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Abstract: Atopic dermatitis (AD) is a condition with a complex and unclear aetiology. Possible
causes of AD encompass alterations in the structure and function of the epidermal barrier, distur-
bances in the skin microbiome, immune factors, allergens, bacterial and fungal infections as well
as environmental and genetic factors. In patients with AD, acute skin lesions are colonized by a
greater number of bacteria and fungi than chronic lesions, clinically unchanged atopic skin and the
skin of healthy people. Mechanisms promoting skin colonization by pathogens include complex
interplay among several factors. Apart from disturbances of the skin microbiome, increased adhesion
in atopic skin, defects of innate immune response resulting in the lack of or restriction of growth of
microorganisms also contribute to susceptibility to the skin colonization of and infections, especially
with Staphylococcus aureus. This review of the literature attempts to identify factors that are involved
in the pathogenesis of AD-related bacterial and fungal skin colonization. Studies on the microbiome,
commensal microorganisms and the role of skin microorganisms in maintaining healthy skin bring
additional insight into the treatment and prevention of AD. In the light of presented mechanisms,
reduction in colonization may become both causative and symptomatic treatment in AD.
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1. Introduction

Atopic dermatitis (AD) affects approximately 15-20% of children and 1-3% of adults
globally, but its aetiology has not been fully explained. The first mentions of AD-like
conditions date back to ancient times, but prurigo and prurigo-like conditions were first
described in the literature in 1808 by an English physician Robert Willan who proposed the
first structured classification of skin diseases [1]. However, the term ‘atopy’ was introduced
many years later, in 1923, by Arthur Coca and Robert Cooke. Subsequent observations and
experience lead to the introduction of the term ‘atopic dermatitis” in 1933 by Fred Wise and
Marion Sulzberger [2,3].

Although symptoms and causes of AD as well as their evolution in the course of the
disease have been widely investigated and described in the literature, the discussion is still
ongoing on the entire picture of this disease. Researchers agree that many causative factors
contribute to the development of AD, including structural and functional defects of the
epidermal barrier, imbalance of the skin microbiome, and disturbed immunity as well as
environmental (e.g., allergens) and genetic factors [4]. Many authors consider infections
important, particularly focusing on Staphylococcus aureus (S. aureus) [5-7]. The prevalence
of S. aureus colonization on the non-lesional skin reaches 40%and doubles when lesions
develop [6]. Recent reports suggest that colonization of microorganisms can be regarded
both as a causative factor and a consequence of a cascade of symptoms and disorders in
AD [8].
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The course of AD is chronic with variable presentations. Typically, symptoms appear
in children up to 3 months of age. About 60% of AD cases are diagnosed in children
up to 1 year of age, and 90% up to 5 years of age. In the adult population, women are
affected more frequently than men. The clinical picture of AD depends on the phase of
the disease which is commonly classified into infant, childhood, adolescent, and adult
phase. Itch is a predominant symptom in every type and phase of AD and forces patients
to uncontrolled scratching. Generalized lesions are seen in patients with the most severe
course of AD [9-11].

2. The Role of the Epidermal Barrier

An elevated immune and non-specific inflammatory response in the skin of AD pa-
tients seems to be triggered by altered skin barrier structure as well as its altered functional
integrity and decreased ability for self-renewal [12,13]. Furthermore, defects of the skin
barrier make it easier for microorganisms to colonize the skin [14]. The basic role of the skin
barrier is to protect against water loss from the epidermis and its underlying layers, mini-
mize penetration of potentially harmful substances and pathological microorganisms, and
safeguard against environmental factors (e.g., warmth or cold). Thus, proper functioning
of the skin ensures a good condition of the epidermal barrier and a healthy look of the skin.
Conversely, defects in the structure of the epidermal barrier which translate into its altered
functioning are characteristic for many dermatological diseases, including AD [13,15].

The basic components of the epidermal barrier are corneocytes (stratum corneum),
lipids, and natural moisturizing factor (NMF)produced during the maturation of corneo-
cytes. Corneocytes are formed from keratinocytes, which proliferate in the basal layer of
the epidermis and during their maturation migrate from the basal layer upwards, toward
the outer layers of the skin. These cells are “dead”, flattened, and anucleated. During the
first step of cornification, the formation of an intracellular keratin network takes place [16].
Next, they lose the cell nucleus and organelles [17]. Furthermore, the expression of superfi-
cial proteins changes from keratin 5 and 14 into 1 and 2e as well as keratin 10. The final
differentiation process is facilitated by filaggrin due to its keratin binding ability. Filaggrin
is the second most abundant protein in the topmost layers of the epidermis. Degradation
of filaggrin increases the amount of NMF and helps to restore water content [18].

As filaggrin, a filament-associated protein, plays an important role in the maintenance
of the skin barrier function, mutations within the filaggrin gene leading to the loss of its
function are considered a risk factor for AD, atopic eczema, food allergies, and bronchial
asthma [19-21]. This is due to the fact that a cornified envelope composed mainly of
filaggrin, loricrin, trichohyalin, involucrin, and intermediate keratin filaments is built
during the terminal differentiation of keratinocytes. This protein envelope makes the
epidermal barrier resistant to lytic enzymes [22]. Amino acids and other substances that
are released during filaggrin degradation are then used to produce NMF. Apart from free
amino acids, mainly salts of pyroglutamic acid, NMF contains urea and inorganic salts.
It forms a structure that allows absorbing and binding of water in the protective layer of
the epidermis. The stratum corneum of the epidermis contains only approximately 20%
of NFM, however, its adequate functioning is due to the unique constituents. Together
with the release of amino acids, lipids of the extracellular matrix are synthesized so that
ceramides, free fatty acids, cholesterol, and their esters are produced. The extracellular
matrix can contain up to 50% of ceramides that are a key for barrier homeostasis [16,23].
Cholesterol is another element of the stratum corneum with a 25% share in the extracellular
matrix. Although it can be absorbed from circulation by cells of the basal layer, it is almost
completely synthesised in the epidermis [24,25].

Changes in the composition of the epidermis may increase the risk of greater retention
of microorganisms on the surface of the skin. Long-chain unsaturated free fatty acids serve
as protection against colonization and infection by S. aureus [26]. However, in AD patients,
the change in the lipid and fatty acids fractions in the skin along with a reduced number
of ceramides and an elevated amount of cholesterol in the stratum corneum seems to
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facilitate bacterial colonization [27,28]. The study by Heczko et al. focused on colonization
by S. aureus. They reported that an insufficient amount of medium-chain-length fatty acids
in the epidermis promote bacterial colonization while the opposite effect was observed in
the presence of elevated concentrations of capric and lauric acid [29].

New evidence gained on the role of the microbiome has confirmed the role of mi-
croorganisms residing on the surface of the skin in preserving the intact skin barrier and
defence against pathogens [30-32]. Commensal bacteria can mediate the host’s immune
responses. They participate in continuous crosstalk with the keratinocytes and the immune
system. Langerhans cells, considered skin dendritic cells, elongate their dendrites between
keratinocytes creating a dense network with is in close contact with antigens, microbiome
and pathogens. Activated Langerhans cells access tight junctions that guard paracellular
leakage of water and electrolytes, but in addition, serve as a communication measure [32].
In addition, they maintain immune homeostasis by teaching the host how to recognize and
fight against pathogens. Moreover, the host’s microbiome serves as a physiological barrier
against pathogens because commensal bacteria occupy and compete for the niches. Mi-
croorganisms may be present in a sessile form or form complex multispecies communities
within the biofilms. Although reports from the literature show that bacterial biofilms serve
as the primary pathogenic factor in a variety of skin diseases, e.g., in acne vulgaris and
chronic wounds [33], they are also important to maintain the skin barrier in AD patients.

3. The Microbiome and Its Role in Atopic Skin Inflammation

The skin is one of the outermost organs of the human body, the primary function of
which is protection against environmental factors. A characteristic feature of its structure
is the microbiome consisting of bacteria, fungi, mites and viruses. However, in order
for the microbiome to fulfil its specific functions, it must be, above all, characterized by
diversity [34]. Human skin has also many features that significantly affect the species and
quantitative composition of the microbiome, such as the thickness of its individual layers,
the distribution of appendages, as well as moisture and temperature on its surface [34-36].
The composition of the skin microbiome in terms of their species has not been fully under-
stood and the reason for incomplete knowledge about these microorganisms are challenges
faced during their examination. The skin microbiome varies by location as well as changes
in response to environmental factors, skin condition and temporal shifts in the skin home-
ostasis [34,37,38]. In terms of structure and biology, the skin is extremely hostile to the
development of microorganisms. On the surface of the epidermis, the skin is dry and
peels off, therefore microorganisms are regularly removed from its surface, so they cannot
grow and create a long-lasting biofilm [14]. It should also be mentioned that the presence
of a hydrolipid mantle on the skin surface also hinders the growth of microorganisms,
as it contains compounds with antibacterial activity, such as lysozyme, dermcidin and
sebum [34,36,39-42]. The keratinocytes, sebocytes, mast cells and sweat gland cells also
have the ability to secrete antimicrobial factors. Research shows that there are over 20 an-
timicrobial peptides on the outer layers of the skin. The factors described above mean
that the skin can be inhabited only by certain species of microorganisms and affect their
number [43].

Bacterial genomic sequence data in addition to traditional culture-based methods al-
low investigating the microbial landscape of the healthy skin and skin lesions. Human skin
is inhabited mainly by the following bacteria: Actinobacteria (Corynebacterium spp., includ-
ing C. jeikeium; Propionibacterium spp., including P. acnes; Microbacterium spp.; Micrococcus
spp., including M. luteus, M. varians, M. lylae, M. sedentarius, M. roseus, M. kristinae and M.
nishinomiyaensis), Firmicutes non-haemolytic aerobic and anaerobic, staphylococci (Staphylo-
coccus spp., including S. epidermidis, S. saprophyticus, S. hominis, S. warneri, S. haemolyticus
and S. capitis), x-hemolytic streptococci (Streptococcus spp.), enterococci (Enterococcus), Bac-
teroidetes (Sphingobacterium spp., Chryseobacterium spp.), Proteobacteria (Janthinobacterium
spp., Serratia spp., Halomonas spp., Delftia spp., Comamonas spp.) [37,44]. The skin may also
be colonized by pathogenic bacteria: group A streptococci (S. pyogenes), Golden Staphylo-
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coccus (S. aureus), Gram (-) bacilli (P. aeruginosa), and also by aerobic coryneform bacteria
(Corynebacterium spp.), which are rather commensal microbes, but can cause an infection as
well [39,45].

The fungi inhabiting the skin include those of the genus Malassezia (M. furfur, M. sym-
podialis, M. globosa, M. restricta, M. slooffiae, M. yamatoensis, M. obtusa, M. dermatis and
M. japonica). Under favourable conditions and with a lowered immune system response,
fungi, such as bacteria, can cause dermatological diseases. The most common diseases
caused by the fungi of the genus Malassezia include pityriasis versicolor, inflammation of
the hair follicles (folliculitis) [44,46—49]. On human skin, we can also find fungi of the genus
Penicillium (P. chrysogenum, P. lanosum), Aspergillus (A. candidus, A. terreus, A. versicolor),
Candida (C. tropicalis, C. parapsilosis, C. orthopsilosis), Chaetomium, Chrysosporium, Cladospo-
rium, Mucor, Debaryomyces, Cryptococcus (C. flavus, C. dimmennae, C. diffluent), Trichophyton
and Rhodotorula, dermatophytes (Microsporum, Epidermophyton, Trichophyton) [44,49].In ad-
dition to bacteria and fungi, the skin microbiota also includes Demodex—mites inhabiting the
hair follicles and sebaceous glands. The most numerous representatives are D. folliculorum
(hair follicles) and D. brevis (sebaceous and meibomian glands) [50].

Due to the diversity of viruses in terms of genetic material (DNA, RNA), their transient
nature and short-term survival on the skin, their identification and isolation on the skin
surface is still a challenge, as it is difficult to create genomic libraries. These particles do
not have conserved regions present in the genomes of bacteria or fungi, but it is assumed
that viruses are not only a pathogen, but also play an important role in maintaining
skin homeostasis. It turns out that they constitute an unstable but important element of
the skin microbiome, especially polyomaviruses (Polyomaviridae) and papillomaviruses
(Papillomaviridae) [41,43].

AD is an allergic disease with a chronic and recurrent course in which, as a result of
mutations, e.g., impaired function and structure of the epidermal barrier are observed in
the filaggrin gene [15,51]. In the course of AD, both quantitative and qualitative changes in
the bacterial flora of the skin can occur. Numerous studies show that the microbiome of
the skin of AD patients is significantly less diverse than that of healthy people [38,52]. A
much smaller variety of bacteria is observed in the popliteal and elbow cavities. It is also
important that the composition of the microbiome varies depending on the phase of the
disease. Therefore, in periodic exacerbations of the disease, the dominance of S. aureus and
S. epidermidis is observed, and in the period of remission—Streptococcus, Propionibacterium
and Corynebacterium [53,54].

It should be emphasized that the presence of S. aureus within the skin is a very
characteristic feature of AD, it has been observed that there are 10-100 times more of these
bacteria compared to the healthy population [55]. The importance of this bacterium in the
course of AD was described in the 1974 publication by Leyden et al. on the quantitative
aspects of skin colonization of AD patients by S. aureus. According to the research of the
above authors, the S. aureus colonization density within skin lesions exceeded 106 colony-
forming units per cm? [53,56]. Although the skin of patients with AD is almost always
colonized by S. aureus with a tendency to develop overt infections, in patients with AD,
an increase in the number of all staphylococcal strains is observed as well. Coagulase-
negative strains show a protective effect through the ability to produce antibacterial proteins
directed against S. aureus. They secrete phenol-soluble modulins, which damage the cell
membrane of competing pathogens and stimulate keratinocytes to secrete natural proteins
and lipoteichoic acid [57]. Whereas S. aureus produces exotoxins that have a negative effect
on the skin [58].

On the surface of dendritic cells and keratinocytes, there are pattern recognition
receptors that play a key role in recognizing pathogen-associated molecular patterns such
as lipopolysaccharides, flagellin, Gram (-) bacterial nucleic acids; mannan and zymosan
of fungi and peptidoglycans, lipoteichoic acid of Gram (+) bacteria. Activation of these
receptors leads to the activation of the immune response as well as the accumulation of
pro-inflammatory cytokines, chemokines and antibacterial proteins. In the acute phase of
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AD, it is observed that stimulated dendritic cells activate naive T cells in the regional lymph
nodes, with the consequent proliferation of Th2 lymphocytes which return to the skin to
produce pro-inflammatory cytokines; interleukins (IL4, IL5, IL13), this process causes the
development of inflammation [57,59].

When it comes to fungal infections in AD, their role is not fully understood, it is known
that Malassezia spp. can contribute to inflammation. According to studies, IgE antibodies
directed against Malassezia spp. are observed in about 10-20% of AD patients [60]. It
should be emphasized that the colonization by microorganisms consists in their presence
on the skin surface without causing inflammatory changes; however, in certain situa-
tions, colonization may turn into infections with visible lesions, which also applies to AD
patients [61].

Studies conducted in recent years indicate that the skin microbiota plays an extremely
important role in protection against infections. Thus, the microbiota is crucial in main-
taining healthy skin. However, it is known that there are numerous interactions between
the skin and other organs. Changing the gut microbiome affects the immune system and
thus the possibility of inflammation in other organs. There are studies confirming the rela-
tionship between intestinal dysbiosis and the development of inflammatory and immune
diseases, including dermatological diseases [36,60,62].

4. The Role of Probiotics in Atopic Dermatitis

Probiotics are live microorganisms that, when consumed in proper amounts, are
beneficial to the health of the host. Among the most well-known microorganisms that
have probiotic activity bacteria from the genus, Lactobacillus and Bifidobacterium are dis-
tinguished. These are anaerobic, Gram (+) bacteria, belonging to the normal microbial
flora. To be consumed by humans, probiotic microorganisms must be non-toxic and
non-pathogenic [63-65]. Probiotics affect mainly the immune system and gastrointestinal
tract by sealing the intestinal epithelium and inhibiting the penetration of allergens into
the bloodstream [66,67]. The gut microbiome is a key regulator of postnatal immunity.
Dysbiosis, meaning dysregulation of the microbiome that occurs particularly during the
neonatal period, maybe a cofactor in the development of allergic disorders [68,69].

Over the past 20 years, there has been an increase in the number of studies that
evaluate the use of probiotics for the treatment of children with AD and the prevention
of AD in pregnant mothers [70]. Although the World Allergy Organization does not
recommend the use of probiotics as a preventive measure against AD during pregnancy
or while breastfeeding because there is no solid scientific evidence [71], a meta-analysis
by Garcia-Larsen et al. which included 19 studies (over 4000 probands) showed that
consumption of probiotics during the last period of pregnancy and breastfeeding reduced
eczema (RR 0.78; 95% CI 0.68-0.90; 12 = 61%) or atopic eczema (RR 0.78; 95% CI 0.65-0.92;
12 = 0%)in children under 5 years of age allergic sensitization to cow’s milk between the
ages of 1 and 2 years [72].

There are many studies on the effects of probiotics that have been conducted on a
group of newborns. Zhao et al. conducted a meta-analysis of 8 clinical trials (741 infants),
and the studies evaluated Lactobacillus probiotics. These probiotics have shown significant
effects in reducing AD severity [73]. Bifidobacterium probiotics were used in a group of
73 infants. As the analysis shows, they did not show a positive effect. However, the study
group was small, and in most studies, patients were observed for a short period of time,
usually less than 8 weeks [74,75].

Research on the effects of probiotics is also thriving in children 1 to 18 years of age. A
meta-analysis by Huang et al. considered 13 different studies. L. fermentum, Lactobacillus and
a mixture of different strains (B. bifidum, L. acidophilus, L. casei and L. salivarius) significantly
improved the severity scoring of atopic dermatitis (SCORAD) index values in children with
AD. In contrast, L. thamnosus and L. plantarum did not show any effectiveness on SCORAD
values in children with AD [76]. B. lactis CECT 8145, B. longum CECT 7347, and L. casei
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CECT 9104 improved the skin appearance of AD patients aged 4 to 17 years (SCORAD
index) in a study by Navarro-Lopez et al. [77].

Research studies have also been conducted in groups of adults with AD to test the
effects of probiotics on alleviating skin lesions. Roessler et al. carried out a double-blind,
placebo-controlled, randomized cross-over study. A group of 15 healthy subjects and 15 AD
patients were included in the study. Probiotics (L. paracasei Lpc-37, L. acidophilus 74-2, and
B. animalis ssp. lactis DGCC 420) or placebo were administered for 8 weeks. In patients
with AD, SCORAD was used to determine the stage of the disease. After supplementation,
increased faecal L. paracasei and B. lactis were detected in AD patients [78].

It is important to remember that commensal bacteria are one of the main factors that
affect human health. Probiotics can manipulate the host microbiome and have a positive
effect on reducing the effects of AD [79].

5. Conclusions

AD is a chronic skin disease with not fully elicitated aetiology and challenging treat-
ment. Researchers are still searching for optimal management for patients with this skin
condition. Studies on the microbiome, commensal microorganisms and the role of skin
microorganisms in maintaining healthy skin bring additional insight into the treatment
and prevention of AD. In the contemporary preventive and therapeutic approach to the
management of the progression of atopic lesions, it is necessary to learn all the mechanisms
determining pathogen-host dependence. An interesting perspective is given by the role of
both innate and acquired resistance to microbes, which may translate into the degree of skin
reaction to bacterial, fungal and yeast colonization of the skin. It seems that discovering
all these relationships can contribute to the control of the course of the disease, prevent
the aggravation of episodes of the disease and will positively affect the quality of life and
activity of patients with atopic dermatitis in society. In the light of presented mechanisms,
reduction in colonization may become both causative and symptomatic treatment in AD.
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