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This article provides an overview of the human skin microbiome, including its role, origin, and
composition. Also discussed is how skin microbiome dysbiosis contributes to the pathogenesis of atopic
dermatitis and how moisturisation might benefit the skin microbiome. The intended primary audience
for this article is dermatologists, general practitioners, midwives and nurses.

Skin microbiome: origin and composition

The most well understood role of the skin is that it serves as a barrier between the human body and its
external environment, preventing loss of moisture at the same time as preventing the entry of UV radiation,
toxins, pathogens, allergens, and irritants.! However, the skin is also a biologically-active ecosystem in
which diverse communities of micro-organisms live in a variety of physiologically and topographically distinct
sites.’? These microbial communities and their collective genome are known as the skin microbiome.
The specific role of the skin microbiome in human health is unclear but, in addition to protecting against
colonisation by pathogenic micro-organisms, the skin microbiome modulates skin barrier function, via the
cutaneous immune system.®

The formation of the skin microbiome begins at infant birth. This early skin microbiome is characterised
by low heterogeneity and is largely determined by delivery mode at birth (vaginal or caesarean).® Skin
microbiome diversity has also been shown to be positively associated with gestation age during the first
month of life.# Diversity increases with increasing age and environmental exposure.? By adulthood, the skin
microbiome has attained a remarkable degree of heterogeneity.

Bacterial gene sequencing studies have revealed that the microbiome on healthy human skin consists of at least
19 phyla, mainly Actinobacteria, Firmicutes, Proteobacteria, and Bacteroidetes.2® Within these phyla,
Propionibacterium, Corynebacterium, and Staphylococcus are the three most common genera. It has been
estimated that one billion bacteria inhabit just 1cm? of human skin.® Less is known about other micro-
organisms, such as viruses, fungi, and parasites, that also constitute the skin microbiome, but they too are
likely to influence immune skin barrier function.?

Although human skin can be considered to be a single complex ecosystem it is characterized by three
physiologically distinct microenvironments: sebaceous (head, neck, and trunk) moist (underarms, perineum,
and toe webs) and dry (forearms and legs).2” The skin microbiome varies topographically from site to site,
with different niche-specific communities populating the moist, sebaceous, and dry regions of the skin.
For example, it has been shown that Propionibacterium species and Staphylococci species predominate in
sebaceous sites, Corynebacterium species predominate in moist sites, and a mixed population of bacteria
reside in dry sites.! These innate differences in the anatomy of the skin (and hence its physiology) at different
sites partially account for skin microbial diversity.

Role of the skin microbiome

The skin microbiome is increasingly recognised as an integral component of the skin ecosystem, with
microbial-immune interactions being vital for optimal skin barrier function.®8 With skin immune cells involved
in both innate and acquired immunity, there is considerable capacity within the cutaneous immune system to
react and change in response to its microbial inhabitants.? Indeed, the skin contains a variety of immune cells
(e.g., keratinocytes, Langerhans cells, and T cells) that can interact with microbes and experimental evidence
indicates that specific members of the skin microbiome promote protective immunity via the recruitment and
activation of immune cells in the skin.®® Commensal bacteria, such as Staphylococcus epidermidis, amplify
host immune defence against pathogens and help to maintain host immunity via maintenance of the skin
barrier.® The evidence also indicates that interaction between commensal microbes and skin immune cells
modulates the inflammatory microenvironment.

Skin microbiome dysbiosis

Given increasing evidence that the skin microbiome is a major contributor to normal cutaneous immune
system function, a logical assumption is that an imbalance of skin micro-organisms, i.e. microbiome
dyshiosis, can be associated with skin pathologies.®> For example, a dyshiotic skin microbiome can lead
to increased colonisation by Staphylococcus aureus, which is characteristic of lesional and non-lesional
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skin in atopic dermatitis.® It is unclear, however, whether an imbalance in the
composition of the skin microbiome leads to pathologies of the skin or whether
underlying host factors or pathologies result in skin microbiome dyshiosis
(Figure 1).2°

Certainly, a multitude of factors can affect the skin microbiome.5910 These
include: inherent host factors, such as age, skin site, genetics, and underlying
medical conditions (e.g., diabetes mellitus); host behavioural/lifestyle factors,
such as vaginal or caesarean birth delivery, artificial or breast feeding, the
number and relationship of human and animal cohabitants, occupation, diet,
sanitation, use and nature of cleaning products (e.g., detergents), application
of skin care products (cleansers and moisturisers), and use of medication
(e.g., antibiotics); and external environmental factors, such as climate and
geographical location. Factors that result in unfavourable conditions within the
skin surface microenvironment can lead to an altered community of microbes.®
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Figure 1. Models of dyshiosis of the skin microbiome, which could explain the
development of AD.3

Atopic dermatitis

Atopic dermatitis (AD; atopic eczema) is a chronic, relapsing, inflammatory skin
disease, which is a cause of substantial patient, family, and societal burden.'" 12
It is a common disorder, with epidemiological estimates suggesting a lifetime
prevalence of between 10% and 20% in developed countries.'® Signs of AD
include generalised skin dryness, pruritis, lichenification, and scaling.

The pathogenesis of AD is multifactorial, with genetic predisposition, immune
system dysregulation, skin barrier dysfunction, and environmental and
lifestyle factors thought to be aggravating factors.’ Dysregulation of the
immune response is a characteristic of AD;® however, it remains unclear how
dysregulation contributes to and/or results from changes in the skin microbiome.

Association with a dysbiotic skin microbiome

Although the exact cause of AD is unclear, one hypothesis is that skin barrier
dysfunction leads to alteration of the composition of the skin microbiome, and
subsequent shift in the homeostasis between host and microbiome, which
contributes to the pathogenesis of AD.5 Skin microbiome dyshiosis has been
demonstrated to be a factor that can drive eczema-related inflammation. 4

The results of a study that evaluated the skin microbiome of children with
moderate-to-severe AD and healthy controls suggest that homeostasis between
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the host and microbial community is shifted in the presence of skin barrier
dysfunction.”™ Skin barrier dysfunction was associated with reduced skin
microbiome diversity characterised by an increased population of S. aureus.
Marked reductions in skin microbiome diversity (and increased abundance of
S. aureus) occurred during disease flares in patients with AD and common
topical AD treatments restored diversity to the skin microbial community (see
Moisturisation section). Indeed, observations in birth cohort studies suggest
that increased prevalence of S. aureus in the skin microbiome contributes to the
onset of clinical AD in infancy while an abundance of commensal staphylococci,
particularly S. epidermidis, protects against the onset of AD.1617

A link between the skin microbiome and AD is also supported by the findings
of a study that determined the composition of the skin microbiome on lesional
and non-lesional skin of the same individuals.'® The investigators found that
microbial diversity differed between affected and unaffected skin of patients
with AD, with the difference in diversity highlighted primarily by an excess of
Staphylococcus species on affected skin (and corresponding drop in overall
microbial diversity). Furthermore, emollient treatment was associated with
improvements in clinical symptoms of AD and an increase in overall skin
microbial diversity (see Moisturisation section).

Other literature confirms the over-representation of Staphylococcus, and other
Firmicutes species, and under-representation of Actinobacteria, Cyanobacteria,
Bacteroides, and Proteobacteria, in the (lesional and non-lesional) skin of
patients with AD.>'5

Further support for a link between the skin microbiome and AD is provided by
observations that microbial communities appear to play a role in the observed
preferences of AD for certain skin sites. AD has been found to preferentially
affect the antecubital fossa (inner elbow) and popliteal fossa (behind the knee),
which are regions of the skin that harbour similar groups of micro-organisms
and share unique compositions of microbial communities.’

Moisturisation

Given the evidence that skin microbiome dysbiosis is associated with AD,
restoring microbial balance of the skin may be beneficial in the treatment
of AD.5

Moisturisers and emollients, for continuous skin barrier repair, form the
foundation of treatment for AD.'3'° There is also emerging evidence suggesting
that use of emollients in early life prevents the development of AD.?° Moisturisers
and emollients help to maintain the integrity of the skin barrier, and may affect
local microenvironments potentially shifting microbial balances.>® Several
published clinical studies have generated initial evidence linking improved
clinical symptoms with re-establishment of skin microbiome diversity in AD
patients treated with moisturisers.'®82" A recently published study has also
investigated changes in the skin microbiome when moisturisation is used as a
preventative measure in patients with AD.%

In one of these studies, affected and unaffected skin of patients with AD
(n=49) was evaluated to provide greater insight into the bacterial communities
involved in the skin dysbiosis associated with AD and the potential effects of
moisturisation.'® After 12 weeks of emollient treatment, clinical symptoms had
improved in two-thirds of the study population and the microbiome of lesional
skin in the treatment responders more closely resembled that of non-lesional
skin, as indicated by increased overall diversity and reduced abundance of
Staphylococcus species compared with baseline.

Another of the studies was a longitudinal evaluation of children with moderate-
to-severe AD (n=12) and healthy controls (n=11) that serially analysed bacterial
gene sequences from skin samples taken during different disease states.'®
A strong association between lower skin microbiome diversity and increased
disease severity was demonstrated. It was also apparent from the study results
that topical AD treatments increased the diversity of skin bacteria, which
preceded improvements in disease activity. Disease flares were characterised
by low bacterial diversity, characterised by a high proportion of Staphylococcus
species, especially S. aureus, in the absence of topical AD treatments.
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Contrastingly, intermittent or ongoing topical treatment was associated with Another recent randomised controlled trial measured changes in skin barrier
higher bacterial diversity and lower Staphylococcus species predominance. function, skin microbiome, and disease severity in adult patients with mild-to-
Based on these findings, the researchers proposed that reductions in microbial moderate AD (n=31) during short-term treatment with a proprietary moisturising
diversity and increases in the proportion of Staphylococcus species precede lotion.2" At baseline, lesional skin had reduced barrier function (higher pH and
worsening of AD (Figure 2). TEWL and lower skin hydration) and significantly (p<0.05) reduced microbial

diversity compared with non-lesional skin.

During a 14-day treatment period, disease severity (ADSI and EASI) and itch
severity (VAS scale) improved significantly (p<0.05 vs baseline) with use of the

A moisturising lotion.' The improvements in clinical symptoms were accompanied
by statistically significant baseline improvements in the pH, TEWL, and hydration
of lesional skin. The clinical symptoms improvement was also accompanied by
a significant (p<0.05 vs baseline) increase in the microbial diversity of lesional
skin, which started converging with that of non-lesional skin from day 1 of

Baseline Pre-flare Flare Resolving flare Postflare

treatment and remained similar for the rest of the treatment phase and during
a 7-day regression phase (Figure 3). The results of this study support prior
evidence that the microbial species diversity of the skin microbiome is lower
on lesional skin and higher on non-lesional skin in patients with AD and that

Time (AD disease progression) treatment with a topical moisturiser can correct this imbalance and lead to

— Microbial diversity = —— Proportion Staphylococcus —— Disease severity symptomatic improvement.
In summary, preliminary data from prospective clinical studies support the
Figure 2. Microbiome progression in AD hypothesis.'® *Disease states occur benefit of moisturisation on the skin microbiome in the management and
with concurrent anti-correlated shifts in microbial diversity and proportion of (possibly) prevention of AD. However, there is a need for more well-designed
Staphylococcus species. controlled clinical trials, especially studies designed to explore the specific

mechanisms by which moisturisation modifies the skin microbiome.

In a subsequent randomised controlled study, some of the same researchers Prebioti llient d the ski . bi
investigated how longer-term emollient use (once daily for 6 months) alters rebiotic emoliients an € SKIn microbliome

skin barrier function and the skin microbiome in infants at risk for developing The principle of restoring microbial balance by increasing diversity of the
AD.% AD developed in one of 11 infants from the emollient group and three of microbiome is supported by the effectiveness of faecal transplantation on
12 infants from the control group. Skin pH was statistically significantly lower gastrointestinal health and earwax transplantation on ear health.> Based on the
in the emollient group than in the control group while transepidermal water theory of skin dysbiosis in atopic patients, the focus of AD treatment may shift
loss (TEWL) was slightly lower and skin water capacitance slightly higher. to a moisturiser that also contains the ingredients to directly help restore the
Analysis of the skin microbiomes in samples from the emollient and control skin microbiome (and thus skin barrier function). Indeed, a recent randomised
groups revealed that emollient use was associated with higher microbial controlled study has demonstrated that use of an emollient containing a
diversity; in particular, a higher proportion of Streptococcus salivarius relative biomass of non-pathogenic bacteria was able to normalise the skin microbiome
to S. aureus was observed. The investigators proposed that lower skin pH and in paediatric and adult patients (n=60) with moderately severe AD, and
immunomodulatory effects of S. salivarius might contribute to the preventative statistically significantly reduce the number and severity of flares compared
effects of emollients in patients with AD. with a conventional emollient.?®

Changes in Shannon Diversity Over Time
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Figure 3. Microbial diversity of the skin microbiome on lesional and non-lesional skin of patients with AD and changes in microbial diversity during a 14-day treatment phase
and a 7-day regression phase.?! The Shannon index characterises species diversity within a community.
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Itis well established in clinical dermatology that regular application of moisturisers
helps to alleviate AD flares and prevent their recurrences. Restoration of an intact
skin barrier function had been considered its mechanism, and, furthermore, an
intact skin barrier lessens the impact of Staphylococcus aureus causing infection
and as a separate fuelling allergen. Patients with AD have long been known to
have increased susceptibility to S. aureus and virus infection such as herpes.
Staphylococcus epidermidis is typically the predominant bacteria on skin and
produces a variety of antimicrobial peptides, controlling the populations of
S. aureus and group A streptococci, among other functions.! Competition within
and between microbial species shapes and preserves a healthy microbiome.
When the skin barrier is impaired, there is decreased expression of antimicrobial
proteins. An individual’s microbial composition is fairly stable over time, although
prolonged contact with others, particularly a greater number of other individuals
in a close relationship can alter this, but, nonetheless, there is greater variation in
the microbial composition between individuals.? Pathogenic bacteria and viruses
can induce epigenetic changes in host cells, which may influence the course of
diseases such as AD. More knowledge in this area will expand our therapeutic
potentials.

Like the skin, the gastrointestinal tract as a functional barrier between the
environment in the internal body and its microbiome is complex including
bacteria, viruses, fungi, and protozoa in extremely large numbers and wider
diversity is associated with better health, i.e., reduced infections and reduced
autoimmune diseases. Similarly, the bacterial component of the microbiome has
been better studied than the other micro-organism groups. Distal gut microbes
help to synthesise vitamins, essential amino acids, and metabolic by-products
such as short-chain fatty acids. Interestingly, short-chain fatty acid by-products
butyrate, propionate, and acetate provide energy for intestinal epithelial cells and
strengthen the mucosal barrier.® These same short-chain fatty acid by-products
are in the chemical structure of topical steroid preparations commonly used in
NZ, e.g., clobetasol propionate (Dermol), hydrocortisone butyrate (Locoid), and
hydrocortisone acetate (hydrocortisone cream AFT). It is also well recognised in
clinical practice that treating eczema with topical corticosteroids is associated
with clinical remission and reduced colonisation of S. aureus, without concomitant
antibiotic use. So, we may well find in future research that the mechanism by
which this occurs is via alteration in microbial composition/balance.

Various skin diseases including AD have been associated with inflammatory
bowel dysbiosis, disorders and diseases. Changes in dietary protein impact on
gastrointestinal microbiome, particularly animal-based or plant-based diets. For
example, pure vegetarian pea protein consumption increases the gastrointestinal

commensals Bifidobacterium and Lactobacillus and increases intestinal short-
chain fatty acids, which are considered anti-inflammatory and mucosal barrier-
enhancing. In contrast, higher levels of potentially pathogenic Bacteroides and
clostridia are found in subjects consuming a high beef diet. A high animal protein
diet is associated with significantly increased risk of inflammatory bowel disease
and pro-atherogenic compounds, which increase the risk of cardiovascular
disease, cancer, and diabetes mellitus, and overall mortality. Animal milk-based
proteins, however, stimulate more favourable microbiome profiles.

Non-digestible carbohydrates are not absorbed through the small intestine but
travel intact to the large intestine and provide a good source of carbohydrate for
microbiota via fermentation, and, in the process, modify the intestinal milieu and
are thus known as prebiotics. A high intake of soybeans, unrefined wheat and
barley, fruits, and vegetables provides these favourable prebiotics but typically
also provide dietary polyphenols with additional anti-inflammatory and pro-
mucosal gut barrier properties. A study examining the anti-bacterial activity of
fruit polyphenols resulted in reduced S. aureus levels* — so this in future may
provide insight for other ways of tackling S. aureus-associated AD. Overall, a
Mediterranean diet (characterised by high levels of varied fruits, vegetables,
cereals, legumes, nuts, and olive oil; moderate consumption of fish and poultry;
and lower intake of dairy products, red and processed meats, and refined sugars),
in contrast to a high animal protein-based or strictly vegan diet, is associated with
the greatest microbiome diversity.

In some respects, recent studies showing that a diet rich in plant-based sources
and application of emollients to help restore skin health, is not new, but provides
greater understanding why this is so and provides scientific evidence to support
a lifestyle that our tangata whenua, great grandparents and grandparents were
familiar with and recommended. Going beyond personalised prescriptions to
personalised advice regarding lifestyle habit recommendations and judicious
interaction with our environment, e.g., other people, animals, and so forth, may
circumvent concerns regarding growing antibiotic resistance and provide holistic
solutions to optimally managing AD.
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There is now little doubt that microbial exposure early in life is important for the
development of competent immune function. While the dominant focus has been
on the role of gut and mucosal ecosystems, it is increasingly likely that disruption
of skin colonisation can also play a role in both local and systemic propensity for
immune dysregulation and chronic inflammation.

The skin microbiome, with complex topographical diversity across human body
sites, is critical for the maturation and homeostatic regulation of keratinocytes,
specialised antigen presenting cells, and local immune networks. These host
microbial interactions appear vital not only for skin barrier integrity, but also
for many other functional properties of the skin, including hormonal and
neurotransmitter production and immune and metabolic activity — all increasingly
recognized for their systemic effects. In essence, this ecological unit provides a
complex cutaneous sensory interface that plays a much more dynamic role in
sensing and adapting to the external environmental than previously appreciated,
with potential whole-body effects.

This means that both exogenous and endogenous factors that influence the
skin microbiome and host cell interaction are likely to affect these multifaceted
physical and functional aspects of the skin barrier unit. Thus, factors that
modify the establishment and health of the skin microbiome have the potential
to lead to predispose not to only cutaneous disease, but also other systemic
inflammatory conditions. Growing evidence indicates that the biodiversity
of skin habitats is influenced by the biodiversity of the ecosystems in which
people reside, as well as the patterns of behaviour and interaction with those
environments. In particular, environmental biodiversity losses with progressive
urbanisation together with indoor behaviour are reducing contact with natural
environments, affecting skin microbiomes and ultimately human health. This
adds a new dimension to the longstanding ‘hygiene hypothesis’, better described
as the ‘biodiversity hypothesis’, as an explanation for the increasing prevalence
of immune diseases.

TAKE-HOME MESSAGES

This is arguably best exemplified by the dramatic increase in very early onset
conditions such as allergic disease, notably AD, which is characterised by
early pre-symptomatic defects in skin integrity. Notably, new studies suggest
that alterations in the skin microbiome may also precede development of AD
in early infancy, reinforcing the importance of this ecological unit for early
normal skin function. Disturbances of the stratum corneum have also been
observed in psoriasis, rosacea, and acne vulgaris, and with the skin ageing
process. Abnormal microbial colonisation of the skin appears to contribute to
abnormalities of epithelial development and integrity in these heterogeneous
conditions. Remarkably, new research show that strains of Staphylococcus
epidermidis — a microbe on healthy human skin — can even inhibit the
development of melanoma." This microbial strain inhibits UV-induced skin
tumour growth in animals when applied topically, and appears to be mediated
by specific strains producing 6-N-hydroxyaminopurine (6-HAP). This might lead
to probiotic solutions that amplify the effectiveness of pharmaceutical drugs and
represents a revolution in the field of skincare and dermatology.

This emphasizes the importance of ecological perspectives in overcoming the
factors that drive dysbiosis and the risk of inflammatory diseases across the
life course. Understanding these pathways could lead to the development of
therapeutic approaches to prevent and treat inflammatory skin disorders and
possibly systemic inflammatory conditions. One approach may involve microbial
interventions early in life. However, the development of such solutions will require
gaining a better understanding of the interconnected ecology of humans, microbes,
and the environment. Ultimately personal health solutions will only be successful if
we also address the challenges of the built environment, global biodiversity losses,
and declining nature relatedness that are contributing to erosion of diversity at a
micro-ecological level, including our own microbial habitats.
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better elucidate the mechanisms involved.
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