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A B S T R A C T

The skin is the largest and the most exposed organ in the body and its defense is regulated at several anatomical
levels. Here, we explore how skin layers, including the epidermis, dermis, adipose tissue, and skin appendages,
as well as cutaneous microbiota, contribute to the function of skin antimicrobial defense. We highlight recent
studies that reveal the differential and complementary responses of skin layers to bacterial, viral, and fungal
infection. In particular, we focus on key soluble mediators in the layered skin defense, such as antimicrobial
peptides, as well as on lipid antimicrobials, cytokines, chemokines, and barrier-maintaining molecules. We in-
clude our own evaluative analyses of transcriptomic datasets of human skin to map the involvement of anti-
microbial peptides in skin protection under both steady state and infectious conditions. Furthermore, we explore
the versatility of the mechanisms underlying skin defense by highlighting the role of the immune and nervous
systems in their interaction with cutaneous microbes, and by illustrating the multifunctionality of selected an-
timicrobial peptides in skin protection.

1. Introduction

The skin provides physical, chemical, microbial, and immunological
barriers against various insults, such as infection. The protective abil-
ities of the skin barrier vary across skin regions [1–3] and age [4], often
creating profoundly distinct local microenvironments for microbial
growth. This suggests that the skin has evolved a variety of strategies to
clear penetrating microorganisms that operate at every anatomical
level of this organ. Although the nature of the spatiotemporal dynamics
of antimicrobial responses is not well defined, studies have shown that
direct antimicrobial protection is shared by multiple skin layers.

Here, we provide an architectural layout of skin defense. We focus
on the chemical landscape of the antimicrobial function of the skin and
highlight some multitasking products in the context of skin responses to
microbial threat. We point out various functional links and mechanisms
that engage the immune and nervous system in the skin, which play key
roles in reacting to and interpreting microbial stimuli, and in limiting
microbial spread to internal tissues. We start with the exogenous top
layer (collectively termed the “skin microbiota”) that is formed by skin

microbial communities. Next, we explore the antimicrobial potential of
the main skin compartments, such as the epidermis, dermis, and adi-
pose tissue. In addition, we explore the barrier role of skin appendages,
such as sweat glands, sebaceous glands, and hair follicles that are
present in multiple layers (Fig. 1).

2. Microbiota

Skin-residing microorganisms form one of the largest communities
of microbes in humans [5,6]. Unlike the gut, the skin has a relatively
low microbial biomass, likely due to the dry, acidic, and nutrient-poor
environment on the surface. However, the exposed surface area of
human skin, which includes the skin appendages, provides the largest
interface among all barrier sites for interaction with microbes [6]. Each
person’s skin microbiota is unique; as indicated by the 2-year long-
itudinal adult skin sampling results, it is largely consistent over time
[7]. Cutaneous microbiota mainly contains bacterial, fungal, and viral
communities, among which bacteria are the best characterized com-
ponent of the human microbiome [5].
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Fig. 1. The structural and functional overview of the skin layers.
A. Main structural and cellular elements in layered skin defense. B. Protective function of skin- associated structures and systems that traverse multiple skin layers. In
order, from top to the bottom, the following layers are shown: 1, Diverse microbes (bacteria, fungi and viruses) top the skin surface and penetrate associated
structures (hair follicles, sebaceous glands and sweat glands). Microbes contribute to skin defense by secreting antimicrobial factors that shape the skin microbiota; 2,
Epidermis, with indicated strata (S.c. stratum corneum, S. g. stratum granulosum, S. s. stratum spinosum, S. b. stratum basale). Tight junctions, which together with
the stratum corneum are responsible for barrier function, are depicted as a dotted line. Keratinocytes at different stages of differentiation are shown along with
immune cells, such as Langerhans cells and T cells. These cells respond to microbes, and either constitutively, or in a regulated manner produce AMPs and/or
antimicrobial lipids. 3, Dermis, with extracellular matrix producing fibroblasts and representative skin residing or infiltrating leukocytes. The dermis is enriched with
different types of leukocytes. Immune cells have an easy access into the dermis through the dermis-irrigating blood vessels. 4, Adipose tissue consists of dermal white
adipose tissue (dWAT) and subcutaneous white adipose tissue (scWAT) and contribute to skin defense through size expansion, production of AMPs (in which
processes differentiating preadipocyte play a major role), and by providing a niche for lipid-dependent immune cells. (B) Skin appendages, immune barriers
(leukocytes to be recruited from blood vessels and skin resident immune cells) and the cutaneous nervous system are present in multiple layers, and contribute to skin
defense through a variety of means, including danger sensing, detaining of microbes, and production of AMPs. Representative antimicrobial or regulatory factors with
important function in skin defense are shown in in the context of skin layers, framed in insets.
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The microbiota exerts control over the flora composition and di-
versity, often acting in the host’s benefit by eliminating pathogenic
strains. Through various strategies, normal microbial skin residents
(interchangeably referred to here as “common residents” or “com-
mensal microbiota”) may help defend the host from virulent microbes
and the overexpansion of microbial burden. These include the dis-
placement of more invasive strains via competition for nutrients and
space, the production of antimicrobial factors that have anti-
proliferative function against virulent strains, the stimulation of skin
resident cells for the secretion of antimicrobial factors that selectively
restrict growth of invasive and expansive strains, and the engagement
of host immunity to shape microbial communities.

Multiple studies have revealed the cellular and molecular mediators
of microbial interactions that are relevant to host defense. The removal
of potential competitors can occur through the production of anti-
microbial agents that exhibit toxicity to other strains. Among the
members of normal microbial skin residents are coagulase-negative
Staphylococci, including S. epidermidis. S. epidermidis-derived protein
toxins, such as phenol-soluble modulins, reduce the survival of the
more harmful strains, such as S. aureus and S. pyogenes. These toxins
cooperate with the host antimicrobial proteins and peptides (AMPs) and
neutrophil extracellular traps (NETs) to inhibit the survival of cuta-
neous pathogens [8].

NETs are neutrophil DNA-based AMP-decorated structures that are
implicated in the control of microbial expansion and promotion of in-
flammatory responses [9]. Thus, bacterial toxins can act in alliance
with skin products to control microbial growth. Other bacterial pro-
ducts, such as lantibiotics that are derived from coagulase-negative S.
epidermidis and S. hominis, were also found to protect the skin from S.
aureus invasion [10]. The low frequency of S. epidermidis and S. hominis
in human subjects with atopic dermatitis (AD) enabled the colonization
of the compromised skin with S. aureus. Application of these S. aureus-
controlling strains to the skin of AD patients inhibited the growth of S.
aureus. Since S. aureus is well-known to aggravate AD symptoms, these
findings illustrate how other bacteria can outcompete pathogens and
promote skin health [10]. In addition, the blocking of quorum sensing
(QS) is another strategy to limit skin infection from pathogenic strains.
Coagulase-negative S. caprae secretes short autoinducing peptides
which inhibit S. aureus accessory gene regulator (agr)-mediated QS.
This specific quenching of QS reduces the progression of skin infection
caused by methicillin-resistant S. aureus (MRSA) in a murine model
[11].

In addition to releasing its own antimicrobial agents, skin-associated
bacteria can also influence skin microbiome by stimulating the pro-
duction of host AMPs. These include β-defensins (BD), cathelicidins
(human hCAP18/LL37, or its mouse equivalent CRAMP), chemerin, and
secretory leukocyte protease inhibitor (SLPI). For example,
Cutibacterium acnes (formerly Propionibacterium acnes) and Staphylococci
induce BD expression in human keratinocytes and sebocytes [12,13],
whereas S. aureus upregulates antimicrobial chemerin levels in models
of human epidermis and mouse skin [14]. The expression of cathe-
licidins is induced in the skin after injury, which often accompanies
infection [15]. The skin microbiota of specific-pathogen-free (SPF) mice
upregulates the gene encoding SLPI, which exhibits antibacterial, an-
tifungal, and antiviral activity. This suggests that skin AMPs can be
engaged in maintaining microbe interactions at the supra-kingdom
level [16].

The impact of the commensals on enhancing skin defense through
gene regulation is not restricted to stimulating the production of host-
derived AMPs. Cutaneous gene expression profiles during skin coloni-
zation shows the upregulation of genes involved in the crosstalk be-
tween the microbiota and the immune system. The exposure to mi-
crobiota leads to the activation of genes encoding AMPs, as well as
cytokine signaling proteins, pattern recognition receptors (including
Toll-like receptors (TLRs)), and interferon regulatory factors [16]. De-
spite this extensive immune activation, the balance between microbes

and host cells is maintained [17,18]. The tolerance of microbial skin
residents by the immune system further suggests that the cutaneous
microbiota has a notable role in skin protection against more invasive
strains (see below-chapter 6).

3. Epidermis

The epidermis operates as the front line of host defense against the
invasion of microbes. Based on the anatomy and function, the stratified
human epidermis is subdivided into the stratum corneum, stratum
granulosum, stratum spinosum, and stratum basale (Fig. 1). Keratino-
cytes dominate in the epidermal structure, although they are pheno-
typically and functionally different in each stratum. Since keratinocytes
express pattern recognition receptors, such as TLRs, they can trigger
multiple programs in response to microbial stimulation that are key to
maintaining host-microbial homeostasis [19].

The stratum corneum, which is poised directly at the interface with
the external environment, comprises a structure of cornified (en-
ucleated, dead) keratinocytes embedded in a lipid-enriched matrix.
Flattened keratinocytes (corneocytes) and the cell-crosslinking lipid
matrix are often described as the bricks and mortars of this layer. The
stratum corneum, together with the tight junctions that seal neigh-
boring keratinocytes in the underlying stratum granulosum (Fig. 1),
forms an interdependent permeability and antimicrobial barrier [20].
The physical and chemical features of the stratum corneum and the
tight junctions prevent trans-epidermal water loss and allow control
over which molecules can pass through this barrier [21]. They also offer
resistance against penetration of most microbes, engaging AMPs to
fortify barrier integrity [20]. The presence of the tight junctions and the
lack of accompanying stratum corneum in the epithelial lining of skin
appendages (Fig. 1) make these structures a likely target for microbial
expansion [22].

The lipid-enriched matrix that surrounds the flattened keratinocytes
of the stratum corneum is largely delivered by lamellar bodies (Fig. 1).
The stratum granulosum is enriched with these ellipsoid, secretory
granules, which also sequester the preformed AMPs. Lamellar bodies
cluster together at the interface between the stratum granulosum and
stratum corneum. By fusing with cell membranes, lamellar bodies re-
lease their cargo (namely co-packed lipids and AMPs) into the extra-
cellular space [21]. At the bottom of the stratified epidermis lays the
stratum basale. During epidermal differentiation, keratinocytes pro-
gress inside-out from the mitotically-active basal cells through the
spinous and granular cells of the stratum spinosum and stratum gran-
ulosum to the fully-differentiated squamous cells of the stratum cor-
neum (Fig. 1). This carefully orchestrated program of keratinocyte
proliferation and differentiation is crucial for proper function of the
epidermis as a whole, and is often disrupted in inflammatory skin dis-
eases, such as psoriasis and AD [23]. At homeostasis, corneocytes are
continuously shed during the process of desquamation and replaced by
keratinocytes derived from basal cells. This mechanism results in the
loss of microorganisms colonizing the epidermis and prevents skin pe-
netration by microbes [24].

The chemical barrier of epidermis is mainly composed of AMPs and
lipids; both exhibit antimicrobial function, often against broad range of
microbes. AMPs are structurally different peptides that share the ability
to limit microbial growth [15]. Their secretion to extracellular spaces
varies depending on skin sites (glabrous or enriched in appendageal
structures) and conditions (healthy or infected).

Cysteine-rich defensins, such as human BD-1 (hBD-1), are con-
stitutively expressed in the healthy epithelium. HBD-1, which in the
reduced form has potent antimicrobial activity against bacteria and
fungi, is detected in all layers of the epidermis, with a slightly lower
presence in the stratum corneum [25,26]. Another constitutively ex-
pressed antimicrobial protein, RNase 7, is produced at high levels in the
stratum corneum, and to a lesser extent in the stratum granulosum. This
prevents the colonization of skin explants by S. aureus, and possibly
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other microbes (including Gram-positive, Gram-negative bacteria, and
yeast), against which it exhibits a high antimicrobial activity in vitro
[27]. Transcriptome analysis of human skin signature at steady state
conditions identified hBD-1 and RNAse 7 as medium-expression genes
(Table 1). The analysis revealed that one of the most abundant mRNA
encoding for protein equipped with antimicrobial activity belongs to
the molecule best known for its chemoattractant function, CXCL14.
Immunocytochemistry staining of human healthy skin have also shown
high expression levels of the chemokine CXCL14 in the epidermis, ex-
cept in the stratum corneum [28]. CXCL14 contributes to the main-
tenance of local skin homeostasis by killing pathogens in the early
stages of infection, since both the synthetic and cell culture super-
natant-derived CXCL14 were found to exhibit potent growth inhibitory
potential against Gram-positive and Gram-negative bacteria, as well as
fungi [28].

Damaged or infected epithelium often increases the production of
AMPs. For example, an AMP highly relevant to cutaneous defense, ca-
thelicidin hCAP18/LL37 (encoded by CAMP gene; see below, chapter
8.1), is upregulated in the epidermis as a result of skin injury and in-
fection [15]. Thus, AMPs can act as skin protective factors either con-
stitutively, or in a regulated manner. Skin transcriptome analyses of
constitutively expressed AMPs, as well as AMPs upregulated following
skin infection with C. acnes or Leishmania braziliensis, are shown in
Table 1.

In addition to proteins and peptides, another important component
of the chemical barrier of the skin is antibacterial lipids, which are
synthesized in the epidermis and transferred to the surface during cell
differentiation. One of the main classes of lipids in the stratum corneum
is ceramides, a heterogeneous and complex group consisting of a
sphingoid base linked to a fatty acid [29]. Hydrolytic enzymes present
in the epidermis, especially in the stratum corneum, cleave ceramides
into free sphingoid bases; these bases exhibit antimicrobial activity
against Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria in
vitro [30]. Furthermore, as a result of cell membrane damage free
sphingosine is phosphorylated to produce sphingosine-1-phosphate
(S1P). Normal human keratinocytes treated with S. aureus increase the
production of S1P, expression of its receptor (S1PR2), and consequently
the pro-inflammatory cytokines to signal the infection [31].

4. Dermis

The epidermis is separated from the underlying connective tissue,
the dermis, by the basement membrane (Fig. 1). Fibroblasts, a major
dermal cell type, produce collagen, elastin, and other extracellular
matrix components to provide the skin with underlying structure.
Dermal fibroblasts also participate in the skin antimicrobial defense,
mainly by sensing and amplifying the danger signals, suggesting that
they are important immunomodulatory cells. In response to microbial
components, fibroblasts can produce cytokines (IL-6, IL-8, TNFα),
growth factors (VEGF, TGFβ1, HB-EGF), and metalloproteinases (MMP-
1), [32]. Inflammatory mediators secreted by fibroblasts have several
functions in the skin protection; for example, they can support the
adhesion and migration of immune cells.

The dermis is one of the major gateways for leukocytes in the skin.
In physiological conditions, the dermis is populated with resident im-
mune cells, such as macrophages, mast cells, and dermal DCs [2]. Im-
mune cells can migrate through the organ using scaffolds made of
collagen and elastin fibers that are created by fibroblasts [33]. In in-
flammatory settings, the dermis is often heavily infiltrated with leu-
kocytes that are recruited from the circulation [22]. This dermal in-
filtration by immune cells, in which fibroblasts play an accessory role,
may compensate for protective mechanisms that are less abundant that
those of the epidermis.

In contrast to the epidermis, which is exposed to the outside world
and can be seen as a dominant antimicrobial shield, the dermis is likely
much less efficient in producing antimicrobial factors. Mast cells in the
dermis, provide additional antimicrobial defense; they localize near the
blood vessels, carrying large amounts of cathelicidins in their granules
[34]. In the case of skin injury or viral infection, they can easily de-
granulate and resist the spread of pathogen. Cathelicidins, such as
hCAP18/LL37, can also take part in the wound repair processes by
stimulating keratinocyte proliferation and induction of angiogenesis
[35,36], and by downregulating collagen production by fibroblasts
[37]. During wound healing, keratinocytes also produce hBD2, which
provides strong antimicrobial protection, and can additionally promote
fibroblast migration [38].

Any damage made to the skin structure has to be immediately re-
paired in order to prevent further invasion of microorganisms. Wound
healing is a complex process, often requiring different types of cells to
communicate in order to clear pathogens, and to repopulate and re-
construct the injury site. Dermal fibroblasts and epidermal keratino-
cytes are a vital part of the process required to restore the skin barrier
[39]. The barrier restoration may be facilitated by the contact of fi-
broblasts with microbes. For example, IL-8 and TNFα, released by fi-
broblasts in response to microbial components, stimulate angiogenesis
[39,40]. Certain adipocyte types are necessary for fibroblast recruit-
ment to the site of injury, as mice without adipocytes have wound
healing defects [41]. Dermal adipocytes also provide strong anti-
microbial response. When challenged with S. aureus, fibroblasts can
differentiate into adipocytes in order to strengthen the defense against
pathogens. The number of adipogenic fibroblasts in human skin de-
crease over lifetime [4], likely leading to, at least in part, greater age-
related susceptibility to skin infections.

Altogether, dermal fibroblasts are an important component of the
skin’s protective response to pathogens, as they have to harmoniously
communicate with keratinocytes, dermal adipocytes, and immune cells
in order to maintain the skin’s structure and function as a barrier
against invading microorganisms.

4.1. Sweat glands

Sweat glands are coiled tubular skin appendages and their main
function is to control body temperature through water evaporation
from the skin. There are two types of sweat glands in humans – apocrine
– where the duct opens into the hair follicle (in humans, present only in
the hair-rich regions), and eccrine – which releases sweat onto the skin
surface, and is the main type of sweat gland in humans. Sweat secre-
tions, in addition to dissipating heat, hydrate the skin surface with
moisturizing agents, such as lactate, urea, sodium, and potassium salts
[42], Fig. 1. This aids in maintaining the skin elasticity and integrity,
which are essential for the skin defense system, in particular the me-
chanical barrier function.

Sweat glands consists of three types of cells: clear and dark secretory
cells, and myoepithelial cells, which serve as mechanical support and
surround the gland coil. Clear cells contain numerous mitochondria and
are believed to have major secretory function [43]. In contrast, dark
cells have fewer mitochondria, but assist clear cells in sweat production
[44]. Additionally, dark cells play an important role in skin defense,
producing antimicrobial dermicidin and storing it in electron-dense
granules [45]. Dermicidin, which represents one of the most abun-
dantly expressed cutaneous AMP in regions enriched with appendageal
structures, (Table 1) is constitutively produced in eccrine glands. Fol-
lowing its release into sweat, dermicidin is proteolytically cleaved and
transported through the eccrine duct, and as a cleaved peptide, reaches
the surface of the skin [46]. It is processed into dermicidin-1 (DCD-1, 47
amino acids) and/or dermicidin-1 L (DCD-1 L, 48 amino acids). Both
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isoforms have antibacterial properties, such as for S. aureus [47,48].
Dermicidin is not induced by inflammatory conditions, which may
suggest a constitutive bactericidal role in controlling cutaneous mi-
crobes [45]. Eccrine glands also produce other antimicrobial factors,
such as cathelicidins, lactoferrin, lysozyme, and hBDs [45,49–51].

In addition, sweat contains immunoglobulins (IgA) and cytokines
(IL1α/β, IL-8, IL-31), which can modulate the immune response.
Immunoglobulins and cytokines in sweat can also contribute to the
inflammatory reactions, as they can stimulate keratinocytes as a
“danger” signal, leading to production of chemokine CCL2 [52]. Thus,
sweat glands are a vital part of both the direct and indirect anti-
microbial skin defense systems.

4.2. Sebaceous glands

The sebaceous gland, together with the hair, the hair follicle, and
the arrector pili muscle, form the pilosebaceous unit (Fig. 1). The se-
baceous gland can be divided into three zones, which contain cells
(sebocytes) at different stages of differentiation. The inner zone is
composed of progenitor cells. During differentiation, they move to-
wards the center of the gland, lose their mitotic activity, increase their
size, and accumulate lipid droplets, forming the maturation zone. In the
central zone, the terminally differentiated sebocytes disintegrate and
release their content via holocrine secretion.

The most obvious function of the sebaceous gland is to excrete
sebum. Sebum is a species-specific mixture of neutral lipids, most of
which are synthesized de novo by sebocytes; it also provides hydro-
phobic protection against overwetting and heat insulation. Sebaceous
and keratinocyte lipids form a slightly acidic (pH 4.5–6.0) film on the
surface of the skin that provides a barrier against pathogens, thus
contributing to the body’s first line of defense. Human sebum contains
squalene, wax esters, triglycerides, cholesterol, and cholesterol esters.
On the skin surface, some of the triglycerides are converted to free fatty
acids by bacterial and yeast lipases. Sebum also plays an important
physiological role as a delivery system for antimicrobial peptides and
antioxidants, such as vitamin E, to the skin surface [53].

Sebaceous lipids also possess antimicrobial activities, which are
especially effective against Gram-positive bacteria. Sebum lipids can act
on different cell types and enhance protective responses; for example,
squalene (a unique component of sebum) is able to activate T cells [54].
In addition, keratinocytes treated with squalene peroxide exhibit en-
hanced secretory levels of prostaglandin E2 [55].

Another important group of antimicrobial lipids is free fatty acids,
which arise from sebum triglycerides upon hydrolysis via lipases of
commensal microbiota or via the epidermal acid lipase [56]. The most
potent of these lipids, lauric acid and sapienic acid, are active against a
broad range of Gram-positive bacteria. Another example is arachidonic
acid, which is a substrate for the synthesis of leukotriene, an in-
flammatory mediator and a potent neutrophil attractant [57]. In addi-
tion, sebaleic acid can be converted by neutrophils; its metabolites
possess chemotactic properties and can be involved in neutrophil in-
filtration into the skin [58]. Other free fatty acids, such as lauric, pal-
mitic, and oleic acids, can also interact with sebocytes, leading to the
upregulation of AMPs expression [59].

Despite lipid production, sebaceous glands take an active role in the
innate skin defense via secretion of pro-inflammatory cytokines, che-
mokines, and AMPs upon activation of TLR1/2 and TLR4 [60]. Sebo-
cytes express a broad range of AMPs, including cathelicidin [61], hBDs
[62], S100A7 (also known as psoriasin), [63], and dermcidin [64],
(Table 1). Sebocytes are capable of producing different (mostly pro-
inflammatory) cytokines and lipid-derived inflammatory mediators.
Among cytokines, the expression of IL-1α, IL-1β, IL-6, IL-8/CXCL-8, and
TNFα was reported in both human sebaceous glands and cultured

sebocytes [12,57]. Furthermore, sebocytes have also been identified as
sources of various adipokines, such as adiponectin, IL- 6, leptin, serpin
E1, resistin, and visfatin [65], which suggests their potential role in the
regulation of multiple cellular skin constituents.

5. Skin adipose tissue

In the conventional context of skin antimicrobial protection, adi-
pose tissue does not seem to be an important player, especially among
other major skin compartments, such as the epidermis and dermis.
However, a recent study has shifted focus on skin white adipose tissue
(skin WAT) and its role in the defense against foreign pathogen [66].

There are different variants of fat tissue; brown adipose tissue
(BAT), white adipose tissue (WAT), and “beige” adipose tissue. BAT is
known for its thermogenic and oxidative properties, and its primary
function is to dissipate stored energy in the form of heat [67]. WAT
primarily functions by regulating energy homeostasis, as it controls the
storage and release of lipids, aids in preventing heat loss, and provides
padding for organs [22,67]. A “beige” phenotype exhibits both brown
and white adipocytes characteristics [68]. Only WAT and beige fat
deposits are found in skin; from these subsets, dermal WAT (dWAT) and
subcutaneous adipose tissue (scWAT), (Fig. 1), will be further discussed
due to their functional role in skin homeostasis.

The dWAT and scWAT share many similarities. The primary func-
tion of adipocytes in these WAT deposits is to regulate energy home-
ostasis via storage and release of lipids and reduce heat loss. WAT
adipocytes regulate energy homeostasis through the storage of excess
calories in lipid droplets, releasing free fatty acids in response to me-
tabolic needs [69]. In addition, they modulate energy balance via se-
cretion of adipokines and provide key thermogenic insulation and
protection against cold stress [69].

The dWAT and scWAT are also very different. The former is found in
the dermal layer alongside hair follicles and sebaceous glands [70]. The
latter, however, is found underneath the dermal layer and is distributed
all over the body. In humans, these two adipose depots are tough to
distinguish by eye and appear to run continuously with each other,
while their separation becomes more apparent when observed in mice
samples due to the much more visible panniculus carnosus muscle
[67,71]. This separation hints at the different roles dWAT and scWAT
play physiologically [71].

The scWAT has been shown to exhibit a high capacity to adapt to an
energy-consuming BAT-like “beige” phenotype [72]. This is notable
because dWAT responds differently to cold exposure than other BAT
(and by association, beige adipose tissue): dWAT becomes lipogenic,
while BAT becomes lipolytic. There are also a few other notable dif-
ferences between the dWAT and scWAT. First, dWAT fluctuates in size,
while scWAT tissue mass is more stable [73]. Second, dWAT produces
cathelicidins, while this function has not been observed in scWAT
Third, dWAT is closely associated with hair follicles and undergoes size
fluctuation in line with hair growth cycling [73].

This ability to change in size is the key mechanism through which
fat tissue in skin provides antimicrobial defense. Notably, when mouse
skin was infected with S. aureus, rapid proliferation of adipocyte pre-
cursors and dWAT expansion was observed [66]. This is due to the
hypertrophy of pre-existing adipocytes and proliferation of adipocyte
precursors. Hypertrophy leads to dermal adipocytes expressing and
secreting cathelicidin, which targets S. aureus. Cathelicidin production
depends on proper adipogenesis; disruption to homeostasis leads to the
skin being more prone to infections.

Lastly, following subcutaneous infection in non-functional fat tissue
due to impaired adipogenesis, an increase in local infection and po-
tential systemic infection, such as bacteria in spleen, can be observed
[66]. Treatment of experimental animals with inhibitors of
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adipogenesis demonstrate a causal link between fat expansion and
microbial protection. In all, these recent findings shine light on the
multifunctionality of dWAT as the deepest layer within the skin that has
antimicrobial barrier function both physically and functionally.

6. The immune system through the layers of various skin
compartments

Whereas the skin relies on the protective characteristics of its own
constituents and structures, such as the keratinocyte-dominated epi-
dermis and their AMPs, it also has an “in-hand and on-call” immune
system to alert and fight against infection. Immune cells can be found in
any skin compartment, although their compositions and numbers vary,
depending on depth and niche [2,3].

Starting from the outermost levels, the immune system is actively
engaged in recognizing and responding to skin microbiota. In the
stratum spinosum and stratum granulosum reside Langerhans cells
(LCs), (Fig. 1). Since LCs are professional antigen-presenting cells, they
are an important component of innate immunity in the epidermis. After
recognition of pathogen-associated molecular patterns, LCs are able to
migrate into the lymph nodes and prime T cells, although they also
exhibit context-dependent immunomodulatory function. Under
homeostatic conditions, LCs interact with skin resident regulatory T
cells and induce their activation to develop immunotolerance; however,
after activation through contact with microbial components, they are
able to initiate inflammation by skin resident effector memory T cells
stimulation [74].

The settings in which microbes can interact with skin barrier cells,
such as the developmental stage of the host [18], or an intact or com-
promised skin, can have a dramatic influence on the outcome of the
cross-talk between microbiota and the cutaneous immune system. Since
microbiotas are an important contributor to skin homeostasis, they are
usually found to peacefully co-exist with the host. The conversation
between microbiota and the skin immunity is bidirectional. The mi-
crobiota can be influenced by the skin immune system [75], and im-
mune fitness also depends on resident microorganisms that functionally
tune skin responses [17,76].

The distribution and composition of cutaneous leukocytes, such as
the presence of antigen-experienced T cells in the epidermis, indicate
past activity of the underlying immune responses. Each contact with
microbes leaves an immune signature imprinted in the skin. Even under
homeostatic conditions, the skin is harbored by both pathogen and
common bacteria -elicited lymphocytes [76]. This may be reflective of a
prior skin infection with invasive strains, or of a skin barrier disruption
and the subsequent increased exposure to commensal microbes. How-
ever, many immune cells are expected to exist under homeostatic
conditions, with the continuous detection of noninvasive microbes
across an intact skin barrier [76,77]. The mechanisms required for es-
tablishing tolerance to skin microbiota are preferentially active during
neonatal life. During a defined developmental period, the accumulation
of regulatory T cells in skin mediates tolerance to skin-associated mi-
crobes [18].

In adulthood, homeostatic encounters between the host and mi-
crobiota contribute to the maturation of cutaneous immunity. This
occurs by altering the number and function of skin-resident immune
cells, but without resultant tissue inflammation [17]. The partnership
between noninvasive microbiota and the host has important con-
sequences for immune defense against pathogens or skin adaptation to
injuries. Skin microbiota has the capacity to promote T cell responses
against cutaneous pathogens [76,77]. The interaction of the immune
system and microbial skin inhabitants under homeostatic conditions
leads to the induction of cytotoxic T cells and T helper cells specific for

microbiota. These IL-17A-commited RORγT+ cells (Tc17 and Th17,
respectively) co-express GATA-3, which is the lineage-defining tran-
scription factor for both Th2 and group 2 ILCs. At steady state, Tc17 and
Th17 produce IL-17A and express mRNA, but not protein for type 2
cytokines, such as IL-5 and IL-13. Whereas production of IL17A en-
hances innate barrier immunity under homeostatic conditions, acqui-
sition of type 2 effector program can promote tissue repair [77]. Tc17
and Th17 cells, due to GATA-3-controlled transcription of type 2 cy-
tokines, are already “half-ready” to support tissue repair. Therefore,
they can be rapidly triggered by tissue injury to implement full Th2
program and deliver IL-5 and IL-13 when needed. The plasticity of
tissue-resident, microbiota-specific T cells allows them to participate in
two critical strategies underlying skin antimicrobial protection: the
promotion of IL-17-mediated antimicrobial defense at baseline and type
2 immunity-mediated tissue repair following skin injury.

Whereas noninvasive microbiota on the top of the skin surface ty-
pically do not perturb the host and educate immune system at steady
state, once the barrier is breached, the immune system is the most
important player in clearing infection. How and into which outcomes
the immune system is called into action may also depend on the skin
location, such as skin depth. Skin compartments differ in leukocyte
profiles [2,3], suggesting that strength, kinetics and type of immunity
may be influenced by the spatial aspects that the immune cell en-
counters with microbes. For example, hair follicles are immune privi-
leged sites, enriched in regulatory T cells and resident bacteria. The
colocalization of these populations may promote tolerance of the mi-
croorganisms and explain why microorganisms enter and persist in hair
follicles [22].

To better understand the spatial differences in cutaneous immunity
against microbes, one point that requires further studies is in which
instances microbes can come in close contact with deep skin layers.
Visual methods, such as TEM or fluorescence microscopy, usually do
not demonstrate a substantial number of microbes below the surface
keratinocytes (e.g. stratum corneum and the tight junctions). This
suggests that microbes rarely, if at all, penetrate these structures, which
is in line with the notion that the stratum corneum and the tight
junctions can maintain an absolute barrier to bacterial entry.
Alternatively, bacteria can be quickly eliminated, and therefore be
difficult to detect. The exception may be appendageal structures, in
which a high amount of bacteria reside.

On the other hand, diverse elements of the cutaneous microbiota,
such as their DNA or LPS, are found in the dermis and dermal adipose
tissue of healthy human skin [78]. In addition, in models of organotypic
cultures of human keratinocytes, S. aureus entry past multiple kerati-
nocyte layers was observed [79]. However, most experimental models
exploring the interactions between layered skin barriers and microbes
rely on intradermal injection of bacteria or their administration fol-
lowing mechanical barrier disruption, such as by tape-stripping. All
these methods bypass the superficial barrier of the skin stratum cor-
neum and the tight junctions. Therefore, it remains obscure how often
and which microbes are encountered by cutaneous cells at different
depths.

Several patterns of skin colonization, which depend on microbes
and host predisposition, can be predicted. Some virulent strains induce
skin inflammation independent of host predisposition, whereas in the
compromised host, normal constituents of the microbiota can cause
infection. The microbe’s intrinsic mechanism is supported by the ob-
servation that different strains of S. aureus differ in their capacity to
penetrate the epidermis. Notably, enhanced transit of S. aureus across
the epidermal surface was noted in the compromised skin such as in
patients with AD [79].

Even the incidental presence of microbes below the external
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interfollicular epithelial surface suggests that deeper compartments
cannot be defenseless at any given time. However, below the epidermis,
the immune system is likely to play a major role in intercepting cuta-
neous bacteria, fungi, or viruses, in line with the circulating leukocytes
having easy access to the dermal compartment (Fig. 1). The most ef-
fective strategy to detain microbes, provided by the immune barrier,
may be necessary at this location. Leakage of microorganisms from the
skin surface, or outside of appendageal structures into the dermal
compartment, may signal the major problem, such as broken epidermal
integrity and an increased likelihood of microbial dissemination. The
immune barrier is best equipped to cut microbes off and sterilize tissues
deep in the skin.

In addition to the dermis, skin-associated adipocyte tissue (skin
WAT, which may consist of dWAT and/or scWAT) harbors a substantial
number of immune cells, including T cells [80]. However, immune
barrier in the dermis and skin WAT is likely to be fitted to accommodate
different needs. Although skin WAT differs functionally from the other
fat depots, such as mesenteric WAT [81], they both may share the
ability to store memory T cells and quickly supply these cells in re-
sponse to secondary antigen challenge or metabolic changes. When re-
challenged with mucosal antigens, memory T cells in mesenteric WAT
respond more rapidly and efficiently than T cells from the spleen or
lamina propria [80]. This is attributed to the different metabolic profile
of memory T cells from mesenteric WAT, which is characterized by
higher rates of lipid uptake ex vivo and elevated mitochondrial function.
Long life span and potent protective abilities of these cells may be
supported by the lipid-rich environment of WAT [80]. Therefore, as a
potential reservoir for memory T cells, skin WAT may contribute to skin
defense by promoting protective memory responses to infection and by
linking skin immunity with host metabolism [80].

7. Crosstalk between the nervous system and microbes in the
context of skin defense

The response of the nervous system to external skin insults, which
occurs faster (milliseconds) than that of the immune system (minutes,
hours), plays a key coordinating role in the host defense [82].

The skin is highly innervated by several types of nerves, which
generally are divided into autonomic and sensory nerves. Autonomic
nerve fibers constitute only a minority of cutaneous nerve fibers and are
restricted to the dermis. They regulate functions that are handled
without conscious control (blood circulation, lymphatic function, and
the regulation of skin appendages) [83]. A significant part of cutaneous
innervation consists of neurons that process sensory information. Sen-
sory nerves are responsible for detecting and transmitting the outside
signals to the spinal cord, and then to the brain. Environmental insults
initiate the response following the activation of three classes of re-
ceptors at sensory nerve endings in the skin: thermoreceptors for heat
and cold, nociceptor for pain, and mechanoreceptors for mechanical
changes. By evoking sensations, such as pain, the host can rapidly in-
itiate protective behavioral responses.

Sensory fibers are located in the epidermis, dermis, as well as in the
skin adipose tissue (Fig. 1). The epidermis, blood vessels, hair follicles,
sebaceous and sweat glands are innervated by several subtypes of
sensory nerves [83]. Sensory neurons that innervate the epidermis have
long axons originating from cell bodies in the dorsal root ganglions
(DRGs), close to the spinal cord. DRG neurons are pseudounipolar,
meaning that their axons consist of two branches that connect the
sensory endings in the skin with the synapses in the dorsal horn of the
spinal cord. Cutaneous nerve fibers are partly uncovered from their
Schwann-cell sheaths, forming bulbous enlargements called

varicosities, which enable the nonsynaptic release of neurotransmitters
and neuropeptides along the axon [84]. The close contact of peptidergic
nerve fibers (nerves using peptides as neurotransmitters) and skin cells,
such as dermal fibroblasts, keratinocytes, mast cells, or LCs, has been
suggested to be the basis of functional interactions, as neuropeptides
released from activated sensory neurons can bind to the specific re-
ceptors on skin cells [84].

Sensory neurons are able to directly respond to cutaneous microbes.
Commensal and pathogenic microbiota are detected by sensory neurons
through specific metabolites, cell-wall components, and toxins. The
proper interplay between indigenous bacteria and the nervous system is
essential for bacterial adaptation of the host. However, in the case of
skin pathogens, the peripheral nervous system can be expected to ra-
pidly signal a threat and possibly cooperate with the immune barrier in
clearing infection. On the other hand, pathogens can manipulate the
nervous system to influence sensory information. Recent observations
indicate that the pain that accompanies infection can occur as the result
of direct activation of nociceptors by pathogens. The production of
inflammatory cytokines (that are characteristic of pain) by neurons
follows the neural stimulation by bacterial cell products. For example,
the activation of TLR4 on DRG neurons by E. coli-derived LPS causes an
increase in TNFα and IL-1β levels [85].

Another bacterial product, the pore-forming toxin streptolysin S,
which is secreted by S. pyogenes, directly activates the TRPV1+ (tran-
sient receptor potential vanilloid 1, also called the “pain” or “capsaicin”
receptor) neurons to evoke pain sensation [86]. N-formylated peptides
and the pore-forming toxin α-haemolysin that are produced by E. coli
and/or S. aureus can induce direct pain responses as well [87]. Contrary
to the above findings, certain bacterial toxins, such as mycolactone
(produced by Mycobacterium ulcerans) are effective analgesics to annul
the pain of the lesions they cause, potentially as a means to evade de-
tection [88]. Collectively, the interaction between cutaneous micro-
organisms and the nervous system can result in a different magnitude of
sensory perception, and potentially lead to a different outcome, such as
hypersensitivity or lack of pathogen sensing.

Emerging data emphasizes the importance of the cross-talk between
the peripheral nervous system and immune system in orchestrating skin
defense. These data also indicate that in response to cutaneous micro-
organisms, the nervous system is regulated by an immune barrier.
Conversely, the nervous system may be integral to microbiota-mediated
skin immune responses.

Immune cells infiltrating the infected skin and the wide range of
inflammatory mediators released by these cells are involved in the in-
direct activation of the nervous system by pathogenic microbes.
Cytokines (IL-1β, TNFα, IL-6) and other mediators (eg. prostaglandins,
histamine) interact with sensory nerves via cognate receptors expressed
on these neurons, causing pain sensitization [86].

Bacteria, including S. aureus [87] and E. coli [85], increase the ex-
citability of sensory neurons. Such activated neurons release large
amounts of neuropeptides that, in turn, regulate the immune function in
the infection site. Neuropeptides, like calcitonin gene-related peptide
(CGRP), diminish the production of TNFα by macrophages in response
to S. aureus [87]. CGRP also suppresses the recruitment and bactericidal
activity of neutrophils during S. pyogenes infection. Silencing nerve fi-
bers by administration of botulinum neurotoxin A or a CGRP antagonist
results in the inhibition of bacterial invasion [86]. The size of microbial
infection and pain could be also decreased in parallel to an increase in
the local neutrophil and monocyte infiltration by genetic or pharma-
cological ablation of nociceptors [86,87]. Thus, by acting on sensory
neurons, microbes may weaken protective immunity against bacterial
pathogens.
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The neuro-immune communication after pathogen invasion could
also modulate immunity in an opposite fashion. Local treatment of C.
albicans-infected skin with CGRP increases the number of IL-17+

dermal γδT cells and reduce the fungal burden. Furthermore, mice with
TRPV1+-ablated sensory nociceptive fibers develop increased C. albi-
cans infection accompanied by decreased level of IL-23 and reduced
number of IL-17+ dermal γδT cells, while the administration of a CGRP
antagonist results in the opposite effect [89]. Together, these data
support the beneficial role of sensory neurons in driving antifungal
immune responses.

Another level of interaction between microbes and the nervous
system that involves skin barrier defects is illustrated by psychological
stress experimental models. Psychological stress is an important factor
that has been shown to change the composition of commensal micro-
biota, disrupting the natural antimicrobial barrier of the skin and in-
crease the severity of cutaneous infection [90,91]. In a mouse model of
cutaneous S. pyogenes infection, psychological stress (e.g. insomnia) in a
glucocorticoid-dependent fashion altered the structure and function of
the stratum corneum, downregulated the expression of AMPs, such as
CRAMP and BD-3, and resulted in more severe bacterial lesions [90].
The negative regulation of the host defense by psychological stress is
amplified by stimulating the nicotinic acetylcholine receptor nAChR,
which responds to the neurotransmitter acetylcholine. Blockade of ni-
cotinic receptors in mice subjected to stress reduced the size of Group A
Streptococcus infection [92].

Dialog between the nervous system and microbes is not confined to
the local microenvironment, as the nervous system can support the
spreading of microbes beyond the skin. After invading into the skin,
microbes can disseminate to various secondary organs throughout the
body. One of the well-described diseases is Lyme borreliosis, caused by
Borrelia burgdorferi. This pathogen can spread from the tick bite on the
skin to the heart, joints, and peripheral and central nervous system.
Although little is known about the mechanisms through which neurons
promote the spread of bacteria, bacterial evasion of the central nervous
system may take place via retrograde axonal transport (from axon to
cell body) along microtubules. In animal studies, L. monocytogenes in-
oculation into peripheral tissues leads to focal infection in the corre-
sponding areas of the central nervous system. It is hypothesized that
pathogenic bacteria may be transported in the axons of both sensory
and motor neurons [93].

Likewise, the axonal transport is used by viruses. After initial in-
fection of the corneal cells, Herpes simplex virus spreads to innervating
sensory nerve axon terminals and then travels by retrograde axonal
transport to sensory or autonomic ganglion neuron cell bodies. In the
neuron cell body, the virus replicates, and new virus is re-delivered via
anterograde axonal transport to axon terminals in the peripheral ner-
vous system [94].

Together, these findings add the nervous system to the list of key
players in cutaneous defense. Its actions encompass direct interaction
with skin microbes, shaping host immunity and controlling skin barrier
function, while also providing the route for the spread of microbes.

8. Multifunctional molecules in the skin defensive responses

As discussed in previous sections, AMPs serve as the principal che-
mical shield against cutaneous pathogens; they are the products of
different cells (keratinocytes, mast cells, and dWAT adipocytes) that
reside in different skin layers. AMPs are often endowed with the de-
fensive functions that are not directly associated with the inhibition of
the microbial growth. These include chemokines, such as CXCL14, that
are equipped with antimicrobial activity; among AMPs, they represent

one of the most transcribed products in human skin at steady state
(Table 1). Here, we provide three examples of multitasking AMPs to
illustrate the diversity and flexibility of an AMP-based system in skin
protection.

8.1. hCAP18/LL37 (encoded by CAMP)

The best characterized AMPs known for their multifunctional role in
the skin defense are cathelicidins. Only a single gene for cathelicidin
has been identified in humans and mice [15]. Human cathelicidin
precursor, known as hCAP18 (18 kDa), consists of a highly conserved
cathelin domain and a variable C-terminal region. hCAP18 is secreted
as an inert 2-domain pro-protein and requires proteolytic processing to
display antimicrobial activity. The most extensively-studied anti-
microbial derivative of hCAP18 is LL37, a 37-aa C-terminal peptide.
Whereas only low levels of hCAP18/LL37 can be found in skin under
basic conditions, its expression and processing by serine protease, such
as kallikrein 5, are significantly induced following skin inflammation
[15]. LL37 exhibits potent and broad-spectrum bacterial, fungal, and
viral killing activity in vitro. Mice deficient in CRAMP (a murine
homolog of hCAP18/LL37) show more severe cutaneous streptococcal
infection, highlighting the important role of cathelicidins in skin pro-
tection against bacteria [15].

The involvement of LL37 in skin defense is also integral to its ability
to regulate inflammatory responses through nucleic acid-dependent
signaling pathways. For example, LL37 enables DCs and keratinocytes
to sense nucleic acids that are released into the extracellular milieu as a
result of skin injury or inflammation [95–97]. The nucleic acid-based
“danger signals” lead to the production of cytokines and chemokines
that shape the immunological environment of the skin. These mediators
include type 1 interferons, such as IFN-α and IFN-β, proinflammatory
cytokines TNF-α or IL-6, and chemokines CXCL8 or CCL5.

Type 1 interferons are important in inhibiting viral replication, as
they promote functional activation of DCs and support wound healing.
Thus, the production of type 1 interferons in the skin environment can
have a range of beneficial effects in the context of antimicrobial de-
fense. The induction of type 1 interferons depends on specific receptors,
such as DNA-responsive TLR9, or single stranded RNA-responsive TLR7
and TLR8, which are expressed at high levels in specific subsets of DCs
in the skin [95,96]. The delivery of extracellular DNA or RNA to en-
dosomal TLR9 or TLR7 and production of IFN-α in plasmacytoid den-
dritic cells (pDCs) are dependent on LL37 [95,96]. Likewise, coupling of
LL37 to extracellular RNA results in the production of TNFα and IL-6
from conventional (myeloid) DCs via TLR8 [95].

In addition to DCs, keratinocytes also serve as a source of type 1
interferons when exposed to nucleic acids and LL37 during skin injury
[97]. These cells are highly responsive to double stranded RNA
(dsRNA). Keratinocytes rely on endosomal TLR3, or TLR-independent
cytoplasmic helicases RIG1 and MDA5, and signaling adaptor protein
MAVS to detect and respond to dsRNA. The activation of the MAVS-
dependent signaling pathway is responsible for the production of IFN-β
by dsRNA and LL37 in keratinocytes [97].

Collectively, LL37 plays an important role in cutaneous in-
flammatory responses as an element of nucleic acid-based regulation
system. In the context of skin infection, and subsequent cell activation
and damage, LL37 and nucleic acids can be expected to enhance DC
function, and consequently T cell activation. This can occur through
direct stimulation of DCs for production of IFN-α, followed by DC
maturation and stimulation of adaptive immunity. Under a second
scenario, the promotion of immune responses is initiated by keratino-
cytes, through which secreted mediators, most notably IFN-β, promote

K. Kwiecien, et al. Cytokine and Growth Factor Reviews 49 (2019) 70–84

78



functional activation and maturation of DCs [97]. These examples il-
lustrate that LL37, when linked with exogenous nucleic acids, is gen-
erally proinflammatory, and overall beneficial to skin health while
constantly challenged by microbes. However, LL37 can also contribute
to breaking tolerance to self-nucleic acids and driving auto-in-
flammatory responses in the skin, as reported for human pathological
conditions [96].

8.2. SLPI

Induction of nucleic acid sensing pathways that leads to the pro-
duction of IFN-α is not exclusively mediated by LL37 in the skin. Other
AMPs, such as SLPI [98,99] or hBD2 and hBD3 [100] were also found to
enable the innate immune system to respond to nucleic acids.

Given its antimicrobial, antiprotease, and immunomodulatory ac-
tivities [101], SLPI is a good example of a multifaceted protein that may
guard the skin health via different means. SLPI is a ∼12kDa protein
consisting of two homologous whey acidic protein (WAP) domains.
Whereas the N-terminal WAP1 domain is thought to be mostly re-
sponsible for bactericidal and antifungal properties of this protein, the
C-terminal WAP2 domain is also important for the inhibitory function
of SLPI against proteases, such as neutrophil-derived elastase (NE) and
cathepsin G (CatG), [101].

SLPI also exhibits antiviral properties against some viruses, in-
cluding HIV-1 and papillomaviruses [102,103]. In skin, SLPI is mainly
expressed in keratinocytes and infiltrating neutrophils. Microorganisms
regulate SLPI expression in keratinocytes, suggesting that SLPI can
impact microbiota composition and burden in the epidermis. A sus-
tained downregulation of SLPI by herpes simplex virus was proposed to
render keratinocytes more susceptible to subsequent infection with
human papillomavirus (HPV16), [103]. Thus, the presence of SLPI at
the skin barrier has the potential to shape skin virome. However, it
remains to be determined whether antiviral, bactericidal, or anti-fungal
activity of SLPI is relevant for skin pathophysiology.

With respect to SLPI’s broad role in skin defense, the impaired
healing of cutaneous wounds in SLPI-deficient mice underscores the
importance of SLPI in promoting the repair of injured skin [104]. A
breach of the epithelium increases the risk of infection and potentially
jeopardizes the life of the organism. Therefore, the wound is quickly
sterilized by recruited leukocytes before it is closed by the epithelium.
The lack of SLPI was accompanied by increased leukocyte infiltration
and delayed re-epithelialization in mice subjected to the cutaneous
injury model [104,105]. These data suggest that SLPI regulates two key
stages of wound healing: the kinetics of inflammatory cell influx and
the growth rate of new tissue. These effects of SLPI were subsequently
attributed mainly to its ability to functionally control neutrophil elas-
tase (NE).

NE is a serine protease stored in the primary granules of neutrophils.
NE was proposed to target several substrates in the neutrophil-enriched
wounds, including proepithelin [104,105]. NE-mediated processing of
proepithelin generates fragments (epithelins) that exert contrasting ef-
fects on epithelial cells and neutrophils. Proepithelin acts as a growth
factor for epithelial cells, but it inhibits neutrophil activation. On the
other hand, epithelins inhibit the growth of epithelial cells, but stimu-
late neutrophils to secrete proinflammatory mediators. SLPI, as a factor
that limits the NE-mediated conversion of proepithelin to epithelin,
shifts the balance towards a less-excessive, more-timely controlled ac-
tivation of neutrophils, as well as the promotion of epithelial re-
generation. Proepithelin can replace SLPI in restoring normal wound
healing in SLPI deficient mice, supporting the importance of this alli-
ance between proepithelin and SLPI in the inhibitor-regulated repair of
injured skin [105].

SLPI not only inhibits NE activity upon discharge of this protease
from neutrophils, but also limits the deposition of NE into extracellular
milieu together with other components of NETs. Chromatin remodeling
that precedes NET release is linked to the NE-mediated histone pro-
cessing. SLPI restricts NET release, at least partly through limiting core
histone cleavage by NE [106]. Although SLPI-deficient neutrophils
generate more NETs compared to normal neutrophils, SLPI does not
completely prevent NET release. NETs deposited into the skin en-
vironment by immigrant neutrophils (under inflammatory conditions)
contain SLPI, along with NE or CatG and DNA. SLPI/NE/DNA or SLPI/
CatG/DNA structures stimulate the production of IFN-α from pDCs
[99].

Although pDCs are scant in the skin at steady state, they infiltrate
injured skin and produce type 1 interferons in response to nucleic acids
[107]. Similar to chronic inflammatory conditions, nucleic acids-
mediated signaling in pDCs can be triggered by antimicrobial peptides,
such as LL37 in the context of wound healing, and lead to inflammatory
responses and re-epithelization of injured skin [107]. However, LL37,
which is sufficient, but not necessary to trigger production of type 1
interferons in pDCs in an injured skin, is unlikely to be solely re-
sponsible for promoting wound repair in a type 1 interferon-dependent
manner. The presence of SLPI- and NE- or CatG-decorated NETs in the
vicinity of pDCs in damaged skin (under inflammatory conditions)
[98,99], suggests that these structures might provide stimuli for pDCs to
produce IFN-α and support epithelial repair.

Thus, the net result of SLPI’s defensive actions might be the co-
ordination of innate responses with the healing of skin injury.

8.3. Chemerin (encoded by RARRES2)

LL37 and SLPI share functional similarities, and in some contexts,
such as neutrophil-dominated cutaneous inflammation, may play a re-
dundant role in facilitating the recognition of nucleic acids by DCs.
Chemerin, a more recently characterized skin-operating multifunctional
protein, shares structural similarities with hCAP18/LL37. Despite a low
primary sequence homology between chemerin and cathelicidins, the
conserved positioning of key cysteine residues suggests that chemerin is
structurally related to cathelicidins [108]. This predicted structural si-
milarity between chemerin and cathelicidins has provided the first hint
that chemerin, which is abundant in the epidermis, may play a role in
this layer as an antimicrobial factor [109].

Chemerin, a secreted 16 kDa protein, was originally identified as a
chemoattractant for pDCs, and subsequently other leukocyte subsets
[108]. Its chemotactic function is relevant for skin defense, since che-
merin can contribute to the recruitment of pDCs to inflamed skin [108].
Chemerin is secreted as a precursor protein. The activation of chemerin
involves proteolytic processing of the C-terminus and removal of in-
hibitory amino acids [109–112]. Keratinocytes are the main source of
chemerin in healthy skin, as seen through immunostaining and qPCR.
With chronic skin inflammation, such as in psoriasis, chemerin ex-
pression in epidermis declines, but also co-localizes with dermal fi-
broblasts [113]. Since chemerin circulates in low micromolar con-
centrations in blood as a precursor protein, it can be involved in skin
defense, followed by exudation of plasma and activation by serine
proteases of the coagulation, fibrinolytic, and inflammatory cascades
[112]. Much less is known how locally produced chemerin can be ac-
tivated, but skin-expressed serine or cysteine proteases of endogenous
and bacterial origin can process chemerin to generate functional che-
merin peptides [109,110,114].

In addition to its role in the chemotaxis of immune cells, chemerin
was reported to regulate adipocyte differentiation and glucose uptake
by adipocyte-like 3T3-L1 cells [115]. Chemerin involvement in
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adipocyte biology is supported by its copious expression, and the pre-
sence of chemerin receptors in different fat depots, including sub-
cutaneous fat, suggests that chemerin has either an autocrine or para-
crine effect on adipocytes. Moreover, epidemiological studies have
revealed that chemerin is a risk factor for metabolic syndrome. This
syndrome involves abdominal obesity and high serum triglycerides, as
well as elevated blood pressure, high fasting blood sugar, and low HDL
(high density cholesterol) levels [116]. Since impaired adipogenesis
increases the chance of infection [66], chemerin might have an impact
on skin defense by regulating function or metabolism of subcutaneous
fat in situ and/or other fat depots in a systemic manner.

Recombinant chemerin functions as an antibacterial agent.
Chemerin deficiency results in higher counts of viable bacteria asso-
ciated with the epidermis in an experimental model of skin infection.
Chemerin is also a relevant AMP in human keratinocytes, since en-
dogenous chemerin is largely responsible for the natural antimicrobial
activity secreted by the human epidermal equivalents [14,117]. Given
its location at the interface between the body and environment, the
epidermis is constantly challenged by microorganisms and is directly
exposed to a highly pro-oxidative environment. Although the latter
suggests that the antimicrobial activity of epidermal proteins and
peptides might be regulated by oxidative conditions, few examples or
mechanisms are known. A chemerin-derived Val66-Pro85 peptide (p4),
which embodies the majority of chemerin’s anti-microbial activity, is
regulated by redox conditions; thus, p4 is maximally effective as an
antimicrobial agent in oxidative niches, such as at the skin surface. This
environment can strongly augment the antimicrobial activity of che-
merin p4 by supporting the formation of disulfide bonds, leading to
potent antimicrobial p4 dimers [118].

Together, these data suggest that chemerin can be involved in an-
timicrobial protection in several ways: as a chemoattractant ligand for
different leukocytes (such as dendritic cells and macrophages), directly
as an antimicrobial agent, and potentially as a metabolically active
protein and contributor to adipocyte differentiation.

The provided examples of the mechanisms underlying the protective
role of three AMPs illustrate the complexity of the cutaneous defense
system. Skin homeostasis can be maintained by versatile AMP func-
tions, some of which are specific (such as NE inhibition by SLPI), and
some are shared among AMPs (such as the ability to sense nucleic acids
and control wound healing by both LL37 and SLPI, or chemotaxis by
either chemerin or LL37). Notably, the production of specific AMPs in
multiple layers, such as LL37 by the epidermis and dermal fat, suggests
that skin layers co-opt similar strategies to fight infection at different
depths. Alternatively, the functional flexibility of the AMPs may enable
the delivery of specific skills when selected from an array of the AMP
assets, depending on the context. This could explain why the expression
of certain AMPs, including chemerin, subsides in one layer (the epi-
dermis) and appears in the next layer as a product of dermal fibroblasts
[113]. Skin conditions, such as pH, ionic potential, oxygen accessibility
(which are known to control bactericidal function and proteolytic
processing of AMPs, may act as a physiological switch that helps reg-
ulate the functional transition of AMPs in a layer- or niche-dependent
manner.

In conclusion, host interaction with skin-associated microbes and
microbial invasion are under the control of highly coordinated skin
responses that encompass all skin layers, the immune and nervous
system, as well as cutaneous microbiota. The intricate communication
between all these systems is provided by shared molecular signaling
factors including cytokines, chemoattractants, neurotransmitters, and
metabolites. At a molecular level, layered barriers against microbes rely
on different molecular components, among which microbiota-derived
antimicrobial factors, host-derived AMPs, and antimicrobial lipids act
as crucial controllers of microbial burden and pathogenicity.
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