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Abstract

Skin colonization by Staphylococcus aureus is associated with severity of atopic dermatitis (AD). 

Two papers in this issue of Cell Host & Microbe by Nakagawa et al. (2017) and Liu et al. (2017) 

define a pathway by which epicutaneous Staphylococcus aureus promotes skin inflammation and 

may contribute to AD.

With the recent technological advancements to determine the identity of microbes that are 

present on or in humans, it appears that most microbial communities enter a state of 

dysbiosis, or a change from their normal composition, when the host is diseased. This is 

perhaps best understood in the context of atopic dermatitis (AD), a form of the common skin 

disease eczema. Staphylococcus aureus (S. aureus) is frequently cultured from AD patients, 

and its abundance can be more than 100 times that on normal skin. This large increase in S. 
aureus is observed often despite the absence of clinical signs of skin infection. However, a 

key question has remained controversial: does S. aureus cause AD, or is the increased 

survival of this organism on the skin simply a consequence of the disease?

An answer to this important question is beginning to emerge by considering the results of 

next-generation sequencing together with recent experimental evidence from human and 

animal model systems. A prospective observational study of culturable skin bacteria of 

children from birth to age 2 has shown that S. aureus colonization precedes the onset of the 

disease (Meylan et al., 2017), while another recent bacterial metagenomic study before onset 

of AD has shown the bacterial community can be protective (Kennedy et al., 2017). 

Additionally, whole-genome sequencing of skin swabs from AD subjects has shown again 

that S. aureus is increased and clonal on AD skin and suggested these clones promote 

changes in the skin of mice (Byrd et al., 2017). These observations support the hypothesis 

that S. aureus can cause the disease to occur in susceptible individuals. To advance the 

plausibility of this causal hypothesis, it is necessary to provide a rational mechanism for how 

S. aureus could drive this disease.

To advance our mechanistic understanding of how skin surface microbes could promote an 

inflammatory skin disease, recent work has focused on how individual virulence factors 

from S. aureus can influence host defense in the mouse. An area of interest has been to study 

the role of bacterially expressed phenolsoluble modulins (PSMs), a group of peptides split 
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into several groups including PSMα1–4, δ-toxin, PSMβ1–2, and occasionally PSM-mec. In 

particular, PSMα was demonstrated to induce cytokine expression in both human 

keratinocytes and in tape-stripped murine skin epicutaneous models (Syed et al., 2015). S. 
aureus δ-toxin has also been observed to induce mast cell degranulation, increase IgE levels, 

and promote skin inflammation (Nakamura et al., 2013).

In this issue of Cell Host & Microbe, two papers by Nakagawa et al. (2017) and Liu et al. 

(2017) have further outlined pathways through which the epicutaneous application of S. 
aureus can induce an AD-like phenotype on murine skin (Nakagawa et al., 2017; Liu et al., 

2017). The Nakagawa et al. (2017) study shows that PSMα from S. aureus activates 

keratinocyte production of IL-1α and IL-36α and this in turn stimulates γδ T cells and 

innate lymphoid cell type 3 (ILC3)-mediated IL-17 release as well as neutrophil recruitment. 

Similarly, the Liu et al. (2017) study shows that PSMα can induce keratinocyte IL-36α to 

stimulate IL-17-producing γδ T cells and CD4+ T cells. Interestingly, only application of S. 
aureus on the skin surface produced this response while subcutaneous injections of S. aureus 
promoted a distinct IL-1β response. Both studies show that S. aureus PSMα can stimulate 

keratinocytes to produce cytokines that promote skin damage and inflammation resembling 

AD.

Other important virulence factors from S. aureus have also been shown to affect 

inflammation and damage the skin. Our group has observed that an S. aureus protease null 

strain failed to penetrate into the deeper layers of the skin and also failed to induce TH2 

cytokine production in mice (Nakatsuji et al., 2016). Interestingly, this penetration of S. 
aureus into the skin may be linked to the differences Liu et al. (2017) observed in 

subcutaneous versus epicutaenous S. aureus infections. Furthermore, we have shown that a 

secreted S. aureus factor(s) can stimulate human keratinocytes to increase expression of 

epithelial serine proteases that further damage the skin barrier (Williams et al., 2017). These 

S. aureus-induced serine proteases have been shown to stimulate the protease-activated 

receptor 2 (PAR-2) in keratinocytes to induce IL-1-type cytokines. These findings link those 

observed by Nakagawa et al. (2017) and Liu et al. (2017). Overall, there is mounting 

evidence that S. aureus-secreted proteases as well as PSMs combine with induced 

keratinocyte proteases to disrupt the skin barrier, activate the local immune response, and 

initiate an AD-like phenotype. An overview of the pathways involved in the process of 

driving AD is illustrated in Figure 1.

Therapeutic strategies in AD have sought to target S. aureus by using broad-spectrum oral 

antibiotics and/or topical antibiotics and antiseptics. These strategies have rarely prevented 

S. aureus colonization and lacked specificity for targeting S. aureus. This lack of 

antimicrobial specificity may have an unintended detrimental effect by suppressing the 

positive impact of other bacteria on the skin. Commensal bacteria such as coagulase-

negative Staphylococci (CoNS) co-exist with S. aureus on AD subjects. Many of the strains 

of CoNS inhabiting the skin of healthy subjects produce lantibiotics or bacteriocin-type 

antimicrobial peptides that kill S. aureus, thus providing the host with an additional layer of 

immune defense. Interestingly, these strains of CoNS were infrequently cultured from AD 

subjects. When antimicrobial CoNS strains were applied to AD lesional skin, S. aureus 
colonization was significantly reduced (Nakatsuji et al., 2017). Thus, consistent with other 
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observations such as the Kennedy et al. (2017) study, strain-specific functions of the skin 

bacterial community protect against S. aureus and subsequent disease.

The role of increased S. aureus colonization in skin disease is an important area of research 

that is distinct from understanding bacterial virulence factors that promote invasive 

superficial and deep infections. The recent work by Nakagawa et al. (2017) and Liu et al. 

(2017) has provided important new information about how S. aureus can manipulate the 

epidermal environment to promote AD-like inflammation. Shaping the host environment to 

promote the AD immunologic response suppresses the capacity of the host to inhibit 

microbial infections (Ong et al., 2002), and is therefore desirable for survival of S. aureus. 

Understanding these mechanisms and complex community interactions will provide new 

therapeutic strategies to target S. aureus and inhibit its capacity to promote skin disease.
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Figure 1. S. aureus Promotes Skin Inflammation through Multiple Pathways
Increased colonization of the skin surface by S. aureus leads to secretion of virulence factors 

including phenol-soluble modulins (PSMs) and proteases. PSMα can stimulate epidermal 

keratinocytes to produce IL-1-type cytokines (e.g., IL-36α and IL-1α) that further induce γδ 
T cells, lymphoid cells type 3 (ILC3), and neutrophil recruitment. Another PSM, σ-toxin, 

can stimulate mast cell degranulation, IL-4 release, increased IgE levels, and increased skin 

inflammation. In addition to PSMs, S. aureus-secreted proteases combine with induced 

keratinocyte serine proteases to drive skin barrier damage. This damage promotes bacterial 

penetration, further drives a Th2 response, and promotes infection.
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