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Preface

Staphylococcus aureus is a leading pathogen in surgical site, intensive care unit,
and skin infections as well as health-care associated pneumonias. These infections
are associated with an enormous burden of morbidity, mortality and increase of
hospital length of stay and patient cost. S. aureus is impressively fast in acquiring
antibiotic resistance and multidrug resistant strains are a serious threat to human
health. It has been recently estimated that deaths attributable to antibiotic resis-
tant infections will exceed the ones caused by cancer by 2050 (https://amr-review.
org/Publications). S. aureus, was included among the ESKAPE pathogens
(Enterococcus faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Enterobacter species) recognized as the
leading cause of antibiotic-resistant infections occurring worldwide in hospitals.
Due to resistance or insufficient effectiveness, antibiotics and bundle measures leave
a tremendous unmet medical need worldwide. In addition there are no licensed
vaccines or immunotherapies on the market despite the significant efforts done by
public and private initiatives.

This book includes 16 chapters spanning from basic Microbiology and
Immunology aspects to Pathology of key disease manifestations as well as a review
of current standard of care. Furthermore, front-edge discoveries on therapeutic and
prophylactic approaches alternative to antibiotics are reviewed.

Given the complexity of the Microbiology of this pathogen we decided to give
significant emphasis to this aspect. We started describing conventional and
molecular diagnostics-based identification methods of S. aureus in the microbiol-
ogy laboratory. Rapid and more informative typization tests are likely to represent a
significant benefit for improving clinical practice and containing the emergence of
antimicrobial resistance. Methicillin-resistant S. aureus (MRSA) is a global issue
causing increase of mortality and the need to use last-resource antibiotics.
Predominant clones circulating worldwide and the associated antibiotic resistance
are described.

Sugar and protein surface structures of the bacterium are comprehensively dis-
cussed. These components play key roles in cell viability, virulence and evasion of
host defences. The major surface polysaccharides include the capsular
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polysaccharide (CP), cell wall teichoic acid (WTA), and polysaccharide intercel-
lular adhesin/poly-b(1–6)-N-acetylglucosamine (PIA/PNAG). They play distinct
roles in colonization and pathogenesis and are being explored as targets for
antimicrobial interventions.

Surface proteins have very diverse functions (e.g., adhesion, invasion, sig-
nalling, conjugation, interaction with the environment and immune-evasion). They
have been categorized into distinct classes based on structural and functional
analysis. We provide the defining features associated with cell wall-anchored sur-
face proteins and a framework for their categorization based on the current
knowledge of structure and function.

On top of surface virulence factors, S. aureus secretes pore-forming toxins that
kill eukaryotic immune and non-immune cells. Here we provide an update on the
various toxins, the identification of its receptors on host cells, and their roles in
pathogenesis.

S. aureus pathogenicity is driven by the wealth of virulence factors and its ability
to adapt to different environments. The latter is due to the presence of complex
regulatory networks fine-tuning metabolic and virulence gene expression. One
of the most widely distributed mechanisms is the two-component signal trans-
duction system (TCS) that can reveal an environmental signal and trigger an
adaptive gene expression response. It encodes a total of 16 conserved pairs of TCS
that are involved in diverse signalling cascades ranging from global virulence gene
regulation such as quorum sensing by the Agr system, the bacterial response to
antimicrobial agents, cell wall metabolism, respiration and nutrient sensing. Herein
we give an overview of the current knowledge on TCS and its influence on viru-
lence gene expression.

The versatility of S. aureus is reflected by the wide range of disease that it can
cause. It’s a leading cause of bacteraemia, infective endocarditis, osteomyelitis,
pneumonia, indwelling medical device related infections, as well as skin and soft
tissue infections (SSTIs). SSTIs are among the most common infections worldwide.
They range in severity from minor, self-limiting, superficial infections to
life-threatening diseases requiring all the resources of modern medicine. They have
variable presentations ranging from impetigo and folliculitis to surgical site infec-
tions (SSIs). Here we describe the anatomical localization of the different SSTI
associated with S. aureus, the virulence factors known to play a role in these
infections, their current epidemiology as well as the standard of care and potential
prophylaxis.

Musculoskeletal infections, bacteremia and infective endocarditis associated to
S. aureus infections are very difficult to treat and important causes of morbidity and
mortality. Osteomyelitis can cause long-term relapses and functional deficits and
bacteremia and infective endocarditis are associated with excess mortality when
compared to other pathogens. Although considerable advances have been achieved
in their diagnosis, prevention and treatment, the management remains challenging
and impact on the healthcare system is still very high.

S. aureus can also infect several animal species (e.g., cattle, poultry and pigs)
and transmission from animals to humans and vice versa has been observed. This
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represents an important threat to public health, as animal strains can adapt to the
human population and spread additional antibiotic resistance.

Medical need associated to S. aureus infections is enhanced by raising preva-
lence of multidrug resistant strains and acquisition of resistance to last resort
antibiotics. Therefore, alternative medical interventions are urgently needed.
Vaccines certainly represent one of the most important options. Unfortunately a
correlate of protection against S. aureus is not known and this represents a sig-
nificant issue for developing vaccines. Herein, we review what is known and
unknown about innate and adaptive immunity against this complex pathogen. We
provide an overview on the major cell types involved in innate immune defence and
major differences of the immune response during colonization versus infection.
Although the contribution of adaptive immunity against S. aureus is not yet clear,
there are accumulating evidence both from animal models and from human data
that T cell- and B cell-mediated adaptive immunity can control the infection.
Unfortunately S. aureus has evolved several mechanisms to manipulate innate and
adaptive immune responses to its advantage. Indeed, it expresses factors able to
interfere with many critical components of the immune system and hamper proper
immune functioning. In recent years research, including structural and functional
studies, has fundamentally contributed to our understanding of the mechanisms of
action of the individual factors.

In addition to the lack of a known correlate of protection, failure of developing
an effective vaccine against this pathogen is likely due to several other reasons.
Indeed. all attempts so far targeted single antigens, contained no adjuvants and
efficacy trials were performed in severely ill subjects. We show the link between
Phase III clinical trial data of failed vaccines with their preclinical observations and
we provide a comprehensive evaluation of potential target populations for efficacy
trials taking into account key factors such as population size, incidence of S. aureus
infection, disease outcome, primary endpoints as well as practical advantages and
disadvantages.

The last chapter provides an overview of a promising new therapeutic approach.
Lysins are a new class of anti-infectives derived from bacteriophage, which cleave
cell wall peptidoglycan causing immediate bacterial lysis. Importantly, lysins have
high specificity for the pathogen and low chance of bacterial resistance.

In conclusion, this volume gives a comprehensive overview of the
Microbiology, Pathology, Immunology, Therapy and Prophylaxis of S. aureus
reviewing recent findings and knowledge on very diverse arguments and at the
same time linked to each other. That is the uniqueness behind a book like this and
the added value towards a search in literature databases.

Siena, Italy Fabio Bagnoli
Rino Rappuoli
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Carriage, Clinical Microbiology
and Transmission of Staphylococcus
aureus

Anna Aryee and Jonathan D. Edgeworth

Abstract Staphylococcus aureus is one of the most important bacterial pathogens
in clinical practice and a major diagnostic focus for the routine microbiology lab-
oratory. It is carried as a harmless commensal in up to two-thirds of the population
at any one time predominantly not only in the anterior nares, but also in multiple
other sites such as the groin, axilla, throat, perineum, vagina and rectum. It colo-
nizes skin breach sites, such as ulcers and wounds, and causes superficial and deep
skin and soft tissue infections and life-threatening deep seated infections particu-
larly endocarditis and osteomyelitis. S. aureus is constantly evolving through
mutation and uptake of mobile genetic elements that confer increasing resistance
and virulence. Since the 1960s, hospitals have had to contend with emergence of
methicillin-resistant S. aureus (MRSA) strains that spread better in hospitals than
methicillin-susceptible S. aureus (MSSA) and are harder to treat. Since the 1980s,
distinct community MRSA strains have also emerged that cause severe skin and
respiratory infections. Conventional identification of MSSA and MRSA in the
microbiology laboratory involves microscopy, culture and biochemical analysis that
for most samples is straightforward but slow, taking at least 48 h. This delay has
significant consequences for individual patient care and public health, through
inadequate or excessive empiric antibiotic use, and failure to implement appropriate
infection control measures for MRSA-colonized patients during those first 48 h.
This unmet need has driven development of rapid molecular diagnostics that either
complement or replace conventional culture techniques in the laboratory, or can be
placed in the clinical environment as point-of-care (POC) devices. These new
technologies provide results to clinicians anything from within an hour to 24 h,
depending on sample and clinical setting, and should transform management of
patients with S. aureus and other bacterial diseases; however, uptake is often slow
due to the disruptive effect of new technologies, costs of transition and uncertainty
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of the optimal solution given successive advances. More evidence of the health
economic, clinical and antimicrobial resistance benefit will help support introduc-
tion of these new technologies. Finally, preventing MRSA transmission has been a
priority for healthcare organizations for many years. There have been significant
recent reductions in transmission following local and national campaigns to
re-enforce basic and heightened infection control interventions such as universal
hand hygiene, barrier nursing, decolonization and isolation of MRSA-colonized
patients detected through routine culture or screening policies. Developments in
whole genome sequencing are providing greater insight into reservoirs and routes of
transmission that should help better target interventions to ensure sustainable
control of endemic strains and to identify and prevent emergence of new strains.

Contents
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3.2 Preventing MRSA Transmission................................................................................ 11
3.3 MRSA Transmission in the Community ................................................................... 12

4 Summary.............................................................................................................................. 14
References .................................................................................................................................. 14

1 Clinical Microbiology

Staphylococcus aureus is a facultative anaerobe belonging to the genus
Staphylococcus within the family of Staphylococcae. It is one of the most com-
monly identified clinically significant bacteria in a routine microbiology laboratory,
and its identification by traditional techniques is a straightforward, albeit slow
process, which is becoming more rapid with the introduction of molecular
techniques.

Upon receipt of samples in the laboratory, Gram staining can be performed on
sterile site samples such as pus and deep respiratory specimens to identify the
presence of bacteria by light microscope. Staphylococci appear as irregular small
clusters of Gram-positive cocci and traditionally no further information is available
to the clinician on the first day. Samples are cultured on blood agar for 18–24 h
when S. aureus colonies appear glistening, smooth and translucent, often with a
golden pigment. Presumptive colonies are confirmed as S. aureus at this point using
the techniques described below, although plates are usually re-incubated for a
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further 24 h to detect slower growing colonies. Antibiotic susceptibility testing can
also be set up on colonies identified at 24 h. By 48 h, colonies are approximately 1–
2 mm in diameter and often exhibit a small zone of b-haemolysis. Thus, in a
traditional laboratory, the clinician can expect to be told if staphylococci are present
in important sterile site samples on the day of sample collection, whether S. aureus
is present in the sample the following day, and receive a final report with antibiotic
susceptibilities the day after.

A variety of biochemical tests are used to identify S. aureus colonies based on
production of coagulase and deoxyribonuclease, presence of S. aureus specific
antigens or the ability to ferment mannitol. The tube coagulase test is the traditional
gold standard for discriminating between S. aureus and other staphylococci, usually
referred to as coagulase-negative staphylococci (CoNS). This is a clinically
important distinction because CoNS are rarely pathogenic in the absence of pros-
thetic material upon which they can reside in biofilm, although it is recognized that
some CoNS are coagulase positive and some coagulase-negative S. aureus isolates
have been reported (Vandenesch et al. 1993). The slide coagulase test is a more
rapid test based on the presence of clumping factor, but up to 15 % of S. aureus
isolates are negative. Latex agglutination tests detecting protein A, clumping factor
and other surface antigens are also sensitive although less specific due to
cross-reactivity with various CoNS.

Antimicrobial susceptibility testing is set up at the same time as identification of
S. aureus using a number of culture-based methodologies. Disc diffusion testing is
often used to assess simultaneous susceptibility to a variety of antibiotics. A key
focus is to distinguish between methicillin-susceptible and methicillin-resistant S.
aureus. This can be done using an oxacillin or cefoxitin disc, which has been shown
to be an accurate surrogate marker for methicillin resistance (Skov et al. 2006).
Antibiotic susceptibilities can also be performed using commercially available
automated platforms such as the Vitek®2, BD Phoenix™ or MicroScan WalkAway
systems.

An additional important focus for the microbiology laboratory is the specific
detection of methicillin-resistant S. aureus (MRSA) in screening swabs from car-
riage and clinical sites, particularly the anterior nares, to identify colonized patients
and institute infection control precautions (Coia et al. 2006). Many laboratories
inoculate screening swabs directly onto selective agar, particularly chromogenic
agars that provide a presumptive positive identification of MRSA within 24 h of
sample receipt in the laboratory (Nahimana et al. 2006; Denys et al. 2013).
Excluding presence of MRSA requires a further 24 h, and presumptively positive
samples should be confirmed by antimicrobial susceptibility testing.

The analysis of blood cultures differs from other samples. 10–15 ml of blood is
inoculated into media bottles immediately after collection from the patient and sent
to the laboratory where they are placed into automated incubators. Positive cultures
are flagged when bacterial growth is detected usually by continuous monitoring of
changes in pH due to CO2 production. The time taken for automated systems to
detect bacteria depends on the number of bacteria in the sample (which can be up to
200 CFU/ml for endovascular infection down to <10 bacteria per ml of blood) and
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the initial viability of bacteria that may either be intracellular or dormant. For
Staphylococcus aureus bacteriaemia (SAB), over 80 % of positive culture bottles
flag within 24 h (Khatib et al. 2005). Gram staining is performed on an aliquot of a
flagged bottle to identify staphylococci, although this information has only limited
clinical benefit because CoNS are more frequently identified in blood cultures.
Conventionally, flagged blood culture media is plated onto agar that provides
identification and disc diffusion susceptibility testing results the following day.

1.1 Introduction of Rapid Molecular Detection
Methodologies

The slow nature of culture and biochemical-based detection methods means that
identification and antimicrobial susceptibility of S. aureus only becomes available
about 48 h after initial key clinical management decisions are made, and this is
recognized as a major clinical and public health problem. For the individual patient,
if serious S. aureus infection was not clinically suspected, then the patient may not
be started on appropriate initial antibiotic therapy, particularly if the S. aureus is
methicillin resistant, and this delay has been associated with higher mortality in
some studies (González et al. 1999; Soriano et al. 2000). At a population level,
uncertainty about whether an acute illness is bacterial or the likely antimicrobial
susceptibilities prompts empiric treatment with broad-spectrum antibiotics to cover
a range of potential bacterial causes including MRSA. This presents a public health
problem due to overuse of empiric antibiotics that drives antibiotic resistance. There
is also delay in identifying MRSA-colonized patients and instituting infection
control precautions, which increases the potential for nosocomial transmission.

These unmet clinical needs have driven the development of rapid molecular
diagnostics throughout the patient pathway to speed up time to detection and
reporting of pathogenic bacteria including S. aureus. In the laboratory, these
molecular methods can either enhance traditional culture-based processing or
completely replace culture-based techniques.

1.2 Enhancing Culture-based Techniques

This involves rapid laboratory-based molecular analysis of S. aureus colonies or
flagged positive blood culture bottle after initial culture of specimens for 24 h or
more. Many laboratories have introduced matrix-assisted laser desorption
ionization-time-of-flight mass spectrometry (MALDI-TOF MS), which identifies
bacterial colonies by analysing the protein composition of the bacterial cell (Wieser
et al. 2012). This new technology has transformed species identification in
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microbiology laboratories allowing bacterial identification within minutes: it is
cheaper, more accurate and usually faster than biochemical-based methodologies
and can replace most traditional biochemical tests. It was initially applied to bac-
terial colonies but has also been successfully applied to aliquots of blood culture
sample that have flagged as positive (Mestas et al. 2014). Results are available
within an hour although identification of Gram-positive bacteria is less effective
than Gram-negative bacteria (78 % vs. 90 %). Additionally, rapid latex aggluti-
nation tests can be performed on single colonies or positive blood culture bottles to
detect PBP2a as a marker of MRSA (Brown and Walpole 2001; Chapin and
Musgnug 2004).

There have also been advances in the rapid nucleic acid based detection of
organisms including MSSA and MRSA from flagged positive blood culture bottles
(Opota et al. 2015). The Cepheid Xpert system uses PCR to identify S. aureus and
MRSA direct from positive blood culture samples in about 2 h. PCR correlated
with culture results in 80/82 (97.5 %) flagged blood culture bottles containing GPC
in clusters by microscopy (Ratnayake and Olver 2011). Nanosphere’s Verigene
Gram-positive blood culture test allows rapid identification of both MSSA and
MRSA from positive blood culture samples in less than 3 h. Mono-microbial
bacterial isolates were correctly identified in 147 of 148 flagged blood culture
bottles containing Gram-positive bacteria (38 MRSA or MSSA) (Beal et al. 2013).
The FilmArray Blood Culture ID panel identifies 24 organisms and 3 antibiotic
resistance genes including S. aureus and mecA in positive blood culture samples in
approximately 1 h. The FilmArray correctly identified 19 S. aureus isolates from
167 mono-microbial flagged blood culture bottles and 156 (91.6 %) isolates overall
(Altun et al. 2013). These technologies reduce by about 24 h the time to provide
clinicians with a S. aureus identification and methicillin susceptibility result from
blood cultures.

Rapid non-nucleic acid-based technologies are also under development.
Accelerate diagnostics have a platform that uses automated digital microscopy and
high-resolution growth analysis to provide identification and antimicrobial sus-
ceptibility data from blood and other sterile samples in approximately 5 h. It cor-
rectly identified all 77 MRSA and 54 MSSA mostly reference isolates in one study
(Price et al. 2014a). Specific Technologies are developing a system that detects
mixtures of volatile organic compounds using a colorimetric array integrated into a
blood culture bottle, allowing faster detection and identification than traditional
methods, although it does not provide susceptibility data (Lim et al. 2014).

1.3 Replacing Culture-based Techniques

Technologies are being developed to provide bacterial identification and genotypic
prediction of antimicrobial susceptibilities directly on primary samples. Some are
designed to analyse clinical samples including blood cultures and include a broad
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range of bacteria. For example, Abbott’s Iridica system identifies over 750 bacteria
and 4 antibiotic resistance genes (including mecA) from a range of samples
including whole blood and respiratory specimens in under 6 h. The Mobidiag
Prove-It™ Bone & Joint StripArray system identifies over 30 Gram-positive and
Gram-negative bacterial species and various genotypic resistance determinants
including the mecA gene from synovial fluid, bone biopsy and tissue in 3.5 h from
DNA extraction. In one study, 8 of 38 prosthetic joint infection samples culture
positive for S. aureus were also identified by PCR and there was one additional
PCR positive sample in a patient who had received antibiotics before sample col-
lection that was culture negative (Metso et al. 2014). The Curetis Unyvero pneu-
monia platform detects 18 bacteria including S. aureus and the mecA gene directly
from respiratory samples in 4–5 h (Jamal et al. 2014). Direct molecular analysis of
clinical samples rather than a colony or suspension after culture allows same day
detection of pathogens including MSSA and MRSA and rapid targeting of
appropriate therapy.

Diagnostics have also been developed for the specific detection of S. aureus and
the mecA gene including the Cepheid Xpert systems, the LightCycler MRSA
Advanced and BD Max MRSA. These PCR tests take about 2 h (Rossney et al.
2008; Peterson et al. 2010; Widen et al. 2014) and have comparable sensitivity and
specificity to enrichment and plating on different chromogenic agars (all > 92 %)
whilst saving 24–72 h (Lee et al. 2013). Agreement between enriched culture and
PCR was 96 % in this study. Although these S. aureus specific tests have been
predominantly applied to MRSA screening swabs to target infection control
interventions, they could also be used on clinical samples such as skin and soft
tissue samples (Wolk et al. 2009) and respiratory specimens (Cercenado et al. 2012)
to target early appropriate therapy.

Although molecular diagnostics dramatically reduce analysis time and can
provide same day identification of MSSA and MRSA, the adoption into routine
laboratory service is not straightforward. Molecular technologies are usually more
expensive than traditional techniques, require a period of double running during
evaluation and are then often used alongside rather than completely replacing the
routine culture bench, so fixed costs remain. The time taken to transport specimens
to the laboratory, particularly when the laboratory is off-site, can make a same-day
test into a next-day test for a significant proportion of specimens, particularly if
batch processing rather than random access platforms is used (Jeyaratnam et al.
2008). Samples submitted in the afternoon may provide results in the middle of the
night when specialists who advise on result interpretation and patient management
may not be available; hence, decisions may be postponed until the following day,
when results would have become available using culture-based techniques: this may
be particularly relevant if the advice is to narrow antibiotic spectrum. Molecular
diagnostics are therefore disruptive for the laboratory and clinical teams, and
adoption will require evidence of clinical benefit and cost effectiveness, and edu-
cation of staff across the clinical pathway to realize the anticipated benefits of rapid
diagnostics (Wassenberg et al. 2011; Van Der Zee et al. 2013).
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1.4 Point-of-Care Technologies

An even more radical advance for clinical microbiology is the movement of diag-
nostics out of the laboratory to the ward or bedside. Laboratory platforms or new
point-of-care (POC) devices that can rapidly identify pathogens includingMSSA and
MRSA are being evaluated on the wards. Unlike laboratory-based testing, sample
analysis at the bedside can influence initial empiric treatment and infection control
decisions. Some studies have assessed laboratory platforms such as the Cepheid
Xpert system to detect MRSA on the ICU, in general ward and in outpatient clinics
(Leone et al. 2013; Parcell and Phillips 2014). Many companies are also developing
small bench top devices that are specifically designed for use by non-laboratory
personnel on the wards; for example, Cobas and Alere-I, Atlas Diagnostics, Enigma
Diagnostics, BioCartis Idylla, Orion Diagnostica and GNA Biosolutions and clinical
utility studies are being performed for some pathogens (Binnicker et al. 2015;
Goldenberg and Edgeworth 2015; van den Kieboom et al. 2015). Even closer to the
patient from a ward-based to bedside-based system, a hand-held device is being
developed that can identifyMSSA orMRSAwithin 30 min (www.quantumdx.com).
This field is in its infancy, and the technology advancing so rapidly, it is unclear what,
where and when rapid POC infectious diseases diagnostics will enter into routine
clinical practice. There will be many factors to consider including training front-line
staff, quality control, accreditation, regulatory and legal constraints, linking results to
hospital health records, resolving discrepancies between POC- and
laboratory-generated results, and having mechanisms to alert specialist teams for
advice and follow-up. At an organizational level, there will need to be strong gov-
ernance processes to ensure POC devices are introduced safely and consistently,
recognizing that the clinical environment is more complex than the laboratory, where
there is a tradition of high-quality process control. Health economic evaluations that
incorporate all the costs and benefits of laboratory versus POC-based testing will be
needed to support decision-making of clinicians and managers.

2 S. aureus Carriage

Staphylococcus aureus is part of the commensal flora of human skin and mucosal
surfaces, in addition to being a pathogen capable of causing both superficial
infections and invasive disease with considerable associated morbidity and mor-
tality. The anterior nares are the main reservoir of S. aureus carriage in humans.
Other carriage sites include the skin, perineum, pharynx, gastrointestinal tract,
vagina and axillae (Wertheim et al. 2005). About one-third of the population carry
S. aureus on skin and mucosal sites at any one time (Kluytmans et al. 1997). Some
individuals harbour the same strain over an extended period of time, whereas others
carry different strains. S. aureus may also be present at different anatomical sites
with varying frequency in different populations (Wertheim et al. 2005).
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The variability in the detection of S. aureus at carriage sites has led to the
description of distinct states, with potentially distinct underlying mechanisms. In
the early 1960s, carriage was designated into four groups, persistent, intermittent,
occasional and non-carriage (Williams 1963), but most studies now recognize three
states: persistent, intermittent and non-carriage (Nouwen et al. 2004). It has been
reported that approximately 60 % of the population are intermittent carriers, whilst
20 % each are either persistent carriers or non-carriers (Kluytmans et al. 1997).
A large longitudinal survey published in 1997 analysing nasal swabs from staff at a
university hospital found the same strain of S. aureus (confirmed by PGFE) in the
same individuals on two occasions eight years apart in 3 out of 17 (18 %) staff
members, suggesting that persistence reflects a stable host strain relationship
(VandenBergh et al. 1999). However, a longitudinal study of 109 healthy indi-
viduals over a period of up to three years found persistent carriers having a resident
persistent strain for most of the time but with additional distinct strains at other
times (Muthukrishnan et al. 2013).

The prevalence of transient and persistent S. aureus nasal carriage varies by
geographical location, age, gender and ethnicity. Studies have shown carriage
ranges from 9 % in Indonesia to 37 % in Mexico (Lestari et al. 2008;
Hamdan-Partida et al. 2010). Carriage is highest amongst newborns (up to 70 %)
but steadily decreases in childhood. It has been posited, but not proven, that this
may be due to pneumococcal competition or interference by other bacteria present
in the nasopharynx in childhood (Lebon et al. 2008). There is another peak at
adolescence followed by a decrease in early adulthood. Persistent carriage is seen
more frequently in children than adults, and a conversion from persistent to tran-
sient or non-carriage most commonly occurs in adolescence (Williams 1963;
Kluytmans et al. 1997; Wertheim et al. 2005). Rates of carriage have also been
found to be higher in patients with Type 1 Diabetes Mellitus, intravenous drug
users, haemodialysis patients, surgical patients, AIDS patients and patients with
qualitative or quantitative defects in leucocyte function (Lowy 1998).

The fact that S. aureus is found at multiple body sites, that many studies have
only looked for nasal carriage, and that detection methodologies are of variable
sensitivity complicates our understanding of the significance of carriage states.
Evidence from longitudinal studies does imply that persistent carriers and persistent
non-carriers are distinct and likely therefore to have an underlying biological
explanation, but the significance of transient carriage is less clear. Defining the host
and bacterial factors involved in carriage should help resolve this issue. A feature of
persistent carriers identified in a number of studies is that they carry a higher
bacterial load than intermittent carriers (Nouwen et al. 2004; Van Belkum et al.
2009). This higher bacterial load may mean that persistent carriers are also more
likely to be implicated in transmission of S. aureus. This also has implications for
autoinfection—with persistent carriers at significantly higher risk of this than
transient and non-carriers (Von Eiff et al. 2001; Wertheim et al. 2004b, 2005).

Studies have also specifically investigated carriage of MRSA in hospitalized
patients, to determine the optimal sites for screening programmes. Screening is
often performed at the anterior nares alone but this can miss up to a third of
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MRSA-colonized patients (Meurman et al. 2005), particularly those with throat or
rectal carriage, and the latter may be particularly important for hospital transmission
(Boyce et al. 2007). Screening programmes in high-risk areas often take swabs from
multiple carriage sites to ensure colonized patients are detected (Batra et al. 2008).
It is, however, unclear whether MRSA has a differential propensity for carriage at
particular sites compared with MSSA.

A number of studies have attempted to identify human genetic factors associated
with carriage. A study in 2007, conducted as part of the Rotterdam study (a
prospective, population-based study of the incidence and risk factors of disease in
an elderly population), sought to identify polymorphisms in host inflammatory
response genes associated with susceptibility to S. aureus carriage and infection.
They found the Interleukin 4 (IL4)–524 C/C host genotype was associated with
increased risk of S. aureus carriage, irrespective of organism genotype. They also
found that individuals with the C-reactive protein (CRP) haplotype 1184C; 2042C;
2911C were less likely to be colonized, and that individuals with boils were more
likely to be carriers of the CFH Tyr402 variant and the CRP 2911 C/C genotype
(Emonts et al. 2008). A study carried out in 2006 and 2008 compared the genetics
of S. aureus strains, epidemiological risk factors, antibiotic exposure and allelic
polymorphisms of human genes posited to be involved in carriage of persistent
carriers as compared to those of volunteers in an isolated population of adult
Wayampi Amerindians living in an village in the Amazonian forest. The authors
concluded that a specific set of host genetic polymorphisms were the main deter-
minants of S. aureus persistent nasal carriage, namely single nucleotide polymor-
phisms (SNPs) for CRP genes (C2042T and C1184T) and IL4 genes (IL4 C524T)
(Ruimy et al. 2010). A further study published in 2006, also as part of the
Rotterdam study, examined the role of host polymorphisms in the glucocorticoid
receptor gene in persistent S. aureus carriage. They found GG homozygotes of the
exon 9b polymorphism had a 68 % reduced risk of persistent carriage, whereas
carriers of the codon 23 lysine allele had 80 % increased risk (Van den Akker et al.
2006).

3 S. aureus Transmission

The high prevalence of transient or persistent carriage with genetically diverse S.
aureus strains in all human populations makes the epidemiology of S. aureus
complex. Most attention has focused on transmission during outbreaks, particularly
with MRSA or clones that are associated with more frequent and severe disease;
however, it is important to also focus on transmission of endemic MSSA clones not
least to define the mechanistic basis for successful and outbreak strains. Our
understanding of S. aureus transmission has advanced dramatically with recent
developments in whole genome sequencing (WGS) supported by advances in
bioinformatics, mathematical modelling and social network analysis. Sequencing
and interpreting hundreds of bacterial genomes is now feasible in some centres
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within a reasonable time frame, initially months but now weeks and even days, and
at ever-decreasing cost (Price et al. 2013). Traditional phenotypic and genotypic
typing techniques such as phage typing, pulsed field gel electrophoresis (PFGE),
spa typing and multi-locus sequence typing (MLST) lacked the necessary dis-
criminatory ability to infer possible chains of transmission. This was a particular
issue for MRSA, given the limited number of dominant clones in any geographical
area (Enright et al. 2002). Consequently, the clinical benefit of molecular typing to
support infection control practice was limited, apart from outbreaks with newly
introduced clones that were distinct from endemic clones (Edgeworth et al. 2007).
In contrast, WGS allows analysis of the entire core genome sequence to identify
SNP differences between isolates. The range seen is from complete identity, isolates
with perhaps a few tens of SNPs differences, to those that have hundreds or
thousands of SNP differences (Harris et al. 2010). With knowledge of the mutation
rate, which for S. aureus is about 2–5 SNPs per megabase per year (Young et al.
2012; Golubchik et al. 2013), it is theoretically possible to link related isolates to a
recent transmission event in a healthcare setting that would indicate a lapse in
infection control practice and an opportunity to target training and other interven-
tions (Harris et al. 2013). Sequences of both epidemiologically linked isolates and
those with no prior suspected linkage can be compared, allowing both exclusion of
an epidemiologically suspected transmission event and inclusion of other cases in a
potential chain of transmission that were epidemiologically unsuspected (Harris
et al. 2013). However, individuals do not just have one core genome sequence type,
but more commonly carry multiple related isolates that can vary up to 20 or even
more SNPs. Indeed, in one study a long-stay patient admitted with MRSA to an
ICU in Thailand had 99 ST239 MRSA isolates sequenced over a 64-day stay on
ICU which revealed 147 SNP differences between sequenced isolates (Tong et al.
2015). There is also evidence that SNP accumulation can occur faster in invasive
disease (Young et al. 2012). These observations complicate the linkage of cases
based solely on SNP analysis. Nevertheless, the potential of WGS to identify
transmission events and therefore target education and infection control interven-
tions in real time justifies the considerable efforts being made to translate this
technology from the research setting into clinical practice. The application of WGS
to S. aureus transmission research and then on to routine clinical practice is a
fast-moving field and beyond the scope of further discussion here.

3.1 MRSA Transmission in the Hospital

MRSA was first identified in the UK in 1961, following which a number of distinct
dominant clones emerged to spread worldwide. During the 1960s and 1970s,
prevalence of methicillin resistance was often reported as being up to about 20 % of
all S. aureus isolates, and there were many reports of outbreaks (Brumfitt and
Hamilton-Miller 1989). There was a general consensus that eradicating MRSA once
it had become endemic was almost impossible (Thompson et al. 1982), and some
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proposed that attempting control caused more problems than it solved (Barrett et al.
1998). Nevertheless, there were encouraging reports of successful control of
endemic MRSA; for example, Denmark had levels of 15 % between 1967 and 1971
that fell to 0.2 % in the 1980s in response to a national control programme (Rosdahl
and Knudsen 1991). The Netherlands and Scandinavia implemented an effective
national “search and destroy” policy before MRSA became endemic that has been
associated with low rates of healthcare-associated (HA) MRSA to this day
(Vandenbroucke-Grauls 1996; Wertheim et al. 2004a). During the 1980s and
1990s, prevalence increased further in many countries to between 30 and 50 %,
often linked with emergence of a few highly successful geographically restricted
HA-clones (e.g. ST5, ST8, ST22, ST36, ST239 and ST247). It is unclear whether
this increase in prevalence was due to dominant clones becoming progressively
better adapted to spread in the hospital environment (Holden et al. 2010, 2004), or a
failure to implement and sustain effective infection control programmes during the
first few decades.

3.2 Preventing MRSA Transmission

Colonized patients are the main reservoir of MRSA in hospitals with transmission
predominantly occurring from colonized to non-colonized patients via healthcare
worker hands that become transiently colonized during delivery of routine care
(Thompson et al. 1982; Pittet et al. 2006). Patients are also thought to acquire
MRSA from the environment that has become contaminated by shedding of MRSA
by colonized patients (Bernard et al. 1999; Bhalla et al. 2004; Sexton et al. 2006;
Otter et al. 2011) or from staff carriers, but these are generally considered minor
routes in most settings.

Comprehensive guidelines are available providing evidence and recommenda-
tions for preventing transmission of multi-drug-resistant bacteria particularly
MRSA (Coia et al. 2006; Yokoe et al. 2008). They comprise non-targeted inter-
ventions that have an effect on transmission of all pathogens and targeted inter-
ventions that are directed specifically against MRSA-colonized patients.
Non-targeted interventions include universal hand hygiene, environmental clean-
ing and reduction in antimicrobial use. Targeted interventions comprise contact
precautions with gloves and aprons whilst delivering care, isolation or cohorting of
MRSA patients in a side-room, bay or ward with use of dedicated equipment and
facilities (e.g. stethoscopes, commodes) and decolonization using surface acting or
systemic agents to suppress MRSA. Decolonization is also been used as a
non-targeted intervention in the ICU and can be effective against MRSA trans-
mission (Huang et al. 2013). Targeted methods are dependent on identification of
MRSA-colonized patients, either through identification in routine clinical speci-
mens or from a risk factor based or universal screening programme.

Infection control interventions are generally implemented as part of a bundle and
although there is debate about the relative importance of each intervention, their
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heightened implementation at national and institutional over the past 10 years has
been associated with a dramatic reduction in endemic levels of MRSA in many
countries (Jarlier et al. 2010; Johnson et al. 2012). The national MRSA control
programme in England was particularly effective and has led to a greater than 80 %
reduction in MRSA in many hospitals. Interestingly, a WGS study performed in an
ICU in Brighton in 2012 that had implemented hand hygiene campaign, barrier
nursing and decolonization did not find evidence of significant transmission of
MRSA or MSSA over a 6-month period (Price et al. 2014b). This contrasts with a
study performed in a Thai ICU, where adherence to infection control interventions
including hand hygiene was poor, and there was significant number of MRSA
transmissions linked to a small number of long-stay patients with prolonged MRSA
colonization (Tong et al. 2015).

There are a number of risks to sustainable control of MRSA both in organiza-
tions and in countries that have seen impressive recent reductions and those that
have maintained low levels for a long period. New HA-MRSA strains may emerge
to spread despite current infection control interventions. For example, some strains
can acquire clinically significant resistance to antiseptics such as chlorhexidine
(Batra et al. 2010), which have become a major component of infection control
practice in many countries (Edgeworth 2011; Huang et al. 2013). Some HA-MRSA
strains may be intrinsically more transmissible (Cooper et al. 2012), and outbreak
still occurs in settings where endemic transmission has been controlled (Harris et al.
2013).

Alternatively, new MRSA strains may emerge from the community and become
imported into hospitals. Livestock-associated MRSA (LA-MRSA) clones such as
ST-398 have emerged in a number of countries, including Denmark and the
Netherlands that hitherto had low rates of MRSA (Verkade and Kluytmans 2014).
LA-MRSA have been imported into hospitals, although there is evidence these
strains are less transmissible in hospitals than HA-MRSA strains (Hetem et al.
2013; Verkade and Kluytmans 2014). Of perhaps more concern is that successful
human CA-MRSA clones known to spread well in the community are transported
into hospitals to become endemic and a common cause of nosocomial infection
(Seybold et al. 2006; Otter and French 2011). The recent success with control of
HA-MRSA was dependent on the hospital being the main reservoir. If the com-
munity were to become the main reservoir, sustained control of nosocomial MRSA
infections would be much more challenging (Tosas Auguet et al. 2016).

3.3 MRSA Transmission in the Community

Although HA-MRSA-colonized patients return to the community where infection
control practice is minimal, there has been little evidence that such strains undergo
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sustained transmission outside a healthcare facility (Tosas Auguet et al. 2016).
Since the 1980s, MRSA outbreaks have been increasingly described in the com-
munity with individuals and groups that had no epidemiological exposure with
hospitals (Fridkin et al. 2005; David and Daum 2010). These strains were also
genotypically distinct from the known HA-MRSA strains in that area. They were
frequently found to carry the panton valentine leucocydin (PVL) gene and were
characterized by clusters of severe skin and soft tissues infection and sporadic
severe necrotizing pneumonia with concomitant influenza infection in children and
young adults that had a high mortality (Gillet et al. 2002). In the USA, a dominant
CA-MRSA strain, USA300, has spread rapidly to become a leading cause of skin
and soft tissue disease in the community (King et al. 2006) and as a cause of
abscesses presenting to emergency departments across the USA (Moran et al.
2006). USA300 is the dominant clone in some other countries (Reyes et al. 2009;
Deleo et al. 2010), but in most countries different clones have emerged often with
no one clone dominating (e.g. ST80/81, SWP, ST22) (Deleo et al. 2010; Otter and
French 2010; Chuang and Huang 2013). Outbreaks of skin and soft tissue infection
have common risk factors of overcrowding, frequent skin abrasion or limited
personal hygiene, such as with contact sports, in prisons, amongst intravenous drug
users and indigenous communities (Campbell et al. 2004; Kazakova et al. 2005).

Studies have identified the home as the main setting for amplification of suc-
cessful clones in a community, with links from there to schools, the work place,
sports clubs and other places where there is frequent human contact (Davis et al.
2012; Knox et al. 2015). Therefore, although the literature is dominated by reports
of outbreaks in community facilities (Campbell et al. 2004; Kazakova et al. 2005),
it is proposed that most transmission actually takes place in the home (Macal et al.
2014; Knox et al. 2015). WGS analysis is being applied to CA-MRSA transmission
studies in the community and households where environmental contamination is
thought to play an important role in transmission and infections (Knox et al. 2012;
Eells et al. 2014). Attempts have been made to apply infection control interventions
to prevent transmission and infection in homes, but decolonization and household
cleaning has had only limited success (Fritz et al. 2012; Miller et al. 2012).

It is unclear what underpins the dominance of clones such as USA300 or of
successful international HA-MRSA clones such as ST239 and ST22. Recent evi-
dence that MRSA clones can differ in their transmissibility implies there is a
bacterial genetic basis for emergence of dominant clones (Cooper et al. 2012;
Hetem et al. 2013). Use of WGS for surveillance and analysis of emerging endemic
and outbreak clones (Holden et al. 2010; Harris et al. 2013; Miller et al. 2014) may
help identify genetic markers of increased transmissibility that can help rapidly
target interventions. Indeed, although recent control of endemic HA-MRSA was
achieved largely without molecular diagnostics and WGS, such technologies may
prove vital in the future for identifying new clones that have overcome current
preventative strategies and help us keep ahead of this highly versatile and virulent
pathogen.
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4 Summary

This chapter has provided an overview of where S. aureus is carried on the human
body, traditional and emerging molecular technologies for identification and genetic
analysis of sampled isolates, and how that information is used to prevent and treat
infection due to particularly MRSA but also MSSA strains. A particular priority
focus of infection prevention and control teams on MRSA over the last 10 years
drove development and introduction of rapid molecular techniques. However, in
many countries MRSA prevalence has now fallen dramatically and other emerging
nosocomial bacteria, particularly multi-drug resistant GNB, are gaining more
attention. MRSA molecular diagnostics introduced at the height of the epidemic
have often been de-commissioned, returning to slower but usually cheaper methods,
such as chromogenic agar sometimes supported by culture automation platforms to
reduce laboratory costs. Similarly, landmark WGS MRSA transmission studies that
pointed towards their imminent introduction into routine service, now seems a more
distant proposition in most settings. These developments illustrate the pragmatic
nature of service laboratories that constantly adapt to changing clinical need and
laboratory cost pressures. Indeed, looking ahead to when new potentially more
virulent and transmissible MRSA or MSSA clones emerge, experience already
gained with rapid molecular and WGS techniques will facilitate rapid
re-deployment to play an important role in guiding infection control and treatment
decisions.
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Abstract Staphylococcus aureus is an important human pathogen, responsible for
infections in the community and the healthcare setting. Although much of the
attention is focused on the methicillin-resistant “variant” MRSA, the methicillin-
susceptible counterpart (MSSA) remains a prime species in infections. The epi-
demiology of S. aureus, especially of MRSA, showed a rapid evolution in the last
years. After representing a typical nosocomial multidrug-resistant pathogen, MRSA
has recently emerged in the community and among farmed animals thanks to its
ability to evolve and adapt to different settings. Global surveillance has shown that
MRSA represents a problem in all continents and countries where studies have been
carried out, determining an increase in mortality and the need to use last-resource
expensive antibiotics. S. aureus can easily acquire resistance to antibiotics and
MRSA is characteristically multidrug resistant. Resistance to vancomycin, the
principal anti-MRSA antibiotic is rare, although isolates with decreased suscepti-
bility are recovered in many areas. Resistance to the more recently introduced
antibiotics, linezolid and daptomycin, has emerged; however, they remain sub-
stantially active against the large majority of MSSA and MRSA. Newer
antistaphylococcal drugs have been developed, but since their clinical use has been
very limited so far, little is known about the emergence of resistance. Molecular
typing techniques have allowed to identify the major successful clones and lineages
of MSSA and MRSA, including high-risk clones, and to trace their diffusion. In the
face of a continuously evolving scenario, this review depicts the most common
clones circulating in different geographical areas and in different settings at present.
Since the evolution of S. aureus will continue, it is important to maintain the
attention on the epidemiology of S. aureus in the future with a global view.
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1 Introduction

Staphylococcus aureus is a common colonizer of the skin and mucosa surfaces of
humans and approximately 30 % of the individuals carry S. aureus in the anterior
nares (Wertheim et al. 2005). Since the beginning of the microbiological era,
S. aureus has been recognized as an important pathogen responsible for infections
in the healthcare setting and in the community. S. aureus infections are initiated by
the entrance of the microorganism through a breach of the skin or mucosa and can
involve local structures or spread to distant organs to generate life-threatening
invasive infections such as bacteremia, pneumonia, and osteomyelitis.

The success of Staphylococcus aureus as both a colonizer and a pathogen is
largely due to its ability to adapt to different environments thanks to the acquisition
of new DNA by horizontal gene transfer (HGT) and to spread clonally.
Through HGT S. aureus can use an ample and flexible repertoire of colonization
determinants, immune evasion factors, and toxins (enterotoxins, exfoliative toxins,
leukocidins, etc.) (Lindsay 2014) and can evolve rapidly in response to the greatest
challenge to the microbial world in the last 70 years: the introduction of antibiotics.
Although S. aureus is a species naturally susceptible to antibiotics, over the years it
has become resistant to virtually every antibiotic that has entered clinical use. In the
span of 10 years after penicillin was available at the middle of the last century, a
large proportion of nosocomial S. aureus strains became resistant to penicillin by
acquisition of a plasmid carrying the penicillinase gene (penZ, now blaZ) complex
(Novick and Bouanchaud 1971; Pantosti et al. 2007) and two decades later 80 % of
S. aureus isolates were resistant to penicillin (Chambers 2001).

The penicillinase-resistant antistaphylococcal penicillins, whose prototype is
methicillin, appeared an adequate response to penicillin-resistant S. aureus.
However, resistance emerged soon and in 1960 the first MRSA was identified in a
London hospital (Jevons 1961). Methicillin resistance is due to the acquisition of a
new gene, mecA, that codes for a novel penicillin-binding protein (PBP), designated
PBP2a that makes the strain resistant to all beta-lactam antibiotics, including
antistaphylococcal penicillins, cephalosporins, and carbapenems (Pantosti et al.
2007). The mecA gene is contained in a mobile genetic element designated
Staphylococcal chromosome cassette (SCC) mec that is chromosomally integrated
(Katayama et al. 2000).

Acquisition of mecA initiated the successful spread of methicillin-resistant
S. aureus (MRSA), one of the most important multidrug-resistant (MDR) noso-
comial pathogens.
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2 General Epidemiology of S. aureus

The recent epidemiology of S. aureus is especially focused on the increase and
spread of MRSA in healthcare setting and the community. However, in the past
century methicillin-susceptible S. aureus (MSSA) was a prominent cause of out-
breaks and global spread in healthcare settings and today remains one of the
principal pathogens in hospital infection. An example from the past is represented
by the MSSA strain called phage type 80/81 that was rampant at the middle of the
last century in hospitals causing infections and death in newborn units, in patients
and hospital staff in the UK, USA, and Canada (Uhlemann et al. 2014), becoming
the first pandemic S. aureus clone to be identified (Chambers and Deleo 2009). This
strain was resistant to penicillin, highly transmissible, and hypervirulent.
Interestingly, it contained the genes for the Panton–Valentine leukocidin (PVL), a
leukotoxin that later became a marker for community-associated (CA)-MRSA.

Although this clone disappeared in hospitals with the introduction of methicillin
(Chambers and Deleo 2009), the success of S. aureus continued into the last
decades of the nineteenth century, when S. aureus prevalence in health-
care-associated infections, especially bacteremia, increased. This event was ascri-
bed to the increase in the number of immunocompromised individuals, in the use of
intravascular devices and, finally, in the multidrug resistance of a portion of the
isolates that were MRSA (Lowy 1998). MRSA increased importantly in the
mid-1970s in Europe, in the next decade in the USA and later at a global level
(Chambers and Deleo 2009). Indeed, MRSA did not replace MSSA infections but
actually added to them (Johnson et al. 2005).

At present, S. aureus maintains a leading role as a nosocomial pathogen in
different countries. In the USA, S. aureus was number one among the pathogens
isolated from infections according to the National Healthcare Safety Network that
collected data from approximately 2.000 hospitals. In particular, S. aureus was the
most prevalent pathogen in ventilator-associated pneumonia and in surgical site
infections. A variable portion of the isolates, from 43 to 58 % according to the type
of infections or the hospital ward, was MRSA (Sievert et al. 2013).

In Europe, a recent point-prevalence survey, carried out in acute care hospitals of
33 countries and coordinated by the European Center for Disease Control and
Prevention (ECDC), revealed that S. aureus is the second most commonly isolated
microorganism after E. coli, and it remains the first cause of surgical site infections,
while MRSA proportion greatly varies according to the country (ECDC 2013). Data
collected by the European Antibiotic Resistance Surveillance Network (EARS-Net)
has clearly shown important differences among countries in the proportions of
MRSA from bacteremia, showing a distinct North–South trend. In 2013, in the face
of a European population-weighted mean percentage of 18 %, Iceland, the
Scandinavian countries, and the Netherlands reported an MRSA proportion below
2 %, while some East European and South European countries reported a pro-
portion from 32 to 64 % (ECDC 2014). Interestingly, EARS-Net documented a
downward trend for MRSA in France, UK, Germany, and Ireland likely due to the
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implementation of strategies to control the spread and transmission of MRSA in the
healthcare settings (Pearson et al. 2009; Jarlier et al. 2010).

A worldwide picture of MRSA spread is shown in the global report on
antimicrobial resistance surveillance, issued by the World Health Organization in
2014 (WHO 2014). Although comprehensive antibiotic resistance data were
available only for Europe, America, and Australia, MRSA was reported in all the
continents. Most countries reported a proportion of MRSA exceeding 20 % and,
occasionally, up to 80 %. This implies that second-line (or “reserve”) antibiotics are
required for the treatment or the prophylaxis of S. aureus infections in most
countries worldwide. Noteworthy, MRSA infections are associated with an increase
in mortality and in length of hospital stay, leading to a high economic burden with
respect to MSSA infections (WHO 2014).

3 Molecular Epidemiology

3.1 Molecular Typing Methods

The ability of S. aureus to cause a wide range of infections, to spread in both
hospital and the community and to cause outbreaks, has required the development
of tools able to distinguish isolates and to outline S. aureus epidemiology.
Phenotypic methods, including phage typing (Blair and Williams 1961), have been
commonly used since the 1960s but in the last decades they have been replaced by
molecular typing methods (Deurenberg and Stobberingh 2008). Today,
sequence-based methods are the most used to monitor the spread and circulation of
the diverse S. aureus lineages and to study evolutionary events (Nubel et al. 2011).

A description of the main molecular methods currently used to characterize
S. aureus is given below.

3.1.1 Pulsed-Field Gel Electrophoresis (PFGE)

Before the introduction of the sequence-based methods, PFGE was considered the
gold standard for typing many bacterial species, including S. aureus. PFGE is a
fingerprinting method based on macrorestriction of genomic DNA by using
rare-cutting restriction enzymes, such as SmaI for S. aureus (Bannerman et al.
1995). The resulting banding patterns can be resolved in an electric field applying
an alternative voltage gradient and analyzed by visual inspection (Tenover et al.
1995) or by using specialized software (Reed et al. 2007). PFGE is a useful tool to
study the local epidemiology, such as in the occurrence of an outbreak (Tenover
et al. 1995) showing a higher discriminatory power than other typing methods.
In USA, the major MRSA clones are defined based on the national PFGE database
(e.g., USA100 and USA 300) (McDougal et al. 2003). PFGE limitations include
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cost, a rather labor-intensive procedure and the need for technical expertise
(Deurenberg and Stobberingh 2008). In addition, protocols and nomenclature are
scarcely harmonized (Stefani et al. 2012).

3.1.2 Multilocus Sequence Typing (MLST)

MLST represents the most widely used method to classify S. aureus isolates into
clones. The method is based on sequencing the internal fragments of 7 house-
keeping genes; sequences are then analyzed with the help of the software and the
database at the MLST Web site (http://saureus.mlst.net) to obtain an allele number
for each gene. The succession of the alleles of the seven genes originates an allelic
profile defined sequence type (ST) (Enright et al. 2002). Using the algorithm
eBURST (www.eburst.mlst.net), related STs can be grouped into clusters desig-
nated clonal complexes (CC)s. Advantages of MLST are its reproducibility,
portability, and its universal nomenclature, so that ST data can be easily compared
(Deurenberg and Stobberingh 2008). MLST can also provide basic insights of the
S. aureus population structure in terms of clonal relatedness (Nubel et al. 2011).

3.1.3 Staphylococcal Protein A (spa) Typing

This technique is based on the sequence of a single gene, the staphylococcal protein
A gene, and in particular of the highly polymorphic X-region which contains
different short tandem repeats whose combination originates different spa types
(Harmsen et al. 2003). The method is supported by a central spa server (http://
www.seqnet.org/) that at the moment hosts more than 15,000 spa types. The dis-
criminative power of spa typing is lower than that of PFGE but higher than that of
MLST with which it is mostly concordant in terms of CC definition (Cookson et al.
2007; Strommenger et al. 2008). However, the high mutation rate of the spa locus
may lead to an evolutionary convergence (homoplasy) and, in turn, to problems
with the distinction of clones (Nubel et al. 2011). Nevertheless, spa typing repre-
sents a rapid and easy tool to investigate the epidemiology of S. aureus infections,
especially at the local level.

3.1.4 SCCmec Typing

This method is based on the identification of the structurally different SCCmec
elements; thus, it can be used to classify MRSA only. SCCmec typing is performed
by targeting its key elements, the mec complex class and the cassette chromosome
recombinase (ccr) complex type (Kondo et al. 2007). The Web site of the
International Working Group on the Staphylococcal Cassette Chromosome ele-
ments (IWG-SCC) (http://www.sccmec.org/Pages/SCC_HomeEN.html; accessed
on June 26, 2015) currently reports 11 SCCmec types differing in size from 20 to
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60 kb. The larger SCCmec elements (types I–III), which are characteristic of the
“classical” nosocomial lineages, can also contain transposons and integrated plas-
mids that carry resistance to other antibiotics and heavy-metal resistance operons
(Pantosti et al. 2007). SCCmec type IV encodes methicillin resistance only and
being smaller than other SCCmec is probably more easily transferable (Ma et al.
2002). It can be further distinguished into 8 subtypes (named from a to h) on the
basis of differences in the J1 (accessory or junkyard) region (de Lencastre et al.
2007; Milheirico et al. 2007). SCCmec types IV and V are typically found in
community-associated MRSA (CA-MRSA) and in livestock-associated (LA)-
MRSA. The type of SCCmec can be useful to trace the evolutionary origin of
MRSA clones and, therefore, it is often part of the designation of a specific clone.

3.1.5 Whole Genome Sequencing (WGS)

Whole genome sequencing (WGS) has the potential to become a primary typing
technique in microbiology laboratories, replacing all the other typing methods
(Price et al. 2013) also due to the decreased costs of equipment and materials. It
offers the best possible resolution for measuring inter-strain similarity and for
phylogenetic analysis and can produce information on antigenic array, virulence
and antibiotic resistance, predicting phenotypes of interest (Sabat et al. 2013).
Several platforms for next-generation sequencing (NGS) are now available (Price
et al. 2013; Metzker 2010). Sequencing results consist of thousands of reads cor-
responding to genomic DNA fragments, generally smaller than 400 base pair (Price
et al. 2013). In order to rebuild the genome sequence, the reads have to be
assembled. Two methods can be used: A method called mapping-based assembly
consisting in the comparison of the sequences with those of a reference strain or by
de novo assembly where the reads are assembled in larger regions named contigs
that need to be further assembled (Schatz et al. 2010) but that often do not generate
a complete coverage (Nielsen et al. 2011). The typing strategies that can be
obtained by WGS are based on allelic variations of genes that are part of the core
genome (extended MLST or cgMLST) (Maiden et al. 2013) or on the analysis of
the single-nucleotide mutations (SNPs) in the genome as compared to a reference
sequence. These types of analyses might be the most readily implementable for
typing, although other types (e.g., K-mer) have been proposed (Maiden et al. 2013;
Koser et al. 2012a).

The major open problems with WGS rely on the reproducibility of the results
obtained with different platforms, the availability of rapid and easy bioinformatics
tools, the harmonization of bioinformatic analyses, and the development of a
common nomenclature and an open-access database (Sabat et al. 2013). Regarding
S. aureus, WGS can show differences among strains that are indistinguishable by the
PFGE, the most discriminative method used so far (Salipante et al. 2015). WGS has
been successfully used to investigate hospital outbreaks, such as MRSA outbreaks in
neonatal intensive care units where SNP analysis allowed to clearly discriminate
outbreak from non-outbreak strains (Koser et al. 2012b; Harris et al. 2013).
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3.2 Worldwide Distribution of the Principal Clones
and Lineages

The development and extensive use of molecular typing techniques has allowed the
identification of different MSSA and MRSA clones and their worldwide distribu-
tion. The vast majority of S. aureus isolates collected during 1960–2004 have been
found to belong to 11 CCs, the most abundant being CC30 (Chambers and Deleo
2009). With respect to MSSA, the MRSA lineages are less numerous since intro-
duction of SCCmec must occur into MSSA lineages that are “permissive” for this
element, that has to be acquired and maintained (Enright et al. 2002; Robinson and
Enright 2003). This event has occurred a limited number of times, although
according to recent findings MRSA emergence is probably more common than
previously thought (Nubel et al. 2008).

Most of the recent molecular epidemiology data concerning S. aureus are focused
on MRSA, while the molecular epidemiology of MSSA is quite scarce. Therefore,
the following paragraphs deal with the distribution of MRSA clones in different
settings and geographical areas and only a short part is dedicated to MSSA.

Recent studies have demonstrated that clones are in continuous evolution: old
clones wane and sometimes re-emerge (Chambers and Deleo 2009); exchange and
spreading of clones and lineages between different settings and countries are
occurring at a rapid rate due to globalization. Therefore, the following description
must be intended as an epidemiological snapshot that is due to change with time.

3.2.1 Healthcare-Associated MRSA

For a couple of decades after the emergence of MRSA, these strains were confined
to the healthcare setting in Europe and later also in the USA (Chambers and Deleo
2009). The majority of MRSA infections were caused by S. aureus phage type 83A
(now classified as ST250, CC8) designated as the “archaic clone,” to which also the
very first MRSA isolate belonged.

The archaic clone gradually disappeared in the 1980s to be replaced by new
pandemic clones (Enright et al. 2002; Chambers and Deleo 2009). One successful
lineage was ST239-SCCmec III also designated the Brazilian/Hungarian clone.
ST239 is a hybrid clone originating by the introduction of a large chromosomal
fragment from ST30 (CC30) into the CC8 background (Deurenberg and Stobberingh
2008; Smyth et al. 2010). ST239 became prevalent in UK, Australia, and USA
between the 1970s and the early 1980s, in Europe and South America in the following
decade (1980–1990) and subsequently in Asia and Middle East (1990–2000).

The original nomenclature of the HA-MRSA clones included the geographical
area where the clones were first recovered or more widespread (e.g., the New York
clone, the Brazilian clone) (Murchan et al. 2003) and their classification was based
on phage typing and other phenotypic traits (Kerr et al. 1990) and later on PFGE
(Oliveira et al. 2002).
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Although for the major clones the original nomenclature or the local designation
are often maintained (e.g., EMRSA-15 for ST22 in UK or USA100 for ST5 in
USA) (Chambers and Deleo 2009), today, the most accepted nomenclature of the
circulating clones is based on the ST-SCCmec type and additionally the corre-
sponding CC. Indeed, a single CC can include MRSA clones with different geo-
graphical distribution that can be associated with different SCCmec elements and
possibly other characteristics such as antibiotic resistance determinants or virulence
factors (Monecke et al. 2011; Nubel et al. 2011). CC5, for example, encompasses
clones belonging to ST5-SCCmec II (USA100), which is the most common
HA-MRSA in USA (Tenover and Goering 2009) as well as ST5-SCCmec IV
(USA800), also known as the “Pediatric clone” (Monecke et al. 2011).

The geographical distribution of the most common HA-MRSA clones is shown
in Fig. 1.

In North America, ST5-SCCmec II (USA100), ST8-SCCmec IVh (USA500),
ST36-SCCmec IV (USA200), and ST45-SCCmec IV are the most common
HA-MRSA clones. Other clones, such as ST22-SCCmec IV and ST247-SCCmec I,
are also present, although at lower frequency (Chatterjee and Otto 2013; Stefani
et al. 2012; Nichol et al. 2013).

In South America, MRSA belonging to ST5 and ST239 are the most frequent
HA-MRSA isolates. In particular, in Brazil the predominant nosocomial lineages
are ST239-SCCmec III (the Brazilian clone), ST5, and ST1 (Silva-Carvalho et al.
2009; Caboclo et al. 2013), while in Argentina the majority of HA-MRSA isolates
are related to ST5-SCCmec I, which is also locally called the Cordobes–Chilean
clone (Becker et al. 2012; Egea et al. 2014). The latter clone is also present in
Colombia together with ST8-SCCmec IVc representing the most prevalent lineages;
the Chilean clone has recently displaced the Pediatric clone that was disseminated
in Colombia at the end of 1990s (Jimenez et al. 2012).

In Europe, ST5 (CC5), ST8 (CC8), and ST22 (CC22) are predominant in most
countries. In addition, specific clones display a preferential geographical distribution
at country level; for instance, the northern Balcan-Adriatic clone, ST228-SCCmec I,
is typically detected in Italy, Germany, Austria, Croatia, Hungary and Slovenia
(Grundmann et al. 2010a; Monaco et al. 2010); ST125-SCCmec IV has been
identified in Spain with spa type t067 (Perez-Vazquez et al. 2009); the Berlin epi-
demic clone, ST45-SCCmec IV is common in Germany and Belgium, but it also
circulates in the Netherlands, Switzerland, and Croatia; in France, ST8-SCCmec IV,
named “Lyon clone,” is the most abundant HA-MRSA followed by ST5-SCCmec I,
which is also known as the “Geraldine clone” (Dauwalder et al. 2008). In the recent
years, ST22-SCCmec IV (EMRSA-15), the most common clone in the UK since the
1990s, has spread into several countries including Germany, Hungary, Portugal, and
Italy becoming the major European HA-MRSA clone (Grundmann et al. 2014;
Holden et al. 2013). The rapid evolution of the HA-MRSA clones and the expansion
of ST22-SCCmec IV in Europe have been documented by two surveys involving
isolates from surveys involving isolates from bacteremia from 25 European coun-
tries (Grundmann et al. 2010a, 2014) (Fig. 2).

In Africa, genotyping data of HA-MRSA isolates are still limited; nevertheless,
recent studies suggest the predominance of the clones ST5 carrying different

Worldwide Epidemiology and Antibiotic Resistance … 29



S
T

5 
S

T
8 

S
T

22
 S

T
45

 S
T

12
5 

S
T

22
5 

S
T

22
8 

S
T

23
9

S
T

8*
° 

S
T

22
 S

T
30

 S
T

59
 S

T
80

 S
T

15
2 

S
T

77
2 

S
T

1 
S

T
97

 S
T

39
8

S
T

5 
S

T
22

 S
T

23
9

S
T

8
 S

T
22

 S
T

30
 S

T
59

 S
T

80
 S

T
88

 S
T

93
 S

T
77

2 
S

T
83

4
S

T
9 

S
T

97
 S

T
39

8 S
T

1 
S

T
22

 S
T

23
9 

S
T

5
 S

T
8 

S
T

30
 S

T
45

 S
T

59
 S

T
75

 S
T

93
 S

T
77

2 
S

T
97

 S
T

39
8

S
T

1 
S

T
5

 S
T

22
 S

T
36

 S
T

23
9 

S
T

61
2

S
T

8 
S

T
80

 S
T

88
 S

T
61

2 
S

T
97

 S
T

39
8

S
T

1 
S

T
5 

S
T

8 
S

T
23

9 
S

T
1 

S
T

5 
S

T
8°

 S
T

30

S
T

5 
S

T
8

 S
T

22
  S

T
36

 S
T

45
 S

T
24

7
S

T
1 

S
T

8*
 S

T
30

 S
T

59
S

T
39

8

* 
U

S
A

30
0

° 
U

S
A

30
0-

LV
T

he
 m

os
t c

om
m

on
 c

lo
ne

s 
ar

e 
in

di
ca

te
d 

in
 b

ol
d 

N
o

rt
h

 A
m

er
ic

a

S
o

u
th

 A
m

er
ic

a

E
u

ro
p

e

A
si

a

A
u

st
ra

lia
 a

n
d

 N
ew

 Z
ea

la
n

d

A
fr

ic
a

LA
-M

R
S

A

C
A

-M
R

S
A

H
A

-M
R

S
A

(a
)

F
ig
.1

(c
on

tin
ue
d)

30 M. Monaco et al.



M
R

S
A

C
C

M
L

S
T

S
C

Cm
ec

G
eo

g
ra

p
h

ic
 d

is
tr

ib
u

tio
n

R
ef

er
en

ce
s

C
C

1
S

T1
IV

, V
S

ou
th

 A
m

er
ic

a
, A

fr
ic

a
,

A
u

st
ra

lia
 a

n
d

 N
ew

 Z
ea

la
n

d
M

on
ec

ke
 e

t a
l. 

20
11

; S
ilv

a-
C

a
rv

a
lh

o 
et

 a
l. 

20
09

; 
C

a
b

oc
lo

 e
t a

l. 
20

12
; B

en
 J

om
a

a-
Je

m
ili 

et
 a

l. 
20

13
; 

R
a

jie
t a

l. 
20

13
;R

itc
h

ie
 e

t a
l. 

20
14

; W
illi

a
m

so
n

 e
t a

l. 
20

14

S
T

5
I, 

II,
 IV

N
or

th
 A

m
er

ic
a

, S
ou

th
 A

m
er

ic
a

,
E

u
ro

p
e,

 A
fr

ic
a

, A
si

a
N

ic
h

ol
 e

t a
l. 

20
13

; E
g

ea
 e

t a
l. 

20
14

; C
h

a
tte

rje
e 

et
 a

l. 
20

13
; S

te
fa

n
i e

t a
l. 

20
12

; A
b

d
u

lg
a

d
er

 e
t a

l. 
20

15
; S

ch
a

u
m

b
u

rg
 e

t a
l. 

20
14

; C
h

en
 e

t a
l. 

20
14

C
C

5
S

T
2

2
8

I
E

u
ro

p
e

G
ru

n
d

m
a

n
n

 e
t a

l.
 2

01
0;

 M
on

a
co

 e
t a

l. 
20

10

S
T

8
IV

N
or

th
 A

m
er

ic
a

, E
u

ro
p

e,
A

u
st

ra
lia

, N
ew

 Z
ea

la
n

d
N

ic
h

ol
 e

t a
l.

 2
01

3;
 N

im
m

o 
et

 a
l.

 2
01

4;
 D

a
u

w
a

ld
er

 e
t a

l.
 2

00
8;

 G
ru

n
d

m
a

n
n 

et
 a

l.
 2

01
0;

 W
illi

a
m

so
n 

et
 

a
l. 

20
14

S
T2

3
9

II
I

S
ou

th
 A

m
er

ic
a

, 
E

u
ro

p
e,

 A
fr

ic
a

,
A

u
st

ra
lia

, N
ew

 Z
ea

la
n

d
E

g
ea

 e
t a

l.
 2

01
4;

 S
m

yt
h 

et
 a

l.
 2

01
0;

 G
ru

n
d

m
a

n
n 

et
 a

l.
 2

01
0;

 S
ch

a
u

m
b

u
rg

 e
t a

l.
 2

01
4;

 A
b

d
u

lg
a

d
er

et
 a

l.
 2

01
5;

 C
h

en
 e

t a
l.

 2
01

4;
 W

illi
a

m
so

n 
et

 a
l. 

20
14

S
T2

4
7

I
N

or
th

 A
m

er
ic

a
, E

u
ro

p
e

N
ic

h
ol

 e
t a

l.
 2

01
3;

 G
ru

n
d

m
a

n
n 

et
 a

l. 
20

10

C
C

8

S
T6

1
2

IV
A

fr
ic

a
, 

A
u

st
ra

lia
, N

ew
 Z

ea
la

n
d

A
b

d
u

lg
a

d
er

 e
t a

l.
 2

01
5;

 S
ch

a
u

m
b

u
rg

 e
t a

l.
 2

01
4;

 W
illi

a
m

so
n 

et
 a

l. 
20

14

C
C

2
2

S
T2

2
IV

N
or

th
 A

m
er

ic
a

, E
u

ro
p

e,
 A

fr
ic

a
,

A
si

a
, A

u
st

ra
lia

, N
ew

 Z
ea

la
n

d
H

ol
d

en
 e

t a
l.

 2
01

3;
 N

ic
h

ol
 e

t a
l.

 2
01

3;
 G

ru
n

d
m

a
n

n 
et

 a
l.

 2
01

0;
 A

b
d

u
lg

a
d

er
 e

t a
l. 

20
15

; 
S

ch
a

u
m

b
u

rg
 e

t a
l.

 2
01

4;
 C

h
en

 e
t a

l.
 2

01
4;

 W
illi

a
m

so
n 

et
 a

l. 
20

14
C

C
3

0
S

T3
6

II
, I

V
N

or
th

 A
m

er
ic

a
, E

u
ro

p
e,

 A
fr

ic
a

N
ic

h
ol

 e
t a

l.
 2

01
3;

 G
ru

n
d

m
a

n
n 

et
 a

l.
 2

01
0;

 A
b

d
u

lg
a

d
er

 e
t a

l. 
20

15

H
A

C
C

4
5

S
T4

5
IV

N
or

th
 A

m
er

ic
a

, 
E

u
ro

p
e

N
ic

h
ol

 e
t a

l. 
20

13
; S

te
fa

n
i e

t a
l. 

20
12

S
T

1
IV

N
or

th
 A

m
er

ic
a

, S
ou

th
 A

m
er

ic
a

,
A

u
st

ra
lia

, N
ew

 Z
ea

la
n

d
N

ic
h

ol
 e

t a
l.

 2
01

3;
 E

g
ea

 e
t a

l. 
20

14
;

G
el

a
tti

 e
t a

l. 
20

13
; W

illi
a

m
so

n
 e

t a
l. 

20
14

C
C

1
S

T
7

7
2

IV
, V

A
si

a
, E

u
ro

p
e

C
h

en
 e

t a
l.

 2
01

4;
 W

illi
a

m
so

n 
et

 a
l. 

20
14

; E
lli

n
g

to
n

 e
t a

l. 
20

10
; S

a
n

ch
in

i e
t a

l. 
20

11

C
C

5
S

T5
IV

S
ou

th
 A

m
er

ic
a

, E
u

ro
p

e,
 A

fr
ic

a
,

A
u

st
ra

lia
, N

ew
 Z

ea
la

n
d

E
g

ea
 e

t a
l.

 2
01

4;
 G

el
a

tti 
et

 a
l.

 2
01

3;
 G

ru
n

d
m

a
n

n 
et

 a
l.

 2
01

0;
 A

b
d

u
lg

a
d

er
 e

t a
l.

 2
01

5;
 S

ch
a

u
m

b
u

rg
et

 a
l.

 2
01

4;
 W

illi
a

m
so

n 
et

 a
l. 

20
14

C
C

8
S

T8
IV

N
or

th
 A

m
er

ic
a

, S
ou

th
 A

m
er

ic
a

, E
u

ro
p

e,
 A

fr
ic

a
, 

A
si

a
, 

A
u

st
ra

lia
, N

ew
 Z

ea
la

n
d

N
ic

h
ol

 e
t a

l.
 2

01
3;

 N
im

m
o 

et
 a

l.
 2

01
4;

 D
a

vi
d 

et
 a

l.
 2

01
0;

 E
g

ea
 e

t a
l.

 2
01

4;
 J

im
en

ez
 e

t a
l.

 2
01

2;
 R

ey
es

et
 a

l. 
20

09
;

A
b

d
u

lg
a

d
er

 e
t a

l. 
20

15
; 

S
ch

a
u

m
b

u
rg

 e
t a

l. 
20

14
;S

a
n

ch
in

i e
t a

l.
 2

01
1;

 W
illi

a
m

so
n 

et
 a

l.
20

14
C

C
2

2
S

T2
2

IV
E

u
ro

p
e,

 A
si

a
E

llin
g

to
n

 e
t a

l. 
20

10
; M

on
ec

ke
 e

t a
l. 

20
11

C
C

3
0

S
T3

0
IV

, V
N

or
th

 A
m

er
ic

a
, S

ou
th

 A
m

er
ic

a
, E

u
ro

p
e,

 A
si

a
,

A
u

st
ra

lia
, N

ew
 Z

ea
la

n
d

N
ic

h
ol

 e
t a

l.
 2

01
3;

 E
g

ea
 e

t a
l.

 2
01

4;
 G

el
a

tti 
et

 a
l.

 2
01

3;
 D

a
vi

d 
et

 a
l. 

20
10

; M
ed

ia
vi

lla
 e

t a
l. 

20
12

; C
h

en
et

 a
l.

 2
01

4;
 W

illi
a

m
so

n 
et

 a
l. 

20
14

C
C

4
5

S
T4

5
IV

, V
, V

I
N

or
th

 A
m

er
ic

a
, 

A
u

st
ra

lia
, N

ew
 Z

ea
la

n
d

M
on

ec
ke

 e
t a

l.
 2

01
1;

 W
illi

a
m

so
n 

et
 a

l. 
20

14

C
C

5
9

S
T5

9
IV

, V
N

or
th

 A
m

er
ic

a
, E

u
ro

p
e,

 A
si

a
,

A
u

st
ra

lia
, N

ew
 Z

ea
la

n
d

D
a

vi
d

 e
t a

l.
 2

01
0;

 M
ed

ia
vi

lla
 e

t a
l.

 2
01

2;
 S

ow
a

sh
 e

t a
l. 

20
14

;M
on

ec
ke

 e
t a

l.
 2

01
1;

 C
h

en
 e

t a
l. 

20
14

; 
W

illi
a

m
so

n
 e

t a
l. 

20
14

C
C

8
0

S
T8

0
IV

E
u

ro
p

e,
 A

fr
ic

a
 te  re

d
a

gl
u

d
b

A ;1102 .l
a te  i

ni
hc

n
a

S ;01 02 .l
a te n

n
a

m
d

n
ur

G ;1102 .l
a t e ekce

no
M ;0102 .l

a te 
d iv

a
D a

l.
 2

01
5;

 S
ch

a
u

m
b

u
rg

 e
t a

l. 
20

14
C

C
8

8
S

T8
8

IV
E

u
ro

p
e,

 A
fr

ic
a

, A
u

st
ra

lia
M

on
ec

ke
 e

t a
l.

 2
01

1;
 S

a
n

ch
in

i e
t a

l. 
20

11
;

A
b

d
u

lg
a

d
er

 e
t a

l.
 2

01
5;

 S
ch

a
u

m
b

u
rg

 e
t a

l. 
20

14

S
in

gl
e

to
n

S
T9

3
IV

A
si

a,
 

A
u

st
ra

lia
, N

ew
 Z

ea
la

n
d

W
illi

a
m

so
n

 e
t a

l.
 2

01
4;

 M
on

ec
ke

 e
t a

l.
 2

01
1;

 C
h

en
 e

t a
l. 

20
14

C
A

C
C

1
5

2
S

T1
5

2
V

E
u

ro
p

e,
 A

fr
ic

a
M

on
ec

ke
 e

t a
l.

 2
01

1;
 M

ed
ia

vi
lla

 e
t a

l. 
20

12
;

A
b

d
u

lg
a

d
er

 e
t a

l.
 2

01
5;

 S
ch

a
u

m
b

u
rg

 e
t a

l. 
20

14

C
C

1
S

T 
1

IV
E

u
ro

p
e

C
u

n
y 

et
 a

l. 
20

13
; F

ra
n

co
 e

t a
l. 

20
11

C
C

9
S

T 
9

IV
, V

E
u

ro
p

e,
 A

si
a

M
on

ec
ke

 e
t a

l. 
20

11
; K

oc
k e

t a
l.

 2
01

3;
 C

h
en

 e
t a

l. 
20

14

C
C

9
7

S
T9

7
IV

, V
E

u
ro

p
e,

 A
fr

ic
a

, A
u

st
ra

lia
P

a
n

to
st

i e
t a

l. 
20

12
; K

oc
k 

et
 a

l. 
20

13
; M

on
ec

ke
 e

t a
l. 

20
11

L
A

C
C

3
9

8
S

T 
3

9
8

IV
, V

N
or

th
 A

m
er

ic
a

, 
S

ou
th

 A
m

er
ic

a
, E

u
ro

p
e,

A
fr

ic
a

, A
si

a
, 

A
u

st
ra

lia
, N

ew
 Z

ea
la

n
d

C
a

se
y

 e
t a

l.
 2

01
4;

 V
er

ka
d

e e
t a

l.
 2

01
4;

 C
u

n
y 

et
 a

l.
 2

01
3;

 V
a

n
 C

le
ef

 e
t a

l.
 2

01
1;

 M
on

a
co

 e
t a

l. 
20

13
; 

E
h

la
n

i e
t a

l.
 2

01
5;

 M
on

ec
ke

 e
t a

l.
 2

01
1;

 W
illi

a
m

so
n 

et
 a

l. 
20

14
C

C
: c

lo
na

l c
om

pl
ex

; M
LS

T
: m

ul
til

oc
us

 s
eq

ue
nc

e 
ty

pi
ng

; S
C

C
m
e
c

: S
ta

p
h

yl
oc

oc
ca

l c
h

ro
m

os
om

e 
ca

ss
et

te
 m

e
c

(b
)

F
ig
.
1

G
eo
gr
ap
hi
ca
l
di
st
ri
bu

tio
n
of

th
e
pr
ev
al
en
t
M
R
SA

cl
on

es

Worldwide Epidemiology and Antibiotic Resistance … 31



SCCmec types (I, II or IV) and ST239-SCCmec III. Other lineages, such as
ST22-SCCmec IV, ST36-SCCmec II, and ST612-SCCmec IV, a double-locus
variant of ST8, are reported mainly from South Africa (Abdulgader et al. 2015)
while ST1 has been reported from hospitals in Tunisia and Nigeria (Raji et al. 2013;
Mariem et al. 2013).

In Asia, about 90 % of hospital infections are due to ST239-SCCmec III (Smyth
et al. 2010). This clone is the predominant clone in all countries where molecular
typing of HA-MRSA has been carried out including China, Korea (Moon et al.
2010), Indonesia, Philippines, Thailand, Vietnam, India, and Pakistan (Shabir et al.
2010; Chen and Huang 2014). The only exception is represented by Japan where
ST5-SCCmec II is the predominant clone since 1990s (Chen and Huang 2014).
ST5-SCCmec II is also largely disseminated in China, Korea, and Taiwan (Tsao
et al. 2014). In Southeast Asian countries, ST241, a single-locus variant of ST239,
is also present (Chen and Huang 2014).

In Australia, the major circulating HA-MRSA clone was ST239-SCCmec III till
the end of 1990s when ST22-SCCmec IV became the most common clone
(Williamson et al. 2014). In New Zealand, ST1 is the prevalent clone detected
among strains isolated from patients with bacteremia (Ritchie et al. 2014); other
clones belonging to CC1, CC30, CC59, and CC101 are also found in hospitals in
the Southwest Pacific area (Williamson et al. 2014).

3.2.2 CA-MRSA

In the 1990s, MRSA epidemiology dramatically changed due to the emergence of
new MRSA lineages in the community, later called CA-MRSA.

CA-MRSA infections were first identified in remote areas of Western Australia in
the late 1980s; the causative strain was subsequently identified as ST8-SCCmec IV
(Nimmo and Coombs 2008). At the beginning of the 1990s, in the USA, MRSA
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infections started to emerge in the community among children without predisposing
risk factors (Herold et al. 1998). During 1997–99, in the mid-western region of USA,
an MRSA strain, designated as USA400 by PFGE, was responsible for a small
outbreak of sepsis and necrotizing pneumonia among healthy children (DeLeo et al.
2010; David et al. 2015). USA400 was the prevalent CA-MRSA clone in USA until
2001 when the new unrelated clone USA300 replaced it to become one of the most
successful clone ever. CA-MRSA were responsible for skin and soft tissues infec-
tions (SSTIs) in young healthy individuals without predisposing risk factors for
MRSA acquisition and with no association with the healthcare system (Stryjewski
and Chambers 2008), causing outbreaks among prisoners, athletes, military popu-
lation, homosexual men, and newborns. Sporadically, CA-MRSA were responsible
for serious infections, such as necrotizing pneumonia, necrotizing fasciitis, sepsis,
and osteomyelitis (Crum et al. 2006; Bukharie 2010).

Molecular typing of CA-MRSA revealed that these isolates generally carry
SCCmec elements type IV or V and display resistance to fewer non-beta-lactam
antibiotics with respect to “classical” HA-MRSA that harbor SCCmec type I, II, or
III and are usually multiresistant (Benoit et al. 2008; David and Daum 2010). In
addition, CA-MRSA carry genes for PVL, a prophage-encoded, bicomponent
pore-forming cytotoxin that specifically targets human neutrophils, causing their
destruction and the consequent tissue damage (Boyle-Vavra and Daum 2007; Spaan
et al. 2015). SCCmec IV and PVL genes have represented molecular markers used
to trace the emergence of CA-MRSA worldwide (Vandenesch et al. 2003). Sixty to
100 % of CA-MRSA strains carry PVL genes (Rossney et al. 2007; Shallcross et al.
2013); the prevalence of PVL-positive isolates is dependent on lineages and geo-
graphical areas (Munckhof et al. 2003). According to recent studies, PVL is an
important contributor, in association with other factors, to the virulence of
CA-MRSA and to its ability to disseminate (Chambers and Deleo 2009; Zhang
et al. 2008). Recently, the role of PVL in the pathogenesis of CA-MRSA necro-
tizing pneumonia has been clearly established using a rabbit model (Diep et al.
2010; Chi et al. 2014).

In recent years, the epidemiological distinction between CA-MRSA and
HA-MRSA infections has become blurred due to the introduction of CA-MRSA
into the healthcare system, especially in USA (David and Daum 2010; Pantosti and
Venditti 2009). Therefore, the distinction between CA-MRSA and HA-MRSA
requires more than one criteria including molecular typing (David and Daum 2010;
Otter and French 2012).

The burden of CA-MRSA infections is geographically diversified. Although data
from many areas are sparse and difficult to compare, evidence shows that the
prevalence of CA-MRSA infections is higher in the USA than in other areas
(Mediavilla et al. 2012; Witte 2009). PVL-positive CA-MRSA were reported as
responsible for the majority of acute SSTIs in patients presenting at the US
emergency departments (Moran et al. 2006). In Europe, PVL-positive CA-MRSA
infections were relatively rare in England and Ireland but common in Greece
(Shallcross et al. 2013). In Australia, CA-MRSA represented 7.8 % of the isolates
obtained from outpatient infections (Nimmo and Coombs 2008).
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At present, CA-MRSA are associated with more than 20 distinct world-
wide-spread genetic lineages. The most common CA-MRSA lineages are displayed
in Fig. 1.

In USA, the major CA-MRSA clone is USA300 (ST8-SCCmec IVa), which
contains the PVL genes and the arginine catabolic mobile element (ACME) that has
been shown to enhance the ability of the strain to colonize the skin (David and Daum
2010). Besides USA 300, USA400 (ST1-SCCmec IV), ST30-SCCmec IV, and
ST59-SCCmec IV represent other less common CA-MRSA clones that can be found
throughout the country (Mediavilla et al. 2012; Monecke et al. 2011). In Canada,
USA300 and USA400 are the most common CA-MRSA clones (Nichol et al. 2013).

In South America, one of the most frequent clones is represented by the USA300
variant named USA300-LV (ST8-SCCmec IVc) that contains PVL but lacks
ACME. USA300-LV, first reported in Colombia in 2006 (Reyes et al. 2009), is now
present in several other Latin American countries, including Argentina, Venezuela,
Peru, Ecuador, and Brazil. More recently, USA300-LV has also been described as
cause of HA infections (Jimenez et al. 2012; Egea et al. 2014). In Argentina, the
most common CA-MRSA clones are ST5-SCCmec IV and ST30-SCCmec IV,
while in Uruguay and Brazil ST30-SCCmec IV is prevalent (Egea et al. 2014;
Gelatti et al. 2013; Jimenez et al. 2012).

In Europe, circulating CA-MRSA strains belong to a variety of clones; the
majority of the infections are due to the European clone ST80-SCCmec IV
(Vandenesch et al. 2003), which typically shows resistance to fusidic acid
(Monecke et al. 2011). USA300 was reported from Denmark in 2000 (AR Larsen
et al. 2007) and subsequently from other countries (Austria, England, France,
Ireland, Netherlands, Spain, and Italy), as cause of sporadic infections or small
outbreaks (Nimmo 2012; Sanchini et al. 2013). USA300-LV has also been reported
from Spain and Italy (Cercenado and Ruiz de Gopegui 2008; Sanchini et al. 2011;
David and Daum 2010). ST30-SCCmec IV is also largely spread in different
geographical areas (David and Daum 2010; Sanchini et al. 2011), while a variety of
other CA-MRSA clones have been identified with variable frequency including
ST22, ST59, ST152, and ST772 (Monecke et al. 2011; Ellington et al. 2010;
Mediavilla et al. 2012).

In Africa, few predominant CA-MRSA clones are spread in different regions. In
North Africa, the European clone ST80-SCCmec IV predominates, likely due to the
geographical proximity to Europe. ST88-SCCmec IV is predominant in West,
Central, and East Africa, while ST8-SCCmec IV, including isolates closely related
to USA300, has been recently reported in Gabon and Ghana (Schaumburg et al.
2014). ST612-SCCmec IV, PVL-positive, typically circulates in South Africa
(Abdulgader et al. 2015).

In Asia, there is great heterogeneity in the circulating CA-MRSA clones and
their prevalence varies considerably among countries. ST59, carrying SCCmec type
IV, V, or a variant named VT (VTaiwan), is spread in Taiwan, China, Vietnam, and
Japan (David and Daum 2010; Sowash and Uhlemann 2014; Chen and Huang
2014); ST30-SCCmec IV is ubiquitously detected but prevails in Singapore, Hong
Kong, Philippines, and Japan. ST772-SCCmec V, named the Bengal Bay clone, is
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predominant in India, where ST22-SCCmec IV is also present. ST8, ST88, and
ST93 are spread in Japan, while ST834, belonging to CC9, is characteristically
present in Cambodia (Chen and Huang 2014; David and Daum 2010; Monecke
et al. 2011; Sowash and Uhlemann 2014; Williamson et al. 2014).

In Australia, the most common CA-MRSA clone is ST93-SCCmec IV (the
Queensland clone). However, a large diversity of CA-MRSA clones has also been
documented in this geographical area, including PVL-negative clones (Nimmo and
Coombs 2008), such as ST75, which is a genetically divergent S. aureus strain and
should probably be allocated to a separate species (Williamson et al. 2014). In New
Zealand, ST30-SCCmec IV has been the prevalent clone up to 2005 when
ST5-SCCmec IV, an emerging clone resistant to fusidic acid, has displaced it. Other
CA-MRSA lineages, typical of other geographical areas, are present both in
Australia and New Zealand, such as USA300, ST59-SCCmec VT, and
ST772-SCCmec V (Williamson et al. 2014).

3.2.3 LA-MRSA

It has been recently established that livestock represents a reservoir of MRSA
(Pantosti 2012; van Cleef et al. 2011). Several cases of human colonization and
infections caused by MRSA of animal origin (designated LA-MRSA), mainly from
pigs or cattle, have been reported (Smith and Pearson 2011). The first LA-MRSA
was identified in Europe in 2005 (Voss 2005). It belonged to a new MRSA lineage
(ST398, CC398) and showed features different from those of other MRSA clones
such as non-typeability by PFGE (Bens et al. 2006), presence of SCCmec type IV
or V, and resistance to tetracycline and trimethoprim–sulfamethoxazole, antibiotics
commonly used in animal production (Argudin et al. 2011). PVL and enterotoxins
genes were generally not present (Hallin et al. 2011). Colonization and infection
with ST398 have been documented mainly in countries where animal production is
intensive, occurring primarily in farm workers, veterinarians, and other people
exposed to livestock (Monaco et al. 2013; Van Cleef et al. 2010; Casey et al. 2014).
However, cases have also been reported in subjects with no known contact with
animals and in hospitalized patients (Wulf et al. 2008; Kock et al. 2009).

Although LA-MRSA ST398 was found to be globally spread, other MRSA
non-CC398 have emerged in farm animals in different geographical areas: ST9
(CC9) detected in pigs in Asia and Europe; ST97 (CC97) isolated from bovine
mastitis and chickens in different areas of the Americas and Europe; ST1 (CC1)
frequently found in bovine mastitis and in pigs in Europe (Franco et al. 2011); ST22
(CC22) and ST5 (CC5) isolated from pigs in Ireland and Canada, respectively
(Cuny et al. 2013). Another clone, ST130 (CC130), recovered in cattle, horses, and
sheep, was found to harbor mecC, a novel mec homologue that is not detectable by
conventional diagnostic assays (Garcia-Alvarez et al. 2011; Ito et al. 2012). All
these non-CC398 LA-MRSA lineages were found to colonize or infect humans
with different prevalence, being ST9 and ST97 the less frequently recovered (Kock
et al. 2013).
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3.2.4 Molecular Epidemiology of MSSA

Although MSSA is a leading cause of infections, both in the community and in the
healthcare setting, only few studies have been published describing the molecular
epidemiology of MSSA. Since MSSA represents the reservoir for the emergence of
MRSA through SCCmec introduction, it is important to recognize MSSA clones
endowed with capacity to cause serious infections and to spread globally. For
instance, the PVL-positive MSSA clone phage 80/81 that was spread in hospitals in
the middle of the past century has been recognized by modern typing techniques as
belonging to CC30. After acquiring mecA, the clone has disseminated globally as
MRSA CC30, one of the principal CA-MRSA clones (Robinson et al. 2005).

In general, all the studies have highlighted that the MSSA population is more
heterogeneous than the MRSA population, since the MSSA isolates belong to a
larger number of different clones and lineages. This depends, at least in part, on the
fact that MSSA are carried by approximately one-third of the human population and
that their circulation is much antecedent to MRSA emergence (Deurenberg and
Stobberingh 2008; Grundmann et al. 2010b).

Approximately 40–50 % of MSSA isolates in different geographical areas have a
genetic background shared with the major MRSA CCs, namely CC5, CC8, CC22,
CC30, and CC45, while the rest belongs to lineages that contain predominantly
MSSA, such as CC7, CC9, CC12, CC15, CC25, CC51, and CC101 (Deurenberg
and Stobberingh 2008). Each of these lineages includes different spa types and/or
PFGE types (Deurenberg and Stobberingh 2008; Goering et al. 2008). The presence
of successful MSSA lineages with a wide geographical distribution suggests that
they possess factors favoring the ability to cause and to transmit disease among
humans.

In a recent study, MSSA isolates from uncomplicated SSTIs in the community
setting obtained in global clinical trials were characterized by using PFGE and other
molecular typing techniques. The most common clones, accounting for approxi-
mately 36 % of the isolates, were ST30, ST45, ST1 (USA400), and ST8 (USA300)
that were recovered in USA, South America, South Africa, and Europe (Goering
et al. 2008).

In a large study performed in USA, MSSA collected from a variety of sources,
including blood, urine, the respiratory tract, and the skin, representing both com-
munity- and healthcare-acquired infections were typed by spa typing (Miko et al.
2013): 274 spa types were identified among 708 isolates, obtaining 15 genetic
clusters. The most common genetic clusters corresponded to USA100, USA800
(CC5) and to USA300 (CC8), the same lineages found among MRSA in the
healthcare setting or in the community.

In the previously cited European survey on S. aureus from invasive infections
conducted in 2006–2007, the diversity index based on spa typing was higher
(0.985) for MSSA than for MRSA (0.940). In this study, the most frequent MSSA
clones, isolated from bacteremia in hospitalized patients, were (in ranking order):
ST7, ST15, ST5, ST45, ST8, ST30, ST1, and ST22. Moreover, MSSA showed a
lower degree of geographical clustering than MRSA (Grundmann et al. 2010).
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Although MSSA is more rarely associated with PVL than MRSA, based on the
epidemiology in USA and some European countries (Shallcross et al. 2013) the
global scenario is very diversified. Several MSSA lineages are found to carry PVL
genes; ST1, ST5, ST25, and ST152 have a pandemic spread (Rasigade et al. 2010),
while other lineages appear to be more restricted to some geographical areas; for
instance, ST8 MSSA, related to MRSA USA300, is frequent in USA, while ST80 is
present in Europe and Africa as the MRSA counterparts, and ST188 is found in
France, New Caledonia, and Polynesia. In Europe, in the community setting, the
most prevalent PVL-positive MSSA lineages are CC30 and CC121 (Rasigade et al.
2010; Sanchini et al. 2014).

Several studies found a high rate of carriage and infections due to PVL-positive
MSSA in Africa, with isolates belonging to a variety of different clones including
ST15, ST30, ST121, and ST152 (Schaumburg et al. 2011). ST152 is a divergent
MSSA clone that was first identified in Mali. The reason for this occurrence is
unknown, although the humid environment of tropical Africa and host factors, such
as altered C5a receptor, which has been identified as PVL target (Spaan et al. 2013),
could contribute to this peculiar epidemiological picture (Schaumburg et al. 2014).

Another MSSA clone has emerged recently becoming a source of concern:
MSSA ST398 (CC398) mainly with spa type 571. This strain that contains the
phage-encoded immune evasion cluster genes (Chroboczek et al. 2013) and is
characteristically resistant to erythromycin, due to presence of ermT, and suscep-
tible to tetracycline, seems to represent the basal human clade from which the
animal-adapted ST398 MRSA clone emerged (Valentin-Domelier et al. 2011).
MSSA ST398 is responsible for serious human infections in different geographical
regions including North America, Europe, China, and the Caribbean (Verkade and
Kluytmans 2014). In France, MSSA ST398 accounts for 7.5 % of all MSSA
endocarditis cases (Chroboczek et al. 2013).

The molecular epidemiology of MSSA shows a large clonal heterogeneity across
geographical areas. The prevalence of MSSA clones with the same genetic back-
ground of pandemic MRSA clones suggests that factors, other than methicillin
resistance, contribute to the success of a specific clone.

4 S. aureus and Antibiotic Resistance

As already mentioned, S. aureus has a unique ability to rapidly acquire antibiotic
resistance to virtually any antimicrobial molecules that has been developed.
Resistance is often acquired by HGT from other species or genera, although
chromosomal mutations also contribute to resistance to some antibiotics. HGT
allows acquisition of preconstituted clusters of genes that concur to a resistance trait
(e.g., the mec complex or the vanA complex for methicillin or vancomycin resis-
tance, respectively), while mutations can provide resistance to novel or synthetic
antibiotics that do not have natural analogues and for which resistance determinants
are not available in nature (e.g., for linezolid).
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The evolution of the different MRSA lineages has involved the acquisition of
antibiotic resistance determinants. Therefore, certain MRSA clones can be associ-
ated with characteristic resistance traits or patterns. For instance, CA-MRSA lin-
eages retain susceptibility to most non-beta-lactam antibiotics, but USA300 is
characteristically resistant to erythromycin and ciprofloxacin (David and Daum
2010) and the European CA-MRSA ST80 clone is resistant to fusidic acid and
tetracycline (Monecke et al. 2011). LA-MRSA is commonly resistant to tetracy-
cline, the most used antibiotic in the farming industry (Pantosti 2012). HA-MRSA
lineages tend to be resistant to a broad range of antibiotic agents including the
aminoglycosides although the most recent emerging clones are resistant to a nar-
rower spectrum of antibiotics. ST22 (EMRSA-15) is characteristically resistant to
fluoroquinolones and macrolides, but it is susceptible to gentamycin (Ellington
et al. 2010; Johnson et al. 2005); the Lyon clone (ST8) is resistant to fluoro-
quinolones, susceptible to gentamycin and variably susceptible to other amino-
glycosides and macrolides (Dauwalder et al. 2008).

The mechanisms and the genetic determinants leading to resistance to the most
common agents used to treat staphylococcal infections have been extensively
reviewed (Lowy 2003; Pantosti et al. 2007). Today, there are a number of newly
developed antibiotics that display good anti-MRSA activity, such as lipogly-
copeptides (derivatives of vancomycin or teicoplanin such as telavancin and dal-
bavancin) and new antistaphylococcal cephalosporins, such as ceftobiprole and
ceftaroline (Morata et al. 2015). These two last molecules, as all beta-lactam
antibiotics, are substrate analogues of PBPs resulting in their block, impaired cell
wall synthesis and cell death. But, unlike other beta-lactams, both ceftobiprole and
ceftaroline have high affinity also for PBP2a, that mediates methicillin resistance in
S. aureus, thus are active also against MRSA (Moisan et al. 2010; Davies et al.
2007). Little is known about resistance development with these molecules since
their clinical use has been very limited so far. Here, we will briefly summarize
resistance to the last-line antibiotics for MRSA treatment: vancomycin, linezolid,
and daptomycin.

4.1 Vancomycin

Vancomycin and the other glycopeptide antibiotic teicoplanin have been the
mainstay of MRSA treatment for 30 years (Srinivasan et al. 2002). Isolates with
decreased susceptibility to vancomycin were described for the first time in Japan in
1997 (Hiramatsu et al. 1997b) and thereafter in several other countries. These
isolates, mostly MRSA, showed a spectrum of vancomycin minimal inhibitory
concentrations (MICs) ranging from borderline susceptibility to full resistance
(Gardete et al. 2012). In between these extremes, isolates with intermediate sus-
ceptibility to vancomycin (VISA) and those still susceptible but containing a
minority population with intermediate susceptibility (heterogeneous VISA or
hVISA) were present (Liu and Chambers 2003).
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The recognition of VISA and hVISA is complicated by problems with laboratory
methods and with different breakpoints; the reference method is MIC determination
by broth microdilution (CLSI 2014; EUCAST 2015), and a labor-intensive test,
such as the population analysis profile, is required to detect hVISA (Howden et al.
2010). Both the Clinical and Laboratory Standard Institute (CLSI) and the
European Commission for Antimicrobial Susceptibility Testing (EUCAST) have
established the vancomycin breakpoint for susceptibility at MIC <=1 ug/ml (CLSI
2014; EUCAST 2015), thus indicating that vancomycin is poorly or not effective
against isolates with higher MIC. However, CLSI has retained the intermediate
category (MIC 4-8 ug/ml) to define VISA, clearly differentiating them from
vancomycin-resistant Staphylococcus aureus (VRSA) (MIC => 16 mg/ml) since
completely different resistance mechanisms are implicated in these strains. This
difference is recognized in terms of nomenclature also by EUCAST that has des-
ignated glycopeptide-intermediate S. aureus (GISA) and glycopeptide-resistant S.
aureus (GRSA) isolates with low-level and high-level resistance, respectively
(EUCAST 2015).

VISA is associated with a thickened cell wall that traps vancomycin before it
reaches the molecular target that is the nascent peptidoglycan at the inner side of the
cell wall. Different mutations or expression of genes that are related to cell wall
synthesis, is associated with the emergence of VISA from susceptible parental
strains in vitro or in vivo (Howden et al. 2010). In particular, type I and type II
polymorphisms of the accessory gene regulator locus (agr) or alterations of its
function have been associated with the development of VISA and hVISA (Howden
et al. 2010; Sakoulas et al. 2002). True homogeneous VISA isolates remain a small
number in the published reports (Gardete et al. 2012) and have not been found in
susceptibility studies in large series of isolates (Mendes et al. 2014b, c). On the
contrary, hVISA have been detected in most institutions where they have been
searched for; thus, their prevalence may be underestimated (Howden et al. 2010). In
2003, the hVISA prevalence for was reported to be 2 % in MRSA and 0.05 % in
MSSA (Liu and Chambers 2003), although strong inter-institutional differences
were noted (Hiramatsu et al. 1997a). Previous vancomycin treatment and the
genetic background of S. aureus are predisposing factors for VISA or hVISA
development (Howden et al. 2014). Although VISA and hVISA have emerged in
every principal MRSA lineage, including CA-MRSA USA300 (Gardete et al. 2012)
and also in MSSA (Pillai et al. 2009), they have been found especially in CC5 and
CC8 background (Howe et al. 2004; Monaco et al. 2010).

The occurrence of VRSA is quite rare but has always raised fear of bleak
scenarios (Conly and Johnston 2002). Only 17 VRSA that have been confirmed by
molecular methods are reported in the indexed literature so far (Table 1).The first
VRSA was isolated in Michigan in 2002 (Weigel et al. 2003) and the vast majority
of the other VRSA strains (13 out of 17) were reported from the USA, in particular
from Michigan. The isolates from other countries originated 1 each from India, Iran,
Brazil, and Portugal, this last being to date the only VRSA from Europe (Finks et al.
2009; Friaes et al. 2015; Limbago et al. 2014; Rossi et al. 2014; Saha et al. 2008;
Sievert et al. 2008; Azimian et al. 2012).
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Vancomycin resistance in S. aureus is a clear example of HGT from another
bacterial species, as resistance is conferred by the acquisition of the vanA cluster, an
operon consisting of 5 genes, carried by the transposon Tn1546, the resistance
hallmark of vancomycin-resistant enterococci (VRE) (Courvalin 2006). The genes
composing the vanA cluster act synergistically to modify the cell wall peptido-
glycan making it resistant to the vancomycin action. Tn1546 acquisition by
S. aureus generally occurs from a VRE species (more commonly Enterococcus
faecalis or Enterococcus faecium) by means of a plasmid, such as a promiscuous
plasmid of the Inc18 family (Zhu et al. 2010). This may explain why VRSA
generally emerge in chronic infections with mixed flora, such as ulcers of the
extremities, where MRSA and VRE may coexist, in chronically ill patients under
long-term vancomycin therapy (Sievert et al. 2008). Most VRSA belong to CC5,
suggesting that only some genetic backgrounds, are permissive to the introduction
of the vanA cluster. The burden carried by this group of resistance genes on the
overall fitness of S. aureus could also explain the apparent low propensity of VRSA
to transmit to other patients or cause outbreaks (Howden et al. 2010). It is note-
worthy that the VRSA from Brazil is related to USA300 and PVL-positive (Rossi
et al. 2014); this emergence is worrisome due to the intrinsic high transmissibility of
the USA300 clone.

Sources different from the peer-reviewed journals suggest that VRSA may
indeed be more common. For instance, the MLST Web site (http://saureus.mlst.net/
accessed on June 4, 2015) includes 23 VRSA although the molecular evidence for
the presence of Tn1546 is not provided. This list includes isolates from the USA
(other than those already published) and isolates from Pakistan, Japan, South
Chorea, Iraq, India, China, and Brazil. A number of isolates from Pakistan appears
to be genetically heterogeneous, belonging to at least 5 different lineages. An
apparent high number of VRSA is also reported from India (Askari Ea et al. 2013).
The VRSA status of these isolates has never been confirmed by independent
investigators; therefore, some skepticism about the circulation of VRSA in these
countries must be maintained.

4.2 Linezolid

Linezolid belongs to a new antibiotic class, the oxazolidinones, introduced into
medical practice in 2000. Linezolid exerts its antibacterial action by binding to the
23S subunit of the bacteria ribosome at domain V, thus inhibiting protein synthesis
(Leach et al. 2007). Although linezolid is a synthetic drug and no natural reservoir
of resistance genes would be expected, in 2001 the first linezolid-resistant S. aureus
was reported in the USA in a patient who had received 1-month linezolid treatment
(Tsiodras et al. 2001).

Two different mechanisms are known to confer linezolid resistance to S. aureus.
The first is due to mutations occurring in the linezolid binding site (23S rRNA), the
most common being the G2576T mutation, or in the ribosomal proteins L3 and L4
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(Mendes et al. 2014a). The second mechanism is due to the presence of the
plasmid-born chloramphenicol-florfenicol resistance (cfr) gene that encodes a 23S
rRNA methyl transferase (Schwarz et al. 2000), conferring resistance to different
antibiotics, including linezolid.

cfr carrying MRSA have caused intra- and inter-hospital outbreaks; a large
outbreak that occurred in an ICU in Madrid, was due both to clonal expansion of
the linezolid-resistant MRSA as well as to transmission of the cfr plasmid to other
MRSA clones (Bonilla et al. 2010; Ikeda-Dantsuji et al. 2011; Morales et al. 2010;
Sanchez Garcia et al. 2010). The prevalence of linezolid resistance among clinical
S. aureus isolates remains very low: a study including isolates only from the USA
reported resistance rates below 0.2 % from 2004 to 2012 (Mendes et al. 2014b). In
addition, a surveillance program conducted across the same period on 25,000 S.
aureus isolates mostly from blood, wound and lower respiratory tract, the per-
centage of the linezolid-resistant strains remained below 0.1 % in countries from 5
continents (Mendes et al. 2014c). Linezolid resistance generally develops in
patients who had been receiving long linezolid treatments; therefore, it can be
higher in selected groups of patients, such as cystic fibrosis patients (Endimiani
et al. 2011).

4.3 Daptomycin

Daptomycin is a natural lipopeptide antibiotic introduced in 2003 in the USA and in
2005 in Europe (Sakoulas 2009) for treatment of skin and soft tissue infections and
bacteremia (Bayer et al. 2013). Its mechanism of action is probably multifaceted
and not completely understood. Daptomycin is an anionic molecule that requires
the presence of calcium ions to be active (Straus and Hancock 2006): the dapto-
mycin–calcium complex inserts itself in the bacterial cell membrane causing
depolymerization and permeabilization with leakage of small ions and cell death
(Humphries et al. 2013). Cell wall probably represents another target of dapto-
mycin, since resistant isolates exhibit a thickened cell wall (Bertsche et al. 2011).
Also the genetic determinants of daptomycin resistance have not been fully iden-
tified. Resistance seems to be associated with a progressive accumulation of
mutations in a few S. aureus genes. The most common mutations occur in mprF,
coding for a bifunctional enzyme involved in the metabolism of the cell membrane.
The mprF mutations are associated with gain-in-function determining increase in
the relative positive charge of the cell membrane leading to a decreased insertion of
the calcium–daptomycin complex (Jones et al. 2008). Resistance has been associ-
ated also with mutations in the yyc cluster and in rpoB and rpoC (Bayer et al. 2013)
and with enhanced expression of the regulatory systems vraSR (Mehta et al. 2012).

Soon after the introduction of daptomycin in clinical use, treatment failures due
to the emergence of daptomycin-resistant S. aureus were reported, especially in
patients treated for endocarditis where the bacterial load is presumably high
(Hayden et al. 2005; Julian et al. 2007). However, in spite of the increasing
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daptomycin use in clinical practice in recent years, reports about daptomycin
resistance emergence remain sporadic. Data collected in a surveillance study
including over 97,000 S. aureus from the years 2005–2012 obtained from 400
clinical centers in the Americas, Europe, and the Asia-Pacific Region, showed that
the prevalence of daptomycin-resistant S. aureus was extremely low (0.05 %) in all
geographical regions with no trend toward increased resistance over the years.
Daptomycin MICs were similar between MRSA and MSSA isolates, yielding a
similar prevalence of resistance in both groups (Sader et al. 2014).

Several studies documented that S. aureus isolates from patients, who previously
received vancomycin therapy, were more prone to develop daptomycin resistance
(Julian et al. 2007) and showed a relationship between decreased susceptibility to
vancomycin and resistance to daptomycin (Bayer et al. 2013). In one of the first
study, out of 70 VISA isolates, 80 % were found resistant to daptomycin (Patel
et al. 2006). The link between VISA and daptomycin-resistant phenotypes consists
probably in the thickened cell wall that may influence the penetration of both
vancomycin and daptomycin, thus preventing the interaction with their respective
targets (Cui et al. 2006).

5 Conclusions

The recent evolution in S. aureus epidemiology has led to the emergence of lin-
eages that are endowed with characteristics of adaptation to different environments
or hosts, and with antibiotic resistance traits. In this scenario, the characterization of
S. aureus isolates by molecular typing is of utmost importance to better understand
S. aureus micro and macroevolution. The dynamic evolution of S. aureus facilitated
by travel, migration, and globalization has enabled geographically restricted clones
to spread and become pandemic. The early recognition of high-risk clones that are
particularly able to adapt and spread in the clinical environment is important for
their control, since effective antibiotics are limited. Antimicrobial agents such as
glycopeptides, linezolid, daptomycin, and other newer antibiotics are still active
against the majority of isolates, but their efficacy will be jeopardized by increased
use.

Given the affordable costs, the advent of WGS in routine use will represent a
major breakthrough in the study of S. aureus epidemiology. Molecular typing
should be applied on a larger scale to improve the understanding of S. aureus
circulation, especially in low-income countries where the burden of S. aureus
infections is probably higher than in industrialized countries, but it is not well
acknowledged so far.

Economic and political efforts should aim at strengthening surveillance systems
based on molecular typing at local and global level and at introducing appropriate
control measures both in healthcare and in community settings.
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Structure and Function of Surface
Polysaccharides of Staphylococcus aureus

Christopher Weidenmaier and Jean C. Lee

Abstract The major surface polysaccharides of Staphylococcus aureus include the
capsular polysaccharide (CP), cell wall teichoic acid (WTA), and polysaccharide
intercellular adhesin/poly-β(1-6)-N-acetylglucosamine (PIA/PNAG). These gly-
copolymers are important components of the staphylococcal cell envelope, but none
of them is essential to S. aureus viability and growth in vitro. The overall
biosynthetic pathways of CP, WTA, and PIA/PNAG have been elucidated, and the
functions of most of the biosynthetic enzymes have been demonstrated. Because S.
aureus CP and WTA (but not PIA/PNAG) utilize a common cell membrane lipid
carrier (undecaprenyl-phosphate) that is shared by the peptidoglycan biosynthesis
pathway, there is evidence that these processes are highly integrated and temporally
regulated. Regulatory elements that control glycopolymer biosynthesis have been
described, but the cross talk that orchestrates the biosynthetic pathways of these
three polysaccharides remains largely elusive. CP, WTA, and PIA/PNAG each play
distinct roles in S. aureus colonization and the pathogenesis of staphylococcal
infection. However, they each promote bacterial evasion of the host immune
defences, and WTA is being explored as a target for antimicrobial therapeutics. All
the three glycopolymers are viable targets for immunotherapy, and each (conju-
gated to a carrier protein) is under evaluation for inclusion in a multivalent
S. aureus vaccine. Future research findings that increase our understanding of these
surface polysaccharides, how the bacterial cell regulates their expression, and their
biological functions will likely reveal new approaches to controlling this important
bacterial pathogen.
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Abbreviations

BY-kinases Bacterial tyrosine kinases
CP Capsular polysaccharide
D-FucNAc D-N-acetyl fucosamine
D-GlcNAc D-N-acetyl glucosamine
D-ManNAc D-N-acetyl mannosamine
D-ManNAcA D-N-acetyl mannosaminuronic acid
GroP Glycerol phosphate
HGT Horizontal gene transfer
L-FucNAc L-N-acetyl fucosamine
MBL Mannose-binding lectin
MurNAc N-acetyl muramic acid
NT Nontypeable
PIA Polysaccharide intercellular adhesin
PNAG Poly-β(1-6)-N-acetylglucosamine
PG Peptidoglycan
RboP Ribitol phosphate
UDP Undecaprenyl-phosphate
WTA Wall teichoic acid
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1 Introduction

The cell envelope of Staphylococcus aureus and other Gram-positive microbes is a
structurally complex surface organelle that exerts important protective functions for
the bacterium. The cell envelope is composed of peptidoglycan, other cell wall
glycopolymers (often termed secondary cell wall glycopolymers), and proteins.
Besides its role in staphylococcal physiology, the cell envelope also plays a major
role in staphylococcal virulence. We focus here on the cell surface polysaccharides
of S. aureus that are major structural determinants of the cell envelope, play key
roles in host cell interactions, and are therefore promising candidates as targets for
anti-infective therapies and vaccines: capsular polysaccharides (CPs), cell wall
teichoic acid (WTA), and polysaccharide intercellular adhesin/poly-β(1-6)-N-
acetylglucosamine (PIA/PNAG).

2 Capsular Polysaccharides (CPs)

Most bacteria causing invasive diseases produce CPs that serve as essential viru-
lence factors, impeding phagocytosis and enabling bacterial persistence in the
bloodstream of nonimmune infected hosts (Horwitz 1980; Wilkinson 1958; Roberts
et al. 1989; Bittersuermann 1993). In the case of S. aureus, an important oppor-
tunistic pathogen that plays a major role in nosocomial and community-acquired
infections, CPs are produced by the majority of clinical isolates. Although as many
as 13 serotypes were described early on, capsular serotypes 5 (CP5) and 8 (CP8)
predominate among isolates from humans, accounting for *25 and 50 % of strains
examined (Hochkeppel et al. 1987; Roghmann et al. 2005; Verdier et al. 2007). CP
serotypes 1 and 2 are authentic, but they have not been detected among collections
of clinical isolates. This observation is consistent with a report from Luong et al.
(2002b) who discovered that the genes encoding CP1 were located on a genetic
element that was defective in mobilization. Like other bacterial capsules, the S.
aureus CPs have been shown to possess antiphagocytic properties, allowing the
bacterium to persist in the blood and tissues of infected hosts (Thakker et al. 1998;
Watts et al. 2005; Portoles et al. 2001).
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2.1 Structures of CP5 and CP8

CP5 and CP8 share similar trisaccharide repeating units of D-N-acetyl man-
nosaminuronic acid (ManNAcA), I-N-acetyl fucosamine (I-FucNAc), and D-N-acetyl
fucosamine (D-FucNAc). The trisaccharide structures are identical inmonosaccharide
composition and sequence, and they differ only in the glycosidic linkages between the
sugars and the sites of O-acetylation (Fournier et al. 1984; Moreau et al. 1990; Jones
2005). The repeating unit structures of CP5 and CP8 are shown in Fig. 1.

2.2 Biosynthesis of CP

Almost all S. aureus strains contain either a cap5A-P or a cap8A-P gene operon that
encodes enzymes for CP5 or CP8 biosynthesis, respectively. The cap5 and cap8
gene clusters (Fig. 2) are chromosomally allelic. The 12 flanking genes are almost

Fig. 1 Structures of the S. aureus serotype 5 (CP5) and serotype 8 (CP8) capsular
polysaccharides. Copyright © American Society for Microbiology, Infect Immun, 82, 2014,
5049-5055, doi:10.1128/IAI.02373-14
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identical, whereas the central genes capHIJK bear little homology to each other and
are type specific (Sau et al. 1997a).

The CP biosynthetic gene clusters comprise 16 genes encoding for proteins
involved in capsule biosynthesis (Kiser et al. 1999b; Portoles et al. 2001;
Kneidinger et al. 2003), O-acetylation (Bhasin et al. 1998), transport, and regulation
(Soulat et al. 2006, 2007; Gruszczyk et al. 2013). Database homology searches with
predicted amino acid sequences of the cap5 operon gene products allowed for the
prediction of individual enzymatic functions and the proposal of a pathway for CP5
biosynthesis in S. aureus (O’Riordan and Lee 2004).

Fig. 2 S. aureus cap5 and cap8 gene clusters are allelic. The type-specific genes capHIJK are
flanked on either side by biosynthetic genes that are conserved between cap5 and cap8

Fig. 3 Putative pathway for the biosynthesis of S. aureus CP. The gene products for which
functions have been verified (CapABDEFGHOP) are indicated by color, and the gene products for
which functions are still not confirmed are shown in gray
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Synthesis of the soluble CP5 precursors has been investigated (Fig. 3) and
occurs in three distinct steps in which the universal substrate UDP-D-GlcNAc is
converted into three different nucleotide-coupled sugars: UDP-D-FucNAc, UDP-L-
FucNAc, and UDP-D-ManNAcA. The synthesis of UDP-D-FucNAc is accom-
plished by the enzyme Cap5D, which converts UDP-GlcNAc to the intermediate
UDP-2-acetamido-2,6-dideoxy-α-D-xylo-hex-4-ulose (Li et al. 2014). This product
can then be stereospecifically reduced at C4 to UDP-D-FucNAc by Cap5 N,
although experimental evidence is still lacking to support this step. Cap5 M is
predicted to transfer D-FucNAc to the membrane-anchored lipid carrier
undecaprenyl-phosphate, yielding lipid Icap.

The second reaction that generates the soluble precursor UDP-L-FucNAc
involves the enzymes Cap5E, Cap5F, and Cap5G (Kneidinger et al. 2003). The
bifunctional enzyme Cap5E catalyzes the 4,6-dehydration and 3,5-epimerization of
UDP-GlcNAc, resulting in the formation of UDP-2-acetoamido-2,6-dideoxy-I-lyxo-
4-hexulose. This intermediate is then reduced to UDP-2-acetoamido-2,6-dideoxy-I-
talose by the enzyme Cap5F. The activity of the epimerase Cap5G results in the
product UDP-I-FucNAc, which is most likely linked to lipid Icap by the transferase
Cap5L, leading to the formation of the second capsule lipid intermediate, lipid IIcap.

The third step involves the synthesis of UDP-ManNAcA, which is generated by
the enzymes Cap5P and Cap5O (Kiser et al. 1999a; Portoles et al. 2001). Cap5P is an
epimerase that converts UDP-D-GlcNAc into UDP-N-acetylmannosamine. This
enzymatic product is oxidized to UDP-D-ManNAcA by the dehydrogenase Cap5O.
The transmembrane protein Cap5I has been proposed to transfer the ManNAcA
moiety to lipid IIcap, thereby generating the CP5 lipid precursor, lipid IIIcap. CP5 isO-
acetylated at position C3 of the I-FucNAc residue (Jones 2005) by the cytoplasmic
enzyme Cap5H, an O-acetyltransferase enzyme (Bhasin et al. 1998). This modifi-
cation likely occurs on lipid IIIcap, although experimental evidence for this is lacking.
Lipid IIIcap is then translocated to the outer surface of the cell membrane, where
trisaccharide polymerization takes place. These processes are likely facilitated by the
putative flippase Cap5K and polymerase Cap5J, respectively (Sau et al. 1997a;
O’Riordan and Lee 2004). There is evidence that the polymerized CP5 is linked to the
peptidoglycan by a LytR-CpsA-Psr enzyme-mediated mechanism (Chan et al. 2014),
presumably releasing the undecaprenyl-phosphate carrier to begin a new synthesis
cycle. The undecaprenyl-phosphate carrier is usually found in limited amounts within
the cell (Barreteau et al. 2009) and is required for the biosynthesis of peptidoglycan,
WTA, and CP (Bouhss et al. 2008; Guo et al. 2008; Xia et al. 2010). Spatial and
temporal regulation of these processes is poorly understood but is crucial for the
maintenance of bacterial cell growth and cell division.

Modulation of the activity of biosynthetic genes within the cap5 locus has been
linked to tyrosine phosphorylation (Soulat et al. 2006, 2007). Bacterial tyrosine
kinases (BY-kinases) (Grangeasse et al. 2007) belong to the family of P-loop con-
taining kinases (Lee and Jia 2009) in which the “P-loop” designates a characteristic
amino acid sequence resembling theWalker A nucleotide-binding motif. BY-kinases
of Firmicutes are composed of two interacting polypeptides, a transmembrane acti-
vator protein and a cytoplasmic BY-kinase (Grangeasse et al. 2007). The cytoplasmic
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kinase carries a C-terminal tyrosine cluster that undergoes autophosphorylation in the
presence of ATP. Phosphate groups are then transferred to tyrosine residues of target
proteins, thereby modulating their enzymatic activity. A Gram-positive protein tyr-
osine phosphatase has been shown to dephosphorylate the tyrosine kinase enzyme,
resulting in downregulation of its activity (Morona et al. 2002).

Adjacent genes encoding a transmembrane modulator, a cytoplasmic BY-kinase,
and a putative phosphatase have been identified in the genome of S. aureus. The
cap5ABC genes are located at the 5′-end of the cap5 operon, and the highly similar
cap1ABC genes are located upstream of the S. aureus ica locus (Sau et al. 1997a;
Soulat et al. 2006). CapA proteins are the transmembrane activators, whereas the
CapB proteins are the tyrosine kinase enzymes. In vitro kinase activity could be
demonstrated for Cap1B, but not for Cap5B (Soulat et al. 2006; Gruszczyk et al.
2013). Nonetheless, Soulat et al. (2007) demonstrated that the Cap5A/1B complex
phosphorylates the dehydrogenase Cap5O at Tyr89 and that this modification
enhanced Cap5O enzymatic activity in vitro. S. aureus Cap5C and Cap1C
show *55 % amino acid similarity to Streptococcus pneumoniae CpsB, a
manganese-dependent phosphotyrosine protein phosphatase that belongs to the
polymerase and histidinol phosphatase family of phosphoesterases (Morona et al.
2002). Thus, Cap5C is predicted to dephosphorylate the tyrosine kinase activity of
Cap1B to modulate CP production by S. aureus.

2.3 Nontypeable S. aureus Isolates

As noted above, 20–25 % of S. aureus clinical isolates are nontypeable (NT), i.e.,
they are nonreactive with antibodies to CP types 1, 2, 5, or 8. Genomic analyses of
S. aureus isolates from humans has revealed that the cap5(8) locus is present in all
strains, regardless of whether or not they produce CP. A molecular characterization
of the cap5(8) locus from a limited number of isolates revealed at least three
mechanisms that can account for the lack of CP production by NT isolates
(Cocchiaro et al. 2006). First, random point mutations in one of the eleven essential
cap genes yielded nonfunctional biosynthetic enzymes, resulting in the failure to
synthesize CP. These mutations could be complemented by functional cap5(8)
genes provided in trans. Secondly, mutations in regulatory loci also resulted in
CP-negative phenotypes. Clinical isolates with mutations in the global regulator
Agr or in the ArlRS two-component regulatory system were phenotypically NT.
Some clinical isolates carried mutations in the promoter (Pcap) upstream of cap5(8)
A that is critical for transcription of the cap locus. In light of the complex regulation
of S. aureus CP production (discussed below), other mutations undoubtedly exist in
alternative regulatory circuits that negatively impact CP expression.

The predominant community-acquired methicillin-resistant S. aureus (MRSA)
clone in the USA is USA300. Both MRSA and methicillin-sensitive variants of
USA300 (and its presumed progenitor USA500) share a CP-negative phenotype
(Montgomery et al. 2008; Boyle-Vavra et al. 2015). Whole-genome sequence
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analysis of 146 USA300 MRSA isolates revealed that they all carry an intact cap5
operon. However, compared to strains that are CP5+, the USA300 lineage contains
four conserved mutations. Genetic complementation experiments revealed that
three of the four mutations (in the cap5 promoter, in cap5D, and in cap5E) ablate
CP production in USA300 (Boyle-Vavra et al. 2015) (Table 1).

2.4 Regulation of CP Biosynthesis

S. aureus skilfully controls CP synthesis by various regulatorymechanisms in order to
adapt to its changing environments (O’Riordan and Lee 2004). CP production is
maximal in the postexponential growth phase and is enhanced by growth in high-salt
medium, under iron limitation, in well-aerated broth cultures, or on solid medium
(O’Riordan and Lee 2004; Poutrel et al. 1995; Cunnion et al. 2001; Lee et al. 1993). In
contrast, inhibition of CP production is achieved by cultivation under conditions of
high glucose, CO2, or anaerobiosis (Herbert et al. 1997). The cap5(8) operons are
transcribed by Pcap upstream of capA (Sau et al. 1997b; Herbert et al. 2001). Pcap

activity generally correlates with CP synthesis, suggesting that regulation occurs
predominantly at the transcriptional level (Hartmann et al. 2014; Jansen et al. 2013;
Meier et al. 2007; Romilly et al. 2014). Different environmental cues are signaled
through the activity of a number of interactive regulatory systems composed of
transcriptional factors and two-component regulatory systems. Notably, CP pro-
duction is upregulated byAgr (Dassy et al. 1993; Pohlmann-Dietze et al. 2000; Luong
et al. 2002a), ArlRS (Fournier et al. 2001; Cocchiaro et al. 2006; Liang et al. 2005;
Luong and Lee 2006), SigB (Bischoff et al. 2004), MgrA (Gupta et al. 2013; Romilly
et al. 2014; Luong et al. 2003), SpoVG (Schulthess et al. 2009), and CcpA (Seidl et al.
2006). Repression of CP production has been reported for CodY (Majerczyk et al.
2010; Pohl et al. 2009), CcpE (Hartmann et al. 2014; Ding et al. 2014), SaeRS
(Steinhuber et al. 2003; Luong et al. 2011), and Air (Sun et al. 2012). Not all of these
regulatory molecules act directly to influence cap5(8) expression, since some of them
modulate CP expression through their interactions with other regulatory molecules.

A central player in the regulatory network is the quorum-sensing system Agr,
which includes the agrBDCA operon and the divergently transcribed RNAIII
molecule (Thoendel et al. 2011; Novick and Geisinger 2008). cap5(8) expression is
highly dependent on Agr activity (Luong et al. 2002a; Pohlmann-Dietze et al. 2000;
Dassy et al. 1993), and some CP-negative clinical isolates were found to lack Agr
function (Fischer et al. 2014; Cocchiaro et al. 2006). The Agr-driven effector
molecule RNAIII promotes cap expression largely via inactivation of the repressor
Rot (George et al. 2015).

Within the bacterial population, there is considerable CP phenotypic variability,
such that some bacterial cells are CP+ and others are CP−. Heterogeneity of CP
expression in a given bacterial culture was first described by labeling staphylococci
with CP antibodies and analysis by either flow cytometry (Poutrel et al. 1997) or
immunofluorescence (Pohlmann-Dietze et al. 2000). More recently, George et al.
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used single-cell assays to measure both cap5 expression and CP production
(George et al. 2015). Both parameters exhibited heterogeneity within the population
and were strongly growth-phase dependent. However, neither the temporal

Table 1 Relationship between S. aureus strain type and capsule type

Clonal
complex

MLSTa Strain name cap
genotype

CP
phenotype

Comments

1 1 MW2 cap8 8 Scant CP8; cap8A mutant

1 1 Sanger 476 cap8 NT Mutation in cap8Aprom

5 5 N315 cap5 NT Mutation in cap5B and
arlR

5 4 Mu3 cap5 Not done

5 5 Mu50 cap5 5

5 4 502A cap5 5

5 225 USA100 cap5 5

8 8 NCTC8325 cap5 NT cap5E mutant

8 8 USA300 cap5 NT Mutations in cap5Aprom,
cap5D, and cap5E

8 8 USA500 cap5 NT Mutations in cap5Aprom

and cap5D

8 250 COL cap5 5

8 254 Newman cap5 5

8 239 TW20 cap8 Not done

8 239 HS-522 cap8 8

8 239 EMRSA 4 cap8 8

8 239 EMRSA 7 cap8 8

22 22 16 cap5 5

30 30 MN8 cap8 8

30 30 PS80 cap8 8

30 30 TCH60 cap8 Not done

30 30 UAMS-1 cap8 8

30 30 USA1100 cap8 8

30 36 Sanger 252 cap8 8

45 45 Wright cap8 8

45 45 Becker cap8 8

59 59 USA1000 cap8 8

59 59 IVDU33 cap8 8

59 59 D535 cap8 8

59 59 D551 cap8 8

25 Reynolds cap5 5

93 HT2001634 cap8 8

151 RF122 cap8 8

398 cap5 Not done
aMLST, S. aureus multilocus sequence type
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expression of CP nor its heterogeneity could be attributed to the regulation by Agr,
CodY, or Sae. Variation in CP production may be part of a general mechanism by
which the bacterial population enhances its adaptability to its immediate sur-
roundings to improve its overall fitness and survival. CP+ bacterial cells could thus
evade uptake and killing by professional phagocytes, whereas the unencapsulated
subpopulation would be better suited for adherence to matrix proteins and/or
invasion of host cells.

2.5 Role of S. aureus CPs in Virulence

The majority of S. aureus clinical isolates worldwide expresses CP5 and CP8, and
they have been shown to be critical for bacterial survival in the blood (Thakker
et al. 1998; Watts et al. 2005). S. aureus clearance by the host is dependent upon
opsonic antibodies that promote uptake and killing of this microbe by host neu-
trophils. CPs are important in immune evasion, allowing the bacterium to evade
phagocytic uptake and killing (Thakker et al. 1998; Watts et al. 2005; Nanra et al.
2013). Antibodies to CPs neutralize the antiphagocytic nature of the capsule and
effectively mediate uptake and killing of encapsulated isolates by professional
phagocytes (Thakker et al. 1998; Wacker et al. 2014; Park et al. 2014). Bhasin et al.
(1998) reported that CP5 O-acetylation rendered S. aureus more resistant to
opsonophagocytic killing by human neutrophils than CP5 that was O-deacetylated.
Moreover, in a mouse model of staphylococcal infection, the parental strain was
able to seed the bloodstream from the peritoneal cavity and colonize the kidneys
more efficiently than the O-deacetylated mutant (Bhasin et al. 1998).

In addition to the critical role of the CPs in bacteremia, the S. aureus CPs have
also been shown to enhance virulence in rodent models of surgical wound infection
(McLoughlin et al. 2006), septic arthritis (Nilsson et al. 1997), subcutaneous
abscess formation (McLoughlin et al. 2006), and renal abscess formation (Portoles
et al. 2001). Structural studies on CP8 revealed that it has a zwitterionic charge
motif conferred by the negatively charged ManNAcA residue and free amino
groups available on partially N-acetylated fucosamine residues (Tzianabos et al.
2001). Purified CP8 was shown to activate CD4+ T cells in vitro, and purified CP5
and CP8 facilitated intraabdominal abscess formation when administered to rats
with an adjuvant. T cells activated in vitro with CP8 could modulate the devel-
opment of abscesses in vivo.

However, CP production does not promote staphylococcal virulence in all
infection models. CP5 and CP8 attenuated staphylococcal virulence in the rat model
of catheter-induced endocarditis (Baddour et al. 1992; Nemeth and Lee 1995) and
in murine mammary gland infections (Tuchscherr et al. 2005). Abundant CP can
mask cell surface adhesins that bind to specific host target molecules (Kuypers and
Proctor 1989; Moreillon et al. 1995). Additional evidence that CPs inhibit
staphylococcal adherence was provided by in vitro experiments wherein only
unencapsulated S. aureus bound to endothelial cells (Pohlmann-Dietze et al. 2000).
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Likewise, CP5 or CP8 expression diminished S. aureus clumping factor
A-mediated binding to fibrinogen and human platelets in vitro (Risley et al. 2007).
Host Toll-like receptors (TLRs) are critical in innate and adaptive immune
responses because they sense invading pathogens and signal the production of
proinflammatory cytokine responses and prime Th1 and Th17 responses. Hilmi
et al. reported that CPs mask TLR2 activity in S. aureus by interfering with
lipoprotein recognition by TLR2 (Hilmi et al. 2014).

2.6 CP5 and CP8 as Vaccine Components

Fattom et al. (1990) at Nabi Biopharmaceuticals were the first to produce a vaccine
based on the S. aureus CPs. They conjugated CP5 and CP8 to nontoxic recombinant
Pseudomonas aeruginosa exoprotein A (rEPA). CP5- and CP8-EPA were
immunogenic in mice and humans, and they induced opsonic antibodies that showed
efficacy in protecting rodents from lethality and reducing the bacterial burden in
nonlethal staphylococcal infections (Fattom et al. 1990, 1993, 1996). More recently,
active immunization with CP conjugate vaccines or passive immunization of anti-
bodies to CP5 or CP8 has been shown to reduce bacteremia in rodent infection
models (Wacker et al. 2014; Park et al. 2014; Lee et al. 1997). Likewise, capsular
antibodies have shown protective efficacy in rodent models of mastitis, endocarditis,
and skin abscesses (Skurnik et al. 2010; Tuchscherr et al. 2008; Lee et al. 1997).

Nabi combined the CP5 and CP8 conjugate vaccines into a bivalent vaccine called
StaphVAX for immunization of humans at elevated risk for S. aureus infection.
A phase III clinical trial of the vaccine enrolled 1804 hemodialysis patients (Shinefield
et al. 2002) with the goal of preventing S. aureus bacteremia during the period from
weeks 3 to 54 after immunization. A single dose of the vaccine was immunogenic and
significantly (P=0.02) reduced the incidence ofS. aureusbacteremiaby57%between
weeks 3 and 40 after immunization. However, at the study end point (week 54), the
vaccine efficacywas only 26%,whichwas not statistically significant (Shinefield et al.
2002). The reduction in vaccine efficacy after week 40 correlatedwith a decline inCP5
and CP8 antibody levels among the vaccine recipients.

A confirmatory phase III clinical trial enrolled 3600 hemodialysis patients who
were evaluated for bacteremia from 3 to 35 weeks after receiving StaphVAX
(NCT00071214). To boost their antibody levels, a second dose of StaphVAX was
administered, and the patients were followed for an additional six months. Results
from the second trial showed that StaphVAX offered no significant protection
against bacteremia over the placebo control (3–35 weeks, −23 % efficacy; 3–
60 weeks, −8 % efficacy (Fattom et al. 2015). These results led Nabi to halt further
development of StaphVAX.

Despite their failure in clinical trials when used alone in hemodialysis patients
(Shinefield et al. 2002; Fattom et al. 2015), CP5 and CP8 conjugate vaccines are
believed to be important components for a multivalent staphylococcal vaccine
(Wacker et al. 2014; Nanra et al. 2013; Scully et al. 2014). GlaxoSmithKline
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performed a phase I trial with a multicomponent vaccine that included CP5 and CP8
conjugated to tetanus toxoid (TT) (Levy et al. 2015) (ClinicalTrials.gov
NCT01160172). Similarly, CP5 and CP8 conjugated to CRM197 are included in
multicomponent vaccines that have reached early clinical trials sponsored by Pfizer
(Nissen et al. 2015) (ClinicalTrials.gov NCT01018641), and CP5-CRM and
CP8-CRM are included in the ongoing Pfizer phase 2b trial of the SA4Ag vaccine
in subjects having elective lumbar spinal fusion procedures (NCT02388165).

Park et al. (2014) recently reported that antibodies elicited by a S. aureus
CP8-CRM197 conjugate vaccine react with and protect against both serotype 5 and
8 isolates of S. aureus in a bacteremia infection model. De-O-acetylation of CP5
increased its reactivity with CP8 antibodies, suggesting that the shared epitope was
L-FucNAc-D-FucNAc, which is O-acetylated in native CP5. Whether a CP8 con-
jugate vaccine could protect against a range of clinical serotype 5 S. aureus isolates
remains to be determined.

3 Wall Teichoic Acid (WTA)

WTA is a major surface determinant of S. aureus and an integral part of its cell
envelope (Brown et al. 2013; Sewell and Brown 2014). It is comprised of 30–50
ribitol phosphate subunits and is produced by all strains of S. aureus. It has
important roles in cell wall maintenance, colonization, and susceptibility to
antimicrobial agents.

3.1 Structure of WTA

A significant percentage (Neuhaus and Baddiley 2003; Bertsche et al. 2011;
Weidenmaier et al. 2004) of the S. aureus cell wall biomass can be WTA, and due
to the polymer length, WTA molecules extend beyond the peptidoglycan
(PG) (Matias and Beveridge 2005, 2006). As shown in Fig. 4, the WTA polymer
consists of a disaccharide linkage unit and a main chain, which is composed of
phosphodiester-linked ribitol repeating units (Endl et al. 1983, 1984). The linkage
unit, which connects the WTA to the peptidoglycan, is a disaccharide that contains
N-acetylmannosamine linked β1 → 4 to N-acetylglucosamine-1-phosphate
[ManNAc (β1 → 4) GlcNAc-1P] and two glycerol-3-phosphate (GroP) units
linked to the C4 oxygen of ManNAc (Araki and Ito 1989; Kojima et al. 1985;
Sewell and Brown 2014; Brown et al. 2013). The anomeric 1-P of the GlcNAc is
attached via a phosphodiester bond to the C6 hydroxyl group of N-acetylmuramic
acid (MurNAc) in the PG (Brown et al. 2013). The main chain consists of 1,5-D-
ribitol phosphate (RboP) repeating units that are attached to the last GroP of the
linkage unit. The RboP units of S. aureus WTA are modified with D-alanine and
GlcNAc, which creates heterogeneity in WTA molecular composition among
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different S. aureus strains. The D-alanyl residues are connected via an ester linkage
to position 2 of RboP (Neuhaus and Baddiley 2003; Peschel et al. 1999, 2000). The
negatively charged phosphodiesters and the positively charged D-alanine ester
modifications lead to a zwitterionic charge of the repeating units (Weidenmaier
et al. 2010). D-alanine ester content is regulated and variable and depends on
physiological factors such as temperature, pH, and salt concentration (Jenni and
Berger-Bachi 1998; Neuhaus and Baddiley 2003). The WTA GlcNAc substitution
is found in position 4 of RboP, and there are indications that S. aureus can modulate
the relative amounts of α- and β-glycosylation depending on the environmental
conditions (Brown et al. 2012). A high percentage of the RboP repeating units in S.
aureus contain O-GlcNAc substituents (Jenni and Berger-Bachi 1998;
Weidenmaier et al. 2004). Depending on the staphylococcal strain, the anomeric
configuration of the glycosidic linkage to RboP can either be exclusively α or β or a
mixture of both anomers (Endl et al. 1983; Winstel et al. 2014b, 2015).

3.2 Biosynthesis of WTA

The first step in the biosynthesis ofWTA is the transfer of GlcNAc-1-phosphate from
UDP-GlcNAc to the undecaprenyl-phosphate lipid carrier (termed bactoprenol),
catalyzed by TarO (Weidenmaier et al. 2004; Soldo et al. 2002a) (Fig. 5). RboP
biosynthesis genes have been annotated as tar genes, whereas GroP biosynthesis

Fig. 4 WTA structure. WTA is a PG-anchored cell wall polymer that consists of
phosphodiester-linked ribitol phosphate repeating units that are modified with D-alanine and
GlcNAc (modified from Baur et al. (2014). A nasal epithelial receptor for S. aureus WTA governs
adhesion to epithelial cells and modulates nasal colonization. PLoS Pathog 10: e1004089 under
Creative Commons Attribution (CC BY) license)
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genes are termed tag genes. Both annotations can be found for the genes responsible
for the S. aureus linkage unit biosynthesis; we use the tar nomenclature throughout
this chapter. The universal lipid carrier is also used in the biosynthesis of peptido-
glycan as well as CPs, and therefore, the three pathways compete for the bactoprenol,
which only exists in small amounts in the cytoplasmic membrane.

The next step in the WTA biosynthetic pathway is the transfer of ManNAc from
UDP-ManNAc to the C4 hydroxyl group of GlcNAc. The synthesis of the
ManNAc-β1,4-GlcNAc disaccharide is catalyzed by TarA (Ginsberg et al. 2006;
Zhang et al. 2006). The UDP-ManNAc donor sugar is synthesized from
UDP-GlcNAc by the epimerase MnaA [YvyH (Soldo et al. 2002b)]. TarB, a
glycerol phosphotransferase, transfers a GroP unit from CDP-glycerol to the C4
position of ManNAc (Ginsberg et al. 2006; Bhavsar et al. 2005). The TarF enzyme
then catalyzes the transfer of an additional GroP to the linkage unit (Brown et al.
2010). The GroP units are derived from CDP-glycerol, which is synthesized by
TarD (Badurina et al. 2003). The >40 RboP units of the main chain are then
polymerized by TarL (or a second enzyme termed TarK, see below) (Pereira et al.
2008; Ginsberg et al. 2006; Brown et al. 2008). These enzymes both prime the
linkage unit and complete the main chain of the polymer (Brown et al. 2008;

Fig. 5 Pathway for the biosynthesis of WTA in S. aureus. WTA biosynthesis occurs directly at
the cytoplasmic membrane, starting with the addition of GlcNAc from UDP-GlcNAc to
undecaprenyl-phosphate. After the addition of ManNAc, the anchor structure is completed by
adding two GroP molecules. Up to 40 ribitol phosphate (RboP) molecules are polymerized
stepwise until the WTA molecule is completed, modified with GlcNAc, and transported across the
cytoplasmic membrane by TarGH. The mature polymer is linked to the C6 atom of MurNAc in the
PG and modified with D-alanine. In contrast, PG biosynthesis starts with the transfer of an
UDP-MurNAc-pentapeptide to undecaprenyl-phosphate. After addition of GlcNAc and transport
across the cytoplasmic membrane, the multifunctional penicillin-binding proteins incorporate the
new precursor into the growing peptidoglycan
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Meredith et al. 2008). The CDP-ribitol substrate for the polymerization is synthe-
sized by two enzymes: TarI, a cytidyltransferase, and TarJ, an alcohol dehydro-
genase (Pereira and Brown 2004). Most S. aureus strains possess two full sets of
tarIJL genes (the additional set has been termed tarI’J’K) (Qian et al. 2006),
although the significance of these duplicated genes has not yet been unraveled. Still
in the cytoplasm, the lipid-linked WTA polymer is modified with α-linked and/or β-
linked GlcNAc by TarM and/or TarS, respectively (Brown et al. 2012; Xia et al.
2010). The WTA polymer is then transported to the extracellular surface of the
cytoplasmic membrane by the TarGH ABC transporter system (Lazarevic and
Karamata 1995). The lipid-linked polymer is D-alanylated by gene products from
the dltABCD operon (Peschel et al. 1999; Neuhaus and Baddiley 2003; May et al.
2005) and transferred from the undecaprenyl lipid carrier to PG. The source of D-
alanine is still subject to debate, and two possible mechanisms have been proposed
(May et al. 2005; Wecke et al. 1996; Perego et al. 1995; Reichmann et al. 2013).
Either WTA can serve directly as an acceptor of Dlt-activated D-alanine or a
lipid-anchored teichoic acid with GroP backbone, termed lipoteichoic acid (LTA),
gets predominantly D-alanylated by the gene products of the dlt operon and then
serves as the source of D-alanine for WTA D-alanylation. A recent study indicated
that the majority of WTA-bound D-alanine residues are transferred from LTA;
however, in the absence of LTA, WTA can also serve as a direct acceptor for
Dlt-activated D-alanine (Reichmann et al. 2013). Transfer of the mature WTA
polymers from undecaprenyl-phosphate to the C6 hydroxyl group of MurNAc in
the PG is catalyzed by three enzymes (Msr, SA0908, and SA2101, alternatively
termed LytR-CpsA-Psr) whose biochemical activity has not yet been confirmed
(Kawai et al. 2011; Dengler et al. 2012; Chan et al. 2013).

3.3 Regulation of WTA Biosynthesis

Regulation of WTA biosynthesis remains poorly understood. Meredith et al. (2008)
reported that S. aureus regulates WTA polymer chain length. An analysis of
extracted WTAs from strains that produce only TarL or TarK revealed that these
enzymes produce electrophoretically distinct RboP WTAs, designated L-WTA and
K-WTA. K-WTA was reported to be up to 50 % shorter than L-WTA, and K-WTA
biosynthesis was negatively regulated by the Agr quorum-sensing system (Meredith
et al. 2008). Therefore, under conditions of low Agr activity (low population
density), both K-WTA and L-WTA may be produced, whereas a high population
density allows predominantly for L-WTA synthesis (Swoboda et al. 2010).
However, the physiological relevance of the two WTA types is not clear. Additional
evidence for the regulation of WTA biosynthesis comes from studies that impli-
cated WTA in antibiotic resistance (Bertsche et al. 2011, 2013; Mishra et al. 2014).
Cell wall stress mediated by different antibiotics leads to a phenotype that is
characterized by a significant increase in WTA amounts in the cell walls of
antibiotic-resistant strains (see below). In addition, the stereochemistry of the
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GlcNAc modifications seems to be regulated since WTA GlcNAc modifications
play an important role in β-lactam resistance (Brown et al. 2012). However, when
the impact of β-lactam treatment on expression of the glycosyltransferases was
assessed, only tarS but not tarM expression was strongly upregulated by oxacillin
(β-lactam) treatment. Another important aspect is the possible cross-regulation of
WTA and CP biosynthesis. Campbell et al. (2012) reported that inhibition of
late-stage WTA biosynthesis leads to a downregulation of CP biosynthesis genes.
Like PG and WTAs, CP is synthesized on the universal bactoprenol carrier lipid,
and the downregulation of CP biosynthetic genes may conserve the carrier lipid for
use in the essential process of PG synthesis.

3.4 Role of WTA in S. aureus Physiology

WTA polymers play different roles in staphylococcal physiology that range from cell
wall homeostasis to receptors for S. aureus-specific bacteriophages (Weidenmaier
and Peschel 2008). One important aspect is the role of WTA in the regulation of PG
synthesis and turnover. Functional interactions between WTA and enzymes of PG
synthesis have been observed in S. aureus (Brown et al. 2013) since WTA targets the
PG cross-linking enzymes PBP4 and FmtA to the septum (Atilano et al. 2010;
Qamar and Golemi-Kotra 2012; Farha et al. 2013). These enzymes are mislocalized
in tarOmutants lacking WTA, which leads to a decrease in PG cross-linking (Schlag
et al. 2010). Several studies indicate that inhibition of early WTA biosynthesis can
restore β-lactam sensitivity in MRSA strains, which could be due to simultaneous
blocking of the PG cross-linking enzymes PBP2 and PBP4 (Campbell et al. 2011;
Farha et al. 2013). However, β-lactam-mediated cell wall stress can lead to over-
expression of WTA and therefore steric hindrance of the antibiotic. This indicates
that the β-lactam resistance phenotype could be directly WTA mediated (Bertsche
et al. 2011, 2013). Additional molecular studies in different mutant backgrounds are
required to clearly pinpoint the role of WTA in cell wall morphogenesis.

In addition to localizing cross-linking enzymes to the septum, WTA has been
implicated in the regulation of PG lytic enzymes (Schlag et al. 2010). Strains
lacking WTAs exhibit increased autolysis rates (Biswas et al. 2012; Schlag et al.
2010); however, it has not been demonstrated that WTA directly regulates autolysin
activity. Some reports hypothesize that autolytic enzymes with a positive net charge
could interact with the polyanionic polymers of the staphylococcal cell wall
(Neuhaus and Baddiley 2003; Fischer et al. 1981; Bierbaum and Sahl 1985). In line
with this theory, the incorporation of D-alanine esters could modulate the recruit-
ment of the autolytic enzymes due to electrostatic repulsion. This would allow
exclusion of autolysins from sites with high amounts of D-alanylated WTA (e.g.,
cell poles), whereas the septum area might only contain nascent non-D-alanylated
WTA, which would allow for autolytic cleavage of the PG (Frankel and
Schneewind 2012; Schlag et al. 2010). However, both WTA and LTA are subject to
D-alanylation, and further studies are required to elucidate the relative role and
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spatial organization of WTA and LTA biosyntheses. Besides the D-
alanine-mediated exclusion model, WTA or LTA could indirectly modulate enzyme
activity through ion chelation (Biswas et al. 2012; Wecke et al. 1996). Some reports
indicate that WTAs can scavenge extracellular metal ions due to the extension of
the polymer beyond the PG layer (Kern et al. 2010; Wickham et al. 2009; Thomas
and Rice 2015). WTA ion scavenging might also affect the physicochemical
composition and integrity of the cell wall by minimizing repulsion between closely
positioned phosphate groups. In addition, proton binding by WTA and/or LTA
might create localized changes in pH, indirectly modulating the function of some
enzymes, and might stabilize osmotic pressure in the cell wall (Neuhaus and
Baddiley 2003; Biswas et al. 2012). Although some of these mechanisms correlated
with phenotypes in WTA-negative mutants, it has not been demonstrated whether
the lack of WTA affects LTA biosynthesis directly, and thus, the relative role of
WTA and LTA in cell envelope homeostasis remains unclear.

3.5 Role of WTA as Phage Receptor and Glycocode
for Horizontal Gene Transfer

Using isogenic mutants with altered WTA structures, Xia et al. (2011) first
demonstrated that WTAs, but not LTAs, are required for siphovirus and myovirus
infection of S. aureus. Whereas the siphoviruses were reported to require WTA O-
GlcNAc modification for adsorption, the myoviruses interact directly with the
backbone of WTA (Xia et al. 2011; Winstel et al. 2013).

All known S. aureus phages belong to the order Caudovirales (tailed phages),
which are composed of an icosahedral capsid filled with double-stranded DNA and
a thin filamentous tail (Xia and Wolz 2014). Based on the tail morphology, they can
be further classified into three major families: Podoviridae (very short tail);
Siphoviridae (long noncontractile tail); and Myoviridae (long contractile tail).
Important serogroups within the siphoviridae are A, B, and F, while serogroup D is
important in the myoviridae family (Xia and Wolz 2014). Φ11 and Φ80α are
important phages (serogroup B) that interact with WTA GlcNAc modifications
(Winstel et al. 2014b; Xia et al. 2011) and are capable of transducing DNA between
S. aureus strains (Winstel et al. 2013, 2014b). Such phages are responsible for
staphylococcal horizontal gene transfer (HGT) of mobile genetic elements like
staphylococcal pathogenicity islands, where they act as helper phages (Winstel
et al. 2013, 2014b). Winstel et al. (2013) demonstrated that the variable structure of
glycosylated WTA constitutes a “glycocode” that is used by transducing phages
and defines the routes and directions of HGT. Apparently, the presence of similar
WTA structures enables DNA exchange via helper bacteriophages even across
species or genera boundaries, e.g., RboP WTA containing S. aureus and Listeria
grayi ATCC25401, whereas unique S. aureus clones producing altered WTA (e.g.,
PS187 GroP WTA) become separated from the S. aureus genetic pool and could
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initiate new routes of HGT with other bacterial species and genera that share related
WTA (e.g., Listeria monocytogenes ATCC19118 or Staphylococcus epidermidis,
which also exhibit GroP WTA) (Winstel et al. 2013). Importantly, antibiotic stress
is known to activate prophages (Goerke et al. 2006a, b), thereby contributing to
phage-mediated HGT (Ubeda et al. 2005). Recently developed compounds
blocking the biosynthesis of WTA (Suzuki et al. 2011b) may help to reduce the
frequency of phage-dependent HGT, for example, in chronic polymicrobial
infections.

3.6 Role of WTA in Antibiotic Resistance and WTA
Inhibitory Compounds

WTA can modulate several aspects of S. aureus physiology (cell wall integrity,
density, and charge) that affect antibiotic resistance. WTA plays a role in β-lactam
resistance sinceMRSAWTAmutants or MRSAmutants that were treated withWTA
biosynthesis inhibitors were found to be highly susceptible to β-lactam antibiotics,
such as methicillin/oxacillin (Campbell et al. 2011; Farha et al. 2013, 2014). In
contrast to MRSA mutants lacking D-alanine or α-O-GlcNAc substitutions on WTA,
which are not affected in their resistance profiles for most β-lactam antibiotics, the
lack of β-O-GlcNAc residues rendered MRSA susceptible to β-lactams (Brown et al.
2012). Interestingly, tarS but not tarM expression levels were significantly upregu-
lated by oxacillin treatment, consistent with the role of the β-O-GlcNAc glycosyl-
transferase TarS in β-lactam resistance (Brown et al. 2012). However, the molecular
mechanisms that confer the role of TarS in β-lactam resistance remain elusive. WTA
β-O-GlcNAc may contribute to the scaffolding function of WTA for cell wall syn-
thesis enzymes such as PBP2 and PBP4 or cell wall-associated proteins that directly
or indirectly modulate the activity of PBPs (Brown et al. 2012; Atilano et al. 2010;
Qamar and Golemi-Kotra 2012). As noted previously, WTA modulates the physic-
ochemical properties of PG, and as such, WTA glycosylation might affect this
function (Sutcliffe 2012). In addition, WTA biosynthesis is significantly upregulated
under cell wall stress conditions exerted by antibiotics like daptomycin (Bertsche
et al. 2011, 2013; Mishra et al. 2014). These studies provide evidence that an increase
in cell wall thickness is a consequence of an elevated WTA content. Furthermore,
increased WTA D-alanylation is a relatively common phenotype among
daptomycin-resistant S. aureus strains (Bertsche et al. 2013). These phenotypic
alterations are consistent with the observed changes in the positive surface charge
characteristics and transcriptional enhancement of expression of genes involved in
WTAbiosynthesis.WTA overexpression and hyper-D-alanylation phenotypes lead to
steric and electrostatic exclusion/repulsion of daptomycin in its active Ca2+-com-
plexed form (Bertsche et al. 2013). Since MRSA and daptomycin-resistant pheno-
types are multifactorial, it is not clear whether daptomycin and β-lactam antibiotics
affect WTA biosynthesis regulation via similar pathways.
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The important roles of WTA in host colonization, infection, and drug resistance
make its biosynthetic pathway a promising target for novel anti-infectives
(Campbell et al. 2011; Brown et al. 2012; Suzuki et al. 2011b; Farha et al. 2013,
2014; Wang et al. 2013; Swoboda et al. 2009; Sewell and Brown 2014). The
Walker laboratory developed whole-cell bioactive compound screens for substances
that were growth inhibitory to wild-type S. aureus but not to the ΔtarO mutant (Lee
et al. 2010; Swoboda et al. 2009). Chemicals identified in this screen were pre-
dominantly late-step inhibitors of WTA biosynthesis. One compound was further
optimized through a structure–activity relationship analysis and termed targocil
(Lee et al. 2010). Extensive in vitro enzymatic assays pointed to the export system
of WTA as the drug target. Mapping of spontaneous suppressor mutations con-
ferring resistance to targocil identified TarG, the translocase component of the ABC
export complex, as the primary target (Boles et al. 2010). A similar screen by
Merck (Wang et al. 2013) uncovered three diverse chemical classes of late-stage
WTA inhibitors: tricyclic indole acids, N-aryl-triazoles, and C-aryl-triazoles. Again,
suppressor mutations mapped to tarG, and TarG inhibitors were found to be
effective in a mouse thigh infection model (Wang et al. 2013). However, the
frequency of resistance to TarG inhibitors is high, and not only mutations in tarG
but also loss-of-function mutations in tarO or tarA render isolates resistant.
However, the latter mutations may not play a role under in vivo conditions, since
loss of function in early WTA biosynthesis pathway steps leads to reduced
staphylococcal virulence. The Brown laboratory recently identified ticlopidine as an
inhibitor of early WTA biosynthesis. The molecular target of ticlopidine is TarO
(Farha et al. 2013), and they produced chemically optimized analogs that exhibited
enhanced activity against TarO (Farha et al. 2014). Another novel compound with
potent bactericidal activity against S. aureus, termed teixobactin, simultaneously
blocks the bactoprenol-bound early intermediates of both PG and WTA biosyn-
theses, and is likely to impact CP biosynthesis as well (Ling et al. 2015).

3.7 Role of WTA in Colonization and Virulence

An early report indicated that WTA plays a role in S. aureus adhesion to epithelial
surfaces (Aly et al. 1980). However, more detailed molecular in vitro and in vivo
studies were not reported before Weidenmaier et al. published the first characteri-
zation of a genetically defined ΔtarO mutant (Weidenmaier et al. 2004). Similarly,
the Brown group subsequently reported that a tarA mutant also resulted in a
WTA-negative phenotype (D’Elia et al. 2009). Interestingly, many of the genes
downstream of tarA in the S. aureus WTA pathway are essential unless tarO or
tarA is deleted first (D’Elia et al. 2006a, b). The conditional essential nature of
WTA biosynthesis genes can be explained by toxicity of the depletion of
undecaprenyl-phosphate-linked PG precursors and the resulting disruption of PG
biosynthesis (Brown et al. 2013; Swoboda et al. 2010; Sewell and Brown 2014).
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S. aureus nasal colonization is a major risk factor for infections with the colo-
nizing strain, and so it is important to understand the multifactorial molecular
events required for colonization (Weidenmaier et al. 2012). S. aureus ΔtarO
mutants are greatly impaired in their ability to adhere to epithelial tissues and to
colonize the nasal cavity and gastrointestinal tract of rodents (Weidenmaier et al.
2004; Weidenmaier and Peschel 2008; Winstel et al. 2015; Baur et al. 2014;
Misawa et al. 2015). WTA has been shown to interact with a type F-scavenger
receptor in the inner nasal cavity, which plays a role in creating a nasal reservoir for
S. aureus (Baur et al. 2014). Blocking the interaction of the scavenger receptor
SREC-I with WTA reduced S. aureus nasal colonization. The identification of a
WTA receptor sheds new light on the impact of WTA as a nonprotein adhesin of S.
aureus. WTA glycosylation was reported to be an important structural motif for S.
aureus interaction with nasal epithelial surfaces (Winstel et al. 2015). Whether the
O-GlcNAc modifications play a role in the interaction with SREC-I or serve as a
coreceptor that recognizes the GlcNAc modifications and aids in efficient
WTA-dependent adhesion to nasal epithelial surfaces remains unclear. The impact
of WTA on staphylococcal virulence is not limited to colonization, since a WTA
mutant was also less virulent in rabbit model of catheter-induced endocarditis
(Weidenmaier et al. 2005) and a murine model of endophthalmitis (Suzuki et al.
2011a).

WTA has been shown to have important immunostimulatory activities
(Weidenmaier et al. 2010). Purified WTA stimulated CD4+ T cell proliferation
in vitro, which was dependent upon the zwitterionic charge of the WTA polymer
(Weidenmaier et al. 2010). The data indicated a strict requirement for
MHCII-dependent presentation of WTA by antigen-presenting cells. Furthermore,
the authors demonstrated an impact of this WTA-dependent, T cell-mediated
mechanism on S. aureus skin infections. Supporting data for the role of WTA as T
cell epitope were recently reported by Kolata et al. (2015), who detected
WTA-specific memory T cells in healthy volunteers. Recent reports indicate that
humans have abundant antibodies directed against S. aureus WTA (Lee et al. 2015;
Kurokawa et al. 2013; Hansenova Manaskova et al. 2013), and the β-O-GlcNAc
residues of S. aureus WTA are immunodominant (Kurokawa et al. 2013). Human
serum anti-WTA IgG that recognizes β-O-GlcNAc WTA induces complement
factor C3 deposition and mediates opsonophagocytosis of S. aureus (Lee et al.
2015). Human mannose-binding lectin (MBL) binds to glycosylated WTA and
activates the lectin pathway of complement activation (Kurokawa et al. 2013; Park
et al. 2010). MBL-mediated complement activation is especially relevant in infants
since MBL deficiency increases their susceptibility to S. aureus infections (Park
et al. 2010; Kurokawa et al. 2013). Serum MBL in adults does not recognize WTA
due to the inhibitory action of serum WTA antibodies (Kurokawa et al. 2013; Park
et al. 2010).

With few exceptions, tarS is present in all sequenced S. aureus genomes,
whereas tarM is absent in CC398 strains, as well as in several healthcare-associated
MRSA strains such as N315, Mu50, Mu3, and JH1 (all clonal complex 5) (Lee
et al. 2015; Winstel et al. 2013, 2014a, b). When the occurrence of α- and
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β-GlcNAc transferases were analyzed by PCR in 70 S. aureus nasal isolates
(49 different spa types), tarS (the β-GlcNAc transferase gene) was detected in all
isolates, whereas tarM (the α-GlcNAc transferase gene) was only present in 36 % of
the tested isolates (Winstel et al. 2015). The role of WTA glycosylation in
staphylococcal infection and colonization is poorly understood, but dynamic reg-
ulation of WTA glycosylation may dictate host tropisms or allow S. aureus to react
to different innate or adaptive responses in the human host.

3.8 WTA as a Vaccine Candidate

The first use of WTA as a vaccine candidate was its inclusion in a multicomponent
vaccine formulation produced by Nabi, Inc. PentaStaph included a nontoxic alpha
hemolysin toxoid, the S subunit of Panton–Valentine leukocidin, CP5 conjugated to
recombinant exoprotein A of Pseudomonas aeruginosa (CP5-rEpa), and CP8-rEpa.
The fifth vaccine component was 336-rEpa. 336 was described by Nabi as a surface
polysaccharide composed of ribitol, phosphate, and GlcNAc, but no alanine in its
structure. Moreover, the GlcNAc residue was attached to C-3 of the ribitol mole-
cule, in contrast to the C-4 of conventional WTA (Fattom and Guidry 1999). Nabi
investigators never published preclinical data supporting the inclusion of the 336
antigen in their multicomponent vaccine. PentaVax was sold to GlaxoSmithKline in
2009, and there has been no public disclosure that the vaccine has been explored
further in animal or human studies.

Nonetheless, because of its multiple functions in colonization and virulence and its
ubiquity among S. aureus isolates, WTA (coupled to a protein carrier for immuno-
genicity) could be a promising vaccine antigen, particularly to extend coverage to
isolates lacking CP. Although healthy humans have serum antibodies to WTA (Lee
et al. 2015; Kurokawa et al. 2013; Jung et al. 2012; Hansenova Manaskova et al.
2013), whether these antibodies contribute to immunity is unknown. One preclinical
study showed that intradermal immunization withWTA resulted in an anti-WTA IgG
response in mice that correlated with a reduction in the bacterial burden in a renal
abscess model (Takahashi et al. 2013). Whether WTA elicits antibodies that mediate
not only uptake but also killing by neutrophils and proves to be an effective com-
ponent in multivalent vaccine formulations remains to be determined.

4 Polysaccharide Intercellular Adhesin
(PIA)/Poly-N-Acetyl Glucosamine (PNAG)

PIA/PNAG is a glycopolymer that was first discovered as a biofilm antigen in
Staphylococcus epidermidis, where it plays an important role in adherence to
biomaterials (Mack et al. 1996b). The ica locus encoding PIA/PNAG is conserved
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between S. epidermidis and S. aureus, although the antigen is produced in greater
abundance in vitro by S. epidermidis. The ica locus is present in virtually all clinical
isolates of S. aureus. Remarkably, PIA/PNAG is now recognized as a highly
conserved polysaccharide antigen produced by many microbes (Cywes-Bentley
et al. 2013).

4.1 Structure of PIA/PNAG

Elaboration of biofilms by bacteria protects them from the host immune response
and from antibiotics, complicating treatment and eradication of chronic infections.
S. aureus can produce both polysaccharide-dependent and polysaccharide-
independent biofilms (Boles et al. 2010; Tu Quoc et al. 2007). The exopolysac-
charide components of the biofilm received different names over the years,
including capsular polysaccharide/adhesin (PS/A) (Muller et al. 1993), polysac-
charide intercellular adhesin (PIA) (Mack et al. 1996a), and poly-β(1-6)-N-acetyl-
glucosamine (PNAG) (Maira-Litran et al. 2002). Sadovskaya et al. (2005)
demonstrated that PIA from S. epidermidis is structurally identical to PNAG from
S. aureus. PIA and PNAG are thus synonymous terms and used preferentially by
different staphylococcal researchers. In addition to its production by S. aureus and
S. epidermidis, PIA/PNAG is also produced by many other microbes, including
Gram-positive and Gram-negative bacteria, fungal pathogens, and protozoa
(Cywes-Bentley et al. 2013). An important feature of the S. aureus native
PIA/PNAG polymer (shown in Fig. 6) is that about 10–20 % of the GlcNAc amino
groups are not N-acetylated, and this is important in retaining the polymer on the
bacterial surface (Cerca et al. 2007; Vuong et al. 2004a).

Fig. 6 Structure of S. aureus (PIA/PNAG). In the native polymer, 10–20 % of the GlcNAc
residues have been deacetylated by IcaB, and this is important in retaining the polymer on the
bacterial cell surface since it is not covalently anchored to the cell wall
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4.2 Biosynthesis of PIA/PNAG

PIA/PNAG is a high molecular weight linear polymer of glucosaminylglycan that is
synthesized by the gene products of the icaADBC locus, which is present in vir-
tually all clinical isolates of S. aureus. The icaADBC genes appear to be translated
from a single transcript (Heilmann et al. 1996). IcaA is a transmembrane gluco-
syltransferase that can synthesize short PNAG polymers in vitro using
UDP-GlcNAc as a substrate (Gerke et al. 1998). IcaD increases the biosynthetic
efficiency of IcaA, playing a predominant role in the synthesis of oligomers longer
than 20 residues, whereas IcaC is an integral membrane protein that appears to be
involved in linking short polymers to make longer oligomers of PNAG (Gerke et al.
1998). Consistent with the observation that the native form of PNAG is partially
de-N-acetylated (Fig. 6), the product of the icaB gene is an extracellular
N-deacetylase that removes N-linked acetate groups from the PNAG polymer
(Vuong et al. 2004a). An icaB mutant produces only the fully acetylated PNAG,
and this form of the antigen is not retained on the staphylococcal cell surface (Cerca
et al. 2007; Vuong et al. 2004a).

4.3 Regulation of PIA/PNAG Biosynthesis

PNAG production in vitro is induced by high osmolarity, low levels of ethanol, iron
restriction, oxygen deprivation, and growth in rich medium supplemented with
glucose (Rachid et al. 2000; Cramton et al. 2001). The expression of the icaADBC
genes is negatively regulated at the transcriptional level by the ica regulator (icaR)
gene product, which is adjacent to icaADBC and transcribed divergently. IcaR is a
DNA-binding protein that binds specifically to the ica promoter immediate
upstream of icaA (Jefferson et al. 2003). In addition, CodY is a repressor
(Majerczyk et al. 2008), and SarA and the stress sigma factor B (Valle et al. 2003;
Cerca et al. 2008) are positive regulators of icaADBC transcription. Jefferson et al.
isolated a PNAG-overproducing strain called MN8m. Sequence analysis of its ica
locus revealed that MN8m carried a 5-nucleotide deletion within the promoter
region upstream of icaA, resulting in the augmented transcription of the ica locus
and a strong biofilm-producing phenotype (Jefferson et al. 2003).

Subsequently, Brooks and Jefferson reported that growth of PIA/PNAG-
overproducing strains in vitro resulted in the rapid accumulation of nonmucoid
variants. They described phase variation in PIA/PNAG expression in S. aureus
wherein slipped-strand mispairing occurs in the icaC gene, and this mutation results
in a truncated IcaC protein and a PIA/PNAG-negative phenotype (Scully et al.
2015). The mutation was reversible and could be detected in some clinical isolates
of S. aureus. The authors noted that high-level production of PIA/PNAG likely
carries a fitness cost, since PIA/PNAG-negative variants had a growth advantage
over the parental overproducing strains.
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4.4 Role of PIA/PNAG in Virulence

PIA/PNAG plays a fundamental role in intercellular adhesion of staphylococci
within a biofilm, and it is also an important structural component of the biofilm
matrix architecture (Cramton et al. 1999). In the host, PIA/PNAG is implicated in
virulence by mediating bacterial adhesion to biomaterial surfaces and evasion from
the host immune response (Vuong et al. 2004a, b). S. aureus Δica mutants showed
decreased virulence in murine models of bacteremia, renal infection, and lethal
sepsis (Kropec et al. 2005). However, PIA/PNAG was not a virulence factor in a
murine model of pneumonia (Bubeck Wardenburg et al. 2007) or in animal models
of foreign body infections (Fluckiger et al. 2005; Francois et al. 2003), although
Fluckiger et al. (2005) did show a defect in growth for the ica mutant in an implant
infection model when competed against the parental strain. Production of
PIA/PNAG did not affect S. aureus colonization of the mouse nose (Schaffer et al.
2006) or the gastrointestinal tract (Misawa et al. 2015).

4.5 PIA/PNAG as a Vaccine Candidate

In addressing the vaccine potential of PIA/PNAG, McKenney et al. (1999) reported
that active and passive immunization strategies protected mice against renal abscess
formation in mice infected with various S. aureus isolates. In a follow-up study, the
investigators immunized mice, rabbits, and goats with either native PNAG or
chemically deacetylated PNAG (dPNAG) (*15 % acetylation) conjugated to
diphtheria toxoid. Antibodies to highly acetylated (>90 %) PNAG lacked protective
efficacy and mediated significantly lower opsonic killing than antibodies raised to
dPNAG (Maira-Litran et al. 2005). Mice were passively immunized IP with
immune or nonimmune serum and challenged with S. aureus 24–48 h later.
Antibodies to dPNAG reduced bacteremia and lethal peritonitis in the passively
immunized animals (Maira-Litran et al. 2005). Kelly-Quintos et al. (2005) showed
that S. aureus opsonophagocytic killing activity of human sera from cystic fibrosis
patients correlated with the level of IgG specific to dPNAG to a greater extent than
to native PNAG. Because dPNAG is preferentially retained on the bacterial cell
surface, antibodies to dPNAG may be more effective in achieving protection than
PNAG antibodies.

To circumvent the imprecise nature of chemical deacetylation, Gening et al.
synthesized β(1-6)-N-acetylglucosamine oligosaccharides that were chemically
conjugated to TT for use as vaccines (Gening et al. 2007). Synthetic 5GlcNH2-TT
or 9GlcNH2-TT elicited serum antibodies in mice that were opsonic for S. aureus in
an in vitro opsonophagocytic killing assay. In a subcutaneous abscess model, mice
passively immunized with rabbit antibodies to 9GlcNH2-TT showed a significant
reduction in bacterial burden compared to mice given normal rabbit serum.
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Subsequently, the Pier group generated a fully human monoclonal antibody
(mAb) to dPNAG and characterized its biological activity in vitro and in vivo
(Kelly-Quintos et al. 2006). mAb F598 mediated opsonophagocytic killing of S.
aureus strains in vitro, and it protected mice against a lethal staphylococcal
infection. Alopexx Pharmaceuticals initiated a phase I trial of the F598 mAb in 20
human volunteers in May 2010. Administration of the mAb (1–20 mg/kg) was well
tolerated, and no serious side effects were noted. Subsequently, Sanofi-Aventis
licensed F598, which they dubbed SAR279356. In 2011, they embarked on a phase
II clinical trial (NCT01389700) to evaluate the safety and efficacy of IV adminis-
tration of SAR279356 in mechanically ventilated patients in intensive care units.
The trial was terminated in January 2013 because of the insufficiency of enrollment.
Further development of the mAb by Sanofi-Aventis will not occur.

Despite the positive data regarding PNAG as an immunogen, Skurnik et al.
reported that both immunization-induced antibodies in experimental animals and
natural antibodies to PNAG in health human sera interfered with the protective
efficacy of immunization-induced antibody to S. aureus CP5 and CP8 antigens,
representing potential barriers to successful use of PNAG-specific vaccines against
S. aureus (Skurnik et al. 2010).

5 Conclusions

The major surface polysaccharides of S. aureus include CPs, WTA, and
PIA/PNAG. Because they comprise the external surface of the staphylococcus, they
mediate many host–pathogen interactions, and they play distinct roles in S. aureus
colonization and infection. Regulation of the synthesis of these glycopolymers is
complex, and how the bacterial cell orchestrates the expression of these various
polysaccharides is poorly understood. CP5 and CP8 are best known for their
antiphagocytic properties, which are neutralized by opsonic anticapsular antibodies.
For this reason, interest in including these antigens in a multivalent vaccine persists.
Among the surface polysaccharides, S. aureus WTA is the most consistently pro-
duced polymer. It has been shown to be an important adhesin for colonization, and
it impacts cell wall integrity and homeostasis. Because it modulates the bacterial
surface charge, it plays a role in resistance to cationic peptides and certain antibi-
otics. PIA/PNAG is a fascinating polysaccharide because it is produced not only by
staphylococci, but also by other microbes, ranging from bacteria to fungi to pro-
tozoa. It promotes biofilm formation, contributes to immune evasion, and offers
possibility as a target for active and passive immunotherapeutics. Further in-depth
studies into all aspects of the biology of S. aureus surface polysaccharide will lead
to a better understanding of their functions, regulation, and potential as prospective
targets for novel anti-infective strategies.
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Cell Wall-Anchored Surface Proteins
of Staphylococcus aureus: Many Proteins,
Multiple Functions

Joan A. Geoghegan and Timothy J. Foster

Abstract Staphylococcus aureus persistently colonizes about 20 % of the popu-
lation and is intermittently associated with the remainder. The organism can cause
superficial skin infections and life-threatening invasive diseases. The surface of the
bacterial cell displays a variety of proteins that are covalently anchored to pepti-
doglycan. They perform many functions including adhesion to host cells and tis-
sues, invasion of non-phagocytic cells, and evasion of innate immune responses.
The proteins have been categorized into distinct classes based on structural and
functional analysis. Many surface proteins are multifunctional. Cell wall-anchored
proteins perform essential functions supporting survival and proliferation during the
commensal state and during invasive infections. The ability of cell wall-anchored
proteins to bind to desquamated epithelial cells is important during colonization,
and the binding to fibrinogen is of particular significance in pathogenesis.
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1 Introduction

Staphylococcus aureus can express up to 24 distinct cell wall-anchored
(CWA) surface proteins. The precise repertoire of CWA proteins of any particu-
lar strain is variable (McCarthy and Lindsay 2010). Furthermore, expression is
dependent on growth conditions and the phase of growth (McAleese et al. 2001).
For example, some are only expressed under iron-restricted conditions (Hammer
and Skaar 2011).

At the N-terminus, CWA proteins have a secretory signal sequence that directs
the translation product to the secretory machinery in the cytoplasmic membrane.
This is removed during secretion. The carboxyl termini comprise a sorting signal
that facilitates covalent anchorage of the secreted protein to cell wall peptidoglycan.

In a recent review, it was proposed that CWA proteins should primarily be
classified on the basis of motifs that have been defined by structural and functional
analysis (Foster et al. 2014). We propose to modify this by extending the classi-
fication to include functional motifs for which there are as yet no structural details
(e.g. the 5′ nucleotidase activity of adenosine synthase AdsA) (Thammavongsa
et al. 2009) or where a biological function is located in an intrinsically disordered
(i.e. unstructured) region (fibronectin-binding protein FnBP fibronectin-binding
repeats) (Schwarz-Linek et al. 2006).

It is now clear that a single CWA protein can have more than one function
(Foster et al. 2014). The repertoire of CWA proteins is limited, and as they are
exposed on the cell surface, they are in direct contact with the host, and thus, they
have evolved to perform crucial functions in colonization and avoiding immune
responses.

The name of the protein may have been defined by the function with which it
was first associated (e.g. clumping factor), or a more general name may have been
ascribed (e.g. S. aureus surface protein Sas, iron-regulated surface determinant Isd,
surface protein A Spa) which either has been retained as structural and functional
details subsequently emerged or has been changed when an important structure or
function was defined (SasA is now called the serine-rich surface protein SraP, and
SasH is now called AdsA).
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This article will review the defining features associated with CWA proteins and
will provide a framework for their categorization based on the current knowledge of
structure and function. The review will also describe post-translational modifica-
tions that contribute to the function of proteins once they are elaborated on the cell
surface and the role of CWA proteins in colonization and virulence.

2 CWA Surface Protein Secretion and Surface Display

2.1 Secretion

An N-terminal secretory signal sequence directs CWA precursor proteins to the Sec
apparatus following their translation by the ribosome in the cytoplasm. The signal
sequence of the precursor protein is cleaved by signal peptidase I (SpsB) following
translocation across the cytoplasmic membrane (Cregg et al. 1996). The signal
sequences of many CWA proteins contain the motif YSIRK-G/S. This is respon-
sible for directing their secretion and anchorage close to the cell division site where
peptidoglycan synthesis is actively occurring (DeDent et al. 2008). Following cell
division, the proteins become distributed across the cell surface. In contrast, the
proteins with conventional signal sequences lacking the YSIRK/GS motif are
directed to the poles where they remain.

SraP is a member of a family of large heavily glycosylated serine-rich repeat
proteins found in Gram-positive cocci (Lizcano et al. 2012). The SraP signal
sequence is unusually long (90 residues). These proteins cannot be translocated by
the conventional Sec pathway and require an accessory Sec system for export
(Siboo et al. 2008).

2.2 Sorting

CWA protein precursors contain a C-terminal sorting signal that is essential for
covalent linkage to cell wall peptidoglycan (Schneewind et al. 1992, 1993). The
sorting signal comprises a conserved LPXTG motif followed by a hydrophobic
domain and a positively charged tail. The hydrophobic region retains the protein
within the membrane where it is recognized by sortase enzymes (Fig. 1). Sortase A
cleaves between the threonine and glycine residues of the LPXTG motif forming an
acyl–enzyme intermediate capturing the C-terminal carboxyl group of the protein
with its active site cysteine thiol (Mazmanian et al. 1999). Acyl intermediates are
relieved by the nucleophilic attack of the amino group of the pentaglycine
cross-bridge of lipid II (Perry et al. 2002). Sortase B processes a single substrate in S.
aureus, IsdC, and recognizes an NPQTN motif (Marraffini and Schneewind 2005).
Following transpeptidation and transglycosylation reactions, CWA proteins become
incorporated into the peptidoglycan of the cell wall (Mazmanian et al. 2001).
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All three elements of the sorting signal are necessary for efficient anchoring of
LPXTG motif-containing proteins to peptidoglycan by sortase A. Removing the
charged tail results in the protein being released into the culture medium instead of
becoming linked to the cell wall (Schneewind et al. 1992). Reducing the number of
residues in the hydrophobic domain of the sorting signal leads to less protein
becoming anchored to the cell wall (Schneewind et al. 1993).

Proteins that have become covalently linked to peptidoglycan by sortase can be
released into the culture medium following cleavage of the pentaglycine
cross-bridge by the glycyl–glycine endopeptidase LytM (Becker et al. 2014). In the
case of protein A, a portion of the protein fails to become anchored to the cell wall
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Fig. 1 Sorting and surface display of cell wall-anchored proteins. The figure depicts a single
leaflet of the cytoplasmic membrane and the multilayered peptidoglycan of the cell envelope. The
red and blue hexagons represent N-acetyl muramic acid and N-acetyl glucosamine, respectively.
The line joining different polysaccharide chains represents the stem peptide and cross-bridges in
fully cross-linked peptidoglycan. Sortase is a membrane-linked enzyme that is exposed on the
outer face of the cytoplasmic membrane. The precursor of a cell wall-anchored protein is secreted
through the Sec apparatus (not shown) and is transiently held by the hydrophobic transmembrane
segment and the positively charged C-terminal tail region which enables sortase A to recognize the
LPXTG motif. The active site cysteine (C) of sortase A attacks the amide bond between Thr and
Gly forming a thioester acyl–enzyme intermediate. The NH2 group of the fifth glycine residue of
the cross-bridge (all amino acids in lipid II are shown as black filled circles) in lipid II performs a
nucleophilic attack on the thioester bond in the acyl-enzyme intermediate forming a cell wall
protein–lipid II intermediate. Transglycosylation by penicillin-binding protein links the protein to
the growing peptidoglycan. The outer surface of the cell is thereby decorated with several different
cell wall-anchored proteins with their ligand-binding regions displayed
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by sortase A so that a biologically active unsorted form is released into culture
supernatants (O’Halloran et al. 2015).

3 Cell Wall-Anchored Protein Structure and Function

3.1 The MSCRAMM Family

3.1.1 Structure

The acronym MSCRAMM was originally applied to surface proteins that could
bind to components of the extracellular matrix (ECM) such as collagen and fi-
bronectin at a time when it was thought that S. aureus was primarily an extracellular
pathogen that attached to glycoproteins in tissue and on the surface of cells (Patti
et al. 1994a). However, it is now apparent that many different types of CWA
proteins bind to the ECM and that some MSCRAMMs have additional functions
other than promoting adhesion (Table 1). It was recently proposed that the term
MSCRAMM be confined to proteins that have structural and functional similarities
and a common mechanism of ligand binding performed by two adjacent IgG-like
folded domains (Foster et al. 2014). The archetypal MSCRAMMs clumping factor
A ClfA from S. aureus and SdrG from Staphylococcus epidermidis have N-terminal
A regions composed of three separately folded subdomains N1, N2 and N3 with N2
and N3 comprising the adjacent IgG-like folds (Fig. 2).

3.1.2 Ligand Binding: Dock, Lock, and Latch

Proteins in the MSCRAMM family bind to their ligands by the dock, lock, and
latch mechanism (Table 1; Fig. 3) (Ponnuraj et al. 2003; Foster et al. 2014). The N2
and N3 subdomains are the minimum required for ligand binding. N2 and N3 are
folded separately and comprise 2 β-sheets that are arranged in a variation of the IgG
fold (Deivanayagam et al. 2002). Located between N2 and N3 is a hydrophobic
trench that accommodates unfolded peptide ligands, in the case of ClfA, FnBPA,
and FnBPB, the extreme C-terminus of the γ-chain of fibrinogen (Fg) (Wann et al.
2000; Deivanayagam et al. 2002). ClfB binds the α-chain of Fg, cytokeratin 10, and
loricrin (Ganesh et al. 2011; Mulcahy et al. 2012). Once the ligand is in place, a
conformational change occurs in a short peptide attached to the C-terminus of
subdomain N3 resulting in it folding over the bound peptide to lock it in place and
forming an additional β-strand in one of the β-sheets of N2 called the latch
(Ponnuraj et al. 2003).

Linking the A region to the proline-rich wall-spanning domain is a linker region
that likely acts as a flexible stalk to project the N-terminal ligand-binding domain
from the cell surface. The linker region is composed of either repeats of the dipeptide
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Table 1 Structural and functional properties of cell wall-anchored surface proteins

Protein family Ligand and binding
mechanism

Function References

MSCRAMMs

Clumping factor A
(ClfA)

Fg γ chain
C-terminus (DLL)

Adhesion to
immobilized
fibrinogen, immune
evasion by binding
soluble fibrinogen

Deivanayagam et al.
(2002), Ganesh et al.
(2008)

Complement
factor I

Immune evasion,
degradation of C3b

Hair et al. (2008,
2010)

Clumping factor B
(ClfB)

Fg α-chain repeat 5,
keratin 10, and
loricrin (DLL)

Adhesion to
desquamated
epithelial cells, nasal
colonization

Ganesh et al. (2011),
Mulcahy et al.
(2012), Walsh et al.
(2004, 2008, Xiang
et al. (2012)

Serine–aspartate
repeat protein C
(SdrC)

β-neurexin (DLL) Unknown Barbu et al. (2010)

Unknown Adhesion to
desquamated
epithelial cells. Nasal
colonization

Corrigan et al. (2009)

SdrC Homophilic SdrC–
SdrC interaction.
Biofilm formation

Barbu et al. (2014)

Serine–aspartate
repeat protein D
(SdrD)

Unknown Adhesion to
desquamated
epithelial cells. Nasal
colonization

Corrigan et al. (2009)

Serine–aspartate
repeat protein E (SdrE)

Complement factor
H

Immune evasion,
degradation of C3b

Sharp et al. (2012)

Bone
sialoprotein-binding
protein (isoform of
SdrE)

Fg α-chain (DLL) Adhesion to
immobilized
fibrinogen

Vazquez et al. (2011)

Fibronectin-binding
proteins A (FnBPA)
and B (FnBPB).
A domains

FnBPA and
FnBPB A domains
bind Fg γ-chain
C-terminus and
elastin (DLL)

Adhesion to ECM Burke et al. (2011),
Keane et al. (2007)

FnBPB A domain
also binds Fn but
not by DLL

Burke et al. (2011)

FnBPA FnBPA–FnBPA A
domain homophilic
interaction. Biofilm
formation

Geoghegan et al.
(2013),
Herman-Bausier et al.
(2015)

(continued)
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Table 1 (continued)

Protein family Ligand and binding
mechanism

Function References

C-terminal repeats Fn (FnBPA and
C-terminal repeats,
tandem β-zipper)

Adhesion to ECM,
invasion of
mammalian cells

Peacock et al. (1999),
Sinha et al. (1999)

Collagen-binding
protein (Cna)

Collagen triple helix
(collagen hug)

Adhesion to
collagen-rich tissue

Zong et al. (2005)

Complement
protein C1q

Prevent classical
pathway of
complement
activation

Kang et al. (2013)

NEAT motif family

Iron-regulated surface
protein A (IsdA)

Haem, Fg, Fn,
cytokeratin 10,
loricrin (N-terminal
NEAT motif region)

Haem uptake and iron
acquisition
Adhesion to
desquamated
epithelial cells

Grigg et al. (2010),
Clarke et al. (2004,
2006, 2009)

Resistance to
lactoferrin

Clarke and Foster
(2008)

Unknown ligand(s).
C-terminal domain
NEAT motif region

Resistance to
bactericidal lipids and
antimicrobial peptides
Survival in
neutrophils

Clarke et al. (2007)

IsdB Haemoglobin, haem
(N-terminal NEAT
motif region)

Haem uptake and iron
acquisition

Pilpa et al. (2009),
Grigg et al. (2010)

β3 integrins (NEAT
motif regions)

Invasion of
non-phagocytic cells

Zapotoczna et al.
(2013)

IsdH Haem, haemoglobin
(N-terminal and/or
C-terminal NEAT
motif region)

Haem uptake and iron
acquisition

Grigg et al. (2010)

Unknown ligand(s).
N-terminal NEAT
motif region

Accelerated
degradation of C3b

Visai et al. (2009)

Three-helical bundle

Protein A Spa Three-helical bundle domain

IgG Fc Inhibits
opsonophagocytosis

Graille et al. (2000)

IgM Fab VH3
subclass

B cell superantigen Silverman and
Goodyear (2006)

TNFR-1 Inflammation Gomez et al. (2006)
(continued)
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Table 1 (continued)

Protein family Ligand and binding
mechanism

Function References

von Willebrand
factor

Endovascular
infection.
Endocarditis

O’Seaghdha et al.
(2006)

Region X
Unknown ligand

Inflammation Martin et al. (2009)

G5-E Domain Family

S. aureus surface
protein G (SasG) and
plasmin-sensitive
surface protein (Pls,
SasG homolog in
MRSA)

No known ligand A domain. Adhesion
to desquamated
epithelial cells

Roche et al. (2003),
Corrigan et al. (2007)

G5-E repeats’
homophilic
interaction. Biofilm
formation

Geoghegan et al.
(2010), Gruszka et al.
(2012)

Legume lectin-like
Cadherin-like

Serine-rich repeat
protein (SraP)
N-terminal legume
lectin domain

N-acetyl neuraminic
acid (Neu5AC)
Salivary agglutinin
gp340

Adhesion to and
invasion of
mammalian cells

Kukita et al. (2013),
Yang et al. (2014)

SraP cadherin-like
domain (CHDL)

SraP CHDL Homophilic CHDL–
CHDL interaction.
Biofilm formation
Projection of L-lectin
domain

Yang et al. (2014)

5′-nucleotidase

Adenosine synthase A
(AdsA)

Converts ATP to
adenosine

Survival in
neutrophils—inhibit
oxidative burst

Thammavongsa et al.
(2009)

2′-deoxyadenosine
3′ monophosphate.
Degradation
product of DNA
converted to 2′-
deoxyadenosine

Macrophage and
monocyte apoptosis

Thammavongsa et al.
(2013)

S. aureus surface
protein X (SasX)

Ligands unknown Biofilm, cell
aggregation,
squamous cell
adhesion, neutrophil
evasion

Li et al. (2012)

SasC
N-terminal
FIVAR-containing
domain

Unknown Promotes primary
attachment and
accumulation phases
of biofilm formation

Schroeder et al.
(2009)

(continued)
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Ser-Asp (SD repeats) or a tandem array of 10 or 11 repeated fibronectin-binding
domains (in fibronectin-binding proteins (FnBPs)). Serine residues in the SD domain
of MSCRAMMs are glycosylated (see below).

The function of the N1 subdomain is unclear. Recently, a short stretch of residues
close to the boundary between subdomains N1 and N2 was shown to be required for
ClfA and FnBPA to be secreted efficiently across the membrane and displayed on the
cell surface (McCormack et al. 2014). Interestingly, these residues were not required
for display of a mutant form of ClfA lacking the SD repeat region or mutants of
FnBPA lacking the intrinsically disordered Fn-binding repeat region leading to
speculation that their role is to aid transport of long unfolded repetitive regions. As
yet no function has been identified for the remainder of N1. The SdrC, SdrD, and
SdrE proteins have two or more repeated domains of 110–113 residues (BSDR)
located between the A region and the SD region (Fig. 2) (Josefsson et al. 1998a). The
BSDR repeats are folded separately and form rigid rodlike structures that depend on
Ca2+ for their structural integrity and have no known ligand-binding activity
(Josefsson et al. 1998b). However, it has been suggested that the B1 domain of SdrD
makes contact with the adjacent N3 subdomain of region A resulting in the
ligand-binding groove between N2 and N3 opening further than seen in the structure
of the A domain alone, possibly influencing binding activity (Wang et al. 2013).

3.1.3 Ligand Binding: The Collagen Hug

The collagen-binding protein Cna is also an MSCRAMM, but it differs from the
Clf-Sdr-FnBP family in the organization of the ligand-binding A domain (Fig. 2).
This comprises three separately folded subdomains with N1 and N2 rather than N2
and N3 providing ligand-binding activity (Zong et al. 2005). The A region is linked
to the wall-spanning region by variable numbers of BCNA repeated domains that

Table 1 (continued)

Protein family Ligand and binding
mechanism

Function References

SasF Unknown Implicated in
resistance to
bactericidal effects of
long-chain
unsaturated fatty acids

Kenny et al. (2009)

SasB, SasD, SasF,
SasJ, SasK, SasL

Putative LPXTG
proteins identified
from genome
sequences. No known
structure or function

DLL, dock, lock, and latch; ECM, extracellular matrix; NEAT, near-iron transporter; Pls, plasmin
sensitive; MRSA, methicillin-resistant Staphylococcus aureus; C1q, C3a, complement
components; FIVAR, found in various architectures; Fg, fibrinogen; Fn fibronectin
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differ in sequence from BSDR (Deivanayagam et al. 2000). Another difference is the
lack of a flexible stalk.

Collagens are composed of a triple-helical array of three separate polypeptide
chains. To accommodate this thick structure, the Cna protein N1 and N2 subdo-
mains are separated by an extended linker region. The collagen is grabbed and
hugged by the N1N2 subdomains and is stabilized by β-strand complementation
between the linker that separates N2 and N3 and a β-sheet in N1 (Fig. 3) (Zong
et al. 2005).

3.1.4 Post-Translational Modification

Proteases remove subdomain N1 from MSCRAMMs located on the bacterial cell
surface. This can be mediated by a staphylococcal protease that cleaves close to the
boundary between subdomains N1 and N2 of ClfA and ClfB (aureolysin) or, in the
case of FnBPA, by the host protease thrombin. Following removal of N1, ClfB can
no longer bind to Fg (McAleese et al. 2001). It is possible that removal of sub-
domain N1 reduces the capacity of S. aureus to adhere to Fg, loricrin, and
cytokeratin 10 in vivo since these ligands share a common binding site in ClfB. The
biological significance of the removal of subdomain N1 from ClfA and FnBPA is
unclear since it does not reduce the ability of FnBPA to promote biofilm
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accumulation or of ClfA and FnBPA to mediate adherence to Fg (Geoghegan et al.
2013; McCormack et al. 2014). Under certain conditions, FnBPs are degraded by
the S. aureus protease V8 (McGavin et al. 1997), reducing the ability of the bacteria
to adhere to fibronectin.

Glycosyltransferases expressed by S. aureus (SdgA and SdgB) decorate the ser-
ine–aspartate repeat regions of Clf-Sdr family proteins with N-acetylglucosamine.
This modification protects the SD repeat region from degradation by the human
neutrophil serine protease cathepsinG (Hazenbos et al. 2013). Thus, the glycosylation
of SD repeats is crucial for maintaining functional MSCRAMMs on the surface of S.
aureus in vivo.

b Fig. 2 Cell wall-anchored surface proteins classified based on structural motifs. The primary
translation products of all cell wall-anchored (CWA) proteins contain a signal sequence (S) at the
amino terminus and a wall-spanning region (W) and sorting signal (SS) at the carboxyl terminus.
The CWA proteins that are depicted are those for which structural analysis has facilitated
classification into five distinct groups. (A) Microbial surface component recognizing adhesive
matrix molecules (MSCRAMMs). The clumping factor (Clf)–serine–aspartate repeat (Sdr) group
comprises proteins that are closely related to ClfA. ClfA and ClfB have a similar domain
organization, whereas SdrC, SdrD, and SdrE contain additional BSDR repeats that are located
between the A domain and the serine–aspartate SD repeat R region. The N-terminal A region
contains three separately folded domains, called N1, N2, and N3. Structurally, N2 and N3 form
IgG-like folds that bind ligands by the ‘dock, lock, and latch’ mechanism. Fibronectin-binding
protein A (FnBPA) and FnBPB have A domains that are structurally and functionally similar to the
A domain of the Clf–Sdr group. Located in place of the serine–aspartate repeat region are
tandemly repeated fibronectin-binding domains (11 in FnBPA, 10 in FnBPB). The A region of the
collagen adhesin (Cna) protein is organized differently to other MSCRAMMs, with N1 and N2
comprising IgG-like folds that bind to ligands using the ‘collagen hug’ mechanism. The A region
is linked to the wall-spanning and anchorage domains by variable numbers of BCNA repeats. The
ribbon diagram shows ClfA N2N3 in complex with the C-terminal γ-chain peptide of fibrinogen.
(B) Near-iron transporter (NEAT) motif protein family. The iron-regulated surface determinant
(Isd) proteins have one (for IsdA), two (for IsdB), or three (for IsdH) NEAT motifs that bind to
haemoglobin or haem. The figure depicts IsdA, which has a C-terminal hydrophilic stretch that
reduces cell surface hydrophobicity and contributes to resistance to bactericidal lipids and
antimicrobial peptides. The ribbon diagram shows a complex between a NEAT domain and haem.
(C) Three-helical bundle motif protein A. The five N-terminal tandemly linked triple-helical
bundle domains (known as EABCD) that bind to IgG and other ligands are followed by the
repeat-containing Xr region and the non-repetitive Xc region. (D) G5–E repeat family. The
alternating repeats of the G5 and E domains of S. aureus surface protein G (SasG) from S. aureus
[and the accumulation-associated protein (Aap) from S. epidermidis] link the N-terminal A region
to the wall-spanning and anchorage domains. If the A domain is removed, the G5–E region can
promote cell aggregation. (E) Legume lectin, cadherin-like domain protein. The BR region of the
serine-rich adhesin of platelet (SraP) protein is flanked by serine-rich repeat domains. The BR
region comprises three distinct structural domains: the legume lectin-like, the β-grasp fold (β-GF),
and the cadherin-like (CHLD) domains. The arrow pointing to the ribbon diagram indicates a sugar
molecule bound to the L-lectin moiety
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3.2 G5-E Repeat Domains

The S. aureus surface protein SasG is very similar in structure and organization to
the accumulation-associated protein Aap of S. epidermidis (Gruszka et al. 2012;
Conrady et al. 2013). Both proteins promote cell aggregation and biofilm formation.
The SasG protein has multiple alternating repeats of G5-E domains that are iden-
tical in sequence. They each form similar flat single-layered β-sheets lacking a
compact hydrophobic core (Fig. 2). The alternation of G5 and E regions is a device
that prevents misfolding that would otherwise occur in a tandem array of identical
or very similar sequences. The unique structural organization of the G5-E repeats
provides mechanical strength allowing the protein to maintain both its length and
stability. This is due to the E domains forming stable interfaces (clamps) that couple

N3

N2

N3

N3

N2

N3

N2

N3

N2

N2

Dock lock latch

Collagen hug

Tandem β-zipper

Fig. 3 Ligand-binding mechanisms of surface protein adhesins. The molecular mechanisms by
which MSCRAMMs bind their ligands by the ‘dock, lock, and latch’ and ‘collagen hug’
mechanisms are shown, as well as the tandem β-zipper mechanism for fibronectin-binding
proteins. A schematic diagram of each is shown alongside a ribbon diagram of the bacterial protein
in complex with its ligand. The red strands with arrowheads indicate new β-strands that are
formed when the complex is stabilized. In MSCRAMMs, the latching peptide, an unstructured
extension of the N3 subdomain (yellow), binds to a β-strand in N2 subdomain (green). The purple
dashed line represents the peptide ligand. In the collagen hug, an extended loop (blue) between N1
(green) and N2 (yellow) grabs the collagen triple helix (purple rod) and the linker between N2 and
N3 (red) stabilizes the complex by forming an additional β-strand in N1. The fibronectin-binding
repeats occur as an unstructured linker between the A region and the wall-spanning region. Each
repeat can complex with the type I modules at the N-terminus of fibronectin (green) by forming an
additional short β-strand (red, on top). The tandem array of β-strands is called β-zippering
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non-adjacent G5 domains by forming H bonds between β-strands in flanking G5
domains (Gruszka et al. 2015).

The G5-E domains become exposed by proteolytic removal of N-terminal A
domain (Aap) (Rohde et al. 2005) or by limited cleavage with G5-E domain (SasG)
(Geoghegan et al. 2010). This allows a specific homophilic interaction to occur
between proteins located on adjacent cells, which promotes cell aggregation and
biofilm accumulation.

3.3 Three-Helical Bundles

The N-terminal region of protein A comprises a tandem array of five separately
folded three-helical bundles, each of which can bind to several different ligands
(Fig. 2; Table 1). The A1 domain of von Willebrand factor, tumour necrosis factor
receptor 1, and the Fc region of IgG each bind to the interface between helices 1 and
2, while the Fab region of IgM binds to the interface of helices 2 and 3. The
three-helical bundles of Spa can exist in different conformations (Deis et al. 2015).
This conformational plasticity facilitates binding to structurally different partners.
Upon binding to the Fc region of IgG, there is considerable loss of conformational
heterogeneity combined with structural rearrangements at the interface.

Protein A is the only CWA protein with three-helical bundles. However, the
secreted immune evasion proteins SCIN and Efb (Lambris et al. 2008) and the S.
aureus binder of Ig protein Sbi (Burman et al. 2008) contain domains that fold into
three-helical bundles.

3.4 The NEAT Motif Family

Near-iron transporter (NEAT) domain proteins capture haem from haemoglobin
and help bacteria to survive in the host where iron is restricted. Haem is transported
via several CWA proteins called iron-regulated surface (Isd) proteins to a mem-
brane transporter and then to the cytoplasm where haemoxygenases release free iron
(Hammer and Skaar 2011; Cassat and Skaar 2012). The defining characteristic of
Isd CWA proteins is the presence of one or more NEAT motifs, which bind either
haemoglobin or haem (Fig. 2). The structures of NEAT domains have been solved
and the molecular mechanisms of ligand binding defined (Grigg et al. 2010). Isd
proteins have functions other than capturing and transporting haem. IsdA promotes
adhesion to squamous epithelial cells and promotes nasal colonization (Clarke et al.
2006). It also confers resistance to bactericidal lipids, but this property is conferred
by the C-terminal region, not the domain containing the NEAT motif (Clarke et al.
2007). IsdB binds to β-3-containing integrins and promotes platelet activation and
invasion of mammalian cells (Miajlovic et al. 2010; Zapotoczna et al. 2013). IsdH
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helps bacteria avoid phagocytosis by promoting degradation of complement
opsonin C3b (Visai et al. 2009).

3.5 The Legume Lectin Domain

The serine-rich adhesin of platelet SraP is a member of a family of glycoproteins
found in Gram-positive cocci (Lizcano et al. 2012). The sraP structural gene is part
of a locus comprising a conserved array that includes genes encoding glycosyl-
transferases (GtfA and GtfB) and accessory secretion factors (SecY2 and SecA2).
A short serine-rich repeat region (SSR1) occurs at the N-terminus of the mature
protein followed by the ligand-binding BR domain (Fig. 2). Structural analysis of
BR revealed four separately folded domains that form a rigid bent rod (Yang et al.
2014). Two cadherin-like domains and a β-grasp fold domain project the legume
lectin domain. This region has structural similarity to legume lectins and binds
Neu5Ac-containing glycoproteins located on the surface of mammalian cells. It also
binds to salivary glycoprotein gp340 which is rich in a 5NeuAc-containing trisac-
charide (Kukita et al. 2013). SraP promotes bacterial adhesion to and invasion of
mammalian cells. This was observed in an experimental set-up where there was little
or no fibronectin and with a strain that expressed low levels of FnBPs (see below),
thus suppressing FnBP-mediated uptake.

3.6 Fibronectin Binding by Tandem β-Zipper

S. aureus has the ability to promote adherence to and invasion of mammalian cells
that are not normally phagocytic (e.g. epithelial cells, endothelial cells, ker-
atinocytes). This provides an intracellular niche where bacteria can avoid host
defences and antibiotics. Fibronectin-binding proteins (FnBPs) provide a potent
mechanism for cell invasion (Dziewanowska et al. 1999; Peacock et al. 1999; Sinha
et al. 1999).

The fibronectin (Fn)-binding region is a long intrinsically disordered segment
located between the A domain and the wall-spanning region (Fig. 2). It comprises
up to 11 Fn-binding domains which differ considerably in sequence and in
Fn-binding affinity (Schwarz-Linek et al. 2003, 2004). FnBPs bind to the
N-terminal type 1 domains of Fn, each of which is composed of a small β-sandwich
comprising two β-sheets that have 2 and 3 β-strands, respectively. High-affinity
ligand-binding domains within Fn-binding repeats each bind β-strands in Fn type I
modules forming sequential short β-strand complementation—the tandem β-zipper
(Fig. 3). Thus, the intrinsically disordered Fn-binding sequences adopt a secondary
structure determined by their binding to the Fn type I modules.
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Module 13 in the centre of the elongated multidomain Fn molecule contains
arginine–glycine–aspartate (RGD) which is recognized by the common and abun-
dant integrin α5 β 1. Thus, Fn acts as a bridge between the FnBPs on the bacterial
cell and integrins on the surface of host cells. The integrins cluster together which
triggers phosphorylation of their cytoplasmic domain and in turn stimulates a
signalling cascade resulting in cytoskeletal rearrangements and endocytosis
(Schwarz-Linek et al. 2004, 2006).

The invasion promoted by FnBPs is regarded as the dominant and most efficient
uptake mechanism for many well-studied strains. However, S. aureus can invade
mammalian cells by other routes. These might serve as auxiliary or backup
mechanisms. As mentioned above, the SraP legume lectin domain binds to gly-
coproteins on the surface of mammalian cells (Yang et al. 2014). Also, the
iron-regulated surface determinant protein IsdB can promote invasion by direct
interaction with β3-containing integrins (Zapotoczna et al. 2013).

3.7 Nucleotidase Motif

Bioinformatic analysis identified a nucleotidase motif in a previously uncharac-
terized CWA protein called SasH. This domain was shown to be enzymatically
active and importantly contributed significantly to the ability of S. aureus to evade
immune responses in the infected host (Thammavongsa et al. 2009, 2011).
Neutrophils provide the first line of defence against infection. S. aureus expresses
multiple factors that interfere with phagocytosis. However, once engulfed, the
ability of SasH (now called adenosine synthase (AdsA)) to convert intracellular
ATP to the potent immunoregulatory molecule adenosine inhibited the oxidative
burst and promoted survival within the neutrophil.

Once infection becomes established, neutrophils contribute to defences by
releasing DNA (neutrophil extracellular traps (NETs)) which can entrap bacteria
and facilitate killing by entwined granule contents. S. aureus elaborates an extra-
cellular DNase which degrades NET DNA producing phosphomononucleotides
including 2′ deoxyadenosine 3′ monophosphate (Berends et al. 2010;
Thammavongsa et al. 2013). This is converted by AdsA to 2′ deoxyadenosine
which triggers caspase 3-promoted apoptosis in macrophages and monocytes
(Thammavongsa et al. 2013). Thus, AdsA inhibits immune cells as they attempt to
contain bacteria in a developing abscess by excluding macrophages and promoting
persistent infection.
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4 CWA Proteins as Colonization and Virulence Factors

4.1 Approaches to Elucidating the Contribution of CWA
Proteins to the Virulence of S. aureus

A logical strategy to demonstrate that a CWA protein is a virulence factor is to
isolate a mutant defective in the factor and to compare its performance to the
wild-type strain in an animal infection model. However, functional redundancy
sometimes makes it difficult to show conclusively that a mutant lacking a single
factor has reduced virulence. For example, S. aureus can express several CWA
proteins that bind Fg, and most strains elaborate two fibronectin-binding proteins.
An alternative approach is to express the CWA protein in a surrogate host such as
Lactococcus lactis (O’Brien et al. 2002; Que et al. 2005; Corrigan et al. 2009;
Mulcahy et al. 2012) or Staphylococcus carnosus (Sinha et al. 2000). Adding to the
problem in demonstrating a role in virulence has been the difficulty in isolating
mutations in clinically relevant strains, so until recently, studies were confined to
well-established laboratory strains such as Newman and derivatives of NCTC8325.
It is now possible to circumvent restriction barriers that prevent transfer of plasmid
DNA from Escherichia coli cloning hosts to S. aureus. Now, genetic manipulation
of diverse clinical isolates is feasible (Monk and Foster 2012; Monk et al. 2012,
2015). Another important consideration is the difference in animal species com-
pared to humans. Thus, the results of experimental infection studies must be
interpreted with caution if the surface protein in question has a different affinity for
the ligand from the animal host compared to the human version. For example, IsdB
does not bind mouse haemoglobin, but a transgenic mouse expressing the human
version of the protein can be used instead (Pishchany et al. 2010).

An overview of studies demonstrating that bacterial mutants defective in CWA
proteins have reduced virulence in different infection (and colonization) models is
shown in Table 2. A systematic analysis of individual surface proteins was con-
ducted with mutants of the same strain (Newman) in a mouse model of bacteraemia,
dissemination, and abscess formation (Cheng et al. 2009). Mice were injected
intravenously with bacteria and the bacterial load in the kidneys, and the number of
abscesses was measured after 5 days. This model measures the ability of bacteria to
survive in the bloodstream as well as the ability of organisms to invade tissue and
establish an abscess. This study showed that several mutants had a statistically
significant >1 log reduction in the viable count in the kidneys indicating the
importance of CWA proteins. It was limited by the fact that the strain used does not
express Cna and lacks the ability to display FnBPs on its surface due to nonsense
mutations at the 5′ end of the fnbA and fnbB genes, which prevents anchorage of the
proteins to the cell wall (Grundmeier et al. 2004). The collagen-binding protein has
been shown to promote virulence in models where adhesion to collagen-rich tissue is
implicated (ocular keratitis and septic arthritis). In the latter model, the strength of
adhesion of the recombinant protein to immobilized collagen in vitro is correlated
with the severity of the disease (Xu et al. 2004).
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Table 2 Cell wall-anchored proteins as colonization and virulence factors

Role in
colonization
or infection

CWA protein Mechanism References

Nasal or skin
colonization

ClfB Adhesion to loricrin on
squames

Mulcahy et al.
(2012)

IsdA Adhesion to squames Clarke et al. (2006)

SasX Adhesion to squames Li et al. (2012)

Endocarditis ClfA Adhesion to thrombus Moreillon et al.
(1995)

FnBPA Adhesion to thrombus.
Invasion of adjacent
endothelium

Que et al. (2005)

ClfB Adhesion to thrombus Entenza et al. (2000)

SraP Adhesion to platelets.
Colonization of thrombus

Siboo et al. (2005)

Mastitis FnBP Invasion of epithelial cells
in mammary gland

Brouillette et al.
(2003)

Pneumonia Protein A Enhanced inflammation of
lung epithelium

Gomez et al. (2004)

Foreign body
infection

FnBP MRSA biofilm promoted
Adhesion to intra-aortic
patch

Arrecubieta et al.
(2006),
Vergara-Irigaray
et al. (2009)

Ocular
keratitis

Cna Enhanced colonization
and infection

Rhem et al. (2000)

Septic death
Survival in
blood

ClfA Reduced
opsonophagocytosis

Cheng et al. (2009),
Josefsson et al.
(2001)

Spa Palmqvist et al.
(2002), Patel et al.
(1987)

IsdH Visai et al. (2009)

AdsA Thammavongsa
et al. (2009)

SasX Li et al. (2012)

Kidney
abscess

AdsA,
ClfA, ClfB, IsdA, IsdB,
IsdC, SdrD, SrdE

Increased survival in
bloodstream prior to
kidney infection

Thammavongsa
et al. (2009), Cheng
et al. (2009)

Septic arthritis ClfA, Spa Enhanced survival in
bloodstream prior to
invasion of joint

Josefsson et al.
(2001), Palmqvist
et al. (2002)

Cna Enhanced survival in
bloodstream. Adhesion to
cartilage within joint

Patti et al. (1994b)

(continued)
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Studies of S. aureus strains that colonized cardiac devices in human patients
compared to those isolated from cases of uncomplicated bacteraemia identified
polymorphisms in FnBPA that increased the affinity of the protein for Fn in vitro
(Lower et al. 2011). This implied that selection occurred in vivo for strains that had
a high affinity for a ligand that coated the devices in the patient.

Rather than isolate null mutants that lack the ability to express a surface protein
and based on the knowledge of the mechanism of ligand binding gained from
in vitro studies with purified protein, it is sometimes possible to study bacteria
expressing the protein on its cell surface with amino acid substitutions or a small
deletion that cause loss of function. Mutants expressing binding-defective mutants
of ClfA (Josefsson et al. 2008) and Cna (Xu et al. 2004) were shown to lack
virulence in a model of septic arthritis, and a mutant expressing a defective AdsA
survived less well than the wild type in bloodstream infection (Thammavongsa
et al. 2009). An advantage of this approach is that possible pleiotropic effects of the
missing surface protein on the elaboration of other CWA proteins are avoided.

Infections studied with a surrogate host such as L. lactis expressing one or two
CWA proteins can be used to study aspects of the infection process. The ability of
L. lactis to colonize a sterile thrombus on damaged heart valves in a rat model of
endocarditis was dependent on bacteria first being able to adhere to fibrinogen/fibrin
mediated either by ClfA or by the A domain of FnBPA (Que et al. 2005).
Subsequent proliferation and expansion of the infected tissue required cells to be
able to invade the surrounding endothelium promoted by the Fn-binding repeat
region of FnBPA.

4.2 CWA Proteins Promote Colonization of the Host

ClfB and IsdA promote nasal colonization in rodents (Clarke et al. 2006; Schaffer
et al. 2006; Mulcahy et al. 2012) and, in the case of ClfB, also in humans
(Wertheim et al. 2008). ClfB binds to the C-terminal domain of cytokeratin 10,
which is a major component of the interior of squamous cells and is exposed at the
cell surface (Walsh et al. 2004). ClfB recognizes a region of cytokeratin 10 that

Table 2 (continued)

Role in
colonization
or infection

CWA protein Mechanism References

Joint infection Fg-bindingMSCRAMMS Biofilm formation in
synovial fluid

Dastgheyb et al.
(2015)

Subcutaneous
abscess

Spa Abscess development,
bacterial load

Patel et al. (1987)

FnBPs SasF Kwiecinski et al.
(2014)

ClfA Kenny et al. (2009)
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contains several omega (Ω) loops. These motifs are also present in loricrin, which is
the dominant component of the cornified protein envelope of squames. Moreover,
S. aureus has a decreased ability to colonize the nasal cavity of loricrin knockout
mice, which shows that, in mice, loricrin is an important ligand for ClfB (Mulcahy
et al. 2012).

IsdA also promotes the adhesion of S. aureus to squames. Colonization of the
nasal cavity of cotton rats is reduced for mutants lacking IsdA and after immu-
nization with recombinant IsdA (Clarke et al. 2006). SasX promotes colonization of
the nares of mice and immunization with recombinant SasX or passive transfer of
specific antibodies against SasX reduces nasal colonization (Liu et al. 2015). SdrC,
SdrD, and SasG have also been reported to promote adhesion to squames in vitro
(Corrigan et al. 2007, 2009), but the ligands that are involved are not known, and
the ability of the proteins to promote colonization in vivo has not been tested.

4.3 CWA Protein Interactions with Fibrinogen/Fibrin

The association of S. aureus with soluble and immobilized Fg and fibrin is pri-
marily mediated by the Fg-binding MSCRAMMs. ClfA, FnBPA, and FnBPB bind
to the extreme C-terminus of the γ-chain of Fg. Fg-deficient mice are less sus-
ceptible to S. aureus infection, and mice producing a mutant form of Fg lacking the
ClfA/FnBP binding motif are more resistant to challenge than wild-type mice,
indicating that the interaction between S. aureus and Fg is crucial for the estab-
lishment of infection (Flick et al. 2013). S. aureus cells agglutinate in the presence
of plasma through MSCRAMM-mediated adherence to Fg/fibrin so that large
clumps of bacteria are formed (McAdow et al. 2011; Walker et al. 2013). The
process of agglutination promotes the in vivo formation of thromboembolic lesions
in heart tissue in mice. The recruitment of Fg/fibrin to the bacterial surface is an
important immune evasion strategy since it shields opsonins from recognition by
host phagocyte receptors (Higgins et al. 2006; Ko et al. 2011). The bifunctional
secreted protein Efb binds to complement that has been deposited on the cell
surface and cloaks the cell surface with a capsule of fibrinogen which protects the
cells from neutrophils (Ko et al. 2013). Staphylococcal coagulases (Coa and vWBP)
activate prothrombin to cleave Fg and promote the formation of fibrin cables in the
bloodstream, thus allowing ClfA-mediated association of S. aureus with fibrin
networks (McAdow et al. 2011). We postulate that Fg-binding CWA proteins
contribute to this phenomenon. Also, Fg-binding MSCRAMMs also promote
bacterial aggregation with fibrin in synovial fluid during joint infection leading to
the formation of biofilm-like clumps of bacteria with increased resistance to
antibiotics (Dastgheyb et al. 2015).
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5 Discussion and Future Prospects

Cell wall-anchored surface proteins are of crucial importance in the interaction of S.
aureus with its host both in the commensal state and during infection. In this
review, we have categorized CWA proteins according to their structural motifs and
their known functions.

In fact, the functions of several CWA proteins have yet to be discovered.
Furthermore, the best characterized CWA proteins often have multiple functions, and
new ligands will undoubtedly be found. Advances in procedures that facilitate
detection of binding partners such as phage display and two-hybrid analysis as well as
more sensitive detection systems for pull-down experiments will make this possible.
For example, like many invasive bacteria [e.g. group A streptococci (Walker et al.
2014)], S. aureus has the ability to capture and activate plasminogen (Molkanen et al.
2002), but there is surprisingly little known about the surface proteins involved. It is
worth speculating that one or more CWA proteins are involved in addition to Sbi
(Koch et al. 2012), MntC (Salazar et al. 2014), and the moonlighting cytoplasmic
enzyme enolase (Molkanen et al. 2002; Antikainen et al. 2007).

It is perhaps surprising that so little is known about the mechanistic basis of how
CWA proteins help the bacterium avoid innate immune responses, in particular how
they control complement activation. This strategy is commonly employed by
invasive pathogens, most notably meningococci and streptococci (Lambris et al.
2008). Detailed analysis of the interaction of CWA proteins with complement
components and host regulators is needed.

As S. aureus continues to evolve to colonize its hosts more efficiently and to
avoid immune responses more effectively, it is likely that new CWA proteins will
be acquired by horizontal gene transfer. The genes of several CWA proteins are
encoded by mobile genetic elements (Malachowa and DeLeo 2010). The
plasmin-sensitive surface protein Pls is encoded within a staphylococcal cassette
chromosome responsible for resistance to methicillin (SCCmec type I) (Werbick
et al. 2007), the recently discovered SasX protein is encoded by a lysogenic bac-
teriophage (Li et al. 2012), and the biofilm-associated protein Bap is encoded within
the pathogenicity island SaPIbov2 that occurs exclusively in bovine strains (Novick
et al. 2010).

Soluble forms of CWA proteins might have important biological functions.
A substantial fraction of protein A is present in the supernatant of growing cultures
as a result of autolytic activity and inefficient sorting, and this has been shown to
help bacteria survive killing in whole human blood (O’Halloran et al. 2015). It is
possible that released forms of other intact CWA proteins or proteolytically released
fragments are biologically active analogously to the SpeB-released M protein
fragments of group A streptococci (Walker et al. 2014).

In conclusion, cell wall-anchored surface proteins carry out a diverse array of
functions and are essential for colonization of and survival in the host. Structural
analysis has provided a framework for the classification of this important group of
bacterial proteins.

114 J.A. Geoghegan and T.J. Foster



References

Antikainen J, Kuparinen V, Lahteenmaki K, Korhonen TK (2007) Enolases from Gram-positive
bacterial pathogens and commensal lactobacilli share functional similarity in
virulence-associated traits. FEMS Immunol Med Microbiol 51:526–534

Arrecubieta C et al (2006) The role of Staphylococcus aureus adhesins in the pathogenesis of
ventricular assist device-related infections. J Infect Dis 193:1109–1119

Barbu EM et al (2010) beta-Neurexin is a ligand for the Staphylococcus aureus MSCRAMM
SdrC. PLoS Pathog 6:e1000726

Barbu EM, Mackenzie C, Foster TJ, Hook M (2014) SdrC induces staphylococcal biofilm
formation through a homophilic interaction. Mol Microbiol 94:172–185

Becker S, Frankel MB, Schneewind O, Missiakas D (2014) Release of protein A from the cell wall
of Staphylococcus aureus. Proc Natl Acad Sci U S A 111:1574–1579

Berends ET, Horswill AR, Haste NM, Monestier M, Nizet V, von Kockritz-Blickwede M (2010)
Nuclease expression by Staphylococcus aureus facilitates escape from neutrophil extracellular
traps. J Innate Immun 2:576–586

Brouillette E, Grondin G, Shkreta L, Lacasse P, Talbot BG (2003) In vivo and in vitro
demonstration that Staphylococcus aureus is an intracellular pathogen in the presence or
absence of fibronectin-binding proteins. Microb Pathog 35:159–168

Burke FM, Di Poto A, Speziale P, Foster TJ (2011) The A domain of fibronectin-binding protein B
of Staphylococcus aureus contains a novel fibronectin binding site. FEBS J 278:2359–2371

Burman JD et al (2008) Interaction of human complement with Sbi, a staphylococcal
immunoglobulin-binding protein: indications of a novel mechanism of complement evasion
by Staphylococcus aureus. J Biol Chem 283:17579–17593

Cassat JE, Skaar EP (2012) Metal ion acquisition in Staphylococcus aureus: overcoming
nutritional immunity. Semin Immunopathol 34:215–235

Cheng AG, Kim HK, Burts ML, Krausz T, Schneewind O, Missiakas DM (2009) Genetic
requirements for Staphylococcus aureus abscess formation and persistence in host tissues.
FASEB J 23:3393–3404

Clarke SR et al (2006) Identification of in vivo-expressed antigens of Staphylococcus aureus and
their use in vaccinations for protection against nasal carriage. J Infect Dis 193:1098–1108

Clarke SR et al (2007) The Staphylococcus aureus surface protein IsdA mediates resistance to
innate defenses of human skin. Cell Host Microbe 1:199–212

Clarke SR, Andre G, Walsh EJ, Dufrene YF, Foster TJ, Foster SJ (2009) Iron-regulated surface
determinant protein A mediates adhesion of Staphylococcus aureus to human corneocyte
envelope proteins. Infect Immun 77:2408–2416

Clarke SR, Foster SJ (2008) IsdA protects Staphylococcus aureus against the bactericidal protease
activity of apolactoferrin. Infect Immun 76:1518–1526

Clarke SR, Wiltshire MD, Foster SJ (2004) IsdA of Staphylococcus aureus is a broad spectrum,
iron-regulated adhesin. Mol Microbiol 51:1509–1519

Conrady DG, Wilson JJ, Herr AB (2013) Structural basis for Zn2+-dependent intercellular
adhesion in staphylococcal biofilms. Proc Natl Acad Sci U S A 110:E202–E211

Corrigan RM, Miajlovic H, Foster TJ (2009) Surface proteins that promote adherence of
Staphylococcus aureus to human desquamated nasal epithelial cells. BMC Microbiol 9:22

Corrigan RM, Rigby D, Handley P, Foster TJ (2007) The role of Staphylococcus aureus surface
protein SasG in adherence and biofilm formation. Microbiology 153:2435–2446

Cregg KM, Wilding I, Black MT (1996) Molecular cloning and expression of the spsB gene
encoding an essential type I signal peptidase from Staphylococcus aureus. J Bacteriol
178:5712–5718

Dastgheyb S, Parvizi J, Shapiro IM, Hickok NJ, Otto M (2015) Effect of biofilms on recalcitrance
of staphylococcal joint infection to antibiotic treatment. J Infect Dis 211:641–650

DeDent A, Bae T, Missiakas DM, Schneewind O (2008) Signal peptides direct surface proteins to
two distinct envelope locations of Staphylococcus aureus. EMBO J 27:2656–2668

Cell Wall-Anchored Surface Proteins of Staphylococcus aureus … 115



Deis LN et al (2015) Suppression of conformational heterogeneity at a protein-protein interface.
Proc Natl Acad Sci U S A 112:9028–9033

Deivanayagam CC et al (2000) Novel fold and assembly of the repetitive B region of the
Staphylococcus aureus collagen-binding surface protein. Structure 8:67–78

Deivanayagam CC et al (2002) A novel variant of the immunoglobulin fold in surface adhesins of
Staphylococcus aureus: crystal structure of the fibrinogen-binding MSCRAMM, clumping
factor A. EMBO J 21:6660–6672

Dziewanowska K, Patti JM, Deobald CF, Bayles KW, Trumble WR, Bohach GA (1999)
Fibronectin binding protein and host cell tyrosine kinase are required for internalization of
Staphylococcus aureus by epithelial cells. Infect Immun 67:4673–4678

Entenza JM, Foster TJ, Ni Eidhin D, Vaudaux P, Francioli P, Moreillon P (2000) Contribution of
clumping factor B to pathogenesis of experimental endocarditis due to Staphylococcus aureus.
Infect Immun 68:5443–5446

Flick MJ et al (2013) Genetic elimination of the binding motif on fibrinogen for the S. aureus
virulence factor ClfA improves host survival in septicemia. Blood 121:1783–1794

Foster TJ, Geoghegan JA, Ganesh VK, Hook M (2014) Adhesion, invasion and evasion: the many
functions of the surface proteins of Staphylococcus aureus. Nat Rev Microbiol 12:49–62

Ganesh VK et al (2008) A structural model of the Staphylococcus aureus ClfA-fibrinogen
interaction opens new avenues for the design of anti-staphylococcal therapeutics. PLoS Pathog
4:e1000226

Ganesh VK et al (2011) Structural and biochemical characterization of Staphylococcus aureus
clumping factor B/ligand interactions. J Biol Chem 286:25963–25972

Geoghegan JA et al (2010) Role of surface protein SasG in biofilm formation by Staphylococcus
aureus. J Bacteriol 192:5663–5673

Geoghegan JA, Monk IR, O’Gara JP, Foster TJ (2013) Subdomains N2N3 of fibronectin binding
protein A mediate Staphylococcus aureus biofilm formation and adherence to fibrinogen using
distinct mechanisms. J Bacteriol 195:2675–2683

Gomez MI et al (2004) Staphylococcus aureus protein A induces airway epithelial inflammatory
responses by activating TNFR1. Nat Med 10:842–848

Gomez MI, O’Seaghdha M, Magargee M, Foster TJ, Prince AS (2006) Staphylococcus aureus
protein A activates TNFR1 signaling through conserved IgG binding domains. J Biol Chem
281:20190–20196

Graille M et al (2000) Crystal structure of a Staphylococcus aureus protein A domain complexed
with the Fab fragment of a human IgM antibody: structural basis for recognition of B-cell
receptors and superantigen activity. Proc Natl Acad Sci U S A 97:5399–5404

Grigg JC, Ukpabi G, Gaudin CF, Murphy ME (2010) Structural biology of heme binding in the
Staphylococcus aureus Isd system. J Inorg Biochem 104:341–348

Grundmeier M, Hussain M, Becker P, Heilmann C, Peters G, Sinha B (2004) Truncation of
fibronectin-binding proteins in Staphylococcus aureus strain Newman leads to deficient
adherence and host cell invasion due to loss of the cell wall anchor function. Infect Immun
72:7155–7163

Gruszka DT et al (2012) Staphylococcal biofilm-forming protein has a contiguous rod-like
structure. Proc Natl Acad Sci U S A 109:E1011–E1018

Gruszka DT et al (2015) Cooperative folding of intrinsically disordered domains drives assembly
of a strong elongated protein. Nat Commun 6:7271

Hair PS et al (2010) Clumping factor A interaction with complement factor I increases C3b
cleavage on the bacterial surface of Staphylococcus aureus and decreases
complement-mediated phagocytosis. Infect Immun 78:1717–1727

Hair PS, Ward MD, Semmes OJ, Foster TJ, Cunnion KM (2008) Staphylococcus aureus clumping
factor A binds to complement regulator factor I and increases factor I cleavage of C3b. J Infect
Dis 198:125–133

Hammer ND, Skaar EP (2011) Molecular mechanisms of Staphylococcus aureus iron acquisition.
Annu Rev Microbiol 65:129–147

116 J.A. Geoghegan and T.J. Foster



Hazenbos WL et al (2013) Novel staphylococcal glycosyltransferases SdgA and SdgB mediate
immunogenicity and protection of virulence-associated cell wall proteins. PLoS Pathog 9:
e1003653

Herman-Bausier P, El-Kirat-Chatel S, Foster TJ, Geoghegan JA, Dufrene YF (2015)
Staphylococcus aureus Fibronectin-Binding Protein A Mediates Cell-Cell Adhesion through
Low-Affinity Homophilic Bonds. MBio 6:e00413–e00415

Higgins J, Loughman A, van Kessel KP, van Strijp JA, Foster TJ (2006) Clumping factor A of
Staphylococcus aureus inhibits phagocytosis by human polymorphonuclear leucocytes. FEMS
Microbiol Lett 258:290–296

Josefsson E et al (1998a) Three new members of the serine-aspartate repeat protein multigene
family of Staphylococcus aureus. Microbiology 144:3387–3395

Josefsson E, O’Connell D, Foster TJ, Durussel I, Cox JA (1998b) The binding of calcium to the
B-repeat segment of SdrD, a cell surface protein of Staphylococcus aureus. J Biol Chem
273:31145–31152

Josefsson E, Hartford O, O’Brien L, Patti JM, Foster T (2001) Protection against experimental
Staphylococcus aureus arthritis by vaccination with clumping factor A, a novel virulence
determinant. J Infect Dis 184:1572–1580

Josefsson E, Higgins J, Foster TJ, Tarkowski A (2008) Fibrinogen binding sites P336 and Y338 of
clumping factor A are crucial for Staphylococcus aureus virulence. PLoS ONE 3:e2206

Kang M et al (2013) Collagen-binding Microbial Surface Components Recognizing Adhesive
Matrix Molecule (MSCRAMM) of Gram-positive Bacteria Inhibit Complement Activation via
the Classical Pathway. J Biol Chem 288:20520–20531

Keane FM, Loughman A, Valtulina V, Brennan M, Speziale P, Foster TJ (2007) Fibrinogen and
elastin bind to the same region within the A domain of fibronectin binding protein A, an
MSCRAMM of Staphylococcus aureus. Mol Microbiol 63:711–723

Kenny JG et al (2009) The Staphylococcus aureus response to unsaturated long chain free fatty
acids: survival mechanisms and virulence implications. PLoS ONE 4:e4344

Ko YP et al (2013) Phagocytosis escape by a Staphylococcus aureus protein that connects
complement and coagulation proteins at the bacterial surface. PLoS Pathog 9:e1003816

Ko YP, Liang X, Smith CW, Degen JL, Hook M (2011) Binding of Efb from Staphylococcus
aureus to fibrinogen blocks neutrophil adherence. J Biol Chem 286:9865–9874

Koch TK et al (2012) Staphylococcus aureus proteins Sbi and Efb recruit human plasmin to
degrade complement C3 and C3b. PLoS ONE 7:e47638

Kukita K et al (2013) Staphylococcus aureus SasA is responsible for binding to the salivary
agglutinin gp340, derived from human saliva. Infect Immun 81:1870–1879

Kwiecinski J, Jin T, Josefsson E (2014) Surface proteins of Staphylococcus aureus play an
important role in experimental skin infection. APMIS 122:1240–1250

Lambris JD, Ricklin D, Geisbrecht BV (2008) Complement evasion by human pathogens. Nat Rev
Microbiol 6:132–142

Li M et al (2012) MRSA epidemic linked to a quickly spreading colonization and virulence
determinant. Nat Med 18:816–819

Liu Q et al (2015) Targeting surface protein SasX by active and passive vaccination to reduce
Staphylococcus aureus colonization and infection. Infect Immun 83:2168–2174

Lizcano A, Sanchez CJ, Orihuela CJ (2012) A role for glycosylated serine-rich repeat proteins in
gram-positive bacterial pathogenesis. Mol Oral Microbiol 27:257–269

Lower SK et al (2011) Polymorphisms in fibronectin binding protein A of Staphylococcus aureus
are associated with infection of cardiovascular devices. Proc Natl Acad Sci U S A 108:18372–
18377

Malachowa N, DeLeo FR (2010) Mobile genetic elements of Staphylococcus aureus. Cell Mol
Life Sci 67:3057–3071

Marraffini LA, Schneewind O (2005) Anchor structure of staphylococcal surface proteins.
V. Anchor structure of the sortase B substrate IsdC. J Biol Chem 280:16263–16271

Martin FJ et al (2009) Staphylococcus aureus activates type I IFN signaling in mice and humans
through the Xr repeated sequences of protein A. J Clin Invest 119:1931–1939

Cell Wall-Anchored Surface Proteins of Staphylococcus aureus … 117



Mazmanian SK, Liu G, Ton-That H, Schneewind O (1999) Staphylococcus aureus sortase, an
enzyme that anchors surface proteins to the cell wall. Science 285:760–763

Mazmanian SK, Ton-That H, Schneewind O (2001) Sortase-catalysed anchoring of surface
proteins to the cell wall of Staphylococcus aureus. Mol Microbiol 40:1049–1057

McAdow M, Kim HK, Dedent AC, Hendrickx AP, Schneewind O, Missiakas DM (2011)
Preventing Staphylococcus aureus sepsis through the inhibition of its agglutination in blood.
PLoS Pathog 7:e1002307

McAleese FM, Walsh EJ, Sieprawska M, Potempa J, Foster TJ (2001) Loss of clumping factor B
fibrinogen binding activity by Staphylococcus aureus involves cessation of transcription,
shedding and cleavage by metalloprotease. J Biol Chem 276:29969–29978

McCarthy AJ, Lindsay JA (2010) Genetic variation in Staphylococcus aureus surface and immune
evasion genes is lineage associated: implications for vaccine design and host-pathogen
interactions. BMC Microbiol 10:173

McCormack N, Foster TJ, Geoghegan JA (2014) A short sequence within subdomain N1 of region
A of the Staphylococcus aureus MSCRAMM clumping factor A is required for export and
surface display. Microbiology 160:659–670

McGavin MJ, Zahradka C, Rice K, Scott JE (1997) Modification of the Staphylococcus aureus
fibronectin binding phenotype by V8 protease. Infect Immun 65:2621–2628

Miajlovic H, Zapotoczna M, Geoghegan JA, Kerrigan SW, Speziale P, Foster TJ (2010) Direct
interaction of iron-regulated surface determinant IsdB of Staphylococcus aureus with the
GPIIb/IIIa receptor on platelets. Microbiology 156:920–928

Molkanen T, Tyynela J, Helin J, Kalkkinen N, Kuusela P (2002) Enhanced activation of bound
plasminogen on Staphylococcus aureus by staphylokinase. FEBS Lett 517:72–78

Monk IR, Foster TJ (2012) Genetic manipulation of Staphylococci-breaking through the barrier.
Front Cell Infect Microbiol 2:49

Monk IR, Shah IM, Xu M, Tan MW, Foster TJ (2012) Transforming the untransformable:
application of direct transformation to manipulate genetically Staphylococcus aureus and
Staphylococcus epidermidis. MBio 3:e00277-11

Monk IR, Tree JJ, Howden BP, Stinear TP, Foster TJ (2015) Complete Bypass of Restriction
Systems for Major Staphylococcus aureus Lineages. MBio 6:e00308–e00315

Moreillon P et al (1995) Role of Staphylococcus aureus coagulase and clumping factor in
pathogenesis of experimental endocarditis. Infect Immun 63:4738–4743

Mulcahy ME et al (2012) Nasal colonisation by Staphylococcus aureus depends upon clumping
factor B binding to the squamous epithelial cell envelope protein loricrin. PLoS Pathog 8:
e1003092

Novick RP, Christie GE, Penades JR (2010) The phage-related chromosomal islands of
Gram-positive bacteria. Nat Rev Microbiol 8:541–551

O’Brien LM, Walsh EJ, Massey RC, Peacock SJ, Foster TJ (2002) Staphylococcus aureus
clumping factor B (ClfB) promotes adherence to human type I cytokeratin 10: implications for
nasal colonization. Cell Microbiol 4:759–770

O’Halloran DP, Wynne K, Geoghegan JA (2015) Protein A is released into the Staphylococcus
aureus culture supernatant with an unprocessed sorting signal. Infect Immun 83:1598–1609

O’Seaghdha M et al (2006) Staphylococcus aureus protein A binding to von Willebrand factor A1
domain is mediated by conserved IgG binding regions. FEBS J 273:4831–4841

Palmqvist N, Foster T, Tarkowski A, Josefsson E (2002) Protein A is a virulence factor in
Staphylococcus aureus arthritis and septic death. Microb Pathog 33:239–249

Patel AH, Nowlan P, Weavers ED, Foster T (1987) Virulence of protein A-deficient and
alpha-toxin-deficient mutants of Staphylococcus aureus isolated by allele replacement. Infect
Immun 55:3103–3110

Patti JM, Allen BL, McGavin MJ, Hook M (1994a) MSCRAMM-mediated adherence of
microorganisms to host tissues. Annu Rev Microbiol 48:585–617

Patti JM et al (1994b) The Staphylococcus aureus collagen adhesin is a virulence determinant in
experimental septic arthritis. Infect Immun 62:152–161

118 J.A. Geoghegan and T.J. Foster



Peacock SJ, Foster TJ, Cameron BJ, Berendt AR (1999) Bacterial fibronectin-binding proteins and
endothelial cell surface fibronectin mediate adherence of Staphylococcus aureus to resting
human endothelial cells. Microbiology 145:3477–3486

Perry AM, Ton-That H, Mazmanian SK, Schneewind O (2002) Anchoring of surface proteins to
the cell wall of Staphylococcus aureus. III. Lipid II is an in vivo peptidoglycan substrate for
sortase-catalyzed surface protein anchoring. J Biol Chem 277:16241–16248

Pilpa RM, Robson SA, Villareal VA, Wong ML, Phillips M, Clubb RT (2009) Functionally
distinct NEAT (NEAr Transporter) domains within the Staphylococcus aureus IsdH/HarA
protein extract heme from methemoglobin. J Biol Chem 284:1166–1176

Pishchany G et al (2010) Specificity for human hemoglobin enhances Staphylococcus aureus
infection. Cell Host Microbe 8:544–550

Ponnuraj K et al (2003) A “dock, lock, and latch” structural model for a staphylococcal adhesin
binding to fibrinogen. Cell 115:217–228

Que YA et al (2005) Fibrinogen and fibronectin binding cooperate for valve infection and invasion
in Staphylococcus aureus experimental endocarditis. J Exp Med 201:1627–1635

Rhem MN et al (2000) The collagen-binding adhesin is a virulence factor in Staphylococcus
aureus keratitis. Infect Immun 68:3776–3779

Roche FM, Meehan M, Foster TJ (2003) The Staphylococcus aureus surface protein SasG and its
homologues promote bacterial adherence to human desquamated nasal epithelial cells.
Microbiology 149:2759–2767

Rohde H et al (2005) Induction of Staphylococcus epidermidis biofilm formation via proteolytic
processing of the accumulation-associated protein by staphylococcal and host proteases. Mol
Microbiol 55:1883–1895

Salazar N et al (2014) Staphylococcus aureus manganese transport protein C (MntC) is an
extracellular matrix- and plasminogen-binding protein. PLoS ONE 9:e112730

Schaffer AC et al (2006) Immunization with Staphylococcus aureus clumping factor B, a major
determinant in nasal carriage, reduces nasal colonization in a murine model. Infect Immun
74:2145–2153

Schneewind O, Mihaylova-Petkov D, Model P (1993) Cell wall sorting signals in surface proteins
of gram-positive bacteria. EMBO J 12:4803–4811

Schneewind O, Model P, Fischetti VA (1992) Sorting of protein A to the staphylococcal cell wall.
Cell 70:267–281

Schroeder K et al (2009) Molecular characterization of a novel Staphylococcus aureus surface
protein (SasC) involved in cell aggregation and biofilm accumulation. PLoS ONE 4:e7567

Schwarz-Linek U et al (2003) Pathogenic bacteria attach to human fibronectin through a tandem
beta-zipper. Nature 423:177–181

Schwarz-Linek U, Hook M, Potts JR (2004) The molecular basis of fibronectin-mediated bacterial
adherence to host cells. Mol Microbiol 52:631–641

Schwarz-Linek U, Hook M, Potts JR (2006) Fibronectin-binding proteins of gram-positive cocci.
Microbes Infect 8:2291–2298

Sharp JA et al (2012) Staphylococcus aureus surface protein SdrE binds complement regulator
factor H as an immune evasion tactic. PLoS ONE 7:e38407

Siboo IR, Chaffin DO, Rubens CE, Sullam PM (2008) Characterization of the accessory Sec
system of Staphylococcus aureus. J Bacteriol 190:6188–6196

Siboo IR, Chambers HF, Sullam PM (2005) Role of SraP, a Serine-Rich Surface Protein of
Staphylococcus aureus, in binding to human platelets. Infect Immun 73:2273–2280

Silverman GJ, Goodyear CS (2006) Confounding B-cell defences: lessons from a staphylococcal
superantigen. Nat Rev Immunol 6:465–475

Sinha B et al (1999) Fibronectin-binding protein acts as Staphylococcus aureus invasin via
fibronectin bridging to integrin alpha5beta1. Cell Microbiol 1:101–117

Sinha B et al (2000) Heterologously expressed Staphylococcus aureus fibronectin-binding proteins
are sufficient for invasion of host cells. Infect Immun 68:6871–6878

Thammavongsa V, Kern JW, Missiakas DM, Schneewind O (2009) Staphylococcus aureus
synthesizes adenosine to escape host immune responses. J Exp Med 206:2417–2427

Cell Wall-Anchored Surface Proteins of Staphylococcus aureus … 119



Thammavongsa V, Missiakas DM, Schneewind O (2013) Staphylococcus aureus degrades
neutrophil extracellular traps to promote immune cell death. Science 342:863–866

Thammavongsa V, Schneewind O, Missiakas DM (2011) Enzymatic properties of Staphylococcus
aureus adenosine synthase (AdsA). BMC Biochem 12:56

Vazquez V et al (2011) Fibrinogen is a ligand for the Staphylococcus aureus microbial surface
components recognizing adhesive matrix molecules (MSCRAMM) bone sialoprotein-binding
protein (Bbp). J Biol Chem 286:29797–29805

Vergara-Irigaray M et al (2009) Relevant role of fibronectin-binding proteins in Staphylococcus
aureus biofilm-associated foreign-body infections. Infect Immun 77:3978–3991

Visai L et al (2009) Immune evasion by Staphylococcus aureus conferred by iron-regulated surface
determinant protein IsdH. Microbiology 155:667–679

Walker JN et al (2013) The Staphylococcus aureus ArlRS two-component system is a novel
regulator of agglutination and pathogenesis. PLoS Pathog 9:e1003819

Walker MJ et al (2014) Disease manifestations and pathogenic mechanisms of group a
Streptococcus. Clin Microbiol Rev 27:264–301

Walsh EJ, Miajlovic H, Gorkun OV, Foster TJ (2008) Identification of the Staphylococcus aureus
MSCRAMM clumping factor B (ClfB) binding site in the alphaC-domain of human fibrinogen.
Microbiology 154:550–558

Walsh EJ, O’Brien LM, Liang X, Hook M, Foster TJ (2004) Clumping factor B, a
fibrinogen-binding MSCRAMM (microbial surface components recognizing adhesive matrix
molecules) adhesin of Staphylococcus aureus, also binds to the tail region of type I cytokeratin
10. J Biol Chem 279:50691–50699

Wang X, Ge J, Liu B, Hu Y, Yang M (2013) Structures of SdrD from Staphylococcus aureus
reveal the molecular mechanism of how the cell surface receptors recognize their ligands.
Protein Cell 4:277–285

Wann ER, Gurusiddappa S, Hook M (2000) The fibronectin-binding MSCRAMM FnbpA of
Staphylococcus aureus is a bifunctional protein that also binds to fibrinogen. J Biol Chem
275:13863–13871

Werbick C et al (2007) Staphylococcal chromosomal cassette mec type I, spa type, and expression
of Pls are determinants of reduced cellular invasiveness of methicillin-resistant Staphylococcus
aureus isolates. J Infect Dis 195:1678–1685

Wertheim HF et al (2008) Key role for clumping factor B in Staphylococcus aureus nasal
colonization of humans. PLoS Med 5:e17

Xiang H et al (2012) Crystal structures reveal the multi-ligand binding mechanism of
Staphylococcus aureus ClfB. PLoS Pathog 8:e1002751

Xu Y, Rivas JM, Brown EL, Liang X, Hook M (2004) Virulence potential of the staphylococcal
adhesin CNA in experimental arthritis is determined by its affinity for collagen. J Infect Dis
189:2323–2333

Yang YH et al (2014) Structural insights into SraP-mediated Staphylococcus aureus adhesion to
host cells. PLoS Pathog 10:e1004169

Zapotoczna M, Jevnikar Z, Miajlovic H, Kos J, Foster TJ (2013) Iron-regulated surface
determinant B (IsdB) promotes Staphylococcus aureus adherence to and internalization by
non-phagocytic human cells. Cell Microbiol 15:1026–1041

Zong Y et al (2005) A ‘Collagen Hug’ model for Staphylococcus aureus CNA binding to collagen.
EMBO J 24:4224–4236

120 J.A. Geoghegan and T.J. Foster



Staphylococcus aureus Pore-Forming
Toxins

Tamara Reyes-Robles and Victor J. Torres

Abstract Staphylococcus aureus (S. aureus) is a formidable foe equipped with an
armamentarium of virulence factors to thwart host defenses and establish a suc-
cessful infection. Among these virulence factors, S. aureus produces several potent
secreted proteins that act as cytotoxins, predominant among them the beta-barrel
pore-forming toxins. These toxins play several roles in pathogenesis, including
disruption of cellular adherens junctions at epithelial barriers, alteration of intra-
cellular signaling events, modulation of host immune responses, and killing of
eukaryotic immune and non-immune cells. This chapter provides an updated
overview on the S. aureus beta-barrel pore-forming cytotoxins, the identification of
toxin receptors on host cells, and their roles in pathogenesis.
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1 Identification of S. aureus Toxins: An Overview

The host cell membrane is a main target of virulence factors produced by pathogens
(DuMont and Torres 2014). Within these factors, bacterial pore-forming toxins are
amongst the most thoroughly investigated group of virulence factors due to their
breadth of targets and effects on host cells (DuMont and Torres 2014). Unlike the
majority of bacterial pathogens, which produce one or two pore-forming toxins at
most, S. aureus can produce more than 5 beta-barrel pore-forming toxins with
distinct and sometimes redundant roles (Alonzo and Torres 2014; DuMont and
Torres 2014).
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The identification of S. aureus cytolytic factors began in the 1800s (Alonzo and
Torres 2014). A pus-causing factor within culture supernatants caused immune cell
(leukocyte) killing, erythrocyte lysis, and consequent mortality in vivo (Denys and
Van de Velde 1895; Van de Velde 1894). In 1894, Van de Velde described a
S. aureus factor that killed rabbit leukocytes which was termed “leukocidin” (Alonzo
and Torres 2014). The Van de Velde studies were followed up by several groups in
the early 1900s, where attempts were made to separate the leukocidal activity from
the hemolytic activity previously observed in culture supernatants (Alonzo and
Torres 2014). Work by Neisser and Wechsberg demonstrated that leukocyte and
erythrocyte killing were the result of two separate activities, as demonstrated by
adsorption experiments of either hemolysin or leukocidin to their respective cell
types (erythrocytes and leukocytes) (Neisser and Wechsberg 1901). After being
commissioned to investigate lethality of children following administration of a
diphteria toxin vaccine in the 1920s, Burnet discovered that culture supernatants
obtained from contaminating S. aureus found in diphtheria toxin vaccines acci-
dentally administered to children in Bundaberg, Australia, had hemolytic activity
and were lethal when administered to rabbits (Berube and Bubeck Wardenburg
2013; Burnet 1929, 1930; Green 1928). In line with Neisser and Wechsberg’s work,
Julianelle found independent hemolytic and leukocidal activities across several S.
aureus strains, some of which were unrelated to each other (Julianelle 1922; Alonzo
and Torres 2014). After the Burnet studies, Glenny and Stevens described two
secreted, immunologically divergent molecules, named alpha- and beta-toxin, that
displayed hemolytic activity in a host species-specific manner. Of these molecules,
the rabbit-tropic hemolytic factor is now known to be alpha-toxin (Glenny and
Stevens 1935; Berube and Bubeck Wardenburg 2013).

Problems with reproducibility of experimental results by others questioned the
hypothesis of the two different toxinogenic molecules by Neisser and Wechsberg
(Burnet 1929; Weld and Gunther 1931; Wright 1936; Alonzo and Torres 2014).
The controversy surrounding their existence was put to rest by work from Panton
and Valentine in 1932 (Panton and Valentine 1932). The authors performed
extensive studies using 22 S. aureus strains to evaluate erythrocyte hemolysis and
skin lesions in rabbits, and human leukocyte killing, ultimately demonstrating that
two distinct factors were responsible for the hemolytic and leukocidal activities
(Alonzo and Torres 2014; Panton and Valentine 1932). Follow-up work confirmed
their findings, resulting in the renaming of the molecule with leukocytolytic activity
as Panton-Valentine Leukocidin, or PVL (Alonzo and Torres 2014). Future studies
by Gladstone and van Heyningen confirmed the observations made by Van de
Velde, where the leukocidal factor was indeed a two-component leukocidin
(Gladstone and Van Heyningen 1957), potentially one of the five bicomponent
leukocidins associated with human infections that are currently known (Alonzo and
Torres 2014; DuMont and Torres 2014).

It is important to note that all these studies were performed before it was known
that a single S. aureus strain can encode several cytotoxins (Alonzo and Torres
2014; Vandenesch et al. 2012) some of which have both redundant activities and
target cell types (Spaan et al. 2015a).
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Importantly, the discovery of the first leukocidin by Panton and Valentine paved
the way for the uncovering of additional pore-forming toxins. From these, the
beta-barrel pore-forming toxins constitute a large and clinically relevant group of
cytolytic factors produced by S. aureus (Fig. 1). These are small (*32–40 kDa)
secreted proteins that bind receptors on the host plasma membrane, leading to the
stepwise assembly of a toxin oligomer, resulting in the formation of a functional
pore of *25 Å that pierces through the plasma membrane and kills eukaryotic cells
by osmotic dysregulation mediated by flux of Ca2+, K+, ATP, and other small
molecules through the pore (Alonzo and Torres 2014; DuMont and Torres 2014;
Yoong and Torres 2013; Berube and Bubeck Wardenburg 2013). S. aureus strains
associated with human disease can produce up to six of these pore-forming toxins,
which are divided into the small beta-barrel homo-oligomeric pore-forming toxin
(alpha-toxin), and a collection of bicomponent pore-forming toxins, of which their
properties and activities on host cells are described below.

1.1 Alpha-Toxin: The Prototypical Beta-Barrel
Pore-Forming Toxin

Alpha-toxin (also known as alpha-hemolysin or Hla) is a *33-kDa toxin identified
in the early 1900s, followed by the elucidation of its gene sequence in 1984 (Gray
and Kehoe 1984). This toxin is a highly conserved (99 %), core genome-encoded
cytotoxin that assembles into a homo-heptameric pore (Gouaux et al. 1994). Unlike
other staphylococcal beta-barrel pore-forming proteins, human PMNs are largely
refractory to alpha-toxin-mediated intoxication and this is due to low levels of its
receptor (discussed in Sect. 4.1) (Berube and Bubeck Wardenburg 2013). Instead,
alpha-toxin targets B and T lymphocytes, monocytes, macrophages, platelets,
erythrocytes, and other non-myeloid cells such as epithelial and endothelial cells,
with varying host-dependent susceptibilities (i.e., rabbit, mouse, and human)

Fig. 1 Sequence identity between toxin subunits. Phylogenetic trees of the amino acid sequences
of the mature S-type subunits and alpha-toxin (Hla) (top), and the F-type subunits and alpha-toxin
(Hla) (bottom) constructed using DNAStar MegAlign ClustalW
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(Bhakdi and Tranum-Jensen 1991; Bubeck Wardenburg et al. 2007b; Cassidy and
Harshman 1976; Craven et al. 2009; Hildebrand et al. 1991; Nygaard et al. 2012;
Powers et al. 2012, 2015, Wilke and Bubeck Wardenburg 2010). In addition,
alpha-toxin has been shown to contribute to S. aureus pathogenesis using murine
models of skin infection and pneumonia (Berube and Bubeck Wardenburg 2013),
inhibit macrophage phagocytosis (Scherr et al. 2015), and promote death of these
phagocytes in concert with secreted LukAB from S. aureus biofilms in a murine
biofilm surgical implant model (Scherr et al. 2015). Alpha-toxin also upregulates
host autophagy, allowing S. aureus to become tolerated by the host by downreg-
ulating expression of the toxin receptor, thus minimizing S. aureus-induced disease
(Maurer et al. 2015). Of note, this toxin is notorious for its potent hemolytic activity
toward rabbit and murine erythrocytes, thus its alternate name alpha-hemolysin.
However, alpha-toxin is a poor hemolysin toward human erythrocytes due to low
expression of the toxin receptor by these human cells (Berube and Bubeck
Wardenburg 2013).

2 Beta-Barrel Bicomponent Pore-Forming Leukocidins

The bicomponent pore-forming leukocidins constitute a sizeable group within the
beta-barrel pore-forming toxins (Alonzo and Torres 2014). These cytotoxins are
secreted as two water-soluble protein monomers classified as S (for slow)- or F (for
fast)-components based on their elution in liquid chromatography when initially
identified (Woodin 1960). Unlike alpha-toxin, these assemble into hetero-octameric
pores of alternating S- and F-components on the cellular surface of numerous
immune and non-immune cell populations (Colin et al. 1994; Miles et al. 2002;
Yamashita et al. 2011; Yokota and Kamio 2000). Highly virulent clinical strains
that cause disease in humans can produce up to five of these bicomponent leuko-
cidins: Panton–Valentine Leukocidin (LukSF-PV or PVL), gamma-hemolysin AB
(HlgAB), gamma-hemolysin CB (HlgCB), Leukocidin AB (LukAB, also known as
LukHG), and Leukocidin ED (LukED). The toxin S-subunits are LukS-PV, HlgA,
HlgC, LukE, and LukA/H, while the F-subunits are LukF-PV, HlgB, LukD, and
LukB/G (Yoong and Torres 2013). These bicomponent pore-forming toxins share
high sequence homology among S- and F-subunits (60–80 %), with the exception
of LukAB (30–40 %) (Fig. 1) and are discussed below.

2.1 Panton–Valentine Leukocidin (LukSF-PV/PVL)

PVL is a potent cytotoxin to human and rabbit PMNs first described in 1932 by
Panton and Valentine (Panton and Valentine 1932). Although prophage-encoded
and present in only 2–4 % of all contemporary S. aureus strains, the pvl sequence is
conserved and present in the large majority of the SSTI CA-MRSA isolates in the
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USA (Lina et al. 1999; Naimi et al. 2003; Vandenesch et al. 2003). However, the
role of this toxin in the pathogenesis of CA-MRSA has been highly controversial.

Interestingly, this toxin is remarkably incompatible with murine cells (Bubeck
Wardenburg et al. 2008; Loffler et al. 2010; Spaan et al. 2013), a phenotype
explained by its receptor (discussed in Sect. 4.3) (Spaan et al. 2013). Confounding
results using small animal models of infection are now known to be due to the host
specificity of the toxin (Bubeck Wardenburg et al. 2007a; Labandeira-Rey et al.
2007; Vandenesch et al. 2010; Zivkovic et al. 2011). Notably among these, the
pathology of necrotizing pneumonia observed in murine models has been correlated
with a robust proinflammatory response (Labandeira-Rey et al. 2007; Vandenesch
et al. 2010; Yoong and Pier 2012). Taken together, the data reported to date
regarding the PVL proinflammatory activity in vivo using murine models of
infection must be cautiously considered given the discrepancies regarding in vivo
targeting of murine cells (Bubeck Wardenburg et al. 2007a; Cremieux et al. 2009;
Diep et al. 2010; Graves et al. 2012; Loffler et al. 2010, 2013; Yoong and Pier
2012).

2.2 Gamma-Hemolysin HlgACB

The tripartite gamma-hemolysin HlgACB was identified in 1938 and can form two
functional toxins sharing the same F-subunit, HlgB: HlgAB and HlgCB. The three
open reading frames encoding the gamma-hemolysins HlgAB and HlgCB are
transcribed from two different promoters in the core genome, with the hlgA locus
being transcribed from its own promoter upstream of the hlgCB locus (Cooney et al.
1993). The genes encoding these toxins show almost full conservation among all
sequenced S. aureus strains (Alonzo and Torres 2014). The gamma-hemolysins are
two of three hemolytic leukocidins secreted by S. aureus (Fackrell and Wiseman
1976), the third one being LukED (Gravet et al. 1998; Morinaga et al. 2003).
Studies using isogenic strains in several infection models have suggested roles for
the gamma-hemolysins in murine systemic infection (Malachowa et al. 2011),
septic arthritis (Nilsson et al. 1999), and ocular models of infection in rabbits (Dajcs
et al. 2002a, b; Siqueira et al. 1997; Supersac et al. 1998). Importantly, and despite
their proximity on the genome, HlgAB and HlgCB display distinct receptor and
species specificity (discussed in Sects. 4.4 and 4.5) (Spaan et al. 2014).

2.3 Leukocidin ED (LukED)

Leukocidin ED (LukED) was identified in 1998 in a study searching for molecules
immunologically similar to PVL and gamma-hemolysin components in culture
supernatants from S. aureus strain Newman (Gravet et al. 1998). Subsequent work
from Morinaga et al. in 2003 showed that the LukED sequence described by Gravet
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et al. was different from the LukED variants (LukEv and LukDv) identified from
their study (Morinaga et al. 2003). Unlike the majority of the leukocidins, this toxin
is encoded on the stable S. aureus pathogenicity island (SaPI) vSab (Novick and
Subedi 2007), is lytic toward human and rabbit erythrocytes, and can induce der-
monecrosis when administered into rabbit skin (Morinaga et al. 2003). In 2012,
Alonzo et al. demonstrated that LukED potently targets murine cells (Alonzo et al.
2012). Importantly, experiments with lukED-isogenic mutant strains demonstrated
the requirement of this toxin for the lethality observed in a murine model of
bacteremia and demonstrated that toxin-mediated depletion of phagocytes con-
tributes to S. aureus-mediated sepsis (Alonzo et al. 2012). Further sequence anal-
yses by Alonzo et al. and McCarthy and Lindsay (McCarthy and Lindsay 2013)
confirmed that the Morinaga et al. lukED sequence is indeed the correct sequence
(Alonzo et al. 2012). Moreover, it was later shown that most of the sequenced
strains contain the lukED locus with the exception of the clonal complex 30 and that
the lukED sequences are highly conserved among strains (Alonzo and Torres 2014;
McCarthy and Lindsay 2013).

2.4 Leukocidin AB (LukAB)

Leukocidin AB (LukAB, also known as LukHG) is the newest member of the
bicomponent leukocidins, which was described by two groups in late 2010 and
early 2011 (DuMont et al. 2011; Ventura et al. 2010). LukAB specifically targets
human phagocytic cells (DuMont et al. 2011, 2013a; Malachowa et al. 2012). This
core genome-encoded toxin is found in all sequenced S. aureus strains (Alonzo and
Torres 2014), but unlike most of the leukocidins, several allelic variants of lukAB
exist (DuMont et al. 2014). Remarkably, LukAB is the only toxin that can be found
as a dimer in solution (DuMont et al. 2014). The LukAB pre-dimerization state
challenges the established paradigm of membrane assembly for the leukocidins,
where toxin subunits assemble in a stepwise fashion (Yamashita et al. 2011).
Like PVL, however, this toxin is highly specific toward human leukocytes
(DuMont et al. 2011, 2013a; Malachowa et al. 2012). As with the other leukocidins,
the cellular and species specificity of LukAB is dictated by receptor targeting
(discussed in Sect. 4.6). Additionally, a study evaluating antibody production
against S. aureus-secreted factors in children with invasive infection demonstrated
high anti-LukAB neutralizing antibody titers during acute infection, indicating that
LukAB is produced in vivo (Thomsen et al. 2014). To date, LukAB is the only
bicomponent leukocidin known to lyse PMNs from within (DuMont et al. 2013b),
can elicit the formation of neutrophil extracellular traps (Malachowa et al. 2013)
and, in concert with Hla, can protect S. aureus biofilms by inhibiting macrophage
phagocytosis and promoting their death (Scherr et al. 2015).

Importantly, LukAB shares only 30 % sequence homology when compared to
the S- or F-subunits of the other leukocidins (DuMont et al. 2014; Yoong and
Torres 2013) and contains unique N- and C-terminal extensions that are absent from
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all other staphylococcal leukocidins (DuMont et al. 2014; Yoong and Torres 2013).
Taken together, these peculiarities also help explain the unique activities of LukAB.

In summary, numerous cytolytic factors are produced by S. aureus to target and
kill host immune cells. Of these, the beta-barrel, pore-forming leukocidins are a
substantial group both in number and cellular targets, which are employed by S.
aureus to promote its survival and replication within the host.

3 Mode of Action of S. aureus Beta-Barrel Pore-Forming
Leukocidins

The mechanism of action of the S. aureus beta-barrel pore-forming leukocidins has
been investigated using biophysical and biochemical methods. These studies have
been greatly aided by the X-ray crystallization of alpha-toxin (Song et al. 1996),
LukS-PV (Guillet et al. 2004a; b), LukF-PV (Olson et al. 1999; Pedelacq et al.
1999), HlgB (Olson et al. 1999), HlgC (Yamashita et al. 2011), LukE and LukD
(Galy et al. 2012), and the functional octameric pore formed by the gamma-he-
molysin HlgAB (Yamashita et al. 2014, 2011) and LukAB (Badarau et al. 2015).
These studies revealed several key structural features found in the toxin monomers
(Fig. 2). Among those are the cap, which contains the amino latch, b-sandwich, and
folded pre-stem domains. Another domain is composed by the amino latch, which
is hypothesized to play a role in the anchoring of stem domains during the transition
of the alpha-toxin subunits from monomers to oligomers, but its function in
bicomponent leukocidin pore assembly remains poorly understood. In contrast, the
b-sandwich harbors crucial residues for intersubunit contacts, while the rim domain
contains mostly aromatic residues which have been proposed to be involved in
binding to the host cell plasma membrane (Alonzo and Torres 2014; Joubert et al.
2007; Walker et al. 1992).

The proposed model regarding pore formation and assembly based on studies
with gamma-hemolysin indicates that the S-component of the toxin binds to the
host cell plasma membrane, causing the recruitment of the F-component, followed
by the formation of toxin complexes, which subsequently oligomerize into
non-lytic pre-pores comprised of an octamer of alternating S- and F-subunits that is
stabilized by the interactions between the rim domains of the toxin monomers
(Fig. 3) (Jayasinghe and Bayley 2005; Yamashita et al. 2011).

The final step is the formation of the membrane-perforating pore. For this, the
pre-stem domains of each toxin subunit undergo a conformational change, through
a mechanism still not fully understood, that extends and anchors the stem domains
into the host cell plasma membrane, leading to the assembly of the beta-barrel
structure (Fig. 3) (Yamashita et al. 2011, 2014).

Given the high sequence homology between the leukocidins, this model is
regarded as the mechanism of pore formation for the other leukocidins (Yamashita
et al. 2011; Yoong and Torres 2013). Membrane lipids, including
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phosphatidylcholine, have also been suggested to play a role in mediating pore
formation (Menestrina et al. 2003; Monma et al. 2004; Noda et al. 1980; Potrich
et al. 2009). However, the ubiquitous presence of lipids does not explain the
exquisite cellular tropism exhibited by these leukocidins. Importantly, the recent
identification of cellular receptors of proteinaceous origin for all these pore-forming
leukocidins refutes the hypothesis of membrane lipid components as the critical
receptors (DuMont and Torres 2014). Nevertheless, it is conceivable that membrane
lipids contribute to pore formation. Thus, the requirement of a choline-containing
membrane lipid or lipid raft during one or more steps of receptor recognition, toxin
assembly, and oligomerization on the cell surface is not completely ruled out.

Fig. 2 Toxin structural features. a HlgB monomer. Structural information about the HlgB
monomer was obtained from the Protein Data Bank (PDB), accession number 1LKF. b HlgAB
octamer. Structural information about the HlgAB octamer was obtained from the PDB, accession
number 3B07. A similar monomeric structure was described for alpha-toxin (Sugawara et al.
2015). c Alpha-toxin heptamer. d Top view of the alpha-toxin heptamer. Structural information
about the alpha-toxin heptamer was obtained from the PDB, accession number 7AHL. Adapted
from Alonzo and Torres (2014)
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4 Identification of Proteinaceous Cellular Receptors
for the Leukocidins

The early identification of cytolytic factors secreted by S. aureus was troublesome
due to the confounding activities of some of these toxins. Ever since their discovery
approximately 100 years ago, knowledge about S. aureus toxin receptors was
lacking. Moreover, the species specificity and tropism toward immune cells
exhibited by these toxins pointed toward the utilization of specific cellular recep-
tors. For instance, all the bicomponent pore-forming toxins effectively target pri-
mary human PMNs, yet only a select few display tropism toward primary murine

Fig. 3 Pore assembly on the host cell lipid bilayer. a Pore formation by a bicomponent toxin. The
current model for pore formation proposes that the S-subunit binds to the host cell plasma
membrane through a proteinaceous cellular receptor, either a chemokine receptor or an integrin
(for LukAB). Recruitment of the F-subunit by the S-subunit is followed by dimerization and
oligomerization of alternating S- and F-subunits, resulting in an octameric pore. A conformational
change triggers the insertion of the toxin stem domains, forming the membrane-piercing
beta-barrel structure that lyses host cells. b Pore formation by a-toxin. Recognition of ADAM10
by alpha-toxin leads to the formation of a homo-heptameric pore and the upregulation of the
metalloprotease activity of ADAM10, resulting in cleavage of cell–cell junctions and intracellular
signaling. Adapted from Alonzo and Torres (2014) and Berube and Bubeck Wardenburg (2013)
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PMNs. Interestingly, the same observation holds true for other immune cell types.
Given the high sequence homology and shared cell-type targets, these toxins were
believed to be redundant staphylococcal virulence factors. However, the last six
years have welcomed a revival on the search for toxin receptors on host cells that
has led to the discovery of proteinaceous cellular receptors for all the beta-barrel S.
aureus pore-forming toxins.

4.1 Alpha-Toxin and ADAM10

Given the elusiveness of a proteinaceous receptor for alpha-toxin, previous reports
attempted to elucidate the “membrane requirements” for the cytotoxic activity of
alpha-toxin by focusing on various lipid components of the plasma membrane.
Experiments employing biochemical and biophysical methods using multilamellar
liposome membranes prepared from cholesterol and other phospholipids demon-
strated that phosphocholine and sphingomyelin play a role on alpha-toxin
oligomerization on lipid membranes and became the working model for
toxin-engagement to cell membranes (Schwiering et al. 2013; Tomita et al. 1993;
Valeva et al. 2006; Watanabe et al. 1987). Nevertheless, this hypothesis failed to
explain the species specificity of alpha-toxin-induced hemolysis of erythrocytes.
The hypothesis of a “lipid as a receptor” was put to rest in 2010 by seminal
experiments exploiting the distinct susceptibilities of human and rabbit erythrocytes
(Wilke and Bubeck Wardenburg 2010). In this study, it was demonstrated that a
zinc-dependent metalloprotease known as a disintegrin and metalloprotease 10
(ADAM10) is the proteinaceous receptor for alpha-toxin (Wilke and Bubeck
Wardenburg 2010). The susceptibility of different host cells to alpha-toxin was
associated with ADAM10 surface levels. Pull-down experiments using the
non-toxigenic form of alpha-toxin, Hla H35L, demonstrated that this toxin physi-
cally interacts with ADAM10 on the surface of rabbit, but not human erythrocytes,
further confirming its species selectivity. Importantly, ADAM10 was found to be
necessary and sufficient for alpha-toxin-induced cell death of nucleated cells (Wilke
and Bubeck Wardenburg 2010). However, a direct interaction between alpha-toxin
and purified ADAM10 has not been reported (Berube and Bubeck Wardenburg
2013; Wilke and Bubeck Wardenburg 2010).

Subsequent studies evaluating the role of ADAM10 in pathogenesis in vivo
using conditional mice targeting the receptor in tissues that are particularly affected
by alpha-toxin such as the lung and the skin revealed that alpha-toxin-mediated
upregulation of the metalloprotease activity of ADAM10 results in disruption of
E-cadherin, an adherens junction protein crucial to maintaining the integrity of the
epidermis and the alveolar epithelium, leading to the severe dermonecrosis and
lethal pneumonia caused by this toxin (Inoshima et al. 2011). Moreover, follow-up
reports looking at additional roles of alpha-toxin in S. aureus pathogenesis
demonstrated that this receptor plays predominant roles in neutrophil–platelet
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aggregation in vivo, resulting in depletion of both platelets and cells of myeloid
origin critical to control infection and restore epithelial integrity (Powers et al.
2015).

Recently, a high-throughput genetic screen using haploid cells identified the
adherens junction protein known as the pleckstrin homology domain-containing
protein 7 (PLEKHA7) as the second most enriched targeted gene upon alpha-toxin
intoxication (ADAM10 being the primary target identified by the screen, validating
previous reports) (Popov et al. 2015). Disruption of cell–cell contacts through
PLEKHA7 was demonstrated to play a role downstream of alpha-toxin-mediated
osmotic lysis. Cells lacking this junctional protein adeptly recovered from
alpha-toxin-mediated cytotoxicity, while in vivo, PLEKHA7−/− mice subjected to
either skin infection or lethal pneumonia showed improved recovery of skin lesions
and increased survivability compared to WT mice, respectively. Taken together,
this indicates the presence of additional, yet indirect targets of alpha-toxin that play
roles beyond the pore formation process, which contribute to S. aureus virulence
(Lubkin and Torres 2015).

4.2 LukED: CCR5, CXCR1, CXCR2, and DARC

The first receptor for a bicomponent leukocidin was described in 2012 (Alonzo
et al. 2013). Alonzo et al. demonstrated that a T lymphocyte-like cell line stably
transduced to overexpress the 7-transmembrane G-protein-coupled receptor (and
HIV co-receptor) CCR5 was uniquely susceptible to LukED-mediated cytotoxicity
and not to other leukocidins evaluated in this assay (LukAB and LukSF-PV/PVL).
Importantly, LukED was not cytotoxic against other T lymphocyte cell lines,
human, or murine primary cells lacking this receptor, indicating that the presence of
CCR5 was required for the cytolytic activity of LukED.

Binding to CCR5 by LukE, the binding component of LukED was specific and
inhibited by a CCR5 antagonist, maraviroc, highlighting the potential use of
commercially available receptor antagonists to confer protection against this
leukocidin. The in vitro and in vivo targeting and killing of CCR5-expressing
adaptive immune cells, including memory T lymphocytes, macrophages, and
dendritic cells, further supported these findings. Importantly, CCR5-targeting was
demonstrated to play an important role in S. aureus pathogenesis, as infection of
Ccr5−/− mice with WT S. aureus significantly protected mice, a phenotype reca-
pitulated during infection of WT mice with a DlukED strain (Alonzo et al. 2012,
2013). Of note, these findings also illustrated that leukocidins have the potential to
target and kill adaptive immune cells.

The identification of CCR5 as a LukED receptor did not explain the suscepti-
bility of human and murine PMNs to this toxin, as these cells lack CCR5.
A follow-up study screened a collection of chemokine receptors for their ability to
render mammalian cells susceptible to LukED. These studies identified the
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chemokine receptors CXCR1 and CXCR2, also known as the IL-8 receptors, as the
LukED targets on PMNs and monocytes (Reyes-Robles et al. 2013). Binding to the
receptors on primary human PMNs was also dependent on the binding subunit,
LukE. Importantly, by exploiting the sequence homology between LukE and
LukS-PV (the binding components of LukED and PVL, respectively), a LukE
domain, described as Divergence Region 4 (DR4, residues 182–196), was found to
be required for LukED targeting of both human and murine PMNs in vitro and
in vivo in established murine infection models (Reyes-Robles et al. 2013). The
discovery of CXCR1 and CXCR2 as LukED receptors complemented the findings
of CCR5 by demonstrating targeting of both innate and adaptive immune cells by a
single leukocidin, thus virtually disarming host immunity. As such, through the use
of these receptors, LukED has the potential to eliminate cells necessary for bacterial
clearance (Alonzo et al. 2013; Alonzo and Torres 2014; Reyes-Robles et al. 2013).

LukED also displays hemolytic activity on rabbit erythrocytes in vitro (Morinaga
et al. 2003). The identification of proteinaceous cellular targets for LukED on
immune cells did not provide an explanation for the hemolytic activity of LukED
on erythrocytes. Erythrocyte lysis is critical for S. aureus survival in the host as this
process releases iron sequestered within hemoglobin inside erythrocytes (Skaar and
Schneewind 2004). Iron is a key cofactor in metabolic processes for pathogenic
bacteria, including respiration, resistance to oxidative stress, and DNA synthesis
(Andreini et al. 2008; Becker and Skaar 2014; Skaar and Raffatellu 2015).
Interestingly, free iron within the host is very limited, a process considered as an
innate immune response known as “nutritional immunity” (Andrews et al. 2003;
Schaible and Kaufmann 2004; Weinberg 1975). Although iron metabolism has
been significantly studied in S. aureus, the means by which iron is released from
erythrocytes had remained elusive.

In 2015, the Duffy Antigen Receptor for Chemokines (DARC) was identified as
a LukED receptor on human and murine erythrocytes (Spaan et al. 2015a). Variable
susceptibility levels of human erythrocytes to LukED directly correlated with the
presence of DARC on the surface of erythrocytes. As with CCR5, CXCR1 and
CXCR2, DARC was found to be necessary and sufficient for rendering host cells
susceptible to LukED. Importantly, in vitro hemolytic assays utilizing S. aureus
WT, an isogenic strain lacking the genes encoding the surface receptors for the
bacterium’s iron uptake system (isdBH) and purified LukED demonstrated that
LukED-mediated erythrocyte lysis promotes staphylococcal growth in a
hemoglobin-dependent manner (Spaan et al. 2015a). These findings demonstrate
the exploitation of a receptor in a non-immune cell by these pore-forming toxins is
required for bacterial survival.

Taken together, these studies demonstrate that LukED is a unique example of a
single virulence factor that effectively targets innate and adaptive immune cells, and
non-immune cells critical for the bacterium survival and proliferation within the
host.
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4.3 LukSF-PV/PVL: C5aR and C5L2

In 2013, a study attempting to uncover the PVL receptors on leukocytes confirmed
that LukS-PV bound to neutrophils and monocytes, but not lymphocytes
(Gauduchon et al. 2001; Spaan et al. 2013). Importantly, an antibody screen
comprised of anti-leukocyte surface receptors found that upon incubation in the
presence of LukS-PV, antibodies targeting the complement receptor C5aR dis-
played decreased binding to these cells, and this interaction was also reduced upon
incubation with C5a ligands, indicating that PVL engages C5aR on the surface of
primary human PMNs. The complement receptors C5aR and C5L2 (also known as
C5aR1 and C5aR2, respectively) were both found to render otherwise resistant cells
sensitive to PVL (Spaan et al. 2013). Importantly, targeting C5aR/C5L2 determined
PVL’s species specificity, as human and rabbit PMNs, not murine or macaque, were
susceptible to the toxin, in accordance with previous observations regarding full
resistance of murine cells to PVL (Bubeck Wardenburg et al. 2008; Loffler et al.
2010). PVL targeting of C5aR and C5L2 explains the toxin’s inability to target
murine cells and thus the limitation of murine models to study this toxin. Currently,
rabbits seem to be the only appropriate model to study the role of PVL in S. aureus
pathogenesis (Diep et al. 2010), albeit this system is still suboptimal as rabbit PMNs
are less sensitive compared to human PMNs (Loffler et al. 2010; Malachowa et al.
2012).

4.4 HlgAB: CXCR1, CXCR2, CCR2, and DARC

Despite being identified in the early twentieth century, the lytic activities of the
gamma-hemolysin proved difficult to uncouple. In the 1970’s, Fackrell and
Wiseman (1976) described that this toxin not only has hemolytic, but leukocidal
activity when applied to human lymphoblasts and leukocytes. Their studies were
further confirmed shortly after by Szmigielski et al. (1976) using rabbit leukocytes.
Nevertheless, no cellular receptor was ascribed to this toxin. A study in 2014 sought
after the cellular targets of HlgAB (Spaan et al. 2014). First, targeting of human
PMNs and monocytes was confirmed using purified recombinant HlgAB, while
human lymphocytes were minimally susceptible to this toxin. To determine the
cellular factors responsible for toxin-mediated death of these cell types, several
immune cell types were subjected to purified recombinant HlgAB and their viability
evaluated. Additionally, human embryonic kidney (HEK) cells were transfected
with cDNAs encoding several chemokine receptors present on these susceptible cell
types and treated with HlgAB and HlgCB. The results of these experiments indicated
that, like LukED, the chemokine receptors CXCR1 and CXCR2 are also the
receptors for HlgAB on primary human PMNs (Spaan et al. 2014). Moreover, the
presence of these receptors in the susceptible immune cell types is directly correlated
with their death. Interestingly, experiments employing primary murine leukocytes as
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well as cells transfected with the murine version of the receptors indicated that
primary murine PMNs are refractory to HlgAB-mediated intoxication despite
CXCR2 being present on the surface of murine PMNs (murine PMNs lack detectable
CXCR1), indicating that receptor targeting by HlgAB is species-selective (Spaan
et al. 2014). Unlike LukED, murine monocytes and macrophages are susceptible to
HlgAB through the chemokine receptor CCR2 (Spaan et al. 2014). HlgAB binds
directly to and displays high affinity toward its receptors, as demonstrated by surface
plasmon resonance (SPR) experiments. The relevance of receptor targeting in vitro
was further confirmed ex vivo and in vivo, where CCR2 targeting by HlgAB was
demonstrated to play a critical role during murine infection (Spaan et al. 2014).

HlgAB shares several commonalities with LukED, including immune cell
receptor targeting (CXCR1 and CXCR2) and hemolytic activity toward human
erythrocytes (Ozawa et al. 1995; Tomita et al. 2011). As with LukED, DARC was
found to be the receptor for HlgAB on human and murine erythrocytes (Spaan et al.
2015a). Interestingly, infection of erythrocytes, either DARC+ and DARC−, with S.
aureus WT and DhlgA isogenic strains demonstrated that S. aureus-mediated
ex vivo hemolysis is HlgAB- and DARC-dependent (LukED activity was not
evaluated due to negligible production of the toxin in vitro) (Spaan et al. 2015a).

4.5 HlgCB: C5aR and C5L2

It has been known for quite some time that HlgCB and PVL share similar targets and
thus were hypothesized to share a common receptor (Gauduchon et al. 2001). In fact,
studies evaluating binding of HlgC and LukS-PV (the binding subunits of HlgCB and
LukSF-PV/PVL, respectively) demonstrated that these two toxins share the same
binding site on primary human PMNs (Gauduchon et al. 2001; Prevost et al. 2001). In
2014, Spaan and colleagues demonstrated that despite their similarity, HlgAB and
HlgCB targeted different receptors (Spaan et al. 2014). HlgAB targets the chemokine
receptors CXCR1 and CXCR2 on human PMNs, while HlgCB targets the same
receptors as PVL, the chemokine receptors C5aR and C5L2. Like PVL,HlgCB is also
not compatible with murine C5aR. A follow-up study by the same group demon-
strated that the tropism shown by HlgCB and PVL toward C5aR is dictated by
specific receptor domains that differ between species (Spaan et al. 2015b).

4.6 LukAB: CD11b

The identification of the PVL receptors was followed up by the discovery of the
LukAB receptor on phagocytes in 2013 (DuMont et al. 2013a). To identify host
proteins bound by LukAB, a pull-down approach on primary human PMNs was
performed, followed by mass spectrometry to identify the toxin-interacting partners.
The most abundant host proteins identified by the pull-down were the a- and
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Fig. 4 Cellular receptors on hematopoietic cells targeted by S. aureus beta-barrel pore-forming
toxins. The distinct bicomponent pore-forming cytotoxins are colored with two colors, while
alpha-toxin is depicted in a single color. Receptors, cell targets, and host specificities are indicated
under the corresponding toxin. Of note, while alpha-toxin does not exhibit species specificity on
nucleated cells, lysis of erythrocytes is species-dependent. Adapted from DuMont and Torres
(2014)
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b-components of the macrophage-1 integrin (MAC-1) complex, also known as
CD11b and CD18, respectively. Of the two components, only CD11b was deter-
mined to be necessary and sufficient for LukAB binding, and for rendering primary
human PMNs and monocytes susceptible to the toxin. Contrary to the other
leukocidins, which share high sequence homology (Fig. 1), LukAB is the only
bicomponent leukocidin that does not employ a chemokine receptor to kill cells
(Fig. 4). The divergent receptor targeting by LukAB seems to be dictated by the
presence of unique C-terminal extensions absent in other leukocidins. Within the
C-terminus, a single glutamic acid residue at position 323 was found to be required
for toxin binding and subsequent cytotoxicity on CD11b-positive cells (DuMont
et al. 2014). By screening antibodies against various domains of CD11b, DuMont
and colleagues demonstrated that the I domain of CD11b is the interaction domain
for LukAB. This interaction dictates LukAB’s species specificity, as the toxin only
recognizes human, but not murine, I domain (DuMont et al. 2013a).

5 Toxin Redundancy

All the bicomponent pore-forming toxins potently lyse primary human PMNs
(Alonzo and Torres 2014; Vandenesch et al. 2012). In addition to PMNs, other
cell-type targets are shared among some of these toxins (i.e., monocytes and
macrophages are targeted by LukED, PVL, and HlgACB) (Fig. 4) (Alonzo et al.
2013; Melehani et al. 2015; Perret et al. 2012; Reyes-Robles et al. 2013; Spaan
et al. 2014). Given the high sequence homology shared between S- and F-subunits
(with the exception of LukAB) (Fig. 1), and the production of two or more toxins
under any given conditions, these toxins have been considered to be redundant
virulence factors produced by S. aureus. Remarkably, experiments using purified
recombinant toxins demonstrated that in addition to assembling into functional
“native” toxins, the bicomponent pore-forming toxin subunits are competent at
oligomerizing into “non-native” pairs that still lyse primary human PMNs with
various potencies, as well as other cell types (Dalla Serra et al. 2005; Gravet et al.
1998; Morinaga et al. 2003; Rouha et al. 2015; Yanai et al. 2014). Moreover, these
mixed pairings have the potential of acting as inhibitory complexes regulating the
potency of other toxins. For instance, LukED and PVL inhibit their in vitro and
in vivo hemolytic and leukocidal activities, respectively, in a unique example of
leukocidin antagonism (Yoong and Torres 2015). Thus, it is plausible that the large
number of toxins produced by S. aureus expands their breadth of cellular targets,
potentiates their activities, or can also be regulatory to reduce the damaging
inflammatory effects of cell lysis and successfully maintain an infection without
killing the host.

Altogether, the identification of proteinaceous receptors for each for the
beta-barrel pore-forming toxins challenges the notion that these toxins are redundant
by demonstrating that despite sharing similar host targets, their receptors dictate their
cellular and species tropism.
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6 Conclusions

S. aureus is an important human opportunistic pathogen causing significant mor-
bidity and mortality worldwide in both hospital and community settings, for which
treatment options are becoming limited due to rapid acquisition of antibiotic resis-
tance. Contributing to S. aureus disease are toxins that target and kill host immune
and non-immune cells. Despite their role in S. aureus pathogenesis, little was known
about the molecular mechanisms that dictate their cellular targeting and cytotoxic
activity. Here, we provided an updated view on S. aureus pore-forming toxins, their
host membrane receptors, and how they positively influence staphylococcal patho-
genesis and disease by injuring host cells. Additionally, the discovery of receptors
laid long-standing toxin redundancy misconceptions to rest, provided further
insights regarding toxin activity, their targets on host cells, and how this drives their
cell and species tropism. Given the large repertoire of cytotoxins S. aureus produces
compared to other bacterial pathogens relevant to human disease, renewed interest
on these S. aureus toxins as it relates to their use in vaccine development has been
gathered. Importantly, the uncovering of toxin receptors provides novel targeted
avenues to explore in the development of anti-S. aureus therapeutics.

Acknowledgments and/or funding sources: We thank Francis Alonzo for critically reviewing
this manuscript. Work on pore-forming toxins in Torres laboratory was supported by grants from
the US National Institute of Allergy and Infectious Diseases AI007180 and AI112290 to TRR, and
AI099394 and AI105129 to VJT. VJT is a Burroughs Wellcome Fund Investigator in the
Pathogenesis of Infectious Diseases.

References

Alonzo F III, Benson MA, Chen J, Novick RP, Shopsin B, Torres VJ (2012) Staphylococcus
aureus leucocidin ED contributes to systemic infection by targeting neutrophils and promoting
bacterial growth in vivo. Mol Microbiol 83:423–435

Alonzo F III, Kozhaya L, Rawlings SA, Reyes-Robles T, DuMont AL, Myszka DG, Landau NR,
Unutmaz D, Torres VJ (2013) CCR5 is a receptor for Staphylococcus aureus leukotoxin ED.
Nature 493:51–55

Alonzo F III, Torres VJ (2014) The bicomponent pore-forming leucocidins of Staphylococcus
aureus. Microbiol Mol Biol Rev 78:199–230

Andreini C, Bertini I, Cavallaro G, Holliday GL, Thornton JM (2008) Metal ions in biological
catalysis: from enzyme databases to general principles. J Biol Inorg Chem 13:1205–1218

Andrews SC, Robinson AK, Rodriguez-Quinones F (2003) Bacterial iron homeostasis. FEMS
Microbiol Rev 27:215–237

Badarau A, Rouha H, Malafa S, Logan DT, Hakansson M, Stulik L, Dolezilkova I,
Teubenbacher A, Gross K, Maierhofer B et al (2015) Structure-function analysis of
heterodimer formation, oligomerization, and receptor binding of the Staphylococcus aureus
bi-component toxin LukGH. J Biol Chem 290:142–156

Becker KW, Skaar EP (2014) Metal limitation and toxicity at the interface between host and
pathogen. FEMS Microbiol Rev 38:1235–1249

Berube BJ, Bubeck Wardenburg J (2013) Staphylococcus aureus alpha-toxin: nearly a century of
intrigue. Toxins (Basel) 5:1140–1166

138 T. Reyes-Robles and V.J. Torres



Bhakdi S, Tranum-Jensen J (1991) Alpha-toxin of Staphylococcus aureus. Microbiol Rev
55:733–751

Bubeck Wardenburg J, Bae T, Otto M, Deleo FR, Schneewind O (2007a) Poring over pores:
alpha-hemolysin and Panton-Valentine leukocidin in Staphylococcus aureus pneumonia. Nat
Med 13:1405–1406

Bubeck Wardenburg J, Patel RJ, Schneewind O (2007b) Surface proteins and exotoxins are
required for the pathogenesis of Staphylococcus aureus pneumonia. Infect Immun 75:1040–
1044

Bubeck Wardenburg J, Palazzolo-Ballance AM, Otto M, Schneewind O, DeLeo FR (2008)
Panton-Valentine leukocidin is not a virulence determinant in murine models of
community-associated methicillin-resistant Staphylococcus aureus disease. J Infect Dis
198:1166–1170

Burnet FM (1929) The exotoxins of Staphylococcus pyogenes aureus. J Pathol Bacteriol 32:717–
734

Burnet FM (1930) The production of staphylococcal toxin. J Pathol Bacteriol 33:1–16
Cassidy P, Harshman S (1976) Studies on the binding of staphylococcal 125I-labeled alpha-toxin

to rabbit erythrocytes. Biochemistry 15:2348–2355
Colin DA, Mazurier I, Sire S, Finck-Barbancon V (1994) Interaction of the two components of

leukocidin from Staphylococcus aureus with human polymorphonuclear leukocyte mem-
branes: sequential binding and subsequent activation. Infect Immun 62:3184–3188

Cooney J, Kienle Z, Foster TJ, O’Toole PW (1993) The gamma-hemolysin locus of
Staphylococcus aureus comprises three linked genes, two of which are identical to the genes
for the F and S components of leukocidin. Infect Immun 61:768–771

Craven R, Gao X, Allen I, Gris D, Bubeck Wardenburg J, McElvania-Tekippe E, Ting J, Duncan J
(2009) Staphylococcus aureus alpha-hemolysin activates the NLRP3-inflammasome in human
and mouse monocytic cells. PloS One 4

Cremieux AC, Dumitrescu O, Lina G, Vallee C, Cote JF, Muffat-Joly M, Lilin T, Etienne J,
Vandenesch F, Saleh-Mghir A (2009) Panton-valentine leukocidin enhances the severity of
community-associated methicillin-resistant Staphylococcus aureus rabbit osteomyelitis. PLoS
One 4:e7204

Dajcs JJ, Austin MS, Sloop GD, Moreau JM, Hume EB, Thompson HW, McAleese FM,
Foster TJ, O’Callaghan RJ (2002a) Corneal pathogenesis of Staphylococcus aureus strain
Newman. Invest Ophthalmol Vis Sci 43:1109–1115

Dajcs JJ, Thibodeaux BA, Girgis DO, O’Callaghan RJ (2002b) Corneal virulence of
Staphylococcus aureus in an experimental model of keratitis. DNA Cell Biol 21:375–382

Dalla Serra M, Coraiola M, Viero G, Comai M, Potrich C, Ferreras M, Baba-Moussa L, Colin DA,
Menestrina G, Bhakdi S et al (2005) Staphylococcus aureus bicomponent gamma-hemolysins,
HlgA, HlgB, and HlgC, can form mixed pores containing all components. J Chem Inf Model
45:1539–1545

Denys J, Van de Velde H (1895) Sur la production d’une antileucocidine chez les lapin vaccinés
contre le staphylocoque pyogène. La Cellule, 359–372

Diep BA, Chan L, Tattevin P, Kajikawa O, Martin TR, Basuino L, Mai TT, Marbach H,
Braughton KR, Whitney AR et al (2010) Polymorphonuclear leukocytes mediate
Staphylococcus aureus Panton-Valentine leukocidin-induced lung inflammation and injury.
Proc Natl Acad Sci USA 107:5587–5592

DuMont AL, Nygaard TK, Watkins RL, Smith A, Kozhaya L, Kreiswirth BN, Shopsin B,
Unutmaz D, Voyich JM, Torres VJ (2011) Characterization of a new cytotoxin that contributes
to Staphylococcus aureus pathogenesis. Mol Microbiol 79:814–825

DuMont AL, Torres VJ (2014) Cell targeting by the Staphylococcus aureus pore-forming toxins:
it’s not just about lipids. Trends Microbiol 22:21–27

DuMont AL, Yoong P, Day CJ, Alonzo F III, McDonald WH, Jennings MP, Torres VJ (2013a)
Staphylococcus aureus LukAB cytotoxin kills human neutrophils by targeting the CD11b
subunit of the integrin Mac-1. Proc Natl Acad Sci USA 110:10794–10799

Staphylococcus aureus Pore-Forming Toxins 139



DuMont AL, Yoong P, Surewaard BG, Benson MA, Nijland R, van Strijp JA, Torres VJ (2013b)
Staphylococcus aureus elaborates leukocidin AB to mediate escape from within human
neutrophils. Infect Immun 81:1830–1841

DuMont AL, Yoong P, Liu X, Day CJ, Chumbler NM, James DB, Alonzo F III, Bode NJ,
Lacy DB, Jennings MP et al (2014) Identification of a crucial residue required for
Staphylococcus aureus LukAB cytotoxicity and receptor recognition. Infect Immun 82:1268–
1276

Fackrell HB, Wiseman GM (1976) Properties of the gamma haemolysin of Staphylococcus aureus
‘Smith 5R’. J Gen Microbiol 92:11–24

Galy R, Bergeret F, Keller D, Mourey L, Prévost G, Maveyraud L (2012) Crystallization and
preliminary crystallographic studies of both components of the staphylococcal LukE-LukD
leukotoxin. Acta Cryst 68:663–667

Gauduchon V, Werner S, Prevost G, Monteil H, Colin DA (2001) Flow cytometric determination
of Panton-Valentine leucocidin S component binding. Infect Immun 69:2390–2395

Gladstone GP, Van Heyningen WE (1957) Staphylococcal leucocidins. Br J Exp Pathol 38:
123–137

Glenny AT, Stevens MF (1935) Staphylococcus toxins and antitoxins. J Pathol Bacteriol 40:201–
210

Gouaux JE, Braha O, Hobaugh MR, Song L, Cheley S, Shustak C, Bayley H (1994) Subunit
stoichiometry of staphylococcal alpha-hemolysin in crystals and on membranes: a heptameric
transmembrane pore. Proc Natl Acad Sci USA 91:12828–12831

Graves SF, Kobayashi SD, Braughton KR, Whitney AR, Sturdevant DE, Rasmussen DL,
Kirpotina LN, Quinn MT, DeLeo FR (2012) Sublytic concentrations of Staphylococcus aureus
Panton-Valentine leukocidin alter human PMN gene expression and enhance bactericidal
capacity. J Leukoc Biol 92:361–374

Gravet A, Colin DA, Keller D, Girardot R, Monteil H, Prevost G (1998) Characterization of a
novel structural member, LukE-LukD, of the bi-component staphylococcal leucotoxins family.
FEBS Lett 436:202–208

Gray GS, Kehoe M (1984) Primary sequence of the alpha-toxin gene from Staphylococcus aureus
wood 46. Infect Immun 46:615–618

Green HJ (Ed) (1928) Royal commission of inquiry into fatalities at Bundaberg. Report of the
Royal Commission of Inquity into Fatalities at Bundaberg, Together with Appendices.
Government Printer; Melbourne, Australia

Guillet V, Keller D, Prevost G, Mourey L (2004a) Crystallization and preliminary crystallographic
data of a leucotoxin S component from Staphylococcus aureus. Acta Crystallogr D Biol
Crystallogr 60:310–313

Guillet V, Roblin P, Werner S, Coraiola M, Menestrina G, Monteil H, Prevost G, Mourey L
(2004b) Crystal structure of leucotoxin S component: new insight into the Staphylococcal
beta-barrel pore-forming toxins. J Biol Chem 279:41028–41037

Hildebrand A, Pohl M, Bhakdi S (1991) Staphylococcus aureus alpha-toxin. Dual mechanism of
binding to target cells. J Biol Chem 266:17195–17200

Inoshima I, Inoshima N, Wilke GA, Powers ME, Frank KM, Wang Y, Bubeck Wardenburg J
(2011) A Staphylococcus aureus pore-forming toxin subverts the activity of ADAM10 to cause
lethal infection in mice. Nat Med 17:1310–1314

Jayasinghe L, Bayley H (2005) The leukocidin pore: evidence for an octamer with four LukF
subunits and four LukS subunits alternating around a central axis. Protein Sci 14:2550–2561

Joubert O, Voegelin J, Guillet V, Tranier S, Werner S, Colin DA, Serra MD, Keller D, Monteil H,
Mourey L et al (2007) Distinction between pore assembly by Staphylococcal alpha-Toxin
versus Leukotoxins. J Biomed Biotechnol 2007:25935

Julianelle LA (1922) Studies of hemolytic staphylococci—Hemolytic activity—Biochemical
reactions—Serologic reactions. J Infect Dis 31:256–284

Labandeira-Rey M, Couzon F, Boisset S, Brown EL, Bes M, Benito Y, Barbu EM, Vazquez V,
Hook M, Etienne J et al (2007) Staphylococcus aureus panton-valentine leukocidin causes
necrotizing pneumonia. Science 315:1130–1133

140 T. Reyes-Robles and V.J. Torres



Lina G, Piemont Y, Godail-Gamot F, Bes M, Peter MO, Gauduchon V, Vandenesch F, Etienne J
(1999) Involvement of Panton-Valentine leukocidin-producing Staphylococcus aureus in
primary skin infections and pneumonia. Clin Infect Dis 29:1128–1132

Loffler B, Hussain M, Grundmeier M, Bruck M, Holzinger D, Varga G, Roth J, Kahl BC,
Proctor RA, Peters G (2010) Staphylococcus aureus Panton-Valentine leukocidin is a very
potent cytotoxic factor for human neutrophils. PLoS Pathog 6:e1000715

Loffler B, Niemann S, Ehrhardt C, Horn D, Lanckohr C, Lina G, Ludwig S, Peters G (2013)
Pathogenesis of Staphylococcus aureus necrotizing pneumonia: the role of PVL and an
influenza coinfection. Expert Rev Anti Infect Ther 11:1041–1051

Lubkin A, Torres VJ (2015) The ever-emerging complexity of alpha-toxin’s interaction with host
cells. Proc Natl Acad Sci USA 112:14123–14124

Malachowa N, Kobayashi SD, Braughton KR, Whitney AR, Parnell MJ, Gardner DJ, Deleo FR
(2012) Staphylococcus aureus Leukotoxin GH promotes inflammation. J Infect Dis 206:1185–
1193

Malachowa N, Kobayashi SD, Freedman B, Dorward DW, DeLeo FR (2013) Staphylococcus
aureus leukotoxin GH promotes formation of neutrophil extracellular traps. J Immunol
191:6022–6029

Malachowa N, Whitney AR, Kobayashi SD, Sturdevant DE, Kennedy AD, Braughton KR,
Shabb DW, Diep BA, Chambers HF, Otto M et al (2011) Global changes in Staphylococcus
aureus gene expression in human blood. PLoS One 6:e18617

Maurer K, Reyes-Robles T, Alonzo F III, Durbin J, Torres VJ, Cadwell K (2015) Autophagy
mediates tolerance to Staphylococcus aureus alpha-toxin. Cell Host Microbe 17:429–440

McCarthy AJ, Lindsay JA (2013) Staphylococcus aureus innate immune evasion is
lineage-specific: a bioinfomatics study. Infect Genet Evol 19C:7–14

Melehani JH, James DB, DuMont AL, Torres VJ, Duncan JA (2015) Staphylococcus aureus
Leukocidin A/B (LukAB) kills human monocytes via Host NLRP3 and ASC when
extracellular, but not intracellular. PLoS Pathog 11:e1004970

Menestrina G, Dalla Serra M, Comai M, Coraiola M, Viero G, Werner S, Colin DA, Monteil H,
Prevost G (2003) Ion channels and bacterial infection: the case of beta-barrel pore-forming
protein toxins of Staphylococcus aureus. FEBS Lett 552:54–60

Miles G, Movileanu L, Bayley H (2002) Subunit composition of a bicomponent toxin:
staphylococcal leukocidin forms an octameric transmembrane pore. Protein Sci 11:894–902

Monma N, Nguyen VT, Kaneko J, Higuchi H, Kamio Y (2004) Essential residues, W177 and
R198, of LukF for phosphatidylcholine-binding and pore-formation by staphylococcal
gamma-hemolysin on human erythrocyte membranes. J Biochem 136:427–431

Morinaga N, Kaihou Y, Noda M (2003) Purification, cloning and characterization of variant
LukE-LukD with strong leukocidal activity of staphylococcal bi-component leukotoxin family.
Microbiol Immunol 47:81–90

Mueller EA, Merriman JA, Schlievert PA (2015) Toxic shock syndrome toxin-1, not alpha toxin,
mediated Bundaberg fatalities. Microbiology 161:2361–2368

Naimi TS, LeDell KH, Como-Sabetti K, Borchardt SM, Boxrud DJ, Etienne J, Johnson SK,
Vandenesch F, Fridkin S, O’Boyle C et al (2003) Comparison of community- and health
care-associated methicillin-resistant Staphylococcus aureus infection. JAMA 290:2976–2984

Neisser M, Wechsberg F (1901) Ueber das staphylotoxin. Med Microbiol Immunol 36:299–349
Nilsson IM, Hartford O, Foster T, Tarkowski A (1999) Alpha-toxin and gamma-toxin jointly

promote Staphylococcus aureus virulence in murine septic arthritis. Infect Immun 67:1045–
1049

Noda M, Kato I, Hirayama T, Matsuda F (1980) Fixation and inactivation of staphylococcal
leukocidin by phosphatidylcholine and ganglioside GM1 in rabbit polymorphonuclear
leukocytes. Infect Immun 29:678–684

Novick RP, Subedi A (2007) The SaPIs: mobile pathogenicity islands of Staphylococcus. Chem
Immunol Allergy 93:42–57

Staphylococcus aureus Pore-Forming Toxins 141



Nygaard TK, Pallister KB, Dumont AL, Dewald M, Watkins RL, Pallister EQ, Malone C,
Griffith S, Horswill AR, Torres VJ et al (2012) Alpha-toxin induces programmed cell death of
human T cells, B cells, and monocytes during USA300 infection. PLoS One 7:e36532

Olson R, Nariya H, Yokota K, Kamio Y, Gouaux E (1999) Crystal structure of staphylococcal
LukF delineates conformational changes accompanying formation of a transmembrane
channel. Nat Struct Biol 6:134–140

Ozawa T, Kaneko J, Kamio Y (1995) Essential binding of LukF of staphylococcal
gamma-hemolysin followed by the binding of H gamma II for the hemolysis of human
erythrocytes. Biosci Biotechnol Biochem 59:1181–1183

Panton PN, Valentine FCO (1932) Staphylococcal toxin. Lancet 1:506–508
Pedelacq JD, Maveyraud L, Prevost G, Baba-Moussa L, Gonzalez A, Courcelle E, Shepard W,

Monteil H, Samama JP, Mourey L (1999) The structure of a Staphylococcus aureus leucocidin
component (LukF-PV) reveals the fold of the water-soluble species of a family of
transmembrane pore-forming toxins. Structure 7:277–287

Perret M, Badiou C, Lina G, Burbaud S, Benito Y, Bes M, Cottin V, Couzon F, Juruj C,
Dauwalder O et al (2012) Cross-talk between S. aureus leukocidins-intoxicated macrophages
and lung epithelial cells triggers chemokine secretion in an inflammasome-dependent manner.
Cell Microbiol 14:1019–1036

Popov LM, Marceau CD, Starkl PM, Lumb JH, Shah J, Guerrera D, Cooper RL, Merakou C,
Bouley DM, Meng W et al (2015) The adherens junctions control susceptibility to
Staphylococcus aureus alpha-toxin. Proc Natl Acad Sci USA 112:14337–14342

Potrich C, Bastiani H, Colin DA, Huck S, Prevost G, Dalla Serra M (2009) The influence of
membrane lipids in Staphylococcus aureus gamma-hemolysins pore formation. J Membr Biol
227:13–24

Powers ME, Becker RE, Sailer A, Turner JR, Bubeck Wardenburg J (2015) Synergistic action of
Staphylococcus aureus alpha-toxin on platelets and myeloid lineage cells contributes to lethal
sepsis. Cell Host Microbe 17:775–787

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

Prevost G, Mourey L, Colin DA, Menestrina G (2001) Staphylococcal pore-forming toxins. Curr
Top Microbiol Immunol 257:53–83

Reyes-Robles T, Alonzo F III, Kozhaya L, Lacy DB, Unutmaz D, Torres VJ (2013)
Staphylococcus aureus leukotoxin ED targets the chemokine receptors CXCR1 and CXCR2
to kill leukocytes and promote infection. Cell Host Microbe 14:453–459

Rouha H, Badarau A, Visram ZC, Battles MB, Prinz B, Magyarics Z, Nagy G, Mirkina I, Stulik L,
Zerbs M et al (2015) Five birds, one stone: neutralization of alpha-hemolysin and 4
bi-component leukocidins of Staphylococcus aureus with a single human monoclonal
antibody. MAbs 7:243–254

Schaible UE, Kaufmann SH (2004) Iron and microbial infection. Nat Rev Microbiol 2:946–953
Scherr TD, Hanke ML, Huang O, James DB, Horswill AR, Bayles KW, Fey PD, Torres VJ,

Kielian T (2015) Staphylococcus aureus biofilms induce macrophage dysfunction through
leukocidin AB and alpha-toxin. MBio 6:

Schwiering M, Brack A, Stork R, Hellmann N (2013) Lipid and phase specificity of alpha-toxin
from S. aureus. Biochim Biophys Acta 1828:1962–1972

Siqueira JA, Speeg-Schatz C, Freitas FI, Sahel J, Monteil H, Prevost G (1997) Channel-forming
leucotoxins from Staphylococcus aureus cause severe inflammatory reactions in a rabbit eye
model. J Med Microbiol 46:486–494

Skaar EP, Raffatellu M (2015) Metals in infectious diseases and nutritional immunity. Metallomics
7:926–928

Skaar EP, Schneewind O (2004) Iron-regulated surface determinants (Isd) of Staphylococcus
aureus: stealing iron from heme. Microbes Infect 6:390–397

Song L, Hobaugh MR, Shustak C, Cheley S, Bayley H, Gouaux JE (1996) Structure of
staphylococcal alpha-hemolysin, a heptameric transmembrane pore. Science 274:1859–1866

142 T. Reyes-Robles and V.J. Torres



Spaan AN, Henry T, van Rooijen WJ, Perret M, Badiou C, Aerts PC, Kemmink J, de Haas CJ, van
Kessel KP, Vandenesch F et al (2013) The staphylococcal toxin Panton-Valentine Leukocidin
targets human C5a receptors. Cell Host Microbe 13:584–594

Spaan AN, Reyes-Robles T, Badiou C, Cochet S, Yoong P, Day CJ, de Haas CJC, Boguslawski K,
van Kessel KPM, Vandenesh F et al (2015a). Staphylococcus aureus targets the Duffy antigen
receptor for chemokines (DARC) to lyse erythrocytes. Cell Host Microbe (in press)

Spaan AN, Schiepers A, de Haas CJ, van Hooijdonk DD, Badiou C, Contamin H, Vandenesch F,
Lina G, Gerard NP, Gerard C et al. (2015b) Differential interaction of the staphylococcal toxins
panton-valentine leukocidin and gamma-hemolysin CB with human C5a Receptors. J Immunol

Spaan AN, Vrieling M, Wallet P, Badiou C, Reyes-Robles T, Ohneck EA, Benito Y, de Haas CJ,
Day CJ, Jennings MP et al (2014) The staphylococcal toxins gamma-haemolysin AB and CB
differentially target phagocytes by employing specific chemokine receptors. Nat Commun
5:5438

Sugawara T, Yamashita D, Kato K, Peng Z, Ueda J, Kaneko J, Kamio Y, Tanaka Y, Yao M (2015)
Structural basis for pore-forming mechanism of staphylococcal alpha-hemolysin. Toxicon
108:226–231

Supersac G, Piemont Y, Kubina M, Prevost G, Foster TJ (1998) Assessment of the role of
gamma-toxin in experimental endophthalmitis using a hlg-deficient mutant of Staphylococcus
aureus. Microb Pathog 24:241–251

Szmigielski S, Jeljaszewicz J, Kobus M, Luczak M, Ludwicka A, Mollby R, Wadstrom T (1976)
Cytotoxic effects of staphylococcal alpha-hemolysins, beta-hemolysins and gamma-hemoly-
sins. Zbl Bakt-Int J Med M 691–705

Thomsen IP, Dumont AL, James DB, Yoong P, Saville BR, Soper N, Torres VJ, Creech CB
(2014) Children with invasive Staphylococcus aureus disease exhibit a potently neutralizing
antibody response to the cytotoxin LukAB. Infect Immun 82:1234–1242

Tomita N, Abe K, Kamio Y, Ohta M (2011) Cluster-forming property correlated with hemolytic
activity by staphylococcal gamma-hemolysin transmembrane pores. FEBS Lett 585:3452–
3456

Tomita T, Watanabe M, Yarita Y (1993) Assembly and channel-forming activity of a
naturally-occurring nicked molecule of Staphylococcus aureus alpha-toxin. Biochim
Biophys Acta 1145:51–57

Valeva A, Hellmann N, Walev I, Strand D, Plate M, Boukhallouk F, Brack A, Hanada K,
Decker H, Bhakdi S (2006) Evidence that clustered phosphocholine head groups serve as sites
for binding and assembly of an oligomeric protein pore. J Biol Chem 281:26014–26021

Van de Velde H (1894) Etude sur le mécanisme de la virulence du staphylocoque pyogène. La
Cellule, 403–460

Vandenesch F, Couzon F, Boisset S, Benito Y, Brown EL, Lina G, Etienne J, Bowden MG (2010)
The Panton-Valentine leukocidin is a virulence factor in a murine model of necrotizing
pneumonia. J Infect Dis 201, 967–969 (author reply 969–970)

Vandenesch F, Lina G, Henry T (2012) Staphylococcus aureus hemolysins, bi-component
leukocidins, and cytolytic peptides: a redundant arsenal of membrane-damaging virulence
factors? Front Cell Infect Microbiol 2:12

Vandenesch F, Naimi T, Enright MC, Lina G, Nimmo GR, Heffernan H, Liassine N, Bes M,
Greenland T, Reverdy ME et al (2003) Community-acquired methicillin-resistant
Staphylococcus aureus carrying Panton-Valentine leukocidin genes: worldwide emergence.
Emerg Infect Dis 9:978–984

Ventura CL, Malachowa N, Hammer CH, Nardone GA, Robinson MA, Kobayashi SD, DeLeo FR
(2010) Identification of a novel Staphylococcus aureus two-component leukotoxin using cell
surface proteomics. PLoS One 5:e11634

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

Watanabe M, Tomita T, Yasuda T (1987) Membrane-damaging action of staphylococcal
alpha-toxin on phospholipid-cholesterol liposomes. Biochim Biophys Acta 898:257–265

Staphylococcus aureus Pore-Forming Toxins 143



Weinberg ED (1975) Nutritional immunity. Host’s attempt to withold iron from microbial
invaders. JAMA 231:39–41

Weld JT, Gunther A (1931) Differentiation between certain toxic properties of filtrates of
hemolytic Staphylococcus aureus. J Exp Med 54:315–322

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

Woodin AM (1960) Purification of the two components of leucocidin from Staphylococcus
aureus. Biochem J 75:158–165

Wright J (1936) Staphylococcal leucocidin (Neisser-Wechsberg type) and antileucocidin. Lancet
1:1002–1004

Yamashita D, Sugawara T, Takeshita M, Kaneko J, Kamio Y, Tanaka I, Tanaka Y, Yao M (2014)
Molecular basis of transmembrane beta-barrel formation of staphylococcal pore-forming
toxins. Nat Commun 5:4897

Yamashita K, Kawai Y, Tanaka Y, Hirano N, Kaneko J, Tomita N, Ohta M, Kamio Y, Yao M,
Tanaka I (2011) Crystal structure of the octameric pore of staphylococcal gamma-hemolysin
reveals the beta-barrel pore formation mechanism by two components. Proc Natl Acad
Sci USA 108:17314–17319

Yanai M, Rocha MA, Matolek AZ, Chintalacharuvu A, Taira Y, Chintalacharuvu K,
Beenhouwer DO (2014) Separately or combined, LukG/LukH is functionally unique compared
to other staphylococcal bicomponent leukotoxins. PLoS One 9:e89308

Yokota K, Kamio Y (2000) Tyrosine72 residue at the bottom of rim domain in LukF crucial for the
sequential binding of the staphylococcal gamma-hemolysin to human erythrocytes. Biosci
Biotechnol Biochem 64:2744–2747

Yoong P, Pier GB (2012) Immune-activating properties of Panton-Valentine leukocidin improve
the outcome in a model of methicillin-resistant Staphylococcus aureus pneumonia. Infect
Immun 80:2894–2904

Yoong P, Torres VJ (2013) The effects of Staphylococcus aureus leukotoxins on the host: cell lysis
and beyond. Curr Opin Microbiol 16:63–69

Yoong P, Torres VJ (2015) Counter inhibition between leukotoxins attenuates Staphylococcus
aureus virulence. Nat Commun (in press)

Zivkovic A, Sharif O, Stich K, Doninger B, Biaggio M, Colinge J, Bilban M, Mesteri I, Hazemi P,
Lemmens-Gruber R et al (2011) TLR 2 and CD14 mediate innate immunity and lung
inflammation to staphylococcal Panton-Valentine leukocidin in vivo. J Immunol 186:1608–
1617

144 T. Reyes-Robles and V.J. Torres



The Role of Two-Component Signal
Transduction Systems in Staphylococcus
aureus Virulence Regulation

Andreas F. Haag and Fabio Bagnoli

Abstract Staphylococcus aureus is a versatile, opportunistic human pathogen that
can asymptomatically colonize a human host but can also cause a variety of
cutaneous and systemic infections. The ability of S. aureus to adapt to such diverse
environments is reflected in the presence of complex regulatory networks
fine-tuning metabolic and virulence gene expression. One of the most widely dis-
tributed mechanisms is the two-component signal transduction system (TCS) which
allows a pathogen to alter its gene expression profile in response to environmental
stimuli. The simpler TCSs consist of only a transmembrane histidine kinase
(HK) and a cytosolic response regulator. S. aureus encodes a total of 16 conserved
pairs of TCSs that are involved in diverse signalling cascades ranging from global
virulence gene regulation (e.g. quorum sensing by the Agr system), the bacterial
response to antimicrobial agents, cell wall metabolism, respiration and nutrient
sensing. These regulatory circuits are often interconnected and affect each other’s
expression, thus fine-tuning staphylococcal gene regulation. This manuscript gives
an overview of the current knowledge of staphylococcal environmental sensing by
TCS and its influence on virulence gene expression and virulence itself.
Understanding bacterial gene regulation by TCS can give major insights into
staphylococcal pathogenicity and has important implications for knowledge-based
drug design and vaccine formulation.

Abbreviations

AMP Antimicrobial peptide
CAMP Cationic antimicrobial peptide
CA-MRSA Community-associated methicillin-resistant S. aureus
HA-MRSA Healthcare-associated methicillin-resistant S. aureus
HDP Host defence cationic antimicrobial peptides

A.F. Haag (&) � F. Bagnoli
GSK Vaccines, Via Fiorentina 1, 53100 Siena, Italy
e-mail: andreas.f.haag@gsk.com

F. Bagnoli
e-mail: fabio.x.bagnoli@gsk.com

Current Topics in Microbiology and Immunology (2017) 409:145–198
DOI 10.1007/82_2015_5019
© Springer International Publishing Switzerland 2015
Published Online: 05 January 2016



HK Histidine kinase
MSSA Methicillin-sensitive S. aureus
PMNs Polymorphonuclear leucocytes
SSL Staphylococcus superantigen-like
TCS Two-component signal transduction system
VISA Vancomycin-intermediate S. aureus
VRSA Vancomycin-resistant S. aureus
VSSA Vancomycin-susceptible S. aureus

Contents

1 Introduction.......................................................................................................................... 146
2 Global Regulators of Virulence Expression ....................................................................... 149

2.1 AgrCA......................................................................................................................... 149
2.2 SaeRS.......................................................................................................................... 155

3 Response to AMPs and Cell Wall Damage........................................................................ 159
3.1 VraSR ......................................................................................................................... 159
3.2 GraXSR....................................................................................................................... 163
3.3 BraRS.......................................................................................................................... 165

4 Cell Wall Metabolism, Autolysis and Cell Death .............................................................. 166
4.1 WalRK ........................................................................................................................ 167
4.2 ArlRS .......................................................................................................................... 170
4.3 LytSR.......................................................................................................................... 171

5 Respiration, Fermentation and Nitrate Metabolism ............................................................ 173
5.1 SrrAB.......................................................................................................................... 173
5.2 NreCBA ...................................................................................................................... 176
5.3 AirRS .......................................................................................................................... 177

6 Nutrient Sensing and Metabolism....................................................................................... 179
6.1 HssSR ......................................................................................................................... 179
6.2 KdpDE ........................................................................................................................ 180
6.3 PhoRP ......................................................................................................................... 182

7 Conclusions.......................................................................................................................... 183
References .................................................................................................................................. 183

1 Introduction

Staphylococcus aureus is a remarkably versatile and resilient organism and is the
most commonly isolated human pathogen. S. aureus is a commensal that colonizes
the host without causing disease; however, it can cause a variety of cutaneous and
systemic infections (Iwatsuki et al. 2006; Foster 2009). The capacity of S. aureus to
cause a diverse spectrum of human diseases reflects its ability to adapt to distinct
microenvironments in the human body and suggests that the pathogenesis of
S. aureus infections is a complex process involving diverse arrays of secreted and
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surface-associated virulence determinants that are coordinately expressed at dif-
ferent stages of infection. Bacterial pathogenicity results from a complex interplay
with regulatory systems that respond to multiple external signals from the host
environment and the bacterial population. S. aureus uses these signals to modulate
the expression of a large number of genes, including virulence factors, in order to
adapt to changing environmental conditions.

“Bacterial survival in the environment is as delicate a balancing act as swordplay
on a tightrope, where the slightest misstep is fatal” (Dubrac and Msadek 2008). This
quotation accurately describes the struggle that bacteria face in an often constantly
changing environment in which they have to continuously adapt. Bacteria need to
sense and relay environmental signals, to successfully adapt to environmental
changes. One of the most widespread and efficient strategies to do so is
two-component signal transduction systems (TCS). The term TCS is somewhat
misleading and it is only true when referring to the most basic form of this signal
transduction machinery and often auxiliary proteins are involved in signalling. In
the aforementioned case, sensing, transducing and transcriptional activation mod-
ules are combined in merely two proteins thus coupling an external signal to genetic
adaptation. Such a system normally consists of a membrane-bound histidine kinase
(HK) (although in rare cases, this kinase can be cytosolic) and a cytosolic response
regulator protein required for inducing transcriptional adaptation. Signal acquisition
results in the autophosphorylation of the sensor HK at a conserved histidine residue
and is then transduced by transfer of the phosphoryl group to an aspartic acid
residue of its cognate response regulator. Phosphorylation of the response regulator
generally triggers conformational changes thereby modulating the affinity of the
effector domain for its target DNA (Casino et al. 2010).

Most S. aureus strains encode 16 TCSs with an additional TCS present in the
staphylococcal cassette chromosome mec of MRSA, which is linked to induction of
methicillin resistance (Table 1) (Kuroda et al. 2001). These TCSs are involved in
sensing a diverse array of environmental stimuli such as nutrient concentration, cell
density, pH, ionic strength and membrane stresses and the amount of TCS present
contributes to the ability of S. aureus to adapt to the diverse microenvironments it
encounters during its life cycle. Several TCS have been shown to be major regu-
lators of virulence gene expression (AgrCA, SaeRS) (Giraudo et al. 1999; Novick
and Jiang 2003), antibiotic resistance (VraSR, GraXSR and BraRS) (Gardete et al.
2006; Meehl et al. 2007; Hiron et al. 2011), cell wall metabolism (Martin et al.
1999; Fournier and Hooper 2000; Brunskill and Bayles 1996a), bacterial respiration
(Pragman et al. 2004; Fedtke et al. 2002; Kamps et al. 2004; Sun et al. 2012) and
nutrient sensing (Stauff et al. 2007).

Even though our understanding of staphylococcal gene regulation by TCS has
made significant progress in the last decade, much still remains to be understood.
We understand the genes affected by most of the TCS by having studied mutants in
the respective sensor kinase, response regulator and auxiliary genes. Nevertheless,
we do not know the signal(s) that are sensed and their relevance to bacterial
physiology for most S. aureus TCS. Furthermore, two of the 16 TCS of S. aureus
have not been characterized so far as their mutants did not show an evident in vitro
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phenotype. Understanding expressional changes, the key regulators and stimuli for
the induction of virulence factor expression is paramount to understanding disease
development and will help in combatting infections caused by S. aureus.

Table 1 TCSs of S. aureus

TSC
#

TCS Alternative
names

Gene name
(N315) RR/HK

Family Major function Localization
RR/HKa

1 WalRK YycFG,
VicRK,
MicAB

SA0017/SA0018 OmpR Bacterial cell
envelope
composition

C/M

2 TCS2b SA0066/SA0067 OmpR Kdp-like, potassium
transport

C/M

3 TCS3 SA0215/SA0216 AraC Unknown function C/M

4 LytRS SA0251/SA0250 LytTR Murein hydrolase
activity

C/M

5 GraRS ApsRS SA0614/SA0615 OmpR CAMP sensing C/M

6 SaeRS SA0661/SA0660 OmpR Secreted factors
mostly involved in
immune evasion

C/M

7 TCS7 SA1159/SA1158 LuxR Specific to
staphylococci,
unknown function

C/M

8 ArlRS SA1247/SA1246 OmpR Adhesion, autolysis,
multidrug resistance
and virulence genes,
arlR truncated in N315

C/M

9 SrrAB SrhSR,
ResED

SA1323/SA1322 OmpR Aerobic and
anaerobic respiration

C/M

10 PhoPR SA1516/SA1515 OmpR Phosphate
assimilation

C/M

11 AirSR YhcSR SA1666/SA1667 LuxR Oxygen sensing C/C

12 VraSR SA1700/SA1701 LuxR Cell wall
biosynthesis

C/M

13 AgrAC SA1844/SA1843 LytTR Exo- and cell wall
protein synthesis,
quorum sensing

C/M

14 KdpED SA1883/SA1882 OmpR Potassium transport C/M

15 HssRS SA2151/SA2152 OmpR heme sensing C/M

16 NreCBA SA2179/SA2180 LuxR Nitrogen
assimilation/oxygen
regulatory protein
NreC

C/C

17 BraRS NsaRS,
BceRS

SA2418/SA2417 OmpR Bacitracin
efflux/influx/sensing

C/M

aC = cytoplasm, M = membrane, RR = response regulator, HK = histidine kinase
bNot present in all strains
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In this article, we will be discussing the current knowledge of S. aureus gene
regulation by TCS and we will focus on their implication for bacterial virulence as
well as for drug and vaccine design.

2 Global Regulators of Virulence Expression

2.1 AgrCA

2.1.1 Molecular Basis of Agr Regulation

The agr system is one of the main global gene regulators controlling the expression of
S. aureus virulence genes (Table 2) and is considered to be one of the best studied
models of quorum sensing. Agr was identified as a Tn551 transposon mutant
showing reduced expression of, amongst others, haemolysins and increased
expression of protein A (Recsei et al. 1986). The agr locus encodes two divergent
RNA transcripts driven by promoters P2 and P3 encoding the two-component Agr
system transcript RNAII and the regulatory RNAIII, respectively (Novick et al. 1993;
Morfeldt et al. 1995). RNAII comprises the four genes of the quorum-sensing module
agrBDCA. AgrB is a transmembrane endopeptidase playing a central role in pro-
cessing and secreting the AgrD propeptide into the active pheromone called
autoinducing peptide (AIP) containing a unique thiolactone ring structure (Fig. 1a)
(Novick et al. 1993; Ji et al. 1995; Novick et al. 1995; Novick and Geisinger 2008; Ji
et al. 1997; Qiu et al. 2005; Saenz et al. 2000; Zhang et al. 2002). Currently, 4
different types of AIP are known to be produced by S. aureus. The strains can be
organized into several groups according to their response towards the different AIP,
since each of these pheromones will only activate the agr response in strains
belonging to the same group. Conversely, AIP belonging to one group of S. aureus
can inhibit activation of the agr response in other groups (Ji et al. 1997; Novick and
Muir 1999). This specificity can also be derived by sequence analysis. While the
N-terminal one third of AgrB and the cytoplasmic, C-terminal HK domain of AgrC
are highly conserved, the extracellular sensor domain of AgrC and C-terminal region
of AgrB are highly divergent (Novick and Geisinger 2008). It has therefore been
suggested that AIPs I to III have evolved in concert with the divergent regions of
AgrB and AgrC from a common ancestor (Wright et al. 2005). AIP IV can weakly
activate agr expression in group I AIP strains and therefore is likely to have devel-
oped from group I AIP strains at a later stage during evolution (Wright et al. 2005).

AgrC and AgrA form the sensor kinase and response regulator of a TCS that
relays the signal of the quorum-sensing stimulon once an AIP threshold concen-
tration is reached (Fig. 1a) (Ji et al. 1995). AgrC is a dimeric, membrane-bound
protein that undergoes transient autophosphorylation of its kinase domain upon AIP
binding to its extracellular sensor domain (George Cisar et al. 2009). The phosphate
is then transferred to the response regulator AgrA and in vitro phosphorylation
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Table 2 Influence on gene regulation of selected TCSs on selected genes

TCS Positive regulation Negative regulation References

AgrCA eta, etb, hla, hlb, hld,
hlgA/hlgCB, lukED, luk-PV,
seb, sec, tst, capH, atl, aur,
geh, hysA, nuc, sak, scpA,
scpB, splA, splB, splC, splD,
splE, splF, sspA, agrA,
RNAIII, arlRS, saePQRS

spa, ssl5, ssl7, ssl8,
ssl9, fnbA, fnbB, coa

Kato et al. (2011), Sheehan
et al. (1992), Arvidson and
Tegmark (2001), Giraudo
et al. (1996), Morfeldt et al.
(1995, Novick and Jiang
(2003), Dunman et al.
(2001), Bronner et al. (2004),
Zhang and Stewart (2000),
Recsei et al. (1986), Dassy
et al. (1993), Luong et al.
(2002), Vandenesch et al.
(1991), Benson et al. (2011,
2012), Blevins et al. (2002),
Wolz et al. (2000), Ravcheev
et al. (2011), Kiedrowski
et al. (2011), Olson et al.
(2013), Reed et al. (2001),
Cheung et al. (1997),
Thoendel et al. (2011)

AirRS sbi, spaa , eapa , efb, fnbA,
fnbB, sdrC, sdrD, sdrE, coa,
sspA, sspB

spaa , eapa , agrA,
arlRS, hlb

Sun et al. (2012), Hall et al.
(2015)

ArlRS sdrC, sdrD, sdrE, rot, agrA,
mgrA, capH

spa, coa, geh, splA,
splB, splC, splD,
splE, splF, sspA,
isdA, isdB

Fournier and Hooper (2000),
Fournier et al. (2001),
Fournier and Klier (2004),
Liang et al. (2005), Luong
and Lee (2006), Luong et al.
(2006), Meier et al. (2007)

BraRS spa, isdA, isdB hlb, capH, fnbA,
hysA, splA, splB,
splC, splD, splE,
splF, sspA, sspB

Kolar et al. (2011)

GraRS hlb, hld, hlgA/hlgCB, lukM,
lukSF, capH, chp, sbi, clfB,
efb, icaABCD, sdrC, sdrD,
sdrE, atl, coa, geh, mntABC,
agrA, lytSR, mgrA, perR, rot,
sarA, sarS, sarX

Falord et al. (2011), Herbert
et al. (2007)

KpdDE hlgA/hlgCB, capH, spa, geh aur Xue et al. (2011), Freeman
et al. (2013), Moscoso et al.
(2015)

SaeRS eta, etb, hla, hlb, hld,
hlgA/hlgCB, lukED, lukM,
lukSF, seb, tst, chp, sbi, scn,
spa, ssl5, ssl7, ssl8, ssl9, eap,
efb, embp, fnbA, fnbB, coa,
geh, nuc, sak, splA, splB,
splC, splD, splE, splF, isdA,
isdB, fur

capH, aur Giraudo et al. (1994, 1997,
1999), Johnson et al. (2011),
Goerke et al. (2005),
Mainiero et al. (2010),
Rogasch et al. (2006),
Ravcheev et al. (2011),
Harraghy et al. (2005)

(continued)
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using acetyl phosphate showed that AgrA phosphorylation triggered conforma-
tional changes in the protein resulting in the formation of dimers (Srivastava et al.
2014; Koenig et al. 2004). Phosphorylated AgrA is the main regulator of the agr

Table 2 (continued)

TCS Positive regulation Negative regulation References

WalRK hla, hlb, hlgA/hlgCB, lukSF,
chp, sbi, scn, eap, efb, embp,
fnbA, fnbB, atl, coa, vWfbp,
splA, splB, splC, splD, splE,
splF, saePQRS

spa, sarS, sarT Delaune et al. (2011, 2012)

aGrowth phase dependent

AIP

AgrA

AgrC

P

AgrA

P

agrAagrCagrB agrD

RNAIII

P3 P2

RNAII

AgrB

hld

AgrD

(a) (b)
Exponential growth

Low cell density

Colonisation/Stealth

Staphylococcal protein A
Clumping factor B

Superantigen-like proteins
Fibronectin binding proteins

Staphylocoagulase

Stationary growth
High cell density

Dissemination & 
Tissue distruction

Haemolysins
Leukocidins
Enterotoxins

Exoproteases
PSMs

Peptidoglycan hydrolases
Lipases

Thermonuclease
Capsular polysaccharide

Bacterial growth

Fig. 1 Regulation of gene expression through the quorum-sensing TCS AgrCA. S. aureus
employs a quorum-sensing mechanism to trigger expression of a huge number of virulence factors.
a S. aureus synthesises a small, linear peptide encoded in agrD. AgrD interacts with the
transmembrane endopeptidase AgrB that plays a central role in processing and secreting the AgrD
propeptide into the active pheromone called autoinducing peptide (AIP) containing a unique
thiolactone ring structure. At low cell densities, the concentration of AIP is not sufficient to
activate the sensor histidine kinase AgrC. Once the bacteria reach sufficient numbers and therefore
sufficient AIP concentrations, AgrC is activated, autophosphorylates and then transfers its
phosphoryl group to the response regulator AgrA. AgrA can then bind to the P2 and P3 promoters
of the agr locus resulting in a strong induction of its transcription and self-amplification of its
signal. Activation of the quorum-signalling cascade results in rapid amplification of RNAIII,
which is the main effector of the quorum-sensing response and can either induce or repress
expression of virulence factors. The only other target genes known to be directly induced by AgrA
are phenol-soluble modulins. b At low cell densities, the quorum-sensing signalling is silent and
expression of colonization factors is favoured. Once the quorum-sensing response is triggered,
rapid RNAIII expression is triggered and colonization factors become repressed. In contrast,
dissemination and tissue destruction mechanisms are induced
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autoinduction cycle and binds to direct repeats within the agr P2 and P3 promoters
with high, yet different affinities. AgrA binds more strongly to the P2 promoter than
the P3 implying that autoactivation of the P2 operon would precede expression
from P3 (Fig. 1a) (Koenig et al. 2004; Cheung et al. 2004). The difference in
binding affinities has been attributed to a difference of two nucleotides within the
direct repeats of the two promoters and substitution of these nucleotides within the
P3 promoter with the nucleotide found in the P2 repeats increased AgrA affinity
(Koenig et al. 2004). A bioinformatics search for similar repeat units initially
suggested that agr was the only target for AgrA-dependent activation (Koenig et al.
2004). However, it was found that AgrA induced the expression of α- and
β-phenol-soluble modulins (PSM) by direct interaction with their respective pro-
moters (Peschel and Otto 2013; Queck et al. 2008).

The expression of agris further controlled by binding of additional transcription
factors to the P2 promoter. AgrA binds as a dimer to tandem AgrA boxes within the
P2 promoter inducing ≈80° bending. SarA binds to the promoter region between
the tandem AgrA boxes further bending the DNA and allowing the two bound
AgrA dimers to interact. This was proposed to result in the more efficient recruit-
ment of RNA polymerase augmenting P2 expression (Reyes et al. 2011). SarR can
bind to the same site as SarA, but with higher affinity. In contrast to SarA, SarR
does not induce DNA bending and therefore would result in less efficient recruit-
ment of RNA polymerase to the P2 promoter and thus result in downregulation of
transcription from P2. Given that P3 transcriptional activation appears to be solely
dependent on AgrA, it would follow that SarA and SarR could contribute to
modulating P3 expression via their role in P2 promoter expression and thus agrA
transcription (Reyes et al. 2011).

Apart from agr autoactivation, various environmental stimuli such as glucose
and pH changes are known to affect agr expression (Regassa et al. 1992; Regassa
and Betley 1992). The DEAD-box-protein CshA (an RNA helicase) was recently
shown to affect agrA mRNA stability by targeting of this RNA to a proposed RNA
degradosome (Oun et al. 2013). It was recently shown by RNA sequencing and
microarray analysis, that CshA was involved in the degradation of bulk mRNA and
that a subset of mRNAs was significantly stabilized in the absence of cshA (Giraud
et al. 2015). The RNAIII-activating protein (RAP) and its target TRAP have been
implicated in the regulation and transcriptional activation of agrBDCA. Analogous
to AIP, RAP was proposed to accumulate in a cell density-dependent manner and
once its threshold was reached to activate TRAP via histidine phosphorylation.
TRAP would then positively affect cell adhesion and induce the agr locus, a process
possibly involving the staphylococcal virulence regulator (Svr) (Yarwood and
Schlievert 2003; Balaban et al. 2001; Bronner et al. 2004; Gov et al. 2004; Korem
et al. 2003). However, more recent studies suggest that neither TRAP nor SvrA is
involved in regulation of agr but rather that TRAP acted by protecting DNA from
oxidative stress, thereby preventing spontaneous and adaptive mutations (Kiran and
Balaban 2009; Chen and Novick 2007).

The main effector of the agr stimulon is the 517 nucleotide RNAIII transcribed
from the agr P3 promoter (Novick et al. 1993; Novick and Geisinger 2008; Boisset
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et al. 2007; Vandenesch et al. 1991). Its interaction with target mRNAs controls the
switch between colonization and invasion via changes in expression of surface
proteins, excreted toxins and proteases (Fig. 1). RNAIII expression depends on
AgrA as it is not expressed in an agrA mutant and depending on growth phase and
strain background its half-life can range from 11 to >45 min (Novick and Geisinger
2008; Janzon et al. 1989). Transcription of RNAII increases throughout growth
usually reaching highest expression in post-exponential phase (Vandenesch et al.
1991). The RNAIII transcript contains a short open reading frame encoding the 26
amino acid haemolysin, Hld, yet deletion of hld did not result in an agr− phenotype
(Janzon and Arvidson 1990; Novick et al. 1993). Introduction of the first 188
nucleotides of the RNAIII transcript prior to the open reading frame of hld on a
plasmid was sufficient to restore an agr− strain to an agr+ phenotype, whereas
introduction of a RNAII-containing plasmid did not complement the agr− pheno-
type (Novick et al. 1993).

RNAIII consists of 14 stem-loop structures and two long helices formed by
long-rage base pairings that segregate independent structural domains (Benito et al.
2000). Different domains are involved in the regulation of specific targets either at
translational or transcriptional levels. The 5′ end of RNAIII competes with the
intramolecular secondary RNA structure blocking the ribosomal binding site
(RBS) of the hla transcript, thereby facilitating its translation (Novick et al. 1993;
Morfeldt et al. 1995). In contrast, the two 3′ hairpins H13 and H14 and the central
hairpin H7 act as repressors for the expression of early virulence factors such as
staphylococcal protein A (spa) (Huntzinger et al. 2005), coagulase (coa) (Chevalier
et al. 2010) or the repressor of toxins (rot) (Boisset et al. 2007), by binding in an
antisense manner to the respective mRNAs and inducing RNaseIII-dependent
mRNA degradation [for a more detailed review on regulatory RNAs refer to
(Felden et al. 2011)].

2.1.2 Agr and Virulence Regulation

The agr quorum-sensing system is one of the key regulators of staphylococcal
virulence and impacts the expression levels of more than 100 genes. In fact,
Dunman et al. (2001) showed by microarray analysis that agr appeared to upreg-
ulate the expression of 104 and downregulate the expression of 34 genes in a cell
density-dependent manner (Table 2). Agr controls the progression of S. aureus
from a colonizing to an invasive phenotype by inducing the expression of secreted
virulence factors while reducing the expression of cell surface proteins involved in
adhesion and aggregation (Yarwood and Schlievert 2003; Novick and Geisinger
2008; Bronner et al. 2004; Singh and Ray 2014; Batzilla et al. 2006; Recsei et al.
1986). S. aureus produces capsular polysaccharide as a means to evade immune
response during bacteraemia by preventing opsonophagocytosis (Nanra et al. 2012).
Capsular polysaccharide biosynthesis is positively regulated by agr (Dassy et al.
1993; Luong et al. 2002; van Wamel et al. 2002; Nanra et al. 2012), yet strains have
been isolated in the clinic that were deficient in capsule production and

The Role of Two-Component Signal Transduction Systems … 153



concomitantly were found to not produce agr (Fischer et al. 2014), suggesting that
capsule expression is not required for prolonged S. aureus infections and loss of
expression might be an adaptation for persistence in the host (Tuchscherr et al.
2010). In addition to capsule biosynthesis, the expression of secreted proteins and
toxins (i.e. lipases, protease, nucleases, hyalouronate lyase, PSMs, α, β, γ and δ
haemolysins, leukocidin, toxic shock syndrome toxins and exfoliative toxins) is
upregulated by agr (Yarwood and Schlievert 2003; Novick et al. 1993, 1995; Ji
et al. 1995; Dassy et al. 1993; Luong et al. 2002; van Wamel et al. 2002; Recsei
et al. 1986; Dunman et al. 2001). In contrast, expression of protein A and fibro-
nectin binding proteins is repressed (Fig. 1b).

It has been reported that between 15 and 60 % of clinical isolates (depending on
the study) from HA S. aureus infections appear to be agr negative and that they are
associated with persistent bacteraemia and poorer patient outcomes. This associa-
tion does not appear to stem from alterations in virulence or infectivity per se but is
rather the result of hospital-related risk factors such as increased risk of bloodstream
infections after surgical interventions and antibiotic selective pressure (Park et al.
2013; Paulander et al. 2013; Smyth et al. 2012). In fact, hospitalized patients
carrying agr+ or agr− S. aureus strains in their nares are just as likely to develop
bloodstream infections (Smyth et al. 2012; Painter et al. 2014). The Agr system
induces the expression of a large number of virulence factors primarily involved in
host invasion, thus resulting in a large metabolic burden to the bacterium.
Hospitalized patients are often immunocompromised or have undergone invasive
surgery, which render them more at risk to S. aureus infection. Expression of
invasive factors such as toxins becomes thus less crucial to the bacterium for
establishing infection and a trade-off between metabolic burden and the expression
of agr-induced virulence factors would favour the selection of agr− strains within
hospitals. Acquisition of methicillin resistance cassettes also appears to influence
agr expression levels. In particular, strains expressing high levels of peni-
cillin-binding protein 2a (PBP2a) show lower expression of agr and deletion of
PBP2a or the resistance cassette encoding this protein (mecA and type II SCCmec
cassette, respectively) restored agr activity (Pozzi et al. 2012; Rudkin et al. 2012).

Differences in agr regulation have also been observed between isolates from HA
and CA S. aureus infections. While expression of agr did not differ between the
HA- and CA strains tested, regulation of genes downstream in the signalling cas-
cade diverged significantly (Cheung et al. 2011). Overall, expression of secreted,
degradative enzymes, PSMs and Panton-Valentine leukocidin was higher in the CA
strain LAC, while genes that were downregulated in the HA strain 252 maintained
their expression levels in strain LAC (Cheung et al. 2011). Interestingly, this study
also showed that the generally accepted negative effect of agr on the expression of
surface proteins might be considerably affected by the strain background. In par-
ticular, fibrinogen-binding protein genes clfA and efb were positively affected by
agr and not repressed as predicted (Cheung et al. 2011).

The agr quorum-sensing system is a model for signal transduction and one of the
major regulators of staphylococcal virulence gene expression. Even though the TCS
has been studied extensively and our understanding in how it contributes to
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different S. aureus disease manifestations has increased significantly, many ques-
tions remain to be addressed. Why does the agr TCS seem to be detrimental to the
bacterium within a hospital environment? Are the immunocompromised nature of
and/or infection facilitating wounds of hospital/community patients the sole factors
driving the observed fitness burden associated with the Agr TCS?

2.2 SaeRS

2.2.1 Molecular Basis of SaeRS

The staphylococcal accessory element (sae) TCS system is a key regulator of many
secreted S. aureus toxins, exoenzymes and immunomodulatory proteins know to be
important for S. aureus pathogenesis (Table 2). The sae locus was identified as a
Tn551 insertional mutant that showed alterations in supernatant exoprotein pro-
duction but was phenotypically distinct from other regulatory mutants (Giraudo
et al. 1994). Similar to the agr locus, the sae locus was later confirmed to primarily
regulate gene expression at the transcriptional level (Giraudo et al. 1999). The locus
encodes a two-component signal transduction system containing four genes. SaeR
and SaeS are the response regulator and HK of the system, respectively (Giraudo
et al. 1999), while the other two gene products, SaeP and SaeQ, form a protein
complex with SaeS to regulate the sensor kinase phosphatase activity (Jeong et al.
2012). Thus, SaeP and SaeQ are involved in dephosphorylating activated SarR,
thereby affecting expression levels of SarR-induced genes (Jeong et al. 2012). Two
promoters drive the expression of the four genes in the sae locus. The response
regulator saeR and the HK saeS are transcribed at a fairly constitutive rate from the
P3 promoter located within the saeQ coding sequence, while the P1 promoter
upstream of saeP has a 2–30 times higher activity relative to the P3 promoter and
can drive transcription of all four genes of the locus (Fig. 2). The P1 promoter
furthermore contains two SaeR binding sites resulting in its autoinduction by the
SaeRS TCS (Geiger et al. 2008; Nygaard et al. 2010; Sun et al. 2010). Transcription
from solely promoter P3 is sufficient for target gene activation (Jeong et al. 2011),
and two classes of target genes have been described. Class I targets such as coa, sae
P1 promoter, fnbA and eap require high levels of phosphorylated SaeR for acti-
vation, while class II targets such as hla and hlb only necessitated lower basal
phosphorylation levels of SaeR for activation (Fig. 2) (Mainiero et al. 2010). This
then implies that the level of phosphorylated SaeR affinity varies between SaeR
targets. The repressor of toxins Rot and SigB have been shown to negatively
regulate expression from the sae P1 promoter, thus indirectly repressing activation
of hla expression (Li and Cheung 2008; Goerke et al. 2005).

In contrast to the HK of the agr system, SaeS contains only two transmembrane
domains that are separated by 9 extracellular amino acid residues (Adhikari and
Novick 2008), which initially were thought to be too few to bind a ligand (Mascher
2006). SaeS has therefore been classified as an intramembrane-sensing HK relying
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on an additional protein to transduce the signal to SaeS. Activation of the
SaeRS TCS depends on external stimuli resulting in membrane perturbation and
was shown to be repressed by low pH and high NaCl concentrations, while it was
induced in the presence of H2O2 and α-defensins (Geiger et al. 2012). A more
recent study investigated the mechanism by which SaeS was able to specifically
detect α-defensin 1 (HNP-1) and human polymorphonuclear leucocytes (PMNs)
(Fig. 2). The study showed that the substitution of M31A in the extracellular 9
amino acid loop was sufficient to abolish Sae-dependent gene activation, while two
aromatic anchors of the loop were required for basal SaeS signalling (Flack et al.
2014). Interestingly, SaeS in S. aureus strain Newman contains the amino acids
substitution L18P within the first transmembrane domain resulting in constitutive
kinase activity and thus high-level expression of SaeRS target genes (Schafer et al.
2009; Adhikari and Novick 2008; Mainiero et al. 2010).

SaeR

SaeR
P

saeQsaeS saeR saeP

P3 P1

T1

T4
T3

T2

SaeS
PSaeQ

SaeP

Transcriptional activation of:
Exotoxins
Immune evasion factors
Superantigens
Adhesins
Staphylocoagulase
Thermonuclease
Lipase
Hyulorunate lyase
Proteases
Iron uptake mechanisms

Transcriptional repression of:
Capsular polysaccharide
Aureolysin
Fur

HNP-1

Fig. 2 Regulation of gene expression through the staphylococcal accessory element TCS SaeRS.
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The sae regulatory circuit seems to be influenced by other global regulatory
mechanism such as agr and the ferric iron uptake regulator Fur. Johnson et al.
(Johnson et al. 2011) showed that both Sae and Fur were required for the induction
of eap and emp as well as for the full induction of oxidative stress response and
expression of non-covalently bound surface proteins during iron starvation. Thus, it
is possible that genes that were seen to be regulated by Fur using microarray
analysis but were lacking a conserved Fur binding motif were influenced by its
effect on the transcription of global regulators such as Sae (Johnson et al. 2011).
A link between Sae and Fur seems plausible as iron availability is one of the major
environmental signals for S. aureus to sense host exposure and thus subjecting the
regulation of exoprotein and immune evasion factor production by Sae under the
control of Fur could contribute to its virulence and/or energy conservation.

2.2.2 SaeRS and Virulence Regulation

Several virulence genes are under the control of the SaeRS TCS (Table 2), and
additional regulatory roles have been attributed to the TCS in vivo. The sae locus is
essential for the transcription of hla, hlb and coa (Giraudo et al. 1997), and sae
mutant strains show significantly reduced hla transcript levels under both in vitro
and in vivo conditions (Fig. 2) (Goerke et al. 2001). In the guinea pig model used to
study implant device-originated infections, hla was found to be activated and
secreted in an sae-dependent but agr- and sarA-independent manner suggesting an
important role for the SaeRS for in vivo regulation of hla expression. Likewise, hla
expression was considerably lower in an sae mutant relative to the wild-type strain
when tested in a rabbit endocarditis model (Xiong et al. 2006). SaeRS positively
influences the expression levels of a variety of genes involved in immune evasion
and adhesion to host molecules such as seb, efb, eap, lukF, lukM, hlgACB, chp, scn,
sspA, fnbA and fnbB (Fig. 2) (Rogasch et al. 2006; Harraghy et al. 2005;
Rooijakkers et al. 2006; Kuroda et al. 2007). The Sae TCS acts together with Rot to
positively regulate the expression of Staphylococcus superantigen-like
(SSL) proteins in S. aureus strain Newman, while ssl gene expression was
repressed by agr (Benson et al. 2012; Pantrangi et al. 2010). These Ssls have
several immunomodulatory properties such as inhibition of complement activation
and neutrophil recruitment, as well as blocking opsonization by IgG and IgA.
Benson et al. (2012) speculated that Rot could be involved in the recruitment of
SaeR to the ssl promoters, resulting in RNA polymerase recruitment and activation
of gene expression. It is interesting to note that strain background differences have
been shown to alter regulatory behaviours of ssl induction. For instance, in strain
RN6390 Rot appeared to act as a repressor of ssl8 expression (Pantrangi et al.
2015). While Sae generally facilitates the expression of immunomodulatory com-
ponents, it represses the expression of capsular polysaccharides (Rogasch et al.
2006; Mainiero et al. 2010; Thakker et al. 1998).

Affecting the expression of secreted and immunomodulatory proteins, it is not
surprising that the SaeRS TCS also plays an important role in S. aureus virulence
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and survival during infection. Mutants in sae have been found to show a signifi-
cantly reduced virulence in a Caenorhabditis elegans model of staphylococcal
infection (Bae et al. 2004). Compared to wild-type S. aureus strains, sae mutants
resulted in lower mortality in intraperitoneal mouse infection models (Rampone
et al. 1996; Giraudo et al. 1996), while in murine models of systemic infection or
abscess formation, fewer bacteria were recovered from spleens or abscess lesions
infected with the sae mutant strain (Benton et al. 2004). An sae deletion mutant
showed a reduced ability to adhere to lung epithelial cells and showed decreased
levels of staphylococcal induced apoptosis (Liang et al. 2006).

Sae signalling is crucial in activating S. aureus responses to PMNs, by inducing
the transcription of toxins of the leukocidin family involved in PMN-lysis (Dumont
et al. 2011; Voyich et al. 2005, 2009). Spent media supernatants of wild-type
S. aureuswere shown to induce membrane permeabilization of 85 % of PMN, while
sae-defective strains were unable to induce significant membrane permeabilization
(Flack et al. 2014). In particular, the extracellular loop amino acid M31 appeared to
be essential for the activation of the sae stimulon by either HNP-1 or PMNs, while
mutants in amino acids W32 and F33 showed reduced expression of sae-controlled
genes in vitro but were still able to respond once exposed to PMNs (Flack et al.
2014). This therefore led to the conclusion that, while certain key residues in the
extracellular loop of SaeS were important for sae-dependent gene expression,
stimulation by host-derived signals, amongst others H2O2 and α-defensins, was
essential to trigger virulence in S. aureus (Geiger et al. 2008, 2012; Flack et al.
2014). Calprotectin, a major component of neutrophils, sequesters the divalent
cations Mn2+ and Zn2+, thus limiting staphylococcal growth due to nutrient limi-
tation. Excess of Zn2+, Fe2+ and Cu2+ was shown to reduce the expression of saeQ
(Cho et al. 2015). The absence of iron was demonstrated to induce the SaeRS system
via Fur (Johnson et al. 2011), yet Cho et al. (Cho et al. 2015) did not observe an
upregulation of saeQ in their fur mutant strain. Zn2+-bound calprotectin in the
presence of excess Zn2+, however, was seen to induce SaeRS-dependent gene
expression resulting in increases proinflammatory immune response and mouse
mortality (Cho et al. 2015). A USA300 sae-deficient mutant was found to be unable
to cause dermonecrotic lesions in a mouse model for skin and soft tissue infections
(Zhao et al. 2015). Following a proteomic analysis of the antibody-repertoire of mice
exposed to either the wild-type strain or its sae mutant, the authors concluded that a
broad polyclonal immune response was triggered in both strains but that no anti-
bodies were observed for several SaeRS-dependent virulence factors in the sae
mutant. Therefore, lack of protective immunity was associated with the lack of
antibodies targeting proteins of the SaeRS-regulon (Zhao et al. 2015).

The SaeRS TCS is also involved in the formation of biofilms. S. aureus strain
Newman is incapable of robust biofilm formation due to an amino acid substitution,
which leaves the SaeS HK constitutively active (Schafer et al. 2009). Biofilm
formation could be restored by replacing the Newman saeSP allele with the saeSL

allele found in other strains or by deleting saeRS (Cue et al. 2015). Conversely,
biofilm formation could be inhibited by introducing the saeSP allele into the
biofilm-proficient strain USA300 FPR3757 (Cue et al. 2015). Culture supernatants
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of strain Newman were able to inhibit biofilm formation, while Newman super-
natants carrying the saeSL allele no longer prevented this phenotype. Conversely,
supernatants of FPR3757 containing the saeSP allele were unable to inhibit biofilm
formation (Cue et al. 2015). This phenotype could be partially attributed to
increased levels of the staphylococcal thermonuclease, Nuc, in Newman super-
natants, yet it remains unclear as to why supernatants from FPR3757 containing the
saeSP allele were unable to prevent biofilm formation (Cue et al. 2015). Elucidation
of the full role of SaeRS in biofilm formation will require further investigation.

3 Response to AMPs and Cell Wall Damage

Antimicrobial peptides (AMPs) are ribosomally synthesized natural antibiotics
produced by nearly all organisms, from bacteria to plants and animals. The largest
group of AMPs is that of the cysteine-containing peptides that can be both anionic
and cationic and are stabilized by disulphide bonds. They are complemented by
proline-, arginine-, histidine-, phenylalanine-, glycine- and tryptophane-rich AMPs
that are mostly cationic. AMPs interact with microbial membranes, resulting in two
possible modes of action, depending on the peptide and the microbial species. The
peptides can be membrane-disruptive resulting in cell lysis, or alternatively mem-
brane interaction can lead to the formation of transient pores and the transport of
peptides inside the cell, bringing them into contact with intracellular targets (Maroti
et al. 2011). AMPs are part of the host’s innate immune system and constitute a
generic defence response of animals and plants to fend off invading microbes.
AMPs in animals are produced by epithelial cells, which come in direct contact with
the environment, but they can also be secreted into circulating fluids (e.g. the
bloodstream or the haemolymph) which deliver AMPs to infection sites. Many
bacteria can sense AMPs directly using TCS such as the Salmonella PhoPQ sensor
which can recognize cathelicidin LL-37 (Maroti et al. 2011). S. aureus employs a
total of three TCS that are involved in its response to AMP exposure (Fig. 3). In this
section, we are giving an overview of these TCS systems, their regulation and their
function in S. aureus survival and downstream gene regulation.

3.1 VraSR

The vancomycin-resistance-associated sensor/regulator (VraSR) TCS was first
identified to be upregulated in hetero-vancomycin-resistant and
vancomycin-resistant S. aureus (VRSA) compared to vancomycin-susceptible
(VSSA) strains (Kuroda et al. 2000). VraS is the sensor HK, while VraR is its
response regulator (Fig. 3). The VraS HK consists of an N-terminal transmembrane
domain and a C-terminal conserved HK core. The N-terminal transmembrane
domain of VraS consists of two membrane-spanning regions that are connected
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through a periplasmic linker. This domain varies widely amongst HKs (Mascher
2006). The conserved HK core of VraS contains the dimerization domain, which
harbours the conserved His residue, and the ATP-binding domain.

Overexpression of VraR in the VSSA strain N315 reduced vancomycin sus-
ceptibility. The VraSR system is induced by exposure of S. aureus cell to
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Fig. 3 S. aureus response to antimicrobial agents. The histidine kinase VraS can sense bacitracin
and respond to general cell wall perturbation by cell wall inhibitory compounds. Upon activation,
VraS phosphorylates its response regulator VraR and triggers changes in the expression of cell
wall biosynthesis genes. The GraXSR TCS is involved in the S. aureus response to glycol and
cationic peptides. GraXSR regulates the expression of the adjacent VraFG pump, which plays an
essential role in the signalling cascade by sensing the presence of CAMPs and signalling through
GraS to activate GraR-dependent transcription. GraXRS does not regulate its own expression but
affects the expression of major regulators of virulence gene expression, colonization factors and
exotoxin-encoding genes as well as the ica and dlt operons. Disruption of GraXRS signalling
results in major changes to the bacterial cell surface such as D-alanylation of teichoic acids. BraRS
activates the transcription of two operons, braDE and vraDE, both encoding ABC transporters.
Induction of braDE and vraDE in the presence of bacitracin or nisin is dependent only on BraRS
and not on VraSR or GraXSR. BraDE is involved in bacitracin sensing and signalling through
BraSR, whereas VraDE acts specifically as a detoxification module and is sufficient to confer
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cell-wall-affecting antibiotics such as glycopeptides, β-lactams, bacitracin, D-
cycloserine and cationic antimicrobial peptides (CAMPs); mutants in vraSR are
significantly more susceptible to these antibiotics (Levinger et al. 2012; Kuroda
et al. 2000; Gardete et al. 2006; Su et al. 2015; Pietiainen et al. 2009). Northern blot
analysis determined that vraS and vraR are cotranscribed showing two specific
transcripts of 2.7-kb and 3.0-kb (Kuroda et al. 2003; Yin et al. 2006). The vraSR
operon itself consists of only 1.7 kb and was indeed transcribed together with the
two upstream open reading frames [orf1 and vraT (yvqF)], resulting in the 2.7-kb
and 3.0-kb mRNA fragments (Yin et al. 2006). Microarray analysis comparing the
transcriptional response of the N315 wild-type strain and its isogenic vraSR mutant
after vancomycin treatment revealed that out of a total of 139 vancomycin-inducible
genes in the wild-type strain 46 were not induced to the same extent in the vraSR
mutant (Kuroda et al. 2003). Several of the vraSR-specific genes, such as pbp2,
sgtB, UDP-N-acetylglucosamine 1-carboxylvinyl transferase 2 murein monomer
precursor synthesis (murZ), methicillin-resistance-related protein (fmtA) and te-
icoplanin-resistance-related proteins (tcaA/tcaB) were associated with cell-wall
peptidoglycan synthesis. The VraSR system therefore appears to coordinate the
important steps of cell wall biosynthesis: MurZ and polymerization of peptido-
glycan (Fig. 3) (Pbp2 and SgtB). This profound effect on cell wall biogenesis
correlates with the observed increase in susceptibility of the vraSR mutant to
cell-wall-affecting antibiotics (Kuroda et al. 2003). VraSR also plays a central role
in controlling methicillin resistance of S. aureus by means other than the peni-
cillin-binding proteins (PBP) (Boyle-Vavra et al. 2006). Methicillin resistance in
S. aureus is mediated by the acquired PBP (PBP2a), which is encoded by mecA.
Together with the native PBP2 protein, PBP2a mediates oxacillin/methicillin
resistance via their respective transglycosylase and transpeptidase activities. Even
though expression of pbp2 was unaltered and mecA expression increased in the
vraSR mutant relative to the wild-type strain, the mutant was found to be more
sensitive to oxacillin. This suggested that vraSR exerts a regulatory effect on an
alternate target, thus accounting for the susceptibility of the mutant (Boyle-Vavra
et al. 2006). Induction of the VraSR TCS was connected to general perturbations in
cell wall biogenesis by placing the essential cell-wall synthesis gene pbpB under the
control of an inducible promoter, thus generating changes to the S. aureus cell wall
(Gardete et al. 2006). Changes in the expression levels of pbpB were rapidly
mirrored by vraSR signalling followed by changes in the vraSR regulon. It was
therefore suggested that VraSR acts as a sentinel system capable of sensing and
responding to perturbations of cell wall biosynthesis and triggering an appropriate
response (Gardete et al. 2006).

The vraSR operon is cotranscribed with the two upstream genes orf1 and vraT.
Interestingly, many clinical strains show an association with mutations in either
vraSR or vraT and increased resistance to cell-wall-damaging antibiotics (Kato et al.
2010). This therefore indicates that vraT plays a role in resistance development and
might influence vraSR regulation. McCallum et al. (2011) confirmed the role of
vraT in activating vraSR signalling by constructing markerless deletions of each of
the four genes in the operon. This study showed that orf1 played no observable role

The Role of Two-Component Signal Transduction Systems … 161



on resistance phenotypes for any of the cell envelope stress-inducing agents tested.
The remaining three genes were all essential for the induction of the cell wall stress
stimulon, and mutants showed various degrees of increased susceptibility to
cell-wall-active antibiotics. In fact, bacterial two-hybrid analysis suggested that the
integral membrane protein VraT interacted directly with VraS but not VraR, sug-
gesting that it could be involved in sensing the trigger of VraSR signalling
(McCallum et al. 2011).

VraS is capable of undergoing autophosphorylation of a histidine residue
(His156) in vitro and its phosphoryl group is rapidly transferred to an aspartic acid
residue (D55) of VraR. In addition, phosphorylated VraR undergoes rapid
dephosphorylation by VraS (Belcheva and Golemi-Kotra 2008; Galbusera et al.
2011). Only once VraR is phosphorylated can it form an active dimer able to bind
DNA (Belcheva and Golemi-Kotra 2008). Structural analysis of VraR revealed that
unphosphorylated VraR exists in a closed conformation that inhibits dimer for-
mation. Phosphorylation at the active site promotes conformational changes that are
propagated throughout the receiver domain, promoting the opening of a
hydrophobic pocket that is essential for homodimer formation and enhanced
DNA-binding activity (Leonard et al. 2013). A recent study identified that VraR can
be phosphorylated at four distinct threonine residues by Stk1, a staphylococcal
eukaryotic-type serine/threonine kinase (Canova et al. 2014). These phosphoryla-
tions were shown to negatively affect VraR DNA-binding capacity and therefore
led to dysregulation of VraSR signalling (Canova et al. 2014).

The role of VraSR in staphylococcal response to cell-wall-damaging/cell-wal-
l-acting antibiotics has important implications as to its development as a potential
drug target. Inhibiting VraSR signalling might result in increased or restored
effectiveness of now ineffective antibiotics such as methicillin in infections with
MRSA strains. Using a murine model of S. aureus necrotizing pneumonia, a
wild-type MRSA strain and its isogenic vraSR deletion mutant were compared.
Oxacillin treatment significantly improved survival and reduced the bacterial bur-
den in vraSR mutant-infected mice, while no difference was observed in mice
infected with the wild-type strain (Jo et al. 2011). Similarly, in a murine skin
infection model oxacillin treatment eliminated the development of dermonecrosis
amongst vraSR mutant-infected mice and decreased the bacterial burden within
lesions, oxacillin treatment did not affect the wild-type strain (Jo et al. 2011).

Taken together, the VraSR TCS is a major regulator of the staphylococcal
response to cell-wall-damaging or cell-wall-perturbing agents. Stimulation of
VraSR signalling results in the expression of cell-wall biosynthesis enzymes
leading to the thickening of the bacterial cell wall and to increased resistance to
cell-wall-acting antibiotics. VraSR is therefore of key interest for developing drug
targets inhibiting the stimulation of cell wall biogenesis and thereby rendering
S. aureus susceptible to cell-wall-targeted antibiotics.
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3.2 GraXSR

The glycopeptide-resistance-associated (GraXRS) (also known as antimicrobial
peptide sensor ApsRS) five-component system is one of the three (GraXRS, VraSR
and NsaRS) main regulatory pathways in staphylococci for controlling CAMP
resistance (Fig. 3) (Falord et al. 2011; Mensa et al. 2014). The GraXSR system was
identified from a microarray transcriptomic screen comparing the expression levels
of S. aureus strains showing different vancomycin resistance. The graS gene was
found to be expressed to a higher degree in strains showing increased resistance to
the antibiotic and overexpression of graS in a vancomycin-sensitive strain increased
its resistance to the drug (Cui et al. 2005).

The graXRS genes are located immediately upstream of the ABC transporter
genes vraF and vraG, which had already previously been found to be expressed
more in vancomycin-intermediate S. aureus (VISA) and were identified as asso-
ciated with vancomycin resistance (Kuroda et al. 2000). The graXRS genes encode
one of four TCS system loci that are in proximity to ABC transporter genes.
Interestingly, this close relationship between TCS and ABC transporters was only
observed in firmicutes (Meehl et al. 2007). The GraXRS system shows high sim-
ilarity to the BceRS TCS system of Bacillus subtilis. Similar to its S. aureus
homolog, the bceRS genes are located immediately upstream of the bceAB genes, an
ABC transporter system, and control their expression by sensing extracellular
bacitracin, affecting bacitracin susceptibility in B. subtilis (Ohki et al. 2003). The
CAMP-response mechanism mediated by GraSR depends on the activity of VraFG,
encoded by the vraFG operon (Fig. 3). This operon is under the direct regulation of
GraR. In fact, the ABC transporter is considered to be a/the sensor for CAMPs.
Notably, GraR does not regulate its own promoter (graXSR) (Falord et al. 2012)
and expression levels of graR are not altered by cell-wall-active antibiotics (Falord
et al. 2011).

The association of the GraXRS TCS and an ABC transport system in S. aureus
were also shown to be involved in the resistance of the bacterium to CAMPs and
antibiotics by regulating the expression of the adjacent VraFG pump (Cui et al.
2005; Li et al. 2007; Meehl et al. 2007). Mutants in either graXRS or vraFG are
more sensitive to vancomycin, CAMPs such as the human lysozyme-derived
peptide 107R-A-W-V-A-W-R-N-R115 (LP9), polymyxin B, colistin or gallidermin
suggesting that the VraFG transporter might play a role in the detoxification of
AMPs (Herbert et al. 2007; Meehl et al. 2007; Falord et al. 2011). However, the
VraFG transporter does not act as a detoxification module, as it cannot confer
resistance when produced on its own, but instead plays an essential role by sensing
the presence of CAMPs and signalling through GraS to activate GraR-dependent
transcription (Fig. 3) (Falord et al. 2012).

Unlike similar HKs, GraS lacks autophosphorylation activity, and the interaction
between GraS and GraR appears to be very weak in comparison to the stronger
interaction observed between BceS and its conjugated response regulator, BceR.
Muzamal et al. (2014) therefore suggested that that CAMP signalling may not flow
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directly from GraS to GraR. Bacterial two-hybrid assays confirmed that the GraS
kinase and both GraX and the VraG permease interacted (Falord et al. 2012). The
auxiliary protein GraX interacts with VraF and GraR and requires the histidine
phosphotransfer and dimerization domain of GraS for this interaction. Further, VraF
requires the GraS region that connects the membrane-bound domain with the
cytoplasmic domain of VraF for interaction with GraS. The interactions of GraX
with GraRS and VraF indicate that GraX may serve as a scaffold to bring these
proteins in close proximity to GraS and to facilitate the activation of the GraRS
signalling cascade (Fig. 3) (Muzamal et al. 2014).

Like VraR, GraR is a target of the Stk1 kinase. Phosphorylation of GraR by Stk1
depends entirely on its intact tertiary structure and occurs at the N-terminus of its
DNA-binding domain. Unlike Stk1-dependent phosphorylation of VraR, phos-
phorylation of GraR results in increased DNA-binding activity and therefore
increased activation of GraR-regulated genes (Fridman et al. 2013).

GraXRS does not regulated its own expression (Falord et al. 2011) but affects the
expression levels of 248 genes, some of which are major regulators of virulence
gene expression, colonization factors and exotoxin-encoding genes as well as the
ica and dlt operons (Fig. 3, Table 2) (Herbert et al. 2007; Meehl et al. 2007; Falord
et al. 2011). Decreased expression of the later operons in the graRS mutant could
also account for its biofilm-deficient phenotype (Boles et al. 2010). A highly
conserved ten-base-pair palindromic sequence (5′ ACAAA TTTGT 3′) located
upstream from GraR-regulated genes (mprF, dlt and vraFG operons) was shown to
be essential for transcriptional regulation and induction by GraR in response to
CAMPs, suggesting that this could be a likely GraR binding site (Falord et al.
2011).

GraRS positively regulates the expression of rot, sarS and mgrA (Table 2), thus
GraRS may have an indirect role in regulating staphylococcal virulence (Herbert
et al. 2007). Disruption of GraXRS signalling results in major changes to the
bacterial cell surface, including D-alanylation of teichoic acids, the incorporation of
lysylphosphatidylglycerol into the bacterial membrane and a concomitant increase
in lysine biosynthesis, and the induction of VraFG transporter expression (Li et al.
2007; Meehl et al. 2007). Changes in cell surface charge are thought to be one of
the key mechanisms in S. aureus CAMP resistance (Cheung et al. 2014).
Interestingly, the GraXRS response in S. aureus was induced by a more restricted
set of AMPs than in Staphylococcus epidermidis. This dissimilarity was due to
structural differences in the AMP binding on the highly negatively charged loop of
the GraS sensor protein (Li et al. 2007). Cheung et al. (2014) later showed that the
extracellular loop of the HK was important for antimicrobial peptide recognition
and GraR signalling.

The GraXRS TCS plays an important role in the development of VRSA strains
as a single point mutation in either graS or graR can make a previously sensitive
strain resistant to the antibiotic (Howden et al. 2008; Neoh et al. 2008). These
mutations only raised the vancomycin resistance level of the strain between levels
observed for susceptible and VISA isolates. Therefore, these data showed that the
TCS graRS is a key mediator of this resistance and that low-level resistance could
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be acquired by a single point mutation (Howden et al. 2008; Neoh et al. 2008).
Intriguingly, stepwise evolution of vancomycin resistance from VSSA to VISA was
observed after the mutated vraS and graR genes of the VISA Mu50 were introduced
into the VSSA Mu50Ω, suggesting that a combination of two point mutations was
sufficient to create a VISA strain (Cui et al. 2009).

The observation that graRS mutants were more susceptible to AMPs prompted
researchers to investigate whether this alteration could influence staphylococcal
survival within the host. Deletion of graRS considerably altered bacterial surface
charge, increased susceptibility to killing by human neutrophils or the defence
peptide LL-37 and attenuated bacterial virulence in mouse infection models (Kraus
et al. 2008; Li et al. 2007). In a silkworm larvae model of pathogenicity, which is
used to identify mutants that are altered in their ability to survive when interacting
with the host’s innate immune response, a mutant in the graXRS genes was shown
to be less virulent than its isogenic parent strain (Kurokawa et al. 2007). A graS
deletion mutant and mutants in the cationic peptide sensing loop of the kinase were
significantly attenuated in a rabbit invasive endocarditis model of infection (Cheung
et al. 2014).

3.3 BraRS

The BraRS (bacitracin resistance associated) TCS system, also known as NsaSR
(nisin susceptibility associated) or BceSR TCS, was independently identified by
various groups as being essential for S. aureus resistance to bacitracin and nisin
(Hiron et al. 2011; Yoshida et al. 2011; Blake et al. 2011; Matsuo et al. 2010;
Kawada-Matsuo et al. 2011; Kolar et al. 2011). The BraSR and GraSR TCSs share
some common features: they both have an intramembrane sensor kinase family and
control the synthesis of closely related ABC transporters (VraDE and VraFG), and
they are both essential for nisin resistance (Hiron et al. 2011). BraRS is one of three
TCS (GraSR and VraSR being the other two) associated with the staphylococcal
response to antimicrobial agents. The two genes encoding the TCS, braR and braS,
are located immediately upstream (107 bp) of genes encoding the ABC transporter
BraDE (NsaDE), which is also involved in resistance. The braRS genes are
cotranscribed with a small gene 25-bp upstream of the two genes, while braD and
braE are transcribed as a separate operon (Hiron et al. 2011). In the presence of low
antibiotic concentrations, BraRS activates the transcription of two operons, braDE
and vraDE, both encoding ABC transporters (Fig. 3). Various mutants showed that
the induction of braDE and vraDE in the presence of bacitracin or nisin is
dependent only on BraRS and not on VraSR or GraSR. Translational fusions of the
braRS promoter to lacZ revealed that expression levels of braRS in the presence or
absence of bacitracin did not change and was therefore not autoregulated (Hiron
et al. 2011; Yoshida et al. 2011; Kolar et al. 2011).

A highly conserved 14-base-pair imperfect palindromic motif (CTTTCAA NN
T/CTGTAAG) upstream from the braDE and vraDE genes is essential for
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BraSR-mediated transcriptional initiation, suggesting the likely BraR binding site
(Hiron et al. 2011). Interestingly, the two ABC transporters play distinct and
original roles in antibiotic resistance: BraDE is involved in bacitracin sensing and
signalling through BraSR, whereas VraDE acts specifically as a detoxification
module and is sufficient to confer bacitracin and nisin resistance when produced on
its own (Hiron et al. 2011; Kawada-Matsuo et al. 2011). The transcription of 245
genes, including genes involved in transport, drug resistance, cell envelope syn-
thesis, transcriptional regulation, amino acid metabolism and virulence, is altered in
a braS mutant (Table 2) (Kolar et al. 2011).

Two distinct pathways contribute to bacitracin resistance in S. aureus: the highly
efficient, sensitive and specific BraSR/BraDE/VraDE multicomponent system and
the less effective damage-sensing VraSR system which responds to general
envelope stress conditions (Hiron et al. 2011; Yoshida et al. 2011).

Despite the extensive initial studies on BraRS and its role in conferring
antimicrobial resistance to S. aureus, several questions still remain. Firstly, it
remains to be determined how the BraDE ABC transporter senses bacitracin. The
B. subtilis BraE homolog BceB contains a large extracellular loop, which has been
suggested to be essential for bacitracin detection (Rietkotter et al. 2008;
Coumes-Florens et al. 2011). Conversely, replacing the extracellular loop of BraE
with that of VraE prevented bacitracin sensing by the chimeric BraDE*VraE ABC
transporter (Hiron et al. 2011). Furthermore, the mode of interaction between
BraDE and BraSR remains unclear and it remains to be determined if conforma-
tional changes in the ABC transporter upon bacitracin binding or transport can
promote such an interaction. It is also unclear how the VraDE ABC transporter
confers bacitracin resistance and the direction of bacitracin transport by VraDE
remains unknown.

4 Cell Wall Metabolism, Autolysis and Cell Death

Bacterial growth and replication requires the exquisite control not only of its DNA
replication machinery but also of its cell wall biosynthesis and remodelling. The
S. aureus replication cycle necessitates the synthesis and remodelling of its pepti-
doglycan layer while maintaining turgor pressure in order to retain its coccal shape
(Monteiro et al. 2015). The bacterium divides asynchronously by placing a septum
and then expressing a defined set of peptidoglycan hydrolases in order to initiate
separation of daughter and mother cell. After initial hydrolysis of the peripheral
septum ring, turgor pressure rapidly realizes mechanical separation of the two cells
resulting in a 61/39 % ratio of maternal (old) to newly formed peptidoglycan cell
wall. In order to prevent maternal cell wall thinning and perforation by hydrolase
activity, S. aureus undergoes an extensive remodelling of its entire peptidoglycan
surface by the concerted action of penicillin-binding protein 4 and several cell wall
hydrolases (Monteiro et al. 2015). This machinery needs to be tightly controlled as
excess hydrolase activity could easily result in cell death, while excess
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peptidoglycan biosynthesis could negatively affect the viability and fitness of the
bacterium. S. aureus employs three TCS to regulate cell wall metabolism and one
of these plays a central and crucial role as master regulator.

4.1 WalRK

The WalRK TCS (also known as YycFG, VicRK and MicAB TCS) is the only
essential signal transduction system required for S. aureus growth. This TCS is very
highly conserved and appears to be specific to low-G+C Gram-positive bacteria.
WalK constitutes the system’s HK, while WalR is its cognate response regulator.
The first insights into its functional role were gained when a conditionally lethal
mutant was isolated from a screen for temperature-sensitive S. aureus mutants and
was unable to grow on agar plates at 43 °C (Martin et al. 1999; Dubrac and Msadek
2004). This walR mutation caused hypersensitivity to macrolides and unsaturated
long-chain fatty acids. Furthermore, the conditional lethal phenotype could be
rescued by increasing the osmolarity of the growthmedium by the addition of NaCl or
sucrose, which indicated a potential role of the TCS in the proper regulation of
bacterial cell wall or membrane composition (Martin et al. 1999). The walKR genes
in B. subtilis (yycFG) are expressed during exponential growth and rapidly shut off
at entry into stationary phase, suggesting that this system is active, and also nec-
essary, during active replication (Fabret and Hoch 1998). In B. subtilis, YycFH
activity is regulated by the gene products encoded immediately downstream of
yycG, yycH and yycI. Deletion of yycH or yycI in B. subtilis gives identical phe-
notypes, with a 10-fold upregulation of the YycFG system and YycG, YycH, and
YycI have been shown to form a ternary complex. Both YycH and YycI localize to
the periplasm and are anchored to the membrane via a single N-terminal trans-
membrane helix. Therefore, YycH and YycI appear to act together to negatively
regulate the YycG HK (Szurmant et al. 2005, 2006, 2007).

WalR binds to a consensus recognition sequence consisting of two hexanu-
cleotide direct repeats, separated by five nucleotides [5′-TGTWAH-N5-
TGTWAH-3′]. The motif was found upstream of 13 S. aureus genes of which five
are involved in virulence and binding of WalR to the promoters of ssaA, isaA and
lytM (Dubrac and Msadek 2004). WalRK positively controls autolytic activity, in
particular that of the two major S. aureus autolysins, Atl and LytM. The tran-
scription of 13 genes involved in cell wall metabolism and degradation was acti-
vated through the WalRK TCS and reduction of WalRK levels in the bacterial cell
resulted in increased resistance to Triton X-100 and lysostaphin-induced cell lysis
(Fig. 4, Table 2) (Delaune et al. 2011; Dubrac et al. 2007). Conversely, lowered
levels of WalRK lead to a significant decrease in peptidoglycan biosynthesis,
turnover and to cell wall modifications, which included increased peptidoglycan
crosslinking and glycan chain length (Dubrac et al. 2007). The reduction in
cell-wall-degrading proteins in the WalRK-depleted strain could also explain why
these bacteria die but do not lyse. Of note, walRK expression levels in an inducible
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strain positively correlated with the strains capacity for biofilm formation, sug-
gesting that the regulatory role of WalRK on cell wall turnover and autolysis
positively affects biofilm formation (Dubrac et al. 2007).

For more than a decade, it was unclear why the WalRK TCS was essential for
bacterial growth, since none of the genes that are regulated by the WalRK TCS are
lethal per se. Transmission electron micrographs showed cell wall thickening and
aberrant division septa in a WalRK mutant, suggesting its requirement may be
linked to its role in coordinating cell wall metabolism and cell division (Delaune
et al. 2011). By uncoupling expression of WalRK-regulated genes involved in cell
wall metabolism from direct WalRK regulation and overexpressing them on a
plasmid, two proteins (LytM and SsaA) were shown to be able to restore cell
viability in the absence of WalRK. LytM is a glycyl–glycyl endopeptidase,
hydrolysing the pentaglycine interpeptide crossbridge, and SsaA belongs to the
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Fig. 4 Impact of the WalKR two-component system (TCS) on S. aureus virulence. The
WalKR TCS is activated through phosphorylation of the WalR response regulator by the WalK
histidine kinase, leading to increased expression of several genes involved in cell wall degradation
and turnover. Higher release rates of cell wall degradation products after infection can then trigger
the host innate immune response through activation of the NF–κB pathway, resulting in more
efficient bacterial clearance and decreased virulence. Increased WalKR activity also leads to
stimulation of the SaeSR TCS (dotted arrow), higher expression of virulence genes involved in
host–pathogen interactions and innate immune system evasion. Fine-tuning of WalKR activity
must therefore play an important role in the switch between S. aureus commensal and pathogenic
lifestyles
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CHAP amidase family, members of which such as LysK and LytA have been
shown to have D-alanyl-glycyl endopeptidase activity, cleaving between the
crossbridge and the stem peptide. These data added further support that peptido-
glycan crosslinking relaxation through crossbridge hydrolysis plays a crucial role in
the essential requirement of the WalRK TCS for cell viability (Delaune et al. 2011).

The observed thickening of the S. aureus cell wall in the WalRK-depleted strain
already indicated that this TCS might play a role in the development of vancomycin
resistance phenotypes, as cell wall thickening is a common characteristic of van-
comycin resistant strains. As such it was not at all surprising that WalRK mutations
were identified between VSSA and VISA strains. Single-nucleotide substitutions
within either WalK or WalR lead to coresistance to vancomycin and daptomycin
and caused the typical cell wall thickening observed in resistant clinical isolates
(Howden et al. 2011; Shoji et al. 2011; McEvoy et al. 2013; Hu et al. 2015). This is
yet another example as to how easy it is for S. aureus to develop vancomycin
resistance by simply introducing single point mutations into the genes of a TCS
(Sect. 3). Combinations of single-nucleotide mutations in these TCS and other
genes might further augment resistance.

The essential role of the WalKR TCS and its restriction to low-G+C
Gram-positive bacteria proffered the development of specific drugs inhibiting
WalKR signalling. WalK autophosphorylation in S. aureus and B. subtilis can be
inhibited by aranorosinol B, a known antibacterial agent against Gram-positive
bacteria, and other structure-based inhibitor design approaches have identified
further molecules inhibiting WalK/YycG in several members of the firmicutes
family (Watanabe et al. 2003; Qin et al. 2006, Qin et al. 2007).

When gene expression levels of a constitutively active WalR mutant strain and
the strain expressing the wild-type allele were compared, 24 major virulence genes
were found to be upregulated by WalRK (Delaune et al. 2012). These genes
encoded for host matrix interaction and degradation proteins (efb, emp, fnbA, fnbB
and spl operon), cytolytic toxins (hlgACB, hla and hlb) and innate immune response
evasion molecules (scn, chp and sbi) (Fig. 4). Interestingly, the WalRK system does
not effectuate this upregulation directly but rather by altering/inducing the
expression of the SaeRS TCS, which is one of the major regulatory hubs of viru-
lence factor expression (Delaune et al. 2012) (refer to Sect. 2). WalR does not act
directly on saeRS to regulate their expression but appears to be acting through the
Sae signal transduction pathway, as there are no conserved binding sites in the sae
operon promoter region and activation of saeP expression was also lost in the
ΔsaeRS mutant (Fig. 4) (Delaune et al. 2012).

Given the profound impact on one of the major S. aureus virulence regulator
systems, it was not surprising that producing constitutively active WalR strongly
diminished bacterial virulence using a murine infection model. This was largely
caused by the early triggering of the host inflammatory response associated with
higher levels of released peptidoglycan fragments resulting in increased neutrophil
recruitment and proinflammatory cytokine production leading to enhanced bacterial
clearance (Delaune et al. 2012).
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4.2 ArlRS

The arlRS locus (autolysis-related locus) constitutes a TCS regulatory system with
the HK ArlS and the response regulator ArlR, showing strong similarity to the
response regulator of the PhoB-OmpR family (Fournier et al. 2000). The locus was
first identified from a Tn917LTV1 transposon library screen for mutants with
altered expression of the gene encoding for the multidrug efflux pump, norA
(Fournier et al. 2000; Fournier and Hooper 2000). The locus itself is composed of
two overlapping open reading frames that are transcribed as two major mRNA
transcripts of 1.5 and 2.7 kbp from the strain RN6390, but several smaller tran-
scripts have been reported in other strains. The environmental signal involved in
activating the ArlRS TCS remains unclear, although it has been shown to be
involved in the regulation of DNA supercoiling in response to high osmotic culture
conditions (Fournier and Klier 2004).

Initial reports showed that an arlS mutant exhibited dramatic autolysis as a result
of increased peptidoglycan hydrolase activity and formed biofilms on polystyrene
surfaces (Fournier and Hooper 2000). The increased capacity of arlRS-deficient
mutants to form a biofilm was corroborated in a later study, showing that arlRS
mutants demonstrated increased initial attachment as well as increased accumulation
of poly-N-acetylglucosamine (PNAG) (Toledo-Arana et al. 2005). Accumulation of
PNAG was shown to be non-essential for this phenotype, while addition of a
mutation in the staphylococcal accessory regulator sarA abolished and introduction
of an agr mutation augmented it (Toledo-Arana et al. 2005). Microarray analysis
confirmed that ArlR positively regulates the expression of the lytSR TCS involved in
autolysis as well as lrgA and lrgB, two genes encoding holing-like proteins involved
in murein hydrolase transport and inhibition, respectively (Liang et al. 2005).
However, inactivation of arlRS does not play a role in autolysis of methi-
cillin-resistant S. aureus (MRSA) strains, such as community-associated (CA-)
MRSA strains USA300 and MW2 or the healthcare-associated (HA-)MRSA strain
COL (Memmi et al. 2012). These differences were not related to the presence or
absence of the methicillin resistance determinant mecA. In both CA- and HA-MRSA
strains arlRS represses lytN, while expression of atl, lytM and lytH remained unal-
tered. The agr transcripts, RNAII and RNAIII, were significantly more downregu-
lated in the arlRS mutant of MW2 than in the MSSA strain Newman. Therefore,
autolysis regulation mediated by the ArlRS TCS seems to be regulated/affected
differently in MSSA and MRSA strains (Memmi et al. 2012).

Inactivation of arlR and arlS resulted in different expression patterns of extra-
cellular proteins and increased production of Spa, Hla and SspA (Table 2). The
ArlRS TCS modifies the synthesis of virulence factors by altering the levels of
RNA II and RNA III transcription from the agr locus and transcription of sarA from
the sar locus (Fournier et al. 2001). Conversely, expression of the arl locus is
growth phase dependent increasing slightly from exponential to post-exponential
phase. Unlike the sae and agr loci, the arl locus is not autoregulated as its tran-
scription was unaltered in arlR and arlS mutants. Agr and SarA activate the
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transcription of arl, as inactivation of sarA and agrA decreased expression of the arl
locus. Indeed, the effect of ArlRS on the expression of virulence factors is indirect
and a consequence of ArlRS’s impact on the transcription of regulatory factors such
as Agr, SarA, SigmaB and SarR as well (Fournier et al. 2001). Transcription of
ArlRS is also induced by NorG, a GntR-like protein that has been shown to affect
S. aureus genes involved in resistance to quinolones and β-lactams, such as those
encoding the NorB and AbcA transporters (Truong-Bolduc et al. 2011). The reg-
ulatory effects of ArlRS on spa expression have also been attributed to a role of
ArlRS in DNA supercoiling. High osmolarity of the culture medium increases DNA
supercoiling in an ArlRS-dependent manner, thus making it less accessible to RNA
polymerases and decreasing spa expression. In the absence of arlRS, the effect of
DNA supercoiling modulators on spa expression was decreased, suggesting that
active Arl proteins are necessary for the full effect of DNA gyrase inhibitors
(Fournier and Klier 2004; Schroder et al. 2014). Capsule biosynthesis is affected
indirectly by the ArlRS TCS as it activates the transcription of the transcriptional
regulator mgrA, which in turn activates capsule biosynthesis (Luong and Lee 2006).

Recently, ArlRS has been shown to be essential for agglutination of S. aureus in
the presence of human plasma or fibrinogen. The effect was mediated by the
upregulation of ebh expression in an arlRS mutant. Agglutination could be restored
in the arlRS mutant by deleting ebh. Expression of ehb from a constitutive promoter
also prevented agglutination (Walker et al. 2013). This alteration in S. aureus
agglutination also translates into a pathogenic phenotype. In a rabbit model of
sepsis and endocarditis, the arlRS mutant displayed a large defect in vegetation
formation and pathogenesis. This phenotype was partially restored by removing ebh
(Walker et al. 2013).

Considering the substantial impact of the ArlRS TCS on the expression of
virulence factors and regulators in vitro and in vivo, it is not surprising that arlRS-
deficient strains were also attenuated in several other virulence models. Fewer arl-
deficient mutant bacteria were recovered in two mouse models of systemic infection
and abscess formation (Benton et al. 2004) and in a murine model of hematogenous
pyelonephritis (Liang et al. 2005). Furthermore, the arlR and arlS mutants were
significantly attenuated in a silk worm model of infection (Miyazaki et al. 2012).

Taken together the ArlRS, TCS plays a significant role in S. aureus virulence
gene regulation by affecting the expression of several key virulence factors either by
directly modifying their transcription or indirectly by altering the levels of key
global virulence regulators. There is a strong strain dependency in the observed
phenotypes for arlRS mutants and the precise mechanisms of regulation and the
signals to which this system responds will require further elucidation.

4.3 LytSR

The LytSR TCS was identified as being involved in autolysis of S. aureus. An
insertional mutant in lytS formed more aggregates, showed altered cell surface
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morphology and an increased murein hydrolase activity (Brunskill and Bayles
1996a). LytS is the TCS’s sensor HK and contains six N-terminal transmembrane
domains, while LytR is the system’s cognate response regulator (Brunskill and
Bayles 1996b). The lytS and lytR genes are separated by 5 nucleotides and are
cotranscribed resulting in an approximately 2.5-kb mRNA transcript (Brunskill and
Bayles 1996a). The transcriptional start site of lytSR is located 25 bp upstream of the
lytS start codon and the promoter contains a putative σA-like consensus sequence
(Brunskill and Bayles 1996a). LytS is autophosphorylated at His390, while Asn394
is important for its phosphatase activity. LytS then phosphorylates LytR at a con-
served aspartate residue, upon which the regulators ability to bind to the target
promoter(s) is enhanced resulting in transcription of the downstream gene (Lehman
et al. 2015). Interestingly, LytR can also be phosphorylated independently of LytS
during planktonic growth with acetyl phosphate acting as phosphor donor (Lehman
et al. 2015). LytSR positively regulates the expression of two genes immediately
downstream, lrgA and lrgB. LrgA shares characteristics with the bacterio-
phage-encoded holin proteins involved in murein hydrolase transport (Brunskill and
Bayles 1996b). Mutants in lrgAB had increased extracellular murein hydrolase
activity compared to the wild-type strain and were more resistant to peni-
cillin-induced lysis (Groicher et al. 2000). Murein hydrolases catalyse the cleavage of
specific structural components of the bacterial cell wall. β-lactam antibiotics block the
enlargement process of the bacterial cell wall and the bacteria are unable to grow if
these autolysins are inhibited. Increased expression/activity of murein hydrolases
could thus render strains penicillin-tolerant (Bronner et al. 2004). LytSR appears to be
controlling lrgAB expression by monitoring changes in the proton motif force asso-
ciated with the cytoplasmic membrane. Patton et al. (2006) further proposed a model
in which the LytSR regulatory system responds to a collapse in membrane potential
by inducing the transcription of the lrgAB operon. The presence of six potential
transmembrane domains in LytS was suggested to be ideally suited to sense mem-
brane-associated signals such as membrane potential. Loss of membrane potential
could result in the autophosphorylation of LytS, which in turn phosphorylates LytR.
LytR could then bind to the promoter region and induce lrgAB transcription. It has
been speculated that LytSR signalling is required for assessing the overall health of
the bacterial cell, and ultimately in making the commitment to cell death.

The LytSR TCS system plays an important role in the development of S. aureus
biofilms. This role can be mostly attributed to its effects on the regulation of lrgAB
and thus autolysis of the bacteria leading to the release of genomic DNA, which
then becomes an important structural component of the biofilm matrix. As a con-
sequence, a lytS mutant was found to form a more adherent biofilm than the
wild-type and complemented strains and showed an increase in matrix-associated
DNA.

Transcriptomic analysis of a lytS mutant compared to its wild-type strain showed
that a total of 460 genes were downregulated at least 2-fold, while only 7 genes
were expressed at least 2-fold higher. Most of the genes downregulated in the lytS
mutation were involved in carbohydrate, energy, or nucleotide metabolism as well
as replication, transcription and translation (Sharma-Kuinkel et al. 2009).
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Sensing of changes in the transmembrane potential is of particular interest when
considering S. aureus’s interactions with its host. Many host defence cationic
AMPs (CAMPs) perturb the staphylococcal cell membrane and alter transmem-
brane potential as a core function of their lethality. The S. aureus LytSR TCRS has
been proposed to serve as a membrane potential sensor (Patton et al. 2006). A lytS
mutant strain displayed significantly increased in vitro susceptibilities to an ample
range of CAMPs including neutrophil-derived human neutrophil peptide 1, plate-
let-derived thrombin-induced platelet microbicidal proteins, its mimetic peptide
RP-1, as well as to calcium-daptomycin (Yang et al. 2013). Of note, an lrgAB
mutant was unaltered in its susceptibility to cationic peptides. In contrast to cationic
peptide resistance conferred by GraRS which is achieved by altering bacterial
surface charge, the lytS mutant did not display similar changes. These data were
further corroborated in an endocarditis model during daptomycin treatment. In this
case, the lytS mutant strain but not the lrgAB mutant was significantly attenuated
compared to the wild-type strain (Yang et al. 2013).

5 Respiration, Fermentation and Nitrate Metabolism

S. aureus is a facultative anaerobe that can grow without oxygen using either
anaerobic respiration with nitrate as the terminal electron acceptor or by fermenting
carbohydrates. The bacterium colonizes various niches that have different oxygen
availability. In particular during deeper infections (i.e. in abscesses), oxygen can
rapidly become a limiting resource requiring the bacterium to switch from aerobic
respiration to an anaerobic form of energy generation (Throup et al. 2001). While
aerobic growth is generally favourable in terms of resources spent for a certain
amount of energy obtained, the huge diversity of environments that S. aureus
inhabits exposes the bacterium to conditions that do not permit it. S. aureus employs
three TCS that respond to environmental oxygen levels in order to fine-tune respi-
ratory activity and divert energy fluxes into different metabolic pathways.

5.1 SrrAB

The SrrAB (staphylococcus respirator response) TCS (also known as SrhSR TCS)
shows significant similarity to the B. subtilis ResDE TCS, which controls the
induction of genes required for anaerobic growth in this organism. SrrA is the
cytoplasmic response regulator and SrrB the membrane-bound HK of the signal
transduction system (Pragman et al. 2004). srrAB is transcribed from a single
transcriptional start site resulting in either a 762-bp srrA or a 1752-bp srrAB
transcript. The N-terminal domain of SrrA appears to be crucial for the regulatory
effect of SrrA under oxygen limitation as natural strains lacking portions of the SrrA
N-terminus (with and without phosphorylation domain) were no longer able to

The Role of Two-Component Signal Transduction Systems … 173



repress the expression of several virulence factors (Pragman et al. 2007a). ArcR, a
member of the Crp/Fnr family of bacterial transcriptional regulators, binds to the
upstream regions of the genes encoding the two-component systems SrrAB and
WalKR. The arcR gene encoding ArcR forms an operon with the arginine deimi-
nase pathway genes arcABDC. This operon allows S. aureus to utilize arginine as a
source of energy for growth under anaerobic conditions (Makhlin et al. 2007).

SrrAB positively regulates fermentative enzymes such as lactate dehydrogenase
and alcohol dehydrogenase and seems to be a negative regulator of some TCA
cycle enzymes (Throup et al. 2001). SrrA binds to the agr, spa, tst, srr and icaR
promoters and represses their transcription, particularly under low-oxygen condi-
tions (Pragman et al. 2004; Yarwood et al. 2001). Conversely it appears to be
enhancing the levels of tst, spa, and icaR under aerobic conditions (Pragman et al.
2007b). Overexpression of SrrAB resulted in decreased expression of these viru-
lence factors and in reduced virulence in a rabbit model of bacterial endocarditis
(Pragman et al. 2004). SrrAB-deficient strains were found to be attenuated in a
mouse pyelonephritis infection model (Throup et al. 2001), a C. elegans model of
virulence (Bae et al. 2004) and a murine sepsis model (Richardson et al. 2006).
A transposon mutagenesis screen for mutants inhibited in their biofilm forming
capacity identified the SrrAB TCS as being involved in biofilm formation. In
contrast to all other mutants identified in this screen, the srrA mutant produced more
of the polysaccharide intercellular adhesin (PIA) but showed less biofilm formation
(Tu Quoc et al. 2007). Since biofilm communities are thought to contain anaerobic
microenvironments, the authors proposed that the srrA mutant was unable to
develop biofilms because of a defect linked to oxygen sensing rather than PIA
production. SrrAB is important for S. aureus survival in neutrophils and is a major
activator of ica expression and PIA production in anaerobic environments, where it
contributes to the protection of S. aureus against non-oxidative defence mecha-
nisms (Ulrich et al. 2007).

A recent study determined that SrrA was the predominant transcriptional acti-
vator of plc encoding a phosphatidylinositol (PI)-specific phospholipase C
(PI-PLC) capable of hydrolysing PI and cleaving glycosyl-PI (GPI)-linked proteins
from cell surfaces (White et al. 2014). Regulation of plc in vitro and in vivo was
linked to oxidative stress in an SrrAB-dependent manner. Even though a plc mutant
in a CA-MRSA USA300 background exhibited a survival defect in human whole
blood and in isolated neutrophils, it displayed no survival defect in murine models
of infection or murine whole blood (White et al. 2014). These observations indicate
once again the inherent problems of using model systems for studying the role of
virulence factors (Salgado-Pabon and Schlievert 2014) and could suggest that Plc
plays a role in human staphylococcal infection, while it is not essential in the
murine model used.

SrrAB has been shown to be involved in the regulation of many genes induced
by nitric oxide (NO∙) and inactivation of srrAB resulted in heightened NO� sen-
sitivity (Richardson et al. 2006). Although the environmental signal for SrrAB
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activation has not been fully confirmed yet, Fuchs et al. (2007) suggested that the
oxygen concentration per se might not be crucial for the regulation of genes
involved in fermentation processes. Instead, the reduced state of component(s) of
the respiratory chain, the membrane potential, and/or the increased level of NADH
might be a signal for anaerobic gene regulation in S. aureus. Some regulatory roles
might also be attributed to the interaction of the SrrAB regulon with other TCS and
regulators. The nreCBA operon encodes a TCS which is involved in the regulation
of nitrate/nitrite reduction in S. aureus in response to oxygen levels (Kamps et al.
2004), while a third thus far uncharacterized TCS (SACOL0202/SACOL0203) was
induced under low-oxygen conditions (Fuchs et al. 2007). An example of this
coregulation is ldh1 whose expression is controlled by the oxygen responsive
regulators SrrAB, NreB, and the redox regulator, Rex. Rex senses NAD+/NADH
balance and is upregulated by CcpA in the presence of a carbohydrate carbon
source (Chaffin et al. 2012). A more recent study showed that S. aureus can both
sense and respond to NO∙ stress and hypoxia via SrrAB (Kinkel et al. 2013). This
role is of key importance as S. aureus lacks the NO∙-sensing transcriptional reg-
ulator NsrR, which is used in many bacteria to sense NO∙ stress. The SrrAB regulon
comprises genes required for cytochrome biosynthesis and assembly (qoxABCD,
cydAB, hemABCX), anaerobic metabolism (pflAB, adhE, nrdDG), iron–sulphur
cluster repair (scdA), and NO� detoxification (hmp). Kinkel et al. (2013) showed by
using targeted mutations in SrrAB-regulated loci that hmp and qoxABCD were
required for NO� resistance, whereas nrdDG was specifically required for anaerobic
growth. This is in contrast to NsrR which directly senses NO∙ SrrAB activation by
hypoxia, NO�, or a qoxABCD quinol oxidase mutation suggesting that the
SrrAB TCS senses impaired electron flow in the electron transport chain rather than
directly interacting with NO� (Kinkel et al. 2013).

In 37 % of analysed S. aureus genomes, nitrosative stress resistance can also be
aided by the presence of nor, encoding a predicted quinol-type nitric oxide
reductase. Expression of nor was upregulated during low-oxygen growth in an
SrrAB-dependent manner (Lewis et al. 2015). The authors proposed that Nor
contributes to NO-dependent respiration during nitrosative stress by receiving its
electrons directly from reduced quinones in the electron transport chain when
catalysing NO reduction. Because S. aureus only uses menaquinone in the respi-
ratory chain, Nor could potentially contribute to metabolic adaptation to nitrosative
stress by both directly oxidising the quinone pool (and thereby allowing increased
flow of electrons through the respiratory chain) and by utilizing NO. as an alter-
native electron acceptor (Lewis et al. 2015).

Taken together, SrrAB contributes to S. aureus virulence by interacting both
directly with virulence genes and regulators and by fine-tuning the bacterial
metabolism for aerobic and anaerobic respiration. With oxygen availability being
one of the main characteristics in different host niches, the SrrAB TCS takes a
central role in S. aureus virulence regulation.
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5.2 NreCBA

Nitrate and nitrite metabolism in many bacteria involves the Fnr protein (fumarate
and nitrate reductase). Fnr specifically binds to target DNA sites as a dimer con-
taining one [4Fe–4S]2+ iron sulphur (FeS) cluster coordinated by four cysteine
residues. Upon exposure to air, Fnr is inactivated and the [4Fe–4S]2+ disassembled,
resulting in Fnr monomers that do not bind target DNA (Fedtke et al. 2002). An Fnr
protein as described in other bacteria is neither encoded in the Staphylococcus
carnosus nor in the S. aureus genome (Fedtke et al. 2002). The NreCB (nitrogen
regulation) TCS was first described in S. carnosus when a mutant in the nreCBA
operon was shown to be significantly affected in nitrate and nitrite reduction as well
as in its growth (Fedtke et al. 2002). Transcription of genes involved in nitrate and
nitrite metabolism and transport (narT, narGHJI and the nitrite reductase (nir)
operon) was severely reduced in the nreCBA mutant strain even when cells where
cultured under aerobic or anaerobic conditions in the absence of nitrate or nitrite
(Fedtke et al. 2002). Interestingly, transcription of the nreCBA operon was not
altered under these conditions. NreC is phosphorylated by NreB and phospho-NreC
specifically binds to a GC-rich palindromic sequence (5′-TAGGGN4CCCTA-3′) to
enhance transcription initiation (Fedtke et al. 2002).

NreB is different to other TCS sensors as it is not membrane bound but found in
the cytosol. Similar to Fnr, NreB contains four N-terminal cysteine residues, which
in conjunction with iron was essential for NreB function (Kamps et al. 2004;
Mullner et al. 2008). Isolated NreB could be activated by incubation with cysteine
desulphurase, ferrous iron and cysteine, a characteristic typical for FeS-containing
proteins such as Fnr. Activation was reversible by oxygen suggesting that the
regulatory activities of NreB involved direct sensing of oxygen concentrations
(Kamps et al. 2004). Reinhardt et al. (2010) confirmed that in aerobically grown
S. carnosus the apo-form of NreB (Fe–S-less) is the predominant form of NreB
present, while in anaerobically grown bacteria NreB containing a coordinated
[4Fe-4S]2+-cluster is predominant. In the absence of oxygen, the autokinase of
NreB is activated, and the phosphoryl group is transferred to the response regulator
NreC. Unlike FNR, NreB does not act directly as transcriptional activator but
instead transfers the phosphoryl group to the response regulator NreC (Kamps et al.
2004).

Comparative DNA microarray and proteomic analyses between the S. aureus
wild-type and nreCBA mutant strains under anoxic conditions in the absence and
presence of nitrate showed no direct influence of the NreCBA system on the
expression of staphylococcal virulence factors, yet genes and proteins involved in
nitrate and nitrate reduction were significantly reduced in the nreCBA mutant
compared to the wild-type strain. Therefore, the nreCBA mutant was unable to
utilize nitrate as a respiratory oxidant and was forced into fermentative growth
under anoxia (Schlag et al. 2008). Even though the expression of virulence factors
was not affected in the nreCBA mutant, the ability of S. aureus to use nitrate as a
terminal electron acceptor in nitrate respiration could confer a fitness advantage to
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the bacterium during infection. Recently, NreA has been identified as a new type of
nitrate receptor in S. carnosus. Nitrate induction of a narG-lip reporter gene
required presence of NreBC, yet when nreA was deleted, nitrate was no longer
required for maximal induction, suggesting that NreA is a nitrate-regulated inhibitor
of NreBC (Nilkens et al. 2014). The interaction of NreA with nitrate was also
confirmed by cocrystallization (Niemann et al. 2014). In vitro, NreA decreased
NreB phosphorylation by direct interaction inhibiting its autophosphorylating
activity. Therefore, NreA interacts with NreB and controls its phosphorylation level
in a nitrate-dependent manner. By this mechanism, S. aureus uses nitrate and NreA
to modulate the function of the oxygen sensor NreB, resulting in nitrate/oxygen
cosensing by an NreBA sensor unit as part of the NreCBA system (Nilkens et al.
2014).

Even though little is known as to the virulence properties of nreCBA mutants of
S. aureus, the TCS plays a crucial role in facilitating anaerobic nitrate respiration in
S. carnosus. In vitro experiments in S. aureus have shown that the regulation of the
tested virulence factors was not affected in an nreCBA mutant, yet it is still unclear
as to what phenotype this would translate to during infection. One could expect that
the mutant might be severely affected in its ability to infect animals given that
nitrate respiration was shown to confer a fitness advantage to the bacterium. Other
regulatory mechanisms might interact with the NreCBA TCS under invasive con-
ditions and thereby alter the staphylococcal virulence profile. It remains to be
determined how NreCBA will affect virulence/infectivity in vivo.

5.3 AirRS

The AirRS (anaerobic iron–sulphur cluster-containing redox sensor regulator,
previously known as YhcRS) TCS has been found to be essential for the growth of
some S. aureus strains. Downregulation of airRS expression by induction of airS
antisense RNA was shown to effectively inhibit and terminate bacterial growth (Sun
et al. 2005). However, transposon mutants of both airS and airR were isolated in
the Phoenix transposon mutant library (Bae et al. 2004), indicating that the AirSR
system might be non-essential in at least some strain backgrounds. This observation
was further corroborated by repeating the antisense airS experiment in the Newman
strain background, where no effect on bacterial growth could be observed (Sun et al.
2012). Yan et al. (2012) later demonstrated that airR binds to the promoters of the
opuCABCD operon (encoding components of a glycine betaine/carnitine/choline
ABC transporter) and that expression of this operon in trans could partially recover
the conditional airRS mutant’s lethal phenotype in this strain background.
Conversely, this operon was affected in a similar way in the Newman strain
background, whose viability was not affected (Sun et al. 2012) suggesting that
changes in betaine/carnitine/choline transport could not account for the observed
lethality of the airRS mutant (Yan et al. 2012). The genes of the airRS operon are
cotranscribed as a ≈1.6-kb mRNA (Sun et al. 2005). The AirRS TCS was shown to
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be involved in regulating nitrate respiration under anaerobic conditions and AirR
was found to directly bind to the promoter regions of narG and nreCBA, thereby
also altering NreCBA regulon (see above) (Yan et al. 2011). The AirS protein is a
sensor HK consisting of two domains, the N-terminal sensory domain and
C-terminal HK domain. The N-terminal sensory domain contains an Fe–S clus-
ter-binding motif composed of four conserved cysteine residues (Sun et al. 2012).
AirSR responds to oxidation signals such as O2, H2O2 or NO. by using a re-
dox-active [2Fe–2S] cluster in the sensor kinase AirS. In fact, the oxidised AirS
with a [2Fe–2S]2+ cluster shows the highest kinase activity and both reduced or
overoxidised AirS lose this activity. S. aureus AirSR represents the first TCS
known to utilize [2Fe–2S] as a sensory motif to respond to oxygen and various
ROSs/RNSs (Sun et al. 2012).

Microarray analysis of a transposon insertion mutant of airR compared to the
Newman wild-type strain revealed that the airR mutant showed no significant dif-
ference when both strains were grown under aerobic conditions. However, AirSR
considerably alters S. aureus gene regulation under anaerobic growth by affecting the
expression and regulation of more than 350 genes including: global regulatory sys-
tems such as the quorum sensing (RNAIII, AgrA, and AgrD), the TCS SaeRS and
stress-associated factors (RsbU and RsbW) (Table 2). As a consequence, the
expression levels of key virulence factors such as capsular polysaccharide biosyn-
thesis protein (Cap5A), Spa and γ-haemolysin (HlgC) were altered in the airRmutant
(Sun et al. 2012). In general, the airR mutant had altered expression of a number of
genes ranging from virulence, transcriptional regulation, stress response, protein
synthesis, DNA replication, metabolism, cell wall synthesis to a number of unchar-
acterized functions (Sun et al. 2012). In order to determine a more detailed picture of
AirRS-dependent gene regulation in pathogenesis a combination of antisense RNA
interference technology, an inducible overexpression system and gene deletions were
employed (Hall et al. 2015). Depletion of AirSR by antisense RNA expression or
deletion of the genes significantly decreased bacterial survival in human blood.
Conversely, overexpression of AirR significantly promoted survival of S. aureus in
blood. This observation was connected to the positive effect of AirR on the secretion
of virulence factors that inhibit opsonin-based phagocytosis and AirRS-dependent
transcriptional regulation of the sspABC operon which is responsible for encodingV8
protease (SspA), staphopain B (SspB) and staphostatin B (SspC) (Hall et al. 2015).
SspA and SspB are known virulence factors which proteolytically digest opsonins
and inhibit killing of S. aureus by professional phagocytes.

The airR mutant strain showed increased resistance to H2O2, vancomycin,
ciprofloxacin and norfloxacin when grown under anaerobic conditions (Sun et al.
2012). The authors proposed that the AirSR may respond to these antibiotics
through sensing of the generated ROS, although the detailed mechanism of how
AirSR affects the S. aureus antibiotic susceptibility remains to be determined (Sun
et al. 2012).

Taken together, the AirRS TCS has a major impact on global staphylococcal
gene regulation affecting major regulatory pathways in virulence gene expression.
AirRS-dependent regulation is active under anaerobiosis and more than 350 gene
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are differentially expressed between and airR mutant and its parental strain. Given
the global impact of AirRS on gene regulation, it is not at all surprising that mutants
in this TCS were affected in virulence.

6 Nutrient Sensing and Metabolism

The availability of nutrients and micronutrients (such as iron, potassium and
phosphate) is a key determinant of the microenvironment in which a bacterium
resides and is essential for bacterial metabolism and survival. Eukaryotic hosts
utilize nutritional immunity in order to abrogate or limit bacterial growth by
chelating iron to high-affinity host factors such as transferrin, rendering them vir-
tually absent in solution. The majority of iron in humans is stored in haemoglobin
and S. aureus has developed mechanisms by which it can liberate haem iron
(Cassat and Skaar 2013). Iron serves as a redox catalyst, accepting or donating
electrons in biological processes. Nevertheless, the redox potential of iron also
generates cellular toxicity under conditions of iron overload and S. aureus has to
fine-tune intracellular iron concentration in order to survive (Cassat and Skaar
2013). In this section, we are going to focus on TCS that are involved in nutrient
acquisition and regulation of gene expression in response to nutrient availability.

6.1 HssSR

Host haem (a metalloporphyrin) provides an accessible and vital source of iron
during infection. Haem acquisition is accomplished through cell-wall-anchored,
membrane-bound and cytoplasmic proteins of the Isd and Hts loci. At high con-
centrations, haem is toxic and capable of killing S. aureus. S. aureus maintains
cellular haem homeostasis through the coordinated actions of the haem-sensing
TCS (HssRS) and the haem-regulated transporter efflux pump (HrtAB).
HssRS-dependent expression of HrtAB results in the alleviation of haem toxicity
and tempered staphylococcal virulence (Stauff et al. 2007). Signalling between the
sensor HK HssS and the response regulator HssR is necessary for growth of
S. aureus in high concentrations of haem. Phosphorylated HssR binds to a direct
repeat DNA sequence (5′-GTTCATATTN2GTTCATATT-3′) within the hrtAB
promoter upon exposure of S. aureus to high concentrations of haem, thereby
inducing expression of the hrtAB operon (Stauff et al. 2007; Friedman et al. 2006).

The HssRS/HrtAB haem detoxification system is conserved in a number of
mammalian pathogens and underscores the potential role this system plays in the
survival of bacteria in haem-rich environments (Wakeman et al. 2014). When it was
tested whether metalloporphyrins other than haem could induce the S. aureus haem
detoxification system, it was found that only toxic metalloporphyrins were able to
maximally activate its expression. This suggested that the sensing mechanism of
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HssRS might require a component of the associated toxicity rather than or in
addition to the metalloporphyrin itself (Wakeman et al. 2014). A significant com-
ponent of haem toxicity is oxidative damage. Only a subset of toxic metallopor-
phyrins elicits oxidative damage, whereas all toxic non-iron metalloporphyrins
tested inhibited bacterial respiration (Wakeman et al. 2014). Interestingly, despite
the fact that toxic metalloporphyrin treatment induces the expression of S. aureus
haem detoxification machinery, the HrtAB haem export pump was unable to
detoxify most of these molecules. The ineffectiveness of HrtAB against toxic haem
analogues therefore also provides an explanation for their increased antimicrobial
activity relative to haem (Wakeman et al. 2014).

Interestingly, inactivation of the HssSR or HrtAB systems leads to enhanced
liver-specific S. aureus virulence, which correlates with a reduced innate immune
response to infection in a vertebrate infection model (Torres et al. 2007). S. aureus
might exploit the association of haem with the major protein constituents of blood
and muscle as a molecular marker to distinguish internal host tissue from surface
colonization sites and by tempering its virulence the bacterium could avoid gen-
erating excessive host tissue damage (Torres et al. 2007).

S. aureus mutants with an insertion in hssR were 2 to 4-fold more resistant to
plectasin and eurocin, two host defence peptides, as compared to the wild-type.
Addition of plectasin did not influence the expression of hssR or hrtA. The lack of
plectasin regulation of the systems implies that the TCS does not sense the
defensins and the ABC transporter system HrtAB is not involved in exporting the
peptides (Thomsen et al. 2010). This therefore indicated that the effect by which
peptide sensitivity was conferred to S. aureus via HssR was mediated by one or
more of the potential 14 genes/operon sharing the HssR binding site in their pro-
moter (Thomsen et al. 2010; Stauff et al. 2008).

Researchers have developed molecules that can exploit the HssRS system for
use as combinatorial antibiotic agents. Endogenous haem biosynthesis in S. aureus
was stimulated by small molecule activators leading to increased intracellular haem
levels and thereby activating HssRS (Mike et al. 2013). The metabolic alterations
induced by these small molecules are toxic to fermenting S. aureus. A combination
with known respiratory inhibitors was found to be highly antimicrobial against
fermenting bacteria including small colony variants and virtually eliminated the
development of resistance to aminoglycoside antibiotics. Notably, treatment with
one of these small molecules also reduced bacterial burdens in a systemic model of
staphylococcal infection (Mike et al. 2013).

6.2 KdpDE

The KdpDE TCS was first characterized in Escherichia coli, in which the HK KdpD
and its cognate response regulator KdpE regulate the production of the high-affinity
K+ transporter Kdp-ATPase (Ballal et al. 2007). In E. coli, Kdp-ATPase is an effi-
cient K+-scavenging system that is expressed when cells are subjected to extreme
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K+ limitation or osmotic upshock and other low-affinity K+ transporters cannot meet
the cellular requirements for K+. The HK KdpD autophosphorylates and transfers its
phosphoryl group to the response regulator KpdE, increasing its affinity to a 23-bp
region in the promoter of the kdpFABC operon and inducing transcription (Xue et al.
2011). The kdpFABC operon in S. aureus is organized similarly to that of E. coli,
but the kdpDE genes are oriented divergently to the rest of the operon in S. aureus
upstream of the kdpA gene, yet its function in this bacterium seems to be diverse
(Xue et al. 2011). DNaseI footprinting analysis in S. aureus showed that KdpE binds
a 23-bp region (5′-GCATACACATCTTAATGATTTCT-3′) in the kdpF promoter
and likely influences kdpFABC expression by competitively binding to this 23-bp
sequence and inhibiting the binding of transcriptional factors, such as σ-factor and
RNA polymerase (Xue et al. 2011).

KdpD and KdpE are cotranscribed (Zhao et al. 2010) and their transcripts were
shown to change their expression in response to several environmental stimuli such
as growth under biofilm conditions, neutrophil microbicides or during human
neutrophil phagocytosis (Palazzolo-Ballance et al. 2008; Beenken et al. 2004;
Voyich et al. 2005). In S. aureus NCTC8325, KdpDE displays a repression effect
on the transcription of kdpFABC even under strict K+ limitation suggesting that
KdpFABC is not a major K+ transporter in this bacterium (Xue et al. 2011). KdpD
activity is influenced by binding c-di-AMP through its universal stress protein
domain. c-di-AMP binding to KdpD inhibits the upregulation of the kdpFABC
operon under salt stress, thus indicating that c-di-AMP is a negative regulator of
kdpFABC and potentially potassium uptake in S. aureus (Moscoso et al. 2015).

Expression of kdpDE is stimulated by the Agr quorum-sensing system in an
RNAIII and possibly Rot-dependent manner connecting the TCS to one of the
major regulatory networks controlling expression of virulence factors (Table 2)
(Xue et al. 2011). The KdpDE TCS is also intertwined with a secondary quo-
rum-sensing mechanism that is shared by both Gram-positive and Gram-negative
bacteria. This system produces an autoinducing peptide via the LuxS enzyme in a
metabolic pathway known as the activated methyl cycle and is mainly involved in
regulating bacterial metabolism (Winzer et al. 2002; Vendeville et al. 2005;
Schauder et al. 2001). In contrast to other autoinducers that are usually involved in
intraspecies communication, AI-2 is widely present in bacteria, leading to the
suggestion that it is a universal language for interspecies communication. The TCS
genes kdpDE were upregulated by luxS deletion and their repression could be
restored by the addition of exogenous AI-2 (Zhao et al. 2010). KdpDE itself is able
to regulate capsular polysaccharide production via the phosphorylation of KdpE
and its subsequent binding to the cap promoter (Zhao et al. 2010).

The KdpDE system appears to be involved in virulence in some bacteria. For
instance, in Mycobacterium tuberculosis, deletion of kdpDE resulted in increased
virulence. Mice infected with the M. tuberculosis kdpDE mutant died more rapidly
than those infected with wild-type bacteria (Parish et al. 2003). The absence of luxS
increased S. aureus survival in human blood and human U937 monocytic cells, and
the absence of kdpDE attenuated S. aureus survival (Zhao et al. 2010; Xue et al.
2011). Interestingly, kdpDE mutants show altered transcriptional levels of several
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virulence factors. Expression of hla, aur, geh and hlgB was repressed, while
expression of spa and cap was stimulated by KdpDE. Despite different regulatory
outcomes, the response regulator KdpE binds to the promoter regions of all of these
genes apart from hla (Xue et al. 2011). Even though it is not one of the major K+

transporters in S. aureus, the transcript levels of kdpDE are repressed by increasing
external K+ concentrations, indicating that S. aureus might modulate its infectious
status by sensing specific external K+ stimuli in different environments. This
repression is also mirrored in the transcript levels of spa (Xue et al. 2011).
Repression of kdpDE by increased K+ availability could play an important role in
its regulation of virulence determinants. K+ concentrations similar to those found in
host blood and tissue fluid (≈4 mM) or within host cells (≈100 mM) repressed
kdpD transcription (Xue et al. 2011).

The KdpDE TCS might therefore act as an additional sensor for S. aureus
signalling the transition from a colonizing to an invasive lifestyle. In the natural
environment, a high level of KdpDE transcription helps to activate the expression
of cell wall proteins and polysaccharides, which are beneficial to colonization.
However, in transition from the natural environment to the host, which has a higher
K+ concentration, transcript levels of kdpDE decrease, causing a low expression of
cell wall proteins but a high production of extracellular toxins and enzymes which
facilitate local invasion (Xue et al. 2011).

The KdpDE TCS and its regulatory network are highly interconnected with
major regulators of virulence gene expression. It is possible that it acts as an
additional mechanism for fine-tuning the expression of several virulence factors in
response to host stimuli such as K+ availability. The observed attenuated pheno-
types of kdpDE mutants in several models of virulence and the capacity of KdpDE
in regulating alterations in the gene expression pattern indicates that KdpDE plays
an important role in the pathogenesis of S. aureus.

6.3 PhoRP

Not much is known about this TCS and to date only one study in S. aureus has
shown that the PhoRP TCS might be involved in the regulation of virulence factors.
A random transposon library screen for S. aureus mutants that were altered in their
haemolysin expression compared to the wild-type strain identified that mutations
the PhoRP TCS increased expression of haemolysin (Burnside et al. 2010).

In B. subtilis, the PhoPR TCS system controls one of the major responses to
phosphate limitation, directs the expression of phosphate scavenging enzymes,
lowers the synthesis of phosphate-rich wall teichoic acid and, in replacement, ini-
tiates the synthesis of non-phosphate-containing teichuronic acid (Botella et al.
2014). One of the main functions of the PhoRP TCS is to monitor cell wall teichoic
acid metabolism, as PhoR autokinase activity is controlled by the expression level
of an intermediate used in its synthesis. Under phosphate-rich conditions,
autophosphorylation of PhoR is inhibited by this intermediate. Upon phosphate
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limitation, PhoR is phosphorylated and then transfers its phosphate group to its
cognate response regulator PhoP, thereby triggering transcriptional changes in
downstream targets (Botella et al. 2014).

7 Conclusions

TCSs enable S. aureus to adapt to a plethora of environmental stimuli and are
essential for its ability to create such a various range of disease manifestations.
Virtually, all characterized TCSs contribute to some extent to the regulation of
virulence-associated gene expression and often more than one TCS act in concert
with other staphylococcal regulators to fine-tune virulence gene expression. Despite
our knowledge of the genes that are affected by the specific TCS, little is known
about the signals that are relayed. Identification of these signals could provide
valuable mechanistic insights into how S. aureus senses its environment and may
potentially provide targets for use in designing inhibitory compounds to be used in
conjunction with classic antibiotic treatment. Given the propensity of S. aureus to
quickly develop new resistance mechanism, development of multicomponent
vaccines which target genes controlled by different regulatory systems or with
different expression profiles could provide a suitable strategy for combating
staphylococcal infections. For example, spa is highly expressed early on during
in vitro growth, while hla is induced towards stationary phase. The asynchronous
expression of virulence factors and spA has also been attributed to differential
development of humoral response against S. aureus antigens upon infection (Pozzi
et al. 2015). Indeed, the B-cell killing activity of SpA prevents development of
antibodies against many but not all S. aureus antigens (Kim et al. 2010). Targeting
SpA as a vaccine candidate would therefore unleash antibody responses against
those antigens expressed during early exponential growth, while targeting Hla
would cover stationary-phase bacteria. A combination of antigens covering sets of
diversely regulated genes would therefore increase protective efficacy.
A multicomponent S. aureus vaccine has recently shown promising protection in
murine models of infection (Bagnoli et al. 2015).
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Staphylococcus aureus-Associated Skin
and Soft Tissue Infections: Anatomical
Localization, Epidemiology, Therapy
and Potential Prophylaxis

Reuben Olaniyi, Clarissa Pozzi, Luca Grimaldi and Fabio Bagnoli

Abstract Skin and soft tissue infections (SSTIs) are among the most common
infections worldwide. They range in severity from minor, self-limiting, superficial
infections to life-threatening diseases requiring all the resources of modern medi-
cine. Community (CA) and healthcare (HA) acquired SSTIs are most commonly
caused by Staphylococcus aureus. They have variable presentations ranging from
impetigo and folliculitis to surgical site infections (SSIs). Superficial SSTIs may
lead to even more invasive infections such as bacteraemia and osteomyelitis. Here
we describe the anatomical localization of the different SSTI associated with
S. aureus, the virulence factors known to play a role in these infections, and their
current epidemiology. Current prevention and treatment strategies are also dis-
cussed. Global epidemiological data show increasing incidence and severity of
SSTIs in association with methicillin-resistant S. aureus strains (MRSA). CA-SSTIs
are usually less morbid compared to other invasive infections caused by S. aureus,
but they have become the most prevalent, requiring a great number of medical
interventions, extensive antibiotic use, and therefore a high cost burden. Recurrence
of SSTIs is common after initial successful treatment, and decolonization strategies
have not been effective in reducing recurrence. Furthermore, decolonization
approaches may be contributing to the selection and maintenance of multi-drug
resistant strains. Clinical studies from the early 1900s and novel autovaccination
approaches suggest an alternative strategy with potential effectiveness: using
vaccines to control S. aureus cutaneous infections.
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Abbreviations

SSTI Skin and soft tissue infection
CA Community acquired
HA Hospital acquired
SSIs Surgical site infections
MRSA Methicillin-resistant Staphylococcus aureus
CA-SSTIs Community acquired skin and soft tissue infections
SA-SSTIs Staphylococcus aureus skin and soft tissue infections
PRR Pattern recognition receptor
PAMPs Pathogen-associated molecular patterns
MSSA Methicillin sensitive Staphylococcus aureus
SSSS Staphylococcal scalded skin syndrome
SCCmec Staphylococcal chromosome cassette mec
NNIS National nosocomial infections surveillance
HA-MRSA Hospital-associated methicillin-resistant Staphylococcus aureus
CA-MRSA Community-associated methicillin resistant Staphylococcus

aureus
SA-SSIs Staphylococcus aureus surgical site infections
ICU Intensive care unit
SEA Staphylococcal enterotoxins A
SEB Staphylococcal enterotoxins B
TSST-1 Toxic shock syndrome toxin-1
Th2 T-helper cell 2
MSCRAMMs Microbial surface components recognizing adhesive matrix

molecules
FnBPs Fibronectin-binding proteins
ClfA and ClfB Clumping factor A and B
IsdA Iron surface determinant A
WTA Wall teichoic acid
ETA and ETB Exfoliative toxins A and B
PVL Panton–Valentine leukocidin
Hla Alpha hemolyisin
ACME Arginine catabolic mobile element
SIRS Systemic inflammatory response syndrome
ED Emergency department
CoNS Coagulase negative S. aureus
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1 Introduction

Staphylococcus aureus is both a commensal and a major pathogen in humans. On
the one hand, S. aureus ubiquitously colonizes the moist skin of the anterior nares
of approximately 30 % of healthy, asymptomatic adults (Kluytmans et al. 1997;
Eriksen et al. 1995). Surveys of non-nasal skin sites such as the axillae and the
perianal region suggest an even higher percentage of asymptomatic persistent and
transient S. aureus carriers (Wertheim et al. 2005). On the other hand, S. aureus is a
leading cause of bacteraemia, infective endocarditis, osteomyelitis, pneumonia,
indwelling medical device related infections, as well as skin and soft tissue infec-
tions (SSTIs). Colonization of the skin and mucosa with S. aureus may precede and
increase the risk of invasive infections. One of the most susceptible populations to
S. aureus infection are HIV-infected patients, who have a high rate of S. aureus
carriage in the anterior nares, increasing the incidence of superficial and deep
dermal pathology and consequently invasive infections (Berger 1993). The emer-
gence of multidrug-resistant strains has increased the mortality and morbidity rates
associated with these infections in the community and hospital environment.

S. aureus SSTIs (SA-SSTIs) affect patients of all ages and manifest in a diverse
array of clinical presentations, varying from superficial and harmless, to severe and
life-threatening. Uncomplicated SSTIs account for a large number of patients
seeking medical care annually. The number of ambulatory care visits has been
reported to range between 11.6 and 14.2 million in the United States (McCaig et al.
2006; Hersh et al. 2008). Although low in severity compared to other forms of
S. aureus infections, uncomplicated SSTIs account for the most prevalent form of
staphylococcal infections and S. aureus represents the most frequent cause of
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SSTIs, in both adult and paediatric populations (Ray et al. 2013a). SA-SSTIs are
also associated with the development of serious complications, as bacteria can gain
access to deeper tissue and disseminate to the bloodstream causing invasive disease
such as endocarditis, osteomyelitis, deep tissue abscesses, sepsis and pneumonia
(Tattevin et al. 2012). S. aureus is also the leading cause of surgical site infections
(SSIs) (Deverick and Anderson 2009). Recurrent SSTIs are common, and the
emergence of multidrug-resistant S. aureus strains limits available antimicrobial
therapies (Creech et al. 2015).

This review provides an overview of the various SA-SSTIs, worldwide epi-
demiology of community acquired (CA) and hospital acquired (HA) infections,
virulence factors and pathogenesis, as well as current antimicrobial therapy and
prophylaxis.

2 Human Skin Anatomy

The skin is the largest organ of the body corresponding to 15 % of the total body
weight in adults. Human skin has three main compartments: the epidermis, the
dermis and the subcutis (Fig. 1). The epidermis is the outermost layer of the skin
consisting of an avascular stratified epithelium. Its thickness is about 0.2 mm on
average and this thickness varies depending on the part of the body and the amount
of water that it contains.

The epidermis is composed of five layers. The innermost stratum basale contains
actively mitotic stem cells that divide and move towards the outer surface to
become part of the more superficial layers. The basal layer is responsible for
constantly renewing the cells of the epidermis. One cycle of turnover of the epi-
dermis takes approximately 28 days. Basal keratinocytes differentiate and move to
the stratum spinosum to begin a maturation process, but also divide to replenish the
basal layer. T cells (mainly CD8+ T cells), melanin-producing cells called mela-
nocytes and Langerhans cells can be found in the stratum basale. The stratum
spinosum is the thickest layer of the epidermis with 10–20 layers of cells (50–
150 µm) that lie on top of the basal layer (Anderson and Parrish 1982). Cells that
move into the stratum spinosum become polygonal in shape and synthesize keratins
(keratin 1 and 10) that are distinct from the basal layer keratins (keratin 5 and 14).
The term stratum spinosum refers to the shape of the keratinocytes in histological
sections whose spiny appearance is due to shrinking of the microfilaments between
desmosomes. In addition, the stratum spinosum contains melanocytes and
Langerhans cells, which are the main skin-resident immune cell. The third layer,
stratum granulosum is comprised of a population of keratinocytes whose keratin
content is higher and moisture content lower in comparison with the preceding two
layers. The stratum lucidum, the fourth layer, is visible by light microscopy only in
areas of thick skin, which are found on the palms of the hands and the soles of the
feet. The cells are flattened and tightly packed. The fifth layer is the stratum
corneum. Cells in this layer, known as corneocytes or horny cells, are dead

202 R. Olaniyi et al.



keratinocytes that lack organelles. They provide the barrier against many toxic
agents and prevents dehydration (Proksch et al. 2008; Krueger and Stingl 1989).

One of the skin’s most important functions is to form a protective barrier against
environmental insults. The epidermis comprises physical, chemical/biochemical
and cellular (both innate and adaptive) defences. The physical barrier is represented
primarily by the stratum corneum but the other layers of the epidermis containing
nucleated cells also contribute to the barrier through cell–cell junctions (tight and
adherens junctions) and cytoskeletal proteins. Keratinocytes and Langerhans cells
in the epidermis, as well as dermal mast cells, dendritic cells and macrophages,
release antimicrobial peptides, cytokines and chemotactic proteins as a danger
signals (Kupper and Fuhlbrigge 2004; Murphy et al. 2000). The stratum corneum
contains antimicrobial peptides such as b-defensin 2, b-defensin 3, cathelicidins and

Fig. 1 Anatomical localization of skin infections. The image illustrates main superficial skin
infections. The epidermis can be affected by impetigo, staphylococcal scalded skin syndrome
(SSSS) and erysipelas. The dermis and subcutis are affected by erysipelas and cellulitis.
Manifestations affecting hair follicles include folliculitis, furuncles and carbuncles. Structural
components of the skin are indicated on the right
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RNase 7 which have bacteriostatic and bactericidal activity against skin pathogens
(Schauber and Gallo 2009; Otto 2010). Keratinocytes of the granular, spinosum,
and basal layers express pattern recognition receptors (PRRs) that recognize
pathogen-associated molecular patterns (PAMPs) of invading microorganisms,
initiating a prompt cutaneous immune response (Fournier and Philpott 2005; Kawai
and Akira 2010). Adaptive immunity of the skin consists of both humoral and
cellular components orchestrated by intradermal B and T cells respectively (Kupper
and Fuhlbrigge 2004; Nestle et al. 2009).

3 Overview of SSTIs

Classification of SSTIs is dependent on the location and depth of the infection. In
particular impetigo is superficially localized in the stratum corneum of the epi-
dermis, ecthyma on the superficial epidermis, while erysipelas, cellulitis and
necrotizing fasciitis are confined to a deeper level of the dermis. Carbuncles and
furuncles involve the hair follicles (Fig. 1 and Table 1).

3.1 Superficial Skin Infections—Impetigo and Ecthyma

Impetigo, the most common bacterial infection in children is a localized purulent
superficial skin infection. S. aureus has been reported to be a cause of both bullous
and non-bullous impetigo. Bullous impetigo begins as a vesicle, but then forms a
flaccid bulla. The bulla soon ruptures and forms a thin light brown crust (Gemmell
1995; Ladhani et al. 1999; Melish and Glasgow 1970).

Non-bullous impetigo (impetigo contagiosa) begins as a single red papule that
becomes a vesicle. After the vesicle ruptures the contents dry out and form
honey-coloured crusts. Non-bullous impetigo typically arises on the face or
extremities following minor cutaneous trauma.

Staphylococcal scalded skin syndrome (SSSS) predominantly affects neonates,
infants, and children (Farrell 1999). SSSS is characterized by acute onset of ery-
thema on the face and extremities, followed by the formation of clear and superficial
bullous lesions which break to reveal bright red moist skin. SSSS ranges in severity
from discrete regions of local blistering to a widespread scalding of a significant area
of the skin. SSSS is a systemic manifestation of a toxin producing strain infection,
which in a more localized form causes bullous impetigo. These distinctive,
fluid-filled lesions result from the action of secreted staphylococcal exfoliative
toxins (ETA), which cleave host proteins in the epidermal stratum granulosum and
lead to the sloughing of this blistered layer of tissue (Nishifuji et al. 2008).

Ecthyma is a deeper form of impetigo in which ulcerations form underneath
crusted plaques penetrating the superficial dermis. The lower extremities are the
most common site of involvement, and scarring is common.
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Table 1 Types of S. aureus infection in skin and soft tissue (SSTI)

Skin disease Skin layer Disease
manifestation

Age range Predisposing risk
factors

Impetigo
(bullous and
non-bullous)

Epidermis
(Stratum
corneum)

Flaccid purulent
blisters up to
2 cm in diameter
The roof of the
blister ruptures
easily with shiny
and wet basis.
Bullous impetigo
occurs most
commonly in
regions such as the
diaper area, axillae
and neck, palms and
soles. The
non-bullous
impetigo is
characterized by the
rupture of the
vesicles that dries as
an adhering and
yellowish
(honey-coloured)
crust. Lesions occur
in exposed areas,
especially in the
limbs and face

Most
common
in
newborn
and young
children,
also in
adults

Atopic dermatitis
(Adachi et al. 1998;
Hartman-Adams
et al. 2014), scabies
(Lejbkowicz et al.
2005; Romani et al.
2015), HIV
(Donovan et al.
1992), diabetes
mellitus,
hemodialysis,
chemotherapy,
radiation therapy,
corticosteroid
treatment, leukemia,
chronic
granulomatous
disease (Pereira
2014)

Staphylococcal
scalded skin
syndrome
(SSSS)

Epidermis Acute exfoliation of
the skin typically
following an
erythematous
cellulitis. Severity
varies from a few
blisters localized to
the site of infection
to a severe
exfoliation affecting
almost the entire
body

Infants and
children

Poor renal function,
impetigo (Nichols
and Florman 2001)

Erysipelas Epidermis–
dermis

Form of cellulitis
with marked
superficial
inflammation,
typically affecting
the lower limbs and
the face

Infants,
young
children
and elderly

Diabetes (Raya-Cruz
et al. 2014),
immune-suppressed,
obesity (Scheinfeld
2004), eczema, tinea
pedis (Bonnetblanc
and Bedane 2003),
venous insufficiency
(Jorup-Ronstrom
and Britton 1987)

(continued)
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Table 1 (continued)

Skin disease Skin layer Disease
manifestation

Age range Predisposing risk
factors

Folliculitis Follicule Pyoderma that arises
within a hair follicle.
These lesions occur
most frequently in
the moist areas of
the body and in
areas subject to
friction and
perspiration

Adults HIV (Holmes et al.
2002; Berger et al.
1990), diabetes
mellitus,
corticosteroid
treatment, obesity,
blood dyscrasias,
defects in neutrophil
function,
transplant-related
immunosuppression,
acquired
immunodeficiency
syndrome (Nichols
and Florman 2001)

Abscess Follicule
(furuncles and
carbuncles)

Deeper infections of
hair follicle can lead
to furuncles or
carbuncles.
A furuncle affects
hair-bearing area
that discharges
purulent, necrotic
debris. Carbuncles
are multiple
furuncles that
combine to form
large, deep,
organized abscesses

Adults Diabetes (Shah et al.
1987;
Meurehg-Haik and
Garcia-Velasco
1974), obesity,
steroid therapy,
atopic dermatitis,
kidney failure

Epidermis–
Dermis

Abscess caused by
surgical site
infections,
abrasions, anal
ulcerations,
punctures and minor
breaks

Any age Military training,
physical exercise
sport practice,
surgical procedures

Ecthyma Dermis Ecthyma is a deeper
form of impetigo in
which ulcerations
form beneath
crusted plaques.
Lesions affect the
lower extremities

Children
and elderly

Diabetes,
neutropenia (Pechter
et al. 2012),
immunosuppressive
medication,
malignancy (Avolio
et al. 2012), HIV
(Ungprasert et al.
2013),
transplant-related
immunosuppression
(Nakai et al. 2008),
impetigo (Edlich
et al. 2005)

(continued)
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3.2 Follicular Infections—Folliculitis, Furunculosis,
Carbunculosis

S. aureus folliculitis is characterized by pustules within hair follicles. Carriage of
S. aureus in the nares may lead to sycosis vulgaris, also known as sycosis barbae,
which is characterized by an inflammatory chronic infection of the chin and beard
area. Deeper infections of hair follicles can lead to furuncles or carbuncles.
A furuncle, or boil, is a small abscess of a deep hair follicle that forms a nodule
filled with purulent and necrotic debris. Carbuncles are larger lesions formed by
coalescence of multiple furuncles that combine to form large, deep, organized
abscesses.

Abscess formation begins as a severe localized inflammatory process triggered
by the host response to the invading bacteria. It appears as swollen, red tender,
fluctuant mass surrounded by cellulitis and generally involves trunk and extremi-
ties. Polymorphonuclear leukocytes (PMNs) play a key role in the formation and
resolution of the abscess with necrotic and live neutrophils forming the collection of
pus inside the abscess. The tissue–specific immune mechanisms influence the
development of the abscess formation whereas the overall structure of the abscess is
consistent regardless the anatomical location (Kobayashi et al. 2015).

S. aureus is one of the most common cause of perineal, prostatic and breast
abscess (Talan and Singer 2014; Lachant et al. 2013). S. aureus is also the pre-
dominant pathogen in postpartum breast abscesses, accounting for 32–100 % of all
culture-confirmed cases (Stafford et al. 2008; Moazzez et al. 2007; Dener and Inan
2003)

Table 1 (continued)

Skin disease Skin layer Disease
manifestation

Age range Predisposing risk
factors

Cellulitis Dermis and
subcutaneous

Caused by
spreading bacterial
inflammation of the
skin, with redness,
pain, lymphangitis,
fever and raised
white blood cell
count

Adults Diabetes (Raya-Cruz
et al. 2014),
lymphedema
(Dupuy et al. 1999;
Morris 2008),
obesity (Scheinfeld
2004),eczema,
impetigo (Nichols
and Florman 2001),
immunosuppression
(Nichols and
Florman 2001), tinea
pedis (Semel and
Goldin 1996)
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3.3 Intradermal Infections—Erysipelas, Cellulitis,
Necrotizing Fasciitis

Erysipelas is an infection of the superficial dermis that also affects the superficial
lymphatics. Since it involves the more superficial dermis the lesions are well
demarcated and very erythematous. Erysipelas can affect the lower extremities
(70 % of cases) and the face (20 %). However, erysipelas is typically caused by
Streptococcus pyogenes.

Cellulitis involves the subcutaneous dermis and fat and is frequently caused by
either S. pyogenes or S. aureus (Chiller et al. 2001). The affected area becomes
tender, warm, erythematous, and swollen. Because the infection involves the looser
subcutaneous tissue and not only the upper dermis, the involved areas may be
poorly delimited. The organism responsible for cellulitis is difficult to identify,
since diffuse infections without abscess formation are difficult to culture. Local
abscesses, necrotizing fasciitis, and septicemia may complicate cellulitis (Chiller
et al. 2001).

Necrotizing fasciitis is a potentially life-threatening infection of the subcuta-
neous tissue that rapidly spreads along tissue fascial planes (Tharakaram and
Keczkes 1988). Erythema and edema progress to violaceous, dusky plaques within
48 h which quickly become necrotic. The majority of monomicrobial necrotizing
fasciitis are caused by Streptococcus pyogenes, but CA-MRSA is emerging as
another predominant causative agent in recent years (Miller et al. 2005).

4 Epidemiology of Staphylococcus aureus SSTIs

4.1 Community-Acquired SSTIs

Community-acquired SA-SSTIs are generally frequent, but incidence is quite
variable from country to country. Annual incidence rates of SA-STTIs based on US
military health system data was estimated to be between 122.7 and 168.9 per
100,000 person-years (Landrum et al. 2012). In the US community incidence of
SA-SSTIs has been increasing due to the high prevalence of CA-MRSA, with
certain populations affected disproportionately (i.e. children, the elderly, and
African Americans) (Ray et al. 2013a; Hersh et al. 2008; Marra et al. 2012; Suaya
et al. 2014). Between 1997 and 2005 was observed an increase of visits to physician
offices and emergency departments with SA-SSTIs (from 32.1 to 48.1 visits per
1000 population) in the United States (Hersh et al. 2008). The incidence rate of
boils or abscesses in the UK between years 1995–2010 has been observed to be 450
per 100,000 person-years (Shallcross et al. 2014). Similar incidence rate of SSTIs
has been observed in Oceania, with 108 per 100,000 person-years in New Zealand
(Williamson et al. 2014).
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Recurrent SA-SSTIs are common and problematic, with rates ranging between 9
and 70 % in the US (Creech et al. 2015; Miller et al. 2007; Fritz et al. 2012;
Montgomery et al. 2015; Miller et al. 2015). As many as 70 % of patients with
CA-SSTIs experience recurrent SSTIs over 1 year, even after successful initial
treatment (Kaplan et al. 2014; Duong et al. 2010; Chen et al. 2009; Williams et al.
2011). Interestingly, Chen et al. observed that recurrent infections were usually
more common after infection by MRSA than with MSSA (Chen et al. 2009;
Williams et al. 2011). The rate of repeat consultation for a boil or abscess in the UK
increased from 66 per 100,000 person-years in 1995 to peak at 97 per 100,000
person-years in 2006, which remained stable thereafter (Shallcross et al. 2014).

Though several pathogens such as Pseudomonas aeruginosa, Enterococcus spp.,
Escherichia coli and Streptococcus pyogenes (beta-hemolytic streptococci) are
known to cause SSTIs (Dryden 2009; Moet et al. 2007), S. aureus is the most
frequently isolated pathogen from SSTIs across many countries (Moet et al. 2007;
Mawalla et al. 2011; Ojulong et al. 2009; Kesah et al. 2003; Anguzu and Olila
2007; Seni et al. 2013). This pathogen is associated with 20–45 % of all SSTIs in
the African continent (Mawalla et al. 2011; Ojulong et al. 2009; Kesah et al. 2003;
Anguzu and Olila 2007; Seni et al. 2013), 1–40 % in Europe (>50 % in Romania
and Portugal) (Moet et al. 2007; Jonathan and Otter 2010; Bassetti et al. 2014;
Lorette et al. 2009; Niniou et al. 2008), 34 % in Latin America, 45 % in North
America (Moet et al. 2007), and 1–17 % in Asia (Song et al. 2011; Zhao et al.
2012). Worldwide, CA-MRSA infections are caused by more than 20 distinct
genetic lineages. Five of these CA-S. aureus strains are globally predominant,
including ST1-IV (WA-1, USA400), ST8-IV (USA300), ST30-IV (South West
Pacific clone), ST59-V (Taiwan clone), and ST80-IV (European clone) (Monecke
et al. 2011). ST8-IV (USA300) and ST30-IV may be considered pandemic, as they
have been isolated repeatedly from every continent (Monecke et al. 2011; DeLeo
et al. 2010). CA-MRSA can be responsible for a significant percentage of S. aureus
SSTIs (Moet et al. 2007; Moran et al. 2006). In the US, CA-MRSA associated
SSTIs peaked at 62 % in 2006 before decreasing annually to 52 % in 2010
(Landrum et al. 2012). USA300 represents the most prevalent CA-MRSA strain,
and is isolated in up to 90 % of staphylococcal CA-SSTIs in the United States
(Daum 2007; DeLeo et al. 2010; Talan et al. 2011; King et al. 2006; Jones et al.
2007). Moreover, recent evidence using mathematical models predict that
community-acquired MRSA strains will eventually displace traditional health
care-acquired MRSA strains in hospitals, with significant clinical and public health
implications (D’Agata et al. 2009).

4.2 Surgical Site Infections (SSIs)

In addition to CA-SSTIs, S. aureus is the leading cause of surgical site infection
(SA-SSIs) (Table 2). SSIs are one of the most prevalent causes of morbidity and
mortality. They are the second most common cause of nosocomial infections in the
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United States after urinary tract infections (UTIs) (Gayathree Naik 2011; Edwards
1976; National Nosocomial Infections Surveillance (NNIS) 1996; Akinkunmi et al.
2014; Amutha and Viswanathan 2014). Patients suffering from SSI are twice as
likely to die, 60 % more likely to spend time in an intensive care unit (ICU), and
more than five times more likely to be re-admitted (Kirkland et al. 1999).
Post-surgical site infections account for 20 % of all SSTIs in hospitalized patients
(Wilson 2003) and they have been shown to represent one of the most common foci
of more severe infections such as bacteraemia (Tong et al. 2015). Indeed, during or
after surgical operations bacteria may gain access to the different layers of the skin
and eventually enter into the bloodstream. Data from national Nosocomial
Infections Surveillance (NNIS) System and other sources indicate that S. aureus,
and in particular MRSA, is the most isolated pathogen associated with SSIs and
often associated with higher mortality rate (Anderson et al. 2007; Weigelt et al.
2010; Centers for Disease, C. and Prevention 1996; Magill et al. 2014).

Of note, in the US, 90 % of HA-MRSA infections are SSIs (World Health
Organization 2013). Based on data published by Anderson et al. (2010), from over
96,000 orthopaedic, neurosurgical, cardiothoracic, and plastic surgical procedures
performed in adults, the overall rate of invasive S. aureus infections was 0.47
infections per 100 procedures. Cardiothoracic surgery has the highest incidence of
invasive SSIs (0.79 per 100 procedures). Orthopaedic, neurosurgical, and plastic
surgery procedures have incidence rates of 0.37, 0.62, and 0.32 infections per 100
procedures respectively. In other studies the incidence in orthopaedic patients have
been found to be around 0.8, 1.0 % in cardiothoracic, and 1.8 % in neurosurgery
(Noskin et al. 2007). In order to better understand the relevance of SA-SSIs we
should also consider the size of the affected populations. In the US approximately
2,200,000 patients undergo cardiovascular surgery, 2,500,000 orthopaedic surgery,
and 290,000 neurosurgery annually (Noskin et al. 2007). Given the increasing age
of the worldwide population these numbers are predicted to increase further in the
future and SA-SSI infections are expected to increase in parallel (Noskin et al.
2007; Kaye et al. 2005; United Nations 2013).

4.3 Affected Populations and Medical Cost
of Hospitalizations Associated with SA-SSTIs

Children, the elderly, and African Americans are disproportionately affected by
CA-MRSA SSTIs in the United States (Ray et al. 2013a; Hersh et al. 2008; Ray
et al. 2013b; Suaya et al. 2009). Apart from age and race, other high-risk groups
include military personnel, prisoners and athletes. Several risk factors have been
identified for SSTIs in these groups. These include living in crowded facilities, in
close contact with other people harbouring CA-MRSA strains, extremes of age, and
having a break in skin integrity due to medical interventions or trauma. Other risk
factors include low socioeconomic status, smoking, previous SSTIs, poor hygiene,
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and sharing of personal items (Knox et al. 2015; Diederen and Kluytmans 2006;
Ellington et al. 2009). Furthermore, there are a number of underlying diseases that
increase the risk for SSTIs, such as atopic dermatitis, HIV, diabetes, immune
deficiencies, lymphedema, obesity, poor renal function, neutropenia (Table 1).
SSTIs incidence has also been shown to follow a strong annual seasonal variability,
with peak incidence occurring in early September (Wang et al. 2013; Sahoo et al.
2014). Other studies have reported similar results (Elegbe 1983; Frei et al. 2010;
Kaier et al. 2010; Leekha et al. 2012; Mermel et al. 2011; Perencevich et al. 2008;
Szczesiul et al. 2007). Another environmental factor associated with SSTIs are
contaminated household fomites, particularly in cases of recurrent SSTIs (Ray et al.
2013a; Miller et al. 2015).

Hospitalizations due to SA-SSTIs in the US have significantly increased
recently, and they represent about half of hospitalizations due to S. aureus infec-
tions. Total annual cost of SA-SSTI hospitalizations has been reported to be $4.5
billion of the $14.5 billion cost due to all staphylococcal infections. The elderly are
the demographic group with the highest number of hospitalizations due to
SA-SSTIs. However, the highest incidence increase has been lately observed in
children 0–17 years of age (Suaya et al. 2009).

4.4 Paediatric SA-SSTIs

Paediatric SSTIs deserve a special consideration given the recent increase of the
incidence observed in this population (Creech et al. 2015; Ray et al. 2013b). Skin
colonization is a strong risk factor for developing SA-SSTIs in both children and
adults, and most infections occurring outside the hospital are caused by the patient’s
colonizing strain. It has been noted that S. aureus skin colonization rates of neo-
nates and children are considerably higher than in adults, with carriage rates uni-
formly decreasing with age. By day 5 post-birth, neonatal carriage rates may be as
high as 90 % with the umbilicus and perianal skin colonized prior to the nares
(Hurst 1960). Within the first 6 months of life, some studies find that colonization
rates drop to between 21 and 28 % (Lebon et al. 2008), perhaps reflecting important
shifts in the skin and mucosal microbiota, as well as immunological maturation.

While manifestations of SA-SSTIs described for adults also occur in paediatric
patients, S. aureus impetigo is the most common bacterial skin infection in children
(Table 1).

Recurrence of infection is a major feature of SA-SSTIs, both in adult and, more
prominently, in paediatric patient populations. Some studies estimate that up to
70 % of paediatric patients with SSTIs caused by CA-MRSA will experience a
recurrence of infection within one year, regardless of successful initial treatment
(Creech et al. 2015; Bocchini et al. 2013).
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5 Virulence Factors and Pathogenesis of S. aureus-
Associated Skin Infections

In order to increase human nasal mucosa and skin colonization, S. aureus expresses
various factors that facilitate skin colonization and infection (Fig. 2). S. aureus
colonization is favoured by elevated levels of Th2 cytokines. In this respect SEA
and SEB (staphylococcal enterotoxins A and B) and TSST-1(toxic shock syndrome
toxin-1) can switch the cutaneous immune response towards the Th2 cytokines,
associated with increased colonization of S. aureus in atopic dermatitis patients
(Laouini et al. 2003). High levels of Th2 cytokines also enhance the expression of
two classes of microbial surface components recognizing adhesive matrix mole-
cules (MSCRAMMs) involved in S. aureus colonization, fibronectin-binding pro-
teins (FnBPs) and fibrinogen-binding proteins (ClfA and ClfB) (Burian et al. 2010;
Clarke et al. 2006). Another major MSCRAMM surface protein IsdA (Iron-surface
determinant A), which is expressed under iron-depleted conditions, mediates
binding to cornified envelope proteins of the human desquamated epithelial cells
(Clarke et al. 2009) and governs antimicrobial fatty acids (AFAs) resistance by

Fig. 2 S. aureus virulence factors associated with SSTIs. Th2 cytokines switching and increased
colonization of S. aureus in atopic dermatitis is mediated by SEA, SEB and TSST-1. Surface
proteins FnBPs, ClfA and ClfB (ClfA-B), IsdA and SasX as well as the cell wall glycopolimer
WTA are involved in nasal and skin colonization. Toxins mediating invasion of the skin include
ETs (bullous impetigo and SSSS), PVL and Hla (necrotic lesions and subcutaneous abscess)
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increasing bacterial surface hydrophilicity (Clarke et al. 2007). In addition to
proteins, cell wall glycopolymers such as wall teichoic acids protects S. aureus
from skin AFAs (Kohler et al. 2009). Furthermore, wall techoic acids have been
identified as an essential factor for nasal colonization in cotton rats showing specific
interactions with airway epithelial cells (Weidenmaier et al. 2004). S. aureus
expresses factors that enable it to directly counter host cationic antimicrobial
peptides encountered in the epidermis. The extracellular metalloproteinase named
aureolysin impedes cathelicidin antimicrobial activity (Sieprawska-Lupa et al.
2004). Exfoliative toxins (ETA and ETB) are serine proteases indicated to be the
major toxins responsible for bullous impetigo and SSSS (Amagai et al. 2000). They
cause exfoliation of the epidermis by the cleavage of the cadherin family member
protein desmoglein 1, thereby disrupting the desmosome and abolishing the cell–
cell integrity in the upper epidermis.

Panton–Valentine leucocidin (PVL) appears to be a marker for severity and
recurrence in skin infection (Moran et al. 2006; Gordon and Lowy 2008; Zetola
et al. 2005). PVL appears to be a possible virulence factor associated with necrotic
lesions of the skin and subcutaneous abscess (e.g. furuncles). The PVL gene was
found in 86 % of strains PVL-related infection commonly manifests as a localized
necrotizing skin lesion resembling a Loxosceles spider bite (Couppie et al. 1994).

Alpha-Toxin (Hla) is required for dermonecrotic injury during infection and
contributes to abscess size in animal models (Kennedy et al. 2010). Binding of Hla
to the host receptor ADAM10 leads to E-cadherin cleavage and consequent
breakdown of epithelial barrier (Berube and Bubeck Wardenburg 2013). In addi-
tion, Hla toxicity is regulated by several components of the adherens junctions
(Popov et al. 2015). Increased Hla expression has been observed in CA-MRSA
strain USA300, as well as historically in clinical isolates associated with epidemics
of skin infections with increased severity of SSTIs (DeLeo et al. 2011).

A recent finding (Thurlow et al. 2013) provided evidence that links the func-
tional activities of ACME (arginine catabolic mobile element) genes with the vir-
ulence of USA300 during SSTIs. The arginine deiminase system encoded by
ACME would confer an enhanced acid tolerance of USA300 in the presence of
exogenous lactic acid, the major organic acid present on human skin. Recently the
newly identified staphylococcal surface-anchored protein SasX has been demon-
strated to significantly enhance nasal colonization and abscess formation in animal
models (Li et al. 2012). sasX is a mobile genetic element-encoded gene, which is
typically harboured by strains belonging to the sequence type (ST) 239 (predom-
inant in Asian countries), but it is quickly spreading to invasive clones belonging to
other ST strains (Li et al. 2012).
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6 Therapy for SA-SSTIs

Antibiotics are currently recommended for CA-SSTI patients at the extremes of age
and those with severe or extensive disease, associated comorbidities or immuno-
suppression, rapidly progressing cellulitis, abscess in an anatomic location that
precludes adequate drainage, systemic illness, associated septic phlebitis, or failure
to improve (Liu et al. 2011). The administration of antibiotic as a supplement to
incision and drainage is often based upon presence or absence of systemic
inflammatory response syndrome (SIRS), such as fever (Diekema et al. 2001).

However, the increasing prevalence of multi-drug resistant strains has limited
treatment options. Notwithstanding, there are still few effective drugs in clinical use
for which little resistance has been observed. In the US vancomycin, linezolid,
clindamycin, daptomycin, ceftaroline, minocycline and also trimethoprim–sul-
famethoxazole are the most commonly used antibiotics for infections caused by
MRSA. Nafcillin, and cefazolin, or their oral counterparts, dicloxacillin and
cephalexin, are the antibiotics of choice for STTIs caused by MSSA (Stevens et al.
2014). Vancomycin is the drug of choice for initial empiric treatment of infections
requiring parenteral treatment where MRSA is suspected (Stevens et al. 2014).
However, vancomycin resistance, or more often intermediate resistant strains of
S. aureus, have been reported in various regions of the world. Linezolid has been
shown to be as effective as vancomycin for the treatment of MRSA SSTIs, but its
use is limited by cost and toxicity. Other antibiotics have also been shown to be
effective against SA-SSTIs. Daptomycin for instance was shown to be non-inferior
to either vancomycin or b-lactams in the treatment of staphylococcal SSTIs (Arbeit
et al. 2004). Rare, resistant strains have also been reported for linezolid and dap-
tomycin (Gu et al. 2013).

7 Prevention of SA-SSTIs

Since SSTIs are often caused by strains carried by the patient (Al-Zubeidi et al. 2014),
decolonization with mupirocin and chlorhexidine has been attempted as a strategy to
reduce carriage and prevent infections. Mupirocin treatment was shown to eradicate
nasal colonization in treated subjects over several months in a study conducted by
Fritz et al. (Fritz et al. 2012). Nasal decolonization with mupirocin has been suggested
to reduce the incidence of infection (Hacek et al. 2008), but efficacy varies by study
and patients tend to become recolonized over time (Creech et al. 2015). As with many
other antibiotics, cases of resistance have also been reported for mupirocin (Patel et al.
2009; Miller et al. 1996; Upton et al. 2003). Interestingly, the prescription of
antibiotics for SSTIs treatment (Schmitz et al. 2010; Duong et al. 2010), as well as the
choice of antibiotic (e.g. clindamycin) (Williams et al. 2011), may reduce incidence
of recurrent infection. This suggests that recurrence may, at least in part, be due to
lack of sufficient bacterial clearance following treatment. Good personal and
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environmental hygiene may also contribute to reduce recurrent infections, and many
hospitals have adopted policies of chlorhexidine baths prior to surgery to decrease the
incidence of SSIs (Liu et al. 2011).

An alternative prophylaxis strategy against SA-SSTIs is vaccination.
Interestingly, the majority of preliminary efforts in vaccine development date back
to the pre-antibiotic era; with a paucity of research during the antibiotic era. Now,
however, there is a resurgence of interest in the strategy of vaccination, which could
potentially be effective against both antibiotic sensitive and resistant strains, and,
unlike antibiotics, would not increase the selective pressure for antibiotic resistance.

Historic attempts to prevent SSTIs by vaccination targeted Hla as an antigen.
Preliminary studies conducted in the 1930s showed promising results against
recurrent furunculosis using a staphylococcal culture filtrate enriched in Hla.
Twenty-four patients (age varying from 16 to 52 years) with recurrence episodes of
furunculosis were studied. The toxin preparations were diluted with a saline solu-
tion and administered hypodermically at intervals of about a week. At least ten
injections were given to each patient. A favourable response to the treatment was
observed after the fourth to the sixth injection in the majority of the patients.
Vaccination was associated with a rapid decrease in size and/or resolution of the
furuncles. New furuncles were smaller than previous lesions and resolved more
rapidly. The interval between the recurrence of new lesions was lengthened, and
some patients remained disease free. Nineteen out twenty-four patients ceased to
have furuncles, and several of these were followed from three months to two years
remained infection free (Weise 1930).

Additional studies were conducted with formaldehyde-inactivated Hla with high
success rate (93 % efficacy in 3000 SSTIs patients) (Parish and Cannon 1960).
Results obtained with active vaccination were in agreement with the ones using
anti-Hla serum therapy. An article published in 1934 reported that all 24 patients
with various types of staphylococcal SSTIs recovered rapidly following serum
therapy (Dolman 1934).

Despite these promising observations, other studies have contrasting results
which raised debate regarding the therapeutic value of Hla vaccination (Harrison
1963). A study published in 1963 enrolled patients suffering from chronic furun-
culosis (patients over 14 years old suffering from boils for at least 2 months)
(Harrison 1963). The clinical course of those vaccinated with Hla vs placebo was
followed for one year. Of the 61 patients who received Hla, 19 (30.5 %) were
completely cured. Of the placebo group 5 (12.5 %) of the 40 patients enrolled were
found to be free of infection at the study end. However, statistical analysis of the
data (which included evaluation of symptoms and relapses) did not confirm a
significant disease improvement. Nonetheless, after immunization with Hla, only 40
out of 50 patients (80 %) showed a rise in titre, 6 (12 %) showed no change, and in
4 (8 %) the antibody level fell. Interestingly, all patients having a severe reaction to
Hla immunization were completely cured for the follow-up period of one year.

In another study conducted in 1963, Hla vaccination was tested against skin
infections in one chronic mental hospital. In this study, a follow up after vaccination
of about 7 months was conducted. Of the 12 patients presenting boils before
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vaccination with Hla, 5 continued to have the infection at the study end. In the
placebo group, of the 11 patients presenting boils before enrolment to the trial, 7
continued to have the infection at the study end. The authors concluded that this
study had too many variables and was impossible to estimate a beneficial effect of
the vaccine.

Discrepancy of the results obtained in the trials described above could be due to
many variables. For example, it was shown that there was a large variability in the
antigenic potency of toxoid preparations found in the open market (Farrell 1941).
Furthermore, the staphylococcal culture filtrate enriched in Hla used in the early
studies likely contained traces of other bacterial antigens that might have con-
tributed to protection. Therefore, vaccine efficacy could have been largely affected
by its purity and by the detoxification methods used in the different studies.

Finally, the studies were conducted using different clinical endpoints, study
design, patients, and in some case too few subjects were enrolled.

Autologous vaccination, which employs vaccines prepared from the autologous
infecting bacterial strain, has been used since the beginning of the twentieth century
to treat chronic staphylococcal infections (Halasa et al. 1978; Holtfreter et al. 2011;
Wright 1902). Autologous vaccination is still in use in some Eastern European
countries, including Poland and the Czech Republic for patients with chronic
S. aureus infections that are refractory to standard therapy (Halasa et al. 1978;
Novotný et al. 1990). A recent pilot study provided some preliminary indications
that this form of vaccination may reduce the frequency and severity of furunculosis
or result in complete remission (Holtfreter et al. 2011). Unfortunately this study was
not designed to test the efficacy of autovaccination, but rather to characterize the
kinetics of the antibody responses in a small cohort and did not include placebo
controls. Four patients suffering from chronic or recurrent furunculosis were vac-
cinated with autovaccines individually prepared from the causative S. aureus strain,
which was isolated from furuncles. It is interesting to note that previous antibiotic
treatment and surgical intervention had been unsuccessful in these patients although
none of the patients showed signs of immune suppression (Holtfreter et al. 2011).
Two out of four patients enrolled for this study were free of symptoms after
autovaccination treatment. While the other two still developed single, self-healing
furuncles, which did not require medical treatment (Holtfreter et al. 2011). Jozef
et al. (Halasa et al. 1978) evaluated immunological parameters in the course of
autovaccine treatment in patients with chronic ostitis and carbuncles, and they
observed an intensification of phagocytic activity after autovaccination. Results
from other studies however reported downregulation of Th1 cell function and
reduction in delayed type hypersensitivity reactions by autovaccination (Ring et al.
1976; Nolte et al. 2001; Rusch et al. 2001). Although autovaccination may repre-
sent a valid approach as a therapeutic strategy against antibiotic refractory SSTIs,
considering staphylococcal strain variability, and the unknown mechanism of action
and unpredictable safety profile of autovaccination, its value as a prophylactic
approach remains elusive.

Finally, to date investigation of vaccination against alpha-toxin antigen and
autovaccination are far from conclusive. Indeed, it is difficult to interpret the results
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of the early clinical trials and the studies on autovaccination are based on too few
subjects. Nevertheless, given the lack of known correlates of protection against
S. aureus in humans, and the significant medical need for a vaccine against this
pathogen, we find these data of high interest and importance.

8 Discussion

SSTIs are very common in all age groups and treatment represents a significant cost
burden. S. aureus is the leading pathogen causing SSTIs worldwide, and
multidrug-resistant strains are increasingly associatedwith these infections. Extensive
use of antibiotics for treating SSTIs can promote further increase of resistant strains.
Furthermore, neither successful antibiotic therapy of primary infections nor
decolonization procedures are sufficiently effective in reducing recurrent infections.
Given that severity and incidence of SSTIs significantly increased in the last twenty
years, innovative medical interventions are required. S. aureus vaccines are not yet
available on the market and recent clinical trials targeting different staphylococcal
antigens have failed to show efficacy (Bagnoli et al. 2012; Pozzi et al. 2015).
However, those failures could be due to the fact that the vaccines targeted one
single antigen, did not contain adjuvants, and that trials were performed in patients
with severe comorbidities, such as end-stage renal disease and those undergoing
cardiothoracic surgery (Fattom et al. 2015; Fowler et al. 2013). On the other hand,
observational studies conducted in the first decades of the 1900s utilizing S. aureus
vaccines containing formaldehyde-denatured a-toxin showed promising results
against cutaneous infections. And, although for several reasons we cannot derive
any firm conclusions from those studies, they suggest that vaccination could induce
protection against S. aureus SSTIs in humans. Therefore, it is possible that new
generation vaccines which target multiple antigens and contain adjuvants able to
stimulate cell-mediated immunity may be efficacious against S. aureus SSTIs. Such
vaccines may not only prevent skin infections, but also reduce antibiotic use and
potentially contain the staphylococcal epidemic, including new hospital outbreaks
which might be caused by staphylococcal strains currently circulating mainly in the
community. Indeed, it has been predicted that CA-MRSA will replace current HA
strains. Primary targets for a vaccine against SSTIs may include populations at
increased risk of such infections such as surgical patients, military trainees, athletes,
nursing home patients, and subjects at risk for recurrent infections. In addition, a
vaccine against SSTIs may also be considered for children and the elderly who are
disproportionately affected by CA staphylococcal SSTIs. Finally, given that SSTIs
can also be a source of other disease outcomes such as bacteraemia, a vaccine
efficacious against S. aureus SSTI may also prevent more invasive infections.
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Staphylococcus aureus-Associated
Musculoskeletal Infections

Evgeny A. Idelevich, Carolin Kreis, Bettina Löffler and Georg Peters

Abstract Musculoskeletal infections caused by Staphylococcus aureus are among
the most difficult-to-treat infections. S. aureus osteomyelitis is associated with a
tremendous disease burden through potential for long-term relapses and functional
deficits. Although considerable advances have been achieved in diagnosis and
treatment of osteomyelitis, the management remains challenging and impact on
quality of life is still enormous. S. aureus acute arthritis is relatively seldom in general
population, but the incidence is considerably higher in patients with predisposing
conditions, particularly those with rheumatoid arthritis. Rapidly destructive course
with high mortality and disability rates makes urgent diagnosis and treatment of acute
arthritis essential. S. aureus pyomyositis is a common disease in tropical countries,
but it is very seldom in temperate regions. Nevertheless, the cases have been
increasingly reported also in non-tropical countries, and the physicians should be able
to timely recognize this uncommon condition and initiate appropriate treatment. The
optimal management of S. aureus-associated musculoskeletal infections requires a
strong interdisciplinary collaboration between all involved specialists.
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1 Introduction

Musculoskeletal infections caused by Staphylococcus aureus are among the most
difficult-to-treat infections (Davis 2005; Ciampolini and Harding 2000).
Osteomyelitis is an inflammation of bone, usually caused by bacterial infections
(Lew and Waldvogel 2004). S. aureus osteomyelitis is associated with 6 % mor-
tality and tremendous disease burden through potential for long-term relapses
(32 %) and neurological deficits (32 %) (Mylona et al. 2009). Economic impact of
osteomyelitis is enormous, and it also substantially affects quality of life (Lew and
Waldvogel 2004). S. aureus infection of native joints is seldom in general popu-
lation, but its rapidly destructive course with high mortality and disability rates
makes urgent diagnosis and treatment essential (Shirtliff and Mader 2002).
Pyomyositis, a common disease in tropical countries (Chauhan et al. 2004;
Chiedozi 1979), is very seldom observed in temperate areas. However, also in
non-tropical countries, the cases have been increasingly reported (Christin and
Sarosi 1992), and the physicians should be able to recognize this condition in order
to initiate appropriate treatment.

2 Staphylococcus aureus Osteomyelitis

2.1 Epidemiology

The incidence of osteomyelitis in children amounts to 13 per 100,000 children per
year (Riise et al. 2008), but it is more common in the developing countries (Dartnell
et al. 2012). Patients under the age of three are more frequently affected than older
children (Riise et al. 2008). Boys are affected about twice as often as girls (Dartnell
et al. 2012; Malcius et al. 2005). The incidence of hematogenous osteomyelitis in
children has reduced over last decades. A study from Scotland has shown a decline
of 44 % in incidence from 1990 to 1997 (Blyth et al. 2001), which mirrors the
decline of over 50 % reported between 1970 and 1990 for population of the same
area (Craigen et al. 1992). This reduction is supposedly due to progress in treatment
of acute bacterial infections, improved standards of living and hygiene (Blyth et al.
2001), as well as broad introduction of Haemophilus influenzae type B vaccination
(Howard et al. 1999). However, the reduced incidence was not confirmed by the
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studies from some other countries (Malcius et al. 2005) and was not observed in
adults. The incidence of vertebral osteomyelitis, the most common form of
hematogenous osteomyelitis in adults, is 2.4 per 100,000 inhabitants. Noteworthy,
the incidence is increasing with age reaching 6.5 per 100,000 in patients >70 years
of age (Grammatico et al. 2008). The disease has a male predominance with a male:
female ratio of 1.5 (Grammatico et al. 2008). Vertebral osteomyelitis appears to be
on increase as a result of higher life expectancy, the rise in the intravenous drug
abusers, immunocompromised patients, and those undergoing hemodialysis and
spinal instrumentation (Gasbarrini et al. 2005). Posttraumatic osteomyelitis is also
seen more frequently now (Aytaç et al. 2014), probably due to increased number of
surgery, particularly that involving foreign body material.

Hematogenous osteomyelitis is mostly monomicrobial (85 % of cases) (Mylona
et al. 2009), and S. aureus is the most common causative organism of osteomyelitis
in adults (Zimmerli 2010) and children (Dartnell et al. 2012). However, in children
under the age of four, Kingella kingae is being increasingly reported as the major
cause of osteomyelitis (Ceroni et al. 2010; Dartnell et al. 2012). S. aureus accounts
for 32–67 % of isolates in patients with vertebral osteomyelitis (Mylona et al. 2009;
Gupta et al. 2014). Also for posttraumatic osteomyelitis, S. aureus is the most
frequently isolated organism, ranging from 28 to 67 % (Aytaç et al. 2014; Gross
et al. 2002; Merritt 1988). The rate of methicillin-resistant S. aureus (MRSA) is
dependent on the geographical area. In postoperative osteomyelitis,
coagulase-negative staphylococci (CoNS) are common pathogens, particularly in
the setting of foreign body-associated infections (Gross et al. 2002; Trampuz and
Zimmerli 2006b).

2.2 Pathogenesis

2.2.1 General Pathogenesis and Classification

Acute osteomyelitis is characterized by suppurative inflammation causing
destruction of bone trabeculae and bone matrix. Blood vessels are compressed by
the inflammatory process, and the resulting interruption of blood supply contributes
to bone necrosis. Ischemic portions of bone can be separated to form pieces of dead
bone (sequestra). At this stage, necrotic areas are hardly reached by antibiotics
indicating the need for surgical treatment of (chronic) osteomyelitis. At the bone
necrosis borders, new bone formation occurs (Lew and Waldvogel 2004). While
there is no clear division between acute and chronic osteomyelitis, some authors
distinguish acute (course of disease up to several weeks) and subacute or chronic
(lasting several months or years) forms (Zimmerli 2010). Specific feature of chronic
osteomyelitis is the development of bone necrosis, classically presenting as
sequestrum (Lew and Waldvogel 2004). Other common features of chronic
osteomyelitis include involucrum (a sheath of new bone surrounding a sequestrum),
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local osteoporosis, and sinus tract in case of extension through cortical bone.
Furthermore, chronic osteomyelitis is typically characterized by some extent of
inflammation and clinical relapses with persistent detection of pathogens (Lew and
Waldvogel 2004). Recently, a novel mouse model has been suggested which allows
precise investigation of complex pathogenesis in S. aureus chronic osteomyelitis
(Horst et al. 2012). Horst et al. detected bone destruction and remodeling processes
by magnetic resonance and X-ray imaging after 3 weeks of infection. Histological
examination also revealed areas of bone destruction due to the osteoclasts’
resorbing activity at the beginning of chronic stage. Individual activated osteoclasts
produce the typical resorption lacunae, resulting in bone segments with ruffled
border. The activity of osteoclasts further leads to the separation of dead bone,
generating a sequestrum. These processes are accompanied by the reactive bone
formation with the typical irregular structure of woven bone with increased
thickness. Biomechanical testing demonstrates decreased flexibility and increased
torsional rigidity in chronically infected bones, thus increasing the risk of fractures
(Horst et al. 2012). Chronic osteomyelitis became uncommon with modern prin-
ciples of treatment of acute hematogenous osteomyelitis.

Osteomyelitis develops (i) hematogenously, (ii) by spread from adjacent struc-
tures (per continuitatem) or due to direct inoculation through open fracture or
surgical intervention, or (iii) secondary to vascular insufficiency (e.g., diabetic foot)
(Lew and Waldvogel 2004). Cierny and Mader suggested a staging classification of
osteomyelitis based on the affected portion of the bone and physiology of the host
(Mader et al. 1997).

In hematogenous osteomyelitis, the microorganisms are disseminated into the
bone from a primary focus of infection, e.g., heart valves, skin, or urinary tract
infection (McHenry et al. 2002). However, in some cases, no apparent infection
focus can be elicited. A considerable proportion of S. aureus bacteremia episodes
have been shown to be of endogenous origin since they originate from the bacteria
in the nasal mucosa (von Eiff et al. 2001). About one-third of acute hematogenous
osteomyelitis is correlated with acute trauma, as it is known that a hematoma
located at the metaphysis after trauma promotes the colonization of bacteria
(Jaramillo 2011). While the metaphyses of long bones are mainly affected in
children (Peltola and Pääkkönen 2014; Waldvogel et al. 1970a), vertebral
osteomyelitis is the most common localization form of hematogenous osteomyelitis
in adults (Waldvogel et al. 1970a). In vertebral osteomyelitis, two neighboring
vertebra are frequently affected by the infection due to the blood supply from one
bifurcating arterial vessel (Lew and Waldvogel 2004). Involvement of their inter-
vertebral disk explains the term spondylodiscitis which is used synonymously with
vertebral osteomyelitis.

The reason for the development of a contiguous focus (per continuitatem)
osteomyelitis is the dissemination from neighboring structures as joint spaces and
soft tissue or due to trauma or surgery with direct colonization of the pathogen (Lew
and Waldvogel 2004). The posttraumatic osteomyelitis is a bone infection of
exogenous origin. It develops in consequence of a bone fracture or bone surgery
(Aytaç et al. 2014; Gross et al. 2002). The incidence of posttraumatic osteomyelitis
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is on the increase due to the number of sport, traffic, and conflict incidents as well as
rising numbers of surgical interventions with bone involvement (e.g., heart sur-
gery). The infection rate after an open fracture depends on the extent of the injury
and occurs in up to 26 % (Merritt 1988; Patzakis and Wilkins 1989). Also in
postoperative osteomyelitis, staphylococci (in particular S. aureus) are most com-
mon causative organisms (Aytaç et al. 2014; Gross et al. 2002; Trampuz and
Zimmerli 2006b). Coagulase-negative staphylococci are frequently responsible for
osteomyelitis associated with orthopedic implants and pin track infections (Gross
et al. 2002). Mixed flora is common (Trampuz and Zimmerli 2006b), particularly
after open fractures and in chronic cases with formation of fistulae. A special form
of osteomyelitis represents the prosthetic joint infection after joint replacement, or
implant-associated forms of osteomyelitis after fracture treatment that can occur in
early or late stages (Davis 2005). The presence of an implant considerably increases
the risk of infection (implant-associated osteomyelitis) (Merritt 1988), because
biofilm formation is facilitated on the surface of foreign body (Trampuz and
Zimmerli 2006b). Furthermore, even after years of remission, survived bacteria can
be released from biofilm and cause relapse of infection. Postoperative sternum
osteomyelitis is one of the most common and hard-to-treat forms of the postoper-
ative osteomyelitis, as described below.

The infections of prosthetic joints are not in the scope of this review due to
specific pathogenesis, manifestations, and management, and it is referred to the
recent literature on this topic (Osmon et al. 2013; Tande and Patel 2014).

Osteomyelitis due to vascular insufficiency has a tendency to affect the feet and
usually occurs in combination with chronic ulcers (Caputo et al. 1994). This form,
referred to as diabetic foot infection (Wagner 1981), is due to microvascular,
macrovascular, and/or neuropathic changes, which are commonly observed in but
not restricted to patients with diabetes mellitus (Lew and Waldvogel 2004). This
form, which is characterized by specific pathogenesis, microbial spectrum, and
treatment modalities (Waldvogel et al. 1970b), has recently been reviewed else-
where (Uckay et al. 2014, 2015) and is beyond the scope of this work. In the
context of differential diagnosis, the Charcot arthropathy has to be taken into
account. It is the most grievous complication of diabetes mellitus and most com-
monly can be found in the joints of the lower extremity at the foot and ankle. It is
characterized by a progressive destruction of the musculoskeletal system and is
accompanied by pathologic fractures, joint dislocation, deformity, ulceration,
infection, and the need for amputation in advanced stages. Because of its clinical
picture, the Charcot arthropathy is often misdiagnosed as osteomyelitis, deep vein
thrombosis, or rheumatoid arthritis (Idusuyi 2015) (Fig. 1).

2.2.2 Molecular and Cellular Pathogenesis

S. aureus osteomyelitis represents a tissue infection that involves bacterial invasion
and bacterial persistence in bone tissue (Wright and Nair 2010). This process
includes several steps that are most likely similar in different forms of osteomyelitis,
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as in hematogenous or local osteomyelitis (Lew and Waldvogel 2004; Wright and
Nair 2010). In a first step, the bacteria need to adhere to bone tissue. For this, the
S. aureus expresses a multitude of surface proteins with adhesive functions, called
adhesins. S. aureus is endowed with a multitude of adhesins with redundant and
overlapping functions (Clarke and Foster 2006). The adhesins collagen-binding
protein (Cna) and bone sialoprotein (BSP) have been associated with hematogenous
osteomyelitis in murine models and clinical samples of bone infections (Campoccia
et al. 2009; Elasri et al. 2002; Tung et al. 2000). Yet, a single adhesin was not found
to be clearly responsible for the development of osteomyelitis, suggesting that a
combined action of several adhesins contributes to the formation of osteomyelitis
(Wright and Nair 2010). In this context, accumulative growth leading to the
establishment of a mixed biofilm consisting of multiple interadhering cell clusters
of S. aureus as well as host products (extracellular matrix) is also very important.
The staphylococcal factors involved in this complex process of biofilm production
and its role in surface colonization and pathogenesis are extensively reviewed
elsewhere (Becker et al. 2014; Otto 2009). In a second step, the bacteria invade
bone tissue, including osteoblasts (Ellington et al. 1999; Tuchscherr et al. 2015).
The vast majority of clinical S. aureus isolates expresses the adhesins
fibronectin-binding proteins FnBPs that provide tight adhesion to integrin on the
surface of host cells, such as osteoblasts (Sinha et al. 1999). Adhesion to host cells
is followed by the uptake of bacteria that are located within phagosomes in the
cytoplasm (Tuchscherr et al. 2015). It is extremely difficult to investigate whether
the intracellular location of S. aureus plays a major role during osteomyelitis
development or whether the bacteria are mainly adherent to extracellular matrix
(Garzoni and Kelley 2009). However, a high invasiveness of host cells is a general
characteristic of pathogenic S. aureus isolates (Kalinka et al. 2014; Valour et al.
2015), indicating an important contribution of host cell invasion in infection

Fig. 1 Native radiological picture of a Charcot arthropathy in the foot and ankle in an advanced
stage shows progressive destruction of the bone and joints with joint dislocation and deformation
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development. After host cell invasion, different ways of infection are possible. If the
bacteria release high levels of secreted virulence factors within the intracellular
location, the host cells become activated and/or undergo cell death
(Haslinger-Löffler et al. 2005; Kalinka et al. 2014; Rasigade et al. 2013). For
osteoblasts, the phenol-soluble adhesins have been described as strong
pro-inflammatory factors that can induce bone inflammation and cell death
induction (Rasigade et al. 2013). In this way, the bacteria destroy host tissue, which
enable them to invade deep tissue structures. In a third step, the bacteria need to
adapt for long-term persistence, which can cause chronic and difficult-to-treat
infections (Lew and Waldvogel 2004). For this, the bacteria downregulate their
metabolism and the expression of secreted virulence factors to silently persist
within the intracellular location for long-time periods (Tuchscherr et al. 2010,
2011). Hence, within their intracellular shelter, the bacteria are largely protected
against treatments and against the host immune system. Nevertheless, when they
leave the intracellular location, they can rapidly revert back to the fully aggressive
phenotype, which can induce a new form of an acute infection (Tuchscherr et al.
2011). This mechanism is most likely also relevant within biofilm, as not only the
intracellular location triggers SCVs but also SCV phenotypes produce enhanced
levels of biofilm (Mitchell et al. 2013). Taken together, the dynamic SCV formation
is strongly associated with chronic infection processes that cause massive bone
destructions and deformations.

To rapidly adapt to the infection process in the acute as well as in the chronic
stage, the bacteria change the expression of virulence factors by dynamic regulatory
systems (Tuchscherr et al. 2011, 2015). S. aureus disposes of complex regulatory
networks that closely sense the environment during the infection (Novick 2000). In
the acute stage of infection, the bacteria show an activated accessory gene regulator
(agr) system, which is a quorum-sensing system that upregulates the expression of
many secreted virulence factors (Novick 2003). In the chronic stage of the infec-
tion, the bacteria downregulate their agr system and activate the sigma factor B
(SigB) (Tuchscherr et al. 2015; Tuchscherr and Löffler 2016). SigB is a tran-
scription factor that promotes bacterial survival in stress conditions, such as heat
and nutrition deprivation (Bischoff et al. 2004). During the infection process, SigB
most likely protects the bacteria against the hostile intracellular conditions. SigB
induces a downregulation of secreted virulence factors and an upregulation of
adhesins. In this way, the bacteria change from a highly aggressive to a persisting
phenotype that largely avoids detection by the immune systems and silently persist
for long-time periods (Tuchscherr et al. 2015).

Due to the changes in regulatory mechanisms, the bacteria do not only adapt
their virulence factor expression, but also downregulate their metabolism.
Consequently, the bacteria grow very slowly and change their phenotypes to
small-colony variants (SCVs) (Proctor et al. 2006), which are adapted phenotypes
for long-term persistence (Tuchscherr et al. 2010). SCVs are defined as colonies
that are less than one-tenth of the wild-type phenotype colony size (Proctor et al.
2006). Experimentally, SCVs can be generated by defects in the electron transport
system, e.g., hemB mutants (von Eiff et al. 1997b). Additionally, SCVs can appear
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in clinical samples and have been associated with chronic infection processes, such
as clinical cases of chronic osteomyelitis (Proctor et al. 1995). Mostly, a defined
gene mutation could not be detected in clinical SCVs, and often, clinical SCVs are
not stable, but can revert to the normal wild-type phenotype upon subcultivation.
Analysis of the gene expression profiles in different SCVs revealed that clinical
SCVs are very heterogenous bacterial subpopulations that most likely arise via
different mechanisms (Kriegeskorte et al. 2011). Recent research demonstrated that
SCVs form very dynamically during infection and are an integral part of any
invasive tissue infection process. Early after infection bacteria gradually use their
regulatory systems to adapt to the intracellular milieu/host tissue. For this, they
downregulate the agr system and upregulate SigB that enable the bacteria to form
dynamic SCV phenotypes. In this way, the bacteria can escape from the host
immune response and from antimicrobial treatments (Tuchscherr et al. 2016), but
nevertheless have the capacity to rapidly revert back to the fully aggressive
wild-type phenotype when they leave their shelter (Tuchscherr et al. 2011). At a
later stage of infection, when the host organism was not successful to clear the
infection focus, chronically infecting bacteria can additionally make use of muta-
tions to form permanent SCVs, such as defined defects in the electron transporter
system. The stable SCVs with defined mutations are less flexible, but apparently
better ensure for long-term persistence within the host organism (Proctor et al.
2006) (Fig. 2).

Fig. 2 Schemata of the bacterial adaptation mechanisms from acute to chronic bone infection. In
the acute infection, the bacteria predominantly show the aggressive wild-type phenotype that
induces high levels of inflammation and cytotoxicity. If the infection proceeds (early chronic
infection), the development of first small SCV-like colonies appears. These early SCVs are highly
dynamic and are based on regulatory processes. During long-term persistence, more and more
SCV phenotypes develop. Additionally, bacterial mutations occur that can result in stable SCVs
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The formation of metabolically downregulated SCV-like phenotypes has
important implications on the efficacy of antibiotic treatments and the host immune
system. It is well known from cell culture and animal models that antibiotics have
variable capacity to penetrate into host cells and biofilm. Some compounds, such as
rifampicin and ciprofloxacin, efficiently accumulate within host cells, whereas other
antibiotic classes are less effective to penetrate to the intracellular milieu, such as
b-lactams (Van Bambeke et al. 2006). Further on, many antibiotics loose effect,
when bacteria downregulate their metabolism and enter in the stage of SCV for-
mation. In many experimental conditions, rifampicin was detected as compound
that efficiently penetrates in host cells and still is active against metabolically
inactive SCV phenotypes (Tuchscherr et al. 2016).

Similar to the efficacy of antibiotic treatment, the immune system loses activity
to clear persisting bacteria. Already cell culture models demonstrate that SCV
phenotypes induce less inflammatory responses than wild-type phenotypes
(Tuchscherr et al. 2010, 2011). Not only the innate immune responses largely fail to
respond to persisting bacteria, but also the adaptive immune system is altered
during chronic infection. Very recent experimental data suggest that especially in S.
aureus, osteomyelitis parts of the cellular adaptive immune system seem to be more
important. In the acute phase, T cells become heavily stimulated indicating their
possible role in specific responses. However, in further progress of the disease, i.e.,
if the osteomyelitis becomes more subacute or even chronic, the T cells switch to an
anergic state, most possibly by the influence of innate lymphoid cells (Ziegler et al.
2011; Tebartz et al. 2015). The possible clinical relevance of these interesting data
is still beyond the possibility of a reliable judgement.

2.3 Clinical Manifestations and Diagnosis

The clinical picture of an acute hematogenous osteomyelitis impresses with local
pain, warmth, tenderness, and fever up to a clinical picture of severe sepsis.
However, vertebral and pelvic osteomyelitis may show symptoms that are less
differentiated, e.g., pain that cannot be specifically assigned and general infection
symptoms that negatively influence general condition. In contrast to the acute
phase, the chronic phase of an osteomyelitis is associated with long periods without
clinical symptoms followed by acute infection exacerbation with local signs of
inflammation. Furthermore, chronic osteomyelitis impresses with non-healing
ulcers approximate to the affected bone and a draining sinus possibly with the
presence of pus (Davis 2005; Torda et al. 1995) (Figs. 3 and 4).

Careful examination, laboratory diagnostic tools, and imaging techniques are
helpful for the detection of an osteomyelitis as well as the microbiological
identification/characterization of the pathogen for an effective and successful
treatment. In acute osteomyelitis, laboratory examination reveals increased
peripheral white blood cell count, erythrocyte sedimentation rate, and serum
C-reactive protein (CRP), whereas the CRP is a good marker for appropriate
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therapy, treatment failure, or relapse. Overall, it has to be remembered that normal
laboratory markers do not exclude an osteomyelitis (Davis 2005). Different imaging
tools are available to diagnose osteomyelitis. Computed tomography (CT) scan,
which demonstrates bone destruction, is more precise than X-ray imaging and
magnetic resonance imaging (MRI) for the detection of soft tissue infection and its
involvement. It takes a minimum of 3 weeks to detect bone changes by X-ray in
cases of acute osteomyelitis. The acute form of osteomyelitis is associated with the
3 signs in X-ray imaging: soft tissue swelling, periosteal reaction, and bone
destruction, which is represented as subperiosteal bone resorption and cortical
erosions and in the course spread to the medullary cavity with lytic lesions
(Barrington 1988; Davis 2005; Gold et al. 1991). In cases of chronic osteomyelitis,
the X-ray imaging reveals bone sclerosis, periosteal new bone formation, sequestra,
and sinuses up to circumscribed lytic lesions named Brodie abscess. The differ-
entiation between infected bone and neuropathic destruction is impossible just by
X-ray. Next to radiological examinations, microbiological and histological analysis
is necessary to differentiate between these two entities. CT scans are more precise

Fig. 3 Intraoperative picture of an acute implant-associated infection of the pelvic with local pain,
redness, tenderness, swelling, and the presence of pus. The clinical picture shows an anterior
approach to the pelvic

Fig. 4 Clinical picture of two examples of a chronic osteomyelitis (lower leg on the left side and
upper leg/hip on the right side) with non-healing ulcera, a draining sinus and the presence of pus
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compared to X-ray imaging to detect sequestra, cortical changes, involucrum, and
intraosseous gas (Davis 2005). MRI imaging so far is the best imaging modality for
detecting purulent collections, representation of soft tissue affection, early changes
of the long bones (edema), and is especially useful in vertebral osteomyelitis and
diabetic foot infections (Davis 2005). Bone scans with increased
technetium-99 m-labeled diphosphonate uptake support the clinical diagnosis but
have only poor specificity (Davis 2005). Further nuclear medicine imaging are
technetium-99m (99mTc)-diphosphonate bone scintigraphy, gallium-67 (67Ga), and
in vitro labeled leukocyte imaging, which are helpful diagnostic tools for specific
questions. The sensitivity of bone scintigraphy is very high in contrast to the
specificity. 67Ga is useful for the detection of tumor and trauma and in aseptic
inflammation. It has to be taken into account that there is a time interval of 1–3 days
between application and imaging. The disadvantage of the in vitro leukocyte
labeling process is low availability. The most sensitive (95 %) diagnostic tool in
bone and soft tissue infection is 2-[18F]-fluoro-2-deoxy-D-glucose
(FDG) positron-emission tomography (PET) with or without computed tomography
(CT). Its specificity is 75–99 % (Love and Palestro 2016) (Fig. 5).

Microbiological diagnostics include detection, identification, and antimicrobial
susceptibility testing of pathogen from biopsy specimens and blood. Multiple bone
specimens should be taken (at least three, better four to five) to facilitate recognition
of possible contamination. Detection of causative microorganism is essential for
optimization of antimicrobial treatment. Diagnostic biopsy is important in cases
where blood cultures remained negative (Berbari et al. 2015). Fistula or wound
swabs are less useful for microbiological diagnosis because of difficulties to dif-
ferentiate contaminating physiological flora from pathogen. Nevertheless, wound

Fig. 5 X-ray and magnetic resonance imaging in case of a chronic osteomyelitis show bone
destruction, sequestra, edema, and soft tissue affection
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swabs can deliver helpful information if taken from purulent foci, and several swabs
yield S. aureus. At least two sets of blood cultures should be taken, each consisting
of an aerobic and an anaerobic bottle (Berbari et al. 2015). In acute hematogenous
osteomyelitis, the blood cultures are positive in about 58 % of cases (Mylona et al.
2009). Specimens for microbiological analysis should be taken prior to the
antibiotic therapy to increase the yield probability (Kim et al. 2012). If antibiotic
therapy has already been established, the consideration should be made to withhold
antibiotics for several days prior to microbiological sampling when feasible
(Zimmerli 2010). Noteworthy, a recent single-center retrospective study did not
confirm the association of prebiopsy antibiotics with culture results and concluded
that antibiotic exposure should not be the sole reason for foregoing biopsies
(Marschall et al. 2011). Molecular diagnostics can improve pathogen detection in
cases when culture remained negative. Broad-range PCR (16S rRNA gene ampli-
fication) with subsequent sequencing increased diagnostic yield in patients with
spinal infection (Fuursted et al. 2008). Biopsy is additionally submitted for
pathological investigation (Berbari et al. 2015) to underline the diagnosis of
osteomyelitis in cases of negative microbiological examination or to rule out
another reason for bone destruction (Sehn and Gilula 2012).

2.4 Special Forms of Osteomyelitis

2.4.1 Vertebral Osteomyelitis

Vertebral osteomyelitis, also referred to as spondylodiscitis, is infection of the
intervertebral disk and the adjacent vertebrae. Vertebral osteomyelitis is almost
always of hematogenous origin with endocarditis, catheter infections, skin and soft
tissue infections, urinary tract, dental infections, and intravenous drug abuse being
the most common primary source of infection (Zimmerli 2010; McHenry et al.
2002). More seldom, inoculation can occur by direct inoculation after penetrating
trauma, open fractures, postoperatively or from a spreading infection of the sur-
rounding soft tissue (Berbari et al. 2015; Boody et al. 2015; Zimmerli 2010). As for
other localizations of hematogenous osteomyelitis, S. aureus is most commonly
isolated (up to 67 %) (Babouee Flury et al. 2014; Grammatico et al. 2008; Boody
et al. 2015). About 50–60 % of the cases occur in the lumbar spine, 30–40 % in the
thoracic spine, and about 10 % of infection manifestation occurs in the cervical
spine (Zimmerli 2010). Vertebral osteomyelitis is accompanied by complications
due to seeding in different compartments, which leads to paravertebral, epidural, or
psoas abscesses (Zimmerli 2010). Neurological complications could be observed in
about 35 % of the cases (Boody et al. 2015; Pigrau et al. 2005). Diabetes mellitus, i.
v. drug abuse, systemic infections, obesity, malignancy, immunodeficiency, mal-
nutrition, and smoking are known to be risk factors for the development of a
vertebral osteomyelitis (Boody et al. 2015; Zimmerli 2010). Next to general clinical
signs of infections such as fever, chills, weight loss, swelling, or redness, the
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clinical picture of vertebral osteomyelitis is characterized by severe back pain on
the site of infection, muscle spasms, painful or difficult urination, and neurological
deficits in 10–20 % (radiculopathy, myelopathy) as a result of direct infection
spreading on neural elements, compression due to an epidural abscess, or com-
pression due to spine instability. Futhermore, the clinical picture can be dominated
by the primary infection focus (Berbari et al. 2015; Zimmerli 2010). Careful neu-
rological examination and laboratory diagnostic tools are helpful for the detection
of a vertebral osteomyelitis as well as the microbiological identification of the
pathogen for a successful treatment. Samples are collected either intraoperatively or
through CT-guided biopsy sampling of the vertebra. Imaging tools are necessary to
diagnose this kind of infection and to determine the location of infection, whereas
an X-ray imaging is the first choice tool followed by CT-scan, which demonstrates
bone destruction, and MRI for soft tissue infection involvement (Berbari et al.
2015; Boody et al. 2015; Zimmerli 2010) (Fig. 6).

2.4.2 Postoperative Sternum Osteomyelitis

A special form of postoperative osteomyelitis is sternum osteomyelitis. In cardio-
thoracic surgery, the median sternotomy is the most important operational approach
to achieve an overall access to the heart and to the vessels as a possible approach for
extracorporeal circular flow (Antunes et al. 1997; Julian et al. 1957). Disturbance of
wound healing followed by sternal and mediastinal infection occurs in 0.4–8 %
after heart thoracic surgery and is followed by high rates of mortality (14–50 %).
Postoperative sternum osteomyelitis after median sternotomy occurs in 0.8–8 %
(Grossi et al. 1985; Klesius et al. 2004; Loop et al. 1990). The spread of bone
infection depends on various influencing factors, e.g., virulence of the pathogen,
implanted surgical devices, soft tissue damage, bone vascularization, and bone
damage. Furthermore, diabetes mellitus, obesity, chronic obstructive pulmonary
disease, treatment with corticosteroids, intraoperative use of both Aa. mammaria
interna, extended operation time, and prolonged artificial respiration as well as the

Fig. 6 CT and MRI of spondylodiscitis of the lumbar spine that shows the spread of infection
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development of a postoperative pneumonia are known to be risk factors for the
development of a sternum osteomyelitis (Loop et al. 1990). While S. aureus has
been reported as the predominant pathogen in deep sternal wound infections
(Borger et al. 1998; Gummert et al. 2002), some authors found coagulase-negative
staphylococci to be most commonly isolated in sternum osteomyelitis (Tegnell et al.
2000). Next to various classifications, El Oakley and Wright classified postopera-
tive mediastinitis in 1996 into the following: A) wound healing disorder after
median sternotomy without clinical signs of infection and without microbiological
detection of pathogens and B) clinical and microbiological signs of infection with
infected soft tissue around the sternum and sternum osteomyelitis with or without
mediastinal sepsis and with or without sternum instability. B is further subdivided
into a) superficial wound infection of the cutaneous and subcutaneous tissue and b)
infection with a sternum osteomyelitis that can be associated with a retrosternal
infection (El Oakley and Wright 1996). The clinical symptoms of sternum
osteomyelitis vary dependent on the phase of infection. In the beginning, the
infection can be accompanied by almost no clinical symptoms followed by local
signs of infection such as local pain, redness, hyperthermia, and swelling of the
wound in advanced stages. Furthermore, the clinical picture can be accompanied by
local infection signs such as osteocutaneous fistula, the presence of pus, wound
secretion, and sternum instability up to sternum dehiscence. In addition, systemic
infection signs such as fever, dyspnea, tachycardia, and chemical laboratory
changes with the possibility of sepsis development may be present. Analogous to
the clinical symptoms, it can be difficult to diagnose sternum osteomyelitis in its
early stages. Sternum osteomyelitis can be diagnosed with the help of its clinical
symptoms, laboratory and microbiological results, X-ray examination, CT, or MRI
(Jurkiewicz et al. 1980; Ringelman et al. 1994).

2.5 Management

S. aureus-associated musculoskeletal infections in their chronic stages require a
combination of antibiotic and surgical treatment, whereas antibiotic treatment alone
may be sufficient to cure osteomyelitis in its early and acute stages (Davis 2005;
Lew and Waldvogel 2004).

Antimicrobial treatment
Empiric antimicrobial regimens are used in cases where the causative organism is
not known at the initiation of antimicrobial treatment. Those regimens might
include a combination of vancomycin and a third- or fourth-generation cephalos-
porin. Alternatively, in case of intolerance, a combination of daptomycin and a
quinolone might be used (Berbari et al. 2015). If S. aureus is anticipated as a
possible cause of infection, the empiric use of penicillinase-stable penicillin (e.g.,
flucloxacillin or oxacillin) instead of vancomycin or daptomycin might be con-
sidered in areas with low prevalence of MRSA.
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As soon as S. aureus is identified from clinical specimens, the treatment is
tailored to the targeted therapy. Appropriate antimicrobial agents are shown in
Table 1. This includes flucloxacillin or other penicillinase-stable penicillin (up to
12 g/day). In case of penicillin allergy, a first-generation cephalosporin (e.g.,
cefazolin 2 g t.i.d.) can be chosen. However, in case of anaphylaxis due to b-lac-
tams in the history, vancomycin must be preferred. Apart of b-lactam intolerance,
vancomycin should not be used for treatment of infections caused by methi-
cillin-susceptible S. aureus (MSSA). In a large retrospective study, the relative risk
for recurrence of osteomyelitis due to S. aureus after vancomycin therapy was more
than twice that for b-lactams (Tice et al. 2003). Initial dose for a normal weight
person with normal renal function is 1 g b.i.d., which can be adapted according to
the results of therapeutic drug monitoring. Recommended trough serum van-
comycin concentration for S. aureus osteomyelitis is 15–20 mg/L (Rybak et al.
2009). However, the established pharmacokinetic–pharmacodynamic target is not
achievable with conventional dosing, if vancomycin minimum inhibitory concen-
tration (MIC) of S. aureus isolate is � 2 mg/L (Rybak et al. 2009). In such case,
alternative therapies should be considered (e.g., daptomycin). While daptomycin is
not approved for the treatment of bone and joint infections, its efficacy in
osteomyelitis has been demonstrated (Malizos et al. 2016; Roux et al. 2016) and
recent guidelines suggest this antibiotic as alternative therapy (Berbari et al. 2015).
The guidelines recommend higher dosages of 6–8 mg/kg/day (Berbari et al. 2015),
which is supported by data from clinical reports (Roux et al. 2016; Seaton et al.
2015). Novel cephalosporins ceftaroline and ceftobiprole exhibit activity against
MRSA, but resistant strains have been described (Schaumburg et al. 2016;

Table 1 Antimicrobial agents for the treatment of acute S. aureus osteomyelitis in adultsa, b

Microorganism Primary choice Alternatives

Methicillin-susceptible
S. aureus

Flucloxacillin (or oxacillin or
nafcillin) 2 g intravenously
every 4–6 h
or
Cefazolinc 1–2 g intravenously
every 8 h

Vancomycin 15–20 mg/kg
intravenously every 12 h
or daptomycin 6–8 mg/kg
intravenously every 24 h
or levofloxacin 750 mg orally
every 24 h and rifampin orally
300 mg every 12 h

Methicillin-resistant S.
aureus

Vancomycin 15–20 mg/kg
intravenously every 12 h
(adjustment according to
TDMd)

Daptomycin 6–8 mg/kg
intravenously every 24 h
or levofloxacin 750 mg orally
every 24 h and rifampin orally
300 mg every 12 h

amodified from Berbari et al. (2015) and Zimmerli (2010)
bchoice of antimicrobial agents and dosages might be a subject of national recommendations and
should be adjusted according to individual patient’s characteristics as well as in vitro susceptibility.
The list is not intended to include all possible treatments
cor other cephalosporins with activity against staphylococci in the respective intravenous dosages,
e.g., cefuroxime
dTDM, therapeutic drug monitoring
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Strommenger et al. 2015). Therefore, MIC determination should be performed prior
to use of these cephalosporins.

Antimicrobial therapy should be administered intravenously for at least 14 days.
If considerable improvement has been achieved, the treatment can be switched to
oral antibiotics (Babouee Flury et al. 2014). For oral therapy, antibiotics with high
bioavailability are used. Chinolones, rifampin, linezolid, and clindamycin have
excellent bioavailability and can be administered orally without concern. Oral
b-lactam antibiotics (e.g., cefuroxime axetil) are characterized by suboptimal
bioavailability and should be avoided for the treatment of osteomyelitis (Zimmerli
2010).

The combination of an oral quinolone and rifampin resulted in success rates
similar to that of the standard intravenous therapy in several studies (Schrenzel et al.
2004; Viale et al. 2009). Linezolid has an excellent bioavailability, but due to its
bacteriostatic mode of action, it should only be used if other antimicrobials cannot
be given (Berbari et al. 2015). Clinical data for another oxazolidinone antibiotic,
tedizolid, in bone and joint infections are lacking. Clindamycin is also not rec-
ommended as first-line monotherapy of acute hematogenous osteomyelitis, because
of lack of bactericidal activity (Zimmerli 2010; Berbari et al. 2015).

Monotherapy is usually sufficient if S. aureus has been identified as causative
agent. However, in some situations, administering a second drug can be advanta-
geous. Particularly in case of the presence of a foreign body, e.g., osteosynthesis
material at the infection focus, rifampin should additionally be administered
(Trampuz and Zimmerli 2006a). Rifampin is an old antibiotic with a very good
in vitro activity against S. aureus biofilm (Trampuz and Zimmerli 2006a). Rifampin
has very good bioavailability and can be given orally subsequent to intravenous
treatment. Rifampin must not be given as a single drug, because of rapid resistance
development. Some experts even recommend to add rifampin after several days of
effective therapy with the “main” antibiotic to prevent the emergence of rifampin
resistance (Habib et al. 2015; Sendi and Zimmerli 2012). Rifampin is a potent
inducer of hepatic drug metabolism, which increases the metabolism of many
coadministered drugs, thereby decreasing their serum concentrations (Venkatesan
1992). Therefore, careful review of possible interactions with patient’s concomitant
medication is essential. Clindamycin may be considered as a “combination partner,”
e.g., in case of severe infection. It inhibits production of S. aureus toxins (Otto et al.
2013), additionally to the exhibition of its antibacterial activity. Combination of
clindamycin with rifampin has also been suggested (Czekaj et al. 2011), but recent
pharmacokinetic studies demonstrated dramatic reduction of clindamycin serum
concentration if combined with rifampin (Bernard et al. 2015a; Join-Lambert et al.
2014). Therefore, caution is recommended regarding this combination until more
data become available.

While only low-quality evidence is available on optimal duration of antimi-
crobial therapy in osteomyelitis, there is a consensus to treat for a total duration of
6 weeks (Berbari et al. 2015). A recent randomized study demonstrated
non-inferiority of 6-week antimicrobial treatment versus 12-week treatment for
vertebral osteomyelitis (Bernard et al. 2015b). Also, the results of an observational
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study on patients with vertebral osteomyelitis suggest that antibiotic therapy could
safely be shortened to 6 weeks without increasing the risk of relapse (Roblot et al.
2007). Prolongation of antibiotic therapy for up to 3 month and longer can be
necessary in some cases (Berbari et al. 2015), and the respective decision is made
based on individual response to treatment including information from laboratory
(Carragee et al. 1997) and imaging investigations (Carragee 1997; Kowalski et al.
2006). In addition, prolonged antimicrobial treatment can be necessary in case of
particular microorganisms isolated, e.g., fungi (Cornely et al. 2012).

Several studies on children with osteomyelitis have shown that early switch to
oral therapy is safe also in this population (Jagodzinski et al. 2009; Peltola et al.
2010). According to a systematic review (Howard-Jones and Isaacs 2010), most
children with chronic osteomyelitis received 4–6 weeks of parenteral antibiotics
followed by oral antibiotics for a total duration of 3–6 months in 14 observational
case series. The success rate ranged from 80 to 100 %. Small observational studies
found comparable cure rates with only 5–14 days of parenteral and 3–6 weeks of
oral antibiotics (Howard-Jones and Isaacs 2010). However, large randomized
controlled trials comparing short-course parenteral and oral antibiotics with longer
antibiotic duration in chronic osteomyelitis in children are lacking.

The targeted antimicrobial therapy of posttraumatic or postoperative
osteomyelitis upon identification of S. aureus as a causative organism is similar to
that of hematogenous osteomyelitis and is performed according to general princi-
ples described above. The presence of an implant or other foreign material is a
crucial factor for the choice of treatment of posttraumatic (postoperative)
osteomyelitis, because penetration of the most antibiotics into biofilm is minimal
(Trampuz and Zimmerli 2006a). If the removal of foreign material is not possible, a
biofilm-active antibiotic rifampin is added (Trampuz and Zimmerli 2006a), as
described above. While limited data suggest a role of rifampin combinations for the
treatment of orthopedic implant-related staphylococcal infections (Zimmerli et al.
1998), larger randomized controlled trials are needed to definitely confirm this
beneficial effect.

Surgical treatment
In addition to antibiotic treatment, the surgical therapy plays an important role in
advanced phases of osteomyelitis. It includes debridement of necrotic bone and soft
tissue as well as meticulous soft tissue management (Davis 2005). Surgical
debridement is known to be a very effective treatment component in case of mus-
culoskeletal infections leading to an improved wound healing (Henke et al. 2005).

In vertebral osteomyelitis with refractory infection, neurologic deficits, or pro-
gressive deformity or instability, the surgical debridement in combination with
neurological decompression and spinal stabilization has to be performed.
Depending on the spread of infection, the anterior debridement and the implantation
of a graft with or without posterior instrumentation become necessary, which is
considered as the gold standard in the operative treatment of vertebral
osteomyelitis. Sometimes, the posterior debridement and decompression alone is
sufficient and indicated (Berbari et al. 2015; Boody et al. 2015; Zimmerli 2010).
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Surgical treatment also has a decisive status in advanced phases of the postoper-
ative sternum osteomyelitis. Surgery includes an extended debridement, removal of
infected bone, removal of foreign material, and, if necessary, the stabilization of the
thorax to achieve a spontaneous and stable breathing situation combined with a stable
soft tissue status. Furthermore, it is important to take samples for microbiological
analysis. The thoracic wound can be either treated open with a vacuum sealing ban-
dage or, if closed, with a suction rinse system (Agarwal et al. 2005; Doss et al. 2002;
Hersh et al. 2001; Milano et al. 1999). Restabilization of the sternum can be achieved
by wiring according to Robicsek (Losanoff et al. 2002; Robicsek et al. 1977). Defects
after debridement can be covered by muscle flap surgery, general flap surgery, or
omentum plastic surgery (Falagas and Rosmarakis 2006; Nahai et al. 1989).

The four main surgical aspects in chronic musculoskeletal infections are as
follows: (1) debridement, (2) soft tissue reconstruction, (3) management of bony
dead space, and (4) stabilization of mechanically compromised bone (Parsons and
Strauss 2004). In chronic osteomyelitis, it is most important to perform a very
radical debridement which includes resection of all infected or necrotic bone till
healthy, and bleeding bone is visible. Radical debridement can either be performed
at once or in two or even more stage revision surgeries (Davis 2005). In cases of
implant-associated infections, the surgical treatment has to be extended with the
removal of the implant with fracture/bone stabilization after implant removal and
the two-step replacement of the implant in advance additionally to the four main
aspects of surgical treatment in musculoskeletal infections mentioned above
(Ciampolini and Harding 2000; Lew and Waldvogel 2004) (Fig. 7).

Besides systemic antibiotic treatment, the surgical treatment offers the option to
apply antibiotic substances locally in different ways. With the help of this tech-
nique, high antibiotic concentrations can be achieved locally while avoiding neg-
ative side effects of high concentrated systemic antibiotic treatment.
Antibiotic-loaded bone cement is a method to achieve those concentrations as it
serves as local drug delivery system. Its use is established for more than 40 years
with good long-term results. The use of a local drug delivery system has been
reported to lower the rate of infection (Breusch and Kuhn 2003; Buchholz et al.
1981; Raschke and Schmidmaier 2004). In most cases, polymethylmethacrylate

Fig. 7 Documentation of the surgical procedure in case of a chronic osteomyelitis of the tibia:
preparation of bone stabilization with the help on an external fixation, marking of the infected soft
tissue that has to be removed/debrided, resection of the chronically infected bone till healthy
bleeding bone is visible
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(PMMA) bone cement is loaded with gentamicin, which is characterized by an
initial peak of antibiotic release for hours till days followed by a continuous release
of low concentrations up to weeks after implantation. The antibiotic application can
be changed to vancomycin, depending on local epidemiology of S. aureus or
susceptibility testing results in a particular case. Furthermore, in 80 % of cases, the
use of gentamicin-loaded PMMA-bone cement inhibits S. aureus-induced biofilm
synthesis, which is known as one possible reason for therapy-refractory and chronic
implant-associated infections (Anguita-Alonso et al. 2005; Breusch and Kuhn
2003; Neut et al. 2009; Reichert et al. 2007; Stengel et al. 2001). In context with S.
aureus-associated musculoskeletal infections, antibiotic-loaded PMMA-bone
cement is available and can be used in different products. Antibiotic-loaded
PMMA-bone cement is produced as beads with different sizes and as a powder that
can be processed individually to spacers as well as to industrial anatomically pre-
formed shapes, which can be applied temporarily (Fig. 8).

In the treatment course, PMMA-bone cement beads or spacers have to be
removed for a two-step bone replacement/reconstruction or two-step reimplantation
of an implant/prosthesis. Timely removal is particularly important in the case of
gentamicin-loaded bone cement, because subinhibitory gentamicin concentrations
might select for staphylococcal small-colony variants (SCVs) (von Eiff et al.
1997a). Resorbable antibiotic-loaded materials such as sponges or powder are an
alternative method for local application of antibiotic substances (McKee et al. 2002,
2010). Depending on the soft tissue status, wound closure and soft tissue recon-
struction can be achieved by primary wound closure, skin grafts, or different kind of
flaps. After infection healing by the methods mentioned above and verification of
the absence of bacteria, the complex reconstruction of osseous defects has to be
planned, which is practicable with several existing techniques (Davis 2005; Stengel
et al. 2001). Osseous reconstruction can be aimed with autologous bone graft,
vascularized free fibula, iliac crest bone grafts, extraction of autologous bone by the
reamer–irrigator–aspirator system, or distraction osteogenesis (Pfeifer et al. 2011).
Futhermore, the Masquelet technique has to be considered that leads to a foreign
body-induced membrane, which stimulates the consolidation of the implanted bone

Fig. 8 Five examples of the use of antibiotic-loaded bone cement as beads or as spacers
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graft in cases of the need for osseous reconstruction (Masquelet and Begue 2010).
For distraction osteogenesis, the Ilizarov technique is indicated. With the help of a
ring-shaped external fixateur and stepwise distraction of the bone for a time period
of weeks till months after bone osteotomy, osseous defects can be filled (Davis
2005) (Fig. 9). The management of bone healing can be determined individually. In
some cases, the early change to an intramedullary stabilization advice, e.g., intra-
medullary nail, is indicated, which also exists as a gentamicin coated model. The
use of coated implants as another option of a drug delivery system has the
opportunity to prevent biofilm synthesis and the development of implant-associated
infections (Schmidmaier et al. 2006). First studies and clinical experience with the
use of coated implants reveal promising results to reduce and prevent
implant-associated infections by this method (Fuchs et al. 2008).

Severe S. aureus-associated musculoskeletal infections can lead to joint
arthrodesis, physical disability, or at worst limb amputation (Lew and Waldvogel
2004). In cases of osteomyelitis with vascular deficits, it is fundamental to ensure
the blood supply—if necessary with the help of angioplasty or bypass operations
(Davis 2005).

The optimal management of osteomyelitis requires a strong collaboration between
all involved specialists (Berbari et al. 2015). This includes surgeons, radiologists,
neurosurgeons, infectious disease specialists, and clinical microbiologists.

3 Staphylococcus aureus Infections of Native Joints

Acute arthritis, also called septic arthritis, is a seldom condition in general popu-
lation with an incidence of about six cases per 100,000 inhabitants per year
(Kaandorp et al. 1997a). These numbers are considerably higher in patients with

Fig. 9 Series of osseous defect reconstruction of the tibia. Radical surgical debridement and
resection of infected bone, temporary local antibiotic application with the help of a PMMA-bone
cement spacer, and fitting of an Ilizarov external fixateur. Removal of the cement spacer and bone
osteotomy. Stepwise distraction of the bone
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predisposing conditions. Incidence of bacterial arthritis in patents with rheumatoid
arthritis ranges between 28 and 38 per 100,000 inhabitant per year (Kaandorp et al.
1997a). Other risk factors are intravenous drug abuse (Peterson et al. 2014),
alcoholism, and diabetes as well as immunosuppression due to underlying disease
or treatment (Mathews et al. 2010; Salar et al. 2014).

Acute arthritis of native joints is predominantly due to the hematogenous
infection, while the direct infection of joint, e.g., through surgery or trauma, is rare
(Kaandorp et al. 1997a). Skin infection is an important risk factor for hematoge-
nously originated septic arthritis, particularly in patients with rheumatoid arthritis
(Kaandorp et al. 1995). In the most cases, single joint is affected (80–90 % of
patients), knees (approximately 50 %) being most commonly involved (Kaandorp
et al. 1997a; Gupta et al. 2001; Weston et al. 1999). In children, the hip is most
frequently affected (Shirtliff and Mader 2002).

Bacteria are able to enter the joint and may induce an acute inflammatory
synovitis within hours. In the course, proliferative lining-cell hyperplasia occurs
with an inflow of acute and chronic inflammatory cells. Released aggressive
cytokines and proteases induce cartilage destruction and later permanent sub-
chondral bone loss. In the case of infection spreading surrounding soft tissue,
ligaments and tendons can also be affected and destroyed up to the formation of
sinus tracts (Goldenberg 1998; Shirtliff and Mader 2002).

S. aureus is by far the most common causing organism found in about 50 % of
septic arthritis cases in adults (Kaandorp et al. 1997a; Weston et al. 1999). This rate
did not considerably change over decades (Dubost et al. 2002).

The patients with acute arthritis classically present with pain, swelling, warmth,
redness, and loss of function in the affected joint (Margaretten et al. 2007). These
local symptoms are often accompanied by fever (Margaretten et al. 2007; Gupta
et al. 2001; Weston et al. 1999). Septic arthritis is characterized by a rapidly
destructive course and is therefore considered an emergency (Davis 2005;
Goldenberg 1998). In most severe cases, the joint function is permanently lost with
resulting disability in 25–50 % of patients (Goldenberg 1998; Mathews et al. 2010;
Shirtliff and Mader 2002). Patients who receive immunosuppressive treatments may
exhibit minimal clinical manifestations (Salar et al. 2014).

Urgent diagnosis and management of sepsis arthritis are essential because of
high mortality amounting to 10–15 % (Kaandorp et al. 1997b; Weston et al. 1999)
and reaching 56 % in S. aureus polyarticular arthritis (Dubost et al. 1993). Urgent
management should also minimize the risk of rapid joint destruction and long-time
sequela (Kaandorp et al. 1997b).

Laboratory investigations often reveal increased inflammatory parameters
(C-reactive protein, erythrocyte sedimentation rate, leukocytes) (Shirtliff and Mader
2002; Hariharan and Kabrhel 2011). Joint puncture provides purulent synovial fluid
with low viscosity. Leukocyte count is >20,000/µl in 81 % of patients, with a
neutrophil fraction of >75 % (Shmerling et al. 1990). Others have suggested that a
leukocyte count value of >50,000/µl is discriminative for septic arthritis
(Margaretten et al. 2007; Goldenberg and Reed 1985).
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Direct Gram stain performed from synovial fluid helps to rapidly assume the
group of microorganisms involved and to accordingly adapt antimicrobial treatment
at the early stage. However, the sensitivity of Gram stain is about 50 % (Weston
et al. 1999) compared to 67–100 % sensitivity of culture (Margaretten et al. 2007,
Goldenberg and Reed 1985). There is some data that inoculation of synovial fluid
into a blood culture bottle with liquid medium followed by the incubation in an
automated blood culture system may increase the detection rate of microorganisms
(Hughes et al. 2001). However, another study demonstrated that conventional
culture on solid medium was not inferior to the processing in the blood culture
system (Kortekangas et al. 1995). Incubation of liquid sample in a blood culture
system necessitates a time-consuming subculture from the positive bottle upon
growth detection, because isolated colonies are needed for identification and sus-
ceptibility testing. Another disadvantage of using blood culture bottles is that direct
Gram stain is not possible after mixing with the prefilled broth. Therefore, a native
synovial fluid should always be submitted for microbiological analysis, even if a
blood culture bottle is additionally used (Mathews et al. 2010). Nucleic acid
amplification methods, including multiplex PCR, have been suggested for rapid and
sensitive detection and identification of bacteria and fungi from synovial fluid (Kim
et al. 2010). Nevertheless, classical culture remains indispensable for microbio-
logical diagnostics, because it provides isolated organisms for antimicrobial sus-
ceptibility testing. Additionally, at least two sets of blood cultures are to be drawn.
Synovial fluid and blood specimens for cultural investigation should be obtained
before the initiation of antimicrobial therapy.

While plain roentgenography examination has only limited value for early
diagnosis of acute arthritis (Coakley et al. 2006), CT and particularly MRI (Coakley
et al. 2006) enable sensitive imaging of septic arthritis on early stage (Shirtliff and
Mader 2002). Ultrasonography can promptly provide information on the presence
of joint effusion (Zieger et al. 1987).

The management of acute arthritis includes joint drainage and antimicrobial
treatment (Coakley et al. 2006). Removal and draining of purulent fluid from the
infected joint can be accomplished by needle aspiration, arthroscopy, or arthrotomy,
with the method choice being made according to the clinical situation (Mathews
et al. 2010; Shirtliff and Mader 2002). To our knowledge, there are no randomized
clinical trials comparing antimicrobial agents or evaluating optimal duration of
antimicrobial treatment for acute arthritis of native joints. Therefore, initial treat-
ment is based on optimal coverage of possible pathogens, and targeted treatment of
S. aureus arthritis includes antibiotics with specific and narrow activity against this
pathogen taking into consideration their penetration into the joints. Initial treatment
prior to the detection of a causative pathogen should consist of a broad-spectrum i.
v. antimicrobial, which at the same time is active against S. aureus. This can be
accomplished by intravenous application of a second-generation cephalosporin
(e.g., cefuroxime) or amoxicillin/clavulanic acid (Clerc et al. 2011). In the areas
with high incidence of MRSA, or in patients with risk factors for MRSA, van-
comycin should be considered (Coakley et al. 2006; Mathews et al. 2010). As soon
as S. aureus has been identified and results of susceptibility testing are available,
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treatment should be changed to a specific therapy. Antistaphylococcal agents given
are the same as for osteomyelitis (Table 1). S. aureus arthritis generally requires 4–
6 weeks of treatment. Antibiotics should be given intravenously for at least
2 weeks, which can be followed by oral antibiotics with high bioavailability
(Coakley et al. 2006; Mathews et al. 2010). Intra-articular application of antibiotic
is not recommended (Shirtliff and Mader 2002).

4 Staphylococcus aureus Pyomyositis

Pyomyositis is an acute infection of skeletal muscles characterized by the primary
intramuscular accumulation of pus. The most common organism causing
pyomyositis is S. aureus, which is isolated in 90 % of the cases in tropical areas
(Chauhan et al. 2004; Chiedozi 1979) and in 70 % of the cases in the temperate
regions (Christin and Sarosi 1992). Pyomyositis is common in tropical countries
(Chauhan et al. 2004; Chiedozi 1979) which explains the term “tropical
pyomyositis.” However, after the first description (Levin et al. 1971), cases in
temperate regions have been increasingly reported (Christin and Sarosi 1992).
Pyomyositis in non-tropical countries has frequently been associated with predis-
posing conditions. Immunocompromised patients, particularly those with human
immunodeficiency virus (HIV) (Rodgers et al. 1993) or malignancy, have been
reported to develop pyomyositis (Crum 2004) as well as intravenous drug users
(Hsueh et al. 1996). Local mechanical trauma has been suggested as a factor
facilitating development of pyomyositis and was reported in 25–63 % and 39 % of
patients in tropical and non-tropical zones, respectively (Chiedozi 1979; Christin
and Sarosi 1992). This is emphasized by the fact that the skeletal muscle is highly
resistant to bacterial infection as muscle trauma was needed in in vivo experiments
to establish pyomyositis (Miyake 1904). Thus, the pathogenesis of pyomyositis
likely involves transient bacteremia in the setting of predisposing conditions and
muscular injury (Crum 2004).

Pyomyositis usually affects single muscle, although in an evaluation of 676
patients 16.6 % were identified with multiple-site involvement (Bickels et al. 2002).
The most commonly affected body sites are quadriceps, gluteal, and iliopsoas
muscles (Chiedozi 1979). Psoas abscess is a particular type of muscle infection,
which is characterized by specific localization and usually results from spread of
infection from surrounding structures, e.g., as a complication of vertebral
osteomyelitis (Shields et al. 2012). However, an abscess with psoas localization can
also occur primarily by the hematogenous way (Shields et al. 2012; Ricci et al.
1986). In such cases, the pathogenesis is as in pyomyositis, and S. aureus is a most
commonly isolated pathogen (Shields et al. 2012; Ricci et al. 1986; Desandre et al.
1995). Primary psoas abscess has been reported to occur more frequently in patients
with trauma, immunocompromised patients, or children (Shields et al. 2012).

The clinical picture is divided into three stages (Bickels et al. 2002; Chauhan et al.
2004; Christin and Sarosi 1992). The first, or invasive stage, is characterized by a
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subacute onset with local swelling, induration, pain, and variable erythema, as well
as low-grade fever and general malaise. This picture progresses after one to three
weeks to the suppurative stage. Fever is common, and most patients are seen at this
stage. The abscess forms and needle aspiration reveal pus. If the infection is not
appropriately treated, the disease enters the third or late stage. In this stage, gen-
eralization of infection results in systemic manifestations and, eventually, sepsis.

Laboratory investigations reveal leukocytosis with shift to the left and elevation
of inflammation parameters (Bickels et al. 2002; Chauhan et al. 2004). At the
suspicion of pyomyositis, imaging confirms diagnosis and supports the indication
for surgical intervention. While MRI represents the best method for early diagnosis
(Bickels et al. 2002), CT and ultrasonography are also important diagnostic options
(Chauhan et al. 2004; Gordon et al. 1995). In the most cases, urgent surgery
(incision and drainage) is necessary and represents the essential cornerstone of
patient’s management (Chauhan et al. 2004). Apart of the inherent treatment effect,
it provides specimens for microbiological diagnostics. The latter is essential,
because identification and susceptibility testing of causative organism is a prereq-
uisite for the potential modification to an appropriate and targeted antimicrobial
treatment. At least two sets of blood cultures are obligatory to confirm or exclude
bacteremia. While 31 % of pyomyositis patients in North America were bacteremic
(Christin and Sarosi 1992), only 5 % of patients had positive blood culture in
tropical areas (Chiedozi 1979). This discrepancy might be attributed to the differ-
ences in blood culturing technique.

Upon clinical diagnosis, the intravenous antimicrobial treatment is urgently
initiated with an antistaphylococcal agent, e.g., flucloxacillin, because S. aureus is a
commonly found causative organism in pyomyositis. A decision to use initially an
MRSA-active antimicrobial (e.g., vancomycin) is dependent on local epidemiology
of methicillin resistance in S. aureus. In immunocompromised patients, the empiric
therapy should additionally include broad-spectrum intravenous antibiotics
(Chauhan et al. 2004), e.g., piperacillin/tazobactam or meropenem. As soon as
pathogen is identified from clinical specimens and the results of antimicrobial
susceptibility testing are available, modification to a definitive targeted treatment
should follow. Penicillinase-stable penicillins (flucloxacillin, oxacillin, etc.) are
primary agents to be used for pyomyositis caused by MSSA, although intravenous
first- or second-generation cephalosporins can also be chosen (e.g., in case of
penicillin allergy). Vancomycin is the first option if MRSA is detected. With the
surgical drainage of abscesses and appropriate antimicrobial therapy, the prognosis
of patients with pyomyositis is very good.

5 Conclusions

Although considerable advances have been achieved in diagnosis and treatment of
S. aureus-associated musculoskeletal infections, the management remains chal-
lenging and the relapse rate of osteomyelitis is still high. The ultimate goal of
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treatment is the complete eradication of infection and preservation of function. The
collaboration of all specialists involved supports interdisciplinary approach and
successful management of these difficult-to-treat infections.
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Bacteremia, Sepsis, and Infective
Endocarditis Associated
with Staphylococcus aureus

Stephen P. Bergin, Thomas L. Holland, Vance G. Fowler Jr
and Steven Y.C. Tong

Abstract Bacteremia and infective endocarditis (IE) are important causes of mor-
bidity and mortality associated with Staphylococcus aureus infections. Increasing
exposure to healthcare, invasive procedures, and prosthetic implants has been
associated with a rising incidence of S. aureus bacteremia (SAB) and IE since the
late twentieth century. S. aureus is now the most common cause of bacteremia and
IE in industrialized nations worldwide and is associated with excess mortality when
compared to other pathogens. Central tenets of management include identification of
complicated bacteremia, eradicating foci of infection, and, for many, prolonged
antimicrobial therapy. Evolving multidrug resistance and limited therapeutic options
highlight the many unanswered clinical questions and urgent need for further
high-quality clinical research.
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1 Introduction

Over the past 20 years, Staphylococcus aureus emerged as the leading cause of
bacteremia and infective endocarditis (IE) in the industrialized world. Increasing
healthcare exposure and utilization of invasive devices accelerated these epidemi-
ologic shifts. The epidemiology of S. aureus bacteremia (SAB) and IE has been
well described. Nevertheless, optimal management strategies for these lethal clin-
ical entities have not yet been defined. The morbidity and mortality associated with
these infections highlight the urgent need for better therapeutic options and stronger
clinical evidence.

2 Staphylococcus aureus Bacteremia

2.1 Epidemiology

Multinational, population-based surveillance studies estimate the incidence of SAB
ranges from 10 to 30 cases per 100,000 person-years (Laupland et al. 2013).
Longitudinal trends captured in a Danish national study demonstrated an increasing
incidence from 3 per 100,000 person-years in 1957 to 20 per 100,000 person-years
in 1990 (Frimodt-Moller et al. 1997). Continued surveillance of the Danish
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population from 1995 to 2008, however, demonstrated a subsequent stable incidence
of 21.8 per 100,000 person-years despite an increasingly older population with more
comorbid medical conditions (Mejer et al. 2012). In other contemporary studies,
healthcare-associated infections now account for more than two-thirds of SAB cases
(Friedman et al. 2002; Fowler et al. 2003). This escalation in healthcare-associated
SAB incidence is most likely linked to increasing rates of hospitalization as well as
increasing use of central venous catheters, advanced surgical procedures, implan-
table cardiac devices, and the growing availability of intensive care.

Though overall rates of SAB have been stable for the past 20 years, the pro-
portion of cases due to methicillin-resistant S. aureus (MRSA) varied significantly.
From 1990 to 2005, observational studies from Minnesota, USA (El Atrouni et al.
2009), Calgary and Quebec, Canada (Laupland et al. 2008; Allard et al. 2008), and
Oxfordshire, UK (Wyllie et al. 2005), documented an increasing proportion of SAB
cases caused by MRSA. Once considered a hospital-acquired pathogen, the
emergence of community-associated MRSA (CA-MRSA) at the end of the twen-
tieth century dramatically changed the epidemiology of invasive MRSA infections
(David and Daum 2010). Before the mid-1990s, MRSA risk was almost exclusively
associated with healthcare exposure and chronic illness. Within a decade, the
explosion of the USA300 strain of CA-MRSA significantly increased the burden of
invasive MRSA disease in previously healthy, community-dwelling individuals in
the USA who lacked traditional risk factors for MRSA acquisition. CA-MRSA
strains have now been isolated on six continents, yet there is significant geographic
variability in the prevalence of CA-MRSA. In the USA, Canada, and Australia,
CA-MRSA now causes the majority of invasive MRSA disease. In other regions,
healthcare-acquired MRSA continues to cause the majority of SAB (Chi et al.
2007). The basis for this significant variation is poorly understood.

Implementation of rigorous infection control and reporting practices have been
associated with decreasing rates of MRSA bacteremia in the hospital setting (Kallen
et al. 2010; Jarlier et al. 2010). The most dramatic decreases have been reported in
the UK, where MRSA bacteremia incidence declined more than 50 % from 2004 to
2008 following implementation of a nationwide mandatory reporting system
(Johnson et al. 2012) and federally funded handwashing initiative (Stone et al.
2012). In some regions, improvements in overall rates of MRSA acquisition have
been tempered by the burden of CA-MRSA, which is now a well-established cause
of nosocomial MRSA bacteremia (Seybold et al. 2006; Klevens et al. 2007). In
resource-limited settings, far less is known about the incidence and longitudinal
trends in rates of SAB.

SAB disproportionately affects persons at both extremes of life (Laupland et al.
2013). Population-based studies consistently demonstrate a high incidence in the
first year of life, and relatively low and stable incidence through age 40, followed
by steadily increasing rates with older age. The incidence of SAB for individuals
aged 70 or greater exceeds 100 per 100,000 person-years (Laupland et al. 2013). In
contrast, a rate of 4.7 per 100,000 person-years was observed in the younger,
healthier US Military population (Landrum et al. 2012). The excessive burden of
SAB in the older population may be partially explained by higher rates of
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healthcare exposure and comorbid disease. Across numerous studies, male gender
is consistently associated with higher rates of SAB, with male-to-female case ratios
of approximately 1.5 (Allard et al. 2008; Klevens et al. 2007; Landrum et al. 2012).
Similarly, differing rates of SAB have been associated with ethnicity. For example,
the incidence of invasive MRSA infections (75 % bacteremia) in the US black
population doubles that observed in whites (66.5 vs. 27.7 per 100,000 person-years)
(Klevens et al. 2007; Kallen et al. 2010). Similar differences between ethnic groups
have been reported in Australia and New Zealand (Tong et al. 2009; Hill et al.
2001). While observed SAB rates were higher among individuals in the lowest
socioeconomic groups, discordant rates among ethnic groups persisted across all
socioeconomic strata (Tong et al. 2012).

Nasal colonization with S. aureus upon hospital admission has been associated
with a threefold higher risk of subsequent SAB (Wertheim et al. 2004). Among
patients colonized with S. aureus who develop SAB, more than 80 % of blood-
stream isolates are clonally identical to colonizing strains (Von Eiff et al. 2001).
Furthermore, eradication of S. aureus nasal colonization with topical mupirocin has
been associated with a lower incidence of SAB in hemodialysis patients and sur-
gical site infections among patients undergoing cardiothoracic surgery (Boelaert
et al. 1993; Kluytmans et al. 1996). These findings provide insight into the
importance of S. aureus colonization for these specific patient groups (hospitalized,
hemodialysis, and cardiothoracic surgery). It is unclear whether colonization rates
in males and lower socioeconomic groups may account for higher rates of SAB
reported in these populations (Wertheim et al. 2005; Den Heijer et al. 2013; Graham
et al. 2006; Bagger et al. 2004). For example, despite a lower rate of nasal colo-
nization, US blacks suffer from significantly higher rates of SAB (Graham et al.
2006; Klevens et al. 2007). This discrepancy highlights the need for further study of
SAB epidemiology.

The presence of prosthetic devices, most prominently central venous catheters, is
associated with markedly increased rates of SAB. A recent pooled analysis of five
prospective observational studies from North America and Europe identified an
intravenous catheter as the primary site of infection in 27.7 % of all SAB cases
(Kaasch et al. 2014). The odds of developing nosocomial SAB are almost 7 times
higher in patients with central venous catheters (Jensen et al. 1999). Additionally,
venous access devices have become an increasingly common source of
community-onset SAB (Steinberg et al. 1996). The type of catheter, access location,
and therapy delivered, as well as catheter-care practices (i.e., use of full-barrier
precautions for catheter care or access), may influence the relative risk of this
increasingly common cause of community-onset SAB. Importantly, improved
central line insertion practices and infection control efforts appear to have been
effective in reducing the incidence of central line-associated bloodstream infections
due to S. aureus (Burton et al. 2009).

Hemodialysis is associated with increased risk of SAB. In the USA, the inci-
dence of SAB in the hemodialysis population ranges from 4045 to 5015 per
100,000 person-years, more than 100 times the risk observed in the healthy US
population (Kallen et al. 2010). The type of vascular access utilized, particularly
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tunneled and cuffed intravascular catheters, significantly influences SAB risk. In a
6-year population-based study of invasive MRSA infections among chronic dialysis
patients captured in the Active Bacterial Core Surveillance program, 1543 of 2489
(62 %) cases of MRSA bacteremia were associated with a hemodialysis catheter
(Nguyen et al. 2013). Large, prospective studies confirm that intravenous catheters
are associated with a substantial portion of SAB cases, even though they are used in
relatively few chronic dialysis patients (Allon et al. 2003). For those patients
without other viable hemodialysis access options, the annual rate of bacteremia is
exceedingly high (Lee et al. 2005). Additional factors increasing risk of SAB in
chronic hemodialysis patients include higher rates of S. aureus colonization
(Zimakoff et al. 1996) and impaired host immunity secondary to reduced neutrophil
function (Vanholder et al. 1991) and iron overload (Boelaert et al. 1990). Finally,
infrequent vancomycin dosing regimens used in combination with high-flux
hemodialysis commonly result in low trough levels, increasing the risk of inade-
quately treated or relapsed SAB (Barth and DeVincenzo 1996; Jeremiah et al.
2014).

The incidence of SAB is significantly higher among patients with HIV. Among
patients in a US metropolitan HIV clinic, the incidence of SAB was 1960 per
100,000 person-years (Burkey et al. 2008). Injection drug use (IDU), end-stage
renal disease, and CD4 count <200 cells/microliter were independently associated
with higher rates of MRSA bacteremia. A Danish population-based study reported a
SAB incidence of 494 per 100,000 person-years, more than 24 times higher than the
non-HIV-infected population (Larsen et al. 2012). SAB incidence rates for indi-
viduals acquiring HIV via IDU were 5 times higher than the remainder of the
HIV-infected cohort. Among all HIV-infected patients in the cohort, immunosup-
pression was the strongest predictor of SAB. SAB rates for individuals with a CD4
count <100 cells/microliter were 10 times higher than those with CD4 count >350
cells/microliter. It is likely that the more severely immunocompromised group had
greater exposure to healthcare interventions and hospitalization, resulting in
increased risk of SAB. Additionally, multiple studies comparing HIV-infected and
non-infected cohorts have demonstrated higher rates of nasal and extranasal S.
aureus colonization and higher colonization burdens among HIV-infected indi-
viduals, likely increasing the risk of SAB (Hidron et al. 2005; Miller et al. 2007;
Popovich et al. 2013).

2.2 Clinical Manifestations and Outcomes

SAB is associated with a variety of clinical manifestations. Non-specific findings of
fever and hypotension are common, but there are no historical or examination
features that are pathognomonic of SAB. Presenting symptoms may be associated
with a primary focus of infection from which SAB results as a complication.
Alternatively, symptoms may result from hematogenous spread to a previously
sterile site (IE, vertebral osteomyelitis). The most common primary clinical foci
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across numerous cohorts are intravascular catheter-related infections, skin and soft
tissue infections (SSTIs), osteoarticular infections, pleuro-pulmonary infections,
and IE (Table 1) (Laupland et al. 2008; Tong et al. 2012; Hewagama et al. 2012;
Bishara et al. 2012; Lewis et al. 2011).

The frequency of specific symptoms or clinical syndromes varies with the
population studied and continues to evolve with changing clinical practice and
emergence of epidemic strains of the bacterium. For example, the incidence of
central line-associated SAB in US ICUs significantly declined in association with
newly implemented standards for catheter insertion and care (Burton et al. 2009).
With the emergence of the MRSA USA300 SSTI epidemic in the San Francisco
area, rates of community-acquired MRSA bacteremia associated with SSTI sub-
stantially increased (Tattevin et al. 2012). Primary SAB, in which no focus of
infection is identified, is common and associated with poor outcomes. In a recent
pooled analysis of 5 prospective cohort studies, no focus of infection was identified
in 18.9 % of cases and was associated with a 3.45-fold higher 90-day mortality
compared to those with a defined focus (Kaasch et al. 2014).

The classification of SAB as “complicated” or “uncomplicated” is significantly
associated with prognosis and should inform the diagnostic evaluation and duration
of antimicrobial therapy prescribed. In a single-center prospective study of 724
cases of SAB, complicated SAB was defined as infection resulting in attributable
mortality, recurrent infection within 12 weeks, central nervous system involvement,
embolic phenomenon, or metastatic sites of infection (Fowler et al. 2003).
Community-acquired disease, positive follow-up blood cultures at 48–96 h, per-
sistent fever at 72 h, or skin findings suggesting acute systemic infection (petechiae,
vasculitis, infarcts, ecchymoses, or pustules) were significantly associated with
complicated SAB. The SAB score generated from these findings predicted the
likelihood of complicated bacteremia. One point was assigned for each positive
finding of community-acquired infection, skin findings of acute systemic infection,
persistent fever at 72 h, and 2 points for positive follow-up blood cultures at
48–96 h. The likelihood of complicated infection with a SAB score of 0 was 16 %,
increasing linearly to 90 % for a score of 5.

Fatality rates associated with SAB exceeded 80 % in the preantibiotic era
(Skinner 1941). The introduction of penicillin dramatically reduced associated
mortality (Spink 1945). Despite improvements in the understanding of SAB, overall
mortality rates of 20–30 % are still reported in contemporary studies. Accordingly,
30-day all-cause mortality from SAB results in estimated 2–10 deaths per 100,000
person-years annually, exceeding estimates for HIV, tuberculosis, and viral hep-
atitis (Van Hal et al. 2012). Improvements in mortality attributed to SAB have
plateaued in part as a result of an aging population with more extensive comorbid
disease. In a comprehensive review of SAB mortality, factors associated with risk
of death included advanced age, comorbid medical problems (diabetes mellitus,
congestive heart failure, chronic kidney disease, malignancy, and cirrhosis), pri-
mary source of infection, complicated infection, and inadequate source control.
Observed 30-day mortality rates are highest for SAB associated with pulmonary
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infections (39–67 %), IE (25–60 %), and primary bacteremia without an identified
focus of infection (22–48 %) (Van Hal et al. 2012).

2.3 Management

Clinical guidelines for the management of SAB have been published (Gould et al.
2009; Mitchell and Howden 2005; Liu et al. 2011). A comprehensive review of
SAB management published in 2011 highlighted the limited evidence available to
guide management decisions, noting less than 1500 patients had been enrolled in
only 16 clinical trials of SAB antimicrobial therapy (Thwaites et al. 2011).
Similarly, a systematic review of evidence evaluating the role of transesophageal
echocardiography (TEE) and antimicrobial therapy strategies in SAB management
identified only one study meeting Grades of Recommendation, Assessment,
Development, and Evaluation (GRADE) standards (Guyatt et al. 2008) for
high-quality evidence (Holland et al. 2014). Despite the limitations of currently
available evidence, consensus recommendations include (1) early identification of
complicated infection, (2) eradication of infection foci, and (3) treatment with an
optimal dose, frequency, and duration of a proven antimicrobial agent.

Optimal management of SAB begins with a careful history and physical
examination focused on identifying primary sources of infection and metastatic
complications, which occur in approximately 30 % of cases. Even among patients
with catheter-related SAB, metastatic complications have been observed in 14 %
(Fowler et al. 2003). Symptoms suggesting complicated disease may be minimal or
absent at the time of presentation, as exemplified by a series of 133 patients with
SAB complicated by vertebral osteomyelitis. In this series, only 39 % were noted to
have a diagnosis related to the spine upon admission (Jensen et al. 1998).

All cases of SAB should be classified as complicated or uncomplicated. Several
definitions of uncomplicated SAB have been published (Fowler et al. 1998; Jenkins
et al. 2008; Naber et al. 2009). The Infectious Diseases Society of America (IDSA)
2011 clinical practice guidelines for the treatment of MRSA infections define
uncomplicated SAB as (1) exclusion of endocarditis, (2) no implanted prostheses,
(3) negative follow-up blood cultures obtained 48–96 h after initial positive cul-
tures, (4) defervescence within 72 h of initiating effective antimicrobial therapy, and
(5) no evidence of metastatic sites of infection (Liu et al. 2011). Complicated
disease is defined as any presentation not fulfilling all 5 criteria for uncomplicated
disease. Appropriate classification of SAB informs the extent of further diagnostic
evaluation and duration of therapy and minimizes the risk of recurrent disease.

Because IE complicates 25–32 % of SAB cases (Fowler et al. 1997; Abraham
et al. 2004) and clinical prediction rules are insufficiently sensitive for exclusion of
IE (Sullenberger et al. 2005), echocardiography is recommended for all patients
with SAB (Liu et al. 2011). The superior sensitivity of TEE has been well described
(Fowler et al. 1997; Van Hal et al. 2005; Khatib and Sharma 2013; Sullenberger
et al. 2005). In these studies, up to 19 % of patients with SAB and negative
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transthoracic echocardiography (TTE) were diagnosed with IE via TEE.
Whether TEE is required for all patients with SAB, however, remains unclear. For
patients at low risk for complicated disease, the excess procedural risk and cost of
TEE must be weighed against the benefit of enhanced sensitivity in a relatively
lower prevalence population. Criteria identifying patients with otherwise uncom-
plicated SAB who may not require TEE have been proposed (Van Hal et al. 2005;
Khatib and Sharma 2013; Joseph et al. 2013; Rasmussen et al. 2011; Kaasch et al.
2011; Heriot et al. 2015). Each study proposed one or more of the following
criteria: (1) negative TTE, (2) negative follow-up blood cultures, (3) nosocomial
acquisition of SAB, (4) absence of an intracardiac device, (5) absence of
hemodialysis dependence, and (6) no clinical signs of metastatic disease or endo-
carditis. Application of these criteria has been limited by risk of verification bias, as
a minority of patients in each study underwent TEE and some received longer
courses of antimicrobial therapy for other indications. To address these limitations,
clinical prediction rules applied on days 1 and 5 of hospitalization have been
proposed (Palraj et al. 2015). Using data from a single-center retrospective cohort of
678 patients, a day 1 score prioritizing specificity is calculated to identify high-risk
patients who should undergo early TEE and be considered for repeat examination if
the first TEE is negative and follow-up blood cultures remain positive. Points are
assigned for the presence and type of existing intracardiac devices and location of
SAB acquisition. For patients not undergoing early TEE, a day 5 score incorpo-
rating the results of follow-up blood cultures is calculated. In the population
studied, a day 5 score <2 was associated with a 98.5 % negative predictive value for
IE. In summary, the results suggest that patients with healthcare-associated or
nosocomial SAB, no intracardiac devices, and negative follow-up blood cultures do
not require TEE to rule out IE.

Infectious disease (ID) consultation is now a well-established tenet of SAB
management. Observational studies consistently demonstrate that ID consultation is
associated with higher rates of compliance with critical components of high-quality
SAB care including obtaining follow-up blood cultures to ensure clearance of
bacteremia (Lahey et al. 2009; Fries et al. 2014; Bai et al. 2015), appropriate use of
echocardiography (Fowler et al. 2003; Nagao et al. 2010; Bai et al. 2015), eradi-
cation of infected foci (Lahey et al. 2009), longer duration of antimicrobial therapy
for complicated SAB (Fries et al. 2014; Honda et al. 2010; Bai et al. 2015), and
appropriate use of β-lactam antibiotics for methicillin-sensitive S. aureus (MSSA)
bacteremia (Nagao et al. 2010; Robinson et al. 2012). ID consultation has been
associated with lower patient mortality in numerous studies of SAB (Pastagia et al.
2012; Isobe et al. 2012; Lahey et al. 2009; Nagao et al. 2010; Choi et al. 2011;
Robinson et al. 2012; Fries et al. 2014; Tissot et al. 2014; Bai et al. 2015). Where
available, bedside ID consultation should be considered a standard component of
SAB management (Forsblom et al. 2013).

Effective antimicrobial therapy for SAB requires careful selection of the optimal
agent and duration of therapy. For patients with MSSA bacteremia, limited data
suggest that β-lactam therapy is superior to the glycopeptides. Two small ran-
domized trials compared cloxacillin plus gentamicin versus either teicoplanin
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monotherapy (Fortun et al. 1995) or a glycopeptide plus gentamicin (Fortun et al.
2001) in patients with IDU-associated SAB or right-sided endocarditis. In both
studies, higher rates of clinical and microbiologic treatment failure were observed in
patients treated with glycopeptides. A third randomized study comparing fluclox-
acillin and teicoplanin was terminated early because of high rates of treatment
failure in the teicoplanin arm. Notably, teicoplanin doses employed were signifi-
cantly lower than currently recommended (Calain et al. 1987). A number of
observational studies comparing β-lactam and glycopeptides have reported faster
bacteriologic clearance, lower mortality, and less risk of treatment failure associated
with β-lactam therapy (Stryjewski et al. 2007; Chang et al. 2003; Chan et al. 2012;
Khatib et al. 2006). For patients empirically treated with vancomycin monotherapy,
improved mortality has also been associated with de-escalation to β-lactam therapy
once cultures demonstrate MSSA (Schweizer et al. 2011). Importantly, initial β-
lactam therapy, as compared to empiric vancomycin monotherapy with subsequent
de-escalation to β-lactam treatment once culture results are available, has been
associated with lower rates of persistent SAB and reduced mortality (Khatib et al.
2006; Lodise et al. 2007). Inferior outcomes associated with empiric vancomycin
monotherapy have prompted recommendations for initial treatment with an
antistaphylococcal β-lactam in combination with vancomycin if MRSA bacteremia
is suspected (McConeghy et al. 2013).

Only two antimicrobial agents are approved by the US Food and Drug
Administration (FDA) for the treatment of MRSA bacteremia or right-sided IE:
vancomycin and daptomycin. These two agents were compared in a single
high-quality randomized controlled trial of SAB and IE. In the MRSA subgroup,
daptomycin 6 mg/kg IV once daily resulted in treatment success for 20/45 (44 %) of
patients, which was non-inferior to vancomycin plus low-dose gentamicin 14/44
(32 %) (absolute difference = 12.6 %, 95 % CI [−7.4, 32.6 %], p = 0.28) (Fowler
et al. 2006).

Open-label randomized controlled trials have compared vancomycin to teico-
planin in the empiric treatment of neutropenic fever (Menichetti et al. 1994),
trimethoprim–sulfamethoxazole (TMP-SMX) in the treatment of IDU-associated
SAB (Markowitz et al. 1992), and dalbavancin in the treatment of catheter-related
bacteremia (23 episodes of SAB) (Raad et al. 2005). In each of these studies,
comparator drugs achieved similar cure rates to vancomycin, but none were ade-
quately powered to evaluate superiority. In a meta-analysis of 5 randomized studies
comparing vancomycin and linezolid, 53 clinically evaluable patients with MRSA
bacteremia were identified (Shorr et al. 2005). No significant differences in clinical
response, as defined by rates of improvement in presenting symptoms at the test of
cure visit, were noted: 14/25 (56 %) treated with linezolid versus 13/28 (46 %)
treated with vancomycin, OR = 1.47 (0.50–4.34). Additionally, linezolid was
compared to vancomycin in the treatment of catheter-related SAB (Wilcox et al.
2009). No significant differences in mortality were noted among patients with
gram-positive infections.

Vancomycin treatment failure has been associated with higher baseline van-
comycin minimum inhibitory concentrations (MICs), even at values below the
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Clinical Laboratory Standards Institute (CLSI) susceptibility breakpoint of
≤2 μg/dL (Soriano et al. 2008; Sakoulas et al. 2004; Hidayat et al. 2006).
Accordingly, consensus guidelines recommend use of an alternative agent for the
treatment of bacteremia due to MRSA with a vancomycin MIC >1 μg/dL (Rybak
et al. 2009). No randomized trial has compared vancomycin to an alternative agent
for the treatment of MRSA bacteremia with high vancomycin MICs. The single
randomized trial comparing vancomycin and daptomycin for the treatment of
MRSA bacteremia did not evaluate this population, as vancomycin minimum
inhibitory concentration (MIC) of baseline isolates was ≤1 μg/dL for all patients
randomized to vancomycin therapy (Rehm et al. 2008). Case–control (Moore et al.
2012; Falcone et al. 2012; Cheng et al. 2013) and cohort studies (Murray et al.
2013; Carugati et al. 2013) have associated daptomycin therapy with superior
treatment response and survival as compared to vancomycin for the treatment of
MRSA bacteremia with high vancomycin MICs. As compared to vancomycin,
daptomycin treatment both at the FDA-approved dose of 6 mg/kg/day (Murray
et al. 2013) and at median doses as high as 9.2 mg/kg/day (Carugati et al. 2013;
Cheng et al. 2013) has been associated with superior outcomes and low rates of
adverse drug events. Successful treatment of persistent MRSA bacteremia with
ceftaroline salvage therapy has been described (Paladino et al. 2014; Casapao et al.
2014), but there are currently no studies directly comparing this agent to van-
comycin or daptomycin. Linezolid was compared to glycopeptide-based therapy in
a trial of 90 patients with persistent (≥7 days) MRSA bacteremia (Park et al.
2012a). Median duration of MRSA bacteremia was significantly longer in patients
treated with linezolid: 16 versus 10 days, p = 0.008. No significant difference in
mortality was noted. Until further high-quality clinical evidence is available, van-
comycin and daptomycin remain the standard of care for MRSA bacteremia.
For MRSA bacteremia with an elevated vancomycin MIC, daptomycin may be
considered in preference to vancomycin. Table 2 summarizes important properties
of antimicrobial agents studied for the treatment of MRSA bacteremia.

Currently, a minimum two-week course of intravenous antimicrobial therapy is
recommended for uncomplicated SAB (Gould et al. 2009; Liu et al. 2011). Data
evaluating the optimal length of treatment are limited, as studies have been con-
strained by the infrequency of uncomplicated disease among all SAB cases and
difficulty accurately identifying uncomplicated SAB at the time of trial enrollment
(Stryjewski et al. 2014). A number of observational studies assessing the efficacy of
shorter courses of therapy for uncomplicated bacteremia have been reviewed
(Thwaites et al. 2011). Though some authors conclude that as little as 7 days of
antimicrobial therapy may be sufficient for highly selected cases of uncomplicated
SAB, risk of selection and allocation bias in these observational studies cannot be
quantified, limiting generalizability of these results. A meta-analysis of 11 obser-
vational studies of SAB treatment identified a 6 % rate of relapse or metastatic
complication associated with less than 2 weeks of treatment (Jernigan and Farr
1993). These data are consistent with findings from a recent prospective cohort of
111 patients with uncomplicated SAB (Chong et al. 2013). 3/38 (8 %) of patients
receiving fewer than 14 days of intravenous antibiotics experienced relapse. 0/73
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(0 %) receiving at least 14 days of therapy experienced relapse, p = 0.036.
A randomized controlled trial of 14 days of intravenous antimicrobial therapy
versus early switch to oral therapy is ongoing (ClinicalTrials.gov identifier:
NCT01792804). Until higher-quality evidence is available, all patients should
receive at least 2 weeks of intravenous antimicrobial therapy.

Two-week courses of antimicrobial therapy for IDU-associated right-sided IE
have been evaluated in prospective observational (Chambers et al. 1988;
Torres-Tortosa et al. 1994) and small randomized (Ribera et al. 1996; Fortun et al.
1995) studies. β-lactam regimens both with and without aminoglycosides were
effective. As noted previously, two-week glycopeptide regimens, by comparison,
were associated with worse outcomes (Chambers et al. 1988; Fortun et al. 2001).
For patients with complicated SAB, little data are available to inform treatment
duration and 4–6 weeks of antimicrobial therapy remains the standard of care
(Gould et al. 2009; Liu et al. 2011).

Combinations of antimicrobial agents to improve suboptimal clinical outcomes
and address inherent limitations of currently recommended first-line antimicrobial
agents (i.e., emergence of resistance, slow bactericidal effect, and poor tissue
penetration associated with vancomycin monotherapy) have been evaluated and
recently reviewed (Davis et al. 2015). Combinations of vancomycin with dapto-
mycin (Tsuji and Rybak 2006), linezolid (Mulazimoglu et al. 1996; Jacqueline et al.
2003), tigecycline (Petersen et al. 2006), and quinupristin–dalfopristin (Brown and
Freeman 2004) have been evaluated in vitro with conflicting or negative results.
Clinical data evaluating these combinations are limited.

β-lactams combined with either vancomycin or daptomycin have consistently
demonstrated synergy during in vitro testing (Davis et al. 2015). The combination
of a β-lactam and vancomycin was associated with higher rates of microbiologic
eradication of MRSA bacteremia versus vancomycin alone in an observational
study (Dilworth et al. 2014). The effect of combining an antistaphylococcal β-
lactam with standard therapy for MRSA bacteremia is currently being evaluated in
randomized clinical trials (ClinicalTrials.gov identifier: NCT02365493; Australian
New Zealand Clinical Trials Registry identifier: ACTRN12610000940077).

In vitro studies of rifampin added to standard therapy have yielded mixed results
(Perlroth et al. 2008), and current IDSA MRSA treatment guidelines advise against
routine use of rifampin in combination with vancomycin for the treatment of SAB
(Liu et al. 2011). Nevertheless, a recent retrospective cohort study of 357 patients
with SAB and a deep focus of infection reported significantly lower odds of
mortality at 90 days for patients treated with early (within 7 days of initial positive
blood culture) rifampin therapy for at least 14 days as compared to no rifampin
therapy (OR = 0.33, p<0.01) (Forsblom et al. 2015). A randomized trial evaluating
the impact of rifampicin adjunctive therapy for SAB (MSSA and MRSA) is cur-
rently being conducted (Thwaites et al. 2012).
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3 Staphylococcus aureus Infective Endocarditis

3.1 Epidemiology

S. aureus, a virulent pathogen associated with fulminant disease and excess mor-
tality, is now the most common cause of IE in the industrialized world (Fowler et al.
2005). A systematic review of national population-based studies of IE published
prior to 2000 estimated overall IE incidence ranged from 1.5 to 6 per 100,000
person-years (Tleyjeh et al. 2007). The proportion of cases caused by S. aureus
from 1970 to 2000 ranged from 16 to 34 %, but no temporal trends in overall
microbiologic etiology were detected. Over the past two decades, however, the
development of large international collaborations such as the International
Collaboration on Endocarditis Prospective Cohort Study (ICE-PCS) and publica-
tion of several contemporary population-based studies have enhanced our modern
understanding of IE (Murdoch et al. 2009).

Analysis of data from the US National Inpatient Sample (NIS) identified an
increasing IE incidence of 11.4 per 100,000 person-years in 1999 to 16.6 per
100,000 person-years by 2006 (Federspiel et al. 2012). Rising S. aureus IE inci-
dence accounted for much of the change and was associated with excess mortality
when compared to other pathogens. A second analysis of US NIS data through
2009 reported an overall IE incidence of 12.9 per 100,000 person-years and con-
firmed rising rates of S. aureus IE over the study period: 24 % of cases in 1999
increasing to 32 % of cases in 2009 (Bor et al. 2013). MRSA caused 53 % of all S.
aureus IE cases by 2009.

In contrast, IE incidence rates in other parts of the industrialized world are
reportedly lower. Nevertheless, S. aureus remains the most commonly isolated
pathogen in contemporary studies. For example, the proportion of S. aureus IE has
increased from 16 to 26 % in France despite a stable overall incidence of
approximately 3.5 per 100,000 person-years (Duval et al. 2012). In Italy, S. aureus
is now responsible for 40 % of IE and has been associated with an increasing
overall IE incidence from 4.1 to 4.9 per 100,000 person-years from 2000 to 2008
(Fedeli et al. 2011). Similar findings from the population of New South Wales,
Australia, have been published (Sy and Kritharides 2010). In summary, the pre-
ponderance of evidence from industrialized settings confirms that S. aureus is the
most common cause of IE. Even in countries with a high burden of rheumatic heart
disease, where viridans streptococci have traditionally been the predominant
pathogen, S. aureus has become increasingly common (Kanafani et al. 2002;
Trabelsi et al. 2008; Mirabel et al. 2015; Fayyaz et al. 2014).

IE in industrialized settings is now increasingly acquired as a
healthcare-associated or nosocomial infection (Selton-Suty et al. 2012; Fowler et al.
2005). A study involving over 1600 patients from 28 countries in the ICE-PCS
cohort found that 34 % of all IE cases were healthcare-associated, of which 54 %
were nosocomial infections (Benito et al. 2009). Notably, S. aureus accounted for
47 % of nosocomial and 42 % of non-nosocomial healthcare-associated IE, findings
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that are consistent with other large cohorts (Selton-Suty et al. 2012). Thus, the
growing burden of healthcare-associated IE significantly contributed to the emer-
gence of S. aureus as the most common cause of IE in the industrialized world.

3.2 Prosthetic Valve Endocarditis

For patients with prosthetic valves, the burden of IE is exceedingly high. A study of
1032 patients from the Veterans Affairs Health Cooperative with an average
follow-up of 7.7 years reported an annual rate of prosthetic valve IE of 0.8 %
(Grover et al. 1994). As with native valve IE, S. aureus is now the most common
cause of prosthetic valve IE. Among 556 patients with prosthetic valve IE in the
ICE-PCS cohort from 2000 to 2005, 128 (23 %) cases were caused by S. aureus and
94 (16.9 %) were caused by coagulase-negative staphylococci (Wang et al. 2007).
S. aureus is a leading cause of the emerging clinical entity of transcatheter valve
endocarditis (Amat-Santos et al. 2015a, b). In critically ill patients, the proportion of
prosthetic valve IE caused by S. aureus is likely even higher (Wolff et al. 1995).

The changing microbiology of prosthetic valve IE reflects risk associated with
increasing healthcare exposure. Hospitalization and healthcare exposure increase
risk for SAB, which results in hematogenous seeding of prosthetic valves in
44–51 % of cases (Fang et al. 1993; El-Ahdab et al. 2005). The risk for the
development of S. aureus prosthetic valve IE is highest in the first year after
surgery, also likely a reflection of healthcare exposure (Wang et al. 2007).
Incomplete endothelialization may increase the risk of early prosthetic valve IE.
Accordingly, higher rates of early prosthetic valve IE have been observed with
mechanical valves, yet the 5-year risk of IE is similar (Ivert et al. 1984; Calderwood
et al. 1985). For patients with SAB, however, neither valve composition (bio-
prosthetic vs. mechanical) nor location (mitral vs. aortic) alters the risk of
hematogenous seeding (El-Ahdab et al. 2005). In summary, the risk of IE is
exceedingly high for all patients with prosthetic valves and SAB, necessitating the
evaluation for IE with echocardiogram (preferably TEE) for all bacteremic patients.

3.3 Pathophysiology

Damage to the cardiac endothelium, resulting in the deposition of extracellular
matrix proteins, fibrin, and platelets, forms a sterile thrombotic lesion, which is a
prerequisite to the development of IE (Que and Moreillon 2011). Proposed
mechanisms of endothelial damage include direct trauma from intravascular
catheters/devices, injected particulate matter, turbulent blood flow from prosthetic
valves or congenital heart disease, or inflammation from rheumatic or degenerative
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valvular pathology. The resultant sterile thrombotic endocarditis provides an
excellent culture medium in the bacteremic patient.

S. aureus and other gram-positive organisms commonly causing IE utilize a
number of adhesins (collectively called microbial surface component reacting with
adhesive matrix molecules or MSCRAMMs) to bind to host extracellular matrix
proteins (Patti et al. 1994). The MSCRAMMs clumping factor A (ClfA, also named
fibrinogen-binding protein A) and fibronectin-binding protein A (FnBPA) are
essential for S. aureus colonization of cardiac valves. S. aureus binds to sterile
thrombotic endocarditis foci via ClfA and subsequently invades endothelial cells
via FnBPA (Piroth et al. 2008). Local endothelial inflammation also triggers
fibronectin expression, promoting adherence and vegetation growth of S. aureus via
fibronectin-binding proteins (Fitzgerald et al. 2006). Staphylococcal superantigens
may also cause endothelial damage that facilitates vegetation development. High
circulating superantigen levels were essential to the development of IE in animal
models (Salgado-Pabon et al. 2013). These mechanisms are supported by a growing
number of studies linking distinct bacterial genotypes from clinical isolates to
disease phenotypes. For example, S. aureus isolates of clonal complex 30 (CC30)
are more likely to express adhesion and superantigen genes linked to hematogenous
disease and cause IE (Fowler et al. 2007; Nienaber et al. 2011). S. aureus isolates
are capable of producing biofilms, which adhere to prosthetic or even healthy heart
valves. The resulting microenvironment is relatively devoid of nutrients and oxy-
gen, creating a state of slow microbial growth and relative antibiotic resistance. The
biofilm also confers protection from host immune cells and limits penetration of
some antibiotics (Patel 2005). Defective electron transport has been demonstrated in
subpopulations of the S. aureus colony, creating small colony variants with low
rates of metabolic activity, altered biochemical profiles, and often significant
antibiotic resistance (Proctor et al. 1998). These small colony variants may be
resistant to antibiotics prescribed on the basis of traditional in vitro susceptibility
testing and serve as reservoirs for late infection recurrence.

3.4 Clinical Manifestations and Outcomes

Clinical presentation, complications, and outcomes associated with S. aureus IE
have been well defined in the ICE-PCS cohort (Fowler et al. 2005), Danish national
cohort (Roder et al. 1999), and several single-center series (Fernandez Guerrero
et al. 2009; Nadji et al. 2005; Rogers et al. 2009). In the ICE-PCS cohort, median
age was 57, 61 % of patients were male, and 39 % were recently exposed to the
healthcare system. These findings were consistent across all cohorts. Common
comorbidities include diabetes mellitus (20–30 %) and hemodialysis dependence
(8–14 %). As compared to other types of IE, patients with S. aureus IE tended to
present with a shorter duration of symptoms and were more likely to have pro-
longed bacteremia.
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Native valvular disease comprises 70–80 % of S. aureus IE cases. Left-sided IE
is most common, with mitral valve disease occurring approximately 1.5 times more
often than aortic disease. Although right-sided IE was the most common site
associated with IE in IDU, left-sided IE represents 30 % of S. aureus IE in this
patient group (Fowler et al. 2005; Ruotsalainen et al. 2006). Complications from
left-sided S. aureus IE are particularly devastating, as systemic emboli are common.
Cerebrovascular events (18–35 %) and heart failure (15–53 %) frequently com-
plicate S. aureus IE.

For patients with prosthetic valves and SAB, fever persisting more than 72 h after
initiation of appropriate antimicrobial therapy (OR = 4.4, 95 % CI 1.0–19.1) or
persistently positive blood cultures 2–4 days after initial positive culture (OR 11.7,
2.9–47.7) strongly suggest IE and require evaluation with echocardiography
(El-Ahdab et al. 2005; Palraj et al. 2015). Splenomegaly, peripheral emboli, and new
regurgitant murmurs are classically associated with S. aureus prosthetic valve IE
(Ben Ismail et al. 1987), although new murmurs are actually more common in
patients with native valve IE, perhaps because patients typically present after a longer
duration of symptoms (Fernandez Guerrero et al. 2009). Stroke is a frequent mani-
festation of systemic embolism, complicating 23–33 % of S. aureus IE cases, and is
associated with significant excess mortality (Chirouze et al. 2004; John et al. 1998).

Overall mortality associated with S. aureus IE ranges from 22 to 66 % and is
consistently higher than IE mortality rates associated with other pathogens (Fowler
et al. 2005; Nadji et al. 2005). Higher mortality associated with S. aureus endo-
carditis is likely a consequence of infection with a pathogen that is more virulent
than other common bacterial causes of IE in a patient population that suffers from a
higher burden of comorbid illness. Several characteristics of S. aureus IE have
consistently demonstrated prognostic significance. For example, healthcare-
associated S. aureus IE and prosthetic valve IE are associated with poorer out-
comes than community-onset and native valve IE, respectively. Right-sided S.
aureus IE is associated with better outcomes than left-sided disease. S. aureus IE
associated with IDU carries a more favorable prognosis than with non-IDU pop-
ulations. Complications universally associated with excess mortality include older
age, stroke, and heart failure (Roder et al. 1999).

3.5 Management

The central tenets of S. aureus IE management are prolonged intravenous antibiotics
and evaluating the need for early surgical management. Comprehensive management
guidelines have been published by European and American professional societies (Liu
et al. 2011; Gould et al. 2012; Habib et al. 2009; Baddour et al. 2005). For MSSA IE,
β-lactam therapy with nafcillin or oxacillin (flucloxacillin per British guidelines) is
preferred first-line therapy. For MRSA IE, vancomycin is recommended as first-line
therapy. European guidelines recommend daptomycin for MRSA IE resistant to
vancomycin (vancomycin minimum inhibitory concentration >2 mg/L), or for
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vancomycin intolerance. IDSA guidelines for the treatment of MRSA IE now include
both vancomycin and daptomycin as first-line therapy options.

These recommendations are based on a randomized controlled non-inferiority trial
of daptomycin versus standard therapy for SAB with or without IE (Fowler et al.
2006). All patients randomized to standard therapy (β-lactam for MSSA or van-
comycin for MRSA) and all patients with left-sided endocarditis were also treated
with low-dose gentamicin. Overall, daptomycin met non-inferiority criteria and is
FDA-approved for the treatment of SAB and right-sided IE. Notably, only 18
patients with left-sided IE were included in the trial, preventing definitive conclu-
sions about the efficacy of daptomycin in this setting. Interestingly, the most recent
IDSA guidelines extend the recommendation for the use of daptomycin 6 mg/kg IV
once daily beyond the FDA-approved indication of right-sided IE to include all
MRSA IE (Liu et al. 2011). Given these broader recommendations, further consid-
erations for clinicians are the development of treatment-emergent non-susceptibility
to daptomycin and whether higher doses of daptomycin should be used.

The development of treatment-emergent non-susceptibility to daptomycin was
noted in 5/45 (11 %) patients with MRSA in the original non-inferiority trial.
Subsequent reports of treatment-emergent non-susceptibility have since been pub-
lished: 6/54 (11 %) patients receiving daptomycin salvage therapy for MRSA IE
(Kullar et al. 2013), 6/10 (60 %) patients with persistent SAB (Sharma et al. 2008),
and 7/18 (39 %) patients with persistent SAB (Gasch et al. 2014).
Non-susceptibility may have resulted from inadequate source control (Fowler et al.
2006) and suboptimal antimicrobial dosing (Sharma et al. 2008) in highly selected
cohorts of patients with persistent SAB. In an effort to minimize the risk of
treatment-emergent resistance, a number of antimicrobial agents have been com-
bined with daptomycin. Successful treatment has been described with rifampin
(Rose et al. 2013), TMP/SMX (Di Carlo et al. 2013), fosfomycin (Miro et al. 2012),
and β-lactams (Dhand et al. 2011; Moise et al. 2013). These observational studies
are limited by small sample size and lack of comparator groups. Additional studies
are needed to conclusively define the role of daptomycin combination therapy.

Higher daptomycin dosing regimens (8–10 mg/kg IV once daily) have been
advocated to reduce the risk of treatment-emergent resistance. These recommen-
dations are included in IDSA guidelines for MRSA treatment (Liu et al. 2011) and
have been associated with treatment success without increased toxicity. In a registry
of 312 patients treated with daptomycin as salvage therapy for IE, 72 patients were
treated with doses >8 mg/kg/day. Clinical success rates for right (91 %) and left
(89 %) IE in the high-dose group were significant. Overall, clinical success was
achieved in 81 % MRSA IE cases (Dohmen et al. 2013). Similarly, a retrospective
cohort analysis of 126 patients receiving high-dose daptomycin (median dose
8.9 mg/kg/day) for MRSA bacteremia, many for salvage therapy, reported an
overall clinical response rate of 83 % (Kullar et al. 2011). In a 2008–2010 ICE-PCS
cohort, outcomes for 29 patients receiving high-dose daptomycin (2/3 as salvage
therapy) were compared to 149 patients receiving standard antimicrobial therapy
(Carugati et al. 2013). Time to clearance of MRSA bacteremia was significantly
shorter for patients receiving daptomycin versus standard therapy (1.0 vs. 5.0 days).
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For prosthetic valve MRSA IE, American and European guidelines recommend
combination antimicrobial therapy with vancomycin, gentamicin, and rifampin (Liu
et al. 2011; Gould et al. 2012; Habib et al. 2009; Baddour et al. 2005).
Recommendations are largely extrapolated from two small retrospective studies of
methicillin-resistant Staphylococcus epidermidis of 23 (Karchmer et al. 1983a) and 75
patients (Karchmer et al. 1983b). In each study, the addition of rifampin to van-
comycin was associated with higher rates of clinical success. Subsequently, rifampin
has been studied in combination with standard therapy for native valve IE caused by S.
aureus (Riedel et al. 2008). Rifampin resistance developed during therapy in 9/42
cases. Mortality was higher among patients receiving rifampin (21 % vs. 5 % for
controls, p = 0.048), and adverse effects were common: 9/42 patients developed
significant transaminase elevation and drug interactions developed in more than 50 %
of patients. Patients treated with rifampin were sicker at baseline, limiting the inter-
pretation of this retrospective study. In summary, these data highlight the need for
continued research to define optimal antimicrobial regimens for prosthetic valve IE.

Despite published guidelines from European and American professional soci-
eties (Gould et al. 2012; Habib et al. 2009; Baddour et al. 2005), numerous
questions regarding the optimal timing and indications for native valvular surgery
persist. The benefit of early surgery (defined as valvular replacement or repair
during the initial hospitalization) for native valve IE was evaluated in 1552 patients
from the ICE-PCS cohort. Propensity-based matching was utilized to address many
of the biases limiting prior observational studies. Survival benefit from early sur-
gery was demonstrated for patients with S. aureus IE, paravalvular complications,
stroke, and systemic embolization (Lalani et al. 2010). Subsequently, the effects of
early surgery were evaluated in a trial of 76 patients with left-sided IE, severe
valvular disease, and large vegetations (10 mm or larger). Patients were randomized
to early surgery (within 48 h of enrollment) or standard care. Notably, 27/30
patients in the standard care arm underwent surgery during initial hospitalization.
Surgery within 48 h was associated with a substantial decrease in the composite
outcome of all-cause mortality, systemic embolization, or recurrent endocarditis at
6 months (3 % vs. 28 %, HR 0.08, 95 % CI 0.01, 0.65) (Kang et al. 2012). Eight
patients included in the study had S. aureus IE, limiting definitive conclusions
about this specific population.

Although early surgery reduces the risk of subsequent embolization, the optimal
timing of surgery for patients who have already suffered a stroke remains contro-
versial. A number of observational studies evaluating the timing of surgery after
ischemic stroke have been summarized (Rossi et al. 2012) and suggest that delay is
not necessary if clear indications for valvular surgery are present. The optimal
timing of surgery was evaluated in 198 patients with definite IE and ischemic stroke
from the ICE-PCS cohort. Outcomes for patients undergoing surgery within 7 days
of ischemic stroke were compared to those undergoing delayed surgery. There were
increased odds of in-hospital mortality for patients undergoing early surgery that
did not reach statistical significance (OR = 2.3, 95 % CI 0.94, 5.7) (Barsic et al.
2013). Further detailed observational or randomized studies assessing optimal
timing of surgery are required.
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Numerous observational studies have documented improved mortality rates
associated with surgical management of S. aureus prosthetic valve endocarditis
(Fernandez Guerrero et al. 2009; El-Ahdab et al. 2005; Wolff et al. 1995). The
optimal timing of valvular surgery for S. aureus prosthetic valve IE, however, has
not been well defined. The role of early surgery was evaluated in 1025 patients with
prosthetic valve IE from the ICE-PCS cohort. Though early surgery was associated
with improved mortality in unadjusted analyses, no significant differences were
noted after adjustment for treatment selection and survivor bias (Lalani et al. 2013).
The effect of early surgery for S. aureus prosthetic valve IE was evaluated in 168
patients from the ICE-PCS cohort (Chirouze et al. 2015). 74/168 (44 %) underwent
early valve surgery, which was associated with improved mortality in unadjusted
analyses (33.8 % vs. 59.1 %, p = 0.001). In multivariable propensity-adjusted
models, however, no survival advantage was associated with early valvular surgery.
Notably, for the subset of patients in the highest surgical propensity quintile, there
was an association between early surgery and improved mortality in the
propensity-adjusted model (Lalani et al. 2013). Altogether, these results suggest
that a single approach cannot be applied to all patients with S. aureus prosthetic
valve endocarditis, and decisions regarding timing of surgical management should
incorporate an individualized assessment of risk.

4 Conclusions

Staphylococcus aureus is a key pathogen causing bacteremia and IE in the
industrialized world. Through the creation of large multinational collaborations, the
epidemiology of these fulminant infections has been well described. Nevertheless,
morbidity and mortality associated with SAB and IE remain excessively high.
Antimicrobial resistance and limitations of current clinical evidence highlight the
urgent need for high-quality research designed to limit the burden of this deadly
disease.
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Amphixenosic Aspects of Staphylococcus
aureus Infection in Man and Animals

Giacomo Rossi, Matteo Cerquetella and Anna Rita Attili

Abstract According to the mode of transmission, Staphylococcus aureus infection
between hosts is classified as “direct zoonoses,” or infection that is transmitted from
an infected vertebrate host to a susceptible host (man) by direct contact, by contact
with a fomite or by a mechanical vector. The agent itself undergoes little or no
propagative or developmental changes during transmission. According to the
reservoir host, staphylococcosis is most precisely defined as “zooanthroponoses” or
infections transmitted from man to lower vertebrate animals (e.g., streptococci,
diphtheria, Enterobacteriaceae, human tuberculosis in cattle and parrots), but also
“anthropozoonoses” or infections transmitted to man from lower vertebrate animals.
In particular, actually, the correct definition of S. aureus infections between humans
and animals is “amphixenoses” or infections maintained in both man and lower
vertebrate animals and transmitted in either direction. S. aureus exhibits tropisms to
many distinct animal hosts. While spillover events can occur wherever there is an
interface between host species, changes in host tropism only occur with the
establishment of sustained transmission in the new host species, leading to clonal
expansion. Although the genomic variation underpinning adaptation in S. aureus
genotypes infecting bovids and poultry has been well characterized, the frequency
of switches from one host to another remains obscure. In this review, we sought to
identify the sustained switches in host tropism in the S. aureus population, both
anthroponotic and zoonotic, and their distribution over the species phylogeny.
S. aureus is an organism with the capacity to switch into and adapt to novel hosts,
even after long periods of isolation in a single host species. Based on this evidence,
animal-adapted S. aureus lineages exhibiting resistance to antibiotics must be
considered a major threat to public health, as they can adapt to the human
population.
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1 Introduction

The word “zoonoses” was introduced by Rudolf Virchow in 1880 to include col-
lectively the diseases shared in nature by man and animals. Later, WHO in 1959
defined that zoonoses are “those diseases and infections which are naturally
transmitted between vertebrate animals and man.” Zoonoses include only those
infections where there is either a proof or a strong circumstantial evidence for
transmission between animals and man. Historically, zoonotic diseases had a
tremendous impact on the evolution of man, especially those cultures and societies
that domesticated and bred animals for food and clothing (Joint WHO/FAO Expert
Committee 1967). Zoonoses are among the most frequent and dreaded risks to
which mankind is exposed. Zoonoses occur throughout the world transcending the
natural boundaries. Their important effect on global economy and health is well
known, extending from the international movement of animals and importation of
diseases to bans on importation of all animal products and restrictions on other
international trade practices (Pal 1997). So, zoonoses no longer are solely a national
problem. For effective control of zoonoses, global surveillance is necessary.

Over the last two decades, there has been considerable change in the importance
of certain zoonotic diseases in many parts of the world, resulting from ecological
changes such as urbanization, industrialization, and diminishing proportion of
persons working in the so-called primary sector. We do not know with what
challenge nature will confront us in the world of constant interference with ecology.
Most of the infections of man that have been discovered in the last twenty years are
shared with lower animals, and a number of other diseases previously thought to be
limited to man have now been found to be zoonoses. Reference may be made to
various types of encephalitis, eosinophilic meningitis, capillariasis, anisakiasis,
Lyme disease, Monkeypox diseases in humans, Lassa fever, Marburg disease, and
Ebola for all of which an animal link has been established. Among those zoonoses
recognized today as particularly important are anthrax, plague, brucellosis, bovine
tuberculosis, leptospirosis, salmonellosis, spotted fever caused by rickettsiae,
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rabies, several common arthropod borne viral infections (arboviral infection), cer-
tain parasitic diseases, especially cysticercosis, hydatid disease, trypanosomiasis,
and toxoplasmosis (WHO 1979, 1982). According to the etiological agents, bac-
terial zoonoses are actually the most numerous diseases transmitted from animals to
humans. Among these, Staphylococcus aureus infections are considered as relevant
on the basis of their diffusion. S. aureus is a commensal and pathogen of both
humans and many animal species (Enright et al. 2002; Sung et al. 2008; Sakwinska
et al. 2011). Distinct lineages have been identified within the global population of S.
aureus that associate closely with specific hosts (Smyth et al. 2009; Sung et al.
2008; Wiles et al. 2006; Weinert et al. 2012). While the mechanism of adaptation to
host environments is not fully understood, it has been shown that such host trop-
isms are associated with adaptive evolution, in particular at immunologically rel-
evant genes such as those encoding proteins determining virulence and cell
adhesion (Smyth et al. 2009; Guinane et al. 2010; Viana et al. 2010; Price et al.
2012). However, adaptation to one host species does not prevent occasional
infection of other species (Wiles et al. 2006; Rasigade et al. 2010; Armand-Lefevre
et al. 2005; van Loo et al. 2007; Wolfe et al. 2007; Lloyd-Smith et al. 2009). The
majority of cases where genotypes have been isolated outside of their typical host
species probably represent spillover events, transient infections from one host
species to another which do not last long, and die out without establishing trans-
mission within the new host population (van Loo et al. 2007; Wolfe et al. 2007;
Didelot et al. 2010). These are distinct from rarer interspecies transmission events
that lead to sustained transmission and establishment within the new host species
(Lowder et al. 2009; Weinert et al. 2012). According to the mode of transmission, S.
aureus infections between hosts are classified as “direct zoonoses,” or infections
that are transmitted from an infected vertebrate host to a susceptible host (man) by
direct contact, by contact with a fomite or by a mechanical vector. The agent itself
undergoes little or no propagative or developmental changes during transmission
(as observed for anthrax, brucellosis, leptospirosis, or toxoplasmosis). According to
the reservoir host, staphylococcosis is most precisely defined as “anthropo-
zoonoses”, or infections transmitted to man from lower vertebrate animals (e.g.,
rabies, leptospirosis, plague, arboviral infections, brucellosis, and Q fever) but also
“zooanthroponoses” or infections transmitted from man to lower vertebrate animals
(e.g., streptococci, staphylococci, diphtheria, Enterobacteriaceae, and human
tuberculosis in cattle and parrots).

In particular, actually, the correct definition of S. aureus infections between man
and animals is “amphixenoses” or infections maintained in both man and lower
vertebrate animals and transmitted in either direction (e.g., salmonellosis, E. coli,
and other bacterial infections) (Mitchell 1998).

As asymptomatic carriers serve as reservoirs for amphixenoses, and asymp-
tomatic food-producing animal carriers and their meat may also represent potential
reservoirs for human infections, S. aureus infections pose a significant health
burden (Fig. 1).
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2 Factors Influencing Prevalence of Staphylococcal
Amphixenoses and Related Risks

Handling animal by-products and wastes (occupational hazards) is the most
important factors that influencing amphixenoses, as staphylococcosis (Fig. 1).
There is significantly higher exposition rates in workers during the course of their
occupation than the rest of the population, e.g., listeriosis in agricultural workers,
erysipeloid in butchers and fish merchants, tularemia and trypanosomiasis in hun-
ters, and creeping eruptions in plumbers and trench diggers. Other examples of
zoonoses as occupational hazards are Q fever in abattoir and rendering plant
workers, salmonellosis in food processors, bovine tuberculosis in farmers, etc. (Lai
et al. 2015; Podolak et al. 2010; Ameni et al. 2001).

Zoonotic transfer of bacterial pathogens, either through contact or the food
chain, represents a serious threat to public health. In particular, potentially zoonotic
pathogens that display resistance to antimicrobials used in humans, such as
S. aureus and Escherichia coli, are a matter of serious concern (de Boer et al. 2009;

Fig. 1 Schematic representation of amphixenosic transmission cycle of S. aureus; this term
indicates infections between man and animals or infections maintained in both man and lower
vertebrate animals and transmitted in either direction. Legend MRSAmethicillin-resistant S. aureus,
VRSA vancomycin-resistant S. aureus, HA-MRSA healthcare-associated methicillin-resistant S.
aureus, LA-MRSA livestock-associated methicillin-resistant S. aureus, PA-MRSA pig-associated
methicillin-resistant S. aureus
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Leverstein-van Hall et al. 2011; García-Álvarez et al. 2011; Sung and Lindsay
2007).

S. aureus is a bacterium which belongs to the commensal flora of humans and
various animal species (Vanderhaeghen et al. 2010b). Human population can rep-
resent a persistent or intermittent carrier. Multiple body sites can be colonized, but
the anterior nares are the most frequent ones (Wertheim et al. 2005). Moreover, the
skin is often contaminated in nasal carriers, and transmission occurs principally by
means of hands (Fig. 1). As S. aureus is also an important pathogen in the food
industry, carriers can contaminate the food and S. aureus, in opportune environ-
mental conditions, can produce toxins resulting in human intoxication (Lowy
1998). Since its discovery during the 1880s, S. aureus has emerged as a potentially
pathogenic bacterium that can cause a broad spectrum of diseases, ranging from
minor infections of the skin to postoperative wound infections, life-threatening
bacteremia, infections associated with foreign bodies, and necrotizing pneumonia
(Lowy 1998; Deurenberg et al. 2007; Kluytmans and Struelens 2009).

Approximately 20 % of healthy human individuals is persistent S. aureus carrier,
about 30 % is intermittent carrier, and around 50 % is never colonized with S.
aureus (Kluytmans and Struelens 2009).

S. aureus exhibits tropisms to many distinct animal hosts. In animals, S. aureus
resulted one of the three major pathogenic Staphylococcus species, together with
S. hyicus and S. intermedius group—SIG (S. pseudintermedius, S. intermedius, and
S. delphini). S. aureus can cause intramammary infections (Fig. 2), especially in
dairy-producing animals, including cattle and small ruminants (Goni et al. 2004;
Vanderhaeghen et al. 2010b), mastitis in rabbit (Goni et al. 2004), “bumblefoot”
and joint problems in chickens (Fig. 3) (McNamee and Smyth 2000; Butterworth
et al. 2001), and being identified as a pathogen of farmed rabbits (Viana et al. 2007).
It is increasingly reported in surgical site infections in small companion animals and
horses (Catry et al. 2010). In rabbits, S. aureus can infect small dermal lesions and
invade subcutaneous tissue generating pododermatitis, subcutaneous abscesses, and

Fig. 2 S. aureus can cause
intramammary infections in
different species of animals.
In this picture note a typical S.
aureus associated suppurative
mastitis in a mare (courtesy of
Prof. Giuseppe Catone)
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mastitis (Fig. 4). Sporadically, internal organ abscesses are observed, predomi-
nantly in lungs, liver, and uterus leading to poor production results, infertility and
death (Hagen 1963; Okerman et al. 1984; Carolan 1986; Holliman and Girvan
1986; Rossi et al. 1995; Devriese et al. 1987).

S. aureus is the most common bacterial species isolated from conjunctival
microbial flora in donkeys and sheep (Foti et al. 2013; Bonelli et al. 2014). On a
total of 46 healthy donkeys, of the 52 Staphylococcus spp. isolates, 14 (26.9 %)

Fig. 3 S. aureus generally
cause “bumblefoot” and joint
problems in chickens. In this
photograph, a characteristic
bilateral arthrosynovitis in a
broiler is shown. Note the
alterations of joint profiles
and a severe enlargement of
the left tarso-metatarsus also
involved

Fig. 4 In rabbits, S. aureus can infect small dermal lesions and invade subcutaneous tissue
generating pododermatitis, and large subcutaneous abscesses as evidenced in the throat region of
the rabbit in the photograph. S. aureus is the most common bacterial species isolated from
conjunctival microbial flora. In some cases, rabbits showed nasolacrimal infections resulting in
purulent discharge (see insert). Nasolacrimal conduct and nares represent the most important sites
of S. aureus colonization also in asymptomatic persistent or intermittent reservoirs
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strains were oxacillin/methicillin resistant and the mecA gene was detected in 6/52
(11.5 %) strains (Foti et al. 2013).

Most reports characterizing animal-associated S. aureus have demonstrated that
strains affecting animals are distinct from those infecting humans, suggesting that
there are host-specific lineages which only rarely cross species boundaries
(Shepheard et al. 2013). Nonetheless, it is documented the zoonotic transfer of
bacterial pathogens, either through contact or the food chain, representing a serious
threat to public health (Smith 2015).

While spillover events can occur wherever there is an interface between host
species, changes in host tropism only occur with the establishment of sustained
transmission in the new host species, leading to clonal expansion. Although the
genomic variation underpinning adaptation in S. aureus genotypes infecting bovids
and poultry has been well characterized, the frequency of switches from one host to
another remains obscure. S. aureus can switch into and adapt to novel hosts, even
after long periods of isolation in a single host species. It can also adapt rapidly to
the selective pressure of antibiotics, resulting in the emergence and spread of
antibiotic-resistant S. aureus that is a growing public health concern too. It has been
shown that one lineage of bovine staphylococci is hypersusceptible to the
acquisition of vancomycin resistance from enterococci, posing the risk by
vancomycin-resistant S. aureus (VRSA) for interspecies transmission (Sung and
Lindsay 2007).

Antimicrobial resistance can generate during animal husbandry, because of the
use of antibiotics as feed additives for growth promotion in industrial livestock and
poultry (Silbergeld et al. 2008), for prevention of disease within a herd, or for the
treatment of an existing disease outbreak. As agricultural-use antibiotics include
many classes that are relevant for human health: tetracyclines, macrolides, peni-
cillin, and sulfonamides, the antimicrobial resistant S. aureus may be spread to the
general human population, into communities and the environment in different
manners: contact with contaminated meat products (via handling or ingestion);
occupational contact (farmers, meat packers, butchers, etc.) and potential secondary
spread into the larger community from those who are occupationally exposed; entry
into and transmission via hospitals or other health care facilities; or spread via
environmental routes including air, water, or manure in areas in proximity to live
animal farms or crop farms where manure has been used as a fertilizer (Smith
2015).

Until the introduction of penicillin, the mortality rate of patients infected with
S. aureus was about 80 % (Deurenberg et al. 2007). In the early 1940s, S. aureus
infections were treated with penicillin, but the first strains resistant to this antibiotic
were isolated in 1942, first in hospitals, and later in the community. This resistance
resulted from the acquisition of a plasmid that encoded a penicillin-hydrolyzing
enzyme, i.e., penicillinase. In the early 1960s, the adaptive power of S. aureus to
antibiotics leaded to the emergence of methicillin-resistant S. aureus (MRSA) by
the acquisition of the mecA gene and, during the 1970s, MRSA emerged as a

Amphixenosic Aspects of Staphylococcus aureus Infection … 303



therapeutic problem in humans to become, by the 1990s, a serious nosocomial
infection worldwide. MRSA probably originated through the transfer of SCCmec
into a limited number of methicillin-sensitive S. aureus (MSSA) lineages. In
addition, S. aureus strains have developed resistance to vancomycin through the
acquisition of vanA gene (Deurenberg et al. 2007; Lowy 2003). The cause of
resistance to methicillin and all other beta-lactam antibiotics is the mecA gene,
which is situated on a mobile genetic element, the Staphylococcal Cassette
Chromosome mec (SCCmec). Seven major variants of SCCmec, type I to VII, have
been distinguished.

The epidemiology of MRSA is changing. Numerous MRSA clones have
emerged and disseminated worldwide. The prevalence of MRSA ranges from 0.6 %
in the Netherlands to 66.8 % in Japan (Smith 2015). The early MRSA clones were
hospital-associated (HA-MRSA), and from the late 1990s, community-associated
MRSA (CA-MRSA) clones emerged worldwide becoming important public health
problem because they have been associated with high morbidity and mortality in the
community (Okesola 2011). CA-MRSA harbors SCCmec type IV, V, or VII, the
majority belong to other S. aureus lineages compared to HA-MRSA, and
CA-MRSA was often associated with the presence of the toxin Panton–Valentine
leukocidin (PVL). However, during recent years, the distinction between HA/
CA-MRSA has started to disappear, and CA-MRSA is now endemic in many
hospitals (Deurenberg et al. 2007; Deurenberg and Stobberingh 2008).

3 The Role of Companion Animals in the Amphixenosic
Transmission of S. aureus

Generally, companion animal strains of MRSA differ from those in livestock and
meat production animals, probably because in companion animals, MRSA acqui-
sition is primarily a humanosis, the strains carried by human owners being passed
on to their animals. Traditional animal husbandry involved far less close contact
between animals than today’s intensively farmed livestock intended for human
consumption.

Also, the potential involvement of domestic pets, and horses, in the dissemi-
nation of MRSA to men and vice versa has been investigated and is considered
possible (Duquette and Nuttal 2004; Vitale et al. 2006; Gosbell 2011; Petinaki and
Spiliopoulou 2012). Many studies have been performed in these directions with
interesting results, assuming that humans are an important source for dogs (Heller
et al. 2011), as also recognizing the role of animals as sources of recolonization or
reinfection (Weese et al. 2006; Bender and Minicucci 2007; Loeffler and Lloyd
2010). It is very interesting to notice that, frequently, MRSA isolated in veterinary
patients are those typically found in nosocomial infections in human facilities as
reported in Germany (e.g., lineages CC22 and CC5) (Vincze et al. 2014). Again in
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Germany, 16 MRSA isolates obtained from infected dogs and cats, hospitalized in
the same veterinary facility, resulted closely related among them and to the
ST22 MRSA reference strain, that is, frequently associated to nosocomial infections
in men in Germany (Strommenger et al. 2006). In the Midwestern and
Northeastern USA, a study performed on 533 coagulase-positive staphylococci
isolated from different animals (dogs, cats, horses, pigs, hamster, rabbit, mink, and
rat) treated in different veterinary facilities, showed the presence of S. aureus, inter
alia, in 32 out of 487 dogs (6.6 %), 19 out of 48 cats (39.6 %), and 10 out of 12
horses (83.3 %), and of these, 12 (of 32: 37 %), 6 (of 19: 32 %), and 5 (of 10: 50 %)
were MRSA, respectively. Remarkably, four MRSA clones included all the 24
MRSA isolates [USA100 (12 isolates—10 dogs and 2 cats), USA300 (4 isolates—2
cats, 1 dog and 1 pig), USA800 (3 isolates—2 cats and 1 dog), and USA500
(5 isolates—all from horses)], and all of them are either CA- or HA-MRSA strains
(Yihan et al. 2011). Indistinguishable isolates of USA300 MRSA were also found
in the USA in swabs from the anterior nares of a cat and of its owner, but it was not
possible to determine who represented the source (Vitale et al. 2006). An interesting
study performed on 99 pets (47 dogs and 52 cats) coming from 66 households in
which MRSA patients with active or recent infection were present and showed that
11 (11.5 %) animals were MRSA positive, even in the absence of MRSA-related
signs of infection, allowing to consider a possible role for these animals in har-
boring the pathogen; however, the carrier state has been hypothesized to be tran-
sitory. The study also underlined that in 6 out of 9 households with pets related
positivity, the MRSA strains were genetically related to the human’s one of the
same household; in general, the USA 100 strain most frequently isolated from pets
and the USA 300 from men (Morris et al. 2012). USA100 strain was also isolated in
2 resident cats of a long-term care facility, in which human MRSA cases were
present (Coughlan et al. 2010). USA100 was also the main isolate (32/37: 86.5 %)
in a study performed on a large cohort of dogs (435 of which 25 resulted MRSA
positive); the other isolates that were identified were USA500 (1/37: 2.7 %), and
USA800 (2/37: 5.4 %). With regard to the clinical condition of positive dogs, 4
were healthy, 20 were ill independently from MRSA, and 1 presented a deep
pyoderma associated with MSRA (Hoet et al. 2013) (Fig. 5). In 2006, a case study
of Weese et al. (2006) suggested concomitant colonization/infection, with Canadian
epidemic MRSA-2 (CMRSA) indistinguishable isolates (within individual cases) of
dogs and cats and their owners or personnel of the veterinary facilities receiving
these animals. CMRSA-2 (similar to USA100) and CMRSA-5 (similar to USA500)
were also found in persons attending a veterinary conference in USA in 2005. More
precisely, of 27 isolates (6.5 % considering 417 subjects), CMRSA-2 was found in
13 persons, of which 11 coming from small animal practice and 2 from large animal
(except 1 coming from Germany, they were all coming from USA), as CMRSA-5
that was also found in 13 persons, all working in large animal practice (coming 10
from USA, 2 from UK, and 1 from Denmark) (Hanselman et al. 2006). In another
conference in the USA (veterinary surgeons), 59 MRSA isolations resulted from
341 participants sampled; 32 isolates (23, i.e., 72 % working with small animals; 6,
i.e., 19 % with horses; 3, i.e., 9.4 % with large animals) were associated with
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CMRSA-2 and 16 isolates (9, i.e., 56 % were working with horses; 4, i.e., 25 %
with small animal; 2, i.e., 13 % with large animal; 1, i.e., 6.3 % coming from mixed
animal practice) were associated with CMRSA-5, while the only one positive for
CMRSA-10/USA300 was working with horses (Burstiner et al. 2010). In Canada,
on a total of 122 household, 535 subjects (242 humans, 132 dogs, and 161 cats)
were sampled, and S. aureus was isolated from 67 humans, 19 dogs, and 7 cats,
while MRSA colonization was found in 8 humans and 2 dogs. Interestingly,
S. aureus was indistinguishable in 4 out of 8 households with isolates coming from
humans and dogs, and in 1 out of 2 households with isolates coming from humans
and cats (Hanselman et al. 2009). A study performed in the UK on dogs, cats, and
horses found that 3 clinically ill dogs (out of 55 dogs’ samples) were carriers of
MRSA and that a student and 2 staff members of the University of Liverpool’s
Small Animal Hospital were harboring the same strain, moreover matching to the
human epidemic MRSA-15 (EMRSA) (Baptiste et al. 2005). MRSA isolates
indistinguishable from EMRSA-15 were found also in another study in the UK in
56 % of isolates (15 out of 27 isolates from veterinary staff, dogs, and environ-
mental surfaces). More generally, in the same study, 14 out of 78 staff members
(17.9 %), 4 out of 45 dogs (8.9 %), 3 out of 30 (10 %) environmental surfaces, and
0 out of 12 cats resulted positive for MRSA (Loeffler et al. 2005). With regard to
the epidemic clone EMRSA-15, a further study made in the UK and in Ireland on
dogs (n.27), cats (n.6), horses (n.9), human (n.22), and environmental (n.3) isolates
demonstrated that in all cats, in 96 % of dogs and in 82 % of men, the isolates were
indistinguishable or closely related to EMRSA-15. With regard to horses, only one
presented an isolate related to EMRSA-15, while the others were related to CC8
(Moodley et al. 2006). EMRSA-15 was also isolated in 7 out of 724 (1 %) dogs in a
further study in the UK (Wedley et al. 2014). In Ireland, in a small animal practice,
5 dogs and 1 veterinary surgeon resulted positive for an MRSA similar to the one
most commonly isolated in human in Ireland and were indistinguishable from
EMRSA-15 (Leonard et al. 2006). Likewise, EMRSA-15 were found both on 2 out
of 64 staff members (3.1 %) and on 3 samples from environmental sites (in two

Fig. 5 Dog with severe deep
pyoderma associated with
MSRA (courtesy of Prof.
Andrea Spaterna)
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cases, the sample was from the same site, a corridor door handle, repeated after
14 days) in a study performed in Scotland (University of Glasgow Small Animal
Hospital) (Heller et al. 2009).

In a study, Wettstein Rosenkranz et al. (2014) found MRSA isolates (n = 14) in
3.8 % (95 % CI 2.1-6.3 %) of the 340 veterinarians (including general practitioners,
small animal practitioners, large animal practitioners, and veterinarians working in
different veterinary services or industry) and 29 veterinary assistants screened.

Large animal practitioners were carriers of livestock-associated MRSA
(LA-MRSA) ST398-t011-V (n = 2), ST398-t011-IV (n = 4), and ST398-t034-V
(n = 1). On the other hand, participants working with small animals harbored
human healthcare-associated MRSA (HCA-MRSA) which belonged to epidemic
lineages ST225-t003-II (n = 2), ST225-t014-II (n = 1), ST5-t002-II (n = 2),
ST5-t283-IV (n = 1), and ST88-t186-IV (n = 1). HCA-MRSA harbored virulence
factors such as enterotoxins, b-hemolysin converting phage and leukocidins, while
none of the MRSA isolates carried PVL (Wettstein Rosenkranz et al. 2014). In the
same study, in addition to the methicillin-resistant gene mecA, LA-MRSA ST398
isolates generally contained additional antibiotic resistance genes conferring resis-
tance to tetracycline [tet(M) and tet(K)], trimethoprim [dfrK, dfrG], and the
aminoglycosides gentamicin and kanamycin [aac(6′)-Ie-aph(2′)-Ia]. On the other
hand, HCA-MRSA ST5 and ST225 mainly contained genes conferring resistance to
the macrolide, lincosamide, and streptogramin B antibiotics [erm(A)], to specti-
nomycin [ant(9)-Ia], amikacin, and tobramycin [ant(4′)-Ia], and to fluoroquinolones
[amino acid substitutions in GrlA (S84L) and GyrA (S80F and S81P)] (Wettstein
Rosenkranz et al. 2014).

Garcia-Graells et al. (2012) highlighted that LA-MRSA was significantly
associated with veterinarians in contact with livestock (P = 0.046) examining the
prevalence and risk factors associated with LA-MRSA carriage in Danish and
Belgian veterinarians. The MRSA and LA-MRSA carriage rates were 9.5 % (95 %
CI 5.3-15.6) and 7.5 % (95 % CI 3.8-13.1) for MRSA and LA-MRSA, respectively,
in Belgium and 1.4 % (95 % CI: 0.17-5.05) in Denmark. Moreover, all LA-MRSA
isolates were resistant to tetracycline and 53.4 % (7/13) showed a multi-resistant
phenotype (Garcia-Graells et al. 2012).

Another study executed in Ireland on different animal species (dogs, horses, a
cat, a rabbit, and a seal), showed, in some cases, similar isolates within these
animals and veterinary personnel of respective practices. Furthermore, the prevalent
MRSA pattern found in a high percentage of sampled dogs and in a rabbit was
indistinguishable from the pattern of the most commonly isolated MRSA in human
patients; on the contrary, in the same study, isolates from horses were different from
all formerly reported Irish human isolates (O’Mahony et al. 2005).Resistance to
antibiotics such as methicillin or aminoglycoside-modifying enzymes (AGMEs)
production in S. aureus isolated from mastitis in rabbit could indicate possible
human origin of the strains or a possible source of resistant strains for human beings
(Goni et al. 2004). Returning to the UK, 27 out of 220 (12.3 %) veterinary staff
being in contact with MRSA infected pets (dogs and cats) and 9 out of 120 (7.5 %)
owners of infected animals, resulted carriers of MRSA, and interestingly, almost all
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(149 out of 150) the identified MRSA isolates from both pets and human were
CC22 or CC30 (typical hospital-associated strains) (Loeffler et al. 2010). A recent
study performed in France on a 5-year period reported a positivity for MRSA in 16
and 7 ill dogs and cats, respectively. Interestingly, 20 out of 23 isolates (87.0 %)
were human-related clones (noteworthy one was a USA300) and the remaining
three were CC398 (Haenni et al. 2012). In Sweden, together with 7 dogs diagnosed
with MRSA in 3 different small animal hospital, 20 out of 152 staff members were
found positive for MRSA, almost all with indistinguishable isolates (the remaining
2 isolates were, however, closely related) (Andersson et al. 2014). A study per-
formed in 2012 in Egypt, showed that in 70 sampled dogs (either healthy or ill),
three positivity from two dogs (one ill, one healthy) resulted (two isolates were
found in the ill dog), while none cats (out of 48 sampled) were positive; only 1 out
of 28 apparently healthy persons resulted positive and interestingly he was in
intimate contact with the healthy dog, and furthermore the isolate were pheno-
typically similar (Abdel-moein et al. 2012). Two studies performed in Japan
investigated the relation between MRSA and veterinary staff both in an academic
veterinary hospital and in private veterinary clinics. In the first case, MRSA were
isolated from veterinarians, staff members, and students with different percentages
in different times; interestingly, two factors were associated with carriage state and
precisely the contact with an MRSA animal case and the fact of working in the
veterinary hospital instead of being a student (Ishihara et al. 2010). In the second
case, 22 out of 96 veterinarians resulted positive as well as 7 out of 70 veterinary
technicians, while only 3 (1 dog with hepatic disease and 2 blood donor dogs) out
of 292 dogs (1 %) led to positive isolates; all these three dogs were been in clinics
in which at least one staff member resulted positive for the same MRSA isolate
(Ishihara et al. 2014). The diffusion of MRSA in dogs was also studied in Korea,
showing that on 157 hospitalized patients (presenting skin pyoderma, extern otitis,
conjunctivitis, and urinary tract infections) 3 were infected by MRSA (2 affected by
skin pyoderma and 1 by extern otitis) (Kwon et al. 2006). In support of the fact that
animals (in this case dogs and horses) are not always carriers of MRSA, there is a
study performed in Slovenia on 300 horses and 200 dogs, all clinically normal, in
which no animals resulted positive for MRSA, on samples collected from the nose
in both species and from the perineal area/last 5 cm of the anus in dogs (Vengust
et al. 2006).

Nevertheless, a study performed on veterinary surgeons/staff with a persistent
MRSA nasal colonization showed that they did not represent a consistent risk for
patients undergoing orthopedic or spinal surgery (McLean and Ness 2008). While,
on 128 small animal dermatologists participating in Italy to a National veterinary
conference, 34 positive nasal swabs were found for S. aureus (2 MRSA and 32
methicillin-susceptible S. aureus—MSSA) (Paul et al. 2011). Similarly, in
Denmark, a study including 702 participants showed that veterinary practitioners
were significantly more likely to carry MRSA than professionally unexposed per-
sons and that, in this study, a risk factor was the species with whom they were in
touch (yes: small animals, cattle, and horses; no: pigs) (Moodley et al. 2008).
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The role of companion animals in the dissemination of S. aureus should not be
neglected; on the contrary, it could be interesting to further investigate the dis-
semination of the bacteria in these animals.

4 The Amphixenosic Transmission of S. aureus: Human
Versus Pet Animals and Vice Versa

Different reports of zoonotic or inverse zoonotic transmission are reported in the
literature. As example the case of a man (ill), his wife (ill) and their dog (healthy) in
which were isolated indistinguishable MRSA; considering that the dog had never
been subjected to antibiotic therapy neither been ill or hospitalized, unlike the
owner, the hypothesis is that the dog went in contact with the pathogen from its
owner, and then acted as the MRSA source both for him and for his wife (Manian
2003). Two case reports from Germany also refer of the cross-contamination
regarding MRSA ST398 and MRSA ST225, and in both cases, the source for the
two pets (two dogs) was hypothesized to be the owner. More precisely, in the case
involving the MRSA ST398, a strain typically housed by pigs (but also by other
animals and human), the owner was a specialist in swine medicine who had access
to MRSA ST398-positive breeding, while in the other case, it has to be underlined
that MRSA ST225 is very frequent in men in Germany but not in dogs (Nienhoff
et al. 2009). MRSA ST398 with similar characteristics were also found in a wound
infection of a dog and in the staff of the veterinary facility in which the dog was
treated, in Germany (Witte et al. 2007). Another case report is from the
Netherlands, where in a woman (a nurse previously identified as MRSA carrier), in
her daughter, and in their dog, three indistinguishable MRSA isolates were found;
interestingly, the woman, after initial negativities following the treatment, turned
positive again, and only after treating the three subjects, and achieving a negativity
in all three, they remained negative over time (van Duijkeren et al. 2004). Similarly,
always in the Netherlands, a diabetic woman presenting recurrent infections related
to MRSA eradicated the MRSA carrier state only after treating, at the same time,
the husband, the son, and the dog, all healthy and resulted carriers of the same
indistinguishable MRSA isolate (van Duijkeren et al. 2005). Likewise, a nurse, his
wife (also a nurse), and their dog were all positive for EMRSA 1, and they had to be
all treated to eliminate the carrier state from the dog (Cefai et al. 1991). Even if
dogs could carry asymptomatically MRSA when contaminated by their owners, as
in the previous cases, there may also be cases in which it does not happen, as in the
case reported by Rutland et al. (2009), in which the suggested contamination of a
dog from its owner resulted in the euthanasia of the dog. A similar situation has also
been reported in the cat, in a case in which a woman continued to be positive for
MRSA, even after her husband and her children became negative; one of three
family cats also resulted positive for the same MRSA, and only after successfully
treating the cat that became negative, the whole family also became negative
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(Sing et al. 2008). A MRSA-positive ward cat has also been involved in a MRSA
outbreak in a rehabilitation geriatric ward in 1988, where after appropriate control
measures (e.g., hygienic and environmental), and the cat’s removal, no other cases
occurred (Scott et al. 1988). Nevertheless, there are always many difficulties to
exactly identify the direction of the transmission between species, even if it is
reported in several cases. An interesting study performed between USA and
Canada, starting from households in which infected persons were present and other
household in which infected dogs or cats were present, showed that in the first case,
in the 8 households included, in one case 2 cohabiting dogs were also colonized (in
all cases USA 300 strains), while in the second case in 6 out of the 22 included
households, one or more colonized persons were present (in the 4 cases in which
the strain was identified, it was USA 100 in 3 cases and USA 300 in 1 case) (Faires
et al. 2009).

Noteworthy are also studies in which other S. aureus, such as enterotoxigenic
S. aureus, are studied because they also represent a concern for human and animal
health. For example, in Egypt, samples from 70 dogs, 47 cats, and 27 men in
intimate contact with them (owners or veterinarians) were collected, and results
showed that enterotoxigenic S. aureus was found in 10 % (7 out of 70), 2.1 % (1 out
of 47), and 7.7 % (2 out of 26) of the three species, respectively; also remarkable is
that animal isolates were almost all from healthy subjects (Abdel-moein and Samir
2011).

With regard particularly to horses, as partially anticipated and as previously
reported in other species, there are evidences of concomitant isolates from human.
As example, in 1999 in the USA, 11 horses presented infections resulted positive
for MRSA that were closely related to isolates (4 isolates from 3 persons) from
members of the veterinary staff; moreover, in this case, it was hypothesized that the
source was represented by the staff members (Seguin et al. 1999).

Different sources have been hypothesized for such bacteria, in the case series of
Weese et al. (2006a) MRSA were isolated from nasal swabs, postoperative infec-
tions, and lower urinary tract infections but, also, in a larger cohort of animals
(dogs, cats, and horses) from the same sites and from skin, perianal area, coat, eyes,
ears, saliva, synovial fluid, blood, milk, or fomites (Baptiste et al. 2005; Middleton
et al. 2005; Snyder et al. 2008; Hoet et al. 2013; Muniz et al. 2013; Vincze et al.
2014). Interestingly, MRSA was also isolated in 3 out of 418 (0.7 %) canine stool
samples collected directly on the sidewalks and streets of different areas of Bari,
Italy (Cinquepalmi et al. 2013). Furthermore, as previously showed, also envi-
ronmental sites could represent a source of MRSA as underlined by a recent study,
in which it was isolated from 9 out of 101 southern Ontario community veterinary
hospitals, by sampling different sites; interestingly, different pathogens were iso-
lated and among these the Canadian epidemic strains MRSa-2 and MRSA-5
(Murphy et al. 2010).

These data suggest that in case of isolation of S. aureus, from men or animals, it
may be indicated to systematically investigate also cohabiting men or animals.
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5 The Epidemiology of Livestock-Associated S. aureus:
The Role of Bovine Milk and Dairy Cattle

The emergence of antibiotic-resistant S. aureus strains in farm animal environments
poses a potential public health concern. S. aureus is a common cause of mastitis in
dairy cows (Trinidad et al. 1990; Turkyilmaz et al. 2010; Vanderhaeghen et al.
2010a; Varshney et al. 2009; Virgin et al. 2009; Waage et al. 1999), a primary
reason for antibiotic use on farms. However, the proportion of contagious patho-
gens (such as S. aureus and Streptococcus agalactiae) has decreased relative to that
of environmental pathogens in the recent past (from 1994 to 2001) (Makovec and
Ruegg 2003). The use of antimicrobial agents on dairy farms as well as in other
food animal production systems is a major concern in the emergence of resistant
zoonotic bacterial pathogens (Piddock 1996) (Fig. 1). Although different antibiotic
classes of drugs are used in animal health management and in human medicine, the
selection of resistance to one drug class may lead to cross-resistance to another
(Piddock 1996). Antibiotics on dairy operations are used to treat highly prevalent
infections, such as subclinical mastitis, and as a preventive measure during dry cow
therapy. Monitoring the emergence of resistant pathogens in animal reservoirs is
important particularly for those with zoonotic potential. MRSA has emerged
as a major cause of healthcare-associated (HA) and community-associated
(CA) infections (Klein et al. 2007) (Fig. 1). The presence of MRSA in bovine
milk and dairy environments poses potential risk to farm workers, veterinarians,
and farm animals that are exposed to contaminated cattle. In facts, MRSA carriage
may represent an occupational risk and veterinarians should be aware of possible
MRSA colonization and potential for developing infection or for transmitting these
strains. MRSA transmission between humans and animals, and the spread of
MRSA both in the community, and to animal and human hospitals could be.
A small number of human MRSA mastitis cases and outbreaks in maternity or
neonatal units have been reported which are generally the result of CA-MRSA
(Holmes and Zadocks 2011). The establishment of the sequence type 398 (ST398)
in farm animals, primarily pigs, in the early 2000s, has provided a reservoir of
infection for humans and dairy cattle, particularly in continental Europe, described
as LA-MRSA. Livestock-associated S. aureus is an emerging category of S. aureus
throughout the world. Prior to the emergence of ST398, there were sporadic reports
of MRSA in bovine milk and cases of mastitis, often caused by strains from
human-associated lineages. Subsequently, there have been several reports
describing bovine udder infections caused by ST-398 MRSA (Benić et al. 2012)
Another group of LA-MRSA strains was discovered in humans and dairy cattle in
Europe. This group carries a divergent mecA gene and includes a number of
S. aureus lineages (CC130, ST425, and CC1943) that were hitherto thought to be
bovine-specific but are now also found as carriage or clinical isolates in humans.
The emergence of MRSA in dairy cattle may be associated with contact with other
host species, as in the case of ST398, or with the exchange of genetic material
between S. aureus and coagulase-negative Staphylococcus species, which are the
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most common species associated with bovine intramammary infections and com-
monly carry antimicrobial resistance determinants (Holmes and Zadoks 2011).

In another study carried out in Turkey on bovine milk with mastitis, Turkyilmaz
et al. (2010) observed the presence of hospital-related MRSA strains by supposing
transmission of these strains between humans and animals. Among 93 S. aureus
strains, 16 were resistant to methicillin. The MRSA strains were multi-drug resis-
tant. All tetracycline- and gentamicin-resistant strains carried tet(M) and aac(6)-aph
(2) gene, respectively, and among macrolide-resistant isolates, nine had erm(A) and
seven had both erm(A) and erm(B) genes. The molecular characterization by
pulsed-field gel electrophoresis showed the presence of three pulsotypes with their
variants. The pulsotype B strains were type IV with SCCmec typing, and repre-
sentative of pulsotype B was t190 by spa typing and ST8 by MLST typing. The
strains with pulsotype A and C were SCCmec III, and representative of these
pulsotypes was t030 by spa typing. The MLST type of pulsotype A was ST239, and
pulsotype C was one allele variant of ST239, while none of the isolates harbored the
PVL gene (Turkyilmaz et al. 2010).

Prevalence and molecular characteristics of MRSA in milk of cows with mastitis
were analyzed in Brazil (Silva et al. 2014). The four MRSA isolates were typed as
t011-ST398-agr1-SCCmecV and presented two different pulsed-field-gel-
electrophoresis-ApaI patterns. They showed resistance to tetracycline, strepto-
mycin, and ciprofloxacin, carried the mecA, blaZ, tet(K), and tet(M) resistance
genes, and presented the S84L and S80F amino acid substitutions in GyrA and
GrlA proteins, respectively. Two ST398 isolates exhibited resistance to gentamicin
and tobramycin (with aac(6)-aph(2″) and ant(4)-Ia genes) and one isolate resistance
to clindamycin (with lnu(B) and lsa(E) genes); this latter isolate also carried the
spectinomycin-/streptomycin-resistant genes spw and aadE. MRSA of lineage
ST398 is worldwide spread, normally multi-drug resistant, and may be responsible
for bovine mastitis (Silva et al. 2014).

6 Livestock-Associated S. aureus: The Role of Swine
and Chickens

In the early part of the twenty-first century, a novel pig-associated MRSA clone
emerged in pig farms (Armand-Lefevre et al. 2005; Voss et al. 2005) (Fig. 1):
sequence type 398 (ST398) and related strains (collectively grouped into clonal
complex 398, or CC398 (Fluit 2012). CC398 was first identified in pigs and swine
workers but has since been found in other animals (including cattle, poultry, and
dogs as well as humans) in a number of countries in Europe (EFSA 2008), Asia,
and North and South America (Khanna et al. 2008; Smith et al. 2009), as well as
Australia. The analysis of LA-MRSA isolates identified four features that are
characteristic for LA-MRSA: (i) They are non-typable by pulsed-field gel elec-
trophoresis (PFGE) using SmaI (Bens et al. 2006); (ii) they belong to clonal
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complex (CC) 398 by multi-locus sequence typing (MLST) (Enright et al. 2000);
(iii) the staphylococcal chromosomal cassette (SCC)mec types IV and V predom-
inate but are structurally different from the corresponding types carried by MRSA
genotypes endemic in community and healthcare settings (Li et al. 2011); and
(iv) most isolates lacks toxins such as Panton–Valentine leukocidin (PVL) and
other enterotoxins (Hallin et al. 2011). LA-MRSA seemed to be less virulent and
less transmissible than community- and healthcare-associated MRSA (van Rijen
et al. 2008; Wassenberg et al. 2011; Bootsma et al. 2011), although secondary
transmission to household members, people, and animals in contact has been
reported (Denis et al. 2009). In a Danish case–control study, a relatively high
proportion of case patients reported skin and soft tissue infections (10/21), one
patient developed sinusitis and another developed bacteremia after knee surgery
(Lewis et al. 2008). In Europe, geographical variation in the number of human
LA-MRSA cases (both asymptomatic carriage and infections) is directly linked to
pig and veal calf densities (van Cleef et al. 2011). In areas where LA-MRSA is
endemic in the agricultural setting, the carriage rate in pig farm workers is higher
than in any other population, including patients with predisposing risk factors such
as exposure to foreign healthcare facilities (van Rijen et al. 2008). In countries with
a low incidence of MRSA, this epidemiological change threatens existing control
policies developed to prevent spread of MRSA in the community and into hospitals.
For example, a Dutch survey conducted during 2002–2006 found that 32 % of
patients carried MRSA on admission to a hospital located in an area with a high pig
density compared to a nationwide incidence of 0.03 % in 2000 (van Rijen et al.
2008).

In Belgium and Denmark, a study confirmed that veterinarians are at high risk of
acquiring LA-MRSA through exposure to pigs, and particularly to live pigs, rather
than other animal species. Moreover, the fact that carriage was not dependent on a
recent exposure to pigs may suggest that veterinarians could become chronic car-
riers, and therefore, they could be implicated in the spread of LA-MRSA between
farms (Garcia-Graells et al. 2012).

In most European countries, CC398 remains the most commonly identified type
of LA-MRSA (Smith and Pearson 2011); however, while CC398 strains have been
found in livestock across the globe, the epidemiology of livestock-associated
S. aureus differs in other geographic areas. Asian studies have demonstrated that a
different strain of MRSA, ST9, appears to be the prominent type of LA-MRSA in
several Asian countries (Larsen et al. 2012; Patchanee et al. 2014). Poultry may
harbor CC398 strains (Argudin et al. 2013; Wendlandt et al. 2013; Nemeghaire
et al. 2013) but also other types unrelated to CC398, including CC5 (Argudin et al.
2013; Buyukcangaz et al. 2013). The epidemiology of CC398 and other strains,
found in both animals and humans (Wagenaar et al. 2009), has led to abandon the
idea of species specificity in S. aureus. Although CC398 appears to be frequently
shared between animals and humans and it is capable of causing active symp-
tomatic infections in both species (Smith et al. 2009; Graveland et al. 2011; Hanson
et al. 2011), other studies also documented CC398 infections in populations with no
obvious livestock contact (Uhlemann et al. 2012; David et al. 2013). Furthermore,
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both CC398 and a poultry-adapted S. aureus strains of CCT5 have been phylo-
genetically analyzed and appear to have originated in humans, who transmitted
strains to animals, in which the strains subsequently spread and evolved a variety of
host adaptations (Lowder et al. 2009).

7 Conclusions

From all data reported in the present article, it is clear that genotypes of S. aureus
commonly infect species that are not their native host. Between lineages, there is
evidence of preferential association and adaptation which dispels any notion that
animals (including humans) represent a uniform host landscape to the pathogen.
However, there have been several occasions where a genotype has switched host
and founded a novel lineage. The findings presented here suggest that major host
switches are infrequent, but spillover events are common and represent frequent
opportunities for a genotype to become established in an additional host. This
supports the concept that human and veterinary medicine should be treated as a
strongly linked fields, both clinically and epidemiologically, particularly with
respect to practices such as the use of antibiotics.

Regarding livestock role in S. aureus epidemiology, as a consequence of studies
carried out on swine farms in the USA, we have identified human strains within the
noses of live animals (Osadebe et al. 2013; Gordoncillo et al. 2012) or as com-
ponents of environmental samples of farm dust (Frana et al. 2013) documenting that
CC398 can have LA as well as human versions and that human strains of S. aureus
could also been found in livestock.Spoor et al. (2013) suggested that the bidirec-
tional transmission of strains of S. aureus between humans and livestock is not a
rare occurrence. Moreover, in addition to the movement of CC398 between animals
and humans, studies have suggested that a human pandemic clone, CC97, had its
origin in cattle (Spoor et al. 2013), and antibiotic resistance genes, including mecA
(Wu et al. 1996) and mecC (García-Álvarez et al. 2011), have been suggested to
have an animal origin.

S. aureus surveillance is most commonly carried out within a human clinical or
hospital setting, with far fewer research dollars devoted to the analysis of carriage
within communities, particularly in a rural setting, and very little research exam-
ining animal strains. As such, it is likely we are missing other spillover events of
S. aureus from livestock to humans or vice versa. To track such events and facilitate
both surveillance and source tracking of novel isolates, the buy-in of industry is
needed. All too often, the relationship between public health and the agricultural
and food industry is one of antagonism rather than assistance. Working together
will mean both safer food products and well-protected workers. More attention to
this type of research is needed, as we are rapidly approaching a “post-antibiotic era”
(WHO 2014). The effectiveness of antimicrobial stewardship in the clinical setting
may be reduced if pathogens and resistance genes from the agricultural
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environment are repeatedly, but silently, being introduced into the human
population (Smith et al. 2002).

8 Future Directions

A large mass of papers demonstrate that there is some evidence in the medical
literature to support a potential role for pet animals in the transmission of MRSA in
households. Although these data are clearly only hypothesis generating at this
point, they do suggest that future work to elucidate the exact role of pet animals in
MRSA household transmission would be very worthwhile. These studies should
focus on identifying the prevalence of MRSA colonization among pet animals of
humans infected or colonized with MRSA. In addition, longitudinal assessment of
MRSA colonization in household members as well as their pets should be under-
taken to determine the transmission dynamics in the households. Further, identi-
fying potential high-risk behaviors for transmission (e.g., face licking) should be
emphasized.

Future investigations could lead to important novel interventions, which could
include enhanced surveillance for MRSA among pets as well as potential decolo-
nization of pets with MRSA carriage. In addition, surveillance should be expanded
to companion animals other than cats and dogs, particularly those with exposure to
agricultural, veterinary, and healthcare settings.
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Treatment of Staphylococcus aureus
Infections

Michael Z. David and Robert S. Daum

Abstract Staphylococcus aureus, although generally identified as a commensal, is
also a common cause of human bacterial infections, including of the skin and other
soft tissues, bones, bloodstream, and respiratory tract. The history of S. aureus
treatment is marked by the development of resistance to each new class of
antistaphylococcal antimicrobial drugs, including the penicillins, sulfonamides,
tetracyclines, glycopeptides, and others, complicating therapy. S. aureus isolates
identified in the 1960s were sometimes resistant to methicillin, a ß-lactam antimi-
crobial active initially against a majority S. aureus strains. These MRSA isolates,
resistant to nearly all ß-lactam antimicrobials, were first largely confined to the health
care environment and the patients who attended it. However, in the mid-1990s, new
strains, known as community-associated (CA-) MRSA strains, emerged. CA-MRSA
organisms, compared with health care-associated (HA-)MRSA strain types, are more
often susceptible to multiple classes of non ß-lactam antimicrobials. While infections
caused by methicillin-susceptible S. aureus (MSSA) strains are usually treated with
drugs in the ß-lactam class, such as cephalosporins, oxacillin or nafcillin, MRSA
infections are treated with drugs in other antimicrobial classes. The glycopeptide
drug vancomycin, and in some countries teicoplanin, is the most common drug used
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to treat severe MRSA infections. There are now other classes of antimicrobials
available to treat staphylococcal infections, including several that have been
approved after 2009. The antimicrobial management of invasive and noninvasive S.
aureus infections in the ambulatory and in-patient settings is the topic of this review.
Also discussed are common adverse effects of antistaphylococcal antimicrobial
agents, advantages of one agent over another for specific clinical syndromes, and the
use of adjunctive therapies such as surgery and intravenous immunoglobulin. We
have detailed considerations in the therapy of noninvasive and invasive S. aureus
infections. This is followed by sections on specific clinical infectious syndromes
including skin and soft tissue infections, bacteremia, endocarditis and intravascular
infections, pneumonia, osteomyelitis and vertebral discitis, epidural abscess, septic
arthritis, pyomyositis, mastitis, necrotizing fasciitis, orbital infections, endoph-
thalmitis, parotitis, staphylococcal toxinoses, urogenital infections, and central ner-
vous system infections.

Abbreviations

ABSSSI Acute bacterial skin and skin structure infection
CA-MRSA Community-associated methicillin-resistant Staphylococcus aureus
CAP Community-acquired pneumonia
CDC United States Centers for Disease Control and Prevention
CNS Central nervous system
CRP C-reactive protein
CSF Cerebrospinal fluid
CT Computed tomography
ETA; ETB Exfoliative toxins A and B
ESR Erythrocyte sedimentation rate
FDA Food and Drug Administration
HA-MRSA Healthcare-associated methicillin-resistant Staphylococcus aureus
hVISA Heterogeneous vancomycin-intermediate Staphylococcus aureus
IDSA Infectious Diseases Society of America
IV Intravenous
IVIG Intravenous immune globulin
MAO Monoamine oxidase
MIC Minimum inhibitory concentration
MRI Magnetic resonance imaging
MSSA Methicillin-susceptible Staphylococcus aureus
PBP Penicillin binding protein
PVL Panton-Valentine leukocidin
RCT Randomized, controlled trial
SCCmec Staphylococcal cassette chromosome mec
SIRS Systemic inflammatory response syndrome
SSRI Selective serotonin reuptake inhibitor
SSSS Staphylococcal scalded skin syndrome
SSTI Skin and soft tissue infection
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TEE Transesophageal echocardiogram
TMP-SMX Trimethoprim-sulfamethoxazole
TOA Tubo-ovarian abscess
TSS Toxic shock syndrome
tsst Toxic shock syndrome toxin
TTE Transthoracic echocardiogram
UK United Kingdom
USA United States of America
UTI Urinary tract infection
VISA Vancomycin-intermediate Staphylococcus aureus
VRSA Vancomycin-resistant Staphylococcus aureus
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1 Introduction

Staphylococcus aureus is a common cause of human bacterial infections (Table 1).
Despite its pathogenicity, it is generally identified as a commensal; it is estimated
that 25–40% of the population is nasally colonized at any time (Lowy 1998; Tong
et al. 2015). Colonization at other sites, e.g., the throat, in some studies, has been
found to be more frequent. S. aureus colonization is asymptomatic, but colonized
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Table 1 Staphylococcus aureus disease syndromes described in this review

Syndrome Features Therapeutic considerations

Skin and soft
tissue infections
(SSTI)

Broad range of severity; most are
uncomplicated

Drainage is indicated if there is
a drainable focus; antibacterial
therapy increases likelihood of
cure and decreases recurrence.
Oral therapy is appropriate for
uncomplicated SSTI. For
complicated SSTI, parenteral
therapy may be necessary for
cure and to prevent
complications

Bacteremia Mortality 15–50%; source should be
sought aggressively; bacteremia may
be complicated by secondary
infections of heart, bone, or abscess
in an internal organ

If source can be removed or
debrided (such as a foreign
body or infected tissue) or
drained (such as an abscess),
this increases likelihood of
cure; if source is addressed then
IV therapy for 2 weeks is
usually adequate; if there is
secondary seeding of an organ,
vascular site, bone or other
tissue, a more prolonged
duration is necessary

Endocarditis,
native valve

May be a complication of bacteremia
from any source; the diagnosis often
suggested by persistently positive
blood cultures, onset of heart failure,
arrhythmias, aortic root abscess,
septic emboli to any organ or tissue
(usually to the lung in the setting of
right-sided endocarditis), or CVA; an
echocardiogram is often an important
means of supporting the diagnosis as
part of the modified Duke criteria for
endocarditis

If uncomplicated, IV
antimicrobial therapy alone is
adequate and monotherapy is
usually appropriate; however,
in certain cases surgical valve
replacement is indicated (see
text)

Endocarditis,
prosthetic valve

May be a complication of bacteremia
from any source; often suggested by
persistently positive blood cultures,
onset of heart failure; complications
include those noted above; as well as
dehiscence of the prosthetic valve; an
echocardiogram is often an important
means of supporting the diagnosis as
part of the modified Duke criteria for
endocarditis

Combination IV therapy is
indicated for prosthetic valve
endocarditis with a primary
agent for S. aureus in
combination with rifampin,
both for 6 weeks plus
gentamicin for the first
2 weeks. Valve replacement is
often indicated and a team
approach with early
involvement of cardiothoracic
surgery is essential

(continued)
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Table 1 (continued)

Syndrome Features Therapeutic considerations

Intravascular
infection

A complication of bacteremia, these
may result from direct extension of
an infection from a foreign body into
the wall of a blood vessel or they may
result from an infected embolus, as
sometimes is the case in a septic
pulmonary embolus

Require prolonged IV therapy,
usually 4–6 weeks

Pneumonia S. aureus is a relatively rare cause of
CAP and is more common as a cause
of nosocomial pneumonia and
particularly ventilator-associated
pneumonia; PVL-positive S. aureus
strains may be more likely to cause a
severe, necrotizing infection; S.
aureus pneumonia has been found to
be more common when pneumonia is
a complication of influenza or other
respiratory viral infection

While an uncomplicated
pneumonia may be treated for
only 7 days, in cases of
necrotizing pneumonia, the
duration may be extended to 4
or more weeks. Importantly,
daptomycin is not used for
pneumonia

Osteomyelitis S. aureus may infect any bone in the
body either by direct extension from
another tissue or by hematogenous
spread

Surgery is not usually required
for cure unless a foreign body
must be removed.
Antimicrobial therapy is
generally required for a
minimum of 4–6 weeks
although the duration is
determined by the clinical
course and sometimes requires
several months. In the event
that there is a foreign body that
cannot be removed, long-term
or indefinite suppressive
therapy may be required

Intervertebral
discitis

May arise as a complication of
bacteremia and less often from direct
spread; often accompanies vertebral
osteomyelitis, but it also may occur
in the absence of any bone infection

May require surgical
debridement

Epidural abscess Can be a sequela of bacteremia or
direct spread from vertebral
osteomyelitis, discitis, or a
parameningeal focus of a central
nervous system infection

Often require drainage by
interventional radiologists or
neurosurgeons for cure

Septic arthritis Usually a complication of
bacteremia. Monoarticular arthritis is
most common with a neutrophilic
predominance of the often purulent
fluid aspirated from the joint space

Prompt drainage, followed by a
washout or serial needle taps
are often required to preserve
the full function of the joint

(continued)
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Table 1 (continued)

Syndrome Features Therapeutic considerations

Pyomyositis More common in the tropical regions
of the world; S. aureus is the
predominant cause; most commonly
affected muscles are in the pelvis;
imaging with ultrasound, CT or MRI
is often necessary for diagnosis

Drainage is necessary by
interventional radiology or
surgery for larger abscesses; for
multiple abscesses surgery may
be superior. Treatment for a
minimum of 21 days is
recommended

Necrotizing
fasciitis

Severe, rapidly progressive infection
of the fascial plane deep to the
subcutaneous tissues; usually
diagnosed by clinical examination;
there is often crepitus, pain beyond
the margin of erythema, a grayish
color to the skin affected, and there is
no bleeding when the affected,
necrotic tissue is cut; the bacterial
cause may be recovered from tissue
culture, and blood cultures are often
positive as well

A surgical emergency, and
surgery should not be delayed
for imaging studies; immediate
debridement of necrotic tissue
is indicated; broad-spectrum
antibacterial drugs are essential
as the etiology is not usually
known immediately; S. aureus
is a possible etiology and
vancomycin should be used; as
a toxin-mediated process may
be contributing to the
pathogenesis of the infection,
clindamycin or linezolid is
recommended empirically as
well

Impetigo A superficial infection of the skin
with distinctive crusting

May be treated expectantly or
with a topical agent (see text)

Mastitis and
breast abscess

Inflammation of the breast that often
occurs in the setting of lactation;
should be distinguished from
granulomatous mastitis that is
thought to be noninfectious; if
draining or drainable focus visible on
ultrasound, S. aureus may be
recovered from needle drainage
specimen, and this suggests breast
abscess

Mastitis may improve with no
systemic therapy; breast
abscess requires drainage, and
subsequent oral therapy is
usually adequate

Conjunctivitis Infection of the conjunctivae Usually treated topically

Orbital infections Preseptal, or facial cellulitis involves
the anterior of the orbit, while
retro-orbital cellulitis involves deeper
tissues within the orbit; either
infection may arise from lacrimal
duct infection, blepharitis,
conjunctivitis, sinus infection or from
hematogenous spread; more
complicated orbital infections include
endophthalmitis, orbital abscess and
subperiosteal abscess, the last 2 of
which can be distinguished by MRI;

If limited to cellulitis,
antimicrobial therapy is
adequate, but an orbital abscess
usually requires surgical
drainage by an ophthalmologist
or neurosurgeon; a
subperiosteal abscess generally
does not require drainage

(continued)
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Table 1 (continued)

Syndrome Features Therapeutic considerations

concerning symptoms are
photophobia, limited range of motion
of the eye, and pain with movement
of the eye

Endophthalmitis A surgical emergency, this is an
infection of the globe of the eye,
distinguished often by the presence
of a hypopyon visible on physical
examination

Emergent vitrectomy may be
necessary to prevent blindness;
immediate systemic
antimicrobial therapy is
essential

Parotitis An infection of the parotid gland,
often caused by S. aureus;
complications are rare and usually
readily responds to therapy; can be
diagnosed by culture of drainage
from Stensen’s duct or by needle
drainage

Treatment with antimicrobial
therapy alone is often adequate.

Staphylococcal
toxic shock
syndrome (TSS)

A potentially fatal syndrome caused
by the toxic shock syndrome toxins
(tsst-1 and -2), sometimes in the
absence of a primary, clinically
apparent S. aureus infection; has
been associated with super-absorbent
tampon use as well as surgical
dressings; results from nonspecific
stimulation of T cells by the toxin
which acts as a superantigen

Treatment with antibacterials is
usually required; debridement
even in the absence of a
clinically obvious infection
may be necessary in the case of
an infected wound; removal of
the responsible tampon or
dressing should be immediate;
some advocate the use of IVIG
therapy as an adjunct

Staphylococcal
scalded skin
syndrome (SSSS)

Syndrome of skin sloughing caused
by the ETA and ETB toxins.
Desquamation is often on the face
and skin folds; blood cultures may be
positive, especially in adults

Burn unit treatment is optimal;
antimicrobial therapy is
indicated; fresh frozen plasma
is often administered, as is
IVIG for 5 days

Urogenital
infections

S. aureus is a rare cause of urogenital
infection but has been reported to
cause infections in all urinary and
genital organs; there is a risk of
abscess formation in the case of S.
aureus infections

Treatment may require
drainage for cure (see text for
considerations in specific organ
involvement)

Lemierre’s
syndrome

Infection extending from a soft tissue
source in the neck, leading to
thrombophlebitis of the internal
jugular vein; may extend into the
mediastinum; septic emboli may
occur from infected vasculature; S.
aureus is not a common cause of this
syndrome

Usually treated with
antimicrobial therapy alone;
drainage of secondary focus of
infection may be needed; rarely
drainage or debridement of foci
in soft tissues of the neck is
required as well

(continued)
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individuals may develop an infection if the colonizing organism is pathogenic.
Colonization may be short or long term, and may clear spontaneously.
Transmission is believed to be largely via skin-to-skin contact from a colonized or
infected individual. Acquisition of the organism from a fomite source is a possi-
bility but has not been proven.

New S. aureus isolates were identified in the 1960s that were resistant to
methicillin, a ß-lactam antimicrobial active at that time against nearly all S. aureus
strains. Although methicillin is not used any more (other members of the family that
are used are oxacillin and nafcillin), the name “methicillin-resistant S. aureus
(MRSA)” persists. Such MRSA isolates were initially largely confined to the health
care environment, and they became major causes of nosocomial infections, par-
ticularly among patients after procedures or with devices that necessitate piercing
the skin. These MRSA strains were believed to be acquired in health care envi-
ronments and have been termed health care-associated or HA-MRSA. They are
often resistant to multiple classes of non ß-lactam antibiotics (David and Daum
2010; Peacock and Paterson 2015).

In the mid-1990s, there was a major shift in the clinical and molecular epidemi-
ology ofMRSA infections in theUnited States (USA) and other countries.HA-MRSA
strains continued to infect patients, usually originating from the health care envi-
ronment. However, the incidence of MRSA among children and adults lacking pre-
vious exposure to the health care system increased significantly. Infection caused by
these new strains could be severe. A report documented rapidly fatal infections caused
by MRSA in North Dakota and Minnesota in 1997–1999 (CDC 1999). Because the
genetically distinct MRSA strain types causing infections were often acquired by
patients who lacked contact with the healthcare environment, they were termed
community-associated MRSA (CA-MRSA) infections (David and Daum 2010).

CA-MRSA strains have been studied extensively. Since 2000, the vast majority
of the circulating strains in the USA and Canada have belonged to the clonotype

Table 1 (continued)

Syndrome Features Therapeutic considerations

Meningitis S. aureus is a rare cause of meningitis
in the absence of prior surgery or
placement of a foreign body in the
CNS; may occur as a complication of
epidural injections

Usually treated with 2 weeks of
IV therapy after removal of any
focus or foreign body (see text
for considerations related to
antimicrobial drug choice)

Other central
nervous system
infections

Most common as a complication of
foreign bodies, but can develop brain
abscesses and other CNS infections
as a complication of bacteremia and
hematogenous seeding

Abscesses often require
drainage if they are large or
causing neurologic deficit.
Foreign bodies should be
removed if possible (see text
for considerations related to
antimicrobial drug choice)

CAP community-acquired pneumonia; CNS central nervous system; CT computed tomography;
CVA cerebrovascular accident; IV intravenous; IVIG intravenous immune globulin; MRI magnetic
resonance imaging; PVL Panton-Valentine leucocidin
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designated USA300 as defined by pulsed field gel electrophoresis. For several years
before 2000, they were caused most often by a different MRSA clonotype
(USA400) which has disappeared from people in the USA. Both clonotypes carry
the mecA gene which is necessary for methicillin resistance, and a novel staphy-
lococcal cassette chromosome termed SCCmec type IV. SCCmec is the chromo-
somal genetic element that carries mecA. The two CA-MRSA strain types also
usually carry the Panton-Valentine Leukocidin (PVL) genes, present in <10% of
unselected S. aureus strains, and >90% of CA-MRSA strains, although the role of
PVL in pathogenesis and fitness is still unclear (David and Daum 2010). On other
continents, the predominant CA-MRSA strain types, many of which carry the PVL
genes like USA300, differ (Vandenesch et al. 2003; David and Daum 2010).

Paradoxically, these CA-MRSA organisms, compared with HA-MRSA strain
types, are more often susceptible to multiple classes of non ß-lactam antimicrobials.

Vancomycin, a licensed glycopeptide antimicrobial introduced in the 1950s, was
termed the ‘antimicrobial of last resort’ in the US because it was reliably bacteri-
cidal for all S. aureus strains, but resistant isolates have been identified both at low
level (so-called vancomycin-intermediate resistant, or VISA isolates) and at high
level (so-called vancomycin resistant or VRSA isolates). Additional antimicrobials
have received US Food and Drug Administration (FDA) approval for the man-
agement of MRSA infections as well as infections with VISA and VRSA isolates.
These will be detailed in this article.

The CA-MRSA era has seen a substantial increase in the use of clindamycin and
trimethoprim-sulfamethoxazole (TMP-SMX) for the treatment of infections caused
by CA-MRSA strain types. Two recent studies have documented that one of these
antimicrobials should be used in addition to incision and drainage for a skin
infection, the commonest clinical syndrome caused by CA-MRSA (Daum et al.
2017; Talan et al. 2016), and another recent randomized, controlled trial
(RCT) demonstrated that for uncomplicated skin and soft tissue infections (SSTIs),
clindamycin or TMP-SMX were effective (Miller et al. 2015).

The antimicrobial management of S. aureus infections in the ambulatory and
in-patient settings is the topic of this review. Table 1 lists the major clinical syn-
dromes that are examined.

2 Guidelines for Therapy of S. aureus Infections

There are a number of guidelines that have been published by professional orga-
nizations and governmental institutions around the world that bear upon the therapy
of all or specific S. aureus infections. These include the Infectious Diseases Society
of America (IDSA) guidelines for the therapy of MRSA infections (Liu et al. 2011)
and for SSTIs (Stevens et al. 2014). A Guideline for UK Practice for the Diagnosis
and Management of MRSA Infections Presenting in the Community (Nathwani
et al. 2008), another for MRSA management in the UK (Gould et al. 2009) and a
Canadian Guideline for CA-MRSA prevention and management (Barton et al.
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2006) have also been published. While there are differences in these guidelines, the
general principles are similar, and many differing recommendations reflect varia-
tions in local antimicrobial susceptibility patterns in different countries. Other
distinct recommendations are dictated by differences in antimicrobials approved by
national agencies as well as approved indications for their use.

3 General Considerations for Therapy
of S. aureus Infections

3.1 Noninvasive Skin and Soft Tissue Infections

SSTIs, infections of the skin and the subcutaneous tissues, are the most common
type of human infections caused by S. aureus. Many SSTIs are termed uncom-
plicated when they are not severe, while severe or deep SSTIs, especially with
systemic signs and symptoms of infection, are classified as being complicated.
Uncomplicated SSTIs are those in which there are no systemic symptoms, such as
fever, chills, or hypotension; in the absence of the Systemic Inflammatory Response
Syndrome (SIRS); and when there is not rapid progression, evidence of fasciitis or
signs or symptoms of another deeper tissue infection.

S. aureus can cause a variety of specific noninvasive infections of the skin and
subcutaneous tissues, including most commonly folliculitis, impetigo, cellulitis,
paronychia, and abscess. Furuncle is a term that is sometimes used to describe an
abscess that arises from an infection of a hair follicle, while carbuncle is a term used to
describe a cluster of furuncles or larger abscesses. In this review, we will use the term
abscess in place of carbuncle and furuncle. We consider impetigo separately below.
Uncomplicated sinus infections can also be caused by S. aureus (Whitby et al. 2011).

The primary treatment of noninvasive S. aureus infections is incision and drai-
nage, when appropriate, followed by the use of antimicrobial therapy that is directed
at S. aureus. If drainage is performed, it is appropriate to culture the fluid for
bacterial pathogens and obtain susceptibility testing on bacteria grown from culture
to ensure that the antimicrobial therapy is optimal and effective (Stevens et al. 2014).

Recommended choices for empiric antimicrobial therapy of uncomplicated
SSTIs are summarized in Table 2 (Stevens et al. 2014). For uncomplicated SSTIs,
in addition to incision and drainage when indicated, oral antibiotic therapy increases
the likelihood of cure and may decrease the risk of recurrence (Daum et al. 2017;
Talan et al. 2016).

For empiric therapy of an uncomplicated SSTI, if MRSA comprises <10% of S.
aureus locally causing uncomplicated SSTIs, some authors recommend only drugs
active against MSSA (Liu et al. 2011). If MRSA accounts for >10% of S. aureus
SSTIs in a region, antimicrobial agents should be chosen to target MRSA and
MSSA according to local antibiogram data.

The majority of S. aureus, both MSSA and MRSA, isolated from human
infections are resistant to penicillin (Chambers 2001). For empiric or targeted
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Table 2 Antimicrobial drugs for therapy of S. aureus invasive and noninvasive infections [in part
adapted from (Baddour et al. 2015; Liu et al. 2011; Drew 2007)]

Drug Typical adult
dose*

Typical pediatric dose* Comment

Oral agents

Oral antistaphylococcal
b-lactam

Varies by drug Varies by drug Optimal choice for MSSA
infections; MRSA is
resistant to this class

Clindamycin 300–450 mg
TID

10–13 mg/kg/dose every
6–8 h
(total <40 mg/kg/day)

Concern for nausea;
increases risk of
Clostridium difficile
disease; may decrease risk
of recurrent infection; no
adjustment needed for
renal or liver dysfunction;
useful for inhibiting
ribosomal production of
toxins when there is
suspicion for severe,
toxin-mediated infection

Trimethoprim (TMP)-
sulfamethoxazole
(SMX)

1–2 DS tabs
BID

TMP 4–6 mg/kg/dose;
SMX 20–30 mg/kg/dose
every 12 h

Must adjust for renal
dysfunction; may cause
myelosuppression,
hyperkalemia, or acute
kidney injury; cannot be
used with G6PD
deficiency;
hypersensitivity reaction
occurs; avoid use in 3rd
trimester of pregnancy;
rare photosensitivity; rare
Stevens-Johnson
syndrome; avoid in
children <2 months old;
few data support use as
monotherapy in invasive
S. aureus infections; use
with rifampin in
osteomyelitis; often used
for long-term suppression
of S. aureus foreign body
infections

Doxycycline 100 mg BID � 45 kg: 2 mg/kg/dose
every 12 h; >45 kg: adult
dosing

Risk of rash with sun
exposure; few adverse
effects; avoid in
children <8 years old;
gastrointestinal
intolerance possible;
poorly studied for therapy
of invasive infections;
often used for long-term
suppression of S. aureus
foreign body infections

(continued)
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Table 2 (continued)

Drug Typical adult
dose*

Typical pediatric dose* Comment

Minocycline 200 mg once
and then
100 mg BID

4 mg/kg once and then
2 mg/kg/dose thereafter
every 12 h

Avoid in
children <8 years old;
gastrointestinal
intolerance possible;
poorly studied for therapy
of invasive infections

Linezolid 600 mg po BID 10 mg/kg every 8 h
(total � 600 mg/dose)

Concern for
myelosuppression,
particularly
thrombocytopenia,
with >14 days of use; rare
neuropathy;
gastrointestinal
intolerance occurs;
serotonin syndrome may
result if used with SSRIs,
MAO inhibitors, and
sympathomimetic drugs;
no adjustment needed for
renal or liver dysfunction;
coverage for many
anaerobes; bacteriostatic
and therefore not
recommended as
monotherapy for
bacteremia; in
children >11 years old
some would add linezolid
600 mg BID to primary
therapy for MRSA
meningitis; generic
formulations likely to be
available; useful for
inhibiting ribosomal
production of toxins

Tedizolid 200 mg po
daily

Undetermined Approved in U.S. for
SSTIs; less likely to cause
myelosuppression and
fewer drug interactions
than linezolid; no
adjustment needed for
renal or liver dysfunction;
S. aureus not resistant
when it carries the cfr
gene

(continued)
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Table 2 (continued)

Drug Typical adult
dose*

Typical pediatric dose* Comment

Rifampin 300 mg po (or
IV)
every 12 h

5 mg/kg/dose every 8 h Not for monotherapy;
valuable in combination
in the setting of a foreign
body infection; many drug
interactions; no oral
suspension available;
avoid in liver disease if
possible or monitor liver
tests; hypersensitivity
reaction occurs; indicated
in S. aureus prosthetic
valve endocarditis
(6 weeks) in addition to
vancomycin (6 weeks)
plus gentamicin (2 weeks)
for MRSA, and in
addition to an
antistaphylococcal
b-lactam (6 weeks) plus
gentamicin (2 weeks) for
MSSA; some add
rifampin (300-450 mg po
BID) to vancomycin for
MRSA meningitis in adult
patients

Intravenous agents**

Vancomycin 15–
20 mg/kg/dose
IV every 8–
12 h

15 mg/kg/dose IV every
6 h

Renal insufficiency is
leading adverse effect;
much less common
marrow suppression; must
monitor serum trough
level; rare Redman
syndrome can be
addressed with slowed
infusion; VISA strains
may be more common
over time, so must
monitor MIC and change
to alterative therapy if
MIC rises; first-line
therapy for most invasive
MRSA infections

Daptomycin 6–
10 mg/kg/dose
IV every 24 h

1 to <2 years: 10 mg/kg
IV; 2–6 years: 9 mg/kg;
7–11 years: 7 mg/kg; 12–
17 years: 5 mg/kg IV, and
all regimens are dosed
every 24 h

Concern for
rhabdomyolysis so must
monitor CK weekly; rare
eosinophilic pneumonia;
dosage used varies; can be
used as monotherapy for

(continued)
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Table 2 (continued)

Drug Typical adult
dose*

Typical pediatric dose* Comment

bacteremia and other
invasive infections
although resistance may
emerge on therapy; not
appropriate sole salvage
therapy for vancomycin
failure

Linezolid 600 mg IV
BID

10 mg/kg IV every 8 h
(total � 600 mg/dose)

Concern for
myelosuppression,
particularly
thrombocytopenia
with >14 days of use;
serotonin syndrome may
result if used with SSRIs
or MAO inhibitors; no
adjustment needed for
renal or liver dysfunction;
coverage for many
anaerobes; bacteriostatic
and therefore not
recommended as
monotherapy for
bacteremia; in
children >11 years old
some would add linezolid
600 mg BID to primary
therapy for MRSA
meningitis; generic
formulations likely to be
available; useful for
inhibiting ribosomal
production of toxins

Tedizolid 200 mg IV
daily

Undetermined Less likely to cause
myelosuppression and
fewer drug interactions
than linezolid; no
adjustment needed for
renal or liver dysfunction;
high cost; approved in the
U.S. for skin infections;
not studied in controlled
trials for invasive
infections and thus its
efficacy is not known

Tigecycline 100 mg IV
once and then
50 mg every
12 h thereafter

8–11 years: 1.2 mg/kg
every 12 h; 12–17 years:
50 mg every 12 h

Approved in U.S. for
complicated
intra-abdominal
infections, CAP, and skin
and soft tissue infections;
Black box warning

(continued)
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Table 2 (continued)

Drug Typical adult
dose*

Typical pediatric dose* Comment

because death rate was
increased relative to
comparator drug groups in
clinical trials; nausea,
vomiting, and diarrhea are
common adverse effects;
no adjustment needed for
renal dysfunction or for
mild hepatic impairment;
should not be used in
pregnancy; avoid in
children <8 years of age
as for all tetracycline
derivatives

Ceftaroline 600 mg IV
every 12 h

2 months to <2 years old:
8 mg/kg IV every 8 h
2–18 years old:
� 33 kg: 12 mg/kg IV
every 8 h; >33 kg:
400 mg IV every 8 h OR
600 mg every 12 h

Well tolerated; approved
for complicated skin
infections (ABSSSI) and
Gram-positive CAP; no
controlled data for use in
other invasive infections

Dalbavancin 1500 mg IV
once

Undetermined Single dose for
complicated skin
infections (ABSSSI); long
half-life (346 h) is a
benefit but concern for
removal if adverse
reaction occurs; few
adverse effects; no
controlled data available
to support its use in
invasive infections

Oritavancin 1200 mg IV
once

Undetermined Single dose for
complicated skin
infections (ABSSSI); long
half-life (393 h) is a
benefit but concern for
removal if adverse
reaction occurs; few
adverse effects; no
controlled data available
to support its use in
invasive infections

Telavancin 10 mg/kg IV
daily

Undetermined Avoid in renal failure;
black box warning for
higher mortality in
patients with renal
insufficiency; approved in
U.S. for skin and soft

(continued)
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therapy for MSSA, an antistaphylococcal b-lactam drug is the most appropriate
choice, usually administered for 10 days. The optimal duration is not certain
because different durations of therapy have been used in different studies. These
drugs include oral agents such as cloxacillin, dicloxacillin, or cephalexin or another
oral cephalosporin.

For an uncomplicated SSTI in which MRSA is suspected or proven, in a locale
where MRSA is frequent, or an allergy to b-lactam drugs is documented or sus-
pected, recommended enteral therapy includes clindamycin (Miller et al. 2015),
TMP-SMX (Cenizal et al. 2007; Miller et al. 2015; Szumowski et al. 2007; Talan
et al. 2016), doxycycline (Ruhe and Menon 2007; Ruhe et al. 2007), or, less often,
linezolid (Itani et al. 2010), an oxazolidinone that targets the bacterial ribosome.
Resistance to TMP-SMX among clinical S. aureus isolates has remained rare, even
with increased use of the drug during the CA-MRSA era (McDougal et al. 2010;
Wood et al. 2012). Minocycline, another tetracycline antibiotic, has been used for
empiric SSTI therapy by some (Bishburg and Bishburg 2009; Carris et al. 2015;
Colton et al. 2016). However, minocycline has not been well studied, has been
associated with skin and nail hyperpigmentation (Ali et al. 2015), and should not be
used in children younger than 9 years of age. Tedizolid is a new orally available
oxazolidnone that is noninferior to linezolid in the therapy for acute bacterial skin
and skin structure infections (ABSSSIs) (Durkin and Corey 2015; Moran et al.
2014; Prokocimer et al. 2013). It has several advantages over linezolid, including

Table 2 (continued)

Drug Typical adult
dose*

Typical pediatric dose* Comment

tissue infection therapy
and hospital-acquired
pneumonia; few adverse
effects

Quinupristin/dalfopristin 7.5 mg/kg IV
every 8–12 h

Undetermined Severe myalgias; must be
administered through a
central venous catheter;
may cause
hyperbilirubinemia;
monitor liver tests in
blood; many drug
interactions; reserved for
use in infections that are
very resistant or in which
few other options exist

Abbreviations: ABSSSI acute bacterial skin and skin structure infection; BID twice daily; CAP
community-acquired pneumonia; CK creatine kinase; IV intravenous; kg kilogram; mg milligrams; MAO
monoamine oxidase; MSSA methicillin-susceptible Staphylococcus aureus; MRSA methicillin-resistant S.
aureus; po oral; SSRI selective serotonin reuptake inhibitor; TID three times per day; VISA
vancomycin-intermediate S. aureus
*May require adjustment for renal function, liver function, or other factors
**Not included here are intravenous b-lactam antibiotics, which are often used for the treatment of
MSSA infections
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fewer drug interactions, possibly a shorter duration of therapy, activity in the
presence of the cfr gene (Chen et al. 2014), and a lower incidence of thrombocy-
topenia, but its use is limited by lack of experience and high cost (Rybak et al.
2014; Rybak and Roberts 2015; Zhanel et al. 2015). Susceptibility testing for
tedizolid is often not available, but linezolid susceptibility is generally a reliable
surrogate (Zurenko et al. 2014). The specific choice of antimicrobial agent should
be dictated by local antibiogram data. Usually one or more of the oral drugs
discussed here will be effective against S. aureus isolated from uncomplicated
SSTIs diagnosed in the community or in the healthcare setting.

For patients with an SSTI who cannot tolerate or absorb enteral therapies, when
multiple allergies are present, when adverse effects of orally available drugs occur,
when a deep soft tissue infection is suspected, or when an unusually resistant isolate
of S. aureus is cultured from an SSTI, intravenous antistaphylococcal agents may
be indicated. These alternatives are discussed below, in relation to complicated
infections.

Signs of failure of an antibiotic regimen for a S. aureus skin infection include
lack of improvement in or worsening of erythema, tenderness, edema, drainage and
warmth at the site of SSTI while on therapy after approximately 72 h. Also per-
sistence of fever and an elevated peripheral white blood cell count after this period
of therapy may suggest failure. In such cases, the clinician should reassess the need
for additional drainage of a protected focus of infection, removal of foreign bodies
if relevant, or the possibility of an occult site of infection, including bacteremia. The
clinician may also consider a change in or an addition to the antimicrobial agent
chosen as initial therapy.

3.2 Invasive Infections

S. aureus can cause a host of different invasive infection syndromes. These may
occur in the previously healthy host although they are more common in patients who
have comorbid conditions. S. aureus infections can occur in any organ. The most
common pathologic lesion of human tissues caused by S. aureus infections is an
abscess, a collection of purulent fluid surrounded by a fibrous capsule that walls off
the infection. Abscesses can form, for example, in the skin and subcutaneous tissues,
muscles, bones, intra-abdominal organs, the peritoneum, the walls of blood vessels,
the lung, or the central nervous system. Bacteremia, or bloodstream infection, occurs
frequently as a complication of an initial focus of infection in the body or as a
complication of an indwelling vascular catheter. Bloodstream infections can then be
complicated by seeding of organs or bones. One of the most serious complications of
a bloodstream infection is endocarditis, as discussed in detail below. Invasive S.
aureus infections may manifest as sepsis, severe sepsis, or septic shock. Septic shock
caused by S. aureus has a fatality rate of >20% (van Hal et al. 2012).

The pathogenesis of invasive infections may in some cases be driven by the
elaboration of staphylococcal toxins. For example, certain superantigen toxins (e.g.,
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toxic shock syndrome toxin [tsst]-1 and tsst-2) produced by some strains of S. aureus
cause nonspecific activation of T cells and can lead to toxic shock syndrome. Other
toxins, known as leukocidins, bind and kill human white blood cells. Among these
are PVL, leukocidin AB/GH (LukAB/GH), and leukocidin ED (LukED) (Alonzo
and Torres 2014). PVL, specifically associated with a number of CA-MRSA strain
types (including USA300) as noted above, may be responsible for dermonecrosis in
skin lesions and for necrotizing pneumonia (Lina et al. 1999). A third class of toxin
genes is the enterotoxins. These are associated with food poisoning leading to
gastroenteritis when a toxin is ingested, but when inoculated, these toxins may lead
to shock. Staphylococcal scalded skin syndrome (sometimes called Ritter von
Ritterschein disease or Ritter disease) is caused by exfoliative toxins (ETA or ETB).
In this syndrome, there is blistering of the skin leading to desquamation varying in
severity. This syndrome is distinguished from pemphigus vulgaris by the presence of
Nikolsky’s sign, which is considered to be positive when a shearing force applied to
skin results in sloughing of the superficial epidermis.

Treatment of invasive S. aureus infections must be tailored to the specific cir-
cumstances of each patient, but the primary treatment has features in common with
those of noninvasive infections: drainage of relevant foci, removal of foreign
bodies, if possible, and therapy with an effective antimicrobial agent. In general,
intravenous (IV) therapy is indicated for invasive S. aureus infections although if
long-term therapy exceeds many weeks, if the patient can adequately absorb an oral
drug, and if an oral drug is available to which the infecting S. aureus isolate is
susceptible, many experts agree that transition to oral therapy is appropriate.

For most invasive infections, an IV b-lactam for MSSA and IV vancomycin for
MRSA are usually the first-line therapy in the USA as Guidelines suggest (Liu et al.
2011). In many countries, teicoplanin can be used in place of vancomycin.
Alternative parenteral agents may be appropriate in specific situations, and they are
listed in Table 2. Alternatives are required when the minimum inhibitory concen-
tration (MIC) of vancomycin is >2 mcg/mL, as in the case of certain VISA or
heterogeneous VISA (hVISA) isolates (Casapao et al. 2013), or when serial isolates
obtained from a source of infection during vancomycin therapy in a patient show a
rising trend in the MIC of vancomycin. hVISA isolates are S. aureus that are
susceptible to vancomycin by broth microdilution testing, but additional testing
reveals subpopulations that are resistant (Hiramatsu et al. 1997). Some patients
cannot tolerate vancomycin because of severe Redman syndrome, a reaction caused
by histamine release with flushing of the skin, or acute kidney injury during van-
comycin administration. Vancomycin is inferior to antistaphylococcal b-lactam
drugs in the therapy of MSSA infections (Liu et al. 2011).

There are a number of alternatives to vancomycin for the treatment of invasive
infections (Table 2). Data supporting their use in treating specific S. aureus syn-
dromes will be discussed below in detail. Linezolid is bacteriostatic and yet has
been used successfully to treat many invasive infections, including pneumonia and
osteomyelitis, since it was approved for use in 2000 (Chastre et al. 2014; Stevens
et al. 2002). Daptomycin has a track record in the treatment of bacteremia and
right-sided endocarditis. Both daptomycin and linezolid are active against MRSA as
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well as MSSA. Tedizolid, like linezolid, is available in IV and enteral formulations,
and it is likely that tedizolid is also effective in invasive infections although
experience with this agent is limited (Rybak et al. 2014). Another newer agent is the
cephalosporin ceftaroline, which was the first cephalosporin antibiotic that binds to
PBP2a, resulting in effective killing of many strains of MRSA (Saravolatz et al.
2011; Stryjewski et al. 2015). Oritavancin (Corey et al. 2014, 2015) and dalba-
vancin (Boucher et al. 2014; Dunne et al. 2016) are new lipoglycopeptide antibi-
otics with very long half-lives of >10 days that have been approved only to treat
complicated skin infections. These long-acting agents have a very good safety
profile, but their role in the therapy of invasive infections has not yet been defined
(Kaasch and Seifert 2016; Smith et al. 2015). Telavancin is another recently
approved lipoglycopeptide that requires daily doing and is approved for
hospital-acquired pneumonia as well as skin infections (Rubinstein et al. 2011;
Sandrock and Shorr 2015; Stryjewski et al. 2008). Tigecycline, an analog of
minocycline available only in a parenteral preparation, is often effective against
MRSA and MSSA and has been approved for the treatment of skin infections,
community-acquired pneumonia (CAP), and complicated intra-abdominal infec-
tions (Rose and Rybak 2006).

Novel compounds are being developed in a number of different antibiotic classes
that may be effective in the treatment of MRSA infections (reviewed in Vuong et al.
2016), but these will not be discussed further in the present review.

4 Considerations in the Therapy of Specific Clinical
Syndromes

4.1 Bacteremia

S. aureus is the second most common cause of bacteremia after Escherichia coli. In
a study of Olmstead County, Minnesota in 1999–2005, the incidence of S. aureus
bacteremia was 28.3/100,000 person-years in females, and 53.5/100,000 in males
(El Atrouni et al. 2009). It is estimated that in Western countries, the incidence of
community onset S. aureus bacteremia is 15/100,000 population (Laupland and
Church 2014). Patients with bacteremia often present with fever, malaise, and
fatigue, and the infection can quickly progress to life-threatening sepsis. Mortality
from S. aureus bacteremia overall remains high (approximately 15–50%) despite
optimal therapy (Allard et al. 2008; Tong et al. 2015).

In many countries, the incidence of nosocomial MRSA bacteremia decreased
after the year 2000 (Dantes et al. 2013; Duerden et al. 2015; Newitt et al. 2015).
The proportion of S. aureus bacteremia cases that is caused by MRSA varies greatly
in different countries (Borg et al. 2012). In the USA, with the emergence of
CA-MRSA strains, trends in MRSA epidemiology in bacteremia have varied
geographically (David et al. 2014), and so knowledge of the local epidemiology of
S. aureus is essential in choosing empiric therapy. For example, one study from an
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urban public hospital in 2007–2013 showed that 36% of S. aureus bacteremia cases
were caused by MRSA, and 70% of the isolates were USA300 (Rhee et al. 2015),
suggesting that in cases of S. aureus bacteremia in that setting, empiric therapy for
MRSA should be considered.

S. aureus bacteremia may result from direct inoculation of the blood although
this is rare. In some cases, bacteremia with no identified source is diagnosed. More
often, S. aureus bacteremia arises from a prior SSTI, surgical site infection (SSI),
pneumonia, or a foreign body infection, including indwelling intravenous catheters.

The fundamental principles of therapy for bacteremia include identification of a
primary site of infection, removal of an infected foreign body, if present, drainage
or evacuation of a source of infection that cannot be sterilized with antimicrobial
therapy alone, documentation that blood has become sterile, and therapy for the
bacteremia with an effective antibacterial drug (Holland et al. 2014; Thwaites et al.
2011).

In the event that bacteremia is uncomplicated, that is, the source of bacteria is
known and controlled, parenteral therapy for 14 days beginning on the first day
with a negative blood culture is usually recommended (Liu et al. 2011). The choice
of antibiotic for definitive therapy is determined by the antimicrobial susceptibility
of the S. aureus isolate recovered in the blood culture. Agents of choice for empiric
therapy are shown in Table 2. For MSSA bacteremia, the primary agent has tra-
ditionally been oxacillin, nafcillin or another semisynthetic, antistaphylococcal
penicillin. Alternatives include cephalosporins; a recent retrospective cohort study
demonstrated that there was no significant difference in mortality comparing
cefazolin and nafcillin used for MSSA bacteremia, with less common renal injury in
those treated with cefazolin (Flynt et al. 2017).

For MRSA bacteremia or in patients with penicillin allergy, vancomycin is the
most common choice. Alternative agents for MRSA or suspected MRSA are used
empirically in the event that there is high suspicion that the MIC of vancomycin is
>2 or is rising rapidly on therapy, or if the patient cannot tolerate vancomycin. As
noted above, if vancomycin is started empirically, it should be changed to a
b-lactam drug in the event that MSSA is identified in a blood culture because
vancomycin has been shown to be inferior to b-lactams in the therapy of MSSA
infections (Liu et al. 2011).

The duration of therapy for bacteremia varies depending on the presence of a
foreign body or seeding of internal organs as a complication of bacteremia (e.g., the
lungs, heart, liver, spleen, kidney, or brain), often with the formation of one or more
abscesses in these tissues (Thwaites et al. 2011). Source control is essential in the
treatment process. It is essential to aggressively seek a source of infection to ensure
that it is drained or otherwise treated in order to avoid recrudescence. This includes
a recommendation to perform a transthoracic echocardiogram (TTE) in adult
patients with S. aureus bacteremia to assess for a valvular vegetation, followed by a
transesophageal echocardiogram (TEE) if the TTE is negative (Holland et al. 2014).
The presence of a valvular vegetation would suggest infectious endocarditis (see
below). TTE, however, is not recommended routinely in young children when
blood cultures clear rapidly.
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In the event that there is an infected foreign body, such as a central venous
catheter or orthopedic, neurosurgical, cardiac, or other hardware, this foreign body
should be removed if possible. If the foreign body cannot be removed, as is often
true for pacemaker or defibrillator wires or a left- or right ventricular assist device
(Athan et al. 2012), the risk of antibiotic failure exists. In other cases, the source
may be infected tissue in the body, a septic joint, infected bone, soft tissue abscess
(including infected deep skin ulcers), or an abscess in an internal organ. For
osteomyelitis, surgical drainage and debridement is not usually required for cure
unless there is a large sequestrum that fails to resolve with antimicrobial therapy.
For other sites of infection, debridement, drainage, and in extreme cases, amputa-
tion may be required for cure. These surgical interventions should be performed as
soon as possible if required.

Alternatives to vancomycin may be indicated in certain cases of bacteremia for
optimal tissue penetration, if there is an adverse reaction to vancomycin, or if there
is an increased MIC of vancomycin (Table 2). Daptomycin has been found to be
noninferior to IV vancomycin in bacteremia associated with right-sided endo-
carditis (Fowler et al. 2006), and daptomycin was superior in clinical success in the
therapy of S. aureus bacteremia in the absence of pneumonia in one retrospective
study (failure 45% with vancomycin vs. 29% with daptomycin, p = 0.007) (Claeys
et al. 2016). Daptomycin (recently reviewed in Holubar et al. 2016) thus remains an
alternative to vancomycin although due to cross resistance, it is not an optimal
single agent for salvage therapy in the event that vancomycin fails due to high MIC
(Cui et al. 2006). Also of concern, resistance frequently emerges on daptomycin
therapy (Fowler et al. 2006). The most common serious adverse reaction to dap-
tomycin is rhabdomyolysis (Gonzalez-Ruiz et al. 2016), and it has also been
associated with rare cases of eosinophilic pneumonia (Hirai et al. 2017; Kakish
et al. 2008; Kalogeropoulos et al. 2011; Lal and Assimacopoulos 2010; Miller et al.
2010; Patel et al. 2014; Nickerson et al. 2017).

Tigecycline is an alternative to vancomycin for patients older than 9 years of age
(Cai et al. 2011; Stein and Babinchak 2013). Tigecycline has efficacy against many
Gram-negative as well as Gram-positive pathogens, which is an important advan-
tage. However, a black box warning on tigecycline was announced by the US FDA
in 2013 because it was found that patients treated with this drug in registration trials
had an increased mortality risk relative to comparator regimens used in clinical
trials (Tsoulas and Nathwani 2015). This warning has dampened the initial
enthusiasm for this drug. While tigecycline is not licensed for use in the USA to
treat bacteremia, it has been used successfully in the treatment of bacteremia sec-
ondary to SSTIs, intra-abdominal infections and CAP (Gardiner et al. 2010). It is
particularly useful in settings of a concomitant intra-abdominal infection, when a
broad-spectrum antibiotic is beneficial. However, it has not been studied in con-
trolled trials to treat bacteremia and therefore is not a recommended agent.

Quinupristin/dalfopristin is an antibiotic fixed combination that has been used as
salvage therapy for resistant Gram-positive bacteremia (Eliopoulos 2003).
However, its use is infrequent because it causes severe arthralgias and myalgias that
often require narcotic therapy for pain control (Rubinstein et al. 1999).

Treatment of Staphylococcus aureus Infections 345



A newer cephalosporin, ceftaroline, the first cephalosporin licensed in the USA
that has efficacy against most circulating MRSA strains, has been approved for the
treatment of acute bacterial skin and skin structure infections (ABSSSI) (Corey et al.
2010; Wilcox et al. 2010) and CAP (File TM Jr et al. 2011; Low et al. 2011).
Ceftaroline has been used as salvage therapy in the setting of vancomycin or dap-
tomycin failure. It has excellent penetration into the cerebrospinal fluid. While
effective against some Gram-negative pathogens, it is not a broad-spectrum drug that
is appropriate empiric therapy for suspected Gram-negative infections because the
risk of failure is high. In combination with avibactam, a b-lactamase inhibitor, its
spectrum of Gram-negative activity is much broader (Karlowsky et al. 2013).
Resistance to ceftaroline in S. aureus may be related to mutations in the mecA gene,
which codes for PBP2a (Alm et al. 2014; Harrison et al. 2016; Lahiri et al. 2015;
Schaumburg et al. 2016) and resistance has been found to be common in ST239 and
ST228 MRSA isolates (Abbott et al. 2015; Mubarak et al. 2015; Strommenger et al.
2015). Successful therapy for MSSA or MRSA bacteremia with ceftaroline, often in
combination with another antimicrobial agent, has ranged from 31 to 83.3% (Arshad
et al. 2017; Burnett et al. 2016; Paladino et al. 2014; Sakoulas et al. 2014; Vazquez
et al. 2015; White et al. 2017). For example, in 2011–2013 in Detroit a retrospective
study was performed with 30 MRSA bacteremia patients treated with ceftaroline
compared with 102 control patients treated with daptomycin or vancomycin; a
composite failure outcome did not differ significantly in the 30 ceftaroline-treated
patients compared with the controls (23.3% vs. 21.6%) (Arshad et al. 2017).

Ceftobiprole, another cephalosporin that binds to PBP2a, is not licensed in the
USA but is licensed in Europe. It has shown efficacy against S. aureus in vitro
(Chung et al. 2008; Farrell et al. 2014; Yun et al. 2007), and also in S. aureus
pneumonia (Liapikou et al. 2015; Scheeren 2015) and bacteremia (Dauner et al.
2010). It will not be discussed further in this article.

Linezolid is a bacteriostatic drug that is not usually recommended for the
treatment of bacteremia. Similarly, the newer, related agent tedizolid, which has
been approved by the US FDA for skin infections, does not yet have a role in the
therapy of bacteremia.

The three recently licensed parenteral lipoglycopeptides, oritavancin, dalba-
vancin, and telavancin have been approved by the US FDA for the treatment of skin
infections, as noted above. Only a small case series has been published on the use of
oritavancin in invasive infections (Stewart et al. 2017). Telavancin, which has been
shown in vitro to be effective against MRSA (Karlowsky et al. 2015; Rodvold
2015), in addition to skin infections (Stryjewski et al. 2008), has been approved to
treat hospital-acquired pneumonia (Rubinstein et al. 2011; Sandrock and Shorr
2015). A case series of refractory MRSA bacteremia or endocarditis treated with
telavancin showed 57% survival (Ruggero et al. 2015), while in another series of
uncomplicated S. aureus bacteremia, cure was achieved in 88% (Stryjewski et al.
2014). Telavancin, however, has a black box warning that states that the drug
should not be used in patients with renal insufficiency as there was an elevated risk
of death in patients treated with telavancin in this population (Tsoulas and
Nathwani 2015). The role of these the novel lipoglycopeptide agents in the
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treatment of bacteremia is still undefined as there are few available data for this
indication. Therefore, they are not recommended for the therapy of S. aureus
bacteremia at this time.

Indications of failure of a drug regimen for S. aureus bacteremia include per-
sistence of positive blood cultures, persistence of fever, fatigue, and other presenting
symptoms, and also a rising MIC of the antibacterial drug being used to treat the
bacteremia in sequentially recovered S. aureus isolates. Persistence of sepsis is, of
course, possible and is a particularly concerning sign of treatment failure. Often in
cases of failure, the problem is not the choice of drug, but rather a secondary focus
that must be drained or removed. The clinician in these circumstances therefore
should pursue an aggressive search for a secondary focus of infection, particularly
endocarditis, septic arthritis, osteomyelitis, septic pulmonary emboli, foreign body
infections, intervertebral disc infections, or epidural abscesses. The clinician should
certainly consider changing therapy, particularly if there is no secondary focus found
and/or if there is a rising MIC of the antibacterial drug being used.

4.2 Endocarditis and Intravascular Infection

When S. aureus bacteremia is diagnosed in an adult, as noted above, a TTE fol-
lowed by a TEE, if the TTE is negative, is indicated in order to assess for
echocardiographic evidence of a cardiac valvular vegetation. In children TTE may
be an adequate study to assess for evidence of a vegetation because the chest wall is
thinner. When a vegetation is present, S. aureus endocarditis should be suspected.
Endocarditis, however, is diagnosed when the Duke criteria for infectious endo-
carditis are met (Li et al. 2000). The classical physical findings of endocarditis, such
as subungual or conjunctival splinter hemorrhages, Janeway lesions, and Osler
nodes, may be present although they are now rarely seen (Hoen and Duval 2013).
However, fever, malaise, and sepsis are common at presentation. S. aureus endo-
carditis, including MRSA strains, may arise as a complication of other anatomic
sites of infection, such as skin abscesses (Bahrain et al. 2006). Overall mortality
from S. aureus endocarditis varies in different published studies, and ranges from
26 to 40% have been reported (Abdallah et al. 2016; Bassetti et al. 2017). Mortality
from infective endocarditis among people who used IV drugs tends to be much
lower (Asgeirsson et al. 2016). Embolic phenomena occur as complications of
infective endocarditis, such as septic pulmonary, splenic, renal, or brain emboli,
which themselves can cause local abscesses or a myriad of additional sequelae
(Hoen and Duval 2013).

Septic pulmonary embolism is a vascular complication of hematogenous spread
of bacteria from any site of acute infection. In a systematic review of 76 publica-
tions, a blood culture was obtained in 151 of 168 reported cases of septic pul-
monary emboli. In the review, S. aureus was obtained in 55% (75/137) of cases
with a positive blood culture and was the leading cause of septic pulmonary emboli
(Ye et al. 2014).
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For endocarditis, it is recommended that antibiotic therapy be started as soon as
possible and that source control be obtained if there is an identified focus of
infection to drain or remove aside from the infected site in the heart. Right-sided
endocarditis generally responds to antimicrobial treatment more readily and is
associated with fewer complications than is left-sided endocarditis.

In most cases of uncomplicated native valve S. aureus endocarditis, antimicrobial
therapy alone is recommended for 6 weeks after the blood culture becomes sterile.
For MSSA, the first-line choice of therapy is oxacillin, nafcillin, or another
antistaphylococcal penicillin. Alternatives include first-generation cephalosporins
such as cefazolin, vancomycin, and daptomycin. For MRSA native valve endo-
carditis, vancomycin remains an effective therapy and is recommended as the
first-line choice, while daptomycin is also a recommended option (Baddour et al.
2015; Liu et al. 2011). For prosthetic valve endocarditis with MSSA, nafcillin or
oxacillin plus rifampin for 6–8 weeks plus gentamicin for the first 2 weeks is rec-
ommended. Rifampin is included because it is effective in treating biofilm-associated
infections in the setting of a foreign body (Jørgensen et al. 2016). For MRSA
prosthetic valve endocarditis or for MSSA prosthetic valve endocarditis in the setting
of penicillin allergy, vancomycin plus rifampin for 6–8 weeks plus gentamicin for
the first 2 weeks is recommended (Baddour et al. 2015; Liu et al. 2011). Evidence for
the use of newer agents for the treatment of endocarditis is limited to case reports and
case series for regimens including ceftaroline in combination with daptomycin (Baxi
et al. 2015; Cunha and Gran 2015; Fabre et al. 2014; Ho et al. 2012; Jongsma et al.
2013; Lin et al. 2013b; Nigo et al. 2017; Pagani et al. 2014; Tattevin et al. 2014).

The decision to perform a valve replacement surgery in S. aureus endocarditis
must be individualized, taking into account the risks of the surgery and the antic-
ipated complications of medical therapy alone (Cahill et al. 2017). Surgical inter-
vention in native valve S. aureus endocarditis for valve replacement or repair is
often necessary. For prosthetic valve endocarditis caused by S. aureus, this surgery
should be strongly considered in all patients to replace the prosthetic valve. Valve
replacement evaluation is indicated in any S. aureus endocarditis for moderate to
severe congestive heart failure, persistent bacteremia or fever on optimal therapy,
presence of an unstable prosthetic valve, extension of the infection beyond the
valve into the endomyocardium, a vegetation >10 mm in size, new heart block, one
or more embolic event occurring in the first 14 days of treatment, and relapse of
endocarditis after completion of antibiotic therapy (Liu et al. 2011).

4.3 Pneumonia

S. aureus pneumonia can be severe and can result in necrosis of lung tissue,
respiratory failure, empyema, bacteremia, and death. While S. aureus is a
well-described cause of CAP, it is relatively uncommon (Aliberti et al. 2016).
Certain comorbid conditions, including cystic fibrosis, are associated with a high
risk of S. aureus pneumonia (Wong et al. 2013) while pneumonia in patients
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without underlying lung disease is rarely caused by S. aureus. Nosocomial pneu-
monia is more commonly caused by S. aureus, both MRSA and MSSA, often as a
complication of intubation or preexisting respiratory disease. Severe necrotizing S.
aureus pneumonia has been reported by many authors often, but not always,
complicating influenza and other respiratory viruses (Al-Tawfiq and Aldaabil 2005;
Chickering and Park 1919; Shah et al. 2015; Spencer and Thomas 2014; Valentini
et al. 2008), and some have found an association of necrotizing pneumonia and
PVL-positive S. aureus strains (Lina et al. 1999; Rájová et al. 2016; Schwartz and
Nourse 2012). Mortality in S. aureus pneumonia is high. For example, in one case
series from Spain in 2000–2014, 30-day mortality among 98 patients with S. aureus
pneumonia with bacteremia was 46.9% (De la Calle et al. 2016).

Treatment of S. aureus pneumonia can often be accomplished with an effective
antibiotic for 7 days, although longer courses may be required for more severe
infections. For MSSA, recommended antimicrobials include antistaphylococcal
penicillins, such as nafcillin or oxacillin, and if the pathogen is susceptible, clin-
damycin or linezolid. For MRSA, vancomycin remains the first-line therapy.
Alternatives would be considered when vancomycin is contraindicated or if there is
an elevated MIC of vancomycin. They include linezolid and telavancin. The former
should be avoided in patients with thrombocytopenia or leukopenia (Zahedi
Bialvaei et al. 2017) and in those taking selective serotonin reuptake inhibitors
(SSRIs) or monoamine oxidase (MAO) inhibitors (Huang and Gortney 2006), and
the latter should be avoided in patients with renal insufficiency (Tsoulas and
Nathwani 2015). There are no data to support the use of tedizolid for pneumonia,
but it may be useful for this indication. Daptomycin, which is inactivated by pul-
monary surfactant, is not recommended (Silverman et al. 2005). Tigecycline is
approved for the treatment of community-acquired bacterial pneumonia (Townsend
et al. 2011) although there are limitations to its use, noted above. Ceftaroline is also
approved for the therapy of community-acquired bacterial pneumonia, having
proved noninferior to comparator drugs in 2 adult Phase III trials and in a recent
RCT in children as well (Blumer et al. 2016; File TM Jr et al. 2011; Low et al.
2011).

For less severe cases of pneumonia with no evidence of lung necrosis, treatment
is often started with an intravenous agent and transitioned to an enteral agent to
complete therapy after the patient’s condition has improved.

For severe pneumonia, especially with necrosis of pulmonary tissue, the com-
plete course of therapy should often be administered intravenously, and a course of
3 weeks or more is generally indicated, particularly if there is suspicion of exten-
sive vascular involvement of the infection. If the infection is complicated by
empyema, drainage of pleural fluid is often necessary using a chest tube, and
decortication is sometimes indicated by video-assisted thorascopic surgery or an
open procedure. A recent review of 8 RCTs did not find a mortality difference in
empyema patients with a variety of pathogens who had surgical intervention
compared with those who did not (Redden et al. 2017), but it is possible that
drainage is more important for cure in cases of S. aureus empyema than in
empyema with other bacterial species.
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4.4 Osteomyelitis, Including Discitis

Osteomyelitis caused by S. aureus can occur as a complication of bacteremia, with
seeding of a bone by hematogenous spread, or by direct extension from a site of
infection in an adjacent tissue. S. aureus is the most common cause of bacterial
osteomyelitis (Lew and Waldvogel 2004; Russell et al. 2015; Tong et al. 2015).
Some have found that acute osteomyelitis was more severe when caused by a
MRSA strain that carries the PVL toxin than when caused by a PVL-negative S.
aureus strain (Kaplan 2014). Discitis (i.e., infection of the intervertebral discs) is
sometimes diagnosed in the absence of osteomyelitis, including in children (Tyagi
2016).

Acute hematogenous osteomyelitis is more common in children, with an inci-
dence of 1 in 4000, estimated at 2 pediatric hospitals in New Zealand in 1997–2007
and 1998–2008, respectively. Among 813 cases of acute hematogenous
osteomyelitis in New Zealand, 50% had a cultured bacterial cause, and S. aureus
was identified in 81% (339/417) (Street et al. 2015). In children, bacterial
osteomyelitis was estimated to have an incidence of 1.2 per 100,000 population in
Germany, and S. aureus was the cause of 83% of cases (Grote et al. 2017). In a
study from Edinburgh in 2007–2013, S. aureus was responsible for 20/26 cases of
pediatric osteomyelitis with or without septic arthritis in which a pathogen was
recovered (Russell et al. 2015). In a hospital in Florence, Italy, S. aureus was the
most common cause of acute hematogenous osteomyelitis in a study of 121 chil-
dren in 2010–2015, and just 10% of S. aureus cases were MRSA strains (Chiappini
et al. 2017). In the USA, in contrast, an increasing proportion of pediatric
osteomyelitis was caused by MRSA strains after 2001 and in some studies have
accounted for >50% of S. aureus (Arnold et al. 2006; Bocchini et al. 2006;
Saavedra-Lozano et al. 2008).

Vertebral osteomyelitis is most often caused by S. aureus (Corrah et al. 2011;
Pigrau et al. 2005) and is more common in adults than in children. When it occurs,
it is often a complication of bacterial endocarditis although it is estimated that the
condition occurs in <2% of cases of infective endocarditis (Mansur et al. 1992). For
example, one study from Spain showed that of 91 cases of pyogenic vertebral
osteomyelitis excluding patients after trauma or surgery, 30.8% were complications
of endocarditis. S. aureus was the etiology in 42.9% of patients with endocarditis
and in 39.7% in patients without endocarditis (Pigrau et al. 2005). Other studies
have shown that vertebral osteomyelitis was only rarely a complication of endo-
carditis, perhaps because of differences in study inclusion criteria.

Vertebral osteomyelitis is often accompanied by infection of the intervertebral
discs (i.e., discitis) in adults although this is less common in children (Tyagi 2016).
Neurologic complications of vertebral osteomyelitis may result from local spread to
adjacent tissues, including the development of an epidural abscess (McHenry et al.
2002; Pigrau et al. 2005). Among 253 patients with 255 episodes of vertebral
osteomyelitis in 1950–1994 followed up for a median of more than 6.5 years at the
Cleveland Clinic, the most common cause was S. aureus. In assessing outcomes,
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the study found that 11.3% died within 1 year, 14% had a recurrence, and 31%
recovered with some residual pain, weakness, impaired mobility or other debility
(McHenry et al. 2002). It is therefore important that vertebral osteomyelitis be
diagnosed and treated promptly in order to reduce the likelihood of such sequelae.

Diagnosis of osteomyelitis at any body site in both children and adults requires
imaging. A plain X-ray or a radionuclide bone scan may be diagnostic, but MRI is
more sensitive (Browne et al. 2008; Simpfendorfer 2017). The ESR and CRP are
usually higher than normal.

S. aureus is not an uncommon pathogen in polymicrobial diabetic foot soft tissue
infections that can extend to bone, ligaments, and tendons, and thus it is important
that empiric therapy for these infections, including those with community onset,
includes coverage for MRSA in high-burden countries such as the USA.

Treatment of S. aureus adult osteomyelitis may rarely require surgical drainage
of infected bone abscesses or debridement of necrotic bone followed by a minimum
of 6 weeks of antimicrobial therapy although the IDSA Guidelines for MRSA
recommend a minimum of 8 weeks (Liu et al. 2011). For acute hematogenous
osteomyelitis in children, surgical drainage may be needed for cure, in addition to
antimicrobial therapy (Kaplan 2014). Acute hematogenous osteomyelitis in chil-
dren may be treated for 4–6 weeks (Liu et al. 2011). For children and adults
surgical intervention may be required for cure in the presence of other comorbidities
such as diabetes or peripheral arterial disease, prior exposure to radiation at the site
of infection, presence of an open ulcer exposing bone, and involved foreign bodies
(Liu et al. 2011).

Evidence is lacking to support the choice of intravenous or oral route of
administration of antimicrobial therapy for osteomyelitis. Many practitioners treat
with an intravenous agent for the initial period of treatment and then use oral
therapy for the latter part of the course. Our general practice is treat with intra-
venous therapy for the first 2 weeks and then change to oral therapy, although this
pattern differs depending on the antibiogram of the infecting pathogen, tolerability
of the optimal antimicrobial agents, concerns about adherence with therapy, and the
severity and complications of the osteomyelitis being treated. The total duration is
generally determined by the resolution of bone inflammation as suggested by
improvement in pain and normalization of inflammatory markers in the blood, such
as the ESR or the CRP; some rely on normalization the CRP alone as a marker of
resolution. However, these tests of systemic inflammation are not as useful in
patients with chronic inflammatory conditions, and their normalization cannot be
regarded as a definitive test of cure (Liu et al. 2011).

Specific considerations in choosing an antimicrobial agent to treat S. aureus
osteomyelitis include the ability of the agent to penetrate bone and to reach
appropriate concentration there (Liu et al. 2011). For MSSA, a b-lactam drug is
first-line therapy. For MRSA or for MSSA osteomyelitis in patients with a b-lactam
allergy, vancomycin or daptomycin is recommended. Three alternatives are
TMP-SMX plus oral rifampin; linezolid; or clindamycin. Some recommend the
addition of oral rifampin to the latter two regimens (Liu et al. 2011) (Table 2).
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While there are no randomized studies for the value of surgical intervention in
the treatment of vertebral osteomyelitis in addition to antibiotic therapy, in cohort
studies and case series, surgical intervention has been required for cure in up to half
of cases (Chelsom and Solberg 1998; McHenry et al. 2002; Ozuna and Delamarter
1996). Some experts recommend 4–6 weeks of intravenous therapy followed by 3–
6 months of oral therapy (Ozuna and Delamarter 1996). As for therapy of other
sites of osteomyelitis, the duration for vertebral osteomyelitis is usually guided by
improvement or resolution of symptoms and normalization of CRP and/or ESR.
The choice of antimicrobial agent is the same as for other sites of osteomyelitis
unless a concomitant central nervous system (CNS) infection is suspected (see
below) (Table 2).

4.5 Epidural Abscess

The epidural abscess caused by S. aureus is a complication of bacteremia or direct
spread from infected tissues, sometimes after spinal surgery. It is a rare condition in
children although there are case reports in both neonates (Stewart et al. 2015) and
older children (Vallejo et al. 2017). Epidural abscesses can lead to meningitis,
vertebral osteomyelitis, spread to cause adjacent soft tissue infections, cord com-
pression, or persistence of bacteremia with distant metastatic infection (Shioya et al.
2012). It is often diagnosed by CT scan or MRI. S. aureus is the most common
cultured etiology (Tong et al. 2015). Epidural abscesses may complicate intrathecal
injections and should be considered in the differential diagnosis of back pain in
patients who have recently undergone such procedures. An epidural abscess can
also complicate the placement of a neurosurgical catheter, for example from
intrathecal pumps or neurosurgically placed wires from stimulator devices. If an
epidural abscess is diagnosed and there is no alternative source of infection,
infective endocarditis should be considered.

Drainage of an epidural abscess can sometimes be accomplished by an inter-
ventional radiology procedure (when there is no indication for debridement of
adjacent soft tissues) or it may require surgical management. The benefit of the
former is that a surgery is avoided with all of its potential complications, while the
latter may offer more definitive therapy in the case of complex or multiple abscesses
or when soft tissues are involved that require debridement. Epidural abscesses
should be evaluated by a neurosurgeon as they may require drainage (Liu et al.
2011; Suppiah et al. 2016). Drained fluid, if obtained, should be cultured so that
optimal therapy can be chosen. This should be followed by intravenous antimi-
crobial therapy, as for other invasive S. aureus infections. A minimum duration of
therapy of 4–6 weeks is often required for cure (Liu et al. 2011). For MSSA
abscess, a b-lactam drug should be chosen as first-line therapy. For MRSA or for
MSSA abscesses in patients with a b-lactam allergy intravenous vancomycin is
recommended. Alternatives are intravenous TMP-SMX or oral or intravenous
linezolid. Some experts recommend the addition of oral rifampin with these
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regimens (Liu et al. 2011) (Table 2). A case report has shown the successful use of
ceftaroline to treat a MRSA epidural abscess (Bucheit et al. 2014), but more data
are required before this can be considered a first-line therapy.

If a foreign body is present at the site of an epidural abscess, cure is more likely
if the foreign body is removed. If a foreign body at the site of infection cannot be
removed, rifampin should be used in conjunction with the primary antistaphylo-
coccal antimicrobial agent. Associated infection of bone or an intervertebral disc is
not uncommon and is addressed in the previous section.

It is appropriate to repeat an imaging study to document resolution of an epidural
abscess, particularly if no drainage procedure is performed. In 21 patients with an
epidural abscess treated without surgical intervention in Greece between 2012 and
2015, 7 had culture-proven S. aureus infections. Failure of conservative therapy,
i.e., antibiotic therapy alone, was associated with MRSA infection and presence of
neurological complications (Spernovasilis et al. 2017).

4.6 Septic Arthritis

S. aureus is a common cause of septic arthritis of both large and small joints. It was
estimated that 16,382 patients were treated for septic arthritis in US emergency
departments in 2012 (Singh and Yu 2017a). This infection can be a complication of
an adjacent SSTI (such as bursitis) or bone infection, it can be postoperative or a
complication of an intra-articular injection, it can result from direct inoculation by
an animal bite, or, perhaps most commonly, it can follow seeding by hematogenous
spread (Singh and Vogelgesang 2017b). S. aureus usually results in a grossly
purulent, tender monoarticular arthritis that can be readily diagnosed by arthro-
centesis and culture. Imaging such as by CT or MRI may be useful in diagnosis
although in most cases imaging is not necessary (Kaplan 2014). Septic arthritis can
be difficult to distinguish on physical examination alone from other diagnoses, such
as gout or pseudogout (Singh and Vogelgesang 2017b). Typical symptoms of septic
arthritis include pain, swelling, erythema, subjective fever and inability to use the
joint while suggestive signs include fever, tenderness to palpation, edema, ten-
derness elicited with both passive and active range of motion, and ability to palpate
fluid in the joint cavity. Children may present with “fever and a limp” in cases of
lower extremity septic arthritis, and such patients should be evaluated carefully.
Importantly, pain can be referred from an infected joint to another anatomic site,
which may confuse the clinician. Previously damaged native joints and particularly
prosthetic joints are at increased risk for S. aureus septic arthritis (Singh and
Vogelgesang 2017b). Concomitant osteomyelitis should always be considered as an
additional diagnosis in the evaluation of a septic joint.

In regions of the world with a high incidence of CA-MRSA, empiric coverage
for MRSA in septic arthritis has become more important. For example, a study in
children from Texas in 2001–8 demonstrated that USA300 MRSA was the leading
S. aureus strain type causing septic arthritis (Carillo-Marquez 2009).
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The treatment of native joint septic arthritis caused by S. aureus may differ for
small and large joints. In small joints with effusions, such as the toes, antimicrobial
therapy alone may be adequate. However, septic joints of the hand in particular, due
to the risk of debility from permanent damage, should undergo surgical evaluation
for possible drainage (Singh and Vogelgesang 2017b). In large joints, optimal
therapy is either an open or arthroscopic washout procedure, or alternatively serial
(usually daily) needle arthrocentesis can be performed until the joint space is dry, in
addition to appropriate antimicrobial therapy (see Table 2). If these aggressive
interventions are not performed, infected large joints, such as the knee, hip,
shoulder and ankle, are at risk of intra-articular scarring that may lead to a frozen
joint (Singh and Vogelgesang 2017b).

Antimicrobial therapy for septic native joints should be given for a minimum of
21 days, although many experts recommend a minimum of 28 days (Liu et al.
2011). If there is associated deep soft tissue infection or osteomyelitis, these con-
ditions may dictate a longer duration of therapy. Imaging studies are not usually
necessary to document clearance of the infection.

Infections of prosthetic joints raise special concerns for therapy. For treatment of
prosthetic joints infected by S. aureus, there is a distinction between early- and
late-onset infection after arthroplasty. If an infection is early, i.e., diagnosed in a
prosthetic joint within approximately 30 days of implantation, it can most often be
cured with a washout procedure for drainage of the infection, exchange of the
polyethylene components of the prosthesis, and 6 weeks of intravenous antimi-
crobial therapy. If it is late, i.e., more than about 30 days after implantation, while
there have been many reports of successful cure with conservative, medical therapy
alone, there is a significant risk of failure of therapy, and the prosthetic joint itself
may loosen (Liu et al. 2011; Osmon et al. 2013). A prosthetic joint infection may
sometimes be considered “early” for purposes of this classification scheme if the
surgical wound has not completely healed after surgery and appears infected, even
though more than 30 days has elapsed from the surgery. Many patients require a
two-step procedure for cure of a late prosthetic joint infection. This involves
removal of prosthetic joint components and placement of a temporary cement
spacer in the joint space, followed by treatment of the septic arthritis (which is often
accompanied by osteomyelitis) for at least 6 weeks of intravenous therapy, and
finally, replacement of the prosthetic joint (Osmon et al. 2013).

4.7 Pyomyositis

Pyomyositis, sometimes called “tropical pyomyositis,” “bacterial pyomyositis,” or
“primary pyomyositis,” is an infection of a muscle by a pyogenic bacterial species.
This condition is most often caused by S. aureus although it has also been reported
as a complication of bacteremia caused by a host of other species (Bickels et al.
2002; Chiedozi 1979; Small and Ross 2005). The authors of one study of 60
patients from two centers in Ohio in 1990–2010 found that S. aureus was more
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commonly culture-proven as the etiology of pyomyositis in patients with previous
trauma and in younger patients (Burdette et al. 2012). The disease is more common
in Africa and the South Pacific than in other regions of the world, but some
observers have suggested that the condition has become more common in temperate
climates during the past twenty years (Unnikrishnan et al. 2010). MRSA as a cause
of pyomyositis has been more frequently recognized since 2005 (Burdette et al.
2012; Fowler and Mackay 2006; Pannaraj 2006; Ruiz et al. 2005). Pyomyositis is
rare in the USA and Europe, as are reliable data on population-based incidence, and
some suggest that it is more common in children than in adults (Gubbay and Isaacs
2000).

The source of bacterial infection of muscle can also be by direct spread, for
example, from an intra-abdominal infection or from an infected tendon, as opposed
to hematogenous spread, which is the presumed mechanism of infection in primary
pyomyositis (Small and Ross 2005). In the U.S, with the emergence of CA-MRSA
strain types, several reports have been published of so-called “pelvic syndrome,” in
which extensive infection of muscles with thrombophlebitis of pelvic vasculature
and septic arthritis of the hip occurs (David and Daum 2010).

Although any muscle in body can be infected by S. aureus in primary
pyomyositis, the most common sites include muscles of the lower extremities,
iliopsoas, obturator internus, piriformis, gluteus maximus or minimus, and other
pelvic muscles (Chiedozi 1979; Unnikrishnan et al. 2010). S. aureus often causes
an abscess in muscle after an infection begins, and these can grow to be large,
resulting in severe pain and inability to use the affected muscle(s) and progressing
to septic shock, at times even with prompt treatment.

Although the condition may be suspected based on findings from physical
examination, such as local tenderness, pain with use of the affected muscle, and
warmth at the site of infection, it is often confirmed by imaging, including ultra-
sound, CT scan, or MRI. MRI is likely better than other modalities at defining
muscular architecture. On MRI, the abscess of pyomyositis is suggested by a fluid
collection in a muscle with rim enhancement. Imaging is important because the size
and location of lesions may dictate the approach to therapy. The creatine kinase,
white blood cell count, CRP and the ESR are almost universally elevated above
normal (Burdette et al. 2012; Unnikrishnan et al. 2010). From the history and
physical examination, iliopsoas pyomyositis may be mistaken for pathologic pro-
cesses of the urologic or reproductive systems, septic arthritis or bursitis of the hip,
appendicitis, osteomyelitis, or vertebral discitis as pyomyositis frequently results in
no lesion visible on the skin. The condition may also present as an occult source of
pain and/or fever. The pathogen in pyomyositis is often identified by blood culture
or culture of a lesion elsewhere in the body. In the case of S. aureus pyomyositis,
the bacterium is usually easily recovered from culture of a drainage specimen from
the infected muscle.

Therapy of S. aureus pyomyositis can be limited to antimicrobials alone if the
lesions are small and involve only a single muscle. In more extensive lesions,
antimicrobial therapy combined with needle drainage by interventional radiologists
or open surgical drainage is needed for cure. Antimicrobial therapy is often given
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for 21 days although the duration is determined by the clinical course. Parenteral
agents are recommended for initial therapy of bacterial pyomyositis although oral
agents may be used to complete the course if the duration of therapy is prolonged.
For the choice of antibiotic some recommend clindamycin and a
penicillinase-resistant penicillin (Zimbelman et al. 1999). In areas with a high
incidence of MRSA, vancomycin should be included in the initial empiric regimen.
If S. aureus is cultured, the choices for definitive therapy are similar to those used
for other invasive infections (see Table 2).

4.8 Necrotizing Fasciitis

Necrotizing fasciitis is a severe SSTI, with crude mortality in the USA estimated for
2003–2013 of 4.8 deaths per 1,000,000 person-years (Arif et al. 2016). Although
Streptococcus is the leading bacterial genus implicated in this syndrome, necrotizing
fasciitis caused by S. aureus has been recorded in many case reports and case series
as the sole pathogen (Chhetry et al. 2016; de Carvalho et al. 2012; Miller et al. 2005;
Perbet et al. 2010; Thapaliya et al. 2015; Tsitsilonis et al. 2013; Wood 2015; Young
and Price 2008) after the emergence of CA-MRSA. This is an infection of the fascial
tissue deep to the skin and subcutaneous fat, where bacterial infections can spread
rapidly along tissue planes and result in necrosis of more superficial tissues.
Necrotizing fasciitis is a surgical and infectious diseases emergency. Management of
the condition requires a multidisciplinary approach, often including surgeons,
infectious diseases specialists, critical care experts, wound care specialists, and
specialty burn units. The PVL toxin or other specific virulence factors in cases
caused by USA300 MRSA may play an important role in the pathogenesis of
necrotizing fasciitis (Miller et al. 2005). Risk factors for necrotizing fasciitis include
the presence of a foreign body, IV drug use, prior hematologic cancer, a deep skin
laceration, and diabetes mellitus (Sultan et al. 2012; Waldron et al. 2015).

Whether necrotizing fasciitis is caused by S. aureus or another bacterial species,
patients generally present with painful, rapidly progressing skin lesions that often
demonstrate pain beyond the margin of erythema and that do not bleed when cut
due to the lack of blood flow to necrotic tissue. Crepitus may be palpable. The skin
may have a gray discoloration. Diagnosis is clinical and may be supported by
ultrasound, CT scan, or MRI showing gas or fluid collections in the affected tissues
as well as evidence of necrotic tissue adjacent to the fascia on biopsy. Diagnosis of
the pathogen is often made from surgical tissue culture, and surgical intervention
should not be delayed for imaging studies (Sultan et al. 2012).

Cases of monomicrobial Fournier’s gangrene, i.e., necrotizing fasciitis in the
perineal and genital region (Shyam and Rapsang 2013), caused by MRSA have
been reported (Bjurlin et al. 2013; Lin et al. 2015), including cases caused by
CA-MRSA strain types (Burton et al. 2008; Kalorin and Tobin 2007).

Surgical intervention for necrotizing fasciitis must not be delayed. Aggressive
debridement of necrotic tissue is essential to prevent the need for limb amputation
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or loss of other tissues. Tissue cultures should be sent to identify the pathogen
responsible and to obtain antimicrobial susceptibilities to tailor therapy. Empiric
antimicrobial therapy should be broad, in order to cover the most common causes of
necrotizing fasciitis, such as anaerobes (with clindamycin, for example), Group A
Streptococcus (with penicillin or another b-lactam), Gram-negatives, and MRSA
(using vancomycin as first-line therapy) (Hussein and Anaya 2013). Antimicrobial
drugs should be initiated immediately on suspicion of this diagnosis; they should
not be delayed until after a procedure is performed. In order to decrease protein
production by the infecting bacteria as quickly as possible, many experts recom-
mend that in necrotizing fasciitis, clindamycin or linezolid be included in the
treatment regimen initially for at least several days. These agents, which act upon
the ribosome to curtail protein synthesis, also provide coverage of anaerobic bac-
teria, which may complicate a necrotic wound (Sultan et al. 2012). Some recom-
mend the addition of intravenous immunoglobulin (IVIG) therapy although
evidence for its use is very limited (Koch et al. 2015).

4.9 Impetigo

Impetigo is an often self-limited infection of the superficial skin that is most
commonly caused by S. aureus or by Streptococcus pyogenes. The therapy is either
expectant treatment, or topical mupirocin or retapamulin. Outside of the USA,
topical fusidic acid is an effective therapy as well (Koning et al. 2012).

4.10 Mastitis and Breast Abscess

A distinctive type of SSTI is mastitis, an infection of the breast tissue. It is a
common complication of lactation (i.e., puerperal mastitis) and is often caused by S.
aureus (Lee et al. 2010). CA-MRSA mastitis has been reported in previously
healthy women (Holmes and Zadoks 2011; Lee et al. 2010; Pérez et al. 2013;
Schoenfeld and McKay 2010), suggesting that if MRSA is prevalent locally in the
community and if antibiotics are used to treat empirically, MRSA should be con-
sidered in the choice of empiric therapy. However, a systematic review has shown
that it is not clear if antimicrobial therapy is necessary in the treatment of mastitis in
a breastfeeding woman (Jahanfar et al. 2013).

Mastitis can lead to a breast abscess, which can often be managed by
ultrasound-guided needle drainage with culture of the aspirated fluid followed by
appropriate oral antimicrobial therapy, preferably using antimicrobials safe for
lactation if the women is breastfeeding (Lam et al. 2014). In a series of 33
post-partum breast abscesses diagnosed in Texas in 2000–2006, S. aureus was the
only bacterial pathogen recovered from cultures, and MRSA was common (Berens
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et al. 2010), suggesting that empiric therapy for a breast abscess should include
coverage for MRSA according to local susceptibility patterns.

4.11 Conjunctivitis

S. aureus conjunctivitis, an infection of the conjunctivae, is a condition that is
usually easily treated with topical antimicrobial therapy, but it may advance to the
deeper tissues of the eye and surrounding structures (Alfonso et al. 2015; Freidlin
et al. 2007; Sato 2015). One study of 20,180 bacterial cultures of the conjunctivae
in New York state in 1997–2008 showed that S. aureus was the most common
pathogen isolated and the percentage of S. aureus that was MRSA increased from
7.2% in 1997–1998 to 41.6% in 2007–2008 (Adebayo et al. 2011). Diagnosis is
clinical, with redness of the conjunctivae and frequently accompanied by purulent
exudate. Treatment is usually with topical antibiotic preparations including ery-
thromycin ophthalmic ointment, an aminoglycoside, azithromycin or sulfacetamide
(Azari and Barney 2013), although alternatives may be necessary in the event that
S. aureus is resistant. Besifloxacin or moxifloxacin, among other fluoroquinolones,
are available as ophthalmic suspensions and are alternatives (Deschênes and
Blondeau 2015; Mah and Sanfilippo 2016). Ointments may be preferred for chil-
dren and in adult patients with poor compliance (Tarff and Behrens 2017). Many
cases of S. aureus conjunctivitis are self-limited within 14 days, but topical treat-
ments shorten the duration of symptoms and decrease the transmissibility. There are
limited data from controlled studies to guide the choice of therapy. Systemic
therapy and ophthalmologic evaluation may be needed if the disease progresses
despite topical therapy.

4.12 Orbital Infections

Orbital cellulitis is an infection of the soft tissues surrounding the orbit. It is not
nearly as common as conjunctivitis, the most common ophthalmologic infection
caused by S. aureus (Amato et al. 2013; Fukuda et al. 2002; Ross and Abate 1990).
However, S. aureus is also a common cause of orbital cellulitis, which can arise
from S. aureus conjunctivitis, blepharitis, eyelid abscess, infection of a lacrimal
duct, facial (prefrontal) cellulitis, a laceration, sinusitis, or hematogenous spread
from another site in the body. Orbital cellulitis varies in severity and risk to the eye.
Prefrontal and retro-orbital cellulitis have been identified among patients with
CA-MRSA infection (Blomquist 2006; Chung et al. 2011; Kobayashi et al. 2011;
Lei et al. 2013).

If an infection is not limited to the preseptal tissues, complications include
orbital abscess; superior ophthalmic vein thrombosis or infection; and abscess of
the skull, optic nerve, extraocular muscles, or posterior or anterior chamber of the
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eye (endophthalmitis, see below). In the case of orbital cellulitis, an MRI is nec-
essary to assess for complications. MRI often can distinguish between a subpe-
riosteal abscess and an orbital abscess. A subperiosteal abscess may arise from
acute sinusitis caused by S. aureus (Sharma and Josephson 2014). CA-MRSA
orbital abscesses have been reported (Lin et al. 2013a), and should be considered in
the diagnostic process if MRSA is a common pathogen locally. Occasionally,
orbital cellulitis can progress to meningitis and other intracranial infections
including cavernous sinus thrombosis.

Preseptal cellulitis typically presents with pain, erythema and edema of the face,
sometimes leading to swelling shut of the eye. It may arise from a bacterial
infection of a sinus, and thus sinus imaging may be useful to establish the origin of
the infection. Imaging is indicated if there are ominous symptoms of an invasive
infection, such as pain with eye movements, photophobia, and diplopia. Signs such
as proptosis or ophthalmoplegia should also prompt imaging of the orbit, usually
with a CT scan initially, to assess for deeper tissue involvement of the infection that
may require urgent surgical exploration and drainage. MRI of the orbit is necessary
to assess the smaller structures of the eye.

Orbital cellulitis, if uncomplicated, requires only antimicrobial therapy.
However, if there is evidence of a drainable focus in the orbit or in the structures
surrounding the orbit, including the sinuses, complicating the cellulitis, surgical
drainage or debridement may be necessary by an otolaryngologist, ophthalmologist,
or a neurosurgeon. If such a procedure is performed, a culture is essential of any
removed tissue or drained fluid to guide choice of antimicrobial therapy. Orbital
abscesses usually require drainage for cure while subperiosteal abscesses are often
curable with antimicrobial therapy alone. The choice of therapy is similar to other
invasive S. aureus infections (Table 2).

4.13 Endophthalmitis and Panophthalmitis

Endophthalmitis is the infection of the globe of the eye, often identified after the
observation in the eye examination of a hypopyon. Two distinct forms of
endophthalmitis are recognized, endogenous endophthalmitis (Bhavsar et al. 2017)
and panophthalmitis. Panophthalmitis is endophthalmitis with inflammation of all
structures in the globe, while endogenous (metastatic) endophthalmitis is the
inflammation of the interior structures of the globe (i.e., uvea and retina with pus in
the vitreous and aqueous humors). Both entities have been associated with MRSA
infections (Larson and Carrillo-Marquez 2015), including the USA300 MRSA
strain in previously healthy patients (Rutar et al. 2006).

Treatment of endophthalmitis involves immediate ophthalmologic evaluation for
vitrectomy, debridement of infected tissue, and systemic antimicrobial therapy.
Often culture data are lacking when the infection is initially treated. Systemic
therapy should therefore empirically include IV vancomycin and a b-lactam for S.
aureus coverage if there is no contraindication and if local epidemiology suggests a
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risk for MRSA (Rutar et al. 2006). Cultures from ophthalmologic tissue or fluid is
essential to guide definitive therapy. Therapy can be tailored to antibiotic suscep-
tibilities when they are available.

4.14 Parotitis

Parotitis is an infection of the parotid gland (Bradley 2002). Although the condition
can be caused by viruses, especially mumps, bacterial infections, sometimes
causing a condition called suppurative parotitis are most commonly caused by S.
aureus, Streptococcus pneumoniae, or oral flora (Brook 2009). MRSA, including
CA-MRSA, has been reported as a cause of this syndrome in adults and children
(Donovan et al. 2013; Enoch et al. 2006; Mohammed and Hofstetter 2004;
Nicolasora et al. 2009). S. aureus parotitis is marked by local tenderness over the
gland, erythema and marked edema of the gland, and it is usually unilateral.
Purulent material can sometimes be milked from the gland and cultured as it exits
from salivary ducts. Rarely, S. aureus parotitis can result in bacteremia in adults
(Enoch et al. 2006) and children (Donovan et al. 2013). The infection can usually
be treated with antimicrobials, but occasionally an abscess in the gland requires
surgical or needle drainage (Bradley 2002; Donovan et al. 2013). Choice of
antibiotic is similar to that for other invasive S. aureus infections (see Table 2).

4.15 Toxinoses

4.15.1 Staphylococcal Toxic Shock Syndrome (TSS)

Staphylococcal TSS is a clinical syndrome caused by toxic shock syndrome toxin-1
or -2 (tsst-1 or tsst-2), which are superantigens produced by some strains of S.
aureus (Kulhankova et al. 2014). TSS results in a life-threatening condition marked
by a severe rash that can give rise to skin sloughing as well as hypotension. It may
also affect the kidneys, gastrointestinal tract, liver, and central nervous system, and
cause thrombocytopenia. Specific defining criteria have been determined by the
CDC (1997). Mortality in TSS has been estimated at 4.1% (Hajjeh et al. 1999). The
syndrome can be caused by exposure of mucous membranes to S. aureus, and
inoculation of toxin can occur in the absence of a local, clinically apparent infection
syndrome. For example, attention was drawn to TSS in the 1970s when there were a
number of cases associated with the use of super-absorbent tampons (Berkley et al.
1987). Cases have also been reported with surgical packing of wounds, including
after a burn (Garland et al. 2016), and packing of the nasopharynx to control
bleeding (Allen et al. 1990). In some cases of surgical wound-associated TSS, the
wound does not appear infected, but debridement may nevertheless be necessary for
cure (Tong et al. 2015).
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Other staphylococcal toxins, including the staphylococcal enterotoxins, can be
responsible for similar shock syndromes by acting as nonspecific T cell super-
antigens (Krakauer et al. 2016).

Evidence for the optimal management of staphylococcal TSS is limited.
Commonly, the therapeutic approach includes removal or debridement of the source
of the infection, an effective antibiotic and also administration of intravenous
immune globulin (IVIG). If the condition is associated with a foreign body, the
foreign body should be removed immediately. Antibiotics are of secondary
importance in the treatment of TSS although antiribosomal drugs, such as clin-
damycin and linezolid are often used in order to decrease toxin production (Lappin
and Ferguson 2009).

4.15.2 Staphylococcal Scalded Skin Syndrome (SSSS)

SSSS is a potentially fatal disease caused by certain strains of S. aureus that carry
the exfoliating toxin A or B (ETA or ETB). The condition has a low incidence of
0.09–0.56 per million and is most common in young children. It may diagnosed
histologically although it is often a clinical diagnosis. The pathologic process is
toxin-mediated, and the bacterium is often culturable in the nares but not in the skin
lesions. The infection may present with malaise, fever, and Nikolsky’s sign. The
disease results in the development of patches of erythematous skin that coalesce and
in many cases bullae that can slough, leading to life-threatening lesions that mimic a
severe burn, hence the name of the disease. There is often desquamation on the face
and skin folds in SSSS. The mucous membranes are spared, and the desquamation
is limited to the superficial epidermis, unlike toxic epidermal necrolysis. Therefore,
on recovery from SSSS, there is no scarring. Adults with the condition may have
positive blood cultures for S. aureus, which is less common in children (Handler
and Schwartz 2014).

Treatment of SSSS is usually in a burn unit, if one is available, with antibiotic
therapy with the same medications recommended for invasive S. aureus infections,
and the use of penicillinase-resistant penicillin is strongly recommended in the
empiric regimen if there is no concern for allergy (Table 2). Fresh frozen plasma is
sometimes used in children to help neutralize the toxin. Some also advocate a 5-day
course of IVIG (Handler and Schwartz 2014; Ladhani and Joannou 2000). Studies
have suggested that 91% of adults >40 years of age carry antibodies to ETA
(Schmidt et al. 2002); the utility of IVIG in adults is controversial. The site of
primary infection may or may not be evident. If it is, this site should be treated as
appropriate. In children, the site of infection may be a minor upper respiratory
infection, while in adults there is more variability in the anatomic site. Fluid and
skin dressing management is critical, and the approach is similar to that used in
burn patients (Handler and Schwartz 2014).
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4.16 Urogenital Infections

Urogenital infections caused by S. aureus occur at a broad variety of specific sites,
including cystitis; pyelonephritis; prostatitis, epididymitis, and orchitis in men; and
abscesses in the female genital tract. Uncomplicated lower urinary tract infections
(UTIs) are not commonly caused by S. aureus (Wada et al. 2016), and complicated
S. aureus UTIs are often related to the presence of a catheter (Baraboutis et al.
2010). When a urine culture grows S. aureus, particularly in the absence of pyuria,
this should raise concern for S. aureus bacteremia, and this may not indicate a UTI
(Asgeirsson et al. 2012; Choi et al. 2009). S. aureus is an occasional cause of
pyelonephritis (Baraboutis et al. 2009; Czaja et al. 2007; Kempker et al. 2009; Kim
et al. 2016; Yock and Boyce 2015), and intrarenal and perinephric abscesses
(Dembry and Andriole 1997; Linder and Granberg 2016), which can usually be
identified by ultrasound (Vourganti et al. 2006). An abscess of the kidney caused by
Gram-negative bacilli (Dembry and Andriole 1997) or Candida species (Kauffman
et al. 2011) should be considered in the differential diagnosis if an abscess is
visualized on imaging and culture data are not available.

One study estimated that 14,294 women who are pregnant or post-partum have
an invasive MRSA infection each year in the USA (Beigi et al. 2009), with mastitis
being the leading syndrome, but such infections may occur in any anatomic site. In
women, chorioamnionitis or endometritis is usually caused by vaginal flora
(Martens et al. 1991); S. aureus is an unusual pathogen in these infections (Geisler
et al. 1998; Maher et al. 1993). Urogenital abscesses are often diagnosed by
ultrasound, CT scan, or MRI. Abscesses of the ovaries or Fallopian tubes
(tubo-ovarian abscesses [TOA]) may complicate pelvic inflammatory disease and
may be diagnosed by transvaginal ultrasound. TOA are usually caused by vaginal
flora and are often polymicrobial (Gjelland et al. 2005; Granberg et al. 2009).
However, they are occasionally caused by S. aureus. They may require drainage,
which can often be accomplished using transvaginal aspiration guided by ultra-
sound (Gjelland et al. 2005; Granberg et al. 2009). TOA and endometritis are
treated for at least 14 days.

The choice of antibiotic in the cases of S. aureus infection of the reproductive
and urinary system organs is similar to other invasive infections (see Table 2).
Treatment of a renal abscess requires a minimum of 4 weeks of antimicrobial
therapy and does not usually require surgical drainage (Dembry and Andriole
1997). Acute or subacute cases of bacterial prostatitis often require a prolonged
period of therapy, for many weeks (Coker and Dierfeldt 2016; Gill and Shoskes
2016), whatever the bacterial cause, which is rarely S. aureus (Baker et al. 2004;
Beckman and Edson 2007; Brede and Shoskes 2011). Chronic prostatitis is usually
caused by Gram-negative bacilli and is treated with fluoroquinolones or TMP-SMX
(Le and Schaeffer 2011; Perletti et al. 2013). Orchitis and epididymitis can be
evaluated by ultrasound and may be caused by S. aureus (Raychaudhuri and Chew
2012). In our experience, these infections require at least 14 days of antibiotic
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therapy after drainage, if it is indicated, but the duration of therapy should be
determined by the clinical course of the infection.

Prostatic abscess is an unusual diagnosis that is more common in people with
diabetes and in immunosuppressed patients. It is increasingly commonly caused by
S. aureus (Baker et al. 2004; Deshpande et al. 2013). Prostatic abscesses can be
diagnosed with transrectal ultrasound, may require drainage transrectally, and
should be treated with antibiotics for at least 4 weeks (Susaníbar Napurí et al. 2011).

For all urogenital S. aureus infections, the clinician should remain alert for the
possibility of an abscess developing or enlarging during therapy that requires
drainage for cure and should not hesitate to reimage the area if symptoms persist.

4.17 Lemierre’s Syndrome

Lemierre’s syndrome, also called postanginal sepsis, is thrombophlebitis of the
internal jugular vein often resulting from extension of an initial focus of infection,
sometimes an abscess, in the oropharynx. There have been numerous reports of S.
aureus, including MRSA, as a cause of retropharyngeal abscesses (Brown et al.
2015; Fleisch et al. 2007), for example, which may progress to deeper neck
infections. Symptoms of Lemierre’s syndrome usually include severe neck pain and
swelling around the jugular vein, and there may be septic emboli that spread to the
lungs, liver, kidneys, joints, or other organs and perhaps leading to local abscess
formation. A recent study suggests that the mortality rate for Lemierre’s syndrome
is approximately 2% (Johannesen and Bodtger 2016). Although this syndrome is
classically caused by Fusobacterium necrophorum, an increasing number of case
reports of this syndrome caused by S. aureus, including MRSA, have been pub-
lished (Abhishek et al. 2013; Bentley and Brennan 2009; Bilal et al. 2009; Chanin
et al. 2011; Gokçe Ceylan et al. 2009; Gunatilake et al. 2014; Herek et al. 2010;
Jariwala et al. 2017; Kizhner et al. 2013; Molloy et al. 2012). Therapy for this
condition is primarily antimicrobial agents targeting the pathogen. The neck or
other organs affected by septic emboli sometimes require drainage or local
debridement. Rarely is ligation of the infected jugular vein necessary for cure
(Johannesen and Bodtger 2016).

4.18 Meningitis and Other CNS Infections

Meningitis, subdural empyema, and other CNS infections caused by S. aureus are
rare in the absence of previous surgery or foreign bodies. It has been estimated that
S. aureus is the cause of 0.3–8.8% of cases of meningitis (Aguilar et al. 2010;
Durand et al. 1993), and the mortality was reported to be 36% in a series of 33 cases
in Detroit in 1999–2008 (Aguilar et al. 2010) and 35.3% in 34 patients in Taiwan in
2000–2008 (Huang et al. 2010). In preterm infants, MRSA meningitis had a
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mortality of 26% and MSSA had a mortality of 24% in 2006–2008 at 20 US
medical centers (Shane et al. 2012). There are a number of recent case reports of S.
aureus meningitis from around the world in children and adults (Aguilar et al. 2010;
Al Kandari et al. 2010; De Schryver et al. 2011; Dylewski and Martel 2004;
Gattuso et al. 2009; Huang et al. 2010; Lee et al. 2008; Pereira et al. 2015; Pintado
et al. 2012; Shane et al. 2012; Smetana et al. 2013; Udassi et al. 2015; Vallejo et al.
2017) including CA-MRSA meningitis in the absence of other known meningitis
risk factors (Laurens et al. 2008; Munckhof et al. 2008; Naesens et al. 2009;
Valentini et al. 2008; Yonezawa et al. 2015). Typical symptoms of bacterial
meningitis are fever, stiff neck, photophobia and headache. Focal neurologic
symptoms may or may not be present.

As for other causes of meningitis, S. aureus may be cultured from the cere-
brospinal fluid (CSF) obtained by a lumbar puncture or a sample of CSF from
another site. As for other causes of meningitis, a neutrophilic pleocytosis, elevated
protein, and decreased glucose level is usually expected in the CSF in cases of S.
aureus meningitis. S. aureus meningitis may be complicated by a parameningeal
focus of infection, including cavernous sinus thrombosis (Munckhof et al. 2008;
Naesens et al. 2009) that can require drainage and/or prolonged antimicrobial
therapy for cure. Treatment of meningitis is generally parenteral and for 14 days (Liu
et al. 2011) after removal of relevant foreign bodies and drainage of any large foci.

Ventriculo-peritoneal, ventriculo-pleural, and ventricular shunts to other organs
can become infected during the immediate postoperative period or from later
seeding from the bloodstream or by direct extension from another site of infection.
Staphylococci and other skin flora are often responsible for infections in the
postoperative period. S. aureus may cause a shunt infection leading to abscess
formation in the CNS or at a site at the distal end of the shunt that requires drainage.
Similarly, implanted intrathecal pumps may be infected by skin flora, including S.
aureus, with abscess development in the pump pocket or along the path of the
catheter. For these foreign body-associated S. aureus infections, generally removal
of the foreign body is required for cure. In patients who require a permanent
ventricular shunt to treat hydrocephalus, a temporary lumbar or other external CSF
drain should be placed after removal of the infected shunt, with regular sampling of
the CSF for cell counts and culture. Replacement of the permanent shunt should be
delayed until the CSF cell counts are normal and the CSF culture is negative.
Therapy for such infections is usually parenteral, and therapy is recommended for at
least 2 weeks after normalization of the cell counts in the CSF (Liu et al. 2011).

Brain abscesses may arise from direct spread from a contiguous site, trauma,
hematogenous spread or from an unknown source (Brook 2017). They have many
possible bacterial etiologies, but brain abscesses caused by S. aureus have been
reported (Arora et al. 2012; El-Khashab et al. 2012; Kao et al. 2008; Leotta et al.
2005; Narayanan et al. 2013; Park et al. 2015; Ramos et al. 2009), including some
caused by CA-MRSA strains (Enany et al. 2007; Lo and Erwin 2008; Mutale et al.
2014; Naesens et al. 2009; Sifri et al. 2007), and often require drainage for cure.
Linezolid has been reported as a possible therapy for MRSA brain abscesses in case
series (Ntziora and Falagas 2007; Saito et al. 2010).
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The choice of antimicrobial agent for therapy for CNS infections should be
determined by the susceptibility profile of S. aureus causing the infection and also
take into consideration penetration of the drug across the blood–brain barrier.
For MSSA, a parenteral b-lactam drug is optimal, such as oxacillin or nafcillin.
Vancomycin is the leading choice for therapy of MRSA infections, which has been
shown to cross-inflamed meninges (Aguilar et al. 2010; Albanèse et al. 2000; Liu
et al. 2011). There is some clinical and experimental evidence of efficacy of line-
zolid in S. aureus meningitis (Aguilar et al. 2010; Cabellos et al. 2014; Calik et al.
2012; Gattuso et al. 2009; Kessler and Kourtis 2007; Ntziora and Falagas 2007;
Sipahi et al. 2013), some evidence for linezolid in combination with rifampicin (Al
Kandari et al. 2010), and one case report with both daptomycin and rifampin
(Kalesidis 2011). TMP-SMX is an alternative recommended in the IDSA MRSA
treatment guidelines (Liu et al. 2011). Ceftaroline, which showed good CNS
penetration in a rabbit model (Saravolatz et al. 2011), has been used to treat MRSA
meningitis (Balouch et al. 2015), but evidence for its efficacy is limited to case
reports. Daptomycin has poor CNS penetration; there are few case reports of
success (Lee et al. 2008) as well as failure (Wahby and Alangaden 2012) with this
agent as monotherapy in S. aureus meningitis. Some advise the addition of rifampin
for combination therapy with vancomycin in MRSA meningitis (Liu et al. 2011).

5 Conclusions

Treatment of S. aureus infections is complex. S. aureus is most often a commensal,
and thus the first challenge is to ensure that a culture of this species indicates the
presence of a clinically significant infection. S. aureus is capable of causing
infection in any human tissue, and it often causes purulent infections with abscess
formation.

Penicillin is no longer useful to treat S. aureus infections in the majority of cases,
but for MSSA strains, there are often a great number of alternative semisynthetic
antistaphylococcal penicillins and other b-lactam drugs available, such as the
cephalosporins. For MRSA there are also many drug classes available, including
the glycopeptides vancomycin and teicoplanin (in Europe, Asia and South
America), which are first-line for invasive infections. Daptomycin is also a useful
choice. For uncomplicated MRSA skin infections, doxycycline, minocycline,
clindamycin, TMP-SMX, and linezolid are all well-established agents with limited
toxicities. Tigecycline is generally reserved for infections in which other drugs are
not adequate or several drugs would be needed to replace it. Tedizolid is a
promising new oxazolidinone with oral and parenteral preparations. The newer
agents active against MRSA include cephalosporins (ceftobiprole in Europe and
ceftaroline in the USA), and the lipoglycopeptides (oritavancin, dalbavancin, and
telavancin). The role of these newer agents is not yet defined, but as they are used
more widely, they may be useful in the treatment of invasive infections.
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S. aureus, which has been a constant companion of humanity for millennia, has
developed resistance to every new class of antibiotics developed. It will remain a
common pathogen and a persistent challenge for surgeons and internists unless a
vaccine is developed to prevent staphylococcal disease. The discovery and devel-
opment of antimicrobials with new antibiotic targets are thus essential.

References

Abbott IJ, Jenney AW, Jeremiah CJ, Mirčeta M, Kandiah JP, Holt DC, Tong SY, Spelman DW
(2015) Reduced in vitro activity of ceftaroline by Etest among clonal complex 239
methicillin-resistant Staphylococcus aureus clinical strains from Australia. Antimicrob Agents
Chemother 59(12):7837–7841

Abdallah L, Remadi JP, Habib G, Salaun E, Casalta JP, Tribouilloy C (2016) Long-term prognosis
of left-sided native-valve Staphylococcus aureus endocarditis. Arch Cardiovasc Dis 109
(4):260–267

Abhishek A, Sandeep S, Tarun P (2013) Lemierre syndrome from a neck abscess due to
methicillin-resistant Staphylococcus aureus. Braz J Infect Dis 17(4):507–509

Adebayo A, Parikh JG, McCormick SA, Shah MK, Huerto RS, Yu G, Milman T (2011) Shifting
trends in in vitro antibiotic susceptibilities for common bacterial conjunctival isolates in the last
decade at the New York Eye and Ear Infirmary. Graefes Arch Clin Exp Ophthalmol 249
(1):111–119

Aguilar J, Urday-Cornejo V, Donabedian S, Perri M, Tibbetts R, Zervos M (2010) Staphylococcus
aureus meningitis: case series and literature review. Medicine (Baltimore) 89(2):117–125

Albanèse J, Léone M, Bruguerolle B, Ayem ML, Lacarelle B, Martin C (2000) Cerebrospinal fluid
penetration and pharmacokinetics of vancomycin administered by continuous infusion to
mechanically ventilated patients in an intensive care unit. Antimicrob Agents Chemother 44
(5):1356–1358

Alfonso SA, Fawley JD, Alexa LuX (2015) Conjunctivitis. Prim Care 42(3):325–345
Ali FR, Yiu ZZ, Ogden S (2015) Minocycline-induced pigmentation of the skin and nails.

Postgrad Med J 91(1081):662
Aliberti S, Reyes LF, Faverio P, Sotgiu G, Dore S, Rodriguez AH, Soni NJ, Restrepo MI; GLIMP

investigators (2016) Global initiative for meticillin-resistant Staphylococcus aureus pneumonia
(GLIMP): an international, observational cohort study. Lancet Infect Dis 16(12):1364–1376

Al Kandari M, Jamal W, Udo EE, El Sayed A, Al Shammri S, Rotimi VO (2010) A case of
community-onset meningitis caused by hospital methicillin-resistant Staphylococcus aureus
successfully treated with linezolid and rifampicin. Med Princ Pract 19(3):235–239

Allard C, Carignan A, Bergevin M, Boulais I, Tremblay V, Robichaud P, Duperval R, Pepin J
(2008) Secular changes in incidence and mortality associated with Staphylococcus aureus
bacteraemia in Quebec, Canada, 1991–2005. Clin Microbiol Infect 14(5):421–428

Allen ST, Liland JB, Nichols CG, Glew RH (1990) Toxic shock syndrome associated with use of
latex nasal packing. Arch Intern Med 150(12):2587–2588

Alm RA, McLaughlin RE, Kos VN, Sader HS, Iaconis JP, Lahiri SD (2014) Analysis of
Staphylococcus aureus clinical isolates with reduced susceptibility to ceftaroline: an
epidemiological and structural perspective. J Antimicrob Chemother 69(8):2065–2075

Alonzo F 3rd, Torres VJ (2014) The bicomponent pore-forming leucocidins of Staphylococcus
aureus. Microbiol Mol Biol Rev 78(2):199–230

Al-Tawfiq JA, Aldaabil RA (2005) Community-acquired MRSA bacteremic necrotizing
pneumonia in a patient with scrotal ulceration. J Infect 51(4):e241–e243

366 M.Z. David and R.S. Daum



Amato M, Pershing S, Walvick M, Tanaka S (2013) Trends in ophthalmic manifestations of
methicillin-resistant Staphylococcus aureus (MRSA) in a northern California pediatric
population. J AAPOS 17(3):243–247

Arif N, Yousfi S, Vinnard C (2016) Deaths from necrotizing fasciitis in the United States,
2003–2013. Epidemiol Infect 144(6):1338–1344

Arnold SR, D. Elias D, Buckingham SC, Thomas ED, Novais E, Arkader A, Howard C (2006)
Changing patterns of acute hematogenous osteomyelitis and septic arthritis: emergence
of community-associated methicillin-resistant Staphylococcus aureus. J Pediatr Orthop
26:703–708

Arora P, Kalra VK, Pappas A (2012) Multiple brain abscesses in a neonate after blood stream
infection with methicillin-resistant Staphylococcus aureus. J Pediatr 161(3):563–563.e1

Arshad S, Huang V, Hartman P, Perri MB, Moreno D, Zervos MJ (2017) Ceftaroline fosamil
monotherapy for methicillin-resistant Staphylococcus aureus bacteremia: a comparative
clinical outcomes study. Int J Infect Dis 57:27–31

Asgeirsson H, Kristjansson M, Kristinsson KG, Gudlaugsson O (2012) Clinical significance of
Staphylococcus aureus bacteriuria in a nationwide study of adults with S. aureus bacteraemia.
J Infect 64(1):41–46

Asgeirsson H, Thalme A, Weiland O (2016) Low mortality but increasing incidence of
Staphylococcus aureus endocarditis in people who inject drugs: experience from a Swedish
referral hospital. Medicine (Baltimore) 95(49):e5617

Athan E, Chu VH, Tattevin P, Selton-Suty C, Jones P, Naber C, Miró JM, Ninot S,
Fernández-Hidalgo N, Durante-Mangoni E, Spelman D, Hoen B, Lejko-Zupanc T, Cecchi E,
Thuny F, Hannan MM, Pappas P, Henry M, Fowler VG Jr, Crowley AL, Wang A,
Investigators ICE-PCS (2012) Clinical characteristics and outcome of infective endocarditis
involving implantable cardiac devices. JAMA 307(16):1727–1735

Azari AA, Barney NP (2013) Conjunctivitis: a systematic review of diagnosis and treatment.
JAMA 310(16):1721–1729

Baddour LM, Wilson WR, Bayer AS, Fowler VG Jr, Tleyjeh IM, Rybak MJ, Barsic B,
Lockhart PB, Gewitz MH, Levison ME, Bolger AF, Steckelberg JM, Baltimore RS, Fink AM,
O’Gara P, Taubert KA; American Heart Association Committee on Rheumatic Fever,
Endocarditis, and Kawasaki Disease of the Council on Cardiovascular Disease in the Young,
Council on Clinical Cardiology, Council on Cardiovascular Surgery and Anesthesia, and
Stroke Council (2015) Infective endocarditis in adults: diagnosis, antimicrobial therapy, and
management of complications: a scientific statement for healthcare professionals from the
American Heart Association. Circulation 132(15):1435–1486

Bahrain M, Vasiliades M, Wolff M, Younus F (2006) Five cases of bacterial endocarditis after
furunculosis and the ongoing saga of community-acquired methicillin-resistant Staphylococcus
aureus infections. Scand J Infect Dis 38(8):702–707

Baker SD, Horger DC, Keane TE (2004) Community-acquired methicillin-resistant
Staphylococcus aureus prostatic abscess. Urology 64(4):808–810

Balouch MA, Bajwa RJ, Hassoun A (2015) Successful use of ceftaroline for the treatment of
MRSA meningitis secondary to an infectious complication of lumbar spine surgery.
J Antimicrob Chemother 70(2):624–625

Baraboutis IG, Koukoulaki M, Belesiotou H, Platsouka E, Papastamopoulos V, Kontothanasis D,
Kontogianni-Katsarou K, Tsagalou EP, Paniara O, Skoutelis AT (2009) Community-acquired
methicillin-resistant Staphylococcus aureus as a cause of rapidly progressing pyelonephritis
with pyonephrosis, necessitating emergent nephrectomy. Am J Med Sci 338(3):233–235

Baraboutis IG, Tsagalou EP, Lepinski JL, Papakonstantinou I, Papastamopoulos V, Skoutelis AT,
Johnson S (2010) Primary Staphylococcus aureus urinary tract infection: the role of undetected
hematogenous seeding of the urinary tract. Eur J Clin Microbiol Infect Dis 29(9):1095–1101

Barton M, Hawkes M, Moore D, Conly J, Nicolle L, Allen U, Boyd N, Embree J, Van Horne L, Le
Saux N, Richardson S, Moore A, Tran D, Waters V, Vearncombe M, Katz K, Weese JS,
Embil J, Ofner-Agostini M, Ford-Jones EL; Writing Group of the Expert Panel of Canadian
Infectious Disease, Infection Prevention and Control, and Public Health Specialists (2006)

Treatment of Staphylococcus aureus Infections 367



Guidelines for the prevention and management of community-associated methicillin-resistant
Staphylococcus aureus: a perspective for Canadian health care practitioners. Can J Infect Dis
Med Microbiol 17(Suppl C):4C–24C

Bassetti M, Peghin M, Trecarichi EM, Carnelutti A, Righi E, Del Giacomo P, Ansaldi F,
Trucchi C, Alicino C, Cauda R, Sartor A, Spanu T, Scarparo C, Tumbarello M (2017)
Characteristics of Staphylococcus aureus bacteraemia and predictors of early and late
mortality. PLoS ONE 12(2):e0170236

Baxi SM, Chan D, Jain V (2015) Daptomycin non-susceptible, vancomycin-intermediate
Staphylococcus aureus endocarditis treated with ceftaroline and daptomycin: case report and
brief review of the literature. Infection 43(6):751–754

Beckman TJ, Edson RS (2007) Methicillin-resistant Staphylococcus aureus prostatitis. Urology 69
(4):779.e1–e3

Beigi RH, Bunge K, Song Y, Lee BY (2009) Epidemiologic and economic effect of
methicillin-resistant Staphylococcus aureus in obstetrics. Obstet Gynecol 113(5):983–991

Bentley TP, Brennan DF (2009) Lemierre’s syndrome: methicillin-resistant Staphylococcus aureus
(MRSA) finds a new home. J Emerg Med 37(2):131–134

Berens P, Swaim L, Peterson B (2010) Incidence of methicillin-resistant Staphylococcus aureus in
postpartum breast abscesses. Breastfeed Med 5(3):113–115

Berkley SF, Hightower AW, Broome CV, Reingold AL (1987) The relationship of tampon
characteristics to menstrual toxic shock syndrome. JAMA 21;258(7):917–920

Bhavsar MM, Devarajan TV, Nembi PS, Ramakrishnan N, Mani AK (2017) Metastatic
endogenous endophthalmitis: a rare presentation with methicillin-resistant Staphylococcus
aureus prostatic abscess. Indian J Crit Care Med 21(3):172–175

Bickels J, Ben-Sira L, Kessler A, Wientroub S (2002) Primary pyomyositis. J Bone Joint Surg Am
84-A(12):2277–2286

Bilal M, Cleveland KO, Gelfand MS (2009) Community-acquired methicillin-resistant
Staphylococcus aureus and Lemierre syndrome. Am J Med Sci 338(4):326–327

Bishburg E, Bishburg K (2009) Minocycline–an old drug for a new century: emphasis on
methicillin-resistant Staphylococcus aureus (MRSA) and Acinetobacter baumannii. Int J
Antimicrob Agents 34(5):395–401

Bjurlin MA, O’Grady T, Kim DY, Divakaruni N, Drago A, Blumetti J, Hollowell CM (2013)
Causative pathogens, antibiotic sensitivity, resistance patterns, and severity in a contemporary
series of Fournier’s gangrene. Urology 81(4):752–758

Blomquist PH (2006) Methicillin-resistant Staphylococcus aureus infections of the eye and orbit
(an American Ophthalmological Society thesis). Trans Am Ophthalmol Soc 104:322–345

Blumer JL, Ghonghadze T, Cannavino C, O’Neal T, Jandourek A, Friedland HD, Bradley JS
(2016) A multicenter, randomized, observer-blinded, active-controlled study evaluating the
safety and effectiveness of ceftaroline compared with ceftriaxone plus vancomycin in pediatric
patients with complicated community-acquired bacterial pneumonia. Pediatr Infect Dis J 35
(7):760–766

Bocchini CE, Hulten KG, Mason EO Jr, Gonzalez BE, Hammerman WA, Kaplan SL (2006)
Panton-Valentine leukocidin genes are associated with enhanced inflammatory response and
local disease in acute hematogenous Staphylococcus aureus osteomyelitis in children.
Pediatrics 117(2):433–440

Borg MA, Camilleri L, Waisfisz B (2012) Understanding the epidemiology of MRSA in Europe:
do we need to think outside the box? J Hosp Infect 81(4):251–256

Boucher HW, Wilcox M, Talbot GH, Puttagunta S, Das AF, Dunne MW (2014) Once-weekly
dalbavancin versus daily conventional therapy for skin infection. N Engl J Med 370(23):2169–
2179

Bradley PJ (2002) Microbiology and management of sialadenitis. Curr Infect Dis Rep 4(3):217–
224

Brede CM, Shoskes DA (2011) The etiology and management of acute prostatitis. Nat Rev Urol 8
(4):207–212

368 M.Z. David and R.S. Daum



Brook I (2009) The bacteriology of salivary gland infections. Oral Maxillofac Surg Clin North Am
21(3):269–274

Brook I (2017) Microbiology and treatment of brain abscess. J Clin Neurosci 38:8–12
Brown NK, Hulten KG, Mason EO, Kaplan SL (2015) Staphylococcus aureus retropharyngeal

abscess in children. Pediatr Infect Dis J 34(4):454–456
Browne LP, Mason EO, Kaplan SL, Cassady CI, Krishnamurthy R, Guillerman RP (2008)

Optimal imaging strategy for community-acquired Staphylococcus aureus musculoskeletal
infections in children. Pediatr Radiol 38(8):841–847

Bucheit J, Collins R, Joshi P (2014) Methicillin-resistant Staphylococcus aureus epidural abscess
treated with ceftaroline fosamil salvage therapy. Am J Health Syst Pharm 71(2):110–113

Burdette SD, Watkins RR, Wong KK, Mathew SD, Martin DJ, Markert RJ (2012) Staphylococcus
aureus pyomyositis compared with non-Staphylococcus aureus pyomyositis. J Infect 64
(5):507–512

Burnett YJ, Echevarria K, Traugott KA (2016) Ceftaroline as salvage monotherapy for persistent
MRSA bacteremia. Ann Pharmacother 50(12):1051–1059

Burton MJ, Shah P, Swiatlo E (2008) Community-acquired methicillin-resistant Staphylococcus
aureus as a cause of Fournier’s gangrene. Amer J Med Sci 335:327–328

Cabellos C, Garrigós C, Taberner F, Force E, Pachón-Ibañez ME (2014) Experimental study of the
efficacy of linezolid alone and in combinations against experimental meningitis due to
Staphylococcus aureus strains with decreased susceptibility to beta-lactams and glycopeptides.
J Infect Chemother 20(9):563–568

Cahill TJ, Baddour LM, Habib G, Hoen B, Salaun E, Pettersson GB, Schäfers HJ, Prendergast BD
(2017) Challenges in infective endocarditis. J Am Coll Cardiol 69(3):325–344

Cai Y, Wang R, Liang B, Bai N, Liu Y (2011) Systematic review and meta-analysis of the
effectiveness and safety of tigecycline for treatment of infectious disease. Antimicrob Agents
Chemother 55(3):1162–1172

Calik S, Turhan T, Yurtseven T, Sipahi OR, Buke C (2012) Vancomycin versus linezolid in the
treatment of methicillin-resistant Staphylococcus aureus meningitis in an experimental rabbit
model. Med Sci Monit 18(11):SC5–SC8

Carrillo-Marquez MA, Hulten KG, Hammerman W, Mason EO, Kaplan SL (2009) USA300 is the
predominant genotype causing Staphylococcus aureus septic arthritis in children. Pediatr Infect
Dis J 28(12):1076–1080

Carris NW, Pardo J, Montero J, Shaeer KM (2015) Minocycline as a substitute for doxycycline in
targeted scenarios: a systematic review. Open Forum Infect Dis 2(4):ofv178

Casapao AM, Leonard SN, Davis SL, Lodise TP, Patel N, Goff DA, LaPlante KL, Potoski BA,
Rybak MJ (2013) Clinical outcomes in patients with heterogeneous vancomycin-intermediate
Staphylococcus aureus bloodstream infection. Antimicrob Agents Chemother 57(9):4252–
4259

Cenizal MJ, Skiest D, Luber S, Bedimo R, Davis P, Fox P, Delaney K, Hardy RD (2007)
Prospective randomized trial of empiric therapy with trimethoprim-sulfamethoxazole or
doxycycline for outpatient skin and soft tissue infections in an area of high prevalence of
methicillin-resistant Staphylococcus aureus. Antimicrob Agents Chemother 51(7):2628–2630

Centers for Disease Control and Prevention (1997) Case definitions for infectious conditions under
public health surveillance. Centers for Disease Control and Prevention. MMWR Recomm Rep
46(RR-10):1–55

Centers for Disease Control and Prevention (1999) Four pediatric deaths from
community-acquired methicillin-resistant Staphylococcus aureus—Minnesota and North
Dakota, 1997–1999. MMWR Morb Mortal Wkly Rep 48:707–710

Chambers HF (2001) The changing epidemiology of Staphylococcus aureus? Emerg Infect Dis
7:178–182

Chanin JM, Marcos LA, Thompson BM, Yusen RD, Dunne WM Jr, Warren DK, Santos CA
(2011) Methicillin-resistant Staphylococcus aureus USA300 clone as a cause of Lemierre’s
syndrome. J Clin Microbiol 49(5):2063–2066

Treatment of Staphylococcus aureus Infections 369



Chastre J, Blasi F, Masterton RG, Rello J, Torres A, Welte T (2014) European perspective and
update on the management of nosocomial pneumonia due to methicillin-resistant
Staphylococcus aureus after more than 10 years of experience with linezolid. Clin Microbiol
Infect 20(Suppl 4):19–36

Chelsom J, Solberg CO (1998) Vertebral osteomyelitis at a Norwegian university hospital 1987–
97: clinical features, laboratory findings and outcome. Scand J Infect Dis 30(2):147–151

Chen H, Yang Q, Zhang R, He W, Ma X, Zhang J, Xia F, Zhao F, Cao J, Liu Y, Wu W, Hu D,
Wang Q, Zhao C, Zhang F, Wang X, Wang Z, Li H, Wang H (2014) In vitro antimicrobial
activity of the novel oxazolidinone tedizolid and comparator agents against Staphylococcus
aureus and linezolid-resistant Gram-positive pathogens: a multicentre study in China. Int J
Antimicrob Agents 44(3):276–277

Chhetry M, Banerjee B, Subedi S, Koirala A (2016) Necrotizing fasciitis of anterior abdominal
wall following cesarean section in a low-risk patient. J Surg Case Rep 2016(7)

Chiappini E, Camposampiero C, Lazzeri S, Indolfi G, De Martino M, Galli L (2017) Epidemiology
and management of acute haematogenous osteomyelitis in a tertiary paediatric center. Int J
Environ Res Public Health 14(5)

Chickering HT, Park JH (1919) Staphylococcus aureus pneumonia. JAMA 72:617–626
Chiedozi LC (1979) Pyomyositis: review of 205 cases in 112 patients. Am J Surg 137(2):255–259
Choi SH, Lee SO, Choi JP, Lim SK, Chung JW, Choi SH, Jeong JY, Woo JH, Kim YS (2009) The

clinical significance of concurrent Staphylococcus aureus bacteriuria in patients with S. aureus
bacteremia. J Infect 59(1):37–41

Chung M, Antignac A, Kim C, Tomasz A (2008) Comparative study of the susceptibilities of
major epidemic clones of methicillin-resistant Staphylococcus aureus to oxacillin and to the
new broad-spectrum cephalosporin ceftobiprole. Antimicrob Agents Chemother 52(8):2709–
2717

Chung WC, Lin HJ, Foo NP, Chen KT (2011) Infantile orbital abscess caused by
community-acquired methicillin-resistant Staphylococcus aureus. J Ophthalmic Inflamm
Infect 1(4):181–183

Claeys KC, Zasowski EJ, Casapao AM, Lagnf AM, Nagel JL, Nguyen CT, Hallesy JA,
Compton MT, Kaye KS, Levine DP, Davis SL, Rybak MJ (2016) Daptomycin improves
outcomes regardless of vancomycin MIC in a propensity-matched analysis of
methicillin-resistant Staphylococcus aureus bloodstream infections. Antimicrob Agents
Chemother 60(10):5841–5848

Coker TJ, Dierfeldt DM (2016) Acute bacterial prostatitis: diagnosis and management. Am Fam
Physician 93(2):114–120

Colton B, McConeghy KW, Schreckenberger PC, Danziger LH (2016) I.V. minocycline revisited
for infections caused by multidrug-resistant organisms. Am J Health Syst Pharm 73(5):279–
285

Corey GR, Good S, Jiang H, Moeck G, Wikler M, Green S, Manos P, Keech R, Singh R, Heller B,
Bubnova N, O’Riordan W, Investigators SOLOII (2015) Single-dose oritavancin versus
7-10 days of vancomycin in the treatment of Gram-positive acute bacterial skin and skin
structure infections: the SOLO II noninferiority study. Clin Infect Dis 60(2):254–262

Corey GR, Kabler H, Mehra P, Gupta S, Overcash JS, Porwal A, Giordano P, Lucasti C, Perez A,
Good S, Jiang H, Moeck G, O’Riordan W, Investigators SOLOI (2014) Single-dose
oritavancin in the treatment of acute bacterial skin infections. N Engl J Med 370(23):2180–
2190

Corey GR, Wilcox MH, Talbot GH, Thye D, Friedland D, Baculik T; CANVAS 1 investigators
(2010) CANVAS 1: the first Phase III, randomized, double-blind study evaluating ceftaroline
fosamil for the treatment of patients with complicated skin and skin structure infections.
J Antimicrob Chemother 65(Suppl 4):iv41–iv51

Corrah TW, Enoch DA, Aliyu SH, Lever AM (2011) Bacteraemia and subsequent vertebral
osteomyelitis: a retrospective review of 125 patients. QJM 104(3):201–207

370 M.Z. David and R.S. Daum



Cui L, Tominaga E, Neoh HM, Hiramatsu K (2006) Correlation between reduced daptomycin
susceptibility and vancomycin resistance in vancomycin-intermediate Staphylococcus aureus.
Antimicrob Agents Chemother 50(3):1079–1082

Cunha BA, Gran A (2015) Successful treatment of meticillin-resistant Staphylococcus aureus
(MRSA) aortic prosthetic valve endocarditis with prolonged high-dose daptomycin plus
ceftaroline therapy. Int J Antimicrob Agents 46(2):225–226

Czaja CA, Scholes D, Hooton TM, Stamm WE (2007) Population-based epidemiologic analysis of
acute pyelonephritis. Clin Infect Dis 45(3):273–280

Dantes R, Mu Y, Belflower R, Aragon D, Dumyati G, Harrison LH, Lessa FC, Lynfield R,
Nadle J, Petit S, Ray SM, Schaffner W, Townes J, Fridkin S, Emerging Infections Program–

Active Bacterial Core Surveillance MRSA Surveillance Investigators (2013) National burden
of invasive methicillin-resistant Staphylococcus aureus infections, United States, 2011. JAMA
Intern Med 173(21):1970–1978

David MZ, Daum RS (2010) Community-associated methicillin-resistant Staphylococcus aureus:
epidemiology and clinical consequences of an emerging epidemic. Clin Microbiol Rev 23
(3):616–687

David MZ, Daum RS, Bayer AS, Chambers HF, Fowler VG Jr, Miller LG, Ostrowsky B, Baesa A,
Boyle-Vavra S, Eells SJ, Garcia-Houchins S, Gialanella P, Macias-Gil R, Rude TH, Ruffin F,
Sieth JJ, Volinski J, Spellberg B (2014) Staphylococcus aureus bacteremia at 5 US academic
medical centers, 2008–2011: significant geographic variation in community-onset infections.
Clin Infect Dis 59(6):798–807

Daum RS, Miller LG, Immergluck L, Fritz S, Young D, Kumar N, Downing M, Pettibone S,
Hoagland R, Eels S, Boyle MG, Parker TC, Chambers HF, and the DMID 07-0051 team
(2017) A placebo controlled trial of antibiotics for smaller skin abscesses. N Engl J Med 376
(26):2545–2555

Dauner DG, Nelson RE, Taketa DC (2010) Ceftobiprole: a novel, broad-spectrum cephalosporin
with activity against methicillin-resistant Staphylococcus aureus. Am J Health Syst Pharm 67
(12):983–993

de Carvalho Ferreira D, Cisne Frota AC, Cavalcante FS, Abad ED, Netto Dos Santos KR (2012)
Necrotizing fasciitis secondary to community pneumonia by Panton-Valentine
leukocidin-positive methicillin-resistant Staphylococcus aureus. Am J Respir Crit Care Med
186(2):202–203

De la Calle C, Morata L, Cobos-Trigueros N, Martinez JA, Cardozo C, Mensa J, Soriano A (2016)
Staphylococcus aureus bacteremic pneumonia. Eur J Clin Microbiol Infect Dis 35(3):497–502

Dembry LM, Andriole VT (1997) Renal and perirenal abscesses. Infect Dis Clin North Am 11
(3):663–680

Deschênes J, Blondeau J (2015) Besifloxacin in the management of bacterial infections of the
ocular surface. Can J Ophthalmol 50(3):184–191

De Schryver N, Cosnard G, van Pesch V, Godfraind C, Hantson P (2011) Extensive spinal cord
injury following Staphylococcus aureus septicemia and meningitis. Case Rep Neurol 3(2):147–
153

Deshpande A, Haleblian G, Rapose A (2013) Prostate abscess: MRSA spreading its influence into
Gram-negative territory: case report and literature review. BMJ Case Rep

Donovan ST, Rohman GT, Selph JP, Rajan R, Stocks RM, Thompson JW (2013)
Methicillin-resistant Staphylococcus aureus as a cause of neonatal suppurative parotitis: a
report of two cases and review of the literature. Ear Nose Throat J 92(6):269–271

Drew RH (2007) Emerging options for treatment of invasive, multidrug-resistant Staphylococcus
aureus infections. Pharmacotherapy 27(2):227–249

Duerden B, Fry C, Johnson AP, Wilcox MH (2015) The control of methicillin-resistant
Staphylococcus aureus blood stream infections in England. Open Forum Infect Dis 12;2(2):
ofv035

Dunne MW, Puttagunta S, Giordano P, Krievins D, Zelasky M, Baldassarre J (2016) A
randomized clinical trial of single-dose versus weekly dalbavancin for treatment of acute
bacterial skin and skin structure infection. Clin Infect Dis 62(5):545–551

Treatment of Staphylococcus aureus Infections 371



Durand ML, Calderwood SB, Weber DJ, Miller SI, Southwick FS, Caviness VS Jr, Swartz MN
(1993) Acute bacterial meningitis in adults. A review of 493 episodes. N Engl J Med 328
(1):21–28

Durkin MJ, Corey GR (2015) New developments in the management of severe skin and deep skin
structure infections—focus on tedizolid. Ther Clin Risk Manag 11:857–862

Dylewski J, Martel G (2004) A case of spontaneous methicillin-resistant Staphylococcus aureus
meningitis in a health care worker. Can J Infect Dis Med Microbiol 15(6):336–338

El Atrouni WI, Knoll BM, Lahr BD, Eckel-Passow JE, Sia IG, Baddour LM (2009) Temporal
trends in the incidence of Staphylococcus aureus bacteremia in Olmsted County, Minnesota,
1998 to 2005: a population-based study. Clin Infect Dis 49(12):e130–e138

Eliopoulos GM (2003) Quinupristin-dalfopristin and linezolid: evidence and opinion. Clin Infect
Dis 36(4):473–481

El-Khashab M, Zonouzi TH, Naghani IM, Nejat F (2012) Cerebellar staphylococcal abscess
accompanied with high alfa-fetoprotein in a young infant. Iran J Pediatr 22(4):539–542

Enany S, Higuchi W, Okubo T, Takano T, Enany M, Yamamoto T (2007) Brain abscess caused by
Panton-Valentine leukocidin-positive community-acquired methicillin-resistant
Staphylococcus aureus in Egypt, April 2007. Euro Surveill 12(9):E070927.2

Enoch DA, Karas JA, Emery MM, Borland C (2006) Two cases of parotid gland infection with
bacteraemia due to meticillin-resistant Staphylococcus aureus. J Med Microbiol 55(Pt 4):463–
465

Fabre V, Ferrada M, Buckel WR, Avdic E, Cosgrove SE (2014) Ceftaroline in combination with
trimethoprim-sulfamethoxazole for salvage therapy of methicillin-resistant Staphylococcus
aureus bacteremia and endocarditis. Open Forum Infect Dis 1(2):ofu046

Farrell DJ, Flamm RK, Sader HS, Jones RN (2014) Ceftobiprole activity against over 60,000
clinical bacterial pathogens isolated in Europe, Turkey, and Israel from 2005 to 2010.
Antimicrob Agents Chemother 58(7):3882–3888

File TM Jr, Low DE, Eckburg PB, Talbot GH, Friedland HD, Lee J, Llorens L, Critchley IA,
Thye DA, FOCUS 1 investigators (2011) FOCUS 1: a randomized, double-blinded,
multicentre, Phase III trial of the efficacy and safety of ceftaroline fosamil versus ceftriaxone
in community-acquired pneumonia. J Antimicrob Chemother 66(Suppl 3):iii19–iii32

Fleisch AF, Nolan S, Gerber J, Coffin SE (2007) Methicillin-resistant Staphylococcus aureus as a
cause of extensive retropharyngeal abscess in two infants. Pediatr Infect Dis J 26(12):1161–
1163

Flynt LK, Kenney RM, Zervos MJ, Davis SL (2017) The safety and economic impact of cefazolin
versus nafcillin for the treatment of methicillin-susceptible Staphylococcus aureus bloodstream
infections. Infect Dis Ther 6(2):225–231

Fowler A, Mackay A (2006) Community-acquired methicillin-resistant Staphylococcus aureus
pyomyositis in an intravenous drug user. J Med Microbiol 55:123–125

Fowler VG, Boucher HW, Corey GR, Abrutyn E, Karchmer AW, Rupp ME, Levine DP,
Chambers HF, Tally FP, Vigliani GA, Cabell CH, Link AS, DeMeyer I, Filler SG, Zervos M,
Cook P, Parsonnet J, Bernstein JM, Price CS, Forrest GN, Fätkenheuer G, Gareca M, Rehm SJ,
Brodt HR, Tice A, Cosgrove SE, S. aureus Endocarditis and Bacteremia Study Group (2006)
Daptomycin versus standard therapy for bacteremia and endocarditis caused by Staphylococcus
aureus. N Eng J Med 355:653–665

Freidlin J, Acharya N, Lietman TM, Cevallos V, Whitcher JP, Margolis TP (2007) Spectrum of
eye disease caused by methicillin-resistant Staphylococcus aureus. Am J Ophthalmol 144
(2):313–315

Fukuda M, Ohashi H, Matsumoto C, Mishima S, Shimomura Y (2002) Methicillin-resistant
Staphylococcus aureus and methicillin-resistant coagulase-negative Staphylococcus ocular
surface infection efficacy of chloramphenicol eye drops. Cornea 21(7 Suppl):S86–S89

Gardiner D, Dukart G, Cooper A, Babinchak T (2010) Safety and efficacy of intravenous
tigecycline in subjects with secondary bacteremia: pooled results from 8 phase III clinical trials.
Clin Infect Dis 50(2):229–238

372 M.Z. David and R.S. Daum



Garland M, Zeller KA, Shetty AK (2016) Toxic shock syndrome due to methicillin-resistant
Staphylococcus aureus infection after a pediatric scald burn. Am J Emerg Med 34(8):1735.e1–
e2

Gattuso G, Palvarini L, Tomasoni D, Ferri F, Scalzini A (2009) Un caso di sepsi da MRSA
comunitario (CA-MRSA) complicata da meningoencefalite ed ascesso cerebrale trattato con
successo con linezolid [A case of community-acquired MRSA (CA-MRSA) sepsis complicated
by meningoencephalitis and cerebral abscess, successfully treated with linezolid]. Infez Med 17
(4):244–248 (in Italian)

Geisler JP, Horlander KM, Hiett AK (1998) Methicillin resistant Staphylococcus aureus as a cause
of chorioamnionitis. Clin Exp Obstet Gynecol 25(4):119–120

Gill BC, Shoskes DA (2016) Bacterial prostatitis. Curr Opin Infect Dis 29(1):86–91
Gjelland K, Ekerhovd E, Granberg S (2005) Transvaginal ultrasound-guided aspiration for

treatment of tubo-ovarian abscess: a study of 302 cases. Am J Obstet Gynecol 193(4):1323–
1330

Gokçe Ceylan B, Yavuz L, Baydar CL, Tuz M, Eroglu F, Kiris I, Akcam FZ, Erdem B (2009)
Lemierre syndrome: a case of a rarely isolated microorganism, Staphylococcus auerus. Med
Sci Monit 15(3):CS58–CS61

Gonzalez-Ruiz A, Seaton RA, Hamed K (2016) Daptomycin: an evidence-based review of its role
in the treatment of Gram-positive infections. Infect Drug Resist 9:47–58

Gould FK, Brindle R, Chadwick PR, Fraise AP, Hill S, Nathwani D, Ridgway GL, Spry MJ,
Warren RE, MRSA Working Party of the British Society for Antimicrobial Chemotherapy
(2009) Guidelines (2008) for the prophylaxis and treatment of methicillin-resistant
Staphylococcus aureus (MRSA) infections in the United Kingdom. J Antimicrob Chemother
63(5):849–861

Granberg S, Gjelland K, Ekerhovd E (2009) The management of pelvic abscess. Best Pract Res
Clin Obstet Gynaecol 23(5):667–678

Grote V, Silier CC, Voit AM, Jansson AF (2017) Bacterial osteomyelitis or nonbacterial osteitis in
children: a study involving the German Surveillance Unit for Rare Diseases in Childhood.
Pediatr Infect Dis J 36(5):451–456

Gubbay AJ, Isaacs D (2000) Pyomyositis in children. Pediatr Infect Dis J 19(10):1009–1012
Gunatilake SS, Yapa LG, Gallala M, Gamlath R, Rodrigo C, Wimalaratna H (2014) Lemierre’s

syndrome secondary to community-acquired methicillin-resistant Staphylococcus aureus
infection presenting with cardiac tamponade, a rare disease with a life-threatening presentation:
a case report. Int J Emerg Med 7:39

Hajjeh RA, Reingold A, Weil A, Shutt K, Schuchat A, Perkins BA (1999) Toxic shock syndrome
in the United States: surveillance update, 1979–1996. Emerg Infect Dis 5(6):807–810

Handler MZ, Schwartz RA (2014) Staphylococcal scalded skin syndrome: diagnosis and
management in children and adults. J Eur Acad Dermatol Venereol 28(11):1418–1423

Harrison EM, Ba X, Blane B, Ellington MJ, Loeffler A, Hill RL, Holmes MA, Peacock SJ (2016)
PBP2a substitutions linked to ceftaroline resistance in MRSA isolates from the UK.
J Antimicrob Chemother 71(1):268–269

Herek PA, Lewis T, Bailitz JM (2010) An unusual case of Lemierre’s syndrome due to
methicillin-resistant Staphylococcus aureus. J Emerg Med 39(5):644–646

Hirai J, Hagihara M, Haranaga S, Kinjo T, Hashioka H, Kato H, Sakanashi D, Yamagishi Y,
Mikamo H, Fujita J (2017) Eosinophilic pneumonia caused by daptomycin: six cases from two
institutions and a review of the literature. J Infect Chemother 23(4):245–249

Hiramatsu K, Hanaki H, Ino T, Yabuta K, Oguri T, Tenover FC (1997) Methicillin-resistant
Staphylococcus aureus clinical strain with reduced vancomycin susceptibility. J Antimicrob
Chemother 40(1):135–136

Ho TT, Cadena J, Childs LM, Gonzalez-Velez M, Lewis JS 2nd (2012) Methicillin-resistant
Staphylococcus aureus bacteraemia and endocarditis treated with ceftaroline salvage therapy.
J Antimicrob Chemother 67(5):1267–1270

Hoen B, Duval X (2013) Clinical practice. Infective endocarditis. N Engl J Med 368(15):1425–
1433

Treatment of Staphylococcus aureus Infections 373



Holland TL, Arnold C, Fowler VG Jr (2014) Clinical management of Staphylococcus aureus
bacteremia: a review. JAMA 312(13):1330–1341

Holmes MA, Zadoks RN (2011) Methicillin resistant S. aureus in human and bovine mastitis.
J Mammary Gland Biol Neoplasia 16(4):373–382

Holubar M, Meng L, Deresinski S (2016) Bacteremia due to methicillin-resistant Staphylococcus
aureus: new therapeutic approaches. Infect Dis Clin North Am 30(2):491–507

Huang V, Gortney JS (2006) Risk of serotonin syndrome with concomitant administration of
linezolid and serotonin agonists. Pharmacotherapy 26(12):1784–1793

Huang WC, Lee CH, Liu JW (2010) Clinical characteristics and risk factors for mortality in
patients with meningitis caused by Staphylococcus aureus and vancomycin minimal inhibitory
concentrations against these isolates. J Microbiol Immunol Infect 43(6):470–477

Hussein QA, Anaya DA (2013) Necrotizing soft tissue infections. Crit Care Clin 29(4):795–806
Itani KM, Dryden MS, Bhattacharyya H, Kunkel MJ, Baruch AM, Weigelt JA (2010) Efficacy and

safety of linezolid versus vancomycin for the treatment of complicated skin and soft-tissue
infections proven to be caused by methicillin-resistant Staphylococcus aureus. Am J Surg 199
(6):804–816

Jahanfar S, Ng CJ, Teng CL (2013) Antibiotics for mastitis in breastfeeding women. Cochrane
Database Syst Rev (2):CD005458

Jariwala RH, Srialluri S, Huang MZ, Boppana SB (2017) Methicillin-resistant Staphylococcus
aureus as a cause of Lemierre’s syndrome. Pediatr Infect Dis J 36(4):429–431

Johannesen KM, Bodtger U (2016) Lemierre’s syndrome: current perspectives on diagnosis and
management. Infect Drug Resist 9:221–227

Jongsma K, Joson J, Heidari A (2013) Ceftaroline in the treatment of concomitant
methicillin-resistant and daptomycin-non-susceptible Staphylococcus aureus infective endo-
carditis and osteomyelitis: case report. J Antimicrob Chemother 68(6):1444–1445

Jørgensen NP, Skovdal SM, Meyer RL, Dagnæs-Hansen F, Fuursted K, Petersen E (2016)
Rifampicin-containing combinations are superior to combinations of vancomycin, linezolid
and daptomycin against Staphylococcus aureus biofilm infection in vivo and in vitro. Pathog
Dis 74(4):ftw019

Kaasch AJ, Seifert H (2016) Oritavancin: a long-acting antibacterial lipoglycopeptide. Future
Microbiol 11:843–855

Kakish E, Wiesner AM, Winstead PS, Bensadoun ES (2008) Acute respiratory failure due to
daptomycin induced eosinophilic pneumonia. Respir Med 1:235–237

Kalogeropoulos AS, Tsiodras S, Loverdos D, Fanourgiakis P, Skoutelis A (2011) Eosinophilic
pneumonia associated with daptomycin: a case report and a review of the literature. J Med Case
Rep 5:13

Kalorin CM, Tobin EH (2007) Community-associated methicillin-resistant Staphylococcus aureus
causing Fournier’s gangrene and genital infections. J Urology 177:967–971

Kao KL, Wu KG, Chen CJ, Wu JJ, Tang RB, Chang KP, Wong TT (2008) Brain abscesses in
children: analysis of 20 cases presenting at a medical center. J Microbiol Immunol Infect 41
(5):403–407

Kaplan SL (2014) Recent lessons for the management of bone and joint infections. J Infect 68
(Suppl 1):S51–S56

Karlowsky JA, Adam HJ, Baxter MR, Lagacé-Wiens PR, Walkty AJ, Hoban DJ, Zhanel GG
(2013) In vitro activity of ceftaroline-avibactam against Gram-negative and Gram-positive
pathogens isolated from patients in Canadian hospitals from 2010 to 2012: results from the
CANWARD surveillance study. Antimicrob Agents Chemother 57(11):5600–5611

Karlowsky JA, Nichol K, Zhanel GG (2015) Telavancin: mechanisms of action, in vitro activity,
and mechanisms of resistance. Clin Infect Dis 61(Suppl 2):S58–S68

Kauffman CA, Fisher JF, Sobel JD, Newman CA (2011) Candida urinary tract infections–
diagnosis. Clin Infect Dis 52(Suppl 6):S452–S456

Kelesidis T, Humphries R, Ward K, Lewinski MA, Yang OO (2011) Combination therapy with
daptomycin, linezolid, and rifampin as treatment option for MRSA meningitis and bacteremia.
Diagn Microbiol Infect Dis 71(3):286–290

374 M.Z. David and R.S. Daum



Kempker R, Difrancesco L, Martin-Gorgojo A, Franco-Paredes C (2009) Expanding spectrum of
illness due to community-associated methicillin-resistant Staphylococcus aureus: a case report.
Cases J 2:7437

Kessler AT, Kourtis AP (2007) Treatment of meningitis caused by methicillin-resistant
Staphylococcus aureus with linezolid. Infection 35(4):271–274

Kim MJ, Koo HM, Lee WJ, Choi JH, Choi MN, Park SY, Kim WJ, Son SY (2016) Development
of epidural and paraspinal abscesses after insufficient evaluation and treatment of acute
pyelonephritis caused by Staphylococcus aureus. Korean J Fam Med 37(5):299–302

Kizhner V, Samara G, Panesar R, Krespi YP (2013) Methicillin-resistant Staphylococcus aureus
bacteraemia associated with Lemierre’s syndrome: case report and literature review. J Laryngol
Otol 127(7):721–723

Koch C, Hecker A, Grau V, Padberg W, Wolff M, Henrich M (2015) Intravenous immunoglobulin
in necrotizing fasciitis—a case report and review of recent literature. Ann Med Surg (Lond) 4
(3):260–263

Kobayashi D, Givner LB, Yeatts RP, Anthony EY, Shetty AK (2011) Infantile orbital cellulitis
secondary to community-associated methicillin-resistant Staphylococcus aureus. J AAPOS 15
(2):208–210

Koning S, van der Sande R, Verhagen AP, van Suijlekom-Smit LW, Morris AD, Butler CC,
Berger M, van der Wouden JC (2012) Interventions for impetigo. Cochrane Database Syst Rev
1:CD003261

Krakauer T, Pradhan K, Stiles BG (2016) Staphylococcal superantigens spark host-mediated
danger signals. Front Immunol 7:23

Kulhankova K, King J, Salgado-Pabón W (2014) Staphylococcal toxic shock syndrome:
superantigen-mediated enhancement of endotoxin shock and adaptive immune suppression.
Immunol Res 59(1–3):182–187

Ladhani S, Joannou CL (2000) Difficulties in diagnosis and management of the staphylococcal
scalded skin syndrome. Pediatr Infect Dis J 19(9):819–821

Lahiri SD, McLaughlin RE, Whiteaker JD, Ambler JE, Alm RA (2015) Molecular characterization
of MRSA isolates bracketing the current EUCAST ceftaroline-susceptible breakpoint for
Staphylococcus aureus: the role of PBP2a in the activity of ceftaroline. J Antimicrob
Chemother 70(9):2488–2498

Lal Y, Assimacopoulos AP (2010) Two cases of daptomycin-induced eosinophilic pneumonia and
chronic pneumonitis. Clin Infect Dis 50(5):737–740

Lam E, Chan T, Wiseman SM (2014) Breast abscess: evidence based management recommen-
dations. Expert Rev Anti Infect Ther 12(7):753–762

Lappin E, Ferguson AJ (2009) Gram-positive toxic shock syndromes. Lancet Infect Dis 9(5):281–
290

Larson KE, Carrillo-Marquez M (2015) Endogenous methicillin-resistant Staphylococcus aureus
endophthalmitis after leg trauma. J AAPOS 19(4):387–389

Laupland KB, Church DL (2014) Population-based epidemiology and microbiology of
community-onset bloodstream infections. Clin Microbiol Rev 27(4):647–664

Laurens MB, Becker RM, Johnson JK, Wolf JS, Kotloff KL (2008) MRSA with progression from
otitis media and sphenoid sinusitis to clival osteomyelitis, pachymeningitis and abducens nerve
palsy in an immunocompetent 10-year-old patient. Int J Pediatr Otorhinolaryngol 72(7):945–
951

Le B, Schaeffer AJ (2011) Chronic prostatitis. BMJ Clin Evid 2011. pii: 1802
Lee DH, Palermo B, Chowdhury M (2008) Successful treatment of methicillin-resistant

Staphylococcus aureus meningitis with daptomycin. Clin Infect Dis 47(4):588–590
Lee IW, Kang L, Hsu HP, Kuo PL, Chang CM (2010) Puerperal mastitis requiring hospitalization

during a nine-year period. Am J Obstet Gynecol 203(4):332.e1–e6
Lei TH, Huang YC, Chu YC, Lee CY, Lien R (2013) Orbital cellulitis caused by

community-associated methicillin-resistant Staphylococcus aureus in a previously healthy
neonate. J Microbiol Immunol Infect 46(2):136–138

Treatment of Staphylococcus aureus Infections 375



Leotta N, Chaseling R, Duncan G, Isaacs D (2005) Intracranial suppuration. J Paediatr Child
Health 41(9–10):508–512

Lew DP, Waldvogel FA (2004) Osteomyelitis. Lancet 364(9431):369–379
Li JS, Sexton DJ, Mick N, Nettles R, Fowler VG Jr, Ryan T, Bashore T, Corey GR (2000)

Proposed modifications to the Duke criteria for the diagnosis of infective endocarditis. Clin
Infect Dis 30(4):633–638

Liapikou A, Cillóniz C, Torres A (2015) Ceftobiprole for the treatment of pneumonia: a European
perspective. Drug Des Devel Ther 9:4565–4572

Lin CY, Chiu NC, Lee KS, Huang FY, Hsu CH (2013a) Neonatal orbital abscess. Pediatr Int 55
(3):e63–e66

Lin JC, Aung G, Thomas A, Jahng M, Johns S, Fierer J (2013b) The use of ceftaroline fosamil in
methicillin-resistant Staphylococcus aureus endocarditis and deep-seated MRSA infections: a
retrospective case series of 10 patients. J Infect Chemother 19(1):42–49

Lin WT, Chao CM, Lin HL, Hung MC, Lai CC (2015) Emergence of antibiotic-resistant bacteria
in patients with Fournier gangrene. Surg Infect (Larchmt) 16(2):165–168

Lina G, Piémont Y, Godail-Gamot F, Bes M, Peter M, Gauduchon V, Vandenesch F, Etienne J
(1999) Involvement of Panton-Valentine-leukocidin-producing Staphylococcus aureus in
primary skin infections and pneumonia. Clin Infect Dis 29:1128–1132

Linder BJ, Granberg CF (2016) Pediatric renal abscesses: a contemporary series. J Pediatr Urol 12
(2):99.e1–e15

Liu C, Bayer A, Cosgrove SE, Daum RS, Fridkin SK, Gorwitz RJ, Kaplan SL, Karchmer AW,
Levine DP, Murray BE, J Rybak M, Talan DA, Chambers HF, Infectious Diseases Society of
America (2011) Clinical practice guidelines by the Infectious Diseases Society of America for
the treatment of methicillin-resistant Staphylococcus aureus infections in adults and children.
Clin Infect Dis 52(3):e18–e55

Lo BM, Erwin EA (2008) Missed epidural brain abscess after furunculosis. Am J Emerg Med 26
(4):522.e3–e4

Low DE, File TM Jr, Eckburg PB, Talbot GH, David Friedland H, Lee J, Llorens L, Critchley IA,
Thye DA, FOCUS 2 investigators (2011) FOCUS 2: a randomized, double-blinded,
multicentre, Phase III trial of the efficacy and safety of ceftaroline fosamil versus ceftriaxone
in community-acquired pneumonia. J Antimicrob Chemother 66(Suppl 3):iii33–iii44

Lowy FD (1998) Staphylococcus aureus infections. N Engl J Med 339:520–532
Mah FS, Sanfilippo CM (2016) Besifloxacin: efficacy and safety in treatment and prevention of

ocular bacterial infections. Ophthalmol Ther 5(1):1–20
Maher C, McLaughlin J, Kelsey G, Cave D, Haran M (1993) Staphylococcal septicaemia after

endometrial destruction. Aust N Z J Obstet Gynaecol 33(4):443–444
Mansur AJ, Grinberg M, da Luz PL, Bellotti G (1992) The complications of infective endocarditis.

A reappraisal in the 1980s. Arch Intern Med 152(12):2428–2432
Martens MG, Faro S, Maccato M, Riddle G, Hammill HA (1991) Susceptibility of female pelvic

pathogens to oral antibiotic agents in patients who develop postpartum endometritis. Am J
Obstet Gynecol 164(5 Pt 2):1383–1386

McDougal LK, Fosheim GE, Nicholson A, Bulens SN, Limbago BM, Shearer JE, Summers AO,
Patel JB (2010) Emergence of resistance among USA300 methicillin-resistant Staphylococcus
aureus isolates causing invasive disease in the United States. Antimicrob Agents Chemother 54
(9):3804–3811

McHenry MC, Easley KA, Locker GA (2002) Vertebral osteomyelitis: long-term outcome for 253
patients from 7 Cleveland-area hospitals. Clin Infect Dis 34(10):1342–1350

Miller BA, Gray A, Leblanc TW, Sexton DJ, Martin AR, Slama TG (2010) Acute eosinophilic
pneumonia secondary to daptomycin: a report of three cases. Clin Infect Dis 50(11):e63–e68

Miller LG, Perdreau-Remington F, Rieg G, Mehdi S, Perlroth J, Bayer AS, Tang AW, Phung TO,
Spellberg B (2005) Necrotizing fasciitis caused by community-associated methicillin-resistant
Staphylococcus aureus in Los Angeles. N Engl J Med 352(14):1445–1453

Miller LG, Daum RS, Creech CB, Young D, Downing MD, Eells SJ, Pettibone S, Hoagland RJ,
Chambers HF, DMID 07-0051 Team (2015) Clindamycin versus

376 M.Z. David and R.S. Daum



trimethoprim-sulfamethoxazole for uncomplicated skin infections. N Engl J Med 372
(12):1093–1103

Mohammed I, Hofstetter M (2004) Acute bacterial parotitis due to methicillin-resistant
Staphylococcus aureus. South Med J 97(11):1139

Molloy A, Towersey G, Shackleton D, Aali A, Ash S (2012) The changing face of an old disease:
case report of nonclassical Lemierre’s syndrome caused by a Panton-Valentine
leucocidin-positive methicillin-susceptible Staphylococcus aureus isolate. J Clin Microbiol
50(9):3144–3145

Moran GJ, Fang E, Corey GR, Das AF, De Anda C, Prokocimer P (2014) Tedizolid for 6 days versus
linezolid for 10 days for acute bacterial skin and skin-structure infections (ESTABLISH-2): a
randomised, double-blind, phase 3, non-inferiority trial. Lancet Infect Dis 14(8):696–705

Mubarak N, Sandaradura I, Isaia L, O’Sullivan M, Zhou F, Marriott D, Iredell JR, Harkness J,
Andresen D (2015) Non-susceptibility to ceftaroline in healthcare-associated multiresistant
MRSA in Eastern Australia. J Antimicrob Chemother 70(8):2413–2414

Munckhof WJ, Krishnan A, Kruger P, Looke D (2008) Cavernous sinus thrombosis and
meningitis from community-acquired methicillin-resistant Staphylococcus aureus infection.
Intern Med J 38(4):283–287

Mutale W, Sahay KM, Hartley J, Thompson D, Ratnasinghe D, Hudson L, Hulse E, Fellows G
(2014) Community acquired Panton-Valentine Leukocidin (PVL) positive methicilin resistant
Staphylococcal aureus cerebral abscess in an 11-month old boy: a case study. BMC Res Notes
7:862

Naesens R, Ronsyn M, Druwé P, Denis O, Ieven M, Jeurissen A (2009) Central nervous system
invasion by community-acquired meticillin-resistant Staphylococcus aureus. J Med Microbiol
58(Pt 9):1247–1251

Narayanan M, Mookherjee S, Spector TB, White AA (2013) MSSA brain abscess and pyomyositis
presenting as brain tumour and DVT. BMJ Case Rep 2013. pii: bcr2013009380

Nathwani D, Morgan M, Masterton RG, Dryden M, Cookson BD, French G, Lewis D, British
Society for Antimicrobial Chemotherapy Working Party on Community-onset MRSA
Infections (2008) Guidelines for UK practice for the diagnosis and management of
methicillin-resistant Staphylococcus aureus (MRSA) infections presenting in the community.
J Antimicrob Chemother 61(5):976–994

Newitt S, Myles PR, Birkin JA, Maskell V, Slack RC, Nguyen-Van-Tam JS, Szatkowski L (2015)
Impact of infection control interventions on rates of Staphylococcus aureus bacteraemia in
National Health Service acute hospitals, East Midlands, UK, using interrupted time-series
analysis. J Hosp Infect 90(1):28–37

Nickerson M, Bhargava A, Kale-Pradhan PB (2017) Daptomycin-associated eosinophilic
pneumonia with rechallenge: a case report. Int J Clin Pharmacol Ther 55(6):521–524

Nicolasora NP, Zacharek MA, Malani AN (2009) Community-acquired methicillin-resistant
Staphylococcus aureus: an emerging cause of acute bacterial parotitis. South Med J 102
(2):208–210

Nigo M, Diaz L, Carvajal LP, Tran TT, Rios R, Panesso D, Garavito JD, Miller WR, Wanger A,
Weinstock G, Munita JM, Arias CA, Chambers HF (2017 Feb 23) Ceftaroline-resistant,
daptomycin-tolerant, and heterogeneous vancomycin-intermediate methicillin-resistant
Staphylococcus aureus causing infective endocarditis. Antimicrob Agents Chemother 61(3),
e-published ahead-of-print

Ntziora F, Falagas ME (2007) Linezolid for the treatment of patients with central nervous system
infection. Ann Pharmacother 41(2):296–308

Osmon DR, Berbari EF, Berendt AR, Lew D, Zimmerli W, Steckelberg JM, Rao N, Hanssen A,
Wilson WR, Infectious Diseases Society of America (2013) Diagnosis and management of
prosthetic joint infection: clinical practice guidelines by the Infectious Diseases Society of
America. Clin Infect Dis 56(1):e1–e25

Ozuna RM, Delamarter RB (1996) Pyogenic vertebral osteomyelitis and postsurgical disc space
infections. Orthop Clin North Am 27(1):87–94

Treatment of Staphylococcus aureus Infections 377



Pagani L, Bonnin P, Janssen C, Desjoyaux E, Vitrat V, Bru JP (2014) Ceftaroline for the treatment
of prosthetic valve endocarditis due to methicillin-resistant Staphylococcus aureus. J Heart
Valve Dis 23(2):219–221

Paladino JA, Jacobs DM, Shields RK, Taylor J, Bader J, Adelman MH, Wilton GJ, Crane JK,
Schentag JJ (2014) Use of ceftaroline after glycopeptide failure to eradicate meticillin-resistant
Staphylococcus aureus bacteraemia with elevated vancomycin minimum inhibitory concen-
trations. Int J Antimicrob Agents 44(6):557–563

Pannaraj PS, Hulten KG, Gonzalez BE, Mason EO, Kaplan SL (2006) Infective pyomyositis and
myositis in children in the era of community-acquired, methicillin-resistant Staphylococcus
aureus infection. Clin Infect Dis 43:953–960

Park HK, Kim YS, Oh SH, Lee HJ (2015) Successful treatment with ultrasound-guided aspiration
of intractable methicillin-resistant Staphylococcus aureus brain abscess in an extremely low
birth weight infant. Pediatr Neurosurg 50(4):210–215. Erratum in: Pediatr Neurosurg 2015;50
(4):215

Patel JJ, Antony A, Herrera M, Lipchik RJ (2014) Daptomycin-induced acute eosinophilic
pneumonia. WMJ 113(5):199–201

Peacock SJ, Paterson GK (2015) Mechanisms of methicillin resistance in Staphylococcus aureus.
Annu Rev Biochem 84:577–601

Perbet S, Soummer A, Vinsonneau C, Vandebrouck A, Rackelboom T, Etienne J, Cariou A,
Chiche JD, Mira JP, Charpentier J (2010) Multifocal community-acquired necrotizing fasciitis
caused by a Panton-Valentine leukocidin-producing methicillin-sensitive Staphylococcus
aureus. Infection 38(3):223–225

Pereira NM, Shah I, Ohri A, Shah F (2015) Methicillin resistant Staphylococcus aureus
meningitis. Oxf Med Case Reports 11:364–366

Pérez A, Orta L, Padilla E, Mesquida X (2013) CA-MRSA puerperal mastitis and breast abscess: a
potential problem emerging in Europe with many unanswered questions. J Matern Fetal
Neonatal Med 26(9):949–951

Perletti G, Marras E, Wagenlehner FM, Magri V (2013) Antimicrobial therapy for chronic
bacterial prostatitis. Cochrane Database Syst Rev (8):CD009071

Pigrau C, Almirante B, Flores X, Falco V, Rodríguez D, Gasser I, Villanueva C, Pahissa A (2005)
Spontaneous pyogenic vertebral osteomyelitis and endocarditis: incidence, risk factors, and
outcome. Am J Med 118(11):128

Pintado V, Pazos R, Jiménez-Mejías ME, Rodríguez-Guardado A, Gil A, García-Lechuz JM,
Cabellos C, Chaves F, Domingo P, Ramos A, Pérez-Cecilia E, Domingo D (2012)
Methicillin-resistant Staphylococcus aureus meningitis in adults: a multicenter study of 86
cases. Medicine (Baltimore) 91(1):10–17

Prokocimer P, De Anda C, Fang E, Mehra P, Das A (2013) Tedizolid phosphate vs linezolid for
treatment of acute bacterial skin and skin structure infections: the ESTABLISH-1 randomized
trial. JAMA 309(6):559–569

Rájová J, Pantůček R, Petráš P, Varbanovová I, Mašlaňová I, Beneš J (2016) Necrotizing
pneumonia due to clonally diverse Staphylococcus aureus strains producing Panton-Valentine
leukocidin: the Czech experience. Epidemiol Infect 144(3):507–515

Ramos A, Ley L, Muñez E, Videl A, Sánchez I (2009) Brain abscess due to Panton-Valentine
leukocidin-positive Staphylococcus aureus. Infection 37(4):365–367

Raychaudhuri M, Chew PR (2012) A case of epididymitis associated with Panton-Valentine
leukocidin Staphylococcus aureus. Sex Transm Infect 88(5):355–356

Redden MD, Chin TY, van Driel ML (2017) Surgical versus non-surgical management for pleural
empyema. Cochrane Database Syst Rev 3:CD010651

Rhee Y, Aroutcheva A, Hota B, Weinstein RA, Popovich KJ (2015) Evolving epidemiology of
Staphylococcus aureus bacteremia. Infect Control Hosp Epidemiol 36(12):1417–1422

Rodvold KA (2015) Telavancin for the treatment of methicillin-resistant Staphylococcus aureus
infections. Clin Infect Dis 61(Suppl 2):S35–S37

Rose WE, Rybak MJ (2006) Tigecycline: first of a new class of antimicrobial agents.
Pharmacotherapy 26(8):1099–1110

378 M.Z. David and R.S. Daum



Ross J, Abate MA (1990) Topical vancomycin for the treatment of Staphylococcus epidermidis
and methicillin-resistant Staphylococcus aureus conjunctivitis. DICP 24(11):1050–1053

Rubinstein E, Prokocimer P, Talbot GH (1999) Safety and tolerability of quinupristin/dalfopristin:
administration guidelines. J Antimicrob Chemother 44(Suppl A):37–46

Rubinstein E, Lalani T, Corey GR, Kanafani ZA, Nannini EC, Rocha MG, Rahav G,
Niederman MS, Kollef MH, Shorr AF, Lee PC, Lentnek AL, Luna CM, Fagon JY,
Torres A, Kitt MM, Genter FC, Barriere SL, Friedland HD, Stryjewski ME, ATTAIN Study
Group (2011) Telavancin versus vancomycin for hospital-acquired pneumonia due to
Gram-positive pathogens. Clin Infect Dis 52(1):31–40

Ruggero MA, Peaper DR, Topal JE (2015) Telavancin for refractory methicillin-resistant
Staphylococcus aureus bacteremia and infective endocarditis. Infect Dis (Lond) 47(6):379–384

Ruhe JJ, Menon A (2007) Tetracyclines as an oral treatment option for patients with
community-onset methicillin-resistant Staphylococcus aureus skin and soft-tissue infections.
Antimicrob. Agents Chermother 51:3298–3303

Ruhe JJ, Smith N, Bradsher RW, Menon A (2007) Community-onset methicillin-resistant
Staphylococcus aureus skin and soft tissue infections: impact of antimicrobial therapy on
outcome. Clin Infect Dis 44:777–784

Ruiz ME, Yohannes S, Wladyka CG (2005) Pyomyositis caused by methicillin-resistant
Staphylococcus aureus. N Engl J Med 352(14):1488–1489

Russell CD, Ramaesh R, Kalima P, Murray A, Gaston MS (2015) Microbiological characteristics
of acute osteoarticular infections in children. J Med Microbiol 64(Pt 4):446–453

Rutar T, Chambers HF, Crawford JB, Perdreau-Remington F, Zwick OM, Karr M, Diehn JJ,
Cockerham KP (2006) Ophthalmic manifestations of infections caused by the USA300 clone
of community-associated methicillin-resistant Staphylococcus aureus. Ophthalmology 113
(8):1455–1462

Rybak JM, Roberts K (2015 Feb 24) Tedizolid phosphate: a next-generation oxazolidinone. Infect
Dis Ther, e-published ahead of print

Rybak JM, Marx K, Martin CA (2014) Early experience with tedizolid: clinical efficacy,
pharmacodynamics, and resistance. Pharmacotherapy 34(11):1198–1208

Saavedra-Lozano J, Mejías A, Ahmad N, Peromingo E, Ardura MI, Guillen S, Syed A, Cavuoti D,
Ramilo O (2008) Changing trends in acute osteomyelitis in children: impact of
methicillin-resistant Staphylococcus aureus infections. J Pediatr Orthop 28(5):569–575

Saito N, Aoki K, Sakurai T, Ito K, Hayashi M, Hirata Y, Sato K, Harashina J, Akahata M,
Iwabuchi S (2010) Linezolid treatment for intracranial abscesses caused by methicillin-resistant
Staphylococcus aureus–two case reports. Neurol Med Chir (Tokyo) 50(6):515–517

Sakoulas G, Moise PA, Casapao AM, Nonejuie P, Olson J, Okumura CY, Rybak MJ, Kullar R,
Dhand A, Rose WE, Goff DA, Bressler AM, Lee Y, Pogliano J, Johns S, Kaatz GW,
Ebright JR, Nizet V (2014) Antimicrobial salvage therapy for persistent staphylococcal
bacteremia using daptomycin plus ceftaroline. Clin Ther 36(10):1317–1333

Sandrock CE, Shorr AF (2015) The role of telavancin in hospital-acquired pneumonia and
ventilator-associated pneumonia. Clin Infect Dis 61(Suppl 2):S79–S86

Saravolatz LD, Stein GE, Johnson LB (2011) Ceftaroline: a novel cephalosporin with activity
against methicillin-resistant Staphylococcus aureus. Clin Infect Dis 52(9):1156–1163

Sato K (2015) External ocular infections due to methicillin-resistant Staphylococcus aureus and
medical history. Can J Ophthalmol 50(5):e97–e99

Schaumburg F, Peters G, Alabi A, Becker K, Idelevich EA (2016) Missense mutations of PBP2a
are associated with reduced susceptibility to ceftaroline and ceftobiprole in African MRSA.
J Antimicrob Chemother 71(1):41–44

Schmidt H, Lissner R, Struff W, Thamm O, Karch H (2002) Antibody reactivity of a standardized
human serum protein solution against a spectrum of microbial pathogens and toxins:
comparison with fresh frozen plasma. Ther Apher 6(2):145–153

Schoenfeld EM, McKay MP (2010) Mastitis and methicillin-resistant Staphylococcus aureus
(MRSA): the calm before the storm? J Emerg Med 38(4):e31–e34

Treatment of Staphylococcus aureus Infections 379



Schwartz KL, Nourse C (2012) Panton-Valentine leukocidin-associated Staphylococcus aureus
necrotizing pneumonia in infants: a report of four cases and review of the literature. Eur J
Pediatr 171(4):711–717

Shah NS, Greenberg JA, McNulty MC, Gregg KS, Riddell J, Mangino JE, Weber DM, Hebert CL,
Marzec NS, Barron MA, Chaparro-Rojas F, Restrepo A, Hemmige V, Prasidthrathsint K,
Cobb S, Herwaldt L, Raabe V, Cannavino CR, Hines AG, Bares SH, Antiporta PB, Scardina T,
Patel U, Reid G, Mohazabnia P, Kachhdiya S, Le BM, Park CJ, Ostrowsky B, Robicsek A,
Smith BA, Schied J, Bhatti MM, Mayer S, Sikka, M, Murphy-Aguilu I, Patwari P, Abeles SR,
Torriani FJ, Abbas Z, Toya S, Doktor K, Chakrabarti A, Doblecki-Lewis S, Looney DJ,
David MZ (2015) Severe influenza in 33 US hospitals, 2013–2014: complications and risk
factors for death in 507 patients. Infect Control Hosp Epidemiol 36(11):1251–1260

Shane AL, Hansen NI, Stoll BJ, Bell EF, Sánchez PJ, Shankaran S, Laptook AR, Das A,
Walsh MC, Hale EC, Newman NS, Schrag SJ, Higgins RD, Eunice Kennedy Shriver National
Institute of Child Health and Human Development Neonatal Research Network (2012)
Methicillin-resistant and susceptible Staphylococcus aureus bacteremia and meningitis in
preterm infants. Pediatrics 129(4):e914–e922

Sharma S, Josephson GD (2014) Orbital complications of acute sinusitis in infants: a systematic
review and report of a case. JAMA Otolaryngol Head Neck Surg 140(11):1070–1073

Scheeren TW (2015) Ceftobiprole medocaril in the treatment of hospital-acquired pneumonia.
Future Microbiol 10(12):1913–1928

Shioya N, Ishibe Y, Kan S, Masuda T, Matsumoto N, Takahashi G, Makabe H, Yamada Y,
Endo S (2012) Sternoclavicular joint septic arthritis following paraspinal muscle abscess and
septic lumbar spondylodiscitis with epidural abscess in a patient with diabetes: a case report.
BMC Emerg Med 12:7

Shyam DC, Rapsang AG (2013) Fournier’s gangrene. Surgeon 11(4):222–232
Sifri CD, Park J, Helm GA, Stemper ME, Shukla SK (2007) Fatal brain abscess due to

community-associated methicillin-resistant Staphylococcus aureus strain USA300. Clin Infect
Dis 45(9):e113–e117

Silverman JA, Mortin LI, Vanpraagh AD, Li T, Alder J (2005) Inhibition of daptomycin by
pulmonary surfactant: in vitro modeling and clinical impact. J Infect Dis 191(12):2149–2152

Simpfendorfer CS (2017) Radiologic approach to musculoskeletal infections. Infect Dis Clin
North Am 31(2):299–324

Singh JA, Yu S (2017a) Septic arthritis in the emergency departments in the U.S.: a national study
of healthcare utilization and time-trends. Arthritis Care Res (Hoboken), e-published
ahead-of-print

Singh N, Vogelgesang SA (2017b) Monoarticular arthritis. Med Clin North Am 101(3):607–613
Sipahi OR, Bardak-Ozcem S, Turhan T, Arda B, Ruksen M, Pullukcu H, Aydemir S, Dalbasti T,

Yurtseven T, Sipahi H, Zileli M, Ulusoy S (2013) Vancomycin versus linezolid in the
treatment of methicillin-resistant Staphylococcus aureus meningitis. Surg Infect (Larchmt) 14
(4):357–362

Small LN, Ross JJ (2005) Tropical and temperate pyomyositis. Infect Dis Clin North Am 19
(4):981–989, x–xi

Smetana M, Picard K, Boehm KM (2013) An acute ibuprofen overdose masking a severe
Staphylococcus aureus meningitis: a case report. Case Rep Emerg Med 2013:603251

Smith JR, Roberts KD, Rybak MJ (2015) Dalbavancin: a novel lipoglycopeptide antibiotic with
extended activity against Gram-positive infections. Infect Dis Ther 4(3):245–258

Spencer DA, Thomas MF (2014) Necrotising pneumonia in children. Paediatr Respir Rev 15
(3):240–245

Spernovasilis N, Demetriou S, Bachlitzanaki M, Gialamas I, Alpantaki K, Hamilos G,
Karantanas A, Gikas A (2017) Characteristics and predictors of outcome of spontaneous spinal
epidural abscesses treated conservatively: a retrospective cohort study in a referral center. Clin
Neurol Neurosurg 156:11–17

Stein GE, Babinchak T (2013) Tigecycline: an update. Diagn Microbiol Infect Dis 75(4):331–336

380 M.Z. David and R.S. Daum



Stevens DL, Herr D, Lampiris H, Hunt JL, Batts DH, Hafkin B (2002) Linezolid versus
vancomycin for the treatment of methicillin-resistant Staphylococcus aureus infections. Clin
Infect Dis 34(11):1481–1490

Stevens DL, Bisno AL, Chambers HF, Dellinger EP, Goldstein EJ, Gorbach SL, Hirschmann JV,
Kaplan SL, Montoya JG, Wade JC, Infectious Diseases Society of America (2014) Practice
guidelines for the diagnosis and management of skin and soft tissue infections: 2014 update by
the Infectious Diseases Society of America. Clin Infect Dis 59(2):e10–e52

Stewart CL, Turner MS, Frens JJ, Snider CB, Smith JR (2017 Apr 6) Real-world experience with
Oritavancin therapy in invasive Gram-positive infections. Infect Dis Ther 6(2):277–289

Stewart P, Khatami A, Loughran-Fowlds A, Isaacs D (2015) Methicillin-resistant Staphylococcus
aureus bacteraemia and epidural abscess in a neonate. J Paediatr Child Health 51(4):458–460

Street M, Puna R, Huang M, Crawford H (2015) Pediatric acute hematogenous osteomyelitis.
J Pediatr Orthop 35(6):634–639

Strommenger B, Layer F, Klare I, Werner G (2015) Pre-use susceptibility to ceftaroline in clinical
Staphylococcus aureus isolates from Germany: is there a non-susceptible pool to be selected?
PLoS One 10(5):e0125864

Stryjewski ME, Graham DR, Wilson SE, O’Riordan W, Young D, Lentnek A, Ross DP,
Fowler VG, Hopkins A, Friedland HD, Barriere SL, Kitt MM, Corey GR, Assessment of
Telavancin in Complicated Skin and Skin-Structure Infections Study (2008) Telavancin versus
vancomycin for the treatment of complicated skin and skin-structure infections caused by
Gram-positive organisms. Clin Infect Dis 46(11):1683–1693

Stryjewski ME, Lentnek A, O’Riordan W, Pullman J, Tambyah PA, Miró JM, Fowler VG Jr,
Barriere SL, Kitt MM, Corey GR (2014) A randomized Phase 2 trial of telavancin versus
standard therapy in patients with uncomplicated Staphylococcus aureus bacteremia: the
ASSURE study. BMC Infect Dis 14:289

Stryjewski ME, Jones RN, Corey GR (2015) Ceftaroline: clinical and microbiology experience
with focus on methicillin-resistant Staphylococcus aureus after regulatory approval in the
USA. Diagn Microbiol Infect Dis 81(3):183–188

Sultan HY, Boyle AA, Sheppard N (2012) Necrotising fasciitis. BMJ 345:e4274
Suppiah S, Meng Y, Fehlings MG, Massicotte EM, Yee A, Shamji MF (2016) How best to

manage the spinal epidural abscess? A current systematic review. World Neurosurg 93:20–28
Susaníbar Napurí LF, Simón Rodríguez C, López Martín L, Monzó Gardinier J, Cabello

Benavente R, González Enguita C (2011) Prostatic abscess: diagnosis and treatment of an
infrequent urological entity. Arch Esp Urol 64(1):62–66

Szumowski JD, Cohen DE, Kanaya F, Mayer KH (2007) Treatment and outcomes of MRSA at an
ambulatory clinic. Antimicrob Agents Chemother 51:423–428

Talan DA, Mower WR, Krishnadasan A, Abrahamian FM, Lovecchio F, Karras DJ, Steele MT,
Rothman RE, Hoagland R, Moran GJ (2016) Trimethoprim-sulfamethoxazole versus placebo
for uncomplicated skin abscess. N Engl J Med 374(9):823–832

Tarff A, Behrens A (2017) Ocular emergencies: red eye. Med Clin North Am 101(3):615–639
Tattevin P, Boutoille D, Vitrat V, Van Grunderbeeck N, Revest M, Dupont M, Alfandari S,

Stahl JP (2014) Salvage treatment of methicillin-resistant staphylococcal endocarditis with
ceftaroline: a multicentre observational study. J Antimicrob Chemother 69(7):2010–2013

Thapaliya D, O’Brien AM, Wardyn SE, Smith TC (2015) Epidemiology of necrotizing infection
caused by Staphylococcus aureus and Streptococcus pyogenes at an Iowa hospital. J Infect
Public Health 8(6):634–641

Thwaites GE, Edgeworth JD, Gkrania-Klotsas E, Kirby A, Tilley R, Török ME, Walker S,
Wertheim HF, Wilson P, Llewelyn MJ, UK Clinical Infection Research Group (2011) Clinical
management of Staphylococcus aureus bacteraemia. Lancet Infect Dis 11(3):208–222

Tong SY, Davis JS, Eichenberger E, Holland TL, Fowler VG Jr (2015) Staphylococcus aureus
infections: epidemiology, pathophysiology, clinical manifestations, and management. Clin
Microbiol Rev 28(3):603–661

Townsend ML, Pound MW, Drew RH (2011) Potential role of tigecycline in the treatment of
community-acquired bacterial pneumonia. Infect Drug Resist 4:77–86

Treatment of Staphylococcus aureus Infections 381



Tsitsilonis S, Druschel C, Wichlas F, Haas NP, Schwabe P, Bail HJ, Schaser KD (2013)
Necrotizing fasciitis: is the bacterial spectrum changing? Langenbecks Arch Surg 398(1):153–
159

Tsoulas C, Nathwani D (2015) Review of meta-analyses of vancomycin compared with new
treatments for Gram-positive skin and soft-tissue infections: are we any clearer? Int J
Antimicrob Agents 46(1):1–7

Tyagi R (2016) Spinal infections in children: a review. J Orthop 13(4):254–258
Udassi S, Udassi JP, Giordano BP, Lew JF (2015) An unusual cause of neonatal meningitis.

J Pediatr Health Care 29(6):547–550
Unnikrishnan PN, Perry DC, George H, Bassi R, Bruce CE (2010) Tropical primary pyomyositis

in children of the UK: an emerging medical challenge. Int Orthop 34(1):109–113
Valentini P, Parisi G, Monaco M, Crea F, Spanu T, Ranno O, Tronci M, Pantosti A (2008) An

uncommon presentation for a severe invasive infection due to methicillin-resistant
Staphylococcus aureus clone USA300 in Italy: a case report. Ann Clin Microbiol
Antimicrob 7:11

Vallejo JG, Cain AN, Mason EO, Kaplan SL, Hultén KG (2017) Staphylococcus aureus central
nervous system infections in children. Pediatr Infect Dis J, e-published ahead-of-print

Vandenesch F, Naimi T, Enright MC, Lina G, Nimmo GR, Heffernan H, Liassine N, Bes M,
Greenland T, Reverdy M, Etienne J (2003) Community-acquired methicillin-resistant
Staphylococcus aureus carrying Panton-Valentine leukocidin genes: worldwide emergence.
Emerg Infect Dis 9:978–984

van Hal SJ, Jensen SO, Vaska VL, Espedido BA, Paterson DL, Gosbell IB (2012) Predictors of
mortality in Staphylococcus aureus bacteremia. Clin Microbiol Rev 25(2):362–386

Vazquez JA, Maggiore CR, Cole P, Smith A, Jandourek A, Friedland HD (2015) Ceftaroline
fosamil for the treatment of Staphylococcus aureus bacteremia secondary to acute bacterial
skin and skin structure infections or community-acquired bacterial pneumonia. Infect Dis Clin
Pract (Baltim Md) 23(1):39–43

Vourganti S, Agarwal PK, Bodner DR, Dogra VS (2006) Ultrasonographic evaluation of renal
infections. Radiol Clin North Am 44(6):763–775

Vuong C, Yeh AJ, Cheung GY, Otto M (2016) Investigational drugs to treat methicillin-resistant
Staphylococcus aureus. Expert Opin Investig Drugs 25(1):73–93

Wada K, Uehara S, Yamamoto M, Sadahira T, Mitsuhata R, Araki M, Kobayashi Y, Ishii A,
Kariyama R, Watanabe T, Nasu Y, Kumon H (2016) Clinical analysis of bacterial strain
profiles isolated from urinary tract infections: a 30-year study. J Infect Chemother 22(7):478–
482

Wahby KA, Alangaden GJ (2012) Daptomycin failure in a neutropenic leukemia patient with
Staphylococcus aureus meningitis. Leuk Lymphoma. 53(8):1610–1612

Waldron C, Solon JG, O’Gorman J, Humphreys H, Burke JP, McNamara DA (2015) Necrotizing
fasciitis: the need for urgent surgical intervention and the impact of intravenous drug use.
Surgeon 13(4):194–199

Whitby CR, Kaplan SL, Mason EO Jr, Carrillo-Marquez M, Lamberth LB, Hammerman WA,
Hultén KG (2011) Staphylococcus aureus sinus infections in children. Int J Pediatr
Otorhinolaryngol 75(1):118–121

White BP, Barber KE, Stover KR (2017) Ceftaroline for the treatment of methicillin-resistant
Staphylococcus aureus bacteremia. Am J Health Syst Pharm 74(4):201–208

Wilcox MH, Corey GR, Talbot GH, Thye D, Friedland D, Baculik T, CANVAS 2 investigators
(2010) CANVAS 2: the second Phase III, randomized, double-blind study evaluating
ceftaroline fosamil for the treatment of patients with complicated skin and skin structure
infections. J Antimicrob Chemother 65(Suppl 4):iv53–iv65

Wong JK, Ranganathan SC, Hart E, Australian Respiratory Early Surveillance Team for Cystic
Fibrosis (AREST CF) (2013) Staphylococcus aureus in early cystic fibrosis lung disease.
Pediatr Pulmonol 48(12):1151–1159

Wood JB, Smith DB, Baker EH, Brecher SM, Gupta K (2012) Has the emergence of
community-associated methicillin-resistant Staphylococcus aureus increased

382 M.Z. David and R.S. Daum



trimethoprim-sulfamethoxazole use and resistance?: a 10-year time series analysis. Antimicrob
Agents Chemother 56(11):5655–5660

Wood SC (2015) Clinical manifestations and therapeutic management of vulvar cellulitis and
abscess: methicillin-resistant Staphylococcus aureus, necrotizing fasciitis, Bartholin abscess,
Crohn disease of the vulva, hidradenitis suppurativa. Clin Obstet Gynecol 58(3):503–511

Ye R, Zhao L, Wang C, Wu X, Yan H (2014) Clinical characteristics of septic pulmonary
embolism in adults: a systematic review. Respir Med 108(1):1–8

Yock LC, Boyce TG (2015) Fever and abdominal pain following incision and drainage of a
cutaneous abscess. Clin Pediatr (Phila) 54(3):296–298

Yonezawa R, Kuwana T, Kawamura K, Inamo Y (2015) Invasive community-acquired
methicillin-resistant Staphylococcus aureus in a Japanese girl with disseminating multiple
organ infection: a case report and review of Japanese pediatric cases. Case Rep Pediatr
2015:291025

Young LM, Price CS (2008) Community-associated methicillin-resistant Staphylococcus aureus
emerging as important cause of necrotizing fasciitis. Surg Infect 9:469–474

Yun HC, Ellis MW, Jorgensen JH (2007) Activity of ceftobiprole against community-associated
methicillin-resistant Staphylococcus aureus isolates recently recovered from US military
trainees. Diagn Microbiol Infect Dis 59(4):463–466

Zahedi Bialvaei A, Rahbar M, Yousefi M, Asgharzadeh M, Samadi Kafil H (2017) Linezolid: a
promising option in the treatment of Gram-positives. J Antimicrob Chemother 72(2):354–364

Zhanel GG, Love R, Adam H, Golden A, Zelenitsky S, Schweizer F, Gorityala B, Lagacé-Wiens
PR, Rubinstein E, Walkty A, Gin AS, Gilmour M, Hoban DJ, Lynch JP 3rd, Karlowsky JA
(2015) Tedizolid: a novel oxazolidinone with potent activity against multidrug-resistant
Gram-positive pathogens. Drugs 75(3):253–270

Zimbelman J, Palmer A, Todd J (1999) Improved outcome of clindamycin compared with
beta-lactam antibiotic treatment for invasive Streptococcus pyogenes infection. Pediatr Infect
Dis J 18(12):1096–1100

Zurenko G, Bien P, Bensaci M, Patel HN, Thorne G (2014) Use of linezolid susceptibility test
results as a surrogate for the susceptibility of Gram-positive pathogens to tedizolid, a novel
oxazolidinone. Ann Clin Microbiol Antimicrob 13:46

Treatment of Staphylococcus aureus Infections 383



The Innate Immune Response Against
Staphylococcus aureus

Isabelle Bekeredjian-Ding, Christoph Stein and Julia Uebele

Abstract The innate immune system harbors a multitude of different receptor
systems and cells that are constantly prepared to sense and eliminate invading
microbial pathogens. Staphylococcus aureus enters the body on its exposed
epithelial surfaces, e.g., on skin and mucosa. The initial interaction with epithelial
cells is governed by Toll-like receptor (TLR)-2-mediated local production of soluble
mediators, including cytokines, chemokines, and antimicrobial peptides. The overall
goal is to achieve a steady state of immune mediators and colonizing bacteria.
Following cell and tissue invasion clearance of bacteria depends on intracellular
microbial sensors and subsequent activation of the inflammasomes. Tissue-resident
mast cells and macrophages recruit neutrophils, macrophages, and NK cells. This
inflammatory response supports the generation of IL-17 producing NKT, γδ T cells,
and T helper cells. Local dendritic cells migrate to the lymph nodes and fine-tune the
adaptive immune response. The scope of this chapter is to provide an overview on
the major cell types and receptors involved in innate immune defense against
S. aureus. By segregating the different stages of infection from epithelial barrier to
intracellular and systemic infection, this chapter highlights the different qualities of
the innate immune response to S. aureus at different stages of invasiveness.
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1 Introduction

In the last two decades, our understanding of the cellular and molecular mechanisms
regulating innate immune defense has been refined. The researchers working in this
field have not only cloned and described a broad variety of receptors responsible for
the sensing of microbial pathogens but we have also learned how the different
immune cell subsets contribute to immune defense and shape the effector function of
the adaptive immunity. Despite all of these efforts, we have only started to under-
stand how all of these cells and receptors integrate to mount a pathogen-specific
protective immune response and which factors determine the differences in the
outcome and quality of the immune response observed among individuals.

Numerous studies have dealt with the innate immune response against S. aureus.
They have defined the receptors and cells required for innate immune protection
against infection with this pathogen. It has even been postulated that clearance of S.
aureus infection can solely rely on the innate immune system (Schmaler et al. 2011;
Josefsson and Tarkowski 1999). By contrast, activation of adaptive immune cells in
S. aureus infection has rather been associated with exacerbated inflammation and
development of arthritis (Josefsson and Tarkowski 1999) and is most likely due to
aberrant activation of B and T lymphocytes by S. aureus superantigens (reviewed in
Broker et al. 2014). Nevertheless, a multitude of studies also highlighted that S.
aureus also possesses a broad variety of virulence factors that promote its superb
ability to adapt to a hostile environment and successfully evade the innate immune
defense (reviewed elsewhere in this volume).

This chapter provides an overview on the innate immune mechanisms involved
in physiological recognition and immune defense against S. aureus in carriers and
local and systemic infections. Unfortunately, to date, there are no studies available
that systemically compare the immune response to colonizing, invasive, and
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intracellularly persisting S. aureus strains. The authors have, therefore, defined
different layers of antibacterial immune defense on a cellular (Fig. 1A) and a
receptor level (Fig. 1B) and assigned these to the different stages and types of
infection.

2 The Encounter at the Epithelial Barrier

When encountering the body surfaces, S. aureus cells interact with and adhere to
epithelial surfaces in skin and mucosa. The presence of adherent bacterial cells is
sensed by epithelial surface receptors that recognize microbial components derived
from the bacterial cell wall. These include wall teichoic acid (WTA), lipoteichoic
acid (LTA), peptidoglycan (PG), and lipoproteins (Lpp). Additionally, secreted
bacterial toxins such as alpha toxin, beta hemolysin, and Panton-Valentine leuko-
cidin (PVL) are neutralized by preformed IgA present in the mucosa (Verkaik et al.
2009). Notably, to date, there is nearly no information available that allows a
comparison of the epithelial and leukocyte responses upon initial encounter of the
pathogen to those maintained in chronic colonization with S. aureus.

b Fig. 1 The different layers of innate immune defense. A: Antibacterial defense on a cellular
level: 1. Epithelial barrier: keratinocytes and mucosal epithelial cells are the first to encounter
bacteria. Bacteria are sensed by surface receptors and intracellular pattern recognition receptors
(PRRs). These cells produce antimicrobial peptides (blue) and cytokines in response to stimulation
of TLR2 or Nod-like receptors in response to S. aureus lipoproteins and/or peptidoglycan. 2.
Tissue-resident cells: mast cells, tissue-resident macrophages, innate lymphoid cells (ILCs),
plasmacytoid dendritic cells (pDCs), NKT, and innate B cell subsets present in the tissues are
prepared to fight invading pathogens. They express a broad variety of scavenger receptors and
PRR that enable bacterial recognition, phagocytosis, and release of chemokines and proinflam-
matory cytokines, which attract leukocytes from blood. 3. Transmigration of cells from blood:
neutrophils, monocytes, and NK cells immigrate from blood and participate in phagocytosis and
clearance of bacteria and abscess formation. 4. Lymph nodes: Cell migration from the infected
site initiates the antigen-specific adaptive immune response. Dendritic cells migrate to lymph
nodes and present antigen to T cells. Neutrophils and macrophages interact with B cells. B:
Cellular levels of innate immune receptors. 1. Surface receptors on epithelial cells and
leukocytes mediate the recognition of bacterial cell wall components. TLR2 recognizes
staphylococcal lipoproteins and plays a central role in phagocyte activation. Scavenger receptors
such as CD36 and SR-A recognize S. aureus and promote phagocytosis and bacterial clearance. 2.
Endosomal TLRs recognize microbial nucleic acids. They are activated upon degradation of the
bacterium and acidification of the phagosome. 3. Cytosolic receptors sense liberated bacterial
degradation products such as peptidoglycan and microbial DNA. In infections with S. aureus, they
activate the NLRP3, NLRC5, and AIM2 inflammasomes and promote caspase-1-dependent
activation of IL-1β and IL-18, thus driving the formation of IL-17-producing T cells
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2.1 The Sentinel Function of Toll-like Receptor-2:
Permitting Colonization and Preventing Invasion

The major surface receptor implicated in epithelial recognition of Gram-positive
commensals such as S. aureus is Toll-like receptor (TLR)-2, a pattern recognition
receptor (PRR) expressed on cells of epithelial, endothelial, and leukocyte origin. It
senses di- and triacylated bacterial Lpp by forming heterodimers together with
TLR6 and TLR1, respectively (Jin et al. 2007; Kang et al. 2009). Its engagement by
S. aureus-derived TLR2 ligands contributes to the integrity of the epithelial barrier
by supporting tight junctions and skin wound repair (Kuo et al. 2013). In vivo
studies demonstrated that mice lacking TLR2 (or the central TLR adaptor molecules
MyD88 and IRAK4) are highly susceptible to S. aureus infection (Takeuchi et al.
2000; Kielian et al. 2005; Yimin Kohanawa et al. 2013; Suzuki et al. 2002). In
infection with this pathogen, these mice exhibit reduced cytokine responses and a
higher bacterial burden in the affected organs. Well in line with these findings,
patients with genetic mutations in the irak4 and myd88 loci display increased
frequencies with pyogenic infections, among them S. aureus (reviewed in von
Bernuth et al. 2012). However, the requirement for TLR2 in the human is less clear.

Staphylococcal Lpp account for approximately 2 % of the proteome and function
as regulators of the iron transport through the cytoplasmic membrane (Schmaler
et al. 2010; Babu et al. 2006; Maresso and Schneewind 2006). S. aureus expresses
more than 50 lipoproteins, among them SitC or the tandem lipoproteins encoded in
the pathogenicity island vSaα (Stoll et al. 2005; Hashimoto et al. 2006; Kurokawa
et al. 2011; Nguyen et al. 2015). Maturation of Lpp involves several steps of
posttranslational modification, the most important one being the transfer of a dia-
cylglycerol group by the phosphatidyl glycerol diacylglyceryl transferase (lgt)
(Sankaran et al. 1995; Sankaran and Wu 1995). This modification is essential for
recognition via TLR2 (Stoll et al. 2005; Hashimoto et al. 2006; Kurokawa et al.
2011; Schmaler et al. 2009).

Activation of TLR2 on keratinocytes leads to the release of antimicrobial pep-
tides (AMP) and proinflammatory cytokines and neutrophil-attracting chemokines
(Niebuhr et al. 2010a; Wanke et al. 2011; Olaru and Jensen 2010). Well in line with
a central role of TLR2 in the recognition of S. aureus in the skin, unresponsiveness
of keratinocytes from patients with atopic dermatitis to TLR2 stimulation might
contribute to colonization of affected skin with S. aureus (Niebuhr et al. 2011).

Similarly, expression of TLR2 protected against nasal colonization with S.
aureus (Gonzalez-Zorn et al. 2005). Moreover, deficient secretion of nasal AMP
and S. aureus-triggered downregulation of TLR2 have been proposed to support S.
aureus nasal carriage (Gonzalez-Zorn et al. 2005; Nurjadi et al. 2013; Zanger et al.
2011; Quinn and Cole 2007) and adherence of S. aureus on bronchial epithelial
cells that express low to absent levels of TLR2 (Mayer et al. 2007). Furthermore,
recent reports proposed that S. aureus induces expression of TLR2 on salivary
epithelial cells (Negrini et al. 2014) and triggers the release of the chemoattractant
cytokine IL-8 from colonic epithelial cells in a TLR2-dependent manner (Kang
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et al. 2015), a finding important in light of the gastrointestinal tract serving as an
important reservoir for colonizing S. aureus strains (Nowrouzian et al. 2011; Gries
et al. 2005; Kato-Matsunaga and Okonogi 1996; Bhalla et al. 2007; Klotz et al.
2005).

Notably, sensing via TLR2 cannot distinguish between viable and dead bacteria.
Furthermore, TLR2 activity is subject to strain variation, e.g., it varies depending on
the proliferative and metabolic state (Hilmi et al. 2014). TLR2 recognition, there-
fore, exerts an immune stimulatory effect on epithelial cells and a broad range of
immune cells, but it is not solely responsible for bacterial clearance or containment
of adherent S. aureus on the epithelial surfaces. Not surprisingly, it was, thus, not
possible to prove an association of single nucleotide polymorphisms in the tlr2 gene
with either S. aureus carriage and/or associated rhinopolyposis (Sachse et al. 2010;
Tewfik et al. 2008) or infection with S. aureus (El-Helou et al. 2011; Moore et al.
2004).

Keeping in mind that sensing of TLR2-active lipoproteins is coupled to bacterial
proliferation and loss of cell wall integrity that uncover the cytoplasmic membrane
(Hilmi et al. 2014; Wolf et al. 2011), the central role of TLR2 sensing might be
attributed to two key determinants: Firstly, TLR2-dependent induction of AMP that
degrade bacterial cells achieves a steady-state condition in the quantity of colo-
nizing bacterial cells, thus making further recruitment and activation of phagocytes
unnecessary: This principle has been described in drosophila but very probably is
also valid for mammalian immune defense (Zaidman-Remy et al. 2006). Secondly,
TLR2 exerts an important priming effect on epithelial cells and immune cells, thus
preparing these cells to recognize invading S. aureus via intracellular sensors that
subsequently induce its elimination by intracellular bacterial lysis in phagocytes or
death of infected epithelial cells.

These events prepare the grounds for the polarization of T cell responses, most
importantly the generation of Th17 cells in S. aureus skin infections, which are
reviewed in Miller and Cho (2011). Nonetheless, S. aureus and diacylated TLR2
Lpp derived thereof also induce thymic stromal lymphopoietin (TSLP) (Takai et al.
2014; Vu et al. 2010), a cytokine expressed by human epidermal keratinocytes and
mucosal epithelial cells that favors Th2 cell responses and blocks Th1/Th17 dif-
ferentiation (Ziegler et al. 2013). In addition, S. aureus and TLR2 ligands have been
implicated in the promotion of tolerance established via TLR2-dependent
IL-10-mediated suppression of T cell responses induced by S. aureus or
TLR2-dependent infiltration of colonized skin with myeloid suppressor cells
(Skabytska et al. 2014; Chau et al. 2009).

Altogether, these findings highlight the central role of TLR2 in the recognition of
S. aureus on epithelial cells from different body origins. Notably, the stimulatory
function of TLR2 on epithelial cells is supplemented by its effects on professional
phagocytes, which are discussed later in this chapter. The current findings further
illustrate that TLR2 balances pro- and anti-inflammatory immune responses, thus
permitting colonization but preventing infection.
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2.2 Bacterial Invasion: Immune Defense Relies
on Intracellular Sensors and Inflammasome Activation

Upon invasion of epithelial cells (or endosomal escape in professional phagocytes),
cytosolic pattern recognition receptors (PRRs) secure immune detection of invading
pathogens. In this context, recognition of S. aureus occurs via peptidoglycan
binding by Nod receptors. The Nod1 receptor senses meso-diaminopimelic acid
(mesoDAP) in PG, which is present in peptidoglycan of Gram-negative species; the
Nod2 receptor recognizes the muramyl dipeptide present in peptidoglycan of
Gram-positive and Gram-negative organisms (Girardin et al. 2003). Nod2−/− cells
were irresponsive to S. aureus PG (Volz et al. 2010). Nevertheless, one report
claimed that both Nod receptors contribute to the recognition of S. aureus
(Kapetanovic et al. 2007). A central role of Nod2 in vivo was demonstrated in a
skin infection model using in nod2-deficient mice (Hruz et al. 2009). In this study,
production of α-toxin facilitated Nod2 recognition by promoting access to the
cytosol through pore formation in the plasma membrane.

TLR2 stimulation represents an important costimulus for Nod2-dependent
recognition of peptidoglycan and vice versa (Volz et al. 2010; Schaffler et al. 2014).
Furthermore, staphylococcal lipoteichoic acid (LTA) enhances recognition of TLR2
ligands and PG by a, so far, ill-defined mechanism. Additionally, Nod2 ligand MDP
enhances LTA-triggered induction of cyclooxygenase-2 in macrophages (Ahn et al.
2014), which increases bactericidal activity against S. aureus (Bernard and Gallo
2010).

Notably, recognition of PG is greatly facilitated by uncovering the minimal PG
recognition motifs: PG digestion by PG recognition proteins (PGRP) facilitates Toll
signaling in drosophila and phagocytosis of S. aureus in human cells (De Marzi
et al. 2015; Garver et al. 2006). Moreover, PG digestion by lysozyme is an
important prerequisite for efficient activation of the NLRP3 inflammasome
(Shimada et al. 2010). However, the PG-hydrolyzing activity of the major autolysin
(atl) and D-alanylated wall teichoic acid interferes with recognition of S. aureus PG
by drosophila PGRP (Kurokawa et al. 2011; Atilano et al. 2011, 2014) and
O-acetylation of muramic acid (oat) typically found in S. aureus makes PG resistant
to the hydrolytic activity of lysozyme (Shimada et al. 2010; Bera et al. 2007). This
results in a pathogenicity factor-mediated suppression of proinflammatory cytokine
production and subsequent inflammasome activation, facilitates colonization of skin
and mucosa, and enables prolonged intracellular persistence. Relevance of these
mechanisms was further provided by studies on S. aureus mutants with minimized
PG synthesis, i.e., absence of nonessential peptidoglycan binding proteins, which
rendered S. aureus less virulent while more susceptible to antibiotics and resulted in
better bacterial clearance in infection (Reed et al. 2015).

Subsequent to engagement of cytosolic PRR, S. aureus induces activation of the
inflammasomes. These cytosolic molecular complexes mediate the activation of
caspase-1, which triggers the release of biologically active IL-1β and IL-18 and cell
death. Notably, next to TLR activation, inflammasome activation depends on the
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presence of ATP, which is required for the induction of an intracellular potassium
flux (Franchi et al. 2007; Arlehamn et al. 2010; Petrilli et al. 2007). S. aureus
establishes this intracellular potassium gradient via agr-dependent expression of
pore-forming toxins, e.g., α-hemolysin, Panton-Valentine leucocidin (PVL), and
phenol-soluble modulins; this results in NLRP3 (NACHT, leucine-rich repeat
(LRR), and pyrin domain-containing protein 3)-dependent caspase-1 activation in a
variety of cell types, ultimately leading to pyroptosis and secretion of IL-1β and
IL-18 (Soong et al. 2015; Accarias et al. 2015; McGilligan et al. 2013; Holzinger
et al. 2012; Perret et al. 2012; Craven et al. 2009; Munoz-Planillo et al. 2009; Chi
et al. 2014; DuMont and Torres 2014; Queck et al. 2008; Bocker et al. 2001; Gurcel
et al. 2006). By contrast, the absence of agr and/or pore-forming toxins promotes
intracellular persistence and survival of S. aureus by inducing autophagy, a process
counteracting NLRP3 and caspase-1 activation and associated pyroptosis and IL-1β
production (Soong et al. 2015). Nevertheless, the role of autophagy and Nod/NLRP3
activation in immune recognition of intracellularly persisting metabolically inactive
small colony variants has not been sufficiently addressed to date.

Moreover, an earlier study suggested that low MOIs of S. aureus promote IL-1β
and IL-18 cleavage via activation of NLRC5 (Davis et al. 2011). In addition, a
recent study suggested a specific role of the DNA-activated absent in melanoma-2
(AIM2) inflammasome in IL-1β-mediated bacterial immune defense in S. aureus
CNS infection (Hanamsagar et al. 2014). To date, however, there is no evidence for
involvement of the cytosolic RNA-sensing RIG-I-like receptors (RLR) in immune
defense against S. aureus.

Notably, in murine S. aureus infection models, neutrophil recruitment, cuta-
neous abscess formation, and clearance of S. aureus in pneumonia were shown to
be dependent on IL-1β levels (Labrousse et al. 2014; Cho et al. 2012; Miller et al.
2007). However, based on a murine model of α-toxin-dependent severe necrotizing
pneumonia, pharmacological intervention with NLRP3 activation was also dis-
cussed to ameliorate the course of disease (Kebaier et al. 2012). Moreover, a study
in patients with atopic dermatitis suggested that the Th2-derived cytokines IL-4,
IL-5, and IL-13 counteract activation of S. aureus α-toxin-induced activation of
NLRP3 and ASC (Niebuhr et al. 2014). This finding supported the hypothesis that
susceptibility of Th2-prototypical DBA/2 mice to S. aureus infection could be
attributed to the failure to activate the NLRP3 inflammasome, while S. aureus-
resistant C57BL/6 mice with an inherent Th1-profile clear S. aureus by activating
the inflammasome (Accarias et al. 2015).

2.3 Linking Inflammasomes to Protective T Cell Responses:
The Role of NLRP3 in Th17 Differentiation

Interestingly, a recent study proposed that NLRP3/IL-1β-dependent recruitment of
IL-17-producing γδ-T cells is required for recruitment of neutrophils to the infection
site (Maher et al. 2013). Further in vitro studies showed that IL-1β and IL-23
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support a T cell receptor and CD1d-dependent IL-17A response to heat-killed S.
aureus in invariant NK T cells (Doisne et al. 2011). This T cell subset expresses a T
cell receptor that recognizes lipid antigens in a CD1d-restricted manner and NK cell
markers. It is typically found in barrier tissues where it assumes a protective role in
colonization with S. aureus (Nieuwenhuis et al. 2009) and a murine S. aureus sepsis
model (Kwiecinski et al. 2013). Alternatively, induction of Th17 cells was reported
to be induced by dendritic cells; here, IL-1β production and IL-23 production were
triggered by dual activation of surface TLRs (TLR2/4/5) and concomitant
engagement of FcγRIIA by staphylococcal immune complexes with IgG (den
Dunnen et al. 2012).

Taken together, these findings argue for the coexistence of redundant innate
immune mechanisms for the induction of Th17-mediated immune defense. Future
work is needed to understand whether certain mechanisms are more relevant in
distinct disease entities.

3 Professional Phagocytes and Their Effector Functions

3.1 Phagocytosis: Linking Intracellular Lysis to Antigen
Presentation

Engulfment, ingestion, and phagosomal degradation of microorganisms by pro-
cesses such as acidification and enzyme digestion are essential for killing of the
microbes and are required for activation of cells of the adaptive immune response
via antigen presentation by MHCII molecules. This process is initiated by cellular
recognition of S. aureus PAMPs and opsonins. One important opsonin is
mannose-binding lectin (MBL), a collection that contributes to bacterial recognition
and mediates activation of complement and innate immune cells. Its binding to S.
aureus facilitates phagocytosis by enhancing opsonization by complement com-
ponents and synergy with TLR2/6 ligands in the phagosome (Neth et al. 2000,
2002; Ip et al. 2008). Survival of mice lacking MBL is severely impaired after
intraperitoneal injection of S. aureus (Shi et al. 2004). MBL has been shown to
increase uptake of S. aureus via upregulation of the scavenger receptor SR-A (Ono
et al. 2006). However, strain-specific differences in MBL binding have been
attributed to differences in the surface carbohydrate structures (Shang et al. 2005).

It should, however, not be disregarded that the processes of internalization and
phagosome maturation are important prerequisites for MyD88/TLR-dependent
recognition of S. aureus (Wolf et al. 2011; Ip et al. 2010). Albeit TLR2 itself does
not mediate phagocytosis, sensing of S. aureus and induction of the proinflam-
matory cytokine response only occur upon recruitment of TLR2 to the phagosome
(Underhill et al. 1999). Degradation of bacteria in the phagosome facilitates
recognition of PG via Nod receptors and, thus, activation of the inflammasome
(Wolf et al. 2011; Shimada et al. 2010; Ip et al. 2010; Sokolovska et al. 2013;
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Kaplan et al. 2012). Interestingly, inflammasome-mediated activation of caspase-1
not only activates IL-1 and IL-18 precursors but also participates in the acidification
of the phagosome (Sokolovska et al. 2013), which enables recognition of microbial
nucleic acids by TLRs (Parcina et al. 2008, 2013).

Staphylococcal ribosomal (23S) RNA is recognized in a sequence-specific
manner by TLR13 expressed in murine conventional CD8HIGH DC but not plas-
macytoid dendritic cells (pDCs) (Oldenburg et al. 2012). This receptor is not
expressed in humans, but staphylococcal RNA was recently shown to mediate
human monocyte activation by TLR8 (Bergstrom et al. 2015). By contrast, in
human B cells, pDC activation by S. aureus is blocked by inhibitory oligonu-
cleotides blocking TLR7 and TLR9, the only TLRs expressed in these cell types
(Parcina et al. 2008, 2013; Hornung et al. 2002).

Further support for a role of phagocytosis in cellular defense against S. aureus is
provided by the importance of scavenger receptors in infection. These receptors
mediate recognition and clearance of S. aureus and are typically expressed on
phagocytes:

Most prominently, mice lacking CD36, a receptor expressed in macrophages,
monocytes, endothelial, and epithelial cells, are highly susceptible to S. aureus
infections (Hoebe et al. 2005; Stuart et al. 2005; Blanchet et al. 2014). Of note, mice
with a double deficiency in CD36 and SR (scavenger receptor)-A, another scav-
enger receptor required for phagocytosis of S. aureus (Amiel et al. 2009), died of
pneumonia but were protected from S. aureus peritonitis (Blanchet et al. 2014).

Interestingly, CD36 has been implicated in the recognition of phosphatidylserine
on apoptotic cells (Fadok et al. 1998). The same receptor specifically recognizes S.
aureus via the diacylglycerol moiety in LTA and acts as a coreceptor for TLR2
(Hoebe et al. 2005; Nilsen et al. 2008; Baranova et al. 2008). Supporting its
association with TLR2, expression of CD36 was higher in patients with atopic
dermatitis carrying a TLR2 polymorphism (R753Q) that leads to reduced TLR2
reactivity (Niebuhr et al. 2010b; Mrabet-Dahbi et al. 2008).

Moreover, PIR-B (paired immunoglobulin-like receptor) was also found to bind
S. aureus LTA (Nakayama et al. 2012). A protective function in S. aureus pneu-
monia was found to be due to suppression of the inflammatory response (Banerjee
et al. 2010).

Notably, CD36 and α5β1 integrin, the receptor for vitronectin, a plasma protein
that binds to apoptotic cells, collaborate in apoptotic cell recognition (Fadok et al.
1998). S. aureus binds vitronectin via extracellular adherence protein
(Eap) (Hussain et al. 2008). It is, therefore, likely that cells involved in apoptotic
cell clearance also participate in the recognition of S. aureus. Well in line with the
tolerogenic response induced by apoptotic cells, in murine peritonitis the presence
of Eap on S. aureus had an anti-inflammatory effect that led to a reduction in
infiltrating neutrophils (Chavakis et al. 2002).
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3.2 Tissue-resident Phagocytes

3.2.1 Mast Cells: Well-prepared Guardians of Skin and Mucosa

Mast cells are important sentinels in the skin and mucosa. These phagocytic cells
are prepared to kill bacteria with intracellular ROS or release extracellular traps and
AMP. They further have the unique ability to rapidly release cytoplasmic granules
storing preformed vasoactive and immune stimulatory mediators, e.g., histamine,
TNF, and the proteases tryptase and chymase into the extracellular environment. In
bacterial infections, they have mainly been implicated in defense against respiratory
pathogens in pneumonia (reviewed in Urb and Sheppard 2012). Since they pre-
dominantly reside at sites where encounters with invading pathogens are to be
expected due to constant contact with the exterior environment, it should not be
over interpreted that mast cells were not required for bacterial clearance or host
survival in an in vivo S. aureus peritonitis model (Ronnberg et al. 2014).

Mast cells contribute to the elimination of S. aureus by release of extracellular
traps, proinflammatory cytokines, and AMP (Abel et al. 2011; Rocha-de-Souza
et al. 2008; von Kockritz-Blickwede et al. 2008a). S. aureus-derived PG, LTA,
protein A, and TLR2 ligands have been implicated in mast cell activation (Jawdat
et al. 2006; Matsui and Nishikawa 2002, 2005; Terada et al. 2006; McCurdy et al.
2003). Degranulation was recently postulated to be specifically induced by S.
aureus δ-toxin, which links colonization to allergic reactions in atopic dermatitis
(Nakamura et al. 2013). However, recent studies highlight that S. aureus evades
these bactericidal effects by invading mast cells via α5β1 integrin, a reaction
demonstrated in mucosal tissue from nasal polyposis (Abel et al. 2011; Hayes et al.
2015).

3.2.2 Macrophages: Tissue-Specific Vigilants Balancing the Local
Immune Response

Macrophages are professional phagocytes that are either resident in the tissue or
develop from monocytes that enter the tissue from the blood vessels. Their major
function is the clearance of invading pathogens from the site of infection and
antigen presentation to T cells in the periphery and in the lymphatic organs.
Tissue-resident macrophages are often highly specialized on their specific envi-
ronment, e.g., marginal zone macrophages in the spleen, microglia in the brain,
alveolar macrophages, and macrophages in the thymus are each equipped to fulfill
their specific tasks.

Again, TLR2 plays a central role in the release of soluble mediators mediating
bacterial defense and in bacterial killing, e.g., in macrophages, staphylococcal
lipoproteins induce proinflammatory cytokines, nitric oxide (NO), and reactive
oxygen species (ROS) (Nguyen et al. 2015; Kim et al. 2015; Nandi et al. 2015;
Bishayi et al. 2014). Moreover, in brain abscesses of TLR2-deficient mice,
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secretion of proinflammatory cytokines and NO was abrogated, but IL-17 pro-
duction was increased (Kielian et al. 2005). Furthermore, expression of S. aureus-
binding scavenger receptor, lectin-like oxidized low-density lipoprotein receptor-1
(LOX-1) (Shimaoka et al. 2001), and murine macrophage scavenger receptor
(MSR)-AI/II was increased in response to S. aureus and TLR2 ligands in microglia
arguing for a specific role of TLR2 and these scavenger receptors in CNS infection
(Kielian et al. 2005).

By contrast, a recent study claimed that neither TLR2 expression on macro-
phages nor proinflammatory cytokine production by macrophages is essential for
immune defense against S. aureus (Yimin Kohanawa et al. 2013). Nevertheless, the
importance of macrophages in antistaphylococcal immune defense was recently
demonstrated in a murine post-influenza pneumonia model where resistance to S.
aureus infection was achieved by GM-CSF-mediated influx of neutrophils and
alveolar macrophages and mainly established by the production of reactive oxygen
species (ROS) in macrophages (Subramaniam et al. 2014). In an additional study,
MyD88-dependent activation of dermal macrophages and their interaction with
neutrophils was shown to be required for control of neutrophil-mediated inflam-
mation in cutaneous S. aureus infection (Feuerstein et al. 2015).

In addition, several studies reported binding and uptake of S. aureus cells in
marginal zone (MZ) macrophages (Palecanda et al. 1999; van der Laan et al. 1999;
Westerberg et al. 2008; Birjandi et al. 2011). It was further suggested that in vivo
uptake was mediated by macrophage receptor with collagenous structure
(MARCO) (Palecanda et al. 1999; van der Laan et al. 1999). This receptor might,
therefore, play a central role in MZ macrophage-mediated removal of S. aureus
from the bloodstream.

Notably, the currently available studies do not differentiate between pro- and
anti-inflammatory monocyte and macrophage subsets. However, macrophage
polarization is highly dependent on the microenvironment, e.g., GM-CSF, TLR2
ligands, and Fcγ receptors differentially affect macrophage function (reviewed in
Martinez and Gordon 2014). Contradictory findings, might therefore, arise from the
tissue- and/or mouse strain-specific milieu and the predominance of functionally
distinct subpopulations.

3.3 Blood-Derived Phagocytes

Both epithelial cells and tissue-resident innate immune cells release chemokines
and cytokines upon bacterial encounter. These soluble mediators provoke trans-
migration of cells from the blood circulation. Activation induces differentiation
peripheral blood monocytes to inflammatory monocytes, macrophages, and den-
dritic cells that transmigrate into the tissue and participate in bacterial clearance.
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3.3.1 Neutrophils: Recruited to Resolve Uncontrolled Spread
of Infection

Neutrophils are recruited to the site of infection and represent the hallmark of early
antistaphylococcal defense in the invaded tissue (reviewed in Rigby and DeLeo
2012). They further participate in abscess formation, an event that is supported by
S. aureus-derived toxins and their ability to induce a specific form of programmed
cell necrosis (necroptosis) (reviewed in Kobayashi et al. 2015; Greenlee-Wacker
et al. 2015). Indeed, phagocytosis and subsequent intracellular lysis of S. aureus in
neutrophils are often prevented by staphylococcal virulence factors, and infected
neutrophils containing viable bacteria evade efferocytosis by macrophages via an
upregulation of CD47 expression, the phosphatidylserine “don’t eat me” signal
(Greenlee-Wacker et al. 2014).

Nevertheless, neutrophils are essential for antistaphylococcal innate immune
defense, a fact that was demonstrated in mice depleted of neutrophils (Kohler et al.
2011; Robertson et al. 2008; Verdrengh and Tarkowski 1997) but can also be
derived from increased susceptibility to S. aureus seen in neutropenic patients and
in patients with genetic defects in neutrophil function, i.e., chronic granulomatosis
disease (CGD) (Hartl et al. 2008; McNeil 2014) and mouse models thereof (Kohler
et al. 2011; Pizzolla et al. 2012). Furthermore, increased mortality in S. aureus
septicemia after depletion of complement was mainly attributed to insufficient
recruitment of neutrophils (Sakiniene et al. 1999). In addition, in mice,
MyD88-dependent IL-1 and IL-18 signalings are required for mobilization of
neutrophils and resolution of staphylococcal skin abscesses (Miller et al. 2006) and
post-burn infection (Kinoshita et al. 2011). Therefore, neutrophils remain central
cells in immune defense against S. aureus and other compensatory mechanisms
such as the release of bactericidal antimicrobial peptides most likely govern
neutrophil-dependent first-line immune defense against S. aureus.

Despite their synthesis in many different types of phagocytes, e.g., monocytes,
macrophages, and DC, the highest levels of defensins as HNP1-3 are expressed by
neutrophils (Ryu et al. 2014). AMP, such as cathelicidin (LL-37) and α-defensin,
contribute to bacterial killing and degradation in the phagosome (Jann et al. 2009),
neutralize toxins (Cardot-Martin et al. 2015), induce the production of cytokines
(Chaly et al. 2000), exert chemotactic activity (Yang et al. 2001), and facilitate the
formation of neutrophil extracellular traps (NETs) (Neumann et al. 2014). However,
again, S. aureus virulence factors shield the pathogen from AMP. This occurs
through AMP-inactivating enzymes (Braff et al. 2007; Jin et al. 2004;
Sieprawska-Lupa et al. 2004) and modification of charge of surface structures, e.g.,
via D-alanylation of WTA and LTA (Collins et al. 2002; Peschel et al. 1999;
Simanski et al. 2013).

A recent study further highlights that in vivo recruitment of neutrophils to the
site of infection occurs in two waves, e.g., initially from the blood, and secondly,
they are mobilized from the bone marrow (Kamenyeva et al. 2015). The authors
propose that in S. aureus infection, neutrophils enter the lymph node medulla and
interfollicular areas where they interact with B cells to interfere with antibody
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production (Kamenyeva et al. 2015). The significance of these findings remains
unclear but is well compatible with a previously described anti-inflammatory role of
neutrophils in staphylococcal arthritis (Verdrengh and Tarkowski 1997).
Concomitant with the release of neutrophil myeloid-related proteins (MRP) -8 and -
14 into the bronchoalveolar fluid exerts an additional protective effect in pneumonia
by mediating transmigration of neutrophils, this phenomenon might be necessary
for resolution of inflammation (Achouiti et al. 2015).

3.4 Dendritic Cells: Orchestrating the Adaptive Immune
Response in Tissue and Lymph Nodes

3.4.1 Myeloid Dendritic Cells: Expert Control of T Cell Responses

Dendritic cells regulate the T cell response in infection via presentation of antigen
and concomitant expression of T cell polarizing costimulatory ligands and release
of cytokines and other soluble mediators.

Myeloid dendritic cells (mDCs) are specialized cells whose major function is to
present antigen to T cells after migration to the local lymph nodes. They play a key
role in the clearance of S. aureus, and their depletion increases mortality in an
in vivo model of bacteremia (Schindler et al. 2012). Furthermore, Jin et al. high-
lighted that mDCs expressing the C-type lectin BDCA1+ are highly responsive to
S. aureus and support differentiation of T cells into IFNγ-producing CD4+ (Th1)
and CD8+ (Tc1) cells (Jin et al. 2014). Interestingly, this property was attributed to
high expression levels for TLR2 and the scavenger receptor SR-A whose expres-
sion levels were low on mDCs with a BDCA3+ CD16+ phenotype.

Another study differentiated the effects of S. aureus Lpp and PG on monocytes
and on in vitro generated monocyte-derived dendritic cells: While PI3K-dependent
production of anti-inflammatory IL-10 is induced on monocytes, production of
Th1/Th17 polarizing cytokines IL-12 and IL-23 is triggered in monocyte-derived
dendritic cells (Frodermann et al. 2011). Well in line with this report, it was
demonstrated that IRAK4 reverts IL-10-dominated tolerogenic MyD88-dependent
signaling in S. aureus- or TLR2/4-stimulated human monocytes from
PKB/Akt/mTOR-dependent IL-10 to Th1-promoting IL-12 secretion (Over et al.
2013). However, release of phenol-soluble modulins by S. aureus results in the loss
of T cell priming capacity and the induction of T regulatory cells (Schreiner et al.
2013).

In the skin, S. aureus is phagocytosed by Langerhans cells, a specialized DC
subset found in dermis (Reis e Sousa et al. 1993). Furthermore, in a murine atopic
dermatitis model, dual activation of DC via TLR2 ligands and IL-4 induced the
progression of self-limited Th2-mediated dermatitis to chronic cutaneous inflam-
mation (Kaesler et al. 2014).
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Myeloid-derived suppressor cells, on the contrary, suppress T cell responses and
thereby contribute to the persistence of S. aureus in chronic infections (Tebartz
et al. 2015). They further halt monocyte and macrophage-mediated clearance of S.
aureus biofilm (Heim et al. 2014), and once induced by TLR2/6 ligands are
recruited to S. aureus colonized skin where they suppress T cell responses to the
pathogen (Skabytska et al. 2014).

3.4.2 Plasmacytoid Dendritic Cells and Type I Interferons:
Fine-Tuning of Innate and Adaptive Immune Responses

Plasmacytoid dendritic cells are considered to be DC of lymphoid origin. They
represent the major producers of systemically active interferon-α in the human body
and have been implicated in tolerance to oral antigens (Goubier et al. 2008). They
are present in the blood, in the lymphatic organs, and probably all peripheral
tissues. S. aureus induces pDC-derived secretion of IFN-α, TNF, and IL-6 (Parcina
et al. 2008; Michea et al. 2013). However, depending on the tissue environment,
soluble mediators such as prostaglandins and TGF-β alter pDC-derived cytokine
secretion panels and their function (Michea et al. 2013; Bekeredjian-Ding et al.
2009; Contractor et al. 2007). Their role in infection, particularly S. aureus infec-
tion, was extensively reviewed in Bekeredjian-Ding et al. (2014).

One of their most important characteristics is the expression of Fcγ receptor IIA
and Fcε receptor that exert positive and negative regulatory effects, respectively, on
pDC activation and release of IFN-α. Therefore, pDC most likely orchestrate the
secondary immune response to S. aureus (Parcina et al. 2008), and their pre-
sumptive role in first-line immune defense is limited to invasion by protein
A-bearing S. aureus strains and pDC-mediated support of polyclonal B cell acti-
vation (Parcina et al. 2013).

Additionally, pDC might be involved regulation of the antistaphylococcal
immune response by type I interferon. In vivo, induction of IFN-α production in
pDC by TLR9 ligand CpG ODN was protective against S. aureus pneumonia in a
hemorrhagic shock model (Roquilly et al. 2010) and IFN-α-mediated resistance of
host cells against S. aureus alpha toxin (Lizak and Yarovinsky 2012). Similarly,
IFN-β increased clearance of S. aureus from murine BMDC and human monocytes
in vitro and in an cutaneous infection model in vivo (Kaplan et al. 2012), and
deficiency in IFN-α/β receptor or TLR9 expression resulted in improved clearance
of bacteria from mice with S. aureus pneumonia (Parker and Prince 2012).
However, IFN-β production was associated with increased inflammation and cel-
lular necrosis in murine skin infection (Kaplan et al. 2012).

Notably, several studies showed that IFN-α- and IFN-α-inducing TLR7/9 ago-
nists suppressed the formation of Th17 cells under healthy conditions, in infection,
and autoimmune disease (Cui et al. 2014; Hirohata et al. 2010; Liu et al. 2011;
Meyers et al. 2006; Vultaggio et al. 2011). The inhibitory effect of IFN-α on Th17
responses can be attributed to the induction of the IL-17-suppressing cytokine IL-27
(reviewed in Goriely et al. 2009). In accordance with these findings, lack of IL-27
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receptor expression increases Th17 cell numbers and decreases the bacterial burden
in post-influenza S. aureus pneumonia (Robinson et al. 2015).

Moreover, a recent report showed that S. aureus-induced expression of osteo-
pontin in DC was responsible for increased Th17 induction (Salvi et al. 2013).
Upregulation of osteopontin occurred upon TLR2 activation and concomitant
absence of IFN-β induction, which was observed with Gram-negative bacteria after
engagement of LPS/TLR4 and subsequent recruitment of TRIF (Salvi et al. 2013).
Notably, S. aureus-induced IFN-β release is further prevented by lysozyme resis-
tance of S. aureus and its resistance to degradation in the phagosome (Kaplan et al.
2012). Nevertheless, protective effects of IFN-I-mediated suppression of Th17
responses on DC have also been described: In a murine EAE model, IFN-I sup-
pressed the expression of an intracellular translational isoform of osteopontin
(iOPN) in myeloid DC; this enabled IL-27 synthesis and, in turn, decreased
Th17-mediated inflammation, which ultimately slowed down the progression of
EAE (Shinohara et al. 2008; Guo et al. 2008).

Furthermore, generation of monocyte-derived dendritic cells in the presence of
IL-27 resulted in increased suppression of intracellular growth of S. aureus,
upregulation of MHC II, and increased IL-12 secretion that shifted the T cell
response to a Th1 phenotype (Jung et al. 2015). IL-27 further induced the synthesis
of IFN-α and IFNλ1 in PBMC and DC derived from healthy donors, thus promoting
an autoregulatory negative feedback loop (Cao et al. 2014). Thus, intertwined
regulation of IFN-α and IL-17 determines the polarization of CD4+ T cell
responses, the efficacy of bacterial clearance, and the degree of inflammation in
autoimmune disease and infection. A fine-tuned balancing of these two cytokines is,
therefore, most likely very critical for the resolution of S. aureus infection and
immunopathology.

4 The Last Frontiers Before Adaptive Immunity

4.1 Innate Immune B Cells: Rapid Supply of Antibacterial
Antibodies

In murine peritonitis and sepsis, rapid accumulation of IgM-secreting plasmablasts
is observed within 48 h after bacterial challenge (Martin et al. 2001). The cells
responsible for this early IgM secretion are B cell subsets that express B cell
receptors that recognize thymus-independent (TI) antigens, e.g., bacterial PAMPs
such as capsular polysaccharides, LPS, and phosphocholine and phosphatidylser-
ine, which are also present on apoptotic cells. Together with PRR, stimulation
targeting of these B cell receptors elicits B cell proliferation and differentiation to
plasmablast in a T cell-independent manner. Release of these antibacterial IgM
molecules (also called natural IgM) enables bacterial opsonization and subsequent
complement activation. It has further been postulated that cellular uptake of S.
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aureus immune complexes with IgM is promoted by an Fcα/μ receptor (Shibuya
and Honda 2006).

Among these, specialized B cell subsets are CD5-positive B1a and
CD5-negative B1b cells that reside in the peritoneal and pleural cavities in mice.
B1b cells are capable of phagocytosis of S. aureus, intracellular bacterial killing,
and antigen presentation to T cells (Gao et al. 2012). Albeit this response is weaker
than in macrophages, it underlines the phylogenetic relationship of innate immune
B cells and macrophages.

Notably, S. aureus targets VH3+ B cells via protein A, which results in long-term
depletion of the B1a and MZ B cell pools (Goodyear and Silverman 2004; Viau
et al. 2005). In the presence of pDC and costimulation via TLR2-active Lpp and
endosomal TLRs, protein A-activated B cells are not directly harmed by pro-
grammed cell death but undergo differentiation to IL-10-secreting B regulatory cells
and IgM-producing plasmablasts (Parcina et al. 2013; Bekeredjian-Ding et al.
2007). This process enables IL-10-mediated suppression of T cell responses before
ultimately resulting in cell death due to the physiologically short life span of
plasmablasts and, again, extinction of these B cell subsets.

4.2 Natural Killer Cells: Neglected Sensors for Intracellular
Persisting S. aureus?

NK cells have mainly been studied in viral infection and malignancy. They are
attracted to the infected tissue and enter by transmigration from the bloodstream.
Their ability to recognize infected and damaged cells independent of
MHC-restricted antigen presentation of antibodies makes them very flexible and
invaluable cells for the rapid defense against invading pathogens. Upon encounter
of suspicious cells, the release of IFNγ and granules containing cytotoxic proteases
(granzymes) and perforine induces apoptosis of the encountered cell.

Although resistance Rag2-IL2Rγ−/− C57BL/6 mice against S. aureus infection
suggested that NK cells are not essential for innate immune defense against S.
aureus (von Kockritz-Blickwede et al. 2008b), the interaction of natural killer cells
with alveolar macrophages was shown to be beneficial in murine S. aureus pneu-
monia models (Zhao et al. 2014; Small et al. 2008). Similarly, upon exposure to S.
aureus interaction with monocytes was required for activation of human NK cells
in vitro (Haller et al. 2002). A protective role of NK cells was further described in
the development of S. aureus arthritis (Nilsson et al. 1999). Detection of NK cells in
human joint infections caused by chronically persistent S. aureus, indeed, argues
for a potential role of NK cells at the site of infection (Wagner et al. 2006).
Nevertheless, the obvious role of NK cells in the detection intracellularly persisting
S. aureus and the elimination of infected cells have not yet been demonstrated.
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4.3 Innate Lymphoid Cells: Confinement of S. aureus to Its
Niche?

In tissues exposed to the environment and colonized by commensals, innate lym-
phoid cells (ILCs) prevent bacterial translocation beyond the epithelial barrier,
trigger mucosal IgA production, and function as important regulators of immune
homeostasis (reviewed in Philip and Artis 2013; Tait Wojno and Artis 2012;
Diefenbach et al. 2014). Notably, commensals trigger the development of ILC, and
ILCs phenotypically and functionally adapt to changes in the composition of the
local microbiome (Tait Wojno and Artis 2012). NK cell receptors (NCR) such as
NKp44/46 and expression of TLR2 and its coreceptors enable binding and sensing
of the local microbiota (Philip and Artis 2013).

Three different classes of murine ILC have been defined by the expression of
prototypical transcription factors and T helper cell-like cytokine secretion profiles,
e.g., Tbet+ ILC (group 1) produce IFNγ, GATA3+ ILC (group 2) secrete IL-5,
IL-9, and IL-13 and RORγt+ ILC (group 3) release IL-17A, IFNγ, and IL-22
(Diefenbach et al. 2014; Robinette et al. 2015). Notably, NK cells have recently
been allocated to group 1 ILC (Philip and Artis 2013; Robinette et al. 2015;
Monticelli et al. 2012). In the human, similar ILC subsets have been described,
including different group 2-like ILCs in the respiratory tract and skin or different
CD127+ group 3-like ILCs in tonsils, appendix, and Peyer’s patches (Tait Wojno
and Artis 2012; Monticelli et al. 2012; Mjosberg and Eidsmo 2014). Nevertheless,
despite their presence at the main sites of S. aureus colonization, at present there is
no available information on their role in preventing invasion. We can only speculate
that in chronic carriers, ILC might confine S. aureus to its niche, thus preventing
systemic immune responses.

5 Conclusion

A broad variety of receptor systems cooperates in sensing S. aureus and regulating
the host immune response to this pathogen (see Table 1 for summary).
TLR2-dependent recognition of S. aureus by epithelial cells limits the spread of
colonizing S. aureus on the skin and mucosal surfaces. Upon cell and tissue
invasion activation of resident innate immune cells by S. aureus fosters a
proinflammatory environment that attracts neutrophils, NK cells, and monocytes
from the blood. Notably, degradation of bacteria in the phagosomes is essential for
bacterial recognition via TLR, activation of the inflammasomes, and subsequent
bacterial clearance. However, evolution has selected S. aureus strains that are
resistant to these processes.

At present, we know that innate immune cells and PRR also participate in the
resolution of S. aureus infections. However, the exact mechanisms involved remain
to be investigated and are potentially exploited by S. aureus to promote tolerance.
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Finally, future work is needed to clarify the role of innate immunity and, in par-
ticular, NK cells in the recognition of intracellular persisting S. aureus and the role
of ILC in immune homeostasis in chronic carriage.
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Adaptive Immunity Against
Staphylococcus aureus

Hatice Karauzum and Sandip K. Datta

Abstract A complex interplay between host and bacterial factors allows
Staphylococcus aureus to occupy its niche as a human commensal and a major
human pathogen. The role of neutrophils as a critical component of the innate
immune response against S. aureus, particularly for control of systemic infection,
has been established in both animal models and in humans with acquired and
congenital neutrophil dysfunction. The role of the adaptive immune system is less
clear. Although deficiencies in adaptive immunity do not result in the marked
susceptibility to S. aureus infection that neutrophil dysfunction imparts, emerging
evidence suggests both T cell- and B cell-mediated adaptive immunity can influ-
ence host susceptibility and control of S. aureus. The contribution of adaptive
immunity depends on the context and site of infection and can be either beneficial
or detrimental to the host. Furthermore, S. aureus has evolved mechanisms to
manipulate adaptive immune responses to its advantage. In this chapter, we will
review the evidence for the role of adaptive immunity during S. aureus infections.
Further elucidation of this role will be important to understand how it influences
susceptibility to infection and to appropriately design vaccines that elicit adaptive
immune responses to protect against subsequent infections.
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1 Introduction

Staphylococcus aureus is a major human pathogen. Data from the USA and Europe
indicate it is the predominant cause of both cutaneous and invasive infections and is
the leading cause of infectious morbidity and mortality in the industrialized world
(Tong et al. 2015). Strain-specific virulence strategies and acquisition of resistance
against a variety of antibiotics reflect the adaptive capabilities that have shaped its
ability to cause continually shifting patterns of disease (Chambers and Deleo 2009;
Tong et al. 2015). Despite its clear pathogenic potential, S. aureus has the ability to
coexist with its human host as a commensal, with 20–30 % of the population
colonized at mucocutaneous surfaces and significantly higher proportions exposed
at least intermittently (Verhoeven et al. 2014). The success of S. aureus as a human
commensal and pathogen suggests the evolution of a complex and intricate inter-
play between host and bacterial factors.

S. aureus has a plethora of virulence factors that evade and modulate compo-
nents of the human innate and adaptive immune system (Nizet 2007; Lowy 1998;
Rooijakkers et al. 2005). Much attention has been rightly focused on interactions
with the innate immune system, in particular neutrophils, which play a central role
in host defense against S. aureus. However, the readily detectable antibody and T
cell responses in humans and the extensive mechanisms for staphylococcal evasion
of antibody and T cell-mediated host defense suggest an important contribution of
adaptive immunity that may influence host susceptibility and will need to be
invoked by a successful vaccine. In this chapter, we will highlight the major
findings related to adaptive immune responses induced by S. aureus and the evasion
mechanisms it uses to escape this aspect of host defense.

2 Immunological Overview

The immune response against S. aureus involves activation of both the innate and
the adaptive immune systems. As the first line of defense against infections, the
innate immune response is rapidly activated by pathways that detect
pathogen-associated molecular patterns. A key result of this is activation of
phagocytic cells such as macrophages and neutrophils. Neutrophils are recognized
as a key component of the acute response and centrally important against S. aureus,
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as declared by the susceptibility of humans and mice with inherited and acquired
neutrophil defects to deep-seated infections. The adaptive immune response kicks
in later during the course of infection, dependent on the presentation of bacterial
antigens by antigen-presenting cells (APCs) and influenced by the cytokine milieu
generated by the innate response. Through T cell activation and B cell production of
antibodies, the adaptive immune response targets specific bacterial antigens and can
be recalled during subsequent infections to provide ‘memory’ against that particular
pathogen. Antibodies and T cells can have direct activity against bacteria, but also
amplify the activity of innate immune cells, e.g., by increasing phagocyte killing
and recruitment. The prevalence of recurrent infections with S. aureus suggests the
adaptive memory response is not completely effective, although it could be argued
that the relative paucity of systemic infections despite the high rate of colonization
may be evidence for its protective role. Understanding the contribution of the
adaptive immune response in determining S. aureus susceptibility may help identify
risk factors and therapeutic strategies, and will be essential to harness for successful
vaccine development.

3 Role of B Cells and Antibodies

The major function of B cells is to secrete immunoglobulins (antibodies) that
neutralize the function of target proteins (e.g., toxins and other virulence factors) or
opsonize pathogens to optimize phagocytosis and clearance. The importance of
antibody-mediated protection against infectious agents is clearly demonstrated by
patients with X-linked agammaglobulinemia (XLA), in whom lack of appropriate B
cell maturation leads to susceptibility to infections with a variety of viruses and
encapsulated bacteria that is largely reversed with the periodic administration of
pooled donor immunoglobulins (Bruton 1952; Conley and Howard 1993). The
apparent lack of increased susceptibility in this patient population to invasive S.
aureus infection argues that antibodies are unimportant in protection against S.
aureus infection. Although these patients have a recognized susceptibility to cel-
lulitis, this has also not been clearly attributed to S. aureus. The lack of increased
susceptibility to S. aureus infection in B cell- or antibody-deficient mice (Gjertsson
et al. 2000; Schmaler et al. 2011; Gaidamakova et al. 2012) parallels the obser-
vations in patients with XLA. However, recent work has revealed that primary S.
aureus cutaneous infection can induce antibody-mediated protection against a
subsequent infection in certain mouse strains (Montgomery et al. 2014), and
numerous preclinical studies have shown at least partial protection from subsequent
infection after induction of antibodies by vaccination (see below). Furthermore, the
ubiquitous presence of antibodies after S. aureus exposure in humans and animal
models, and the virulence strategies of S. aureus that have evolved to evade anti-
bodies, suggests antibodies may have a role in modulating susceptibility to infec-
tion. Evidence for this potential role will be examined in further detail here.
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3.1 Preexisting Antibodies as Immunologic Correlates
for Protection

The immune correlates of protection from and susceptibility to staphylococcal
infections are still not well understood. A few reports have suggested that preexisting
antibodies toward certain staphylococcal virulence factors can correlate with clinical
outcome in humans. Adhikari et al. (2012a) measured serum antibodies to an array
of staphylococcal exotoxins and observed that low antibody titers correlated with a
higher risk for the development of sepsis. Another study found that elevated serum
titers against S. aureus a-hemolysin (Hla) correlated with the protection from sub-
sequent infection, and invasive infections elicited a more durable antibody response
when compared to cutaneous infections (Fritz et al. 2013). This study also reported
high titer anti-staphylococcal antibodies in colonized individuals without a history of
overt infection (carriers), which may explain the enhanced recovery from infection
observed in carriers despite their increased risk of developing infection compared to
non-carriers (Wertheim et al. 2005; von Eiff et al. 2001a).

3.2 Role of Antibodies in Vaccine-Mediated Protection

S. aureus has been generally regarded as an extracellular pathogen. Consequently,
complement and antibodies with neutralizing and opsonizing qualities were con-
sidered major players not only in mediating neutralization of secreted virulence
factors, but also in facilitating uptake and clearance of the pathogen by innate
immune cells (van Kessel et al. 2014; Verbrugh et al. 1982; Leijh et al. 1981).
Because most vaccines in use today are thought to work through the elicitation of
protective antibody responses, it is also not surprising that most of the vaccine
candidates against S. aureus to date were chosen and evaluated based heavily on
their ability to generate opsonizing and neutralizing antibodies (Pozzi et al. 2012;
Fattom et al. 1990; Ohlsen and Lorenz 2010).

The conjugate vaccine StaphVax (Nabi Biopharmaceuticals) was the first S.
aureus vaccine candidate to enter a phase III clinical trial. It targeted clinically
prevalent capsular polysaccharide (CP) serotypes 5 (CP5) and 8 (CP8), emulating
the successful strategy of targeting CPs to prevent infections with Streptococcus
pneumonia and Haemophilus influenzae. Preclinical studies demonstrated that
CP-specific antibodies protected mice from lethal S. aureus challenge and bacterial
dissemination (Fattom et al. 1990, 1996), and an initial phase III clinical trial in
hemodialysis patients suggested modest reductions in bacteremia early after vac-
cination (Shinefield et al. 2002). However, a booster dose in a subsequent phase III
study failed to prevent bacteremia despite augmenting antibody titers (Fattom et al.
2004; Schaffer and Lee 2008). The reasons for this failure remain incompletely
understood, but the outcome highlighted that S. aureus virulence is not solely
dependent on CP production, a fact exemplified by the lack of capsule production in
some highly virulent strains such as USA300.
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A more recent vaccine candidate for which preclinical promise failed to translate
into clinical trial success targeted the S. aureus iron-binding surface determinant B
(IsdB). This protein was identified as a vaccine candidate by screening patients with
high antibody titers against S. aureus surface antigens displayed by an E. coli
expression library (Etz et al. 2002). Immunization with this protein in preclinical
and phase I clinical studies showed protection in mouse models of sepsis and
antibody induction in mice, macaques, and humans (Kuklin et al. 2006;
Stranger-Jones et al. 2006; Kim et al. 2010; Harro et al. 2010, 2012). However, a
phase IIB/III clinical trial with the IsdB vaccine (Merck V710) in cardiothoracic
surgery patients was stopped prematurely when, despite induction of IsdB anti-
bodies, excessive deaths were noted in the vaccine group among subjects who
developed postoperative S. aureus infections (Fowler et al. 2013). Subsequent
serum cytokine analysis showed that low IL-2 and IL-17 levels post-vaccination
correlated with mortality in subjects who later developed S. aureus infections,
consistent with a potential T cell-based mechanism although immune analysis after
infection to further characterize the associated immune response has not been
reported (McNeely et al. 2014).

Instead of targeting cell surface antigens to promote opsonophagocytic clearance
of organisms, other vaccine approaches have attempted to generate neutralizing
antibodies against secreted S. aureus virulence factors. Active and passive immu-
nization studies have validated this strategy in experimental models. The clearest
rationale for this approach has been against toxic shock syndrome, which is driven
by superantigen toxins such as staphylococcal enterotoxin A (SEA), SEB, or toxic
shock syndrome toxin 1 (TSST-1). Several studies have reported that immunization
of mice and rhesus macaques with recombinant superantigen toxoids devoid of their
superantigenic activity induces toxin-specific antibodies and protects from lethal
shock induced by the targeted wild-type toxins (Bavari et al. 1996; Lowell et al.
1996; Stiles et al. 1995; Boles et al. 2003). Furthermore, active immunization with
recombinant SEA and TSST-1 toxoid vaccines, as well as adoptive transfer of
immune sera, protected mice from systemic S. aureus infection (Hu et al. 2003;
Nilsson et al. 1999).

The option of targeting other secreted toxins that contribute to S. aureus
infection became apparent when antibodies generated against HlaH35L, a
non-pore-forming mutant of Hla, were shown to protect mice from lethal pneu-
monia (Bubeck Wardenburg and Schneewind 2008) and from skin and soft tissue
infections (Kennedy et al. 2010; Mocca et al. 2014). Similarly, antibodies raised
against a recombinant fusion protein (AT-62) designed to mimic key topographic
features of the Hla heptamer protected mice from bacteremia and lethal pneumonia
(Adhikari et al. 2012b). Antibodies raised against attenuated recombinant LukF-PV
and LukS-PV, subunits of the bicomponent Panton–Valentine leukocidin (PVL),
showed protective efficacy in a mouse bacteremia model and appeared to have
cross-neutralizing activity toward other leukocidins in PVL-deficient strains
(Karauzum et al. 2013), a potentially important characteristic given the complex
redundant and antagonistic interactions between these bicomponent toxins (Yoong
and Torres 2015). Considering the multiple virulence strategies employed by
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S. aureus, Spaulding et al. (2014) demonstrated that vaccination with a cocktail of 7
secreted virulence factors, consisting of superantigens and cytolysins, induced
antibody-mediated protection against lethal pneumonia in a rabbit model.
Interestingly, in the same report, vaccination with a cocktail of surface antigens
enhanced lethality in a rabbit model of infective endocarditis, an outcome suggested
to be due to antibody-mediated bacterial aggregation (Spaulding et al. 2014). This
highlighted the potential for deleterious antibody responses that may be elicited
depending on the antigenic targets and the model of infection. Based on the role of
antibody shown in such active immunization studies, the therapeutic potential of
passive immunization has also been demonstrated in mouse models using mouse,
human, and/or chimeric monoclonal antibodies targeting secreted or surface-bound
virulence factors such as clumping factor A (ClfA) (Domanski et al. 2005),
lipoteichoic acid (LTA) (Weisman et al. 2009, 2011), Hla (Ragle and Bubeck
Wardenburg 2009; Tkaczyk et al. 2012), and SEB (Larkin et al. 2010; Karauzum
et al. 2012; Varshney et al. 2014).

3.3 Evasion Mechanisms from the Humoral Immune
Response

S. aureus has developed evasion mechanisms that combat the B cell antibody
response. In particular, staphylococcal protein A (SpA) and the second
immunoglobulin binding protein (Sbi) (Zhang et al. 1998; Smith et al. 2011) are
virulence factors that bind immunoglobulins. SpA is a highly expressed, cell
wall-anchored surface protein that binds to the complement-binding Fcc portion of
mammalian IgG. Decoration of the staphylococcal surface with IgG molecules
bound in this reverse manner interferes with the complement activation and
opsonophagocytosis. In addition, SpA in its secreted form acts as a B cell super-
antigen, binding the F(ab)2 portion of the B cell receptor to induce B cell prolif-
eration and death (Kobayashi and DeLeo 2013). Beyond its direct effects on
opsonophagocytosis and B cell survival, SpA activity has been shown to inhibit the
development of antibody responses against other staphylococcal antigens in mouse
models and in humans (Kim et al. 2011; Falugi et al. 2013; Pauli et al. 2014). In
contrast to SpA, baseline expression of Sbi on the cell surface is low but increases
in the presence of IgG, suggesting a highly specific mechanism of immune evasion
(Zhang et al. 2000). Like SpA, Sbi can act as both a cell wall-anchored or secreted
virulence factor, binding the Fcc portion of IgG on the cell surface and the soluble
complement factor C3, respectively (Smith et al. 2011).

In addition to these specific mechanisms, S. aureus can also abandon its usual
niche as an extracellular pathogen and evade the humoral immune response as a
facultative intracellular organism. For example, it can resist killing and grow within
neutrophils (Voyich et al. 2005), or persist in epithelial cells in the form of small
colony variants (SCVs). Persistence as SCVs enables the bacterium to avoid
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antimicrobial treatment, promote disease pathogenesis, and facilitate recurrent
infections (Tuchscherr et al. 2011; Proctor et al. 1995; von Eiff et al. 2001b;
Gresham et al. 2000). Furthermore, certain antibody responses generated against S.
aureus can promote its virulence. For example, treatment with anti-PVL antibodies
increased bacterial loads in mouse skin abscesses and inhibited in vitro killing of S.
aureus by human neutrophils (Yoong and Pier 2010). Further highlighting the
unpredictable potential for negative effects of antibody responses, the combination
of two antibodies against surface polysaccharides (CP and poly-N-acetyl glu-
cosamine) interfered with the beneficial effects of each individually on
opsonophagocytic activity and protection in mouse models of bacteremia and skin
infection (Skurnik et al. 2010).

In sum, antibody deficiency in mice and humans shows us that antibodies are not
necessary for protection against S. aureus infections. However, they may very well
contribute to the protective response as suggested by the modulation of antibody
responses by S. aureus virulence factors, the ubiquitous presence of
anti-staphylococcal serum antibodies, antibody-mediated protection after active and
passive immunization in preclinical models, and human data correlating antibody
titers with protection. Published data also support the possibility of ineffective or
deleterious antibody responses, emphasizing the need to better understand the
characteristics of a protective antibody response in order to elucidate contributions
to natural immunity and implications for vaccine design.

4 Role of T Cells

T cells are thymic-derived cells that express unique T cell receptors (TCRs) that
recognize antigen-derived peptides in the context of major histocompatibility
complex (MHC) molecules on APCs. Similar to B cells and antibodies, a case can
be made for a role for T cells during S. aureus infection based on the presence of
detectable T cell responses in humans (Zielinski et al. 2012; Kolata et al. 2015) and
the ability of the bug to modulate T cells as exemplified by its expression of a
multitude of T cell superantigens (Spaulding et al. 2013). However, it has been
reported that T cells are not essential for protection against S. aureus in mice
(Schmaler et al. 2011). Furthermore, S. aureus shows up only occasionally as a
cause of infection in evaluations of humans with T cell deficiencies (Stephan et al.
1993), although the severe susceptibility of these patients to other organisms
confounds our ability to fully assess the contribution of T cells to staphylococcal
immunity in this context. Various subsets of T cells have differing functions, and a
more nuanced role for these subsets has become evident in mouse studies and with
the recognized susceptibility to staphylococcal infections of patients with HIV and
other partial T cell disorders (Hidron et al. 2010; Cook and Tangye 2009). These
will be discussed in further detail below.

The majority of T cells are comprised of CD4+ and CD8+ T cells that have long
been recognized to be the major cellular arm of adaptive immunity. The major
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function of CD8+ T cells is to target intracellular pathogens by cytolytic killing of
the infected host cell. Consistent with S. aureus being a primarily extracellular
pathogen, a clear role for CD8+ T cells has not been reported, although CD8+ T cell
activation can be detected during S. aureus infection and staphylococcal super-
antigen exposure. Naïve CD4+ T cells are polarized toward different effector
functions depending on the cytokine milieu in which activation of their TCR
occurs. These helper T cell (Th) subsets are functionally characterized by their
cytokine expression profiles, which will be detailed below. A percentage of these
polarized cells will persist in the host as memory cells awaiting re-activation by
subsequent antigen exposure. The role of these different subsets of effector CD4+ T
cells in the context of S. aureus infection will be reviewed below. In addition to
CD4+ and CD8+ T cells, more recently described subsets of T cells, such as cd T
cells, innate lymphoid cells (ILC), and NK T cells, contribute mainly to the innate
immune response at mucosal sites rather than antigen-specific memory, although
recent reports have suggested the potential for cd T cells to contribute to a memory
response under certain circumstances (Murphy et al. 2014).

4.1 Th1 Cells

TCR-mediated activation of naïve CD4+ T cells in the presence of IL-12 signaling
via STAT4 leads to the generation of Th1 effector cells. Although capable of
producing multiple inflammatory cytokines, including IL-2, TNFa, and GM-CSF,
Th1 cells are defined by the secretion of their signature cytokine interferon (IFN)-c
and expression of the transcriptional regulator T-bet (O’Shea and Paul 2010;
Schmitt and Ueno 2015; Raphael et al. 2014). Th1 cells are not the only source of
IFNc, with various innate immune cells, including NK cells and ILC being notable
producers. Among its functions, IFNc activates phagocytic cells such as macro-
phages and neutrophils to promote killing of intracellular pathogens. Its role in
protection against these organisms is highlighted by the susceptibility of patients
with hereditary defects in IFNc signaling to infections with Mycobacteria,
Salmonella, and certain viruses (Rosenzweig and Holland 2005). Unregulated IFNc
production can contribute to immunopathology and autoimmunity (Feldmann et al.
1998).

In the context of S. aureus infections, it appears Th1 cells and IFNc can have
both beneficial and detrimental roles. Guillen et al. reported a protective role of an
enhanced Th1 response in a mouse model of septicemia and septic arthritis in mice
transgenic for lactoferrin. The enhanced production of IFNc and TNFa in these
mice during infection resulted in higher bacterial clearance and lower mortality
compared to their wild-type littermates (Guillen et al. 2002). An overproduction of
this cytokine, however, can be associated with immunopathology. An early study
evaluating the role of T cells in S. aureus-induced arthritis indicated that Th1 cells,
stained positive for the IL2R and intracellular IFNc, infiltrated the synovium of
joints of infected mice, and depletion of CD4+ but not CD8+ T cells in the infected

426 H. Karauzum and S.K. Datta



animals ameliorated disease (Abdelnour et al. 1994). However, intravenous inoc-
ulation of mice deficient in T-bet, which may have deficiencies beyond a defect in
Th1 cell IFNc production (Lazarevic et al. 2013), had increased severity of septic
arthritis that was associated with increased weight loss, mortality, and kidney
bacterial burden (Hultgren et al. 2004). Consistent with the potential duality of roles
for Th1 cells during S. aureus infection, Th1 cells and IFNc production were
reported to promote chemokine-mediated neutrophil recruitment in a wound
infection model, but this resulted in a paradoxical increase of bacterial burden,
potentially due to the ability of S. aureus to persist in neutrophils (McLoughlin
et al. 2006, 2008).

Th1 cells appear to be able to contribute to vaccination-induced protection against
subsequent S. aureus infection. CD4+ T cell IFNc production was required for the
protection against subsequent systemic infection after vaccination with a recombi-
nant protein derived from Als3p, a Candida protein that cross-protected against S.
aureus (Lin et al. 2009). Similarly, vaccination with extracellular vesicles released
from S. aureus induced a Th1 response, and protection in a pneumonia model was
dependent on CD4+ T cells and IFNc (Choi et al. 2015). However, protection after
vaccination against cutaneous infection with a lethally irradiated whole-cell vaccine
was not associated with an IFNc response (Gaidamakova et al. 2012), and increased
mortality in similarly vaccinated mice after intravenous challenge was dependent on
CD4+ T cell IFNc production (Karauzum and Datta, unpublished data). Another
study also hinted at potential detrimental effects of vaccine-induced Th1 responses
by showing that mice vaccinated with heat-killed S. aureus had significant disease
burden after intravenous infection despite detectable CD4+ T cell IFNc production
(Schmaler et al. 2011); however, lack of direct comparison to an unvaccinated
control group prevents conclusive interpretation of these results.

In sum, it appears Th1 cells can have protective, detrimental, or non-contributory
roles against S. aureus infection, likely dependent on factors such as route of
infection, organism burden, antigenic targets, level of induction, and balance with
other immune mechanisms. Clarification of the conditions under which Th1 cells
exert these apparently contradictory effects will better guide approaches to inter-
ventions aimed at therapy and prevention.

4.2 Th2 Cells

Activation of naïve CD4 T cells in the presence of IL-4 via STAT6 signaling leads
to the priming of Th2 cells. This subset of CD4 T cells is characterized by its
signature transcription factor GATA-3, which promotes induction of Th2 cytokines
that include IL-4, IL-5, and IL-13. Th2 cells play an important role in host defense
against extracellular parasites, driving various aspects of cellular and humoral
immunity to promote parasite clearance and tissue repair (Allen and Sutherland
2014). Their dysregulation contributes to allergic and atopic diseases (Raphael et al.
2014; Geginat et al. 2013). Of particular relevance to staphylococcal disease is
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atopic dermatitis (AD), a prevalent inflammatory skin disorder that is characterized
by the overexpression of Th2 cytokines (Hamid et al. 1994), which contribute to
barrier permeability issues and other features of AD. Skin colonization and infec-
tion with S. aureus is almost a universal feature of AD (Boguniewicz and Leung
2011). The propensity of Th2 cytokines to inhibit antimicrobial gene programs,
including induction and mobilization of antimicrobial peptides such as human
beta-defensin (HBD)-3, are thought to contribute to this susceptibility (Kisich et al.
2008; Nomura et al. 2003; Howell et al. 2006). Th2 cytokines may not only drive
aspects of AD and staphylococcal susceptibility, but S. aureus colonization may
further promote this Th2-driven milieu. Staphylococcal cell wall components, such
as peptidoglycan (Matsui and Nishikawa 2012) and lipoteichoic acid (Matsui and
Nishikawa 2002), were shown to induce Th2 cells and may contribute along with
other secreted toxins toward the inflammatory environment in the skin of AD
patients (Schlievert et al. 2010; Nakamura et al. 2013; Brauweiler et al. 2014).

The role of Th2 responses during S. aureus infection outside the setting of AD is
less clear. S. aureus footpad infection was less severe in the Th2-biased DBA and
BALB/c mouse strains than in Th1-biased C57BL/6 mice (Nippe et al. 2011).
A protective role for Th2 cells was also suggested in an ocular keratitis model
where unexpectedly high Th2 responses in C57BL/6 mice correlated with the
protection compared to less robust responses seen in more susceptible BALB/c
mice (Hume et al. 2005). However, these correlative observations do not defini-
tively address whether the Th2 response is driving resistance to infection or whether
other immunological parameters are responsible. A recent study in a model of
persistent biofilm infection did show STAT6-dependent clearance in BALB/c mice
that suggested a contribution of Th2 responses to protection (Prabhakara et al.
2011). In the same study, neutrophilic inflammatory responses worsened infection
and this effect could be reversed by neutralization of IL-12p40 or IL-6, treatments
that would be predicted to dampen Th1 and Th17 responses, respectively, and skew
toward Th2 responses (Prabhakara et al. 2011).

The complexity of Th2 responses and their downstream effects may potentially
trigger both beneficial and detrimental responses. It seems clear that Th2 responses
contribute to a vicious cycle of inflammation and S. aureus susceptibility at the skin
in the context of AD. However, Th2 effects may play a role in achieving the
appropriate balance between inflammatory and anti-inflammatory responses in
other situations, particularly during chronic infection.

4.3 Th17 Cells

Th17 cells are a relatively recently recognized subset of effector CD4+ T cells.
They are defined by their expression of Rorct and secretion of inflammatory
cytokines, including IL-17A, IL-17F, and IL-22 (Liang et al. 2006; Chung et al.
2006; Ivanov et al. 2006). These cytokines predominantly act on epithelial cells to
enhance barrier function, antimicrobial properties, and neutrophil recruitment
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(Ouyang et al. 2008). Initially discovered in the context of autoimmunity, they have
been shown to play a protective role in mouse models of extracellular bacterial and
fungal infections, especially at mucosal sites (Ouyang et al. 2008).

A protective role for Th17 cells against S. aureus was first suggested by a report
that mice deficient in both IL-17A and IL-17F spontaneously developed mucocu-
taneous S. aureus infections (Ishigame et al. 2009). Subsequent work clarified that
induction of IL-17A from cd T cells in the skin played a critical role in controlling S.
aureus burden and abscess size after subcutaneous inoculation (Cho et al. 2010). In
this context, cd T cells functioned in their traditional role as a cytokine-activated
component of innate immunity, implicating an important role for innate immune
cell-derived IL-17A. Hla-dependent Th17 induction (Frank et al. 2012) and
influenza-mediated antagonism of Th17-dependent protection (Kudva et al. 2011)
indicated a role for Th17 cells in a model of S. aureus pneumonia. Interestingly,
CD4+ T cell depletion in the context of this Th17-inducing pneumonia model
improved outcomes in another study, hinting at a delicate balance within the CD4+ T
cell compartment between protective immunity and immunopathology (Parker et al.
2015). Deficiency in IL-17A also enhanced susceptibility to S. aureus joint infection,
although the relevant cellular source was not identified (Henningsson et al. 2010).
Deficiency in IL-17A did not increase susceptibility to systemic challenge with
S. aureus in multiple studies (Ishigame et al. 2009; Lin et al. 2009; Narita et al. 2010;
Henningsson et al. 2010), consistent with a primary role for this cytokine at skin and
mucosal sites. However, a protective function for IL-17A from vaccination-induced
Th17 cells has been shown against skin (Gaidamakova et al. 2012) and systemic
S. aureus infections (Lin et al. 2009; Narita et al. 2010; Joshi et al. 2012). Consistent
with this, antibody-dependent protection against multiple models of infection by a
four-component vaccine was further enhanced by Th1 and Th17 cell induction with
inclusion of a TLR7 agonist adjuvant (Bagnoli et al. 2015). The Merck IsdB vaccine
also showed contribution of IL-17A, but not IL-22 or IFNc, to protection in a mouse
model of sepsis (Joshi et al. 2012), and, as mentioned previously, low IL-2 and IL-17
levels post-vaccination correlated with mortality in S. aureus-infected human sub-
jects (McNeely et al. 2014). Of note, the Th17-associated cytokine IL-22 seems to
have either no or minimal effects on the course of acute cutaneous infection in mice
(Myles et al. 2013; Chan et al. 2015), but can independently contribute to protection
against pneumonia (Kudva et al. 2011) and vaccine-induced protection against skin
and systemic infection (Yeaman et al. 2014).

Autoantibody- and genetically mediated dysfunction of the IL-17 pathway pre-
disposes to mucocutaneous Candida infections (Burbelo et al. 2010; Kisand et al.
2010; Puel et al. 2010, 2011). Only a striking minority of these patients reported S.
aureus infections, making it unclear whether IL-17 is a critical element for human
anti-staphylococcal responses. However, patients with HyperIgE (or Job’s)
Syndrome, who are susceptible to staphylococcal skin and lung infections, lack
normal Th17 generation due to STAT3 dysfunction (Minegishi et al. 2007; Holland
et al. 2007;Milner et al. 2008). The role for Th17 cytokines in promoting keratinocyte
and epithelial antimicrobial function (Minegishi et al. 2009) is also consistent with an
IL-17-dependent basis for their susceptibility specifically to skin and lung infections,
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although other functions of STAT3, including its direct role in antimicrobial peptide
production (Choi et al. 2013), very likely contribute. Consistent with a potential
contribution of Th17 cells to human immunity is the Th17 depletion seen in
HIV-infected patients early in the course of disease that correlates with their increased
likelihood of S. aureus skin and soft tissue infections (Hidron et al. 2010; Prendergast
et al. 2010). Patients with AD also have decreased IL-17 pathway cytokines and
decreased antimicrobial peptides in lesional skin, potentially contributing to their
staphylococcal susceptibility (Guttman-Yassky et al. 2008). The relative induction of
these pathways in psoriasis has been postulated to contribute to the relative resistance
of these patients to S. aureus (Guttman-Yassky et al. 2008).

In sum, IL-17 from either innate or adaptive sources plays an important role
against S. aureus in mouse models of infection at skin and mucosal sites. Induction
of Th17 cells by vaccination can enhance protection at these sites and also against
bacteremia. Th17 cells appear to be potential key players in immunity against S.
aureus; however, their exact contribution to the control of human staphylococcal
infection remains to be fully elucidated and their potential for autoimmune inflam-
mation will need to be kept in check if they are to be targeted by clinical vaccines.

4.4 Regulatory T Cells

Regulatory T cells (Treg) display contact-dependent and cytokine-mediated
immunosuppressive functions that counteract inflammatory responses and main-
tain immune homeostasis. S. aureus may exploit these immunosuppressive func-
tions by inducing Treg responses that contribute, along with other
immunosuppressive mechanisms, to diminished effector T cell responses during
models of persistent infection (Ziegler et al. 2011; Tebartz et al. 2015). Increased
Treg numbers may also contribute to the immune dysregulation and S. aureus
susceptibility seen in the skin of patients with AD (Ou et al. 2004). However,
depletion of Treg exacerbated a model of chronic biofilm infection, suggesting that
an appropriate balance between inflammatory and anti-inflammatory responses is
needed for optimal bacterial control (Prabhakara et al. 2011). Further studies will be
needed to increase our nascent understanding of the role of Treg in modulating the
response to S. aureus infection and how this may influence susceptibility.

5 Conclusion

Immune control of acute S. aureus infection is critically dependent on the innate
immune system. However, adaptive immunity in the form of B cell and T cell
responses may influence this control and is potentially of particular importance in
determining the outcomes of chronic persistent infections. The search for a pro-
tective vaccine will depend on our ability to induce an effective adaptive immune
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response. Recent studies suggest that induction of an antibody response alone may
not be sufficient, and an appropriate vaccine-induced T cell response will be needed
to confer protective immunity. The potential for eliciting deleterious adaptive
immune responses has become apparent in both animal models and clinical vac-
cination trials. This highlights the need for further elucidation of the components of
an effective immune response, a task complicated by the multiple virulence
strategies and sites of infection employed by this bug that will each likely require
targeting by unique strategies for effective prevention and therapy.
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Staphylococcal Immune Evasion Proteins:
Structure, Function, and Host Adaptation

Kirsten J. Koymans, Manouk Vrieling, Ronald D. Gorham Jr.
and Jos A.G. van Strijp

Abstract Staphylococcus aureus is a successful human and animal pathogen. Its
pathogenicity is linked to its ability to secrete a large amount of virulence factors.
These secreted proteins interfere with many critical components of the immune
system, both innate and adaptive, and hamper proper immune functioning. In recent
years, numerous studies have been conducted in order to understand the molecular
mechanism underlying the interaction of evasion molecules with the host immune
system. Structural studies have fundamentally contributed to our understanding of
the mechanisms of action of the individual factors. Furthermore, such studies
revealed one of the most striking characteristics of the secreted immune evasion
molecules: their conserved structure. Despite high-sequence variability, most
immune evasion molecules belong to a small number of structural categories.
Another remarkable characteristic is that S. aureus carries most of these virulence
factors on mobile genetic elements (MGE) or ex-MGE in its accessory genome.
Coevolution of pathogen and host has resulted in immune evasion molecules with a
highly host-specific function and prevalence. In this review, we explore how these
shared structures and genomic locations relate to function and host specificity. This
is discussed in the context of therapeutic options for these immune evasion
molecules in infectious as well as in inflammatory diseases.
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1 Introduction

Staphylococcus aureus is a successful human and animal pathogen and is rising as a
major health threat worldwide. It is a commensal in both human and animals, but
can cause severe diseases in most mammalian species when it becomes invasive
(Lowy 1998; Peton and Le Loir 2014). S. aureus disease in livestock is common
and ranges from mastitis in dairy cattle to dermatitis in poultry and rabbits (Peton
and Le Loir 2014). In humans, invasive disease is mostly found in patients with
immunological or barrier defects; however, more pathogenic strains have recently
emerged with the ability to cause disease in otherwise healthy people with func-
tional immune systems (Bassetti et al. 2009; Okumura and Nizet 2014). This ability
is related to the large number of virulence factors, including immune evasion
molecules, that interfere with proper immune functioning. These evasion molecules
are generally secreted proteins that specifically interact with components of, mainly,
the innate immune system and play a role in causing disease and successful col-
onization. So far over 35 staphylococcal evasion molecules have been described,
which is more than what is known for any other bacterium, making staphylococci
the textbook example for immune evasion. A closer look at the genome of S. aureus

Staphylococcal Immune Evasion Proteins … 443



reveals that roughly 10 % of all staphylococcal proteins are secreted (Economou
2002), meaning up to 270 proteins could be secreted. Indeed, the list of evasion
molecules is still growing.

In this paper, we discuss the principles of staphylococcal immune evasion and
respective immune targets. S. aureus has developed ways to interfere with different
immunological processes involving host receptors and proteins that share little
similarity; however, the immunomodulatory staphylococcal proteins do show
remarkable resemblances: They have very conserved structural properties, are often
small, varying in size between 8.9- and 35-kDa, and have extreme isoelectric points
(above 9 or below 5). Because of the multitude of evasion molecules and their
redundancy, we grouped them based on their shared structural characteristics and
evaluate the structure–function relationship in Chap. 3. Another common property is
that they are located on genomic clusters with other virulence factors. In general,
these genomic clusters are mobile or display a high degree of genetic variability.
Moreover, different strains and lineages of S. aureus carry and express different
evasion molecules. This enables S. aureus to adapt to its environment and host;
possibly leading to the development of immune evasion genes with species–specific
functions. This is reviewed in Chap. 4. Finally, we will briefly deliberate on how
targeting these evasion molecules might pave the way for new therapeutic strategies.

2 The Mechanisms of Immune Evasion

S. aureus has evolved ways to target diverse branches of the immune system. Since
the innate immune system is key in the clearance of staphylococci, most evasion
molecules interfere at this stage. They can hinder initial bacterial recognition,
manipulate coagulation processes, and inhibit the function of antimicrobial com-
pounds, complement, and phagocytes. Other staphylococcal virulence factors
interfere with adaptive immunity and the generation of successful memory
responses. There are some general strategies that staphylococci use to prevent
recognition by the immune system, which usually involve shielding. For example,
S. aureus can surround itself by an extracellular polysaccharide capsule or induce
the formation of fibrin clots at the bacterial surface, both of which inhibit phago-
cytosis (Berends et al. 2014). Other strategies include the formation of biofilms,
where the bacteria provide each other with a protective milieu (Thurlow et al.
2011), or the adaption to an intracellular lifestyle (Tuchscherr et al. 2010). Most
staphylococcal evasion strategies, however, involve manipulation of host functions
through direct molecular interaction between secreted bacterial proteins and
immune targets, which is the focus of this review.

The main molecular evasion mechanism employed by the secreted proteins of S.
aureus is the blocking of host receptors or host enzymes, by interfering with
ligand–receptor interactions or by occupying the catalytic sites of enzymes
(Fig. 1a). Chemokine, Fc, and pattern recognition receptors are affected, thereby
preventing bacterial recognition and influx of immune cells to the site of infection.
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S. aureus has also developed ways to interact with factors that have been deposited
on the bacterial membrane; it prevents opsonization by inhibiting complement
activation and antibody binding. Furthermore, there are staphylococcal proteins that
bind to soluble factors such as antimicrobial peptides. Usually, the secreted
molecules act extracellularly, but there are also examples of proteins that inhibit
intracellular host enzymes.

An alternative strategy of S. aureus is to secrete enzymes that cause cleavage of
host components and degrade important parts of the immune system (Fig. 1b). This
can be done directly by secreted proteases or indirectly through molecules that
activate host enzymes. At the bacterial surface, both complement components and
antibodies are cleaved, thereby limiting opsonization. Furthermore, the extracellular
domains of host receptors can be cleaved, which results in truncated non-functional
receptors. S. aureus also secretes enzymes that can degrade DNA [i.e., neutrophil
extracellular traps (NETs)].

Another, very direct, strategy employed by staphylococci is to induce immune
cell death through toxins (Fig. 1c). Some staphylococcal proteins disrupt membrane
integrity by acting as detergents, while others target specific, usually chemokine,
receptors on the host cell membrane and induce the formation of pores. In this way,
both cells from the innate and the adaptive immune system can be targeted,
depending on the receptor repertoire present on the cells and the specificity of the
toxins for the chemokine receptors. These processes can be employed extracellu-
larly or intracellularly, after the bacterium has been phagocytozed as a way to
escape from the phagosome and avoid death.

b Fig. 1 Evasion mechanisms of secreted proteins of S. aureus. The immune evasion mechanisms
of S. aureus secreted proteins can be grouped into four categories: panel a (red), blocking of host
components through blocking of immune receptors (e.g., TLR2), host enzymes (e.g., MMP-9),
antimicrobial peptides (e.g., LL-37), or host factors deposited on the bacterial cell membrane (e.g.,
complement); panel b (blue), degradation of host factors, such as immune receptors (e.g.,
CXCR2), DNA (e.g., NETs), antimicrobial peptides, or factors deposited on the bacterial cell
membrane (e.g., complement); panel c (purple), cell lysis, which can either be receptor dependent
(e.g., C5aR1) or independent and extra- or intracellular; panel d (green): modulation or
(non-specific) activation of host processes that affect host receptors (e.g., TCR) and coagulation
processes. The evasion molecules discussed in this review are added in colored boxes depending
on the category they belong to. All host targets are drawn schematically in black and the names of
the affected host components are indicated in gray. Receptors are represented on the membrane of
a “general” immune cell for simplicity reasons. Abbreviations: AMP (antimicrobial peptide), Aur
(aureolysin), BCR (B cell receptor), CHIPS (chemotaxis inhibitory protein of S. aureus), DARC
(Duffy antigen receptor for chemokines), Eap (extracellular adherence protein), Ecb (extracellular
complement-binding protein), Efb (extracellular fibrinogen-binding protein), FLIPr (FPR2
inhibitory protein), FPR (formyl peptide receptor), Ig (immunoglobulin), MMP-9 (matrix
metalloproteinase 9), NET (neutrophil extracellular trap), NSP (neutrophil serine protease),
PSGL-1 (P-selection glycoprotein ligand-1), PSM (phenol-soluble modulin), SAK (staphyloki-
nase), Sbi (second immunoglobulin-binding protein), SC (staphylocoagulase), SCIN (staphylo-
coccal complement inhibitor), SElX (staphylococcal enterotoxin-like X), SNase (staphylococcal
nuclease), SpA (staphylococcal protein A), SSL (staphylococcal superantigen-like protein), TCR (T
cell receptor), and vWbp (von Willebrand factor-binding protein)

446 K.J. Koymans et al.



Aside the above-described inhibitory functions, S. aureus is also capable of
modulating or activating parts of the immune system, which specially affects
components of the adaptive immune system (Fig. 1d). Secreted staphylococcal
proteins can activate both B and T cells, which results in malfunctioning responses
and overactivation. In time, this can inhibit a proper immune response.
Furthermore, several secreted proteins can activate glycoproteins present on pla-
telets and manipulate the coagulation system by promoting clotting or degrading
existing fibrin clots, depending on the situation. Some inflammatory receptors can
also be activated by evasion molecules; however, it is debatable whether these are
side effects or if they actually contribute to pathogenesis.

Which host cells are affected by all these different strategies depends mainly on
the receptor repertoire on the cells, since most functions are mediated through
staphylococcal protein–host receptor interactions. The effects are also not limited to
immune cells since, for example, epithelial cells can be targeted as well. These
often are the first cells to come in contact with bacteria and are thus important in
initiating primary danger signals. Altogether, S. aureus has developed ways to
interfere with all important defense mechanisms and can target basically any
immune cell. Figure 1 summarizes these mechanisms and gives an overview of all
currently known secreted evasion molecules and their targets within the immune
system. In the next chapter, we take a closer look at these molecules, their con-
served structures, host counterparts, and functions.

3 Conserved Structural Properties of Evasion Molecules:
A Structure–Function Analysis

The secreted evasion molecules can be subdivided into two main distinct structural
clusters and the group of membrane-damaging toxins (Fig. 2). The largest structural
group consists of proteins with a typical OB-fold and/or a β-grasp domain. The
second group contains triple α-helix N-shaped bundle(s). The toxins can be divided
into two further structurally distinct groups: the multiple β-barrel pore-forming
toxins and the α-helices. These general structures are evolutionary conserved and
found in all three domains of life. Thus, rather than being specific folds evolved in
staphylococcal virulence, it is more likely the bacteria benefits from their extremely
stable and energetically favorable conformation. However, it is interesting to look at
how these basic structural elements can give rise to a wide variety of immune
evasive functions. The stability of these folds permit a large variety of different
sequences to be incorporated which allows for broad divergence and rapid adap-
tation (Murzin 1993; Arcus 2002). Using these basic structures, S. aureus has
evolved molecules to target almost every branch of the immune system.
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3.1 Proteins Consisting of an OB-Fold and/or β-Grasp
Domain

Most staphylococcal evasion proteins belong to the category of the OB-fold/β-grasp
domain, two highly conserved regions that together form an extremely stable
protein structure (Fig. 2a). The N-terminal oligomer-binding (OB) domain is a
mixed β-barrel with a Greek key motif (Murzin 1993). It was first described by
Murzin in 1993 and named OB because the first described proteins that belong to
this group bind oligonucleotides and oligosaccharides. The OB-fold is not at all
limited to staphylococcal virulence factors; many other pathogenic bacteria also
secrete proteins containing this domain (Murzin 1993). The ligand binding sites of
this domain are often more fold than sequence related allowing a large degree of
sequence variability. The C-terminal β-grasp domain typically consists of a
five-stranded β-sheet that is diagonally twisted against a conserved α-helix (the β-
sheet appears to grasp the helical segment, hence the name) and is a widespread
fold with highly versatile functions (Burroughs et al. 2007). Some evasion proteins
contain both domains, while others contain either the OB-fold or the β-grasp. Below
we will discuss the evasion molecules belonging to these structural groups: the

b Fig. 2 Structural comparison of immune evasion molecules and their targets. Panel a shows
members of the OB-/β-grasp fold family. At the top, a representative structure of this fold type is
shown (PDB 1ESF) (Schad et al. 1995) with the OB-domain in dark orange, and the β-grasp
domain in light orange. Below are cocrystal structures of EapH1 (light orange) with neutrophil
elastase (light blue) (PDB 4NZL, Stapels et al. 2014) and CHIPS (gray) with C5aR1 N-terminus
(purple, sulfated tyrosine residues are indicated in ball and stick) (PDB 2K3U, Ippel et al. 2009).
Superantigen SEB (orange) with MHC-II (light blue), hemagglutinin peptide (spheres), and T cell
receptor (light green) (PDB 4C56, Rödström et al. 2014), and SSL3, 7, and 11 (orange) in complex
with TLR2 (light green) (PDB 5D3I, Koymans et al. 2015), IgA Fc (light blue) (PDB 2QEJ,
Ramsland et al. 2007) and C5 (light purple) (PDB 3KLS, Laursen et al. 2010), and sialyl Lewis X
(ball and stick) (PDB 2RDG, Chung et al. 2007), respectively. Panel b shows members of the
triple-helix family, with representative images of three different subgroups. The continuous
N-shaped fold is on the left (Ecb/Efb/Sbi) (PDB 2GOX, Hammel et al. 2007), discontinuous
N-shaped fold in the center (SCIN/SpA) (PDB 2QFF, Rooijakkers et al. 2007), and the extended
staphylocoagulase (SC) domain on the right (PDB 1NU7, Friedrich et al. 2003). These are colored
rainbow from N- to C-terminus (blue to red). Below are cocrystal structures of Efb-C (rainbow) with
C3d (light blue) (PDB 2GOX, Hammel et al. 2007), SpA (rainbow) with IgG Fc (light green) (PDB
4WWI, Deis et al. 2015) and IgM Fab (light blue) (PDB 1DEE, Graille et al. 2000), and SCIN-A
(rainbow) with C3b (light blue) and Bb (light green) (PDB 2WIN, Rooijakkers et al. 2009). Panel
c shows members of the pore-forming toxin family. The top image shows the β-barrel toxin subunit
(left), with the N-terminal latch in magenta, the cap in blue, the rim in orange, and the (folded) stem
in light green (monomeric conformation, PDB 1LKF, Olson et al. 1999). The stem in its unfolded
conformation is shown in the same image in dark green (oligomeric conformation, PDB 4P1Y,
Yamashita et al. 2014). The top right image shows an amphipathic α-helical toxin (hydrophobic
residues in gray, polar residues in green, PDB 2KAM, Loureiro-Ferreira et al. to be published).
Below are representative structures of monomeric β-barrel toxin subunits, with α-hemolysin on the
left (PDB 4IDJ, Foletti et al. 2013), LukS-PV in the center (PDB 1T5R, Guillet et al. 2004), and
LukF-PV on the right (PDB 1PVL, Pédelacq et al. 1999), and the side and top views of complete
hemolytic pores formed by α-hemolysin (magenta, PDB 7AHL, Song et al. 1996) and LukAB
(LukA in tan, LukB in purple, PDB 4TW1, Badarau et al. 2015)
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superantigens (SAgs), the superantigen-like proteins (SSLs), the extracellular
adherence proteins (EAPs), chemotaxis inhibitory protein of S. aureus (CHIPS),
FPR2 inhibitory protein (FLIPr), staphylokinase (SAK), and staphylococcal
nuclease (SNase).

3.1.1 The Superantigens

The group of SAgs is the largest and first described OB-fold-/β-grasp-containing
family and is a good example of the adaptability of these conserved structural
properties. The SAgs are best known for their capacity to induce, the often fatal,
toxic shock syndrome (Spaulding et al. 2013). Initially, they were described as
enterotoxins because of their ability to cause food poisoning, but it is now known
they have a much broader function. Superantigens massively activate T cells and
antigen-presenting cells (APCs), thereby interfering with T cell activation and the
buildup of a proper adaptive immune response, hence their importance in immune
evasion. SAgs can activate up to 30–40 % of all T cells (as compared to 0.0001–
0.01 % during a normal T cell response induced by a regular antigen) by interacting
with a set of Vβ-T cell receptors (TCRs) and cross-linking these with major his-
tocompatibility complex II (MHC-II) (Choi et al. 1990). S. aureus secretes up to 25
different SAgs that all range between 20- and 28-kDa: toxic shock syndrome
toxin-1 (TSST-1), staphylococcal enterotoxins (SEA-E, G-J, and S-T), and
staphylococcal enterotoxin-like (SElK-R, U and U2, V, and X-Y) (Langley et al.
2010; Wilson et al. 2011; Ono et al. 2015). Overall, the groove in between the
OB-fold and β-grasp domain appears to be crucial for their superantigenic activity
(Fig. 2a). This groove contains a variable region that determines specificity for the
TCR, and most SAgs therefore interact with a unique set of TCRs (Sundberg et al.
2007). Some SAgs are more specific than others, and this is dependent on the
amount of TCR variable loops the SAg interacts with, and whether specific
structural elements or uncommon residues are required at the interface. The
OB-fold of the SAgs is involved in a low-affinity interaction with MHC-II. As with
TCRs, there are differences in preferences for MHC-II alleles. Furthermore, some of
the SAgs require peptide-bound MHC-II for their interactions and others contain an
additional high-affinity, zinc-dependent, MHC-II binding site in their β-grasp
domain (Sundberg et al. 2007). These basic differences in mechanisms have mainly
been resolved through crystallographic studies as reviewed extensively by
Sundberg et al. Besides their T cell stimulating capacities, SAgs have also been
shown to down-regulate chemokine receptors on monocytes (Rahimpour et al.
1999). By interacting with MHC-II, they activate cellular tyrosine protein kinases
that induce chemokine receptor down-modulation. Overall, the SAgs are a great
example of proteins in which their general structure determines their overall
function, but sequence differences result in remarkable diversity. This is required to
stimulate a broad spectrum of T cells considering the variability of the Vβ elements
of the TCRs and the different MHC-II alleles present. The superantigens nicely
illustrate the evolution of the OB-fold.
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3.1.2 Superantigen-like Proteins

In 2000, a new gene cluster was defined that contained proteins structurally similar
to the SAgs (Williams et al. 2000). These proteins were part of a larger group of 14
that were first annotated as SET proteins for “staphylococcal enterotoxin-like,” but
later renamed to staphylococcal superantigen-like (SSL, 1–14) proteins when it
became clear that they did not have enterotoxic activity (Lina et al. 2004). Even
though the SSLs are highly conserved and involved in innate immune evasion, they
have distinct functions. The SSLs are approximately 25-kDa, with the exception of
SSL3 and SSL4 that both contain an additional N-terminal domain.

Functions (often multiple) have been described for SSL3, SSL4, SSL5, SSL6,
SSL7, SSL8, SSL10, and SSL11. Both SSL3 and SSL4 are Toll-like receptor 2
(TLR2) inhibitors (SSL3 is far more potent than SSL4), which inhibit bacterial
lipopeptide binding, as well as TLR2 hetero-dimerization with TLR1 and TLR6
(Bardoel et al. 2012; Yokoyama et al. 2012; Koymans et al. 2015). SSL5 binds
P-selectin glycoprotein ligand-1 (PSGL-1) and thereby inhibits neutrophil
extravasation (Bestebroer et al. 2007; Walenkamp et al. 2010). Moreover, it binds
directly to the N-terminus of a wide variety of chemokine and anaphylatoxin
receptors, thereby preventing leukocyte activation and migration (Bestebroer et al.
2009) and it further interferes with neutrophil migration by binding to and
inhibiting the enzymatic activity of matrix metalloproteinase 9 (MMP-9) (Itoh et al.
2010a). SSL5 can also bind and activate platelets by interacting with the platelet
glycoprotein receptors GPIb-alpha and GPVI and the integrins αIIbβ3, causing
platelet aggregation, which is beneficial for staphylococcal colonization (de Haas
et al. 2009; Hu et al. 2011). SSL6 was found to interact with CD47, a cell surface
protein ubiquitously expressed and involved in a range of cellular processes (Fevre
et al. 2014). SSL7 has a dual function by which it inhibits opsonization; with its N-
terminal OB-domain it binds to the Fc region of IgA and thereby interferes with
antibody recognition, and with its C-terminal β-grasp domain, it binds C5 and
inhibits terminal complement activation (Laursen et al. 2010; Bestebroer et al.
2010). SSL8 binds to the extracellular matrix protein tenascin C and inhibits its
interaction with fibronectin, which might lead to attenuated motility of ker-
atinocytes (Itoh et al. 2013a). SSL10 targets IgG1 through its N-terminal tail and C4
through its C-terminal domain (Patel et al. 2010; Itoh et al. 2010b). Furthermore, it
targets prothrombin and factor Xa to inhibit blood coagulation (Itoh et al. 2013b)
and binds and inhibits CXCR4 (Walenkamp et al. 2009). SSL11 binds glycopro-
teins present on neutrophils and prevents attachment to P-selectin. In addition, it
binds FcαRI (Chung et al. 2007) and possibly also targets GPIIb/IIIa on platelets;
however, no experimental data have been published for this as of yet (Langley et al.
2010). SElX, apart from being a superantigen, has recently been found to bind to
PSGL-1 and block neutrophil recruitment. It is the first superantigen described to
have a further immune evasive function through direct interaction with an addi-
tional receptor (Fevre et al. 2014). This is likely due to the fact that SElX shows
higher sequence identity to SSLs than to superantigens (Langley and Fraser 2013).
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Although there is a large diversity in the target proteins and in the mechanism of
action of the SSLs, there are some shared principles. Most knowledge on the
functional mechanisms is derived from (co)crystal structures (Fig. 2a). For example,
SSL2-6, 11, and SElX all contain a glycan-binding motif through which they bind
glycoproteins present on cell surfaces (Chung et al. 2007; Baker et al. 2007;
Hermans et al. 2012; Koymans et al. 2015). This motif (TxExxKxxQx[D/H/N]
RxxD) is located in the C-terminal β-grasp domain of the proteins and binds to
sialyl Lewis X (sLex), a tetrasaccharide present on immune cells. Crystal structures
of SSL4, SSL5, and SSL11 in complex with sLex have been solved, and for SSL5
and SSL11, the sLex interaction is required for their inhibitory functions (Chung
et al. 2007; Baker et al. 2007; Hermans et al. 2012). Interestingly, their functions
still appear to be distinct, which might in part be explained by the cationic prop-
erties of SSL5 that could result in additional interactions with the cell surface
(Langley et al. 2010). For SSL6, removal of the sLex residues also inhibited its
interaction with CD47 (Fevre et al. 2014). For SSL3 on the other hand, which has a
fully conserved glycan-binding motif, this motif is not involved in TLR2 binding
and the interaction is based purely on protein–protein interactions (Koymans et al.
2015). Sugar binding might still be a functionally important mechanism, however,
as it is described to be important in immune cell binding (Bardoel et al. 2012;
Yokoyama et al. 2012), and could increase local cell surface SSL3 concentration. In
fact, the glycan-binding motif may be a more general immune evasion mechanism
employed by many of the SSLs and is likely partly responsible for the multitude of
functions the SSLs have.

The SSL3-TLR2 cocrystal revealed that SSL3 inhibits both lipopeptide binding
and also subsequent receptor dimerization. Modeling of SSL4 in this complex
showed that SSL4 inhibits TLR2 through the same mechanism, and mutagenesis
studies showed that only a few amino acid differences between the two proteins,
located in the binding interface with TLR2, result in the 100-fold difference in
inhibitory capacity (Koymans et al. 2015). As mentioned earlier SSL3 and SSL4
contain an N-terminus, however, for crystallization of both proteins, truncation of
this domain was essential, indicating these N-termini render the proteins unstable
and the domains also do not play a role in their known functional activity (Hermans
et al. 2012; Koymans et al. 2015).

The crystal structures of SSL7 in complex with IgA and in complex with C5
revealed that SSL7 uses distinct parts of the protein for these interactions and that it
can interact simultaneously with both targets (Ramsland et al. 2007; Laursen et al.
2010). SSL7 prevents IgA binding to its receptor FcαRI with its OB-domain, while
it prevents cleavage of C5 through its β-grasp domain by interfering with C5 to C5
convertase binding, thereby limiting generation of the chemoattractant C5a
(Ramsland et al. 2007; Bestebroer et al. 2010). It was found that not only SSL7 is
capable of binding C5 and IgA simultaneously, but that this is required to reach full
inhibitory function; complete inhibition of C5 cleavage and C5a generation is
dependent on simultaneous IgA and C5 binding. IgA binding probably contributes
to the inhibition by enhancing steric hindrance between C5 and its convertase
(Laursen et al. 2010; Bestebroer et al. 2010). Furthermore, SSL7 can inhibit
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formation of the membrane attack complex (MAC) by binding to preformed C5b
and inhibit complement-mediated cell lysis of erythrocytes and Escherichia coli
(Langley et al. 2005). In this case, IgA binding was found to be required for
inhibition of bacteriolysis, but not for hemolysis (Laursen et al. 2010).

3.1.3 The EAP Domain Proteins

The extracellular adherence protein (EAP) family consists of three proteins: Eap,
EapHI, and EapH2, which contain one or more highly similar EAP domains of
about 11-kDa (Stapels et al. 2014). Crystallography revealed that these domains
adopt a typical β-grasp fold (Geisbrecht et al. 2005). Eap consists of several EAP
domains which are joined by short linker regions with a flexible structure. Because
of these flexible linkers, crystallization of the multidomain protein (Eap) has been
unsuccessful (Hammel et al. 2007). Fortunately, structural studies in solution have
shown that the domains convey a linear confirmation suggesting that, rather than
stacking on top of each other, they interact with several ligands simultaneously
(Hammel et al. 2007). EapH1 and EapH2 are two small homologs of Eap and, in
contrast to Eap, are comprised of only one EAP domain.

A lot of different ligands and functions have been described for Eap. Initially,
Eap was reported to bind multiple extracellular host proteins, resulting in bacterial
agglutination, adherence to host tissues and cells, and inhibition of neutrophil
extravasation. Recently, Eap was found to bind C4 and thereby inhibit complement
activation (Woehl et al. 2014). Furthermore, Eap inhibits the activity of neutrophil
serine proteases (NSPs: neutrophil elastase, cathepsin G, and proteinase 3) (Stapels
et al. 2014). It was shown that by inhibiting these NSPs, S. aureus protects its own
immune evasion proteins from cleavage and degradation (Stapels et al. 2015).
Multiple EAP domains are required for most described functions (Hussain et al.
2008; Woehl et al. 2014), whereas the inhibition of NSPs only depends on a single
EAP domain (Stapels et al. 2014). Therefore, it is not surprising that the
single-domain homologs EapH1 and EapH2 can also inhibit NSP activity. The
inhibition of NSPs is also the only function of EAP domains in which the structure–
function relationship has clearly been defined. A cocrystal structure of EapH1 in
complex with the NSP elastase revealed that EAP domains inhibit these proteases
by occluding their catalytic site through non-covalent interactions (Stapels et al.
2014) (Fig. 2a).

3.1.4 Chemotaxis Inhibitory Protein of S. aureus

CHIPS is a 14.1-kDa protein that impairs the response of neutrophils and mono-
cytes to the chemoattractants C5a and the formylated peptide fMLP (de Haas et al.
2004). It does so by specifically binding and blocking the GPCRs C5aR1 and the
high-affinity formyl peptide receptor (FPR1) (de Haas et al. 2004; Postma et al.
2004). While the structure of the N-terminal domain of CHIPS is unknown, the C-
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terminal domain of CHIPS is highly similar to the superantigens and
superantigen-like proteins and contains the structured β-grasp domain (Haas et al.
2005). The two antagonistic functions of CHIPS are located in different domains of
the protein. With its N-terminus CHIPS blocks FPR1 and its activity is attributed to
two phenylalanine residues located in the N-terminus. N-terminal CHIPS-based
peptides can inhibit FPR1, but do not block C5aR1 (Haas et al. 2004). Rather,
CHIPS targets the C5aR1 through its C-terminal domain and interferes with the
initial interaction of C5a with the N-terminus of C5aR1. It thereby prevents C5a
binding to the activation domain of the C5aR1 and further signaling. NMR spec-
troscopy with an N-terminal C5aR peptide revealed the exact residues involved in
the interaction. In particular, C5aR residues 10–24, and specifically three aspartic
acid and two tyrosine residues, were found to be important (Haas et al. 2005;
Postma et al. 2005; Ippel et al. 2009). Sulfation of these two tyrosine residues was
found to be critical for high-affinity C5aR–CHIPS binding (Ippel et al. 2009; Liu
et al. 2011). There are multiple parts of CHIPS that make contact with C5aR1,
wherein several positively charged CHIPS residues are important. Another key
determinant in CHIPS is the loop located between the α-helix and the first β-strand
that is in contact with one of the sulfated tyrosines (Ippel et al. 2009) (Fig. 2a).

3.1.5 FPR2 Inhibitory Proteins

FLIPr and FLIPr-like were discovered as two individual proteins that were highly
homologous and structurally related to CHIPS (Prat et al. 2006, 2009). It was later
recognized that FLIPr and FLIPr-like, rather than being two separate proteins, are
two allelic variants of the same gene with 73 % homology on the amino acid level
(Prat et al. 2009; McCarthy and Lindsay 2013). The crystal structure of FLIPr has
not been published yet, but, like CHIPS, it contains a β-grasp domain. Both variants
also inhibit formyl peptide receptors. FLIPr binds to and blocks FPR2, a homolog
of FPR1 (Prat et al. 2006), that like FPR1 recognizes formyl peptides but with
lower affinity. FLIPr-like inhibits both FPR1 and FPR2 (Prat et al. 2009). The
enhanced activity of FLIPr-like as compared to FLIPr toward FPR1 is explained by
an N-terminal phenylalanine only present in FLIPr-like. This shows an interesting
parallel with the phenylalanines in the N-terminal domain of CHIPS, which were
found crucial for FPR1 inhibition. More recently, both FLIPr and FLIPr-like were
shown to inhibit FcγR by competitively blocking IgG binding (Stemerding et al.
2013). FLIPr specifically binds to and inhibits FcγRIIa, while FLIPr-like shows
broader activity and binds to most FcγRs.

3.1.6 Staphylokinase

SAK is structurally most similar to CHIPS and contains a β-grasp-like fold (Rabijns
et al. 1997). SAK is a plasminogen activator and is not an enzyme by itself, but
forms a complex with human plasminogen, a potent serine protease, and activates it
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to cleave fibrin and extracellular matrix proteins (Parry et al. 1998). Additionally, at
the bacterial surface, it activates plasminogen to cleave bound IgG and C3b, thereby
indirectly blocking opsonization and complement activation, which consequently
interferes with neutrophil phagocytosis (Rooijakkers et al. 2005b). SAK also
directly binds to human α-defensin and inhibits its antimicrobial potency (Jin et al.
2004).

3.1.7 Staphylococcal Nuclease

SNase is an enzyme that contains an OB-fold that cleaves DNA and RNA and binds
to the DNA through the conserved oligonucleotide binding site common to the
OB-folds (Watson et al. 2007). SNase is important in the breakdown of neutrophil
extracellular traps (NETs) and staphylococci can thereby escape from their entan-
glement and prevent getting killing by antimicrobial peptides and proteases that are
entwined in the NETs (Berends et al. 2010). Apart from releasing bacteria from
their entrapment, SNase has a role in promoting immune cell death. It was shown to
act together with the staphylococcal enzyme adenosine synthase to convert
NET DNA into deoxyadenosine, which induces caspase-3-mediated apoptosis in
macrophages (Thammavongsa et al. 2013).

3.2 Proteins Consisting of a Triple Alpha Helix

The second most common fold found in evasion proteins is the triple alpha helix,
also called the trihelical bundle, which resembles the form of an “N”. Although
structurally similar, there are three distinct subgroups of triple helices, including the
continuous N-shape, the discontinuous N-shape, and the elongated bundle
(Fig. 2B). As with the OB- and β-grasp fold, there is no general sequence motif,
meaning they cannot be predicted from the sequence alone. The immunoglobulin-
binding proteins (SpA and Sbi), the staphylococcal complement inhibitor (SCIN),
the extracellular fibrinogen-binding proteins (Ecb and Efb), and the staphylococcal
coagulases (SC and vWbp) all belong to this category.

3.2.1 The Immunoglobulin-Binding Proteins

Staphylococcal protein A (SpA) is one of the best studied evasion molecules and it
consists of five homologous domains, of approximately 6-kDa, with high-sequence
identities that all have the topology of the triple alpha helix (Deis et al. 2014). After
secretion, SpA is initially cell wall bound through itsC-terminal domain, but it can be
released upon hydrolysis (Schneewind et al. 1992; Becker et al. 2014b). SpA can bind
to both the constant (Fc) and variable (Fab) regions of immunoglobulins with each of
its five repetitive triple-helix domains (Fig. 2b). It binds to the Fc domain of IgG and
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disrupts opsonization and phagocytosis. The first two helices of each SpA domain are
involved in Fc binding (Goodyear and Silverman 2003). Binding to the Fab domain
on the other hand involves SpA helices 2 and 3 and through this interaction it acts as a
B cell superantigen by cross-linking the VH3 B cell receptor (surface IgM). This can
result in both B cell proliferation and subsequent B cell apoptosis and also in the
induction of class-switching, resulting in the secretion of non-specific antibodies.
SpA thereby interferes with the ability to develop a good adaptive response (Falugi
et al. 2013). SpA has also been demonstrated to bind to TNFR1 and can both activate
the receptor, which contributes to pathogenesis, and induce shedding by activating an
enzyme complex. This complex has anti-inflammatory consequences because it
inhibits further signaling (Gómez et al. 2004, 2006). Furthermore, SpA binds von
Willebrand factor (Hartleib et al. 2000) and complement receptor gC1qR, which is
often found on platelets and endothelial cells (Nguyen et al. 2000), albeit not much is
known about the consequences of these interactions.

The second immunoglobulin-binding protein (Sbi), identified through phage
display screens, resembles the IgG-binding properties of SpA (Zhang et al. 1995,
1999). As with SpA, it exists in both cell-bound and secreted forms (Smith et al.
2011). In contrast to SpA, Sbi has only two domains with which it binds to IgG and
it can only interact with the IgG Fc domain (Atkins et al. 2008; Burman et al. 2008).
Besides the two IgG-binding domains, Sbi has two further independently folded
domains that also resemble the triple alpha helix but instead bind to C3 and factor H
to inhibit complement activation (Burman et al. 2008; Haupt et al. 2008).

3.2.2 The Staphylococcal Complement Inhibitor Family

The SCIN family consists of three members with approximately 50 % sequence
similarity, SCIN, SCIN-B, and SCIN-C (Rooijakkers et al. 2005a, 2007). However,
SCIN-B and SCIN-C are allelic variants rather than separate proteins since the
presence of the genes is mutually exclusive (McCarthy and Lindsay 2010).
The SCIN proteins are small (10-kDa) potent complement inhibitors. They bind to
and inhibit C3 convertase activity and thereby limit the release of the chemoat-
tractant C5a and C3b deposition, which results in inhibited phagocytosis. Structural
studies with SCIN in complex with the C3 convertase revealed that SCIN can bind
two C3b molecules and a single Bb molecule simultaneously (Fig. 2b); however,
SCIN also binds directly to a single C3b molecule (Rooijakkers et al. 2009; Garcia
et al. 2010). This has also been confirmed for SCIN-B (Garcia et al. 2012b). By
binding to C3b, they impair the rate of convertase assembly and also render the
convertase inactive but in a stable state, by occluding the binding site for important
host complement cofactors (Ricklin et al. 2009; Rooijakkers et al. 2009).
Furthermore, SCIN induces convertase dimerization which inhibits opsonophago-
cytosis because it modulates recognition of complement by phagocytic receptors
(Rooijakkers et al. 2009; Jongerius et al. 2010). Both the second alpha helix in the
structure of SCIN and the N-terminus have shown to be important for the inter-
action with C3b (Rooijakkers et al. 2009; Garcia et al. 2013).
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3.2.3 The Extracellular Fibrinogen-Binding Protein Family

Efb, extracellular fibrinogen-binding protein, is a 15.8-kDa protein with two
functionally distinct domains: Its N-terminus is involved in fibrinogen binding,
while its C-terminus is involved in complement inhibition by binding directly to the
C3d domain of C3 (Fig. 2b), thereby blocking active convertase formation. The
crystal structure of Efb in complex with C3d, in conjunction with biophysical
studies, revealed that Efb binding (when bound to C3b) forces C3b in an altered,
but stable, conformation (Garcia et al. 2012a). Efb links its N-terminal
fibrinogen-binding and C-terminal complement-binding domains to form a fib-
rinogen shield around itself. The thick layer of fibrinogen resembles a capsule and
shields surface-bound complement and antibodies from recognition by phagocytes
(Ko et al. 2013).

Ecb, extracellular complement-binding protein, is a homolog of Efb and has
similar complement inhibitory activity, but lacks the fibrinogen-binding domain.
Interaction of Ecb with C3 is nearly identical to that of Efb as revealed by crys-
tallographic studies (Garcia et al. 2012a); however, mutagenesis studies revealed
that Ecb contains a second, lower affinity, C3 binding site in its first alpha helix.
This extra binding site results in enhanced complement inhibitory potency of Ecb as
compared to Efb (Garcia et al. 2012a). Both Efb and Ecb can also interfere with
adaptive immune responses by inhibiting C3d to complement receptor 2 binding on
B cells, which is important for B cell activation and maturation (Henson et al. 2001;
Ricklin et al. 2008).

3.2.4 Staphylococcal Coagulases

S. aureus secretes two coagulases, staphylocoagulase (SC), and von Willebrand
factor-binding protein (vWbp) that are highly homologous, especially in their
N-termini, which contain two domains with triple alpha helices (Friedrich et al.
2003). This region is also crucial for their shared function. They both associate with
prothrombin to create staphylothrombin, an enzyme complex that can cleave fib-
rinogen without activating blood clotting, creating a fibrin mesh which protects
S. aureus from phagocytosis (Friedrich et al. 2003; Panizzi et al. 2006). The
C-terminal domains of these proteins are more distinct. The C-terminus of SC is
similar to the N-terminal domain of Efb, which is involved in fibrinogen binding
(Palma et al. 2001) and indeed provides SC with a fibrinogen-binding site. For
vWbp, the C-terminal region is involved in binding to the von Willebrand factor,
but the function of this interaction is not yet known (Bjerketorp et al. 2002). Apart
from prothrombin and fibrinogen, both proteins also bind to fibronectin, and vWbp
also binds FXIII (Thomer et al. 2013).
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3.3 The Staphylococcal Toxins: β-Barrel Pore-Formers
and α-Helices

S. aureus secretes a wide variety of toxins that directly kill (immune) cells by
disrupting the cell membrane. Structurally speaking, these toxins can be classified
into two groups (Fig. 2c), the β-barrel pore-forming toxins (α-hemolysin and the
leukocidins), that target cells expressing specific receptors, and the small α-helical
peptides that have detergent-like properties (the phenol-soluble modulins (PSMs)).

3.3.1 The β-Barrel Pore-Forming Toxins

Transmembrane proteins often take on the conformation of a β-barrel to insert
themselves in the membrane. S. aureus uses this principle by secreting toxins that
are composed of β-strand domains to create 1–2 nm cytolytic pores in the host
cellular membrane by spanning the phospholipid bilayer. The proteins are
expressed in monomeric form and assemble on the target cell membrane through
interaction with specific host receptors, inducing leakage and subsequent cell death.
α-hemolysin (also known as α-toxin and Hla), a 33-kDa protein, was the first
characterized member of this group, and it assembles into a homo-heptameric pore
in the target membrane through interaction with its receptor, the zinc-dependent
metalloprotease ADAM-10 (Wilke and Bubeck Wardenburg 2010), mainly found
on host epithelium and endothelium. Apart from inducing cell lysis it induces
ADAM-10 up-regulation, which results in epithelial and endothelial barrier dis-
ruption through ADAM-10’s metalloprotease activity (Inoshima et al. 2012; Powers
et al. 2012). α-hemolysin is also cytotoxic for monocytes, B cells, and T cells.
Neutrophils, however, are fairly resistant to α-hemolysin-mediated killing, which is
due to the low expression levels of ADAM-10 on these cells (Nygaard et al. 2012).
α-hemolysin can, however, affect downstream signaling in several immune cells,
including neutrophils, thereby altering cytokine responses and immune function of
these cells (Becker et al. 2014a).

Apart from α-hemolysin, S. aureus secretes bicomponent pore-forming toxins,
also termed leukocidins. The main difference between these and α-hemolysin is that
they consist of two different, independently secreted, 33-kDa components that form
hetero-multimeric pores. They are designated the S (slow) and F (fast) component,
based on their chromatography elution profiles. The cell specificity is generally
determined by the S-component that binds to a specific receptor on the cell surface.
The final hetero-octameric pore consists of eight alternating S- and F-components.
So far six pairs of bicomponent pore-forming have been discovered: LukAB (also
named LukGH), LukED, LukMF’, LukSF (PVL), and two γ-hemolysins (HlgAB
and HlgCB) (Alonzo and Torres 2014). In recent years, it was revealed that the
leukocidins exert their lytic ability through association of their S-component with
chemokine receptors. These GPCRs are found on a wide variety of immune cells,
ranging from innate to adaptive. Some leukocidins have the ability to lyse
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erythrocytes, which provides S. aureus with a source of iron (Spaan et al. 2015a). It
was recently shown that S. aureus can use leukocidins to form a protective zone
around its colonies killing neutrophils at a distance, thereby protecting them from
phagocytosis and NETosis (Vrieling et al. 2015). Apart from killing cells, leuko-
cidins have shown to induce proinflammatory signals at sublytic concentrations,
resulting in inflammasome activation, and induction of apoptosis (reviewed by
Alonzo and Torres 2014). Inhibition of signaling of chemokine receptors through
the S-components has also been described (Spaan et al. 2014).

A lot of structural studies have been performed to understand the mechanism
behind the pore-formation. Crystal structures of the monomeric forms have been
available for many years already. These revealed that the monomeric α-hemolysin
and leukocidins are highly similar. They consist of three domains, the cap, the rim,
and the stem (Fig. 2c). The cap domain lies on top and consists of β-sandwiches.
The rim domain is located below the cap and is buildup of four β-strands. Lastly,
there is the stem domain, which is highly hydrophobic and will later form the
antiparallel β-barrel in the membrane. In the monomers, the stem region is packed
within the cap domain. The heptameric pore of α-hemolysin and the octameric pore
of γ-hemolysin have been structurally determined, which revealed that
pore-formation is largely dependent on conformational changes (Song et al. 1996;
Galdiero and Gouaux 2004; Tanaka et al. 2011; Yamashita et al. 2011). After
secretion of the soluble monomers, which are cotranscribed from a single promoter,
dimerization of two components occurs at the host cell membrane. This induces a
conformational change in an N-terminal region called the amino latch that results in
the extension and unfolding of the stem domain, releasing it from the cap and
positioning it into the host membrane. Subsequently there is formation of the
ring-shaped prepore, after which the transmembrane half of the β-barrel is inserted
into the membrane, completing the formation of the pore (Fig. 2c) (Yamashita et al.
2011, 2014).

The general mechanism of action of all these β-barrel pore-forming toxins is
highly similar. Overall, they have remarkable sequence similarity, especially within
the groups of S- or F-components. Nonetheless, there are also differences and this is
reflected by the different receptors targeted. LukED binds to CXCR1, CXCR2, and
CCR5 on immune cells and targets the Duffy antigen receptor for chemokines
(DARC) to lyse erythrocytes (Reyes-Robles et al. 2013; Alonzo et al. 2013; Spaan
et al. 2015a). LukMF’, a toxin found in isolates from ruminants, binds to CCR1,
CCR2, and CCR5 (Vrieling et al. 2015), while LukSF targets the C5aR1 and
C5aR2 (formerly C5L2) (Spaan et al. 2013). HlgAB targets CXCR1, CXCR2,
CCR2, and DARC, and HlgCB has affinity for the same receptors as LukSF,
namely the C5a receptors (Spaan et al. 2014). LukAB is the only exception as it
does not bind to a GPCR, but to the integrin CD11b (DuMont et al. 2013). This can
be explained by the fact that LukAB is the most distantly related member of the
leukocidin family. Through specific interactions with their receptors, the leuko-
cidins target distinct cell populations. Receptor expression and conservation results
in differential interaction of certain leukocidin pairs with immune cells from dif-
ferent species (Spaan et al. 2015a; Vrieling et al. 2015). Studies have been
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performed to localize the receptor-binding parts in the toxins. Amino acid sequence
alignment of leukocidins revealed specific regions in the rim domain of the
S-components that are highly divergent and termed divergence regions 1–5
(DR1-5) (Reyes-Robles et al. 2013). For both LukED and LukMF’, the DR4 region,
located at the bottom of the rim domain, showed to be important in specific receptor
recognition (Reyes-Robles et al. 2013; Vrieling et al. 2015). Also on the receptor
side, there are differences in regions that are targeted and involved. For example,
PVL and HlgCB may target the same receptors, but do so differently as distinct
parts of the C5a receptors are involved in the initial binding, but also in the
subsequent pore-formation (Spaan et al. 2015b). More recently, the structure of the
LukAB octamer was solved. LukAB is distinct from the other leukocidins not only
because it targets an integrin, but also because it forms a dimer even in solution,
before contacting its target cell. Furthermore, the S-component is mainly involved
in receptor binding, but the F-component of LukAB showed to strengthen the
interaction. Therefore, dimerization before targeting the cell is a prerequisite for this
toxin to gain sufficient binding affinity (Badarau et al. 2015).

Overall, the β-barrel pore-forming toxins share their mechanism of action as a
result of their highly conserved structure, and their main differences lie in receptor
recognition through divergent sequence regions. This also results in different target
cell populations and species specificity.

3.3.2 The Phenol-Soluble Modulins

The PSMs are a family of small amphipathic peptides with similar α-helical
structures and membrane damaging potential (Fig. 2C). Although their structures
are similar, their amino acid sequences are barely conserved. The toxic activity of
PSMs is receptor independent and related to their detergent-like properties caused
by their strong α-helical structure that results in a high affinity for lipids (Wang et al.
2007). PSMs can be divided into two families based on their length. There is the
shorter PSMα family that contains 6 family members (all between 20 and 26 amino
acids), which includes PSMα1-4, δ-toxin, and PSM-mec, and the longer PSMβ
family containing PSMβ1-2 of both 44 amino acids. The PSMα-peptides are the
most cytolytic, with PSMα3 being the most potent (Wang et al. 2007). Their lytic
function is effective intracellularly rather than extracellularly, in contrast to most
leukocidins, because PSM function is neutralized by serum lipoproteins (Surewaard
et al. 2012). Furthermore, in small intracellular compartments the high PSM con-
centration threshold required for lysis is more easily reached. By lysing phagocytes
from the inside, S. aureus can escape phagocytic killing (Surewaard et al. 2013).
PSMs also have receptor-mediated actions. Through interacting with FPR2, they
activate cells and stimulate chemotaxis at low PSM concentrations (Kretschmer
et al. 2010). It is not known whether this is a strategy aiding the bacterium or rather
a host-defense mechanism. PSMs have also been shown to affect the adaptive
immune response by impairing the function of dendritic cells and inducing IL-10
secretion and T regulatory cells (Schreiner et al. 2013). They are also involved in
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biofilm formation and structuration (Le et al. 2014). Structure–function studies
using an alanine substitution library on PSMα3 revealed that the different activities
of PSMs are linked to different parts of the peptides (Cheung et al. 2014b). The
hydrophilic side, containing a lot of positively charged residues, is highly important
for the initiation of their cytolytic activities (for full pore-formation, the amphi-
pathic properties are required), and for the pro-inflammatory properties. The
hydrophobic side seems more involved in affecting biofilm formation and also to
prevent antimicrobial activity while retaining cytolytic abilities (Cheung et al.
2014b).

3.4 Additional Secreted Enzymes

3.4.1 Staphylococcal Proteases

The staphylococcal proteases do not belong to any of the discussed structural
categories, but are nonetheless potent secreted evasion molecules. Aureolysin
(Aur), staphopain A, staphopain B, and V8 are all proteases that cleave host factors
and are especially involved in the shutdown of complement (Jusko et al. 2014). Aur
is a zinc-dependent metalloprotease that cleaves C3, which is then further degraded
by host factors (Laarman et al. 2011). Furthermore, Aur cleaves and inactivates
antimicrobial peptides (Sieprawska-lupa et al. 2004). Staphopain A and staphopain
B are cysteine proteases that cleave complement components and interfere with
neutrophil receptors. Staphopain A cleaves the N-terminus of the chemokine
receptor CXCR2 (Laarman et al. 2012), thereby interfering with neutrophil
migration. Staphopain B cleaves both CD11b and CD31 on phagocytes, which
impairs phagocyte function and marks them for depletion (Smagur et al. 2009). V8
is a serine protease and, apart from cleaving complement components, is involved
in cleavage of immunoglobulins (Prokesová et al. 1995). Multiple structures for
most of these proteases have been described, but since they belong to different
classes of proteases, there are no real structural similarities between the groups.

3.4.2 β-Hemolysin

β-hemolysin (Hlb, or also called beta toxin) is a 35-kDa protein that works as a
sphingomyelinase, as it hydrolyzes a specific membrane lipid, sphingomyelin,
thereby inducing cell lysis. Structurally speaking, it belongs to the DNase I folding
superfamily and it was first described to lyse red blood cells and thought to be
important in the acquisition of iron. It has now been recognized that β-hemolysin
can also kill neutrophils, monocytes, and T cells, giving it clear immune evasive
properties (Huseby et al. 2007).
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3.5 The Structure–Function Relationship

Detailed insight in the above-described molecular mechanisms was largely gained
through crystallographic studies of the proteins, which were feasible due to the
highly stable conformation of the conserved folds. In terms of sequence similarity,
pore-forming toxins are most related to each other, followed by the OB-fold/β-grasp
proteins, while the triple alpha helices have the least conserved sequences within
their group. The OB- and β-grasp folds are often found together, and many immune
evasion molecules contain both domains, such as the SAg and SSL families. Even
though these families are structurally highly similar, there are surprising differences
in how they engage their binding partners. Figure 2a illustrates the generally
conserved binding sites of MHC-II and TCR on the SAgs. These sites are conserved
because TCRs are structurally similar and differ only in the sequence of their
variable regions, and the same accounts for MHC-II. In contrast, the SSLs bind a
diverse array of proteins, and consequently binding sites are found all over the
protein surface (Fig. 2a). Surprisingly, members of the SSL family share similar
levels of sequence homology to each other as the SAgs among themselves.

The other proteins in this group contain either an OB-domain or β-grasp domain.
Interestingly, despite having completely different functions, EAP domains and
CHIPS have very similar structures (Fig. 2a), likely because they both only contain
the β-grasp domain. However, EAP can bind a variety of targets, due to its
multi-domain structure. More surprisingly is that the SSLs and the EAP domain
proteins also have somewhat similar sequences, despite their wide range in targets.
The sequence of the α-helix (within the β-grasp domain) seems to be most con-
served within this family of proteins (Haas et al. 2005). These residues are probably
involved in maintaining the overall structure of the domain. While most of the
β-grasp proteins contain five beta strands, some proteins contain only four, which
may alter the domain flexibility. The biggest outlier, and the only protein that
contains solely an OB-domain, is SNase. Its OB-domain likely has an altered
structure to accommodate for its enzymatic activity.

For the triple alpha helices, three distinct types of folds can be distinguished
(Fig. 2b). Efb-C, Ecb, and (at least domain four of) Sbi contain a continuous
N-shape, whereas SCIN, SpA, and SC have a discontinuous N-shape. Although the
structures are unknown, it is likely that the first two domains of Sbi have a dis-
continuous N-shape, due to their sequence and functional similarity to the SpA
domains. The third Sbi domain is probably similar to the fourth as these are both
involved in binding C3. Additionally, SC (and perhaps vWbP) has an elongated
triple helix and is functionally divergent from the other two groups. Triple-helix
proteins have the least conserved sequence similarity (often less than 10 % identity)
of all three families; however, structural similarity is surprisingly high. The
triple-helix proteins bind to a wide variety of targets, probably due to the
high-sequence diversity. Only within domains that share binding partners, the
sequence similarity is greater than 20 %. The amount of different targets that bind
the triple alpha helix family is further increased through distinct physicochemical
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properties of the proteins and individual helices themselves. Interestingly,
Efb/Ecb/Sbi and SCIN all bind to complement C3 and its fragments/complexes.
But, despite having highly similar structures and binding to the same protein, they
function in completely different ways. For example, SCIN does not bind to native
C3, in comparison with other complement inhibitors (Lambris et al. 2008).
Both SCIN and Efb alter the convertase, but via completely different mechanisms.

For the pore-forming toxins, there is overall high-sequence and structural
identity. The S-components all have >60 % sequence identity and so do the
F-components. Between the single subunits of α-hemolysin, S-, and F-components,
there is only 20–30 % sequence identity, but this is still much higher than the
intragroup sequence identities of the OB-fold/β-grasp and triple-helix groups. This
is not surprising since the pore-forming toxins share their general modes of action.
Sequence diversity is mostly required for the S-components to bind different cell
surface receptors, through which they target a variety of immune cells. In the
monomers, the rim domains are most diverse as they are comprised of many
flexible loops between strands. Diversity is most important here as this appears to
be the region to define receptor specificity. Despite sequence variability, the α-
hemolysin, S-, and F-component monomers have very high structural homology,
exhibiting only subtle differences in the rim and stem domains that may account for
differences in receptor selectivity and pore oligomerization/size. The PSMs are
membrane disrupting toxins, but are structurally and mechanistically completely
different. Their high amphipathic nature with polar residues on one side and
hydrophobic on the other side results in their detergent-like properties, which is
similar to human cathelicidins.

Although staphylococcal immune evasion molecules share very low sequence
homology, they conform to a remarkably small number of folds. This observation
underscores that during evolution, protein structure is more conserved than
sequence. The structured folds clearly form ideal scaffolds for the formation of
extensive variations of protein–protein interactions, highlighted by the myriad of
different host target proteins and receptors. Many of these evasion proteins have
most likely evolved from common ancestors and gene duplications (especially, the
clusters, such as the SAgs and the SSLs). They managed to target different mole-
cules, since the folds allow high-sequence variability without compromising sta-
bility. Related to this evolution may be the appearance of strain-specific and
species-specific immune evasion molecules. We will look into this in more detail in
the next chapter.

4 Genomic Location and Host Specificity

The S. aureus population is subdivided into lineages that evolve separately from
each other. Generally, human and animal isolates belong to different lineages.
However, animal lineages can also cause infections in humans (Fitzgerald 2012;
McCarthy et al. 2012b). Likewise, human lineages can also be isolated from
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animals, especially from animals that live in close contact with humans (McCarthy
et al. 2012a; Abdelbary et al. 2014). Clearly, S. aureus has the ability to adapt to
different host species, including cattle, small ruminants, poultry, horses, rabbits, and
pigs. While the molecular mechanisms of host adaptation are largely unknown, it is
likely that gene loss, allelic diversification, and the acquisition of mobile genetic
elements (MGEs) are involved in this process (Guinane et al. 2011; McCarthy et al.
2012c). The S. aureus genome is highly variable and only 75 % of the gene content
is shared between all strains (Lindsay et al. 2006b). The other 25 % comprises the
accessory genome of S. aureus and consists of the “core variable” genome and
MGEs. The core variable genome is a lineage-specific set of genes typically
encoding surface proteins, secreted virulence factors, and their regulators (Lindsay
and Holden 2006a; McCarthy and Lindsay 2010, 2013). MGEs are DNA segments
that can move between bacteria through horizontal gene transfer, i.e., prophages,
plasmids, pathogenicity islands (SaPIs), staphylococcal cassette chromosomes
(SCCs), and transposons (Lindsay 2010; Malachowa and Deleo 2010). A common
feature of these MGEs is that they especially encode genes involved in either
immune evasion, and thus virulence, or antibiotic resistance (Lindsay and Holden
2006a; McCarthy and Lindsay 2013). The distribution of the MGEs is highly
host-specific, indicating that the immune evasion genes encoded by these MGEs
could be determinants of host adaptation of S. aureus. We set out to understand the
relation between the function, host specificity, and the genomic distribution of the
staphylococcal immune evasion proteins. While most animal experiments have
been performed in mice, we focused on the functionality of the immune evasion
proteins in natural hosts of S. aureus (e.g., ruminants, rabbits, pigs, and poultry) to
elucidate their potential role in S. aureus diseases in these species. First, we discuss
the immune evasion genes that are immobile and localized on the core variable
genome of S. aureus. Next, the MGE-encoded immune evasion genes are
discussed.

4.1 Core Variable Genome

4.1.1 Genomic Islands

νSaα and νSaβ are the two major genomic islands of S. aureus that encode immune
evasion genes. They are present in virtually every S. aureus isolate and are part of
the core variable genome, but their gene content is highly variable and prone to
recombination (Everitt et al. 2014; Moon et al. 2015). νSaα and νSaβ are flanked by
a broken transposase gene and a partial restriction–modification system down-
stream, and the GC content of these islands differs from the core genome (Baba
et al. 2002, 2008). Therefore, they were presumably introduced in the S. aureus
genome by horizontal gene transfer (Malachowa and Deleo 2010). The acquisition
of νSaα and νSaβ is thought to have played a role in successful evolution of
S. aureus as a pathogen, since they are absent in the genomes of the nonpathogenic
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Staphylococcus epidermidis and other coagulase-negative staphylococci (Gill et al.
2005; Kuroda et al. 2005; Takeuchi et al. 2005; Baba et al. 2008; Holt et al. 2011).
While νSaα and νSaβ are considered to have lost their mobility, it has recently been
shown that νSaβ can be horizontally transferred in strains that have a resident
prophage located downstream of the genomic island (Moon et al. 2015). The
immune evasion proteins encoded by νSaα and νSaβ are generally not human
specific (Fig. 3), a feature that is reflected by their broad distribution in both human
and animal lineages.

νSaα encodes the ssl genes 1 through 11, which are likely a product of duplication
of ssl genes in an ancestral S. aureus strain. The ssl1, 2, 3, and 11 genes are present in
almost every S. aureus strain, but their coding sequence is highly diverse due to a
high degree of allelic variance. The allelic variation in ssl4–ssl10 is less but the
presence of these genes is more variable among strains, due to parallel gene loss in
strains of different clonal lineages (Fitzgerald et al. 2003; McCarthy and Lindsay
2013). Allelic variation in the ssl genes can result in functional differences of the
encoded proteins, as is seen for SSL3 and SSL4. SSL3 is generally a far stronger
TLR2 inhibitor than SSL4, but there is an exception in one specific strain
(MRSA252) that expresses specific allelic variants of the genes. In this strain, the
two proteins appear to have switched their TLR2 inhibiting potential through
changes in their functional domains (Koymans et al. 2015). The host specificity of
the SSLs, as far as examined, is not restricted to humans (Fig. 3). SSL3 and SSL4
target TLR2 of both humans and mice; however, they appear unable to inhibit
bovine TLR2. This is probably linked to three TLR2 tyrosines in the binding
interface that are conserved between human and mouse, but differ in the bovine
TLR2 (Koymans et al., unpublished observations). The functionality of SSL5 has
only been studied in humans and mice and activates platelets in both species
(Armstrong et al. 2012; Langley and Fraser 2013). SSL7 binds IgA and complement
factor C5 from several species (Langley et al. 2005; Bestebroer et al. 2010).
However, up to 39 % of the common inbred mice are genetically deficient for C5 and
not suitable to study the effects of SSL7 (Cinader et al. 1964; Bestebroer et al. 2010).
SSL10 exclusively binds human IgG1, while its other functions, like the binding of
prothrombin, have a broader species range (Patel et al. 2010; Itoh et al. 2013b).

The gene content of the νSaβ locus is also highly variable. It can include lukED,
several serine proteases that are putatively involved in virulence, and the entero-
toxin gene cluster (egc) (Fig. 3) (Baba et al. 2008). The egc contains the genes of
several SAgs of which the combination of seg, sei, selm, seln, and selo seems to be
most common (Jarraud et al. 2001; Grumann et al. 2014). Like the ssl genes, the
SAg genes within the egc are likely to be a product of distant gene duplication
(Jarraud et al. 2001; Thomas et al. 2006). Both human and animal isolates have
been shown to carry the egc SAg genes with a frequency of 30-66 %, but their
functional activity in animals is unknown (Becker et al. 2003; Holtfreter et al. 2004;
Omoe et al. 2005; Smyth et al. 2005; Monecke et al. 2009). The presence of the egc
cluster within νSaβ is lineage associated, as is the presence of lukED (McCarthy and
Lindsay 2013; Grumann et al. 2014). LukED is the least host-specific leukocidin of
S. aureus. In addition to humans, it has shown to be cytotoxic for bovine and
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Fig. 3 Genomic distribution and species specificity of S. aureus immune evasion molecules.
Genes are located in the core variable genome (upper panel), on mobile genetic elements (MGEs)
specific for human isolates (lower left panel), or MGEs specific for animal isolates (lower right
panel). Colors indicate the functional species specificity of the immune evasion molecules encoded
by the displayed genes. Broad species specificity (blue) is assigned when an evasion molecule is
functional in humans, rabbits, and/or mice, and in one or more large animals (e.g., pigs, sheep,
goats, cattle, and horses). The specificity of evasion molecules at least functional in humans and
mice (purple) has not been confirmed in other animals so far. aSaPIn1 is an example of a
superantigen (SAg) encoding SaPI present in human strains, SaPIs encoding different combina-
tions of SAgs have also been described (Novick and Subedi 2007). bSaPIov1 shares close
homology with SaPIbov1, which encodes bovine variants of the same genes (Fitzgerald et al.
2001; Guinane et al. 2010). cSaPIov2 shares a considerable degree of homology with SaPIbov4,
SaPIbov5, and SaPIeq1, which encode host-specific variants of the same immune evasion genes
(Viana et al. 2010). Abbreviations: chp (chemotaxis inhibitory protein of S. aureus), eap
(extracellular adherence protein), ecb (extracellular complement-binding protein), efb (extracel-
lular fibrinogen-binding protein), flipr (FPR2 inhibitory protein), flipr-like (FPR2 inhibitory
protein-like), hla (α-hemolysin), hlb (β-hemolysin), hlg (γ-hemolysin), luk (leukocidin), psm
(phenol-soluble modulin), sak (staphylokinase), sbi (second immunoglobulin-binding protein), scn
(staphylococcal complement inhibitor), scnb/c (staphylococcal complement inhibitor B/C), scn-var
(staphylococcal complement inhibitor variant), se (staphylococcal enterotoxin), sea-ov (staphy-
lococcal enterotoxin A-ovine), sel (staphylococcal enterotoxin-like), sec-ov (staphylococcal
enterotoxin C-ovine), ssl (staphylococcal superantigen-like protein), tst (toxic shock syndrome
toxin-1), tstO (toxic shock syndrome toxin-1-ovine), vwb (von Willebrand factor-binding protein)
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murine neutrophils (Barrio et al. 2006; Reyes-Robles et al. 2013; Alonzo et al.
2013). LukED is the only leukocidin with a clear in vivo phenotype in mice, where
survival of animals is negatively correlated with the presence of lukED
(Reyes-Robles et al. 2013; Alonzo et al. 2013). While the sequence of LukED has
been described to be highly conserved in a set of 88 isolates (McCarthy and
Lindsay 2013), there are some variations to this theme. For instance, the strains
Newman and V8 express a different form of LukE that has shown to have a different
biological activity (Morinaga et al. 2003; Barrio et al. 2006). Also of note is the loss
of function of LukE in ovine strain ED133 of the ruminant lineage CC133, which
might indicate a lack of requirement of this toxin in ruminant disease pathogenesis
(Guinane et al. 2010).

4.1.2 Immune Evasion Cluster 2 (IEC2)

IEC2 is a large cluster of immune evasion genes that is present in the core variable
genome, while the earlier discovered immune evasion cluster 1 (IEC1) is located on
a MGE and will be discussed later (van Wamel et al. 2006). Like the genomic
islands, IEC2 contains mobile elements and bacteriophage remnants and is there-
fore suggested to be introduced by horizontal gene transfer (Jongerius et al. 2007).
IEC2 encodes genes of immune evasion proteins that target a broad host range such
as efb, ecb, flipr/flipr-like, and hla (Fig. 3). Ecb and Efb are functional complement
inhibitors in both humans and mice (Jongerius et al. 2007; Ko et al. 2011; Jongerius
et al. 2012), and Efb can also inhibit complement-mediated phagocytosis in cattle
(Boerhout et al. 2015). FLIPr and FLIPr-like both efficiently inhibit phagocytosis
by human neutrophils, while only FLIPr-like has similar efficiency in mice
(Stemerding et al. 2013). The hla gene encodes for α-hemolysin which has a very
broad host range including cattle, rabbits, guinea pigs, horses, and pigs (Phimister
and Freer 1984; Cifrian et al. 1996; Inoshima et al. 2011; Anderson et al. 2012;
Berube and Bubeck Wardenburg 2013). Of note is the extreme sensitivity of rabbits
and rabbit erythrocytes to α-hemolysin (Cooper et al. 1964; Arbuthnott 1970). In
several experimental rodent and rabbit models, α-hemolysin has been shown to
contribute to S. aureus pneumonia, peritonitis, infections of the skin, cornea,
endocardium, central nervous system, and the mammary gland (Berube and Bubeck
Wardenburg 2013; Salgado-Pabón and Schlievert 2014). In hospitalized patients, α-
hemolysin production has been associated with S. aureus peritonitis and
ventilator-associated pneumonia (Barretti et al. 2009; Stulik et al. 2014). Together,
this suggests that α-hemolysin is indeed an important virulence factor in human S.
aureus disease.

The only human-specific immune evasion gene on IEC2 is scn-b/c. IEC2 con-
tains either one of both allelic variants, scn-b or c (McCarthy and Lindsay 2013)
and the activity of SCIN-B/C corresponds to that of SCIN located on immune
evasion cluster 1 (IEC1) (Jongerius et al. 2007; Garcia et al. 2012b). The IEC2
genes are present in almost every S. aureus strain and the allelic variants of its
genes are distributed in a lineage-specific manner. Of note is the occurrence of a
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nonsense mutation in the hla gene in some strains, resulting in the expression of a
non-functional protein (DeLeo et al. 2011). The ssl12-14 genes are also located on
IEC2 and thereby lie 700 kb upstream of the other ssl genes, but no function has
been assigned to them yet.

4.1.3 Other Clustered Immune Evasion Genes

All S. aureus strains harbor the genes of at least three leukocidins in their core
variable genome; HlgAB, HlgCB, and LukAB. The γ-hemolysin (hlgABC) genes
are part of the sbi/hlg locus (Fig. 3) (Cooney et al. 1993). There is some genetic
diversity among coding sequences of the hlgABC genes (McCarthy and Lindsay
2013), while the adjacent sbi genomic sequence is highly conserved throughout
(both animal and human) isolates (Atkins et al. 2008). Sbi is functional in humans
and rodents, but its activity in large animals (e.g., cow, sheep, horse, and goat)
seems to be limited (Atkins et al. 2008; Haupt et al. 2008). The γ-hemolysins are
active on neutrophils of humans, rabbits, and cattle (Spaan et al. 2015b). Murine
neutrophils, however, are not susceptible, which complicates the use of mouse
models to study the effects of γ-hemolysins in vivo (Spaan et al. 2014). In mice, the
effects of γ-hemolysins are limited to CCR2+ cells (e.g., inflammatory macro-
phages). While HlgAB still contributes to S. aureus bacteremia in this animal
model, the full-blown in vivo effects of both HlgAB and HlgCB are probably
severely underestimated. The genes for lukAB are located adjacent to the eap/hlb
locus (Fig. 3). LukAB specifically targets the I-domain of human but not murine
CD11b (DuMont et al. 2013). While there is low-to-intermediate toxicity observed
in rabbits, murine neutrophils and macrophages are highly resistant to
LukAB-mediated killing (Malachowa et al. 2012; DuMont et al. 2013).
Surprisingly, two studies did find an in vivo effect of LukAB in a murine renal
abscess (Dumont et al. 2011) and an orthopedic implant biofilm model (Scherr et al.
2015), indicating that LukAB still has some residual activity toward murine
leukocytes. However, as posed earlier, mouse models do not provide a suitable
context to study the complete effects of, or therapeutic approaches involving,
leukocidins such as LukAB and HlgABC, because of their strongly reduced affinity
for murine leukocytes. The susceptibility of large animal leukocytes to the toxic
effects of LukAB, unknown as yet, will provide an answer to the question if LukAB
is a human-specific toxin. The eap gene is very versatile and has 15 different alleles
(McCarthy and Lindsay 2013). The number of EAP domains (ranging 4–6) enco-
ded by the eap gene differs per allele and might have functional implications for the
resulting Eap protein (Stapels et al. 2014). The host specificity of Eap has not been
extensively studied, but Eap is at least also functional in mice (Cheng et al. 2009).
Eap contributes to an increased bacterial load in S. aureus infections in mice, in
synergy with its homologs EapH1 and EapH2 (Stapels et al. 2014).

The psmα1–4 genes are located together and encode for the α-type PSMs,
whereas the psmβ1–2 genes lie on another cluster and encode for the β-type PSMs
(Fig. 3). Not all S. aureus lineages encode the psmβ2 gene (McCarthy and Lindsay
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2013). The hld gene is located separately on the chromosome and encodes for δ-
toxin, also a member of the PSMα family. Recently, an allelic variant of PSMα3 has
been described that has differential cytolytic properties (Cheung et al. 2014a). PSMs
are not species specific, which can be explained by the fact that there is no receptor
involved in the cytolytic process (Wang et al. 2007; Löffler et al. 2010). Therefore,
mouse models could successfully be implemented and have shown that PSMs
modulate immune responses and contribute to S. aureus disease in vivo (Wang
et al. 2007; Kretschmer et al. 2010; Nakamura et al. 2013).

The spa gene is an example of a core variable genome-encoded immune evasion
protein that is not located in a cluster. The spa gene is ubiquitous in S. aureus and
highly variable and therefore often used for strain typing. Its length can differ
between isolates resulting in truncation of the protein or expression of different
numbers of IgG-binding domains (Herron-Olson et al. 2007; Atkins et al. 2008;
Stutz et al. 2011). SpA has immune modulating functions in multiple species and
contributes to S. aureus abscess formation in mice (Goodyear and Silverman 2003;
Atkins et al. 2008; Kim et al. 2011, 2015). Recently, it was shown that guinea pigs
provide a suitable model to evaluate therapeutic approaches directed toward SpA
in vivo (Kim et al. 2015). The selx gene encoding for the superantigen SElX is also
not located in a cluster and is presumed to have been horizontally acquired by a
distant progenitor of S. aureus. This gene has subsequently diversified among S.
aureus lineages and has multiple allelic variants that differ in coding sequence.
SElX variants from human and ruminant isolates differ in mitogenicity toward
human or bovine T cells, indicating that the allelic diversification of selx has had
functional properties for the encoded protein (Wilson et al. 2011). Other singly
occurring immune evasion genes are coa and vwb. These genes encoding for,
respectively, SC and vWbp are found in most S. aureus strains and their proteins
effectively coagulate human and murine plasma (Cheng et al. 2010), but not
ruminant plasma (Friedrich et al. 2006; Viana et al. 2010).

4.2 Mobile Genetic Elements

4.2.1 SaPIs

The SaPIs belong to the family of mobile phage-related pathogenicity islands that
are found primarily in S. aureus but also in other Gram-positive bacteria, including
streptococci and lactococci (Lindsay et al. 1998; Novick et al. 2010). The SaPIs are
not mobile by themselves, but hijack the capsid of phages for their horizontal
transfer (Novick et al. 2010; Quiles-Puchalt et al. 2014). To date, at least 16
different SaPIs have been identified in the genome of S. aureus (Subedi et al. 2007).
Most of the SaPIs carry a combination of two or three SAg genes (Novick and
Subedi 2007) (Fig. 3). However, the gene content of SaPIs is variable as a result of
intensive recombination (Subedi et al. 2007). For example, the SaPIn1 in strain
N315 carries the SAg-encoding genes sell, sec, and tst, while the SaPI3 encoded by
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COL carries seb, selk, and selq (Baba et al. 2002; Novick and Subedi 2007;
Alibayov et al. 2014). The tst gene is exclusively encoded by SaPIs, and carriage of
specific SaPIs is therefore directly linked to the ability of a strain to cause menstrual
toxic shock syndrome (Penadés and Fitzgerald 2009). As discussed, all SAgs can
stimulate T cells but exhibit different preferences for TCR Vβ and MHC class II
profiles (Fraser and Proft 2008). Therefore, the effect of SAgs can differ between
human individuals and also between different species (Wilson et al. 2011). Mouse
models have been hampered by the fact that murine MHC-II responds differently to
SAgs than human MHC-II (Yeung et al. 1996). Mice are >109 times more resistant
to SAgs than humans, while the sensitivity of rabbits resembles that of humans
(Schlievert 2009). In rabbit models, it has been shown that the SaPI-encoded SAgs
contribute to S. aureus toxic shock syndrome, endocarditis, sepsis, and kidney
injury in vivo (Dinges et al. 2003; Buonpane et al. 2007; Salgado-Pabón et al. 2013;
Spaulding et al. 2013). SAg-sensitive transgenic mice expressing HLA-DR4 can
also be used to study the effects of SAgs in vivo (Xu et al. 2014, 2015). In addition,
cattle are also reported to be susceptible to the effects of several SAgs (Yokomizo
et al. 1995; Tollersrud et al. 2006; Wilson et al. 2011).

Genome analysis of ruminant S. aureus strains ED133 (Guinane et al. 2010) and
RF122 (Herron-Olson et al. 2007) led to the discovery of specific SaPIs of animal
isolates. These SaPIs, SaPIovine1 (SaPIov1) and SaPIbovine1, (SaPIbov1) encode
host-specific variants of tst, sec, and sell (Fitzgerald et al. 2001) of which the SEC
and TSST-1 variants have shown to vary in biological activity in comparison with
the proteins encoded by human strains (Lee et al. 1992; Deringer et al. 1997)
(Fig. 3). Other animal-related SaPIs (SaPIov2, SaPIbov4, SaPIbov5, and
SaPIequine1 (SaPIeq1)) encode allelic variants of the vwb gene that differ in
sequence from the chromosomally encoded gene that is present in all S. aureus
isolates (Bjerketorp et al. 2002, 2004; Guinane et al. 2010; Viana et al. 2010).
While the chromosomally encoded vWbp is mostly unable to coagulate animal
blood, the SaPI-encoded vWbp variants of equine and ruminant isolates do have the
ability to coagulate blood of their specific host (Fig. 3). Also, the SaPI-carried vwp
genes are differentially regulated than the chromosomally encoded ones. Together,
this indicates that acquisition of these SaPIs might be important for adaptation to a
specific host (Viana et al. 2010). Finally, the ruminant, porcine, and equine SaPIs
also carry homologs of three other putative virulence genes, including SCIN
(Rooijakkers et al. 2005a; Viana et al. 2010; Schijffelen et al. 2010), but their
function is yet to be determined.

4.2.2 Prophages

Bacteriophages can transfer their DNA from one bacterial cell to another, where it is
integrated at a specific site in the chromosome. Integrated bacteriophage genomes
(prophages) of S. aureus also encode immune evasion genes that usually have
conserved coding sequences and display little allelic variance (McCarthy and
Lindsay 2013). These genes can be disseminated horizontally through transduction,
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as reviewed in detail by (Lindsay 2014). The leukocidins PVL and LukMF’ are
examples of prophage-encoded virulence factors (Zou et al. 2000; McCarthy et al.
2012c). The pvl gene is located on ϕSa2 and present in only 2–3 % of the S. aureus
isolates (Kuehnert et al. 2006). However, in community-acquired (CA)-MRSA
strains and strains causing necrotizing pneumonia, the prevalence of PVL is
extremely high (>85 %) (Lina et al. 1999; Gillet et al. 2002; Hidron et al. 2009).
Also, the successful spread of the PVL-carrying clone USA300 in the USA has
increased the prevalence of pvl in CA-MRSA strains (Vandenesch et al. 2003;
DeLeo et al. 2010). It is unclear whether carriage of the PVL encoding ϕSa2 phage
is responsible for the enhanced virulence of CA-MRSA strains (DeLeo et al. 2010).
In other countries, i.e., Korea and the UK, an increasing number of CA-MRSA
clones are found that do not contain the PVL genes (Otter and French 2008; Lee
et al. 2010). PVL is a predominantly human-specific toxin, and in line with this, the
ϕSa2 phage is only found in human S. aureus isolates (McCarthy and Lindsay
2013) (Fig. 3). The incompatibility of murine C5aR1 with PVL has been a great
setback for studying the contribution of PVL to S. aureus pathogenesis in in vivo
models. Only rabbits are described to confer some degree of susceptibility to this
toxin (Spaan et al. 2013). While an isogenetic deletion mutant of pvl does seem to
benefit rabbit survival in a pneumonia model (Diep et al. 2010), other in vivo
infection models in rabbits have shown more ambiguous results (Diep et al. 2008;
Crémieux et al. 2009; Lipinska et al. 2011; Kobayashi et al. 2011). To date, the role
of pvl in S. aureus pathogenesis remains elusive.

The lukmf’ genes are located on the ϕSa1 phage, which has a different genetic
makeup and distribution than the ϕSa2 phage encoding pvl (Zou et al. 2000;
Guinane et al. 2010; Schlotter et al. 2012). The lukmf’ genes are mainly harbored
by isolates from ruminant origin and are absent in human strains (Yamada et al.
2005; Herron-Olson et al. 2007; Schlotter et al. 2012). While LukMF’ has a very
profound lytic effect on bovine neutrophils, human neutrophils are fully resistant to
its toxicity because they lack expression of CCR1 (Vrieling et al. 2015) (Fig. 3).
Apart from cattle, other ruminants such as goats, sheep, and rodents are also sus-
ceptible to LukMF’-mediated cytotoxicity (Rainard et al. 2003; Guinane et al. 2008;
Fromageau et al. 2010; Simpson et al. 2013). The prevalence of lukmf’ in bovine
isolates ranges from 10 to 86 % and differs per geographic region and site of
isolation (Rainard et al. 2003; Yamada et al. 2005; Monecke et al. 2007; Schlotter
et al. 2012; Padmaja and Halami 2013). Carriage of lukmf’ has been associated with
mastitis in ruminants (Rainard et al. 2003; Yamada et al. 2005); however, its exact
role in the pathogenesis, severity, or persistence of mastitis is yet to be determined
experimentally in vivo.

The IEC1 cluster is carried on the ϕSa3 prophage and harbors a combination of
the scn, sak, and chp genes (van Wamel et al. 2006). These genes encode immune
evasion proteins that are highly human specific. SCIN, like SCIN-B/C, is unable to
inhibit complement activation of mouse, rat, dog, sheep, guinea pig, goat, and cow
(Rooijakkers et al. 2005a). SAK can activate plasminogen of humans, dogs, and
baboons, but not of large animals (horses, pigs, cows, and sheep), rabbits, or mice
(Gladysheva et al. 2003). CHIPS does not bind to neutrophils of rabbit, pig, mouse,
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guinea pig, rat, and dog and the functional blockade of the C5aR1 is inefficient in
these species (Postma et al. unpublished observations). In accordance with the
human-specific function of the genes on IEC1, the carriage of ϕSa3 is associated
with human isolates of S. aureus (Sung et al. 2008; Verkaik et al. 2011) (Fig. 3). An
exceptional high percentage of human clinical isolates (>90 %) carry IEC1, indi-
cating that virulence factors encoded by this cluster might be important for infection
of humans (van Wamel et al. 2006). The prevalence of the IEC1 in animal isolates
is generally low (Monecke et al. 2007; Kumagai et al. 2007; Cuny et al. 2015).
During evolution of S. aureus, IEC1 is lost in strains that become associated with
animals, while it remains conserved in human-associated strains (Ward et al. 2014;
Viana et al. 2015). Insertion of the IEC1 cluster results in disruption of the hlb gene
and therefore the phages encoding IEC1 are also known as β-hemolysin converting
bacteriophages (van Wamel et al. 2006). There is some evidence that β-hemolysin
plays a role in animal diseases like bovine mastitis (Cifrian et al. 1996; Aarestrup
et al. 1999). However, the exact role of β-hemolysin in bacterial pathogenesis in
animals (and humans) is still unclear. In addition to scn, sak, and chp, ϕSa3 can
harbor several SAg genes including sea, selk, selq, and selp (Baba et al. 2002; van
Wamel et al. 2006; McCarthy et al. 2012c). While sea was observed to be absent in
most animal isolates (Smyth et al. 2005), ovine strain ED133 encodes a variant of
sea (sea-ov, 87 % identity with sea) on a newly identified phage named ϕSaovine2
(ϕSaov2) (Guinane et al. 2010) (Fig. 3). Also of interest is the discovery of a novel
member of the β-converting phage family (ϕAvβ), a prophage harbored by avian
isolates of S. aureus. This prophage lacks the genes of IEC1 but encodes other
virulence factors putatively involved in avian-niche adaptation (Lowder et al. 2009;
Price et al. 2012).

4.3 Host Adaptation of Immune Evasion Molecules

Immune evasion genes play a major role in host adaptation. While some immune
evasion clusters are on MGEs and have retained their ability to move, other clusters,
such as the genomic islands and IEC2, have become immobile and are now con-
sidered to be part of the core variable genome of S. aureus. Allelic variation of
immune evasion genes and host specificity of the encoded proteins are related to the
mobility of their gene cluster. The immobile genomic clusters are present in vir-
tually all strains, and their genes display a large degree of allelic variance between
lineages (McCarthy and Lindsay 2013). The encoded immune evasion proteins
generally have a broad species specificity, but allelic diversification may influence
the function of these proteins in different hosts (Wilson et al. 2011). The broad
species specificity of these immune evasion proteins makes it possible to study their
function in common animal models, such as mice and rabbits (Jongerius et al. 2007;
Wang et al. 2007; Alonzo et al. 2013).

In contrast to the gene clusters in the core variable genome, MGEs have a
lineage as well as a host-restricted distribution and their genes generally show little
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allelic variation (McCarthy and Lindsay 2013). Interestingly, the function of the
MGE-encoded immune evasion proteins is also highly species specific. These
evasion proteins typically have a high affinity for their host-specific targets (de Haas
et al. 2004; Rooijakkers et al. 2005a; Spaan et al. 2013; Vrieling et al. 2015).
Coevolution of MGEs with a specific host may have increased the affinity of
encoded immune evasion proteins for the host’s immune system, in turn coinciding
with a loss of function in other species. This might be an explanation for the
human-restricted functions of the IEC1-encoded proteins SCIN, CHIPS, and SAK.
The lack of animal models to study these human-specific proteins has limited the
understanding of their importance in the pathogenesis of S. aureus disease.

Future research should be directed toward explaining the molecular basis of host
adaptation and the role of MGEs in this process. The identification of more
MGE-encoded immune evasion molecules will provide insights into the patho-
genesis in different hosts and may provide new therapeutic approaches to treat S.
aureus disease in humans and animals.

5 Future Perspectives

It is clear that S. aureus has evolved multiple ways to prevent immune recognition
and sabotage immune cell function, on a much larger scale than any other bac-
terium. Knowledge of these immune evasion strategies, their structure–function,
and host relationships can aid in the development of new therapeutic strategies.
A cocrystal structure can provide a highly visual and comprehensive definition of
an interaction interface (Malito et al. 2015) and host specificity is important to take
into account when performing in vivo studies in animals and translating these
findings to other species. The immune evasion proteins are interesting for the
development of novel pharmaceutical compounds in two distinct ways. Firstly, they
can be used to interfere in staphylococcal virulence. Secondly, the immune evasive
properties can be used in situations where there is aberrant activation of the immune
system that leads to inflammatory diseases. We will review these two potential uses
briefly in the next chapter.

5.1 Therapeutic Strategies Based on Evasion Molecules
for S. aureus Infections

Novel therapeutic strategies to combat S. aureus infections are critically needed
because of the rise in antibiotic-resistant strains, the limited availability of thera-
peutics, and the absence of a working vaccine. The limited therapeutic options are
in part due to the interference of S. aureus in both innate and adaptive immune
responses. This is because successful therapies, such as vaccination, rely on robust
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immune responses to take effect (Alonzo and Torres 2014; Scully et al. 2014).
Thus, the staphylococcal evasion proteins provide promising candidates for new
anti-staphylococcal approaches. If neutralization of these proteins can be induced,
either through vaccination, monoclonal antibodies (mAbs), or through the use of
inhibitory small molecules, the immune system might be able to battle off the
infection and even generate a successful immune memory.

Therapeutic strategies always have to be evaluated in vivo. One major obstacle
of studying these virulence factors in vivo is that often mice are used as model
organisms. Mice are highly resistant to staphylococcal infections. To illustrate, for
most mouse models up to 108 bacteria are required to reach infection, whereas less
than 100 bacteria can be enough to cause disease in a natural host. This discrepancy
in doses may, in part, be explained by the activity of the immune evasion molecules
that, as discussed in Chap. 4, often do not function in mice. Indeed, a lot of vaccine
studies that have been tested in mice and conferred protection in these models could
not be successfully translated to humans (Fowler and Proctor 2014). A way to
overcome this could be to generate humanized mice that express human receptors
and factors that are critical for disease. However, even here the problem remains
that only the effect of an isolated protein is studied. It would be better to move
toward species that are more susceptible to S. aureus infections and are a natural
host, such as cattle, poultry, and rabbits. The principles found in studies directed
toward preventing disease in these natural hosts might be translated into the human
system, as long as species-specific factors are taken into account. Most of the newer
vaccine designs aim at simultaneously targeting multiple virulence factors, since it
was found that neutralizing one virulence factor was probably not enough given the
great number of immune evasion molecules secreted by S. aureus (Fowler and
Proctor 2014; Scully et al. 2014).

Besides vaccination, there are ongoing studies seeking to develop mAbs or small
molecules targeted against host receptors or evasion proteins. Treatment with
maraviroc, the CCR5 inhibitor often used in the treatment of HIV, protects T cells
and myeloid cells from LukED-mediated toxicity (Alonzo et al. 2013) and treat-
ment of bovine neutrophils with a CCR1 antagonist protects these cells from
LukMF’-mediated lysis (Vrieling et al. 2015). Thus, targeting the toxin receptors
might be a good therapeutic strategy. The toxins themselves can also be targeted
and may make good mAb or vaccine candidates. Several studies showed that
neutralizing antibodies against α-hemolysin conferred protection in mice models
(Adhikari et al. 2012b; Foletti et al. 2013). These studies might be translatable to
humans since antibody levels were found to be correlated with protection against S.
aureus infections in children (Fritz et al. 2013), while low anti-α-hemolysin anti-
body levels were found to be associated with sepsis in hospitalized adults (Adhikari
et al. 2012a). Correlates between protection and antibody levels have also been
found for PVL, some superantigens, and several PSMs (Adhikari et al. 2012a).

Structural studies can be useful in understanding mechanisms of protection and
allow for the bench-to-bedside transition. mAbs can be developed that target
multiple S. aureus proteins, based on a shared structure. A single mAb has already
been developed that can neutralize both α-hemolysin and four bicomponent
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leukotoxins (Rouha et al. 2015). Neutralization is based on the recognition of a
shared conformational epitope. These strategies are promising because they target
multiple proteins at once, which might be necessary for good therapeutic efficiency
because of the redundancy of the evasion proteins. Overall, therapeutic targeting of
staphylococcal toxins is an interesting strategy that should be explored further.

5.2 Therapeutic Strategies for Other Inflammatory
Conditions and Cancer

The anti-inflammatory properties of the evasion proteins can be used to combat
diseases in which there is aberrant immune activation. Often, the actual evasion
molecules cannot be used directly because they are too immunogenic. This creates a
need for the construction of hypoimmunogenic derivatives. To attain this, (co)-
crystal structures are extremely valuable as they provide us with the exact binding
interface and the involved amino acid through which the construction of derivatives
can be facilitated. Based on the crystallographic data, structured peptide derivatives
can be designed.

Apart from being crucial in antimicrobial defense, immune receptors can be
involved in the development of disease. In these situations, where the balance has
tipped the wrong way, the evasion molecules provide us with highly specific
strategies to inhibit these aberrant responses. For example, complement, several
GPCRs, and Toll-like receptors can play central roles in human inflammatory
diseases and could therefore be interesting therapeutic targets (Allegretti et al. 2005;
Liu et al. 2013; Ricklin and Lambris 2013). A lot of immune evasion molecules
target these systems and hence might be used in therapeutic settings and some
studies have already explored this concept. Through a phage display approach,
SCIN-derived peptides were identified that retained the complement inhibitory
activity of SCIN (Summers et al. 2015). In a more targeted approach, a
non-immunogenic mimic of the C5aR inhibitor CHIPS was produced. It was
designed to include all important amino acids based on the C5aR-CHIPS cocrystal
structure and the 50-residue sulfated peptide showed formation of structural ele-
ments (Bunschoten et al. 2011). Similar strategies could be used to generate more
anti-inflammatory molecules. For example, SSL3-derived peptides could be able to
block aberrant TLR2 activation, whereas SSL5-derived peptides could inhibit
PSGL-1.

The other approach that is being explored is to use the molecules or derivatives
in anticancer strategies. Some of the immune receptors are involved in the growth
or metastasis of different types of cancers. Activation of FPR1 can promote brain
tumor growth. Treatment of mice implanted with human, FPR1 expressing, astro-
cytoma cells with CHIPS reduced tumor growth and prolonged survival of the mice
(Boer et al. 2013). SSL5 has also been explored for its antitumor activities. Rolling
and extravasation of cancer cells, processes involved in tumor metastasis, can be
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mediated through PSGL-1 and P-selectin. SSL5 showed to inhibit the P-selectin
and PSGL-1 interaction on leukemic cells (Walenkamp et al. 2010). Furthermore,
SSL5 can inhibit tumor cell to platelet adherence, a process described to induce
tumor growth and metastasis (Walenkamp et al. 2010). Its family members SSL6
and SSL10 could be interesting because they block CD47 and CXCR4, respectively
(Walenkamp et al. 2009; Fevre et al. 2014). CD47 expression is increased on
various tumor cells and this protects them from phagocytosis (Willingham et al.
2012). The same study showed that blocking CD47 with a mAb in mouse models
results in attenuated tumor growth, reduced metastasis, and increased survival.
Similarly, blockage of CXCR4 could be beneficial since its expression has been
linked to many different types of cancer and it is involved in tumor dissemination
(Walenkamp et al. 2009). Altogether, immune evasion proteins might provide novel
therapeutic options in the treatments of many different kinds of cancer.

6 Conclusions

For pathogenic bacteria, immune evasion is crucial, especially in the early phase of
invasion, to escape the acute attack of the immune system and to create a window of
opportunity in order to divide. S. aureus has evolved at least 35 proteins to assist in
this process. These structurally highly related evasion molecules have distinct
molecular targets within the host immune system. Despite the very low sequence
homology, these proteins conform to a remarkably small number of folds, thus
protein structure is more conserved than sequence. These structured folds form
ideal scaffolds for amino acid variation to favor adjustments in protein–protein
interactions. Most immune evasion molecules have evolved from common ances-
tors and gene duplications. The target range and specificity is explained by
high-affinity protein–protein interactions that over time, resulted in the host adap-
tation we observe today. This is aided by the flexibility of the S. aureus genome and
its MGEs. Phages and pathogenicity islands especially contribute to the spread of
evasion molecules through different lineages of S. aureus and form the foundation
of host adaptation. Future identification of novel MGE-encoded virulence genes
and of the function of the encoded proteins contributes to our understanding of the
coevolution of pathogen and host. Unraveling the pathogenesis of S. aureus disease
in different hosts will pave the way for the development of new therapeutics in
humans and animals.
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Abstract Staphylococcus aureus is a leading pathogen in surgical site, intensive
care unit, and skin infections, as well as healthcare-associated pneumonias. These
infections are associated with an enormous burden of morbidity, mortality, and
increase of hospital length of stay and patient cost. S. aureus is impressively fast in
acquiring antibiotic resistance, and multidrug-resistant strains are a serious threat to
human health. Due to resistance or insufficient effectiveness, antibiotics and bundle
measures leave a tremendous unmet medical need worldwide. There are no licensed
vaccines on the market despite the significant efforts done by public and private
initiatives. Indeed, vaccines tested in clinical trials in the last two decades have
failed to show efficacy. However, they targeted single antigens and contained no
adjuvants and efficacy trials were performed in severely ill subjects. Herein, we
provide a comprehensive evaluation of potential target populations for efficacy
trials taking into account key factors such as population size, incidence of S. aureus
infection, disease outcome, primary endpoints, as well as practical advantages and
disadvantages. We describe the whole-blood assay as a potential surrogate of
protection, and we show the link between phase III clinical trial data of failed
vaccines with their preclinical observations. Finally, we give our perspective on
how new vaccine formulations and clinical development approaches may lead to
successful S. aureus vaccines.
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CT Cardiothoracic
EPA Enterotoxin protein A
ESRD End-stage renal disease
EsxAB Ess extracellular A and B
FhuD2 Ferric hydroxamate uptake D2
HA Hospital acquired
HAI Hospital acquired infection
HCA Healthcare associated
Hla Alpha hemolysin
HlgAB/ HlgCB Gamma hemolysin AB/CB
LukED Leukocidins E and D
ICU Intensive care unit
IsdB Iron-surface determinant B
MntABC ATP-binding cassette (ABC)
MntC Manganese transport protein C
MRSA Methicillin-resistant Staphylococcus aureus
MSSA Methicillin-sensitive Staphylococcus aureus
NEAT NEAr iron transporter
NS Neurosurgical
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OPA Opsonophagocytic Assay
PMN Polymorphonuclear cells
PVL Panton–Valentine leukocidin
SA-SSTI Staphylococcus aureus skin and soft tissue infection
SpA Staphylococcal protein A
SSI Surgical site infection
SSTI Skin and soft tissue infection
Th1 T helper cell 1
Th17 T helper cell 17
TLR7 Toll-like receptor 7
TT Tetanus toxoid
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1 Introduction

Staphylococcus aureus is associated with hospital-acquired and commu-
nity-acquired infections (HAI and CAI, respectively). It is a leading nosocomial
pathogen in both developed and developing countries. Surgical site infections are
among the most common S. aureus HAI and include orthopaedic patients (e.g.,
knee and hip replacements), cardiothoracic surgery (e.g., coronary artery bypass
graft and cardiac valve), neurosurgery (e.g., instrumented lumbar fusion and
laminectomy), and plastic surgery (e.g., breast and facial surgery) (Anderson et al.
2010; Noskin et al. 2007). A study conducted in 1265 intensive care units (ICUs)
from 75 countries and collecting data from 14,414 patients showed that S. aureus
was associated with the greatest proportion of infections (20% of the infections)
(Vincent et al. 2009). The most common infectious disease in ICUs is pneumonia
for which this pathogen is also the leading cause (Magill et al. 2014). S. aureus can
colonize and form biofilms on indwelling catheters. This is a major issue especially
for end-stage renal disease patients undergoing hemodialysis.

Among CAI, S. aureus is the main pathogen of skin and soft tissue infections
(SSTIs) (Lorette et al. 2009; Sader et al. 2010; Moran et al. 2006; Zhao et al. 2012).
The incidence of community-acquired SSTI (CA-SSTI) is generally greater in
crowded communities, in the elderly, and when the members of the community are
subject to skin injuries. Indeed, CA-SSTI is particularly high in infantry trainees,
athletes, and nursing homes residents (David and Daum 2010; Ellis et al. 2014;
Morrison-Rodriguez et al. 2010; Tong et al. 2015).

Several vaccine candidates have been tested in clinical trials in recent years (see
Table 1), but none of them succeeded in showing efficacy against the infection in
phase III trials (Bagnoli et al. 2012; Daum and Spellberg 2012). However, vaccines
tested so far in efficacy trials, which targeted single antigens and contained no
adjuvants, were likely insufficient to cope with the complexity of this pathogen.
Indeed, its pathogenicity is due to several virulence factors, each playing different
roles in the disease progression (Bagnoli et al. 2012). Based on this observation, we,
as well as other researchers, focused research on vaccine combinations. Two different
protein combinations were shown to elicit superior protection to IsdB in different
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animal models (Bagnoli et al. 2015; Stranger-Jones et al. 2006). IsdB is a surface
antigen recently tested in a phase III trial, which failed to reach the primary endpoints
of efficacy.While the combinations conferred highly significant protective immunity,
IsdB was found not to be significantly protective in most of the experiments. Based
on the preclinical observations mentioned above, the outcome in humans is not
completely surprising. More recently, an important role of cell-mediated immunity
against this pathogen has also been demonstrated. In particular, lack of Th17
responses (e.g., Job’s syndrome, HIV, as well as subjects with auto-antibodies
against IL-17) has been associated with higher risk of S. aureus infections (Pozzi
et al. 2015; Miller and Cho 2011). The protective role of IL-17 has also been con-
firmed in animal models (Cho et al. 2010). Furthermore, in 2015, an innovative
adjuvant able to stimulate the toll-like receptor 7 (Alum-TLR7) was shown to induce
a Th1/Th17 response and significantly increase protection of a tetravalent antigen
combination as compared to Alum formulation (Bagnoli et al. 2015).

All these observations suggest that vaccination continues to represent one of the
most promising solutions to this deadly pathogen. Indeed, a new phase IIb trial with

Table 1 S. aureus antigens tested in clinical trials

Antigen Vaccine Sponsor Clinical
phase

Toxins

LukS-PV S. aureus Toxoids USUHSa I

a-hemolysin 4C-Staph, GSK2392, S. aureus
Toxoids

USUHS, Novartis,
GSK

I

Enterotoxin
B

STEBvax NIAIDb I

Adhesion factors

ClfA SA3Ag, SA4Ag, GSK2392 Pfizer, GSK I, II, IIb

Als3 NDV-3 NovaDigm I

Nutrient-scavenging factors

IsdB V710 Merck I, II, III

MntC SA4Ag Pfizer I, II, IIb

FhuD2 4C-Staph Novartis I

Capsular polysaccharides

CP5 and CP8 SA3Ag, SA4Ag, GSK2392,
StaphVAX

Pfizer, GSK, NABI I, II, III

Antigens with other/unknown function

EsxA and
EsxB

4C-Staph Novartis I

Csa1A 4C-Staph Novartis I

LukS-PV Panton–Valentine leukocidin component S; ClfA clumping factor A; Als3 agglutinin-like
sequence protein 3 (from Candida albicans); IsdB iron-regulated surface determinant protein B;
MntC manganese transport protein C; FhuD2 ferric hydroxamate uptake D2; CP capsular
polysaccharide; Esx ess extracellular; CSA conserved staphylococcal antigen
aUniformed Services University of the Health Sciences
bNational Institute of Allergy and Infectious Diseases
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a vaccine combination is currently ongoing (https://clinicaltrials.gov/ct2/show/
NCT02388165?term=pfizer+staphylococcus+vaccine&rank=1), and research on
new vaccine candidates has been recently published (Bagnoli et al. 2015; Aman and
Adhikari 2014; Torre et al. 2015; Narita et al. 2015; van den Berg et al. 2015; Kim
et al. 2010).

The aim of this manuscript is to provide an updated perspective on the rationale
behind the need of a vaccine against S. aureus and its current medical need, provide
an extensive evaluation of target populations suitable for efficacy trials, link phase
III data to preclinical data, and review recent research and development efforts.

2 Rationale Behind the Need of a S. Aureus Vaccine

A vaccine against S. aureus is urgently needed because this pathogen causes a large
array of diseases worldwide and no sufficiently efficacious medical treatments
available. S. aureus is the leading cause of SSI and ICU infections, HCA pneu-
monia, CA-SSTI, and mortality worldwide (Table 2). Patients often get infected
with the strain that they carry on their skin. This suggested that decolonization of
the patients could prevent invasive infections. Bundle measures including decolo-
nization procedures to prevent postoperative infections have been implemented in
several hospitals. These measures have provided modest yet still significant
reductions in infection (Schweizer et al. 2015). The effort necessary for decolo-
nizing the patients can be quite substantial. Indeed, decolonization studies that
demonstrated efficacy required that the elective surgery patients were screened for
carriage status and strain type, as to determine the appropriate antibiotic prophy-
laxis. Carriers were then treated with mupirocin for nasal decolonization and asked
to bath with chlorhexidine for five days before the operation. Patients carrying
methicillin-resistant strains (MRSA) received vancomycin and cefazolin or
cefuroxime for perioperative prophylaxis, while carriers of methicillin-susceptible
strains received cefazolin or cefuroxime (Schweizer et al. 2015).

Similar attempts have been performed to reduce or prevent CA-SSTI. In this case,
no consistent reduction of the infection has been observed despite the numerous
attempts and substantial investments on this approach (Creech et al. 2015; Miller
et al. 2015). Indeed, although a trend towards reduction of postoperative infections
has been observed, that is not true for CA-SSTI (Suaya et al. 2014).

Therefore, bundle measures are not likely to decrease CA-SSTI, which in turn
could continue to function as an incubator for epidemics and evolution of antibiotic
resistance. This has already happened with two major outbreaks (for which we have
documented information) being attributed to CAIs. The first one was the epidemic
in Australia, Great Britain, Canada, and the USA caused by the penicillin-resistant
S. aureus clone known as phage-type 80/81 which lasted for ten years from 1953 to
1963 and then declined for unknown reasons (DeLeo et al. 2011). Another more
recent outbreak started in the USA around the year 2000 and was associated with
the MRSA strain USA300 (Chambers and Deleo 2009). Interestingly, both the
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epidemics started as CAI and then entered the hospital setting. USA300 is now the
predominant strain in the USA for CAI and is expected to replace typical HA strains
such as USA100 in the hospitals (D’Agata et al. 2009).

Given the extraordinary ability of S. aureus in developing antibiotic resistance,
bundle measures could pose an additional pressure towards its increase. Indeed,

Table 2 Proportional contribution and mortality of CA and HA S. aureus infections

Region Percentage of S. aureus infection S. aureus-associated
mortalityCA-SSTI SSI HCA pneumonia ICU

infections

Europe >50
(Lorette
et al.
2009;
Sader
et al.
2010)

21.6
(Anonymous
2013)

14.5–31 (Dandagi
2010; Chastre and
Fagon 2002;
Koulenti et al. 2009;
Jones 2010)

>19
Vincent
et al.
(2009)

5400 extra deaths
attributable to
MRSA BSI per year
(ECDC/EMEA 2009)

North America 53–84
(Moran
et al.
2006)

15.5–30
(Magill et al.
2014; Hidron
et al. 2008)

16–36.3 (Magill
et al. 2014; Jones
2010; Hidron et al.
2008; Kollef et al.
2005)

26.9
Vincent
et al.
(2009)

11,000 deaths per year
with invasive MRSA
(USA) (CDC 2013)

Asia 32.7
(Zhao
et al.
2012)

NA � 15 (Chi et al.
2012; Chung et al.
2011), 16
(Nickerson et al.
2009) 20.3
(Diekema et al.
2001)

16.1
Vincent
et al.
(2009)

Mortality rate
associated with BSI:
15.3% (Turkey)
(Yilmaz et al. 2016);
16.4% (Japan) (Nagao
et al. 2010); 44%
(Thailand) (Nickerson
et al. 2009)

Africa NA >20 (Ojulong
et al. 2009;
Mawalla et al.
2011; Anguzu
and Olila
2007)

20.3 (Diekema et al.
2001

29.6
Vincent
et al.
(2009)

Mortality rate
associated with BSI:
8.8% (South Africa)
(Naidoo et al. 2013)

Latin America NA NA 20.1 (Jones 2010) 19.2
Vincent
et al.
(2009)

Mortality rate
associated with BSI:
35.1% (Brazil)
(Guilarde et al. 2006);
4–13% (Argentina)
(Paganini et al. 2010)

Australia/New
Zealand

NA >50% (Chen
et al. 2008;
Harrington
et al. 2004;
Spelman et al.
2000)

20.3 (Diekema et al.
2001)

27.5
Vincent
et al.
(2009)

Mortality rate to BSI:
11.2% (Australia)
(Turnidge et al. 2007);
18.9% (New Zealand)
(Hill et al. 2001)
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isolates resistant to penicillin and methicillin, for example, were observed
approximately one year after the commercial introduction of the two antibiotics in
1944 and 1960, respectively (Chambers and Deleo 2009). Resistant strains to
vancomycin are emerging fortunately more slowly, but strains resistant to
new-generation antibiotics (e.g., daptomycin and linezolid) have also already been
observed. In addition, antibiotic therapy is not always effective even against sus-
ceptible strains. This may depend on many factors including the site of the infection
and the presence of bacterial biofilms.

Once proven efficacious against S. aureus infections in humans, vaccines may be
able to prevent a further increase of antibiotic resistance, provide herd immunity and
decrease likelihood of outbreaks, as well as synergize with all existing medical
treatments. These reasons clearly advocate for the need of a vaccine against
S. aureus. However, S. aureus is a complex pathogen and a vaccine against it is
difficult to develop given also the lack of a known correlate of protection.
Furthermore, the cost-effectiveness of such a vaccine is another important parameter
to evaluate for supporting its rationale. Vaccine impact should be evaluated con-
sidering diverse variables, such as reduction of infection-associated morbidity and
mortality, length of hospital stay, and hospital expenses. In principle, prophylactic
vaccination has the great advantage of being able to block initial infection phases,
establishment of biofilm and other chronic infectious forms as well as prevent
sequelae decreasing the risk of permanent impairments. All these aspects may sig-
nificantly reduce the length of hospital stay and healthcare costs. Computer simu-
lation modelling predicted a favourable cost-effectiveness of a hypothetical S. aureus
vaccine across a wide range of MRSA prevalence, vaccine efficacy (10–90%), and
vaccine cost (50–1000$) for orthopaedic surgery patients (Lee et al. 2010). Similar
estimates were also done for hemodialysis patients (Song et al. 2012).

3 Target Populations Suitable for S. Aureus Vaccine
Efficacy Trials

Ideally, the target population selected for efficacy trials should be the one that will
facilitate successful completion of clinical trials as well as have a significant
medical need and will be cost-effective for vaccination strategies. With these
concepts in mind, we selected target populations that may fulfil these requirements
and we highlighted the up- and downsides (Table 3).

3.1 End-Stage Renal Disease (ESRD) Patients

One of the first target groups coming to mind is the end-stage renal disease (ESRD)
patients receiving hemodialysis. These patients are at increased risk of S. aureus
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infections due to violation of the protective skin barrier for vascular access several
times a week for a long time. The type of vascular access may predispose the
patient towards bacteraemia, with higher rates observed in patients with venous
catheters in situ than in patients with arteriovenous fistulas (Crowley et al. 2012).
Among 293,000 patients receiving chronic hemodialysis in the USA, S. aureus
bacteraemia was observed in 4.0 per 100 outpatient-years (Chan et al. 2012). Of
these, infections between one-third and one-half are due to MRSA strains.
Complications include endocarditis, osteomyelitis, discitis, and soft tissue absces-
ses, and the case fatality rate is as high as 20% (Fitzgerald et al. 2011).

However, ESRD patients respond poorly to vaccination (Shinefield et al. 2002;
Fattom et al. 2015). Indeed, hemodialysis has a debilitating impact on the perfor-
mance of their PMNs and complement, both essential components of the
opsonophagocytosis process. Furthermore, it also reduces half-life of serum Ig with
the consequent fast decline of antibody titres following vaccination.

3.2 Intensive Care Unit (ICU) Patients

ICU admissions have almost doubled in recent years with more than 5 million
patients admitted annually to ICUs in the USA (Carr 2009). Infections in ICUs are
associated with considerable morbidity, mortality, and costs worldwide (Vincent
et al. 2009). 65% of healthcare-associated infections were reported to occur in the
critical care setting by the centres for disease control and prevention in the period
2009–2010 (Sievert et al. 2013). An extended prevalence of infection in intensive
care (EPIC II) study conducted in 1,265 participating ICUs from 75 countries with
14,414 patients gave a global picture of the epidemiology in ICUs (Vincent et al.
2009). Seven geographical regions were included in the study: North America,
Central and South America, Western Europe, Eastern Europe, Asia, Oceania, and
Africa. Central and South America had the highest infection rate (60%), and Africa
had the lowest (46%). Pneumonia was the most common disease, accounting for
64% of infections, followed by the abdomen (20%), the bloodstream (15%), and the
renal tract/genitourinary system (14%). Forty seven per cent of the positive isolates
were gram-positive with the most common organism being S. aureus (20%).

However, ICU patients are severely ill and they often need complex medical
interventions, which may hinder the success of a trial in this target group. In
addition, in several cases, time available to vaccinate patients and mount a pro-
tective response could be too short (Table 3).

3.3 Surgery Patients

S. aureus is a major cause of infection in surgical patients and those hospitalized for
planned surgery may have time to develop effective immune response upon
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vaccination before surgery. Among the surgery patients most frequently infected by
S. aureus, the largest group is the orthopaedic (OP), followed by cardiothoracic
(CT) and neurosurgical (NS) [see Table 3 and reference Noskin et al. (2007)].
Given the increasing size of the elderly population worldwide, this number is
expected to further increase, especially the ones associated with orthopaedic surgery
for hip and knee replacement. Consequently, the number of infections in this target
group is also expected to increase. In the recent literature, S. aureus infection
incidence goes from 0.4 to 1.8% for OP, 0.8–1% for CT, and 0.6–1.8% for NS
(Anderson et al. 2010; Noskin et al. 2007). Infections in OP and NS patients mainly
occur due to infection of the surgical wound (surgical site infection (SSI)). SSI is
the third most frequent healthcare-associated events. These infections can be
superficial (involving only skin or subcutaneous tissue of the incision), can be
deep-seated (involving fascia and/or muscular layers), or can reach the organ space
(any other anatomic site that was opened or manipulated during surgery). Among
the pathogens that can cause SSI, S. aureus accounts for the greater number.
Furthermore, although to a lesser extent, S. aureus causes also bloodstream
infections (BSI) in OP and NS. On the other hand, CT patients have BSI as major
infection outcome. Indeed, this latter group has the highest mortality rate (9.5%),
followed by NS (5.7%) and OP (2.5%) (Noskin et al. 2007).

The high medical need makes these three groups certainly important targets for
clinical trials. However, they present different characteristics that one should con-
sider for selecting the target. CT patients have the highest mortality and they are
also a large group. However, the average age of these patients is higher than the
other two groups, and the infection outcome is usually more severe putting the
vaccine trial in a complicated scenario. Furthermore, infection incidence in this
group is declining because of the implementation of less invasive procedure, which
reduces the infection rate and hospitalization time (Iribarne et al. 2011). On the
other hand, concerning OP patients, the number of hip and knee replacements is
increasing in parallel with population age (Del Pozo and Patel 2009). NS patients
have a high infection and mortality rate, but they are by far the smaller group
(Table 3).

3.4 Community-Acquired Skin and Soft Tissue Infections
(CA-SSTIs) Patients

S. aureus is the most common pathogen associated with CA-SSTI worldwide (Moet
et al. 2007). The prevalence of CA-MRSA is higher in the USA when compared to
Europe, but the prevalence in the latter is rising (Ibler and Kromann 2014).
S. aureus SSTI incidence doubled from 57 in 2001 to 117 in 2009 (per 100,000
persons) and hospitalizations due to these infections increased by 123% repre-
senting a significant share of S. aureus hospitalizations (51%) in the USA. Total
annual cost of staphylococcal SSTI hospitalizations has been reported to be $4.5
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billion, while $14.5 billion was the cost due to all staphylococcal infections (Suaya
et al. 2014). CA-SSTIs have a vast and diverse presentation going from superficial
infections such as impetigo, ecthyma, and erysipelas to deeper infections such as
abscess (carbuncles and furuncles) and cellulitis. The majority of CA-SSTIs are
cellulitis and abscess and almost half of these infections are caused by MRSA in the
USA (Ray et al. 2013). Skin infections with MRSA can be complicated by systemic
infections including pneumonia, necrotizing fasciitis, and myositis (Ibler and
Kromann 2014).

Importantly, there are individuals at higher risk of infection than the general
population and present themselves as potential target populations for clinical trials:
patients with recurrent SSTI, atopic dermatitis patients, and military recruits.
Recurrent staphylococcal SSTIs are common and problematic, with rates ranging
between 9 and 70% in the USA (Creech et al. 2015; Miller et al. 2015; Fridkin et al.
2005; Miller et al. 2007; Fritz et al. 2012; Montgomery et al. 2015). As many as
70% of patients with CA-MRSA SSTI experience recurrent SSTI over 1 year even
after successful initial treatment (Kaplan et al. 2014; Duong et al. 2010; Chen et al.
2009; Williams et al. 2011). In addition, recurrent infections are usually more
common after infection by MSRA than with MSSA (Chen et al. 2009; Sutter et al.
2011). Therefore, although recurrent SSTIs are not usually associated with severe
disease outcomes, they represent a significant medical issue deserving attention, and
in view of clinical trials, they have the notable advantages of the high infection
incidence and the possibility to enrol the subjects when they present to the hospital
with a primary SSTI. In addition, recurrence seems not to be due to underlying
health defects of the subjects, but rather to their colonization status and exposure to
environmental sources of the bacterium (Montgomery et al. 2015).

Staphylococcal infection of atopic dermatitis lesions occurs in around 90% of the
patients, and this leads to a worsening of the skin syndrome and delayed healing
(Bieber 2008). The prevalence of eczema has substantially increased in industri-
alized countries during the past three decades with 15–30% of children and 2–10%
of adults being affected (Bieber 2008). Therefore, a vaccine able to reduce the
staphylococcal burden on the eczematous lesions would be highly beneficial to
these patients. It would be obviously easy to recruit and follow such patients during
clinical trials, and the high prevalence of staphylococcal infection would facilitate
the studies. On the other hand, these patients could have underlying immunological
and skin defects that might hinder the success of the trials (Bieber 2008). However,
there are evidences indicating that they respond normally to marketed vaccines,
such as the one against varicella (Marin et al. 2005; Goss and Beninger 2005;
Kienast et al. 2007; Frydenberg et al. 2005).

Military recruits and in particular US army infantry have an unusually high
incidence (4%) of staphylococcal SSTI (Ellis et al. 2014; Morrison-Rodriguez et al.
2010). This is likely due to the relatively crowded living conditions of the trainees
and to the frequent skin abrasions and traumas that they experience during training.
Given that these subjects are generally healthy and that they can be constantly
monitored by the military medical personnel, they may represent a good target for
vaccine trials.
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4 Preclinical Research on Antigens Selected
for Clinical Development

A number of vaccine candidates have been tested in phase I clinical trials through
active immunization. The antigens tested so far are mainly bacterial surface-
associated and secreted proteins or capsular polysaccharides (CPs). In Table 1, we
summarize the antigens tested so far in clinical trials. Of these vaccine candidates,
only V710 (containing IsdB) and StaphVax (containing CP type 5 and CP type 8)
have been tested up to phase III trials. Recently, Pfizer announced plans to advance
to a phase IIb trial its 4-component vaccine candidate SA4ag (containing CP5, CP8,
ClfA, and MntC). Here, we briefly review the essential preclinical data on the
antigens tested so far, or currently being tested, in phase II and III trials in the
attempt to link preclinical observations with human efficacy data. In addition, we
discuss antigens recently proposed as additional vaccine candidates, but that are still
in preclinical phase or in early clinical development.

4.1 Antigens that Reached Phase III Trials

The iron-regulated surface determinant (Isd) proteins compose an iron-scavenging
system that is capable of stealing the iron-containing heme from host haemoglobin
and transporting it to the cytoplasm (Mazmanian et al. 2003). IsdB acts as the first
player in a cascade of Isd proteins of which all harbour NEAr iron transporter
(NEAT) domains that directly bind the heme from host haemoglobin (Gaudin et al.
2011). IsdB was shown to be the main haemoglobin receptor for the bacterium and
inactivation of the IsdB gene impaired the ability of the bacterium to use hae-
moglobin as iron source and mutants lacking isdB were less virulent than the wild
type in the mouse abscess model (Torres et al. 2006). However, immunization of
mice with IsdB was shown to confer inconsistent protection from infection, and it
was shown to be significantly inferior to antigen combinations (Bagnoli et al. 2015;
Stranger-Jones et al. 2006). On the other hand, immunization of rhesus macaques
elicited high antibody titres against the protein (Stranger-Jones et al. 2006; Kuklin
et al. 2006). These preclinical results suggest that although highly immunogenic,
IsdB is not sufficient to confer protective immunity.

Capsular polysaccharides constitute a way of immune evasion for S. aureus
(Nanra et al. 2013). CP5 and CP8 serotype strains are the most common within
clinically relevant strains and therefore have been of interest for vaccine research
(Fattom et al. 1993). Either CP5 or CP8 is expressed by most strains, but impor-
tantly not by USA300, the most common community-associated MRSA strain in
the USA (Boyle-Vavra et al. 2015). The capsular polysaccharides are thought to
prevent effective phagocytosis by interfering with antibody and complement C3b
deposited on the bacterial surface (O’Riordan and Lee 2004; Thakker et al. 1998).
Nevertheless, they themselves constitute a target for antibodies, and antibodies
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against CP5 and CP8 have been shown to enhance opsonophagocytotic killing of
the bacteria (Nanra et al. 2013; Fattom et al. 1993). In mice, active immunization
with Pseudomonas aeruginosa exotoxin A (EPA)-conjugated CP5 and passive
immunization with CP5 antibodies were shown to confer protection against
S. aureus challenge (Fattom et al. 1996). However, S. aureus strains lacking capsule
expression show only a modest reduction in virulence in animal models of abscess
formation, arthritis, wound infection, and bacteraemia (O’Riordan and Lee 2004;
Cheng et al. 2009). In addition, the level of protective immunity elicited by CP8
antibodies in animal models of infection appears inconsistent in the literature
(Fattom et al. 2015; Cook et al. 2009). Although a comparison of the efficacy of the
CP antigens with antigen combinations has never been published, given the lack of
capsular expression in USA300 and the inconsistent observations in animal models,
it is plausible to assume that higher protection could be raised by combining the
CPs with other vaccine targets.

4.2 Antigens Currently Being Tested in Phase II Trials

The candidate vaccine being developed at Pfizer includes CP5, CP8, ClfA, and
MntC (Anderson et al. 2012; Dayan et al. 2016). We have already described the
capsular antigens above. However, in the case of Pfizer vaccine, the polysaccha-
rides are conjugated to the carrier protein CRM, instead of EPA as in the case of
StaphVax. Clumping factor A (ClfA) is a surface-exposed adherence protein that
binds human fibrinogen and fibrin causing clumping of blood platelets and bacteria
(McDevitt et al. 1994), and it is also capable of inhibiting complement-mediated
phagocytosis (Hair et al. 2010). ClfA has been shown to be important in the early
stages of infection (Hair et al. 2010), sepsis (McAdow et al. 2011), arthritis
(Josefsson et al. 2001), skin infection (Kwiecinski et al. 2014), and endocarditis
(Moreillon et al. 1995; Que et al. 2001) in small animal models. Both passive and
active immunization studies with ClfA have shown protectivity against staphylo-
coccal infection in mice (Arrecubieta et al. 2008; Hall et al. 2003; Tuchscherr et al.
2008). The majority of humans have anti-ClfA antibodies from previous exposure
to S. aureus, but generally the antibodies do not functionally block the binding of
bacteria to fibrinogen. On the other hand, vaccination of mice and humans with
combinations containing ClfA, however, was able to elicit antibodies that were able
to block the bacterium from binding to fibrinogen (Hawkins et al. 2012).

Manganese transport protein C (MntC) functions together with MntABC, an
ATP-binding cassette (ABC) transporter complex important for manganese trans-
port across the bacterial cell membrane. MntC has been shown to be highly con-
served across different S. aureus strains, and it is also relatively conserved across
other staphylococcal species (Anderson et al. 2012). In mouse bacteremia model,
MntC was expressed early during infection, in many cases detectable 1 h after
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infection. Immunization of mice with MntC indicated protection against both
S. aureus and S. epidermidis in an acute bacteremia model, and immunization-derived
monoclonal antibodies were shown to cause a reduction in bacterial load in infant
rats and to be able to elicit a neutrophil respiratory burst. MntC has also been shown
to have a role in protecting the bacterium from oxidative bursts, one of the means
neutrophils use for bacterial killing (Handke et al. 2013). MntC provides an access
for the bacterium to manganese, the only known cofactor for superoxide dismutases
that neutralize neutrophil superoxide radicals. Antibodies against MntC may thus
have a dual function: opsonizing the bacteria and sensitizing them to neutrophil
killing. This antigen has been included in the four-valent vaccine being developed by
Pfizer which is now in phase IIb trial (https://clinicaltrials.gov/ct2/show/
NCT02388165?term=pfizer+staphylococcus+vaccine&rank=1).

4.3 Antigen Combinations that Reached Phase I Trials

There are a number of antigens that were tested in phase I trials, and their full
review is beyond the scope of the present manuscript (see Table 1). Herein, we will
focus on combo vaccines. The GSK candidate that reached phase I includes three
out of four of the Pfizer antigens: CP5, CP8, and ClfA (Anderson et al. 2012; Levy
et al. 2015). The differences are in that GSK has additionally included a detoxified
a-hemolysin (HlaH35R), whereas Pfizer has included MntC. Furthermore,
polysaccharides developed by GSK are conjugated to the carrier protein TT, instead
of CRM as in the case of Pfizer.

a-Hemolysin (Hla), also known as a-toxin, is one of the major virulence factors
of S. aureus. The toxin is secreted as a water-soluble monomer and can bind to
erythrocytes, platelets, monocytes, lymphocytes, and endothelial as well as
epithelial cells (Bhakdi and Tranum-Jensen 1991; Berube and Bubeck 2013).
Monomers assemble into a membrane-perforating homoheptamer upon binding to
its eukaryotic proteinaceous cellular receptor, ADAM10 (Bhakdi and
Tranum-Jensen 1991; Inoshima et al. 2011; Song et al. 1996; Kawate and Gouaux
2003). Hla appears to play a prominent role in causing pneumonia and skin lesions
in animal models of S. aureus infection (Berube and Bubeck 2013). The antigen
used in clinical trials was detoxified by an amino acid substitution at position 35
resulting in a mutated protein unable to form pores and lyse host cells and to cause
cell junction dissolution (Wilke and Bubeck 2010).

Novartis Vaccines (now part of GSK) has been developing a considerably dif-
ferent quadrivalent vaccine (4C-Staph), in which only one of the antigens,
a-hemolysin, is common to the GSK combination tested in phase I. The combi-
nation included two surface (FhuD2 and Csa1A) and three secreted factors
(HlaH35L and a fusion of EsxA and EsxB).

FhuD2 (ferric hydroxamate uptake D2) is a ferric hydroxamate-binding
lipoprotein involved in iron uptake and in early stages of invasive S. aureus
infection (Mishra et al. 2012; Mariotti et al. 2013; Sebulsky and Heinrichs 2001).
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Its role in virulence appears to be particularly associated with abscess formation as
shown by vaccination studies and through the use of FhuD2 knockout mutants in
mice (Bagnoli et al. 2015; Mishra et al. 2012). Csa1A (conserved staphylococcal
antigen 1A) is a putative lipoprotein highly conserved across different S. aureus
isolates and belongs to a family of proteins encoded in at least four distinct loci
sharing from 54 to 91% sequence identity (Schluepen et al. 2013). Regarding the
three secreted virulence factors included in 4C-Staph, Hla was already described
above, while EsxA (ess extracellular A) and EsxB (ess extracellular B) are two
factors secreted through the ESAT-6 secretion system (ESS) of S. aureus. They are
associated with abscess formation and may facilitate persistence and spread of the
pathogen in the infected host (Burts et al. 2005; Korea et al. 2014). To be exploited
as vaccine components, EsxA and EsxB were fused together, creating a recombi-
nant 24-kDa EsxAB chimera, which was stable and well expressed in Escherichia
coli unlike the individual proteins. That is why the Novartis vaccine candidate was
named 4C-Staph (four-component S. aureus vaccine), although it contains five
antigens.

This composition was shown to be highly protective in different animal models,
its efficacy to be significantly augmented by a novel TLR7-dependent adjuvant and
to be clearly superior to IsdB (Bagnoli et al. 2015; Korea et al. 2014).

Another combination that has been brought to phase I by Uniformed Services
University of the Health Sciences in collaboration with Nabi Biopharmaceutical con-
tained Hla and LukS-PV, a component of Panton–Valentine leukocidin (PVL) (https://
clinicaltrials.gov/ct2/show/NCT01011335?term=nabi+staphylococcus&rank=1). Hla
has been described above, while LukS-PV is one of the two components that together
with LukF-PV form a pore-forming octameric toxin. The two components are secreted
by the bacterium separately asmonomers. Amolecule of LukS-PV binds to its receptor
on the target host cell, and this event triggers the binding of four LukF-PVmolecules to
an equivalent number of LukS-PV leading to the formation of the octameric complex.
The toxin targets polymorphonuclear phagocytes (PMN) andmonocytes (DuMont and
Torres 2014). Additional information about leukocidins as vaccine targets is included
in the next paragraph.

It is encouraging for vaccine development that such varied compositions show
promising results in preclinical experiments. Furthermore, it seems likely now that a
combination of several antigens is required for an effective vaccine and it is the path
most companies have decided to follow.

4.4 Recently Proposed Antigens that Are Still
in Preclinical Phase

Since S. aureus encodes a number of virulence factors and other surface-exposed or
secreted proteins, there are likely other, currently less explored proteins that could
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be promising vaccine antigens. These include the staphylococcal protein A
(SpA) and the bicomponent leukocidins. SpA is a logical target as it is capable of
binding to IgG Fc region possibly making any valuable antibodies against the
vaccine antigens incapable of inducing opsonophagocytosis. SpA also functions as
a B cell superantigen and through B cell clonal expansion and apoptosis can impair
humoral responses (Silverman and Goodyear 2006). Vaccination with a function-
ally impaired SpA mutant (SpAKKAA) was indeed shown to increase antibodies
against other S. aureus antigens upon experimental infection of mice and guinea
pigs (Bagnoli et al. 2015; Kim et al. 2010, 2015). Thus, a vaccine that includes SpA
should work by inducing antibodies able to neutralize SpA activity and virtually
increasing the efficacy of antibodies against any other bacterial antigens.
Furthermore, inhibition of B cell deletion activity is expected to unleash the
response of the host towards the pathogen (Fig. 1).

Bicomponent leukocidins are potent secreted toxins that can effectively kill
various types of leucocytes as well as erythrocytes (Alonzo and Torres 2014). They
are reviewed in detail in this volume. The pathogenic role of bicomponent leuko-
cidins in mice has been demonstrated for LukED (Alonzo et al. 2012) and LukAB

SpA
antibodies

SpA
antibodies

(a) (b)

Fig. 1 Blocking the activity of staphylococcal protein A (SpA) through vaccination. SpA plays a
dual role in suppressing immune responses to S. aureus infection: a prevents phagocytosis by
binding to the Ig Fcc domain and impeding its interaction with Fc receptors on phagocytes;
b inhibits humoral response against staphylococcal antigens by cross-linking B cell receptors and
inducing apoptosis of affected cells. Functional SpA antibodies are expected to block both of these
activities allowing any existing staphylococcal antibodies to bind properly to the bacterium and
potentially induce phagocytosis as well as to unleash B cell response against virtually any
immunogenic staphylococcal antigen
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(Dumont et al. 2011). An attenuated LukS-PV antigen was shown to protect mice
from intraperitoneal infection and was able to induce cross-neutralizing antibodies
against LukED, HlgAB, and HlgCB (Karauzum et al. 2013; Adhikari et al. 2015).
Leukocidins have partly overlapping targets, and most of them can form
non-canonical pairs increasing the number of possible permutations to 13 different
toxins. Thus, in order to completely block their function, it would be instrumental to
elicit antibodies that can neutralize all of them in order to fully understand their
relevance for pathogenesis and consequently for vaccination.

We summarized the main features of the antigens described above and others in
various stages of development in Table 1.

5 Clinical Data on Vaccine Candidates
that Reached Phase III

Phase I–III data on IsdB (V710) and the CP5/CP8-based vaccine (StaphVax) have
been published (Shinefield et al. 2002; Fattom et al. 2015; Fowler et al. 2013; Harro
et al. 2010, 2012; Moustafa et al. 2012; Fattom et al. 2004). These data are certainly
among the most important available in the literature for understanding human
response to S. aureus vaccines and deserve attention.

5.1 Summary of Phase I–III Trial Data on V710

V710 was immunogenic within 14 days after a single dose of either an adjuvanted
or non-adjuvanted formulation in healthy volunteers (Harro et al. 2010, 2012;
Moustafa et al. 2012). Antibody response to V710 was similar in younger and older
participants. Elevated antibody responses persisted for at least one year after vac-
cination in most patients. The vaccine was shown to be safe in Phase I and II trials
(Harro et al. 2010; Harro et al. 2012; Moustafa et al. 2012).

Phase I testing led to the selection of a 60-lg dose of lyophilized,
non-adjuvanted antigen for efficacy evaluation. A pivotal phase 2b/3 study was
initiated to evaluate the efficacy and safety of preoperative vaccination with V710 in
patients undergoing cardiothoracic surgery. The primary efficacy objectives of the
study were to demonstrate a reduction in the proportion of patients with postop-
erative S. aureus bacteremia and/or S. aureus deep sternal wound infections through
90 postoperative days by at least 20% relative to a placebo group. Secondary
efficacy objectives included demonstrating a reduction in the proportion of patients
who developed any invasive or surgical site infection with S. aureus through 90
postoperative days. Patients were vaccinated 14–60 days prior to surgery and
monitored for safety and S. aureus infections for 90 days postsurgery.
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During an interim analysis, a Data Monitoring Committee (DMC) recommended
to terminate the trial due to a low probability of achieving vaccine efficacy as well
as safety concerns. Indeed, the incidence of multiple organ failure and mortality in
patients with staphylococcal infections was found to be significantly higher among
V710 vaccine than placebo recipients during the entire study. Despite the fact the
vaccine failed to reach its primary efficacy endpoints, it elicited robust antibody
responses and reduced the number of infections at the saphenous vein donor site.

There could be multiple reasons behind the failure of V710 vaccine (Bagnoli
et al. 2012; McNeely et al. 2014). First of all, it is unlikely that an approach
targeting a single antigen can cope with the complex pathogenic armamentarium of
S. aureus. Indeed, as described above, IsdB was not consistently protective in
animal models. Then, the surgery complexity, the old age (65 years on average),
and the poor health status of the patients enrolled in the trial may have also con-
tributed to this failure. Possible explanations for the apparent increased mortality in
the vaccine recipients who got infected with S. aureus come from a retrospective
analysis of the trial, which had the aim to explore possible associations between
immune markers at baseline and death after postoperative S. aureus infection in
V710 recipients (McNeely et al. 2014). The following ten cytokines were analysed:
interferon-c, IL-1b, IL-1ra, IL-2, IL-4, IL-6, IL-8, IL-10, IL-17a, and TNF-a.
Undetectable IL-2 levels before and after vaccination and a low IL-17a level at
hospital admission showed a statically significant association with postoperative
mortality in V710 recipients after subsequent S. aureus infection. On the other
hand, this association was not found with placebo recipients. This observation
could, at least partially, explain not only the increased mortality observed with the
vaccine, but also the lack of efficacy. Importantly, in line with this observation, we
have observed that a protein vaccine formulated with a new TLR7-dependent
adjuvant is able to significantly increase protective efficacy, the level of IL-2, and
skew the response towards Th1/Th17 in mice (Bagnoli et al. 2015).

5.2 Summary of Phase I–III Trial Data on StaphVax

StaphVax was shown to be highly immunogenic in healthy subjects, and following
a single dose of a non-adjuvanted formulation, containing 25 µg of each CP5 and
CP8 conjugates per dose, vaccination elicited a 10–20-fold increase in antibody
levels. Antibody concentration peaked within 10–14 days after immunization, and a
second injection of the vaccine 6 weeks later did not further increase antibody
titres. Furthermore, a long-term immune response with a slow decline over time was
observed in healthy subjects. On the other hand, when ESRD patients (the popu-
lation used in phase III trials conducted with StaphVax) were immunized with the
same vaccine lot, IgG levels were 56% of that achieved in healthy volunteers
(Fattom et al. 2004). Moreover, a faster decline in antibody titres was observed in
ESRD patients compared to healthy subjects receiving the same vaccine six months
after vaccination. Higher doses of the vaccine increased antibody levels in ESRD

514 C. Pozzi et al.



patients; however, they remained generally lower than in healthy volunteers and
they declined more rapidly.

The first efficacy trial included 1804 adult patients randomly assigned to receive
a single intramuscular injection of StaphVAX (containing 100 lg of each CP5 and
CP8 without adjuvant) or saline (Shinefield et al. 2002). The primary endpoint of
the trial was a significant reduction in S. aureus bacteraemia for 1 year. Although
the study did not reach the primary endpoint because at one year reduction of
bacteraemia as compared to the placebo group was only 26% and was not statis-
tically significant, a post hoc analysis evaluating the performance of the vaccine
through various earlier time points demonstrated that the vaccine did statistically
reduce S. aureus bacteraemia by 64% through a 32-week follow-up and by 57%
through a 40-week follow-up. Interestingly, efficacy appeared to decrease when
antibody titres fell below approximately 80 µg/ml. These data suggested that with a
booster dose efficacy of the vaccine could have been prolonged.

Indeed, a second efficacy trial was performed in which two vaccine injections
were administered (Fattom et al. 2015). The trial included 3359 ESRD patients
randomized (1:1) to receive vaccine or placebo at weeks 0 and 35. The primary
efficacy study endpoint was the incidence of S. aureus bacteraemia during the
3–35-week period following the first vaccine injection. Surprisingly, no significant
difference in the incidence of S. aureus bacteraemia was observed between vaccine
and placebo groups between weeks 3 and 35 or at later time points with either one
or two vaccine injections. Lack of efficacy was apparently not paralleled by a poor
immune response. Comparison of the individual sera from patients enrolled in the
previous study (1356) with those from patients enrolled in the second phase III trial
(1371) showed no significant difference in terms of antibodies when measured by
enzyme-linked immunosorbent assay (ELISA) and opsonophagocytic killing assay
(OPK). However, affinity of antibodies to CP8 but not CP5 was lower in the second
study compared to study 1356. In addition, anti-CP8 antibodies from study 1371
were found to act suboptimally in protecting mice from a S. aureus lethal challenge
as compared to antibodies derived from patients in study 1356. That did not happen
with CP5 antibodies. These data suggest that suboptimal vaccine quality (manu-
facturing) of lots used in the second phase III trial elicited antibodies with lower
quality than the vaccine used in the previous 1356 study, at least for CP8.

Given the multifactorial nature of the pathogenesis of staphylococcal infections,
a successful staphylococcal vaccine will likely target different virulence factors and
not only one virulence factor (the polysaccharide capsule) as done in these trials.
This is also suggested by data in animal models as previously discussed.

Another possible contributing factor to the failure of the vaccine is the
immunological impairment associated with ESRD patients and hemodialysis as we
have previously described.

One critical observation in both the phase III trials performed with StaphVax
was that the vaccine was safe both in healthy subjects and in ESRD patients.
Importantly, no increase of mortality has been observed after S. aureus infection in
these trials (Shinefield et al. 2002; Fattom et al. 2015).
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6 Lack of Established Correlates of Protection

Lack of known correlates of protection against S. aureus in humans is delaying
development of efficacious vaccines and hindering interpretation of both preclinical
and clinical data. S. aureus infection in both humans and animal models seems not
to generate protective immunity against subsequent infections. Due to its ability of
inhibiting opsonophagocytosis and killing B cells, SpA might represent one of the
major reasons behind lack of protective immunity following infection. However,
humans do normally have antibodies recognizing several antigens of the pathogen
(Dryla et al. 2005; Verkaik et al. 2009; Clarke et al. 2006). We believe that lack of a
clear association between humoral response and protection against S. aureus in
humans is primarily due to B cell clonal deletion and anergy processes. These are
promoted by converging factors that lead to B cell activation in concomitance with
lack of T cell help due to superantigens and cytotoxins produced by the pathogen
during infection (Pozzi et al. 2015). Given these phenomena, development of
humoral response against most S. aureus antigens may be inhibited by SpA activity
or characterized by B cells that do develop, but produce low-affinity antibodies due
to anergic processes. This complicates interpretation of serological studies per-
formed with the aim of identifying a correlate of protection and may prevent
induction of protective immunity following S. aureus infection.

The other big issue that hinders the understanding of protective mechanisms
against S. aureus is the lack of predictive functional assay. Gold standard
opsonophagocytosis assays (OPA) used so far have failed to predict efficacy against
S. aureus in clinical trials. Functional assays alternative to OPA such as
whole-blood assay (WBA) (Lancefield 1957) are available and, although scarcely
adopted so far by investigators, may provide important information on protective
mechanisms and may be developed as a surrogate assay of protection. WBA dis-
plays many advantages over OPA (Fig. 2): no addition of exogenous and
heterologous sources of constituents, and maintenance of the complex native
environment such as cytokine signalling pathways, cellular types, and soluble
factors (immunoglobulin and complement). Indeed, blood contains all the
immunological factors (e.g., antibodies, cytokines, neutrophils, monocytes, com-
plement, and T cells) likely necessary to contain the infection. This is particularly
relevant for correlating the assay with protection against the pathogen, and such an
assay could be used throughout the preclinical and clinical development. However,
the assay requires fresh blood, and this might hinder its feasibility in hospitals not
equipped with a proper laboratory and skilled personnel.
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Fig. 2 Comparison of opsonophagocytic assay (OPA) and whole-blood assay (WBA) to measure
the functional activity of vaccine-specific antibodies. On the left, in the WBA, all the immune
components required for phagocytosis are present in blood and no exogenous constituents are
necessary. On the contrary, the OPA assay, on the right panel, requires isolation of components
from different sources (often from different animal species) such as complement (e.g., human, baby
rabbit, rabbit, mouse, or goat), sera or purified antibodies, and granulocytes (human HL-60 or
PMNs). A bacterial suspension of S. aureus at a concentration of 104–106 CFU/mL is added to the
blood or in the OPA mixture and incubated for a time period of 60–120 min. Finally, bacteria are
plated and CFU counted
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7 Discussion

After the failure of two different prophylactic vaccines in phase III trials, the
scientific community started to wonder whether a vaccine against S. aureus was
really feasible. Others begun to believe that even if feasible, it was not worth
pursuing costly research and development of such a complex vaccine.

Instead, our answer is yes. Yes, we still believe that vaccination represents a
promising approach to meet the tremendous medical need associated with S. aureus
infections. Safety concerns observed with V710 vaccine appear to be related
uniquely to that particular vaccine and study. Indeed, no increase of disease severity
or mortality was observed with two independent efficacy trials performed with the
capsular-based vaccine StaphVax. This is key information for vaccine development
and suggests that the increase of mortality observed with IsdB is not a common
phenomenon triggered by any surface antigen. Post hoc analysis of the V710 efficacy
trial suggested that deaths were significantly associated with low IL-2 response
before and after vaccination. This is another invaluable observation obtained with
the clinical trials. We could assume that the addition of proper antigens and adju-
vants in the vaccine formulation could prevent safety issues to happen again by
shifting the response towards Th1 response and increasing IL-2 levels. Interestingly,
a formulation able to significantly increase IL-2 levels in mice has been recently
described (Bagnoli et al. 2015). From the preclinical perspective, several publica-
tions indicate that protective efficacy of vaccines combining together important
virulence factors is significantly greater that that achieved with single antigens
against S. aureus infection in animal models (Bagnoli et al. 2015; Stranger-Jones
et al. 2006). Furthermore, new promising vaccine candidates such as SpA and
leukocidins and novel adjuvants able to stimulate cell-mediated immunity and
increase vaccine efficacy in animal models have been identified (Bagnoli et al. 2015;
Kim et al. 2010; Karauzum et al. 2013; Adhikari et al. 2015; Monaci et al. 2015).

Looking forward to clinical development of new vaccine candidates, critical
aspects to consider are the selection of target populations for efficacy trials as well
as endpoints and biomarkers to be assessed throughout clinical development. In the
present manuscript, we have comprehensively analysed potential target populations
for efficacy trials. The different target populations present both positive and nega-
tive attributes. For instance, ESRD patients while notable because of the high
infection rate, their unmet medical need, and the ease of enrolment have several
immune deficiencies that might hinder the success of vaccine trials as could have
happened with the StaphVax trials. There are also other populations overlooked so
far by vaccine developers, such as patients affected by CA-SSTI, because they are
generally considered to have a lower medical need as compared to other popula-
tions who have more severe disease outcomes. However, it is emerging that
CA-SSTIs do represent a significant burden to the healthcare system and that
certain populations can have a very high infection rate (Creech et al. 2015; Ray
et al. 2013a, b). Of note, some of the populations highly affected by CA-SSTI, such
as infantry recruits, are completely healthy and young subjects.
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Patients affected by SSI represent another important population. There are three
major target groups in this category: neurosurgery and cardiothoracic and ortho-
paedic surgery patients. They are all associated with severe disease outcomes;
however, they do have differences in terms of infection rate, population size, and
health status, as well as average age of the patients. Selection of the target popu-
lation will have to take into account and balance all these aspects.

Another fundamental criterion for the selection of the target population for
efficacy trials is the estimated cost-effectiveness of the vaccine in that target
group. Cost-effectiveness of a hypothetical S. aureus vaccine has been modelled for
different target populations (Lee et al. 2010; Song et al. 2012). These predictions
suggest that such a vaccine would be cost-effective for different target populations
in a wide range of vaccine efficacy and price. However, a balance between the
feasibility of showing vaccine efficacy in a given target population and its
cost-effectiveness should be made and the possibility to perform a first efficacy trial
in an “easier” population and then extend the study to a more “difficult” one could
also be considered. This is particularly true for S. aureus for which no established
correlates of protection are known. Indeed, without correlates of protection, it is
impossible to predict vaccine efficacy in humans on the basis of preclinical data or
immunogenicity studies in humans. Therefore, it is very important that research
efforts focus on the identification and development of assays that can be used in the
clinical setting in parallel with efficacy trials to establish surrogates of protection
that will largely facilitate next steps of clinical development and licensing of the
vaccines. One such potential assay that can recapitulate the full flavour of the
vaccine immune response, and has the great advantage of being independent from
heterologous constituents, is based on the use of whole blood from vaccinees.
Indeed, blood, and not serum or isolated cells, contains all the immunological
elements elicited by vaccination which are needed for inducing protection.

Recently bundle measures that included screening, decolonization, and targeted
prophylaxis of patients prior to surgery were shown to slightly, but significantly,
reduce S. aureus postoperative infection rate (Schweizer et al. 2015). These are
great and promising interventions. On the other hand, it is likely that an efficacious
vaccine would reduce the cost associated with infection control interventions and
could prevent the further increase of antibiotic resistance, as observed for other
vaccines in the market (Mishra et al. 2012).
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Lysin Therapy for Staphylococcus aureus
and Other Bacterial Pathogens

Vincent A. Fischetti

Abstract Lysins are a new and novel class of anti-infectives derived from bacte-
riophage (or phage). They represent highly evolved enzymes produced to cleave
essential bonds in the bacterial cell wall peptidoglycan for phage progeny release.
Small quantities of purified recombinant lysin added externally to gram-positive
bacteria results in immediate lysis causing log-fold death of the target bacterium.
Lysins can eliminate bacteria both systemically and topically, from mucosal sur-
faces and biofilms, as evidenced by experimental models of sepsis, pneumonia,
meningitis, endocarditis, and mucosal decolonization. Furthermore, lysins can act
synergistically with antibiotics by resensitizing bacteria to non-susceptible antibi-
otics. The advantages over antibiotics are their specificity for the pathogen without
disturbing the normal flora, the low chance of bacterial resistance, and their ability
to kill colonizing pathogens on mucosal surfaces, a capacity previously unavailable.
Lysins, therefore, may be a much-needed anti-infective in an age of mounting
antibiotic resistance.
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1 Introduction

Staphylococcus aureus are responsible for severe secondary infections in
immunocompromised individuals, as well as disease in otherwise healthy individ-
uals; it is the most common cause of human bacterial infections worldwide (Lowy
1998). Besides skin and soft tissue infections (SSTIs), S. aureus can cause sepsis,
toxic shock syndrome, pneumonia, necrotizing fasciitis, pyomyositis, endocarditis,
and impetigo (White and Smith 1963; Wertheim et al. 2005). Unfortunately, many
S. aureus strains, such as MRSA and vancomycin-resistant S. aureus (VRSA), have
evolved resistance to one or more antibiotics used as standard therapy. MRSA
account for more than 50 % of hospital isolates causing pneumonia and septicemia
(Klein et al. 2007) particularly in intensive care units resulting in 30–40 % mortality
(Tiemersma et al. 2004; Laupland et al. 2008). While health-care-associated MRSA
infect susceptible patients, community-associated MRSA (CA-MRSA) infect
healthy individuals (Herold et al. 1998; Centers for Disease Control and Prevention
1999). CA-MRSA strains are more virulent and contagious and are capable of
causing more severe diseases (Miller et al. 2005; Li et al. 2009).

The long-term and large-scale use of antibiotics in human and veterinary med-
icine provides a powerful selective pressure for antibiotic resistance to arise and
eventually dominate populations of human pathogenic microorganisms (Andersson
and Hughes 2010). Spontaneous resistance to most antibiotics appears with fre-
quencies ranging from ≤10−8–10−11 and, through a series of successive mutations,
ultimately generates clinically significant resistance which can then be mobilized in
an intra- and interspecies manner by genetic elements such as transposons, plas-
mids, integrons, and genomic islands (Woodford and Ellington 2007). The first
reported human case of MRSA was in Boston in 1968 (Barrett et al. 1968) which
increased over the subsequent decades. The evolution of multidrug resistance and
the international dissemination of epidemic clones compound the problem, high-
lighting the need for new antimicrobial development strategies.

Interest in phages and phage products as antimicrobials has been recently
renewed in order to address the problem of evolving resistance to antibiotics
(O’Flaherty et al. 2009). The use of lysins, or bacteriophage-encoded cell wall
hydrolases, has received particular attention because of a potent and often
species-specific bacteriolytic activity and a notable lack of bacterial resistance to
lysin activity (Fenton et al. 2010; Fischetti et al. 2006). In the context of a phage
lifecycle inside a bacterial host, lysins are expressed during viral replication and are
ultimately used to cleave the peptidoglycan, lyse the bacterium, and release progeny
virions. Purified recombinant lysins, on the other hand, can also be potent lytic
agents outside the viral context, driving “lysis from without” of target bacteria both
in vitro and in experimentally infected animals (Fenton et al. 2010; Schuch et al.
2002a; Cheng et al. 2005; Ahmed et al. 2011). Potentially therapeutic lysins gen-
erally have modular structures defined by well-conserved N-terminal
peptidoglycan-cleaving domains and more divergent C-terminal cell wall-binding
domains (CBD) that can recognize species-specific cell wall glycopolymers.
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The largely universal nature of lysin-sensitive cleavage sites in the peptidoglycan,
combined with an increasing understanding of roles for cell wall glycopolymers in
maintaining cell wall integrity, is cited to explain the absence of resistance to certain
lysins (Fischetti et al. 2006; Fischetti 2010).

Phage lysins have been refined by phage over millions of years to lyse bacteria.
They target the integrity of the cell wall and are designed to attack one of the four
major bonds in the peptidoglycan. With few exceptions (Loessner et al. 1997),
lysins do not have signal sequences, so they are not translocated through the
cytoplasmic membrane to attack their substrate in the peptidoglycan; this movement
is controlled by a second phage gene product in the lytic system, the holin (Wang
et al. 2000). During phage development in the infected bacterium, lysin accumu-
lates in the cytoplasm in anticipation of phage maturation. At a genetically specified
time, holin molecules are inserted in the cytoplasmic membrane forming patches,
ultimately resulting in generalized membrane disruption (Wang et al. 2003),
allowing the cytoplasmic lysin to access the peptidoglycan, thereby causing cell
lysis and the release of progeny phage (Wang et al. 2000). Scientists have been
aware of the lytic activity of phage for nearly a century, and while whole phages
have been used to control infection (Matsuzaki et al. 2005), not until recently have
lytic enzymes been exploited for bacterial control in vivo (Nelson et al. 2001;
Schuch et al. 2002a; Loeffler et al. 2003). Previous data indicate that lysins work
only with gram-positive bacteria, since they are able to make direct contact with the
cell wall carbohydrates and peptidoglycan when added externally, whereas the
outer membrane of gram-negative bacteria prevents this interaction. However,
recently lysins have been identified that are active against certain gram-negative
pathogens (Lai et al. 2011; Lood et al. 2015).

2 Mechanism of Action

By thin-section electron microscopy of lsin-treated bacteria, it appears that lysins
exert their lethal effects by forming holes in the cell wall through peptidoglycan
digestion. The high internal pressure of bacterial cells (roughly 10–15 atmospheres
for gram positives) is controlled by the highly cross-linked cell wall peptidoglycan
(Fig. 1). Any disruption in the wall’s integrity will result in the extrusion of the
cytoplasmic membrane and ultimate hypotonic lysis (Fig. 2). Catalytically, a single
enzyme molecule should be sufficient to cleave an adequate number of bonds to kill
an organism; however, it is uncertain at this time whether this theoretical limit is
possible. The reason comes from the work of Loessner (Loessner et al. 2002),
showing that a listeria phage enzyme had a binding affinity approaching that of an
IgG molecule for its substrate, suggesting that phage enzymes, like cellulases
(Jervis et al. 1997) are one-use enzymes, likely requiring several molecules
attacking a local region to sufficiently weaken the cell wall.
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Fig. 1 Diagram of the staphylococcal cell wall peptidoglycan and bonds cleaved by phage lysins.
Repeating units of MurNAc (N-acetylmuramic acid) and GlcNAc (N-acetylglucosamine) compose
the glycan strands that are linked to a stem peptide through an amide bond to the MurNAc. L-Ala
(L-alanine), D-iso-Glu (D-iso-glutamic acid), L-Lys (L-lysine), D-Ala (D-alanine). Stem peptides
are then cross-linked through a pentaglycine (in the case of S. aureus) to adjacent stem peptides
forming a tight stable net around the bacterium. Lysins cleave the major bonds: amidase
(N-acetylmuramoyl L-alanine amidase), muramidase (N-acetylmuramidase), glucosamidase
(N-acetylglucosaminidase), and endopeptidase

Fig. 2 Thin-section electron micrographs of S. aureus before (a) and after (b) treatment with
phage lysin PlySs2 for 15 s
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3 Lysin Efficacy

In general, lysins only kill the species (or subspecies) of bacteria from which they
were produced. For instance, enzymes produced from streptococcal phage kill
certain streptococci, and enzymes produced by pneumococcal phage kill pneu-
mococci (Loeffler et al. 2001; Nelson et al. 2001). Specifically, a lysin from a group
C streptococcal phage (PlyC) will kill group C streptococci, as well as groups A and
E streptococci (human pathogens), the bovine pathogen Streptococcus uberis, the
horse pathogen, Streptococcus equi, and the bovine pathogen S. uberis, but
essentially no effect on streptococci normally found in the oral cavity of humans
and other gram-positive bacteria. Similar results are seen with a
pneumococcal-specific lysin (Cpl-1) (Loeffler et al. 2001). The most specific lysin
reported to date is PlyG directed to Bacillus anthracis (Schuch et al. 2002a). This
enzyme binds to a neutral polysaccharide found only in the cell wall of B. anthracis
and rare “transition strains” of B. anthracis/Bacillus cereus (Schuch et al. 2013).
Thus, unlike antibiotics, which are usually broad spectrum and kill many different
bacteria found in the human body, some of which are beneficial, lysins may be
identified which kill only the disease organism with little to no effect on the normal
human bacterial flora. In some cases, however, phage enzymes may be identified
with broad lytic activity. One such lysin from an enterococcal phage has recently
been reported to not only kill enterococci but a number of other gram-positive
pathogens such as Streptococcus pyogenes, group B streptococci, and S. aureus
(Yoong et al. 2004). However, the broadest lysin identified is from a bacteriophage
that infects Streptococcus suis (a pig pathogen). This enzyme (PlySs2) not only
kills S. suis but other gram-positive pathogens (MRSA, vancomycin-intermediate S.
aureus (VISA), Listeria, Staphylococcus simulans, Staphylococcus epidermidis, S.
equi, Streptococcus agalactiae, S. pyogenes, Streptococcus sanguinis, group G
streptococci, group E streptococci, and Streptococcus pneumoniae) (Gilmer et al.
2013).

4 Staphylococcus aureus-Specific Lysins

An important lysin with respect to infection control would be lysins directed to S.
aureus (Sonstein et al. 1971; Clyne et al. 1992; O’Flaherty et al. 2005; Rashel et al.
2007; Manoharadas et al. 2009; Gilmer et al. 2013). In an earlier publication
(Rashel et al. 2007), a staphylococcal enzyme was described that could be easily
produced recombinantly and had a significant lethal effect on methicillin-resistant S.
aureus (MRSA) both in vitro and in a mouse model. In the animal experiments, the
authors show that the enzymes may be used to decolonize staphylococci from the
nose of the mice as well as protect the animals from an intraperitoneal challenge
with MRSA. However, in the latter experiments, the best protection was observed if
the lysin was added up to 30 min after the MRSA. To help overcome insolubility
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problems inherent in many staphylococcal-specific lysins, a chimeric enzyme was
produced from two different S. aureus-specific lysins; however, though soluble, the
activity did not show log-fold drop in viability or efficacy in animal models
(Manoharadas et al. 2009). Subsequently, a chimeric lysin (ClyS) was produced
from two staphylococcal-specific lysins (PhiNM3 and Twort). Purified ClyS effi-
ciently lysed MRSA, VISA, and methicillin sensitive (MSSA) strains of S. aureus
by >2-logs in vitro. In a mouse nasal decolonization model, a 2-log reduction in the
viability of MRSA cells was seen 1 h following a single treatment with ClyS and
one intraperitoneal dose of ClyS also protected against death by MRSA in a mouse
bacteremia model. More recently, PlySs2 (described above as one of the broadest
acting lysins) (Gilmer et al. 2013) was used to control MRSA. PlySs2 at 128 μg/ml
in vitro reduced MRSA growth by 5-logs within 1 h and exhibited an MIC of
16 μg/ml for MRSA. A single, 2-mg dose of PlySs2 protected 92 % of the mice in a
bacteremia model of mixed MRSA and S. pyogenes infection.

5 Synergy

Because of their action on the cell wall, when lysins are used in combination with
antibiotics, they tend to work synergistically (Loeffler and Fischetti 2003;
Djurkovic et al. 2005; Rashel et al. 2007; Daniel et al. 2010; Schuch et al. 2014;
Schmelcher et al. 2015) (Fig. 3). For example, when the pneumococcal lysin Cpl-1
was used in combination with gentamicin, increased synergistic killing of

Synergy

Fig. 3 Results of an isobologram with the staphylococcal-specific lysin (ClyS) and an
oxacillin-resistant MRSA strain and a vancomycin-resistant VISA strain of staphylococci. The
results show a typical synergistic curve for both organisms, showing that small (non-lytic) amounts
of the ClyS lysin will increase the sensitivity of the resistant staphylococci to the respective
antibiotics
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pneumococci was observed with decreasing penicillin MIC (Djurkovic et al. 2005).
Synergy was also observed with a staphylococcal-specific enzyme and glycopeptide
antibiotics (Rashel et al. 2007).

In a recent report of a lysin being developed as a therapeutic by Contrafect
Corporation (Schuch et al. 2014) (Contrafect.com), a lysin (CF-301) was used in
combination with vancomycin or daptomycin to significantly increase the survival
of mice with staphylococcal-induced bacteremia. The lysin at sublytic doses
apparently weakens the bonds in the peptidoglycan allowing more efficient uptake
of the antibiotics. Thus, the right combination of lysin and antibiotic could help in
the control of antibiotic-resistant bacteria as well as reinstate the use of certain
antibiotics for which resistance has been established.

6 Biofilms

Most bacteria can form biofilms, which are composed of bacterial cells adherent to
a substrate and to each other. These adherent cells are usually embedded within a
matrix of extracellular slimy material composed of DNA, protein, and polysac-
charides secreted and released by the cells. Biofilms are found on living or
non-living surfaces and are prevalent wherever bacteria are found. By its very
nature, bacteria imbedded within biofilms are more difficult to kill with conven-
tional antibiotics. Because bacteria are part of the biofilm matrix, the lytic action of
lysins on the bacterial component of the matrix has a destabilizing effect on these
structures. CF-301, the staphylococcal-specific lysin, being developed by
Contrafect, was shown to be quite effective against staphylococcal biofilms pro-
duced for 24 h on polystyrene dishes and subsequently treated with CF-301.
Following treatments for 2 or 4 h, residual biofilms were completely removed by
2 h, whereas standard of care antibiotics at 1000-fold higher concentration failed to
remove the biomass even after 4 h of treatment (Schuch et al. 2014). These results
could explain earlier studies where a pneumococcal lysin was used to successfully
remove pneumococci from the heart valves in a rat endocarditis model (Entenza
et al. 2005). By definition, endocarditis is a biofilm of organisms on heart valves,
which is difficult to treat and has a high fatality rate, particularly in the case of
MRSA endocarditis (Huang et al. 2008). In some cases, surgical intervention is
required to remove the biofilm. Lysin treatment, in combination with standard of
care antibiotics, could prove more effective than antibiotics alone.

7 Effects of Antibodies

The pharmacokinetics of lysins like other foreign proteins delivered systemically to
animals is about 20 min (Loeffler and Fischetti 2003). Thus, if lysins are to be used
systemically, they may need to be modified to extend their half-life, or they may
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need to be delivered frequently or by IV infusion. However, because lysins work
rapidly, more rapidly than antibiotics, perhaps one or two doses may be sufficient.
Since lysins are proteins, a concern regarding their use is the development of
neutralizing antibodies, which could reduce the in vivo levels and activity of the
enzyme during treatment. When rabbit hyperimmune serum raised against the
pneumococcal-specific enzyme Cpl-1 was assayed for its effect on lytic activity, it
did not block the activity of Cpl-1 (Loeffler et al. 2003). When similar in vitro
experiments were performed with antibodies directed to a B. anthracis- and an S.
pyogenes-specific enzyme, similar results were obtained (Fischetti, unpublished
data). These results were also verified with a staphylococcal-specific lysin (Rashel
et al. 2007).

To test the relevance of this result in vivo, mice that received three intravenous
doses of the Cpl-1 enzyme tested positive for IgG against Cpl-1 in 5 of 6 cases with
low but measurable titers of about 1:10. Vaccinated and naïve control mice were
then challenged intravenously with pneumococci and then treated by the same route
with 200 μg Cpl-1 after 10 h. Within a minute, the treatment reduced the pneu-
mococcal titer in the blood of Cpl-1-immunized mice to the same degree as the
naive mice, supporting the in vitro data that antibody to lysins has little to no
neutralizing effect. A similar experiment by Rashel with a staphylococcal enzyme
(Rashel et al. 2007) showed the same result and that animals injected with lysin
multiple times exhibited no adverse events.

This unexpected effect may be partially explained if the binding affinity of the
enzyme for its substrate in the bacterial cell wall is higher than the antibody’s
affinity for the enzyme. This is supported by the results of Loessner (Loessner et al.
2002), showing that the cell wall-binding domain of a listeria-specific phage
enzyme binds to its wall substrate at nanomolar affinities. However, while this may
explain the inability of the antibody to neutralize the binding domain, it does not
explain why antibodies to the catalytic domain do not neutralize. Nevertheless,
these results are encouraging since it suggests that such enzymes may be used
repeatedly in certain situations to control infecting or colonizing disease bacteria.

8 Bacterial Resistance to Lysins

Exposure of bacteria grown on agar plates to low concentrations of lysin did not
lead to the recovery of resistant strains even after over 40 cycles. Organisms in
colonies isolated at the periphery of a clear lytic zone created by a 10 μl drop of
dilute lysin always resulted in enzyme-sensitive bacteria. Enzyme-resistant bacteria
could also not be identified after >10 cycles of bacterial exposure to low concen-
trations of lysin (from 5–20 units) in liquid culture (Loeffler et al. 2001). These
results may be explained by the fact that the cell wall receptor for the pneumococcal
lysin is choline (Garcia et al. 1983), a molecule that is essential for pneumococcal
viability, and the receptor for PlyG, the lysin against B. anthracis, is directed
against a neutral wall polysaccharide that is essential for B. anthracis survival
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(Schuch et al. 2013). While not yet proven, it is possible that during a phage’s
association with bacteria over the millennia, to avoid becoming trapped inside the
host, the binding domain of their lytic enzymes evolved to target unique and
essential molecules in the cell wall, making resistance to these enzymes a rare
event.

9 Conclusion

Lysins are a new therapeutic to control a number of bacterial pathogens (Table 1).
For the first time, we may be able to specifically kill pathogens on mucous
membranes without affecting the surrounding normal flora, thus reducing a sig-
nificant pathogen reservoir in the population. Since this capability has not been
previously available, its acceptance may not be immediate. Nevertheless, such as
vaccines, we should be striving to develop methods to prevent rather than treat
infection. Whenever there is a need to kill bacteria, and contact can be made with
the organism, lysins may be freely utilized. Such enzymes will be of direct benefit
in environments where antibiotic-resistant gram-positive pathogens are a serious
problem, such as hospitals, day care centers, and nursing homes. The lysins isolated
thus far are remarkably heat stable (up to 60 °C) and are relatively easy to produce
in a purified state and in large quantities, making them amenable to these appli-
cations. The challenge for the future is to use this basic strategy and improve upon
it, as was the case for second- and third-generation antibiotics. Protein engineering,
domain swapping, and gene shuffling all could lead to better lytic enzymes to
control bacterial pathogens in a variety of environments. Since it is estimated that
there are 1031 phage on earth, the potential to identify new lytic enzymes is
enormous. Perhaps, someday phage lytic enzymes will be an essential component
in our armamentarium against pathogenic bacteria.

Table 1 List of pathogens to which phage lysins have been developed

Organisms for which lysins have been developed:

S. pyogenes S. uberis

S. pneumoniae S. equi

B anthracis B. cereus

Gr. B streptococcus B. thuringiensis

E faecalis/E faecium B. megaterium

S. aureus Gr. G streptococci

C. perfringens A. baumannii

C. difficile S. suis

P. acnes
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