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Abstract: Human skin, our most environmentally exposed organ, is colonized by a vast array
of microorganisms constituting its microbiome. These bacterial communities are crucial for the
fulfillment of human physiological functions such as immune system modulation and epidermal
development and differentiation. The structure of the human skin microbiome is established during
the early life stages, starting even before birth, and continues to be modulated throughout the entire
life cycle, by multiple host-related and environmental factors. This review focuses on extrinsic factors,
ranging from cosmetics to the environment and antibacterial agents, as forces that impact the human
skin microbiome and well-being. Assessing the impact of these factors on the skin microbiome will
help elucidate the forces that shape the microbial populations we coexist with. Furthermore, we will
gain additional insight into their tendency to stimulate a healthy environment or to increase the
propensity for skin disorder development.
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1. Introduction

We are not alone: Both inside and out, in tissues and biofluids, our bodies coexist with a huge array
of microorganisms. The collection of microorganisms residing in the body, including bacteria, archaea,
viruses, and eukaryotes, as well as their genomes and the surrounding environmental conditions,
constitutes the microbiome [1,2]. The human microbiome is a complete and complex ecosystem
that is organized in communities displaying great diversity according to body site, host age and sex,
diet, genetics, socioeconomic status, geography, pregnancy status, and environmental exposure [3].
The distinctive microbial composition of the different body niches is related to their participation in the
fulfillment of the host’s normal physiological functions. The arrangement of colonizing microbes is
adapted to the particular environment and presents metagenomic elements to fit the requirements [4,5].
The gut and skin microbiome modulates the immune system. However, while the skin microbes
participate in epidermal development and differentiation [6], the gut microbiome is involved in nutrient
uptake and metabolism [7].

The assembly and equilibrium of the human microbiome are influenced by both host-related
and external factors [8]. Daily life actions such as touching, eating, and breathing shape the human
microbiome from its inception and can alter its composition throughout all life stages of an individual,
by the same mechanisms. Even though the human microbiome shows some resistance to change and,
to a certain extent, ability to recover its baseline composition after an alteration [4,5], powerful and
selective forces can affect microbiome behavior and result in temporal or permanent alterations [9].
This is particularly evident in the skin, the human body’s largest organ and main interface [10,11].
The skin, being the most environmentally exposed surface, is continuously influenced by chemical,
biological, and physical variables that can impact its stability and composition. Exposure to these
variables may be temporary and short-lasting, as in the case of topical antiseptics and ointments,
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or repeated and long-lasting, such as ultraviolet (UV) radiation, fabrics, and cosmetics. In this
manuscript, we review recent findings on the effect of extrinsic factors on the skin microbiome and
discuss their repercussions on skin properties and health.

2. The Healthy Skin Microbiome

Human skin is acidic, cool, desiccated, and relatively sparse in nutrient availability compared
with other organs [11,12], thus representing a less-than-ideal habitat to support bacterial growth.
The presence of salt-rich sweat and antibacterial molecules imposes yet another obstacle [13].
Nevertheless, the skin offers many niches that differ in their physical and chemical properties, such as
temperature, moisture, pH, and oxygen availability, creating multiple microenvironments [13,14].
Thanks to the skin’s display of distinct habitats and the adaptation processes microbes have successfully
undergone, a wide range of microorganisms are able to find in the skin a stable ecological niche
that offers appropriate growth conditions and the required nutrients. For example, the growth of
Propionibacterium species is supported by lipid-rich skin surfaces, such as sebaceous face sites [12,15],
while S. aureus is found in moisturized skin, higher in temperature and humidity, like the axillary vault
and toe web [11]. The coevolution between host and microorganisms, individual or communities,
is thought to have resulted in the establishment of mutualistic interactions, in which one or both
members benefit from the presence of the other [16,17].

The Human Microbiome Project, initiated by the National Institutes of Health (NIH),
gathered efforts to elucidate the healthy human skin microbiome [5]. Among the observations made,
skin microbiome composition was found to be conserved at high taxonomic levels, while allowing
more variance at lower taxonomic levels [12]. Members of the human microbiome belong to 19 bacterial
phyla, the most represented being Actinobacteria, Firmicutes, Proteobacteria, and Bacteroidetes [16].
In terms of the skin microbiome, variations were observed between the proportions of bacterial species,
probably resulting, among other factors, from technical differences in the targeted skin site, sampling
methods, or sequencing strategies [16–19]. Griece et al. [15] characterized the topographical diversity
of the human skin microbiome, sampling 20 body sites on ten healthy individuals associated with three
microenvironments: sebaceous, moist, and dry (Figure 1). The proportions of the main skin-residing
bacterial phyla were as follows: Actinobacteria at 51.8%, Firmicutes at 24.4%, Proteobacteria at
16.5%, and Bacteroidetes at 6.3%. Corynebacterium was the most represented genus on moist skin;
Propionibacterium and Staphylococcus predominated on sebaceous skin; and β-Proteobacteria and
Flavobacteriales were most abundant on dry skin. Gao et al. [19] assessed the composition of skin
microbes taken from the superficial volar forearms of six healthy patients and found that bacteria
belonging to Actinobacteria, Firmicutes, and Proteobacteria accounted for about 95% of the operational
taxonomic units.
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Figure 1. Topographical distribution of bacterial groups on various skin sites. The skin microbiome
composition is highly dependent on the skin microenvironment. The bacterial composition of several
sebaceous (yellow), dry (red), and moist (blue) skin sites of ten healthy human patients is shown.
Data from Reference [15].

3. Microbiome Dysbiosis

The skin microbiome is a highly heterogeneous, yet organized and stable, assembly of
microorganisms that form a complex network. When subjected to random short perturbations,
the microbiome is able, to some extent, to remain undisturbed [4]. Continuous exposures to
external pressures may, however, provoke destabilization of the equilibrium. This phenomenon,
known as dysbiosis, describes an imbalance of the microorganism community on or within our
body [20]. The high association between the bacteria that constitute the highly organized microbiome
is thought to lead to a cascade effect, whereby a shift in one of the species leads to alterations in
the others [4]. Such alterations can be of a diverse nature, ranging from an increased bacterium
count, potentially replacing a previously lost function, or its complete depletion, possibly leading to a
harmful condition. Dysbiosis has been widely studied in connection with several dermal diseases,
such as atopic dermatitis (AD), acne, and vitiligo. In the case of AD, enrichment of S. epidermidis and
of S. aureus is observed [21]. Given that S. epidermidis, a common member of the skin microbiome,
is known to inhibit S. aureus growth [22], their coexistence in inflamed AD skin suggests an altered
interaction that possibly influences disease progression. Some microbial dynamics theories attribute the
observed microbial shifts in dysbiosis states to resource competition [23], nutritional interdependency
leading to trophic cascades [24], or behavioral changes triggered by external or internal stimuli [25].
Nevertheless, the mechanisms of diversity alteration within microbial networks and the ensuing
outcomes are highly complex and continue being investigated for each particular situation [26].
Whether dysbiosis is the cause of the disease or its outcome remains unclear. Naturally, current dysbiosis
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research compares individuals with established diseases with healthy subjects. The high variability in
microbiome composition between individuals [17,27] theoretically requires researchers to compare the
same individual before and after contracting a disease, in order to avoid bias and misleading results.
This, however, would certainly have some ethical implications. Timing is yet another limiting factor
for our ability to answer the question of what comes first; the width of the time window in which the
microbiome can shift makes sampling time paramount. Despite these challenges, new therapeutic
approaches to tackling skin dysbiosis are constantly being developed [28].

4. Strategies for Skin Microbiome Research

Advancements in the field of skin microbiome research depend on experimental performance,
in which the selection of an appropriate biological model is crucial. Although several experimental
systems have been proposed for the study of human skin microbiome, including 3D models [29],
microfluidic co-culturing of eukaryotic cells and bacteria [30], and ex vivo tissue culture [31],
the laboratory mouse is still the preferred model for the assessment of host–microbe interactions.
The inner-ear skin of the mouse, for example, has a similar morphology and microbiome composition
to that of human skin, and so that model has been used extensively for skin-barrier and immunity
research [17].

Next comes sampling to capture a representative collection of bacteria residing in a specific skin
area of interest. Swabs, biopsies, surface scrapes, and tape strips have been documented and validated
as skin-sampling strategies [32] (Figure 2). Studies have shown high concordance between these
sampling methods for the determination of skin microbiome composition by sequencing [30,33,34],
although moistened swabbing is preferred for being non-invasive and easy to perform [35]. Ultimately,
however, the method of choice should fit the research question. Consistent sampling of the anatomic
area is of paramount importance in order to correctly compare samples and conduct well-grounded
result interpretation.

Figure 2. Skin microbiome research workflow. Primary steps include skin sampling, bacterial DNA
extraction, purification, amplification and sequencing, data processing, and analysis.

Bacterial DNA extraction is required next, to capture the diversity of the microbial community
present in the sample (Figure 2). Most extraction methods rely on the same basic steps: cell lysis,
DNA purification, and collection [36]. Commercial, ready-to-use extraction and purification kits are
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available and have been tested for performance in microbiome research [33,37]. The acquisition of
sufficient quantities of DNA from low-bioburden skin for the sequencing pipeline is not a trivial
feat. Thus, to perform DNA extraction by using commercial kits and still obtain high DNA yield and
quality [38], some modifications to the suggested protocols may be needed—for example, repeating
elution steps and decreasing hands-on time to the bare minimum [33].

Until recently, microbiome research has relied almost exclusively on bacterial cultivation
techniques [39]. However, since only less than 1% of the bacteria in a sample can grow under culture
conditions, over 99% of the bacteria present in a sample had been overlooked [40]. The limitations of
these methods accounted for the need to develop new strategies. Nowadays, DNA-based approaches
are the preferred method for microbiome characterization (Figure 2). Developments in high-throughput
DNA sequencing tools (next-generation sequencing), as well as the reduction of associated costs,
have allowed the wide-ranging study of microbiomes in vivo [41]. Computational tools allowing
increased capacity for big data processing have also simplified the performance of microbiome
research [42]. DNA-based studies often fall into one of two categories: amplicon-targeted or shotgun
metagenomics. While the former uses one or several marker genes, the latter targets the entire
profile of gene content, to allow for the identification of the bacterial composition. The most suitable
technique depends on the research question, since each method provides different metagenomics
information. For amplicon-targeted microbiome studies, the 16S ribosomal DNA (16S rDNA) gene
is the gene most commonly used [36,43]. This gene is a phylogenetic marker that is present in all
living organisms [32]. It contains nine hypervariable regions (V1–V9) characterized by high sequence
diversity between different bacteria [44], allowing their identification [43]. For skin microbiome
research, which is characterized by a low bacterial biomass, targeting the V3–V4 region of the 16S
rDNA gene results in good capture and representation of skin microbial communities [45]. In the case
of shotgun metagenomics, random primers are employed to sequence overlapping regions of DNA
and assemble whole genomes [36,46].

The amplification and sequencing of the extracted DNA enables us to determine the microbial
structure of the skin microbiome. Many sequencing platforms that implement different DNA-sequence
decoding technologies have been applied to genome and 16S sDNA amplicon sequencing [41].
These platforms include Roche 454 GS FLX, Illumina (MiSeq and HiSeq), Ion Torrent/IonProton/Ion
Proton, SOLiD 5500 series, and Oxford Nanopore, to name a few. The density and complexity of the
information contained on the microbiome makes the use of computational, statistical, and bioinformatics
tools indispensable, in order to obtain a proper interpretation [47,48]. In most metagenomics projects,
data analysis forms a bottleneck due to the massive datasets obtained [49]. A common data-analysis
workflow includes data filtering and normalization, identification of microbial groups, classification
and clustering, diversity analysis, and data visualization (Figure 2). Several software programs that
accomplish this are now available [41]. For a complete, in-depth review article on this topic, refer to
“Performing Skin Microbiome Research: A Method to the Madness” [32].

5. Extrinsic Influences Shaping the Skin Microbiome

Numerous sources of extrinsic factors exist that can shape the skin microbiome. Exposure can
be either long- or short-term, continuous or one-time. The duration of the exposure significantly
influences the effects on the microbiome [50]. Naturally, exposure intensity also plays an essential role
in shaping the skin microbiome. Table 1 summarizes some of the extrinsic factors and their effect on
skin microbiome.
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Table 1. Summary of extrinsic factors affecting the skin microbiome.

Classification Factor Skin
Condition Effect on Microbiome Clinical

Outcome Reference

Early life exposures

Meconium-stained
amniotic fluid Healthy ↑ gut microbiome diversity

Prevention of skin
inflammation-related

diseases
[51]

Diapers Diaper
dermatitis

↑ Enterococcus and S.
aureus abundances

Not described [52]
↓ Lactobacillus and

Bifidobacterium abundances

Cosmetics

Skin hydration set Healthy
↑ bacterial diversity

Not described [53]
↓ Propionibacterium

abundance

Madecassoside Healthy ↓ P. acnes
Enhanced skin hydration

[54]Suppressed
inflammation

Lipidic body wash
with ZPT

Atopic
dermatitis

Bacterial shift to healthy
controls No effect on AD severity [55]

↓ S. aureus abundance

Environment and
nature

Alpine climate Atopic
dermatitis ↓ S. aureus abundance Decrease in disease

severity [56]

UV-B radiation Healthy Immune response
intermediate

Protection against
immuno-suppression [57]

Soil and plant leaves Healthy

Altered microbiome
diversity

Transient bacterial shift
dependent on donor

bacterial biomass
[58]Resemblance of human

bacterial composition to
that of the donor (soil/leaf)

Antimicrobial
agents

Minocycline Acne

↓ Cutibacterium,
Corynebacterium, Prevotella,

Lactobacillus, and
Porphyromonas

Reduced abundance of
skin-protective bacteria [59]

Vancomycin Wounded skin

↓ Staphylococcaceae

Delayed wound repair [60]↑ Lactobacillaceae

↓ RegIII-γ

Ampicillin Vitiligo ↓ gut bacterial abundance Accelerated
depigmentation [61]

Ozone AD

↑ skin microbiome
diversity

Mitigation of AD lesions [62]
↓ Staphylococcus,

Acinetobacter, Lactobacillus,
Streptococcus, and
Propionibacterium

abundances

Bacterium-based
agents

L. rhamnosus AD No mechanism described Reduced risk of disease
development in children [63]

L. rhamnosus and L.
reuteri AD No mechanism described Reduced disease severity

in children [64]

L. acidophilus, L.
delbrueckii, and B.

bifidum
Acne No mechanism described Reduced lesion number [65]

L. acidophilus and L
casei Wounded skin ↓MRSA Reduced risk of infection [66]

K. pneumoniae, E.
faecalis, and P.

mirabilis

Chronic
ischemic
wounds

↓Pathogen growth
Complete wound

healing [67]Immune response
modulation

S. hominis AD ↓S. aureus abundance Improved disease
symptoms [68]

R. mucosa AD ↓S. aureus abundance Reduced disease severity [69]
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5.1. Early Life Exposures

Bacterial colonization on the human skin begins at the moment of birth and continues developing
and reshaping throughout our first years of life [70]. Reports on microbial colonization beginning
before and during delivery have been thoroughly reviewed by others [71–73]. Krieger et al. [51]
found fetal exposure to meconium-stained amniotic fluid (MSAF) in utero to be protective against
the development of dermatitis and skin-eruption-related hospitalizations. Based on the widely
investigated intimate gut–skin interaction, Krieger et al. [74] suggested that, through MSAF exposure,
the diversity of the gut microbiome could be increased, stimulating the immune system and preventing
later skin-inflammation-related diseases. The retrospective design of the study, however, limited the
identification of the causes underlying these findings. Further research, including analysis of the
bacterial profile of MSAF, is required.

Diaper dermatitis (DD) is an inflammatory skin condition caused by high-frequency abrasion
between an infant’s skin and the diaper’s surface. The affected skin is highly susceptible to microbial
infections, in particular to intestinal microbial residues [52]. The effect of diapers on skin microbiome
was studied on 85 babies, of which 54 suffered from DD. Interestingly, bacterial diversity in DD patients
was higher compared with the healthy controls [52], contradicting the notion that a greater bacterial
diversity is advantageous [75]. Increased presence of enterococci, a normal skin and gut bacteria
with pathogenic potential, was also found in DD lesions, supporting previous reports associating the
bacterium to the development of DD [76]. On the other hand, Lactobacillus and Bifidobacterium,
two gut probiotic bacteria, exhibited reduced levels in DD lesions [52]. The detection of intestinal
bacteria on both healthy and DD skin led to speculations regarding a possible involvement of these
microorganisms in skin ecology. Nevertheless, the authors express the need to deepen the research in
order to determine whether a clear relationship exists.

5.2. Cosmetics

Skin hydration cosmetics are very popular among a large proportion of the population. They are
used on a daily basis, to prevent dryness and maintain smooth and healthy skin [77]. The effect of
hydration cosmetics on facial skin microbiome, specifically on the cheeks, was assessed by Lee et al. [53]
on 30 volunteers with dry to hydrated skin types. The basic hydration set included four cosmetic
products, which were applied sequentially after facial washing, twice a day, for four weeks: a skin
softener, a lotion, an essence, and a cream. The use of these products resulted in a significant increase
in bacterial diversity, regardless of facial-skin hydration level. As for the bacterial composition,
the communities found in both skin types were different before and after cosmetic usage for all
participants: Variability was related more to interpersonal differences than to skin hydration level.
It is worth noting that the relative abundance of Propionibacterium, one of the most predominant
skin bacterial genera, differed significantly between individuals with different skin hydration levels.
Subjects with highly hydrated skin exhibited higher Propionibacterium abundance than those with low
hydration. Furthermore, its abundance decreased significantly with cosmetic use, especially among
the high-hydration group. Propionibacterium contains lipophilic skin commensals usually found in
sebum-rich skin areas like the head, chest, and back [54]. This bacterial genus is reported to hydrolyze
triglycerides present in human sebum as a nutrient source [78]. Cosmetic use promotes increased
hydration levels, resulting in a drop in sebum content, which could possibly explain the decrease in
Propionibacterium abundance. Among the Propionibacterium genus, P. acnes has been widely studied
for its association with acne and immunomodulatory effects [54].

The effect of lipidic body-wash formulas on the skin of young AD patients was assessed [68].
Atopic dermatitis affects up to 20% of children and 30% of adults worldwide, with patients experiencing
cutaneous infections characterized by dry, red, and itchy skin [79]. As previously mentioned,
a microbiome dysbiosis pattern characterized by an increased abundance of S. aureus is also distinctive
of AD skin [21]. Lipidic body-wash formulas with and without zinc pyrithione (ZPT), a demonstrated
active material against bacteria and fungi, were tested to analyze their capacity to improve AD skin
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condition. After body wash with lipids and zinc pyrithione treatment, bacterial composition was seen
to shift toward that of the healthy controls. Both formulas resulted in increased microbial diversity,
generally associated with healthy skin (Figure 3). However, only ZPT-containing lipid body wash
significantly reduced Staphylococcus abundance at the genus level, and S. aureus at the species level,
probably due to the deposition of this active material on skin surfaces and its subsequent interaction
with bacterial cells to control their population. Nevertheless, assessment of SCORAD (SCORing of
Atopic Dermatitis) scores revealed that AD severity remained unchanged in treated patients [68],
supporting the theory that the impact of microbes in AD results from bacterial communities and their
interactions, rather than from isolated bacteria [21,80,81].

Figure 3. Bacterial relative abundance after treatment with lipidic body washes, with and without zinc
pyrithione (ZPT), on lesional and non-lesional skin of young AD patients. The AD skin microbiome
achieved a similar composition to the healthy controls after four weeks of body wash with lipids and
ZPT treatment, and reduction in the relative abundance of S. aureus. Adapted from Reference [55].

5.3. Environment and Nature

The ecosystems humans live in, which are affected by the status of biodiversity, climate,
and urbanization, among other factors, shape the human skin microbiome [82]. Van Mierlo et al. [56]
investigated the influence of the alpine climate, characterized by lower pollution and allergen levels
and increased UV radiation, on lesional and non-lesional skin of children with difficult-to-treat AD.
After six weeks of alpine climate treatment, a significant shift in the general skin microbiome of AD
lesions was observed. In particular, a decrease was seen in S. aureus abundance on diseased skin after
the treatment. High S. aureus abundance has been associated with increased disease severity in AD
patients [83], suggesting that an alpine climate could assist in AD treatment. Nevertheless, the authors
show uncertainty when determining whether the observed shifts in S. aureus abundance cause or are
caused by changes in disease severity [56].

Ultraviolet radiation (UV-R) induces synthesis of antimicrobial peptides (AMPs),
essential components of the innate immune system that trigger defense responses. However, UV-R is
also associated with skin cancer development and immune suppression, as well as photoallergic and
phototoxic responses [84]. The role of the microbiome in the UV-R–immune system interaction has
not been investigated until recently. Patra et al. [57] demonstrated that the microbiome acts as an
intermediate between UV-B radiation exposure and the skin’s immune response by using germ-free
(GF) mice (completely lacking microbiomes) and comparing them with specific-pathogen-free (SPF)
mice. UV-B exposure led to a pro-inflammatory environment in the microbiome-holder SPF mice,
whereas an immunosuppression reaction was favored by the microbiome-free GF mice [57]. This was
evidenced by the differential gene expression observed for both animal groups, as a response to UV-B
exposure: Pro-inflammatory cytokines (IL-1β, IL-6, and IL-18rap) were predominant in the presence of
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a microbiome, while immunosuppressive cytokines (IL-10, IL-10ra, IL-20rb, and IL-7r) were found in
the absence of a microbiome. Based on these findings, the authors suggested that the microbiome has a
protective effect against immune suppression caused by UV-B.

Soils and plant leaves are major microbe sources. Vandegrift et al. were first to examine the effect of
human–soil and human–leaf contact on the skin microbiome [58]. The authors, who hypothesized that
soil and plant leaves could cause transient compositional changes in the skin microbiome, showed that
the movement of microbes from the donor soil or leaf sample to the human receptor caused a diversity
alteration in the subject’s skin microbiome. This alteration was transient and characterized by a
bacterial composition resembling that of the donor, both for leaves and soil samples. The time required
to return to the basal state was found to depend on the initial biomass in the source communities.
The most abundant taxa in the donor source were expected to have a higher probability of colonization
in the human receptor. This hypothesis was supported by the observation that only a small amount
of highly represented taxa coming from the donor microbiome remained after 24 h and survived a
thorough wash of the human receptor [58].

5.4. Antimicrobial Agents

Antimicrobial agents are used with the intent of avoiding or reducing infections caused by
microorganisms. Increasing evidence of the relevance of the microbiome for human physiology
and health has, however, led to a paradigm shift: Microbes and bacterial colonization are no longer
perceived strictly as threats, but rather depending on the circumstances. As a result, the effects of the
intake of non-specific antimicrobials on resident bacterial communities are now being reconsidered
since they also affect beneficial, commensal members. As an example of the commensal–pathogenic
bacteria duality, S. epidermidis and C. acnes have been indicated as acne-causing agents [85] and,
conversely, as resident bacteria that inhibit pathogenic bacteria growth and decrease the risk of disease
development. Nevertheless, current treatment options for acne include antibiotics, and comedolytic
and anti-inflammatory agents designed to attack the bacterial component of the disease [86]. In a
recent research study, the skin microbial composition of individuals suffering from acne was analyzed
before and after four weeks of oral minocycline administration [59]. Antibiotic administration caused
a decrease in the variety of bacterial species of the skin: relative abundances of Cutibacterium,
Corynebacterium, Prevotella, Lactobacillus, and Porphyromonas decreased, and only Porphyromonas
was able to recover its baseline levels eight weeks after discontinuation of minocycline treatment.
These results support the hypothesis that systemic antibiotic treatment may negatively impact skin
health by reducing the abundance of protective bacteria, such as Lactobacillus, which is known to
suppress S. aureus infections [87–89], atopic dermatitis [90], and acne [90]. New microbiome-based
interventions, which favor the growth of commensal bacteria rather than attack pathogens, are under
investigation for the treatment of skin conditions; examples include virus-derived endolysins for the
treatment of staphylococcal impetigo [91] and coal tar therapy for the alleviation of AD symptoms [92].

Zhang et al. [60] assessed the effect of oral vancomycin treatment on wound repair and its
association with the skin microbiome. After seven days of vancomycin administration, an excisional
wound was created on the back of shaved mice and monitored for five days. Bacterial enumeration
was performed on scar tissue, and RNA was isolated from wounded and unwounded skin samples.
Antibiotic intake was seen to have a delaying effect on scar formation (Figure 4A). Alteration of the
bacterial composition on scar tissue was observed, as well: While Staphylococcaceae was dominant
in control mice, a decrease in its abundance and Lactobacillaceae predominance was found in
vancomycin-treated mice (Figure 4B). Surprisingly, as observed in the RNA profiling, vancomycin
treatment resulted in an underexpression of RegIII-γ (Figure 4C), a gene expressed in wound tissues
to induce keratinocyte proliferation and promote healing [93]. Although the implication of the
Lactobacillaceae family in wound healing still needs to be elucidated, the authors were able to conclude
that antibiotic therapy caused a microbiome shift and delayed wound healing.
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Figure 4. Impaired wound healing after vancomycin therapy. (A) Delayed wound repair was observed,
(B) associated with reduced bacterial density and diversity and (C) decreased RegIII-γ expression in
scar tissue. *p < 0.05. Adapted from Reference [93].

Dellacecca et al. [61] studied the influence of oral ampicillin treatment on the microbiome of
vitiligo skin. Upon antibiotic administration, treated animals were monitored for skin depigmentation.
Both skin and fecal microbiomes were analyzed. Ampicillin intake was shown to cause a 2.4-fold
acceleration in skin depigmentation, compared with control animals. While untreated mice did not
experience pelage pigment loss, mice under antibiotic treatment presented with 33% depigmentation at
week 30. Cutaneous microbiome analysis revealed no impact of oral antibiotic treatment on microbial
colonization, but the gut microbiome was highly affected, as evidenced by a significant drop in
bacterial abundance. A clear association was, therefore, observed between the distant gut microbiome
composition and vitiligo development. The authors suggest that antibiotic treatment may stimulate
pro-inflammatory and antigen-presenting gut bacterial strains, leading to the activation of T cells
against melanocytes and causing depigmentation [61].

Ozone has been used for more than a century for its ability to inactivate a wide range of
microorganisms, stimulate oxygen metabolism, and activate the immune system [94]. Zeng et al.
studied the effect of topical ozone on the microbiome diversity of AD skin by submitting patients
to ozonated water showers, followed by application of topical ozonated oil [62]. S. aureus,
whose colonization is highly associated with AD, was present in 58% of the skin lesions. Ozone therapy
significantly mitigated the AD lesions; this observation was associated with increased microbiome
diversity and compositional changes in the bacterial populations of AD lesions. Staphylococcus
abundance decreased as a result of the ozone treatment and was found to be partially correlated
with disease severity. A decrease was observed in the abundances of Acinetobacter, Lactobacillus,
Streptococcus, and Propionibacterium, as well. The authors suggest that short-term ozone therapy can
enhance AD treatment by restoring microbial diversity, exhibiting antibacterial properties to reduce
Staphylococcus abundance, repairing skin barrier function, and relieving inflammatory reactions [62].

5.5. Bacterium-Based Agents

Probiotics, introduced in the 1900s, thanks to their positive influence on human health [95],
were defined by the FAO with support from the WHO as “live microorganisms which when administered
in adequate amounts confer a health benefit on the host” [96]. The use of probiotics has been proven to
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reduce infection frequency and antibiotics usage. Particularly, researchers have demonstrated their
efficacy in the treatment of skin conditions such as AD and acne vulgaris, potentially due to their
contribution to the inhibition of skin pathogen growth [97] and promotion of a positive bacterial
balance [98]. Bacterial probiotic genera for the skin include Lactobacilli and Bifidobacterium [98].
Probiotics, which are not only efficient for the treatment of skin conditions, are also used in general skin
healthcare, to improve the skin’s physicochemical properties (hydration, elasticity, melanin production,
etc.) and immune system [99–101]. In AD, L. rhamnosus successfully reduced the risk of disease
development in children [63] and the severity of eczema in 56% of pediatric patients when combined
with L. reuteri [64]. No action mechanism was suggested to account for the healing properties other
than the possible reestablishment of a healthy bacterial balance [99]. In another study, a mixture of
L. acidophilus, L. delbrueckii, and B. bifidum was tested as a probiotic supplementation for the treatment
of acne [65]. A significant decrease in lesion number was observed, although the force behind the
healing process was not fully elucidated. In an investigation of wound healing, L. acidophilus and
L. casei efficiently reduced methicillin-resistant S. aureus (MRSA) counts in vitro, suggesting a potential
decline in the risk of infection [66]; however, no in vivo experiments were conducted. In vivo testing is
crucial for microbiome research, since in vitro conditions are optimal and far from representing real
tissue conditions. The first clinical case of a topical probiotic formulation designed to treat chronic
ischemic wounds infected by three multi-drug-resistant bacteria, Klebsiella pneumoniae, Enterococcus
faecalis, and Proteus mirabilis, was recently reported [67]. The rescue probiotic treatment consisting
of Lactobacillus plantarum, Lactobacillus acidophilus, and Streptococcus thermophiles achieved complete
wound healing after 24 days, whereas antibiotic-based treatments failed. The healing mechanism was
attributed to the inhibition of pathogen growth and modulation of host immune responses led by
the probiotic bacteria [67]. All of the above mentioned are oral probiotics, representing an indirect
method of skin microbiome alteration for the benefit of human health. The availability of topical
probiotics is limited, but research demonstrates favorable results. In this context, the concept of a
skin bacterial transplant (SBT), which mimics the contemporary gut bacterial transplant, was recently
tested. SBT refers to the transplantation of diverse cutaneous microbes from one individual to
another, to modify the bacterial composition and promote health [102]. Many studies focus on
the transplantation of human-derived isolated bacterial species. For example, the skin commensal
S. hominis has been successfully transplanted to AD skin, for its ability to produce AMPs (such as
cathelicidins and β-defensins), inhibiting S. aureus growth and improving disease symptoms [68].
A phase I/II human trial was recently conducted to test the use of R. mucosa isolated from healthy
volunteers as a potential AD treatment [69]. Results showed a significant decrease in disease severity,
accompanied by a decrease in S. aureus colonization and topical corticosteroid use. One recent clinical
trial used a whole microbiome transplantation for the treatment of AD; however, these results have
not yet been published [103]. To the best of our knowledge, current studies assessing bacteriotherapy
(any use of bacteria or bacterial components for therapeutic benefits) all focus on comprehending the
bacterial effect on skin conditions, but are not microbiome oriented. This means that they do not always
consider the effects of adding external bacteria to human skin bacterial communities. Investigating this
aspect could lead to a better understanding of how external bacteria, including probiotics, components
of the normal microbiome or others, influence the composition of the microbiome and their connection
to skin health and disease.

6. Future Perspectives

The field of microbiome is undergoing intense study, integrating knowledge from various fields.
The complex characteristics of the microbiome, combined with the imminent interactions between
the microbial ecosystems and the host, make the complete elucidation of the human microbiome
a complicated task. The NIH’s Human Microbiome Project has risen to the challenge, gathering
interdisciplinary efforts to elucidate the mechanisms behind the microbiome and its impact on human
health and disease, as well as to provide resources to promote progress in the area [104]. However,
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there is still a long way to go in order to fully elucidate the human microbiome. In particular, the effect
of extrinsic, non-host dependent factors on the microbiome must be addressed in order to enable the
modulation of the skin microbiome for the benefit of human health. Future research should focus on
assessing the effect of extrinsic factors on a healthy skin microbiome, taking into consideration length
and intensity of exposure, and subsequently characterizing their effect on diseased skin. By combining
the information, a clearer picture may be obtained of the implications of extrinsic factors for skin
disease development or prevention through microbiome modulation.

Funding: This research was funded by the Israeli Science Foundation, grant number 505/17.

Acknowledgments: The authors thank the Israeli Science Foundation (No. 505/17) for the financial support
and scholarship.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ursell, L.K.; Metcalf, J.L.; Parfrey, L.W.; Knight, R. Defining the human microbiome. Nutr. Rev. 2012, 70,
S38–S44. [CrossRef] [PubMed]

2. Marchesi, J.R.; Ravel, J. The Vocabulary of Microbiome Research: A Proposal; BioMed Central: London, UK, 2015.
3. National Academies of Sciences, Engineering and Medicine. Environmental Chemicals, the Human Microbiome,

and Health Risk: A Research Strategy; National Academies Press: Washington, DC, USA, 2018.
4. Cho, I.; Blaser, M.J. The human microbiome: At the interface of health and disease. Nat. Rev. Genet. 2012, 13,

260. [CrossRef] [PubMed]
5. Huttenhower, C.; Gevers, D.; Knight, R.; Abubucker, S.; Badger, J.H.; Chinwalla, A.T.; Creasy, H.H.; Earl, A.M.;

FitzGerald, M.G.; Fulton, R.S. Structure, function and diversity of the healthy human microbiome. Nature
2012, 486, 207.

6. Meisel, J.S.; Sfyroera, G.; Bartow-McKenney, C.; Gimblet, C.; Bugayev, J.; Horwinski, J.; Kim, B.; Brestoff, J.R.;
Tyldsley, A.S.; Zheng, Q. Commensal microbiota modulate gene expression in the skin. Microbiome 2018, 6,
20. [CrossRef]

7. Hooper, L.V.; Gordon, J.I. Commensal Host-Bacterial Relationships in the Gut. Science 2001, 292, 1115–1118.
[CrossRef]

8. Levy, M.; Kolodziejczyk, A.A.; Thaiss, C.A.; Elinav, E. Dysbiosis and the immune system. Nat. Rev. Immunol.
2017, 17, 219. [CrossRef]

9. Uhr, G.T.; Dohnalová, L.; Thaiss, C.A. The dimension of time in host-microbiome interactions. MSystems
2019, 4, e00216–e00218. [CrossRef]

10. Capone, K.A.; Dowd, S.E.; Stamatas, G.N.; Nikolovski, J. Diversity of the human skin microbiome early in
life. J. Investig. Dermatol. 2011, 131, 2026–2032. [CrossRef]

11. Grice, E.A.; Segre, J.A. The skin microbiome. Nat. Rev. Microbiol. 2011, 9, 244. [CrossRef]
12. Byrd, A.L.; Belkaid, Y.; Segre, J.A. The human skin microbiome. Nat. Rev. Microbiol. 2018, 16, 143. [CrossRef]
13. Belkaid, Y.; Segre, J.A. Dialogue between skin microbiota and immunity. Science 2014, 346, 954–959. [CrossRef]

[PubMed]
14. Oh, J.; Byrd, A.L.; Deming, C.; Conlan, S.; Barnabas, B.; Blakesley, R.; Bouffard, G.; Brooks, S.; Coleman, H.;

Dekhtyar, M. Biogeography and individuality shape function in the human skin metagenome. Nature 2014,
514, 59. [CrossRef] [PubMed]

15. Grice, E.A.; Kong, H.H.; Conlan, S.; Deming, C.B.; Davis, J.; Young, A.C.; Bouffard, G.G.; Blakesley, R.W.;
Murray, P.R.; Green, E.D. Topographical and temporal diversity of the human skin microbiome. Science 2009,
324, 1190–1192. [CrossRef] [PubMed]

16. Balato, A.; Cacciapuoti, S.; Di Caprio, R.; Marasca, C.; Masarà, A.; Raimondo, A.; Fabbrocini, G. Human
microbiome: Composition and role in inflammatory skin diseases. Arch. Immunol. Et Ther. Exp. 2019, 67,
1–18. [CrossRef]

17. Grice, E.A.; Kong, H.H.; Renaud, G.; Young, A.C.; Bouffard, G.G.; Blakesley, R.W.; Wolfsberg, T.G.; Turner, M.L.;
Segre, J.A.; NISC Comparative Sequencing Program. A diversity profile of the human skin microbiota.
Genome Res. 2008. [CrossRef]

http://dx.doi.org/10.1111/j.1753-4887.2012.00493.x
http://www.ncbi.nlm.nih.gov/pubmed/22861806
http://dx.doi.org/10.1038/nrg3182
http://www.ncbi.nlm.nih.gov/pubmed/22411464
http://dx.doi.org/10.1186/s40168-018-0404-9
http://dx.doi.org/10.1126/science.1058709
http://dx.doi.org/10.1038/nri.2017.7
http://dx.doi.org/10.1128/mSystems.00216-18
http://dx.doi.org/10.1038/jid.2011.168
http://dx.doi.org/10.1038/nrmicro2537
http://dx.doi.org/10.1038/nrmicro.2017.157
http://dx.doi.org/10.1126/science.1260144
http://www.ncbi.nlm.nih.gov/pubmed/25414304
http://dx.doi.org/10.1038/nature13786
http://www.ncbi.nlm.nih.gov/pubmed/25279917
http://dx.doi.org/10.1126/science.1171700
http://www.ncbi.nlm.nih.gov/pubmed/19478181
http://dx.doi.org/10.1007/s00005-018-0528-4
http://dx.doi.org/10.1101/gr.075549.107


Microorganisms 2020, 8, 1023 13 of 17

18. Perez, G.I.P.; Gao, Z.; Jourdain, R.; Ramirez, J.; Gany, F.; Clavaud, C.; Demaude, J.; Breton, L.; Blaser, M.J.
Body site is a more determinant factor than human population diversity in the healthy skin microbiome.
PLoS ONE 2016, 11, e0151990. [CrossRef]

19. Gao, Z.; Tseng, C.-H.; Pei, Z.; Blaser, M.J. Molecular analysis of human forearm superficial skin bacterial
biota. Proc. Natl. Acad. Sci. USA 2007, 104, 2927–2932. [CrossRef]

20. Oh, J.; Conlan, S.; Polley, E.C.; Segre, J.A.; Kong, H.H. Shifts in human skin and nares microbiota of healthy
children and adults. Genome Med. 2012, 4, 77. [CrossRef]

21. Kong, H.H.; Oh, J.; Deming, C.; Conlan, S.; Grice, E.A.; Beatson, M.A.; Nomicos, E.; Polley, E.C.;
Komarow, H.D.; Murray, P.R. Temporal shifts in the skin microbiome associated with disease flares
and treatment in children with atopic dermatitis. Genome Res. 2012, 22, 850–859. [CrossRef]

22. Iwase, T.; Uehara, Y.; Shinji, H.; Tajima, A.; Seo, H.; Takada, K.; Agata, T.; Mizunoe, Y. Staphylococcus
epidermidis Esp inhibits Staphylococcus aureus biofilm formation and nasal colonization. Nature 2010, 465,
346. [CrossRef]

23. Kaiser, C.; Franklin, O.; Dieckmann, U.; Richter, A. Microbial community dynamics alleviate stoichiometric
constraints during litter decay. Ecol. Lett. 2014, 17, 680–690. [CrossRef]

24. Foster, J.A.; Krone, S.M.; Forney, L.J. Application of ecological network theory to the human microbiome.
Interdiscip. Perspect. Infect. Dis. 2008, 2008. [CrossRef] [PubMed]

25. Prosser, J.I.; Bohannan, B.J.; Curtis, T.P.; Ellis, R.J.; Firestone, M.K.; Freckleton, R.P.; Green, J.L.; Green, L.E.;
Killham, K.; Lennon, J.J. The role of ecological theory in microbial ecology. Nat. Rev. Microbiol. 2007, 5,
384–392. [CrossRef] [PubMed]

26. Prescott, S.L.; Larcombe, D.-L.; Logan, A.C.; West, C.; Burks, W.; Caraballo, L.; Levin, M.; Van Etten, E.;
Horwitz, P.; Kozyrskyj, A. The skin microbiome: Impact of modern environments on skin ecology, barrier
integrity, and systemic immune programming. World Allergy Organ. J. 2017, 10, 29. [CrossRef] [PubMed]

27. Ursell, L.K.; Clemente, J.C.; Rideout, J.R.; Gevers, D.; Caporaso, J.G.; Knight, R. The interpersonal and
intrapersonal diversity of human-associated microbiota in key body sites. J. Allergy Clin. Immunol. 2012, 129,
1204–1208. [CrossRef] [PubMed]

28. Schmidt, C. Out of your skin. Nat. Biotechnol. 2020, 38, 392–397. [CrossRef]
29. Niehues, H.; Bouwstra, J.A.; El Ghalbzouri, A.; Brandner, J.M.; Zeeuwen, P.L.; van den Bogaard, E.H. 3D

skin models for 3R research: The potential of 3D reconstructed skin models to study skin barrier function.
Exp. Dermatol. 2018, 27, 501–511. [CrossRef]

30. Kim, J.; Hegde, M.; Jayaraman, A. Co-culture of epithelial cells and bacteria for investigating host–pathogen
interactions. Lab A Chip 2010, 10, 43–50. [CrossRef]

31. Fritz, J.V.; Desai, M.S.; Shah, P.; Schneider, J.G.; Wilmes, P. From meta-omics to causality: Experimental
models for human microbiome research. Microbiome 2013, 1, 14. [CrossRef]

32. Kong, H.H.; Andersson, B.; Clavel, T.; Common, J.E.; Jackson, S.A.; Olson, N.D.; Segre, J.A.;
Traidl-Hoffmann, C. Performing skin microbiome research: A method to the madness. J. Investig. Dermatol.
2017, 137, 561–568. [CrossRef]

33. Bjerre, R.D.; Hugerth, L.W.; Boulund, F.; Seifert, M.; Johansen, J.D.; Engstrand, L. Effects of sampling strategy
and DNA extraction on human skin microbiome investigations. Sci. Rep. 2019, 9, 1–11. [CrossRef] [PubMed]

34. Chng, K.R.; Tay, A.S.L.; Li, C.; Ng, A.H.Q.; Wang, J.; Suri, B.K.; Matta, S.A.; McGovern, N.; Janela, B.;
Wong, X.F.C.C. Whole metagenome profiling reveals skin microbiome-dependent susceptibility to atopic
dermatitis flare. Nat. Microbiol. 2016, 1, 16106. [CrossRef] [PubMed]

35. Grogan, M.D.; Bartow-McKenney, C.; Flowers, L.; Knight, S.A.; Uberoi, A.; Grice, E.A. Research Techniques
Made Simple: Profiling the Skin Microbiota. J. Investig. Dermatol. 2019, 139, 747–752.e741. [CrossRef]
[PubMed]

36. Kuczynski, J.; Lauber, C.L.; Walters, W.A.; Parfrey, L.W.; Clemente, J.C.; Gevers, D.; Knight, R. Experimental
and analytical tools for studying the human microbiome. Nat. Rev. Genet. 2012, 13, 47. [CrossRef] [PubMed]

37. Videnska, P.; Smerkova, K.; Zwinsova, B.; Popovici, V.; Micenkova, L.; Sedlar, K.; Budinska, E. Stool sampling
and DNA isolation kits affect DNA quality and bacterial composition following 16S rRNA gene sequencing
using MiSeq Illumina platform. Sci. Rep. 2019, 9, 1–14. [CrossRef]

38. Knudsen, B.E.; Bergmark, L.; Munk, P.; Lukjancenko, O.; Priemé, A.; Aarestrup, F.M.; Pamp, S.J. Impact of
sample type and DNA isolation procedure on genomic inference of microbiome composition. MSystems
2016, 1, e00095-00016. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0151990
http://dx.doi.org/10.1073/pnas.0607077104
http://dx.doi.org/10.1186/gm378
http://dx.doi.org/10.1101/gr.131029.111
http://dx.doi.org/10.1038/nature09074
http://dx.doi.org/10.1111/ele.12269
http://dx.doi.org/10.1155/2008/839501
http://www.ncbi.nlm.nih.gov/pubmed/19259330
http://dx.doi.org/10.1038/nrmicro1643
http://www.ncbi.nlm.nih.gov/pubmed/17435792
http://dx.doi.org/10.1186/s40413-017-0160-5
http://www.ncbi.nlm.nih.gov/pubmed/28855974
http://dx.doi.org/10.1016/j.jaci.2012.03.010
http://www.ncbi.nlm.nih.gov/pubmed/22541361
http://dx.doi.org/10.1038/s41587-020-0473-8
http://dx.doi.org/10.1111/exd.13531
http://dx.doi.org/10.1039/B911367C
http://dx.doi.org/10.1186/2049-2618-1-14
http://dx.doi.org/10.1016/j.jid.2016.10.033
http://dx.doi.org/10.1038/s41598-019-53599-z
http://www.ncbi.nlm.nih.gov/pubmed/31754146
http://dx.doi.org/10.1038/nmicrobiol.2016.106
http://www.ncbi.nlm.nih.gov/pubmed/27562258
http://dx.doi.org/10.1016/j.jid.2019.01.024
http://www.ncbi.nlm.nih.gov/pubmed/30904077
http://dx.doi.org/10.1038/nrg3129
http://www.ncbi.nlm.nih.gov/pubmed/22179717
http://dx.doi.org/10.1038/s41598-019-49520-3
http://dx.doi.org/10.1128/mSystems.00095-16


Microorganisms 2020, 8, 1023 14 of 17

39. Wang, W.-L.; Xu, S.-Y.; Ren, Z.-G.; Tao, L.; Jiang, J.-W.; Zheng, S.-S. Application of metagenomics in the
human gut microbiome. World J. Gastroenterol. Wjg 2015, 21, 803. [CrossRef]

40. Rosenthal, M.; Goldberg, D.; Aiello, A.; Larson, E.; Foxman, B. Skin microbiota: Microbial community
structure and its potential association with health and disease. Infect. Genet. Evol. 2011, 11, 839–848.
[CrossRef]

41. Malla, M.A.; Dubey, A.; Kumar, A.; Yadav, S.; Hashem, A.; Abd_Allah, E.F. Exploring the human microbiome:
The potential future role of next-generation sequencing in disease diagnosis and treatment. Front. Immunol.
2018, 9. [CrossRef]

42. Sergaki, C.; Lagunas, B.; Lidbury, I.; Gifford, M.L.; Schäfer, P. Challenges and approaches in microbiome
research: From fundamental to applied. Front. Plant Sci. 2018, 9. [CrossRef]

43. Ranjan, R.; Rani, A.; Metwally, A.; McGee, H.S.; Perkins, D.L. Analysis of the microbiome: Advantages of
whole genome shotgun versus 16S amplicon sequencing. Biochem. Biophys. Res. Commun. 2016, 469, 967–977.
[CrossRef]

44. Chakravorty, S.; Helb, D.; Burday, M.; Connell, N.; Alland, D. A detailed analysis of 16S ribosomal RNA
gene segments for the diagnosis of pathogenic bacteria. J. Microbiol. Methods 2007, 69, 330–339. [CrossRef]
[PubMed]

45. Castelino, M.; Eyre, S.; Moat, J.; Fox, G.; Martin, P.; Ho, P.; Upton, M.; Barton, A. Optimisation of methods for
bacterial skin microbiome investigation: Primer selection and comparison of the 454 versus MiSeq platform.
Bmc Microbiol. 2017, 17, 23. [CrossRef] [PubMed]

46. Allaband, C.; McDonald, D.; Vázquez-Baeza, Y.; Minich, J.J.; Tripathi, A.; Brenner, D.A.; Loomba, R.; Smarr, L.;
Sandborn, W.J.; Schnabl, B. Microbiome 101: Studying, analyzing, and interpreting gut microbiome data for
clinicians. Clin. Gastroenterol. Hepatol. 2019, 17, 218–230. [CrossRef] [PubMed]

47. Goodrich, J.K.; Di Rienzi, S.C.; Poole, A.C.; Koren, O.; Walters, W.A.; Caporaso, J.G.; Knight, R.; Ley, R.E.
Conducting a microbiome study. Cell 2014, 158, 250–262. [CrossRef]

48. Mardis, E.R. Next-Generation Sequencing Platforms. Annu. Rev. Anal. Chem. 2013, 6, 287–303. [CrossRef]
49. Lu, H.; Giordano, F.; Ning, Z. Oxford Nanopore MinION sequencing and genome assembly. Genom. Proteom.

Bioinform. 2016, 14, 265–279. [CrossRef]
50. Dimitriu, P.A.; Iker, B.; Malik, K.; Leung, H.; Mohn, W.; Hillebrand, G.G. New Insights into the Intrinsic and

Extrinsic Factors That Shape the Human Skin Microbiome. mBio 2019, 10, e00839-00819. [CrossRef]
51. Krieger, Y.; Horev, A.; Wainstock, T.; Sheiner, E.; Walfisch, A. Meconium stained amniotic fluid as a protective

factor against childhood dermatitis and skin rash related hospitalization in the offspring–a population based
cohort analysis. J. Eur. Acad. Dermatol. Venereol. 2019. [CrossRef]

52. Zheng, Y.; Wang, Q.; Ma, L.; Chen, Y.; Gao, Y.; Zhang, G.; Cui, S.; Liang, H.; Song, L.; He, C. Shifts in the
skin microbiome associated with diaper dermatitis and emollient treatment amongst infants and toddlers in
China. Exp. Dermatol. 2019. [CrossRef]

53. Lee, H.J.; Jeong, S.E.; Lee, S.; Kim, S.; Han, H.; Jeon, C.O. Effects of cosmetics on the skin microbiome of facial
cheeks with different hydration levels. MicrobiologyOpen 2018, 7, e00557. [CrossRef] [PubMed]

54. Bojar, R.A.; Holland, K.T. Acne and Propionibacterium acnes. Clin. Dermatol. 2004, 22, 375–379. [CrossRef]
[PubMed]

55. Xu, Z.; Liu, X.; Niu, Y.; Shen, C.; Heminger, K.; Moulton, L.; Yu, A.; Allen, T.; Zhang, L.; Yue, F. Skin benefits
of moisturising body wash formulas for children with atopic dermatitis: A randomised controlled clinical
study in China. Australas. J. Dermatol. 2019. [CrossRef] [PubMed]

56. van Mierlo, M.M.; Totté, J.E.; Fieten, K.B.; van den Broek, T.J.; Schuren, F.H.; Pardo, L.M.; Pasmans, S.G. The
influence of treatment in alpine and moderate maritime climate on the composition of the skin microbiome
in patients with difficult to treat atopic dermatitis. Clin. Exp. Allergy 2019. [CrossRef]

57. Patra, V.; Wagner, K.; Arulampalam, V.; Wolf, P. Skin Microbiome Modulates the Effect of Ultraviolet
Radiation on Cellular Response and Immune Function. iScience 2019, 15, 211–222. [CrossRef]

58. Vandegrift, R.; Fahimipour, A.K.; Muscarella, M.; Bateman, A.C.; Van Den Wymelenberg, K.; Bohannan, B.J.
Moving microbes: The dynamics of transient microbial residence on human skin. bioRxiv 2019, 586008.
Available online: https://www.biorxiv.org/content/10.1101/586008v1 (accessed on 18 February 2020).

59. Chien, A.L.; Tsai, J.; Leung, S.; Mongodin, E.F.; Nelson, A.M.; Kang, S.; Garza, L.A. Association of systemic
antibiotic treatment of acne with skin microbiota characteristics. Jama Dermatol. 2019, 155, 425–434. [CrossRef]

http://dx.doi.org/10.3748/wjg.v21.i3.803
http://dx.doi.org/10.1016/j.meegid.2011.03.022
http://dx.doi.org/10.3389/fimmu.2018.02868
http://dx.doi.org/10.3389/fpls.2018.01205
http://dx.doi.org/10.1016/j.bbrc.2015.12.083
http://dx.doi.org/10.1016/j.mimet.2007.02.005
http://www.ncbi.nlm.nih.gov/pubmed/17391789
http://dx.doi.org/10.1186/s12866-017-0927-4
http://www.ncbi.nlm.nih.gov/pubmed/28109256
http://dx.doi.org/10.1016/j.cgh.2018.09.017
http://www.ncbi.nlm.nih.gov/pubmed/30240894
http://dx.doi.org/10.1016/j.cell.2014.06.037
http://dx.doi.org/10.1146/annurev-anchem-062012-092628
http://dx.doi.org/10.1016/j.gpb.2016.05.004
http://dx.doi.org/10.1128/mBio.00839-19
http://dx.doi.org/10.1111/jdv.15881
http://dx.doi.org/10.1111/exd.14028
http://dx.doi.org/10.1002/mbo3.557
http://www.ncbi.nlm.nih.gov/pubmed/29193830
http://dx.doi.org/10.1016/j.clindermatol.2004.03.005
http://www.ncbi.nlm.nih.gov/pubmed/15556721
http://dx.doi.org/10.1111/ajd.13153
http://www.ncbi.nlm.nih.gov/pubmed/31512226
http://dx.doi.org/10.1111/cea.13492
http://dx.doi.org/10.1016/j.isci.2019.04.026
https://www.biorxiv.org/content/10.1101/586008v1
http://dx.doi.org/10.1001/jamadermatol.2018.5221


Microorganisms 2020, 8, 1023 15 of 17

60. Zhang, M.; Jiang, Z.; Li, D.; Jiang, D.; Wu, Y.; Ren, H.; Peng, H.; Lai, Y. Oral antibiotic treatment induces skin
microbiota dysbiosis and influences wound healing. Microb. Ecol. 2015, 69, 415–421. [CrossRef]

61. Dellacecca, E.R.; Cosgrove, C.; Mukhatayev, Z.; Akhtar, S.; Engelhard, V.H.; Rademaker, A.W.; Knight, K.;
Le Poole, I.C. Antibiotics drive microbial imbalance and vitiligo development in mice. J. Investig. Dermatol.
2019. [CrossRef]

62. Zeng, J.; Dou, J.; Gao, L.; Xiang, Y.; Huang, J.; Ding, S.; Chen, J.; Zeng, Q.; Luo, Z.; Tan, W. Topical
ozone therapy restores microbiome diversity in atopic dermatitis. Int. Immunopharmacol. 2020, 80, 106191.
[CrossRef]

63. Kalliomäki, M.; Salminen, S.; Poussa, T.; Isolauri, E. Probiotics during the first 7 years of life: A cumulative
risk reduction of eczema in a randomized, placebo-controlled trial. J. Allergy Clin. Immunol. 2007, 119, 1019.
[CrossRef] [PubMed]

64. Rosenfeldt, V.; Benfeldt, E.; Valerius, N.H.; Pærregaard, A.; Michaelsen, K.F. Effect of probiotics on
gastrointestinal symptoms and small intestinal permeability in children with atopic dermatitis. J. Pediatrics
2004, 145, 612–616. [CrossRef] [PubMed]

65. Jung, G.W.; Tse, J.E.; Guiha, I.; Rao, J. Prospective, randomized, open-label trial comparing the safety, efficacy,
and tolerability of an acne treatment regimen with and without a probiotic supplement and minocycline in
subjects with mild to moderate acne. J. Cutan. Med. Surg. 2013, 17, 114–122. [CrossRef] [PubMed]

66. Karska-Wysocki, B.; Bazo, M.; Smoragiewicz, W. Antibacterial activity of Lactobacillus acidophilus and
Lactobacillus casei against methicillin-resistant Staphylococcus aureus (MRSA). Microbiol. Res. 2010, 165,
674–686. [CrossRef]

67. Venosi, S.; Ceccarelli, G.; de Angelis, M.; Laghi, L.; Bianchi, L.; Martinelli, O.; Maruca, D.; Cavallari, E.N.;
Toscanella, F.; Vassalini, P. Infected chronic ischemic wound topically treated with a multi-strain probiotic
formulation: A novel tailored treatment strategy. J. Transl. Med. 2019, 17, 364. [CrossRef]

68. Nakatsuji, T.; Chen, T.H.; Narala, S.; Chun, K.A.; Two, A.M.; Yun, T.; Shafiq, F.; Kotol, P.F.; Bouslimani, A.;
Melnik, A.V. Antimicrobials from human skin commensal bacteria protect against Staphylococcus aureus
and are deficient in atopic dermatitis. Sci. Transl. Med. 2017, 9, eaah4680. [CrossRef]

69. Myles, I.A.; Earland, N.J.; Anderson, E.D.; Moore, I.N.; Kieh, M.D.; Williams, K.W.; Saleem, A.; Fontecilla, N.M.;
Welch, P.A.; Darnell, D.A. First-in-human topical microbiome transplantation with Roseomonas mucosa for
atopic dermatitis. Jci Insight 2018, 3. [CrossRef]

70. Schoch, J.J.; Monir, R.L.; Satcher, K.G.; Harris, J.; Triplett, E.; Neu, J. The infantile cutaneous microbiome:
A review. Pediatric Dermatol. 2019, 36, 574–580. [CrossRef]

71. Milani, C.; Duranti, S.; Bottacini, F.; Casey, E.; Turroni, F.; Mahony, J.; Belzer, C.; Palacio, S.D.; Montes, S.A.;
Mancabelli, L. The first microbial colonizers of the human gut: Composition, activities, and health implications
of the infant gut microbiota. Microbiol. Mol. Biol. Rev. 2017, 81, e00036-00017. [CrossRef]

72. Chu, D.M.; Ma, J.; Prince, A.L.; Antony, K.M.; Seferovic, M.D.; Aagaard, K.M. Maturation of the infant
microbiome community structure and function across multiple body sites and in relation to mode of delivery.
Nat. Med. 2017, 23, 314–326. [CrossRef]

73. Ardissone, A.N.; Diomel, M.; Davis-Richardson, A.G.; Rechcigl, K.T.; Li, N.; Drew, J.C.; Murgas-Torrazza, R.;
Sharma, R.; Hudak, M.L.; Triplett, E.W. Meconium microbiome analysis identifies bacteria correlated with
premature birth. PLoS ONE 2014, 9, e90784. [CrossRef]

74. Salem, I.; Ramser, A.; Isham, N.; Ghannoum, M.A. The Gut Microbiome as a Major Regulator of the Gut-Skin
Axis. Front Microbiol. 2018, 9, 1459. [CrossRef] [PubMed]

75. Schommer, N.N.; Gallo, R.L. Structure and function of the human skin microbiome. Trends Microbiol. 2013,
21, 660–668. [CrossRef] [PubMed]

76. Ferrazzini, G.; Kaiser, R.; Cheng, S.-K.H.; Wehrli, M.; Della Casa, V.; Pohlig, G.; Gonser, S.; Graf, F.; Jörg, W.
Microbiological aspects of diaper dermatitis. Dermatology 2003, 206, 136–141. [CrossRef] [PubMed]

77. Verdier-Sévrain, S.; Bonté, F. Skin hydration: A review on its molecular mechanisms. J. Cosmet. Dermatol.
2007, 6, 75–82.

78. Moissl-Eichinger, C.; Probst, A.J.; Birarda, G.; Auerbach, A.; Koskinen, K.; Wolf, P.; Holman, H.-Y.N. Human
age and skin physiology shape diversity and abundance of Archaea on skin. Sci. Rep. 2017, 7, 4039.
[CrossRef]

79. Nutten, S. Atopic dermatitis: Global epidemiology and risk factors. Ann. Nutr. Metab. 2015, 66, 8–16.
[CrossRef]

http://dx.doi.org/10.1007/s00248-014-0504-4
http://dx.doi.org/10.1016/j.jid.2019.08.435
http://dx.doi.org/10.1016/j.intimp.2020.106191
http://dx.doi.org/10.1016/j.jaci.2006.12.608
http://www.ncbi.nlm.nih.gov/pubmed/17289135
http://dx.doi.org/10.1016/j.jpeds.2004.06.068
http://www.ncbi.nlm.nih.gov/pubmed/15520759
http://dx.doi.org/10.2310/7750.2012.12026
http://www.ncbi.nlm.nih.gov/pubmed/23582165
http://dx.doi.org/10.1016/j.micres.2009.11.008
http://dx.doi.org/10.1186/s12967-019-2111-0
http://dx.doi.org/10.1126/scitranslmed.aah4680
http://dx.doi.org/10.1172/jci.insight.120608
http://dx.doi.org/10.1111/pde.13870
http://dx.doi.org/10.1128/MMBR.00036-17
http://dx.doi.org/10.1038/nm.4272
http://dx.doi.org/10.1371/journal.pone.0090784
http://dx.doi.org/10.3389/fmicb.2018.01459
http://www.ncbi.nlm.nih.gov/pubmed/30042740
http://dx.doi.org/10.1016/j.tim.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24238601
http://dx.doi.org/10.1159/000068472
http://www.ncbi.nlm.nih.gov/pubmed/12592081
http://dx.doi.org/10.1038/s41598-017-04197-4
http://dx.doi.org/10.1159/000370220


Microorganisms 2020, 8, 1023 16 of 17

80. Woo, T.E.; Sibley, C.D. The emerging utility of the cutaneous microbiome in the treatment of acne and atopic
dermatitis. J. Am. Acad. Dermatol. 2019. [CrossRef]

81. Vargason, A.M.; Anselmo, A.C. Clinical translation of microbe-based therapies: Current clinical landscape
and preclinical outlook. Bioeng. Transl. Med. 2018, 3, 124–137. [CrossRef]

82. Prescott, S.L.; Logan, A.C. Transforming Life: A Broad View of the Developmental Origins of Health and
Disease Concept from an Ecological Justice Perspective. Int. J. Environ. Res. Public Health 2016, 13, 1075.
[CrossRef]

83. Clausen, M.-L.; Agner, T.; Lilje, B.; Edslev, S.M.; Johannesen, T.B.; Andersen, P.S. Association of disease
severity with skin microbiome and filaggrin gene mutations in adult atopic dermatitis. Jama Dermatol. 2018,
154, 293–300. [CrossRef]

84. Patra, V.; Byrne, S.N.; Wolf, P. The skin microbiome: Is it affected by UV-induced immune suppression?
Front. Microbiol. 2016, 7, 1235. [CrossRef] [PubMed]

85. Nishijima, S.; Kurokawa, I.; Katoh, N.; Watanabe, K. The bacteriology of acne vulgaris and antimicrobial
susceptibility of Propionibacterium acnes and Staphylococcus epidermidis isolated from acne lesions.
J. Dermatol. 2000, 27, 318–323. [CrossRef] [PubMed]

86. O’Neill, A.M.; Gallo, R.L. Host-microbiome interactions and recent progress into understanding the biology
of acne vulgaris. Microbiome 2018, 6, 177. [CrossRef] [PubMed]

87. Prince, T.; McBain, A.J.; O’Neill, C.A. Lactobacillus reuteri protects epidermal keratinocytes from
Staphylococcus aureus-induced cell death by competitive exclusion. Appl. Environ. Microbiol. 2012,
78, 5119–5126. [CrossRef] [PubMed]

88. Mohammedsaeed, W.; McBain, A.J.; Cruickshank, S.M.; O’Neill, C.A. Lactobacillus rhamnosus GG inhibits
the toxic effects of Staphylococcus aureus on epidermal keratinocytes. Appl. Environ. Microbiol. 2014, 80,
5773–5781. [CrossRef]

89. Panduru, M.; Panduru, N.; Sălăvăstru, C.; Tiplica, G.S. Probiotics and primary prevention of atopic dermatitis:
A meta-analysis of randomized controlled studies. J. Eur. Acad. Dermatol. Venereol. 2015, 29, 232–242.
[CrossRef]

90. Nole, K.L.B.; Yim, E.; Keri, J.E. Probiotics and prebiotics in dermatology. J. Am. Acad. Dermatol. 2014, 71,
814–821. [CrossRef]

91. Imanishi, I.; Uchiyama, J.; Tsukui, T.; Hisatsune, J.; Ide, K.; Matsuzaki, S.; Sugai, M.; Nishifuji, K. Therapeutic
potential of an endolysin derived from kayvirus S25-3 for staphylococcal impetigo. Viruses 2019, 11, 769.
[CrossRef]

92. Smits, J.P.; Ederveen, T.H.; Rikken, G.; van den Brink, N.J.; van Vlijmen-Willems, I.M.; Boekhorst, J.;
Kamsteeg, M.; Schalkwijk, J.; van Hijum, S.A.; Zeeuwen, P.L. TARgeting the cutaneous microbiota in atopic
dermatitis by coal tar via AHR-dependent induction of antimicrobial peptides. J. Investig. Dermatol. 2019.
[CrossRef]

93. Lai, Y.; Li, D.; Li, C.; Muehleisen, B.; Radek, K.A.; Park, H.J.; Jiang, Z.; Li, Z.; Lei, H.; Quan, Y. The antimicrobial
protein REG3A regulates keratinocyte proliferation and differentiation after skin injury. Immunity 2012, 37,
74–84. [CrossRef] [PubMed]

94. Elvis, A.M.; Ekta, J.S. Ozone therapy: A clinical review. J. Nat. Sci. Biol. Med. 2011, 2, 66–70. [CrossRef]
[PubMed]

95. Gasbarrini, G.; Bonvicini, F.; Gramenzi, A. Probiotics history. J. Clin. Gastroenterol. 2016, 50, S116–S119.
[CrossRef] [PubMed]

96. Joint FAO/WHO Working Group. Guidelines for the Evaluation of Probiotics in Food. Fao/Wholondonon;
Food and Agriculture Organization of the United Nations: Rome, Italy; World Health Organization: Geneva,
Switzerland, 2002.

97. Lolou, V.; Panayiotidis, M.I. Functional role of probiotics and prebiotics on skin health and disease.
Fermentation 2019, 5, 41. [CrossRef]

98. Knackstedt, R.; Knackstedt, T.; Gatherwright, J. The role of topical probiotics on skin conditions: A systematic
review of animal and human studies and implications for future therapies. Exp. Dermatol. 2019. [CrossRef]

99. Dimarzio, L.; Cinque, B.; Cupelli, F.; De Simone, C.; Cifone, M.G.; Giuliani, M. Increase of skin-ceramide levels
in aged subjects following a short-term topical application of bacterial sphingomyelinase from Streptococcus
thermophilus. Int. J. Immunopathol. Pharmacol. 2008, 21, 137–143. [CrossRef]

http://dx.doi.org/10.1016/j.jaad.2019.08.078
http://dx.doi.org/10.1002/btm2.10093
http://dx.doi.org/10.3390/ijerph13111075
http://dx.doi.org/10.1001/jamadermatol.2017.5440
http://dx.doi.org/10.3389/fmicb.2016.01235
http://www.ncbi.nlm.nih.gov/pubmed/27559331
http://dx.doi.org/10.1111/j.1346-8138.2000.tb02174.x
http://www.ncbi.nlm.nih.gov/pubmed/10875198
http://dx.doi.org/10.1186/s40168-018-0558-5
http://www.ncbi.nlm.nih.gov/pubmed/30285861
http://dx.doi.org/10.1128/AEM.00595-12
http://www.ncbi.nlm.nih.gov/pubmed/22582077
http://dx.doi.org/10.1128/AEM.00861-14
http://dx.doi.org/10.1111/jdv.12496
http://dx.doi.org/10.1016/j.jaad.2014.04.050
http://dx.doi.org/10.3390/v11090769
http://dx.doi.org/10.1016/j.jid.2019.07.215
http://dx.doi.org/10.1016/j.immuni.2012.04.010
http://www.ncbi.nlm.nih.gov/pubmed/22727489
http://dx.doi.org/10.4103/0976-9668.82319
http://www.ncbi.nlm.nih.gov/pubmed/22470237
http://dx.doi.org/10.1097/MCG.0000000000000697
http://www.ncbi.nlm.nih.gov/pubmed/27741152
http://dx.doi.org/10.3390/fermentation5020041
http://dx.doi.org/10.1111/exd.14032
http://dx.doi.org/10.1177/039463200802100115


Microorganisms 2020, 8, 1023 17 of 17

100. Kimoto-Nira, H.; Aoki, R.; Sasaki, K.; Suzuki, C.; Mizumachi, K. Oral intake of heat-killed cells of Lactococcus
lactis strain H61 promotes skin health in women. J. Nutr. Sci. 2012, 1. [CrossRef]

101. Krutmann, J. Pre-and probiotics for human skin. J. Dermatol. Sci. 2009, 54, 1–5. [CrossRef]
102. Hendricks, A.J.; Mills, B.W.; Shi, V.Y. Skin bacterial transplant in atopic dermatitis: Knowns, unknowns and

emerging trends. J. Dermatol. Sci. 2019. [CrossRef]
103. ClinicalTrials.gov. Targeted Microbiome Transplantation in Atopic Dermatitis (NCT03151148).

Available online: https://www.clinicaltrials.gov/ (accessed on 23 March 2020).
104. Integrative HMP (iHMP) Research Network Consortium. The integrative human microbiome project. Nature

2019, 569, 641–648.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1017/jns.2012.22
http://dx.doi.org/10.1016/j.jdermsci.2009.01.002
http://dx.doi.org/10.1016/j.jdermsci.2019.07.001
https://www.clinicaltrials.gov/
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Healthy Skin Microbiome 
	Microbiome Dysbiosis 
	Strategies for Skin Microbiome Research 
	Extrinsic Influences Shaping the Skin Microbiome 
	Early Life Exposures 
	Cosmetics 
	Environment and Nature 
	Antimicrobial Agents 
	Bacterium-Based Agents 

	Future Perspectives 
	References

