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Abstract 
The article is devoted to atopic dermatitis, which is a chronic skin disease that significantly 

affects the quality of life of children and their relatives. The incidence of atopic dermatitis is 
constantly increasing. The development of the disease is accompanied by significant changes in 
the composition of skin microbiome. The adequate commensal colonization prevents invasion of 
pathogens. Furthermore, epithelial cells produce antimicrobial proteins (human β-defensin-1, -2 
and -3, cathelicidin LL-37, ribonuclease 7) that directly kill or inhibit the growth of the patho-
gens.  Patients with atopic dermatitis have impaired skin immunity. It manifests in a decrease of 
T-cells cytokines (IL-4 and IL-13), high sensitivity to alpha-toxin-induced cell death, decreased 
level of lamellar bodies and acid sphingomyelinase, suppressed filaggrin expression, contribut-
ing to a high level of Staphylococcus aureus skin colonization. 

S. aureus secretes a variety of pathogenicity factors that facilitate its persistence on the in-
fected skin. Staphylococcal enterotoxins A, B, C and toxic shock syndrome toxin also play the 
role of superantigens, which increase inflammation by a massive release of proinflammatory 
cytokines, including TNF-α and IL-1β. Affected by S. aureus superantigens regulatory T-cells 
lose their immunosuppressive activity. Moreover, enterotoxins act like a new group of allergens 
provoking IgE inflammation. S.aureus pathogenicity is enhanced by the ability to form biofilms. 

Thus, impaired skin immunity function, decrease of commensals and increase growth of S. 
aureus play an essential role in the development of skin inflammation in atopic dermatitis and 
should be considered as the main reference points in the study of the disease in the future.
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an undulating course with periods of remission and 
exacerbations. Over time, symptoms may disap-
pear completely or persist and relapse throughout 
life. In many patients, early onset of AD is the first 
clinical manifestation of allergy and a predictor of 
the development of respiratory allergic pathology 
in the future. AD has social significance, influenc-
ing not only the physical, but also the mental and 
psychological state of the patient and his family. 

Introduction

Atopic dermatitis (AD) is a chronic inflamma-
tory skin disease. The prevalence of AD is higher 
in industrialized countries and has continued to in-
crease steadily over the past several decades. The 
disease often begins in the first year of life and has 
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Healthy human skin

Human skin is an organ which protects the in-
ternal environment from foreign antigens, and also 
appears to be the habitat for many microorganisms 
(bacteria, viruses, archaea, and fungi) that form the 
microbiome. Each square centimeter of skin con-
tains more than a million bacteria [Grice EA et al., 
2008]. Populations of such microorganisms can be 
divided into a transient group (random, non-repro-
ducible), a temporary group (the colonization of 
the skin occurs at a particular time under certain 
conditions), and a constant group (microorganisms 
reproduce and grow permanently). It is the “per-
manent” populations that make up the normal mi-
crobiome and are in mutualistic symbiosis with the 
host. Possessing the ability to synthesize protec-
tive molecules and natural antimicrobial peptides, 
commensal bacteria prevent the colonization of 
pathogenic microorganisms and the development 
of diseases [Kong H, 2011].

 Human skin is an organ which protects the in-
ternal environment from foreign antigens, and also 
appears to be the habitat for many microorganisms 
(bacteria, viruses, archaea, and fungi) that form the 
microbiome. Each square centimeter of skin con-
tains more than a million bacteria [Grice EA et al., 
2009]. Populations of such microorganisms can be 
divided into a transient group (random, non-repro-
ducible), a temporary group (the colonization of 
the skin occurs at a particular time under certain 
conditions), and a constant group (microorganisms 
reproduce and grow permanently). It is the “per-
manent” populations that make up the normal mi-
crobiome and are in mutualistic symbiosis with the 
host. Possessing the ability to synthesize protec-
tive molecules and natural antimicrobial peptides, 
commensal bacteria prevent the colonization of 
pathogenic microorganisms and the development 
of diseases [Kong H, 2011].

Due to anatomical and physiological characteris-
tics, human skin can be divided into predominantly 
dry, moist, and sebaceous areas [Grice EA et al., 
2009]. Each region has its specific microbiome com-
position. Moreover, it was shown that the ecological 
niche affects the microbiome composition in a greater 
degree than individual genetic characteristics [Gao Z 

et al., 2007, Costello EK et al., 2009]. The skin mi-
croorganisms growth also depends on many exoge-
nous factors such as ambient humidity and tempera-
ture, lifestyle, clothing, antibiotic treatments, cos-
metics, etc., and endogenous factors which include 
the age, sex, genetic, and immunological characteris-
tics of a person [Fierer N et al., 2010] 

The microbiome of a newborn’s skin depends on 
the type of delivery. In natural childbirth a baby’s 
skin is mainly colonized by lactobacilli of the repro-
ductive tract, and during operative delivery it is 
colonized by the microbiome of the mother’s skin. 
Newborn skin differs from adult skin within the first 
day of life, and but by the age of 1 month their mi-
crobiome composition is no longer different 
[Dominguez-Bello MG et al., 2010]. In newborns, 
the microbiome composition remains the same on 
the entire body surface. Staphylococci spp. are 
prevalent in the skin due to better hydration of the 
stratum corneum. The microbial diversity increases 
gradually, and by the first year it becomes similar to 
the adult microbiome and specific to each anatomi-
cal region [Capone KA et al., 2011]. 

The role of immunological and microbiologi-
cal factors in healthy skin.

Human skin is constantly affected by a huge 
number of microorganisms and other environmental 
factors.  A low pH value, skin temperature and ade-
quate commensal colonization prevent invasion of 
pathogens. Furthermore, epithelial cells produce an-
timicrobial proteins that directly kill or inhibit 
growth of the pathogens. The most important anti-
microbial substances are: human β-defensin (HBD)-
1, -2 and -3, cathelicidin LL-37, and ribonuclease 7. 
The water-lipid layer, along with antimicrobial pep-
tides, maintains barrier and protective function of 
the skin [Gallo RL et al., 2012]. Macrophages and 
Langerhans cells provide additional synthesis of an-
timicrobial peptides in the lesional skin and in early 
stages of skin infection.

Special pathogen recognition receptor of the 
human innate immune system such as Toll-like re-
ceptors (TLR) 2, which also form heterodimers with 
TLR6 or TLR1, recognize diacylated and triacyl-
ated lipoproteins and lipopeptides, respectively. 
This induces synthesis of thymic stromal lympho-
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poietin (TSLP) and, consequently, activates the 
ability of dendritic cells to trigger T helper cell (Th) 
-2 response, sensitization to environmental aller-
gens or a specific pathogen, and AD aggravation. 
TSLP along with dendritic cells also activates the 
secretion of IL-4, IL-13, and INF-γ by T-killers.  
Thus, TSLP is one of the major factors connecting 
the body and environment via Th-2 response. Patho-
gens induce TLR-mediated nuclear factor kappa B 
activation which triggers transcription of cytokines, 
chemokines, and other effector molecules transcrip-
tion. Lactobacillus spp., Escherichia coli and atten-
uated strains of pathogenic Salmonella species ef-
fectively inhibit signaling pathways and the immune 
response in general. Commensals in turn suppress 
the inhibiting factor kappa B degradation via ubiq-
uitination mechanism [Neish AS et al., 2000; Col-
lier-Hyams LS et al., 2005; Tien MT, 2006].

The long-term effect of Pathogen-Associated 
Molecular Patterns commensals on epithelial 
cells causes selective down-regulation of apical 
TLR2 and TLR4 expression which move to intra-
cellular compartments (Golgi apparatus, etc.) or 
to the basolateral membrane, where they retain 
their full signal ability to detect internalized anti-
gens. TLR5 is expressed exclusively on the baso-
lateral surface [Abreu MT et al., 2001; Gewirtz 
AT et al., 2001]. Such receptor allocation in the 
intestinal mucosa allows the detection of patho-
genic microorganisms only if they pass through 
the barrier of epithelial cells. This prevents an ex-
cessive immune response to commensals. Full ac-
tivation of innate immunity requires not only 
TLR signaling pathways, but also so-called “dan-
ger signals” from destroyed cells [Matzinger P et 
al., 2007]. Thus, the body maintains a balance be-
tween tolerance and immunogenicity. It is also 
necessary for adequate functions of symbionts.

Skin immunity in AD
AD patients have decreased secretion of anti-

bacterial agents such as IL-4 and IL-13 in T cells 
[Howell MD et al., 2006]. Additionally, these in-
terleukins increase keratinocytes’ sensitivity to al-
pha-toxin-induced cell death [Brauweiler AM et 
al., 2014]. Furthermore, it leads to a decreased 
level of lamellar bodies, specialized organelles 

containing lipids that form external waterproof 
layer of the epithelium. The decreased lamellar 
bodies result in decreased acid sphingomyelinase.  
Staphylococcus aureus colonizes the skin of the 
majority of AD patients. S. aureus alpha-toxin 
binds to sphingomyelin, which splitting becomes 
slower. IL-4 and IL-13 are able to suppress filag-
grin expression. As a result, Th-2 cytokines con-
tribute to growth of S.aureus, as well as intensify 
negative effects of pathogenic bacterial agents.

Recognition of S. aureus via TLR2-TLR6 com-
plexes results in the synthesis of both TSLP and 
IL-6. IL-6 allows the activation of myeloid-derived 
suppressor cells which reduce immune response to 
pathogenic agents. Thus, the skin infected with 
S.aureus has suppressed immunity that facilitates 
colonization and persistence of pathogens [Ska-
bytska Y et al., 2014].

Microorganisms in AD
In the stratum corneum superficial and deep 

compartments are distinguished. Moreover, the 
bacteria are stable even in deeper layers of the 
skin (in the dermis and subcutaneous adipose 
tissue). The balanced microbiome of the skin is 
a protective mechanism against antigens. Among 
all gram-positive Staphylococci, S. epidermidis 
is the dominant strain in healthy skin and it in-
hibits the growth of S. aureus. In children, colo-
nization of skin by S. epidermidis and S. cohnii 
during the first year of life has a protective ef-
fect on the development of AD. Disorders in the 
skin microbiome are an independent risk factor 
for AD progression. In most cases, the skin of 
AD patients is colonized by S. aureus, half of 
which are toxigenic. However, the number of 
both S. aureus and S. epidermidis increases in 
the lesional skin. During AD flares these species 
start producing antibacterial substances, which 
are antimicrobial peptides and bacteriocins. At 
this time there is a decrease in the number of 
other types of microorganisms, including Propi-
onibacterium, Corynebacterium, and Strepto-
coccus. After a successful local treatment the 
diversity of the skin microbiome restores [Wol-
lina U  et al., 2017; Yamazaki Y et al., 2017]
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The role of S. aureus in AD
Staphylococcus aureus is a Gram-, catalase-, and 

coagulase-positive facultative aerobe which causes 
numerous diseases worldwide. S. aureus usually lo-
calizes in the nasal vestibule. Approximately a quar-
ter of people are permanent carriers of S. aureus, a 
third of people are periodic bacterial carriers, and in 
the rest group S. aureus is not detected. In children 
with AD (30-90%), there is a high incidence of in-
fection of lesional skin, an increase of S. aureus 
colonization in severe types of pathology [Kudry-
avtseva AV et al., 2014; Kudryavtseva AV et al., 
2015; Seiti Yamada Yoshikawa F et al., 2019].

S. aureus secretes a number of pathogenicity fac-
tors that facilitate the colonization of the skin and 
contribute to its persistence. Some factors, espe-
cially enterotoxins, pore-forming cytotoxins, and 
extracellular enzymes (proteases, lipases) could be 
secreted into the environment. Other factors are lo-
cated on the surface of the pathogen, which included 
capsule and fibronectin-binding proteins (polysac-
charides; staphyloxanthin; fibrinogen-binding pro-
teins A and B, that recognize adhesive molecules of 
the extracellular matrix; iron-regulated surface de-
terminant protein; lipoteichoic acid). These groups 
of proteins contribute to the adhesion and persis-
tence of S. aureus on the surface of the skin, while 
mucous membranes prevent its recognition by the 
host`s immune system and disable neutrophilic 
phagocytosis [Tuffs SW et al ., 2018]

Superantigens are significant pathogenicity 
factors. 

It is well known that S. aureus produces about 
twenty immunologically different types of entero-
toxins, indicated by the letters of the alphabet from 
A to V in order of their discovery. S. aureus toxins, 
the main of which are toxic shock syndrome toxin 1 
(TSST-1) and enterotoxins A, B, C (SEA, SEB, 
SEC), have superantigen properties [Williams MR et 
al., 2015; Fluer FS et al., 2017]. A distinctive fea-
ture of superantigens is the ability to cause a strong 
primary response without processing by antigen-
presenting cells. Superantigens bind directly to the 
variable part of the T-cell receptor β-chain and to 
the major histocompatibility complex II (MHC II) 
of antigen-presenting cells (macrophages, dendritic 

cells, keratinocytes). This leads to the activation of 
nonspecific mass native T cells, a massive release of 
proinflammatory cytokines, including TNF-α and 
IL-1β, and increased inflammation. Superantigens 
stimulate the production of IL-12, which is neces-
sary for homing receptors expression on the surface 
of T-lymphocytes. Affected by S. aureus superanti-
gens regulatory T-cells lose their immunosuppres-
sive activity [Ou LS et al., 2004].

S. aureus also secretes releases pore-forming 
toxins, including cytolysins (α-, β-, γ - and 
δ-toxins), leukocidins, and phenol-soluble modu-
lins. Despite the fact that all toxins have different 
structures and affect different cells (leukocytes, 
epithelial cells), their mechanisms are similar. 
Pore formation in the membranes of target cells 
leads to inflammation and cell death. Staphylococ-
cal α-toxin (α-hemolysin) is one of the most sig-
nificant destructive cytolytic toxins. The concen-
tration of α-toxin on the skin surface correlates 
with the AD severity, but to activate it, the pres-
ence of sphingomyelin on the cell surface is re-
quired [Hong SW et al.,  2014]. The toxin specifi-
cally recognizes the end-group phosphocholine 
sphingomyelin. Then α-toxin monomers form het-
erodimer complexes on the surface of keratino-
cytes irreversibly wedged into the cell membrane. 
Such formed pores lead to cell lysis. Recent stud-
ies have demonstrated that S. aureus is able to re-
lease soluble α-toxins into the extracellular space 
as well as vesicles containing up to 90 proteins, 
DNA, RNA and toxins [Lee EY et al., 2009]. Vesi-
cles are spherical complexes from 20 to 200 nm in 
size. They are immunogenic and involved in the 
AD pathogenesis [Hong SW et al., 2011]. 
α-hemolysin from the vesicle penetrates into the 
cytoplasm of keratinocytes inducing cell necrosis, 
while free α-hemolysin causes apoptosis of these 
cells. Hemolysin vesicle activates the production 
of keratinocytes proinflammatory cytokines - 
IL-1β and IL-6, infiltration of the dermis by in-
flammatory cells (mast cells and eosinophils). As a 
result, thickening of the epidermis and eosino-
philic inflammation of the dermis occur [Hong SW 
et al., 2011]. Such influence of fibroblasts and 
mast cells in vitro stimulates the secretion of Th2-
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type cytokines: TSLP, macrophage inflammatory 
protein-1α, IL-6 and eotaxin. TSLP, in turn, acti-
vates myeloid dendritic cells, stimulating them to 
create a favorable microenvironment for Th2-re-
sponse [Liu YJ et al., 2007]. Thus, α-toxin interac-
tion contributes to the skin barrier damage and fa-
cilitates the penetration of allergens, which lead to 
sensitization via Th2-response activation. 

Sphingomyelinase C (or β-toxin) is the only cy-
tolysin with the enzyme properties. The cell surface 
sphingomyelin is the target for it. Cell sensitivity to 
this toxin depends on the amount of sphingomyelin. 
The most exposed cells are monocytes, red blood 
cells, neutrophils and lymphocytes (especially pro-
liferating T-lymphocytes) [Huseby MJ et al., 2007]. 
In addition, β-toxin accelerates the formation of 
staphylococcal biofilm [Huseby MJ et al., 2010].  

Leukocidins and γ-toxin are two-component 
cytolysins. They consist of two separately se-
creted subunits that are active only while con-
nected to each other. Recently much attention has 
been given to Panton-Valentine leukocidin (PVL) 
that targets neutrophils mainly. Strains of com-
munity-associated multiresistant S. aureus 
(MRSA) cause severe infections of the skin and 
soft tissues while synthesizing this toxin. PVL-
positive S. aureus penetrates into host epithelial 
cells, then into its endosomes and releases leuko-
cidin. The toxin contributes to endosome mem-
brane destruction and the pathogen freely enters 
the cell cytoplasm, where it continues to multiply. 
This process activates the release of inflamma-
tory cytokines, leukocyte migration, damage and 
death of epithelial cells [Chi C  et al., 2014].

The S. aureus pathogenic factors also include 
δ-toxin. Being a strong inducer of mast cells de-
granulation, it promotes strengthening of local in-
flammation [Nakamura Y et al., 2013]. 

S. aureus releases many extracellular enzymes, 
including lipase, nuclease, hyaluronidase, staphy-
lokinase, and several proteases, such as serine pro-
teases (V8, exfoliative toxins A and B), cysteine 
proteases, metalloproteinases. Enzymes destruct 
tissues and inactivate the host’s antimicrobial pro-
tective mechanisms (lipids, defensins, antibodies), 

which helps microorganisms to spread. 
S. aureus is often regarded as an extracellular 

organism, but there is evidence about its possible 
penetration of host cells by fibronectin-binding 
proteins [Sinha B, Fraunholz M, 2010]. However, 
the possibility of penetration into keratinocytes is 
not inherent in all S. aureus strains. Residing in-
side epithelial cells, microorganisms can avoid en-
dosome exposure. NOD-like receptors recognize 
S. aureus and trigger Th1- or Th17-mediated in-
flammation via inflammasomes activation, all of 
which play a critical role in severe types of AD 
development [Roth SA, 2014].

An important feature that facilitates the S. au-
reus colonization on mucous membranes and the 
skin is its affinity for surface components of the 
epithelium (fibrinogen, fibronectin, cytokeratins) 
to which S. aureus is attached by surface compo-
nents of the microbial membrane (fibrinogen-bind-
ing proteins A and B, surface iron-regulated pro-
tein, lipoteichoic acid of the cell wall) [Burian M 
et al., 2010]. Moreover, the expression of fibro-
nectin is regulated by the main Th2-type cytokine 
- IL-4, which presented in high concentrations in 
patients with AD [Mempel M et al., 1998].

S. aureus not only colonizes the affected skin 
but also acts upon the immune system for creation 
and support of a favorable microenvironment 
[Miller LS et al., 2011]. S. aureus strains suppress 
the production of antimicrobial substances by ke-
ratinocytes and thus create a micro eco-system 
which is free of other bacteria (S. epidermidis par-
ticularly), that can interfere with S. aureus strains 
growth [Baviera G et al., 2014]. The ability to 
form biofilms preserves S. aureus eradication. 
However, it is necessary to interrupt the vicious 
cycle composed of infection, inflammation, cre-
ation of Th-2 environment, and sensitization to al-
lergens [Allen HB et al., 2014]. Due to the rein-
forcement of antibacterial resistance and the 
MRSA occurring, it is necessary to develop alter-
native treatments. There are some evidences that 
regular use of sodium hypochlorite baths leads to 
the reversible suppression of human keratinocytes 
Nuclear factor kappa B (NF-κB) NF-kV-dependent 
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gene (CCL2 and superoxide dismutase-2) expres-
sion [Leung TH et al., 2013]. However, even in 
cases of successful eradication, lesional skin is ex-
tremely quickly recolonized by S.aureus strains.

New approaches to S. aureus eradication in-
clude the development of creams that contain 
normal flora, in particular selected strains of 
Staphylococcus epidermidis, creams with antimi-
crobial peptides and creams with bacteriophage 
endolysin enzymes. [Kashani HH et al., 2017; 
Nakatsuji T et al., 2017; Wang B et al., 2017] 
[The main advantage and difference of the latter 
method from antibiotics is its selective effect on 
S. aureus, including resistant strains and MRSA. 
It does not disrupt the homeostasis of normal mi-
croflora and does not harm other microorganisms, 
even with prolonged use.  

Conclusion

Skin microbiome plays an essential role in the 
development of allergic inflammation in patients 
with AD. Decrease levels of commensals, includ-
ing S. epidermidis, together with the impaired 
skin immunity function lead to increase growth of 
S. aureus. S. aureus virulent factors aggravate 
and prolong inflammation of the lesional skin. S. 
aureus eradication and re-establishment of nor-
mal skin microbiome should be included into 
therapeutic regimens of the disease.  Future re-
searches should focus on the detailed study of the 
individual role of microorganisms, both patho-
gens and commensals, in the pathogenesis of AD. 
This will clarify and prepare theoretical basis for 
the development of new approaches for the treat-
ment of the disease.
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