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Functions of the skin microbiota in health and disease

James A. Sanford and Richard L. Gallo®
Division of Dermatology, Department of Medicine, University of California, San Diego, San Diego,
CA, USA

Abstract

The skin, the human body’s largest organ, is home to a diverse and complex variety of innate and
adaptive immune functions. Despite this potent immune system present at the cutaneous barrier,
the skin encourages colonization by microorganisms. Characterization these microbial
communities has enhanced our knowledge of the ecology of organisms present in normal skin;
furthermore, studies have begun to bring to light the intimate relationships shared between host
and resident microbes. In particular, it is apparent that just as host immunological factors and
behaviors shape the composition of these communities, microbes present on the skin greatly
impact the functions of human immunity. Thus, today the skin immune system should be
considered a collective mixture of elements from the host and microbes acting in a mutualistic
relationship. In this article we will review recent findings of the interactions of skin microbial
communities with host immunity, and discuss the role that dysbiosis of these communities plays in
diseases of the skin.
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1. Introduction

The skin is our most exposed organ, responsible for providing a barrier to the external
environment that can resist a wide range of challenges and respond appropriately to
penetrating dangers. However, despite a potent cutaneous immune system, many different
microbial communities thrive on the surface. The challenge for the skin’s immune system is
that it is charged with resisting infections, but must do so under normal conditions in the
absence of cell recruitment and inflammation. Failure to properly control and tolerate
resident microbes results in skin disease. More recently, it has been hypothesized that the
skin commensal microbial communities not only co-exist despite our immune defense
network but actually modify immunity, therefore influencing normal skin health as well as
participating in various dermatological conditions [1]. The microbiota of the skin have
therefore become the subject of much recent interest from the perspective of better
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understanding cutaneous disease and as a source for developing novel therapies for skin
disease.

Historically, detection and characterization of the skin microbes depended on their
cultivation from swabs of the skin surface [2]. With the advent of DNA-based technologies
for the detection and identification of microbial genes, it is now clear that the culturable
microbes represent only a small fraction of the total organisms that interact at the surface.
DNA sequencing techniques have sought to describe the diversity of microbes residing on
and within our bodies, and as a shorthand for describing the ecology of the human body as a
“biome,” the microbial communities inhabiting us have collectively been called the “human
microbiome.” This field received a great boost in 2007 when the National Institutes of
Health initiated the Human Microbiome Project (HMP) with the intent of surveying and
characterizing the microbes that reside at different body sites [3]. The seminal HMP analysis
of microbes from 18 body sites in over 240 healthy volunteers, completed in 2012, has
begun to reveal the complex nature of the human microbial inhabitants and the incredible
amount of both intra- and interpersonal variation in the communities residing throughout our
bodies [4]. Today, with the groundwork prepared by descriptive studies, we are now poised
to uncover the intimate relationships that microbes share with their hosts and the influences
they have on human health.

In this article, we will review recent findings of the role skin microbial communities play in
host immunity, as well as explore the topic of dysbiosis as a participant in various
pathologies of the skin. One finding made clear through the Human Micro-biome Project is
that the communities residing at different body sites are not at all uniform — the
gastrointestinal, oral, nasal, vaginal, and skin-associated microbes vary greatly in their
compositions [4]. Adding to this complexity is the observation that different areas of the
skin, which vary in physiologic aspects such as moisture, oiliness, and exposure to the
external environment, harbor distinct groups of microbes. While this review will briefly
address the nature of this diversity, we point the reader to several excellent publications for a
more comprehensive characterization of the communities residing across the surfaces of our
skin [5-9]. Additionally, thorough discussions of the technologies currently used to analyze
microbiome composition and how these methods have revolutionized the way the human
microbiome is viewed can be found elsewhere [10,11]. Our goal in this review is to begin to
show how our existing information can be translated into a deeper functional understanding
of how these may act to influence health.

2. The physical and cellular immune barrier of the skin against microbes

To understand the ecology of the skin surface and the factors influencing the skin
microbiome it is first necessary to understand the elements contributing to the cutaneous
environment. The skin barrier is most frequently thought of in terms of the outermost layer
of the epidermis. For the purpose of this discussion of skin microbial communities, the
epidermis will be discussed in greatest detail. However, it is important to recognize that the
skin barrier consists of several layers below the epidermis that profoundly affect function
and also harbor microbes [12]. Additionally, it is important to recognize that an aqueous and
lipid layer exists above the epidermis, also contributing to the ecology of the surface.
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Combined, all layers of the skin must prevent infection and the entry of harmful substances
while controlling the loss of water and nutrients. At the forefront of this process to maintain
homeostasis is the highly keratinized epidermis, the result of a specialized differentiation
process of keratinocytes, the main cell type in the epidermal barrier [13].

2.1. Epidermal structure and composition control the microbiome

The surface of the skin is formed by a network of cross-linked cornified cell envelopes and
specialized lipid molecules creating the “bricks and mortar” structure of the epidermis [14—
16]. The ultrastructure of the skin surface is also riddled with invaginations, including sweat
glands, hair follicles, and sebaceous glands. Two types of sweat glands exist: eccrine and
apocrine. Eccrine sweat glands, which are distributed across nearly the entire skin surface,
play a crucial role in thermoregulation. They secrete sweat that is almost entirely water
directly onto the skin surface, the evaporation of which allows the body to cool [17]. Eccrine
sweat also contains salt and electrolytes which work to acidify the skin. On the whole, the
result of this process is a barrier that is cool, dry, and slightly acidic. This environment plays
a major role in limiting the composition of microbes that can survive and proliferate.
Furthermore, eccrine sweat glands constitutively express several antimicrobial peptides
(AMPs), including cathelicidin and 3-defensins [18—-20]. Thus, the density of eccrine sweat
glands impacts microbial colonization of the skin. Apocrine sweat glands, which exist at
birth but do not become active until puberty, have a more limited distribution, found
primarily in sites such as the axilla, genitalia and perianal regions. These glands secrete their
contents — an oily, odorless mixture of proteins, lipids, and steroids — into the hair canal
[17]. 1t is the degradation of these apocrine-derived compounds by resident bacteria that
produces the characteristic odor of sweat [21,22]. Sebaceous glands are connected to hair
follicles, forming the pilosebaceous unit. Sebaceous glands secrete the lipid-rich substance
called sebum, which works to lubricate the hair and skin. Indeed, it has long been realized
that the pilosebaceous unit harbors distinct microbial communities, dominated by bacteria
capable of thriving in the anoxic, lipid-rich environment, such as Propioni-bacterium acnes
[23,24]. The breakdown of sebum generates free fatty acids, which work to control
microbial colonization along with sebocyte-derived cathelicidin, p-defensins, and
antimicrobial histones [25-27].

The differences in the physical characteristics of skin from different body sites are easily
observed macroscopically. In some locations, such as the palms of the hands or soles of the
feet, the skin is thick and hairless; other sites are thin and delicate, such as the eyelids. Sites
like the scalp or axilla may support dense hair growth, and other locations produce more oil,
such as the face, back, and chest. As described above, these anatomic differences can
strongly impact the microbial communities that reside on the skin. Fig. 1 illustrates some of
the fundamental differences in skin anatomy from various body sites. However, these innate,
genetically defined differences in the anatomy of the skin at different sites are only a partial
explanation of skin microbial diversity. An additional major variable to consider are
individual behavioral factors that alter surface conditions. For example, the amount of
exposure versus occlusion of body sites, the degree of detergent use, the application of
lotions or cosmetic products, occupation, and where one lives all dramatically alter surface
environments. Thus, the micro-biome will be influenced by the structure and composition of
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the epidermis as well as individual behaviors that dictate the total nature of this
environment. The skin’s location at the interface with the outside world therefore makes is
most subject to environmental influences that will affect the microbiota.

2.2. Skin immunocytes control the microbiome

Within the skin, both innate and adaptive mechanisms contribute to immune function [28—
30]. Keratinocytes are the first active participant in the skin immune response. These
epithelial cells express a number of pattern recognition receptors (PRRs) that sense microbes
through recognition of conserved molecular entities such as lipoproteins, nucleic acids, cell
wall components, and flagella. While keratinocytes express a number of antimicrobial
peptides, cytokines, and chemokines at steady state, activation of PRRs can rapidly increase
the expression these molecules, resulting in direct antimicrobial effects as well as
recruitment and education of additional immune cells [31]. Also found in the epidermis are
Langerhans cells (LCs), a specific subset of dendritic cells. Historically viewed as
constitutive immune-activating cells through their antigen-presenting roles, recent evidence
supports the notion that LCs participate in promoting tolerance to self-antigens and
commensal microbes through the induction of regulatory T cells at steady state [32]. The
history and currently changing views of the role of LCs is reviewed in depth elsewhere
[33,34]. Furthermore, within and below the epidermis reside many more cells types with
functional roles in cutaneous immunity. Cells involved in both innate and adaptive immunity
can be found here: dendritic cells, macrophages, mast cells, natural killer cells, and a variety
of T cells including CD8* memory T cells, CD4* Tyl, TH2, and Tyl7 cells, 5T cells,
NKT cells, and regulatory T cells (Tyeg) [28,29]. Combined, there is considerable specialized
capacity in the skin cellular immune system to react and change in response to microbes.

Therefore, to understand the skin microbial flora it is essential to recognize that unlike all
other commonly studied areas of the microbiome such as gut and oral mucosa, the skin has
the greatest diversity of variables that influence its surface characteristics and a wide variety
of cell types that are positioned to interact with microbes. One can imagine the skin as a
melting pot of different microenvironments, constantly shifting with influences from the
outside world and the host immune system. As we shall describe, this creates a potential
problem in describing the “skin micro-biome.” Given the vast diversity of skin environments
with different physical and chemical features it is logical to predict that each will support
vastly different populations of microorganisms.

3. Characterization of the “skin microbiome” — does it really exist?

Several recent studies have set out to investigate the composition of microbial communities
on the skin at various anatomical locations. One of the key take-home points arising from
these studies is that just as the microbiome of the skin differs greatly from that of the
gastrointestinal tract or oral cavity, so too do the populations from different areas of the skin.
This finding makes sense when one considers the vast differences in features of the skin
from different body sites as described above. In light of these findings, the term “skin
microbiome” must be used carefully: such a broad term, while distinguishing microbes on
the skin from those in the gut or oral cavity, fails to address the site-based variation in
microbes residing on the skin. One must be especially critical when analyzing and
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comparing investigations of the “skin microbiome,” as the site studied and the environment
the individual is exposed to can drastically impact the types of microbes identified. The
definition of “biome” as being of a similar condition harboring a distinct community cannot
be applied to the skin as a whole. However, as limited information has been assembled to
accurately describe the composition and function of a “palm microbiome” or “axillary
microbiome,” for now we must frequently lapse into the inherently incorrect term of the
“skin microbiome.”

3.1. What is normal?

Based on 16S ribosomal RNA gene sequencing, the majority of “normal” bacterial
inhabitants of the skin fall into four phyla: Actinobacteria, Bacteroidetes, Firmicutes, or
Proteobacteria. While these are indeed the same four phyla that compose the majority of the
bacteria present in the Gl tract and oral cavity, these inhabitants are present at different
ratios, and Actinobacteria are the most abundant inhabitants of many sites on the skin
[4,35,36]. Commensal microbes on the skin have also been classified as resident of transient
depending on their ability to populate the skin-resident microbes survive on the skin for long
periods of time, whereas transient microbes may be detected during one sampling event and
absent the next. However, as we have seen earlier, the most influential factor in regards to
the microbes inhabiting the skin is the body site being studied, and as a result skin has the
most diverse bacterial communities of any of the major epithelial surfaces studied to date
(Fig. 2). Current information on these sites can be divided into three categories: moist,
sebaceous, and dry [37]. Moist sites include areas such as the navel, the axilla, the inguinal
crease (groin), the sole of the foot, antecubital fossa (inner elbow) and the popliteal fossa
(back of the knee). The most abundant microbes colonizing these moist areas are
Staphylococcus and Corynebacterium species, of the phyla Firmicutes and Actinobacteria,
respectively [37,38]. Sebaceous sites, such as the forehead, the alar crease (side of the
nostril), the retroauricular crease (behind the ear), and the back seem to harbor the least
diverse populations of microbes. Propioni-bacterium species of the phyla Actinobacteria are
the most common isolates from sebaceous areas, probably due to their ability to survive in
these anaerobic, lipid-rich environments. Dry areas of the skin, including the forearm,
various locations on the hand, and the buttocks, have been shown to have the most diversity
in microbial inhabitants, with varying representations of the main four phyla (Fig. 2). At
present is still remains unclear what proportion of these organisms can actually survive or
replicate on the skin and which are simply frequent environmental encounters.

Currently, the vast majority of microbiome-focused studies have concentrated on bacterial
species. However, one must not forget additional microorganisms that are residents of the
skin, including fungi, parasites, and viruses. While the methods for classifying and
differentiating these microbes based on sequencing data are not as well developed as those
for bacteria, some progress has been made toward characterizing these members of the
microbiome. In regards to the fungi present on normal human skin, the most commonly
identified organisms are species of Malassezia[39-41]. In fact, one study estimated
Malassezia to account for up to 80% of fungi present, depending on the anatomical location
sampled [42]. Further investigation is warranted for identifying additional fungi that are
components of the skin microbiome. Demodex mites, which are small, parasitic arthropods
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residing in pilosebaceous units, have been isolated and implicated in the pathogenesis of
rosacea [43,44]. However, as these mites can also be found in normal skin, more
investigation into their role as commensal microbes is needed [45]. Viruses are perhaps the
least studied of all members of the skin microbiota, though recent studies have begun to
probe this subject. Due to the great diversity already identified in the viral component of the
microbiota, it is likely that these microbes play an important role in cutaneous immunity
[46,47]. Unfortunately, at the present time few conclusions can be drawn for either the
description or functions of commensal non-bacterial microbes on the skin.

3.2. Hyper-diversity of bacterial communities of the skin

The most common theme to emerge from in-depth studies of the bacterial communities
residing on the skin is the large amount of temporal and spatial diversity seen both between
different individuals and within the same person. As mentioned, the body site sampled is a
key determinant in the makeup of these communities, as different microbes have evolved to
thrive in different ecological niches present across our bodies [37,38]. While some body
sites that share similar characteristics do show significant similarities across individuals, a
tremendous amount of interpersonal variation has been identified.

The skin is colonized by bacteria starting at birth. This initial skin microbiome has a very
low diversity across the body, and is largely shaped by the delivery mode of the child-babies
born through the vaginal canal will be colonized by microbes present in the mother’s vagina,
while babies born through caesarian section will acquire a skin flora more similar to the
mother’s skin [48]. In the first years of one’s life, the microbiota at various body sites
develop more diversity as children explore their environment, change their diets, and are
exposed to more people and animals [49]. Studies have indicated that by 2.5 years of age,
the intestinal microbiome of infants has developed to resemble that of adults [50]; similarly,
age has been shown to impact the composition of microbial communities, as great diversity
was observed when comparing children at different stages of development with adults [51].

In healthy adults, the amount of diversity seen in skin commensal bacteria is staggering. In
analyzing the bacteria present on the forearms of six individuals, Gao et al. observed that
less than 10% of identified genera were present across all individuals [52]. Similarly, in
surveying the palms of 51 healthy volunteers, Fierer et al. report even greater diversity, with
the average palm harboring over 150 species-level bacterial phylotypes [53]. Furthermore,
individuals displayed on average only 17% similarity between their two hands, and between
individuals, the common members dropped to 13% [53]. Much of this diversity correlates
with gender, dominant hand, and time since last washing their hands. Additional studies
have investigated the diversity between individuals, and in all cases, diversity was a unifying
theme [37,54,55]. Interestingly, a recent study showed that family members residing in the
same home show much more similarity in their skin commensal bacteria than strangers;
furthermore, pet owners showed a striking similarity with the bacterial communities present
on their pets [56]. Such observations further challenge our concept of the human biome and
beg the question if we should actually include all the residents of our home and place of
work in these discussions.
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4. Functional associations of skin commensals with cutaneous immunity

The most interesting and important question to arise from studies of the human microbiome
is to what extent these microbes impact our health. While a number of discoveries have been
made regarding the importance of microbial communities in the gastrointestinal tract [57-
591, much less is currently known about the role of microbes on the skin in the development
and maintenance of our immune system. Conclusions drawn regarding the function of the
gut microbiome in immunity are always complicated by the important role these microbes
play in processing and absorption of nutrients. Thus, “germ-free” mice used in
immunological studies will have dramatic, and often overlooked differences in nutrition
compared to the control population. Studies of the skin micro-biome are therefore somewhat
more straightforward as their role in nutritional homeostasis is less likely to be a
confounding variable.

Fig. 3 summarizes the ways in which the commensal microbes of the skin are hypothesized
to influence cutaneous immunity in the host. In the following sections, we will discuss
recent experimental findings on the role of commensal microbes in cutaneous immunity.

4.1. Healthy competition from our commensal microbes

One method by which commensal microorganisms contribute to host immunity is through
the inhibition of growth of pathogenic microbes. Indirectly, the presence of commensal
microbes on the skin results in competition for nutrients and space, thus greatly impacting
the potential for growth when pathogens are introduced on the skin surface. Additionally, a
large number of bacteria are known to directly restrict the growth of competitors through the
production of antimicrobial compounds [60]. These proteinaceous factors, called
bacteriocins, are capable of inhibiting the growth of closely related species of bacteria while
having no effect on the organisms which produce them. Recently, several lines of evidence
have indicated that commensal bacteria from the skin produce molecules with antimicrobial
properties that can function /7 vivoto restrict the growth of cutaneous pathogens [61].

One of the more abundant and frequently cultured members of the skin bacterial community
is Staphylococcus epidermidis, a cousin of the frequent pathogen Staphylococcus aureus.
While S. epidermidis does have the potential to cause serious infections, it has also been
shown to produce several molecules that interfere with pathogen growth. Iwase et al.
illustrated that clinical isolates of S. epidermidis are able to inhibit S. aureus biofilm
formation through the production of a serine protease, Esp, which also boosts the
antimicrobial effects of hBD2 [62]. Furthermore, the introduction of Esp-producing S.
epidermidis into the nasal cavity of volunteers who were S. aureus carriers resulted in the
clearance of S. aureus colonization, illustrating the clinical relevance of this commensal-
produced protease [62]. The mechanism behind the biofilm-disrupting capabilities of Esp
have been recently elucidated: it seems that Esp specifically degrades several S. aureus
proteins involved in biofilm formation and many human receptor proteins important for S.
aureus colonization and infection of host cells [63]. S. epidermidis produces a variety of
additional molecules that influence the growth of pathogenic microbes. In particular, phenol-
soluble modulins (PSMs) have potent antimicrobial functions, possessing the ability to
strongly interact with and cause leakage of microbial lipid membranes [64]. These S.
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epidermidis-derived molecules selectively kill the skin pathogens Streptococcus pyogenes
and S. aureus, cooperate with host-derived AMPs to increase bacterial killing, and can be
incorporated into neutrophil extracellular traps (NETS), another innate host defense against
infection [64,65]. Thus, S. epidermidis possesses several weapons that contribute to the
innate immune defense arsenal present in human skin.

Another common skin commensal bacteria is £. acnes, and recent work indicates that this
bacteria is capable of inhibiting the growth of MRSA [66]. Briefly, P. acnes ferments
glycerol, a metabolite that naturally occurs in human skin, into a number of short-chain fatty
acids that result in a decreased intracellular pH within S. aureusto inhibit its growth. These
findings were recapitulated /n vivo, as the application of £. acnes and glycerol to wounds on
mouse skin greatly decreased the bacterial burden when challenged with CA-MRSA isolates
[66]. These findings suggest that A. acnes may function to prevent pathogen growth in
human skin, and could also be used to develop novel probiotic treatments for MRSA
infections.

4.2. Commensal microbes control behavior of the host

Skin microbes also contribute to cutaneous immunity through their influence on the function
of host cells. There is currently evidence for multiple mechanisms by which this can occur.
Our group has shown that S. epidermidis, sensed by keratinocytes via Toll-like receptor 2,
boosts host immunity to S. aureus infection through increased expression of antimicrobial
peptides such as f-defensins 2 and 3 [67]. These results suggest a symbiotic relationship
between hosts and commensal microbes that leaves the host more prepared to combat
pathogenic infection. This is supported by findings from Wanke et al. which demonstrate
that signaling from the commensal microbes through TLR2 results in increased
antimicrobial peptide expression in keratinocytes, and blocks NF-KB inhibition induced by
pathogenic S. aureus [68]. Indeed, the influence of commensal microbes extends to other
cells types as well. For example, the role of commensals has been investigated in the setting
of mast cell-mediated antiviral immunity. Wang et al. demonstrated that TLR2 activation,
mediated by LTA from S. epidermidis, results in greater numbers of mast cells being
recruited to sites of viral challenge in the skin [69]. Furthermore, the release of the AMP
cathelicidin by these recruited mast cells was amplified by this TLR2 stimulus, resulting in
increased antiviral immunity. Thus, signals from commensal microbes appear to be relevant
to multiple cell types responding to a variety of microbial challenges in the skin. Together,
these findings illustrate an important role for commensal bacteria in amplifying host
immune defense against pathogens.

Commensal microbes like S. epidermidis also contribute to host immunity through
maintenance of the epidermal barrier. TLR2-mediated recognition of LTA from S.
epidermidis inhibited TLR3-driven inflammatory cytokine production in cultured
keratinocytes and reduced levels of inflammation /7 vivo following wounding, a situation in
which excessive inflammation would be detrimental to the host [70]. Furthermore, activation
of TLR2 has been shown to increase the tight junction barrier in cultured keratinocytes,
illustrating another role for commensal microbes in maintaining barrier homeostasis, a
crucial aspect of host defense [71].
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Other evidence that commensal skin microbes are necessary and sufficient for the generation
of optimal skin immunity have come from germ-free mice that failed to mount an adequate
immune response to Lefshmania[72]. Recolonization of the gut was unable to restore
cutaneous immune function, but exposure of the skin of these mice to S. epidermidis alone
was sufficient to restore effect or T cell levels and rescue the immune deficiency. These
observations were linked to IL-1 signaling, as germ-free mice showed significant decreases
in cutaneous IL-1a production. This evidence suggests that communication between
commensal microbes and skin-resident cells is important for proper tuning of the local
inflammatory milieu. Future studies should continue to probe the effects of commensal
microbiota on the development of an effective immune environment.

5. Consequences of dysbiosis in the microbiome

As it is becoming increasingly clear that the microbiota make important contributions to
normal immune development and function, it is logical that disease can be correlated with
alterations in microbial communities. Several descriptive studies have identified differences
in the microbes present in diseased skin versus those present in healthy skin. While studies
indicate that an imbalance of microorganisms, termed dysbiosis, exists in numerous
pathologies, these results have presented a sort of “chicken-or-the-egg” type conundrum, as
it is not entirely clear whether alterations in the microbiome lead to disease, or whether
underlying conditions result in an imbalance in microbial communities. These models are
displayed in Fig. 4.

Many microbes that are considered to be relatively harmless commensals can indeed cause
serious infection in situations of immune suppression. This is supported by studies
investigating the microbes present in chronic, non-healing ulcers that plague diabetic
patients or the elderly, as well as the rates of coagulase-negative Staphylococcal infections
seen in hospitals. Thus, one must keep in mind that even seemingly beneficial
microorganisms can take on a pathogenic role when presented with the right opportunity.

5.1. Dysbiosis in atopic dermatitis

Atopic dermatitis (AD) is a chronic, relapsing, pruritic inflammatory skin condition that is
non-contagious in nature, affecting approximately 15% of children in the United States. It
has long been noted that AD flares are associated with colonization and infection by S.
aureus, and that antibiotic treatments targeting S. aureus are sometimes successful in
temporary improvement of disease [73]. However, it was not until very recently that a
thorough comparison of the microbial communities present in lesional, non-lesional, and
healthy skin was conducted [74]. In this study, disease flares were associated with a
decrease in the overall diversity of microbial communities on the skin, due to an expansion
of Staphylococcus species up to 90% of the microbes detected. Interestingly, both S. aureus
and S. epidermidis were noted to increase in untreated lesions —given previous data
indicating the ability of S. epidermidisto inhibit S. aureus, the relationship between these
two microorganisms in lesional skin remains unclear. The observation that resolution of
disease flares is preceded by a restoration of microbial diversity strengthens the case for a
link between skin resident microbes and AD; however, more investigation is needed to
definitively assign a causative role for the microbiota in AD.
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Adding to the complexity of the AD-microbiome interaction is the number of host factors
that have been implicated in the onset of AD [75]. To date, defects in several aspects of
epidermal function have been implicated in AD: mutations in the filaggrin protein, an
essential component of epidermal barrier formation [76]; mutations in receptors and
signaling molecules that sense microbes, such as TLR2, CARD4, and CD14; and diminished
expression or function of antimicrobial peptides such as defensins, cathelicidin, and
dermicidin [77,78]. With so many compounding factors, it remains unclear whether changes
in skin biology trigger alterations in microbial diversity or if overgrowth of Staphylococcus
species occurs first and subsequently drives disease progression.

5.2. Dysbiosis in psoriasis

Psoriasis is an inflammatory skin condition, highlighted by erythematous, scaly plaques
commonly occurring on the elbows, knees, scalp, and trunk [79]. Unlike AD, psoriasis is
seldom complicated by infection and is usually not pruritic. In contrast, this disorder is
complicated by auto-immune phenomena including arthritis and co-morbidities including
coronary vascular disease. Detailed analysis of the microbes present in lesional and non-
lesional skin of psoriasis has focused on both bacterial [80,81] and fungal [39,40]
communities. While these studies have identified potential differences in the composition of
the microbiota between psoriatic and normal skin, no consensus microorganisms have been
directly identified and linked to disease pathogenesis. Additionally, the number of innate
immune-related genetic factors identified in patients with psoriasis further complicates the
issue, again leaving researchers without a definitive cause-and-effect relationship between
disease and microbial diversity [79,82].

5.3. Opportunistic infections

Though commensal microorganisms typically inhabit our bodies peacefully, many do
possess the ability to cause infection in the right setting. S. epidermidis, despite its many
beneficial roles described previously, is a frequent cause of infections, particularly
nosocomial deep tissue infections involving indwelling medical devices such as catheters
[83,84]. Furthermore, numerous bacteria that are found in the normal skin microbiome
frequently cause infection in chronic, non-healing wounds, which commonly occur in
diabetic patients and the elderly [85,86]. While many factors of host biology contribute to
the impaired healing of these wounds, it is noteworthy that the immune response to these
commensal microbes in previously sterile tissues, resulting in prolonged inflammation,
exacerbates the problem and creates a vicious cycle [86,87].

6. Conclusions

Recent efforts have greatly furthered our knowledge of the composition of microbial
communities that inhabit the human body. With this descriptive information readily at hand,
researchers are now poised to translate these findings into a deeper understanding of the
complex relationships existing between commensals and their host. While several interesting
discoveries have already been achieved, a number of important questions still remain to be
answered. In particular, mechanistic details of the contributions of microbes to cutaneous
immunity and the role of these commensal organisms in the initiation and progression of
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skin disease should be further pursued, as a deeper understanding of these processes will
provide valuable information for the development of novel therapeutic strategies.
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Diversity of the skin at different body sites. The physical and chemical features of the skin
are not uniform across the body; rather, different anatomical locations show vast diversity in

organization and the distribution of appendages and glandular structures. Shown are

representative illustrations of the three major categories of skin environments.
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Fig. 2.
Diversity of the microbial communities populating the skin. (A) Microbial communities

inhabiting the skin are extremely diverse, more so than those residing at other epithelial
surfaces of the body. (B) In addition, communities residing on the skin at different
anatomical locations differ greatly in their compositions. Reprinted from Refs.[4,7] with
permission from Nature Publishing Group.
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Fig. 3.
Functional associations with microbial communities on the skin. Microbial communities on

the skin contribute to host immune defense through a variety of mechanisms, as illustrated
here.
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Fig. 4.
Models of dysbiosis of skin-resident microbes. Dysbiosis of skin-resident microbes has been

associated with a variety of dermatological pathologies; however, it remains unclear whether
alterations in microbial communities or intrinsic features of the host initiate these processes.
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