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The skin harbors a huge number of different microorganisms such as bacteria, fungi and viruses, and it acts as a
protective shield to prevent the invasion of pathogens and to maintain the health of the commensal microbiota.
Several studies, in fact, have shown the importance of the skin microbiota for healthy skin. This balance can be
altered by intrinsic and extrinsic factors, leading to the development of skin disease, such as acne vulgaris (AV),

atopic dermatitis (AD) and rosacea (RS).

skin bioengineering skin disease dermatitis

| 1. Introduction

The skin is an extensive and dynamic system in which different living microorganisms (bacteria, fungi, viruses, and
mites) populate not only the surface but also the deeper layers of the epidermis and dermis, as shown in Figure 1.
The entirety of the population composes the microbiota WZIE!, This term refers to all commensal microorganisms,
which are usually harmless [, present in and on our bodies, such as in the intestine, nose, mucous membranes,

scalp and skin.
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Figure 1. Scheme of skin microbiota distribution on skin in a healthy condition. Image built on Power Point

software.
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Their function is to defend our body from pathogens and to maintain good health over time B8, To keep a good
balance, it is necessary that different microbial communities participate in a symbiotic relationship with the host
tissue, conferring it some benefits [Z. In fact, the microbiota includes two types of microorganisms: resident and
transient. The first group represents the core of the skin environment, and they help to maintain healthy conditions.
In fact, they are neither aggressive nor pathogenic, but they provide some benefits to the host, also preserving the
skin barrier. The latter, as the name suggests, do not stabilize permanently, but remain on the skin for only a short

period. Under normal conditions, they are not pathogenic.

However, exogenous and endogenous factors can perturb the bacterial flora, leading to changes in the relative
abundance of normal commensals, and these could become opportunistic pathogens under the right
circumstances [, contributing to the symptoms L2l of diseases such as acne vulgaris (AV), atopic dermatitis (AD)
and rosacea (RS) [RIL9L1],

The distribution of the skin microbiota is not homogeneous, but it differs according to body areas and to skin
characteristics. At the macroscopic level, researchers can subdivide moist, dry, and sebaceous environments. In
the sebaceous areas, researchers find lipophilic bacteria such as Cutibacterium, which is able to grow well in
anaerobic, lipid-rich regions (for example, the forehead and nose crease). In dry areas, on the other hand,

Micrococcus, Streptococcus, and Corynebacterium prevail, such as in the upper buttock area and forearm.

At last, Staphylococcus and Corynebacteria species prefer moist areas, e.g., the armpit, inguinal fold and inner
elbow [EI12],

If researchers consider smaller body regions, at the microscopic level (eccrine and apocrine glands, sebaceous
glands, and hair follicles), more microbial heterogeneity is present. Cutibacterium species predominate, for

example, in sebaceous follicles.

In addition to microbial heterogeneity, bacterial flora also varies from individual to individual by birth type. In the
beginning, the fetus in utero is sterile, so the skin microbiota begins to develop at the time of birth. If the childbirth
method is cesarean, then the newborn will have a microbial population similar to the mother, and species of
Staphylococcus, Corynebacterium, and Cutibacterium will prevail. If, on the other hand, the childbirth is natural,

then the baby will have a vaginal microbial set, such as Lactobacillus, Prevotella, and Sneathia 13,

Then, the enrichment of the microbiota continues with the lactation phase, during which the mother’s
microorganisms try to reach all areas of the body, including hair follicles and then the scalp, in order to establish a
healthy relationship with the skin cells of the host. Adulthood is then the final stage in which everyone will have
their own bacterial flora that will not be static, but will change over time. These temporal changes are some other
factors affecting interindividual and intraindividual variability. In a study conducted over the course of 4-6 months, it

was observed that microbial dynamism was greater in dry environments than in mixed environments.
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In addition, other factors that increase the variability of microbial flora are lifestyle, work, race and age. During
puberty, young people have greater sebum production, which consequently correlates with a greater presence of

lipophilic bacteria such as Cutibacterium.

Another aspect to consider is the environmental impact, including climate, temperature, and UV exposure. Indeed,
UVA and UVB radiation are bactericidal [B1122],

Under healthy conditions, the most prevalent bacteria phyla are Actinobacteria, Bacteroidetes, Firmicutes and

Proteobacteria; in particular, the three most common genera are Corynecateria, Cutibacteria and Staphylococci 23]
[14]115][16],

Among the commensal bacteria, the most representative are Cutibacterium acnes, Staphylococcus epidermidis

and Corynebacterium jeikeium.

Cutibacterium acnes, a Gram-positive anaerobe bacterium, resides in the sebaceous areas of the body, such as
the face, neck, hair follicles and sebaceous glands. Other species, such as C. avidum and C. granulosum, are also
found, but in smaller quantities. Cutibacterium acnes is considered one of the main commensal bacteria of the skin;
in fact, it metabolizes fatty acids with antimicrobial properties and contributes to maintaining the acidic pH of the
skin. It also produces bactericides, preventing the growth of yeasts, molds and some Gram-negative pathogens.

However, under certain conditions, some subspecies of C. acnes are implicated in acne 151161,

Staphylococcus epidermidis, which is Gram-positive, belongs to the Firmicutes phylum. It is commonly found on
the skin and is considered beneficial: it is able to secrete antimicrobial peptides (AMPSs), such as epidermin and
epilancin K7, which prevent the colonization of skin pathogens, including Group A Streptococci (S. pyogens) and S.

aureus.

Corynebacteria, Gram-positive bacteria (phylum Actinobacteria), colonize moist or sebaceous sites and use lipids

or vitamins from sweat to survive.

Members of this family include C. jeikeium; this is a commensal bacterium that, in much the same way as S.
epidermidis, produces bacteriocin-like antimicrobial compounds, preventing the colonization of other potentially
harmful species. In addition, C. jeikeium also produces superoxide dismutase, an enzyme that protects bacteria

from superoxide radicals and simultaneously may prevent oxidative damage at the tissue level [L7[18],

The skin microbiota does not include only bacteria but also fungi. Indeed, different studies have suggested that the
most present fungi on the skin belong to the Malassezia species, such as M. globosa, M. restricta and M.
sympodialis. The distribution of these microbes is body-dependent; for example, M. globosa lives on the back and
occiput, whereas M. restricta is instead on the external auditory canal and retroauricular fold. Aspergillus,

Rhodotorula, Cryptococcus and Epicoccum are present in other skin areas, such as foot sites 171,
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The field of viruses, on the other hand, is not completely known. This may be due to the difficulty of sampling and

sequencing them, for example, due to their size 28!,

| 2. Atopic Dermatitis

Atopic dermatitis is a chronic inflammatory skin disease in which the major symptoms are xerosis, dry itchy skin
and eczema. In this condition, the skin barrier is compromised, and individuals are more exposed to secondary
infections, penetration of allergens, and transepidermal water loss (TEWL) RLJU8I8  Moreover, other

characteristics such as inflammation, immune dysregulation and filaggrin mutation can affect AD patients (Figure
2) [L91201121],
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Figure 2. Atopic dermatitis representation. This image describes the consequence of skin barrier damage. Image

built on Power Point software.

2.1. Mutation of Filaggrin

Among the causes researchers can find in AD patients, there could be a mutation in the gene (FLG) encoding for
the protein filaggrin, localized on the short arm of chromosome 1g21 [22. Filaggrin is a structural, S100 calcium-
binding epidermal stratum corneum (SC) protein. It is involved in the normal SC function in terms of the hydration

and maintenance of the skin barrier. It is also responsible for the binding of the keratin filament to produce micro-
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fibrils. During epidermal differentiation, its insoluble precursor, profilaggrin, is dephosphorylated and becomes more
soluble 231, Then, different proteases cleave the molecule into monomers, forming the final structure [Eli24](25] The
role of FLG is to generate natural moisturizing factors (NMFs) and to provide a scaffold for the extracellular lipid
matrix. If filaggrin is not synthetized correctly or if there is a mutation, then the differentiation of keratinocytes will be
dysregulated, and the barrier will be compromised. Not only keratinocytes are involved, but lipid alteration, a
reduction in moisturizing agents and barrier disruption are other characteristics present in AD. The consequence of
these factors is that the skin is exposed to different infections and pathogens. Moreover, if the SC barrier is not
structurally uniform, then keratinocytes are not able to create a compact layer, and for this reason, the epidermis

will have an increase in transepidermal water loss (TEWL), while skin hydration and the level of NMFs will be lower
28],

It is important to point out that FLG mutations are neither necessary nor sufficient to cause atopic dermatitis; in

fact, 60% of patients do not have this mutation (27,

Not only genetic mutations, but other effects, such as the inflammation process and microbiome imbalance, can

also contribute to AD development.

2.2. Inflammation Process

AD is a combination of two pathologies: a skin barrier deficit, such as a filaggrin mutation, and an immune
dysregulation. Different hypotheses have been reported; the first suggests that immunological aberrations are the
primary phase leading to the development of the disease, with the skin barrier being affected. The second one
states that a compromised epidermal barrier primarily leads to the onset of topical eczema and secondarily to

immune dysregulation [28],

In particular, AD follows a two-step process: from an acute to a chronic state. In the initial, acute phase, T-helper 2
and T-helper 22 cell responses are increased in the skin, with some involvement of T-helper 17 cells. The
mediators produced can influence skin inflammation, and they contribute to the impairment of the skin barrier.
Moreover, they activate different cell types, such as keratinocytes, which increase skin inflammation through the
release of proinflammatory cytokines. The disease continues its progression in a chronic manner, in which type 1

immunity prevails with Th1 pathways and a still important contribution from T-helper 2 cells 2239,

2.3. Microbiome in AD

In addition to genetic evidence, the microbiota also plays a key role in the development of skin diseases. In fact,
the perturbation of resident flora can determine the colonization of some pathogenic species. A diverse composition

of the microbiota can also alter the epidermal barrier.

The bacterium present in the highest percentage in atopic skin is S. aureus. It is able to produce toxins, enzymes
and antigens capable of bypassing the immune system and the skin barrier. Its enterotoxins can induce the

expansion of T- and B-cells, leading to the production of inflammatory cytokines., e.g., toxins and leucocidins. They
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initiate the process of cytokine production, hemolysis and leukocyte death. B-toxin, on the other hand, causes cell
death, inflammation and destruction of the skin barrier. Researchers can say that these substances help S. aureus

to grow and survive by targeting the host's immune response and the integrity of the skin barrier 132133

A study conducted by Amy S. Paller et al. confirmed that in AD, an over-colonization of S. aureus (Gram-positive
aerobe bacterium) occurs 4. Thanks to epidemiological, metagenomic and functional studies, it has been shown
that the link between this bacterium and AD is sophisticated and depends on host and pathogen factors. While
some host factors (physical, antimicrobial) aid in the maintenance of healthy skin, this bacterium can adhere and

invade the epidermis, contributing to and promoting the development of an inflammatory state 531,

In an atopic patient, in fact, the percentage of this bacterium is found to be higher, with an increase from 30 to
100% depending on the type of patient, the size of the sample site taken, and the method used for microbial
analysis. In the literature, different sampling methods have been observed to analyze the bacterial composition.

However, heterogeneous methods have led to different results.

Other results have suggested that when analyzing the skin microbiota with a deep shotgun metagenomic
sequencing, the microbial diversity is lower during an AD flare. In particular, in inflamed atopic skin, the genera
Streptococcus, Corynebacterium, Cutibacterium and the phylum Proteobacteria decreased with respect to the

genus Staphylococcus 221,

Instead, if researchers consider bacterial-culture-based methods, a meta-analysis including 95 studies
demonstrated a different distribution of this bacterium on the same patient in injured areas (70%) than in the
uninjured areas (39%) 28],

In fact, there is still no real cure that targets the different bacterial composition in AD, and for this reason, possible
future therapies could be those in which the precise target is the skin microbiota, with the aim of restoring the

commensal species to bring back a healthy and balanced skin environment 87,

Other studies were performed to investigate the microbiota in AD. For example, Kwon et al. 28 evaluated
differences in the skin surface microbiome in 18 patients (aged 5-40 years old), prescribing TCS
(methylprednisolone cream) and oral histamine. The microbiome was compared between lesioned and non-
lesioned skin at different time intervals. The results showed that the proportion of the genus Staphylococcus, which
was >80% in baseline lesioned skin, decreased drastically after treatment (week six) and increased slightly after
the discontinuation of treatment (week nine). Moreover, the proportion was much higher in lesioned than in non-
lesioned skin, even after treatment. In baseline lesioned skin, S. aureus comprised 72.5% of the total species,
while S. epidermidis and S. caprae were the second and third most common species, respectively. In non-lesioned
skin, Cutibacterium acnes was the most common species, followed by S. aureus and S. epidermidis. The
proportion of S. aureus on lesioned and non-lesioned skin was significantly different (p = 0.0014). As a result,

researchers can state that this bacterium was more present in lesioned skin at all time points, including week six.
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The proportion of S. epidermidis, on the other hand, in baseline lesioned and non-lesioned skin was 6.3% and

7.1%, respectively.

This study highlighted how the microbiota changes under injury conditions. In fact, it confirmed that in AD with
wounds, S. aureus is the species that predominates with respect to non-lesioned skin, where the composition is
different and where Cutibacterium acnes prevails. Moreover, Kwon et al. demonstrated that topical cream, such as

TCS, in combination with oral histamine can decrease the colonization of S. aureus.

Previously, researchers stated that different sampling methods can lead to different results. The most common
method used is swabs, which allow an analysis of the surface microbiota. Other methods (for example, strips as a
non-invasive method, and skin biopsies as a more invasive method) can be used to study the microbial

composition in the deeper layers of the epidermis.

In the work of Martin et al. 82, 23 children (six months old with a familiar predisposition) were enrolled. This study
aimed to investigate skin parameters and microbiota composition changes with (n = 11) or without (n = 12) the use
of an emollient. Parameters were evaluated only after six months. For the skin results, pH and TEWL were
measured. In both cases, they were lower in the emollient group than the control one, while the skin water
capacitance was higher in the emollient group (8l The lower value of TEWL should be considered as a positive

aspect, as this correlates with the restoration of the skin barrier and the firmness of corneocytes.

The main shortcoming of these studies is related to the duration of treatment. In fact, since the use of the product
lasted for only six months, it is not possible to predict the long-term effects 8. For example, researchers cannot
affirm if, with the application of the product, the barrier function will be restored completely. For microbiota
analyses, skin samples were obtained by using a flocked swab. Bacterial DNA was amplified and later sequenced,
targeting the 16S rRNA gene, in particular regions V1-V3, which allowed the bacterial discriminations. The S. mitis
group and S. salivarius were shown to be present in different compositions between samples from the emollient

and control groups, while Streptococcus predominated in both the emollient and the control groups.

S. salivarius was significantly higher in the emollient group than in the controls at all sampling sites (cheek, p =
0.02; dorsal forearm, p = 0.02; volar forearm, p = 0.02); instead, S. mitis was less shown in the emollient group

than in the controls, without any particular significance 28139,

The next step was the analysis of S. salivarius in the healthy neonates and in patients with AD in the control group.
The proportion of this bacterium in the cheeks appeared lower in AD infants as compared to healthy ones. The
decrease in the S. salivarius proportion associated with AD was not statistically significant, presumably due to the

low number of infants with AD (n = 3).

Although the limitation of this study has already been mentioned, the hypothesis is that the long-term use of the
product with emollient effects, leading to a decrease in pH and an increase in S. salivarius, may help children with

atopic dermatitis to avoid the onset of more serious symptoms.
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With these studies, it can be considered how different analysis methods and microbiota sampling can lead to
different results. In fact, if in the first study researchers focus on Staphylococcus aureus as the main exponent
present in a higher percentage of AD patients, then in the last study, Staphylococcus salivarius and mitis are
emphasized as the major species. As a result, it can be stated that it is necessary to find a standardized sampling
method to analyze the bacterial composition, and thus the skin microbiota at a deeper level, that is, not focusing on
species only but also the subspecies and phylotype levels. In this way, researchers can better understand what the

real players are that are present on an atypical skin sample, identifying the genetic characteristics.

Treatments for this therapy are complex, and they vary depending on the patient’s condition, age, compliance, and
cost. Treatments are also divided into topical and systemic. Firstly, the use of emollients and moisturizers is

intended to provide hydration, repair the skin barrier and reduce itching, redness and flaking “4911142],

These products usually contain a high percentage of oils. Another recommendation is to take baths once a day for
5 to 10 min in lukewarm water. In more severe cases, dermatologists suggest adding bleach (0.005%) twice a
week to counteract the over-colonization of S. aureus, as it has antiseptic properties. If researchers consider
medication, the first line of treatment is corticosteroids, which have an anti-inflammatory effect on immune cells
such as T-cells and macrophages. Different types of corticosteroids can be used depending on the stage of the
disease: in more severe cases, class | corticosteroids are recommended, while in milder cases, patients can take
class VII corticosteroids. The latter are often applied in children or in more sensitive areas of the body, where the
skin is thinner. These drugs are suggested as they are able to contrast the growth of S. aureus by inhibiting the
production of the peptides it produces. Doctors usually recommend brief use because they can lead to side effects

such as redness, striae, and atrophy [43144],

The routes of administration can be different. Indeed, they can be applied directly to atopic skin, or delivered
through wet wraps, allowing the active ingredient to penetrate more deeply, at the same time providing protection
to compromised skin and lowering transepidermal water loss. In the most extreme cases, topical application is not
sufficient. Consequently, the systemic administration of immunomodulators such as cyclosporine and azathioprine
is used. The last approach, which could be considered as an adjuvant, is phototherapy. For this purpose, UVB
irradiation (NB-UVB/UVB 311 nm) and medium-dose ultraviolet radiation (UVA1) are used [43]146[47],
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