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Introduction

Atopic dermatitis (AD) is a common inflammatory skin disease associated with significant 

medical burden, affecting 15% to 20% of children and 1% to 3% of adults worldwide.1 The 

prevalence of AD has increased by 2-fold to 3-fold during the past decade in Western 

countries. Although the cause of this increase remains unknown, meta-analyses have 

indicated that the risk of AD is lower when associated with potentially protective 

environmental factors during childhood, such as 3 or more siblings, daycare, pet ownership, 

and farm residence.2,3 In contrast, the risk of AD increases with at least 1 clinically apparent 

infectious disease in the first 6 months of life.2 Antibiotic use has also been associated with 

an increase in AD risk.4 These environmental associations strongly support the role of 

microbes in the cause of AD. This concept is not new, because the hygiene hypothesis posed 

over 30 years ago suggested that exposure to a diverse range of nonpathogenic microbes in 

early life is necessary for development of functional immune systems to appropriately 

respond to environmental stimuli. Today we are in an exciting time in which the molecular 

understanding of host–microbe interactions is providing a rational explanation for such 

clinical associations with the environment, and the opportunity to develop new approaches to 

therapy.

Atopic dermatitis is a complex and heterogeneous disease affected by a variety of factors 

such as host genetics, altered skin barrier function/structure, immunological abnormalities, 

and environmental factors, including exposure to specific pathogens such as Staphylococcus 
aureus. Evidence accumulated in the past decade has also shown that specific strains of other 

microbes within the community of resident skin bacteria suppress inflammation, stimulate 

the adaptive and innate immune system, and produce diverse molecules with antimicrobial 

activity. These actions of the microbial community are essential to maintain cutaneous 

homeostasis and defend against pathogenic microorganisms. Recent evidence has also 

shown that a loss of commensal microbes with capacity to produce antimicrobial activity 

increases the risk of skin colonization by S aureus. This review provides an overview of the 

current evidence that the microbial ecosystem of the skin is a critical part of the 

pathophysiology of AD.
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The Microbiome and Human Health

An abundant and diverse population of microbial organisms colonizes epithelial surfaces of 

mammals.5 This community has been called the “microbiome,” and it includes bacteria, 

fungi, protozoa, and viruses. Most current research has focused on the function of bacteria 

residing on and within the host, but evidence also exists for important roles of viruses as 

well as other microbial kingdoms. Microbe–host interactions occur on all of the epithelial 

surfaces of the body, including airway, intestine, and skin, but most microbiome research has 

focused on the intestinal bacterial community. This emphasis may have arisen because of the 

accessibility of fecal samples as a surrogate for understanding bacteria in the gut, the relative 

ease of DNA extraction and sequencing from feces, and the assumption that the large and 

absorptive surface area in the intestine would be the most likely site for microbes to 

influence human health. Indeed, the probiotic industry has been highly successful, with 

many strong believers in these interventions despite minimal supporting evidence from 

randomized controlled trials. In contrast, skin has been less well studied. This may be in part 

based on the assumption that the total surface area of adult human skin was only 2 m2, 

which is much smaller than that of other epithelial tissues such as gut and lung. However, 

this estimation ignored the inner follicular surfaces. Given the complex structure of skin 

with appendages such as hair follicles, sebaceous glands, and sweat glands, the human skin 

provides an organ with an enormous epithelial surface area and a unique anatomy that is 

optimally designed to harbor and protect microbes.6 Furthermore, as is discussed later, the 

epidermis normally enables penetration of a fraction of surface bacteria into the dermis.7 

This indicates that skin is not a barrier that separates us from the microbiome, but it is 

indeed a large interface where the microbiome interacts with the host and can influence 

systemic health.

Given the abundant evidence showing that the community of symbiotic bacteria at multiple 

epithelial surfaces is necessary for human health, hologenome theory is a useful concept for 

better understanding its role in homeostasis and diseases.8,9 In this theory, a holobiont (a 

host along with all of its associated symbiotic microbes) should be considered as a single 

unit of life and a joint process of evolution. Many clear examples exist of the function of the 

holobiont in ecology (eg, clownfish and sea anemone, plants and nitrogen-fixing bacteria), 

but the understanding of mutualistic interactions between the genomes of humans and our 

microbiome is vastly incomplete.

The Microbiome and the Skin Immune System

Our group first demonstrated a unique beneficial interaction between the skin and 

Staphylococcus epidermidis, a predominant bacterial species found on human skin. In 2009, 

it was quite unexpected when a bacterium was found to be anti-inflammatory, and that a 

lipoteichoic acid with unique structure produced by this bacterial species could block 

proinflammatory signaling triggered by small double-stranded noncoding RNA released 

from cells after epithelial damage.10,11 In this case, the bacterial product prevents excessive 

inflammation after tissue injury. Other examples of beneficial functions from S epidermidis 
have been subsequently discovered. For example, a lipopeptide from S epidermidis defends 

the host from pathogen infection by enhancing production of antimicrobial peptides (AMPs) 
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in human keratinocytes and mouse skin.12,13 Other groups also have shown that colonization 

with S epidermidis enhances CD8+ skin-resident T cell functions via activation of 

interleukin (IL)-1 signaling.14 This event promotes up-regulation of AMP production in 

keratinocytes, limiting pathogen invasion.15 Indeed, mono-colonization of germ-free mouse 

skin by S epidermidis was more protective against pathogen infection in comparison with 

germ-free skin.14 In addition, S epidermidis–specific CD8+ T-cells express genes with 

immunoregulatory and tissue repair signatures, facilitating wound repair.16 Microbes 

residing within the hair follicle promote differentiation of regulatory T-cells and appear to be 

necessary for differentiation of skin stem cells and establishment of immune tolerance to 

commensal microbes.17 Most recently, our group has demonstrated that selected strains of S 
epidermidis protect the skin from neoplasia induced by ultraviolet through the production of 

a nucleobase analog with potent antimetabolite activity.18

Dysbiosis in Atopic Dermatitis

Environmental factors, including pH, temperature, dryness, host genetics, antibiotic use, and 

hygiene practices, play a critical role in the maintenance and stability of our microbiome. 

Dysregulation of these systems can disrupt the structure of the microbial community, a 

condition known as “dysbiosis,” which often reflects dominance by 1 microbe and a 

decrease in the richness and diversity of microbes. In many cases, dysbiosis can trigger the 

disruption of skin homeostasis and the development of disease not only by detrimental 

effects from a dominant pathogen, but also from loss of the symbiotic interactions from 

other beneficial microbes.

Dysbiosis has been well characterized in AD (Table 1). In particular, subjects with AD are 

highly colonized by S aureus19 and show a loss in bacterial diversity on the skin.20 

Depending on methods used for detecting S aureus, 30% to 100% of the subjects with AD 

are colonized by S aureus, which is 1 of the most influential environmental factors in the 

pathogenesis of this disease.19,21 Patients with AD who had a history of infection by herpes 

simplex virus especially have greater frequency and abundance of skin colonization by S 
aureus than those without such a history.22 S aureus exacerbates skin inflammation and 

allergic reactions by diverting both adaptive and innate immune responses through multiple 

mechanisms. S aureus isolated from the skin of subjects with AD release staphylococcal 

enterotoxin B, which acts as a superantigen and causes inflammation by inducing 

uncontrolled activation of lymphocytes and macrophages.23 Phenol-soluble modulin (PSM)-

α from S aureus stimulate production of IL-36α and IL-1α in keratinocytes, which in turn 

induces IL-17 production in γδT cells, innate lymphoid cell type 3, and CD4+ T cells, and 

enhances neutrophil recruitment.24,25 S aureus also triggers TH2 skewing by initiating the 

production of thymic stromal lymphopoietin and stimulating mast cell degranulation through 

TLR2-dependent mechanism.26–28 In addition, S aureus disrupts the proteolytic balance in 

the skin by producing various extracellular proteases and enhancing production of serine 

proteases by keratinocytes and metalloproteases in dermal fibroblasts, which can further 

disrupt the skin barrier.29–31 Colonization by S aureus strains isolated from patients with 

severe AD elicits more inflammation in mouse skin than that by strains isolated from less 

severe AD.32 Strains isolated from severe AD patients also have been found to produce 

higher extracellular proteolytic activity than isolates from less severe patients or healthy 
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subjects.33 These findings indicate that the capacity of S aureus to trigger the development 

of AD can be strain-dependent.

Skin Barrier and Microbiome in AD

Primary functions of the skin barrier are to maintain fluid and electrolyte homeostasis, 

thermoregulate, and protect the host from environmental dangers such as microbial 

pathogens and chemical contaminants. Previously, microbial organisms residing on the skin 

surface had been assumed to be totally separated from the host by the epidermal barrier. It 

was unexpected when our research provided evidence that microbial communities exist in an 

equilibrium across the basement membrane of epidermis and populate the dermal stroma of 

normal skin.7 These observations showed that the surface microbiome can penetrate into a 

position for direct priming with live cells below the epithelial surface, therefore influencing 

cutaneous immunity without the need for sampling by dendrites from antigen-presenting 

cells. This observation that microbes enter the dermis was not evidence of infection. In 

contrast, this finding demonstrated that subepidermal microbes can be well controlled by 

host defenses and that products made by these microbes are communicating with various 

types of live cells in the dermis. Most of the microbes in the dermis of human skin are not 

present within CD11c+ phagocytic immune cells, suggesting other routes of bacterial 

penetration into the dermis. The bacterial penetration through the epidermis was dependent 

on bacterial viability and protease activity, because killed bacteria or a protease-null mutant 

was unable to penetrate.34 Evidence suggests the holobiont enabled bacteria to evolve genes 

for epidermal penetration and the host to evolve genes to suppress proliferation but not 

completely exclude their entry. Such an observation suggests a mutualistic advantage for 

host and microbe.

The observation that the microbiome exists across the epidermal barrier also may provide a 

better understanding of how the skin microbial ecology can trigger disease. Indeed, S aureus 
is abundantly detected in the dermis of lesional skin of patients with AD, but less abundant 

in nonlesional skin.34 Filaggrin is a structural protein that is fundamental in the development 

and maintenance of the physical skin barrier.35 Loss-of-function mutations in the filaggrin 

gene (FLG) represent a significant genetic factor predisposing some populations to 

developing AD in some populations.36–39 Two of the most studied mutations, R501X and 

2282del4, are common in European populations and result in loss-of-function.40 Therefore, 

mice with loss-of-function mutation (5303delA) in FLG (FLGft/ft), of which the Tmem79/
Matt mutation are removed from the original flaky-tail mouse, have been used for an 

experimental murine model associated with human AD.41 Using this mouse model, we have 

demonstrated that ovalbuminsensitized skin of FLGft/ft mice permitted more S aureus to 

penetrate into the dermis than that of wild-type mice. Subsequently, the enhanced entry by S 
aureus directly correlated with a Th2 immune phenotype, such as enhanced expression of 

IL-4, IL-13, IL-17, and thymic stromal lymphopoietin, and decreased expression of AMPs.
34 These results are consistent with previous reports showing that Th2 cytokines directly 

down-regulate the induction of AMPs in the skin.42 FLG mutation is not the only pathogenic 

mechanism of AD, because only 27% of human populations with a FLG-null mutation 

develop AD.43 Other epidermal barrier proteins, such as envoplakin, periplakin, and 

involucrin, also may control bacterial penetration across the epidermal barrier and provide a 
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similar pathway for inflammatory activation.44 Such changes are characteristic of AD and 

illustrate how skin barrier defects confer a risk of AD by enabling the abnormal entry of 

microbes into the dermis. Indeed, optimized lipid mixture to restore skin barrier function 

(cholesterol, ceramide, and free fatty acids) improves clinical symptoms in patients with 

AD.45,46 In FLGft/ft mice, barrier restoration with this lipid mixture decreased S aureus entry 

into the skin and resulted in decreased proinflammatory cytokines and increased expression 

of cathelicidin and β-defensins.34

AD Has Abnormal Antimicrobial Defense from Both Host and Microbiome

The human skin actively regulates colonization by microbial organisms by producing diverse 

molecules, such as cathelicidin and b-defensin AMPs, fatty acids, and reactive oxygen 

species that directly inhibit growth of bacteria.47–49 Therefore, dysregulation in these innate 

antimicrobial defense systems increases the risk of dysbiosis and infection. In the case of 

AD, skin colonization by S aureus is in part attributed to an inadequate induction of 

cathelicidin and β-defensins. Relative expression of these AMPs is much less in AD skin 

than in other skin inflammatory conditions such as psoriasis, rosacea, and wounds, and the 

amount of AMPs is not enough to suppress the growth of S aureus.42,50–53 In vitro 

experiments have demonstrated that Th2 cytokines, including IL-4 and IL-13, suppress 

induction of cathelicidin in keratinocytes or grafted human skin.42 In addition, aureolysin, an 

extracellular metal-loprotease produced by S aureus, degrades cathelicidin to inactive shorter 

fragments, further facilitating S aureus survival.54

Recent studies by multiple groups also have demonstrated that antimicrobials from some 

strains of coagulase-negative staphylococcus (CoNS) within the human microbiome could 

be beneficial to the host and thus serve as an additional antimicrobial barrier on normal skin 

surface (Fig 1). For example, our group has proposed that the unique peptides PSMγ and 

PSMδ produced by S epidermidis limit survival of pathogenic bacteria on the skin surface.
55,56 These PSMs caused membrane leakage and membrane perturbation in bacteria, 

suggesting that these peptides function by a mechanism similar to that of innate human 

AMPs. Adding to the function of the human AMPs, we have observed that lantibiotics, a 

class of cyclic AMP that contain lanthionine and methyllanthionine, are produced by 

Staphylococcus hominis and other CoNS strains isolated from normal human skin.57 

Importantly, these prokaryotic AMPs are abundantly detectable on the surface of normal 

skin and can synergize with host AMPs, including cathelicidin and β-defensin-2 against 

pathogenic bacteria, further enhancing antimicrobial defense.55–57 These peptides 

selectively exhibited bactericidal activity against skin pathogens, such as S aureus, group A 

Streptococcus, and Escherichia coli, whereas they are not active against S epidermidis. This 

selectivity may be important in establishing normal microbial ecosystem, because they do 

not bother microbes that coexist within the same ecosystem.

Other strains of CoNS that reside in the human nasal cavity exert similar actions. Some 

strains of S epidermidis are capable of producing a specific serine protease that destroys 

biofilm formed by S aureus.58 A Staphylococcus lugdunensis strain produces a non-

ribosomally synthesized peptide with antimicrobial activity against S aureus.59 Clinical 

observations have shown that the presence of these inhibitory S epidermidis or S 
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lugdunensis strains significantly correlates to a reduction in S aureus number in the nasal 

bacterial community. Although gram-negative bacteria are a very small fraction and are 

rarely detected on normal human skin, application of gram-negative bacteria that were 

selectively expanded from skin swabs could suppress the growth of S aureus on AD 

subjects.60 Because gram-negative bacteria are typically killed by a healthy skin innate 

immune system, whether the presence of such gram-negative bacteria influences normal host 

defense or whether their presence on skin swabs represented transient contamination from 

the environment are unclear. In addition to compounds with antimicrobial activity, a 

thiolactone-containing peptide (also called autoinducing peptide), and its derivatives 

produced by S epidermidis, blocks the S aureus agr quorum sensing system that controls 

production of various virulence factors.61 Thus, current evidence strongly supports a 

conclusion that some strains within the human microbiome could protect the host from 

detrimental actions of microbial pathogens.

We have investigated the frequency of CoNS strains with capacity to inhibit growth of S 
aureusin the skin of normal subjects and patients with AD.57 Most CoNS strains that 

colonize normal human skin were capable of suppressing or decreasing survival of S aureus. 

In contrast, skin of patients with AD lacked these protective strains of CoNS. In particular, 

subjects who were colonized by S aureus were the least colonized by CoNS with anti–S 
aureus activity. These observations suggest that a combined deficiency to induce human 

cathelicidins and β-defensins, and low colonization by CoNS strains with capacity to 

produce antimicrobials, enable survival and dominance by S aureus in the skin of patients 

with AD. Other supporting evidence for this conclusion has come with findings of less skin 

colonization by CoNS during infancy being significantly associated with the development of 

AD at a later age.62 It has been also demonstrated in mice that skin colonization by S 
epidermidis during neonatal life enhanced differentiation of FoxP3-positive regulatory T-

cells after the second exposure to the same bacterial species during adult life.63 These data 

from human and mice suggest that exposure to beneficial CoNS strains at an early age may 

protect against the later development of AD.

New Generation Therapeutics from the Microbiome

Because a decreased abundance of S aureus in the skin directly correlates to improvement of 

skin inflammation in mice and patients with AD,20,64 therapies using anti–S aureus agents 

have been attempted to manage AD. For example, bleach baths have been proposed as a 

treatment for decreasing the severity of AD. Although these may be effective in decreasing 

severity of AD, whether this is more effective than water bath alone is unclear, and it does 

not appear to be an effective antimicrobial.65 Diluted bleach has been suggested to be 

directly anti-inflammatory by blocking nuclear factor-κB signaling, and this may explain 

some therapeutic effect.66 Topical therapy using systemic pharmaceutical antibiotics also 

has not been very successful in reducing severity of AD and typically fail to reduce skin 

colonization by S aureus.67 The failure of direct antimicrobial therapy may be attributed to 

the habitat of skin bacteria. Skin bacteria abundantly reside within the appendages, such as 

hair follicles and eccrine glands, and many bacteria exist beneath the epidermal barrier,7,34 

locations in which antimicrobial agents are difficult to reach. Therefore, alternative strategies 

to inhibit S aureus survival are required to manage dysbiosis in AD.
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Some nonpathogenic or commensal bacteria directly suppress skin inflammation, which may 

be beneficial in future use for treatment for AD. Topical application of lysate of a 

nonpathogenic gram-negative bacterium Vitreoscilla filiformis significantly improved local 

inflammation in the skin with AD.68,69 It was later demonstrated that V filiformis extracts 

modulated the cutaneous inflammatory response through induction of IL-10–producing 

dendritic cells and priming of regulatory T cells in mouse skin.70 In addition, epicutaneous 

application of live S epidermidis to neonatal skin triggers an abrupt influx of highly 

activated regulatory T cells after the second exposure to the same bacterial species in adult 

life of mice.17,63 Lipoteichoic acid produced by S epidermidis suppresses skin inflammation 

from tissue damage.10 Intradermal inoculation or epicutaneous application of 

Staphylococcus caprae inhibited skin injury induced by S aureus or skin colonization by S 
aureus, respectively.71 These findings advance observations of links between bacteria and 

maintenance of host immune homeostasis and provide further evidence for novel strategies 

to control skin inflammation.

The beneficial functions of skin commensal bacteria are now leading to early clinical trials 

to test the capacity to treat S aureus colonization and potentially inflammation in AD. We 

have suggested biotherapy to adapt beneficial actions from screened bacterial strains to 

restore normal functions of the skin microbial ecosystem. Indeed, clinical trials of 

biotherapy to reconstitute the healthy intestinal microbial ecosystems have shown promise. 

Transplantation of purified bacterial cultures from stool of healthy donors is sometimes 

effective to treat colitis induced by antibiotic-resistant Clostridium difficile infection.72,73 In 

mice, introduction of bacteriocin-producing bacterial strains can eliminate pathogenic 

bacteria in the intestinal tract.74 These successful observations support the applicability of a 

similar approach for skin disorders. The unique opportunity that biotherapy may offer in the 

skin over conventional antimicrobial therapy is also the capacity for selective killing of 

pathogenic bacteria over the normal microflora. This could both kill the pathogen and help 

shape the normal bacterial community to enable additional factors to become active from the 

microbiome as a whole. To test this, our group conducted the first human clinical trial to 

attempt to compensate for the decreased numbers of CoNS strains with capacity to inhibit S 
aureus on the skin surface of patients with AD.57 We screened CoNS strains with anti–S 
aureus activity by a nonbiased high-throughput screening from each patient with AD who 

was colonized by S aureus. Reintroduction of these clones with anti–S aureus activity 

successfully decreased survival of S aureus on the lesional skin of patients with AD within 

24 hours. In another study, application of a strain of Roseomonas mucosa decreased S 
aureus colonization and improved severity of AD, although the effect of vehicle was not 

tested.75 These findings suggest that biotherapy using skin commensal bacteria may be 

superior to the existing use of existing pharmaceutical antibiotics or antiseptics that are often 

ineffective or nonspecifically disrupt homeostasis provided by the normal microflora.76

Conclusion

Recent evidence strongly supports the concept that the skin immune system works together 

with specific microbes within the skin microbiome to protect against overgrowth of 

opportunistic pathogens. Dysbiosis contributes to the pathogenesis of AD by both 

detrimental effects from S aureus and by loss of beneficial effects from some members of 
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the microbiome. Pharmaceutical antibiotics have been used to inhibit S aureus in the 

management of AD, but their efficacyon the skin is limited and has disadvantages in that 

they may kill beneficial strains and break mutualistic interactions between the skin and 

microbial communities. Highly potent antimicrobials may result in a short-term 

improvement, but they can subsequently increase a long-term risk by causing dysbiosis and 

promoting antibiotic resistance. Because ongoing studies have brought better understanding 

of the communication between the skin immune system and our essential microbial 

symbionts, we should expect that breakthroughs in therapeutics from this field will be 

developed in the near future.
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Key Messages

• Patients with atopic dermatitis have dysbiosis of the skin microbiome with 

Staphylococcus aureus as the dominant species.

• Colonization by Staphylococcus aureus is associated with increased disease 

severity.

• Th2 cytokines present in atopic dermatitis suppress production of 

antimicrobial peptides (AMPs) by the skin that inhibit Staphylococcus aureus.

• Many coagulase-negative staphylococcal (CoNS) strains found on healthy 

skin produce antimicrobials that kill Staphylococcus aureus.

• Atopic dermatitis patients have a combined deficiency in AMPs made by the 

skin and antimicrobials from commensal CoNS strains.

• Bacteria that produce antimicrobials can be used to manage skin colonization 

by Staphylococcus aureus and improve disease symptoms of atopic 

dermatitis.
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Figure 1. 
Mutualistic interaction between commensal microbes and cutaneous immune system to 

defend against pathogenic bacteria. Selected strains of coagulase-negative staphylococci 

(CoNS) that reside on the human skin produce diverse molecules with antimicrobial activity 

that protect skin from pathogens. Bacterial products or metabolites from commensal 

microbes defend the host against pathogens by enhancing production of antimicrobial 

peptides (AMPs) in keratinocytes, mast cells, and sebocytes. Induced host AMPs synergize 

with bacterial antimicrobials, further enhancing the antimicrobial barrier. Staphylococcus 
epidermidis primed by antigen-presenting cells within hair follicles stimulate differentiation 

of IL-17+ T cells and FoxP3+ Tregs, which contribute to antimicrobial defense and 

establishment of immune tolerance against commensal microbes, respectively.
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