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Abstract The skin is the human body’s largest organ and is
home to a diverse and complex variety of innate and adaptive
immune functions that protect against pathogenic invasion.
Recent studies have demonstrated that cutaneous commensal
bacteria modulated the host immune system. For example,
Staphylococcus epidermidis, a skin commensal bacterium, has
been demonstrated to induce cutaneous interferon (IFN)-γ-
and interleukin (IL)-17A-producing T cells. In addition, cuta-
neous microbiota changes occur in the chronic inflammatory
skin disorders, such as atopic dermatitis, and may influence
the activity of skin diseases. In this article, we will review the
recent findings related to the interactions of the commensal
bacteria with skin homeostasis and discuss the role of the
dysbiosis of these bacteria in the pathogenesis of skin
diseases.
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Introduction

Skin serves as a protective barrier that prevents the invasion of
harmful organisms, such as viruses, bacteria, and fungi, as
well as other antigenic particles. In addition to being a phys-
ical barrier, the skin is an immunological barrier [1]. For
example, antigen-presenting cells make a tightly meshed net-
work throughout the entire skin, capture foreign antigen, and
induce T cell proliferation and differentiation. These tissue-
tailored immunological networks are essential for the mainte-
nance of tissue or exogenous tolerance and the development
of protective and controlled immune responses.

Tissue-specific responses have been explored in depth in
barrier tissues, such as the skin and the gastrointestinal tract
sites that are constitutively colonized by highly diverse and
site-specific flora. In the gastrointestinal tract, a part of the
local immune responses is aimed at maintaining a peaceful
coexistence with the resident microbiota. These microbes can
control many aspects of both innate and adaptive responses.
Skin commensal bacteria also modulate skin immune cell
function and induce protective immunity to pathogens [2].
In this article, we will review the recent findings about the
role of skin microbiota in host immunity and will also discuss
how dysbiosis may contribute to the induction of various skin
pathologies.

The profile of commensal bacteria in the skin

There exist about one trillion commensal bacteria in the hu-
man skin surface [3]. Until recently, our knowledge of the skin
microbiota has largely depended on culture assays, although it
is estimated that less than 1 % of bacterial species can be
cultivated [3]. Recently, the use of a polymerase chain
reaction-based genomic approach allowed to characterize skin
bacteria, allowing to reveal a much greater diversity of
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organisms than previously revealed by culture-based methods
[4]. Grice et al. characterized the topographical and temporal
diversity of the human skin microbiome with the use of 16S
ribosomal RNA gene phylotyping from samples of 20 diverse
skin sites on each of 10 healthy humans [5]. The authors
demonstrated that bacteria composition was dependent on
the physiology of the skin site, with specific bacteria being
associated with moist, dry, and sebaceous microenvironments
(Table 1).

In general, bacterial diversity seems to be lowest in seba-
ceous sites. Sebaceous sites, including the forehead, the
retroauricular crease, the back, and the alar crease, contain
low phylotype richness [5, 6]. Propionibacterium spp. are the
dominant organisms at these sites and other sebaceous areas,
which confirms classical microbiological studies describing
Propionibacterium spp. as lipophilic residents of the pilose-
baceous unit [6].

Metagenomic analysis also revealed that Staphylococcus
and Corynebacterium spp. were the most abundant organisms
colonizing moist areas [5, 6], consistent with culture data
suggesting that these organisms prefer areas of high humidity.
These moist sites include the umbilicus, the axillary vault, the
inguinal crease, the gluteal crease, the sole of the foot, the
popliteal fossa, and the antecubital fossa.

The sites in which bacterial diversity is the highest
are the dry areas, with mixed representation from the
phyla Actinobacteria, Proteobacteria, Firmicutes, and
Bacteriodetes [5, 6]. These sites include the forearm,
buttock, and hand [5].

There is intra- and interpersonal variability in the compo-
sition of bacterial communities. Fierer et al. reported that hand
microbiota from the same individual shared only 17% of their
phylotypes of intrapersonal variation, with different

individuals sharing only 13 % [7]. Women had significantly
higher diversity than men, and community composition was
significantly affected by handedness, time since last hand
washing, and an individual’s sex.

Cutaneous invaginations and appendages, including
sweat glands, sebaceous glands, and hair follicles, are
likely to be associated with their own unique microbiota
[4]. Eccrine glands are found on virtually all skin surfaces
and continuously bathe the skin surface with their secre-
tions. The role of eccrine sweat is not only thermoregu-
lation but also acidification of the skin, which prevents
the colonization and growth of microorganisms. Seba-
ceous glands are relatively anoxic and support the growth
of facultative anaerobes such as Propionibacterium acnes.
This bacterium hydrolyzes the triglycerides in sebum,
which releases free fatty acids onto the skin. These free
fatty acids also contribute to the acidic pH (∼5) of the
skin surface. The growth is inhibited by an acidic pH of
many common pathogens, such as Staphylococcus aureus
and Streptococcus pyogenes [4].

Skin microbiota and homeostasis

Recent studies demonstrated that symbiotic factors produced
by intestinal commensal bacteria beneficially modulate the
host immune systems. The gut microbiome influences the
host immune response which controls autoimmune disorders
and infectious inflammation. Mazmanian et al. reported that
the prominent gut commensal bacteria Bacteroides fragilis
protected animals from experimental colitis by producing
polysaccharide A (PSA) [8]. Purified PSA administered to
animals was required to suppress pro-inflammatory interleu-
kin (IL)-17A production by intestinal immune cells. Further-
more, PSA protected from inflammatory bowel disease
through a functional requirement for IL-10-producing CD4+

Tcells. On the other hand, the gut microbiota can also promote
protective immunity to pathogens or vaccines [9–11].

In the skin, Staphylococcus epidermidis, a commensal
bacterium, has recently been demonstrated to modulate the
host innate immune response [12]. Lai et al. demonstrated a
mutually beneficial relationship between S. epidermidis and
keratinocyte inflammatory responses [12] (Fig. 1a), which is
mediated by staphylococcal lipoteichoic acid (LTA) that in-
hibits uncontrolled skin inflammation during skin injury.
Staphylococcal LTA is recognized by keratinocyte Toll-like
receptor (TLR) 2 and inhibits TLR3 signaling. Following skin
injury, the host RNA from damaged cells activates TLR3 in
the keratinocytes, which accounts for the release of inflam-
matory cytokines, resulting in inflammation. Staphylococcal
LTA inhibits both inflammatory cytokine release from
keratinocytes and inflammation triggered by injury. These

Table 1 Abundance of major bacterial groups when sites are clustered
into microenvironments (sebaceous, moist, or dry)

Sebaceous
site (%)

Moist
site (%)

Dry
site (%)

Actinobacteria Propionibacterium 46 7 13

Corynebacterium 10 28 15

Other 4 1 0

Firmicutes Staphylococcus 16 22 5

Lactobacillales 3 2 4

Clostridiales 1 2 3

Proteobacteria Alphaproteobacteria 1 1 2

Betaproteobacteria 9 21 32

Gammaproteobacteria 1 3 7

Bacteroidetes Flavobacteriales 3 9 14

Bacteroidales 1 0 0

Other 5 4 5

Data from Grice et al. [5]
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findings reveal that defined microflora ligands can modulate
cutaneous inflammatory responses.

Commensal bacteria and skin diseases

A shift in the skin microbiota composition has been shown in
the context of skin inflammatory disorders, such as acne
vulgaris, psoriasis, and atopic dermatitis [13]. In acne vulgaris,
the primary process is sebaceous hyperplasia and lipid release
into the follicular lumen, which leads to comedo formation
and overgrowth of P. acnes. Such process results in follicular
wall rupture, triggering neutrophil influx and pustule forma-
tion. Furthermore, P. acnes modulates the expression of anti-
microbial peptides which induce overgrowth of P. acnes and
S. epidermidis [13, 14]. P. acnes also induces keratinocyte
TLR expression, which plays an essential role in acne-linked
inflammation [15].

Recent observations indicate that psoriasis may be partly
associated with alteration in the composition and representa-
tion of the cutaneous microflora. For example, in the psoriatic
lesions, the representation of Propionibacterium and
Actinobacteria species was lower than for normal control
skin. In contrast, Firmicutes species were overrepresented in
the psoriatic lesions [13]. Notably, overexpression of antimi-
crobial peptides is reported in psoriatic lesions [16]. These
peptides are known for their integral role in killing pathogenic

microorganisms; however, these peptides can also control host
inflammatory responses via a variety of mechanisms [17].

One of these antimicrobial peptides, LL-37, has been
highlighted as a modulator of psoriasis development (Fig. 2)
[18]. Stressed cells stimulated by trauma or bacterial products
release LL-37 and self-DNA. In the initiation phase, stressed
keratinocytes release self-DNA that forms complexes with
LL-37, which in turn activates plasmacytoid dendritic cells
(pDCs) to produce interferon-α (IFN-α). Keratinocyte-
derived IL-1β, IL-6, and tumor necrosis factor (TNF) and
pDC-derived IFN-α activate dermal DCs. Activated dermal
DCs then migrate to the skin-draining lymph nodes to present
an as yet unknown antigen (either of self or of microbial
origin) to naive T cells and promote their differentiation into
T helper 1 (Th1) and/or Th17 cells that produce, respectively,
IFN-γ/TNF-α and IL-17A/IL-17F. These cytokines can di-
rectly act on keratinocytes, leading to the activation, prolifer-
ation, and production of antimicrobial peptides or chemokines
[19]. In this manner, antimicrobial peptides may contribute to
the exacerbation of psoriasis.

Perhaps, the example of dysbiosis is demonstrated in atopic
dermatitis. The main symptom of atopic dermatitis is xerosis
(dry skin). The direct evidence for xerosis is a recently dis-
covered link between the incidence of atopic dermatitis and
mutations in the gene encoding filaggrin (FLG) [20]. The
FLG mutations seen in atopic dermatitis patients are a loss-
of-function mutation of FLG, which determine major
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Fig. 1 Molecular interactions of microbial symbiosis in skin innate
and adaptive immune systems. Factors produced by skin commen-
sal bacteria modulate the skin immune system. a After skin injury,
host RNA from damaged cells activates TLR3 in keratinocytes.
Staphylococcal lipoteichoic acid (LTA) inhibits excess inflammato-
ry cytokine release from keratinocytes and inflammation through a
TLR2-dependent mechanism. The mechanism for LTA-TLR-

mediated suppression of TLR3 signaling is by induction of the
negative regulatory factor TNF receptor-associated factor-1
(TRAF1). b Staphylococcus epidermidis modulate IL-1 production
from keratinocytes, which induce cutaneous T cell differentiation.
Cutaneous T helper (Th)-1, Th17, and IL-17A-producing γδ T
cells play an important role in the protection against foreign
pathogens
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susceptibility to atopic dermatitis. FLG proteins are localized
in the granular layers of the epidermis. These FLG proteins are
degraded into natural moisturizing factors (NMFs). Filaggrin-
derived NMFs are important to maintain skin hydration and
low pH. Thus, in atopic dermatitis patients, the skin is dry and
exhibits increased pH. As mentioned above, the change in
skin moisture and pH induces are believed to lead to dysbiosis
[21] (Fig. 3).

Furthermore, dysregulation of antimicrobial peptides was
proposed to also contribute to the induction of dysbiosis in
atopic dermatitis. The expression of LL-37 mRNA is signifi-
cantly lower in atopic dermatitis [22]. On the other hand,
expression of other antimicrobial peptides such as RNase 7,
psoriasin, and human beta defensin-2 is highly expressed in
lesional skin of atopic dermatitis [23]. These observations
support the idea that unusual antimicrobial peptide production

during inflammatory states may induce a loss of skin bacterial
diversity.

It has long been suspected that the development of atopic
dermatitis was associated with S. aureus skin colonization
and/or infection. S. aureus colonizes the skin lesions of more
than 90 % of atopic dermatitis patients [24]. A recent study
revealed that S. aureus exacerbates or contributes to persistent
skin inflammation in atopic dermatitis by secreting toxins with
superantigenic properties, resulting in marked activation of T
cells and other immune cells [25]. Application of staphylo-
coccal enterotoxin B to the skin induces eczematous changes
accompanied by infiltration of T cells selectively expanded in
response to the superantigen. In addition, atopic dermatitis
patients produce specific IgE antibodies directed against the
toxins found on their skin [26], with basophils from these
patients releasing histamine following exposure to the relevant
toxin [27].

Nakamura et al. showed that colonization of the skin with
S. aureus triggers local allergic responses by releasing δ-toxin,
which directly induces the degranulation of dermal mast cells,
and in turn promotes both innate and adaptive responses [28].
Indeed, S. aureus isolates recovered from patients with atopic
dermatitis produced large amounts of δ-toxin. Further inves-
tigation of the crosstalk that occurs between the microbiota,
epithelial, and immune cells in the skin is an interesting issue
to better clarify the mechanisms that regulate skin immune
homeostasis and inflammation.

Decreased cutaneous IL-17A-producing cells in germ-free
mice

Germ-free animals, which have no microorganisms living in
or on them, are useful tools to analyze the cutaneous immune
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Fig. 2 LL-37 induces psoriasis
dermatitis. Stressed cells
stimulated by environmental
triggers release LL-37 and self-
DNA. Self-DNA form complexes
with LL-37, which in turn
activates pDCs to produce IFN-α.
pDC-derived IFN-α activate
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promote their differentiation into
Th1 and/or Th17 cells that
produce, respectively, IFN-γ/
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Fig. 3 Atopic dermatitis induces Staphylococcus aureus colonization.
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development of S. aureus colonization. S. aureus produce δ-toxin which
induces mast cell degranulation
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effect of skin commensal bacteria. Such animals are raised in
the germ-free isolators in order to control their exposure to
viral, bacterial, or parasitic agents. Naik et al. reported a
significant reduction of IL-17A production by T cells in the
skin of germ-free mice relative to that of specific pathogen-
free mice [2] (Table 2). The most notable role of IL-17A is its
involvement in inducing and mediating barrier immunity and
pro-inflammatory responses. IL-17A induces the production
of many cytokines, chemokines, and prostaglandins from
many types of cells (fibroblasts, endothelial cells, epithelial
cells, keratinocytes, and macrophages). IL-17A also signifi-
cantly enhances protective inflammation during pathogen in-
fection and chronic inflammation associated with autoim-
mune diseases.

In the murine skin, the main source of IL-17A is Th17 cells
and dermal γδ T cells [29]. IL-17A-producing dermal γδ T
cells express the IL-23 receptor and the transcription factor
RORγt [30]. These cells produce IL-17A in response to IL-1β
and IL-23, without T cell receptor engagement [31]. The
number of IL-17A-producing γδ T cells was reduced in the
skin of germ-free mice and was induced by skin commensal
bacterial colonization. γδ T cells appear to be the dominant
early source of IL-17A, following activation by external path-
ogens, such as S. aureus [32]. During an immune response, γδ
T cells rapidly produce IL-17A in response to IL-23 and/or
other dendritic cell (DC) products. Later, antigen-specific
Th17 cells may also develop and contribute to the response
[33].

Th17 induction in the skin by S. epidermidis

Ivanov et al. reported that colonization of a single commensal
microbe, segmented filamentous bacterium (SFB), is suffi-
cient to induce Th17 cells in the lamina propria of the small
intestine in mice [10]. In contrast, the mice harboring SFB in
their gastrointestinal tract did not restore effector cytokine
production in the skin of germ-free mice. Colonization with
the skin commensal S. epidermidiswas sufficient to rescue IL-

17A production in the skin but not in the gut. Furthermore,
protective immunity to a cutaneous pathogen was found to be
critically dependent on the skin microbiota but not on the gut
microbiota [2]. These results suggest that skin commensals are
important drivers and amplifiers of skin immunity.

It was reported that IL-6, TLR5, and TLR9 signals induce
Th17 cells [9, 34, 35]. However, cutaneous IL-17A produc-
tion in IL-6- and TLR 2/3/5/9-deficient mice was comparable
with that in wild-type mice [2]. On the other hand, Th17 cells
and IL-17A-producing γδ Tcells were reduced in the IL-1R1-
and its downstream signaling complex MyD88-deficient
mice. Indeed, IL-1α production by cutaneous cells was sig-
nificantly reduced in germ-free relative to specific pathogen-
free (SPF)mice, and mono-association of germ-free mice with
S. epidermidis restored the production of IL-17A (Fig. 1b).
Additionally, keratinocytes from germ-free mice displayed
increased levels of the IL-1 receptor antagonist (IL-1ra)
mRNA relative to SPF mice, indicating that commensals
control various aspects of functional IL-1 signaling.
Complementing these observations, the addition of
S. epidermidis to germ-free mice significantly reduced IL-
1ra from cutaneous cells [2].

How commensal microbiota contributes to immune cell
homeostasis at barrier surfaces is poorly understood. Ivanov
et al. demonstrated that Th17 cell-inducing microbiota mod-
ifies lamina propria DC cytokine production [10]. On the
other hand, how cutaneous commensals control Th17 induc-
tion is largely unknown.

Commensal bacteria modulate regulatory T cell
differentiation

Regulatory T cells (Tregs) play a critical role in the mainte-
nance of immune homeostasis. In the gut, Atarashi et al.
reported that a significant decrease in the number of Tregs
was observed in the colonic lamina propria of germ-free mice
compared with SPFmice [36] (Table 2). However, the number
of Tregs in other organs such as the small intestinal lamina
propria, inguinal lymph nodes, Peyer’s patches, and mesen-
teric LNs was unchanged.

In the skin, Naik et al. reported that the skin of germ-free
mice contains a high frequency of Foxp3+ Tregs compared
with SPF mice [2]; however, the underlying mechanism re-
mains unknown. Petermann et al. reported that IL-23 receptor-
expressing γδ T cells suppress Treg differentiation [37], sug-
gesting that the loss of IL-17A-producing-γδ T cells may
enhance Treg differentiation in the skin of germ-free mice.

Volz et al. demonstrated that Vitreoscilla filiformis activate
cutaneous Treg [38].V. filiformis is a gram-negative bacterium
originally found in thermal spa water. In vitro, exposure of DC
to a lysate of V. filiformis promotes the production of the
immunoregulatory cytokine IL-10 in a MyD88-dependent

Table 2 Commensal bacteria influence T cell differentiation. Change in
Foxp3+ Treg, Th1, and Th17 cell number from several tissues of germ-
free mice compared with specific pathogen-free mice

Th1 Th17 Treg γδ17

Skin ↓ ↓ ↑ ↓

pLN → → → →

SI → ↓ → or ↑ →

Colon No data No data ↓ No data

Data from Naik et al. [2], Ivanov et al. [10], and Atarashi et al. [36]

pLN peripheral lymph node, SI small intestine, γδ17 IL-17A-producing
γδ T cell
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pathway, which is an essential mediator for signal transduc-
tion by TLRs and IL-1R. V. filiformis-induced IL-10+ DCs
primed naive CD4+ T cells for differentiation to IFN-γlow IL-
10high type 1 Treg cells with negative FoxP3 expression.
Furthermore, epicutaneous application with V. filiformis lysate
induced IL-10high T cells and inhibited antigen-specific T cell
proliferation during atopic dermatitis-like inflammation in
NC/Nga mice. These results suggest that transplantation of a
certain type of bacteria may induce immune tolerance in the
skin.

Commensal bacteria and systemic inflammatory diseases:
Can skin microbiota modulate systemic immune
responses?

It was reported that commensal bacteria in the gut could
influence both local and systemic immunity. Lee et al. dem-
onstrated that mice maintained under germ-free conditions
developed significantly attenuated experimental autoimmune
encephalomyelitis (EAE) compared with conventionally col-
onized mice [39]. Remarkably, germ-free animals harboring
SFBs alone developed EAE, showing that gut bacteria can
affect systemic neurologic inflammation. Thus, a single com-
mensal microbe can drive an autoimmune disease.

The relationship between gut commensal bacteria and skin
disorder is largely unknown. However, Oyoshi et al. reported
that cutaneous exposure to food antigens can reprogram gut-
homing effector T cells in lymph nodes to express skin-
homing receptors, eliciting skin lesions upon food allergen
contact in orally sensitized atopic dermatitis patients [40]. This
observation raises the possibility that gut T cells may migrate
to the skin and potentially modulate skin immunity. In addi-
tion, it has previously been demonstrated that skin-infiltrated
T cells could return to the draining lymph nodes and modulate
immune responses [41]. These findings suggest that cutaneous
immune cells, and thereby the skin microbiota, may have the
capacity to modulate systemic immune responses.

Probiotics for inflammatory diseases

The beneficial activities of commensal bacteria in immune
homeostasis have led to several therapeutic strategies aimed at
limiting inflammatory diseases. Some of the best evidence in
support of probiotic health benefits is in the treatment of
antibiotic-associated diarrhea (AAD). AAD results from an
imbalance in the colonic microbiota caused by antibiotic
therapy [42]. Probiotic treatment might reduce the incidence
and severity of AAD as indicated in several meta-analyses.
For example, Arvola et al. reported that treatment with
Lactobacillus GG might reduce the risk of AAD and im-
proved stool consistency during antibiotic therapy [43]. In

addition, the transplantation of a mixture of commensal
Clostridium species isolated from healthy human fecal sam-
ples successfully induced the accumulation and functional
maturation of Treg cells in the colon, resulting in attenuation
of disease in mouse models of colitis and allergic diarrhea
[44]. These findings suggest that probiotics for skin flora may
modulate inflammatory skin diseases, although there is no
study on the effect of probiotics for skin flora thus far.

Recently, the protective role of probiotic therapy to prevent
allergic disease has been tested in several clinical trials [45,
46]. In the skin, a significant improvement on the course of
atopic dermatitis has been reported in infants given probiotic-
supplemented elimination diets [47]. Rosenfeldt et al. exam-
ined the effect of two probiotic Lactobacillus strains given in
combination for 6 weeks to 1- to 13-year-old children with
atopic dermatitis. After the treatment, 56 % of the patients
experienced improvement of the eczema, whereas only 15 %
of symptoms had improved after placebo [48]. Kalliomäki
et al. reported that prescribed Lactobacillus GG was given
prenatally to mothers who had at least one first-degree relative
with atopic dermatitis, allergic rhinitis, or asthma, and postna-
tally for 6 months to their infants. Atopic dermatitis was
diagnosed in 46 of 132 (35 %) children aged 2 years. The
frequency of atopic dermatitis in the probiotic group was half
that of the placebo group [49]. These results suggest that
Lactobacillus was effective in the prevention of early atopic
disease in children at high risk. The mechanistic basis of skin
effects induced by probiotic gut flora is thought to be repre-
sented by changes in systemic immune responses. In particu-
lar, modulation of specific T cell subsets, such as stimulation
of Th1 cells in the gut mucosa which may subsequently
influence immune responses in other tissues, may play a role
[50].

Nonetheless, the preventive effect of probiotics remains
controversial [51] and the effect of skin probiotic for the
control of skin inflammation remains to be tested.

Concluding remarks

In contrast to studies on gut commensal bacteria, the studies
on skin commensal bacteria are limited. In the gut, defined
bacterial species induces Th17 while Clostridium species
induce Tregs thereby modulating both the gut and systemic
immune system [36]. In the skin, skin resident bacteria such as
S. epidermidis can induce Th17. However, the link between
defined skin bacteria and tissue inflammation and the systemic
consequence of this control remain largely unknown. The next
step in the field should allow to further explore the relation-
ship between the skin microbiota and local immunity as well
as the clinical association with defined microbial communities
or bacterial products.
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