding α-hemolysin) was assessed. Specifically, mRNA levels were determined
in cells from the exponential (i.e., 2 h) and post-exponential growth phases (i.e., 8 h) by
qRT-PCR (Figure 3).

Figure 3. Effect of ptsH and/or ccpA mutations on the transcription of S. aureus. Newman wild type and mutant cells were
cultured aerobically in TSB, as outlined in Materials and Methods. Cells were harvested at the time points indicated, total
RNAs isolated, and qRT-PCRs performed for citB (a), pckA (b), and hla (c). Transcripts were quantified in reference to the
transcription of gyrase B. Data are presented as mean + SD of five biological replicates. *, p < 0.05; **, p < 0.01 (one-way
ANOVA and Holm-Sidak’s multiple comparison test; only differences between Newman and mutants are shown).

Consistent with our previous observation that S. aureus transcription of citB and
pckA is repressed by CcpA when cultivated with glucose [16], deletion of ccpA significantly
increased the level of citB and pckA mRNA in exponential growth phase cells relative to wild
type cells (Figure 3a,b). As expected, in the post-exponential growth phase, comparable citB
and pckA transcript levels were observed in the ΔccpA mutant and the wild type. Similar to
the ΔccpA mutant, exponential growth phase cells of the ptsH mutants (ΔptsH, ptsH*, and
ΔccpA_ptsH) had comparable citB and pckA mRNA levels, while the cis-complemented
ptsH derivative (ptsH::ptsH) had citB and pckA transcript levels comparable to the wild type
strain. In contrast to exponential growth phase cultures, all three ptsH mutants produced
significantly lower levels of pckA mRNA than the wild type at 8 h, suggesting that pckA
transcription is affected by HPr at later growth stages in a way that is independent of
CcpA. This differed from the results for citB in which all ptsH mutants (ΔptsH, ptsH*, and
ΔccpA_ptsH) had comparable transcript levels to that of the ΔccpA mutant and the wild type
after 8 h of growth. The fact that the ptsH* mutant produced pckA transcript levels similar
to the ptsH mutant, but not similar to the ccpA mutant suggests that HPr phosphorylated at
serine 46 acts in part independent of CcpA. This observation is consistent with that found
in other gram-positive bacteria, where the serine 46-phosphorylated HPr exerted effects on
CCR via CcpA and inducer exclusion [40]. However, it cannot be excluded that differences
in pckA transcription between the ptsH* and ΔccpA mutants are due to differences in protein
stability. The reason why protein stability cannot be excluded is because phosphorylation
of the B. subtilis HPr homolog at Ser-46 stabilized the protein [41], while a serine to alanine
exchange of Ser-46 in the E. coli HPr homolog was found to decrease the stability of the
protein [42].

CcpA represses transcription of hla during the exponential growth phase when bac-
teria are cultured in presence of glucose [15,16]. Similarly, levels of hla mRNA from the
exponentially growing ΔccpA mutant and all ptsH mutants (Figure 3c) were de-repressed,
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while the cis-complemented ptsH deletion mutant produced hla transcript levels that were
comparable to the wild type. During the post-exponential growth phase, only the hla tran-
script levels of the ΔptsH and the ΔccpA_ptsH double mutant were significantly increased
(Figure 3c), suggesting that HPr affects expression of α-hemolysin in a CcpA-dependent
and -independent manner. Taken together, these data suggest that exponential growth
phase S. aureus was cultured in the presence of glucose, HPr affects the transcription pri-
marily via activation of CcpA, while in the post-exponential growth phase cells of S. aureus,
HPr is likely to affect gene transcription by CcpA-independent mechanism(s).

3.3. Impact of ptsH Deletion on Biofilm Formation of S. aureus SA113

CcpA is important for polysaccharide intercellular adhesin (PIA)-dependent biofilm
formation by staphylococci under glucose-rich in vitro conditions [19,24,43]. The impor-
tance of HPr on sugar import and gene regulation suggests that HPr might influence
biofilm formation of S. aureus. Strain Newman is a weak biofilm producer in glucose-rich
medium under in vitro conditions [34], hence we transduced the ptsH mutations into S.
aureus strain SA113, which forms a strong biofilm under these conditions [19,22]. The
ability of SA113 mutant strains were analyzed using a semi-quantitative static biofilm assay
(Figure 4a) and in biofilm flow cells (Figure 4b).

Figure 4. Mutations of ptsH affect biofilm formation of S. aureus under static and flow conditions. (a) Biofilm growth of S.
aureus strains in a static 96-well microplate assay. The data show the mean + SD of five biological replicates. (b) Flow cell
chambers were inoculated with S. aureus strains as indicated, allowed to attach to the surfaces for 30 min, and incubated
under constant flow for 24 h. The results shown are representative of two independent experiments. (c) Effect of the ptsH
mutation on the transcription of icaA in S. aureus strain SA113. Cells of SA113, the ΔptsH mutant, and the cis-complemented
ptsH::ptsH derivative were cultured aerobically in TSB. After 2 h of growth, cells were harvested, total RNAs isolated, and
qRT-PCRs performed for icaA. Transcripts were quantified in reference to gyrase B mRNA. Data are presented as mean + SD
of five biological replicates. **, p < 0.01 (one-way ANOVA and Holm-Sidak’s multiple comparison test; only differences
between SA113 and mutants are shown).

Under static conditions, the ΔptsH and ΔccpA_ptsH mutants of SA113 displayed
drastic decreases in their biofilm formation capacities on polystyrene surfaces, whereas
the cis-complemented derivative (ptsH::ptsH) formed biofilms that were comparable to
the ones seen with the wild type (Figure 4a). Deletion of ccpA or the S46A mutation of
HPr in SA113 (ptsH*) also significantly reduced biofilm formation, however, not to the
extent seen with the ΔptsH mutant, supporting our hypothesis that a functional PTS is
important for S. aureus to form a biofilm in this type of assay. In the flow chamber assay,
the ΔptsH mutant failed to produce a clear biofilm within the microchannel after 24 h of
constant flow, while both, the wild type and the cis-complemented ptsH derivative, almost
completely filled the microchannel with biomass (Figure 4b), suggesting that HPr is also
important for biofilm formation under shear flow. To exclude that the latter phenotype
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was caused by a decreased capacity of the ΔptsH mutant to attach to the microchannel
surface, the primary attachment capacities of the strains were determined. Here, no clear
differences in attachment towards polystyrene surfaces were obtained for the strain triplet,
suggesting that the observed lack of biofilm formation of the SA113 ΔptsH mutant is likely
due to a deficiency in biofilm maturation. To determine whether this effect might be due
to a decreased capacity of the mutant to produce PIA, we assayed the transcription of
icaA, which is part of the icaADBC polycistronic mRNA that encodes proteins needed
for PIA synthesis [22]. Consistent with the reduced ability of the SA113 ptsH mutant
to form a biofilm under static and flow conditions, we observed significantly decreased
levels of icaA transcripts in the ptsH deletion mutant relative to the wild type and the cis-
complemented mutant (Figure 4c). Together, these data suggest that HPr, in part, promotes
biofilm formation of S. aureus by enhancing the expression of the PIA synthesis machinery.

In a third biofilm assay intended to resemble the in vivo situation more closely, we
studied the ability of SA113 and its derivatives to form biofilms on peripheral venous
catheter (PVC) fragments under non-nutrient limited conditions (Figure 5).

Figure 5. Inactivation of ptsH and/or ccpA reduces the biofilm formation capacity of S. aureus on medical devices. (a) Images
of S. aureus-loaded catheter fragments at day 5 post inoculation (6.3-fold magnification). The results are representative of
three independent experiments. (b,c) Colony forming units (CFU) and total biomass of detached biofilms were determined
by plate counting (b) and measuring the OD600 of the TSB solutions (c). The data are presented as box and whisker plot
showing the interquartile range (25–75%, box), the median (horizontal line), and the standard deviation (bars) of nine
independent experiments. **, p < 0.01 (one-way ANOVA and Holm-Sidak’s multiple comparison test; only differences
between SA113 and mutants are shown).

Using this assay, a strong biofilm was macroscopically detectable on catheter fragments
inoculated with the wild type or the cis-complemented ptsH derivative at 5 days post
inoculation (Figure 5a). In contrast, on catheter fragments inoculated with either the ΔptsH
mutant, the ΔccpA mutant, the ptsH* mutant, or the ΔccpA_ptsH double mutant, almost
no biofilm was visible. These observations were further supported by CFU and OD600
determinations of TSB solutions harboring the detached biofilms (Figure 5b,c). A significant
reduction in viable bacteria (~1 log) was observed on all fragments inoculated with mutants
when compared to the wild type inoculated fragments (Figure 5b). Similar to the CFU data,
the OD600 values were approximately 10-fold lower in the detached biofilms formed by
the mutants (Figure 5c), suggesting that ptsH and ccpA deletions elicit rather comparable
effects on the biofilm forming capacity of S. aureus on PVC surfaces under non-nutrient
limited conditions.
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3.4. HPr Contributes to Infectivity and Biofilm Formation of S. aureus SA113 in a Murine Foreign
Body Infection Model

CcpA is not required for biofilm formation of S. aureus and S. epidermidis on im-
planted catheter fragments in normoglycemic mice [24,43], but this did not address the
function of HPr in vivo. In order to address this question, the ability of strains SA113, the
ΔptsH mutant, and the cis-complemented ptsH derivative to form biofilms on implanted
catheter fragments was assessed in the murine foreign body infection model [36] with
normoglycemic mice (Figure 6).

Figure 6. Inactivation of ptsH reduces the infectivity of S. aureus SA113 in a murine foreign body infection model. Catheter
fragments were implanted subcutaneously into the back of normoglycemic mice and inoculated with cells of S. aureus
strains SA113 (black symbols), its ptsH deletion mutant (white symbols), and the cis-complemented ptsH mutant (grey
symbols), respectively (n = eight animals per group). Ten days post infection, animals were euthanized, edema sizes around
the implanted catheters were measured (a), and the catheters and surrounding tissues were explanted. Bacterial loads from
catheter detached biofilms (b) and in surrounding tissue homogenates (c) were determined by CFU counting. The data
represent the values of every individual animal (symbols) and the median (horizontal line). **, p < 0.01 (one-way ANOVA
and Holm-Sidak’s multiple comparison test).

Mice challenged with the ΔptsH mutant displayed a clear reduction in edema sizes
around the implanted catheter fragments (Figure 6a) and a small but significant reduc-
tion (~2-fold) in detached bacteria (Figure 6b), when compared to animals infected with
wild type bacteria or the cis-complemented ptsH derivative. In contrast, no significant
differences in bacterial loads of tissues surrounding the catheter fragments were obtained
(Figure 6c). These findings suggest that HPr, unlike CcpA, has a small but important func-
tion on the biofilm formation capacity of PIA producing S. aureus in normoglycemic mice.
This difference is probably due to a reduced sugar uptake capacity of the ptsH mutant,
which might interfere with the enhanced carbon and energy demand of S. aureus during
biofilm maturation.

3.5. HPr and CcpA Are Both Required for Full Infectivity of S. aureus in a Murine Liver
Abscess Model

The formation of liver abscesses is one of the clinical manifestations caused by S. aureus
in which CcpA exerts a strong effect on disease progression in normoglycemic mice [6]. To
determine how P-Ser-HPr affects infectivity of S. aureus in a murine liver abscess model,
the bacterial loads in livers four days post infection were assessed (Figure 7).

Consistent with previous observations [6,24], we observed a nearly 3 log reduction in
bacterial loads in liver tissue of C57BL/6 mice challenged with the ccpA mutant bacteria
(median 2.2 × 105 CFU/g tissue) relative to mice infected with the wild type strain (median
7.6 × 107 CFU/g tissue). Importantly, a greater reduction in CFU/g liver was observed
(~4 log; median 1.4 × 104 CFU/g tissue), when mice were challenged with the ΔptsH
mutant. Infection of mice with the cis-complemented ptsH derivative resulted in a bacterial
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burden in the liver (median 4.2 × 107 CFU/g tissue) comparable to that seen in wild type
infected mice, demonstrating that the decreased CFU rates determined in liver tissues
of ΔptsH infected mice were due to the lack of HPr. Notably, mice challenged with the
ptsH* mutant carrying the S46A exchange in HPr also caused an almost ~4 log reduction
in bacterial loads in liver tissue (median 2.1 × 104 CFU/g tissue), suggesting that both,
the deletion of ptsH and a mutation of serine 46 of HPr, alter the virulence of S. aureus in
this murine infection model in a CcpA-independent manner. The lowest CFU rates in liver
tissues were observed when mice were challenged with the ΔccpA_ptsH double mutant
(median 4.8 × 103 CFU/g tissue), suggesting that CcpA might also exert some effects on
virulence of S. aureus in this infection model independently of HPr.

Figure 7. Inactivation of ptsH and/or ccpA results in decreased bacterial burden of S. aureus Newman
in a murine abscess model. C57BL/6N mice were infected retro bulbar with 5 × 107 CFU of
S. aureus strains Newman (black symbols), its ΔptsH (white symbols) and ΔccpA (red symbols)
mutants, the ptsH* mutant (yellow symbols), the ΔccpA_ptsH double mutant (blue symbols), and
the cis-complemented ptsH derivative (grey symbols), respectively. Bacterial loads in liver tissue
homogenates were determined four days post infection. The data display the median (horizontal
lines) and individual values of every animal (dots; n = 8–10 animals per group). **, p < 0.01 (one-way
ANOVA and Holm-Sidak’s multiple comparison test; only differences between Newman and mutants
are shown).

4. Conclusions

Central carbon metabolism and virulence factor synthesis are tightly linked in S. aureus
and controlled by several transcription factors [3]. Notably, CcpA is the only transcription
factor known to enhance infectivity of S. aureus [6,24,25], while other regulators such as
CcpE, CodY, and RpiRc are thought to attenuate rather than to promote infectivity of this
bacterium in mice [33,44–47]. We show here that HPr contributes positively to infectivity
of S. aureus in mice, presumably by affecting central carbon metabolism and virulence
factor synthesis in a CcpA-dependent and -independent manner. These effects are likely
mediated through changes in sugar transport and carbon metabolization that alter biofilm
formation [24]. It is also possible that HPr in S. aureus acts like the HPr homolog of
E. coli to modulate quorum sensing by interacting with autoinducer-2 (AI-2) modifying
factors [48]. Given the importance of HPr on biofilm formation and virulence in S. aureus,
this phosphocarrier protein could be a promising drug target for the development of novel
anti-staphylococcal compounds.
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Abstract: Among coagulase-negative staphylococci (CoNS), Staphylococcus lugdunensis has a special
position as causative agent of aggressive courses of infectious endocarditis (IE) more reminiscent of
IEs caused by Staphylococcus aureus than those by CoNS. To initiate colonization and invasion, bacterial
cell surface proteins are required; however, only little is known about adhesion of S. lugdunensis to
biotic surfaces. Cell surface proteins containing the LPXTG anchor motif are covalently attached to
the cell wall by sortases. Here, we report the functionality of Staphylococcus lugdunensis sortase A
(SrtA) to link LPXTG substrates to the cell wall. To determine the role of SrtA dependent surface
proteins in biofilm formation and binding eukaryotic cells, we generated SrtA-deficient mutants
(ΔsrtA). These mutants formed a smaller amount of biofilm and bound less to immobilized fibronectin,
fibrinogen, and vitronectin. Furthermore, SrtA absence affected the gene expression of two different
adhesins on transcription level. Surprisingly, we found no decreased adherence and invasion in
human cell lines, probably caused by the upregulation of further adhesins in ΔsrtA mutant strains.
In conclusion, the functionality of S. lugdunensis SrtA in anchoring LPXTG substrates to the cell wall
let us define it as the pathogen’s housekeeping sortase.

Keywords: Staphylococcus lugdunensis; sortase A; surface proteins; LPXTG

1. Introduction

As known for Staphylococcus aureus and several coagulase-negative staphylococci (CoNS),
Staphylococcus lugdunensis is also part of the human microbiota colonizing miscellaneous skin surface
habitats [1–4]. Infections due to this opportunistic pathogen resemble those caused by S. aureus rather
than “classical” CoNS infections [5]. In particular, aggressive and highly destructive courses of native
and prosthetic valve infectious endocarditis (IE) have been reported [6]. Despite its clinical impact,
only a few factors contributing to the pathogenicity of S. lugdunensis have been described, including a
fibrinogen binding protein (Fbl), a von Willebrand-factor binding protein (vWbl), and a multifunctional
autolysin (AtlL) [7–11].

To initiate invasive infections, staphylococcal cells irrespective of the species must adhere to cells
of the host tissue or to the extracellular matrix (ECM) [12]. This complex multifactorial process is
mediated by strong interactions of cell wall-anchored (CWA) proteins with host structures. In S. aureus,
four distinct categories of CWA proteins have been identified, and the microbial surface components
recognizing adhesive matrix molecules (MSCRAMMs) were elucidated as the largest group [13,14].
CWA proteins are characterized by a sorting signal containing a carboxy-terminal LPXTG anchor
motif [15]. In S. aureus and many other Gram-positive species, the LPXTG-sorting signal is cleaved by
the membrane-bound transpeptidase sortase. Sortase A (SrtA) of S. aureus is a 206 amino acid peptide
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that catalyzes a transpeptidation process [16–19] and is considered the housekeeping sortase [20].
The cleavage between the threonine and glycine residues is followed by an amide linkage between
the carboxyl group of threonine and the amino group of a pentaglycine cross-bridge of the cell
membrane-attached peptidoglycan [16,19]. Mutants lacking the srtA gene are defective in the cell
wall anchoring of LPXTG proteins [16,17,21]. Thus, cells are unable to anchor cell surface proteins of
S. aureus important for the adherence to eukaryotic cell structures. In consequence, ΔsrtA mutants
were attenuated to establish infections as shown in a murine model [22]. In addition to SrtA, a further
S. aureus sortase isoform, sortase B (SrtB), has been described [23]. More recently, a SrtA-deficient
mutant of S. lugdunensis was significantly less virulent than the parental strain in a rat IE model [24].
Therefore, the use of SrtA inhibitors might represent a promising anti-virulence therapy strategy to
disrupt the anchoring of bacterial surface proteins, which are critical for the pathogen´s adherence to
the host.

Here, we report the functionality of S. lugdunensis SrtA to anchor LPXTG substrates to the cell
wall and defined it as the pathogen´s housekeeping sortase. Generating srtA-deficient mutants,
we determined the role of S. lugdunensis SrtA-dependent surface proteins in biofilm formation and
invasion of eukaryotic cells. Finally, we confirmed the influence of a functional SrtA on the gene
expression of further LPXTG proteins.

2. Materials and Methods

2.1. Bacterial Strains and Culture Media

Lysogeny broth (LB) or agar were used for cultivation of Escherichia coli and staphylococci were
cultivated in tryptic soy broth (TSB) or agar (TSA) (Difco, Detroit, Detroit, MI, USA), brain heart
infusion (BHI) broth or agar (Merck, Darmstadt, Darmstadt, Germany) and Mueller Hinton (MH) broth
or agar (Mast, Merseyside, Bootle, UK). Antibiotics were added to MH agar in appropriate amounts
(ampicillin, 100 μg/mL, Sigma; erythromycin, 10 μg/mL Serva; and chloramphenicol, 10 μg/mL, Serva,
Heidelberg, Germany) for selection of resistance in E. coli or S. lugdunensis. All bacterial strains and
plasmids used in this study are presented in Table 1.

Table 1. Bacterial strains used in this study.

Strains Relevant Genotype or Plasmid Properties Reference or Source

S. lugdunensis strains
Sl48 Clinical isolate Germany b

Sl44 Clinical isolate Germany b

Mut7 Sl48 srtA::EmR Sl48 deficient in sortase-A This study
Mut47 Sl44 srtA::EmR Sl44 deficient in sortase-A This study
SL241 Clinical isolate Germany b

SL253 Clinical isolate Germany b

S. aureus strain
S. aureus Cowan 1 (ATCC

12598)
Reference isolate from septic

arthritis ATCC

E. coli strains

DH5α
supE44ΔlacU169 (φ80 lacZΔM15)
hsdR17 recA1 end A1 gyrA96 thi-1

relA1
Cloning host Stratagene

TG1 supE hsdΔ5 thiΔ(lac-proAB)
F’(traD36 proAB+ lacIq lacZΔM15) Cloning host Stratagene

DH5α (pBT37) pBT9atlL::EmR Shuttle vector pBT9
containing atlL::EmR This study

Eukaryotic strains
EA.hy 926 cells [25]
A549 fibroblast [26]
Human bladder

carcinoma cell line 5637 [27]

b kindly provided by F. Szabados and S. Gatermann (Bochum, Germany).
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2.2. Growth Characteristics

Bacteria were grown in BHI overnight followed by dilution of the culture in 100 mL fresh BHI in
500 mL flask to an optical density 578 nm (OD578) of 0.05. Flasks were incubated at 160 rpm at 37 ◦C
and the OD578 were determined hourly for a period of 10 h followed by final sampling after 24 h to
establish growth curves. For growth experiments in little volumes, bacteria were grown in 5 mL BHI
in a glass tube for 18 h at 37 ◦C with shaking at 160 rpm. Next day, OD578 were measured against
un-inoculated BHI after vortex of growth.

2.3. Characterization of Agglutination

The Pastorex Staph Plus (Sanofi Diagnostic Pasteur, S.A., Marnes la Coquette, France), a rapid
agglutination test for the simultaneous detection of the S. aureus fibrinogen affinity antigen (clumping
factor), protein A, and capsular polysaccharides were used to differentiate wild type and mutant strains.

2.4. Biofilm Formation

Bacteria were grown in 5 mL BHI, TSB, BHI + 0.5% glucose or TSB + 0.5% glucose in glass test
tubes for 8 h at 37 ◦C with shaking at 160 rpm. Afterwards, the cells were diluted 1:100 with the same
type of fresh medium and 100 μL were added to wells in quadruplicate in a 96 well microtiterplate.
Plates were incubated at 37 ◦C without shaking overnight. Next day bacteria were removed, plates
were washed with PBS, and the biofilm bacteria mix were fixed with ice cold methanol for 10 min at
−20 ◦C. After washing once with PBS, the adhered biofilm bacteria were stained with crystal violet for
10 min at room temperature. Excess stain was removed by washing 3x with PBS. The adhered bacteria
were brought into solution by the addition of 100 μL of 35% acetic acid to each well. Finally, the plates
were read at OD595 in the iMark Microplate Reader (Bio Rad).

2.5. DNA Manipulations and Transformations

Staphylococcal cells were lysed with recombinant lysostaphin (20 U/mL, Applied Micro, New York,
NY, USA). Genomic DNA isolated by using QIAamp DNA Mini Blood Kit (Qiagen, Hilden, Germany)
and plasmid DNA were prepared using the Qiagen Plasmid Mini kit (Qiagen). DNA fragments were
isolated from agarose gels using the QIAEX II Gel extraction kit (Qiagen).

2.6. Construction of a srtA-Deficient Mutant

The method for the generation of a srtA lacking mutant was same as described before [7]. In brief,
a primer set 1 (SrtA1FH, and SrtA1RE,) and primer set 2 (SrtA2FE, and SrtAl2RB,) were used to
amplify PCR products of 809 and 793 bp, respectively, from genomic DNA of S. lugdunensis strain Sl48.
The PCR products were ligated into the shuttle vector pBT9 and the ligation mixes were transformed
into E. coli TG1 cells followed by incubation on LB plates containing ampicillin. A clone containing
srtA gene as an insert was designated as pBTsrtA. The restriction analysis and sequence data of
clone pBTsrtA confirmed srtA gene as an insert. A 1,479 bp ermB fragment was PCR-amplified using
primers ermbF, and ermbR from the plasmid pEC4 containing the staphylococcal transposon Tn551
in a ClaI restriction site [28]. The ermB primers were designed from NCBI accession # AF239773.
The ermB cassette was restricted with EcoRI and ligated into the EcoRI-restricted pBTsrtA. The freshly
prepared E. coli TG1 cells were transformed with the ligation mix and cultivated on ampicillin- and
erythromycin-containing LB plates. Clones with the plasmid conferring resistance to both antibiotics
were designated as pBTsrtAE and were selected for further work. For the construction of the srtA allelic
replacement mutant, protoplasts of S. lugdunensis strains Sl44 and Sl48 transformed with pBTsrtAE
as described by Palma et al. [29]. Chloramphenicol-sensitive and erythromycin-resistant colonies
were detected by replica plating protocol onto plates containing chloramphenicol or erythromycin
at 37 ◦C overnight. Clones that were sensitive for chloramphenicol and resistant to erythromycin
were designated Mut7 (wild-type strain Sl44) or Mut47 (Wild-type strain Sl48) and were selected for
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further analyses. Correct insertion of the ermB was confirmed by using srtA1FH, srtA2RB, ermBF and
ermBR primers.

2.7. The Complementation of a srtA-Deficient Mutant

A PCR product of srtA gene including the ribosomal binding site was PCR amplified using primer
set (SrtA1FB and SrtA2RH) from genomic DNA of S. lugdunensis Sl48. The PCR product was restricted
with HindIII and BamHI and ligated into the pCU1 plasmid. Freshly prepared E. coli TG1 cells were
transformed with ligation mix. A plasmid containing srtA as an insert was designated pCUsrtA.
The isolated plasmid pCUsrtA transformed by protoplast method into Mut7 and Mut47. Transformants
were grown on TSA plates containing 10 μg of chloramphenicol and 10 μg of erythromycin per mL.
Clones expressing SrtA were designated as Mut7C and Mut47C.

2.8. Cell Protein Preparations

Briefly, bacteria were grown overnight in BHI at 37 ◦C with shaking (160 rpm) and cells were
harvested by centrifugation and washed twice with phosphate buffered saline. Then the cell surface
proteins from PBS washed bacterial cells pellets were extracted by following methods: In the first
method, bacterial cell surface proteins were generated by the LiCl method as described earlier [30]. In a
second method we used the hydroxylamine hydrochloride method as described by Ton-That et al. [17].
In brief, bacteria were grown in two tubes containing 5 mL BHI overnight at 37 ◦C and 160 rpm.
After centrifugation of the cells (4000 rpm 4 ◦C for 10 min), 1.5 mL of 50 mM Tris HCl pH 7.0 was added
to the control pellet. To the other pellet we added 1.5 mL 100 mM hydroxylamine HCl in 50 mM Tris
HCl pH 7.0. Both sets were stirred at 600 rpm at 37 ◦C in a heating block for 1 h. After centrifugation of
the cells (13,000 rpm 4 ◦C for 10 min, the proteins in both supernatants were precipitated by addition
of TCA to a final concentration of 10%. After centrifugation of the precipitated proteins (13,000 rpm
4 ◦C for 10 min), 200 μL of a 2× standard Laemmli SDS Page Sample buffer were added to the pellets
and heated at 95 ◦C for 3 min. Samples were ready to load on SDS page gel. Whole cell lysates
were prepared by the suspensions of cell pellets solved in 50 mM Tris/HCl pH 8.0 containing 15 mM
NaCl. Lysostaphin (20 U/mL) and protease inhibitor cocktail (Sigma) were added and the mixture
was incubated at 37 ◦C for 30 min. Then DNase was added to break DNA and, after centrifugation,
liquid supernatants were used as whole cell lysate. For the generation of cell wall, cytoplasmic,
and membrane proteins, S. lugdunensis were grown overnight in BHI at 37 ◦C with shaking (160
rpm) and cells were harvested by centrifugation and washed twice with phosphate buffered saline,
and adjusted to an optical density at 600 nm (OD600) of 20. A 1-mL portion of the bacterial suspension
was pelleted and resuspended in 200 μL of digestion buffer (50 mM Tris-HCl, 20 mM MgCl2, 30%
[wt/vol] raffinose; pH 7.5) containing complete mini-EDTA-free protease inhibitors (Roche). Cell wall
proteins were solubilized by digestion with lysostaphin (500 μg/mL) at 37 ◦C for 30 min. Protoplasts
were harvested by centrifugation (5000× g, 15 min) and the supernatant was retained as the cell
wall fraction. Protoplast pellets were washed once in digestion buffer, sedimented (5000× g, 15 min),
and resuspended in ice-cold lysis buffer (50 mM Tris-HCl [pH 7.5]) containing protease inhibitors
and DNase (80 μg/mL). Protoplasts were lysed on ice by vortexing. Complete lysis was confirmed by
phase-contrast microscopy. The membrane fractions were obtained by centrifugation at 18,500× g for
1 h at 4 ◦C. The pellets (membrane fraction) were washed once and resuspended in ice-cold lysis buffer.
Cell wall fractions and protoplast suspensions were centrifuged under the same conditions and the
pellets were resuspended in 200 μL of lysis buffer. The liquid supernatant from protoplast suspension
retained as cytosolic fraction.

2.9. SDS-PAGE and Ligand Overlay Analysis

The prepared cell surface proteins were separated in SDS-PAGE mini gel approaches. For Western
ligand blot analysis, fibronectin (Fn) (Chemicon, Temecula, CA, USA), fibrinogen (Fg) (Calbiochem,
San Diego, CA, USA), collagen type I (Cn) (Sigma; Sigma product #7774) or vitronectin (Vn) were
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purified by the method of Yatohgo et al. [28] and labeled with biotin (Roche, Mannheim, Germany).
The cell surface proteins separated by SDS-PAGE were transferred electrophoretically (Trans-blot SD,
Bio-Rad, Munich, Germany) onto nitrocellulose membranes (Schleicher and Schüll, Dassel, Germany)
and were blocked with 3% BSA (bovine serum albumin fraction V, Sigma). The nitrocellulose
membranes with blotted proteins were exposed to biotinylated ligands, treated with avidin alkaline
phosphatase and subsequently bands were revealed using NBT (Nitrotetrazolium Blue chloride) and
BCIP (5-Brom-4-chlor-3-indoxylphosphat) as recommended by the manufacturer´s protocol (Bio-Rad).

2.10. Expression of Recombinant Sortase-A

The srtA gene was PCR amplified from genomic DNA of S. lugdunensis using the primer set srtAF
and srtAR. The srtA gene was ligated into the pQE30 expression vector and the vector was transformed
into E. coli TG1 cells. E. coli TG1 cells were cultivated in LB medium plus 100 μg/mL ampicillin at
37 ◦C and 150 rpm and IPTG (Isopropyl-β-D-thiogalactopyranosid, Sigma) 1 mM per mL was added at
OD578 0.5 to induce the expression of SrtA. E. coli cells were lysed by lysozyme (1 mg/mL lysis buffer)
and SrtA was purified in a single step under native conditions using Ni-nitrilotriacetic acid (NINTA)
resin column according to the manufacturer’s recommendation (Qiagen).

2.11. Polyclonal Antibodies

Polyclonal antibodies against the recombinant SrtA were raised commercially (Genosphere
Biotechnologies, Paris, France) in two rabbits by applying standard procedures of 70 days with
4 immunizations. The IgG fraction from the crude antiserum was obtained on protein-A column
(Pierce, Rockford, IL, USA). In IgG preparations, naturally occurring anti-staphylococcal antibodies
were removed by mixing the sera with 10 volumes of LiCl cell surface extracts from strain Mut47,
which does not produce the SrtA, and immune-complexes were partially removed by centrifugation
at 14,000 rpm at 4 ◦C for 15 min. For control Western immunoblotting, cell proteins of the wild type
were separated on a SDS-Page, transferred onto a nitrocellulose membrane (Schleicher and Schuell,
Dassel, Germany), and probed with anti-SrtA sera. Bound rabbit immunoglobulin G was detected
with alkaline phosphatase-conjugated goat anti-rabbit immunoglobulins (Dako Diagnostika, Hamburg,
Germany) with NBT/BCIP color reaction (Bio-Rad).

2.12. ELISA Adherence assays

The employed ELISA adherence assays of staphylococci to ECM proteins and host cells were done
as described earlier [7].

2.13. Cell Culture and Flow Cytometric Invasion Assay

For flow cytometric invasion assay, three types of host cells were used (Table 1). The human
endothelial cell line, Ea.hy926 [31], was grown in DMEM (Sigma-Aldrich) supplemented with 10% fetal
calf serum (FCS).The fibroblasts (human fetal lung cells) were cultivated as described earlier [31,32].
Another epithelial cell line, the human bladder carcinoma cell line 5637 (ATCC HTB-9™), which
secretes several functionally active cytokines, was also used in this study and maintained as described
by Quentmeier et al. [33]. Fluorescein-5-isothiocyanate (FITC)-labeling of bacterial cells was performed
as described elsewhere [34,35] and labeled cells were used within 24 h. The flow cytometric invasion
assay was performed as described previously with minor modifications, such as the addition of
propidium iodide just before samples were analyzed on a FacsCALIBUR™ (BD Bioscience) [36].
Results were normalized according to the mean fluorescence intensity of the respective bacterial
preparation, as determined by flow cytometry. The invasiveness of the laboratory S. aureus strain
Cowan I was set as 100% and the results are shown as means ± SEM of three independent experiments
performed in duplicates.
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2.14. Sortase Inhibitor PVS

5 mL BHI in a glass tube was inoculate with S. lugdunensis and grown overnight at 37 ◦C with
160 rpm. Next day, cultures were diluted to an OD595 of 0.01. 180 μL of diluted culture was mixed with
20 μL of 10× concentrated phenyl vinyl sulfone (PVS) in a microtiter plate well. Plates were incubated
at 37 ◦C for 18 h. Growth was determined in a Biorad reader at absorbance 595 nm. The lowest
concentration that inhibited the cell growth was considered to be the MIC. For determination of effects
of PVS on binding of bacteria to Fn and Fg, microtiter plate wells were coated with Fn and Fg separately.
Overnight cultures were diluted to an OD595 of 0.01. 180 μL of diluted culture were mixed with 20 μL
of concentrated phenyl vinyl sulfone (PVS) to the respective concentrations in a microtiter plate well.
Plates were incubated at room temperature for 1 h. Adherence was determined in a Biorad reader at
absorbance of 595 nm.

2.15. Hydroxylaminolysis of LPXTG Peptide

Reactions were performed in 260 μL volume containing 50 mM Hepes buffer pH 7.5, 5 mM CaCl2,
and 10 μM LPETG fluorescent labeled peptides (DABCYL-LPETG-EDANS). The mixture was heated
at 95 ◦C for 5 min. Then 10 μL of staphylococcal LiCl-extracts or 10 μM recombinant sortase-A, 5 μM
of the sortase inhibitor p-hydroxymecuribenzoic acid (pHMB), or 10 mM DTT were added. Reactions
were incubated for 1 h at 37 ◦C and then analyzed fluorometrically at 350 nm for excitations and 495 nm
for recordings. Experiments were performed in triplicates.

2.16. Real-Time Reverse-Transcription PCR (qtRT-PCR)

For RNA isolation, S. lugdunensis was grown in BHI for 18 h at 37 ◦C with 160 rpm. After bacterial
RNA isolation, real-time amplification and transcripts quantification was done as described earlier [37].
Primer sequences are given in Table 2.

Table 2. Primer sequences used in this study.

Primer Sequence (5′–3′) Reference

srtA1FH AAAAAGCTTTAAGAAAGCTAAAAAAATGACATAGTTG This study

srtA1RE AAAGAATTCCTCCAATAATGGTCATCAATTGGTTTGTCC This study

srtA2FE AAGAATTCTATTTATAGCAGAACAGATTAAATAATTGTAG This study

srtA2RB AAAGGATCCCATCTGAGTCAA GACTACTAGCAAGTGG This study

Ery-EF, ATATATCGATTAGGGACCTCTTTAGC [28]

Ery-ER ATATATCGATATCATGAGTATTGTCCG [28]

SrtA1FH AAAAAGCTTTAAGAAAGCTAAAAAAATGACATAGTTG This study

SrtA2RB AAAGGATCCCATCTGAGTCAAGACTACTAGCAAGTGG This study

srtAF CTCGGATCCAAACCTCATATTGATAGTTATTTACATGAC This study

srtAR CTCGGTACCTTATTTAATCTGTTCTGCTATAAATATTTTACGC This study

RTFblF GAAGCAACAACGCAGAACAA [38]

RTFblR TGCTTGTGCCTCGCTATTTA [38]

RT16SF CAGCTCGTGTCGTGAGATGT [38]

RT16SR TAGCACGTGTGTAGCCCAAA [38]

RTvWbF GGACCAGGTGAAGGTGATGT This study

RTvWbR GCCGCTGATTTTCGTGTAAT This study
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2.17. Statistical Analysis

Using GraphPad Instat3, the statistical significance of the results was analyzed by ANOVA in
combination with Bonferroni´s post test (compare all pairs of column or compare selected pairs of
column) or Dunnett´s post test (compare all columns vs. control). Differences with p values ≤ 0.05 were
considered as significant and are indicated with asterisks: * (p ≤ 0.05), ** (p ≤ 0.01), and *** (p ≤ 0.001).

3. Results

3.1. Sortase A-Dependent Proteins

A comparative bioinformatic analysis of publicly available S. lugdunensis genomes identified the
presence of only 11 sortase-A dependent proteins (Table 3) [39]. All 11 MSCRAMMs were found to be
highly conserved in the S. lugdunensis strains as genomic data from strain HKU09-01, M23590, VCU139
and N920143 revealed [39]. However, there exist only minor differences in the number of repeats
within the stalk regions that in turns affect the length of mature proteins [39].

Table 3. Known S. lugdunensis putative sortase-A mediated cell surface proteins with relevant
properties [39].

Genetic Identifiers
(GN)

Annotation
Cleavage

Motif
Size (aa)

Predicted
Protein Size

(kDa)

NCBI BLAST Hit
(Protein 1, Strain 2,

Length 3)

SLUG_00890
SLGD_00061 IsdB LPATG 690 76.9 Surface protein SasI,

HKU09-01

SLUG_00930
SLGD_00065

SasE
IsdJ LPNTG 646 71.5

Cell surface protein
IsdA, HKU09-01

LPXTG cell wall surface
anchor protein, M23590

SLUG_02990
SLGD_00301 SlsF LPASG 659 73.4

Predicted
cell-wall-anchored

protein SasF, HKU09-01

SLUG_03480
SLGD_00351 SlsA LPDTG 1930 207.3

Cell wall associated
biofilm protein,
HKU09-01, 3799

SLUG_03490
SEVCU139_1800

SLGD_00352
SlsD 4 LPATG 1619 175.8

Putative serine-aspartate
repeat protein F,
VCU139, 2190

Putative uncharacterized
protein, HKU09-01, 1136

SLUG_03850
SLGD_00389

HMPREF0790_1688
Slsc LPETG 190 21

LPXTG protein,
HKU09-01

Cell wall surface anchor
family protein, M23590,

196

SLUG_04710
SEVCU139_1680

SLGD_00473
SlsE LPETG 3459 364

Gram-positive signal
peptide protein, VCU139,

2988
Hypothetical membrane
protein, HKU09-01, 3232

SLUG_04760
SLGD_00478 SlsB LPNTG 277 30.6 Putative uncharacterized

protein, HKU09-01

SLUG_22400
SLGD_02322

bca PE
SlsG LPDTG 2079 222.1

Putative uncharacterized
protein, HKU09-01, 2886
C protein alpha-antigen,

VCU139, 2031
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Table 3. Cont.

Genetic Identifiers
(GN)

Annotation
Cleavage

Motif
Size (aa)

Predicted
Protein Size

(kDa)

NCBI BLAST Hit
(Protein 1, Strain 2,

Length 3)

SLUG_16350
HMPREF0790_0533

SLGD_01633
Fbl LPKTG 881 94.2

Clumping factor A,
M23590, 857

Clumping factor A
(fragment), VCU139, 688

Methicillin-resistant
surface protein,
HKU09-01, 701

SLUG_23290
SLGD_02429 vWbF LPETG 1869 209.4

Von Willebrand
factor-binding protein,

HKU09-01, 2194
1 Different designation as given in annotation column. 2 Strain different from N920143. Annotation, cleavage motif,
size (aa), and predicted protein size (kDa) columns are based on strain N920143. 3 Length if different from size (aa)
column. 4 The slsD contains a nonsense codon located just 5′ to the region encoding LPXTG.

3.2. Alignment of Sortase A Sequences

In silico analyses identified homologs of S. aureus srtA in published genomes of S. lugdunensis.
A nucleotide NCBI BLAST search identified SLGD_00472 (strain HKU09-01), srtA (strain N920143
and M23590), and SEVCU139_1681 (strain VCU139) as homologs of staphylococcal srtA. A ClustalW
alignment of amino acid sequences was performed for pairwise comparison of SrtA between the four
S. lugdunensis strains (N920143, HKU09-01, M23590, VCU139) and S. aureus SrtA. The SrtA sequences of
four strains of S. lugdunensis (N920143, HKU09-01, M23590, VCU139) showed an intra-alignment score
of 98–100%. The identity of SrtA sequences from four S. lugdunensis strains to S. aureus Newman was
between 76–77% and revealed significant similarities. We identified conserved amino acid residues in
the region corresponding to the calcium binding cleft of the S. aureus SrtA, such as the three glutamate
residues Glu105, Glu108 and Glu166 as well as the aspartate residue Asp112, which is also highly
conserved in the SrtA sequences of the S. lugdunensis strains (Figure 1) [40].

S.lug-N920143       MRKWTNQLMTIIGVILILVAIYLFAKPHIDSYLHDKDNSDKIENYDKTVSKANKNDK--- 57 
S.lug-HKU09-01      MRKWTNQLMTIIGVILILVAIYLFAKPHIDSYLHDKDNSDKIENYDKTVSKANKNDK--- 57 
S.lug-M23590        MRKWTNQLMTIIGVILILVAIYLFAKPHIDSYLHDKDNSDKIENYDKTVSKANKNDK--- 57 
S.lug-VCU139        MKKWTNQLMTIIGVILILVAIYLFAKPHIDSYLHDKDNSDKIENYDKIVSKANKNDK--- 57 
S.aur-Newman        MKKWTNRLMTIAGVVLILVAAYLFAKPHIDNYLHDKDKDEKIEQYDKNVKEQASKDKKQQ 60 
                    *:****:**** **:***** *********.******:.:***:*** *.:  .:**    
 
S.lug-N920143       --PTIPKDKAEMAGYLRIPDADINEPVYPGPATPEQLNRGVSFAEEQESLDDQNIAIAGH 115 
S.lug-HKU09-01      --PTIPKDKAEMAGYLRIPDADINEPVYPGPATPEQLNRGVSFAEEQESLDDQNIAIAGH 115 
S.lug-M23590        --PTIPKDKAEMAGYLRIPDADINEPVYPGPATPEQLNRGVSFAEEQESLDDQNIAIAGH 115 
S.lug-VCU139        --PTIPKDKAEMAGYLRIPDADINEPVYPGPATPEQLNRGVSFAEEQESLDDQNIAIAGH 115 
S.aur-Newman        AKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATPEQLNRGVSFAEENESLDDQNISIAGH 120 
                      * *****:::***:.******:**********************:********:**** 
 
S.lug-N920143       TYIGRPHYQFTNLKAAKKGSKVYFKVGNETREYKMTTIRDVNPDEIDVLDEHRGDKNRLT 175 
S.lug-HKU09-01      TYIGRPHYQFTNLKAAKKGSKVYFKVGNETREYKMTTIRDVNPDEIDVLDEHRGDKNRLT 175 
S.lug-M23590        TYIGRPHYQFTNLKAAKKGSKVYFKVGNETREYKMTTIRDVDPDEIDVLDEHRGDKNRLT 175 
S.lug-VCU139        TYIGRPHYQFTNLKAAKKGSKVYFKVGNETREYKMTTIRDVNPDEIDVLDEHRGDKNRLT 175 
S.aur-Newman        TFIDRPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRDVKPTDVGVLDEQKGKDKQLT 180 
                    *:*.**:************* **********:****:****.* ::.****::*..::** 
 
S.lug-N920143       LITCDDYNEKTGVWEKRKIFIAEQIK 201 
S.lug-HKU09-01      LITCDDYNEKTGVWEKRKIFIAEQIK 201 
S.lug-M23590        LITCDDYNEKTGVWEKRKIFIAEQIK 201 
S.lug-VCU139        LITCDDYNEKTGVWEKRKIFIAEQIK 201 
S.aur-Newman        LITCDDYNEKTGVWEKRKIFVATEVK 206 
                    ********************:* ::* 

Figure 1. Multiple sequence alignments of SrtA sequences of four strains of S. lugdunensis (N920143,
HKU09-01, M23590, and VCU139) and S. aureus Newman using CLUSTAL 2.1. The highly conserved
amino acids glutamate (E) and aspartate (D) involved in binding of calcium ions are highlighted in
yellow. Stars denote highly conserved amino acids.
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3.3. Generation of Sortase-A Mutants

To generate knockout mutants of srtA, we used the homologous recombination method leading
to an insertion of ermB cassette into the srtA genes of S. lugdunensis strains Sl48 and Sl44 (Figure 2A).
The srtA deficient mutants Mut7 and Mut47 were analyzed by PCR amplification using primers
that anneal to ermB or to sequences flanking the srtA gene. The ermB gene could be amplified from
the chromosomal DNA of the srtA deficient mutants Mut7 and Mut47, but not from the isogenic
parent strains Sl48 and Sl44 respectively. Amplifications with primers specific for sequences flanking
srtA revealed the insertion of ermB into the srtA genes of strains Mut7 and Mut47. The final double
cross-over srtA::ermB allelic replacement in the ΔsrtA mutant was confirmed by PCR amplification.
Figure 2 shows the map of srtA as well as the positions of the primer pairs and the expected sizes of the
amplified PCR products. The expected PCR product size with primers SrtA1F and SrtA2R was 2.2 Kb
for the wild type and is 3.1 kb for the mutant. The observed sizes for the increased PCR products could
only be generated from the ΔsrtA mutants with primers SrtA1F and SrtA2R, but not with DNA of the
wild type strains. In addition, amplifications of the ermB cassette were only successful with the ΔsrtA
mutant, but not with wild type strain DNAs using primers Ery-FE and Ery-RE which confirmed the
allelic replacement of the wild type srtA gene by srtA::ermB (Figure 2). Results are exemplary shown
for the Sl48 parental and Mut47 mutant strain.

Figure 2. Genetic map of srtA and primer positions for PCRs, and results of PCR confirming the
gene depletion of srtA in S. lugdunensis. (A) The gene loci of srtA in S. lugdunensis are shown before
and after the recombination processes. In addition, the gene loci of srtA in S. lugdunensis are shown
before and after the recombination processes and the positions of primer binding during the PCR
experiments. The primer sequences are given in Table 3. (B) PCR products from genomic DNA of
S. lugdunensis wild-type strain (Sl48), ΔsrtA mutant strain (Mut47) and plasmid DNA of pBTsrtA (A23)
were separated by 1% agarose gels. Higher molecular bands (PCR with primer pair srtlA1F and srtlA2R)
and the occurrence of corresponding bands to PCR experiments with primer pairs Ery-EF/Ery-ER,
Ery-EF/srtlA2R and srtlA1F/Ery-ER confirming the deletion of srtA and following substitution by the
ermB gene in the genome S. lugdunensis ΔsrtA mutant strain Mut47.
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3.4. Characterisation of the Surface Proteins by SDS Page and Western Blot Experiments

First, we verified the absence of the sortase A protein in mutant strains and confirmed their
complementation with plasmid coded srtA. Specific polyclonal antibodies rose in rabbits against
recombinant sortase-A lacking the N-terminal signal peptide, revealed sortase-A as a polypeptide of
26 kDa in staphylococcal extracts. Immunoblotting with anti-SrtA antibodies failed to detect the SrtA
in the whole cell extract from mutant strains, but complementation of the mutant strain with plasmid
pCUSrtA encoded sortase-A restored the appearance of the sortase-A (Figure 3A). As a control, the
transformation of the mutant strain with empty vector DNA did not affect the expression of the SrtA
(data not shown). Together, these results confirmed the successful depletion of the srtA gene from the
genome of S. lugdunensis. The SrtA is described as a membrane bound protein. Therefore, an attempt
was made to localize SrtA within S. lugdunensis cells. For this purpose, S. lugdunensis cultivated in
BHI broth medium was fractionated into the extracellular fraction, cell wall fraction, cytosol fraction
and membrane digest. SrtA was detected in the membrane digest (Figure 3B). Strongest signal was
observed for the membrane fractions. Only weak signals were found for the other protein fractions.
It shows that SrtA of S. lugdunensis is also a membrane bound protein.

Figure 3. Western blot and SDS page experiments of S. lugdunensis wild type, ΔsrtA mutant and
complemented mutant strains showing the presence and localization of SrtA and consequences of
a srtA deletion for the surface proteome pattern. (A) Western blots showing the absence of SrtA in
the mutant strains but specific signals in wild types and complemented mutants. Whole cell extracts
of wild type, mutant and complemented mutant strains were separated via SDS page and blotted.
The Western blots were probed with specific polyclonal antibodies rose in rabbits against recombinant
SrtA (anti-SrtA). Asterisk mark the specific SrtA band. (B) Localization of SrtA within S. lugdunensis
cells. For this purpose, S. lugdunensis were grown in BHI broth medium. Cells were fractionated into
the extracellular fraction (EC), cell wall fraction (CW), cytosol fraction (CY), and membrane digest
fraction (MD). Proteins were separated by SDS page. After blotting, SrtA was detected in the different
fractions with anti-SrtA antibodies. Asterisk mark the specific SrtA band. (C) Analyses of cell surface
proteins of the wild-type strains and the mutant strains. The cell surface proteins were extracted in
0.1 M hydroxylamine hydrochloride. The protein extracts were separated on SDS-Page and stained
with Coomassie Blue. (D) Cell surface protein fractions of wild type and mutant strains were separated
via SDS page. After blotting, the Western blots were probed with a mixture of antibodies raised in
rabbits against formaldehyde fixed whole cells of S. lugdunensis. Asterisk mark the specific SrtA band.
M—page ruler, Sl44 and Sl48—wild type strains, Mut7 and Mut47—ΔsrtA mutant strains, Mut7C and
Mut47C—complemented ΔsrtA mutant strains.
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3.5. The Surface Proteomes of the Wild-Type and Mutant Strains Differ in the Absence of the SrtA

The cell surface protein expression patterns were determined by extracting the whole cells in
0.1 M hydroxylamine hydrochloride. In Coomassie Blue-stained SDS-PAGEs, the wild type and the
mutant strains showed similar but non-identical patterns of proteins. In general, gels revealed less
protein concentrations and protein bands for the mutants strains compared to the wild type isolates.
In all strains, lower molecular mass proteins were detected in the both wild type and mutant strains,
but higher molecular mass proteins were dominant in the wild type strains (Figure 3C). The results
were confirmed by Western immunoblots probed with a mixture of antibodies raised in rabbits against
formaldehyde fixed whole cells of S. lugdunensis. This experiment revealed a lack of bands for several
proteins of the cell surface protein extracts of the ΔsrtA mutant strains, although these bands were
present in wild type strains (Figure 3D).

3.6. Determination of Growth and Biofilm Formation of the ΔsrtA Mutants

The parental strains of S. lugdunensis Sl44/Sl48 and ΔsrtA mutants Mut7/Mut47 showed nearly the
same growth rate for 24 h when cultivated in 100 mL of BHI in 500 mL flask (Figure 4A). Furthermore,
in little cultivation volumes of only 5 mL in 14 mL glass tubes, no difference in growth could be
observed (data not shown). Next, we determined the biofilm formation of all strains. S. lugdunensis
wild type strains and the ΔsrtA isogenic mutants were grown in BHI, TSB, and were supplemented
with or without additional 0.5% (w/v) glucose. The addition of 0.5% glucose to TSB resulted in a strong
biofilm formation but it was not observed in BHI with glucose. Mut7 produced 70% less biofilm in
TSB plus glucose compared to the wild type strain Sl44. Mut47 showed only a decrease of around
25% biofilm formation capability in TSB plus glucose compared to the parental strain Sl48. In the
complemented mutants Mut47C and Mut47C, the biofilm formation was completely restored to the
levels of the wild-type strains Sl44 and Sl48 (Figure 4B).

3.7. Recombinant SrtA As Well As Cell Extracts Catalyzes Hydroxylaminolysis

To verify whether our recombinant SrtA as well as native SrtA of cell extracts still had catalytic
activities, we incubated them with LPXTG fluorescent peptides (DABCYL-LPETG-EDANS) and CaCl2.
An increase in fluorescence is observed when cleavage of DABCYL-LPETG-EDANS peptide separates
the fluorophore from Dabcyl which in turn confirmed the well described catalytic mechanism of the
sortase. First, we tested the catalytic activity of the recombinant sortase SrtA from S. lugdunensis in
this experimental setup. We observed an increase in fluorescence caused by SrtA which confirmed
the cleavage of the DABCYL-LPETG-EDANS peptide (Figure 5A). As hydroxylaminolysis of LPXTG
peptides depends on the sulfhydryl of the sortase, an addition of the known sortase inhibitor pHMB at
least strongly abolished enzymatic activity of SrtA. However, the enzymatic activity was restored when
DTT was added. We next tested cell lysates containing the native SrtA of the wild type strain Sl48,
the mutant Mut47, the complemented mutant Mut47C and compare them with the recombinant SrtA
in one experiment (Figure 5B). We observed an increase in fluorescence intensity when cell extracts
of Sl48, Mut47C and the recombinant SrtA were incubated with the LPXTG peptide in presence of
CaCl2. As expected, only low activity was measured for cell extracts of the mutant strain Mut47 and
the control (Figure 5B). Comparable results were found in cell extracts of the Sl44 wild type, the SrtA
deficient mutant Mut7, and the Mut7C complemented mutant strains.

3.8. Agglutination Test and Adherence of ΔsrtA Mutants to Immobilized Fibronectin (Fn), Fibrinogen (Fg),
and Vitronectin (Vn)

Clumping factor (ClfA) of S. aureus is a SrtA substrate and constitutes an important virulence
factor. It binds to the C-terminus of the γ-chain of fibrinogen and allowed the adhesion to different
eukaryotic cell types. Besides, the ClfA is used as an antigen for rapid diagnostic identification
based on latex-agglutination test systems. S. lugdunensis also possesses a clumping factor (Fbl) with
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an amino acid identity of 58% to ClfA of S. aureus. Hence, we applied the Pastorex Staph Plus
(Sanofi Diagnostic Pasteur, S.A., Marnes la Coquette, France) rapid agglutination test for simultaneous
detection of the fibrinogen affinity antigen (clumping factor) combined with the detection of protein A
and capsular polysaccharides of S. aureus. The WT strains showed positive agglutination reactions,
but the ΔsrtA strains did not reveal any agglutination (Figure 6A). It suggested the absence of Fbl
in mutant strains, but we verified this result and measured the adherence of the ΔsrtA mutants to
different ECM proteins via ELISA assays. All strains were investigated for binding to immobilized
Fn, Fg, and Vn. Compared to wild-type strain Sl44, the adherence of the ΔsrtA mutant Mut7 was
significantly decreased to immobilized Fg, Fn, and Vn (Figure 6B). The binding of complemented
mutant Mut7C was indistinguishable to the parent level binding capacity. For the mutant strain Mut47,
the results differed a little bit. We observed only a strong decrease in binding Fg, but the binding to Fn-
and Vn-coated surfaces of Mut47 decreased less and not to a significant extent. However, binding
of complemented mutant Mut47C to Fg, Fn and Vn was restored to the same extent as the wild type
strain Sl48 (Figure 6B).

Figure 4. Growth and biofilm formation of S. lugdunensis wild-type strains (Sl44, Sl48) and ΔsrtA
mutant strains (Mut7, Mut47). (A) Bacterial growth was monitored for 24 h. Bacteria were cultivated
in 100 mL BHI in 500 mL flask at 37 ◦C under permanent agitation. The experiment was done on
triplicates. One representative experiment is shown. (B) Biofilm-forming capacities of the S. lugdunensis
wild type (Sl44 and Sl48), ΔsrtA mutant (Mut7 and Mut47) and complemented mutant (Mut7C and
Mut47C) strains were assessed by a quantitative biofilm assay performed in microtiter plates applying
crystal violet and determination of the OD595nm. Results are shown as the mean of five independent
experiments with the standard deviation (SD). Statistical analyses were performed using one-way
ANOVA with Bonferroni multiple comparisons posttest (** p < 0.01; *** p < 0.001). ns—not significant.
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Figure 5. Hydroxylaminolysis of LPXTG peptide by recombinant SrtA (A) and whole S. lugdunensis
cells (B). (A) Recombinant SrtA was incubated with the sorting substrate Dabcyl-QALPETGEE-Edans
(LPXTG), and peptide cleavage was monitored as an increase in fluorescence. The reactions were
influenced by the addition of pHMB (inhibitor of sortase activity) and by DTT. Presence and absence of
the respective substance is shown as “+” or “-“, respectively. (B) Same assay using the LPXTG substrate,
recombinant SrtA, S. lugdunensis cell extracts from the wild-type strain Sl48, ΔsrtA mutant Mut47 and
complemented Mut47C. All results are shown as the mean of three independent experiments with the
standard deviation (SD).
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Figure 6. Pastorex staph plus agglutination test and binding of S. lugdunensis strains to ECM proteins.
(A): Pastorex staph plus test of S. lugdunensis wild-type strains (Sl44, Sl48) and ΔsrtA mutant strains
(Mut7, Mut47) grown overnight on blood agar plates. Material was mixed in one drop of Pastorex
reagent on a Pastorex disposable card. Results were recorded as positive on visual agglutination
of wild-type strains and as negative for both mutants showing no agglutination. (B): Binding of
S. lugdunensis wild-type strains (Sl44 and Sl48), ΔsrtA mutants (Mut7 and Mut47), and complemented
mutant strains (Mut7C and Mut47C) to immobilized fibrinogen (Fg), fibronectin (Fn), and vitronectin
(Vn) assessed by ELISA adherence assays. Results are shown as the mean of four independent
experiments with the standard deviation (SD). Statistical analyses were performed using one-way
ANOVA with Bonferroni multiple comparisons posttest (** p < 0.01; *** p < 0.001). ns—not significant.

3.9. Sortase A Inhibition Resulted in Decreased Biofilm Formation and Binding to Fg and Fn

The function of sortase A could be blocked by different classes of sortase A inhibitors like berberine
chloride (BBCl), phenyl vinyl sulfone (PVS) and pHMB as shown before in Section 3.7 [41]. In our
study, we used the well-known SrtA blocking reagent PVS. Our experiments with PVS showed MIC’s
of about 8-12 mM for strains Sl48, Sl44 and the corresponding ΔsrtA mutants (Figure 7).
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Figure 7. Effect of the sortase A inhibitor phenyl vinyl sulfone (PVS) on biofilm formation. The minimum
inhibitory concentrations (MIC) of the sortase inhibitor PVS of S. lugdunensis wild type (SL44 and Sl48),
ΔsrtA mutant (Mut7 and Mut47) were found about 12 mM. Data are presented as mean adsorptions
of triplicate determinations. Single representative experiments out of three are presented. Error bars
show standard deviations (SD).

The sortase A inhibition by PVS appeared to be highly effective because at 8 mM concentration
we observed a reduction in biofilm formation of strains Sl48 and Sl44, but also for the corresponding
ΔsrtA mutants. We further determined the effect of PVS on the binding capability of S. lugdunensis to
Fn- and Fg-coated surfaces (Figure 8). A PVS treatment decreased the ability of S. lugdunensis to adhere
to Fn- and Fg-coated surfaces. PVS at a concentration of 12 mM abolishes the binding to Fn of the
parental strains Sl48 and Sl44 and the ΔsrtA mutants Mut47 and Mut7. The effective PVS concentration
to stop binding to Fg is about 16–20 mM (Figure 8).

Figure 8. Effect of PVS on binding of S. lugdunensis to Fn- (A) or Fg- (B) coated wells. Overnight cultures
were diluted to an OD595 of 0.01. 180 μL of diluted culture were mixed with 20 μL of concentrated
phenyl vinyl sulfone (PVS) to the respective concentrations in a microtiter plate well. Plates were
incubated at room temperature for 1 h. Adherence was determined in a Biorad reader at absorbance of
595 nm. Data are presented as mean adsorptions of triplicate determinations. Single representative
experiments out of three are presented. Error bars show standard deviations (SD).
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3.10. Hydroxylamine HCl Treatment Decrease Binding to Immobilized Fg and Fn

A hydroxylamine treatment causes a formation of the C-terminal threonine hydroxamate of
surface proteins, which are thereby released into the culture medium (17). Therefore, a hydroxylamine
exposure of S. lugdunensis should result in a decreased adherence to Fg, Fn or other eukaryotic proteins.
Here, we incubated different wild type strains (Sl44, Sl48, Sl253 and Sl241) with different concentrations
of hydroxalamine HCL and found that 20 mM hydroxylamine HCl tendentially reduced the ability
to adhere to Fn (Figure 9A). The reduction of Fg adherence was much lower than that observed for
adherence to Fn (Figure 9B). In addition, we observed strain specific differences in binding Fg and Fn.

Figure 9. Effect of hydroxylamine HCl on binding of S. lugdunensis wild type strains to Fn (A) or Fg
(B) coated wells. Overnight cultures were diluted to an OD595 of 0.01. 180 μL of diluted culture were
mixed with 20 μL of concentrated hydroxylamine hydrochloride to the respective concentrations in a
microtiter plate well. Plates were incubated at room temperature for 1 h. Adherence was determined
in a Biorad reader at absorbance of 595 nm. Data are presented as mean adsorptions of triplicate
determinations. Single representative experiments out of three are presented. Error bars show standard
deviations (SD).

3.11. Adherence and Invasion to Eucaryotic Cell Lines

LPXTG motif cell surface proteins are important for the adherence of staphylococci to eukaryotic
cells. As shown above, ΔsrtA mutants showed decreased adherence to different ECM proteins.
Therefore we tested the adherence of the wild type, mutant, and complemented strains to three different
eukaryotic cell lines. Surprisingly, the ΔsrtA mutant Mut47 showed only slight reduced adherence
to confluent epithelial cells, fibroblast, and 5637 cells. However, another ΔsrtA mutant Mut7 bound
more to the above mention three cell lines. However, these differences were not statistically significant
(Figure 10).
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Figure 10. Adherence of S. lugdunensis wild-type (Sl44 and Sl48), ΔsrtA mutant (Mut7 and Mut47) and
complemented mutant (Mut7C and Mut47C) strains to immobilized human host cells ((A): endothelial
cell line EA.hy926, (B): fetal lung A549 fibroblasts and (C): urinary bladder carcinoma cell line 5637
(ATCC HTB-9™)) assessed by ELISA adherence assays. Results are shown as the mean of at three
independent experiments with the standard deviation (SD). Statistical analyses were performed
using one-way ANOVA with Bonferroni multiple comparisons posttest, but the differences were
not significant.

Next, we analyzed the invasion to the same eukaryotic cell lines. In experiments with FITC-labeled
wild type and mutant strains, we observed a significant increase in invasion of both mutant strains to
5637 cells, Ea.hy926, and fibroblast cells (Figure 11). In addition, we observed that the Mut7 strain
reached same invasion levels as the other mutant Mut47, but the wild type Sl44 revealed a comparable
low capability to invade these cell lines. However, complemented strains showed the same invasion
behavior as the respective wild type strains.
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Figure 11. Internalization of FITC-labelled S. lugdunensis wild-type (Sl44 and Sl48), ΔsrtA mutant
(Mut7 and Mut47) and complemented mutant (Mut7C and Mut47C) strains by human host cells
((A): endothelial cell line EA.hy926, (B): fetal lung A549 fibroblasts and (C): urinary bladder carcinoma
cell line 5637 (ATCC HTB-9™)) assessed by flow cytometry and computed in relation to S. aureus Cowan
1. Results are shown as the mean of three independent experiments with the standard deviation (SD).
Statistical analyses were performed using one-way ANOVA with Bonferroni multiple comparisons
posttest (** p < 0.01; *** p < 0.001). ns—not significant.

3.12. SrtA Influence the Gene Expression of Further Adhesins

As shown for ΔsrtA mutants of other species [42], we finally measured the influence of a srtA
gene deletion on the gene expression of two further LPXTG proteins. Using real-time PCR, expression
of specific mRNA for the LPXTG-bearing adhesin proteins Fbl and vWbF were compared in wild type
strains Sl44, Sl48 and their respective ΔsrtA mutants Mut7 and Mut47. The RT-PCR analyses of fbl
and vwbF genes showed a modest up-regulation of about 2 fold in both ΔsrtA mutant backgrounds
(Table 4), verifying results observed for sortase mutants of other species [42].
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Table 4. Real-time quantification of fbl and vWbFgenes.

Strain fbl a vWbF a

Mut47 vs. Sl48 1.88 ± 0.12 2.35 ± 0.25

Mut7 vs. Sl44 1.99 ± 0.18 1.68 ± 0.12
a Relative levels of fbl and vWbF specific RNA in S. lugdunensis srtA deletion mutants were compared to wild-type
strains. The fold changes in gene expression of fbl and vWbF are shown for the ΔsrtA mutants Mut47 and Mut7
relative to wild type strains Sl48 and Sl44. Above given values represent mean± SD of three independent experiments
performed in triplicate.

4. Discussion

The LPXTG-anchored proteins are covalently anchored to the cell surface of many bacteria and
play key roles as virulence factors for the establishment of bacterial infections [43]. The executive
enzyme, the sortase, is essential for the functional assembly of cell surface virulence factors and,
hence, important for the pathogenesis of staphylococci and in particular S. aureus [22,44]. Mutations in
the srtA gene result in non-anchoring of 19 surface proteins to the cell envelope [23]. Consequently,
S. aureus sortase mutants are defective in assembling surface proteins and are highly attenuated in the
pathogenesis shown in animal infection studies [23]. However, only a few reports are available on the
properties of S. lugdunensis in terms of interaction with ECM molecules or host tissues, as well as on its
possession of the LPXTG-anchored proteins and secretable expanded repertoire adhesive molecules
(SERAMs). S. lugdunensis strains were shown to bind to varying extents to collagen, fibronectin,
vitronectin, laminin, fibrinogen, thrombospondin, plasminogen, and human IgG [45]. A comparative
bioinformatic analysis of publicly available S. lugdunensis genomes identified the presence of 11 sortase
A dependent proteins (Table 3) [39]. In the published genome sequence of S. lugdunensis strain N920143,
Heilbronner et al. (2011) identified fbl, vWbF, isdB, isdJ and seven more genes coding for proteins with a
LPXTG motif [39]. In the present study, we report the characterization of S. lugdunensis housekeeping
SrtA and its role in LPXTG motif proteins’ cell wall anchoring. To address the role of SrtA to adhere to
different ECMs and cell lines, stable and defined ΔsrtA mutants of S. lugdunensis were generated by
allelic replacement as described before and respective complemented mutant strains were generated to
exclude any polar effects [30].

The SrtA from four S. lugdunensis strains (N920143, HKU09-01, M23590, and VCU139) showed
identity of 76-77% to the SrtA of S. aureus strain Newman, and a very high identity of 98-100% among
themselves. Specific residues identified in the region corresponding to the described calcium binding
cleft in the S. aureus SrtA were also highly conserved in the amino acid sequence of the S. lugdunensis
SrtA. In our study, the recombinant SrtA as well as whole cell extracts of S. lugdunensis could catalyze
the hydrolysis of a fluorescent quenched polypeptide carrying the LPXTG motif, which is characteristic
of sortases of other species (Figure 5) [16,23]. In addition, it was observed that the S. lugdunensis SrtA
activity also required calcium ions for hydroxyaminolysis of LPXTG peptide, as reported previously
for SrtA of S. aureus [40]. Therefore, we propose a quite similar catalytic mechanism as shown for
SrtA from S. aureus [16,17]. These assumption was approved by further phenotypic analyzes showing
an essential role for SrtA in anchoring LPXTG proteins, as ΔsrtA mutants differ in their cell surface
proteome from that of the wild type strains, showing the absence of several proteins in the ΔsrtA
mutants (Figure 3). It’s therefore not surprising that we found a reduced biofilm formation and a
reduced adherence to Fn, Fg, and Vn in the ΔsrtA mutants (Figures 4B and 6). Similar results were
shown for S. aureus as the inhibition of SrtA activity caused loss of binding to Fn, Fg, and IgG and
reduced biofilm formation [46,47]. Furthermore, these results are consistent with our observations that
the ΔsrtA mutants showed no agglutination in the Pastorex test.

The presence of an active sortase enzyme in S. aureus was found essential for the adherence to host
eukaryotic cell [46]. In a previous study, the ΔsrtA mutants of S. aureus and Lactococcus salivarius showed
significant reductions in adhesion to different epithelial cell lines compared to the WT strain [48,49].
Here in this report, the ΔsrtA mutant Mut47 showed only slightly reduced adherence to confluent
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epithelial cells, fibroblast, and 5637 cells, whereas another ΔsrtA mutant Mut7 bound to above mention
cell lines (Figure 10). Obviously, the differences were not statistically significant, which was surprising
because formerly we observed significant lower adherences to Fn, Fg, and Vn. As shown previously,
the autolysin AtlL of S. lugdunensis was identified as a major adhesin being crucially involved in the
internalization process to cells [47]. Here, we showed a fairly strong imbalance in the proteome of
the cell surface compartment in the mutant strains. These probably make AtlL more available to the
cell surface, which might compensate for the loss of other LPXTG adhesins in case of Mut47 and
eventually enhance, to a limited extent, the binding of Mut7 to eukaryotic cells. On the other hand, we
cannot exclude the absence of the respective LPXTG counterpart proteins on the cell surfaces of the
eukaryotic cell lines under our experimental conditions. This rather would lead to indistinguishable
results between the adherence of wild types and ΔsrtA mutant to cell lines, similar to what we have
observed here.

We further observed that SrtA is not only involved in the covalent binding of LPXTG motif
proteins to cell wall, but also influenced the transcriptional regulation of at least two adhesin genes fbl
and vWbF. RT-PCR results showed that expression of fbl and vWbI genes were upregulated at least 2
fold in the ΔsrtA mutants relative to their wild type strains (Table 4). This is in agreement with the
previous finding that mutations in the srtA gene result in the upregulated expression of cell surface
proteins in an oral Streptococcus strain [42]. Nobbs et al. (2007) reported a significant upregulation of
the expression of adhesin genes like sspA/B, cshA/B, and fbpA in ΔsrtA deficient mutants relative to their
wild type strains of S. gordonii [50]. Moreover, Hall et al. (2019) recently described a quality control
mechanism that monitors the processing of LPXTG adhesins by SrtA via measuring the left C-terminal
cleaved LPXTG proteins (C-peps) which stayed membrane located and are recognized by a previously
uncharacterized intramembrane two-component system (TCS) [51]. Prevention of C-peps generation
de-repressed this TCS and resulted in increased expression of further adhesins compensating for the
loss of LXPTG adhesins [51]. Since TCS is conserved in streptococci but not in staphylococci, the same
C-pep-driven regulatory circuit is unlikely in S. lugdunensis, but similar regulation processes cannot be
ruled out and might be an explanation for the upregulation of fbl and vWbF. Thus, the comparable high
adherence to host cells of ΔsrtA mutants might also be a result of the upregulation of other adhesins in
the mutant strains and is object of future research. However, detailed in vitro infection studies are
necessary to understand the impact of the single LPXTG proteins of S. lugdunensis to the respective
adherence mechanisms.

A sudden inhibition of the SrtA activity could disrupt the pathogenesis of bacterial infections [22].
The surface-protein anchoring is sensitive to sulfhydryl-modifying reagents like methanethiosulfonates,
berberine chloride, (Z)-3-(2,5-dimethoxyphenyl)-2-(4-methoxyphenyl)acrylonitrile or PVS under
in vitro conditions [17,42,52]. Here, the SrtA inhibitor PVS reduced the biofilm formation and
also reduced the adherence to Fg and Fn (Figures 7 and 8). Further, a hydroxylamine HCl treatment,
releasing LPXTG proteins from the cell wall, was found to greatly reduce the adherence of four wild
type strains of S. lugdunensis to immobilized Fg and Fn (Figure 9). This clearly showed the important
role of the LPXTG proteins in S. lugdunensis for the binding to some ECM proteins, and confirmed
the data observed for S. aureus [23,53]. The inhibition of the sortase activity may provide a novel
approach for the treatment of infections with staphylococci and a development of such inhibitors
could complement the current dependence on antibiotics. Therefore, SrtA is an attractive target to
attenuate virulence and hamper infections. In addition, the ΔsrtA mutant of S. lugdunensis showed
significant defects in virulence including reduced bacteremia, reduced bacterial spreading to the
kidneys and reduced size/density of endocardial vegetations [24]. This highlights the importance of
LPXTG-anchored proteins in the pathogenesis of this germ. These and our results suggest that several
surface proteins probably act in concert to promote the adhesion to different host structures and enable
a survival in the host [24]. Sortase A mutants of S. aureus displayed strongly reduced virulence in
various infection models including experimental sepsis, highlighting the impact of properly displayed
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surface proteins during infection [54,55]. Therefore, the ΔsrtA mutants were recently discussed as
vaccine candidates due to the attenuated but still immune-stimulating phenotype [56].

In conclusions, SrtA was found as the housekeeping sortase of S. lugdunensis like in other
Gram-positive bacteria and in particular in S. aureus. Disrupting the presentation of surface proteins
by gene deletion or blocking the activity of SrtA via different SrtA inhibitors could therefore effectively
cause a reduction in binding to ECM proteins and could probably disrupt the pathogenesis of bacterial
infections and promote bacterial clearance by the host. Although some strain-specific differences may
exist, SrtA could be an attractive target to attenuate the virulence of S. lugdunensis.
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Abstract: Nosocomial diseases represent a huge health and economic burden. A significant portion
is associated with the use of medical devices, with 80% of these infections being caused by a bacterial
biofilm. The insertion of a foreign material usually elicits inflammation, which can result in hampered
antimicrobial capacity of the host immunity due to the effort of immune cells being directed to
degrade the material. The ineffective clearance by immune cells is a perfect opportunity for bacteria
to attach and form a biofilm. In this study, we analyzed the antibiofilm capacity of three naturally
derived biofilm inhibitors when combined with immune cells in order to assess their applicability
in implantable titanium devices and low-density polyethylene (LDPE) endotracheal tubes. To this
end, we used a system based on the coculture of HL-60 cells differentiated into polymorphonuclear
leukocytes (PMNs) and Staphylococcus aureus (laboratory and clinical strains) on titanium, as well as
LDPE surfaces. Out of the three inhibitors, the one coded DHA1 showed the highest potential to be
incorporated into implantable devices, as it displayed a combined activity with the immune cells,
preventing bacterial attachment on the titanium and LDPE. The other two inhibitors seemed to also
be good candidates for incorporation into LDPE endotracheal tubes.

Keywords: Staphylococcus aureus; biomaterials; medical devices; HL-60 cells; PMNs; biofilm;
endotracheal tube; titanium; implantable devices; nosocomial diseases

1. Introduction

Over 2.6 million new cases of healthcare-associated infections are annually reported just in
the European Union [1], and over 33,000 result in death [2] due to the increasing number of
antimicrobial-resistance cases [3]. At least 25% of these infections are associated with the use of
medical devices, and 80% of them are estimated to be caused by bacterial biofilms [4,5]. Biofilms are
defined as a community of microorganisms encased within a self-produced matrix that adheres to
biological or nonbiological surfaces [6,7]. They are currently regarded as the most important nonspecific
mechanism of antimicrobial resistance [8,9].
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During the worldwide crisis of SARS-CoV-2, as well as in many other pathological conditions,
mechanical ventilation is used to assist or replace spontaneous breathing as a life-saving procedure
in intensive care. However, the use of endotracheal intubation also poses major risks in prolonged
ventilation. The endotracheal tube provides an ideal opportunity for bacteria to form biofilms on
both the outer and luminal surface of the tube, increasing the risk of pulmonary infection by 6 to
10 times [10–12], with Staphylococcus spp. and Pseudomonas aeruginosa among the most frequent
colonizing agents [13]. Colonization by microorganisms and the subsequent formation of a biofilm
can happen within hours [13], but these kinds of devices are relatively easy to replace. On the other
hand, infection of orthopedic implants is particularly problematic, as these devices remain in the
body, often causing chronic and/or recurring infections mediated by biofilms. These infections also
frequently require removal of the infected implant, thereby causing implant failure [14–16]. Given the
rising number of implantations, the absolute number of complications is inevitably increasing at the
same pace, causing not only distress for the patients but also an increasing economic burden [15,16].

The most common causative agents of infection in orthopedic implants are Gram-positive cocci of
the genus Staphylococcus, e.g., Staphylococcus aureus and Staphylococcus epidermidis [17]. In the absence
of a foreign body, contaminations caused by these opportunistic pathogens are usually cleared by
the immune system. In contrast, the placement of an implant per se represents a risk factor for
the development of a chronic infection. This is due to the fact that the surgical procedure causes
tissue damage resulting in the local generation of damage-associated molecular patterns (DAMPs),
endogenous danger molecules that are released from damaged or dying cells and activate the innate
immune system by interacting with pattern recognition receptors (PRRs) [18]. This is sensed by
host neutrophils, which migrate to the injured tissue sites, activating defense mechanisms, such as
the generation of oxygen-derived and nitrogen-derived reactive species as well as phagocytosis,
to unsuccessfully attempt to clear the foreign material. These events lead to immune cell exhaustion
and death, and tissue damage caused by the triggered inflammation eventually leads to a niche
of immune suppression around the implant [19]. Under these specific conditions, the clearance of
planktonic bacteria by immune cells becomes impaired [14], which predisposes the implant to microbial
colonization and biofilm-mediated infection.

However, it is possible that not only host immune cells and bacterial cells can be present at
the moment of implantation, but also the cells of the tissue where the material is being implanted.
The “race for the surface” concept describes the competition between bacteria and the host cells of the
tissue where the device is implanted to colonize the surface of the material [20]. The rapid integration
of the material into the host tissue is a key component in the success of an implant, as the colonization
of the surface by the cells of the host not only ensures correct integration, but also prevents bacterial
colonization [21]. However, if bacterial adhesion occurs first, the host defense system is unable to
prevent the colonization and subsequent biofilm formation [22].

One of the current challenges to prevent and resolve biofilm-mediated infections is the limited
repertoire of compounds that are able to act on them at sufficiently low concentrations [23].
Because of this, there is intense ongoing research focused on the search for new biofilm
inhibitors by means of chemical screenings. However, for compounds to be truly effective
when used for the protection of biomaterials in translational applications, they must be tested
in meaningful experimental models. Based on this, we previously optimized an in vitro system
based on the coculture of SaOS-2, osteogenic cells, and S. aureus (laboratory and clinical strains)
on a titanium surface (Reigada; et al. [24]), and studied the effect of three naturally derived
biofilm inhibitors (Figure 1). Two of them were dehydroabietic acid (DHA) derivatives, namely,
N-(abiet-8,11,13-trien-18-oyl)cyclohexyl-L-alanine and N-(abiet-8,11,13-trien-18-oyl)-D-tryptophan,
coded DHA1 (Figure 1a) and DHA2 (Figure 1b), respectively. The third one was a flavan derivative,
6-chloro-4-(6-chloro-7-hydroxy-2,4,4-trimethylchroman-2-yl)benzene-1,3-diol, coded FLA1 (Figure 1c).
All of them were previously reported by our group and demonstrated to display activity in preventing
biofilm formation, as well as disrupting preformed S. aureus biofilms on 96-well plates [25,26], but the
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testing in the coculture model with osteogenic cells provided with new insights into their applicability
as part of anti-infective implantable devices.

The coculture model developed previously [24] involving SaOS-2 cells and S. aureus strains offered
an in vitro environment that was closer in terms of host–bacteria interactions and substrate materials to
the in vivo scenario of the implanted device. Moreover, in terms of antimicrobial evaluation, it provided
information not only regarding the antibiofilm activity but also about the effects on tissue integration.
However, this model did not assess the effect of the antimicrobials on immune cells. As mentioned
earlier, chronic inflammation not only lowers the antimicrobial efficacy, but also complicates the
integration of the implant material as a consequence of maintained inflammation and tissue damage.
Therefore, it is essential to assess the effect that antimicrobials might have in the presence of immune
cells, particularly for those intended to be used in medical devices. Endotracheal tubes significantly
differ from orthopedic implants in material, function, and implantation procedure, but they both cause
impairment of the host immune antimicrobial capacity.

Because of this, in this contribution, we move one step forward toward emulating in vivo
conditions encountered by medical devices in an in vitro setting. In this case, we introduce immune
cells, specifically neutrophils, in a coculture model with bacterial cells. Neutrophils were selected as
immune cells as they are the first cell types to migrate toward damaged tissue cells [27]. Our aim
was to develop cocultures of S. aureus and differentiated HL-60 cells, grown on titanium coupons
or low-density polyethylene (LDPE) tubes, to simulate biofilm formation on orthopedic implants or
endotracheal tubes, respectively. As a proof-of-concept, we also study the possible antimicrobial effects
of naturally derived antibiofilm inhibitors DHA1, DHA2, and FLA1, and their possible applicability
as part of medical devices.

2. Materials and Methods

2.1. Compounds

The dehydroabietic acid derivatives coded DHA1 and DHA2 (previously coded 11 and 9b,
respectively) were synthesized according to [25]. Their spectral data were identical to those reported
in [28]. The flavan derivative coded FLA1 (previously coded 291 in [26]), was purchased from TimTec
(product code: ST075672, www.timtec.net). These compounds were selected given their low minimum
inhibitory concentrations (MICs) and the low concentrations needed in order to prevent S. aureus
biofilm formation (Table S1). The control antibiotic rifampicin was purchased from Sigma-Aldrich
(CAS number 13292-46-1) and coded RIF. Molecular structures are shown in Figure 1.

Figure 1. Chemical structures of the two dehydroabietic acid (DHA) derivatives, (a) N-(abiet-8,11,13-trien-
18-oyl)cyclohexyl-L-alanine, (b) N-(abiet-8,11,13-trien-18-oyl)-D-tryptophan, coded DHA1 and DHA2,
the flavan derivative, (c) 6-chloro-4-(6-chloro-7-hydroxy-2,4,4-trimethylchroman-2-yl)benzene-1,3-diol,
coded FLA1, and (d) rifampicin, coded RIF.

2.2. Bacterial Strains

Bacterial studies were performed using the laboratory strain S. aureus ATCC 25923 (American Type
Culture Collection, Manassas, VA, USA) and one clinical strain isolated from hip prostheses and
osteosynthesis implants at the Hospital Fundación Jiménez Díaz (Madrid, Spain) [29] (coded S. aureus P2).
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2.3. HL-60 Cell Culture and Differentiation

HL-60 (ATCC CCL-240) cells were grown and maintained in Roswell Park Memorial Institute
(RPMI) 1640 Medium (R8758, Sigma Aldrich, St. Louis, MO, USA), supplemented with 20% (v/v)
heat-inactivated fetal bovine serum (FBS) (Sigma Aldrich, St. Louis, MO, USA) and 1% (v/v)
penicillin/streptomycin (Sigma Aldrich, St. Louis, MO, USA). Cells were maintained in suspension at a
concentration between 105–106 cells/mL in 72 cm2 culture flasks (VWR, Radnor, PA, USA) at 37 ◦C in 5%
CO2 in a humidified incubator. N,N–Dimethylformamide (DMF)(Sigma Aldrich, St. Louis, MO, USA)
was utilized in order to differentiate the cells into polymorphonuclear-like cells [30]. In order to carry
out the differentiation, cells were cultured for 6 days in the maintenance medium at a concentration of
100 mM DMF. The success of the differentiation was assessed visually after Giemsa staining using a
Leica DMLS microscope (Leica, Wetzlar, Germany). Differentiated cells were neutrophil-like, with a
multilobar nucleus and a fairly clear cytoplasm.

2.4. Biofilm Prevention Efficacy of Differentiated HL-60 Cells against Different Bacterial Concentrations of
S. aureus ATCC 25923

2.4.1. Bacterial Inoculum Preparation

Pure colonies (2–3) of S. aureus ATCC 25923 were added to 5 mL of tryptic soy broth (TSB, Neogen®,
Lansing, MI, USA) and incubated overnight at 37 ◦C, 120 rpm. After incubation, 10 μL of the preculture
was added to 5 mL fresh TSB and incubated for 3–4 h (37 ◦C, 120 rpm), in order to obtain a midlogarithmic
growth phase of bacteria. Bacterial cultures were washed twice with sterile phosphate-buffered saline
(PBS; 140 mM NaCl, pH 7.4) and the concentration was adjusted to 2 × 108 in RPMI 1640 based on the
optical density of the suspension at 600 nm. From this stock, serial dilutions were made in RPMI 1640
between 2 × 108 and 2 × 102 CFU/mL.

2.4.2. Immune Cell (HL-60) Preparation

Twenty-four hours prior to starting the experiments, the media of the differentiated HL-60 cells
were refreshed with nonsupplemented RPMI 1640 in order to remove possible traces of antibiotics
from the maintenance media. Differentiated HL-60 cells (after 6 days exposure to a concentration
of 100 mM DMF) were counted with a Countess™ II automated cell counter (Thermo Scientific,
Waltham, MA, USA) and adjusted to a concentration of 2 × 105 cells/mL. In order to test the influence
of activating the cells with phorbol 12-myristate 13-acetate (PMA) (Sigma Aldrich, St. Louis, MO, USA)
on the antimicrobial capacity, half of the suspension of differentiated HL-60 cells was incubated for
20 min in RPMI 1640 supplemented with 25 nM PMA. PMA-activated and nonactivated HL-60 cells
were separately added (100 μL) to flat-bottomed, 96-well microplates (Nunclon Δ surface, Nunc,
Roskilde, Denmark).

2.4.3. Coculture of S. aureus ATCC 25923 and HL-60 Cells

S. aureus ATCC 25923 suspensions at the different concentrations (100 μL) were added to the wells
of the 96-well microplate already containing 100 μL of one of the two different HL-60 cell suspensions
(activated or nonactivated). In the bacterial control wells, 100 μL of the S. aureus ATCC 25923 suspension
at different concentrations were added to wells containing 100 μL of RPMI 1640 alone. The wells
corresponding to the HL-60 cell control consisting of a suspension of HL-60 cells at a concentration
105 cells/mL in RPMI 1640 were used to observe the cell morphology after 18 h of incubation, but no
quantitative viability test was carried out. The 96-well microplates were incubated for 18 h at 37 ◦C
and 5% CO2 in a humidified incubator.

2.4.4. Biofilm Quantification in 96-Well Microplates

After S. aureus ATCC 25923 biofilms were grown, the media were carefully removed and each
well was washed twice with 125 μL sterile PBS, followed by the addition of 150 μL of TSB. Each 96-well
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microplate was closed with a plastic seal and parafilm and placed in a plastic bag, which was sealed
with heat in order to prevent leakage. The plate was sonicated for 10 min at 35 kHz in an Ultrasonic
Cleaner 3800 water bath sonicator (Branson Ultrasonics, Danbury, CT, USA) at 25 ◦C. This procedure
did not affect the viability of the staphylococci (Figure S1).

S. aureus ATCC 25923 was then resuspended in RPMI 1640 using 3 pipetting cycles (up/down).
Samples (10 μL) from each tested condition were transfer to 90 μL of TSB and serial dilutions were
made from 10−1 up to 10−7. Aliquots (10 μL) of all dilutions were transferred to sheep blood agar plates
(Amsterdam UMC, Amsterdam, The Netherlands) and incubated at 37 ◦C overnight. Viable plate
colonies were counted the next day.

2.5. Influence of Opsonizing S. aureus ATCC 25923 on the Efficacy of HL-60 Cells in Preventing Bacterial
Attachment on Titanium Coupons

S. aureus ATCC 25923 suspensions were prepared as described in Section 2.4.1. The inoculum was
adjusted to 2 × 107 CFU/mL and opsonized using 50% (v/v) pooled human serum in PBS (pooled from
15 healthy blood donors) by incubating at 37 ◦C for 30 min with gentle agitation, washing twice with
PBS, and resuspending in RPMI 1640 [31]. As a control, a nonopsonized suspension of S. aureus
ATCC 25923 was used. The two different suspensions (opsonized and nonopsonized), were then
added to sterilized titanium coupons (0.4 cm height, 1.27 cm diameter, BioSurface Technologies Corp.,
Bozeman, MT, USA).

On the other hand, HL-60 cells were prepared as described in Section 2.4.2 and added to the
titanium coupons, to which the bacterial suspension was previously added. The final volume covering
each coupon was 1 mL, made up of 500 μL of a suspension of 2 × 107 CFU/mL S. aureus ATCC 25923,
and 500 μL of a suspension of 2 × 105 HL-60 cells/mL in RPMI 1640.

2.6. Effect of the Antimicrobial Compounds on the Prevention of S. aureus ATCC 25923 and S. aureus P2
Adhesion in Coculture with Differentiated HL-60 Cells on Titanium Coupons

2.6.1. Culture of Staphylococci and HL-60 Cells

Bacterial inocula of S. aureus ATCC 25923 and S. aureus P2 were prepared as described in
Section 2.4.1. The concentration was adjusted to 2 × 107 CFU/mL in RPMI 1640. For the differentiated
HL-60 cells, the media were refreshed with RPMI 1640 24 h before the experiments started in order
to remove possible traces of antibiotics from the maintenance media. On the day of the experiment,
cells were counted with a Countess™ II automated cell counter (Thermo Scientific, Waltham, MA, USA)
and adjusted to a concentration of 2 × 105 cells/mL in RPMI 1640. Each suspension (bacterial and
HL-60 cells suspensions, 500 μL of each) was added to sterilized titanium coupons that were inserted
in the different wells of a 24-well plate (Nunclon Δ surface, Nunc, Roskilde, Denmark) and to which
the different tested compounds or the control antibiotics were added at a concentration of 50 μM
(0.25% DMSO).

The 24-well plates containing the titanium coupons were maintained in cocultures with a solution
containing 107 CFU of S. aureus ATCC 25923 or S. aureus P2 and 105 HL-60 cells in a total volume of
1 mL of RPMI 1640 for 24 h. Titanium coupons with added RIF (50 μM, 0.25% DMSO) were used as
positive antibiotic controls. As coculture controls, titanium coupons without the addition of the tested
antimicrobial compounds or control antibiotics were exposed simultaneously to both cellular systems
(S. aureus and HL-60 cells) at the concentrations previously described. In addition, bacterial controls
(exposed or not to the antimicrobial compounds in the absence of differentiated HL-60 cells) were
also included.

2.6.2. Bacterial Adherence on Titanium Coupons

Titanium coupons were gently washed with TSB to remove remaining adhering planktonic cells
and transferred to Falcon tubes containing 1 mL of 0.5% (w/v) Tween® 20-TSB solution. Next, the tubes
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were sonicated in an Ultrasonic Cleaner 3800 water bath sonicator (Branson Ultrasonics, Danbury,
CT, USA) at 25 ◦C for 5 min at 35 kHz. The tubes were vortexed for 20 s prior to and after the sonication
step. Serial dilutions of the resulting bacterial suspensions were made from 10-1 up to 10−7 and plated
on tryptic soy agar (Neogen®, Lansing, MI, USA) plates.

2.7. Effect of the Antimicrobial Compounds on the Prevention of S. aureus ATCC 25923 Adhesion in Coculture
with Differentiated HL-60 Cells on LDPE Tubes

The assay was carried out as described in Section 2.6 but instead of titanium coupons the materials
added to the 24-well plates were 1 cm long sections of a sterilized fine bore LDPE tubing (Smiths Medical
ASD, Minneapolis, MN, USA).

2.8. Scanning Electron Microscopy (SEM)

In order to visualize the effect of the antimicrobial compounds on the prevention of S. aureus
ATCC 25923 adhesion in coculture with immune cells on titanium coupons, S. aureus ATCC 25923 was
cocultured with differentiated HL-60 cells on titanium coupons, as described in Section 2.6. Prior to SEM,
samples were fixed in 4% (v/v) paraformaldehyde and 1% (v/v) glutaraldehyde (Merck, Kenilworth,
NJ, USA) overnight at room temperature. Samples were rinsed twice with distilled water, with the
duration of each cycle being 10 min. The dehydration procedure consisted of 2 cycles of incubation for
15 min in 50% (v/v) ethanol, 2 cycles of incubation for 20 min in 70% (v/v) ethanol, 2 cycles of incubation
for 30 min in 80% (v/v) ethanol, 2 cycles of incubation for 30 min in 90% (v/v) ethanol, and 2 cycles of
incubation for 30 min in 100% (v/v) ethanol. In order to reduce the sample surface tension, samples were
immersed in hexamethyldisilazane (Polysciences Inc., Warrington, FL, USA) overnight and air-dried.
Before imaging, samples were mounted on aluminum SEM stubs and sputter-coated with a 4 nm
platinum–palladium layer using a Leica EM ACE600 sputter coater (Leica Microsystems, Wetzlar,
Germany). Images were acquired at 2 kV using a Zeiss Sigma 300 SEM (Zeiss, Oberkochen, Germany)
at the Electron Microscopy Center Amsterdam (Amsterdam UMC).

Of each coupon, 8–10 fields were viewed and photographed at magnifications of 250×, 500×,
1000×, and 3000×. Representative images are shown in the results.

2.9. Statistical Analysis

The quantitative data are reported as the mean and standard deviation (SD) of at least three
independent experiments. Data were analyzed using GraphPad Prism 8 for Windows. For statistical
comparisons, Tukey’s multiple comparison test and Welch’s unpaired t-test were applied, and p < 0.05
was always considered as statistically significant.

3. Results

3.1. Effect of PMA Activation of Differentiated HL-60 Cells on Prevention of S. aureus ATCC 25923
Biofilm Formation

Before performing the experiments with the titanium coupons and the antimicrobial compounds,
the initial concentration of S. aureus ATCC 25923 was determined where the bacteria were able to form
a biofilm in absence of the HL-60 cells, but were prevented from forming a biofilm when cocultured
with 105 HL-60 cells. At the same time, it was assessed whether the activation of the HL-60 cells
with PMA enhanced their bacterial clearance capability (Figure 2). At an initial S. aureus ATCC 25923
concentration of 108 CFU/mL, HL-60 cells did not significantly affect the bacterial attachment in 96-well
microplates. A reduction on the adhered S. aureus ATCC 25923 viable cell counts was observed at an
S. aureus ATCC 25923 concentration of 107 CFU/mL and below (p < 0.001 in all cases when comparing
the bacterial control with bacteria cocultured with HL-60 cells, and p = 0.001 for cells activated with
PMA and a starting inoculum of 103 CFU/Ml), with the exception of the lowest bacterial concentration
tested, i.e., 102 CFU/mL, where no difference was found. Both PMA-activated and nonactivated
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HL-60 cells (gray and green columns, respectively) showed similarly reduced numbers of adherent
S. aureus ATCC 25923 viable cell counts at 24 h, so it was concluded that activation with PMA does not
significantly enhance S. aureus ATCC 25923 clearance.

Figure 2. Viable counts of 24-hour-old biofilms formed by different concentrations of S. aureus
ATCC 25923 cocultured with HL-60 cells on 96-well microplates. Black columns represent the bacterial
control (viable attached cells in the absence of HL-60 cells). Green columns show the coculture of S. aureus
ATCC 25923 with HL-60 cells differentiated with N,N-dimethylformamide (DMF). Gray columns show
the coculture of S. aureus ATCC 25923 with HL-60 cells differentiated with DMF and activated with
phorbol 12-myristate 13-acetate (PMA). Values are means and SD of three independent experiments
(*** p < 0.001; ** p < 0.01).

Based upon these results, the optimal initial S. aureus ATCC 25923 concentration was found to
be 107 CFU/mL, which was then selected for the rest of the experiments. Since PMA activation of
the HL-60 cells did not influence their phagocytic activity, no PMA stimulation was performed in
subsequent experiments.

3.2. Influence of Opsonizing S. aureus ATCC 25923 on the Efficacy of HL-60 Cells in Preventing Bacterial
Attachment on Titanium Coupons

One of the most relevant mechanisms of the host defense against Staphylococcus spp. is phagocytosis.
Given that opsonization of S. aureus is important for neutrophils to be able to clear planktonic
S. aureus [32], the phagocytic efficacy of HL-60 cells, as well as the impact of opsonization of
S. aureus ATCC 25923, in preventing S. aureus ATCC 25923 biofilm formation on titanium coupons
was simultaneously explored (Figure 3). The left part of Figure 3 shows how the preventive
capability of HL-60 cells was preserved when tested on titanium surfaces (p < 0.001, when comparing
S. aureus +HL-60 (gray column) with the bacterial control (black column)). This bacterial clearance
activity was also observed when S. aureus ATCC 25923 was opsonized (p = 0.007), but no significant
differences were found when comparing the effects of the HL-60 cells on opsonized versus nonopsonized
S. aureus ATCC 25923 (p = 0.260). The antibacterial effects of PMA-activated HL-60 cells against
opsonized S. aureus ATCC 25923 was additionally explored, but no differences were found with the
antimicrobial activity of nonactivated HL-60 against nonopsonized S. aureus ATCC 25923 (Figure S2).
Because opsonization did not enhance the bacterial clearance capacity of HL-60, the use of opsonized
S. aureus during the rest of the experiments was decided against.
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Figure 3. Viable counts of adhered opsonized and nonopsonized S. aureus ATCC 25923 on titanium
coupons after coculture with HL-60 cells for 24 h. The left half of the graph includes the nonopsonized
S. aureus ATCC 25923 biofilm formation, in absence (black column) or cocultured with HL-60 cells
(green column). The right half includes the opsonized S. aureus ATCC 25923 biofilm formation,
in absence (white/black column) or cocultured with HL-60 cells (green/black column). “*” indicates
statistical differences with the nonopsonized S. aureus ATCC 25923 in monoculture, while “#” represents
statistical differences with the opsonized S. aureus ATCC 25923 in monoculture with Welch’s unpaired
t-test (*** p < 0.001; ## p < 0.01). Values are means and SD of three independent experiments.

3.3. Effect of the Antimicrobial Compounds on the Prevention of S. aureus Adhesion in Coculture with
Differentiated HL-60 Cells on Titanium Coupons

The effects of the three biofilm inhibitors DHA1, DHA2, and FLA1 and one control antibiotic, RIF,
on the prevention of S. aureus attachment on titanium coupons were investigated using two strains,
the laboratory strain ATCC 25923 (Figure 4a) and the clinical isolate P2 (Figure 4b), either in the absence
(gray bars) or presence of HL-60 cells (green bars). In the absence of HL-60 cells, all of the tested
antimicrobial compounds, as well as the control antibiotic, significantly reduced the attachment of
S. aureus ATCC 25923 (p < 0.001, p = 0.040, p < 0.001, and p < 0.001, for DHA1, DHA2, FLA1, and RIF

versus the control, respectively). In the case of the clinical strain (Figure 4b), all the antimicrobial
compounds, except DHA2, also showed antimicrobial activity in the absence of HL-60 cells (p = 0.0067,
p < 0.001, and p = 0.0087 versus control for DHA1, FLA1, and RIF, respectively).

Figure 4. Viable counts of adhered S. aureus ATCC 25923 (a) and S. aureus P2 (b) on titanium coupons
exposed to different antimicrobial compounds (tested at 50 μM) after 24 h of incubation. The gray bars
show the attached viable bacteria when exposed just to the antimicrobial compounds, while the green
bars show the results when S. aureus strains were cocultured with HL-60 cells. “*” indicates statistical
differences with the control in monoculture while “#” represents statistical differences with the control
in cocultured controls with Welch’s unpaired t-test (* p < 0.05; ** p < 0.01; *** p < 0.001)/ # p < 0.05;
## p < 0.01; ### p< 0.001). Values are means and SD of three independent experiments.

The right part of Figure 4a (green bars) corresponds to the same experiments performed in
the presence of HL-60 cells. Under such conditions, there was also a significant reduction of the
attached viable S. aureus ATCC 25923 when compared with the material incubated without HL-60 cells
(green control bar versus black control bar, p < 0.001). Moreover, this reduction was further increased
by compound DHA1 (p = 0.025 when comparing the coculture control column with the DHA1 column
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in the HL-60 cells + S. aureus ATCC 25923 section of Figure 4, and p < 0.001 when comparing the DHA1

gray column with the DHA1 green column). The same tendency was observed for DHA2, but no
statistical differences were found when comparing this to the control (dark green control: HL-60 cells +
S. aureus ATCC 25923 section of Figure 4). Despite the fact that FLA1 and the model antibiotic (RIF)
successfully prevented the adhesion of S. aureus ATCC 25923, they did not cause a further increase in
the bacterial clearance activity of the HL-60 cells. In contrast, the mere presence of HL-60 cells did
not result in a significant reduction of S. aureus P2 attachment (Figure 4b), since no differences were
found between the S. aureus P2 control in monoculture and in coculture with HL-60 cells. In this case,
no differences were found between the antibacterial effects of the compounds in monoculture when
compared with the same treatment in coculture with HL-60 cells (DHA1, DHA2, FLA1, and RIF gray
columns versus their corresponding green columns).

Using SEM imaging, it was visually confirmed that DHA1 reduced the number of S. aureus
ATCC 25923 adherent to the titanium surface (Figure 5). In fact, almost no cocci were observed on the
DHA1-treated titanium across the entire coupon. In addition, the presence of HL-60 cells also reduced
the bacterial attachment, which was further enhanced by the treatment of DHA1. Adherent HL-60
cells were observed, as seen in the last row of images.

BACTERIAL CONTROL: S. aureus ATCC 25923 

S. aureus ATCC 25923 + DHA1 (50 μm)

S. aureus ATCC 25923 + HL-60 cells + DHA1 (50 μm)

CO-CULTURE CONTROL: S. aureus ATCC 25923 + HL-60 cells

Figure 5. Representative images acquired by SEM. From left to right the same section of the titanium
coupon is shown with different magnification, 500, 1000 and 3000×. Upper row of images, bacterial
control, i.e., coupons incubated with S. aureus ATCC 25923 only. Second row, titanium coupons
incubated with S. aureus ATCC 25923 and treated with DHA1. Third row, cocultured control, titanium
coupons incubated with S. aureus ATCC 25923 and HL-60 cells simultaneously. Fourth row, titanium
coupons cocultured with S. aureus ATCC 25923 and HL-60 and treated with DHA1.
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3.4. Effect of the Antimicrobial Compounds on the Prevention of S. aureus ATCC 25923 Adhesion in Coculture
with Differentiated HL-60 Cells on LDPE tubes

The adhesive capacity of S. aureus, as well as the antimicrobial effect of different compounds,
is known to significantly differ depending on the material [33]. For this reason, the applicability of the
compounds as part of endotracheal tubes was tested on a clinically relevant material, LDPE. Figure 6
shows the effects of the tested compounds and the control antibiotic (RIF) on the prevention of S. aureus
ATCC 25923 attachment on LDPE tubes. The left part of the figure shows that all the antimicrobial
compounds significantly reduced the numbers of attached viable S. aureus ATCC 25923 cells, in the
absence of HL-60 (p < 0.001, p = 0.0035, p < 0.001, and p < 0.001, when comparing, respectively, DHA1,
DHA2, FLA1, and RIF with the control). Adding HL-60 cells resulted in significant prevention of
S. aureus ATCC 25923 attachment to LDPE tubes (p < 0.001 when comparing the coculture control
(dark green column) with the bacterial control (black column)). In this case, all the antimicrobial
compounds looked to be able to further potentiate this bacterial clearance capability (p < 0.001, p = 0.023,
p = 0.002, and p < 0.001, when comparing, respectively, DHA1, DHA2, FLA1, and RIF light green
columns with the control dark green column). However, similarly to what was observed on the
titanium model, it was only the DHA1 treatment that further potentiated the action of HL-60 cells
against S. aureus ATCC 25923 (p = 0.015, when comparing the DHA1 gray column with the DHA1

green column). No differences were found between the viable cells (CFU/mL) attached on the LDPE
exposed to S. aureus ATCC 25923 and treated with DHA2, FLA1, and RIF in monoculture and those
exposed to both S. aureus ATCC 25923 and HL-60 with the same treatments (gray columns versus
green columns). Full bacterial clearance was detected in LDPE tubes in the presence of DHA1 and RIF

(i.e., no viable bacterial counts measured), where cocultures of S. aureus ATCC 25923 with differentiated
HL-60 cells were formed. These findings further highlight the relevance of DHA1 as an antimicrobial
candidate for incorporation into medical devices.

Figure 6. Viable counts of adhered S. aureus ATCC 25923 on LDPE tubes exposed to different
antimicrobial compounds (tested at 50 μM) after 24 h of incubation. The gray bars show the attached
viable bacteria when exposed just to the antimicrobial compounds, while the green bars show the
results when S. aureus strains were cocultured with HL-60 cells. “*” indicates statistical differences with
the control in monoculture, while “#” represents statistical differences with the control in cocultured
controls with Welch’s unpaired t-test (** p < 0.01; *** p < 0.001)/(# p < 0.05; ## p < 0.01; ### p < 0.001).
Values are means and SD of three independent experiments.

4. Discussion

In this study, we explored the potential of incorporation of three previously identified naturally
derived biofilm inhibitors into medical devices, particularly for titanium implantable devices and
LDPE endotracheal tubes. From the three tested antimicrobial compounds, in line with previous
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findings [24], DHA1 appeared to be the best candidate for incorporation as part of implantable medical
devices. All of the compounds proved to be interesting candidates to include into anti-infective
endotracheal tubes, but it was DHA1 that again showed itself to be the most promising candidate, as it
was the only one that significantly increased the bacterial clearance capacity of HL-60 cells against
S. aureus ATCC 25923.

For compounds to be truly effective when used for protection of biomaterials in translational
applications, they must be tested in meaningful experimental models. The insertion of any device
provokes an acute inflammatory response that may cause ineffectiveness of innate immune cells such
as neutrophils in cleaning planktonic bacteria, since these cells are directed to degrade the material.
For this reason, it is vitally important to study the effects of antimicrobial compounds on neutrophils
to assess their suitability as part of medical devices.

Before this investigation, no published reports existed on the effect of the two DHA derivatives
(DHA1 and DHA2) on neutrophils, however, the parent compound (dehydroabietic acid, DHA)
was previously reported to have slight toxicity toward this cell type [34]. This prior knowledge further
justified the need for an assessment of the effects of DHA1 and DHA2 on the bacterial clearance
capacity of neutrophils. Similarly, no data existed on effects of FLA1 on neutrophils, but other flavan
derivatives were studied. Out of 10 different flavan-3-ol derivatives tested on human neutrophils,
only two presented a slight toxic effect toward the neutrophils, but all of them reduced reactive oxygen
species (ROS) and interleukin-8 production [35]. On the other hand, flavan-3-ol derivatives extracted
from Bistorta officinalis (Delarbre) were reported to inhibit tumor necrosis factor-α (TNF-α) release from
neutrophils [36]. These earlier findings were promising in terms of applying the flavan derivative FLA1

as part of medical devices, since its antimicrobial capacity in combination with its anti-inflammatory
effects could result in prevention of infection while providing ideal cues toward material integration
and resolution of inflammation.

In this study, we utilized HL-60 cells differentiated to polymorphonuclear-like cells in order
to study the effects of the antimicrobial compounds in the presence of neutrophils. Alternatively,
freshly extracted neutrophils could also have been used, but in such case differences would be
encountered between individual donors in terms of reproducibility, the total number of cells that
can be harvested, their short lifespan, or the disturbances in their physiology due to isolation
procedures [37,38].

The three tested antimicrobial compounds and the control antibiotic (RIF) reduced S. aureus
ATCC 25923 adhesion to titanium in the absence of HL-60 at the tested concentration of 50 μM. In the
case of the clinical S. aureus strain, all compounds, except DHA2, significantly reduced S. aureus
P2 biofilm formation on titanium in the absence of HL-60. The prevention of biofilm formation by
DHA1 and FLA1 was as expected, as the compounds were used at concentrations higher than their
MIC values [25,26]. Compound DHA2 showed some prevention activity, despite being tested at a
concentration slightly below its MIC (i.e., 60 μM) [26]. As with most antimicrobials, cytotoxicity
is a concern, and DHA2 was shown to reduce viability of HL cells (originating from the human
respiratory tract) at a concentration of 100 μM [25].

The mere presence of HL-60 cells significantly reduced the bacterial attachment of S. aureus
ATCC 25923. In contrast, this effect was not observed for the clinical S. aureus strain P2. This was
also observed in our previous study, with the results obtained with the laboratory strain S. aureus
ATCC 25923 significantly differing from the ones obtained with S. aureus P2 under the same experimental
conditions. The latter has a key relevance in assessing the applicability of biofilm inhibitors as part of
titanium implantable devices, as it was isolated from patients with orthopedic device-related infections.
For this reason, the additional measurement of the preventive capacity of the biofilm inhibitors against
the clinical S. aureus P2 strain is of great relevance.

Compound DHA1 was shown to further potentiate S. aureus ATCC 25923 clearance caused by
HL-60, and this effect was further confirmed by SEM. This compound also managed to effectively
prevent the adherence of the clinical strain (S. aureus P2), but in this case it was difficult to establish
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if the reduction in bacterial attachment caused by DHA1 (as well as FLA1 and RIF) was due to a
combined antimicrobial effect with the HL-60 cells or if it was due to their intrinsic antimicrobial
capacity, as their effects in monoculture were equal to those observed in coculture with the HL-60 cells.
These results emphasized the importance of not limiting the in vitro experimentation to laboratory
strains, especially in cases aimed at finding compounds effective against medical device-associated
infections, as the results obtained with laboratory strains may overestimate the efficacy of the compound.

These results demonstrate that DHA1 seems to further increase S. aureus ATCC 25923 clearance by
HL-60, while none of the other compounds negatively affect the antimicrobial effect of these immune
cells. This is also of high relevance, as adverse effects on the immune response could be detrimental,
and even increase the risk of infection. As an example, Croes et al. [39] biofunctionalized the surface of
titanium implants with chitosan-based coatings that were incorporated with different concentrations of
silver nanoparticles. Despite the good antimicrobial results obtained in the in vitro tests, these coatings
did not demonstrate antibacterial effects in vivo. Due to the toxicity of the silver nanoparticles on the
immune cells, these coatings aggravated infection-mediated bone remodeling, including increased
osteoclast formation and inflammation-induced new bone formation.

Similar results were obtained in LDPE tubes, with the bacterial clearance capacity of the HL-60 cells
against S. aureus ATCC 25923 also observed, and DHA1 further potentiated this activity. The prevention
of S. aureus adherence on the surface of endotracheal tubes may have potential to significantly reduce
the rates of ventilator-associated pneumonia caused by these bacteria [40]. Additionally, by preventing
the attachment of S. aureus, the attachment of P. aeruginosa may also be hampered, as several
infection models demonstrated how early colonization by S. aureus facilitated subsequent P. aeruginosa
colonization [41,42]. The development of a dual-species biofilm is expected to not only strongly worsen
the pathology but significantly complicate the treatment [43].

In this study, and in concordance with our previous findings, DHA1 was identified as the best
candidate to be incorporated into implantable devices. This is because, in addition to its intrinsic
antibiofilm capacity against both laboratory and clinical strains of S. aureus, it also seems to be able
to enhance S. aureus ATCC 25923 clearance by HL-60 cells. Further mechanistic studies should be
performed in order to elucidate if DHA1 has a direct effect on the antimicrobial activity of PMNs. In the
near future, we plan to assess the effects of DHA1 on phagocytosis, ROS production, and formation of
neutrophil extracellular traps (NETs).

Given the promising results that DHA1 showed, both in our previous publications and in
the current one, this biofilm inhibitor is involved in plans to be integrated as part of a titanium
coating by means of 3D printing, with the coating formulation consisting of DHA1-loaded
poly(lactic-co-glycolic acid) micro particles that suspended in a gelatine–methacrylate gel inkjet-printed
onto titanium coupons [44]. The printing procedure is already validated and the prototype materials
are currently being tested. In the case of endotracheal tubes, our current results suggest that all of
the tested antimicrobial compounds would be beneficial for the prevention of S. aureus adhesion and
subsequent biofilm formation, but DHA1 appears to be the best candidate.

To the best of our knowledge, this is one of the first studies showing a positive effect of novel
antimicrobials on the antibiofilm-clearing capacity of immune cells. This is of particular relevance
because it does not only provide new alternatives to fight against the immense burden of bacterial
biofilms, but it also sets the basis for a new in vitro system to accelerate the drug discovery process,
thereby enabling better selection of antimicrobial incorporation into medical devices.

5. Conclusions

We showed the suitability of a coculture of S. aureus and differentiated HL-60 cells as an in vitro
assay to assess the applicability of antimicrobial compounds for the protection of medical devices.
As a proof-of-concept, we tested three antimicrobials, concluding that the DHA derivative DHA1

is the best candidate for incorporation into implantable devices, as it does not only prevent biofilm
formation on titanium but also seems to enhance the antibacterial capability of immune cells. On the
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other hand, according to our results, all of the antimicrobial compounds studied here, i.e., the two
DHA derivatives, DHA1 and DHA2, and the flavan derivative, FLA1, can tentatively be regarded as
promising candidates to form part of anti-infective endotracheal tubes.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2076-2607/8/11/1757/
s1.
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Abstract: Methicillin-resistant Staphylococcus aureus (MRSA), the most commonly detected
drug-resistant microbe in hospitals, adheres to substrates and forms biofilms that are resistant
to immunological responses and antimicrobial drugs. Currently, there is a need to develop alternative
approaches for treating infections caused by biofilms to prevent delays in wound healing. Silver has
long been used as a disinfectant, which is non-specific and has relatively low cytotoxicity. Silver
sulfadiazine (SSD) is a chemical complex clinically used for the prevention of wound infections
after injury. However, its effects on biofilms are still unclear. In this study, we aimed to analyze the
mechanisms underlying SSD action on biofilms formed by MRSA. The antibacterial effects of SSD
were a result of silver ions and not sulfadiazine. Ionized silver from SSD in culture media was lower
than that from silver nitrate; however, SSD, rather than silver nitrate, eradicated mature biofilms
by bacterial killing. In SSD, sulfadiazine selectively bound to biofilms, and silver ions were then
liberated. Consequently, the addition of an ion-chelator reduced the bactericidal effects of SSD on
biofilms. These results indicate that SSD is an effective compound for the eradication of biofilms;
thus, SSD should be used for the removal of biofilms formed on wounds.

Keywords: biofilm; MRSA; silver ion; silver sulfadiazine; wound infections

1. Introduction

Biofilms (BFs) are a cause of chronic infections. Several types of symbiotic bacteria,
such as Staphylococcus aureus and Pseudomonas aeruginosa, colonize our body and form BFs [1–3].
Methicillin-resistant S. aureus (MRSA) causes soft-tissue infections, indwelling catheter-associated
infections, bacteremia, endocarditis, and osteomyelitis. Approximately 80% of chronic wound infections
are attributed to bacteria or BFs [1]. BFs produce a subpopulation of drug-resistant cells called persister
cells [4–7]. The BF matrix predominantly contains extracellular polysaccharides [8,9], and interacts
with other molecules, including quorum-sensing signaling molecules/autoinducers, polypeptides,
lectins, lipids, and extracellular DNA [10–12]. Specific molecules targeting BFs and effective drugs for
BF eradication have not been identified yet. Therefore, the BF itself becomes a serious exacerbation
factor in antimicrobial resistance.
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Silver sulfadiazine (SSD) has been used as an exogenous antimicrobial agent since the 1960s [13,14],
and is used on partial and full thickness burns to prevent infection [15,16]. It is registered on the World
Health Organization’s List of Essential Medicines [17]. SSD possesses broad-spectrum antibacterial
activity, reacting nonspecifically to Gram-negative and Gram-positive bacteria, causing distortion of
the cell membrane and inhibition of DNA replication [14,18–20]. Nevertheless, common side effects of
SSD include pruritus and pain at the site of administration [21], as well as decreased white blood cell
counts, allergic reactions, bluish-gray skin discoloration, and liver inflammation [22–24]. However,
the Cochrane systematic review (2010) [25] did not recommend the use of SSD because of insufficient
evidence on whether silver-containing dressings or topical agents promote wound healing or prevent
wound infection. In addition, specific antibiotics are currently obtainable.

To overcome these shortcomings, new nanomedicine technologies using SSD have been adopted
to enhance its antibacterial activity [26]. Unfortunately, SSD cytotoxicity was also enhanced [27]. SSD is
poorly soluble and has limited penetration through intact skin [28,29]. When it comes in contact
with body fluids, free sulfadiazine (SD) can be absorbed systemically, metabolized in the liver [30],
and excreted in urine [31].

Notably, the effects of SSD on BFs have been widely studied [32,33]; however, their mechanisms
of action have not been investigated yet. In this study, we investigated the essential mechanisms
underlying the antibacterial action of SSD, especially against BFs, using SSD elements, silver and SD,
and analyzed the effects of the compounds on a clinical strain of BF-forming MRSA.

2. Materials and Methods

2.1. Preparation of BF Chips

ATCC BAA-2856 (OJ-1) [34–36], a high-BF-forming strain of MRSA, was used. BF chips were
prepared as previously described [36,37]. In brief, one colony grown on tryptic soy agar (TSA)
was inoculated in tryptic soy broth (TSB) and grown at 37 ◦C until the optical density (OD) = 0.57
(λ = 578 nm). A 1000-fold diluted bacterial solution was used for BF formation in the culture, and a
plastic sheet for an overhead projector (3M Japan Ltd., Tokyo, Japan) was used as the substrate.
Sterilized plastic sheets (1 × 8 cm) were immersed in bacterial solution and incubated to obtain a mature
and uniform BF. After incubation, the sheets were washed 3 times with 10 mL of 0.01 M phosphate
buffered saline solution (pH 7.4) to remove planktonic cells. Plastic sheets cut into 1 × 1 cm pieces
termed “BF chips” were primarily used in the experiments unless otherwise stated.

2.2. Determination of BF Mass and Number of Live Bacteria

BF mass using crystal violet (CV) stain and live bacteria number by colony forming unit (CFU)
counts were determined using a BF sheet (1× 8 cm) in 10 mL media. CV-positive BF mass was measured
according to a previously reported method [38] with some modifications. In brief, BFs stained with
CV (Sigma-Aldrich, Tokyo, Japan) were eluted in 1 mL of 30% acetic acid in an RIA tube (Eiken
Chemical Co., Ltd., Tokyo, Japan). Absorbance (λ = 570 nm) was measured using a spectrometer
(GENESYS 10S VIS, Thermo Scientific, LMS, Tokyo, Japan). Bacteria on BF sheets were dissociated
using an ultrasonic generator (Sonifier 250; Branson Ultrasonics, Emerson Japan, Ltd., Kanagawa,
Japan), and colony-forming units (CFUs) were assessed.

2.3. Antibacterial Effects of Compounds on BFs

Ethylene oxide-gas sterilized silver nitrate (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan), SSD (ALCARE Co., Ltd., Tokyo, Japan), and SD (FUJIFILM Wako Pure Chemical Corporation)
were freshly prepared in TSB at a maximum concentration of 11,200 μM and serially diluted to 43.75 μM.
After dipping the BF chip in 5-mL TSB-containing tubes in the presence of different concentrations of
AgNO3, SSD, and SD, the tubes were incubated at 37 ◦C for 24 h. Because SSD and SD were insoluble
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in liquid, cultures were continuously and gently mixed on a horizontal-rotation shaker (G10: New
Brunswick Scientific, New Brunswick, NJ, USA) at 120 rpm.

The minimum antibacterial concentrations of compounds for bacteria derived from BF were
determined by methods described previously [37] with some modifications (Figure S1). After incubating
the bacteria for 24 h with different compounds at different concentrations, the culture tubes were kept
at 4 ◦C for 1 h in order for the compounds to sediment, before the turbidity in the supernatant was
measured (λ = 578 nm). The values were used to assess the minimum inhibitory concentration for
planktonic cells derived from BFs (bMIC). Next, 10μL of medium from each previously used tube for the
bMIC analysis, was blotted on a 1 × 1 cm filter paper on TSA, and then they were incubated overnight
at 37 ◦C. The colonies that grew around the paper were used to assess the minimum bactericidal
concentration for planktonic cells derived from BF (bMBC). BF chips used for the bMIC analysis
were directly placed on TSA and incubated overnight at 37 ◦C, and the minimum BF eradication
concentration (MBEC) was determined.

In some studies, ethylenediamine-N,N,N′,N′-tetraacetic acid (EDTA) (FUJIFILM Wako Pure
Chemical Corporation) (pH 7.4) at a concentration of 680 μM was used to chelate ions including silver.

2.4. Measurement of Liberated Silver Ions in the Media

After BF chips were incubated in TSB at 37 ◦C for 24 h in the presence of different concentrations of
AgNO3 and SSD, media were centrifuged (EX-136: TOMY SEIKO Co. Ltd., Tokyo, Japan) at 3000 rpm
for 10 min, and filtered with a 0.45-μm filter unit (Merck Millipore, Darmstadt, Germany) to remove
bacteria and SSD aggregates. Ionized silver in the media was diluted 4 times with water and was
quantified with AGT-131 using a NI-Ag kit (range: 0.01–0.25 ppm Ag-ion/mg (mL), Japan Ion Co.,
Tokyo, Japan).

2.5. SSD Inducing Direct/Indirect Bactericidal Effects on BFs

To avoid direct contact of insoluble SSD with BFs, a closed chamber with a semipermeable
membrane (Intercell S well chamber: KURABO INDUSTRIES LTD, Osaka, Japan) was used along
with a syringe gasket to close the lid. Different concentrations of SSD in 500 μL TSB were injected
into the chamber, which rested on 4.5 mL of TSB with the BF chip in a tube. The tube was cultured at
120 rpm at 37 ◦C for 24 h. For the control, 500 μL of SSD was directly added into TSB with the BF chip,
and the chamber was filled with 500 μL TSB floated on the medium. After incubation, bMIC, bMBC,
and MBEC were determined.

2.6. Quantification of the SD Attachment on BFs

The SD amount was quantified using the diazo-coupling reaction with N,N-diethyl-N′-
1-naphthylethylenediamine oxalate, also known as Tsuda’s reagent (FUJIFILM Wako Pure Chemical
Corporation) [39]. BFs formed on the surface of plastic tubes after 24 h incubation at 37 ◦C were
washed 3 times with phosphate buffered saline. Freshly prepared SD was added at concentrations
between 43.75 and 11,200 μM in 3 mL of TSB in a tube and was incubated at 37 ◦C for 1 h. After
incubation, BFs were washed 3 times to remove any unbound SD on the BFs, and 500 μL of 1 N HCl
was added to the tubes, from which 70 μL of the solution was mixed with 20 μL of 10% sodium
nitrite (FUJIFILM Wako Pure Chemical Corporation) and reacted for 2 min on ice. Then, 100 μL of
2.5% ammonium amidosulfate (FUJIFILM Wako Pure Chemical Corporation) was added and reacted
for 1 min, and 100 μL of Tsuda’s reagent was added to the solution and mixed. The solutions in a 96-well
plate (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) were measured (λ = 550 nm) using
a microplate reader (Model680; Bio-Rad Laboratories, Inc., Hercules, CA, USA). The SD calibration
curve was also prepared (Figure S2).
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2.7. Morphological Analysis of the Effects of AgNO3, SSD, and SD on BFs

Plastic sheets in TSB with or without bacteria were incubated at 37 ◦C for 24 h. After incubation,
the sheets were placed in media containing AgNO3, SSD, and SD at a concentration of 2800 μM and
incubated at 37 ◦C for 24 h. After incubation, the sheets were fixed in 5% formalin (pH 7.4), and stained
with crystal violet. Another set of unstained sheets was placed in the air for more than one week to be
turned black due to the sulfur-oxidized silver properties.

2.8. Ethics Approval

All methods involving bacterial handling were performed in accordance with the relevant
guidelines and regulations under the Fukuoka University’s experiment regulations.

2.9. Data and Statistical Analysis

Results from two different experimental groups initially underwent a distribution analysis using
the F-test, before the Student’s t-test or Mann–Whitney U test were performed. p values < 0.05 were
considered to denote statistical significance. Sample numbers and repeated experiments are indicated
in the legends of the figures and tables. Data are expressed as mean± standard error.

3. Results

3.1. Antibacterial Effects of AgNO3, SSD, and SD

Antibacterial effects of AgNO3, SSD, and SD on BF chips were obtained (Table 1): bMIC for
planktonic bacteria from BFs: 700 μM, 700 μM, >5600 μM; bMBC for planktonic bacteria from BFs
2800 μM, 1400 μM, >5600 μM; and MBEC for bacteria in BFs: >5600 μM, 2800 μM, >5600 μM,
respectively. Results showed that SD had no antibacterial effects, but SSD alone was effective in
targeting BFs.

Table 1. Minimum antimicrobial concentration (bMIC) and minimum bactericidal concentration (bMBC)
for planktonic bacteria from BFs and bacteria in BFs (minimum BF eradication concentration (MBEC)).

Compounds 0 175 350 700 1400 2800 5600 (μM)

bMIC + + + − − − −
AgNO3 bMBC + + + + +/− − −

MBEC + + + + + + +

bMIC + + + − − − −
SSD bMBC + + + −/+ − − −

MBEC + + + +/− −/+ − −
bMIC + + + + + + +

SD bMBC + + + + + + +
MBEC + + + + + + +

The antimicrobial effects of different concentrations of the compounds were determined using the BF chip method
described in the Materials and Methods. The results of independent replicated examinations were evaluated:
“−”: 0/6 cases, “−/+”:2/6 cases, “+/−”:4/6 cases, “+”: 6/6 cases. N size = 6; number of experimental replicates = 2.

3.2. Effects of AgNO3, SSD, and SD on Viable Cells in BFs

Viable cell numbers on the BF chip were analyzed (Figure 1) using a CFU assay technique after
collecting all bacteria from the BF chip. After 24-h incubation with AgNO3 in different concentrations,
bacterial growth was all arrested to some extent, but a dose-dependent suppression effect was not found.
In contrast, SSD suppressed CFU values in a dose-dependent manner, especially at concentrations
higher than 2800 μM, and the values reached approximately 1/100 of the initial density (0 h) and
approximately 1/100,000 of cell density after 24 h of incubation. However, no effects on cell growth
were found in any of the SD exposures.
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Figure 1. Colony forming unit (CFU) values for bacteria in biofilms (BFs). CFU values before (0 h) and
after 24 h incubation at 37 ◦C in the vehicle alone (Control) and with AgNO3, silver sulfadiazine (SSD),
and sulfadiazine (SD) at different concentrations. Data are presented as the mean ± SE. N size = 5;
number of experimental replicates = 2. *: p < 0.05, **: p < 0.01 vs. control after 24-h incubation with
different compounds.

3.3. Silver Ion Release in the Culture with SSD

Antibacterial effects of SSD could be due to the ionized silver’s action. As such, silver ions
liberated in the cultures with AgNO3 and SSD were measured. In both cases, liberated silver ions
increased dose-dependently (Figure 2). Silver ions in the culture with AgNO3 demonstrated a linear
increase pattern, while those in the culture with SSD showed a logarithmic increase pattern. Significant
differences were noted in the samples with concentrations greater than 700 μM (Figure 2). In the
cultures with AgNO3 and SSD at the concentration of 700 μM, silver ions increased to 5.91 μM and
4.64 μM, respectively. At the maximum concentration (11,200 μM), the silver ion concentration in the
culture with AgNO3 was three times higher than that in SSD culture (Figure 2).

Figure 2. Medial ionized silver concentrations. After 24-h incubation at 37 ◦C in the presence of BF
chips with AgNO3 and SSD, medial ionized silver concentration was determined. Data are presented as
the mean ± SE. N size = 3; number of experimental replicates = 2. *: p < 0.05 and **: p < 0.01 vs. AgNO3.

103



Microorganisms 2020, 8, 1551

3.4. Direct/Indirect Bactericidal Effect of SSDs on BFs

We hypothesized that the antibacterial effects of SSD could be due to its direct attachment to the
BFs. To examine this mechanism, SSD was confined to a chamber, and a similar culture study was
carried out. The bMIC in the culture with the chambered SSD was 1400 μM, which was two times
greater than that in the culture with direct addition of SSD (Table 2). In terms of the bactericidal effects,
the bMBC increased to >5600 μM, which was greater in the chambered SSD condition compared to
that by direct SSD addition. Similarly, the MBEC value also increased to >5600 μM, which was greater
in the chambered SSD compared to that in the direct SSD condition (Table 2). Therefore, the direct
attachment of SSD to the BFs was necessary for initiating its antibacterial effects.

Table 2. Summary of antimicrobial threshold values.

bMIC bMBC MBEC
(+EDTA) (+EDTA) (+EDTA)

<Direct>
AgNO3 (μM) 700 (700) 2800 (2800) >5600 (>5600)
SSD (μM) 700 (1400) 1400 (2800) 2800 (>5600)
SSD chambered (μM) 1400 (ND) >5600 (ND) >5600 (ND)

ND: not determined.

3.5. Effects of EDTA on AgNO3 and SSD-Induced Antibacterial Activity

EDTA is a chelator for silver ions [40]. To analyze the involvement of silver ions in the antibacterial
effects, EDTA at a concentration of 640 μM was used. In the cultures with AgNO3, EDTA did not affect
bMIC, bMBC, and MBEC values (700 μM, 2800 μM, and >5600 μM, respectively, Table 2). However,
all the values in the cultures with SSD were increased by the addition of EDTA (700 μM→ 1400 μM,
1400 μM→ 2800 μM, and 2800 μM→ >5600 μM, respectively, Table 2).

3.6. Effects of Compounds on BF Eradication

The BF eradication effects of the compounds were analyzed at a dose of 2800 μM, an effective
concentration for SSD (Table 2). The results of BF mass, CFU and morphological analysis are shown in
Figure 3a–c, respectively. The BF eradication effects were shown to be SSD > AgNO3 > SD, and SD
had no effect. Silver-containing compounds, including AgNO3 and SSD, displayed BF eradication
activities, where SSD showed the greatest effects.

Given that SSD is chemically synthesized with SD and silver, we examined the BF eradication
effects of a mixture of SD and AgNO3 at a concentration of 2800 μM (Figure 3a,c). The values of BF
mass and live bacteria number in the mixture were lower than those in SD alone, equivalent to those in
AgNO3 alone, but were still significantly higher than those in SSD, suggesting that SSD was still the
most effective at eradicating BFs.

3.7. SD Deposition to BFs

In the control without BFs, the addition of any concentration of SD to the media only resulted in a
consistently low level of SD being deposited on the plastic surface (Figure 3d). However, in the BF
tubes, SD was deposited on the BFs in a dose-dependent manner, and prominent deposition started
once concentrations of SD were greater than 1400 μM (Figure 3d).

3.8. BF Morphology

After exposure to the different compounds, the BFs stained with crystal violet are shown in the
left panels of Figure 3b, where the overall purple staining intensity among the groups follows the
next scheme: Control > SD > AgNO3 > SSD. String-like structures (i.e., thickened BFs) found in the
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Control group remained in the SD and AgNO3 groups, and such structures were scarcely detected in
the SSD group.

Figure 3. Effects of the compounds on mature BFs formed on plastic chips and SD deposition on
BF chips. The effects of the compounds (2800 μM) after 24-h incubation at 37 ◦C on BF masses (a),
morphology (b) and CFU values (c) were determined. Data are presented as the mean ± SE. N size = 5;
number of experimental replicates = 2. *: p < 0.05 and **: p < 0.01 vs. negative control shown in white,
and vs. SSD shown in red. In morphology, silver was deposited on the plastic chips with/without
matured BFs after 24 h incubation at 37 ◦C with/without the different compounds. Sulfurized silvers
in air are shown as black elements. Objective lens: ×20. In SD quantification, SD deposited on the
BFs formed in plastic tubes after 24 h incubation at 37 ◦C was determined according to the method
described in the Materials and Methods (d). Data are presented as the mean ± SE. N size = 5; number
of experimental replicates = 2. *: p < 0.05 and **: p < 0.01 vs. BF-free control.
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3.9. Localization of Silver on BFs

Oxidized silver turns black in color. No black spots were found on the plastic substrate even
after exposure to all compounds, nor were there spots on the BFs following SD exposure (Figure 3b,
right panels). In contrast, fine small black spots accumulated on the BFs after exposure to AgNO3 and
SSD. Moreover, SSD induced denser accumulation of black spots.

4. Discussion

BFs are formed by bacteria, which contain massive extracellular polysaccharides/exopolymeric
substances, and acquire an antibiotic-tolerant nature, which is explained by the decreased drug
penetration [41] and the appearance of dormant cells (i.e., persister cells) [42]. Thus, the eradication of
BFs has become a difficult task. In this study, we examined the effect of SSD on MRSA-formed BFs.
The SSD concentration in the medical drugs, namely Silvadene, etc., is of 1% (10,000 μg/mL), which
could be diluted with tissue fluid exuded from wounds after application. The highest concentration
used in this study was 4000 μg/mL (0.4%: 11,200 μM), which is slightly lower than that of the
medical drug.

The bactericidal actions of silver can be explained through three different mechanisms: (1) the
production of dissolved oxygen-derived reactive oxygen species by its catalytic activity [43,44]; (2) the
cross-linkage with silver at the sites of hydrogen bonding between the double strands of DNA [44,45];
and (3) the inhibition of enzyme activities by intracellular silver ions [44,46]. SD, a sulfonamide, inhibits
intracellular folate metabolism in bacteria, resulting in proliferation arrest. During the investigation of
silver-containing agents, SD has been selected amongst different compounds due to its high and broad
bactericidal effects [14,18–20]. We showed here that SSD is effective against MRSA, especially in the BF
state, but SD itself had no effect.

Among the compounds tested, SSD significantly decreased BF mass and live bacteria number
in BFs, which was a considerably greater difference than that of AgNO3. This phenomenon was
supported by silver deposition on the BF chip. We also examined the efficacy of the simultaneous
addition of AgNO3 and SD instead of the SSD. These effects are equivalent to those of AgNO3 alone,
but are significantly lower than SSD, indicating that the molecular form of SSD is important to induce
a silver-related BF eradication. In contrast, it was reported that SSD was ineffective for MRSA BFs
formed on a polycarbonate filter using a novel in vitro model (colony/drip-flow reactor) [32]. However,
its exposure time was quite short (15 min) to induce an eradication reaction as compared with the
present study (24 h).

In contrast, SSD and AgNO3 induced a similar antibacterial potency in bMIC and bMBC, both of
which were detected in the planktonic state derived from the BFs. In accordance with their threshold
levels, silver ion concentrations reached more than 5 μM. In any case, such concentration could be
necessary for growth inhibition and the killing of planktonic bacteria. However, in the range of effective
doses, silver ions were always generated at higher levels in AgNO3 conditions compared to those in
SSD conditions. This reflects the contradiction of the bactericidal effects of SSD. The results suggest
that some factor(s) other than simple diffusion of silver ion may be involved.

The MBEC level is a threshold for bacterial killing concentration in BFs. It was detectable only in
SSD rather than AgNO3 or SD, which was also confirmed by the CFU assay. It clearly showed that
AgNO3 could not efficiently kill the bacteria in BFs, and its effect remained within the level of growth
inhibition. On the other hand, SSD strongly and dose-dependently depressed the live cell number
in matured BFs, in which the live cell density at a concentration of 700 μM (the equivalent level of
bMIC) reached 1/10,000 of the control after 24 h of incubation, and, at a concentration of 2800 μM (the
equivalent level of MBEC), the number was 1/300 of the initial cell density and 1/300,000 of the control
after 24-h incubation. These results suggest that the medial silver ion concentration is not a direct
influencing factor for the SSD.

To clarify its mechanism of action, SSD was confined in a sealed chamber, by which SSD was
constrained and bacteria could not penetrate beyond the membrane, but ionized silver could pass
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freely. As a result, silver ion concentrations in the chambered condition were lower at 700 and 1400
μM SSD, as compared with non-chambered conditions, but, in higher concentrations more than 2800
μM SSD, they became similar levels (Figure S3). Upon confinement, SSD-induced bMBC and MBEC
levels were no longer seen. Our study also showed that SD itself had the property to bind to the BFs.
Although, the exact binding mechanisms of SSD on BFs are still unknown, the direct attachment of SSD
to BFs is crucial to induce bactericidal effects. Therefore, if the SSD binding site on BFs is identified in
the near future, this would lead to the discovery of target molecules of the BFs formed by MRSA.

To validate the silver ion’s role in the antibacterial properties of SSD, EDTA was used at a
concentration of 680 μM, which was about 40 to 100 times greater than that of the liberated silver
ions in the media with AgNO3 and SSD. With the addition of EDTA, no changes in bMIC, bMBC,
and MBEC were found in the culture with AgNO3. In contrast, the addition of EDTA increased in all
of the values in the culture with SSD. The mechanisms of antibacterial action between AgNO3 and SSD
are unknown; however, their mode of reaction might be different. Silver ions from AgNO3 could be
easily bound by negatively charged components in media as compared to SSD, and a bound–liberation
cycle may be repeated. Moreover, the silver holding capacity in SSD may be greater than that in
AgNO3, by which SSD could reach the BFs. This mechanism may act especially on the BFs due to the
selective adhesion of SD on BFs, which was confirmed by the greater deposition of silver on the BF
chip incubated with SSD, whereas sites of the deposition on BFs could not be identified. It therefore
seems likely that SSD may act on the bacteria settled in the BFs. After deposition of SSD, silver ions
could be released in a micro environment in BFs, by which the opportunities for bacteria to kill could
be increased, resulting in severe distortions of BF structure (Figure 3b).

As a limitation of the present study, one MRSA strain was only used. In future study, we will use
different clinical strains, such as low-BF formers and high-BF formers in our collection [47].

5. Conclusions

SSD is a reliable anti-bacterial agent, and thus has recently been used as a coating material for
indwelling catheters [48,49]. However, the mechanisms of action of SSD on BFs are still unclear.
This study is the first to elucidate the mechanisms behind the efficacy of SSD on BFs. Therefore,
it is possible that SSD preferably binds to BFs, and then it releases silver ions, by which bacteria
settled in the BFs under a micro-environment are killed (Figure 4). In the future, further molecular
levels of investigation are needed to identify the SSD binding site on BFs. Additionally, a systematic
investigation of the use of SSD in BF-infected wounds should be performed in clinical practices rather
than for infection prevention.
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Figure 4. Working hypothesis of the action of SSD on biofilms formed by MRSA.
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Abstract: Staphylococcus epidermidis, ubiquitous in the human nasal and skin microbiota, is a common
causative microorganism in prosthetic joint infections (PJIs). A high proportion of PJI isolates
have been shown to harbor genetic traits associated with resistance to/tolerance of agents used for
antimicrobial prophylaxis in joint arthroplasties. These traits were found within multidrug-resistant
S. epidermidis (MDRSE) lineages of multiple genetic backgrounds. In this study, the aim was to study
whether MDRSE lineages previously associated with PJIs are present in the nasal and skin microbiota
of patients planned for arthroplasty surgery but before hospitalization. We cultured samples from
nares, inguinal creases, and skin over the hip or knee (dependent on the planned procedure) taken
two weeks (median) prior to admittance to the hospital for total joint arthroplasty from 66 patients
on agar plates selecting for methicillin resistance. S. epidermidis colonies were identified and tested
for the presence of mecA. Methicillin-resistant S. epidermidis (MRSE) were characterized by Illumina-
based whole-genome sequencing. Using this method, we found that 30/66 (45%) of patients were
colonized with MRSE at 1–3 body sites. A subset of patients, 10/66 (15%), were colonized with
MDRSE lineages associated with PJIs. The qacA gene was identified in MRSE isolates from 19/30
(63%) of MRSE colonized patients, whereas genes associated with aminoglycoside resistance were
less common, found in 11/30 (37%). We found that MDRSE lineages previously associated with PJIs
were present in a subset of patients’ pre-admission microbiota, plausibly in low relative abundance,
and may be selected for by the current prophylaxis regimen comprising whole-body cleansing
with chlorhexidine-gluconate containing soap. To further lower the rate of S. epidermidis PJIs, the
current prophylaxis may need to be modified, but it is important for possible perioperative MDRSE
transmission events and specific risk factors for MDRSE PJIs to be investigated before reevaluating
antimicrobial prophylaxis.

Keywords: Staphylococcus epidermidis; microbiota; multidrug resistance; genome sequencing; phylo-
genetic analyses; arthroplasty surgery
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1. Introduction

Staphylococcus epidermidis is ubiquitous in the human microbiota of the skin and mu-
cosal membranes. S. epidermidis is in several ways beneficial to the human host, involved
in the regulation of wound healing and defense against virulent pathogens such as Staphy-
lococcus aureus [1], and is an important causative microorganism in healthcare-associated
infections (HAI) [2], such as prosthetic joint infections (PJIs). PJIs are classified as acute
hematogenous, early postoperative, or chronic [3] and are associated with significant mor-
bidity [4] and mortality [5,6]. The international incidence of PJIs is estimated at 1% for
total hip arthroplasties (THAs) and 1–2% for total knee arthroplasties (TKAs) [7]. Due to
the rising number of arthroplasty surgeries performed annually, the number of patients
with PJIs is increasing [8–11]. In early postoperative and chronic PJIs, coagulase-negative
staphylococci (CoNS) are the most common causative microorganisms, reported in 25–29%
of infections [12–15], and among CoNS, S. epidermidis is the most frequently reported
species (61–85%) [16–18].

The pathogenesis of S. epidermidis PJIs is not fully understood, but bacteria may
be introduced either intraoperatively during surgery or in the immediate postoperative
period before the wound is completely healed [14]. Preventive measures to reduce the
rate of PJIs include the optimization of modifiable host risk factors [19], the operating
room environment [20], and systemic antimicrobial prophylaxis [21]. In Sweden, the
national guideline for prevention of infections in prosthetic joint surgery (PRISS, https:
//lof.se/patientsakerhet/vara-projekt/priss/rekommendationer) recommends systemic
antimicrobial prophylaxis with cloxacillin and surgery performed in operating theatres
with ultra-clean air (<5 colony forming units/m3). In addition, preoperative skin cleansing
with chlorhexidine-gluconate (CHG)-containing soap should be performed twice before
surgery. Aminoglycoside-loaded bone cement of both components is also used in 60% of
all primary THAs in Sweden [data from the Swedish Hip Arthroplasty Register (SHAR),
www.shpr.se].

Previous molecular epidemiology studies have demonstrated that multidrug-resistant
(MDR) S. epidermidis (MDRSE) lineages, such as sequence type (ST) 2, ST5, ST59, and ST215,
are predominant in PJIs [22–25]. This was verified in a recent comparative genomics study
in which our group, using genome-wide association methods on approximately 300 se-
quenced isolates, demonstrated that S. epidermidis from PJIs differed from isolates retrieved
from nasal mucosa by harboring genetic traits associated with resistance to/tolerance of
compounds used for infection prevention in prosthetic joint surgery, such as betalactams,
aminoglycosides, and chlorhexidine [26]. This is worrisome, as methicillin-resistant S.
epidermidis (MRSE) and MDRSE are associated with worse treatment outcomes in PJIs than
susceptible S. epidermidis [27,28].

In contrast to the predominance of a limited number of MDRSE lineages found in
PJIs, metagenomic sequencing has demonstrated considerable strain heterogeneity of
S. epidermidis in the human microbiome [29]. Culture-based studies have demonstrated
low rates (4–25%) of methicillin-resistance in CoNS from patients sampled prior to or on
admission to orthopedic wards [30–33]. The majority of CoNS isolates in these studies
were presumably S. epidermidis, but identification at the species level was generally not
performed. Selective media were only used in two of these studies [31,33], and it is possible
that colonization with MRSE (and MDRSE) before admission (in low relative abundance)
is more common than previously thought.

To further improve the prevention of S. epidermidis PJIs, it is important to investigate
whether PJI-associated MDRSE lineages are present in the microbiota of patients scheduled
for prosthetic joint surgery before hospital admission or whether these lineages are acquired
during hospitalization. The hypothesis in this study was that MDRSE associated with
PJIs is present in the pre-admission microbiota of arthroplasty surgery patients but in
low relative abundance and thus is largely undetected by nonselective culturing methods.
To test this, we sub-cultured samples from the nares, inguinal creases, and skin over the
hip/knee on selective agar plates to optimize the retrieval of MRSE isolates, which were
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further characterized by genomic analyses. The aim was to study whether MDRSE lineages
associated with PJIs are present in the nasal and skin microbiota of patients scheduled for
prosthetic joint surgery before hospital admission.

2. Materials and Methods

One hundred patients scheduled for prosthetic hip- or knee joint replacement surgery
were sampled from the nares, inguinal crease, and skin over the hip/knee (depending
on the joint to be replaced) two weeks (median) before admission to a hospital using
flocked swabs (ESwab, Copan Italia Spa, Brescia, Italy). Sampling was performed at three
orthopedic outpatient clinics in central Sweden: A) Karlstad (regional hospital, n = 40; Jan
2013 to Jan 2014), B; Västerås (regional hospital, n = 37; Dec 2012 to May 2014), and C)
Linköping (university hospital, n = 23; Mar 2013 to Jan 2015) (Figure S1), following informed
consent. The number of primary THAs and TKAs performed annually at these hospitals
was A, 457 (2013); B, 732 (2013); and C, 67 (2014) (data from SHAR and the Swedish Knee
Arthroplasty Register). The study protocol was approved by the Regional Ethical Review
Board of Uppsala, Sweden (project identification code 2012/092, 18/04/2012).

2.1. Culture, DNA Extraction, and Illumina Sequencing

All samples were sent to the Department of Laboratory Medicine, Clinical Microbi-
ology, Örebro University Hospital and subsequently plated on blood agar [Columbia II
Agar 3.9% w/v (Oxoid, Basingstoke, Hampshire, UK)] supplemented with 6% defibrinated
horse blood (SVA, Uppsala, Sweden)). All growths on the plates were harvested and stored
frozen (−80 ◦C) in a preservation medium (trypticase soy broth, BD Diagnostic Systems,
Sparks, MD, USA), supplemented with 0.3% w/v yeast extract (BD Diagnostic Systems) and
29% horse serum (SVA, Uppsala, Sweden).

In the present study, we included samples from the nasal mucosa, inguinal crease,
and skin over either the hip or knee from 66 patients in whom S. epidermidis was identified
in nasal samples after culturing on nonselective agar plates (Figure 1). From the frozen
bacterial suspensions of the original subculture, 10 μL was cultured on selective media
(Mueller-Hinton II agar 3.8% w/v (BD Diagnostic Systems) supplemented with 5 mg/L
cefoxitin (Sigma Aldrich, Darmstadt, Germany) and 10 μL on a chromogenic medium
primarily used for detecting methicillin-resistant S. aureus (MRSA) (CHROMID MRSA,
bioMérieux, Marcy-l’Étoile, France). After 48 h of incubation in an aerobic atmosphere
at 36 ◦C, five colonies (when available) with macroscopic colony morphology consistent
with staphylococci were randomly chosen and identified to the species level using MALDI-
TOF MS (Microflex LT, Bruker Daltonik, Bremen, Germany) with Biotyper 3.1 DB7311,
DB7854, and DB8468 (Bruker Daltonik). The isolates identified as S. epidermidis were
analyzed for the presence of mecA using PCR [34] or, in selected cases, loop-mediated
isothermal amplification (LAMP, Genie II, Amplex Diagnostics GmbH, München, Germany
and easyplex MRSAplus, Amplex).

The DNA was purified using the Roche MagNA Pure 96 (F. Hoffman-La Roche Ltd.,
Basel, Switzerland) system after incubation overnight in 36 ◦C on blood agar plates (SSI
Diagnostica, Denmark). The extracted DNA was quantified using the Qubit fluorometer
(Invitrogen, Waltham, MA, USA), followed by library preparation using the Nextera XT
DNA Library Prep Kit (Illumina Inc., San Diego, CA, USA), according to the manufacturer’s
protocol. Sequencing was performed on a NextSeq 550 platform (Illumina Inc., San Diego,
CA, USA) to obtain paired-end 151 bp reads. The generated sequencing data were subjected
to quality control using bifrost (https://github.com/ssi-dk/bifrost) to ensure adequate
sequencing depth of all isolates. Intraspecies contamination was checked using NASP
v1.0.0 [35]. All genome sequences were archived at the European Nucleotide Archive
under project ID PRJEB34788 with accession numbers ERR3585469–ERR3585625.
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Figure 1. Origin of the isolates sequenced within this study and overview of analyses performed: one-hundred patients
planned for arthroplasty surgery were sampled from their nares, inguinal creases, and skin over their hip/knee joints. S.
epidermidis was retrieved from nasal samples plated on Müller–Hinton (MH) agar plates from 66 patients. A single colony
of S. epidermidis was randomly chosen from the nasal sample of these 66 patients. Methicillin-resistant S. epidermidis
(MRSE) was identified in samples from five out of the 66 patients. To investigate to what extent this underestimated the
true colonization rate with MRSE, we plated samples from nares, inguinal creases, and skin over the hip/knee joints for
these 66 patients on agar plates selecting for methicillin resistance. Coagulase-negative staphylococci were identified by
colony morphology and species-determined using MALDI-TOF. The isolates identified as S. epidermidis were analyzed
for the presence of mecA, and mecA-positive S. epidermidis isolates were further characterized by Illumina sequencing to
determine the phylogenetic relationships, multilocus sequence types, genes associated with prosthetic joint infections (PJIs),
and antimicrobial resistance (AMR) genes and gene variants.
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2.2. Phylogenetic Analysis

Sequencing data were aligned to the S. epidermidis RP62a reference chromosome (Gen-
Bank accession number NC_002976.3) using NASP v1.0.0 [35] with BWA-MEM v0.7.12 [36]
and subsequent single nucleotide polymorphism (SNP) calling using GATK [37]. If a
variant was present in <90% of the base calls per site per individual isolate or a minimum
coverage of 10 was not met, the position was excluded across the collection to retain only
high-quality variant callings. Phylogenies were obtained with RAxML v8.2.1 [38] using
the GTRCAT model and 100 replicates for bootstrapping. The sequence data from four S.
epidermidis PJI isolates representing the major PJI-associated lineages ST2a, ST2b, ST5, and
ST215 were included in the phylogenetic analysis comprising all isolates. Within-sample
isolates with ≤3 single nucleotide variant (SNV) distances were regarded as representative
multiple isolates of the same strain [39,40]. A single isolate per strain and sample (the
sequence with the highest base-pair coverage vs. the reference) was retained, and a phylo-
genetic tree depicting diversity of MRSE strains retrieved from the nares, inguinal crease,
and skin area over the hip or knee before hospitalization was inferred (Figure 2).

Figure 2. Phylogenetic relatedness of 55 mecA-positive S. epidermidis isolates retrieved from sampling of 66 patients prior to
hospitalization for prosthetic joint surgery: the lineages previously associated with PJIs in Sweden (ST5, ST215, and ST2b)
are indicated with a solid bar. Columns from left to right: sequence type (ST), genes previously associated with PJI origin
(genes associated with SCCmec [dark blue], aminoglycoside resistance [medium blue], macrolide-lincosamide resistance
[light blue], chlorhexidine tolerance [purple], IS256 [orange], and genes coding for proteins of unknown function [dark red]),
genotypic multidrug-resistant (black), patient running number, sample origin (body area), and hospital. The mid-point
rooted phylogeny was based on 66,152 SNPs, and the scale bar indicates substitutions per site.
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2.3. Identification of Genes and Gene Variants Associated with Antimicrobial Resistance

After assembly using SPAdes [41], the genes and their location in the assemblies were
identified using Prokka [42]. ABRicate (https://github.com/tseemann/abricate) was used
to search the assembled genomes for genes associated with betalactam (mecA), aminogly-
coside (aac(6′)-aph(2′ ′) and aadD), fusidic acid (fusB and fusC), and macrolide-lincosamide
(erm(A), erm(C), lnu(A), mph(C), msr(A), vat(B), vga(A), and vga(B)) resistance present in the
ResFinder database [43] accessed on 17 June 2019. The gene presences were determined
based on a >80% hit length and >90% sequence identity. Previously identified gene variants
associated with fusidic acid (fusA) [44], rifampicin (rpoB) [45,46], fluoroquinolone (gyrA,
grlA, and grlB) [47,48], and trimethoprim/sulfamethoxazole (dfrG and F99Y variants of
folA) [49] resistance were investigated using BLASTN searches in Biomatters Geneious
Prime v2019.2.1 (Biomatters Ltd., Auckland, NewZealand) as previously described [26].
Isolates with the presence of genes and/or point mutations associated with resistance
towards ≥3 of the following antimicrobial categories were defined as multidrug-resistant
(MDR): methicillin, fusidic acid, macrolide-lincosamide, rifampicin, aminoglycosides, fluo-
roquinolones, and trimethoprim/sulfamethoxazole.

2.4. Identification of STs

Allelic profiles and sequence types were assigned using mlst (https://github.com/
tseemann/mlst) based on the PubMLST typing scheme for S. epidermidis (https://pubmlst.
org/sepidermidis/) [50]. ST2 was divided into ST2a and ST2b lineages based on previous
findings [26].

2.5. Identification of Genetic Traits in S. epidermidis Associated with PJIs

Genes in S. epidermidis previously associated with PJIs [26] were determined using
Mykrobe [51] on raw sequencing data as previously described [26]. Genes were identified
using 90% sequence length and a minimum coverage of five as the cutoffs.

2.6. Statistics

The Chi-square test and Student’s t-test were used to test the differences in the MRSE
colonization rates and in mean age between the patients recruited between the three
hospitals. Fisher’s exact test was used to test the differences in genotypic antimicrobial
resistance in MRSE from different body areas. A p-value (two-sided) < 0.05 was considered
statistically significant. All statistical analysis was performed using IBM SPSS Statistics
v25 except for the normal approximation confidence interval for the percentage of patients
colonized with MDRSE, which was calculated using www.openepi.com v3.01.

3. Results

A total of 198 samples from 66 patients (33 women and 33 men) sampled at a median
of 15 [interquartile range (IQR) 10.0–41.0] days before arthroplasty surgery (46 THAs and
20 TKAs) were included in the study. The mean age, which was 67 years (SD 10.4) for
the entire study population, differed between hospitals: patients recruited from regional
hospital A were older [mean age 70.6 (SD 10.8)] than patients recruited from university
hospital C [mean age 59.4 (SD 7.7)] (p = 0.0004).

In total, 403 CoNS, originating from 96 samples from 52 patients, were identified on
any of the methicillin-resistance selective agar plates. No growth was found on any of the
agars for 53 (27%) samples [nares, n = 20 (30%); inguinal crease, n = 8 (12%); and hip/knee,
n = 25 (38%)], and no colonies with the macroscopic appearance of staphylococci were
found in the 47 samples (Figure 1). The most frequently identified CoNS species was S.
epidermidis (n = 169, 33 patients), followed by S. haemolyticus (n = 78, 18 patients), S. pet-
tenkoferi (n = 55, 10 patients), S. hominis (n = 31, six patients), S. cohnii (n = 21, four patients),
S. petrasii (n = 15, five patients), S. capitis (n = 11, four patients), and S. lugdunensis (n = 11,
four patients) (Figure 1). One isolate, identified at the genus level as a Staphylococcus
species by DB7311 and DB7854, was not available for identification with DB8468 as it had
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succumbed in the freezer. S. aureus was retrieved from two samples from two patients;
none of these isolates was mecA/C positive.

Out of 169 S. epidermidis isolates, 164 isolates originating from 44 samples from 30 pa-
tients (30/66, 45% of patients, 95% C.I. 33–57%) were verified to be mecA-positive and were
further characterized by genome sequencing. The colonization rates with MRSE varied be-
tween hospitals: A, 20/29 (69%); B, 6/19 (32%); and C, 4/18 (22%) (p = 0.003, df = 2). MRSE
was retrieved from a single body site in 17 of the 30 patients colonized with MRSE: seven
patients in the nasal samples, six patients in the inguinal crease samples, and four patients
from the skin over the joint that was to be replaced (Table 1). In samples from 11 patients,
MRSE was retrieved from the nasal mucosa and either the inguinal crease (n = 7) or site
of planned surgery (n = 4); in one MRSE-colonized patient, MRSE was retrieved from the
inguinal crease and the site of planned surgery but not from the nasal sample; and in one
patient, MRSE was retrieved in all three samples (Table 1).

Table 1. Sequence-types (STs) of methicillin-resistant S. epidermidis (MRSE) per patient and sample (nasal/inguinal
crease/skin over hip/knee): number in bold indicates multidrug-resistant MRSE. Intra-patient single nucleotide variant
(SNV) distances between samples (far right) highlight that MRSE with identical STs differ by 1–40 SNVs between two samples
from the same patient.

STs of MRSE Strains per Sample

Patient Age Sex Hospital Nasal Mucosa Inguinal Crease Hip/Knee
SNV Distance

between Samples 1

1 84 M A 5 5 5 6–40
2 83 M A 87 87 − 2
3 80 F A 54 54 − 12
4 79 F A − 230 −
7 76 F A 5 5 − 1
8 75 M A − 5 22 3917

10 75 F A 22 − 22, 22 13–20
13 73 F A − 22 −
14 71 M A 54 35 − 3917
15 71 F A 290 − −
16 70 F A 2, 2, 2 − 2 9–10
19 61 M A 22 − −
24 54 F A 48, 38, 59 48 − 3–8466
29 43 F A 22 − 22 19
30 73 F A 173 − 5 5842
33 78 F A 882 − −
35 73 F A − − 22
36 60 F A 22 − −
37 83 F A 5 − −
39 74 F A 21, 21, 21, 46 22, 22 − 5641–6381
42 77 M B − 2 −
46 70 M B − − 210, 210
51 61 F B − 2 −
55 60 M B − − 2
58 81 M B − 81 −
61 57 F B 17 46, 46 − 5411–5414
88 46 M C 881 − −
89 64 M C − − 215
91 49 M C 38 − −
98 53 F C − 487 −

1 Range when MRSE was found in more than one sample.

Following quality control of the sequence data, six isolates were excluded, four due to
signs of intraspecies contamination based on the failed proportion filter using NASP and
two due to contamination with other species using Kraken as implemented in bifrost. In
total, 157 MRSEs were included in an initial phylogenetic analysis. Based on a conserved
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core genome of 1.8 Mbp (69.7%), 52 MRSE strains (isolates from the same patient separated
by 0–3 SNVs) were identified in the 44 samples [1–4 MRSE strain(s) per sample; Table 1].
As presented above, 13 patients were colonized with MRSE at multiple sites (Table 1). A
detailed phylogenetic analysis demonstrated that the same MRSE strain (separated by
0–3 SNVs) was retrieved from two body sites in three patients and that similar strains (here,
defined as separated by ≤40 SNVs) were found at multiple sites in five patients. Six patients
were colonized with MRSE that differed more than 40 SNVs between the sampled sites
(range 3917–8466 SNVs); see Table 1. Twenty-three STs were identified among the 52 MRSE
strains, including two novel STs: ST881 and ST882.

To visualize the overall relatedness of MRSE strains retrieved from pre-admission
sampling, a second phylogeny including only a single isolate per MRSE strain per sample
(n = 55; identical strains were found in two samples for three patients) was constructed
(Figure 2).

The MRSE belonging to PJI-associated lineages were identified in samples from ten
patients, ST2b lineage, n = 3; ST5 lineage, n = 6; and ST215 lineage, n = 1, while no isolate
belonging to the ST2a lineage was found. Nine patients were colonized with MRSE isolates
belonging to the ST22 lineage, and one patient was colonized with the ST2 isolate that was
closely related to the ST22 lineage (previously referred to as ST2c [26]).

The genes previously associated with PJI in S. epidermidis [26] are presented in Figure 2.
The aac(6′)-aph(2′ ′) gene (associated with aminoglycoside resistance) was present in MRSE
isolates from 11/30 MRSE-colonized patients (37%), ermC (associated with macrolide-
lincosamide resistance) was present in eight (27%) patients, and qacA (associated with
chlorhexidine tolerance) was present in 19 (63%) patients. The transposable element IS256
was present in MRSE isolates from 10 patients (33%). The group_596 gene was found in 50
out of the 52 MRSE strains (28/30 MRSE colonized patients).

The genes and gene variants associated with resistance towards fluoroquinolones,
fusidic acid, macrolides-lincosamides, rifampicin, and trimethoprim-sulfamethoxazole
were determined in the MRSE isolates. The isolates within a strain displayed the same
pattern of AMR gene absence/presence in all but two cases. The frequency of genes and/or
gene variants associated with antimicrobial resistance is presented per MRSE positive
sample by antimicrobial category in Table 2. No mutations associated with rifampicin-
resistance was found in any of the MRSE isolates. No statistically significant difference in
resistance towards different antimicrobial agents was found between samples from the
nares, inguinal crease, and skin over the hip/knee. Overall, MDRSE was retrieved from
19 patients (29%).

Table 2. Co-resistance (based on the presence of gene(s)/gene variants) to other antimicrobial
agents in methicillin-resistant S. epidermidis (MRSE) retrieved from sampling of patients planned for
prosthetic joint surgery prior to hospital admission (data are presented as the number (percentage) of
samples with resistant MRSE). n.s = not significant.

Antimicrobial
Agent

Nasal Mucosa
(n = 19)

Inguinal
Crease (n = 15)

Hip/Knee (n = 10) Total

Aminoglycosides 6 (32%) 5 (33%) 5 (50%) 16 (36%) n.s
Fluoroquinolones 7 (37%) 6 (40%) 5 (50%) 18 (41%) n.s

Fusidic acid 6 (32%) 2 (13%) 1 (10%) 9 (20%) n.s
MLS 1 12 (63%) 9 (60%) 7 (70%) 28 (63%) n.s

Rifampicin 0 0 0 0
TMP/SMX 2 9 (63%) 5 (33%) 4 (40%) 18 (41%) n.s
Multidrug-

resistant 12 (63%) 8 (53%) 6 (60%) 26 (59%) n.s

1 macrolide-lincosamide-streptogramin; 2 trimethoprim-sulfamethoxazole.
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4. Discussion

In this study, the aim was to investigate whether MDRSE lineages associated with PJIs
are present in the nasal and skin microbiota of patients scheduled for prosthetic joint surgery
before hospital admission. HAI with MDRSE is a growing concern, but unlike MRSA [52],
there are no guidelines recommending the surveillance of MRSE and/or MDRSE [53]. The
possible transmission events of MDRSE still remain unclear, and epidemiological studies
of the prevalence of MDRSE in patients at risk of S. epidermidis infections has been called
for [54]. To our knowledge, this is the first study using whole-genome sequencing to
characterize MRSE isolates in the microbiota of patients scheduled for prosthetic joint
surgery. We show that a subset of patients (10/66) were colonized with MDRSE lineages
associated with PJIs [22,26] and that a number of patients were colonized with MDRSE
lineage ST22 (a single locus variant of ST2), represented in publicly available international
S. epidermidis sequences from PJIs [26]. All ST22-colonized patients were recruited from
hospital A, where no data on the molecular epidemiology of S. epidermidis in PJIs was
available. Overall, MRSEs were retrieved from almost half of patients in this study.

The majority of MRSE-colonized patients (19/30) were colonized with MRSE in the
nares, but just over one third (11/30, including 4/10 patients colonized with lineages
that predominate in PJIs) were not, suggesting that nasal screening alone is insufficient
to detect individuals colonized with MRSE before surgery. Furthermore, we found that
colonization with MRSE is likely to be vastly underestimated when a culture-based method
using nonselective media is used. In the present study, we used samples from patients
from whom S. epidermidis had already been identified from nasal samples after culturing
on nonselective media. MRSE was only identified in 8% (5/66) of nasal samples using
nonselective media, whereas by using selective media, we detected MRSE in nasal samples
from an additional 14 patients (in total 29%, 19/66) and from an additional 11 patients
from other body areas, summing up to a MRSE colonization rate of 45% (30/66 patients).
This indicates that the vast majority of patients colonized with MRSE are missed when a
single S. epidermidis colony is randomly chosen from a culture of a nasal swab plated on
nonselective media.

The proportion of patients colonized with MRSE varied between the three hospitals.
This difference could plausibly be explained by differences in prior hospitalization, as
colonization rates of methicillin-resistant CoNS has been found to increase from 4–25%
to 25–81% during hospitalization for orthopedic surgery [30–32], and almost twice as
high carriage rates of methicillin-resistant CoNS have been found in patients undergoing
revision THA (46%) compared with primary THA (24%) [55]. In this study, we had no
access to data regarding prior admissions, but patients recruited from hospital A (with
the highest MRSE colonization rate) were significantly older than those recruited from
hospital C (with the lowest MRSE colonization rate), supporting the possibility that prior
hospitalization rates may have differed between hospitals.

Preoperative whole-body cleansing with CHG-containing soap at home is recom-
mended in national guidelines for prosthetic joint surgery in Sweden and is supported by
the International Consensus Meeting on Musculoskeletal Infections despite a lack of robust
evidence [56]. The increased tolerance of S. epidermidis to CHG is associated with the gene
qacA that encodes an efflux pump [57], and qacA was one of the genetic traits associated
with S. epidermidis isolated from PJIs in our previous study [26]. Here, where samples were
obtained before whole-body cleansing with CHG-containing soap, almost one third of
patients (19/66, 29%) were colonized with MRSE strains harboring qacA, possibly in low
relative abundance. As qacA was found to be rare in methicillin-susceptible colonizing
isolates [26], it can be speculated that the relative proportion of MDRSE in the microbiota
after preoperative whole-body cleansing with CHG-containing soap may increase. This
could subsequently increase the risk of perioperative contamination of the wound and
subsequently the prosthetic joint with S. epidermidis resistant to standard systemic and
locally administered antimicrobial prophylaxis. However, this remains to be explored, and
most patients were not colonized with qacA-positive MRSE before hospital admission.
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The prevalence of the remaining genes previously associated with S. epidermidis from
PJIs varied. IS256 and ermC were rare in general and almost exclusively found in MDR
isolates, whereas group_596, encoding a hypothetical protein, was frequently present. The
aac(6′)-aph(2′’) gene encoding aminoglycoside resistance was rare among MRSE isolates
other than those belonging to the ST2b, ST5, ST22, and ST215 lineages. This suggests
that gentamicin in bone cement is effective for most MRSE strains that patients harbor
before prosthetic joint surgery and, thus, can be an important supplement to systemically
administered antimicrobial prophylaxis. The reported adjusted risk of revision is lower for
cemented than uncemented THA in Sweden [58], but in a previous large registry-based
study from Norway, the use of bone cement was associated with increased infections rates,
as the rate of revision due to infection was increased for cemented procedures in which
no antibiotics was admixed into the bone cement compared to uncemented procedures.
However, an equal risk of revision for infection was found for uncemented and cemented
hip arthroplasties with antibiotic-loaded cement [59].

The present study has several limitations. We excluded patients from whom S. epi-
dermidis was not retrieved in nasal samples cultured on unselective media. However, the
colonization rate of MRSE may have been underestimated from (i) MRSE outgrown by
other species and/or methicillin-sensitive Staphylococcus epidermidis in the first culture on
standard media, (ii) the use of a relatively small sample volume for selective culturing,
(iii) the choice of cefoxitin concentration in the supplemented plates, and (iv) restricting
sampling to five colonies with CoNS appearance per plate. Metagenomic sequencing of
the samples could have been used to overcome these limitations related to culturing but
would not have been able to give the same strain-level resolution and link mobile genetic
elements to specific lineages. A targeted genomic approach would, however, be interesting
and useful for further studies. Another limitation is that no data on previous hospital
admissions or stays in long-term care facilities was available.

S. epidermidis has been called an “accidental pathogen” as its virulence determinants
are also important for colonization, and S. epidermidis infections have been regarded as
resulting from haphazard contamination by isolates from the microbiota [60]. In this study,
we show that a significant proportion of patients scheduled for prosthetic joint surgery
was colonized with heterogeneous MRSE strains. Most of the MRSE strains lacked genes
encoding resistance to gentamicin and/or tolerance of CHG, compounds used for the
prevention of PJIs in Sweden, but a subset of patients were colonized with PJI-associated
MDRSE lineages not covered by current prophylaxis guidelines. To lower the rate of PJIs,
broader antimicrobial prophylaxis with a dual regimen of a betalactam and a glycopeptide
to cover methicillin-resistant isolates has been suggested [61]. However, as prosthetic joint
surgery is a high-volume surgery, broader antimicrobial prophylaxis would risk further
selection of resistance traits in MDRSE circulating within and between hospitals.

If MDRSE-colonized patients can be demonstrated to have a higher risk of S. epider-
midis PJIs, screening for MDRSE before surgery could be of interest to limit the use of
broader antimicrobial prophylaxis to these patients only [33]. However, we also acknowl-
edge that hospital-acquired re-colonization with MDRSE after preoperative whole-body
cleansing with CHG-containing soap can be important and that possible transmission
of MDRSE between patients, the hospital environment, and healthcare workers is an
important issue for future research.

5. Conclusions

We found that MDRSE lineages previously associated with PJIs are present in a subset
of patients’ pre-admission microbiota, plausibly in low relative abundance, and could be
selected for by the current prophylaxis regimens. To further lower the rate of S. epidermidis
PJIs, the current prophylaxis may need to be modified, but it is important for possible
perioperative MDRSE transmission events as well as specific risk factors for MDRSE PJIs
to be investigated before reevaluation of antimicrobial prophylaxis and/or screening and
eradication of MDRSE/MRSE.
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Abstract: Background: Globally, Staphylococcus aureus is an important bacterial pathogen causing a
wide range of community and hospital acquired infections. In Ghana, resistance of S. aureus to locally
available antibiotics is increasing but the molecular basis of resistance and the population structure of
S. aureus in particular in chronic wounds are poorly described. However, this information is essential
to understand the underlying mechanisms of resistance and spread of resistant clones. We therefore
subjected 28 S. aureus isolates from chronic infected wounds in a rural area of Ghana to whole genome
sequencing. Results: Overall, resistance of S. aureus to locally available antibiotics was high and 29%
were Methicillin resistant Staphylococcus aureus (MRSA). The most abundant sequence type was ST88
(29%, 8/28) followed by ST152 (18%, 5/28). All ST88 carried the mecA gene, which was associated
with this sequence type only. Chloramphenicol resistance gene fexB was exclusively associated with
the methicillin-resistant ST88 strains. Panton-Valentine leukocidin (PVL) carriage was associated
with ST121 and ST152. Other detected mechanisms of resistance included dfrG, conferring resistance
to trimethoprim. Conclusions: This study provides valuable information for understanding the
population structure and resistance mechanisms of S. aureus isolated from chronic wound infections
in rural Ghana.

Keywords: rural Ghana; molecular epidemiology; chronic wounds; Staphylococcus aureus

1. Introduction

Staphylococcus aureus is an important bacterial pathogen in all parts of the world, causing both
community and hospital acquired infections. In particular methicillin-resistant S. aureus (MRSA)
has evolved as a global health threat due to its resistance to beta lactam and other classes of
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antibiotics [1]. In the last 20 years the prevalence of MRSA appears to be increasing in many African
countries as suggested by data from the first decade of the present century [2]. More recent reviews
indicate ongoing epidemiological relevance of this resistance type in Africa [3], with increased
reporting of outbreak-association in Western African Ghana [4]. In Ghana, the abundance of MRSA
in carriage studies or clinical samples demonstrated large geographical differences [5–7]. Moreover,
resistance of S. aureus to a variety of other locally available oral antibiotics such as tetracyclines,
trimethoprim/sulfamethoxazole and penicillins is frequently observed in Ghana [8,9]. However,
the underlying mechanisms of resistance in this region are not well understood and to our knowledge
has not been described for S. aureus from chronic wounds.

Effective surveillance of antimicrobial resistance in bacteria including S. aureus is essential for
estimating the burden of resistance and molecular strain typing provides important information for
understanding the spread of resistant clones. However, in Africa both surveillance and strain typing
information are scarce due to the limited diagnostic microbiology infrastructure generally available in
large parts of the continent. Molecular typing including spa-typing, multi-locus sequencing and also
whole genome sequence typing has been applied in only a few studies in S. aureus in humans and
livestock in Ghana [3,10–14], identifying strains of multiple clonal clusters [14]. In particular, the MRSA
clone sequence type (ST)88-IV (2B) is not only abundant in Ghana, but also in other African counties:
Angola, Cameroon, Gabon, Madagascar, Nigeria, as well as São Tomé e Príncipe [15]. In Ghana,
reported rates range between 24.2–83.3% of all MRSA isolates [12].

In a previous study S. aureus was isolated from 14.0% (n = 28) of samples from patients with
chronic wounds in Ghana [5]. In that study, a high frequency of methicillin-resistance (29%) was
noted. Moreover, resistance to other commonly used antibiotics like penicillins, tetracyclines and
trimethoprim/sulfamethoxazole was frequently observed. For Ghanaian S. aureus isolates from wounds,
data on prevalent clones, resistance mechanisms and pathogenicity-associated genetic determinants is
limited. To fill this gap in the global epidemiological picture, we have subjected the 28 S. aureus isolates
from our previous study to whole genome sequencing (WGS), aiming at analyzing the underlying
molecular basis of antimicrobial resistance and the population structure of this strain collection.

2. Materials and Methods

2.1. Sample Collection, Microbiology and Antibiotic Susceptibility Testing

S. aureus was isolated from female and male patients ≥15 years with an infected wound at
the Outpatient Department of the Agogo Presbyterian Hospital, in the Asante Akim North District
of Ghana from January to November 2016. Sample collection and microbiological investigations
were reported previously [5]. Antibiotic susceptibility was tested by the disk diffusion method and
interpreted following the European Committee on Antimicrobial Susceptibility Testing (EUCAST)
guidelines v.10.0 (http://www.eucast.org).

2.2. Whole Genome Sequencing and Data Analysis

Whole genome sequencing of the isolates was performed using the Illumina NextSeq platform.
WGS data were analyzed using the Nullarbor pipeline (vers. 2.0.20181010; Seemann T, available at:
https://github.com/tseemann/nullarbor). Reads were assembled with spades [16] (vers. 3.13.1) and
annotated with Prokka [17] (vers. 1.13.3). The resistance and virulence gene profiles were determined
with ABRicate (https://github.com/tseemann/abricate) (vers 0.9.9) employing NCBI AMR (7th October
2020; 5283 sequences), Resfinder [18] (3077 sequences) and VFDB [19] (2597 sequences) databases.
SCCmec types were determined with the SCCmecFinder web tool (https://cge.cbs.dtu.dk/services/
SCCmedFinder/10.1128/mSphere.00612-17).

The MLST sequence types were extracted from the WGS data using the MLST tool (vers. 2.16.1).
Sequencing reads have been deposited in NCBI’s small reads archive (BioProject: PRJNA670821).
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2.3. Ethical Considerations

The Committee on Human Research, Publications and Ethics, School of Medical Science, Kwame
Nkrumah University of Science and Technology in Kumasi, Ghana, approved this study (approval
number CHRPE/AP/078/16) on 14th December, 2015.

3. Results

The identified MLST sequence types and selected associated resistance and virulence genes are
summarized in Table 1; the complete MLST, virulence factor and resistance gene datasets (VFDB,
Resfinder and NCBI AMR), as well as AST results are available in the supplemental material (Table S1)
The most abundant sequence type was ST88 (8/28). All ST88 isolates were mecA positive, SCCmec type
IV(2B), agr type 3 and negative for the Pantone–Valentine Leukocidin toxin (PVL) genes lukS-PV/lukF-PV.
Seven of eight ST88 isolates carried the fexB gene, which confers resistance to chloramphenicol [20].
The five isolates of the second most abundant clone ST152 were all mecA negative and carried the PVL
genes lukS-PV/lukF-PV.

Table 1. Sequence types and associated virulence and resistance genes.

Sequence Type n lukS-PV/lukF-PV mecA fexB

ST88 8 0 8 7
ST152 5 5 0 0
ST15 3 0 0 0
ST1 2 0 0 0
ST5 2 0 0 0

ST45 2 0 0 0
ST2434 2 0 0 0

ST72 1 0 0 0
ST121 1 1 0 0

ST3248 1 0 0 0
ST3249 1 0 0 0
Totals 28 6 8 7

Highest rates of phenotypic antimicrobial resistance were detected for penicillin (100%, 28/28),
tetracycline (57%, 16/28) and trimethoprim/sulfamethoxazole (39%, 11/28) (Table 2). All isolates were
susceptible to linezolid, rifampicin, fosfomycin, tigecycline, ciprofloxacin, levofloxacin and daptomycin.
WGS resistance gene profiling identified corresponding acquired resistance genes in 97% (65/67) of all
phenotypically detected antimicrobial resistances (Table 2). In all but one penicillin-resistant isolate
penicillinase-encoding blaZ was detected. The single penicillin resistant, blaZ negative strain carried
mecA, reasonably explaining the observed betalactam-resistant phenotype. All oxacillin-resistant
isolates were mecA positive and belonged to ST88. MecC was not detected in the strain collection.
Two main mechanisms of resistance to tetracyclines have been described in S. aureus: active efflux,
resulting from plasmid-located tetK and tetL genes and ribosomal protection mediated by tetM or tetO
genes. In our collection tetracycline resistant isolates carried either tetK (7/16) alone or tetL (8/16) in
combination with tetM (8/16). The tetL and tetM genes were exclusively detected in the ST88 MRSA
isolates, while tetK was found in various clonal backgrounds. Beside mutation of the chromosomal
dihydrofolate reductase (DHFR) gene, three acquired dihydrofolate reductase gene variants are known
to confer resistance to trimethoprim in S. aureus of human origin: dfrA, dfrG and dfrK. In our collection
all trimethoprim/sulfamethoxazole resistant isolates carried dfrG. Of the two erythromycin resistant
isolates one carried msrA and one ermC. As expected, the latter isolate was also resistant to clindamycin.
Gentamicin resistance is most commonly conferred by aminoglycoside-modifying enzymes. However,
in the single case of a gentamicin-resistant isolate no corresponding resistance gene was found.
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Table 2. Phenotypic antibiotic resistance and associated genetic resistance markers.

Antibiotic
Phenotypic AST
Resistant n (%)

WGS
Resistance Gene or Mutation

Positive n (%)

Penicillin 28 (100) blaZ 27 (96)
blaZ neg, mecA pos 1 (4)

Tetracycline 16 (57) tetK 7 (44)
tetL 8 (50)
tetM 8 (50)

Trimethoprim/
Sulfamethoxazole 11 (39) dfrG 11 (100)

Oxacillin 8 (29) mecA 8 (100)
Erythromycin 2 (7) msrA 1 (50)

ermC 1 (50)
Clindamycin 1 (4) ermC 1 (100)
Gentamicin 1 (4) not detected none

4. Discussion

In this study we describe the molecular epidemiology of S. aureus isolated from chronic infected
wounds in outpatients in a rural area of Ghana.

Overall, the frequency of MRSA (29%) was high, comparable to other clinical studies conducted
in Ghana [6,21,22]. Nevertheless, the frequencies of MRSA seen in patients in Ghana seem subject
to geographical variations [5–7]. Moreover, the previously reported high rates of resistance to orally
available antibiotics including penicillin, tetracycline and cotrimoxazole in S. aureus [9] were confirmed
by our study results. The particularly high frequencies of penicillin resistance might be attributed to
the fact that penicillin-based antibiotics are amongst the most frequently prescribed drugs in Ghana
and available over the counter without prescription [23]. High rates of resistance inevitably reduce
effective antibiotic treatment in areas where resources are scarce. This favors the use of cleaning and
disinfecting procedures for the management of wound infections whenever clinically possible.

All isolated MRSA belonged to ST88, described as the dominant clone in various African countries,
including Ghana [15]. In addition, all but one MRSA strain also carried the fexB gene, conferring
resistance to chloramphenicol, which was not found in any of the other sequence types. Previously, fexB
has only been described in S. aureus strains from Ghanaian patients with Buruli ulcer [20], also a chronic
wound. As previously described in 2007 [24], chloramphenicol has been extensively prescribed in
Africa, although a low risk of 0.002% for chloramphenicol-induced aplastic anemia had been described
in Nigeria as early as in 1993 with an associated recommendation for strict risk-benefit-assessments
prior to its prescription [25]. To the authors best knowledge, little has changed in the meantime and
the substance is still in broad use in Sub-Saharan Africa, as it is readily available and shows excellent
penetration even in difficult to reach compartments including bradytroph tissue like bone [26]. It is
therefore possible that that frequent application of chloramphenicol in patients that did not respond
to beta-lactam antibiotics, due to mecA-carriage of their S. aureus strains, might have facilitated the
selection of fexB carrying bacteria. Due to the lack of reliable clinical data on previous antibiotic
treatment this hypothesis could not be confirmed. Other mechanisms of resistance detected included
dfrG, conferring resistance to trimethoprim, frequently found in strains isolated from Ghana [27,28].
Earlier this was regarded as an infrequent cause of trimethoprim resistance in S. aureus isolated from
patients but is now widespread in Africa and common in S. aureus from ill travelers returning to
Europe [27].

Panton-Valentine Leukocidin (PVL), which has been proposed as an epidemiological marker for
severe skin infections [29], was encoded in strains of the ST121 and ST152 clonal lineages. The ST152
clonal lineage, in particular, is both known to be associated with PVL expression [30] and wide
distribution in Ghana [10,31].
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5. Conclusions

This study provides insight into the molecular epidemiology of S. aureus sequence types found in
chronic infected wounds in a rural area of Ghana.

However, the number of samples used was quite small, and they were taken from outpatients in
one hospital, so they may not be representative of the community or the wider area. Moreover, we did
not have reliable information about prior use of antibiotics in these patients.

Nevertheless, this study stipulates valuable information for understanding the spread of resistant
clones found in patients visiting the study hospital, which is important for effective surveillance of
antibiotic resistant S. aureus and vital for estimating the burden of resistance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/12/2052/s1,
Table S1: Complete MLST, agr and SCCmec typing, virulence factor and resistance gene datasets (VFDB, Resfinder
and NCBI AMR) and phenotypic AST results. VFDB, Resfinder and NCBI AMR: The numbers represent the
percent identity in the alignment between the best matching resistance or virulence gene in ResFinder or VFDB
and the corresponding sequence in the input genome. A perfect alignment is 100% and must also cover the entire
length of the resistance gene in the database.
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Abstract: USA300 is a predominant and highly virulent community-associated methicillin-resistant
Staphylococcus aureus (CA-MRSA) strain that is a leading cause of skin and soft tissue infections. We
established a murine intradermal infection model capable of demonstrating dermatopathological
differences between USA300 and other MRSA strains. In this model, USA300 induced dermonecrosis,
uniformly presenting as extensive open lesions with a histologically documented profound inflamma-
tory cell infiltrate extending below the subcutis. In contrast, USA400 and a colonizing control strain
M92 caused only localized non-ulcerated skin infections associated with a mild focal inflammatory
infiltrate. It was also determined that the dermonecrosis induced by USA300 was associated with
significantly increased neutrophil recruitment, inhibition of an antibacterial response, and increased
production of cytokines/chemokines associated with disease severity. These results suggest that
induction of severe skin lesions by USA300 is related to over-activation of neutrophils, inhibition of
host antibacterial responses, and selective alteration of host cytokine/chemokine profiles.

Keywords: methicillin-resistant Staphylococcus aureus (MRSA); community-associated MRSA (CA-
MRSA); CA-MRSA strain USA300; murine skin infection model; dermatopathology; dermonecrosis;
neutrophil; host antibacterial response; cytokine; chemokine

1. Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) is a leading cause of infection world-
wide. It was traditionally considered a nosocomial pathogen in healthcare facilities (known
as hospital-associated MRSA (HA-MRSA)). However, community-associated MRSA (CA-
MRSA) emerged in the 1990s, and quickly increased and then replaced HA-MRSA in the
United States and Canada. Prior to 2000, the predominant CA-MRSA strain in North Amer-
ica was pulsotype USA400 (ST1-MRSA-IV). It was quickly replaced by pulsotype USA300
(ST8-MRSA-IV), which is the strain responsible for the increase in CA-MRSA infections
in North America [1,2], as well as globally [3–5]. USA300 causes primarily acute bacterial
skin and skin structure infections (ABSSSIs) [6], with an estimated 44.6% of ABSSSIs in
North America caused by S. aureus [7], and the majority of those caused by USA300 [8].
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Additionally, infections induced by USA300 are believed to be more invasive and more
severe when compared with those induced by other MRSA strains [9–14].

Several skin and soft tissue animal infection models have been developed to study
CA-MRSA virulence, such as the murine surgical wound infection model [15], mouse
foreign body infection model [16], mouse muscle infection model with microspheres as an
S. aureus carrier [17], mouse subcutaneous (skin or ear) infection model [18,19], and mouse
burn-injured infection model [20]. However, most of these animal models were designed
to test the role of individual S. aureus virulence factors, or the effect of antimicrobials,
rather than for comparing virulence between strains. In fact, there are limited studies
comparing the pathogenic propensity of CA-MRSA strains responsible for serious skin and
soft tissue infections, with no mouse infection model capable of differentiating USA300
virulence from that of other CA-MRSA strains. Building on previously described models,
we established a mouse skin infection model capable of differentiating the virulence of
USA300 from other CA-MRSA strains (USA400) as well as from a colonization strain (M92),
which simulates human skin and soft tissue infection characteristics. Furthermore, we
compared the immune response induced by the various strains to explore the potential
mechanisms contributing to USA300 hypervirulence.

2. Materials and Methods

2.1. MRSA Strains and Their Phenotypic and Genotypic Characterization

USA300-C2406 was isolated from a patient with a lethal case of necrotizing pneumonia
during our local CA-MRSA strain USA300 outbreak in Calgary in 2004 [21]. Control strain
USA400-CMRSA7 was provided by the National Microbiology Laboratory, Health Canada,
Winnipeg, Canada [22]. Control strain M92 was found as a nasal colonizer of staff in
our local hospitals, but was never associated with invasive infection. Phenotypic and
genotypic characterization of the isolates was done as previously described [23]. Whole
genome sequencing was performed for the isolates using Pacific Biosciences (PacBio,
Menlo Park, CA, USA) RSII sequencing technology, at the McGill University Genome
Quebec Innovation Center. Genome assembly was accomplished using the hierarchical
genome assembly process (HGAP v. 2.3.0.140936.p5), with the complete genome of C2406
(GenBank No.: PRJNA345240; CP019590.1), CMRSA7 (GenBank No.: PRJNA362898), and
M92 (GenBank No.: PRJNA319679; CP015447.1) submitted to GenBank and annotated
using the prokaryotic genome annotation pipeline [24,25]. Virulence gene profiles for
the isolates, including 17 toxin genes, 12 adhesin genes, and 4 exoenzyme genes, were
identified and analyzed through the strain whole genome sequences.

2.2. Murine Skin Infection Model

Single colonies of each bacterial strain were grown overnight in brain–heart infusion
(BHI) broth at 37 ◦C, followed by subculture in 50 mL BHI at 37 ◦C until the optical density
at 600 nm (OD600) was 0.7. Bacteria were centrifuged and the pellet washed twice with
saline, then resuspended in 0.5 volume of saline (roughly 2 × 108 CFU/mL). Animal
infection experiments were performed at the Animal Resource Centre at the University of
Calgary, in accordance with institutional and national guidelines of the Canadian Council
on Animal Care, under protocol numbers M06074, M09115, and AC13-0076 (approved
by the Animal Care Committee, University of Calgary). The experiments were repeated
3 times. Female BALB/c mice (Charles River Laboratories, Inc., Wilmington, MA, USA),
aged 6 to 8 weeks, were shaved in the intrascapular region with electrical clippers prior to
injection. Fifteen mice were assigned to each of the 4 groups and injected intradermally
with 1 × 107 CFU/50 μL of the appropriate strain or mock-infected control (saline control),
in the center of the shaved area. Mice were carefully monitored for skin (wound) infection
and signs of distress, and euthanized on days 4, 7, and 15~17. The skin lesion areas
(mm2) were estimated by multiplying the width (mm) and length (mm) of the lesion. For
each mouse, the whole spleen was aseptically harvested and homogenized in 1 ml sterile
saline. Quantitative cultures [serial dilutions and spread on Tryptic soy agar (TSA)plates]
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were performed to determine bacterial load, as splenic bacterial load was used as an
indicator of systemic MRSA dissemination. Full thickness biopsies of the core cutaneous
lesions were performed, fixed in 10% neutral buffered formalin, and subjected to detailed
histopathological examination.

2.3. Histology

The lesional skin tissue was cut into tissue blocks by the Airway Inflammation Re-
search Group (AIRG) Histology Services at the University of Calgary. Tissue sections 4 μm
thick were affixed to microscope slides and deparaffinized. The sections were stained with
hematoxylin and eosin (H&E), Gram, and chloracetate esterase staining for routine histol-
ogy, to identify bacteria, and to highlight neutrophils, respectively. For the H&E staining
(NovaUltraTM H&E Stain Kit, Rockville, MD, USA), fixed slides were deparaffinized by
2 changes of xylene for 5 min, and re-hydrated in 2 changes of 100% alcohol for 5 min each,
then 95% and 70% alcohol for 1 min each. The slides were stained with Mayer’s hema-
toxylin solution for 2 min, washed with running tap water for 2 min, and rinsed in 95%
alcohol. The slides were further counterstained with eosin solution for 45 s, and rinsed in
95% alcohol. The stained slides were dehydrated through 2 changes of 100% alcohol, 5 min
each, and cleared with 2 changes of xylene, 5 min each. Finally, the slides were mounted
with xylene-based mounting medium. For the Gram staining (BD Gram Stain Kits, Franklin
Lakes, NJ, USA), fixed slides were deparaffinized and re-hydrated as described above.
The slides were stained with Gram crystal violet for 1 min, and flooded with Gram iodine
for 1 min. The slides were decolorized by Gram decolorizer, then counterstained with
Gram safranin for 1 min. For the chloracetate esterase staining, deparaffinized sections
were stained with the freshly prepared staining solution (5.0 mg naphthol AS-D chlorac-
etate, 5 mL N-N dimethylformamide (NNDMF), 6 drops 4.0% sodium nitrite, 6 drops 4%
new fuchsin in 47.5 mL phosphate buffer) for 25 min, followed by counterstaining with
hematoxylin nuclear stain. The stained slides were dehydrated and cleared as described
above.

2.4. Myeloperoxidase (MPO) Assay

The tissue myeloperoxidase activity assay was performed as an index of neutrophil
recruitment, as previously described [26]. The test was repeated twice, with at least 5 mice
from each group and each time point included from each experiment. Briefly, the skin was
cut and weighed prior to homogenization in a 0.5% hexadecyltrimethylammonium bromide
phosphate-buffered (pH 6.0) solution using a polytron PT1300D homogenizer (Kinematica,
Lucerne, Switzerland). The homogenates were centrifuged at 14,000 rpm for 5 min at 4 ◦C
in a microcentrifuge and five aliquots of each supernatant were transferred into 96-well
plates, followed by the addition of a 3, 3′-dimethoxybenzidine and 1% hydrogen peroxide
solution. Standard dilutions of pure myeloperoxidase were also tested for their activity to
construct a standard curve (OD as a function of units of enzyme activity). Optical density
readings at 450 nm were taken at 1 min (which corresponds to the linear portion of the
enzymatic reaction) using a Spectra Max Plus plate reader using SOFTmax Pro v. 3.0
software (Molecular Devices Corp., Sunnyvale, CA, USA). Myeloperoxidase activity was
expressed as units of enzyme per gram of tissue.

2.5. Spinning Disk Confocal Microscopy

An amount of 107/CFU of bacteria were injected intradermally into the lateral abdom-
inal skin, to avoid forming lesions on the mid-line. Examination of the microcirculation
of the lateral abdominal skin was prepared for microscopy in order to determine the re-
cruitment of immune cells in lesions, as described [27]. Flank skin microvasculature was
visualized using a spinning disk confocal microscope, using an Olympus BX51 upright
microscope with an x20/0.95 XLUM Plan Fl water immersion objective. The microscope
was equipped with a confocal light path (WaveFx; Quorum, ON, Canada) based on a
modified Yokogawa CSU-10 head (Yokogawa Electric Corporation, Tokyo, Japan). Anti-
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CD4-FITC (L3T4; BD Biosciences; 3 μg/mouse) and anti-mouse Gr-1 efluo660 (RB6-8C5;
eBioscience, CA, USA; 2 μg/mouse) and anti-mouse CD31 coupled to Alexa647 (390; BD
Biosciences conjugated via an Invitrogen protein labeling kit: 10 μg/mouse) were injected
intravenously (IV) into BALB/c mice to image CD4+ T lymphocytes, neutrophils, and
endothelial cells, respectively. Both 491 and 640 nm laser excitation wavelengths (Cobalt,
Stockholm, Sweden) were used in rapid succession and visualized with the appropriate
long-pass filters (520 +/− 35 nm and 640 +/− 40 nm, respectively, Semrock, IL, USA).
Typical exposure time for both excitation wavelengths was 900 ms. A 512 × 512 pixel back-
thinned electron-multiplying charge-coupled device camera (C9100-13, Hamamatsu, Japan)
was used for fluorescence detection, with Volocity Acquisition software (Improvision, MA,
USA) used to drive the confocal microscope. CD4 T lymphocyte and neutrophil rolling and
adhesion were simultaneously assessed in 5–10 random fields of view in the postcapillary
venules of the skin. The adherent cells were defined as cells which remained in the same
location for 30 s in 100 μm of the venule, while the emigrated cells were defined as the cells
which stayed outside of the vasculature in the field of view (FOV).

2.6. In Vivo Neutrophil Depletion

To determine the role of neutrophils in USA300-C2406 infection, a depletion process
was employed using the antibody RB6-8C5 (BioXCell, West Lebanon, NH, USA), which
mainly depletes neutrophils, at different time points in mice with a USA300-C2406. There
were at least 3 mice for each group and each time point. As noted above, mice were injected
with 107 CFU of USA300-C2406 intradermally in the intrascapular region on day 0. Mice in
the early depletion groups received an intraperitoneal (i.p.) injection of 200 μg RB6-8C5 24 h
before infection, followed by injections every 48~72 h. Mice in the late depletion groups
received an i.p. injection of 200 μg RB6-8C5 24 h after infection, followed by injections
every 48~72 h. Mice in the control group were injected i.p. with 200 μg of rat IgG2
isotype control monoclonal antibody (BioXCell), on the same schedule with the depletion
antibody RB6-8C5. All mice were carefully monitored (including obtaining weights), then
euthanized on days 4, 7, and 14 post-infection. Lung, liver, and spleen were harvested
and homogenized in 1 mL sterile saline, then quantitative cultures (serial dilutions and
spread on TSA plates) were performed to determine bacterial load, as described above.
The skin samples were processed into tissue sections and affixed to microscope slides for
Gram staining, as described above.

2.7. Mouse Antibacterial Response PCR Array

To assess whether the bacterial strains could inhibit host immune responses, the tran-
scriptional levels of 84 host genes related to the antibacterial response were determined in
local skin using a Qiagen mouse antibacterial response PCR array (Qiagen Inc., German-
town, MD, USA). Included were genes involved in Toll-like receptor (TLR) signaling, NOD-
like receptor (NLR) signaling, apoptosis, inflammatory response, cytokines/chemokines,
and antimicrobial peptides. Samples from at least 3 mice in each group on day 4 were
assessed. RNA from lesion samples was isolated using the RNeasy Plus Mini Kit (Qiagen
Inc.). Ten milligrams of each sample were homogenized in RLT buffer. The contaminating
DNA was removed with gDNA eliminator spin columns. RNA was purified by washing
with RW1 buffer, and collected with the RNeasy spin column. RNA was further purified
and reverse transcribed to cDNA using the RT2 First Strand Kit (Qiagen Inc.). Eight mi-
croliters of raw RNA were mixed with 2 μL buffer GE and incubated for 5 min at 42 ◦C
to eliminate contaminating DNA. Four microliters of buffer BC3, 1 μL control P2, 2 μL
RE3 reverse transcriptase mix, and 3 μL RNase-free water were added and the reaction
was incubated at 42 ◦C for 15 min. The reaction was stopped by incubation at 95 ◦C for
5 min. The expression of 84 host genes in the mouse antibacterial response PCR array
(Qiagen Inc.) was assessed by qRT-PCR using RT2 SYBR Green qPCR Mastermix (Qiagen
Inc.) on a CFX96 Real-Time Detection System (Bio-Rad, Hercules, CA, USA). Thermal cycle
conditions were performed as described for the RT2 Profiler PCR Array (Qiagen Inc.). One
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hundred and two microliters of the cDNA synthesis reaction were mixed with 1350 μL 2×
RT2 SYBR green mastermix and 1248 μL RNase-free water. Twenty-five microliters were
then aliquoted into each well of the RT2 Profiler PCR Array. The PCR plates were heated to
95 ◦C for 15 min, followed by 40 cycles of denaturation–extension (95 ◦C for 15 s and 60 ◦C
for 1 min). Because the transcription of housekeeping genes during wound forming and
healing varies [28], expression of the 84 genes was normalized to the mean of the 5 most
stably expressing housekeeping genes (actb, b2m, gapdh, gusb, and hsp90ab1). The PCR array
data were further uploaded to the Qiagen RT2 Profiler PCR Array Data Analysis Center
(http://www.qiagen.com/geneglobe. Samples). Ct = 35 was set as the cut-off Ct value,
while 5 housekeeping genes were selected as normalization factors. Relative target gene
expression was calculated according to the ΔΔCt method [29], in which the fold difference
in expression was 2-ΔΔCt.

2.8. Cytokine and Chemokine Assay

The production of various cytokines and chemokines in local skin samples was deter-
mined using a Luminex 32-plex by Eve Technologies (University of Calgary, AB, Canada).
The 32-plex consisted of eotaxin, G-CSF, GM-CSF, IFN-gamma, IL-1alpha, IL-1beta, IL-2,
IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, IP-10,
KC, LIF, LIX, MCP-1, M-CSF, MIG, MIP-1alpha, MIP-1beta, MIP-2, RANTES, TNF-alpha,
and VEGF. Samples were from 5 mice in each group at each time point. Tissue lesions
were homogenized in 20 mM Tris HCl (pH 7.5), 0.5% Tween 20, 150 mM NaCl, and
Sigma protease inhibitor 1:100 buffer. The supernatant was collected and cytokines and
chemokines were separated into several groups for analysis, as follows: (1) protective
cytokines and chemokines whose depletion results in severe infection in a mouse skin
infection model [30,31]; (2) cytokines and chemokines related to S. aureus disease sever-
ity, but which lack depletion experiments to confirm their role in a mouse skin infection
model [32–38]; (3) growth factors which are important for wound healing;(4) cytokines and
chemokines related to the Th1 and Th2 response; and (5) cytokines and chemokines whose
roles are unclear in MRSA infection. The latter was further divided into 2 sub-groups; one
sub-group generally believed to be related to tissue injury, infection, and allergic disease
and the other believed to be related to immune cell development, virus infection, and aging.

2.9. Statistical Analysis

All analyses were performed using SPSS 20.0 and Prism v. 5. Differences in CFU,
diameter of lesion, and MPO activity were evaluated using one way ANOVA. The Qiagen
RT2 Profiler PCR Array Data Analysis Center was used to analyze the Qiagen PCR Array.
p values of p < 0.05 were considered statistically significant.

3. Results

3.1. Genotypic and Phenotypic Characterization and Virulence Gene Profiles of MRSA Strains

The genotype, antibiotic resistance (Figure 1A), and virulence factor profiles
(Figure 1B) of USA300-C2406 were compared to those of the control strains. Coloniza-
tion strain M92 belonged to ST239-MRSA-III, carried a non-typeable spa gene, and was
Panton–Valentine leucocidin (PVL) negative and agr type I. USA400-CMRSA7 belonged to
pulsotype USA400 (ST1-MRSA-IVa), was PVL positive, belonged to spa type t128, and agr
type III. USA300-C2406 belonged to pulsotype USA300 (ST8-MRSA-IVa), was PVL positive,
belonged to spa type t008, and agr type I. Phenotypic tests indicated that USA400-CMRSA7
was sensitive to erythromycin and ciprofloxacin, unlike USA300-C2406, which was resis-
tant to both. Likewise, M92 was resistant to clindamycin, gentamicin, and tetracycline,
while USA300-C2406 was sensitive to these agents. Virulence factors were also assessed
and compared between the strains. They were similar, with the differences being that
USA300-C2406 carried the chp gene and CMRSA7 carried the sea and seh genes.
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Figure 1. Methicillin-resistant Staphylococcus aureus (MRSA) strain genotypic and phenotypic characteristics, and virulence
factor profiles. (A) Pulsed Field Gel Elecctrophoresis (PFGE) profiles for the MRSA strains, along with genotypic and
phenotypic typing results. PVL, Panton–Valentine leucocidin (+, positive; -, negative); SCCmec, staphylococcal cassette
chromosome mec; agr, accessory gene regulator; spa, staphylococcal protein A (non-typable, NT); MLST, multilocus sequence
type; CC, clonal complex; S, susceptible; R, resistant. (B) Virulence gene profiles show that the isolates differ by only
3 genes (sea, seh, chp). sea/c/d/e/g/h/i/j/k/q, staphylococcal enterotoxin A/C/D/E/G/H/I/J/K/Q; tst, toxic shock
syndrome toxin; chp, chemotaxis inhibitory protein; scn, staphylococcal complement inhibitory protein; hla/b/d/g, α/β/
δ/γ-hemolysin; clfA, clumping factor; fnbA/B, fibronectin adhesive molecule A/B; cnaA/B, collagen adhesive molecule A/B;
sdrC/D/E, putative adhesin; bbp, bone sialoprotein adhesin; ebpS, elastin adhesin; map, major histocompatibility complex
class II analog protein; ica, polysaccharide intercellular adhesin. coa, coagulase; V8, serine protease; hysA, hyaluronidase; sak,
staphylokinase; +, positive; -, negative.

3.2. USA300 Induced Extensive Open Lesions (Dermonecrosis) while M92 and USA400 Caused
Localized Infection

Our mouse skin infection model differentiated USA300-C2406 hypervirulence from
the control strains in that it demonstrated more severe skin lesions than M92 and USA400-
CMRSA7 (Figure 2). Intradermal inoculation in either M92 or USA400-CMRSA7 resulted in
confined dermal abscesses with average areas of 15.5 mm2 and 16.36 mm2, respectively. The
sizes of these abscesses remained relatively unchanged from day 1 to day 7. Healing began
after day 7, with full recovery on day 14~17. In contrast, USA300-C2406 caused abscesses
with an average area of 51.40 mm2 (p < 0.01 compared with M92 and USA400-CMRSA7) on
day 1. This was followed by the development of an ulcerated open wound with underlying
necrosis that reached its maximum size on day 5. The size of the lesion did not change
significantly from day 4 to day 7. The wound started to heal after day 7, with recovery on
day 14~17. Cultures of the spleen demonstrated that there was no systemic infection in
this model.
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Figure 2. Disease progression in acute intradermal infection model showing localized infections caused by M92 and
USA400-CMRSA7, and necrosis caused by USA300-C2406. (A) Representative photos for select time points (day 1, 2, 3,
4, 5, 8, 14, or 17) for each of the MRSA strains (M92, USA400-CMRSA7, USA300-C2406) showed that M92 and USA400
caused localized infections, while USA300 caused ulceration and necrosis (open wound). (B) The lesion diameter for each of
the 3 strains. The average lesion area (mm2) for M92 (blue), USA400-CMRSA7 (green), and USA300-C2406 (red) at each
time point was expressed as mean + SEM. The experiment was repeated twice, with 5 mice in each time point and each
group. Not significant between USA400-CMRSA7 and M92. Statistical comparisons between USA300-C2406 and M92 or
USA400-CMRSA7 were indicated with asterisk: ** p < 0.01.

3.3. Profound Inflammatory Cell Infiltration by USA300

The histological changes induced by various MRSA strains were assessed on day
4 since this was the point when the skin lesions reached their maximum diameter/area.
The severe tissue damage induced by USA300-C2406 was associated with more dissemi-
nated inflammation when compared with that caused by M92 and USA400-CMRSA7. As
shown in the Figure 3, M92-infected skin was associated with mild changes in the epider-
mis and dermis (panel A). The inflammatory cell infiltration extended into the adipose
tissue, superficial muscle, and fascia (D and G). USA400-CMRSA7 infection formed a well-
circumscribed area of skin necrosis (B), which was associated with a mild inflammatory
cell infiltration in the surrounding adipose tissue, superficial muscle, and fascia (E and
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H). In contrast, USA300-C2406 formed extensive lesions with ulceration (C) and dense
neutrophil-rich infiltrates that extended into the dermis, adipose tissue, fascia, and skeletal
muscle (F and I). The necrotic debris was located at the edge and bottom (fascial level) of
the ulcer and the disseminated inflammatory cells infiltrated not only the skin but also the
skeletal muscle beneath the fascial plane.

Figure 3. Histopathology (hematoxylin and eosin (H&E) stain) of the core lesions, induced on day 4,
showing more severe inflammatory changes secondary to infection with USA300-C2406. The overall
lesions (10×) induced by M92, USA400-CMRSA7, and USA300-C2406 are presented in panels (A–C),
respectively. The 40X amplifications of select regions are presented in panels (D–I). M92 induced minor
inflammatory cell infiltration in adipose layer, muscular layer, and fascia (D,G). USA400-CMRSA7
induced abscess formation in the fascia, surrounded by inflammatory cell infiltration (E,H). In contrast,
USA300-C2406 induced ulceration, more tissue necrosis, and a denser, more deep-seated inflammatory
cell infiltrate that extended into the skeletal muscle (F,I).

3.4. Primary Infiltrating Inflammatory Cell Type Was the Neutrophil

An esterase stain was done on samples collected on day 4 (Figure 4). This confirmed
the histological findings of a neutrophil-rich inflammatory infiltrate in the case of USA300-
C2406 that extended deeper than was the case with M92 and USA400-CMRSA7. In the
former, a dense neutrophilic infiltrate was located not only in the skin but also in the deep
skeletal muscle.

3.5. USA300 Induced Prolonged Periods of Excessive Neutrophil Infiltration

An MPO assay was employed to quantify neutrophil infiltration in local skin samples
(Figure 5). All three MRSA strains induced higher levels of MPO activity relative to the
mock-infected control. On day 4, M92, USA400-CMRSA7, and USA300-C2406 induced
386.15 U/g, 276.75 U/g, and 244.85 U/g, respectively (p > 0.05). On day 7, however, the
MPO activity of M92 and USA400-CMRSA7 was 150.88 U/g and 85.97 U/g, respectively,
while the MPO activity of USA300-C2406 reached 415.61 U/g (p = 0.007 and 0.001 compared
with M92 and CMRSA7, respectively). On day 17, the MPO level of M92, USA400-CMRSA7,
and USA300-C2406 decreased to 3.87 U/g, 5.00 U/g, and 16.96 U/g, respectively, with no
significant differences noted (p > 0.05).
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Figure 4. Histopathology (esterase staining) of skin lesions from day 4. Representative photos (40×) from different layers
of lesions induced by M92 (A1–A6), USA400-CMRSA7 (B1–B6), and USA300-C2406 (C1–C6). Positive cells (primarily
neutrophils) were located at the center of the abscess (A4, B4, and C4) and edges of lesions (A1–A3, B1–B3, and C1–C3).
Positive cells are labeled with arrows. The skin lesion induced by USA300-C2406 presented a denser and deeper neutrophil
infiltrate than did that of USA400-CMRSA7 and M92.
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Figure 5. USA300 infection leads to significantly more myeloperoxidase (MPO) activity in skin
samples on day 7. The myeloperoxidase activity (U/g) in local skin samples from mock-infected
control (white bars), M92- (dark gray bars), USA400-CMRSA7- (light gray bars), and USA300-C2406-
infected (black bars) mice at different time points (days 4, 7, and 15) is shown as mean + SEM. The
experiment was repeated twice, with 5 mice in each time point and each group. NS, not significant;
** p < 0.01.

3.6. Significantly Greater Neutrophil (But Not CD4 T Cell) Adhesion and Emigration Triggered by
USA300

Neutrophil adherence and emigration were assessed using spinning disk confo-
cal microscopy (Figure 6). Infected mice had elevated numbers of adherent and emi-
grated neutrophils as compared to mock-infected controls, with greater neutrophil adhe-
sion and emigration induced by USA300-C2406 in comparison to what was seen in the
other two strains. On day 1, M92 and USA400-CMRSA7 induced 3.00 cells/100 μm and
8.00 cells/100 μm, respectively, while USA300-C2406 induced 11.60 cells/100 μm (p = 0.055
and 0.000 compared with USA400-CMRSA7 and M92, respectively). On day 7, the num-
ber of neutrophils induced by all three strains was reduced; M92 and USA400-CMRSA7
induced 0.60 cells/100 μm and 3.60 cells/100 μm, respectively, and USA300-C2406 in-
duced 7.40 cells/100 μm, which was significantly greater than M92 and USA400-CMRSA7
(p = 0.000 and 0.001, respectively). On day 14, there was no significant difference among
the three strains. In terms of neutrophil emigration, on day 1, M92 and USA400-CMRSA7
induced 8.40 cells/field and 24.56 cells/field, respectively, while USA300-C2406 induced
50.60 cells/field (p = 0.000 compared with both M92 and CMRSA7). On day 7, M92
and USA400-CMRSA7 induced 2.00 cells/field and 10.60 cells/field, respectively, while
USA300-C2406 induced 20.20 cells/field (p = 0.000 compared with both M92 and USA400-
CMRSA7). On day 14, there was no significance among the three strains. No significant
trend was observed for CD4+ T cell adhesion and emigration among the three strains.
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Figure 6. Confocal microscopy revealed that USA300 induced greater neutrophil (but not CD4 cell)
adherence and emigration. (A) Representative examples for visualizing GR-1+ cells, CD4 + cells,
and endothelial cells in mouse flank skin with spinning disc confocal microscopy on days 1, 7, and
14. Gr-1+ efluo660 neutrophils are seen as bright blue ovals whereas endothelial cells stained with
CD31-A647 can be seen as thin blue lines outlining the vessel walls. CD4+ cells are depicted in
FITC (green). (B–E) Bar graphs showing quantification (mean + SEM) of adherent and emigrated
neutrophils (B and C) and CD4+ T cells (D and E) on days 1, 7, and 14 for the mock-infected control
(white bars), M92 (dark gray bars), USA400-CMRSA7 (light gray bars), and USA300-C2406 (black
bars). USA300-C2406 induced significantly greater neutrophil adherence and emigration when
compared with USA400-CMRSA7 and M92 on day 1 and 7 (p < 0.01). Experiments with 5 mice in
each group and each time point. ** p < 0.01. Scale bar represents 40 μm.
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3.7. Co-localization of Higher Bacterial Load with Neutrophil Infiltration in USA300 Infection

To determine if neutrophils were targeting bacteria, tissue slides (from day 4 lesions)
were stained with Gram stain to determine bacterial localization (Figure 7). Deeper bacterial
dissemination in USA300-C2406-infected tissue was noted, with bacteria found throughout
the skin tissue and invading the skeletal muscle. In contrast, bacteria were predominantly
located in the abscess of lesions caused by M92 and USA400-CMRSA7. There was a direct
correlation between the presence of bacteria and the presence of neutrophils.

Figure 7. Histopathology (Gram staining) of skin lesions shows that USA300 infections have a
higher bacterial load. Representative images (40× magnification) from various layers of skin and
subcuticular tissue in the lesion from M92, USA400-CMRSA7, and USA300-C2406 infections on day
4 are presented. USA300-C2406 infections have a higher bacterial load as compared to USA400-
CMRSA7 and M92 infections. Positive spots (bacteria) are labeled with a black box or arrow. The
relative quantity of positive spots is indicated with + (positive), ++, and – (negative for bacteria).

3.8. Neutrophil Depletion Resulted in a More Severe Infection

We depleted the neutrophils in mice infected with USA300-C2406 to examine the
role they played in disease progression. We observed that early neutrophil depletion
(24 h before infection) resulted in a significantly more severe infection as compared to
the isotype control (Figure 8). With the isotype control group, the wound formed on
day 1 and remained constant with an average area of 42.53 mm2 until day 10, at which
time it gradually decreased and was healed around day 17. Similarly, with late neutrophil
depletion (24 h after infection), the average wound area on day 1 was 65.67 mm2, which was
not statistically different from the isotype control group (p = 0.216). The wound maintained
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an average area of 50 mm2 until day 8, at which time it decreased, similar to the isotype
control. When neutrophils were depleted prior to infection, however, the mice showed
an enlarged wound with an average area of 164.37 mm2 on day 1 (p = 0.001 and = 0.005,
compared with isotype control and late depletion group, respectively), which remained
constant until day 11, then gradually reduced in size and healed by day 17 (Figure 8 B).

Figure 8. Early neutrophil depletion results in more severe lesions in mice infected with USA300. (A) Representative photos
from days 2, 4, 7, 10, 14, and 17 showing the lesion in isotype control, late depletion, and early depletion groups infected
with USA300-C2406. (B) Lesion area, expressed as mean area of skin lesion (mm2) + SEM, for the isotype control (green),
late depletion (blue), and early depletion (red) groups. Experiments with 9 mice in each group. * p < 0.05; ** p < 0.01.

3.9. Neutrophil Depletion Resulted in Bacterial Dissemination and Invasive Infection

To investigate the cause of increased tissue damage following neutrophil depletion,
we used Gram staining to identify bacteria in local skin (Figure 9A), and organ culture
to identify bacterial load in the internal organs (Figure 9B). Gram stains indicated that
there were more bacteria present in the tissue in both early and late neutrophil depletion
groups as compared to the isotype control group, and that the bacteria invaded deeply
into skeletal muscle in depletion groups, but were limited to the skin in the isotype control
group. Organ cultures demonstrated that the bacterial load in the lung, liver, and spleen
was less than 1 CFU/mg in the control group, whereas the bacterial load from the early
and late depletion groups ranged from 5–100 CFU/mg. Weight change during infection
was used as a marker for infection severity (Figure 9C), and showed that the late depletion
group had significantly more weight loss from days 3 to 4, while the early depletion group
had significantly more weight loss from days 1 to 8.
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Figure 9. Neutrophil depletion resulted in bacterial dissemination and weight loss. (A) Representa-
tive images (40×) from the skin and subcuticular tissue following early neutrophil depletion, late
neutrophil depletion, and isotype control group on day 4 after infection with USA300-C2406. Gram
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staining indicates that there were high bacterial loads when neutrophils were depleted. (B) USA300-
C2406 bacterial counts (CFU/mg) recovered from lung, liver, and spleen at day 4, 7, and 17 time
points, in early neutrophil depletion (gray bars), late neutrophil depletion (black bars), and isotype
control (white bars) groups. (C) Percentage of weight change following infection with USA300-
C2406 in the isotype (green), early neutrophil depletion (red), and late neutrophil depletion groups
(blue), showing that severe weight loss was associated with neutrophil depletion. Weight changes
were expressed as mean + SEM. Experiments with 9 mice in each group. Statistical comparisons
between mock infection and early depletion (black asterisk), mock infection and late depletion
(orange asterisk), early and late depletion (grey asterisk); *p < 0.05; **p < 0.01.

3.10. Unique Pattern of Molecular Transcription Results from Infection with USA300

Because USA300 infections were associated with extensive neutrophil infiltration
and increased bacterial load, we hypothesized that USA300 might employ a mechanism
designed to modify or inhibit the antibacterial response in the mice. Using an antibacte-
rial response PCR array, we examined the expression of factors such as Toll-like receptor
signaling, NOD-like receptor (NLR) signaling, bacterial pattern recognition receptors
(PRRs), signaling downstream of antibacterial responses, apoptosis, inflammatory re-
sponses, cytokines/chemokines, and antimicrobial peptides in local skin samples. Our
results demonstrated that MRSA USA300 infection could activate the transcription of most
of the components involved in the antibacterial responses. However, when compared with
USA400-CMRSA7 and M92, USA300-C2406 induced lower degrees of upregulation.

For components related to TLR signaling, USA300-C2406 induced less transcription of
akt1, irak3, and tlr9 (2.03–4.49-fold) when compared with both USA400-CMRSA7 and M92,
less transcription of tlr6 and tollip (p < 0.05) (2.69–2.74-fold) when compared with USA400-
CMRSA7, and less transcription of fadd (2.07-fold) when compared with M92. Only the
transcription of LPS binding protein (lbp) was higher in USA300-C2406 infections than in
USA400-CMRSA7 and M92 infections (p < 0.05) (3.31-fold and 2.26-fold, respectively).

For components related to NLR signaling, USA300-C2406 induced less transcription
of card6, naip1, nlrp1a, and nod2 (2.0–6.41-fold) when compared with USA400-CMRSA7,
and less transcription of casp1, pycard, and ripk2 (p < 0.01) (2.06–2.92-fold) when compared
with M92.

For components related to signaling downstream of antibacterial responses, USA300-
C2406 induced less transcription of map2k3 (p < 0.05), mapk3 (p < 0.05), and nfkbia (2.08–
2.13-fold) when compared with USA400-CMRSA7.

For components related to apoptosis, USA300-C2406 induced less transcription of
akt1, ifnb1, il12b (2.07–5.83-fold) when compared with both USA400-CMRSA7 and M92.
Furthermore, USA300-C2406 induced less transcription of card6, il12a, and nfkbia (2.01–
3.2-fold) when compared with USA400-CMRSA7 and less transcription of casp1, fadd, il6,
pycard, and ripk2 (2.05–2.92-fold) when compared with M92.

For components related to inflammatory response, USA300-C2406 induced less tran-
scription of akt1 and tlr9 (2.07–4.49-fold) when compared with USA400-CMRSA7 and M92,
less transcription of tlr6 and tollip (2.69–2.74-fold) when compared with USA400-CMRSA7,
and less transcription of ccl5, cxcl1, il6, and ripk2 when compared with M92. Only the
transcription of cxcl1 and lbp was higher (2.23–3.31-fold) in USA300-C2406 infections than
in USA400-CMRSA7 and M92 infections.

For cytokines and chemokines, USA300-C2406 induced less transcription of ifna9,
ifnb1, il12b, and il18 (2.07–5.83-fold) when compared with USA400-CMRSA7 and M92, and
less transcription of ccl5, cxcl3, and il6 (2.05–4.39-fold) when compared with M92. Only the
transcription of cxcl1 (2.23–2.55-fold) was higher in USA300-C2406 infections compared to
USA400-CMRSA7 and M92 infections.

For antimicrobial peptides, USA300-C2406 induced less transcription of bpi (2.07–4.49-
fold) when compared with USA400-CMRSA7 and M92, and less transcription of camp, ctsg,
ltf, and prtn3 when compared with USA400-CMRSA7. Transcription of slpi was higher
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(2.52–3.69-fold) in USA300-C2406 infections when compared with USA400-CMRSA7 and
M92 infections.

There was, however, no statistically significant difference in the transcription of most
of these aforementioned genes, with the exception of il-18. With il-18, the transcription in
USA400-CMRSA7 and M92 infected mice was close to that of the mock-infected control,
while USA300-C2406 induced a 2.69-fold downregulation (p = 0.0211). The level of tran-
scription in USA300-C2406-infected mice was downregulated 3.22- and 3.39-fold (p = 0.011
and 0.030) when compared with USA400-CMRSA7 and M92, respectively.

The detailed list of transcriptional levels for genes related to each response is summa-
rized in Supplementary Table S1.

3.11. Unique Cytokine and Chemokine Profiles in USA300-Infected Lesions

After determining that USA300-C2406 infections were associated with unique antibac-
terial responses, we further compared the local cytokine and chemokine profiles (protein
profile) with a Luminex assay. On day 4, most of the cytokines and chemokines (IFNy,
IL-17, IL-1b, G-CSF, GM-CSF, M-CSF, KC, TNFa, MIP2, RANTES, IL-4, IL-13, IL-6, IL-
12p70, IL-12p40, VEGF, MIP1a, MIP1b, IL-5, LIF, MCP1, MIG, IL-3, eotaxin, and IP10) were
increased (1.50–1584.13-fold increase) in mice infected with any of the MRSA strains as
compared to the mock-infected control. The details are listed in Table 1.

For cytokines/chemokines reported to be associated with protection (IL-17, IL-1a,
and IL-1b), there was no difference between USA300-C2406 and M92 or USA400-CMRSA7
(p = 0.8809–0.9996 and p = 0.344–0.769, respectively). For cytokines/chemokines associated
with disease severity, USA300-C2406 significantly increased production of G-CSF, M-CSF,
KC, MIP2, IFNy, GM-CSF, TNFa, IL-4, and IL-6 when compared to M92 and USA400-
CMRSA7 (1.99–40.0-fold, p = 0.000–0.027, and 3.52–20.17-fold, p = 0.000–0.123, respectively),
but there was no difference in the production of IL-10, IL-12p70, IL-12p40, and IL-15. For
VEGF, USA300-C2406 induced 2.70- and 12.23-fold increases compared to M92 and USA400-
CMRSA7, respectively (p = 0.013 and <0.001, respectively). Cytokines and chemokines
involved in tissue injury, infection, and allergic disease, such as IL-5, LIF, LIX, MCP-
1, MIP-1a, and MIP-1b, were increased in the USA300-C2406-infected mice. USA300-
C2406 induced 3.26–15.99-fold and 7.67–1825.60-fold increases compared with M92 and
USA400-CMRSA7, respectively (p = 0.000–0.093, and 0.000–0.02, respectively). Cytokines
and chemokines associated with immune cell development, virus infection, and aging,
including IP-10, eotaxin, and IL-3, showed no difference among these strains (p = 0.343–
0.918 and p = 0.089–1.000 for USA300-C2406 compared with M92 and USA400-CMRSA7).
There were no differences in the other Th1 and Th2 cytokines (IL-2, IL-9, and IL-13)
between infected groups and the mock-infected control group. On day 7, most cytokines
and chemokines were reduced compared to day 4, but USA300-C2406 still induced more
G-CSF, IL-6, and LIF than M92 and USA400-CMRSA7 (4.86–8.53-fold, p = 0.000–0.046, and
2.62–6.37-fold, p = 0.000–0.185, respectively) (Supplementary Table S2). On day 15, the
overall cytokines and chemokines were reduced, and there was no difference between the
strains (Supplementary Table S3).
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4. Discussion

There are several mouse models that have been used to study S. aureus infections [14–19].
Most of the models, however, were either designed to study the mechanisms of S. aureus
virulence by comparing mutants to their corresponding wild type strains, or to study more
invasive infections similar to what is seen in hospital-acquired diseases. S. aureus USA300
is the most common pathogen responsible for skin and soft tissue infections (SSTIs), which
differ from wound or surgical site infections in that they generally begin as small lesions
with areas of necrosis [36,39,40]. In this study, building on previously described models,
we established a mouse skin infection model that mimics the clinical presentations seen
with CA-MRSA SSTIs, and which is able to differentiate between two CA-MRSA strains,
USA400 and USA300, as well as the colonization control strain, M92. With this mouse
intradermal infection model, M92 and USA400-CMRSA7 caused localized infections, while
USA300-C2406 caused ulceration with necrosis. The model was also able to show that the
severe infections induced by USA300 were associated with a specific pattern of immune
response, as well as an increased bacterial burden.

USA300 induced ulcer formation on day 1, reaching a maximum size and severity
on day 4, remaining constant until day 7, and then healing by day 14–17. The USA300
infection was marked and lasted longer with more pronounced inflammation and a higher
bacterial burden than the other MRSA infections, suggesting that USA300 might employ
a mechanism to modify/inhibit the host’s immune response. The role of neutrophils in
MRSA infection is, however, complex. We showed that neutrophil depletion resulted in
more severe tissue damage and invasive infections, possibly from loss of the protective
role of neutrophils, resulting in uncontrolled bacterial infections. Neutrophils play an
important role in the response to S. aureus SSTIs [41–43], however, extensive infiltration and
activation of neutrophils at the site of infection is believed to cause chronic inflammation,
impaired injury repair, and loss of organ function [44].

Transcriptional PCR array results further supported the notion that USA300 is capable
of modulating the mouse immune system and neutrophil response. Il-18, which has
been shown to restore neutrophil phagocytosis during severe skin damage [20], and Il-12,
which is related to natural killer NK cell and macrophage defensive function in mice [45],
each showed decreased transcriptional levels in the USA300-infected mice. USA300 also
induced higher transcription of slpi, which was shown to be involved with the inhibition of
neutrophil extracellular trap (NET) formation [46]. In addition, several factors involved
with Toll-like and NOD-like receptor signaling showed decreased transcriptional levels
in USA300-infected mice. Recognition of S. aureus by Toll-like and NOD-like receptors
is required for the activation of protective host responses, such as the production of
inflammatory cytokines and chemokines, and is important in the defense against S. aureus-
induced SSTIs [47,48]. It was demonstrated that some staphylococcal virulence factors, such
as staphylococcal TIR domain protein (TirS) that can inhibit TLR signaling via molecular
mimicry [49], and staphylococcal superantigen-like protein 3 (SSL3) that can negatively
interfere with TLR2 recognition and heterodimer formation [50,51], can inhibit and block
TLR2-mediated inflammatory responses and impair the cytokine production, as well
as neutrophil and macrophage activity, and consequently inhibit polymorphonuclear
leukocyte (PMN) infiltration [52]. Taken together, these results indicate that USA300 might
possess a mechanism to inhibit the defensive immune responses, especially involving
neutrophils. However, the PCR array assayed the overall transcription of factors in whole
skin samples, which includes various immune cells, keratinocytes, and other structural cells.
This may not represent the transcriptional level for specific cell types and may explain why
there was no difference in mpo transcription among the various strains and mock-infected
control.

Cytokine and chemokine profiles in local lesions were consistent with our hypothesis
that USA300 is modulating the mouse immune response. IL-17A, IL-1α, and IL-1β are
believed to be protective during mouse MRSA skin infections [30,31]. The cytokines
not only play a role in neutrophil recruitment, but can also promote the production of
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antimicrobial peptides (such as β-defensins and cathelicidins) [53]. In this mouse skin
infection model, USA300 induced the same level of production for these cytokines on day 4
when compared with the other strains, yet more neutrophils were recruited, and there was a
lower level of antimicrobial peptide production in USA300-infected mice. USA300 appears
to be suppressing certain factors involved with the protective response. However, infection
with USA300 did trigger increased production of cytokines and chemokines related to
severity, including IFNy, GM-CSF, TNFa, IL-4, and IL-6. These are believed to be related
to severe infections [35,36]. Other cytokines and chemokines such as IL-5 [54], LIF [55],
LIX, MCP-1 [56], MIP-1a, and MIP-1b [57], which are believed to be involved in tissue
damage, infection, and allergic diseases, also showed increased production in USA300
infections. Interestingly, the expression of MIG (also related to tissue damage, infection,
or allergic diseases), was the only member of this group whose expression in USA300
infections was less than that in infections with the other MRSA strains. This phenomenon
deserves further study. Macrophages expressing MIG (also known as CXCL9) are believed
to protect against abscess formation [58] and promote tissue repair. Our USA300 resulted
in lower production of MIG on day 7 and 14 when compared with other strains, which
could indicate that USA300 is inhibiting MIG to increase tissue damage. We also recognize
that the level of infiltration was very different between the different strains, as shown in
this study. This could complicate the transcriptomic analysis as the composition of the
material used for analysis was different with more or less immune cells. For example, a
lack of a statistically significant difference in IL-17a, IL1a, and IL-1b should be viewed in
light of the fact that there was more immune cell infiltration in the lesions for USA300 than
the other strains. Further study by using tissue type-specific control genes is needed to
address this issue.

5. Conclusions

Our results demonstrated that USA300 infections induce an intense neutrophilic
response, inhibits host antibacterial responses, selectively inhibits the production of pro-
tective cytokines, and selectively activates the production of pro-inflammatory cytokines
and chemokines. This unique pattern of immune responses could cause increased tissue
damage at the site of the wound and increased bacterial persistence, which would facilitate
the spread of USA300. This may provide some insight into why USA300 is more dominant
and more virulent than other MRSA strains.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-260
7/9/2/287/s1, Table S1: List of transcription levels for host genes related to the antibacterial response,
for mice infected with USA300, USA400, and M92 MRSA strains (day 4); Table S2: Cytokine and
chemokine profiles for mice on day 7 post-infection with M92, USA400, and USA300 MRSA strains;
Table S3: Cytokine and chemokine profiles for mice on day 15 post-infection with M92, USA400, and
USA300 MRSA strains.
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Abstract: Human beings are exposed to microorganisms every day. Among those, diverse commensals
and potential pathogens including Staphylococcus aureus (S. aureus) compose a significant part of the
respiratory tract microbiota. Remarkably, bacterial colonization is supposed to affect the outcome of
viral respiratory tract infections, including those caused by influenza viruses (IV). Since 30% of the
world’s population is already colonized with S. aureus that can develop metabolically inactive dormant
phenotypes and seasonal IV circulate every year, super-infections are likely to occur. Although IV and
S. aureus super-infections are widely described in the literature, the interactions of these pathogens
with each other and the host cell are only scarcely understood. Especially, the effect of quasi-dormant
bacterial subpopulations on IV infections is barely investigated. In the present study, we aimed to
investigate the impact of S. aureus small colony variants on the cell intrinsic immune response during
a subsequent IV infection in vitro. In fact, we observed a significant impact on the regulation of
pro-inflammatory factors, contributing to a synergistic effect on cell intrinsic innate immune response
and induction of harmful cell death. Interestingly, the cytopathic effect, which was observed in
presence of both pathogens, was not due to an increased pathogen load.

Keywords: Staphylococcus aureus; small colony variants; influenza virus; super-infection;
pro-inflammatory response

1. Introduction

The respiratory tract is a major portal for microorganisms, through which virus infections can cause
non-symptomatic, mild, and self-limiting but also severe diseases, sometimes with fatal outcomes [1].
A growing body of evidence shows that the human respiratory tract contains a highly adapted
microbiota including commensal and opportunistic pathogens. Among those, Staphylococcus aureus
(S. aureus) is of special importance, forming quasi-dormant subpopulations characterized by increased
fitness compared to other phenotypes [2]. Colonization of S. aureus could either be persistent or
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non-persistent, whereby nasal colonization appears to be the most prominent localization [3]. S. aureus
as a community-acquired pathogen is already colonized on approximately 30% of the human population,
some without causing any symptoms [4]. During long-term colonization or infection, S. aureus can
change phenotypes to so-called small colony variants (SCVs), which adapt in their metabolic and
phenotypic characteristics, allowing them to evade the host’s immune system. SCVs can be localized
intracellularly and are characterized by a slow growth rate, non-pigmentation, less hemolytic activity,
and decreased antibiotic susceptibility [5–7] but often enhanced surface presentation of adhesion
molecules [8]. SCVs are often misdiagnosed [9]. Due to their slow growth, they often get overgrown by
other bacteria, and an initially effective antibiotic treatment results in the development of resistances
accompanied by chronic and relapsing infections [5,6,8,10,11]. The clinical relevance of colonizing
SCVs gets obvious in patients with chronic respiratory diseases, such as chronic obstructive pulmonary
disease (COPD) or cystic fibrosis (CF) [5]. Patients who are colonized with bacteria are more likely to
suffer from recurring infections [12], as the phenotype can revert to the pathogenic phenotype.

Besides, simultaneous occurrence of different pathogens can induce or even exacerbate
a pathological effect in the lung. Super-infections with influenza viruses (IV) and with the
community-acquired S. aureus are known to be harmful and lead to increased inflammatory lung
damage [13]. Due to their quick adaptation and genomic changes, both pathogens can evade the
host’s immune response, causing the tedious development of effective medications. Concerning
super-infections, most studies describe infections with a primary viral infection that paves the path for
a secondary bacterial infection [14–17]. However, there is evidence that primary bacterial colonization
also occurs prior to viral infections [18].

However, the influence of colonizing S. aureus SCVs on subsequent IV infection is largely
unexplored. Thus, in the present study, we aimed to investigate the effect of the bacterial strain S. aureus
3878SCV on cell intrinsic immune responses to a subsequent IV infection, in vitro. Here, we observed
that the response of anti-viral gene expression was barely changed. However, pro-inflammatory genes
were highly upregulated upon super-infection, resulting in an induction of necrotic cell death. Thus,
we were able to show that colonizing SCVs could enhance severity of subsequent viral infection.

2. Materials and Methods

2.1. Cell Lines, Virus Strains, and Bacteria Strain

All cell lines were cultivated at 37 ◦C and 5% CO2 under sterile conditions. Human lung epithelial
cells A549 (American Type Culture Collection (ATCC), Wesel, Germany) were cultivated in Dulbeccos’s
modified eagle medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) and Madin-Darby canine kidney
cells II (MDCKII) in minimum essential medium eagle (MEM; Sigma-Aldrich, St. Louis, MO, USA),
supplemented with 10% fetal bovine serum (FBS; Biochrom, Berlin, Germany).

The human IV strains A/Puerto Rico/8/34 (H1N1, PR8-M) and A/Panama/2007/99 (H3N2, Panama)
were taken from the virus stock of the Institute of Virology Muenster, 48149 Muenster, Germany,
subcultured and passaged on MDCKII cells.

The persisting bacterial strain S. aureus 3878SCV, wildtype phenotype strain S. aureus 3878WT,
and the human lung isolate of another SCV phenotype strain S. aureus 814SCV (provided by Karsten
Becker, Institute of Medical Microbiology, Muenster, Germany) were stored at −80 ◦C in a 30%
glycerol/brain-heart infusion (BHI; Merck; Darmstadt, Germany) medium. S. aureus 3878SCV and
S. aureus 3878WT were already characterized and described previously [10,19–21]. Before experiments,
bacteria were plated on blood agar plates to take single clones, which were inoculated in BHI medium
and incubated for 24 h at 37 ◦C and 5% CO2. For bacterial infection, bacterial suspension was washed
with phosphate buffered saline (PBS) (4000 rpm; 4 ◦C; 5 min) and adjusted to an optical density of
OD600nm = 1. Growth kinetics were performed to determine a colony forming unit (CFU) of 2 × 108

CFU/mL at OD600nm = 1 for each bacterial strain used.
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2.2. Super-Infection Protocol

Human lung epithelial cells were seeded in either 6-well plates (0.5 × 106) or 12-well plates
(0.2 × 106) in 2 mL or 1 mL culture medium 24 h before infection. For bacterial infection, the overnight
culture was set to OD600nm = 1 to determine the multiplicity of infection (MOI). Cells were washed
with PBS and infected with S. aureus 3878SCV in invasion media (DMEMINV: DMEM supplemented
with 1% human serum albumin, 25 nmol/L HEPES) for 24 h with a MOI of 0.01. For viral infection,
supernatant was aspirated, cells were washed with PBS and incubated with IV PR8-M (MOI = 0.1)
or IV Panama (MOI = 0.01) in infection PBS (PBSINF: PBS supplemented with 0.2% bovine serum
albumin (BSA), 1 mM MgCl2, 0.9 mM CaCl2, 100 U/mL penicillin, 0.1 mg/mL streptomycin) for 30 min.
Viral suspension was aspirated, and cells were washed with PBS and further incubated in infection
media (DMEMINF: DMEM supplemented with 0.2% bovine serum albumin (BSA), 1 mM MgCl2,
0.9 mM CaCl2) up to 8 hpvi, 24 hpvi, 32 hpvi, 44 hpvi, or 48 hpvi (hours post-viral infection).

2.3. Transfection Protocol

For transfection of the 3×NFκB reporter plasmid construct as described elsewhere [22] (0.1 μg/μL)
A549 cells were seeded in 12-well plates as described above. Cells were transfected with 0.1 μg/μL of
the indicated plasmid for 4 h with Lipofectamine® 2000 (Invitrogen, Carlsbad, CA, USA) corresponding
to the manufacturer’s protocol. Afterwards, cells were washed with PBS and further incubated in cell
culture media up to 24 h. Afterwards transfected cells were infected up to 8 hpvi. Performance of
luciferase assay was done as described elsewhere [23].

2.4. Intra- and Extracellular Bacterial Titer Measurements

Extracellular bacterial titers were determined by collecting the supernatant of infected cells
including the washing with PBS. Cells were lysed via hypotonic shock with 2 mL ddH2O according to
Tuchscherr et al. [7,8] (37 ◦C, 30 min) to determine intracellular bacterial titers, including adherent
bacteria at the cells surface. Bacterial suspensions were centrifuged (4000 rpm, 4 ◦C, 10 min), pellets
were resuspended in 1 mL PBS, and serial dilutions (1:10) were plated on BHI agar plates and incubated
for 32 h at 37 ◦C.

2.5. Standard Plaque Assay

Infectious virus particles in the supernatant were titrated to determine viral titers. A standard
plaque assay was performed as described earlier [24].

2.6. Quantitative Real-Time PCR (qRT-PCR)

RNA isolation was performed with RNeasy Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. Reverse transcription was performed with 2 μg of total RNA
with Revert AID H Minus Reverse Transciptase (Thermo Fisher Scientific, Karlsruhe, Germany)
and oligo (dT) primers according to the manufacturer’s protocol. qRT-PCR was performed
using a Roche LightCycler 480 and Brilliant SYBRGreen Mastermix (Agilent, Santa Clara,
CA, USA) according to the manufacturer’s instructions. The following primers were used:
GAPDH: fwd 5′GCAAATTCCATGGCACCGT3′, rev 5′GCCCCACTTGATTTGGAGG3′; IL-6:
fwd 5′AACCTGAACCTTCCAAAGATGG3′, rev 5′TCTGGCTTGTTCCTCACTAGT3′; IL-8: fwd
5′CTTGTTCCACTGTGCCTTGGTT3′, rev 5′GCTTCCACATGTCCTCACAACAT3′; TNFα: fwd
5′-ATGAGCACTGAAAGCATGATC-3′, rev 5′-GAGGGCTGATTAGAGAGAGGT-3′; IL-1β: fwd
5′-CAGCTACGAATCTCCGACCAC-3′, rev 5′-GGCAGGGAACCAGCATCTTC-3′; IFNγ: fwd
5′AAACGAGATGACTTCGAAAAGCTG3′, rev 5′TGTTTAGCTGCTGGCGACAG3′; RIG-I: fwd
5′CCTACCTACATCCTGAGCTACAT3′, rev 5′TCTAGGGCATCCAAAAAGCCA3′; IFNβ: fwd
5′TCTGGCACAACAGGTAGTAGGC3′, rev 5′GAGAAGCACAACAGGAGAGCAA3′; MxA: fwd
5′GTTTCCGAAGTGGACATCGCA3′, rev 5′GAAGGGCAACTCCTGACAGT3′; OAS1: fwd
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5′GATCTCAGAAATACCCCAGCCA3′, rev 5′AGCTACCTCGGAAGCACCTT3′. Relative changes in
expression levels (n-fold) were calculated according to the 2−ΔΔCt method [25].

Bacterial RNA was isolated with the RNeasy Protect Bacteria Mini Kit (Qiagen, Hilden, Germany),
and cDNA synthesis was performed using QuantiTect Reverse Transcription Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. qRT-PCR was performed using
a Roche LightCycler 480 (Basel, Switzerland) and Brilliant SYBRGreen Mastermix (Agilent, Santa Clara,
CA, USA) according to the manufacturer’s instructions. The primers to determine the gene expression
of gyrB, aroE, arg, hla, sarA, and sigB were already described elsewhere [7].

2.7. RT2 Profiler Array Analysis

For pathway focused gene expression analysis, we used RT2 Profiler PCR Arrays (Qiagen,
Hilden, Germany). RNA isolation, cDNA synthesis and procedure were performed according
to the manufacturer’s protocol and instructions. Analysis of data was accomplished by using the
GeneGlobe Data Analysis Center recommended by Qiagen [26].

2.8. FACS Analysis

Determination of secreted proteins in the supernatant was performed with BioLegend’s
LEGENDplex™ (San Diego, CA, USA) according to the manufacturer’s protocol. The human
anti-viral and pro-inflammatory chemokine panels were used. Results were analyzed by BioLegend’s
cloud-based LEGENDplex™ Data Analysis Software. To analyze apoptotic or necrotic cells, infection
was performed as described above until 44 hpvi. Cells were treated with tumor necrosis factor related
apoptosis inducing ligand (TRAIL; Enzo Life Sciences, Farmingdale, NY, USA) (150 ng/mL) 4.5 h
before harvested and used as a positive control for apoptosis. The supernatant was collected for
this purpose, and cells were detached from the wells with trypsin-EDTA and recombined with the
supernatant. Cell suspension was centrifuged at 1000× g at room temperature (RT) for 5 min, and cells
were washed with PBS supplemented with 5% FCS. Afterwards, cells were stained with annexin V
FITC (20 μL) (ImmunoTool, Friesoythe, Germany) and 1:2000 eBioscience™ Fixable Viability Dye
eFluor™ 660 (Thermo Fisher Scientific, Karlsruhe, Germany) in 100 μL 1× annexin V staining buffer
(10× annexin V staining buffer: 0.1 M HEPES, 1.4 M NaCl, and 25 mM CaCl2 (pH 7.5)) for 30 min at
RT in the dark. Further 150 μL of staining buffer were added and the supernatant was removed after
centrifugation. Cells were fixed with 500 μL PBS containing 4% formaldehyde and 1.25 mM CaCl2
for 20 min at RT in the dark. Cells were finally resuspended in 150 μL staining buffer and stored at
4 ◦C until measurement with the FACSCalibur flow cytometer (BD Biosciences, Heidelberg, Germany),
followed by the analysis with FlowJo software (v.10; Flow Jo, Ashland, OR, USA). Three gates were set
as the following: annexin V positive cells (early apoptotic cells) and live/dead marker positive cells
(cells with a membrane rupture tending to necrosis).

2.9. Recording of Cytopathic Effect of Infected Cells

To record the CPE at different time points, cells were visualized with Canon (EOS 500D) by light
microscopy (Axiovert 40C, ZEISS, Jena, Germany) with a 10×magnification.

2.10. SDS-PAGE and Western Blot Analysis

Protein expressions were determined by separating proteins in a polyacrylamide gel and
subsequent transfer on nitrocellulose membranes by western blot analysis as described earlier [27].
The following antibodies were used: pMLKL [(S353) #91689 Cell Signaling, Frankfurt, Germany],
PARP (#611039 BD, Heidelberg, Germany) and ERK1/2 (#4696 Cell Signaling, Frankfurt, Germany).
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2.11. Lactate Dehydrogenase (LDH) Assay

The lactate dehydrogenase assay (CellBiolabs, San Diego, CA, USA) was used to measure the
cell cytotoxicity and was used according to the manufacturer’s instructions. Cells were infected as
described previously, and 90 μL of the supernatant was mixed with 10 μL of the LDH cytotoxicity
reagent in a 96-well plate. This plate was incubated at 37 ◦C and 5% CO2 for 30 min, and the OD450nm

was measured on a Spectromax M2 Instrument (Molecular Devices, Munich, Germany). Triton X-100
used according to the manufacturer’s instructions served as a positive control.

2.12. Quantification and Statistical Analysis

All data represent the means + standard deviation (SD) of three independent experiments.
Statistical significances were determined by unpaired t-test (Figure S4A), one-way ANOVA followed
by Tukey’s, (Figures 4D,E, 5, 6A,B,D,E, Figure S1B,D,E, S2D,E, S3 and S4C–E) or two-way ANOVA
followed by Sidak’s (Figure 2, Figures S1C and S4B) or followed by Tukey’s (Figure 4A–C,F–I and
Figure S2A–C,F–I) multiple comparison test using GraphPad Prism software (v.7.03, GraphPad Prism,
Inc., La Jolla, CA, USA).

3. Results

3.1. Primary S. aureus 3878SCV Infection Provokes a Cytopathic Effect in Presence of IV

Cell death mechanisms induced by S. aureus or IV alone are very well investigated and described [28–33].
With respect to IV and S. aureus super-infection, we recently were able to show a S. aureus-mediated
switch from IV-induced apoptosis to necrosis [27]. It is known that IV infection paves the path for
secondary bacterial infection, resulting in enhanced pathogen-load [15,34], cytokine expression [35,36],
and cell death [27]. Since S. aureus often persist in humans without any harm, we aimed to investigate
the effects of colonizing S. aureus SCVs on secondary IV super-infection.

In a first set of experiments, we focused on the cell morphology of A549 human lung epithelial
cells in absence and presence of S. aureus 3878SCV and IV. For this reason, A549 human lung epithelial
cells were infected with S. aureus 3878SCV, which is a well described SCV patient isolate [10,37],
for 24 h followed by infection with IV strain A/Puerto Rico/8/34 (PR8-M; H1N1) for the indicated
points in time. The morphology of single- and super-infected cells was analyzed by light microscopy
in comparison to uninfected control (mock) (Figure 1). While the cell monolayer is still intact in
un-, single-, and super-infected cells up to 32 hpvi (hours post-viral infection), first changes in the
cell morphology were visible 48 hpvi in single virus-infected and super-infected cells. Pictures of
virus-infected cells showed a less confluent cell monolayer compared to uninfected cells, and in
super-infected samples a clear cytopathic effect was observed, indicated by cell monolayer disruption
and floating cells. To be able to ascribe these findings to the SCV phenotype, we additionally specified
the pathological difference between S. aureus wildtype phenotype and SCV phenotype (S. aureus
3878WT and S. aureus 3878SCV) by infecting A549 human lung epithelial cells. Cell morphology was
monitored by light-microscopy (Supplementary Figure S1A) and cell viability was quantified by
lactate dehydrogenase assay (LDH) assay (Supplementary Figure S1B). Both assays indicate a massive
destruction of the cell monolayer 8 h post bacterial infection (hpbi) with S. aureus 3878WT in comparison
to S. aureus 3878SCV. Further, the determination of the expression of distinct bacterial genes, which are
involved in the virulence of the pathogens, verified the reduced virulence of S. aureus 3878SCV in
comparison to the S. aureus 3878WT (Supplementary Figure S1C). Based on these results, S. aureus
3878WT was not used in the following experiments. The analysis of cell viability at 32 hpvi and 48 hpvi
confirmed the cell disturbance in presence of S. aureus 3878SCV and IV infection (Supplementary
Figure S1D,E).
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Figure 1. S. aureus 3878SCV colonization and subsequent influenza virus infection provokes a cytopathic
effect. A549 human lung epithelial cells were infected with S. aureus 3878SCV (multiplicity of infection
(MOI) = 0.01) for 24 h at 37 ◦C and 5% CO2. Afterwards, cells were infected with influenza viruses (IV)
Puerto Rico/8 (PR8)-M (MOI = 0.1) until the indicated points in time (hours post-viral infection, hpvi).
Cells were visualized by light microscopy with a 10×magnification. Shown are representative images
of three independent experiments (n = 3).

These results point to an altered cell culture environment and/or cellular signaling upon
super-infection with S. aureus 3878SCV and IV, which could be triggered by increased pathogen
load or cell intrinsic signaling changes in presence of both pathogens.

3.2. Primary Infection with S. aureus 3878SCV Followed by IV Infection Had No Impact on Bacterial or
Viral Titers

First, we analyzed whether the observed cytotoxicity of co-infected A549 human lung epithelial
cells with S. aureus 3878SCV and IV was due to increased pathogen load. For this, we infected A549
cells with S. aureus 3878SCV for 24 h and super-infected with two different IV strains for the indicated
points in time to determine the amount of plaque forming units (PFU) or colony forming units (CFU)
of viruses or bacteria, respectively (Figure 2).

In general, titers of IV and SCVs increased with time, but neither viral (Figure 2A,B) nor bacterial
titers (Figure 2C–F) were significantly changed upon super-infection compared to single-infected
cells, a phenomenon independent of the virus strain used [PR8-M (H1N1), A/Panama/2007/99
(Panama; H3N2)].

Thus, these data indicate that the disruption of the cell monolayer upon super-infection is not
induced by increased amounts of pathogens but by a different mechanism that is altered by the presence
of both pathogens.
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Figure 2. Pathogen load is not affected during S. aureus 3878SCV colonization and subsequent influenza
virus infection. A549 human lung epithelial cells were infected with S. aureus 3878SCV (MOI = 0.01) for
24 h and/or super-infected with (A,C,E) IV PR8-M (H1N1; MOI = 0.1) or (B,D,F) IV Panama (H3N2;
MOI = 0.01) for 8 hpvi, 24 hpvi, or 32 hpvi. At the indicated times post-viral infection, supernatants
were collected to determine viral and extracellular bacterial titers. Afterwards, cells were lysed via
hypotonic shock to analyze intracellular bacterial titers. Means + SD of three independent experiments
with technical duplicates are shown (n = 3). Statistical significance (compared to single-IV infection
(A,B) or single-bacteria infection (C–F) was analyzed by a two-way ANOVA, followed by Sidak’s
multiple comparison test; (hpvi = hours post-viral infection; ns = not significant).

3.3. Pro-Inflammatory Gene Expression Is Highly Upregulated after Super-Infection of S. aureus 3878SCV
and IV

Given the observation that super-infection of S. aureus 3878SCV and IV PR8-M induced a cytopathic
effect (Figure 1), which was not caused by increased pathogen load (Figure 2), we aimed to elucidate
if changes of cell intrinsic signaling and inflammatory gene expression might be responsible for this
phenomenon. We analyzed the gene expression of 84 different genes, involved in different signaling
cascades by use of a RT2 profiler Array (Qiagen, Hilden, Germany) in a single experiment to gain a first
insight in the complexity of cellular signaling (Figure 3). This enables a quick analysis of expression
levels of different genes that are organized by their function to be able to limit the amount of genes,
altering the cell intrinsic signaling. Here, we used the anti-viral immune response panel, including
pattern recognition receptors (PRRs), cytokines, and chemokines involved in pathogen recognition and
immune responses. The bioinformatic analysis is based on conventional ct-values and was performed
with the recommended GeneGlobe online software [26]. A clustergram was generated to visually
illustrate all up- and downregulated genes that were analyzed (Figure 3A). To further interpret the
results of the RT2 profiler Array, we did an in silico clustering of the upregulated genes of the array that
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were highly upregulated (difference of an n-fold of 2) in S. aureus 3878SCV and PR8-M super-infected
cells compared to single-infected cells (APOBEC3G, CASP1, CASP10, CCL3, CCL5, CD40, CD80, CTSS,
CXCL10, CXCL11, CYLD, IL1B, IL6, CXCL8, MEFV, TLR3, TNF, B2M) (see Supplementary Table S1),
with respect to their linkage to specific signaling pathways (Figure 3B) by using the Kyoto Encyclopedia
of Genes and Genomes mapper (KEGG mapper). KEGG mapper is a database resource of collected
information about pathways and the involved genes representing a pool of molecular interactions,
reactions, and their relation to each other [38–40]. Down-regulated genes were excluded, as the gene
expressions were negligible (Supplementary Table S1). Besides gene clusters connected to expected
PRR pathways including TLR-(11 genes involved, out of the 18 highly upregulated genes comparing
co- and single-infected cells identified (11/18), NLR- (7/18), TNFR- (6/18), RLR- (5/18), and NFκB- (5/18)
signaling pathways (Figure 3B), we identified gene clusters belonging to two cell death mechanisms,
necroptosis (5/18) and apoptosis (3/18). Furthermore, we identified genes involved in the IL-17 (5/18)
and c-type lectin (5/18) signaling pathways. To further classify the activated genes leading to the
observed cytopathic effect on human lung epithelial cells, we searched for a specific induction pattern
in which super-infected cells led to upregulated genes. We, therefore, compared all upregulated genes
of single-infected to super-infected samples in a Venn diagram (Figure 3C,D). We identified 11 genes
that were induced in all three infection-scenarios compared to uninfected cells and 9 genes that were
upregulated in super-infected cells only. We also compared the upregulated genes for super-infection
with IV Panama. Here, all infection scenarios shared the induction of 12 genes, where 7 genes were
exclusively induced by the super-infection of S. aureus 3878SCV and IV Panama. The upregulated
genes of the Venn diagram are listed in Table S2A,B. With respect to the mRNA expression levels
shown in Supplementary Table S1 and the cytopathic effect observed in super-infected cells (Figure 1),
an induction of pro-inflammatory immune response can be concluded, which was further visualized
by graphs, exhibiting the gene expression of the highly upregulated genes (Figure 3E).

To confirm an increased pro-inflammatory status of the human lung epithelial cells upon
super-infection, we analyzed the mRNA expression of different representative pro-inflammatory
cytokines and chemokines (IL-6, IL-8, TNFα, IL-1β, and IFN-γ) in detail (Figure 4A–E). Furthermore,
we analyzed the mRNA expression of molecules that are involved in the induction of the type-I-IFN
signaling (RIG-I, IFN-β, MxA, and OAS1) (Figure 4F–I), since it was described that IV-induced
type-I-IFN signaling had an impact on bacterial infections [41].

In S. aureus 3878SCV colonized cells subsequently infected with IV PR8-M the mRNA expression
of IL-6, IL-8, TNFα, and IL-1β 32 hpvi was induced if compared to uninfected cells or single-infected
cells (Figure 4A–D) and IFN-γ showed the same tendency (Figure 4E). Single-infection of S. aureus
3878SCV or IV PR8-M resulted in no significant induction of the mRNA expression 8 hpvi, 24 hpvi,
or 32 hpvi, except for IL-8, which was significantly induced 8 hpvi in bacteria single-infected cells
(Figure 4B). Nevertheless, this induction was abolished over time. Genes, encoding key proteins
involved in the recognition, and induction of type-I-IFN signaling were upregulated in IV PR8-M
infected cells 8 hpvi (IFN-β by tendency) (Figure 4G) or 24 hpvi (RIG-I, MxA and OAS1) (Figure 4F,H,I).
Previous colonization with S. aureus 3878SCV had no impact on IV-induced mRNA expression of factors
linked to the type-I-IFN response, except for RIG-I at 32 hpvi, which was significantly decreased in
super-infected cells. However, the enhanced RIG-I mRNA synthesis did not result in alterations of
viral titers. Similar results were obtained upon super-infection with S. aureus 3878SCV and IV Panama,
indicating a virus-independent effect (Supplementary Figure S2A–I).
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Figure 3. Gene expression analysis by RT2 Profiler Array. (A–E) A549 lung epithelial cells were infected
with S. aureus 3878SCV (MOI = 0.01) for 24 h and/or super-infected with IV PR8-M (H1N1; MOI = 0.1) or
IV Panama (H3N2; MOI = 0.01) for 32 h. Subsequently, RNA was isolated and further used to perform
the RT2 Profiler Array (Qiagen, Hilden, Germany). Ct-values were analyzed with the recommended
QIAGEN web portal [26]. (A) A clustergram is shown, visualizing the up- and downregulated genes of
the customized 84-gene array. (B) Ten potential signaling pathways are listed, which can be analyzed
by the RT2 Profiler Array with the correlating count of genes involved. The mapping was done by using
the Kyoto Encyclopedia of Genes and Genomes (KEGG) mapper [38–40]. (C,D) A Venn diagram of the
upregulated genes in a super-infection scenario with S. aureus 3878SCV and IV PR8-M (C) or IV Panama
(D) is shown. The analysis was performed by use of http://bioinformatics.psb.ugent.be/webtools/Venn/.
(E) Gene expression of highly induced genes indicating an increased pro-inflammatory cytokine
response. Values are shown as n-fold over mock (32 hpvi); (n = 1); (hpvi = hours post-viral infection).
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Figure 4. Pro-inflammatory cytokines and chemokines are enhanced after S. aureus 3878SCV colonization
and subsequent IV PR8-M infection. (A–I) A549 human lung epithelial cells were infected with S. aureus
3878SCV (MOI = 0.01) for 24 h and/or super-infected with IV PR8-M (H1N1; MOI = 0.1) for 8 hpvi,
24 hpvi and/or 32 hpvi. Afterwards, RNA was isolated and mRNA levels of IL-6, IL-8, TNFα, IL-1β,
IFN-γ, RIG-I, IFN-β, MxA, and OAS1 were determined by qRT-PCR. All values were correlated to the
representative mock-control 8 hpvi (IL-6, IL-8, TNFα, RIG-I, IFNβ, MxA and OAS1) or 32 hpvi (IL-1β
and IFN-γ). Means + SD of three independent experiments including technical duplicates are shown.
Statistical significance was analyzed by a two-way (A–C), (F–I) or one-way (D,E) ANOVA, followed by
Tukey’s multiple comparison test (* p < 0.05, ** p < 0.01, *** p < 0.001); (hpvi = hours post-viral infection;
ns = not significant).

To analyze whether the induction of mRNA synthesis of pro-inflammatory genes could also be
detected on protein level and to get further insights into the cell intrinsic innate immune status of
super-infected A549 cells, the protein expression of exemplary cytokines and chemokines was monitored
by FACS analysis (Figure 5A–H). Remarkably, FACS analysis verified the increased pro-inflammatory
response of A549 human lung epithelial cells for the secretion of representative factors. In super-infected
cells, protein levels of IL-6, RANTES (CCL5), IP-10, and I-TAC were significantly induced compared
to uninfected or single-infected cells with either S. aureus 3878SCV or IV PR8-M (Figure 5A,C,E,F).
TNFα was also significantly upregulated upon super-infection compared to uninfected and bacteria
single-infected cells but not to IV PR8-M single-infected cells. Furthermore, IV PR8-M infection
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provoked TNFα protein expression 32 hpvi (Figure 5B). Representative IFN protein concentrations of
IFN-γ and IFNβ (Figure 5G,H) showed no alteration in the amount of secreted proteins.

Figure 5. Secretion of the pro-inflammatory cytokines and chemokines are enhanced after S. aureus
3878SCV colonization and subsequent IV PR8-M infection regulated by TLR2- and RIG-I-mediated
NFκB promoter activation. (A–H) A549 human lung epithelial cells were infected with S. aureus
3878SCV (MOI = 0.01) for 24 h and/or super-infected with IV PR8-M (H1N1; MOI = 0.1) for 32 h.
Afterwards, supernatants were collected to measure the concentration of secreted proteins via FACS
analysis. Means + SD of three independent experiments, including technical duplicates, are shown.
(I) A549 human lung epithelial cells were transfected with 3× NFκB luciferase promoter reporter
construct for 24 h prior to super-infection as described before. Afterwards cells were harvested and
analyzed for luciferase activity. (J–L) A549 human lung epithelial cells were stimulated with LTA
(100 ng/mL) for 24 h at 37 ◦C and 5% CO2. Afterwards, cells were stimulated with cellular RNA
(cRNA) or viral RNA (vRNA) (100 ng/mL) in the presence or absence of LTA for 4 h at 37 ◦C and 5%
CO2. Subsequently, RNA was isolated, and mRNA levels of IL-6, IL-8, and TNFα, were measured by
qRT-PCR. All values are correlated to the respective mock-control (n = 3). Statistical significance was
analyzed by one-way ANOVA followed by Tukey’s multiple comparison test (* p < 0.05, ** p < 0.01,
*** p < 0.001; # = *** p < 0.001 compared to LTA + vRNA, except for vRNA); (hpvi = hours post-viral
infection; ns = not significant).
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These results emphasize the enhanced cell intrinsic pro-inflammatory status of the super-infected
cells. We could confirm these results by the use of IV strain Panama, verifying a viral strain independent
effect (Supplementary Figure S3A–H). Based on these results and due to the fact that the induction of
pro-inflammatory cytokines and chemokines is mainly driven by NFκB activation, we hypothesized
an induction of the pro-inflammatory response via specific PRRs, resulting in the activation of the
NFκB-signaling cascade [42]. To confirm the induction of NFκB-signaling we transfected A549 cells
with an artificial NFκB promoter-dependent luciferase reporter plasmid prior to super-infection with
S. aureus 3878SCV and subsequent IV PR8-M infection. An increase of NFκB activation was observed
in super-infected cells compared to uninfected and IV PR8-M-infected cells, while S. aureus 3878SCV

infection only resulted in an increase of NFκB activation by trend (Figure 5I). This induction pattern
was also confirmed in cells super-infected with IV Panama (Supplementary Figure S3I).

The induction of pro-inflammatory responses via NFκB in epithelial cells after pathogen exposure
can be triggered by both pathogens through different factors and their corresponding receptors [43–45],
which were further analyzed. To exclude specific pathogen-mediated interference with cellular factors
due to differences in protein expression, such as virulence factors or surface proteins, viral RNA
(vRNA) and bacterial lipoteichonic acid (LTA, Invivogen, San Diego, CA, USA) were used as pathogen
specific molecular stimuli. In human lung epithelial cells vRNA is mainly recognized by RIG-I, leading
to a strong induction of the type-I-IFN-signaling cascade [46], while LTA is mainly recognized by
TLR-2 [47]. We investigated mRNA expression of IL-6, IL-8, and TNFα after stimulating A549 cells
with vRNA and LTA (Figure 5J–L). The results matched our findings obtained from super-infected
cells, since significant enhancement of mRNA expression of IL-6, IL-8, and TNFα was observed in
presence of both stimuli. Artificial effects caused by RNA transfection could be excluded due to
equal cytokine mRNA expression induced by cellular RNA (cRNA) and cRNA + LTA stimulated cells.
Stimulation with vRNA tended to induce the expression of IL-6, IL-8, and TNFα, which, however,
was not significant compared to unstimulated cells.

Overall, these data suggest an induction of pro-inflammatory gene expression responses through
the detection of bacterial and viral components via the pathogen-associated molecular pattern receptors
(PAMP) RIG-I and TLR-2, followed by the induction of NFκB. To exclude bacterial strain-specific effects,
another SCV strain (S. aureus 814SCV) was used to determine pathogen loads and pro-inflammatory
gene expression in IV super-infection (Supplementary Figure S4). While neither viral titers nor intra-
and extracellular bacterial load were increased in presence of both pathogens, pro-inflammatory
cytokine expression was enhanced, verifying the former observations.

3.4. S. aureus 3878SCV Provoke Enhanced Necrotic Cell Death in Presence of IV Infection

The observed disruption of the cell monolayer (Figure 1) could be induced by a variety of
mechanisms. Besides the involvement of pro-inflammatory cytokines in the innate immune response,
these factors are also involved in the induction of cell death mechanisms, like apoptosis and necrosis.
As the results shown in Figure 3 indicate, an upregulation of pro-inflammatory cytokines, the cell death
mechanisms might be triggered by TLRs or cell death receptors through PAMPs or cytokines, like TNFα,
among others [48–50]. Therefore, we further investigated the induction of apoptosis and necrosis,
correlating to the cell death mechanisms identified in the RT2 Profiler Array analysis (Figure 3B).

As the results of the LDH assay led to the hypothesis of an induced necrotic cell death
mechanism, we performed FACS analysis to determine the number of early apoptotic cells by
detecting phosphatidylserine which switches to the cells’ surface in early apoptotic cells and can be
labeled with annexin V. Cells with a membrane rupture tending to necrosis were detected by using
a viability marker comparable to 7-aminoactinomycin D and propidium iodide staining. Therefore,
we performed the infection up to 44 hpvi to be able to still distinguish between early apoptosis and
necrotic-like cells and stained the cells accordingly. The amount of necrotic cells significantly increased
comparing un- or single-infected with super-infected cells, probably indicating necrosis (Figure 6A).
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Furthermore, the amount of apoptotic cells was significantly higher in IV-infected cells compared to
un-, bacteria-, or super-infected cells 44 hpvi (Figure 6B).

Figure 6. S. aureus 3878SCV colonization and subsequent IV infection inhibits IV-induced apoptosis
but results in the induction of necrosis. (A–E) A549 human lung epithelial cells were infected with
S. aureus 3878SCV (MOI = 0.01) for 24 h and/or super-infected with IV PR8-M (H1N1; MOI = 0.1) for
44 hpvi (A,B) or 32 hpvi (C–E). At the indicated times post-viral infection, total amount of cells was
collected to perform FACS analysis to determine the relative amount of viability marker positive cells
(A) or annexin V positive cells (B). Furthermore, whole cell lysates were subjected to western blot
analysis (C). (D,E) Densitometrical analysis of three independent western blot experiments of cleaved
pMLKL (D) and PARP (E) 32 hpvi are shown. Equal protein amounts were calculated by correlating the
signal intensities to their corresponding ERK1/2 signals. Means + SD of three independent experiments
are shown (n = 3). Statistical significance was analyzed by a one-way ANOVA, followed by Tukey’s
multiple comparison test (A,B,D,E); (* p < 0.05, ** p < 0.01, *** p < 0.001); (hpvi = hours post-viral
infection; ns = not significant).
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As cell death mechanisms like necrosis can be further defined in specific mechanisms and to
compare our findings to previously described inductions of cell death mechanisms upon infection with
SCV [51] or in co-infection scenarios [27], we performed western blot analysis to be able to differentiate
between necroptosis and apoptosis.

Necroptosis is an inflammatory programmed form of necrosis, which was already described
in a recent publication reporting its induction by S. aureus SCV in single-infected human primary
keratinocytes [51]. Necroptosis is induced via a receptor-interacting protein (RIP) kinase-mediated
activation, resulting in the phosphorylation and oligomerization of mixed lineage kinase domain
like pseudokinase (MLKL) and pore formation, leading to the release of inflammatory cytokines.
To distinguish necroptosis from apoptosis induction, we monitored the induction of phosphorylated
MLKL and PARP cleavage, which are indications for both cell death mechanisms [52]. We infected
A549 human lung epithelial cells with S. aureus 3878SCV for 24 h, followed by IV infection with PR8-M
for 32 h (Figure 6C–E).

In super-infected cells, induction of pMLKL 32 hpvi was observed in comparison to uninfected,
bacteria-, or virus single-infected cells, respectively. PARP cleavage was more likely to be induced in
IV PR8-M-infected cells, and was slightly decreased in super-infected samples 32 hpvi (Figure 6C).
However, the densitometrical analysis of three independent experiments could only confirm a trend
of activated MLKL due to induced phosphorylation in super-infected cells (Figure 6D), whereas an
induction of apoptosis upon IV infection could be verified (Figure 6E). Additionally, pyroptosis as
another form of regulated necrotic cell death mechanism, which is activated via the induction of the
inflammasome resulting in the cleavage of gasdermin D, could not be detected by cleaved gasdermin D
(Supplementary Figure S5). The original blots are shown in the Supplementary Figure S6.

Thus, our results indicate a necrotic cell death induction, most likely induced by increased
pro-inflammatory gene expression response after super-infection with S. aureus 3878SCV, followed by
secondary IV infection with PR8-M and Panama.

4. Discussion

The first occurrence of persisting bacteria or SCVs was already described about 100 years ago [53].
Even though they are known for such a long time, not many studies were undertaken to elucidate their
impact on cellular responses or their impact on additional infections with other pathogens. Our aim
was to investigate the interaction of S. aureus SCVs with a subsequent IV infection in respect to epithelial
cell responses, which built the first cellular barrier for pathogens in the lung. Here, we demonstrate
that invasive S. aureus SCVs do have an impact on the cell intrinsic response in human lung epithelial
cells, as indicated by highly secreted pro-inflammatory cytokines and chemokines (Figure 5 and
Supplementary Figure S3) and, furthermore, an induction of necrotic cell death of super-infected
compared to single-infected cells (Figure 6). This was somehow surprising, since the majority of
SCVs are not described to significantly induce cell intrinsic responses, due to decreased secretion of
virulence factors [54], a feature that would match their dormant status. In particular, not much is
known about the impact of SCVs on lung tissue responses and nothing so far about their impact on
a secondary IV infection. In this study, we were able to show a cytopathic effect accompanied by
increased pro-inflammatory cytokine and chemokine release and necrotic cell death through colonizing
S. aureus 3878SCV and different IV strains, such as PR8-M and Panama.

Typically, super-infections with pathogenic S. aureus strains and IV led to increased pathogen
loads accompanied with the induction of pro-inflammatory responses [13,35]. However, this could
not be confirmed within the present study in the SCV and IV super-infection scenario. It was
shown previously that super-infection with pathogenic S. aureus leads to the enhancement of viral
titers due to the inhibition of STAT1 and STAT2 dimerization, resulting in decreased production of
anti-viral factors [15]. This inhibitory effect could be excluded since mRNA expression of RIG-I,
IFNβ, MxA, or OAS1 in super-infected cells compared to IV-infected cells were not altered (Figure 4
and Supplementary Figure S2). Based on these results, we could exclude an effect of the anti-viral
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response and the involvement of an altered pathogen load. Nevertheless, we identified a clear
induction of pro-inflammatory cytokines and chemokines in human lung epithelial cells. Besides the
attraction of immune cells and the induction of an anti-pathogen status of the cell, pro-inflammatory
cytokines induce a stress response leading to the induction of cell death mechanisms via TLRs or death
receptors [55–57].

To proof the impact of two main cell death mechanisms we performed FACS analysis to monitor
early apoptotic and necrotic-like cells. Correlating to the LDH assays, we could confirm an increase
in necrosis during super-infection (Figure 6A). Besides, the amount of apoptotic cells was decreased
in super- compared to IV-infected cells. Further specifications of cell-death mechanisms by western
blot analysis revealed the tendency for an increase of phosphorylated MLKL in super-infected cells,
giving the hit of probably induced necroptosis. Concomitantly, IV-induced PARP cleavage was reduced
in super-infected cells compared to IV PR8-M-infected cells by trend.

Interestingly, there are two different mechanisms described, how pathogenic S. aureus and S. aureus
SCVs are able to induce necroptosis [27,51]. During the critical phase of S. aureus infection the
virulence factor agr is induced [8], resulting in possible secretion of different toxins, which induces
necroptosis [27,33]. In SCV-infected keratinocytes, necroptosis was driven by the activation of
glycolysis [51]. S. aureus adopts its whole metabolism to persist within the host. The metabolic changes
of S. aureus were already described elsewhere [58]. As the utilization of the tricarboxylic acid cycle for
the host cell and the persisting bacteria is decreased, the glycolysis is stronger induced to generate
adenosine triphosphate (ATP). As we observed a disruption of cell monolayer and a possible induction of
phosphorylated MLKL upon super-infection, we linked our findings more to necroptosis (Figures 1 and 6).
Even though S. aureus-induced necroptosis might be independent of TLR stimulation [59], our data
indicate a synergistic effect of S. aureus 3878SCV and IV inducing cell death, which can be related to
TLR2- and RIG-I-mediated pro-inflammatory response induction. In addition, our data show that
the superinfection could be imitated with the stimuli LTA and vRNA. This underlines that the initial
induction of the pro-inflammatory response and the subsequent cell death must be different from that
of pathogenic bacterial strains that induce cell death much more quickly. In case of SCV, this indicates
a lower virulence probably due to the decreased secretion of virulence factors. Nonetheless, dormant
SCVs can work synergistically and affect the virus-induced immune response. As we performed pure
ligand experiments, inhibitory effects of molecules of this pro-inflammatory cell intrinsic response is
supposed to trigger cellular stress in the form of reactive oxygen species [60].

So far, the impact of S. aureus SCVs with subsequent IV infection had not been investigated.
Interestingly, we could give first insights in this super-infection scenario and unravel one extraordinary
role of a SCV patients’ isolate S. aureus 3878SCV with subsequent IV infection. We observed an induction
of pro-inflammatory cytokines and chemokines, which underlines the severity of the coincident
occurrence of S. aureus SCVs and IV. These data point to a cross-interaction of necrotic cell death and
pro-inflammatory cell intrinsic response, as the pathogens alone can induce an inflammatory response
through PAMPs and secreted cell damage-associated molecular patterns (DAMPs). Upon necrotic
cell death induction, further pro-inflammatory responses are induced via DAMP receptors [50],
leading to an enhancement of pro-inflammatory cytokines and chemokines seen on transcriptional and
translational level.

In summary, we were able to show that persistent S. aureus SCV and subsequent IV infection
affects cell-internal immune response by inducing the release of pro-inflammatory cytokines and
chemokines, resulting in cell death induction.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/12/1998/s1,
Table S1: List of ct-values analyzed by GeneGlobe online software of the RT2 Profiler Array plate. Table S2: (A,B)
Listed gene names of the venn diagrams shown in Figure 3. Figure S1: Wildtype phenotype S. aureus 3878 is more
virulent compared to S. aureus 3878SCV, but S. aureus 3878SCV induces LDH release upon super-infection with
PR8-M. Figure S2: Pro-inflammatory cytokines and chemokines are enhanced after S. aureus 3878SCV colonization
and subsequent IV Panama infection. Figure S3: Secretion of the pro-inflammatory cytokines and chemokines
are enhanced after S. aureus 3878SCV colonization and subsequent IV Panama infection regulated by TLR2- and
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RIG-I-mediated NFκB promoter activation. Figure S4: Pathogen load and pro-inflammatory cytokines and
chemokines are enhanced after super-infection with the SCV strain S. aureus 814SCV. Figure S5: S. aureus 3878SCV
colonization and subsequent influenza virus infection has no effect on the induction of pyroptosis. Figure S6:
Original western blots of Figure 6C and S5A.
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Abbreviations

DAMP damage-associated molecular pattern
hpbi hours post bacterial infection
hpvi hours post-viral infection
I-TAC interferon-inducible T-cell alpha chemoattractant
IFN interferon
IL interleukin
IP-10 interferon gamma-induced protein 10
IV influenza virus
LDH Lactate dehydrogenase
MAPK mitogen-activated protein kinase
MxA interferon-induced GTP-binding protein MxA
NFκB nuclear factor kappa-light-chain-enhancer of activated B-cells
NLR NOD-like receptor
NOD nucleotide-binding oligomerization domain
OAS1 2′-5′-oligoadenylate synthetase 1
PAMP pathogen associated molecular pattern
PRR pattern recognition receptor
RANTES CC-chemokine ligand 5
RELA nuclear factor NF-kappa-B p65 subunit
RIG-I retinoic acid inducible gene I
RLR RIG-I like receptor
S. aureus Staphylococcus aureus
SCVs small colony variants
TLR toll-like receptor
TNFR tumor necrosis factor receptor
TNFα tumor necrosis factor alpha
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Abstract: Staphylococcal enterotoxin C (SEC) is a major cause of staphylococcal food poisoning
in humans and plays a role in bovine mastitis. Staphylococcus aureus (S. aureus) benefits from a
competitive growth advantage under stress conditions encountered in foods such as a low pH.
Therefore, understanding the role of stressors such as lactic acid on SEC production is of pivotal
relevance to food safety. However, stress-dependent cues and their effects on enterotoxin expression
are still poorly understood. In this study, we used human and animal strains harboring different SEC
variants in order to evaluate the influence of mild lactic acid stress (pH 6.0) on SEC expression both
on transcriptional and translational level. Although only a modest decrease in sec mRNA levels was
observed under lactic acid stress, protein levels showed a significant decrease in SEC levels for some
strains. These findings indicate that post-transcriptional modifications can act in SEC expression
under lactic acid stress.

Keywords: superantigen; mastitis; food intoxication; regulation; sec variants

1. Introduction

Staphylococcus aureus (S. aureus) is of major relevance in food intoxications and infec-
tious diseases of humans and animals [1,2]. S. aureus employs a plethora of virulence factors
including secreted enterotoxins (SEs). They lead to an emetic response when ingested
and act as superantigens [3,4]. The consumption of one or several preformed enterotoxins
produced by S. aureus causes staphylococcal food poisoning (SFP). SFP symptoms include
nausea, vomiting, and abdominal pain, followed by diarrhea [5]. It is one of the most com-
mon causes of foodborne intoxications worldwide [6]. The European Food Safety Authority
(EFSA) reported 393 SFP outbreaks in 2014 and an increase in cases with 434 outbreaks in
2016 [7,8]. Moreover, in the United States, the Centers for Disease Control and Prevention
(CDC) reported 17 SFP outbreaks and 566 cases in 2014. The most common contributing
factors in these outbreaks were improper maintenance of the cold chain and inadequate
food preparation practices, leading to the proliferation of pathogens and the concomitant
production of enterotoxins [9].

Of the currently 25 known SEs, SEC is of particular interest since various, often
host-specific variants have been reported [10–13]. SEC plays a crucial role in SFP and
the development of atopic dermatitis [14]. SEC is also frequently found in milk and milk
products [15–24] and represents a key driver of the inflammatory response in bovine
mastitis in dairy cattle [25–28]. We recently provided a comprehensive review of SEC
variants and their role in SFP, as well as their structure and properties [10].

To reduce the burden of S. aureus in the dairy value chain, lactic acid bacteria (LAB)
have been used as an intervention in mastitis treatment and as starter cultures in cheese
production. For instance, LAB were successfully used to alleviate mastitis symptoms in
cows [29] and to inhibit mastitis-causing pathogens including S. aureus [30]. The use of
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Weissella paramesenteroides GIR16L4 and Lactobacillus rhamnosus D1 as starter cultures was
shown to decrease SEC expression in several S. aureus strains [31]. Another study showed
decreased expression of sec and SEC in co-cultures with LAB compared with pure S. aureus
cultures by up to 331-fold in TSB and milk [32]. Metabolites of LAB, in particular lactic
acid, might present an additional metabolic burden to S. aureus and therefore interfere with
toxin expression.

Lactic acid is a lipophilic weak organic acid that freely dissociates through the bacterial
membrane. Inside the cell, lactic acid dissociates and thereby releases protons that acidify
the cytoplasm. Additional energy is required to maintain internal pH, leading to adap-
tations in bacterial metabolic processes [33,34]. It can therefore alter toxin regulation by
interfering with S. aureus regulatory systems such as the accessory gene regulator (agr) [35].
The agr regulon employs a multicomponent system that is activated by autoinducing
peptides (AIP). Upon activation, RNAIII is transcribed, which deactivates the repressor of
toxins (rot) [36]. The activity of agr may be influenced by other regulatory elements that
react to changes in the microenvironment or external stressors.

External stressors that have been shown to influence SE production include NaCl [37],
low pH [38], nitrite [39], and others [40,41]. Although previous studies demonstrated
the substantial resilience of S. aureus against low pH, with growth being observed at
pH 4 [42–44], pH stress can still influence toxin expression. Lactic acid was previously
shown to affect SEA and SED production [45–47]. In the presence of LAB, agrA, sarA,
and sigB are typically downregulated, while rot is upregulated [48]. However, it remains
unclear how external stressors affect the complex regulatory network and whether the
presence of lactic acid influences SEC expression. Therefore, we investigated the role of
lactic acid in SEC production on mRNA and protein level.

2. Materials and Methods

2.1. Bacterial Strains, Growth Conditions, and Sample Collection for sec mRNA and SEC
Protein Quantification

All S. aureus strains used in this study are listed in Table 1. The strains were grown
in LB medium (non-stress control conditions) and in LB supplemented with lactic acid.
Mild acidic stress conditions encountered in food were mimicked by adjusting the LB
medium (BD, France) to pH 6.0 using ~0.6 mL 90% (v/v) lactic acid (Merck, Darmstadt,
Germany). The medium was buffered using 19.52 g 2-(N-Morpholino) ethanesulfonic acid-
hydrate (MES hydrate, Sigma-Aldrich, Switzerland) per 1000 mL LB. pH was monitored
for 2 representative strains and remained unchanged over the course of the experiment
(Supplementary Figure S2). All media were sterile filtered and stored at 4 ◦C.

Table 1. Overview of S. aureus strains used in this study including their SEC variants, origin, and clonal complex. 1 Medical
Department of the German Federal Armed Forces, Germany. 2 Bavarian State Office of Health and Food Safety, Germany.

Strain Protein Variant Promotor Variant Origin Clonal Complex Reference

BW10 SEC2 secp v1 SFP CC45 1

NB6 SEC2 secp v1 SFP CC45 2

SAI3 SEC1 secp v3 (H-EMRSA-15) Human infection CC8 [49]
SAI48 SEC2 secp v1 (79_S10) Human infection CC5 [49]
SAR1 SECbovine secp v2 bovine mastitis milk CC151 [50]
SAR38 SECbovine secp v2 bovine mastitis milk CC151 [50]
OV20 SECovine secp v4 ovine CC133 [51]

Single colonies from each strain were transferred from 5% sheep blood agar to 5 mL
LB broth and grown overnight (37 ◦C, 125 rpm). Overnight cultures were centrifuged
(5000× g, 2 min) and washed twice with 0.85% NaCl, before resuspending the pellet in
0.85% saline solution. We adjusted 50 mL of medium (LB and LB + lactic acid) to an OD600
of 0.05 using the washed bacteria. The culture was incubated at 37 ◦C at 125 rpm and
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harvested after 4, 10, and 24 h during exponential, early stationary, and late stationary
growth phase, respectively. Three independent biological replicates were collected.

Growth curves were evaluated by plating serial dilutions on plate count agar (Oxoid,
Pratteln, Switzerland) as previously described [37] with minor modifications. Namely, the
culture was adjusted to a final OD of 0.05 in 50 mL medium in 250 mL Erlenmeyer flasks.
Two independent replicates were assessed.

For sec mRNA quantification, 1 mL of sample was added to 3 mL RNAprotect®®Tissue
Reagent (Qiagen, Hilden, Germany) and processed according to manufacturer’s instruc-
tions. The cell pellets were stored at −20 ◦C until further processing. For SEC protein
quantification, 1 mL of sample was collected in low protein binding micro-centrifuge tubes
(Thermo Scientific, Waltham, MA, USA) and stored at −20 ◦C until further processing.

2.2. RNA Extraction

RNA extraction was performed with the RNeasy mini Kit Plus (Qiagen, Hilden,
Germany) as previously described [52]. All RNA samples were quantified using Quan-
tusFluorometer (Promega, Dübendorf, Switzerland) instruments. Quality control was
performed by the Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany)
instrument using Agilent RNA 6000 PicoReagents according to the manufacturer’s instruc-
tions. Samples were included in the study if they met the inclusion criteria of RNA integrity
number > 6. RNA integrity numbers ranged from 6.18.5.

2.3. Reverse-Transcription and Quantitative Real-Time PCR

All RNA samples were diluted to 40 ng/μL in RNase-free water. A total of 480 ng was
converted to cDNA using the QuantiTect®®Reverse Transcription Kit (Qiagen, Germany)
according to the manufacturer’s instructions. A no-RT control and a negative control were
included in every run. The final cDNA was diluted 1:10 with DNase-free water (Promega,
Madison, WI, USA) and stored at −20 ◦C. The following primers sequences were used
for real-time qPCR: forward 5′TAA CGG CAA TAC TTT TTG GT3′ and reverse primer
5′AGG TGG ACT TCT ATC TTC AC3′. A 5 μL template was added to 10 μL LightCycler®®

480 SYBR Green I Master, 2 μL of each primer (5 μM), and 1 μL nuclease-free water
in LightCycler®®480 Mulitwell Plate 96white (Roche, Basel, Germany). The plate was
centrifuged for 2 min at 1500× g. Quantification was performed on the Lightcycler®®96
Instrument (Roche, Basel, Switzerland) as previously described [52]. The relative expression
of the target gene sec was normalized using the housekeeping genes rho and rplD [52].
Ct values were determined using the Lightcycler®®Software v. 1.1.0.1320 (Roche). The
influence of lactic acid stress on sec expression in each strain is expressed as Δct values
and relative expression (2-ΔΔct). The following formula was used to calculate expression
values: 2-(ref control-sec control)-(ref lactic acid-sec lactic acid). Statistical analysis was performed with
RStudio 1.3.1093 and GraphPad Prism 9.0.0. For RNA analysis a mixed-effect linear model
was fitted on the fold change, with a full three-way interaction between reference gene,
strain, and time effects. Fold change was log10-transformed to ensure normal distribution.
To determine whether individual mRNA levels were increased or decreased (indicated by
a fold change significantly larger than 1), lsmeans was used to perform a two-sided effect
test, with Holm–Bonferroni-corrected p-values. The results were regarded as significant if
p < 0.05.

2.4. Protein Quantification

An enzyme-linked immunosorbent assay (ELISA) was developed to quantify the effect
of mild lactic acid stress on SEC protein levels. The protocol was based on [53] with some
modifications according to [41]. Sheep Anti-SEC IgG (Toxin Technology Inc., Sarasota, FL,
USA) was used to measure SEC concentrations. For quantification, a standard curve was
obtained using SEC2 (Toxin Technology, Inc., USA). Absorbance was measured at 405 nm
in a Synergy HT plate reader (BioTek, Sursee, Switzerland). Absorbance values were
plotted against toxin concentrations, and values were determined from linear regression
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in Excel (version 16.44). ELISA measurements were performed in duplicates. Statistical
analysis was performed with RStudio 1.3.1093 and GraphPad Prism 9.0.0. Protein data
were analyzed via two-way ANOVA and post hoc Tukey’s multiple comparisons. Results
were regarded as significant if p < 0.05.

3. Results

3.1. Effect of Mild Lactic Acid Stress (pH 6.0) on Bacterial Growth and sec mRNA Levels

The bacterial growth of the seven S. aureus strains was compared in LB and LB
supplemented with lactic acid by plate counting. The growth behavior was similar for all
strains under control and stress conditions. Growth was not impaired by lactic acid in any
of the investigated strains (Supplementary Figures S1 and S2).

Under lactic acid stress, we observed a trend toward decreased sec expression (Figure 1)
compared with control conditions. However, the reduction in sec expression was strain-
dependent, being only significant in strains BW10 (10 and 24 h), NB6 (24 h), SAR1 (4 h),
SAR38 (4 and 10 h), and OV20 (10 h).

Figure 1. Effect of lactic acid stress on sec mRNA levels in Staphylococcus aureus strains BW10, NB6, SAI3, SAI48, SAR1,
SAR38, and OV20 in exponential (4 h), early stationary (10 h), and late stationary (24 h) phase. sec mRNA levels are
expressed as relative quantification values. sec mRNA expression was normalized to reference genes rho and rplD [52].
Replicates are shown as single data points; horizontal grey lines indicate means. Timepoints are signified by fill color (4 h,
light blue; 10 h, medium blue; 24 h, dark blue). Significant differences in sec mRNA levels in LB compared with LB + lactic
acid are marked by asterisks (p < 0.05).

3.2. SEC Protein Levels under Lactic Acid Stress

SEC concentrations under lactic acid stress and control conditions were assessed
by ELISA at 4, 10, and 24 h (Figure 2, Table 2). Under control conditions, two different
expression levels were observed. BW10 and SAI48 were classified as SEC over-producers
(>1000 ng/mL) with concentrations ranging from 3410 ng/mL to 9867 ng/mL after 24 h,
respectively. NB6, SAI3, SAR1, SAR38, and OV20 were classified as low to moderate level
SEC producers (<1000 ng/mL) with concentrations from 54.5 to 344.9 ng/mL after 24 h
(Table 2). Expression levels were lowest after 4 h and highest after 24 h for all strains.
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Figure 2. SEC concentration in log10 ng/mL under lactic acid stress (pH 6.0) compared with control conditions in
Staphylococcus aureus strains BW10, NB6, SAI3, SAI48, SAR1, SAR38, and OV20 in exponential (4 h), early stationary (10 h),
and late stationary (24 h) phase. SEC levels under control conditions are shown in grey; pH stress levels are shown in blue.
Replicates are shown as single data points; horizontal lines indicate means. Darkening fill colors indicate progressing time
points. Statistically significant differences between conditions are indicated by lines with asterisks (* p < 0.05).

SEC concentrations under lactic acid stress were generally lower than those un-
der non-stress control conditions, with the exception of SAI48, SAR1, and SAR38
(Figure 2). BW10 and SAI48 again showed the highest expression levels with 740 ± 69
and 4887 ± 1027 ng/mL at the late exponential phase, respectively. The low-to-moderate
SEC producers NB6, SAI3, SAR1, SAR38, and OV20 ranged from 1 ng/mL (OV20) to
142 ng/mL (OV20) over all time points. SEC production in the human infection isolate
SAI48 was the least impaired by lactic acid stress (−29%) while the ovine mastitis isolate
OV20 was affected the most (−255%) (Table 2).

Table 2. Effect of pH stress on SEC expression. Absolute values in ng/mL including standard deviation. Effect is shown as
a percentage difference under lactic acid stress (pH 6.0) compared with non-stress control conditions.

Strain
SEC Produced under pH Stress (ng/mL) Effect of pH Stress (%)

4 h 10 h 24 h 4 h 10 h 24 h Sum

BW10 307 ± 81 832 ± 161 740 ± 69 −33 −75 −78 −186
NB6 3 ± 1 9 ± 3 20 ± 16 −63 −85 −64 −212
SAI3 6 ± 1 20 ± 3 35 ± 11 10 −50 −69 −109

SAI48 523 ± 63 4968 ± 1641 4887 ± 1027 38 −17 −50 −29
SAR1 9 ± 4 169 ± 119 132 ± 25 −46 −21 −30 −97
SAR38 12 ± 2 120 ± 82 143 ± 59 −22 −47 −44 −113
OV20 1 ± 1 41 ± 15 41 ± 14 −80 −87 −88 −255

SEC produced under control conditions (ng/mL)

BW10 462 ± 307 3325 ± 360 3410 ± 562 - - - -
NB6 7 ± 3 58 ± 29 54 ± 12 - - - -
SAI3 6 ± 2 40 ± 10 114 ± 59 - - - -

SAI48 380 ± 220 5988 ± 1317 9868 ± 4688 - - - -
SAR1 16 ± 2 213 ± 87 189 ± 65 - - - -
SAR38 15 ± 10 228 ± 27 254 ± 7 - - - -
OV20 7 ± 3 328 ± 87 345 ± 34 - - - -
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4. Discussion

Since S. aureus possesses a competitive growth advantage in many food matrices, it
is crucial to identify compounds that interfere with SE production. Here, we used lactic
acid and pH 6.0 to mimic conditions comparable to food matrices such as ham, cheese,
and other fermented products [47]. LB medium was used to ensure reproducibility and
to allow observation of the effect of lactic acid as an individual constituent. Experiments
were performed at 37 ◦C to provide optimal growth conditions for S. aureus.

In the investigated strains, lactic acid stress resulted in a trend toward lower sec tran-
scription, although the results were not significant for all strains. Significant reductions in
mRNA levels were observed for strains isolated from food and bovine mastitis, whereas
human infection isolates did not alter sec transcription levels. The influence of a complex
food matrix containing lactic acid such as milk was demonstrated to reduce sec expression,
especially in late stationary phase after 48 h [54]. Other SEs, for instance sed, were not sig-
nificantly altered under lactic acid stress [47]. How lactic acid influences toxin transcription
likely depends on the genetic background of a strain. We could, however, not observe any
correlation between transcription levels and factors such as clonal complex or the SEC toxin
variant of the respective strain. Possibly, a larger strain set may provide further insights.

SEC protein data only partly correlated with the sec transcriptional patterns. Whereas
BW10 showed a significant reduction in mRNA and protein levels after 10 and 24 h, SAI3
did not display any reduced transcriptional activity, but exhibited significantly reduced
SEC concentrations. Especially under certain environmental stress situations such as NaCl,
sorbic acid, or complex food environments, mRNA levels do not always reflect protein
levels, indicating that post-transcriptional modification might be at play [55–58]. Overall,
lactic acid stress led to decreased levels of SEC in all strains. Since growth under lactic
acid stress was similar to control conditions, factors independent of growth rates must be
at play. Again, we did not observe any correlation between toxin production and clonal
complex, source, or toxin variant. Still, SEC overproducers BW10 and SAI48 were also the
highest SEC producers under lactic acid stress. Interestingly, previous studies reported
substantially lower toxin concentrations of 1–70 ng/mL in milk and even under optimal
growth conditions [55]. For SEA, an ingested amount of 60 ng was sufficient to reach SFP
attack rates of almost 100%, highlighting the threat of overproducer strains such as BW10
and SAI48 [59]. Another study demonstrated even more pronounced reductions in SEA,
SEB, SEC, and SED caused by lactic acid. This pronounced reduction could be expected,
since higher concentrations (pH < 5) than in the present study were used [60]. In contrast,
mild lactic acid stress was also reported to increase the formation of SEA [45]. It was
suggested that S. aureus strains from human and food sources produce higher SEC levels
in contrast with strains from animal sources [11]. The SEC overproducers in our study,
BW10 and SAI48, originated from cases of SFP and human infection, respectively, and
showed high SEC concentrations under control conditions and lactic acid stress. However,
the moderate SEC producers SAR1, SAR38, and OV20 originating from bovine and ovine
mastitis milk showed higher SEC concentrations than NB6 and SAI3, which originated
from cases of SFP and human infection, respectively. This underlines the importance of
investigating multiple strains for S. aureus enterotoxin analysis as postulated by previous
studies [39,61–63]. The observed reduction in toxin expression may be magnified at lower
temperatures as found in food environments.

Several SEs including SEC are regulated by the quorum-sensing system agr. The
activity of agr may be influenced by other regulatory elements that react to changes in
the microenvironment or external stressors. Such additional regulators may include, but
are not limited to, sigB, sarA, saeRS, srrAB, arlRS, and mgrA [64,65]. pH stress was shown
to affect regulatory elements in S. aureus such as rot, agr, and sarA [66]. In the presence
of LAB, agrA, sarA, and sigB are typically downregulated, while rot is upregulated [48].
Lactic acid can influence toxin expression by interacting with DNA, enzymes, or structural
proteins (Figure 3). Since the current data suggest a stronger decrease in SEC protein levels
compared with mRNA, post-transcriptional events may be involved. The shift in internal
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pH may influence mRNA degradation susceptibility or interfere with translational events.
For example, elongation factors were shown to be influenced by acid stress [67]. An overall
decreased enzyme activity in the cytoplasm due to lower pH may impact SE handling
after translation. In addition, folding and transport of SEs may be impaired by a lower
pH, leading to less efficient excretion [68]. Which regulatory elements are affected remains
unclear at this time.

Figure 3. Mechanism of weak organic acids such as lactic acid on bacterial cells. The undissociated
form of organic acids (HA) can cross cell membranes when the pH of the surroundings is lower than
that of the cellular cytoplasm. Inside the cell, HA can dissociate and acidify the cytoplasm. Acidic pH
damages or modifies internal structures such as enzymes, structural proteins, or DNA. In order to
control internal pH, energy is required for active export of protons. The figure was adapted from [34]
and created in BioRender.com.

In conclusion, our study demonstrated that lactic acid slightly decreases sec transcrip-
tion and has a more pronounced effect on SEC protein levels. It can therefore be a useful
tool in minimizing SEC synthesis during food production and preservation. Since tran-
scription patterns and SEC concentrations are highly variable, it is of utmost importance to
investigate several strains with different genomic backgrounds and isolated from different
sources. We did not find any correlation between the observed data and any strain-specific
properties such as toxin variant or clonal complex. Therefore, further research is needed to
determine biomarkers associated with the toxicity of a strain. Future studies should also
investigate the mechanistic action of lactic acid on the reduction in SEs to provide further
insights into the regulation of SE production. Our research highlights the importance of
food composition in mitigating SFP. Compounds such as lactic acid may be used as natural
preservatives to minimize toxin production and alleviate the burden of staphylococcal
intoxications.
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Abstract: The reversal of daptomycin resistance in MRSA to a daptomycin-susceptible phenotype
following prolonged passage in selected β-lactams occurs coincident with the accumulation of mul-
tiple point mutations in the mprF gene. MprF regulates surface charge by modulating the content
and translocation of the positively charged cell membrane phospholipid, lysyl-phosphatidylglycerol
(LPG). The precise cell membrane adaptations accompanying such β-lactam-induced mprF pertur-
bations are unknown. This study examined key cell membrane metrics relevant to antimicrobial
resistance among three daptomycin-resistant MRSA clinical strains, which became daptomycin-
susceptible following prolonged exposure to cloxacillin (‘daptomycin-resensitized’). The causal role
of such secondary mprF mutations in mediating daptomycin resensitization was confirmed through
allelic exchange strategies. The daptomycin-resensitized strains derived either post-cloxacillin pas-
sage or via allelic exchange (vs. their respective daptomycin-resistant strains) showed the following
cell membrane changes: (i) enhanced BODIPY-DAP binding; (ii) significant reductions in LPG content,
accompanied by significant increases in phosphatidylglycerol content (p < 0.05); (iii) no significant
changes in positive cell surface charge; (iv) decreased cell membrane fluidity (p < 0.05); (v) enhanced
carotenoid content (p < 0.05); and (vi) lower branched chain fatty acid profiles (antiso- vs. iso-),
resulting in increases in saturated fatty acid composition (p < 0.05). Overall, the cell membrane char-
acteristics of the daptomycin-resensitized strains resembled those of parental daptomycin-susceptible
strains. Daptomycin resensitization with selected β-lactams results in both definable genetic changes
(i.e., mprF mutations) and a number of key cell membrane phenotype modifications, which likely
facilitate daptomycin activity.

Keywords: CM lipids; daptomycin resistance; resensitization; MRSA

1. Introduction

S. aureus is a leading cause of bacteremia and other endovascular infections including
endocarditis, vascular catheter sepsis, and intracardiac device infections [1–3]. Of note,
methicillin-resistant S. aureus (MRSA) comprise up to one-half of these cases [4]. Complica-
tions associated with the standard-of-care anti-MRSA antibiotic, vancomycin (e.g., poor
overall clinical responses, persistent bacteremia, renal toxicity), has resulted in increased
use of alternative MRSA therapies such as daptomycin (DAP), which are accompanied by
excess health-care expenditures [5–7].
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Daptomycin is an effective treatment against invasive S. aureus infections, including
MRSA [8,9]. It remains the only rapidly bactericidal anti-MRSA antibiotic with consistent
efficacy in bacteremia and infective endocarditis [7,10]. Due to the increasing usage of
DAP, a number of reports describing DAP-resistant (R) MRSA strains emerging during
DAP therapy, associated with treatment failures, have been cited, particularly in cases
of osteomyelitis and endocarditis [11–14]. Since DAP has been considered a last resort
antibiotic treatment option for severe MRSA infections, the evolution of DAP-R can be very
problematic for patients. In addition, newer anti-MRSA antibiotics either have no proven
efficacy in severe bacteremic syndromes (telavancin, tedizolid), have evoked documented
clinical and microbiologic resistance (ceftaroline), and/or have issues regarding optimal
dosing regimens in systemic MRSA infections (dalbavancin, oritavancin) [15–19]. Therefore,
it is important to design strategies that can both salvage the bactericidal activity of DAP
as well as prevent the development of DAP-R during treatment. One novel finding that
has frequently accompanied the evolution of DAP-R in S. aureus is the so-called “see-saw”
effect [20]; in this phenomenon, increasing DAP MICs are associated with a concomitant
and significant enhancement in β-lactam susceptibility, despite retention of the mecA gene
encoding for PBP2a-mediated β-lactam resistance [20–23]. This latter finding underscores
both the likely complex adaptations that underlie the DAP-R phenotype and the possibility
of modifying the DAP-R to a DAP-susceptible (S) phenotype pharmacologically [24].

Previous reports demonstrate that the DAP-R phenotype in MRSA features a number
of mutations in global regulatory genes, as well as in genes involved in CM and/or cell
wall homeostasis [25–27]. The most frequently cited mutations in MRSA associated with
DAP-R are perturbations in conserved “hot spots” within the multipeptide resistance
factor (mprF) gene [25–27]. MprF is responsible for lysinylating the anionic phospholipid,
phosphatidylglycerol (PG), into the cationic lysyl-phosphatidylglycerol (LPG) species, by
increasing LPG synthesis and/or its translocation into the outer CM leaflet [28–36]. This
results in an enhancement of net positive surface charge and putative formation of a more
charge-repulsive milieu against calcium-DAP oligomeric aggregates, which reduces DAP
insertion into the target CM [28–37]. Of note, DAP-R MRSA strains often undergo several
other phenotypic modifications in CM metrics including in CM order (fluidity/rigidity),
carotenoid content, and fatty acid composition [32–36].

β-lactam antibiotics enhance the activity of DAP in vitro and in vivo against both DAP-
S and DAP-R MRSA [38]. The mechanisms associated with this combinatorial interaction
are incompletely understood but have been suggested to include (i) β-lactam-induced
enhancement of DAP binding to the target bacterial surface [38] or (ii) more targeted
binding to those CM regions where DAP is most effective (i.e., the cell divisome) [39–41].
In this regard, we have recently reported a novel genetic linkage related to β-lactam
resensitization of DAP-R strains [41–43]. In those investigations, the penicillin-binding
protein (PBP)-1-specific β-lactam, cloxacillin (LOX), was uniquely effective in restoring
a DAP-S phenotype [41]; the genetic perturbations occurring in parental DAP-R strains
(with single mprF mutations), when exposed to prolonged LOX passage, featured an
accumulation of additional mutations in mprF and/or mutations in the divisome gene,
div1b [41]. Of interest, previous in vitro studies determined that dual mprF mutations in
DAP-R strains reversed this phenotype to DAP-S [29].

The current study examined a selected cadre of relevant CM phenotypic modifications
that occurred during the transition from the DAP-R-to-DAP-S phenotype, which is induced
by prolonged passage in vitro to LOX.

2. Materials and Methods

Bacterial strains and growth conditions. The bacterial strains used in this investiga-
tion are listed in Table 1. Three isogenic DAP-S parental (WT)/DAP-R MRSA strain pairs
(J01/J03, D592/D712, and C24/C25) were utilized in this study, representing: (i) clinically
derived DAP-S isolates and their respective DAP-R variants emerging during DAP therapy
and (ii) the most common clonal complex (CC) types causing clinical infections in the
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United States (USA100 and USA300, CC5 and CC8, respectively) [29]. In addition, for each
strain-pair, we included a DAP-S variant selected by prolonged LOX passage (see below).
Comparing each DAP-S parental strain with its DAP-R mutant revealed a single mutation
within the mprF locus in this latter strain. In contrast, the post-LOX-passage DAP-S variant
had accumulated an additional mprF mutation. These detailed genotypic characteristics
are further described elsewhere [41].

Table 1. List of study strains and their DAP MIC.

Strain Set a Strain Name Strain Description
DAP MIC b

(μg/mL)
LOX MIC c

(μg/mL)
SNPs in mprF d

C24 DAP-S 0.5 8 WT
C25 DAP-R 2 4 S295L

I
C25-LOX DAP-resensitized

(LOX passaged) <0.125 8 S295L + L84
(Translocase domain)

C25, mprF DM
Secondary mprF
mutation (L84 e)

introduced into C25
0.125 16 S295L + L84 e

II

D592 DAP-S 0.5 512 WT
D712 DAP-R 2 512 L341S

D712-LOX DAP-resensitized
(LOX passaged) 0.5 1024 L341S + S136L

(Translocase domain)

D712, mprF DM
Secondary mprF
mutation (S136L)

introduced into D712
0.5 1024 L341S + S136L

J01 DAP-S 0.5 16 WT
J03 DAP-R 2–4 2 T345I

III
J03-LOX DAP-resensitized

(LOX passaged) 0.125 32 T345I + R788L
Synthase domain

J03, mprF DM
Secondary mprF

mutation (R788L)
introduced into J03

0.125 16 T345I + R788L

a Sets of isolates are represented by alternative shading and no shading, with the first strain in each set being the DAP-S parental strain, the
second in each set being the DAP-R strain and the third and fourth being the DAP-resensitized strain generated by LOX passage or allelic
exchange, respectively; b,c,d Data in this table have been previously published (41); e nonsense mutation (41).

For most experiments in this investigation, Mueller–Hinton broth (MHB; Difco, Rock
Island, IL, USA) was utilized [41]. However, for studies quantifying surface charge, as
well as CM carotenoid and fatty acid contents and phospholipids, an enriched media was
required (brain heart infusion broth (BHI; Bacto, Mount Pritchard, NSW, Australia)), with
all cultures being aerated at 37 ◦C. Carotenoid and fatty acid are major determinants of CM
biophysical properties (e.g., CM rigidity/fluidity); in turn, these characteristics impact key
events such as susceptibility to antimicrobials (e.g., DAP and β-lactams), staphylococcal
pathogenesis, and organism responses to environmental stressors [34–36].

In vitro passaging of DAP-R strains in LOX. As described before [41], DAP-R iso-
lates, J03, D712, and C25 were passaged in LOX for 28 days, with the post-passage strains
now exhibiting DAP-S by MIC testing. The concentrations of LOX used for serial passage
(1.4 mg/L) represented sub-MIC free average levels achieved in human serum (fCavg) for
each DAP-R isolate. Cultures were grown overnight, diluted, and resuspended in fresh
media (MHB supplemented with 25 mg/L calcium, 12.5 mg/L magnesium and 2% NaCl)
to a total volume of one ml for daily passage as previously described [41]. All experimental
passage experiments were performed in triplicate. The previously published mutations
acquired during prolonged LOX passage, as well as DAP and LOX susceptibilities of the
strain-sets are described in Table 1 [41].

Construction of mprF-mutants by allelic exchange. Introduction of a secondary mprF
mutation into the three DAP-R backgrounds (which contain a single mprF mutation) was
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conducted using the allelic exchange protocol developed by Monk and Stinear [44] with
modification (full detail provided in supplementary methods). Oligonucleotides tailed
with sequence complementary to pIMAY-Z were designed to amplify a ≈ 1.2 kb region
surrounding the secondary mprF mutation (Table S1) [45], in which the LOX passaged
DAP-resensitized strains served as a donor for the sequence. E. coli strain IM08B was used
for electrocompetent transformation [46].

Suspected mprF double mutant (DM) colonies and cultures of the parent DAP-R
strains used for allelic exchange underwent whole genome sequencing (WGS) to confirm
their genotype (NextSeq; Illumina, San Diego, CA, USA), as previously described [41].
Both the primary (from the DAP-R parent) and secondary (introduced) mprF mutations
were confirmed in all three backgrounds. Only one off-target missense mutation was
identified: a A308V amino acid change in predicted gene FFX42_RS09315 in the D712 mprF
DM (reference D592, CC5 background).

Surface charge. The relative positive cell surface charge of the three DAP-S/DAP-
R/LOX-DAP-resensitized strain-sets was assayed using the standard polycationic cy-
tochrome C (Cyt C) binding assay as described elsewhere [32–34]. Briefly, S. aureus strains
were grown in BHI broth to stationary phase, washed with MOPS (3-morpholinopropane-
1-sulfonic acid) buffer (pH 7.0), resuspended in the same buffer at OD578 ≈ 1.0, and then
incubated with 0.5 mg/mL of Cyt C for 10 min. Then, the residual quantity of Cyt C
remaining in the bacterial supernatant was measured spectrophotometrically at OD530 nm,
as described previously [32–34]. A decrease in the quantity of Cyt C binding (i.e., more
cation in the supernate) reflects a greater positively charged bacterial surface [32–34]. The
data are presented as mean (±SD) of bound Cyt C. A minimum of three independent
experiments was performed on separate days.

CM phospholipid (PL) composition and amino-PL (LPG) asymmetry. The lipid
extraction methodology has been described before [32–36]. S. aureus’ major PLs (lysyl-
phosphatidylglycerol (LPG); phosphatidylglycerol (PG); and cardiolipin (CL)) were sepa-
rated using two-dimensional thin-layer chromatography (2D-TLC), using a unique solvent
system as previously described [32–36]. The isolated PL spots on TLC plates were scraped,
digested at 180 ◦C for 3 h with 0.3 mL 70% perchloric acid to convert into the inorganic form
of phosphate, and quantified spectrophotometrically at OD660 by phosphate estimation
assay. The identification of all spots on the TLC plate were carried out by exposure to
iodine vapors and by spraying with CuSO4 (100 mg/mL) containing 8% phosphoric acid
(v/v) and heated at 180 ◦C.

Fluorescamine labeling (a CM-impermeant UV fluorophore that binds to amino PLs,
such as LPG, in the outer CM leaflet and is a measure of LPG translocation) was performed,
using the same 2D TLC plates [32–36]. The percentage of fluorescamine-labeled LPG
was calculated from the phosphorus data relative to total PLs. In general, LPG resides
predominantly in the inner leaflet of the S. aureus CM; however, variable amounts of
LPG can be translocated from the inner-to-outer CM leaflet to maintain lipid homeostasis.
Fluorescamine labeling of outer CM (O)-LPG was detected by using a UV detector (365 nm).
Fluorescamine-labeled LPG alters its mobility characteristics, and its ability to be detected
by ninhydrin staining is attenuated. Unlabeled LPG (inner CM [I]-LPG), was visualized by
ninhydrin staining. The identity of each of the major TLC spots was made in relation to
known positive control PLs. Data were presented as the mean (±SD) percentages of the
three major PLs (Total LPG + PG + CL = 100%).

BODIPY-DAP fluorescence microscopy. DAP binding was performed using confocal
microscopy with BODIPY-labeled DAP. Cells were incubated with BODIPY-labeled DAP
as previously described [37]. The cells were concentrated 20-fold, and 3 μL was placed on
a glass slide. Slides were set with prolonged diamond antifade mountant and a #1.5 glass
coverslip. Images were collected using a Leica SP8 3X STED Super-Resolution Confocal
Microscope using a 489 nm laser line and 510–579 nm emission with 660 nm depletion.
ImageJ was utilized to measure integrated fluorescence density of 30 cells, and corrected
cell total fluorescence was calculated.
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Quantification of carotenoids: The extraction and quantification of CM carotenoids
was performed as described previously [33–36]. Strains were grown at the late stationary
phase in BHI broth at 37 ◦C for 18–24 h and then harvested, washed, and pelleted in
PBS by centrifugation. The post-removal of extra liquid from final pellets occurred by
inversion for 2 min; then, pellet wet-weights were recorded. After 0.5 mL methanol was
added to 0.1 g of the bacterial pellet, cells were vortexed vigorously and centrifuged. The
upper layer of methanol extract was collected for the quantification of overall carotenoid
content [33–36], which was determined spectrophotometrically at OD450 [33–36]. These
assays were performed a minimum of five times for individual strains on different days.

Fatty acid content. S. aureus cells were saponified, methylated, and fatty acid esters
were extracted into hexane as detailed [43]. The resulting methyl ester mixtures were
separated by gas chromatography [43]. Fatty acids were identified by a well-characterized
microbial identification system. The external calibration standards (a mixture of the straight-
chained saturated fatty acids from 9 to 20 carbons in length and five hydroxy acids) and
individual known fatty acids were used to calibrate equivalent chain length (ECL) data for
fatty acid identification [43]. The ECL value for each fatty acid are represented as a function
of its elution time in reference to the elution time of known standards of straight-chain
fatty acids [43]. Short, medium, and long-chain saturated fatty acids were grouped per
carbon number [43]. ECLx = (Rtx − Rtn/Rt (n + 1) − Rtn) + n, where Rtx is the retention
time of x, Rtn is the retention time of the saturated fatty acid methyl ester preceding x, and
Rt(n + 1) is the retention time of the saturated fatty acid methyl ester eluting after x. FA
data represent the means (±SD) from a minimum of two independent determinations on
different days. Data were expressed as the percentage of the major FAs (branch chain [BC]
FA + saturated [S]FA + unsaturated [U]FA = 100%). FAs present representing <1% of the
total content were not included in the data analysis.

CM order (fluidity/rigidity). CM order profoundly impacts the interactions of DAP
with the S. aureus CM [33–36]. MRSA strain-sets were grown overnight in BHI broth at
37 ◦C, harvested by centrifugation, and then washed with PBS. A whole-cell suspension
of the MRSA strains was prepared at an OD600 = 1.0 (≈108 CFU mL−1). CM fluidity was
measured by polarizing spectrofluorometry utilizing the fluorescent probe, 1,6-diphenyl-
1,3,5-hexatriene (DPH) (excitation and emission wavelengths of 360 and 426 nm). The
detailed methods for quantifying DPH incorporation into CMs and the calculations of the
degree of fluorescence polarization (polarization index (PI)) are described elsewhere [21,22].
An inverse relationship occurs between PI values and CM fluidity (i.e., lower PI equates to
a greater extent of CM fluidity) [32–36]. These experiments were carried out a minimum of
four times for each strain-set on different days.

Statistical Analyses. The two-tailed Student’s t-test was used for statistical analysis
of all quantitative data. p values of ≤0.05 were considered “significant”.

3. Results

Resensitization of DAP-R MRSA to DAP-S. As previously published, LOX resen-
sitized all DAP-R strains (J03, D712, and C25) to DAP (DAP-resensitized) after serial
passage for 28 days in vitro (Table 1) [41]. The secondary mprF mutations derived from
LOX passage strains were reintroduced (mprF DM) into the respective DAP-R parental
strains. This allelic replacement resulted in a reduction of DAP MICs to levels similar to the
post-LOX passage strains. This enhanced DAP resensitization correlated with increased
BODIPY-DAP binding by confocal microscopy (Figure 1).

CM phospholipid (PL) content. As expected, the DAP-R variants showed CM PL
profiles featuring increased total LPG content vs. the respective DAP-S parental straincon-
sistent with other previously described DAP-R strains (Table 2); this reflects the gain-in-
function impacts typical of single mprF mutations [42]. Of interest, the increased total LPG
content in this mutant was associated with enhanced synthesis but not increased outer CM
translocation (data not shown). In contrast, the DAP-resensitized variants, either derived
post-LOX passage or via allelic replacement, demonstrated reductions in overall synthesis
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of LPG to levels compatible with the DAP-S parental strain (Table 2). This CM PL profile in
the DAP-resensitized strains is consistent with the documented accumulation of an addi-
tional mprF mutation in these strains [41], resulting in a decrease-of-function phenotype.

 
(A) 

(B) 

Figure 1. Binding of BODIPY-labeled daptomycin (BODIPY-DAP) to S. aureus study strains. (A) Cor-
rected total cell fluoresence of BODIPY-DAP binding. (B) Representative confocal microscopy images
of BODPY-DAP binding in the well-characterized D series strains. * p < 0.01 vs. DAP R-strain.

Table 2. Phospholipid composition (%) of LOX passaged strain vs. DAP-R/DAP-S.

Strains Total LPG PG CL

C24 12 ± 3 80 ± 6 8 ± 5
C25 25 ± 5 a 70 ± 5 a 6 ± 3

C25-LOX 5 ± 1 b 94 ± 1 b 2 ± 1 b

C25, mprF DM 11 ± 2 c 83 ± 4 c 6 ± 6
D592 20 ± 3 77 ± 3 2 ± 3
D712 23 ± 2 a 74 ± 4 a 3 ± 2

D712-LOX 16 ± 4 b 81 ± 5 b 3 ± 2
D712, mprF DM 21 ± 2 75 ± 2 4 ± 1

J01 22 ± 2 70 ± 2 8 ± 2
J03 31 ± 7 a 66 ± 6 a 3 ± 1 a

J03-LOX 20 ± 1 b 78 ± 3 b 3 ± 2 b

J03, mprF DM 16 ± 3 c 78 ± 4 c 6 ± 1 c

a p-value < 0.05; DAP-R vs. DAP-S; b p-value < 0.05; LOX passaged strains vs. DAP-R; c p-value < 0.05; mprF DM
strains vs. DAP-R.

Cell surface charge. As shown in Table 3, in two of the three DAP-R strains, more
unbound cytochrome C (reflecting a more positive cell surface charge) was observed vs.
their respective DAP-S parental strains. In strains with secondary mprF mutation derived
post-LOX passage as well as in the allelic reintroduction strains (mprF DM), a more negative
surface charge was observed as compared to respective DAP-R strains (p < 0.05) and similar
to the DAP-S parental strains.
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Table 3. Surface charge of study strains.

Strains % Cytochrome C Unbound

C24 53 ± 1
C25 62 ± 0 a

C25-LOX 54 ± 0 b

C25, mprF DM 45 ± 0 c

D592 56 ± 0
D712 85 ± 3 a

D712-LOX 46 ± 1 b

D712, mprF DM 57 ± 1
J01 58 ± 0
J03 48 ± 0 a

J03-LOX 55 ± 0 b

J03, mprF DM 44 ± 0 c

a p-value < 0.05; DAP-R vs. DAP-S; b p-value < 0.05; LOX passaged strains vs. DAP-R; c p-value < 0.05; mprF DM
strains vs. DAP-R.

Fatty acid content. We observed considerable shifts in the patterns of saturated fatty
acids (SFAs) as well as iso- and anteiso-branched chain fatty acid (BCFA) profiles among
the DAP-resensitized strains in comparison to both the parental DAP-S and their respective
DAP-R mutant strains (Tables 4 and S2). Interestingly, the DAP-resensitized strains had
elevated SFA content as compared to their respective DAP-R mutants. However, changes
in SFA content in DAP-resensitized strains vs. respective DAP-S parental strains were
minimal. A significant decrease in the proportion of total anteiso-BCFAs was noted in
the DAP-resensitized strains versus the corresponding DAP-R mutants (p < 0.01). The
DAP-resensitized strains and their DAP-S parental strains had similar levels of anteiso-
BCFAs. In addition, no consistent pattern of iso-BCFAs differences was observed among
the strain-sets (Tables 4 and S2). It should be noted that increased anteiso-SFA, reduced
iso-SFA, and SFA content correlates with more fluid CM in S. aureus [34–36].

Table 4. Fatty acids (%) composition of LOX passaged strain vs. DAP-R/DAP-S.

Strain Set a Iso FA Anteiso FA SFA

C24 30 ± 0.1 41 ± 0.12 25 ± 0.03
C25 27 ± 0.01 a 44 ± 0.02 a 22 ± 0.03 a

C25-LOX 25 ± 0.07 b,c 41 ± 0.1 b,c 29 ± 0.3 b,c

D592 24 ± 0.6 40 ± 0.03 31 ± 0.4
D712 25 ± 0.01 a 40 ± 0.03 26 ± 0.2 a

D712-LOX 25 ± 0.04 b 45 ± 0.2 b,c 31 ± 0.2 c

J01 31 ± 0.03 40 ± 0.03 25 ± 0.02
J03 29 ± 0.1 a 45 ± 0.2 a 22 ± 0.11 a

J03-LOX 27 ± 0.1 b,c 43 ± 0.11 b,c 26 ± 0.04 b,c

a p-value < 0.05; DAP-R vs. DAP = S; b p-value < 0.05; LOX passaged strains vs. DAP-S; c p-value < 0.05; LOX
passaged strains vs. DAP-R; SFA = Saturated/Straight Chain FAs.

CM carotenoids. S. aureus utilizes its carotenoid content to modulate its CM order
(i.e., the more carotenoid content, the more rigid the CM) to resist the microbicidal action of
DAP and other cationic peptides [33–35]. The DAP-R strains had lower carotenoid content
vs. their corresponding DAP-S strains (Table 5), paralleling our prior data [36]. This is also
consistent with the more fluid CMs noted below in the DAP-R vs. their respective DAP-S
parental strains. There was a significant enhancement in CM carotenoid content among the
DAP-resensitized variants, either derived from LOX passage or allelic exchange vs. their
respective DAP-R strains (Table 5) (p < 0.05). These data in line with the re-establishing of a
more rigid, parental-level CM.

193



Microorganisms 2021, 9, 1028

Table 5. CM fluidity and carotenoid content of study strains.

Strains
CM Fluidity

(PI Value)
Carotenoids
(OD450nm)

C24 0.389 ± 0.01 0.685 ± 0.04
C25 0.370 ± 0.01 a 0.261 ± 0.03 a

C25-LOX 0.413 ± 0.00 b 1.129 ± 0.24 b

C25, mprF DM 0.368 ± 0.00 0.627 ± 0.02 c

D592 0.408 ± 0.01 1.338 ± 0.01
D712 0.372 ± 0.01 a 0.878 ± 0.01 a

D712-LOX 0.389 ± 0.00 b 1.037 ± 0.02 b

C25, mprF DM 0.395 ± 0.00 c 0.971 ± 0.03 c

J01 0.381± 0.01 1.121 ± 0.04
J03 0.359 ± 0.01 0.697 ± 0.12 a

J03-LOX 0.395 ± 0.01 b 1.518 ± 0.27 b

C25, mprF DM 0.430 ± 0.03 c 1.545 ± 0.37 c

a p-value < 0.05; DAP-R vs. DAP-S; b p-value < 0.05; LOX passaged strains vs. DAP-R; c p-value < 0.05; mprF DM
strains vs. DAP-R.

CM order (fluidity/rigidity). There appears to be an optimal degree of CM order
for the interaction of most CM-targeting cationic peptides, including calcium-complexed
DAP [34–36]. As seen with other DAP-R mutants of MRSA [47], the three DAP-R mutants
in our study displayed more fluid CMs vs. each respective parental DAP-S strain (Table 5).
The DAP-resensitized strains overall had a shift in CM order toward a less fluid (more
rigid) CM, similar to the pattern of their respective DAP-S parental strains (Table 5).

4. Discussion

Our recent studies suggest that β-lactams can synergize with DAP against DAP-R
MRSA through the inhibition of PBP-1 without necessarily enhancing DAP binding [38].
Furthermore, distinct β-lactam antibiotics (such as LOX) can uniquely resensitize DAP-R
MRSA strains to a DAP-S phenotype [41], which is a phenomenon that was only previously
found through in vitro genetic manipulation of mprF [28–30]. Of note, WGS confirmed
that DAP-resensitized strains frequently acquire additional mprF mutations in either their
translocase or synthase domains [41]. The accumulation of such secondary mprF mutations
in our LOX-post passage variants correlated with a significant drop in DAP MICs, which is
often below that of the DAP-S parental strains [41]. The emergence of DAP-R in MRSA
and mutations in mprF are often associated with distinct compensatory changes in PL
composition, surface charge, and CM biophysics (e.g., fluidity profiles). Understanding
the CM-associated adaptations in DAP-R mutants when exposed to selected β-lactams has
important therapeutic implications, as infections with such strains are now being more
frequently treated with DAP-β-lactam combinations [34–36,38,42].

Several interesting themes emerged from our study. First, MprF mutations among
DAP-R clinical strains have been noted in a variety of “hot spot” loci within this protein,
most frequently (>50%) in its central bifunctional domain [28,30]. Of interest, recent in vitro
studies [29] have confirmed that the presence of secondary mprF mutations can yield a
decrease-of-function paradigm, featuring both reversal of DAP MICs, as well as a shift in PL
profiles, paralleling DAP-S parental phenotypes. As noted above, prolonged LOX passage
induces the accumulation of secondary mutations in mprF; however, the causal nature of
this event for daptomycin resensitization was unclear, since other genetic mutations were
also observed, most notably in div1b and rpoC. In this present study, we confirmed that
these secondary mprF mutations (either via LOX passage or allelic exchange) are sufficient
to restore parental level daptomycin MICs, as well as induce prototypical modifications
in CM phenotypes. Studies are in progress to understand the mechanism(s) by which
β-lactams can trigger the accumulation of secondary mprF mutations.
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Second, DAP-R MRSA strains can modulate their surface charge toward a more
relatively positive charge phenotype, potentially creating a “charge-repulsive” surface
milieu against cationic molecules such as calcium-complexed DAP [26–28]. However,
altered positive surface charge was only noted in two of our three strain-sets, and thus, it is
not likely being determinative of the DAP-resensitization phenotype. Of note, β-lactams
with PBP-1-targeting specificity may, in fact, not significantly alter surface charge, making
their DAP-β-lactam synergy impacts independent of such events [38]. These data suggest
that charge repulsion itself is not sufficient to fully explain the β-lactam resensitization of
DAP-R strains.

Third, all three DAP-resensitized strains demonstrated substantially decreased CM
fluidity as compared to their respective DAP-R strains and similar to their respective DAP-S
parental strains. There are optimal biophysical metrics within the CM microenvironment
that appear to maximize interactions of cationic peptides with the CM of MRSA [20–22,24].
Therefore, MRSA CMs containing extremes of rigidity/fluidity are comparatively resistant
to interactions with such peptides [34,36,47]. The similar patterns of CM order of DAP-
S parental and DAP-resensitized strains, on the one hand, vs. the distinctly different
patterns of CM order in their respective DAP-R variants, underscored the likelihood
that this phenotype is playing a relevant role in the overall differences in ultimate DAP-
induced killing.

Finally, the above differences in CM order within the strain-sets were well correlated
with changes in both carotenoid content and the patterns of anteiso-BCFAs; thus, changes
in CM carotenoid content can lead to a buildup of C30 precursor species that shuttle into the
menaquinone-fatty acid oxidation pathways [34]. In addition, CM–carotenoid interaction
with the scaffold protein, flotillin, leads to CM microdomain formation, which is an im-
portant scaffolding for PBP maturation [48]; thus, the disassembly of these microdomains
can have a major impact on MRSA antibiotic resistance [45]. Furthermore, it should be
underscored that DAP inhibits the net synthesis of the cell envelope by interfering with
such microdomains of DAP-S bacteria, leading to reorganization of the overall CM ar-
chitecture, followed by the delocalization of essential CM proteins, such as the lipid II
synthase, MurG [39,40]. Moreover, it is well known that various “stressors” can evoke a
pattern of enhanced production of anteiso-BCFAs, with resultant increases in CM fluidity
as a protective survival mechanism. Thus, Bacillus species can elicit such anteiso-BCFA
shifts during ‘cold shock’ [49]. The shift we observed in anteiso-BCFAs and other FAs
in the DAP-R mutants may represent the equivalent of a “cold shock” response at 37 ◦C.
These same iso-to-anteiso-BCFA shifts, linked with perturbed CM order, have also been
documented in previously studied S. aureus strains [35].

We recognize that the current investigation has several key limitations: (i) only three
DAP S/DAP-R/DAP-resensitized strain-sets were studied; (ii) only a relatively focused
cadre of phenotypic characteristics were interrogated in comparing the strain-sets; (iii)
only a single β lactam antibiotic was used for prolonged passage, leaving unresolved
whether other PBP-specific or PBP-promiscuous β-lactams can elicit the same adaptations;
(iv) the linkage of our CM perturbations with specific metabolomics modifications was
not explored [50]; and (vi) additional mutations documented previously in prolonged
LOX-passaged strains (41) were not systematically investigated (e.g., via allelic exchange)
to determine their impacts on the above CM parameters. It should be noted that DAP-
resensitization did not occur post-LOX passage in DAP-R strains lacking a primary mprF
mutation [41]; thus, it is highly likely that mprF and its associated CM changes play a
critical role in the DAP-resensitization phenomenon.
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Abstract: A new methicillin resistance gene, named mecC, was first described in 2011 in both humans
and animals. Since then, this gene has been detected in different production and free-living animals
and as an agent causing infections in some humans. The possible impact that these isolates can
have in clinical settings remains unknown. The current available information about mecC-carrying
methicillin resistant S. aureus (MRSA) isolates obtained from human samples was analyzed in order to
establish its possible clinical implications as well as to determine the infection types associated with
this resistance mechanism, the characteristics of these mecC-carrying isolates, their possible relation
with animals and the presence of other risk factors. Until now, most human mecC-MRSA infections
have been reported in Europe and mecC-MRSA isolates have been identified belonging to a small
number of clonal complexes. Although the prevalence of mecC-MRSA human infections is very low
and isolates usually contain few resistance (except for beta-lactams) and virulence genes, first isolates
harboring important virulence genes or that are resistant to non-beta lactams have already been
described. Moreover, severe and even fatal human infection cases have been detected. mecC-carrying
MRSA should be taken into consideration in hospital, veterinary and food safety laboratories and in
prevention strategies in order to avoid possible emerging health problems.

Keywords: Staphylococcus aureus; methicillin resistance; human infection; CC130

1. Introduction

Staphylococcus aureus is an opportunistic pathogen that causes high morbidity and mortality.
This microorganism is able to cause diverse diseases that range from having a relatively minor impact,
such as a skin infection, to serious and life-threatening episodes, such as endocarditis, pneumonia or
sepsis. The impact of S. aureus is enhanced by its great capacity to develop and acquire resistance
to various antimicrobial agents. Among the antibiotic resistance of S. aureus, methicillin resistance
mediated by the mecA gene is highly relevant as this mechanism provides this bacterium resistance
to almost all beta-lactam antibiotics, seriously limiting therapeutic options [1,2]. Recently, the World
Health Organization (WHO) outlined the greatest threats in terms of antimicrobial resistance and
methicillin-resistant S. aureus (MRSA) was classified as a high-priority microorganism. For many years,
MRSA infections were only reported in hospitals, with it being considered to be a nosocomial pathogen
(hospital-associated MRSA or HA-MRSA). In the 1990s, community-associated MRSA (CA-MRSA)
cases in healthy humans without any connection to healthcare settings started to be described and,
nowadays, the distinction between CA-MRSA and HA-MRSA seems to be disappearing [3,4].

For the last two decades, a third epidemiological group known as livestock-associated MRSA
(LA-MRSA) has been described. S. aureus has been considered to be an important zoonotic agent with
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Microorganisms 2020, 8, 1615

a great capacity to cause infections in different animal species and in humans. Various studies have
suggested that there is a high specificity of the different genetic lineages of S. aureus for the host [5].
However, many cases of clones related to animals have been detected and have caused infections in
humans [6,7]. Presently, different clonal lineages associated with LA-MRSA have been described and,
among these, the clonal complex (CC) CC398 stands out (Table S1). CC398 is related to production
animals, mainly pigs, and has been detected worldwide [8]. Infection cases have been identified in
humans, both in contact and without contact with animals [9–11]. In addition to CC398, there are other
clonal complexes associated with animals such as CC5 in birds, CC9 in pigs, CC97 in cattle or CC133 in
small ruminants [12–15].

Remarkably, a new methicillin resistance gene (mecALGA251, which shares only 70% similarity to
mecA (Figure S1)) was first described in 2011 in both humans and animals [16,17]. Initially these strains
were associated with dairy cows and these animals were considered to be a possible reservoir [16].
Since then, this gene has been detected in different production and free-living animals and as an agent
causing infection in some humans [8,18]. This new gene was named mecC since mecB had previously
been described in macrococci, but not in staphylococcal species [19]. Worryingly, mecB has been recently
identified in S. aureus and future studies should determine the potential risk that this entails [20].
In the case of MRSA isolates carrying the mecC gene (mecC-MRSA isolates), these isolates have already
been identified as belonging to diverse clonal lineages such as CC130, CC49, sequence type (ST)
151, ST425, CC599 or CC1943 and in very different hosts, including its detection in environmental
samples [8,21–23]. There are different theories about the origin of the mecC gene and the possible
impact that these isolates can have in clinical settings. In this review, the objective was to describe
current knowledge about mecC detection in humans and its possible clinical implications, as well as to
determine the infection types associated with this resistance mechanism, the characteristics of these
mecC-carrying isolates, their possible relationship with animals and the presence of other risk factors.

2. Detection of mecC-MRSA Isolates in Humans

2.1. Human Studies Related to mecC-MRSA

Although the mecC gene was initially discovered in an isolate from bulk milk in England, the first
human mecC-MRSA isolates were also identified in that same study [16]. These human isolates were
obtained from patients from the United Kingdom and Denmark. Moreover, in a publication from the
same year, two human MRSA isolates carrying this new resistance gene were independently identified
in Ireland [17].

Since then, several retrospective and prospective studies using human S. aureus isolates/samples
were carried out in order to search for mecC-MRSA isolates (Tables 1 and 2) [16,18,24–74]. Most of these
studies were performed in European countries (Tables 1 and 2), and the UK and Denmark were the
countries in which the highest levels of mecC-MRSA isolates were detected [16,24,25,39,41].
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Unfortunately, the design of these studies was very different, which complicates any comparison of
the data obtained. Importantly, the criteria chosen for the selection of the initial isolates/samples varied
significantly. While all S. aureus isolates were collected in some studies [29,38,45], only MRSA isolates
were included in others [24,26–28,32,33,36,41,42]. Moreover, several studies were more restrictive
and only used isolates that showed characteristics suspected of carrying the mecC gene such as
spa types associated with mecC-positive clonal lineages previously described, mecA-negative MRSA
isolates, isolates with antimicrobial susceptibility suspected to be mecC-positive or pvl-negative MRSA
isolates [25,26,37,69] (Table S1). In any case, the mecC-MRSA human prevalence detected in most
of the studies was very low. Several studies did not identify any mecC-positive S. aureus among
included human isolates/samples (Table 2) [45–74]. In studies in which this gene was detected (Table 1),
the prevalence identified, considering the total number of isolates/samples included, was < 1% in most
of the cases [24,27–29,32,33,37,40–43], similar to that identified in the first study in which mecC was
discovered (approximately 0.04%) [16]. In a few studies, the prevalence was > 1% but, in all of these,
only a small number of initial isolates (<400 isolates) was used; this may be the reason for the high
prevalence value obtained (up to 6.3%) [25,26,36,38,39]. Recently, a meta-analysis of the prevalence of
mecC-MRSA, based on previously published results, estimated the prevalence of mecC-MRSA in the
human subgroup at 0.004% (95% CI = 0.002–0.007), and the prevalence in the animal subgroup to be
0.098% (95% CI = 0.033–0.174) [75].

2.2. mecC-MRSA Human Case Reports

A total of 61 human case reports associated with mecC-MRSA isolates has been described
(Table 3) [17,36,37,45,76–81]. Although mecC-positive isolates have been identified in Asia, Europe,
and Oceania [21,82,83] in different hosts, all human case reports were described in European countries
(Table 3). This was to be expected considering that the majority of the papers in which mecC-MRSA has
been detected in both animals and humans, as well as in environmental samples, have been focused on
countries on this continent [8,21–23].

In 4 of the 61 human case reports, mecC-MRSA was only identified in screen swabs (for colonization
detection), with it not being related to the cause of the patient’s admission [36,37,45], and the clinical
information was not indicated in another two case reports [17]. In the remaining 56 studies, mecC-MRSA
isolates were related to (number of cases): skin and wound infections (47 cases) [37,76,79,81], joint and
bone infections (3 cases) [37,77,78], respiratory infections (2 cases) [76] and bacteremia (2 cases) [37,80].
Taking into consideration the type of samples in which mecC-positive isolates have been detected in
humans (Tables 1–4), most mecC human cases were implicated in skin or wound infections. However,
the detection of mecC-MRSA isolates in other types of samples such as blood, sputum or urine is
remarkable (Table 4). Pertinently, some serious infections have been described, such as severe bone
infections [78], nosocomial pneumonia [33] and bacteremia [16,24,80], in some cases ending with the
death of the patient [37].
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Table 4. Type of sample/infection in which mecC-MRSA isolates have been identified among
human patients.

Type of Sample/Infection Number of Isolates 2 References

Screen swab 1 54 [16,29–34,36,38,40–42,45,76]
Skin lesion/dermatitis/impetigo

wound/post-operative wound/skin
and soft tissue infections

158 16,24,29,30,33,36-38,40,41,76,79,81

Blood 16 [16,24,37,38,80]
Urine 7 [24,29,37]

Nosocomial pneumonia/sputum/
Tracheal aspirate 7 [29,30,32,33,76]

Nose 5 [16]
Eye/ear 3 [16,24]

Fluid of heel/joint fluid 3 [30,37,77]
Mouth/Nose 2 [16]

Ear 1 [16]
Finger 1 [16]
Fluid 1 [16]
Hand 1 [16]

Percutaneous endoscopic
gastrostomy site 1 [16]

Retrosternal abscess 1 [78]
Toe 1 [16]

Unknown 34 [16,24]
1 In screen swab: all samples in which was clearly indicated that they did not cause infection were included.
However, in several studies it was not indicated whether samples were screen samples or if these samples were
taken in infection sites. 2 In human case reports, only one isolate from the most representative infection sample
was considered.

3. Risk Factors for mecC-MRSA Infection

3.1. Contact with Animals

Since the first description of the mecC gene, contact with animals has been considered to be a risk
factor for mecC-MRSA infection or carriage for several reasons [16,17]. This gene was identified in isolates
belonging to CC130, and this clonal complex was predominantly detected among methicillin-susceptible
S. aureus (MSSA) isolates from bovine sources [17]. Moreover, the discovery of this gene in isolates
obtained from dairy cows suggested that these animals might provide a reservoir of this resistance
mechanism [16]. Thereby, in some of the studies carried out since then, information about the
possible contact of patients with animals was indicated (Tables 1 and 3). Many studies found out that
most of the patients lived in rural areas or areas with a high density of farms [18,24,26,29,36,76,79].
In this sense, four studies indicated patient contact with livestock or farm animals [18,24,76,78,81],
two referred to only contact with pets [38,45], two patients had no contact with animals and the
authors did not have a plausible explanation for the detection of these isolates [37,80], one patient was
a veterinarian [33], and in several studies this information was not indicated [16,17,27,30,31,41,77].
Interestingly, mecC-MRSA transmission between animals and humans was demonstrated in two human
infection cases by whole genome sequencing. Specific clusters including isolates from each human
infection case and their own livestock were detected. Thus, human and animal isolates from the same
farm only differed by a small number of SNPs [18]. These findings highlight the role of livestock as a
potential reservoir for mecC-MRSA.

3.2. mecC-MRSA Carriage in Humans

S. aureus shows a great capacity to colonize the skin and nares of hosts, being able to last over
time and cause opportunistic infections [84,85]. mecC-MRSA isolates were identified as commensals in
several prevalence and case report studies (see screen swab in Tables 1–4). At least 54 mecC-MRSA
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positive isolates were obtained from screen swabs, mainly from the nose, but also from throat and groin
sites. Moreover, isolates obtained from other types of samples could also be considered as commensals,
as in one human case report in Spain in which the isolate recovered from the urine of one patient was
considered as a colonizer since the patient did not present urinary symptoms [37].

mecC-MRSA isolates implicated in both colonization and infection were obtained from the same
patient in some studies [18,37]. Indeed, one patient with bacteremia due to an mecC-MRSA isolate also
presented nasal colonization by the same mecC-MRSA isolate (with the same genetic characteristics) [18].
These results corroborated the importance of colonization being the previous step, which enables
isolates causing severe disease. Interestingly, in another bacteremia case in which the patient died, a
household transmission between grandfather and grandson was detected, with the grandson being
colonized by the same isolate [37]. Nevertheless, in other studies, mecC-MRSA isolates were not
identified as colonizers from patients with mecC infections [81], and it has been suggested that
mecC-MRSA isolates might be worse colonizers and less contagious in humans than mecA-MRSA
isolates [76]. In the study carried out in Sweden, only two out of the patient’s 27 family members were
positive for mecC-MRSA isolates and the median time for mecC carriage was 21 days [76].

3.3. Patient Age

Most of the patients described in case reports (Table 3) were middle-aged or
elderly [17,36,37,45,77–80], except two patients: one of them was a 34 year-old farm worker with high
contact with animals who presented a superficial skin lesion [81], and the other was a healthy 3 year-old
child [37]. The average age of patients with mecC-MRSA detected in Denmark during 2007–2011 was
51 [24] and the average detected in Sweden in 2005–2014 was 60 [76]. In the Danish study, CA-MRSA
mecC patients were significantly older than other CA-MRSA cases, indicating that mecC-MRSA seems
to have a different origin and epidemiology to typical CA-MRSA [24].

3.4. Underlying Chronic Disease

Remarkably, in the 45 human cases detected in Sweden, most patients had some kind of underlying
chronic disease (diabetes mellitus, cancer, autoimmune diseases or atherosclerotic diseases), or an
existing skin lesion [76]. Infection by mecC-MRSA of wounds has also been suggested by others [79].
Moreover, mecC-MRSA infections were identified in patients with primary pathologies (diabetes,
myelodysplastic syndrome, peripheral arterial occlusion disease, etc.) in one study in Austria [38],
and in a patient with an urothelial carcinoma in Spain [80]. Unfortunately, information about other
underlying diseases of mecC-MRSA positive patients is missing in most of the papers.

4. Characterization of mecC-MRSA Human Isolates

4.1. Clonal Lineages of mecC-MRSA of Human Origin

As in other hosts, most of the mecC-MRSA isolates obtained from human samples belonged to
CC130 (Tables 1 and 3) (Figure 1). Other clonal complexes identified were CC49, CC425, CC599, CC1943
and CC2361 [16,24,25,29–31,38,40,41,76] (Table 1) (Figure 1). Worryingly, it has been hypothesized that
SCCmec XI (the SCC element that contains the mecC gene) might have the potential to be transferred to
other S. aureus clonal lineages due to the fact that it is bounded by integration site sequence repeats and
that it has intact site specific recombination components [16] (Table S1 and S2). Until now, mecC-MRSA
CC130 isolates have been identified in all countries in which clonal lineages were determined and it
was the unique CC detected in Spain, France, Ireland, Slovenia and Switzerland [17,37,45,77–79,81]
(Figure 1). Remarkably, in France and Spain there were several human infection reports, but in all
of them the mecC-MRSA isolates belonged to CC130 (Table 3). After CC130, the clonal complexes
CC1943 and CC599 were the most widely detected in humans, being identified in four and three
countries respectively [16,25,29,31,38,41] (Figure 1). Conversely, CC49 was only described in one study
in Belgium [29]. While CC49, CC130, CC425, CC599 and CC1943 were also identified in mecC-MRSA
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isolates from a non-human origin, CC2361 has been only described in humans so far [24,76]. Thus,
CC130 was described in farm, domestic and wild animals and in food samples; CC49 in horses and
small mammals, CC425 in wild animals and food, CC599 in pets and farm animals and CC1943 in
pets [8].

Figure 1. Clonal complexes (CCs) detected in mecC-MRSA human isolates.

A large variety of spa types was detected among the human mecC-MRSA isolates (Figure 2).
The most predominant spa type was t843, which is associated with CC130 and was identified in a
total of 260 human isolates. This spa type was detected in all countries in which human mecC-MRSA
isolates were detected, except in Switzerland [45]. Other spa types were also described in several
countries. Some of them were identified only in two countries, this is the case of t792, t1773, t5930,
t6293, t6386, t7485, t7734, t7945, t7946, t7947 and t9397, but others were more widely spread as t978,
t1535, t1736, t3391 or t6220 (Figure 2). Although there is a strong association among spa types and MLST
clonal complexes [86], some spa types were associated with different clonal complexes. Two isolates
obtained in screen swabs from two patients in two different hospitals from England presented the
spa type t11706 [40]; one of these isolates belonged to ST1245 (CC130) and the other one to ST425
(CC425). Moreover, the spa types t978, t2345, t3391 and t8835 were associated in some studies with
CC1943 [16,25,29], and in others with CC2361 [24,76]. Nevertheless, the founders of both clonal
complexes, ST1943 and ST2361, are Single Locus Variant (SLV) of each other (and only differ at the aroE
allele), which could explain these results (Table S1).
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Figure 2. spa types detected in mecC-MRSA isolates of humans. Colors indicate the clonal complexes
associated with each spa type: green CC49, red CC130, blue CC425, purple CC599, orange CC1943,
black CC2361. The number of isolates of each spa type is indicated in parentheses (to calculate the
number of isolates in human case reports, only one isolate from each spa type and each patient
was considered)

4.2. Treatment and Antimicrobial Resistance Profile of mecC-MRSA Human Isolates

Most of the human mecC-MRSA isolates detected were susceptible to all non-beta-lactam
antimicrobials tested (Tables 1 and 3). This is in accordance with results obtained in mecC-MRSA isolates
from other origins [21]. In one study performed in Spain, isolates using this criterion were selected
in order to identify mecC-MRSA or CA-MRSA isolates [69]. Although mecC-MRSA was not detected,
this resistance phenotype was a valuable marker for Panton-Valentine Leukocidin (PVL)-producer
isolates (Table S1). Nevertheless, the low prevalence of mecC-MRSA isolates in this region could be
responsible for this result and the use of this phenotype to suspect the presence of the mecC mechanism
should not be discarded.

The most important problem for treating mecC-MRSA infections is that these isolates must be
correctly identified. Although mecC isolates are considered to be MRSA, these isolates sometimes
show borderline susceptibility results for oxacillin or cefoxitin, being identified as MSSA if the
mecA gene is only tested [44]. This could lead to the implementation of inappropriate therapies.
Resistance development to other antimicrobial agents could be added to this, considering the
capacity of S. aureus to acquire resistance to various antimicrobial agents. Some mecC-MRSA
isolates detected in humans have shown resistance to non-beta-lactam antimicrobials [24,33,40,41,76]
(Table 1). Fluoroquinolone resistance was identified in two isolates in Germany [33] and in one
isolate in Denmark [24]. Macrolide and lincosamide resistance was also detected in some studies:
one erythromycin resistant isolated in the UK [41] and one erythromycin and clindamycin resistant
isolate in Sweden [76] and England [40]. Regarding resistance mechanisms, in two studies carried out
in Ireland, the gene sdrM, which encodes a multidrug efflux pump related to norfloxacin resistance and
tet efflux related to tetracycline resistance, were identified in one and two mecC-MRSA CC130 isolates,
respectively [17,26]. Although there has only been one study, whose objective was to compare different
diagnostic tests, human mecC-MRSA isolates resistant to several antimicrobial families have been
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detected [87]. The presence of resistance to non beta-lactam agents in mecC-MRSA isolates significantly
limits our therapeutic options.

4.3. Virulence of mecC-MRSA Human Isolates

The search for virulence genes in human mecC-MRSA isolates has been highly variable from
one study to another. In any case, for the moment, the most common virulence genes detected
have been hla, hld, hlb, edinB, lukED, cap8 or ica, with these genes being highly associated with
CC130 [17,26,31,33,36,38,41]. Fortunately, no mecC-MRSA isolates carrying the PVL genes were
detected. However, other clonal lineages associated with animals have been able to acquire this
virulence factor [88]. For this, their detection in mecC-MRSA isolates cannot be ruled out in the future.
Significantly, some pyrogenic toxin superantigen (PTSAg) genes have been detected in mecC-MRSA
isolates [29,31,38,41]. These genes might be related to specific clonal lineages such as CC599, CC1943 or
CC2361. Thus, the gene tst encoding the toxic shock syndrome toxin has been found in three CC1943
isolates (two harboring sec gene and one containing seg and sei genes) [29,41], in three CC599 isolates
(two of them positive for sel gene and one for sec and sel) [31,38] and in one sec, seg, sei, sel, sen, seo and
seu positive CC2361 isolate [31] (Table S1).

5. mecC-MRSA Problem: What is its Origin? Is It an Emerging Problem?

The oldest known mecC-MRSA isolate, dated in 1975, was detected in the retrospective study
performed by García-Álvarez et al. [16] This isolate was identified in a human blood sample from
Denmark and its detection suggested a possible human origin for the mecC gene [16]. Later, in two
other retrospective studies also carried out in Denmark, two mecC-positive isolates were identified in
samples dated in 1975 [24,25], both were also identified in human blood samples [24,25]. However,
in two of these studies, the oldest sample studied was obtained in 1975, so the presence of older
isolates cannot be ruled out [16,25]. With respect to the remaining retrospective studies in which the
presence of the mecC gene was sought, the dates of the samples were much later than these three
studies, with them being isolates obtained from the year 2000 and later (Table 1). Regarding the earliest
reported mecC-MRSA isolate in other hosts, 1975 also seems to be the key date [89,90]. Therefore,
this resistance mechanism might have been present for over 45 years.

Moreover, this resistance mechanism is highly associated with CC130 since most of the mecC-MRSA
isolates belong to this clonal lineage. A human-to-bovine host-jump of CC130, which occurred ∼5429
years ago, has been suggested [91]. The time and host in which CC130 MSSA isolates acquired the mecC
resistance gene remain unknown today. In order to establish a possible human or animal origin for the
detected mecC-MRSA isolates in human samples, several studies analyzed the presence of IEC (immune
evasion cluster) genes [17,24,26,31,33,36,41,42,78,81] (Tables 1 and 3). In all cases, human mecC-MRSA
isolates were negative for sak, chp and scn except for one ST1945 (CC130) isolate obtained from a screen
swab from a patient in the UK that was positive for sak and scn (IEC type E), suggesting a possible
human origin [41]. Nevertheless, it has been suggested that IEC type E might be a conserved part of
ST1945 since mecC MRSA ST1945 isolates from wild animals also showed IEC type E in several studies
in Spain [41,63,92].

The newest human mecC-MRSA isolates detected so far in Europe were obtained in 2015, one of
them in Germany [27], and the other in England [42]. Both strains showed similarities to those
identified in the first studies [16,17] and both belonged to CC130. Nevertheless, after phylogenetic
analysis, the strain identified in England seemed not to be highly related to any of the published
sequenced mecC-MRSA CC130 isolates [42]. Despite the non-description of mecC-MRSA isolates in
humans in the last 5 years in Europe, data provided by previous studies have detected an increasing
tendency in the prevalence of mecC-positive isolates [24], indicating that surveillance in detecting this
resistance mechanism must be maintained. The lack of detection could be due to the low prevalence of
this resistance mechanism and/or problems in mecC diagnostic methods. Important difficulties in the
detection of mecC-MRSA isolates have been indicated [44,93]. It has been shown that various clinical
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tests used in hospital labs might have failed to identify 0 to 41% of mecC-MRSA isolates [93]. It is
important to optimize and develop new testing protocols and redefine currently available phenotypic
testing methods [44]. In this regard, several commercial PCR-based tests that detect mecC and mecA
genes have been developed. Moreover, recently, mecA/mecC MRSA isolates from cattle have been
described [83]. The possible clinical impact of isolates carrying both genes is currently unknown.

6. Implications in Veterinary and Food Safety

Although this review is focused on the human health implications of mecC-MRSA isolates,
the effects that these isolates can have on veterinary medicine should not be forgotten. mecC-MRSA
isolates causing infections in domestic animals have been identified in several studies [8,94,95]. However,
this resistance gene seems to be most frequently detected in livestock animals including cattle, sheep and
rabbits [8,21]. Although mecC-MRSA rarely causes clinical disease in these food-producing animals,
there are reports of bovine mastitis in several countries [96,97]. As observed in humans, most of the
mecC-MRSA isolates detected in other hosts also belong to CC130, with the characteristics of these
animal mecC-MRSA isolates being very similar to those detected in humans [8,21].

On the other hand, the presence of mecC-MRSA in dairy animals is highly relevant since it could
be a route of entry of these isolates into the food chain. Indeed, milk samples have been identified
carrying mecC-MRSA [8] with the consequent risk of colonization for food handlers. In this case,
it is worth highlighting one of the clinical cases included in this review in which the patient was a
cheese producer [81]. mecC-MRSA zoonotic transmission has been demonstrated in some studies [18],
with the correct prevention, detection and control measures in veterinary and food safety laboratories
being necessary.

7. Conclusions and Future Problems Associated with mecC

Currently, the prevalence of human mecC-MRSA infections is very low. However, mecC-MRSA
isolate transmission between different hosts indicates the great capacity of these isolates for spreading.
There is a wide range of reservoirs in wild, livestock and companion animals and zoonotic transmission
of these isolates could increase the number of mecC-MRSA human clinical cases. Moreover, SCCmec
XI might have the potential to be transferred to other clonal lineages in the future. Their transfer to
more virulent and better-adapted human clones would be deeply troubling. Worryingly, the mecC
gene has already been detected in clonal lineages in which important virulence genes were identified
(CC599, CC1943 or CC2361) or in which IEC was described (ST1945-CC130). Moreover, mecC-MRSA
isolates resistant to non-beta lactams have been detected. Acquisition of non-beta lactam resistance by
mecC-MRSA isolates significantly limits our therapeutic options. mecC-MRSA should be taken into
consideration in hospital and veterinary laboratories and in food safety institutions, and prevention
strategies must be implemented in order to avoid possible emerging health problems.
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Abstract: Phase variation (PV) is a well-known phenomenon of high-frequency reversible gene-
expression switching. PV arises from genetic and epigenetic mechanisms and confers a range of
benefits to bacteria, constituting both an innate immune strategy to infection from bacteriophages as
well as an adaptation strategy within an infected host. PV has been well-characterized in numerous
bacterial species; however, there is limited direct evidence of PV in the human opportunistic pathogen
Staphylococcus aureus. This review provides an overview of the mechanisms that generate PV and
focuses on earlier and recent findings of PV in S. aureus, with a brief look at the future of the field.

Keywords: Staphylococcus aureus; phase variation

1. Introduction

The Gram-positive human commensal Staphylococcus aureus is an opportunistic
pathogen that imposes a major health and economic burden on a global scale [1]. S. aureus
can colonize multiple sites of the human body, but the primary niche of commensal colo-
nization is the anterior nares, with various other skin surfaces making up secondary niches.
There are three main carrier-patterns of S. aureus amongst healthy individuals: persistent
carriers (~20%), intermittent carriers (~30%), and non-carriers (~50%) [2]. Nasal carriage
of S. aureus has been linked to a higher chance of contracting infection [2]. S. aureus is
responsible for an astounding diversity of infections. It is the leading cause of infective
endocarditis, osteoarticular infections, and surgical site infections and S. aureus bacter-
aemia is also prevalent [3,4]. S. aureus can also cause pneumonia and other respiratory
infections, particularly in people living with cystic fibrosis [3]. Furthermore, S. aureus is
supremely adept at colonizing alien surfaces within the body and is often responsible for
infections associated with catheters, cannula, artificial heart valves, and prosthetic joints [3].
This diverse range of infections is enabled by a vast arsenal of virulence factors that are
ready to be deployed in a variety of host environments [5,6]. Of particular concern is S.
aureus’ rapid development of antibiotic resistance. Methicillin Resistant S. aureus (MRSA)
has broad-spectrum resistance against the β-lactam group of antibiotics and is a global
danger with clones existing in both nosocomial and community settings [7]. MRSA is also
a problem in the livestock sector, where it can co-infect both animals and humans [8]. The
infamous development of antibiotic resistance, coupled with its worrying genetic plasticity,
has earned S. aureus a place in the ESKAPE group of pathogens: a collection of bacteria that
represent paradigms of acquisition, development, and transfer of antibiotic resistance [9].
Thus, to better combat this dangerous pathogen it is vitally important to study adaptation
mechanisms of S. aureus.

Another particular trait of S. aureus that makes it notoriously difficult to combat in
the clinical setting is phenotypic heterogeneity. An example of this is the phenomenon
of persister cells, where sub-populations of S. aureus gain a resistance phenotype against
antibiotic treatment resulting from arrested growth [10]. Persister cells may be generated
in numerous ways, one of which is the formation of Small Colony Variants (SCVs) that are
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characterized by auxotrophy for various compounds involved in the electron transport
chain and slow growth, allowing them to escape the effects of many antibiotics [11,12].
Importantly, these populations do not acquire conventional resistance mechanisms against
the antibiotics. This heterogenous phenomenon has severe clinical implications and is
thought to be a significant cause of antibiotic treatment failure and chronic recurrent
infections [13].

Heterogeneity is not limited to antibiotic resistance. As we discuss in this review,
diverse traits, including pathogenicity factors, have recently been recognized as having
sub-population patterns of expression. The scientific point-of-view has been increasingly
focused on such heterogenous phenomena, yet progress is still in the relatively early
stages and much work remains to be done. In this review, we summarize the information
regarding bacterial Phase Variation (PV), a mechanism of high-frequency reversible gene
expression switching (Section 2) and collate the known examples of S. aureus PV into one
source (Section 3) to aid in future studies on heterogeneity in S. aureus (Section 4).

2. Bacterial Phase Variation

2.1. Background of Phase Variation

All living organisms are faced with the constant challenge of maintaining fitness in
order to survive and reproduce, and this is no less true for bacterial species. Bacteria
are under constant onslaught from fluctuations in their local environment, infection from
bacteriophages, and (in the case of pathogenic bacteria) attack from their infected host.
Although bacteria possess robust mechanisms of classical gene regulation that allow them
to respond to extracellular changes (e.g., Bacterial Two-Component Systems), these alone
may be unable to cope with the constant barrage of fluctuating pressures they face. These
selective pressures are often focused on bacterial external proteins which form the first line
of contact with the outside environment and this has led to development of what have been
termed “contingency loci” [14,15]. Contingency loci are hypermutable genes that generate
genetic and phenotypic variation allowing bacterial populations to survive unpredictable
pressures. This hypermutability is conferred by the phenomena of Phase Variation (PV)
and antigenic variation.

PV is a reversible gene expression switch that can alter expression between an ON
and an OFF state and occurs through several genetic and epigenetic mechanisms [16].
It is characterized by high frequencies, usually exceeding 1 × 10−5 variants per total
number of cells [17,18] which is orders of magnitude above the typical frequencies of
spontaneous mutations (10−6 to 10−8 per cell per generation) [18]. Depending on the
method of calculation, the frequency of PV may describe not only rate of the PV mechanisms
but also the growth of the phase variants themselves. Antigenic variation is related to PV
and occurs through similar mechanisms. However, rather than alternating between an
ON and OFF state, antigenic variation mechanisms generate variations in the sequence
of surface proteins resulting in the expression of different forms and structures of the
antigenic proteins on the cell surface [17–19]. As such, due to the similar nature of the
mechanisms involved, antigenic variation will not be separately addressed in this review.

As mentioned above, genes subject to PV often encode for cell-surface associated
features such as adhesins, liposaccharide synthesis enzymes, and pili [20–22] but can also
encode for virulence factors and secreted proteins such as iron acquisition machinery [23,24].
The collection of phase variable loci in a bacterial species is referred to as the “phasome” [16]
and generally includes genes which are involved in bottlenecks experienced by the bacterial
population. This is most clearly seen in pathogenic bacteria which undergo constant
challenge from host immunity during the infection process. For example, PV mediated
shutdown of liposaccharide synthesis genes in the invasive pathogen Haemophilus influenzae
confers protection against neutrophil-mediated immune clearance but is detrimental in
other environments [22,25,26]. In another example, PV in Salmonella typhimurium flagellae
can modulate their antigenic properties and allow for evasion from host immunity [27].
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It is likely that the original role of PV was as a mechanism of innate immunity against
bacteria’s greatest enemy: bacteriophages [28]. Although bacteriophages exist in exagger-
ated abundance relative to their bacterial hosts, their host range is often limited to just
a few specific strains of a given bacterial species [29]. Thus, there is a constant cyclical
arms race between bacteria and bacteriophages in order to stay one step ahead of each
other [30], and PV plays an important role in both sides of this war. An example can once
again be found in liposaccharide synthesis genes of H. influenzae in which PV can result in
a switch from a sensitive to resistant phenotype against the HP1c1 phage [31]. On the other
hand, PV in the Escherichia coli phage Mu causes a switch in expression between two sets of
tail fibers resulting in modulation of the host specificity [32,33] with similar phenomena
identified in other phages [34].

Considering the above information, it can be inferred that genetic loci susceptible to
PV would be found in abundance amongst bacterial species that experience population
bottlenecks. Typically, such bottlenecks often occur during the infectious process which
imposes limits onto the bacterial population size. These bottlenecks reduce genetic diversity
at a time when variation is most beneficial, and PV offers a solution to this hurdle and
indeed, several pathogenic bacteria have been documented to undergo PV [18].

While PV is, by definition, a stochastic process, it occurs through several discrete mech-
anisms. Broadly speaking, mechanisms of generating PV can be discriminated into genetic
and epigenetic mechanisms [16] both of which will be addressed in Sections 2.2 and 2.3
respectively.

2.2. Genetic Mechanisms of PV

There are three genetic mechanisms of PV which shall be discussed in the follow-
ing chapters: Variation in length of DNA Short Sequence Repeats (SSRs) [35–37], DNA
inversion [38], and DNA recombination [39,40].

2.2.1. Variation in Length of DNA Short Sequence Repeats (SSRs)

SSRs are homo- or hetero-nucleotide repeats in DNA that are highly prone to in-
sertion/deletion (indel) errors due to Slipped-Strand Mispairings (SSMs) during DNA
replication [35–37]. SSRs can be as complex as repeating units of tetranucleotides or as
simple as a straight homonucleotide run. Indels in SSRs can result in frameshifts that
largely have an ON↔OFF effect on protein function or gene expression (by resulting in
abrupt termination of translation or inhibition of RNA polymerase binding, respectively
Figure 1A) but can have an alternative gradation effect on gene expression as well. For
example, alterations in the length of a dinucleotide TA10 tract in the promoter regions
of the divergently transcribed hifA and hifB genes controlling fimbriae expression in H.
influenzae can either significantly affect hif expression (TA10→TA9) or only moderately
affect it (TA10→TA11) [41]. The evolution of the mutability of SSR tracts is largely driven
by a combination of environmental and molecular drivers. The environmental drivers
include factors such as the aforementioned population bottlenecks arising during infection
processes. These bottleneck conditions exert a primary selective pressure for phenotypes
that can survive them, e.g., a population that can shut down the expression of a surface
protein that is targeted by host immunity. The necessity to survive this recurrent primary
selection serves as a secondary layer of selection for plasticity of the gene itself.

The molecular factors are intrinsic to SSR tracts and include the DNA replication
and the Mismatch Repair (MMR) [42]. The discriminating factors of SSRs can be broadly
delineated into two groups: the composition of the repeating nucleotide unit (i.e., a homonu-
cleotide or a heteronucleotide repeat) and the tract length. These in turn are differentially
affected by the DNA replication and MMR machinery. Amongst these proteins are the DNA
polymerase enzymes which include the polymerase responsible for the construction of new
DNA strands (DNA polymerase III) as well as the polymerase responsible for DNA repair
(DNA polymerase I). Studies have shown that these polymerases have an inherent fre-
quency of generating addition/deletion errors when constructing new DNA strands [43,44].
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Following DNA replication, any errors are corrected by the MMR machinery which is a
suite of Mut proteins that target and fix errors in a strand specific manner. Inactivation of
components from either of these suites of proteins results in a hypermutable phenotype
and can lead to SSR alteration e.g., [45]. Additionally, the hypermutable phenotype that
results from loss of the MMR machinery is directly responsible for genetic variability of
bacteria and mutator phenotypes play an important role in bacterial adaptation [46]. For
example, both S. aureus and Pseudomonas aeruginosa isolated from the lungs of people
suffering from cystic fibrosis are commonly associated with antibiotic resistance caused
by hypermutability [47–49]. Interestingly, while both the MMR machinery and DNA poly-
merases are involved in SSR evolution, they do not appear to be fully redundant. Several
studies have shown that MMR is more responsible for variability of homonucleotide SSRs,
especially for those which exceed eight nucleotides in length, whereas DNA polymerase
I is exclusively responsible for mutations in heteronucleotide SSRs [50–52]. This could
have evolutionary implications for the mechanisms of generating SSRs. For example,
H.influenza is enriched with tetra-nucleotide SSRs [51] whose expansion/contraction is
affected by DNA polymerase I. Furthermore, evidence suggests that the frequency of DNA
polymerase I mediated errors differs between the leading and the lagging strands of newly
synthesized DNA, implying that the direction of genes in the chromosome can also dictate
the type of SSR that would evolve in them [53]. Lastly, an interesting study carried out
by Lin et al. investigated the distribution of SSRs within the genomes of several bacterial
species. They found that in many pathogenic species, SSRs were enriched towards the
N-termini of protein coding sequences increasing the probability of frameshifts resulting in
non-functional proteins [54,55]. This further suggests that bacteria have evolved SSRs in a
manner to provide maximal PV.

2.2.2. DNA Inversion

DNA inversion was the first documented example of PV, though the mechanism
was not known at the time the phenomenon was documented [38] (Figure 1B). It in-
volves recognition of inverted repeat (IR) sequences by invertase enzymes and subsequent
enzyme-mediated inversion of the DNA. An elaborate study was carried out by Jiang and
colleagues who developed an algorithm to search published bacterial genome datasets
for IR sequences that might be phase variable [56]. Not only did they identify that IR
sequences were enriched in host-associates species (implying a benefit of PV during com-
mensalism or infection) but they also discovered three antibiotic resistance genes regulated
by invertible promoters: a macrolide resistance gene, a multidrug resistance cassette con-
ferring resistance to macrolides and cephalosporins, and a cationic antibacterial peptide
resistance operon [56]. The presence of antibiotics influenced the switch from an OFF to an
ON state for these genes. Some of the invertible promoters seem to be located on genetic
elements homologous to those conveyable by horizontal gene transfer mechanisms, raising
the worrying possibility that these resistance gene switches can be transferred to other
species [56].

2.2.3. DNA Recombination

Homologous recombination provides a pathway for DNA re-arrangement and subse-
quent PV. Events arising from recombination mechanisms are often due to DNA deletions,
and thus tend to be in a one way ON→OFF direction. However, gene duplication or
transfer events can often occur to balance out the accumulation of inactive variants in the
population. A well characterized example of recombination mediated variation occurs in
the Neisseria gonorrhoea pilus organelle, which is essential for full infectivity and natural
transformation. N. gonorrhoea contains a pilE gene that encodes for a pilin protein that
is the major component of the pilus, but also contains several silent pilS alleles several
Kb away [39]. RecA-dependent recombination events can unidirectionally transfer large
sections of the pilS allele into pilE, thus creating an OFF variant [40,57] (Figure 1C). The N.
gonorrhoea pilus also undergoes PV by SSM-mediated variation in the length of a poly(G)
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tract in the pilC gene (which encodes for the adhesive tip of the pilus [58]) resulting in
ON↔OFF switching [59,60].

Figure 1. Genetic mechanisms of Phase Variation. A cartoon depicting the three main genetic mechanisms of Phase variation
(PV). (A) Slipped-Strand Mispairing events within Short Sequence Repeats (SSR) result in expression (green tick mark)
of truncated dysfunctional proteins (if SSR is in the CDS) or inhibition (red cross) of transcription by preventing RNA
polymerase/transcription factor binding or by other mechanisms. For example, an interesting method of PV-mediated
transcriptional control is shown by Danne et al. who demonstrate SSR alterations upstream of the pilA locus of Streptococcus
gallolyticus can destabilize a premature transcription-terminating stem loop [61]. (B) Site-specific inversion is carried out by
recombinases that recognize inverted repeat regions (Inverted Repeat Left/Right IRL/IRR) and flip the DNA sequence in
between them. If a promoter region (e.g., pB) lies within the sequence flanked by the inverted repeats this leads to shut
down of gene expression. (C) RecA-mediated DNA recombination of N. gonorrhoea pilS into pilE results in the formation of
new pilE variants. Both pilS and pilE contain variable regions (depicted in green and orange, respectively) interspersed with
conserved regions (white) while pilE has a further 5’ conserved region (dark orange) and a promoter to initiate transcription.

2.3. Epigenetic Mechanisms of Phase Variation

An epigenetic trait has been defined as a heritable phenotype resulting from modified
gene expression that is not due to any alterations in the DNA sequence of the chromo-
some [62,63]. In prokaryotes, DNA methylation occurs mainly at the nucleotide adenine
although studies have shown that cytosine methylation can also occur [64–66]. DNA methy-
lation usually occurs at specific target sites and is carried out either by methyltransferases
that are part of dedicated Restriction–Modification (RM) systems or by orphan methyl-
transferases. A well-studied methylase responsible for bacterial epigenetic regulation of

223



Microorganisms 2021, 9, 244

PV is the DNA Adenine Methyltransferase (DAM) which is an orphan methyltransferase
of the gammaproteobacterial family that is specific for GATC sites [64]. Methylation of
DNA represses transcription, and thus PV can result if there are GATC sites within a gene
promoter which also binds transcription factors, causing mutually exclusive binding com-
petition between the transcription factor(s) and DAM. If there are numerous GATC sites
within a promoter region then the mutually exclusive competition can result in differential
methylation patterns of the promoter region resulting in switching between an ON and
OFF state. A paradigm of this sort of PV is established by a series of intriguing reports
studying the pap operon of E. coli and the opvAB operon of Salmonella enterica [21,67–69].

2.4. Combined Mechanisms of Phase Variation

There is growing evidence that shows that many bacterial species undertake a com-
bined approach for PV to maximize the ability to generate rapid and diverse variation. This
strategy involves generating PV through genetic mechanisms in genes of RM systems that
can modify the transcriptome of the cell via epigenetic control. Such systems are referred to
as “phasevarions” as they control phase-variable regulons [70] and are immensely powerful
weapons in the arsenal of pathogens.

The earliest phasevarions identified are controlled by Type III RM systems. PV
occurs in SSRs in the mod gene resulting in ON↔OFF variation and altered methylation
states [71,72]. Strikingly, analyses of known Type III system sequences indicate that at least
20% of these systems contain SSRs and could potentially be phasevarions [73]. Furthermore,
mod genes are highly conserved, with variation occurring mainly in the DNA recognition
domain. This allows mod genes to exist within the species as multiple alleles, each of which
controls distinct phasevarions [16].

There is some evidence of a Type II RM regulated phasevarion detected in Campylobac-
ter jejuni, and gene expression patterns were detectably different upon RNAseq analysis,
though no direct link to any altered phenotype was reported [74].

PV in Type I systems largely occurs through DNA inversion in the hsdS gene, creating
multiple allelic variants of the specificity protein of the Type I system resulting in different
gene targets upon PV [75]. An example of a Type I RM phasevarions can be seen in variable
capsular expression controlling virulence in Streptococcus pneumonia [16,76].

In theory, phasevarions must be also seen by PV in other regulators of gene expression,
such as transcription factors. Some examples of these are described in Section 3.

3. Known Examples of Phase Variation in S. aureus

S. aureus is an opportunistic pathogen that has claimed several distinct niches in the
human body, thus being subject to a variety of different conditions and stresses against
which it has accumulated diverse colonisation and pathogenicity factors. As such, it is
primed to exploit the phenomenon of PV; however, there have been surprisingly few docu-
mented reports of PV examples, possibly due to a link between heterogenous phenotypes
and PV not being made. This section (Section 3) will outline reports that have identified PV,
or PV-like mechanisms, in S. aureus. Reports detailing heterogeneity arising from non-PV
mechanisms will not be discussed as they have been detailed elsewhere [77].

Perhaps the best studied example of PV in S. aureus relates to its ability to form
biofilms. A report from the early 1990s identified phase variation in the production of
an extracellular polysaccharide coat (or “slime”) whose production could be reversibly
switched across generations of the same lineage with variants easily distinguishable by
differential colony morphology on Congo Red Agar [78]. From there, the topic took on
multiple approaches from various groups. Tormo and colleagues identified that expression
of the Bap protein (a major surface component involved in biofilm formation that promotes
primary attachment as well as intercellular adhesion) was phase variable [79]. However,
although they confirmed that Bap-negative variants did not express the bap gene, they
could not detect any sequence alterations, suggesting that the exact mechanism of PV
was either indirect or occurred through epigenetic means. Investigating from another
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direction, Valle and colleagues discovered that IS256 transposition can also result in biofilm
PV by disrupting the sarA regulator and icaC [80]. The icaADBC operon encodes for
genes involved in the synthesis of poly N-acetylglucosamine exopolysaccharide and its
deacylated variant polysaccharide intercellular adhesion (PNAG/PIA) [81](other major
extracellular components involved in biofilm formation that also have roles in immune
evasion [82]). Interestingly, they further discovered that there is a connection between this
variation and the global stress sigma factor σB, as a σB deletion mutant has significantly
higher IS256 copies and transposition frequencies [80]. However, there are yet more layers
to this example. In 2003, Jefferson and colleagues discovered a 5-nucleotide SSR (TATTT) in
the promoter region of the ica operon, whose expansion/contraction affected the binding
of ica regulatory elements and shut down PNAG/PIA production [83]. In a subsequent
study, Brooks and Jefferson discovered that there are further SSRs present in the operon in
the form of tetranucleotide repeats within the icaC ORF (Open Reading Frame), and SSM
events in those also reversibly control PNAG/PIA production [81]. Finally, an elaborate
mechanism for the icaC SSM expansion has been proposed. The icaC tetranucleotide SSR
can stably form a so called “mini dumbbell structure” by folding back on itself and making
a small loop [84]. It has been proposed that if such a structure were to form during DNA
replication it would increase the frequency of SSM events, resulting in expansion of the
SSR [84].

Surface proteins are theoretically particularly prone to PV, and one of the first con-
clusively identified PV events occurs in the extracellular MapW protein, which may have
functions in immune evasion based on its high degree of similarity with Major Histocom-
patibility Complex Class II molecules [85]. The mapW gene has a poly(A) tract that results
in premature termination of translation. A change in the poly(A) tract can shift the reading
frame and result in full-length protein being transcribed [85]. This example of PV varies the
length of the protein product rather than switching between an ON↔OFF state, though it
is yet to be confirmed if both the truncated and full-length protein have distinct functions.

A PV-like system was also found in the regulation of natural transformation just
short of a decade ago [86]. The finding of staphylococcal natural transformation has
implications regarding its rapid acquisition of antibiotic resistance genes, but intriguingly
it was demonstrated that only a subset of the population can enter a competence state. The
genes necessary for entering the competence state are controlled by the alternative sigma
factor σH [87] and the transcription factor ComK that synergistically works with σH [88]. It
was found that two independent mechanisms control σH expression in S. aureus [86]. The
translation of the σH mRNA is likely repressed through the action of an inverted repeat
loop in the 5’ UTR, and the still elusive de-repression mechanism allows σH expression in
subpopulations. In addition, as a second genetic mechanism, at low frequencies (~≤10−5)
sigH undergoes a gene duplication event with downstream genes, effectively replacing the
native 5’ UTR, and thus lifting repressive control [86]. This event is reversible and reverts
to the native chromosomal structure at a frequency of 10-2. Although the frequency of
duplication is lower than that commonly associated with PV, the reversible nature of the
mechanism coupled with the contingency-like nature of the sigH locus [89] allows for a
justification of this phenomenon being discussed under the umbrella of PV.

A very recent study in our lab uncovered another example of PV in S. aureus, one with
potentially far-reaching implications. Upon investigating the phenomenon of hemolytic
heterogeneity commonly observed in S. aureus, we identified PV-controlled reversible
shutdown of the central virulence regulatory system, the Accessory Gene Regulator (Agr)
system [90]. PV occurred via two distinct mechanisms: the first was a duplication and
inversion event within the ORF of agrC (which encodes for the sensor component of the
Agr TCS) and the second involved alteration in the length of homonucleotide SSRs within
the agrA ORF (which encodes for the TCS response regulator). The second mechanism
was also identified in a single clinical isolate, and although we were unable to determine
the clinical significance of this findings (owing to a minor frequency of clinical revertant
strains), the results demonstrated that S. aureus has a phasevarion under control of the Agr
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system. Furthermore, a study that investigated S. aureus dermal colonization in children
identified that chronic colonizers tended to have a mutationally inactivated Agr system.
Importantly, we found that two of their samples (out of four) had frameshifts resulting from
alterations in homonucleotide SSRs within the agrC and agrA ORFs [91]. The implications
of this suggest that this phasevarion could come into play as a cryptic insurance strategy
against host-mediated immune attack and may possibly even allow S. aureus to manipulate
host phagocytic cells and use them as a Trojan horse to disseminate itself within the host
(Figure 2). This is of particular consideration as under certain conditions bacterial infections
can be established by a single surviving cell [92].

 
Figure 2. Phase Variation in Staphylococcus aureus. A cartoon depicting known PV in S. aureus and
its roles. Double headed arrows indicate reversible PV events. (A) PV of Bap (Biofilm Associated
Protein) (unclear mechanism) and of the ica (Intracellular Adhesion) operon (transposon insertion
and SSR alteration) reversibly affects the biofilm-forming capability. (B) Phase variation of the
Agr (Accessory Gene Regulator) system may have multiple possible roles [90]. It could serve as a
cryptic insurance strategy against host immune attack, allowing phagocytosed revertant cells to activate
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their reverted Agr system to survive within a “Trojan Horse” (Top). It may also aid in the proper
structuring of biofilms, as revertant cells and their progeny can activate their Agr system in structured
non-planktonic architecture and the resultant exoproteins form channels in the biofilm for circulation
of waste and nutrients as well as facilitating the exodus of cells from the biofilm [93] (Bottom). (C) PV-
like expression is one of two independent expression mechanisms known for the alternative sigma
factor σH. Either mechanism allows for a subpopulation of cells to express the competence machinery
and undergo natural transformation. (D) PV of the cell-wall associated MapW (MHC class II Analog
Protein) may have multiple impacts [94]. MapW is involved in bacterial aggregation and may lead to
biofilm formation; It is also implicated in the adherence to the host matrix and in-dwelling medical
devices (e.g., cannulas); MapW has immunomodulatory effects and seems to suppress T-cells and
their recruitment, though the exact mechanism remains elusive; MapW is important in adherence to,
and internalization by, host non-phagocytic cells (e.g., epithelial cells). (Clockwise from top).

4. Future Perspectives

There is mounting evidence of PV being important in the evolution and adaptation of
bacteria, with roles ranging from their arms race with phages to their pathogenic proficiency.
S. aureus is an important global pathogen that can survive in a variety of different niches
within the human body using its arsenal of virulence factors. Considering this, S. aureus
should be primed to exploit PV in its lifestyle yet there remain few documented cases
of clear PV phenomena. However, it is very possible that cases reminiscent of PV have
been overlooked in the past and may be worth further investigating. For example, a study
carried out by Aarestrup and colleagues as far back as 1999 [95] documented heterogenous
expression of the alpha and beta hemolysins of S. aureus amongst strains that carried
the hemolytic genes. This could be due to PV shutdown of these hemolysins in the non-
expressing strains. We recently identified non-hemolytic clinical isolates that could revert
hemolytic activity without any change in their Agr phenotype [96], which could support
the idea that the heterogenous hemolytic phenotypes observed by Aarestrup arise from PV.

With modern developments in genetic and experimental technology, the way we can
go about investigating phenomena such as PV has drastically changed. This is no more
clearly demonstrated by Jiang et al. who mined genome databases for inverted repeat
regions as a primary screen for potentially phase variable genes [56]. In an attempt to gain
similar preliminary insight, we screened the genome of the highly virulent community-
acquired Methicillin-Resistant strain MW2 for genes that contained homonucleotide SSRs
of adenine and thymine that are 6 nucleotides or longer within the ORF and the putative
promoter region of the gene. We focused on homonucleotide tracts as three cases of PV
in S. aureus have been demonstrated to occur through homonucleotide tract-length alter-
ation (mapW and 2 discrete SSRs in agrA, [85,90]). Our initial results were astonishing.
More than 700 genes contained at least one Poly(A) or Poly(T) SSR, with a substantial
number containing 3 to 4 SSRs, and one gene containing a stunning 26 SSRs (Figure S1).
These initial data corroborate an extensive study carried out by Orsi et al. who identi-
fied that Poly(A)/Poly(T) tracts are overrepresented in numerous bacterial genomes [54].
Interestingly, we noticed a greater abundance of Poly(A) tracts compared to Poly(T) in
coding sequences. This is corroborated by Orsi et al., who found a similar result when
looking at tracts longer than 6 nucleotides in length, though the difference reduced with
shorter tracts. Surprisingly however, although Orsi et al. identified that these SSRs are
predominantly located near the 5’ end of the CDS (coding sequence), we only observed
this distribution pattern for Poly(T) SSRs, not Poly(A) (Figure 3). Taken together, PV in
S. aureus may be severely under-reported, which is understandable as most PV may not be
noticeable through conventional bulk analysis and elaborate experimental systems may be
needed to observe the PV-mediated switch in gene expression. Intriguingly, approximately
13% of genes (from those with known function) that contained Poly(A) or Poly(T) SSRs
were essential genes. If these genes are indeed subject to PV, it raises a question as to
what circumstances or trade-offs could possibly merit the shutdown of essential genes as
advantageous. Transcriptional slippage at Poly(A)/Poly(T) tracts can lead to a population
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of mRNAs with varying tract length, some of which may contain the correct number of
nucleotides for the entire CDS to be in-frame [97]. This could enable low-level expression
of essential genes that have been shut down by PV. Alternatively, the phenomenon of bio-
logical hysteresis [98], wherein functional proteins are inherited by daughter cells during
splitting from the mother cell, could support daughter cells for a short period without
further de novo synthesis, potentially giving chances of further changes to the SSR.

Figure 3. Location distribution of homonucleotide SSRs in S. aureus. A graph showing the location-dependent frequency of
Poly(A)/(T) SSRs ≥6 nucleotides in length. A 100-nucleotide region upstream of all Open Reading Frames (ORFs) was also
screened for SSRs. While Poly(T) SSRs are relatively enriched towards the 5’ of the ORF as reported [54], Poly(A) SSRs ≥6
nucleotides in length were found to be evenly distributed across the ORF. In contrast, the abundance of both SSR types is
evenly matched in the region immediately upstream of the ORF.

The aim of this review is to stimulate interest in identifying PV in S. aureus and
to increase attention to an area of study that warrants more investigation with modern
technological approaches. Here, we have described a comprehensive understanding of the
mechanisms of PV and the scope of the discoveries yet to be made in S. aureus. Further
investigations focusing on PV in S. aureus are sure to lead to exciting new information,
and the more we learn of the ingenious adaptation mechanisms this important pathogen
employs during its infectious process, the better we will be equipped in dealing with it.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-260
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