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Staphylococcus aureus and Atopic
Dermatitis: A Complex and Evolving

Relationship

Joan A. Geoghegan,' Alan D. Irvine,®®* and Timothy J. Foster'*

Staphylococcus aureus is frequently isolated from the skin of atopic dermatitis
(AD) patients during flares. The normal microbiota is disrupted and the diversity
of the microorganisms on the skin is reduced. Many species that produce
inhibitors of S. aureus growth decline. Strains from S. aureus clonal complex 1
are enriched among AD sufferers whereas the CC30 strains most frequently
isolated from nasal carriers in the normal population are much rarer in AD. S.
aureus expresses several molecules that contribute to the intensity of symp-
toms, including 8-toxin which stimulates mast cells, a-toxin which damages
keratinocytes, phenol-soluble modulins which stimulate cytokine release by
keratinocytes, protein A which triggers inflammatory responses from keratino-
cytes, superantigens which trigger B cell expansion and cytokine release, and
proinflammatory lipoproteins. Proteases contribute to disruption of the epider-
mal barrier. S. aureus isolated from AD patients adheres to the deformed
corneocytes from AD patients in a clumping factor B-dependent fashion. Novel
targeted therapies for AD have recently been introduced to clinical practice
with many more in development, including monoclonal antibodies that specifi-
cally target cytokines and their receptors, and a bacteriophage lysin that
eliminates S. aureus from AD skin.

Introduction to AD

AD (syn. atopic eczema) is a chronic inflammatory skin condition that is characterized clinically
by periodic flares of dry, red, itchy skin lesions [1-3] and pathogenically by a defective skin
barrier, recurrent infections, and both local and systemic type 2 immune responses. The
disease is common in children and is less prevalent among adults. There is a high prevalence in
developed countries of approximately 20% in childhood, and an increasing prevalence in
developing countries, especially in urbanized areas [4]. Increased ‘hygiene’ in a general sense
could result in a decrease in appropriate immune stimulation that can contribute not only to
eczema but also to the allergic diseases asthma and allergic rhinitis and is one hypothesis that
may explain some of the prevalence data. Other factors associated with urbanized living, such
as exposure to pollution, including diesel fumes, indoor heated living, reduced exposure to
endotoxin and parasite infection, enhanced use of washing agents that are deleterious to the
skin, and other environmental factors are also likely to contribute to the prevalence of AD [5].

AD is a complex disease and can be triggered in individuals from different genetic backgrounds.

Genome-wide scans have identified polymorphisms in several different genes controlling skin
barrier integrity that are associated with AD (reviewed in [3]). These include loss-of-function
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mutations in filaggrin, a protein that is important in the development of the stratum corneum —
the outermost anucleate layer of the epidermis that is the interface between the skin and the
environment [6].

Current evidence strongly points to disruption of the integrity of the skin barrier and subsequent
immune dysregulation in predisposed individuals, with resultant damage to the skin barrier, as
the primary pathological drivers in AD. The skin of an AD patient during a flare has compromised
barrier integrity, which increases the likelihood of irritants penetrating the skin and triggering
further inflammation, thus creating a vicious cycle.

The microbiota of the skin is important in maintaining immune homeostasis and preventing the
growth of pathogens such as S. aureus [7,8]. During an eczema flare the diversity of the normal
microflora is diminished, allowing S. aureus to proliferate, in part encouraged by a reduction in
bacteria with anti-S. aureus activity. S. aureus elaborates several molecules with potential to
cause inflammation and to promote further immune dysregulation. Coagulase-negative staph-
ylococci may reduce the risk of AD through mechanisms that are not completely understood
but which include displacement of S. aureus by elaboration of antimicrobial substances and
immune modulation [9-11].

This review critically evaluates the factors that influence the ability of S. aureus to colonize the
stratum corneum and the role of S. aureus products in the pathogenesis of eczema flares,
including superantigens, toxins, proteases, and cell-envelope components. New approaches
to treatment are also discussed.

Immune Dysregulation in AD

Atopic dermatitis stems from a genetic predisposition for disturbance of the epidermal barrier of
the skin, for example in individuals with defects in the FLG gene encoding filaggrin (reviewed in
[3]). The acute phase can be initiated when an allergen or other irritant penetrates the barrier
and is processed by skin antigen-presenting cells (e.g., Langerhans cells) (reviewed in [12] and
summarized in Figure 1). Keratinocytes are stimulated to release thymic stromal lymphoprotein
(TSLP) and other alarmins such as interleukin-25 (IL-25) and IL-33 which expand skin-resident
innate lymphoid cells, further amplifying a Th2 response with naive T cells diverted towards a
Th2 response [13]. A characteristic array of interleukins are produced (IL-3, -4, -5, -13, -31).
This triggers an immunoglobulin E (IgE) response with antibodies which react with both the
allergen and self-antigens (reviewed in [12]). Indeed, the level of IgE correlates with autoreactive
FceRl receptors that recognize the Fc region of IgE. Dendritic cells and mast cells bound to IgE
molecules are long-lived, so that cells remain primed to react with allergens for some time.

Induction of IL-4, IL-13, and IL-31 downregulates expression of filaggrin and the cornified cell
envelope protein loricrin during keratinocyte differentiation which affects corneocyte function
and skin barrier integrity [2,14]. IL-31 is particularly pruritogenic (causing severe itching) [15].
The chronic phase of AD occurs with a shift in T cells towards the Th1 subtype and the
production of pro-Th1 cytokines such as interferon-v, IL-1, and IL-12, along with IL-22 [16]. It
can last for years or even a lifetime. The skin is inflamed and itchy, it increases in thickness
(lichenification), and is further damaged due to scratching [1,2].

Differences between Healthy and AD Skin

Healthy skin is desiccated, it has a low pH at the surface, the upper layer is constantly shed
removing attached bacteria, and host antimicrobial defensin peptides are present. The skinis a
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Figure 1. Changes to Skin in Atopic Dermatitis. Summary of changes that occur in skin following development of
atopic dermatitis. Initially, the skin barrier is breeched and an allergen penetrates. This triggers thymic stromal lympho-
protein (TLSP) expression which stimulates ThO cells to develop into Th2 cells — which, in turn, trigger B cells to produce IgE
that reacts with allergens and self-antigens. The Th2 cytokines contribute to symptoms by stimulating pruritis and
interfering with corneocyte development and barrier integrity. The normal microbiome is altered (dysbiosis), allowing
S. aureus to proliferate. As the disease moves into a chronic state, Th1 cells develop, releasing proinflammatory cytokines
such as IFN-vy.

FceR
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hostile environment for many bacteria and provides a strong barrier to harmful substances and
irritants (reviewed in [17] and summarized in Figure 1).

The pH of skin is crucial for maintaining the epidermal barrier function and controlling desqua-
mation, and it is an important defence against pathogens. The pH of healthy skin ranges from 4
to 6 and is lowest at the surface. The low pH is maintained by fatty acids that occur in sweat and
sebum, by products of phospholipid hydrolysis, and by sodium-proton ion exchangers of
lamellar bodies that form during keratinocyte differentiation [18]. The filaggrin breakdown
products urocanic acid (UCA) and pyrolidone carboxylic acid (PCA) help to maintain the acidic
pH and contribute to the natural moisturizing factors (NMFs) that control skin hydration [19].

In AD, the pH of skin shifts toward alkalinity [17]. Several factors contribute to this shift, such as
decreased sweat secretion and decreased levels of free fatty acids. Mutations in the FLG gene
result in reduced levels of UCA and PCA [20]. The Th2 cytokines IL-4 and IL-13 act synergisti-
cally to reduce FLG expression so that levels of UCA and PCA are reduced in AD lesions evenin
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individuals who are wild type for FLG [20,21]. The antimicrobial defensin peptides LL-37
(cathelicidin), B-defensins, and dermicidin are present at reduced levels in AD skin (reviewed
n [22]). Expression of the human B-defensin genes HBD-2 and -3 is inhibited by the Th2
cytokines IL-4 and IL-13. These changes likely contribute to dysbiosis of the microbiota and
proliferation of S. aureus.

Association of S. aureus with AD

As discussed, many studies have shown that S. aureus is prevalent on the inflamed skin of AD
patients [23-27]. The reported rates of carriage can vary from 30 to 100%, depending on the
type of patient, the sample size, the method used to take samples, and the method used to
detect bacteria (culturing, detecting bacterial products, or using PCR and 16S rRNA
sequencing).

A recent meta-analysis of 95 observational studies of culture-based methods showed (i) that
the prevalence of S. aureus carriage by AD patients was 70% on lesional skin compared to 39%
on nonlesional skin or healthy control skin [27], and (i) that the prevalence rate increased with
disease severity [27]. Examples of quantitative prevalence studies are described in [23,25].

Using RT-PCR to estimate the burden of S. aureus by amplifying a chromosomal gene from
DNA extracted from a standard volume of lavage fluid, the density of S. aureus on both lesional
and nonlesional skin correlated with disease severity [26], confirming results from earlier
culture-based studies [23,24].

The anterior nares provides the main habitat for commensal S. aureus, which persistently
colonizes 20-30% of the population [28-30]. Several studies of carriage strains from different
geographic locations have defined the population structure based on multilocus sequence
typing (MLST) clonal complexes and have shown that strains from CC30 occur most frequently
in normal populations [31-34]. In contrast, several studies of S. aureus strains isolated from the
inflamed skin of children and adults with AD have shown that CC30 isolates are under-
represented whilst strains from CC1 are over-represented compared to healthy controls
[34-36]. The features of CC1 strains that enable them to proliferate in AD are not known,
although it appears that CC1 strains are more prevalent on the lesional skin of patients carrying
FLG mutations compared to patients without FLG mutations [37]. A higher AD severity was
seen in patients colonized with CC1 strains [36].

The Inhibitory and Immumodulatory Activity of the Skin Microbiome.
Changes to the Microbiome in AD

Intriguing new insights into the mechanisms behind immune tolerance towards skin commen-
sals came from studying Staphylococcus epidermidis colonization of neonatal mouse skin [38].
Activated CD4* T-regulatory cells migrated to the skin during a developmental window which
generated tolerance towards the commensal [38]. In adult mice, colonization of the skin with S.
epidermidis induced IL-17A* CD8" T cells to migrate to the skin, which provided enhanced
innate immunity to a pathogen [39]. This indicates that dendritic cells resident in skin can sense
changes to the skin microbiota and provide protection against potential pathogens.

Analysis of the skin microbiota by deep shotgun metagenomic sequencing and sequencing
16S rRNA genes has made a major impact on understanding the changes in bacterial
composition that occur during an eczema flare. The original studies did not measure bacterial
density per se but quantified the relative proportions of different groups of bacteria [40].
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Samples were taken (i) from AD patients who were not displaying any clinical symptoms in order
to provide the microbiome baseline, (i) during eczema flares from patients who were either
subjected to conventional treatment or who were untreated, and finally (iii) during the post-flare
recovery phase. Microbiome diversity decreased in inflamed atopic skin with reductions in the
genera Streptococcus, Corynebacterium, Propionibacterium and the phylum Proteobacteria in
favour of members of the genus Staphylococcus in general and S. aureus in particular. Shotgun
metagenomic sequencing of samples taken from skin showed that AD patients are usually
colonized with a single strain of S. aureus during a severe flare [41]. The microbiome composi-
tion reverted to normal during treatment and recovery [40]. Thus, successful treatment allows
reconstitution of normal microbial diversity, presumably by removing staphylococci (and other
bacteria) and allowing the skin to be repopulated with normal microflora, or restores the skin to
functionality, allowing the normal microflora to become re-established.

One of the functions of the normal skin microbiota appears to be to suppress the growth of S.
aureus. Several different mechanisms of interference have been identified. The coagulase-
negative staphylococci (CoNS) S. epidermidis, S. hominis and S. lugdunensis can elaborate
peptide antibiotics (lantibiotics) that are bactericidal towards S. aureus [10,42]. Furthermore an
S. hominis lantibiotic acts synergistically with host antimicrobial peptides [10]. S. epidermidis
releases phenol-soluble modulins with specific inhibitory activity towards skin pathogens,
including S. aureus, and which act cooperatively with host antimicrobial peptides [11]. CONS
with anti-S. aureus activity are common in normal skin but occur less frequently in AD skin
colonized by S. aureus. Similarly, the Gram-negative Roseomonas mucosa isolated from
healthy skin elaborates a bactericidal substance, most likely a lipid, whereas strains of R.
mucosa that are (rarely) found on AD skin do not [43]. In the case of S. hominis and R. mucosa,
coinoculation with S. aureus onto mouse skin reduced the pathogen burden and signs of AD
[10,43]. Corynebacterium striatum expresses an as yet unidentified factor that interfers with
Agr-mediated control of virulence, maintaining expression of toxins such as a-haemolysin [44].
Propionibacterium acnes ferments glycerol present in sebum and forms short-chain fatty acids
that reduce the pH [45]. This inhibits the growth of S. aureus and could reduce expression of
surface protein adhesins and protein A most likely by activating the mild acid stimulon [46].

Carriage of S. aureus in the nares is influenced by the normal flora. The presence in the nares of
S. epidermidis expressing the Esp protease, and S. lugdunensis that synthesizes the cyclic
peptide antibiotic lugdunin, is associated with individuals who are noncarriers [30,42,47]. It is
possible that these species could contribute to reducing S. aureus on healthy skin. It is thus
evident that the normal microbiota contributes, along with host defences and the low pH, to
reduce growth of S. aureus on healthy skin. The data summarised above strongly suggest that
the normal flora suppresses growth of S. aureus and that dysbiosis of the microbiota contrib-
utes to the pathogenesis of AD [48].

Colonization of AD Skin by S. aureus

Despite the inhibitory role of the normal skin microbiota in trying to prevent growth of S.
aureus, S. aureus colonizes AD skin very effectively. S. aureus adheres to skin biopsies taken
from the nonlesional skin of patients with AD more efficiently than to skin biopsies taken from
patients with the another common inflammatory skin disease (psoriasis) or healthy volunteers
[49]. The bacteria primarily adhere to the stratum corneum, where dead flattened cornified
keratinocytes known as corneocytes are located. The reason for the preferential adherence of
S. aureus to AD skin is not understood but changes to the composition of the stratum
corneum and corneocyte morphology are likely to contribute. In contrast to healthy skin,
fioronectin may be present in the stratum corneum of AD skin and thereby accessible to S.
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aureus as a ligand [49]. The fibronectin-binding proteins (FNBP) A and B expressed on the
surface of S. aureus promote bacterial adherence to fibronectin [50] and promote strong
adhesion to AD skin biopsy specimens compared to healthy ones [49]. Other known ligands
for S. aureus are exposed in the stratum corneum. For example, the S. aureus cell-wall-
anchored (CWA) protein CIfB binds to the cornified envelope proteins loricrin and cytokeratin
10 [51] and has recently been shown to promote bacterial adhesion to corneocytes taken
from AD patients [34]. The CWA protein IsdA provides resistance to antimicrobial lipids, a
property which may contribute to colonisation of AD skin, as well as promoting adhesion to
corneocytes [52,53]. Several other surface-located CWA proteins promote adhesion to nasal
squamous epithelial cells [54]. Given the similarities between nasal squamous cells and skin
corneocytes it is possible that these adhesins could also recognise ligands exposed on
corneocytes of AD patients and contribute to colonization. However, corneocyte morphology
is grossly altered in AD patients with low NMF [55]. Instead of having a flat surface, villus-like
projections protrude from the upper surface of the corneocytes (Figure 2). The tips of the
villus-like projections are coated with corneodesmosin, a protein involved in connecting
corneocytes and usually confined to the cell-cell junctions in the stratum corneum [55].
The unusual distribution of corneodesmosin in AD corneocytes, and the structural changes
accompanying low NMF, suggest that additional ligands may be accessible in the unique
niche represented by the stratum corneum of AD skin.

S. aureus Molecules/Products and Components That Contribute to
Pathogenesis

S. aureus expresses a plethora of secreted and wall-anchored virulence factors that have
proven roles in the pathogenesis of both superficial and invasive infections [50,56,57]. Several
have been implicated in the pathogenesis of AD by studying effects on keratinocytes and
immune cells both in vitro and from human skin biopsy samples, and in murine allergy models,
evidence of which is supported by detection of the factors in AD skin (Table 1). Furthermore, S.
aureus incorporates short-chain unbranched fatty acids into its cytoplasmic membrane when
growing in vivo [58]. This increases membrane fluidity, and could influence the expression of
virulence factors [59] and tolerance to host innate immunity, such as resistance to oxidative

Atopic dermatitis

Trends in Microbiology

Figure 2. Corneocyte Morphology. The surface topology of corneocytes from the skin of a healthy volunteer, or from
inflamed skin of an AD patient, attached to tape strips used to lift the cells from the skin surface. Contact mode imaging
using atomic force microscopy with an unmodified silicon nitride tip was used to scan the surface of the corneocytes. The
small panel shows the surface of the AD patient’s corneocyte magnified. These images are reproduced with permission
from the Royal Society for Chemistry [98] and the American Society for Microbiology [34].
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Table 1. Staphylococcus aureus Proteins That Contribute to Atopic Dermatitis

S. aureus proteins Possible role in AD Refs
Clumping factor B Adhesion to corneocytes in stratum corneum via loricrin or other ligands [34]
Fibronectin-binding Adhesion to fibronectin that is present at high levels in the upper strata [49]
proteins of epidermis and stratum corneum of AD skin

Protein A Proinflammatory. Binds to TNFR-1 on keratinocytes [78,79]
Lipoproteins Proinflammatory. Activate TLR-2 on keratinocytes [60,81]
a-Toxin Membrane damage/lysis of keratinocytes [72-74]
3-Toxin Mast cell degranulation. Synergy with IgE. Allergic skin inflammation [68]
Phenol-soluble Trigger proinflammatory responses associated with AD in keratinocytes [69-71]
modulins at sublytic concentrations

Enterotoxins and Excessive T cell cytokine production and toxicity. Allergens. Enterotoxins [56,64]
TSST-1 might trigger mast cell degranulation directly

Staphopain Inactivation of antimicrobial peptides [84,85]
Aureolysin

V8 serine protease Epidermal barrier dysfunction in hairless mice [87]
Serine protease-like Potent allergens in idiopathic asthma following S. aureus colonization. [89]

proteins

Similar role in AD?

Cell
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stress mediated by staphyloxanthin [58]. Incorporation of skin fatty acids into lipoproteins
increases their proinflammatory properties [60].

Superantigens

Al S. aureus strains express superantigens (SAgs) such as toxic shock syndrome toxin-1
(TSST-1) and the staphylococcal enterotoxin serotypes SEA, SEB, SEC, SED, SEE, or SEG
[56]. Superantigens bind to major histocompatibility class Il (MHCII) molecules on the surface of
antigen-presenting cells and T cell receptors on T cells, allowing cells to interact without the
constraint of an antigenic peptide presented by MHCII molecules (Figure 3). This results in
excessive production of T cell cytokines which causes toxicity. In the case of SEB, and most
likely other SAgs, the MHCII-T cell receptor complex is stabilized by the SAg forming a
quadripartite complex by binding CD28 on the T cell, a finding which helps explain the toxin’s
extremely high potency [61].

SAgs are also allergens and generate an IgE response. Evidence from clinical studies for the
association of SAgs with AD is summarized in Figure 3. Compelling experimental evidence
came from studies with SCID mice primed with peripheral blood mononuclear cells from AD
patients where topical application of SEB triggered an AD-like response [62].

What has been overlooked as investigators focussed on the superantigenicity of enterotoxins is
evidence that they can also interact directly with mast cells. If ingested, enterotoxins cause
emesis [63]. The house musk shrew is the only rodent known to be susceptible to ingestion of
enterotoxins. In this animal, orally administered SEA passed across the lumen and bound to
submucosal FceRI-positive mast cells via an unknown receptor [64]. This induced degranu-
lation and release of serotonin which is recognized by the enteric nerve. Depolarization of this
nerve activates afferent vagal nerves which then stimulate the vomiting centre in the brain and
the vomiting reflex.
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Figure 3. Role of Superantigens in Atopic Dermatitis (AD). The structure of skin and the effects of superantigen (SAg)-expressing Staphylococcus aureus. The
yellow circles represent S. aureus colonizing the corneocytes of the stratum corneum. Bacteria synthesize superantigens (SAgs) such as SEA, SEB, SEC, and TSST-1
(blue star). IgE antibodies are raised to the SAgs via normal antigen presentation to Th2 cells and selection and differentiation of B lymphocytes (not shown). The allergen
SAg can then trigger mast cell degranulation via IgE and FceR. Enterotoxins might also trigger mast cell degranulation directly via an unknown receptor. The text boxes
summarize the known association between SAgs and the development of AD. Children colonized with bacteria expressing these SAgs had higher disease severity than
those colonized with strains lacking these toxins [99]. Disease severity correlated with the density of SAg-expressing bacteria. AD patients produce IgE to the SAg
expressed by the colonizing strain, indicating that SAgs are also allergens [100]. Mast cells and basophils from sensitized patients release histamines in response to the
SAg expressed by the colonizing strain. The cells are primed with SAg-specific IgE [56]. The level of IgE recognizing the SAg expressed by the colonizing strain
correlated with disease severity [101]. SEB stimulates AD-like symptoms when added to the skin of normal individuals and uninvolved skin of AD sufferers. The SAg
induced selective accumulation of T cells expressing VB repertoires appropriate to the toxin [102]. SAgs induced Th2 cells to release IL-31, which inhibits keratinocyte

differentiation, downregulates filaggrin expression — which contributes to a reduction in skin barrier function, and stimulates itchiness [14].

In Cynomolgus macaques, ingestion of enterotoxins also triggers an emetic response. The
application of very low concentrations of SEB to the skin of macacques triggered immediate-
type hypersensitivity associated with degranulation of skin mast cells [65,66]. The monkeys had
no detectable antibodies to SEB. The skin reaction was inhibited by histamine H2 receptor
agonists. These observations raise the possibility that enterotoxins might activate skin mast
cells by a mechanism similar to those in the gastric mucosa and could thus contribute to AD
symptoms by two distinct mechanisms.

8 Trendsin Microbiology, Month Year, Vol. xx, No. yy
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d-Toxin and Phenol-Soluble Modulins

S. aureus can express several short amphipathic peptides called phenol-soluble modulins
(PSMs), a group of molecules comprising the PSM « and B families along with 8-toxin that is
encoded within the regulatory RNAIIl of the cell-density-dependent global accessory gene-
regulatory system (Agr) [67].

8-Toxin can specifically cause degranulation without lysis of murine mast cells derived from fetal
skin or bone marrow [68]. In contrast, PSMa2 and PSMa3 caused mast cell death. 8-Toxin
acted synergistically with murine IgE in the absence of bound antigen. Furthermore, in a murine
model of allergic skin disease, S. aureus triggered inflammation in a 8-toxin-dependent fashion.
A mutant lacking the ability to express 8-toxin was almost completely defective, while activity
was restored with a complementing 8-toxin-expressing plasmid. These experiments did not
directly address the expression of PSMs in vivo but nevertheless demonstrated an important
role for d-toxin. Importantly, 8-toxin was detected in the lesional skin of AD patients [68].

Alpha-type PSMs activate proinflammatory cytokine expression by human keratinocytes and in
murine skin colonization models which cause skin damage and inflammation associated with
AD [69-71]. Importantly, these effects were only seen following epicutaneous application and
not following subcutaneous injection, which triggered a different response.

a-Toxin

a-Toxin is a potent pore-forming cytolysin, and is a proven virulence factor in several animal
models of infection [57]. The high-affinity receptor for a-toxin on mammalian cells is the matrix
metalloprotease ADAM-10. Toxin monomers bind to ADAM-10 and activate the nascent
ADAM-10 protease which then cleaves E-cadherin in epithelial cell tight-junctions. As the
concentration of toxin builds up it oligomerizes in the membrane in a sphingomyelin-dependent
fashion to form pores which cause lysis and cell death. Immunohistochemical analysis has
shown a-toxin in the dermis of AD patients colonized with S. aureus [72]. Keratinocytes in AD
skin biopsy samples are more susceptible to a-toxin-promoted killing than are those from
healthy individuals [73].

During keratinocyte differentiation filaggrin expression is induced [21]. This is associated with
secretion of sphingomyelinase that reduces keratinocyte susceptibility to a-toxin by decreasing
the level of the lipid needed for lysis [74]. In AD, high levels of Th2 cytokines reduce filaggrin and
sphingomyelinase expression, making differentiating keratinocytes more susceptible to
a-toxin. This could contribute to loss of barrier function and to increased penetration of irritants
and allergens. It can be concluded that a-toxin is likely to play an important role in disrupting the
skin barrier in the skin of eczema patients that is colonized by S. aureus.

Protein A

Protein A is a multifunctional CWA protein that is both covalently anchored to peptidoglycan by
sortase A and released into the extracellular milieu [50,75,76]. Protein A has five domains which
recognize several different ligands, including tumour necrosis factor receptor-1 (TNFR-1).
Binding to, and activating, TNFR-1 induces a proinflammatory response [77]. TNFR-1 is highly
expressed by human keratinocytes, and protein A is readily detectable in skin biopsy samples
from patients with AD [78,79]. Therefore, it is very likely that secreted protein A contributes to
inflammation in patients who are heavily colonized by S. aureus.

Trends in Microbiology, Month Year, Vol. xx, No. yy 9
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Lipoprotein and Lipoteichoic Acid

Lipoteichoic acid (LTA) obtained from commercial sources is usually contaminated with lip-
oproteins which are now known to be potent TLR-2 agonists [80,81]. Therefore, any pub-
lications purporting to show proinflammatory effects of LTA should be treated with caution. LTA
has been detected in lavage fluid from AD patients, and its concentration correlates with
disease severity [82]. However, this could just be a manifestation of the bacterial burden and the
corresponding high expression of protein toxins or released lipoproteins. Purified synthetic
diacylated lipopeptide induced TSLP expression by primary human keratinocytes in a TLR-2/
TLR-6 dependent manner so it is likely that liproproteins can contribute to the triggering and
maintenance of the Th2 allergic response in AD [83], a process that is enhanced by incorpo-
ration of unbranched fatty acids acquired in the skin into the lipoproteins [60].

Proteases

The cysteine protease staphopain and the metalloprotease aureolysin cleave the antimicrobial
peptide LL-37 [84,85]. Staphopain was detected in AD biopsy samples in close association
with S. aureus cells which were growing in a biofilm on the surface of the stratum corneum [84].
Staphopain and other proteases might act in concert to protect S. aureus from antimicrobial
peptides (AMPs) in AD skin.

S. aureus proteases promoted bacterial penetration of the epidermal barrier in a human skin
equivalent model [86], and the V8 serine protease caused epidermal barrier dysfunction when
applied to the skin of hairless mice [87]. S. aureus also stimulated human keratinocytes to
increase expression of endogenous proteases, which also contributed to barrier disruption
[88]. Thus, both bacterial and host proteases perturb the integrity of the skin barrier.

Bacterial Allergens

Patients suffering from idiopathic intrinsic asthma have a high rate of colonization by S. aureus
in the upper airway. Immunoblotting analysis of the exoproteome of S. aureus with serum from
patients revealed that the staphylococcal serine protease-like (Spl) proteins reacted strongly
with IgG4, an IgG subclass that is a surrogate marker for a Th2 driven immune response [89].
IgE specific for Spls was detected in serum from the majority of sufferers. Furthermore,
recombinant SplD administered to mice intratracheally elicited allergic lung inflammation with
antigen-specific IgE and elevated Th2 cytokines [89]. It would be very interesting to perform a
similar study with the serum from AD patients. This would determine if Spls are prominent
allergens in AD as well as asthma.

Treatment of AD

The objective of treatment is to reduce inflammation and itching and to restore the appearance
and function of skin to normal. Conventional treatments that have not advanced much over the
past 20 years involve emollients (medical moisturizers) and topical anti-inflammatory cortico-
steroids and calcineurin inhibitors [90]. There are limitations to steroid usage because of
concerns over long-term usage causing skin atrophy and systemic side-effects, and limited
patient tolerance for extensive and prolonged topical application regimens. For more severe
cases, nonspecific immunosuppressants such as cyclosporine, azathioprine, or mycopheny-
late have been used with varying degrees of success [91].

A plethora of pathogenesis-based treatments have been, or are being, developed that promise
to provide more specific target-based treatments and also to advance understanding of the
pathophysiology of the disease (reviewed in [92]). These include monoclonal antibodies that
neutralize IgE or block specific interleukins or their receptors, and small-molecule inhibitors of
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enzymes in inflammatory signalling pathways such as the JAK STAT pathway. The most
advanced is the IL-4 receptor blocker dupilumab which has undergone a successful phase
[l trial and is now approved for clinical use in the USA. This molecule inhibits the function of IL-4
and IL-13, important mediators of the Th2 pathway.

Bleach baths have been widely used in the treatment of AD in the USA and in other countries for
decades but the evidence base is limited to a single clinical trial [93]. Topical and systemic
antibiotics have been employed in attempts to reduce the burden of S. aureus and its toxic and
proinflammatory products in AD skin. However, until recently, no properly conducted clinical
trials have been performed on the efficacy of antibiotics in treating AD. In a randomized clinical
trial conducted in the UK, topical fusidic acid was compared to systemic flucloxacillin or
erythromycin in children with clinically infected eczema and showed no benefit over and above
the effects of standard-of-care emollients and corticosteroids [94]. This result does not support
routine administration of antibiotics in treating AD in the absence of overt clinical infection.

A bacteriophage lysin called Staphefekt is currently undergoing a phase lll trial as a topical
agent for treating eczema in adults'. The advantages of the lysin compared to fusidic acid are (i)
it is rapidly bactericidal, (ii) it is specific for S. aureus, and {iii) resistance is unlikely to occur during
treatment [95-97]. This trial should determine if eliminating S. aureus by this more targeted
approach, compared to topical antibiotics, has a beneficial effect in alleviating symptoms and
promoting recovery.

Concluding Remarks

S. aureus is frequently isolated from the inflamed skin of AD patients. Its proliferation is
accompanied by a reduction in the diversity of bacteria that normally comprise the skin
microbiota, resulting in a dearth of organisms expressing substances that inhibit the pathogen.
Inflammation is exacerbated by S. aureus due to the elaboration of toxins and lipoproteins that
affect keratinocytes and skin immune cells (Table 1).

The changes to AD skin that allow S. aureus to proliferate are likely to include elevated pH,
increased surface exposure of tissue fluid and blood as binding targets, a reduction in host
antimicrobial peptides, and an altered microbiota. Changes in the morphology and surface
composition of corneocytes might provide a greater abundance of ligands to which S. aureus
can adhere [34,55].

Several studies have shown that strains most commonly isolated from the inflamed skin of AD
patients’ skin are from CC1, whereas strains from CC30 which are most frequently isolated
from the nares of healthy carriers are under-represented in AD [34-36]. A detailed investigation
into the factors that contribute to the success of CC1 strains in AD lesions should be carried
out, for example, by comparing the genome sequences of a panel of CC1 and CC30 strains
combined with proteomic and transcriptomic analysis.

CC1 strains from AD patients adhere strongly to the corneocyte ligand loricrin. Enhanced
adhesion to corneocytes could thus be a contributing factor to the success of CC1 strains.
Future research should focus on the involvement of other adhesins and the possibility that the
deformed corneocytes from AD skin express ligands to which CC1 strains are better equipped
to adhere. Also nutrients in AD skin might differ from the nasal habitat. It is possible that CCH
strains can grow better there than CC30 strains.
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Outstanding Questions

What are the conditions that trigger
changes to the skin microbiota at the
beginning of an AD flare?

What are the full repertoire of factors
elaborated by competing microbiota
that inhibit the growth of S. aureus in
normal skin?

What other adhesins are important in
colonization of AD corneocytes?

Which S. aureus proteases are
responsible for disruption of the epi-
dermal barrier?

Can blocking adhesion of S. aureus to
corneocytes contribute to a reduction
in the S. aureus burden during AD
flares?

What are the features of CC1 strains
that allow them to proliferate so well
compared to the CC30 strains that
predominate in healthy nasal carriers?

What are the major allergens elabo-
rated by S. aureus?

Can treatment of AD be improved by
eliminating S. aureus?

Is there a role for vaccination against S.
aureus in atopic individuals?
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The wide body of evidence reviewed above suggests that elimination of S. aureus through
targeted therapies, or modification of the commensal microbiota, presents a promising area of
exploration in either the prevention or modification of AD. Indeed, a very recent clinical trial has
provided evidence that microbiome manipulation deserves further exploration [10].

In conclusion, it is now clear that proliferation of S. aureus contributes significantly to the
pathogenesis of AD flares by elaboration of several proinflammatory and immunosuppressive
factors. Adhesion by S. aureus to deformed corneocytes in AD skin is an important first step.
Further knowledge about the role of S. aureus in AD will lead to better treatment options (see
Outstanding Questions).

Resources
https://clinicaltrials.gov/ct2/show/NCT02840955
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