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Abstract

The skin is colonized by an assemblage of microorganisms which, for the most part, peacefully 

coexist with their hosts. In some cases, these communities also provide vital functions to 

cutaneous health through the modulation of host factors. Recent studies have illuminated the role 

of anatomical skin site, gender, age, and the immune system in shaping the cutaneous ecosystem. 

Alterations to microbial communities have also been associated with, and likely contribute to, a 

number of cutaneous disorders. This review focuses on the host factors that shape and maintain 

skin microbial communities, and the reciprocal role of microbes in modulating skin immunity. A 

greater understanding of these interactions is critical to elucidating the forces that shape cutaneous 

populations and their contributions to skin homeostasis. This knowledge can also inform the 

tendency of perturbations to predispose and/or bring about certain skin disorders.
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Introduction

The skin is our primary interface to the external environment, supporting the growth of 

commensal microorganisms while impeding invasion by more pathogenic species. Culture-

independent techniques that employ sequencing of marker genes, such as the bacterial-

specific 16S ribosomal RNA (rRNA) gene, have begun to elucidate the community 

characteristics of these cutaneous microorganisms. In addition, these analyses have been 

used to inform elements of intrapersonal and interpersonal variability, as well as longitudinal 

dynamics of skin microbial communities. These studies have also led to investigations into 

the importance of host–microbe interactions, and their ability to shape the identity and 

composition of commensal relationships. This review will highlight these determinants as 

they pertain to a number of host factors. It will also address the role of microbiome–host 

interactions in certain skin disorders. While numerous microorganisms are thought to 

colonize the skin surface, we will emphasize the contribution of bacterial and fungal 

inhabitants. However, it is important to note that viruses, mites, and archaea are all capable 

of influencing residential populations of the skin.
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Cutaneous architecture and biochemistry

To fully appreciate the microbial diversity of the skin, one must first understand the complex 

architecture and environment of this organ. As a critical barrier to the outside world, human 

skin is essential for activities such as thermoregulation, gas exchange, and hydration [1]. It 

also represents one of the body’s largest and most exposed organs with approximately 1.8 

m2 of total surface area. The biogeography of the skin includes a number of planes, folds, 

and invaginations, each capable of maintaining a unique microenvironment. For this reason, 

microbial communities above the cool, desiccating skin surface often differ greatly from 

those found within shielded pores and follicles [2]. Different skin sites can also contribute to 

microbial heterogeneity through the production of various lipid- and water-based solutions. 

These determinants then work in concert with additional host factors and the external 

environment to shape an individual’s core microbiome.

Skin strata

Human skin consists of two main layers: the epidermis and the dermis (Fig. 1). As the most 

superficial layer, the epidermis contributes the majority of barrier functions while the dermis 

provides a structural framework made of fibrous and connective tissues. Underlying these 

strata is a layer of subcutaneous fat, which is critical for the protection of deeper tissues and 

bones.

As a continually self-renewing epithelium, the epidermis can be subdivided into four main 

strata, characterized by cells at varying stages of development (Fig. 1). The bottommost 

layer, the stratum basale, contains a single layer of undifferentiated stem cells that rest upon 

the epidermal basement membrane [3]. All keratinocytes originate from these basal cells, 

and they are essential for the regeneration of keratinocytes lost to terminal differentiation 

and desquamation [4]. During asymmetric cell division, these progenitor cells produce a 

subset of daughter cells that exit the cell cycle and separate from the basement membrane to 

form the stratum spinosum. In this layer, immature keratinocytes are characterized by 

abundant calcium-dependent desmosomes, which promote intercellular adhesion and 

resistance to mechanical stress [5]. As these cells continue to develop, they also flatten and 

initiate the formation of lamellar bodies and keratin filaments to support overall skin 

structure [5].

Upon further maturation, keratinocytes progress upwards to populate the stratum 

granulosum, so-named for the presence of prominent keratohyalin granules. These vesicles 

contain filaggrin, keratin filaments, loricrin, and involucrin—all necessary components for 

the hydration and structure of mature epidermal tissue [5]. Keratinocytes of the stratum 

granulosum are also held together by a number of extracellular tight junction proteins 

including claudins and occludins, which are essential to epidermal barrier function [6]. 

During the terminal stages of differentiation, cells of the granular layer compress and 

anucleate to form the stratum corneum. At this stage, keratinocytes then become known as 

corneocytes for their highly cornified cellular envelopes. These protein-enriched cells are 

also held together by keratins, corneodesmosomes, and a lipid-enriched extracellular matrix 

to provide a strong physical barrier that is resistant to mechanical stress, UV damage, and 

permeation [7].
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Appendages

In addition to these strata, the skin is also characterized by a number of appendages that can 

extend beyond the epidermis into the dermis. These include sebaceous glands, hair follicles, 

and sweat glands. Sebaceous glands specialize in the secretion of sebum, an oily, lipid-rich 

substance that provides skin flexibility and waterproofing. Most sebaceous glands are also 

connected to hair follicles to form pilosebaceous units that concentrate on the face and upper 

body [8]. Pilosebaceous follicles support an array of niche-specific microorganisms that can 

thrive in anoxic environments rich in sebum-derived lipids [9]. These lipids can then be 

metabolized into free fatty acids by bacterial commensals, which contribute to the acidic pH 

of the skin [10]. Importantly, while the number and distribution of sebaceous glands remain 

relatively constant throughout life, their size and activity fluctuate widely depending on age 

and hormone levels [8]. It is thus not surprising that puberty marks a defining period in skin 

development characterized by the elevated production of sebum and sebum-related products, 

as well as the subsequent growth of lipophilic skin microbial inhabitants [11].

Sweat glands, another critical appendage of the epidermis, can be divided into two major 

types: apocrine and eccrine. Like sebaceous glands, apocrine sweat glands release oily 

secretions into upper hair follicles and are especially active during puberty. Apocrine sweat 

is composed of a milieu of proteins, lipids and steroids [12]. Apocrine glands are also more 

sparsely distributed, often localized to especially pileous regions such as the axillae and 

perineum [12].

Eccrine sweat glands, in contrast, are widely distributed throughout the body with high 

concentrations at the forehead, axillae, palms, and soles [13]. They are also the only gland 

with direct access to the skin surface, and as such, continuously bathe the epidermis in a 

water- and salt-based sweat solution. These secretions are critical to thermoregulation and 

hydration, and also contribute to the relatively acidic pH of skin surfaces.

In all, the dissemination and activity of epidermal appendages provide essential roles for the 

human body. By creating habitats with unique levels of moisture, pH and nutrients, they also 

represent specialized niches that can promote the growth of distinct microbial communities. 

This then contributes to the unique stratification of bacterial populations at skin sites 

throughout the body.

Host factors and the skin microbiota

Topographical variability

The site specificity of the skin microbiota has been borne out in multiple experiments 

analyzing unique topographical locations of the skin (Fig. 2). For example, a study of 20 

distinct body sites representing sebaceous, moist, and dry physiological environments found 

that Propionibacterium and Staphylococcus species dominated sebaceous skin sites 

including the face and upper body [14]. By contrast, Corynebacteria, β-Proteobacteria, and 

Staphylococcus were the major genera at moist sites such as the axilla, antecubital fossae 

(inner elbow), and popliteal fossae (inner knee). Dry sites including the forearm and buttock 

were found to be more variable, supporting the growth of numerous phylotypes including β-

Proteobacteria, Corynebacteria, and Flavobacteriales.
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Upon more in-depth analyses, it was revealed that the sites richest in bacterial operational 

taxonomic units (OTUs; a sequence-level proxy for designating species) were often dry 

regions such as the forearm, while sebaceous sites including the upper back and 

retroauricular crease (behind the ear) were home to fewer bacterial phylotypes. In addition, 

sebaceous regions were consistently lower in bacterial evenness as measured by the relative 

distribution of sequences among OTUs. Interpersonal variation (differences between 

individuals) was found to be greater than intrapersonal variation (differences within 

individuals) over time. This suggests that individuality and body site physiology are both 

strong determinants of bacterial community membership and structure.

Similarly to above, Costello et al. [15] observed that temporal intrapersonal variability was 

less pronounced than interpersonal variability between individuals. These studies also 

confirmed that spatial intrapersonal variability (e.g. variability in microbiomes of distinct 

body sites such as forehead, arm, and umbilicus) was even greater than interpersonal 

variability at the same skin site. As such, although individual microbial populations of the 

skin are often more similar to themselves in regard to symmetry and time, these likenesses 

appear to breakdown when comparing separate biogeographic regions.

In accordance with Grice et al., this group also found high levels of Propionibacterium at 

sebaceous sites on the face, and greater diversity at areas such as the popliteal fossa, 

forearm, and palm. Moreover, it was shown that the variation of these sites remained 

relatively constant over time, as the palm and forearm were both consistently more diverse 

than the forehead at four separate collection periods.

The influence of body site in regard to overall community structure was also tested by 

inoculating bacteria from foreign sites onto new areas of the skin. These studies observed a 

relative flexibility in forearm community membership, while the forehead microbiota 

rapidly returned to a population resembling its native state. This suggests that host factors 

may vary in their ability to promote bacterial colonization, especially at sebaceous sites with 

strong environmental biases.

Whereas these studies sought to compare multiple body sites, additional research has 

focused on individual skin regions. These studies largely complement one another, 

providing greater insight into the contribution of topography to skin microbial communities. 

For example, studies performed on the human forearm have illustrated relatively high 

degrees of bacterial diversity, although this population is consistently dominated by 

Propionibacterium, Corynebacterium, Staphylococcus, Streptococcus, and Acinetobacter 

[14-17]. While these major taxa appear throughout the literature, however, it appears that 

their relative contributions to the forearm community can fluctuate greatly.

The same can be said of the palmar region, which is frequently exposed to new surfaces and 

environments—while major phylotypes such as Propionibacteria, Streptococcaceae, and 

Staphylococcaceae are consistently observed, a great amount of variability exists in regard 

to their absolute numbers and proportions [14, 15, 18, 19]. Thus, it appears that certain 

exposed regions including the palm and forearm are less restricted in overall community 

membership and highly susceptible to temporal variability.
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By contrast, other regions, including those with high sebaceous gland activity, are much 

more exclusive. For example, the forehead harbors fewer bacterial species and is largely 

dominated by Propionibacterium [14, 15, 17, 20]. This observation is congruent among 

multiple studies, and as such, represents a relatively consistent trend. Whether this effect is 

inherent to the lipid-rich environment of the forehead, or whether Propionibacterium can 

successfully restrict membership alone is currently unknown. Regardless, this region 

appears largely invariant compared to more diverse sites of the skin, and thus represents a 

more stable overall community structure.

While compelling, the stratification illustrated by certain dry and sebaceous sites is by no 

means absolute, as multiple sites of the skin are characterized by intermediate diversity with 

both dominant and transient taxa [14, 15]. Therefore, further research will be necessary to 

determine the role of intrinsic host factors and extrinsic microbial traits as they pertain to 

skin bacterial communities.

Recent studies have also begun to elucidate the topographical diversity of fungal 

communities on human skin [21]. Specifically, it was shown that Malassezia predominated 

at core body and arm sites, but that discrete signatures could be observed at the species 

level. For example, the face was dominated by Malassezia restricta while the back, occiput 

(back of neck), and inguinal crease (groin) were all characterized by higher levels of 

Malassezia globosa.

In contrast to these areas, regions of the foot such as the plantar heel, toenail, and toe-web 

space were all defined by significantly greater amounts of fungal diversity. While 

Malassezia was still detected in all samples, subjects were also colonized by relatively high 

proportions of Aspergillus and Epicoccum. Interestingly, regional localization was found to 

be the strongest determinant of fungal community membership as feet, arms, the head, and 

torso all formed distinct communities regardless of physiological environment. This 

suggests that while bacterial populations are subject to factors such as sebum content and 

hydration, fungal communities are more flexible in resource utilization, a less surprising 

realization given their pronounced evolutionary differences.

Gender

The contribution of gender to skin microbial diversity likely arises as a downstream effect of 

male and female steroid production [13]. For example, it is thought that androgen expression 

and identity are both critical to sex-defined differences in skin thickness [22, 23]. Males also 

exhibit increased levels of sebaceous and sweat gland activity compared to females, a trait 

that strongly contributes to differences in skin surface biochemistries [24, 25]. Even the 

presence or absence of body hair could presumably result in alternative microenvironments 

with the potential to support the growth of niche-specific microorganisms. Interestingly, 

mixed results have been observed in regard to gender and pH. While some studies have 

detected a more acidic pH in female skin, others have demonstrated no differences [26-29]. 

This suggests that variation in male and female physiologies has the potential to influence 

microbial communities, but that certain factors likely contribute to skin habitats more 

strongly than others.
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With this in mind, a recent study that sampled the palmar regions of male and female 

undergraduate students observed significantly different bacterial communities on the skin 

surface in regard to gender [18]. While no taxa were specific to either sex, there were 

marked differences in the relative abundances of numerous bacterial groups. For example, 

Propionibacterium and Corynebacterium were 37 and 80 % more abundant in men, 

respectively, along with a trend towards higher levels of Staphylococcus. By contrast, 

Enterobacteriales, Moraxellaceae, Lactobacillaceae, and Pseudomonadaceae were all over 

150 % more abundant in females. Women were also found to harbor significantly greater 

levels of alpha diversity, a metric that defines “within” sample diversity and is often 

measured by numbers of OTUs, their evenness, and their degree of phylogenetic difference.

In contrast to these results, a study of healthy Chinese undergraduates showed no significant 

differences between the palmar bacterial communities of men and women [19]. However, 

higher relative abundances of distinct taxa such as Propionibacterium, Corynebacterium, 

and Staphylococcus were once again observed in male subjects while Lactobacillus was 

over-represented in females. Interestingly, Enhydrobacter and Deinococcus also made up a 

large portion of female hand communities, while Fierer et al. found no such contribution in 

either sex. This suggests that geographical or cultural aspects may also play a large role in 

diversifying skin microbial communities, a concept that has been supported by a number of 

additional reports as well [30, 31].

In a study comparing the skin microbiota at varying developmental stages, males and 

females between the ages of 2 and 40 were swabbed at the antecubital and popliteal fossae, 

the volar forearm, and the nares [32]. In all, no significant differences were observed 

between the bacterial communities of males and females regardless of age group. Moreover, 

a study comparing the levels of Propionibacterium and coagulase negative Staphylococcus 

in middle-aged men and women found no significant differences at the forehead, cheek, 

upper chest, or back [33]. However, it was found that males harbored greater total amounts 

of the fungi Malassezia.

Studies have also examined the human axilla, upper buttock, forehead, and forearm as 

potential sites of gender variability. Interestingly, the bacterial communities of the axillary 

vault were found to stratify into two main groups, those colonized predominantly by 

Staphylococcus and those with high relative abundances of Corynebacterium [34]. While 

not absolute, female subjects were generally found within the Staphylococcus cluster 

whereas males were more often associated with the Corynebacterium cluster. Analysis of 

the upper buttock also exhibited a strong effect of gender with males illustrating relatively 

high proportions of Corynebacterium, Dermacoccus, Streptococcus, and Finegoldia while 

females displayed elevated levels of Lactobacillus, Propionibacterium, Staphylococcus, and 

Enhydrobacter [35]. Despite these distinctions, there were no significant differences 

between genders when taking the entire microbial community into account, suggesting that 

individualized signatures were still the best indicators of variability.

On the forehead, males and females were found to harbor differences in overall bacterial 

diversity [17]. However, when accounting for the use of make-up, significant variability 
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between these groups was no longer detected. In contrast, microbial diversity of the forearm 

was significantly different between men and women at both the genus and species level.

In all, it appears that gender may contribute to microbial community structure, but that the 

importance of this factor likely varies in a site-dependent manner. As male and female 

physiology differs throughout the body, it is not surprising that the contribution of gender to 

microbial communities is also inconstant. More detailed studies will be necessary to 

determine the importance of potential driving factors, as no studies to date have measured 

microbial populations and biochemical signatures in concert.

Age

The human skin begins to develop in utero during the first trimester of gestation, and by 34 

weeks, a well-defined stratum corneum has formed [36]. In the weeks leading up to delivery, 

the epidermis further matures, and begins to resemble a competent adult-like barrier by 

week 40 [37]. Upon birth, the skin undergoes a number of rapid changes as it acclimates to a 

dry, gaseous climate very much at odds with its former aqueous environment. During this 

time, the skin is characterized by quantal bursts of improved barrier function that persist for 

multiple weeks postnatal delivery [38]. Development then continues during the first year, 

after which point infant skin begins to resemble that of mature adults [39].

During maturation, infant skin is defined by a thin layer of corneocytes that are, on average, 

much smaller than adult corneocytes [40]. In addition, infant skin contains lower lipid 

content resulting in an epidermal barrier with higher water levels and increased permeability 

[39, 41]. Neonates are also born with a relatively alkaline skin pH that remains less acidic 

than adult skin for the first two years of life [42].

All of these developmental features likely contribute to the differences seen between adult 

and infant bacterial communities. For example, Staphylococcus species, which are known to 

predominate at moist body sites on the adult epidermis, have been found at significantly 

higher levels on neonatal skin. In fact, a recent study of the infant microbiota observed that 

Staphylococcus and Streptococcus species could account for up to 40 % of skin bacterial 

populations during the first six months of life, before giving way to a more diverse 

community [43]. Interestingly, site specificity also began to appear within the first few 

months of life. Staphylococcus, Streptococcus, Corynebacterium, and Propionibacterium 

were all found to predominate at the arm and forehead of infant skin while the buttock was 

colonized by both gut- and skin-associated taxa such as Clostridium, Staphylococcus, 

Streptococcus, and Ruminococcus. This suggests that as the skin matures, it becomes more 

adept at influencing resident bacterial communities at certain body sites.

Additional experiments have also examined the route of delivery as a direct contributor to 

the human skin microbiota [44]. These analyses have shown that vaginally born neonates 

harbor skin bacterial communities very similar to those found in the vagina. This includes an 

abundance of both Lactobacillus and Prevotella. In contrast, babies born by Cesarean 

section were colonized by common skin residents such as Acinetobacter, Bacillales, 

Micrococcineae, and Staphylococcus. Interestingly, this study also found that babies born 

through conventional methods displayed skin bacterial communities most similar to their 
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mother’s microbiota, while babies born by Cesarean section were no more similar to their 

own mother than any other subject. As such, while an initial vertical transmission of the 

bacterial microbiota existed in vaginally delivered neonates, no such transmission occurred 

in babies delivered by Cesarean section. Rather it appears that incidental exposures, likely 

provided by hospital staff and environmental surfaces, were the greatest contributors to 

microbial communities in these subjects.

While the initial inhabitants of infant skin can vary greatly depending upon age and delivery 

mode, their microbiomes appear to stabilize over time, reaching an adult-like community at 

sexual maturity. A study employing Tanner staging to distinguish between children and 

adults found that the microbiota of subjects within Tanner stages 1, 2, and 3 segregated 

significantly from that of individuals at stages 4 and 5 [32]. Similarly to above, it was also 

shown that higher levels of Proteobacteria and Firmicutes such as Streptococcaceae 

distinguished the microbiota of younger cohorts, while adolescents/post-adolescents were 

dominated by Propionibacterium and Corynebacterium. This particular result corresponds 

well with the developmental milestones reached at higher Tanner stages including elevated 

hormone levels and increased sebaceous gland activity, as both factors promote the growth 

of more lipophilic microorganisms [45].

Interestingly, it has also been shown that the common fungal commensal Malassezia 

colonizes neonate skin during the birthing process [46]. At day 0 following delivery, 

Malassezia DNA was successfully detected in 24 of 27 subjects, and by day 30 

approximately 104 residents were estimated by qPCR. While the specific distribution of 

Malassezia residents differed greatly in newborns compared to their mothers, these rates 

stabilized to a level very near that of adulthood by day 30.

Overall, these results suggest that the skin and its microbial inhabitants develop together 

over time. While the physiological and biochemical attributes of the skin contribute a great 

deal to microbial diversity, this niche also represents a blank slate with the potential to 

accommodate a vast array of microbial organisms. For this reason, further research will be 

necessary to fully elucidate the dynamic nature of age-related succession.

It may also be necessary to revise the long-held belief that most fetuses develop in a sterile 

environment. Recent evidence suggests that bacteria can be reproducibly isolated from 

newborn meconium and umbilical cords of healthy, full-term neonates [47, 48]. 

Enterococcus faecium has also been isolated from newborn meconium and amniotic fluid 

following oral inoculation of pregnant mice, and fluorescent in situ hybridization can be 

used to visualize 16S rRNA-containing species deep within human fetal membranes [47-49]. 

A recent study of the placental microbiome also reported a diverse community of bacterial 

species characterized by increased levels of Proteobacteria [50]. In addition, both Gram-

positive and Gram-negative intracellular bacteria have been detected in over a quarter of 

placental basal plate samples [51]. These findings are in stark contrast to the notion that 

newborns are not exposed to microorganisms until birth, and these microbes could 

contribute to the initial inoculum present on newborn epidermis.
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Immune system

The host immune system and the skin microbiota are in constant communication as each 

works to establish a steady equilibrium. This is not surprising given the intimate contact 

made between the two. In fact, it is thought that as many as 107 bacteria/cm2 colonize the 

epidermis at any given time [52]. Although the vast majority of these microorganisms 

inhabit the stratum corneum, recent evidence has shown that bacterial species may also 

reside within deeper layers of the epidermis and dermis [35, 53]. For this reason, it is 

essential for hosts to control the cutaneous immune response, and tailor it to a given threat, 

as persistent activation against resident skin bacteria could lead to chronic inflammatory 

disorders.

To perform this function, the skin is equipped with a number of professional innate and 

adaptive immune cells including multiple dendritic and T cell subsets (Fig. 3). Keratinocytes 

also provide support through the expression of Toll- and Nod-like receptors and the 

secretion of antimicrobial peptides, proinflammatory cytokines, and chemokines [54]. Even 

melanocytes can assist in the overall immune response by recognizing and responding to 

specific foreign antigens [55].

While all of these cells play a crucial role in epidermal barrier function, Langerhans cells 

(LCs) are thought to act as the key initiators of cutaneous immunity by sampling the upper 

strata for microbial antigens and presenting these peptides to adaptive immune cells [56, 57]. 

However, the exact role of these specific dendritic cells has recently come into question, as 

many of the tasks previously attributed to LCs, such as cross-presentation, may actually be 

performed in vivo by a separate subset of myeloid cells known as dermal dendritic cells [58, 

59]. Regardless of subtype, it appears that dendritic cells are crucial to mediating the initial 

response to barrier disruption. Upon antigen uptake, these cells travel to cutaneous-draining 

lymph nodes where they present foreign peptides to naïve T cells. These T cells then 

become activated and imprinted with skin-specific homing markers such as cutaneous 

leukocyte antigen (CLA), CCR4, CCR8, and CCR10 [60-63]. The ligands for these 

receptors are expressed at low levels during steady state, but they can be upregulated during 

inflammation, allowing for the recruitment of effector T cells to the skin epithelium. Upon 

antigen clearance, these mature T cells differentiate into resident or effector memory T cell 

subsets. Resident memory CD8+ T cells are then thought to remain within the epidermis 

while effector memory CD4+ T cells traffic to more distal sites of the skin [64, 65].

While this pathway has been established in response to infection, less information exists 

with regard to the skin’s response to commensal microorganisms. Specifically, it is currently 

unclear how the immune system can differentiate between pathogenic and non-pathogenic 

species, especially when considering the close proximity of keratinocytes, melanocytes, and 

LCs to conserved microbial antigens. A recent paper sheds some light on this debate by 

suggesting that LCs may perform separate roles depending on the state of epidermal tissue 

[66]. This group found that upon insult, resident LCs were crucial for the activation of 

resident memory T cells. However, at steady state, these cells promoted a homeostatic 

balance through the activation and preservation of regulatory T cells. While it is proposed 

that these regulatory T cells are important for the maintenance of self-tolerance, this process 
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could also regulate the host immune response to resident skin microorganisms and inhibit 

excess inflammation.

With this in mind, various groups have explored the direct interactions of skin inhabitants 

with keratinocytes and the immune system. For example, the common skin commensal 

bacterium Staphylococcus epidermidis has been found to activate TLR2 signaling and the 

production of antimicrobial peptides and proinflammatory cytokines, augmenting the 

immune response to both group A Streptococcus and HPV infection [67-69]. The TLR2 

ligand lipoteichoic acid has also been shown to reduce TLR3-mediated inflammation in 

keratinocytes and promote the induction of cathelicidin-producing mast cells [70, 71]. 

Interestingly, this effect does not appear to extend to macrophages, dendritic cells, or mouse 

endothelial cells, as exposure in these cell types results in an inflammatory response that is 

equal to or greater than that of epidermal keratinocytes. Therefore, a division of labor may 

exist within the cutaneous epithelium in which only certain cells can promote inflammation, 

a finding supported by the differential expression of Toll-like receptors at distinct layers of 

the epidermis [72].

Our lab and others have also focused on the relationship between host immunity and skin 

bacterial residents to identify key members of this host–microbe interaction network. By 

treating mice with a C5aR antagonist, we have shown that disruptions to the complement 

pathway can lead to significant changes in skin community structure including an increase in 

Actinobacteria and a decrease in Firmicutes [73]. We also observed a significant decrease in 

bacterial diversity (defined as the number of OTUs and their evenness), upon treatment, as 

well as a reduction in the overall number of bacterial OTUs. In addition, the expression of 

antimicrobial peptides, cytokines, chemokines, cell adhesion molecules, and pattern 

recognition receptors was all reduced in antagonist-treated mice, along with decreased levels 

of immune cell infiltration. This suggests that complement proteins may act to induce and/or 

maintain stable levels of these effectors, and that alterations to this balance can significantly 

shape skin microbial populations. The expression of complement genes in the skin of germ-

free and conventionally raised mice was also compared to determine the importance of 

bacterial stimulation to complement gene expression. In the absence of bacterial 

colonization, we observed significantly lower expression of over 30 genes related to 

complement activation and binding, indicating that both the skin and its resident 

microorganisms are capable of influencing the identity of their respective interaction 

partners.

The ability of the immune system to shape bacterial communities has also been observed by 

comparing the skin microbiota of healthy and immunocompromised mice [74]. Here, it was 

found that healthy mice were colonized by an abundance of Proteobacteria including 

Acinetobacter, Escherichia/Shigella, and Acidovorax while immunodeficient mice were 

dominated by Firmicutes, especially those of the Staphylococcus genus. This difference was 

borne out in diversity metrics as well, with healthy mice displaying a significantly greater 

degree of variation when compared to immunodeficient mice.

Importantly, a recent study of humans with primary immunodeficiencies (PIDs) shows that 

this effect is not limited to murine models [75]. PID patients were defined by increases in 
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microbial permissiveness to atypical microorganisms such as the opportunistic pathogen 

Serratia marcescens. Depending on the specific PID, patients were also characterized by 

decreases in site specificity, interpersonal variation, and longitudinal stability, suggesting a 

generalized dysbiosis caused by alterations to the host immune response. Paradoxically, 

these changes did not result in significant alterations to microbial diversity, however, 

indicating that site-specific restraints in humans may still control overall community 

structure.

Work has also compared the adaptive immune systems of germ-free (GF) and specific 

pathogen-free (SPF) mice to determine the importance of commensal bacteria to cutaneous 

immunity [76]. This study found that skin bacterial residents influence T cell number and 

function, as GF mice had higher levels of Foxp3+ regulatory T cells and lower amounts of 

the cytokines IFN-γ and IL-17A. Importantly, this effect on IL-17A could be rescued by 

monocolonization with the skin commensal bacterium Staphylococcus epidermidis. These 

results were also extended to infection by the parasite Leishmania major. In this model, GF 

mice were unable to mount a robust immune response to L. major while monoassociation 

with S. epidermidis could restore protection in an IL-17A-dependent manner. IL-1α 

expression was essential for this response, as neutralization of this cytokine impaired the 

restoration of IL-17A signaling. As such, it appears that IL-1 signaling pathways are 

enhanced by the skin microbiota, and that this response can promote overall skin immune 

fitness.

A more recent report supports this finding by confirming the ability of T cells to shape skin 

bacterial communities [77]. Adoptive transfer of T cells from WT mice into Rag1−/− mice 

resulted in the rapid proliferation of both CD4+ and CD8+ T cells within skin-draining 

lymph nodes, consistent with a memory immune response to skin bacterial antigens. The 

number of live bacteria and 16S rRNA bacterial sequences was also higher in Rag1−/− 

compared to WT mice, and the transfer of T cells from WT to immunodeficient mice 

resulted in a steady decline of these markers. This response was abrogated in the absence of 

IL-17A and IFN-γ, while B cell deficient mice mirrored WT phenotypes, suggesting that 

certain T cell profiles are essential for the recognition and control of skin bacterial residents.

In all, these results indicate that the immune system and skin microbiota are in constant 

communication, and that each is necessary to promote homeostasis at the skin surface. 

However, these interactions appear to vary greatly depending on the specific immune cell 

subset and signaling pathway, and perhaps even the conditions in which mice are housed. 

Indeed one group recently reported no differences between the skin microbiota of healthy 

and immunocompromised mice, although variation is readily detectable when comparing the 

mice within different experimental groups [78]. As such, further research will be necessary 

to describe the intimate relationship between hosts and bacterial inhabitants, and to 

determine the key players of this particular host-microbe interaction network.

Host–microbiome interactions in cutaneous disease

Many cutaneous disorders are caused by, or associated with, overt microbial infection. Here 

we focus on three of these disorders: acne vulgaris, psoriasis and atopic dermatitis. While 
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complex in etiology, these conditions are thought to involve both microbial and host 

components. In addition, studies of these diseases have included deep sequencing 

approaches as a means to elucidate the contribution of skin microbial communities to 

disease pathology. As such, these disorders represent a model system to study the 

interactions of host factors and bacterial residents as they pertain to disruptions in skin 

homeostasis.

Acne

Acne vulgaris is one of the most prevalent skin diseases in the world, representing a 

financial burden of over 3 billion dollars per year in the United States alone [79]. Despite 

this figure and studies showing that acne can affect approximately 80 % of adolescents and 

young adults [80], relatively little is known with regard to the events underlying this 

disorder. In particular, it remains unclear whether: (1) comedone formation is the cause or 

effect of inflammation in pilosebaceous follicles, (2) which immune cells and cytokines 

drive the overall inflammatory response, and (3) the specific role of skin microbial residents 

such as Propionibacterium acnes.

Over the past decade, a number of groups have begun to address these questions, outlining a 

multifactorial process driven, in large part, by increases in androgen production during 

puberty. This increase in hormone signaling activates sebaceous gland activity and induces 

epithelial hyperproliferation and keratinization [81]. These changes can then promote the 

colonization and growth of Propionibacterium acnes, and contribute to the chronic 

inflammation seen in affected pilosebaceous follicles.

Multiple in vitro studies have demonstrated the ability of P. acnes Together increase the 

expression of key inflammatory cytokines such as IL-1α, IL-1β, IL-6, IL-8, IL-12, and TNF-

α by human sebocytes, keratinocytes, and monocytes [82-84]. The presence of infiltrating 

CD4+ T cells has also been observed by a number of groups, suggesting that the recruitment 

of these cells could promote inflammation within acne lesions [85-87].

Recently, a number of independent reports confirmed the ability of P. acnes to upregulate 

the production of IL-1β through the activation of the NLRP3 inflammasome [88-90]. Higher 

expression levels of NLRP3 and caspase-1 were observed in the areas surrounding acne 

lesions and both markers co-localized with infiltrating tissue macrophages [88, 90]. Mice 

challenged with P. acnes also showed increased expression of caspase-1 and IL-1β, while 

NLRP3 knockout mice displayed a significant decrease in these inflammatory markers [89, 

90]. In sebocytes, this activity was dependent upon reactive oxygen species and P. acnes 

protease activity, while monocytes required bacterial uptake, potassium efflux, and reactive 

oxygen species [88-90]. This information, coupled with studies showing increased 

expression of TLR-2 on acne-localized macrophages [83], suggests a mechanism by which 

monocytes are recruited to early acne lesions, and then activated by P. acnes to induce a 

more robust inflammatory response.

Recent studies have also demonstrated the ability of P. acnes to stimulate Th17 

differentiation and activity. These reports have shown that IL-17-expressing cells often 

localize to affected pilosebaceous follicles and are elicited by the production of IL-1β, IL-6, 
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and TGF-β [91]. In addition, P. acnes-reactive Th17 cells were isolated from the blood of 

acne patients at higher frequencies than those of healthy subjects [92]. Two commonly 

employed dermatologic acne treatments, all-trans retinoic acid and 1,25-dihydroxyvitamin 

D3, were also found to downregulate P. acnes-induced IL-17 mRNA and protein expression 

[91]. Together these results suggest that CD4+ Th17 cells may be key mediators of the 

chronic inflammation found within moderate-to-severe acne lesions, and that modulation of 

these cells could resolve certain aspects of P. acnes-induced pathology.

While convincing, these results do not address the fact that P. acnes is a common skin 

inhabitant regardless of acne phenotype. Rather, reconciliation with this observation has 

come in the form of more detailed experiments describing the specific localization and 

genetic signatures of individual P. acnes clones. These studies have shown that 

pilosebaceous follicles are more frequently colonized by P. acnes in affected, compared to 

unaffected, individuals [93, 94]. This bacterium is also found more commonly as 

macrocolonies within acne lesions in contrast to the sparse distributions that typically attach 

to the outer surface of the epidermis in healthy individuals [93, 94]. Interestingly, within 

these follicles, multiple strains of P. acnes have been observed, but only certain strains, such 

as subtype IA, are associated with acne vulgaris [94-97]. A recent study utilizing 16S rRNA 

gene sequencing of P. acnes populations confirmed this finding by isolating certain subtypes 

of P. acnes from acne patients more frequently than others [98]. Interestingly, this group 

also reported a specific phylotype of P. acnes that associated more commonly with healthy 

subjects compared to acne patients, underscoring the importance of strain-specific profiles in 

P. acnes pathogenesis.

Overall, it appears that androgen-induced increases in sebum production during puberty may 

promote P. acnes colonization, but that this effect is not necessarily emblematic of disease. 

Rather, the growth of specific P. acnes strains may be required for acne lesions to develop 

into fully mature papules and pustules. Indeed, studies have reported a differential immune 

response in sebocytes and keratinocytes when exposed to alternative strains of P. acnes, a 

characteristic that could explain the ubiquity of P. acnes in both affected and unaffected 

individuals [82, 99].

Psoriasis

Psoriasis is a common inflammatory disease affecting approximately 2–3 % of the world’s 

population [100]. While multiple phenotypes exist, this condition is often characterized by 

well-demarcated erythematous plaques, resulting from chronic inflammation and the 

hyperproliferation of keratinocytes [101]. At onset, an initial inflammatory event is thought 

to precede plaque formation and induce the production of numerous proinflammatory 

cytokines. Further inflammation is then promoted by CD4+ Th1, Th17, and Th22 cells 

leading to distinct changes in skin architecture [102]. These include the thickening of 

epidermal cell layers, elongation of epidermal rete ridges, hypogranulosis, and parakeratosis 

[103].

Genome-wide association studies have largely supported these phenotypic observations with 

most identified defects belonging to the IL-23/Th17 axis, NF-κB pathway, and epidermal 

differentiation complex [104-106]. However, the major genetic determinant of psoriasis is 
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found within the HLA-Cw0602* allele of the MHC class I molecule, HLA-C [107]. 

Mutations within this locus are thought to account for approximately 60 % of all psoriasis 

cases suggesting that CD8+ T cells may also play a major role in disease pathogenesis [108].

Although a number of pharmaceutical drugs are currently available to mediate the 

inflammatory nature of psoriasis, little is known with regard to the source of this 

inflammation. Physical trauma (Koebner’s phenomenon) and infection have both been 

associated with the induction of psoriatic flares [109, 110]. This is supported by the 

observation that surgical procedures and streptococcal throat infections often precede lesion 

formation [103, 111-113]. However, no study to date has identified an antigen capable of 

eliciting a complete psoriatic phenotype in healthy skin, despite links between superantigens 

and certain streptococcal surface proteins [114-116]. It is interesting to note that while 

infection of the throat with streptococcal species is the best-studied site of proclivity, 

Streptococcus is also a common resident of the skin [14-16]. As such, physical trauma and 

infection need not be mutually exclusive events if injury results in the presentation of 

streptococcal-associated (or alternative bacterial) antigens.

In this vein, a number of groups have attempted to characterize the microbiota of psoriasis 

plaques in search of inflammatory antigens and disease-associated microbial signatures. The 

first of these found an overabundance of Firmicutes in psoriasis skin compared to 

uninvolved skin, while Actinobacteria were significantly underrepresented at affected skin 

sites [117]. Psoriasis plaque communities were also more diverse than unaffected skin with 

elevated Streptococcus/Propionibacterium ratios. Unfortunately, this particular analysis 

employed an unmatched study design, raising the possibility that observed differences could 

also be due to variation between microbial communities at distinct topographical sites.

To address this concern, more recent studies have employed a matched control design that 

compares identical unaffected/affected skin sites. The first utilized skin biopsies to study 

microbial populations on the trunk, arms, and legs of affected individuals [118]. This group 

found no differences in alpha or beta diversity between psoriatic and normal skin. Moreover, 

when taking body site into account, no differences were observed between Firmicutes or 

Actinobacteria species at the trunk or limbs. Proteobacteria were found to be significantly 

greater in trunk psoriasis samples compared to the control group, however, this result was 

not significant when comparing the legs and arms of psoriasis subjects to controls. Similarly 

to above, the ratio of Streptococcus/Propionibacterium was elevated in the psoriasis group 

with respect to controls, but this result was largely due to the absence of Propionibacterium 

in a number of psoriasis samples, rather than significant fluctuations in Streptococcal 

species.

More recently, Alekseyenko et al. [119] compared swabs of psoriasis lesions to unaffected 

skin sites and demographically matched controls. While trending towards decreased alpha 

diversity, no significant differences in this metric were detected between lesions, unaffected 

sites, or control samples at the OTU level. There were also no differences in the relative 

abundances of Firmicutes or Actinobacteria. Notably, Proteobacteria were found at 

significantly higher levels in unaffected skin, in contrast to the above-mentioned study. 

Plaque specimens also displayed the greatest intragroup diversity while unaffected skin from 
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psoriasis patients was more similar to control skin. This suggests that psoriasis plaques may 

be more permissive to alternative phylotypes, while unaffected skin may retain its ability to 

influence microbial populations.

In all, these studies indicate that skin bacterial communities from affected subjects may be 

shifted in a modest, but significant manner. Given the intrapersonal variability of the 

microbiota at sites with disease predilection, it is also possible that stochastic differences 

between subjects are masking additional, more subtle trends. For this reason, longitudinal 

comparisons of subjects may prove more valuable as a means to survey the skin over time 

and monitor each individual with respect to his/her unique microbial community. This is 

especially important when considering disorders such as psoriasis, in which alterations to the 

microbiota appear less pronounced.

Atopic dermatitis

Atopic dermatitis (AD) is a chronic inflammatory skin disease that affects 10–20 % of the 

childhood population [120]. This condition initially appears as an eczematous rash with 

pruritus and erythema, but during later stages of disease these lesions can mature into 

lichenified plaques [121]. AD also predisposes individuals to increased prevalence of 

asthma, allergic rhinitis, and food allergies—a condition known as the “atopic march” [122]. 

Unlike psoriasis, AD is a CD4+ Th2-mediated disorder with IL-4, IL-5, and IL-13 driving 

initial inflammatory events [123-126]. Upon sensitization, epidermal cells secrete 

proinflammatory cytokines such as thymic stromal lymphopoietin (TSLP), IL-25, and IL-33 

[127-129]. This response then promotes a Th2-specific immune response which can lead to 

elevated infiltration by mast cells, eosinophils, and allergen-specific IgE [130-132].

Similarly to the aforementioned conditions, the underlying cause of AD pathology also 

remains unclear. Although both immune dysfunction and epidermal abnormalities have been 

implicated by GWAS analyses, loci associated with cutaneous barrier function have been 

associated most strongly with the disease, specifically mutations in the filament-aggregating 

protein, filaggrin [133]. Filaggrin is a major structural protein of the epidermis that aligns 

keratin filaments and contributes to the contractile strength of the stratum corneum [134]. 

Over time, filaggrin is also broken down into natural moisturizing factors and amino acid 

derivatives to assist in the hydration and acidification of the stratum corneum [135]. As 

such, this protein represents an essential member of the epidermal differentiation complex.

Because of the strong association between FLG mutations and AD, it is generally thought 

that disruptions to the epidermal barrier predispose the skin to allergen sensitization and 

immune dysfunction. However, this alteration in structure cannot fully explain the 

development of AD, as approximately 40 % of patients with FLG mutations often fail to 

develop the characteristic lesions seen in affected individuals [136]. FLG expression can 

also be downregulated in patients with wild type FLG alleles, suggesting that filaggrin levels 

and activity could be affected by peripheral means [137]. Indeed, exposure to the cytokines 

IL-4 and IL-13 can reduce expression of FLG, suggesting an alternative model in a subset of 

individuals whereby immune dysregulation could portend epidermal barrier abnormalities 

[138].
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Interestingly, a number of studies also suggest that AD can promote colonization of the skin 

by Staphylococcus aureus. While S. aureus is a rather infrequent inhabitant of extranasal 

body sites in healthy individuals, it has been shown to colonize >80 % of patients with AD 

[139-141]. In support of this, a recent study utilizing 16S rRNA gene sequencing found that 

Staphylococcus species, specifically S. aureus and S. epidermidis, dominated atopic lesions, 

while the common skin residents Corynebacterium, Streptococcus, and Propionibacterium 

were all significantly reduced [142]. The relative abundances of S. aureus were also 

correlated with AD disease severity, similarly to previous reports, indicating an increased 

propensity for S. aureus to colonize AD lesions [140, 141, 143].

This increase in colonization has been hypothesized to occur for a number of reasons 

including a rise in the availability of S. aureus binding receptors, decreases in the expression 

of antimicrobial peptides (AMPs), and elevated levels of IL-4 expression. In this regard, the 

lack of an intact stratum corneum in AD skin could expose extracellular matrix proteins to 

the surface and promote S. aureus colonization. Indeed, S. aureus adherence to the skin is 

reduced following preincubation with fibrinogen or fibronectin, and S. aureus strains lacking 

fibrinogen- and fibronectin-binding proteins illustrate significantly impaired binding to AD 

skin [144, 145]. The cytokine IL-4 has also been shown to upregulate the production of 

fibronectin by dermal fibroblasts while binding of S. aureus to the skin is significantly 

impaired in IL-4 knockout mice [144, 146].

Unfortunately, the importance of antimicrobial peptides to S. aureus colonization remains 

unclear. It was initially thought that reduced expression of AMPs in atopic skin could 

eliminate a key barrier to S. aureus colonization. In support of this, numerous studies have 

reported decreased expression of AMPs in AD-affected skin compared to that of psoriatic 

lesions [147-149]. However, more recent data comparing the levels of antimicrobial peptides 

in AD skin to that of unaffected controls have shown increased expression of multiple 

AMPs including RNase 7, psoriasin, hBD-2, hBD-3, and LL-37 [150, 151]. Therefore, the 

previously ascribed reduction of AMPs in AD skin may be due more to the upregulation of 

these genes in psoriatic skin, rather than their decreased production in atopic individuals.

In all, it appears that both barrier disruptions and improper immune activation contribute to 

lesions in AD patients. While the underlying cause of inflammation remains unclear, it is 

likely that this determinant involves a combination of genetic and environmental factors. 

Not-withstanding, AD pathology consistently leads to shifts in skin microbial communities 

including an increase in staphylococcal species such as S. aureus. While this observation is a 

satisfying explanation for the increased prevalence of S. aureus infections in AD patients, it 

is perhaps more striking that this rate is not higher [152]. S. aureus levels have been found to 

reach 107 CFU/cm2 in uninfected individuals [139, 140], indicating that affected subjects 

may retain the ability to limit S. aureus pathogenesis despite a number of immune 

abnormalities. As such, a compartmentalized response in AD patients may exist, similarly to 

that seen in the gut, whereby atopic lesions can unintentionally promote the growth of S. 

aureus at the skin surface while simultaneously opposing infection of the underlying tissues.
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Concluding remarks

Advances in sequencing technology have enhanced our ability to characterize cutaneous 

microbial communities in a more precise and accurate manner, and as a result, our 

knowledge regarding host–microbe interactions in skin health and disease is steadily 

increasing. As these insights are deepened and developed, a major challenge will be to 

translate this knowledge into strategies that improve skin health and cutaneous diagnostic 

techniques. Future analyses employing shotgun metagenomics and metabolomics are 

essential to this goal, as we work towards a better comprehension of skin microbial 

population dynamics. Indeed a recent study of the skin microbiome utilizing metagenomic 

approaches has contributed greatly to our understanding of skin bacterial communities 

[153]. Studies such as these are crucial to our perception of cutaneous microorganisms and 

can inform future experimental approaches. Only following these initial characterizations we 

can hope to truly appreciate the dysbiotic states associated with disease, and only then we 

can strive to successfully elucidate the importance of microbial inhabitants to hominal 

equilibria.
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Fig. 1. 
Skin structure and morphology. The skin can be divided into two main layers, the epidermis 

(E) and dermis (D), and underlying regions of subcutaneous fat (SF). Hair follicles (HF) 

extend from the skin surface into the dermis and are often associated with sebaceous glands 

(SG). The epidermis contains distinct layers of keratinocytes at varying stages of 

development. Basal stem cells are found at the stratum basale while daughter cells mature to 

populate the stratum spinosum, stratum granulosum, and upon terminal differentiation, the 

stratum corneum
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Fig. 2. 
Regional variation of skin microbial communities. The cutaneous microbiota varies 

according to body site and is strongly influenced by differences in cutaneous physiological 

environments. Each pie chart represents the mean bacterial community of a given 

biogeographic region. Sebaceous (red), moist (blue), and dry (green) regions are 

highlighted. Data from Grice et al. [13]
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Fig. 3. 
Major skin immune cell subsets. Human skin is characterized by an array of innate and 

adaptive immune cells. In the epidermis, this includes Langerhans dendritic cells and CD8+ 

T cells. The dermis is home to a more varied population of innate dermal dendritic cells, NK 

cells, and mast cells, as well as adaptive CD4+ Th1, Th2, Th17, and Th22 cells
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