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Skin as Mechanical and Chemical Barrier against Microbial Infection
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Abstract

Skin is an organ with a dynamic ecosystem that harbors pathogenic and commensal microbes, which constantly com-
municate amongst each other and with the host immune system. The skin acts as a physical barrier to prevent the 
invasion of foreign pathogens while providing a home to the commensal microbiota. The harsh physical landscape 
of skin, particularly the desiccated, nutrient-poor, acidic environment, also contributes to the adversity that patho-
gens face when colonizing human skin. The paper review how skin contributes to barrier immunity. The review also 
discusses specialized immune cells that are resident in steady-state skin including mononuclear phagocytes, such as 
Langerhans cells, dermal macrophages and dermal dendritic cells in addition to the resident memory T cells.
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Introduction
The body’s primary defenses against infection are mechanical 
barriers such as the skin and various mucous membranes. Like 
the skin, the mucous membranes of the airways, the digestive 
system and the urogenital system are in direct contact with the 
environment. Of these systems, the digestive tract has the larg-
est area of contact with the microbial environment, approxi-
mately 200 square meters. The skin has a surface area of no 
more than 2 square meters. The mechanical barrier offered by 
the mucosal epithelial cells of the airways and the digestive 
tract is much less resistive than that of the skin, since the skin 
consists of several cell layers, with the topmost being a cellular 
horny layer. 

Therefore, there are only a few micro-organisms that are able 
to penetrate the intact skin, while it is relatively easy for them 
to pass through the more fragile mucous membranes. In addi-
tion to functioning as a physical barrier, the skin and mucous 
membranes have biochemical properties - e.g., low gastric pH, 
lysozyme in tears, fatty acids on the skin - that also make it 
difficult for microorganisms to survive at those places. The mi-
crobiota of the intestines and skin also constitute a biological 
barrier. This commensal microbiota uses a variety of mecha-
nisms to make it harder for other - pathogenic or non-patho-
genic - microorganisms to settle and then penetrate the body. 

A healthy skin is not sterile but forms the niche for a complex 
and dynamic ecosystem consisting of approximately 1012 mi-
cro-organisms, mainly bacteria, but also including fungi, and 
viruses. The various skin sites can be classified into three mi-

croenvironments: sebaceous (glabella, alar crease, external au-
ditory crease, retroarticular crease, occiput, manubrium, back), 
dry (volar forearm, hypothenar palm, buttock), and moist 
(nare, axillary vault, antecubital fossa, interdigital web space, 
inguinal crease, umbilicus, gluteal crease, popliteal fossa, toe 
web space, plantar heel) [2]. Overall, the skin microbiota is 
dominated by Staphylococcus spp (in particular S. aureus and 
S. epidermidis), S. epidermidis and Corynebacteria, which to-
gether form > 60% of the total population [2]. 

However, the differences in the microbiota occupying the 
various skin sites are enormous and have been described as 
“ecologically dissimilar as rain forests are to deserts” [3]. Skin 
microbiota composition thus is influenced by body region, by 
biological sex, age, health status, geographical location, ethnic 
background, depth of the skin, use of cosmetics and antibiotics, 
as well as life-style factors such as pet ownership and alcohol 
consumption [4,5].

The commensal skin microbiota contributes to the protection 
of the human host against infections in many different ways. 
Commensal skin microbiota competes with (potential) patho-
gens for an ecological niche. Commensal bacteria can also di-
rectly inhibit the growth of pathogens: lipoteichoic acid in the 
cell wall S. epidermidis inhibits the growth of Propionibacte-
rium acnes [6]. The cutaneous fungus Malassezia produces az-
elaic acid by enzymatic degradation of external lipids and thus 
contributes to the low pH of the skin [7]. Via several mecha-
nisms, skin microbiota stimulates the innate and acquired im-
mune system of the skin.
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Structure of Human Skin
The skin is the largest organ of the body, accounting for about 
15% of the total adult body weight. It performs many vital func-
tions, including protection against external physical, chemical, 
and biologic assailants, as well as prevention of ex¬cess water 
loss from the body and a role in thermoregulation. The skin 
is continuous, with the mucous membranes lining the body’s 
surface [8]. The integumentary system is formed by the skin 
and its derivative structures. The skin is composed of three 
layers (Figure 1): the epidermis, the dermis, and subcutane-
ous tissue [8]. The outermost level, the epidermis, consists of 
a specific constellation of cells known as keratinocytes, which 
function to synthesize keratin, a long, threadlike protein with a 
protective role. The middle layer, the dermis, is fundamentally 
made up of the fibrillar structural protein known as collagen. 
The der¬mis lies on the subcutaneous tissue, or panniculus, 
which contains small lobes of fat cells known as lipocytes. The 
thickness of these layers varies considerably, depending on the 
geographic location on the anatomy of the body. The eyelid, 
for example, has the thinnest layer of the epidermis, measuring 
less than 0.1 mm, whereas the palms and soles of the feet have 
the thickest epidermal layer, measuring approximately 1.5 mm. 
The dermis is thickest on the back, where it is 30–40 times as 
thick as the overlying epidermis [9].

In contrast to bacteria and fungi, colonization by eukaryotic 
DNA viruses was specific to the individual rather than anatom-
ical site [15]. As no marker gene is universally shared among 
viruses, viral community diver¬sity can be captured only with 
purified viral-like particles or shotgun metagenomics sequenc-
ing [15,16]. As an additional challenge, RNA viruses can be 
sequenced only with RNA sequencing, which has not been per-
formed on skin sam-ples from healthy individuals. Apart from 
bacteriophages, particularly those associated with Propioni-
bacterium spp. and Staphylococcus spp., no core DNA virome 
has been found to be conserved across individuals [15,16]. This 
area of skin microbiome research requires further attention to 
understand the role of possible predator–prey or cooperative 
interactions between bacteriophages and bacteria in microbial 
community assembly. In addition to bacteriophages, eukaryot-
ic viruses may also have a role in skin diseases, as highlighted 
by the discovery of Merkel cell polyomavirus, an oncovirus 
that causes a rare but aggressive form of skin cancer [17].

Skin Barrier Immunity
The skin is a complex organ that carries out numerous func-
tions contributing to its barrier immunity function. Antimicro-
bial peptides and lipids are secreted onto the cell surface to 
control bacterial growth. These include dermcidin, which is 
secreted in human sweat and has broad antimicrobial activity 
against a range of pathogenic bacteria. Its antimicrobial activ-
ity is not affected by the low pH value and high salt concen-
trations of human sweat [18]. Sebum is made by sebaceous 
glands found independently of or near hair follicles. Within the 
sebum are antimicrobial lipids, such as lauric acid and sapienic 
acid, which play an important role in controlling pathogenic 
organisms [19].

However, the skin is not a sterile site, and there is extensive 
research showing the role that the skin microbiota plays in im-
munity by restricting the growth of pathogenic bacteria [20]. 
Commensal bacteria have been shown to produce an antimi-
crobial peptide that synergizes with the human antimicrobial 
peptide LL37, which together kill the pathogenic bacterium 
Staphylococcus aureus [21]. However, insult and pathogens are 
mostly controlled and prevented entry due to structure and bar-
rier immunity in the skin. Skin-resident stromal cells Keratino-
cytes are the main component of the epidermis. They express 
Toll-like receptors (TLRs), which are crucial pathogen pattern 
recognition receptors that when triggered lead to the produc-
tion of inflammatory cytokines and initiation of an immune re-
sponse [22]. Keratinocytes have been shown to constitutively 
express TLR1, -2, -3, -5, -6 and -10 [23,24]. They also have 
the ability to sense wound damage and produce inflammatory 
cytokines and chemokines such as interleukin-1b (IL-1b), IL-8 
and CCL20 to recruit leucocytes to the site of damage [25].

Keratinocytes express a raft of antimicrobial peptides that con-
trol bacterial growth, including adrenomedullin and b-defen-
sins [26,27]. Defensin-1 is constitutively expressed by human 
keratinocytes and b-defensin-2 and -4 are up-regulated upon 
inflammatory challenge [2-29]. Keratinocytes can express 
the antimicrobial peptide Cathelicidin upon stimulation and 
can store Cathelicidin in cytoplasmic granules until needed 
[30,31]. Keratinocytes also constitutively express RNase [23], 
which is a very potent antimicrobial ribonuclease, and upon 
inflammatory or bacterial challenge there is further increased 
expression [32]. More recently, it has been proposed that ke-
ratinocytes have the ability to process and present antigen to 

Microbiota on Skin Surface
In sequencing sur¬veys of healthy adults [10-12], the com-
position of microbial communities was found to be primarily 
dependent on the physiology of the skin site, with changes in 
the rela¬tive abundance of bacterial taxa associated with moist, 
dry and sebaceous microenvironments. Sebaceous sites were 
dominated by lipophilic Propionibacterium species, whereas 
bacteria that thrive in humid environ¬ments, such as Staphy-
lococcus and Corynebacterium species, were preferentially 
abundant in moist areas, including the bends of the elbows and 
the feet. In contrast to bacterial communities, fungal commu-
nity composition was similar across core body sites regardless 
of physiology [13,14]. Fungi of the genus Malassezia pre-
dominated at core body and arm sites, whereas foot sites were 
colonized by a more diverse combination of Malassezia spp., 
Aspergillus spp., Cryptococcus spp., Rhodotorula spp., Epi-
coccum spp. and others [13]. Bacteria were the most abundant 
king¬dom across sites, and fungi were the least abundant [14]; 
however, there are many more bacterial reference genomes 
than fungal reference genomes available, which may partially 
contribute to this observed difference. Interestingly, the overall 
fungal abundance was low, even on the feet where fungal di-
versity was high. 

Figure 1: Structure of human skin.
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CD4+ and CD8+ T cells, initiating an adaptive immune re-
sponse [33]. In addition, keratinocytes are the key site for the 
first step in the vitamin D metabolism pathway, when pro-vi-
tamin D3 (7-dehydro-cholesterol) is metabolized into vitamin 
D3, catalyzed by UVB. Vitamin D is an important component 
of a functioning immune system and its metabolism at the skin 
site contributes to barrier immunity [34].

Dermal fibroblasts are the structural cells of the dermis; their 
primary function is to secrete extracellular matrix compo-
nents such as pro-collagen. Fibroblasts express the full range 
of TLRs, at a higher level than keratinocytes, demonstrating 
their important role in the detection of pathogens [35]. In vitro 
studies have shown that dermal fibroblasts can have differing 
roles in immunity, indeed TLR4 signalling results in the pro-
duction of inflammatory cytokines such as IL-6, IL-8 and the 
monocyte chemo-attractant CCL2 [36]. Conversely fibroblasts 
have been shown to suppress T-cell proliferation via indole-
amine 2,3-dioxygenase production, and to skew the T cells to 
produce immunoregulatory cytokines such as IL-10 [37]. The 
subcutaneous layer of the skin is predominantly composed of 
adipocytes – their primary function is to be a repository of en-
ergy that responds to hypothermia by producing heat. More 
recent work has identified the important role of adipocytes in 
barrier immunity as a significant source of antimicrobial pep-
tides. In response to infection, for example with S. aureus, der-
mal fibroblasts can differentiate into adipocytes and produce 
the antimicrobial peptide cathelicidin [38].

Skin-resident immune cells mononuclear phagocytes within 
the epidermis there is a population of mononuclear phagocytes 
called Langerhans cells (LCs). These were believed to have 
been seeded at birth and maintained by local turnover to ensure 
a steady-state population [39]. However, a recent study demon-
strated, in a murine model of immune injury, that repopulation 
of LCs from peripheral monocytes makes up for the slow re-
population from mature LCs [40]. Langerhans cells are located 
at the interface with the external environment and as such are 
multifunctional sentinels of the epidermis. They sample the 
environment by extension and retraction of their dendrites be-
tween the keratinocytes in an amoeba-like movement [41]. 

They present antigen to T cells within the epidermis to initiate 
a local immune response and also have the capacity to migrate 
to the lymph node and initiate immune responses [42]. Within 
the dermis, there is a more diverse population of mononuclear 
phagocytes including dermal dendritic cells (DCs) and dermal 
macrophage populations. Dendritic cells are the sentinels of 
the immune system, they sample the microenvironment and ei-
ther present antigen to the resident T cells or migrate through 
the lymphatics to the lymph node to initiate an immune re-
sponse [43]. Historical assessment of dermal DCs identified 
that they are more activated than their blood counterparts; der-
mal DCs had increased expression of co-stimulatory receptors 
and were strong stimulators of T-cell proliferation relative to 
their peripheral blood counterparts [44]. Two main populations 
of dermal myeloid DCs have been identified; the CD1c+ DCs 
and the CD141+ DCs. CD141+ DCs are the cells responsible 
for cross-presenting antigens to CD8+ T cells and have homol-
ogy to the mouse CD103+ DCs [45]. Very few plasmacytoid 
DCs are observed in steady-state skin [46].

Macrophages are another type of antigen-presenting cell resi-
dent in the dermis and they sense pathogens and damage and 

initiate an appropriate immune response. In addition to the 
immune function, macrophages maintain tissue homeostasis 
through increasing appropriate anti-inflammatory mechanisms, 
contribute to wound healing, and heal nerves upon tissue injury 
[47,48]. Macrophages are thought to populate tissues early on 
but studies have also shown that they are replenished by cir-
culating monocytes [49]. These data are supported by a study 
in humans showing that CD14+ cells were a transient popula-
tion of monocyte-derived macrophages [50]. CD163 has been 
proposed to be a good marker for dermal macrophages, as it 
specifically identifies skin-specific macrophages that are not 
recently migrated monocytes [51]. Analysis of the location of 
these different mononuclear phagocyte populations in the der-
mis have shown that DCs can be found closer to the epidermis 
(around 0–20 μm beneath the dermo–epidermal junction) and 
macrophages are located deeper in the skin (around 40–60 μm 
beneath the dermo–epidermal junction) [52].

Conclusion
The innate immune system is integral to the prevention of skin 
infection and eradication of pathogenic bacteria and plays an 
essential role in skin healing. Recognition of bacteria and vi-
ruses initiates the inflammatory cascade involving the release 
of cytokines, recruitment of immune cells, and production of 
AMPs and ISGs. AMPs and ISGs represent one of the most 
important and robust immune mechanisms in the skin. How-
ever, pathogenic bacteria—such as S. aureus—and cutaneous 
viruses have evolved mechanisms to counteract innate immune 
mechanisms. Commensal skin bacteria assist the innate im-
mune system with eradication of pathogens through production 
of AMPs and by enhancing the activity of innate immune cells. 
Finally, despite the importance of innate immunity, excess im-
mune activation underlies some cutaneous diseases and is det-
rimental to wound healing.
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