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Abstract: Staphylococcus aureus (S. aureus) is a widespread cutaneous pathogen
responsible for the great majority of bacterial skin infections in humans. The incidence of
skin infections by S. aureus reflects in part the competition between host cutaneous
immune defenses and S. aureus virulence factors. As part of the innate immune system in
the skin, cationic antimicrobial peptides (CAMPs) such as the B-defensins and cathelicidin
contribute to host cutaneous defense, which prevents harmful microorganisms, like
S. aureus, from crossing epithelial barriers. Conversely, S. aureus utilizes evasive
mechanisms against host defenses to promote its colonization and infection of the skin.
In this review, we focus on host-pathogen interactions during colonization and infection of
the skin by S. aureus and methicillin-resistant Staphylococcus aureus (MRSA). We will
discuss the peptides (defensins, cathelicidins, RNase7, dermcidin) and other mediators
(toll-like receptor, IL-1 and IL-17) that comprise the host defense against S. aureus skin
infection, as well as the various mechanisms by which S. aureus evades host defenses. It is
anticipated that greater understanding of these mechanisms will enable development of
more sustainable antimicrobial compounds and new therapeutic approaches to the
treatment of S. aureus skin infection and colonization.
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1. Introduction

Staphylococcus aureus (S. aureus) is a Gram-positive bacterium that can live as a commensal
organism on the skin and in the nose and throat. Approximately 30% of healthy people are
asymptomatically colonized by S. aureus, which permanently colonizes the anterior nares in 10%—-20%
of the population and intermittently colonizes 30%—-50%; the rest of the population never becomes
colonized [1,2]. Importantly, this colonization is a known risk factor for infection [3-7], and S. aureus
causes a range of infections, from minor skin infections to abscesses, endocarditis and sepsis. S. aureus
is also a major cause of food poising induced by heat resistant enterotoxin A and is a leading cause of
nosocomial infections [2], as colonized healthcare workers can transmit the pathogen to immunosuppressed
patients. In addition, several cases of community-acquired methicillin-resistant S. aureus (CA-MRSA)
infections have been recently reported [8—10]. Notably, these reports describe severe and even lethal
infections by highly virulent strains of S. aureus in immunocompetent individuals.

S. aureus is exposed to a large arsenal of highly efficient antimicrobial host factors during skin
colonization and infection. However, a growing number of dedicated resistance mechanisms
now contribute to the ability of S. aureus to evade host cutaneous defenses and survive during
colonization [11,12]. Furthermore, Glaser et al. recently reported that S. aureus small colony variants
(SCVs) are less susceptible to the bactericidal activity of different human skin-derived AMP, which
are associated with a higher resistance to the killing activity of human stratum corneum [13]. Both host
cutaneous defense mechanisms and S. aureus virulence factors appear to be the focus of actively
ongoing co-evolution, leading to major variations between different host species and bacterial strains,
respectively [14,15]. Understanding how ones immune system combats the evasion strategies of
S. aureus could be useful for the development of novel and more sustainable antimicrobial agents that
are not subject to the evolution of microbial resistance.

While bacterial resistance to most available antibiotics is increasing and our knowledge about the
arsenal of host cutaneous defense strategies is growing, it is becoming increasingly attractive to
consider endogenous antimicrobial peptides (AMPs) as sources for more sustainable antimicrobial
agents. Of the variety of host defense molecules expressed by organisms, cationic AMPs (CAMPs)
have proven to be particularly promising for future development as new antimicrobials. This review
focuses on the role of host CAMPs in staphylococcal skin infections, and on the mechanisms
underlying S. aureus resistance to CAMPs.

2. Host-Pathogen Interactions during S. aureus Skin Colonization and Infection

The epidermis is composed of proliferating basal and differentiated suprabasal keratinocytes, within
which sweat glands, sebaceous glands and hair follicles are sparsely distributed. Langerhans cells in
the epidermis as well as dendritic cells, macrophages, mast cells, T and B cells, plasma cells and
natural killer cells in the dermis participate in immune responses within the skin. As mentioned,
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approximately 30% of healthy individuals are colonized by S. aureus [16] through a process that
reflects the competition between host factors and commensal organisms that resist colonization and
S. aureus virulence factors that facilitate colonization and, possibly, subsequent infection [17]. Among the
constitutive properties of skin that help to prevent colonization and infection by S. aureus are its low
temperature and acidic pH [18,19]. For instance, an epidermal structural component, filaggrin,
is broken down during epidermal differentiation into urocanic acid and pyrrolidone carboxylic acid [20].
These acidic breakdown products then not only contribute to the low pH of the skin surface but also
inhibit the growth of S. aureus and the expression of at least two factors involved in S. aureus
colonization, clumping factor B (CIfB) and fibronectin binding protein A (FnbpA) [20]. In addition,
commensal organisms such as S. epidermidis, P. acnes and the Malassezia species are normally
present on the skin surface occupying microbial niches and thus preventing colonization and invasion
by S. aureus and other pathogens [18,19]. Skin commensals have also been shown to directly inhibit
S. aureus colonization of skin and nasal mucosa. For example, S. epidermidis secretes a serine protease,
Esp, which inhibits S. aureus colonization by destroying its biofilms [21]. S. epidermidis also
produces phenol-soluble modulins (PSMy and PSMJ), which have direct antimicrobial activity against
S. aureus [22] and activate toll-like receptor 2 (TLR2) on keratinocytes, leading to production of
CAMPs (e.g., human B-defensin 2 [hBD2], hBD3 and RNase 7), which amplify the immune response
and promote killing of S. aureus [23,24]. CAMPs such as hBD2, hBD3, LL-37 (cathelicidin) and
RNase 7, which are produced by keratinocytes in the skin and corneal layer, have bacteriostatic or
bactericidal activity against S. aureus [25-28], as evidenced by the observation that S. aureus
colonization is increased in skin lesions caused by atopic dermatitis due to reductions in the levels of
B-defensins and cathelicidin [29].

To promote colonization of human nasal mucosa and skin, S. aureus expresses various factors that
facilitate skin surface binding and survival. To bind to host surface components such as fibrinogen,
fibronectin and cytokeratins, which are derived from epidermal keratinocytes or nasal epithelium,
S. aureus utilizes microbial surface components recognizing adhesive matrix molecules (MSCRAMMs),
which include fibronectin-binding protein A (Fnbp A) and Fnbp B, fibrinogen-binding proteins
(CIfA and CIfB), iron-regulated surface determinant A (IsdA) and wall teichoic acid [30-33].
S. aureus-mediated fibronectin and fibrinogen binding is also enhanced by elevated levels of Th2
cytokines. For example, interleukin (IL)-4 is elevated in the skin lesions of atopic dermatitis patients,
which are highly susceptible to S. aureus colonization [31]. S. aureus also produces superantigens such
as staphylococcal enterotoxins A and B (SEA and SEB) and toxic shock syndrome toxin-1 (TSST-1),
which skew the cutaneous immune response towards the Th2 cytokines and thus contribute to the
increased colonization of S. aureus in atopic dermatitis patients [34]. In addition, S. aureus expresses
factors that enable it to directly counter host CAMP responses. For example, IsdA enhances bacterial
cellular hydrophobicity, which renders S. aureus resistant to bactericidal fatty acids in sebum and to
B-defensins and cathelicidin [35]. It also secretes a protein, aureolysin, which is an extracellular
metalloproteinase that inhibits cathelicidin antimicrobial activity [36]. Virulence factors from S. aureus
are also closely related with evasion from human innate immune defenses [37]. In the following section,
the mechanisms by which S. aureus inhibits the activities of CAMPs will be described in detail.
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3. Methicillin-Resistant S. aureus (MRSA) Infection

Antibiotic resistance is now recognized to be a serious hindrance to the management of
S. aureus. For instance, B-lactam antibiotics (e.g., methicillin) have proven unfavorable for the
management of toxic S. aureus infections, because even subinhibitory concentrations lead to
increased expression of oa-toxin through a stimulatory effect on exoprotein synthesis [38—40].
Instead, protein-synthesis-suppressing antibiotics such as clindamycin and linezolid are recommended
for the treatment of S. aureus-induced toxicity syndromes, as concentrations below the MIC impair
expression of S. aureus virulence factors [41,42]. Clindamycin at a concentration of 1/8 MIC inhibits
the expression of a- and d-haemolysin as well as coagulase [43]. In addition, the expression of protein
A is reduced when S. aureus is exposed to clindamycin at concentrations below the MIC, leading to
increased bacterial susceptibility to phagocytosis and suggesting additional therapeutic efficacy [44].
However, clindamycin cannot be used to treat toxic MRSA infections because MRSA is largely
resistant to clindamycin.

MRSA infections are caused by strains of S. aureus that have become resistant to the antibiotics
commonly used to treat ordinary infections. Most MRSA infections occur in people who have been in
hospitals or other health care settings, such as nursing homes and dialysis centers. When it occurs in
these settings, it is known as health care-associated MRSA (HA-MRSA). HA-MRSA infections are
typically associated with invasive procedures or devices, such as surgeries, intravenous tubing or
artificial joints. However, another type of MRSA infection occurs in the wider community, among
otherwise healthy individuals. This form, community-associated MRSA (CA-MRSA) is spread by
skin-to-skin contact. It often begins as a painful skin boil and generally causes skin and soft tissue
infections, but it is also capable of causing invasive disease such as endocarditis, necrotizing
pneumonia and sepsis [45-50]. HA-MRSA, by contrast, is considered a nosocomial pathogen typically
associated with invasive disease, such as bloodstream infections, pneumonia, surgical site infections
and urinary tract infections [45,51-53]. It is now recognized that these two entities are genetically
distinct. Isolates of HA-MRSA are likely to be resistant to three or more antibiotic classes, whereas
CA-MRSA is usually resistant only to B-lactams and macrolides [47,51,53,54].

Resistance to methicillin is mediated in S. aureus by PBP2a, a penicillin-binding protein with a low
affinity for f-lactams. PBPs are membrane-bound enzymes that catalyze the transpeptidation reaction,
which is necessary for cross-linkage of peptidoglycan chains [55]. PBP2a substitutes for the other
PBPs and, because of its low affinity for all B-lactam antibiotics, enables staphylococci to survive
exposure to high concentrations of these agents. Thus, resistance to methicillin confers resistance to all
B-lactam agents, including cephalosporins. Expression of resistance in some MRSA strains is regulated
by homologues of the regulatory genes for blaZ. These genes, mecl and mecRI, regulate the mecA
response to B-lactam antibiotics in a fashion similar to the regulation of the blaZ response to penicillin
by blaR1 and blal. Katayama et al. demonstrated that mecA is carried on a mobile genetic element and
is part of a genomic island designated staphylococcal cassette chromosome mec (SCCmec) [56].
To date, four different SCCmec elements varying in size from 21 to 67 kb have been characterized [57].
Such islands may also contain additional genes for antimicrobial resistance and insertion sequences,
as well as genes whose function is uncertain.
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As S. aureus isolates from intensive care units and blood cultures have become increasingly
resistant to greater numbers of antimicrobial agents [2,58], this has inevitably diminished the number
of effective bactericidal antibiotics available to treat these often life-threatening infections. As rapidly
as new antibiotics are introduced, staphylococci are developing efficient mechanisms to neutralize
them. Recent reports of S. aureus isolates with intermediate or complete resistance to vancomycin
portend a chemotherapeutic era in which effective bactericidal antibiotics against this organism may no
longer be readily available [59,60]. Consequently the need to identify new alternative therapeutic
targets and to develop novel drugs that can be used against these targets is increasing.

4. Human AMPs Effective against S. aureus

AMPs are a diverse group of polypeptides that are typically less than 50 amino acids in length and
exhibit bactericidal activity under physiologic conditions [61-63]. Most AMPs are cationic and
interact with the anionic microbial membrane leading to osmotic lysis [61-63]. Autolytic enzymes
induced by AMPs may also be associated with bacterial cell death [64]. Whereas some AMPs are
produced by keratinocytes and are normally present in the skin, others are induced during infection and
inflammation/wounding [65,66]. In this section, we will focus on the specific bacteriostatic or
bactericidal AMPs expressed by keratinocytes and by immune cells thought to contribute to host
defense against S. aureus (Table 1).

Table 1. Cationic antimicrobial peptides (CAMPs) that contribute to human cutaneous
immune defenses against S. aureus.

Peptides Cellular source in the skin Mechanism of S. aureus evasion References
Staphyloki , MprF,
a-Defensins ~ Neutrophils apry-oiinase, VIpt [67-73]
ditABCD operon
Kerati tes, hages,
hBD2 cratinocyies, MACTOPRABES, 1 3dA, dItABCD [26,29,35,74-76]
and dendritic cells
hBD3 Keratinocytes ditABCD operon [23,24,27,75-80]
hBD4 Keratinocytes Please check [81]
Keratinocytes, macrophages, )
LL-37 i IsdA, Aureolysin, MprF, ditABCD [25,29,35,36,69,71-73,75]
and neutrophils
o Extracellular proteases,
Dermcidin Sweat glands [82-84]
dItABCD operon
RNase 7 Keratinocytes ditABCD operon [24,28,61,76]

These include a-defensins (also called human neutrophil peptides [HNPs]), B-defensins (hBD1-4)
cathelicidin (LL-37), RNase7 and dermcidin [61-63]. These AMPs not only have bactericidal activity
against S. aureus, they also promote the recruitment of immune cells to sites of infection. For example,
HNPs promote recruitment of macrophages, T cells and mast cells through a PKC-dependent
mechanism [85], while hBD2 and hBD3 promote CCR6-mediated chemotaxis of immature dendritic
cells and memory CD4+ T cells and CCR2-mediated chemotaxis of monocytes/macrophages [86,87].
In addition, LL-37 promotes chemotaxis of neutrophils, monocytes and T cells by activating formyl
peptide receptor-like 1 [88,89]. Through these various mechanisms, AMPs enhance host defenses
against S. aureus.
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4.1. Defensins

Neutrophils express high levels of HNP1-3 and lower levels of HNP4, which together constitute nearly
50% of the peptides within neutrophil granules [67]. HNP2 has the highest degree of bactericidal activity
against S. aureus, though HNP1, 3 and 4 also exhibit some activity against S. aureus [68].

Most AMPs expressed in humans belong to the B-defensin family. These amphipathic peptides have
a P-sheet structure and are subcategorized according to the number and location of their disulfide
bridges [90]. Four well-characterized human B-defensins (hBD1-4) are expressed by epithelial cells,
including keratinocytes, as well as by activated monocytes/macrophages and dendritic cells [62,63].
hBDI 1is constitutively expressed, while ABD2 and hBD3 are inducible by bacterial infection or
cytokines [91]. hBD1 has no antimicrobial activity against S. aureus, while hBD2 and hBD4 show
weak bacteriostatic activity against S. aureus in vitro [26,81]. By contrast, hBD3 exhibits strong
bactericidal activity against S. aureus in vitro and in skin explants ex vivo [27,77]. In keratinocytes,
production of hBD2, hBD3 and LL-37 can be induced by live or heat-killed S. aureus or by bacterial
components such as lipopeptides and lipoteichoic acid [74,75,78-80]. Activation of the epidermal
growth factor receptor through wounding of human skin also leads to increased hBD3 production,
providing another mechanism for enhancing antimicrobial activity against S. aureus [66,92]. Finally,
defensins induce production of cytokines, including IL-8, and have chemotactic activity [93].

4.2. Cathelicidins

Cathelicidins are a family of AMPs whose named reflects their resemblance to the precursor forms
of the protein cathelin [94]. The N-terminal cathelin domain keeps the AMP precursor inactive until
proteolytic cleavage releases the active C-terminal peptide. Although they may vary in structure, most
mature cathelicidins are a-helical, amphipathic and cationic. Cathelicidin is constitutively expressed in
neutrophils and has potent bactericidal activity against S. aureus. It is also called LL-37, referring
its first two amino acids and total length of 37 amino acids [25,62,63]. Two other forms, RK-31 and
KS-30, may be produced through alternative cleavage, especially on the skin [95]. Both KS-30 and
RK-31 show greater antimicrobial activity than LL-37 and also differ from LL-37 in their ability to
elicit cytokine release. Like defensins, LL-37 can induce both chemotaxis and cytokine release [93].

Vitamin D may also play a role in host defense against S. aureus skin infections, since it induces
production of LL-37 in keratinocytes, neutrophils and monocytes/macrophages. However, the link
between vitamin D and host defense against S. aureus has yet to be demonstrated in the skin [96-98].

4.3. RNase7

The cationic peptide RNase 7 is produced by many cell types, including keratinocytes, and has
bactericidal activity against a broad range of bacteria, including S. aureus [61,99]. The high levels of
RNase 7 present in the stratum corneum prevents S. aureus colonization of skin explants [28].

4.4. Dermcidin

Dermcidin is produced by human eccrine sweat glands and its processed forms have activity
against numerous bacteria, including S. aureus [82,83,100,101]. While the DCD-1L and DCD-1
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processed forms of dermcidin are negatively charged [69], a further processed cationic form (SSI-25)
also shows antimicrobial activity, suggesting that charge is of no importance to the mode of action of
dermcidin-derived peptides [83].

Figure 1. Toll-like receptor-mediated cutaneous immune response against S. aureus.
Toll-like receptor 2 (TLR2) and nucleotide-binding oligomerization domain containing 2
(NOD2), which are expressed by keratinocytes, respectively recognize S. aureus
lipopeptides/lipoteichoic acid and muramyl dipeptide. Both TLR2 and NOD2 signaling
triggers the activation of nuclear factor-xB (NF-«kB), which leads to the production of
AMPs, cytokines, chemokines, adhesion molecules and granulopoesis factors, all of which
contribute to the cutaneous host defense against S. aureus.
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5. Cutaneous Host Defense Involving TLR-Mediated AMP Activity against S. aureus

Keratinocytes express pattern recognition receptors such as TLR2, which recognizes S. aureus
lipopeptides and lipoteichoic acid, and nucleotide-binding oligomerization domain containing 2 (NOD2),
which recognizes the S. aureus peptidoglycan breakdown product muramyl dipeptide. Both the TLR2
and NOD?2 signals lead to activation of nuclear factor-kB (NF-kB) and other transcription factors that
induce transcription of the proinflammatory mediators (cytokines, chemokines, adhesion molecules
and AMPs) involved in cutaneous host defense against S. aureus (Figure 1) [102,103]. Upon cutaneous
S. aureus infection, the epidermal barrier is breached and keratinocytes and resident skin immune cells
(e.g., Langerhans cells and yd T cells in the epidermis, as well as dendritic cells, macrophages,
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fibroblasts, mast cells, B and T cells, plasma cells and natural killer cells in the dermis) produce
pro-inflammatory cytokines, chemokines and adhesion molecules. These molecules promote the
recruitment of neutrophils from the bloodstream, which help to control the infection by forming an
abscess. Neutrophilic abscess formation is a hallmark of S. aureus infections, which are typically
pyogenic, and is required for bacterial clearance. Pro-inflammatory cytokines also induce the
production of AMPs (e.g., B-defensins and cathelicidins) with bacteriostatic or bactericidal activity
against S. aureus [104,105].

Figure 2. IL-1- and IL-17-mediated cutaneous immune response against S. aureus.
Infection of the skin by S. aureus leads to the production of IL-1a, IL-1p and IL-17, which
in turn triggers activation of nuclear factor-kB (NF-kB). These signaling pathways lead to
the production of AMPs, cytokines, chemokines, adhesion molecules and granulopoesis
factors, which recruit neutrophils from the circulation to the site of S. aureus infection in
the skin. The recruited neutrophils form an abscess that helps control and limit the spread
of the infection, and is ultimately required for bacterial clearance. IL-1R1, interleukin-1
receptor 1; IL-17R, interleukin-17 receptor.
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IL-1a, which is produced and released by keratinocytes, and IL-1B, which is produced by resident
and recruited immune cells (e.g., macrophages and dendritic cells), trigger activation of NF-kB. These
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signaling pathways lead to the production of B-defensins 2 and 3, cathelicidins and RNase 7.
IL-1-mediated responses also result in the production of pro-inflammatory cytokines, chemokines and
adhesion molecules that promote the recruitment of neutrophils from the circulation to sites of
S. aureus infection in the skin and abscess formation (Figure 2) [106]. In addition to IL-1, recent
studies have uncovered the critical role played by IL-17, which is predominantly expressed by
recruited T cell subsets (Th17 cells, NKT cells and yo T cells) and natural killer cells in response to
TLR2 activation. The IL-17 produced stimulates production of B-defensins 2 and 3 and cathelicidins
by keratinocytes and induces neutrophil recruitment via induction of wvarious chemokines
(CXCL1, CXCL2 and IL-8) and granulopoesis factors (G-CSF and GM-CSF) [107].

7. Mechanisms by Which S. aureus Evades Skin-Derived CAMPs

The importance of CAMPs in host cutaneous defense against S. aureus is evidenced by the
mechanisms that have evolved in S. aureus to resist and evade these peptides. As shown in Figure 3,
S. aureus counteracts CAMPs and antimicrobial fatty acids through at least four mechanisms:
(1) production of CAMP-binding molecules, like the fibrinolytic enzyme staphylokinase (SAK),
which binds to and inhibits a-defensins; (ii) proteolytic degradation of CAMPs by secreted proteases
such as aureolysin, which cleaves and inactivates LL-37; (ii1) reduction of the bacterial cell surface net
negative charge by modification of teichoic acids using D-alanine or phospholipids with L-lysine;
and (iv) alteration of bacterial cell surface hydrophobicity [11,108]. In the following sections,
these mechanisms will be discussed in additional detail.

Figure 3. Strategies by which S. aureus evades CAMPs. S. aureus counteracts CAMPs by
secreting trapping molecules and proteases that inactivate CAMPs and by modifying the
cell membrane hydrophobicity or net charge [108].
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7.1. Secretion of Extracellular CAMP-Binding Molecules

S. aureus resists a-defensins through the production of SAK, which binds human a-defensins with
high affinity, thereby mediating significant o-defensin resistance. In vitro, SAK levels correlate
inversely with the susceptibility of S. aureus isolates to a-defensins (Figure 3a) [70].

7.2. Proteolytic Degradation of CAMPs by Secreted Proteases

S. aureus and many other bacterial species produce peptidases and proteases capable of cleaving
CAMPs. In vitro, production of S. aureus protease correlates with staphylococcal resistance to
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CAMPs [36]. For example, S. aureus produces a metalloproteinase, aureolysin, which cleaves and
inactivates LL-37 [36]. S. aureus also secretes extracellular proteases that degrade dermcidin,
neutralizing its antimicrobial activity [84], and similar observations have been made with the
S. epidermidis protease SepA (Figure 3b) [84].

7.3. Resistance to CAMPs through Reduction of Bacterial Surface Net Negative Charges

CAMPs and most other antimicrobial molecules, including lysozyme, phospholipase A2 and
RNase5, have net positive charges. The surface of human cells is normally composed mainly of
uncharged or zwitterionic lipids, whereas bacterial surfaces are composed of various anionic
components, including as peptidoglycan, the phospholipids phosphatidylglycerol and cardiolipin, lipid
A, and teichoic acids, which give it an anionic net charge [109]. Presumably, antimicrobial host factors
have evolved to be cationic to achieve strong, selective affinity for the anionic surfaces of bacteria.
However, some bacterial species, like S. aureus, are able to reduce the negative charge of their cell
envelope, thereby becoming resistant to inactivation by many CAMPs (Figure 3¢) [69,71-73,110-112].

7.3.1. Modification of Phospholipids with L-lysine

To reduce anionic charge, S. aureus and other bacteria are able to modify most of their
phosphatidylglycerol with L-lysine [113]. The lysinylation of phosphatidylglycerol is mediated by a
membrane protein, multiple peptide resistance factor protein (MprF) [112,114], which neutralizes the
bacterial cell envelope and thus reduces susceptibility to many CAMPs, including a-defensins, LL-37
and Group ITA-phospholipase A; [69,71,110,111].

7.3.2. Modification of Teichoic Acids with D-alanine

Products of the ditABCD operon attach positively charged D-alanine residues to negatively charged
phosphate groups in the backbone of teichoic acids, rendering bacteria less susceptible to a-defensins
and LL-37 [72,73]. Teichoic acids in S. aureus and other Gram-positive bacteria consist of alternating
glycerolphosphate or ribitolphosphate units, which are substituted with N-acetyl-glucosamine or
D-alanine [113]. These polymers are either anchored to the cytoplasmic membrane (lipoteichoic acid)
or to the peptidoglycan cell wall (wall teichoic acid) and are anionic due to the presence of negatively
charged phosphate groups. In a fashion similar to lysinylation of phospholipids, modification of
teichoic acids with D-alanine leads to a partial neutralization of the polymer [73], which reduces the
interaction of CAMPs with the bacterial surface, in turn reducing the susceptibility to cationic host
defense molecules, including a-defensins and LL-37 [73]. Consistent with this scenario, an S. aureus
mutant lacking D-alanine in its teichoic acids (d/tA mutant) as well as clinical isolates expressing lower
levels of ditA showed greater susceptibility to CAMPs, including dermcidin, RNase 7, hBD2 and
hBD3 [76]. With dermcidin, cationic structures in the N-terminal part of the peptide appear crucial for
interaction with the negative bacterial cell surface, which likely explains why D-alanylation influences
its efficacy [83]. Also, several studies in animal models have demonstrated that alanylated teichoic
acids contribute to an increased virulence of S. aureus [115-117].
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7.4. Resistance to CAMPs through Alteration of Bacterial Cell Surface Hydrophobicity

Human skin is rich in antimicrobial fatty acids produced by sebaceous glands. S. aureus produces
IsdA, which alters its surface hydrophobicity, thereby reducing the efficiency with which fatty acids
gain access to the cells [35]. Indeed, by decreasing cellular hydrophobicity, IsdA renders S. aureus
resistant to hBD2 and LL-37 on human skin (Figure 3d) [35].

8. Conclusions

S. aureus is a frequent component of human skin and nose microbiota. However, it can also cause
various skin diseases, sometimes leading to systemic infections. The ability of S. aureus to colonize
and infect the skin is apparently dependent on specific mechanisms that subvert host cutaneous
defenses. The existence of these multiple resistance mechanisms makes it clear that CAMPs play a key
role in the host cutaneous defense against S. aureus. Peschel et al. proposed the coevolution of CAMP
structures and bacterial resistance mechanisms, which has led to the existence of the currently
observed CAMPs [118]. One mechanism that renders CAMPs resistant to degradation by proteases is
stabilization through disulphide bridges [118]. Other modifications that increase the efficacy of
CAMPs include variation in the amino acid sequence, increases in the net positive charge through
incorporation of larger numbers of cationic amino acids, and combining multiple antimicrobial
mechanisms in a single molecule. These potential modifications of CAMPs are reviewed in detail by
Peschel and Sahl [118].

Ouhara et al. showed that several clinical isolates of MRSA strains exhibited reduced susceptibility to
the human LL-37 but not to the hBD3 [119]. The greater resistance to LL-37 is based on the more positive
net cell-surface charge in MRSA strains than methicillin-susceptible S. aureus strains (MSSA). The fact
that the efficacy of hBD3 appears unaffected may be due to its more positive net charge, as compared
to LL-37 (+11 vs. +6), which would favor stronger interaction with the bacterial cell surface [119].
This suggests targeting highly conserved bacterial CAMP resistance mechanisms such as lysinylation
of phospholipids by MprF or the alanylation of teichoic acids by ditABCD could be an effective treatment
strategy. Moreover, in addition to its essential role in mediating resistance to CAMPs [69,111],
it appears MprF may dramatically reduce the susceptibility of S. aureus to the novel lipopeptide
antibiotic daptomycin [120,121]. Thus, new therapeutics targeting CAMP resistance factors, like
MprF, could not only render a pathogen susceptible to host antimicrobial defense, but might also act
synergistically to combat infections in combination with currently available antibiotics. Although
targeting resistance factors would not directly inactivate S. aureus, it would render it more susceptible
to CAMPs, thus assisting host cutaneous defenses to successfully combat skin infections.

The increasing numbers of reports of virulent and drug-resistant strains of S. aureus prompt further
investigation into the mechanisms that enable this pathogen to cause infection and overcome the broad
spectrum of human cutaneous antimicrobial defenses. We anticipate that future studies will provide
further information about the host and bacterial determinants involved in skin colonization and
infection by S. aureus. Targeted drug development around highly conserved bacterial resistance
mechanisms against host CAMPs is a promising pharmacologic approach in this era of highly virulent
and drug-resistant strains of S. aureus.
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