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Abstract: Staphylococcus aureus (S. aureus) causes the vast majority of skin and soft tissue infections
(SSTIs) in humans. S. aureus has become increasingly resistant to antibiotics and there is an urgent
need for new strategies to tackle S. aureus infections. Vaccines offer a potential solution to this
epidemic of antimicrobial resistance. However, the development of next generation efficacious
anti-S. aureus vaccines necessitates a greater understanding of the protective immune response against
S. aureus infection. In particular, it will be important to ascertain if distinct immune mechanisms
are required to confer protection at distinct anatomical sites. Recent discoveries have highlighted
that interleukin-17-producing T cells play a particularly important role in the immune response
to S. aureus skin infection and suggest that vaccine strategies to specifically target these types of
T cells may be beneficial in the treatment of S. aureus SSTIs. S. aureus expresses a large number of
cell wall-anchored (CWA) proteins, which are covalently attached to the cell wall peptidoglycan.
The virulence potential of many CWA proteins has been demonstrated in infection models; however,
there is a paucity of information regarding their roles during SSTIs. In this review, we highlight
potential candidate antigens for vaccines targeted at protection against SSTIs.
Keywords: Staphylococcus aureus; skin infection; virulence factors; cell wall-anchored proteins;
vaccine development

1. Staphylococcus aureus Skin Infection
Staphylococcus aureus (S. aureus) is one of the leading causes of skin and soft tissue infections (SSTIs).
SSTIs caused by S. aureus account for over 10 million outpatient visits and almost 500,000 hospital
admissions in the United States each year [1]. Treatment of these infections is significantly hampered
by the pathogen’s propensity to acquire antibiotic resistance. In particular, community-acquired
methicillin resistant S. aureus (CA-MRSA) skin infections are occurring with increasing frequency in
healthy individuals with no identified healthcare-associated risk factors [2]. It is estimated that 90% of
CA-MRSA infections present as SSTIs [3]. Over the past 10 years, MRSA has become resistant to even
last resort antibiotics. Vaccines targeted against S. aureus may offer a potential solution to this raging
epidemic of antimicrobial resistance; however, despite significant efforts, an effective vaccine remains
elusive. S. aureus vaccine development has been hampered by a fundamental lack of understanding of
the correlates of immune protection in humans, and there is limited knowledge of which elements
of the immune response are important in recovery from or prevention against S. aureus infection.
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In particular, there is a paucity of information on whether or not distinct immune mechanisms are
important in providing site-specific protection against S. aureus infection.
2. Requirements for an Effective Anti-S. aureus Vaccine
A number of S. aureus vaccines have reached clinical trials, all of which were composed of a single
target antigen that was designed to induce neutralising and opsonising antibodies [4], and although
these vaccines produced robust humoral immunity, and proved efficacious in pre-clinical models,
they did not prevent or attenuate infection in clinical trials [5]. The failure of these immunization
strategies to confer protection in humans would suggest that antibodies alone are not sufficient to
provide protection against S. aureus. This is somewhat unsurprising, as B cell deficiencies in humans
and mice do not result in an increased frequency or severity of S. aureus disease [5–7]. There is
increasing evidence that T cells, in particular T helper (Th) cells, have an important role in the immune
response to S. aureus [8]. It is now widely accepted that protection against S. aureus requires a robust
T cell response, in particular Th1 and Th17 cells, which are critical for controlling phagocytic cell
responses and thus facilitating bacterial clearance [4,8]. Interestingly, it has been shown that model
vaccines can actually confer protection against S. aureus infection in the complete absence of antibodies
provided there is a robust T cell response [7,9]. Patients suffering from a range of conditions that
affect Th cells are at greater risk of developing S. aureus infections [6,10–12]. Autosomal dominant
hyper-IgE syndrome (AD-HIES) patients are susceptible to recurrent staphylococcal skin and lung
abscesses [11]. AD-HIES results in impaired Th17 cell development, however, CD4+ T cells retain
the ability to differentiate into other subsets of Th cells [13]. Interestingly, these patients are not
more susceptible to S. aureus bloodstream infection, suggesting that Th17 responses are particularly
important during skin and respiratory site infections, but may be less important during systemic
infection. Similarly, mice deficient in interleukin-17A (IL-17A) and IL-17F showed no difference in
pathology compared to the wild type strain following systemic infection, however, they had increased
susceptibility to mucocutaneous S. aureus infections [14]. In contrast, a recent study reports that Th1
cells play a crucial role in protection against systemic S. aureus infection in mice and are expanded in
the circulating blood of patients recovering from S. aureus bloodstream infection [15]. These studies
highlight the concept that specific immune responses may be of greater importance at distinct sites of
infection. Consequently the requirements for a vaccine may need to be tailored to the type of infection
that it is aimed at preventing. A universal anti-S. aureus vaccine may never be realised [16] and
instead, a vaccine targeting specific clinical manifestations may need to be pursued. As skin is the most
frequent site of S. aureus infection [17], a vaccine specifically against SSTIs would be of great benefit.
If prophylactic vaccines or other forms of immunotherapy to treat S. aureus SSTIs are to be developed
as an alternative to antibiotics, we need a greater understanding of the specific roles of individual
virulence factors during infection at this site, as they may be important targets in future therapies.
3. Skin
3.1. Skin Structure
The skin is the largest organ of the body and with the underlying fat layers, fascia, and muscle,
represents the majority of the tissue in the body [18]. The corneal layer is the outermost layer of the
skin and it is composed of terminally differentiated keratinocytes which have highly cross-linked
keratin fibrils (Figure 1) [19]. The granular, spinous and basal layers lie below the corneal layer, and
together with the corneal layer they make up the epidermis. Keratinocytes migrate from the basal layer
up to the corneal layer from where they are eventually shed. This corneal layer provides the physical
barrier of skin and it consists of dead keratinocytes, which are devoid of organelles [19]. This process
of migration occurs constantly, allowing the epidermis to be continuously renewed. Beneath the
epidermis resides the dermis layer, which is subdivided into the papillary dermis and the reticular
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ILvarious species of staphylococci, propionibacteria, corynebacteria and yeasts. It is thought that the
normal flora acts as a competitive inhibitor of non-commensal pathogenic microbes [19]. Some skin
colonising microorganisms, in particular S. aureus and β-haemolytic group A streptococci but also
Gram-negative bacteria, viruses and fungi, have the potential to cause infection, particularly when the
skin barrier is breached [20].
3.2. Skin Infections
SSTIs are caused by microbial invasion of the layers of skin and underlying soft tissues. SSTIs have
variable clinical presentations, etiology and severity. Infections may occur at sites where the skin
barrier has been breached, such as a wound or surgical site infection. However, infections may also
appear without apparent breach of the skin barrier, such as folliculitis occurring at hair follicles, or
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furuncles and carbuncles forming at pores [21]. The involvement of deeper layers such as the dermis
and/or subcutaneous tissues leads to cellulitis [21], with the involvement of yet deeper tissues, such
as underlying muscle leading to fasciitis. SSTIs are common and can affect all age groups, however,
certain conditions such as trauma, immunosuppression, certain skin conditions and drug use may
predispose an individual to SSTIs. S. aureus is capable of causing infections at all mentioned sites in the
skin and in some instances outbreaks of S. aureus SSTIs can occur. These are mainly seen in cases where
there is close body contact, in groups such as prisoners, athletes and soldiers [3]. CA-MRSA strains
from the lineage USA300 are the most common cause of skin infections and 97% of all MRSA SSTI
cases were caused by this lineage [22]. Many S. aureus SSTIs are self-limiting, however, complicated
SSTIs can occur, and this often leads to the formation of a large abscess [23]. Abscesses can form
in the dermis, epidermis and subcutaneous tissue and function primarily to contain the pathogen,
preventing the spread of infection to adjacent healthy tissue [24]. Although abscess formation is part of
the body’s defence mechanism, they can cause significant pathology and lead to benign or malignant
obstruction in tissues. They can rupture, releasing bacteria into the surrounding tissue and local
inflammation at the site of the abscess can lead to painful swelling for the patient [25]. An abscess
begins as an acute localised inflammatory response to the invading bacteria [24]. The abscess forms
and becomes a collection of pus composed of live and necrotic neutrophils, tissue debris and live
bacteria, encased in a fibrous capsule [24]. Severe SSTIs may also lead to dermonecrosis of adjacent
skin tissue.
3.3. Skin Immune Response
The skin possesses a robust innate and adaptive immune system to tackle infection if the
skin barrier is breached (Figure 1). There are many resident immune cells in the skin including
specialised dendritic cells known as Langerhans cells which are resident in the epidermis [19]. In the
dermis, there are dendritic cells, macrophages, mast cells, T and B cells, plasma cells, and natural
killer (NK) cells and their contribution to the cutaneous immune response has been the subject of
a number of previous reviews [19,26]. Keratinocytes are very important in the cutaneous immune
response. They produce large quantities of IL-1α, tumour-necrosis factor α (TNFα) and antimicrobial
peptides such as β-defensins in response to various stimuli, including the presence of bacteria [26].
Keratinocytes also produce a large number of chemokines and other immunoregulatory cytokines
in response to stimulation. These products in turn activate resident innate immune cells in the
skin, further up-regulating expression of other inducible mediators and facilitating the recruitment of
additional immune cells from the blood (Figure 1) [26]. Keratinocytes recognise the presence of S. aureus
using pattern recognition receptors. Toll-like receptor 2 (TLR-2) on keratinocytes recognise pathogen
associated molecular patterns (PAMPs) including peptidoglycan and lipopeptides [27]. Keratinocytes
also express IL-1 receptor (IL-1R), which is activated by both autocrine and paracrine produced
IL-1α and IL-1β [17]. Both IL-1R and TLR-2 signal through myeloid differentiation primary-response
protein 88 (MyD88) to activate downstream signalling, which induces the nuclear factor-κB (NF- κB)
and mitogen-activating protein kinase (MAPK) signalling pathways, leading to the transcription
of proinflammatory genes, such as TNFα and IL-6, which recruit neutrophils during S. aureus
skin infections [28,29]. A skin infection model using MyD88-deficient mice found that these mice
had a reduced capacity for neutrophil recruitment and cytokine production, resulting in increased
susceptibility to infection. Further study identified the IL-1R-MyD88 signalling axis as being primarily
important for recruitment of neutrophils and protection against S. aureus SSTIs [30].
Clinical studies have highlighted the importance of the IL-1–IL-17 axis in cutaneous host defence
against S. aureus [17]. Patients with IL-1 receptor-associated kinase 4 (IRAK4) deficiency, where IL-1R
and TLR signalling is impaired, and AD-HIES patients who have defective IL-17 responses, were
found to suffer from recurrent S. aureus SSTIs [13,28,31]. IL-1 functions to promote the production of
IL-17 and related cytokines from Th17 cells but also from subpopulations of γδ T cells [32]. These IL-17
producing cells, comprising both Th17 cell and γδ T cells, have an important role in epithelial site
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immune responses. Through the production of IL-17A and IL-17F, they induce the expression of
neutrophil-attracting chemokines and granulopoiesis factors thus promoting neutrophil recruitment
and abscess formation [33–35]. In addition, IL-17 can also induce keratinocytes to produce antimicrobial
peptides [36]. Murine models have shown that the related Th17 cytokine IL-22 may also be involved in
protection against SSTIs [35,37]. In a murine skin abscess model, the inhibition of either IL-17A or IL-22
alone resulted in significantly larger lesion size, indicating that both IL-17A and IL-22 are necessary for
local control of SSTIs [38]. A recent study demonstrated that a model vaccine that specifically drove
Th17 (IL-17 and IL-22) immunity was able to contain S. aureus SSTIs [37]. Immunization with the
model vaccine resulted in reduced bacterial burden in the abscess, in addition to a reduction in abscess
volume and the level of dermonecrosis.
4. Virulence Factors Involved in the Pathogenesis of S. aureus SSTIs
4.1. Membrane Damaging Toxins
Numerous secreted virulence factors are produced by S. aureus, including a number of membrane
damaging toxins capable of forming pores in the cytoplasmic membrane of host cells leading to
cell lysis.
Bi-component leukocidins form an octameric structure of alternating S and F subunits that form
a β-barrel pore spanning the lipid bi-layer of the host cytoplasmic membrane resulting in lysis [39].
Panton Valentine Leukocidin (PVL) is a β-barrel pore-forming cytotoxin that binds to the complement
receptors C5aR and C5L2 on the surface of neutrophils [39]. Human and rabbit neutrophils are
susceptible to the cytolytic activity of PVL; however, PVL cannot efficiently recognise the C5aR receptor
on murine cells making them resistant [39,40]. LukAB and LukED are bi-component leukocidins that
are closely related to PVL but recognise different host cell receptors. Although purified LukED,
LukAD and PVL induce inflammation in rabbit skin [41,42], animal models have failed to demonstrate
a clear role for bi-component leukocidins in the pathogenesis of skin infection [43–45]. There was
little difference in infection outcome when S. aureus strain LAC and an isogenic PVL-deficient mutant
were compared in rabbit skin abscess models. Several studies have demonstrated increased virulence
of PVL-deficient mutants in murine models of skin abscess formation. However, these results must
now be interpreted in light of the recent discovery that leukocidins antagonise each other’s activity
by forming inactive hybrid complexes that compete for receptors [46]. PVL-deficient mutants, for
example, display increased LukED activity in vivo [46]. Further studies are needed to fully understand
the role of bi-component leukocidins in SSTI.
The role of the heptameric β-barrel forming alpha toxin (Hla) in vivo is much better understood.
The Hla monomer binds to host cells and assembles as a heptamer forming a lipid bi-layer spanning
β-barrel pore in a similar manner to the bi-component leukocidins. Hla has activity toward a variety of
host cell types, including human keratinocytes, epithelial cells, lymphocytes and erythrocytes although
it is unable to lyse neutrophils [47–50]. The receptor for Hla is A Disintegrin And Metalloprotease 10
(ADAM10) [51], which is expressed on leukocytes but also widely expressed by many cells in the liver,
heart, kidney, lung, and in lymphoid tissues [52]. The Hla-ADAM10 interaction leads to the disruption
of host cell membranes, and during skin infection this contributes to the necrosis of the epidermis
and dermis layers [51,53]. Hla contributes significantly to the severity of USA300 skin infections.
Upon subcutaneous infection, there was a striking difference in lesion phenotype between the wild
type and Hla-deficient LAC infected mice [53]. Mice challenged with a Hla-deficient mutant of LAC
formed significantly smaller lesions with visibly less dermonecrosis than those infected with the wild
type strain. In a rabbit infection model, the Hla-deficient mutant of LAC formed smaller lesions with
lower bacterial burden in the abscess compared to wild type LAC [43]. A recent study investigating
the role of Hla in the virulence of the PVL-negative CA-MRSA strain, ST72, from Korea found that
a Hla isogenic mutant did not form any detectable lesions in a mouse skin infection model [54].
Another recent study found that Hla contributed to the virulence of the dominant CA-MRSA strain
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ST93 from Australia [55]. Hla-deficient ST93 infected mice did not form detectable lesions and the
bacterial burden in the skin was significantly lower than wild type infected mice [55]. From these
studies it is clear that Hla is an important virulence factor in SSTIs and much of the recent research has
convincingly demonstrated that Hla is a major cause of dermonecrosis during SSTIs. Consistent with
this, administration of monoclonal antibodies, which neutralised Hla, resulted in reduced lesion size
and dermonecrosis in a skin infection model [56].
Phenol-soluble Modulins (PSMs) are small, amphipatic, α-helical peptides. They are grouped
into α-type PSMs, which are between 20–25 amino acids in length and β-type PSMs, which are about
44 amino acids long [57–59]. In contrast to β-barrel-forming toxins, their ability to lyse cells is thought to
be non-specific and receptor-independent [57]. PSMs have an exceptionally high capacity to lyse human
neutrophils with neutrophil lysis by PSMα occurring after S. aureus has been phagocytosed [60,61].
Abscess size and bacterial burden were significantly decreased in a rabbit skin abscess model when
LAC ∆psmα was compared to wild type [43]. In another study, Wang R. et al. [58], used isogenic
mutants of PSM in two CA-MRSA strains, LAC and MW2 (USA400) in a murine skin abscess model.
The LAC ∆psmα strain had significantly reduced ability to cause skin abscesses when compared to
the wild type [58]. In vitro assays found that PSMs can effectively lyse human neutrophils and the
integrity of the plasma membrane of neutrophils was compromised after only 5 min of exposure to
PSMα. The PSM-deletion strains had greatly reduced capacity for lysis [58]. These results suggest that
the primary role of PSMs during skin infection is to destroy leukocytes, and thus facilitate S. aureus
evasion of host immune defence systems.
Taken together the evidence in the literature suggests that dermonecrosis caused by S. aureus
during SSTIs is almost exclusively caused by secreted toxins. This dermonecrosis causes excessive
inflammation, which can lead to further damage of the skin. In addition, the cytolytic effect that these
secreted proteins have upon leukocytes acts as an immune evasion mechanism for S. aureus, thus
facilitating persistence of the infection.
4.2. Cell Wall-Anchored Proteins
S. aureus expresses an array of cell wall-anchored (CWA) proteins, which are covalently bound to
the cell wall peptidoglycan. S. aureus can express up to 25 CWA proteins [62]. Many of these can carry
out multiple functions and there is functional redundancy between the proteins. All CWA proteins
are anchored to the cell wall by transpeptidases known as sortases [63]. Proteins destined for the
cell wall contain a C-terminal sorting signal with a conserved LPXTG motif, which is recognised by
sortase A. Sortase A cleaves the amide bond between the threonine and glycine, and nucleophilic
attack occurs with the pentaglycine chain of peptidoglycan precursor, lipid II, linking the protein
to lipid II [63]. This precursor molecule can then be integrated into the cell wall during normal
peptidoglycan synthesis. Sortase-deficient mutants, which lack all surface bound CWA proteins, had
reduced virulence in murine kidney abscess infection models [64,65]. Wild type bacteria formed
abscesses at five days post-challenge, whereas the sortase-deficient strain was unable to cause abscess
formation, instead the bacteria were cleared by the animal [64,65]. Similarly, in a skin abscess model,
a sortase-deficient mutant had lower bacterial burden in the skin and animals showed a significantly
reduced pathology compared to wild type infected mice [66]. These studies clearly indicate that CWA
proteins are important during SSTIs. Consistent with this, a rabbit skin infection model, which was
used to study the S. aureus LAC transcriptome during infection, showed an upregulation of genes
encoding CWA proteins including fibronectin and fibrinogen binding proteins and other virulence
factors such as proteases and leukocidins 24 h post infection [45].
It is likely that CWA proteins may be particularly important for the initial attachment of bacteria to
skin and in the early stages of SSTIs and abscess formation. However, there is a paucity of information
regarding the role of individual surface proteins during SSTIs in the literature. Only one study to
date has looked at the contribution of multiple individual CWA proteins in a murine skin infection
model [66]. The study examined the contribution to pathogenesis of the surface proteins, protein A
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(SpA), fibronectin-binding proteins (FnBPs), SasF and clumping factor A (ClfA). The mutants used were
generated in a number of different strain backgrounds; Newman, SH1000, and LS-1, making direct
comparisons between the contributions of each protein difficult. To date, the majority of research into
the virulence potential of CWA proteins has been carried out in systemic invasive models of infection.
This review draws on the knowledge gained in these models and applies it to SSTIs, providing
discussion on a number of CWA proteins, which may be critically important in S. aureus SSTI.
4.2.1. Clumping Factor A
ClfA is the major fibrinogen binding protein of S. aureus and it binds to the C-terminal region of the
fibrinogen γ-chain [67], this can result in platelet aggregation or clumping of bacteria in plasma. ClfA is
an important virulence factor of S. aureus and its contribution to pathogenesis has been demonstrated
in several animal models of infection including endocarditis, arthritis, and sepsis [68–70]. In a murine
arthritis model, a ClfA-deficient mutant of S. aureus showed significantly decreased ability to cause
arthritis and also decreased mortality when compared to the wild type Newman strain [68]. In this
study, mice were also immunized with recombinantly produced ClfA A domain which conferred
some protection from subsequent S. aureus infection by the induction of ClfA-specific antibodies [68].
In a murine kidney abscess model of S. aureus infection, a ClfA-deficient mutant of Newman had
reduced survival in blood and caused decreased bacterial burden in the kidneys compared to the wild
type strain. Defects in abscess formation caused by the mutant were not deemed to be significant [65].
These findings suggest that ClfA is primarily involved in pathogen survival and dissemination in
blood but not directly involved in forming abscesses in the kidneys.
ClfA also appears to play an important role in skin infection, as mice inoculated with
a ClfA-deficient mutant of Newman demonstrated a lower bacterial burden in skin abscesses compared
to the wild type strain at Day 2 post-inoculation [66]. In the same study, a Newman strain which
had its ClfA gene replaced with a mutated version of ClfA (ClfA PYI), which lacked the ability to
bind fibrinogen, was administered, and there was a significant reduction in bacterial burden in the
skin abscess, much greater than the reduction seen in ClfA-deficient Newman infected mice. [66].
ClfA protects bacteria from neutrophil phagocytosis through the recruitment of fibrinogen to the
bacterial cell surface [71]; this likely inhibits opsonin deposition or shields opsonins from recognition
by host phagocyte receptors. In a murine model of septicaemia, fibrinogen-deficient mice are less
susceptible to S. aureus infection and mice producing a mutant form of fibrinogen lacking the ClfA
binding site are more resistant to challenge than wild type mice indicating that the interaction between
S. aureus and fibrinogen is crucial for facilitation of the infection [72]. Given that fibrinogen is present
in damaged skin, it is likely that ClfA binding to this ligand might also be critical for initial attachment
of the bacterium in SSTIs. ClfA has been implicated as a potential T-cell antigen [15,73], and this is
discussed later in this review.
4.2.2. Clumping Factor B
S. aureus attachment to the anterior nares during colonisation is facilitated by the staphylococcal
surface adhesin, clumping factor B (ClfB), through high affinity interactions with the cornified envelope.
ClfB has been shown to promote nasal colonisation in rodents and humans [74–76]. ClfB binds to
plasma fibrinogen [77], cytokeratin 10 [78], which is the dominant component of the interior of
squamous cells and to loricrin which is the most abundant protein of the cornified envelope of
squames [79]. Rates of S. aureus nasal colonisation were significantly reduced in loricrin-knockout mice
compared to wild type mice, demonstrating that loricrin may be the critical ligand for ClfB in vivo,
at least in mice [74]. In a murine kidney infection model, a ClfB-deficient mutant of Newman had
lower bacterial burden in the kidney; however, no defects in abscess formation were observed using
histology methods [65]. This study suggests that ClfB is not involved in abscess formation, at least
during systemic infection. As ClfB is known to bind to squames in the nose it is possible that it has
a role in the attachment to squames at other locations in the body, and this may be of importance for
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the initiation of skin infections. The contribution of ClfB to S. aureus skin infection and how it interacts
with the immune system at this site remains to be elucidated.
4.2.3. Fibronectin-Binding Proteins
Fibronectin-binding proteins (FnBPs) A and B enable S. aureus to adhere and invade a range of
cell types, including epithelial cells, endothelial cells, fibroblasts, and osteoblasts [80–82]. Invasion is
facilitated by the host cell fibronectin receptor, integrin α5 β1 [82]. When FnBPA was expressed on the
surface of Lactococcus lactis, a bacterium that does not normally adhere to fibronectin or endothelium,
it conferred the ability to invade endothelial cells [83]. This demonstrates that there is no secondary
factor needed to promote the binding of fibronectin and invasion of cells.
The role of FnBPs has been demonstrated in systemic S. aureus infection [80,84,85]. FnBPA and
FnBPB were found to be crucial to the establishment of sepsis following intravenous challenge, using
the strain SH1000 and its fnbA and fnbB mutants [85]. In this model, all mice infected with the wild
type strain died within six days, however, there was a 100% survival rate of mice infected with the
mutant strains [85]. They also found that the FnBPA-deficient mutant was unable to form abscesses in
the kidneys, which was in contrast to the wild type SH1000, suggesting that FnBPA is indispensible for
abscess formation at least in the kidney.
FnBPs have also been shown to play a role in a murine septic arthritis model of S. aureus infection
with strain LS-1 [80]. An LS-1 mutant of fnbA and fnbB was not attenuated in its ability to cause
arthritis compared to the wild type, however, the mice infected with the mutant had reduced weight
loss. This indicates that although FnBPs do not affect the development of local infection within the
joint, they significantly contributed to systemic inflammation, characterised by IL-6 production, and
ultimately pathology which was characterised by weight loss [80].
A recent study has shown that an FnbAB-deficient mutant of LS-1 had decreased bacterial burden
in the abscess on Day 2 post inoculation in a murine skin abscess model [66]. FnBPs have also been
demonstrated to play a role in the adherence and invasion of keratinocytes [86], so it is clear from
this work that FnBPs may contribute to SSTIs. However, more studies are needed to understand their
specific role. Given their propensity to induce systemic inflammation [80] it is possible that they may
also contribute to inflammation within the skin, impacting upon abscess development and potentially
leading to dermonecrosis.
4.2.4. SasX
SasX is a CWA protein that is believed to have contributed to major epidemics of MRSA infection
in hospitals in Asia [87]. The sasX gene is encoded by a lysogenic bacteriophage and has spread
rapidly among the dominant clones of MRSA in Asia. It has been shown to promote S. aureus nasal
colonisation in mice by supporting bacterial adherence to desquamated nasal epithelial cells [87].
Immunisation with recombinant SasX or passive transfer of specific antibodies against SasX reduced
nasal colonisation [88]. In a skin infection model, mice challenged with SasX-deficient mutants
developed smaller abscesses than those infected with the wild type MRSA strain. This suggests SasX
contributes to SSTIs, however, it’s specific role remains to be elucidated.
4.2.5. Protein A
Protein A (SpA) is a conserved, multifunctional surface protein of S. aureus. Its N-terminus
contains five tandemly linked triple-helical bundle domains, which are important for binding to IgG
and other ligands, such as TNF receptor 1 (TNFR1) and von Willebrand factor (VWF) [62]. SpA has
a number of immunosuppressive traits and is one of S. aureus’ most important mechanisms of immune
evasion. SpA binds to the Fcγ portion of IgG, resulting in the bacteria becoming coated in IgG bound
in the incorrect orientation, leading to decreased recognition by neutrophils and consequently evasion
of phagocytosis [89,90]. SpA is also a B cell superantigen that binds to the VH 3+ immunoglobulins on
the surface of B cell receptors, causing clonal expansion, which results in apoptosis [91]. This depletion
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of B cells results in reduced antibody production and the inability to develop robust adaptive immune
responses [91]. In contrast to its role in immune evasion SpA can also be proinflammatory. SpA was
shown to bind to and stimulate the surface expression of TNFR1 and also its shedding from the
cell [92]. TNFR1 binding leads to activation of MAPKs, which results in the expression of IL-8 and
other chemoattractant cytokines, ultimately causing neutrophil recruitment. In a murine model of
pneumonia, mice infected intranasally with wild type S. aureus RN6390 had a significantly higher
incidence of pneumonia and bacteraemia than mice infected with the SpA mutant [92]. Mice lacking
TNFR1 were also significantly protected from pneumonia, and bacteraemia. Thus, the lack of SpA or
TNFR1 expression resulted in reduced bacterial virulence in this pneumonia model.
A murine kidney abscess model was used to determine the contribution of SpA to abscess
formation [65]. On Day 5 post-infection, the SpA-deficient Newman infected mice had a significantly
reduced number of abscesses compared to the wild type infected mice [65]. Similarly, in an alternative
study, mice infected intravenously with SpA-deficient Newman had lower bacterial load and decreased
number of kidney abscesses 18 days post inoculation compared to mice challenged with the wild
type strain [93]. In this study, immunization with SpA-deficient mutants prior to infection with wild
type Newman resulted in a decreased number of abscesses and a reduction in the bacterial burden
associated with these abscesses. The sera from mice immunized with SpA-deficient mutants had
increased antibody titers towards several staphylococcal antigens, in particular sortase A anchored
proteins. This suggests that SpA suppresses the host antibody response during staphylococcal infection.
This property of SpA has lead to concerns that protein A could render vaccination futile [4,8].
It is apparent that SpA has a number of functions during infection; however, its role in
skin infection has yet to be fully elucidated. When mice were inoculated subcutaneously with
a SpA-deficient mutant of Newman, the bacterial burden from skin abscess was significantly lower
than abscesses of mice infected with the wild type. The dominant role for SpA during S. aureus SSTI
is likely immune evasion through its binding of IgG and depletion of B cells, providing the bacteria
with time to establish itself and attach to ligands in the skin. It is also likely that SpA is important in
driving proinflammatory responses in the skin. The TNFR1 receptor is highly expressed on human
keratinocytes [94] and purified SpA was shown to up-regulate the expression of COX-2 and IL-8 by
its binding to TNFR1 in human keratinocytes and triggering downstream kinases which result in
the activation of NK kappa B and AP-1, ultimately causing skin inflammation [94]. Additionally, the
binding of TNFR1 may facilitate binding of S. aureus to the skin and in turn the delivery of other
virulence factors which may be important in SSTIs.
4.2.6. Iron Regulated Surface Proteins
Iron regulated surface (Isd) proteins are membrane-bound proteins, which contain a near iron
transporter (NEAT) motif, which can bind haemoglobin and haem [62]. The proteins IsdA and IsdB are
part of the bacterial Isd system, which is a haem uptake system [95]. Iron limitation is an environmental
signal often indicative of mammalian host-pathogen interaction. IsdA is a multifunctional S. aureus
surface protein that has been shown to be important for nasal carriage [96]. IsdA has been shown to
play a role in adherence to squames under iron-limited conditions and studies have shown that IsdA
promotes adhesion to loricrin, involucrin and K10 [96,97].
In a murine kidney abscess model, mice infected with Newman isogenic mutants of isdA and isdB
had reduced bacterial load and reduced abscess formation in the kidneys compared to the wild type
infected animals [65]. It is clear that S. aureus must require heme-iron scavenging via IsdA and IsdB for
expansive growth during infection, so it is not surprising that when these proteins are absent there is
a reduction in virulence.
IsdA also functions as a resistance factor against human innate immune defence mechanisms.
The presence of IsdA on the surface S. aureus causes the bacteria to become more hydrophilic and
negatively charged [98]. This contributes to the bacteria’s ability to resist the inhibitory effects of
the fatty acids and antimicrobial peptides and allows the organism to colonise human skin more
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effectively [98,99]. In a rabbit skin infection model transcription levels of isdB were increased 24 h
post infection [45] suggesting that it may have a role during skin infection. As these proteins bind to
ligands found on skin cells, it is likely to play a role in SSTIs, however, this has yet to be characterised.
A number of studies have demonstrated the protective effect of antibodies specific to IsdA and
IsdB in murine and macaque models of infection [100–103]. IsdB was tested by Merck as a vaccine
candidate in phase II/III clinical trials. The trials were stopped due to lack of efficacy [4]. This further
highlights the current lack of knowledge about what constitutes protection against S. aureus infection
in humans.
5. CWA Proteins as T Cell Antigens
There is a complete lack of insight into how CWA proteins interact with immune pathways,
with the exception of SpA, which is known to bind to and stimulate TNFR1 expression [92]. If CWA
proteins are to be considered as vaccine antigens, then we need to understand if they are capable
of activating T cells. Anti-S. aureus vaccines that drive cell-mediated immunity have succeeded
in generating antibody-independent protection against systemic infection in mice, provided there
is sufficient activation of effector T cell subsets [7,9]. The targeting of individual T cell subsets
is now considered an important strategy for next generation anti-S. aureus vaccines. To-date, no
well-established S. aureus T cell epitopes have been identified. It has recently been shown that the
majority of adults possess significant levels of circulating antigen-specific memory T cells, presumably
indicative of an individual’s prior exposure to S. aureus either through commensal colonisation or
previous sub-clinical infections [73]. In this study human peripheral blood mononuclear cells (PBMCs)
were exposed to a range of S. aureus antigens and T cell-specific responses were measured. Extracellular
proteins (including secreted proteins and surface bound proteins), elicited greater T cell proliferation
and cytokine production than intracellular proteins and thus represent the major T cell antigens
of S. aureus [73]. Recent work from our group demonstrated that heat killed S. aureus, which had
been washed to remove all secreted factors in the media, elicits a robust T cell response, suggesting
that membrane-bound proteins of S. aureus in particular are responsible for activating T cells [15].
Furthermore, we went on to show that ClfA alone can activate T cells at similar levels to that of
heat-killed S. aureus [15] supporting the idea that CWA proteins in general, and in particular ClfA,
may represent important T cell antigens.
A number of studies have already demonstrated the potential of ClfA as a vaccine candidate
antigen. Immunisation with ClfA has been shown to confer antibody-mediated immunity in a murine
model of S. aureus arthritis [68] and a kidney abscess model [104]. Interestingly we have shown
that both nasal and oral immunization with targeted nanoparticles, loaded with purified ClfA A
domain, led to a Th1 and Th17 cellular immune response in the absence of any humoral response.
Nasal immunization with this ClfA-loaded nanoparticle vaccine provided significant protection
against systemic S. aureus infection. This study demonstrated that a nasal vaccine was capable of
protecting against an acute systemic infection and that this protection could be achieved with purely
a cellular response. Similarly a vaccine composed of Candida albicans agglutinin like sequence 3 protein
(Als3p), which has structural and sequence homology with ClfA, was shown to protect mice from
staphylococcal septicaemia in a T cell-dependent manner [7]. B cells were neither necessary nor
sufficient to provide protection in this model [7]. Interestingly, it has been shown that immunization
with ClfA combined with an alum adjuvant failed to confer protection against systemic infection in
IL-17A deficient mice, further highlighting the importance of an IL-17 response in protection against
Staphylococcal infections [105].
Taken together, these preclinical studies highlight the potential of ClfA as a T cell antigen, and ClfA
is currently included as part of a number of multivalent vaccines currently in development. A Pfizer
vaccine, currently in phase II clinical trials, is composed of four antigens, including ClfA, MntC and
two capsular polysaccharide proteins (CP5 and CP8) [106,107]. The vaccine caused increased antibody
production in phase 1 trials and there were no safety concerns, however, no data concerning cellular
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immunity has been published [106]. A phase I clinical trial was carried out by NovaDigm, using
a vaccine composed of the ClfA homologue, Als3p [108]. The vaccine caused a rapid rise in specific
antibody titers and induced specific Th1 and Th17 immune enhancement in humans. The vaccine is
currently in Phase II clinical trials [107].
ClfA is emerging as a potential potent stimulator of T cells and it is a very promising antigen
for vaccine development, however, there has been little or no research carried out on the potential
of other CWA proteins to activate T cells. As there are over 20 CWA proteins, studies to determine
which proteins elicit high T cell response should be carried out to identify potential proteins for further
examination in vaccine studies.
6. Conclusions
We know that vaccines targeting T cells are needed to drive a robust immune response against
S. aureus infection [4,8]. IL-17-producing cells, in particular Th17 and γδ T cells, have been specifically
implicated in host defence against S. aureus cutaneous infections [14,35]. An ideal vaccine targeted
against SSTIs should have three main attributes: (1) induction of antibodies to neutralise toxins
which cause dermonecrosis and inflammation; (2) induction of antibodies to neutralise CWA proteins
believed to be important in the initial attachment of bacteria to host ligands; and (3) the ability to
induce a robust IL-17 response to promote neutrophil recruitment to the site of infection and effective
bacterial clearance. CWA proteins, many of which are conserved across strains, could induce antibodies
and simultaneously act as T cell activators in a vaccine. This review has highlighted the need for
more research to be carried out to understand the role of surface proteins as virulence factors in skin
infections and in particular their ability to activate T cells, which is required to inform development of
vaccines that can efficiently promote protective immunity to S. aureus skin infection.
Acknowledgments: Research in the McLoughlin Laboratory is funded by a Wellcome Trust Research Career
Development Fellowship (WT086515MA to Rachel M. McLoughlin) and a Science Foundation Ireland Investigator
Project Grant (12/IP/1532 to Rachel M. McLoughlin).
Author Contributions: Rachel M. McLoughlin and Joan A. Geoghegan conceived the topic for review.
Keenan A. Lacey wrote the manuscript and all authors edited the manuscript.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.
4.
5.
6.

7.

8.

Hersh, A.L.; Chambers, H.F.; Maselli, J.H.; Gonzales, R. National trends in ambulatory visits and antibiotic
prescribing for skin and soft-tissue infections. Arch. Internal Med. 2008, 168, 1585–1591. [CrossRef] [PubMed]
David, M.Z.; Daum, R.S. Community-associated methicillin-resistant Staphylococcus aureus: Epidemiology
and clinical consequences of an emerging epidemic. Clin. Microbiol. Rev. 2010, 23, 616–687. [CrossRef]
[PubMed]
Otto, M. Basis of virulence in community-associated methicillin-resistant staphylococcus aureus.
Annu. Rev. Microbiol. 2010, 64, 143–162. [CrossRef] [PubMed]
Proctor, R.A. Challenges for a universal Staphylococcus aureus vaccine. Clin. Infect. Dis. 2012, 54, 1179–1186.
[CrossRef] [PubMed]
Fowler, V.G., Jr.; Proctor, R.A. Where does a Staphylococcus aureus vaccine stand? Clin. Microbiol. Infect.
2014, 20 (Suppl. 5), 66–75. [CrossRef] [PubMed]
Laupland, K.B.; Ross, T.; Gregson, D.B. Staphylococcus aureus bloodstream infections: Risk factors, outcomes,
and the influence of methicillin resistance in Calgary, Canada, 2000–2006. J. Infect. Dis. 2008, 198, 336–343.
[CrossRef] [PubMed]
Spellberg, B.; Ibrahim, A.S.; Yeaman, M.R.; Lin, L.; Fu, Y.; Avanesian, V.; Bayer, A.S.; Filler, S.G.; Lipke, P.;
Otoo, H.; et al. The antifungal vaccine derived from the recombinant n terminus of als3p protects mice
against the bacterium Staphylococcus aureus. Infect. Immunity 2008, 76, 4574–4580. [CrossRef] [PubMed]
Daum, R.S.; Spellberg, B. Progress toward a Staphylococcus aureus vaccine. Clin. Infect. Dis. 2012, 54, 560–567.
[CrossRef] [PubMed]

Pathogens 2016, 5, 22

9.

10.

11.

12.

13.

14.

15.

16.
17.
18.
19.
20.

21.

22.

23.

24.
25.
26.
27.
28.

12 of 17

Misstear, K.; McNeela, E.A.; Murphy, A.G.; Geoghegan, J.A.; O’Keeffe, K.M.; Fox, J.; Chan, K.; Heuking, S.;
Collin, N.; Foster, T.J.; et al. Targeted nasal vaccination provides antibody-independent protection against
Staphylococcus aureus. J. Infect. Dis. 2014, 209, 1479–1484. [CrossRef] [PubMed]
Wiese, L.; Mejer, N.; Schonheyder, H.C.; Westh, H.; Jensen, A.G.; Larsen, A.R.; Skov, R.; Benfield, T.
A nationwide study of comorbidity and risk of reinfection after Staphylococcus aureus bacteraemia. J. Infect.
2013, 67, 199–205. [CrossRef] [PubMed]
Holland, S.M.; DeLeo, F.R.; Elloumi, H.Z.; Hsu, A.P.; Uzel, G.; Brodsky, N.; Freeman, A.F.; Demidowich, A.;
Davis, J.; Turner, M.L.; et al. Stat3 mutations in the hyper-ige syndrome. N. Engl. J. Med. 2007, 357, 1608–1619.
[CrossRef] [PubMed]
Litjens, N.H.; Huisman, M.; van den Dorpel, M.; Betjes, M.G. Impaired immune responses and
antigen-specific memory cd4+ T cells in hemodialysis patients. J. Am. Soc. Nephrol. 2008, 19, 1483–1490.
[CrossRef] [PubMed]
Milner, J.D.; Brenchley, J.M.; Laurence, A.; Freeman, A.F.; Hill, B.J.; Elias, K.M.; Kanno, Y.; Spalding, C.;
Elloumi, H.Z.; Paulson, M.L.; et al. Impaired t(h)17 cell differentiation in subjects with autosomal dominant
hyper-ige syndrome. Nature 2008, 452, 773–776. [CrossRef] [PubMed]
Ishigame, H.; Kakuta, S.; Nagai, T.; Kadoki, M.; Nambu, A.; Komiyama, Y.; Fujikado, N.; Tanahashi, Y.;
Akitsu, A.; Kotaki, H.; et al. Differential roles of interleukin-17a and -17f in host defense against
mucoepithelial bacterial infection and allergic responses. Immunity 2009, 30, 108–119. [CrossRef] [PubMed]
Brown, A.F.; Murphy, A.G.; Lalor, S.J.; Leech, J.M.; O’Keeffe, K.M.; Mac Aogain, M.; O’Halloran, D.P.;
Lacey, K.A.; Tavakol, M.; Hearnden, C.H.; et al. Memory th1 cells are protective in invasive Staphylococcus
aureus infection. PLoS Pathog. 2015, 11, e1005226. [CrossRef] [PubMed]
Pier, G.B. Will there ever be a universal Staphylococcus aureus vaccine? Hum. Vaccin. Immunother. 2013, 9,
1865–1876. [CrossRef] [PubMed]
Miller, L.S.; Cho, J.S. Immunity against Staphylococcus aureus cutaneous infections. Nat. Rev. Immunol.
2011, 11, 505–518. [CrossRef] [PubMed]
Krishna, S.; Miller, L.S. Host-pathogen interactions between the skin and Staphylococcus aureus.
Curr. Opin. Microbiol. 2012, 15, 28–35. [CrossRef] [PubMed]
Nestle, F.O.; Di Meglio, P.; Qin, J.Z.; Nickoloff, B.J. Skin immune sentinels in health and disease.
Nat. Rev. Immunol. 2009, 9, 679–691. [CrossRef] [PubMed]
Moran, G.J.; Abrahamian, F.M.; LoVecchio, F.; Talan, D.A. Acute bacterial skin infections: Developments
since the 2005 infectious diseases society of america (idsa) guidelines. J. Emerg. Med. 2013, 44, e397–e412.
[CrossRef] [PubMed]
Ki, V.; Rotstein, C. Bacterial skin and soft tissue infections in adults: A review of their epidemiology,
pathogenesis, diagnosis, treatment and site of care. Can. J. Infect. Dis. Med. Microbiol. 2008, 19, 173–184.
[PubMed]
Moran, G.J.; Krishnadasan, A.; Gorwitz, R.J.; Fosheim, G.E.; McDougal, L.K.; Carey, R.B.; Talan, D.A.
Methicillin-resistant S. aureus infections among patients in the emergency department. N. Engl. J. Med.
2006, 355, 666–674. [CrossRef] [PubMed]
Bae, I.G.; Tonthat, G.T.; Stryjewski, M.E.; Rude, T.H.; Reilly, L.F.; Barriere, S.L.; Genter, F.C.; Corey, G.R.;
Fowler, V.G., Jr. Presence of genes encoding the panton-valentine leukocidin exotoxin is not the
primary determinant of outcome in patients with complicated skin and skin structure infections due
to methicillin-resistant Staphylococcus aureus: Results of a multinational trial. J. Clin. Microbiol. 2009, 47,
3952–3957. [PubMed]
Kobayashi, S.D.; Malachowa, N.; DeLeo, F.R. Pathogenesis of Staphylococcus aureus abscesses. Am. J. Pathol.
2015, 185, 1518–1527. [CrossRef] [PubMed]
Men, S.; Akhan, O.; Koroglu, M. Percutaneous drainage of abdominal abcess. Eur. J. Radiol. 2002, 43, 204–218.
[CrossRef]
Kupper, T.S.; Fuhlbrigge, R.C. Immune surveillance in the skin: Mechanisms and clinical consequences.
Nat. Rev. Immunol. 2004, 4, 211–222. [CrossRef] [PubMed]
Miller, L.S. Toll-like receptors in skin. Adv. Dermatol. 2008, 24, 71–87. [CrossRef] [PubMed]
Von Bernuth, H.; Picard, C.; Jin, Z.; Pankla, R.; Xiao, H.; Ku, C.L.; Chrabieh, M.; Mustapha, I.B.; Ghandil, P.;
Camcioglu, Y.; et al. Pyogenic bacterial infections in humans with myd88 deficiency. Science 2008, 321,
691–696. [CrossRef] [PubMed]

Pathogens 2016, 5, 22

29.

30.

31.

32.

33.
34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

13 of 17

Picard, C.; Puel, A.; Bonnet, M.; Ku, C.L.; Bustamante, J.; Yang, K.; Soudais, C.; Dupuis, S.; Feinberg, J.;
Fieschi, C.; et al. Pyogenic bacterial infections in humans with irak-4 deficiency. Science 2003, 299, 2076–2079.
[CrossRef] [PubMed]
Miller, L.S.; O’Connell, R.M.; Gutierrez, M.A.; Pietras, E.M.; Shahangian, A.; Gross, C.E.; Thirumala, A.;
Cheung, A.L.; Cheng, G.; Modlin, R.L. Myd88 mediates neutrophil recruitment initiated by il-1r but not tlr2
activation in immunity against Staphylococcus aureus. Immunity 2006, 24, 79–91. [CrossRef] [PubMed]
Ku, C.L.; von Bernuth, H.; Picard, C.; Zhang, S.Y.; Chang, H.H.; Yang, K.; Chrabieh, M.; Issekutz, A.C.;
Cunningham, C.K.; Gallin, J.; et al. Selective predisposition to bacterial infections in irak-4-deficient children:
Irak-4-dependent tlrs are otherwise redundant in protective immunity. J. Exp. Med. 2007, 204, 2407–2422.
[CrossRef] [PubMed]
Sutton, C.E.; Lalor, S.J.; Sweeney, C.M.; Brereton, C.F.; Lavelle, E.C.; Mills, K.H. Interleukin-1 and il-23 induce
innate il-17 production from gammadelta T cells, amplifying th17 responses and autoimmunity. Immunity
2009, 31, 331–341. [CrossRef] [PubMed]
Cua, D.J.; Tato, C.M. Innate il-17-producing cells: The sentinels of the immune system. Nat. Rev. Immunol.
2010, 10, 479–489. [CrossRef] [PubMed]
Korn, T.; Bettelli, E.; Oukka, M.; Kuchroo, V.K. Il-17 and th17 cells. Nat. Rev. Immunol. 2009, 27, 485–517.
[CrossRef] [PubMed]
Cho, J.S.; Pietras, E.M.; Garcia, N.C.; Ramos, R.I.; Farzam, D.M.; Monroe, H.R.; Magorien, J.E.; Blauvelt, A.;
Kolls, J.K.; Cheung, A.L.; et al. Il-17 is essential for host defense against cutaneous Staphylococcus aureus
infection in mice. J. Clin. Investig. 2010, 120, 1762–1773. [CrossRef] [PubMed]
Liang, S.C.; Tan, X.Y.; Luxenberg, D.P.; Karim, R.; Dunussi-Joannopoulos, K.; Collins, M.; Fouser, L.A.
Interleukin (il)-22 and il-17 are coexpressed by th17 cells and cooperatively enhance expression of
antimicrobial peptides. J. Exp. Med. 2006, 203, 2271–2279. [CrossRef] [PubMed]
Yeaman, M.R.; Filler, S.G.; Chaili, S.; Barr, K.; Wang, H.; Kupferwasser, D.; Hennessey, J.P., Jr.; Fu, Y.;
Schmidt, C.S.; Edwards, J.E., Jr.; et al. Mechanisms of ndv-3 vaccine efficacy in mrsa skin versus invasive
infection. Proc. Natl. Acad. Sci. USA 2014, 111, E5555–E5563. [CrossRef] [PubMed]
Chan, L.C.; Chaili, S.; Filler, S.G.; Barr, K.; Wang, H.; Kupferwasser, D.; Edwards, J.E., Jr.; Xiong, Y.Q.;
Ibrahim, A.S.; Miller, L.S.; et al. Non-redundant roles of il-17a and il-22 in murine host defense against
cutaneous and hematogenous infection due to methicillin-resistant Staphylococcus aureus. Infect. Immunity
2015. [CrossRef] [PubMed]
Spaan, A.N.; Henry, T.; van Rooijen, W.J.; Perret, M.; Badiou, C.; Aerts, P.C.; Kemmink, J.; de Haas, C.J.;
van Kessel, K.P.; Vandenesch, F.; et al. The staphylococcal toxin panton-valentine leukocidin targets human
c5a receptors. Cell Host Microbe 2013, 13, 584–594. [CrossRef] [PubMed]
Loffler, B.; Hussain, M.; Grundmeier, M.; Bruck, M.; Holzinger, D.; Varga, G.; Roth, J.; Kahl, B.C.; Proctor, R.A.;
Peters, G. Staphylococcus aureus panton-valentine leukocidin is a very potent cytotoxic factor for human
neutrophils. PLoS Pathog. 2010, 6, e1000715. [CrossRef] [PubMed]
Malachowa, N.; Kobayashi, S.D.; Braughton, K.R.; Whitney, A.R.; Parnell, M.J.; Gardner, D.J.; Deleo, F.R.
Staphylococcus aureus leukotoxin gh promotes inflammation. J. Infect. Dis. 2012, 206, 1185–1193. [CrossRef]
[PubMed]
Morinaga, N.; Kaihou, Y.; Noda, M. Purification, cloning and characterization of variant luke-lukd with
strong leukocidal activity of staphylococcal bi-component leukotoxin family. Microbiol. Immunol. 2003, 47,
81–90. [CrossRef] [PubMed]
Kobayashi, S.D.; Malachowa, N.; Whitney, A.R.; Braughton, K.R.; Gardner, D.J.; Long, D.; Bubeck
Wardenburg, J.; Schneewind, O.; Otto, M.; Deleo, F.R. Comparative analysis of usa300 virulence determinants
in a rabbit model of skin and soft tissue infection. J. Infect. Dis. 2011, 204, 937–941. [CrossRef] [PubMed]
Lipinska, U.; Hermans, K.; Meulemans, L.; Dumitrescu, O.; Badiou, C.; Duchateau, L.; Haesebrouck, F.;
Etienne, J.; Lina, G. Panton-valentine leukocidin does play a role in the early stage of Staphylococcus aureus
skin infections: A rabbit model. PLoS ONE 2011, 6, e22864. [CrossRef] [PubMed]
Malachowa, N.; Kobayashi, S.D.; Sturdevant, D.E.; Scott, D.P.; DeLeo, F.R. Insights into the
Staphylococcus aureus-host interface: Global changes in host and pathogen gene expression in a rabbit
skin infection model. PLoS ONE 2015, 10, e0117713. [CrossRef] [PubMed]
Yoong, P.; Torres, V.J. Counter inhibition between leukotoxins attenuates Staphylococcus aureus virulence.
Nat. Commun. 2015, 6, 8125. [CrossRef] [PubMed]

Pathogens 2016, 5, 22

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.
58.

59.

60.

61.

62.
63.
64.

14 of 17

Ezepchuk, Y.V.; Leung, D.Y.; Middleton, M.H.; Bina, P.; Reiser, R.; Norris, D.A. Staphylococcal toxins
and protein a differentially induce cytotoxicity and release of tumor necrosis factor-alpha from human
keratinocytes. J. Investig. Dermatol. 1996, 107, 603–609. [CrossRef] [PubMed]
Hocke, A.C.; Temmesfeld-Wollbrueck, B.; Schmeck, B.; Berger, K.; Frisch, E.M.; Witzenrath, M.; Brell, B.;
Suttorp, N.; Hippenstiel, S. Perturbation of endothelial junction proteins by Staphylococcus aureus alpha-toxin:
Inhibition of endothelial gap formation by adrenomedullin. Histochem. Cell Biol. 2006, 126, 305–316.
[CrossRef] [PubMed]
Thelestam, M.; Mollby, R.; Wadstrom, T. Effects of staphylococcal alpha-, beta-, delta-, and gammahemolysins on human diploid fibroblasts and hela cells: Evaluation of a new quantitative as say for
measuring cell damage. Infect. Immunity 1973, 8, 938–946.
Walev, I.; Martin, E.; Jonas, D.; Mohamadzadeh, M.; Muller-Klieser, W.; Kunz, L.; Bhakdi, S. Staphylococcal
alpha-toxin kills human keratinocytes by permeabilizing the plasma membrane for monovalent ions.
Infect. Immunity 1993, 61, 4972–4979.
Wilke, G.A.; Bubeck Wardenburg, J. Role of a disintegrin and metalloprotease 10 in Staphylococcus aureus
alpha-hemolysin-mediated cellular injury. Proc. Natl. Acad. Sci. USA 2010, 107, 13473–13478. [CrossRef]
[PubMed]
Ebsen, H.; Schröder, A.; Kabelitz, D.; Janssen, O. Differential surface expression of adam10 and adam17 on
human T lymphocytes and tumor cells. PLoS ONE 2013, 8, e76853. [CrossRef] [PubMed]
Kennedy, A.D.; Bubeck Wardenburg, J.; Gardner, D.J.; Long, D.; Whitney, A.R.; Braughton, K.R.;
Schneewind, O.; DeLeo, F.R. Targeting of alpha-hemolysin by active or passive immunization decreases
severity of usa300 skin infection in a mouse model. J. Infect. Dis. 2010, 202, 1050–1058. [CrossRef] [PubMed]
Chen, Y.; Yeh, A.J.; Cheung, G.Y.; Villaruz, A.E.; Tan, V.Y.; Joo, H.S.; Chatterjee, S.S.; Yu, Y.; Otto, M.
Basis of virulence in a panton-valentine leukocidin-negative community-associated methicillin-resistant
Staphylococcus aureus strain. J. Infect. Dis. 2015, 211, 472–480. [CrossRef] [PubMed]
Chua, K.Y.; Monk, I.R.; Lin, Y.H.; Seemann, T.; Tuck, K.L.; Porter, J.L.; Stepnell, J.; Coombs, G.W.; Davies, J.K.;
Stinear, T.P.; et al. Hyperexpression of alpha-hemolysin explains enhanced virulence of sequence type 93
community-associated methicillin-resistant Staphylococcus aureus. BMC Microbiol. 2014, 14, 31. [CrossRef]
[PubMed]
Tkaczyk, C.; Hua, L.; Varkey, R.; Shi, Y.; Dettinger, L.; Woods, R.; Barnes, A.; MacGill, R.S.;
Wilson, S.; Chowdhury, P.; et al. Identification of anti-alpha toxin monoclonal antibodies that reduce
the severity of Staphylococcus aureus dermonecrosis and exhibit a correlation between affinity and potency.
Clin. Vaccine Immunol. 2012, 19, 377–385. [CrossRef] [PubMed]
Otto, M. Phenol-soluble modulins. Int. J. Med. Microbiol. 2014, 304, 164–169. [CrossRef] [PubMed]
Wang, R.; Braughton, K.R.; Kretschmer, D.; Bach, T.-H.L.; Queck, S.Y.; Li, M.; Kennedy, A.D.; Dorward, D.W.;
Klebanoff, S.J.; Peschel, A.; et al. Identification of novel cytolytic peptides as key virulence determinants for
community-associated mrsa. Nat. Med. 2007, 13, 1510–1514. [CrossRef] [PubMed]
Cheung, G.Y.; Kretschmer, D.; Queck, S.Y.; Joo, H.S.; Wang, R.; Duong, A.C.; Nguyen, T.H.; Bach, T.H.;
Porter, A.R.; DeLeo, F.R.; et al. Insight into structure-function relationship in phenol-soluble modulins using
an alanine screen of the phenol-soluble modulin (psm) alpha3 peptide. FASEB J. 2014, 28, 153–161. [CrossRef]
[PubMed]
Surewaard, B.G.; de Haas, C.J.; Vervoort, F.; Rigby, K.M.; DeLeo, F.R.; Otto, M.; van Strijp, J.A.;
Nijland, R. Staphylococcal alpha-phenol soluble modulins contribute to neutrophil lysis after phagocytosis.
Cell. Microbiol. 2013, 15, 1427–1437. [CrossRef] [PubMed]
Geiger, T.; Francois, P.; Liebeke, M.; Fraunholz, M.; Goerke, C.; Krismer, B.; Schrenzel, J.; Lalk, M.; Wolz, C.
The stringent response of Staphylococcus aureus and its impact on survival after phagocytosis through the
induction of intracellular psms expression. PLoS Pathog. 2012, 8, e1003016. [CrossRef] [PubMed]
Foster, T.J.; Geoghegan, J.A.; Ganesh, V.K.; Hook, M. Adhesion, invasion and evasion: The many functions of
the surface proteins of Staphylococcus aureus. Nat. Rev. Microbiol. 2014, 12, 49–62. [CrossRef] [PubMed]
Hendrickx, A.P.; Budzik, J.M.; Oh, S.Y.; Schneewind, O. Architects at the bacterial surface—Sortases and the
assembly of pili with isopeptide bonds. Nat. Rev. Microbiol. 2011, 9, 166–176. [CrossRef] [PubMed]
Mazmanian, S.K.; Liu, G.; Jensen, E.R.; Lenoy, E.; Schneewind, O. Staphylococcus aureus sortase mutants
defective in the display of surface proteins and in the pathogenesis of animal infections. Proc. Natl. Acad.
Sci. USA 2000, 97, 5510–5515. [CrossRef] [PubMed]

Pathogens 2016, 5, 22

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

15 of 17

Cheng, A.G.; Kim, H.K.; Burts, M.L.; Krausz, T.; Schneewind, O.; Missiakas, D.M. Genetic requirements
for Staphylococcus aureus abscess formation and persistence in host tissues. FASEB J. 2009, 23, 3393–3404.
[CrossRef] [PubMed]
Kwiecinski, J.; Jin, T.; Josefsson, E. Surface proteins of Staphylococcus aureus play an important role in
experimental skin infection. APMIS 2014, 122, 1240–1245. [CrossRef] [PubMed]
McDevitt, D.; Nanavaty, T.; House-Pompeo, K.; Bell, E.; Turner, N.; McIntire, L.; Foster, T.; Hook, M.
Characterization of the interaction between the Staphylococcus aureus clumping factor (clfa) and fibrinogen.
Eur. J. Biochem. 1997, 247, 416–424. [CrossRef] [PubMed]
Josefsson, E.; Hartford, O.; O’Brien, L.; Patti, J.M.; Foster, T. Protection against experimental Staphylococcus
aureus arthritis by vaccination with clumping factor a, a novel virulence determinant. J. Infect. Dis. 2001, 184,
1572–1580. [CrossRef] [PubMed]
McAdow, M.; Kim, H.K.; Dedent, A.C.; Hendrickx, A.P.; Schneewind, O.; Missiakas, D.M. Preventing
Staphylococcus aureus sepsis through the inhibition of its agglutination in blood. PLoS Pathog. 2011, 7,
e1002307. [CrossRef] [PubMed]
Moreillon, P.; Entenza, J.M.; Francioli, P.; McDevitt, D.; Foster, T.J.; Francois, P.; Vaudaux, P. Role
of Staphylococcus aureus coagulase and clumping factor in pathogenesis of experimental endocarditis.
Infect. Immunity 1995, 63, 4738–4743.
Higgins, J.; Loughman, A.; van Kessel, K.P.; van Strijp, J.A.; Foster, T.J. Clumping factor a of Staphylococcus aureus
inhibits phagocytosis by human polymorphonuclear leucocytes. FEMS Microbiol. Lett. 2006, 258, 290–296.
[CrossRef] [PubMed]
Flick, M.J.; Du, X.; Prasad, J.M.; Raghu, H.; Palumbo, J.S.; Smeds, E.; Hook, M.; Degen, J.L. Genetic elimination
of the binding motif on fibrinogen for the S. aureus virulence factor clfa improves host survival in septicemia.
Blood 2013, 121, 1783–1794. [CrossRef] [PubMed]
Kolata, J.B.; Kuhbandner, I.; Link, C.; Normann, N.; Vu, C.H.; Steil, L.; Weidenmaier, C.; Broker, B.M. The fall
of a dogma? Unexpected high T-cell memory response to Staphylococcus aureus in humans. J. Infect. Dis.
2015, 212, 830–838. [CrossRef] [PubMed]
Mulcahy, M.E.; Geoghegan, J.A.; Monk, I.R.; O’Keeffe, K.M.; Walsh, E.J.; Foster, T.J.; McLoughlin, R.M. Nasal
colonisation by Staphylococcus aureus depends upon clumping factor b binding to the squamous epithelial
cell envelope protein loricrin. PLoS Pathog. 2012, 8, e1003092. [CrossRef] [PubMed]
Schaffer, A.C.; Solinga, R.M.; Cocchiaro, J.; Portoles, M.; Kiser, K.B.; Risley, A.; Randall, S.M.; Valtulina, V.;
Speziale, P.; Walsh, E.; et al. Immunization with Staphylococcus aureus clumping factor B, a major determinant
in nasal carriage, reduces nasal colonization in a murine model. Infect. Immunity 2006, 74, 2145–2153.
[CrossRef] [PubMed]
Wertheim, H.F.; Walsh, E.; Choudhurry, R.; Melles, D.C.; Boelens, H.A.; Miajlovic, H.; Verbrugh, H.A.;
Foster, T.; van Belkum, A. Key role for clumping factor B in Staphylococcus aureus nasal colonization of
humans. PLoS Med. 2008, 5, e17. [CrossRef] [PubMed]
Walsh, E.J.; Miajlovic, H.; Gorkun, O.V.; Foster, T.J. Identification of the Staphylococcus aureus mscramm
clumping factor B (clfb) binding site in the alphac-domain of human fibrinogen. Microbiology 2008, 154,
550–558. [CrossRef] [PubMed]
Walsh, E.J.; O’Brien, L.M.; Liang, X.; Hook, M.; Foster, T.J. 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. 2004, 279, 50691–50699. [CrossRef] [PubMed]
Steven, A.C.; Steinert, P.M. Protein composition of cornified cell envelopes of epidermal keratinocytes.
J. Cell Sci. 1994, 107, 693–700. [PubMed]
Palmqvist, N.; Foster, T.; Fitzgerald, J.R.; Josefsson, E.; Tarkowski, A. Fibronectin-binding proteins and
fibrinogen-binding clumping factors play distinct roles in staphylococcal arthritis and systemic inflammation.
J. Infect. Dis. 2005, 191, 791–798. [CrossRef] [PubMed]
Peacock, S.J.; Foster, T.J.; Cameron, B.J.; Berendt, A.R. Bacterial fibronectin-binding proteins and endothelial
cell surface fibronectin mediate adherence of Staphylococcus aureus to resting human endothelial cells.
Microbiology 1999, 145(Pt 12), 3477–3486. [CrossRef] [PubMed]
Sinha, B.; Francois, P.P.; Nusse, O.; Foti, M.; Hartford, O.M.; Vaudaux, P.; Foster, T.J.; Lew, D.P.; Herrmann, M.;
Krause, K.H. Fibronectin-binding protein acts as Staphylococcus aureus invasin via fibronectin bridging to
integrin alpha5beta1. Cell. Microbiol. 1999, 1, 101–117. [CrossRef] [PubMed]

Pathogens 2016, 5, 22

83.

16 of 17

Massey, R.C.; Kantzanou, M.N.; Fowler, T.; Day, N.P.; Schofield, K.; Wann, E.R.; Berendt, A.R.; Hook, M.;
Peacock, S.J. Fibronectin-binding protein a of Staphylococcus aureus has multiple, substituting, binding regions
that mediate adherence to fibronectin and invasion of endothelial cells. Cell. Microbiol. 2001, 3, 839–851.
[CrossRef] [PubMed]
84. Edwards, A.M.; Potts, J.R.; Josefsson, E.; Massey, R.C. Staphylococcus aureus host cell invasion and virulence
in sepsis is facilitated by the multiple repeats within fnbpa. PLoS Pathog. 2010, 6, e1000964. [CrossRef]
[PubMed]
85. Shinji, H.; Yosizawa, Y.; Tajima, A.; Iwase, T.; Sugimoto, S.; Seki, K.; Mizunoe, Y. Role of fibronectin-binding
proteins a and B in in vitro cellular infections and in vivo septic infections by Staphylococcus aureus.
Infect. Immunity 2011, 79, 2215–2223. [CrossRef] [PubMed]
86. Edwards, A.M.; Potter, U.; Meenan, N.A.; Potts, J.R.; Massey, R.C. Staphylococcus aureus keratinocyte invasion
is dependent upon multiple high-affinity fibronectin-binding repeats within fnbpa. PLoS ONE 2011, 6,
e18899. [CrossRef] [PubMed]
87. Li, M.; Du, X.; Villaruz, A.E.; Diep, B.A.; Wang, D.; Song, Y.; Tian, Y.; Hu, J.; Yu, F.; Lu, Y.; et al. MRSA
epidemic linked to a quickly spreading colonization and virulence determinant. Nat. Med. 2012, 18, 816–819.
[CrossRef] [PubMed]
88. Liu, Q.; Du, X.; Hong, X.; Li, T.; Zheng, B.; He, L.; Wang, Y.; Otto, M.; Li, M. Targeting surface protein sasx by
active and passive vaccination to reduce Staphylococcus aureus colonization and infection. Infection Immunity
2015, 83, 2168–2174. [CrossRef] [PubMed]
89. Foster, T.J. Immune evasion by staphylococci. Nat. Rev. Microbiol. 2005, 3, 948–958. [CrossRef] [PubMed]
90. Lindmark, R.; Thoren-Tolling, K.; Sjoquist, J. Binding of immunoglobulins to protein a and immunoglobulin
levels in mammalian sera. J. Immunol. Methods 1983, 62, 1–13. [CrossRef]
91. Goodyear, C.S.; Silverman, G.J. Death by a B cell superantigen: In vivo vh-targeted apoptotic supraclonal
B cell deletion by a staphylococcal toxin. J. Exp. Med. 2003, 197, 1125–1139. [CrossRef] [PubMed]
92. Gomez, M.I.; Lee, A.; Reddy, B.; Muir, A.; Soong, G.; Pitt, A.; Cheung, A.; Prince, A. Staphylococcus aureus
protein a induces airway epithelial inflammatory responses by activating tnfr1. Nat. Med. 2004, 10, 842–848.
[CrossRef] [PubMed]
93. Kim, H.K.; Kim, H.Y.; Schneewind, O.; Missiakas, D. Identifying protective antigens of Staphylococcus aureus,
a pathogen that suppresses host immune responses. FASEB J. 2011, 25, 3605–3612. [CrossRef] [PubMed]
94. Classen, A.; Kalali, B.N.; Schnopp, C.; Andres, C.; Aguilar-Pimentel, J.A.; Ring, J.; Ollert, M.; Mempel, M. Tnf
receptor I on human keratinocytes is a binding partner for staphylococcal protein a resulting in the activation
of NF Kappa b, ap-1, and downstream gene transcription. Exp. Dermatol. 2011, 20, 48–52. [CrossRef]
[PubMed]
95. Grigg, J.C.; Ukpabi, G.; Gaudin, C.F.; Murphy, M.E. Structural biology of heme binding in the Staphylococcus
aureus isd system. J. Inorganic Biochem. 2010, 104, 341–348. [CrossRef] [PubMed]
96. Clarke, S.R.; Brummell, K.J.; Horsburgh, M.J.; McDowell, P.W.; Mohamad, S.A.; Stapleton, M.R.; Acevedo, J.;
Read, R.C.; Day, N.P.; Peacock, S.J.; et al. Identification of in vivo-expressed antigens of Staphylococcus aureus
and their use in vaccinations for protection against nasal carriage. J. Infect. Dis. 2006, 193, 1098–1108.
[CrossRef] [PubMed]
97. Clarke, S.R.; Andre, G.; Walsh, E.J.; Dufrene, Y.F.; Foster, T.J.; Foster, S.J. Iron-regulated surface determinant
protein a mediates adhesion of Staphylococcus aureus to human corneocyte envelope proteins. Infect. Immunity
2009, 77, 2408–2416. [CrossRef] [PubMed]
98. Clarke, S.R.; Mohamed, R.; Bian, L.; Routh, A.F.; Kokai-Kun, J.F.; Mond, J.J.; Tarkowski, A.; Foster, S.J.
The Staphylococcus aureus surface protein isda mediates resistance to innate defenses of human skin.
Cell Host Microbe 2007, 1, 199–212. [CrossRef] [PubMed]
99. Clarke, S.R.; Foster, S.J. Isda protects Staphylococcus aureus against the bactericidal protease activity of
apolactoferrin. Infect. Immunity 2008, 76, 1518–1526. [CrossRef] [PubMed]
100. Kuklin, N.A.; Clark, D.J.; Secore, S.; Cook, J.; Cope, L.D.; McNeely, T.; Noble, L.; Brown, M.J.; Zorman, J.K.;
Wang, X.M.; et al. A novel Staphylococcus aureus vaccine: Iron surface determinant B induces rapid
antibody responses in rhesus macaques and specific increased survival in a murine S. aureus sepsis model.
Infect. Immunity 2006, 74, 2215–2223. [CrossRef] [PubMed]

Pathogens 2016, 5, 22

17 of 17

101. Ebert, T.; Smith, S.; Pancari, G.; Clark, D.; Hampton, R.; Secore, S.; Towne, V.; Fan, H.; Wang, X.M.; Wu, X.; et al.
A fully human monoclonal antibody to Staphylococcus aureus iron regulated surface determinant B (isdb)
with functional activity in vitro and in vivo. Hum. Antib. 2010, 19, 113–128.
102. Brown, M.; Kowalski, R.; Zorman, J.; Wang, X.M.; Towne, V.; Zhao, Q.; Secore, S.; Finnefrock, A.C.; Ebert, T.;
Pancari, G.; et al. Selection and characterization of murine monoclonal antibodies to Staphylococcus aureus
iron-regulated surface determinant B with functional activity in vitro and in vivo. Clin. Vaccine Immunol.
2009, 16, 1095–1104. [CrossRef] [PubMed]
103. Kim, H.K.; DeDent, A.; Cheng, A.G.; McAdow, M.; Bagnoli, F.; Missiakas, D.M.; Schneewind, O. Isda and
isdb antibodies protect mice against Staphylococcus aureus abscess formation and lethal challenge. Vaccine
2010, 28, 6382–6392. [CrossRef] [PubMed]
104. Stranger-Jones, Y.K.; Bae, T.; Schneewind, O. Vaccine assembly from surface proteins of Staphylococcus aureus.
Proc. Natl. Acad. Sci. USA 2006, 103, 16942–16947. [CrossRef] [PubMed]
105. Narita, K.; Hu, D.L.; Mori, F.; Wakabayashi, K.; Iwakura, Y.; Nakane, A. Role of interleukin-17a
in cell-mediated protection against Staphylococcus aureus infection in mice immunized with the
fibrinogen-binding domain of clumping factor a. Infect. Immunity 2010, 78, 4234–4242. [CrossRef] [PubMed]
106. Nissen, M.; Marshall, H.; Richmond, P.; Shakib, S.; Jiang, Q.; Cooper, D.; Rill, D.; Baber, J.; Eiden, J.;
Gruber, W.; et al. A randomized phase I study of the safety and immunogenicity of three ascending dose
levels of a 3-antigen Staphylococcus aureus vaccine (sa3ag) in healthy adults. Vaccine 2015, 33, 1846–1854.
[CrossRef] [PubMed]
107. Proctor, R.A. Recent developments for Staphylococcus aureus vaccines: Clinical and basic science challenges.
Eur. Cells Mater. 2015, 30, 315–326.
108. Schmidt, C.S.; White, C.J.; Ibrahim, A.S.; Filler, S.G.; Fu, Y.; Yeaman, M.R.; Edwards, J.E., Jr.; Hennessey, J.P., Jr.
Ndv-3, a recombinant alum-adjuvanted vaccine for candida and Staphylococcus aureus, is safe and
immunogenic in healthy adults. Vaccine 2012, 30, 7594–7600. [CrossRef] [PubMed]
© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

