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Atopic diathesis encompassing atopic dermatitis (AD), allergic
rhinoconjunctivitis, food allergy, eosinophilic esophagitis, and
asthma is a widely prevalent condition with a broad
heterogeneity in clinical course, age of onset, and lifespan
persistence. A primary event in AD is the commonly inherited
epidermal barrier dysfunction. Together with the host-
microbiome interactions, barrier defect and allergen exposure
modulate both innate and adaptive immunity, thus triggering
and maintaining the inflammatory response. Microbiome
diversity, together with the host’s contact with nonpathogenic
microbes in childhood, is a prerequisite for functional
maturation of the immune system, which is in part mediated by
microbiome-induced epigenetic changes. Yet, whether
microbiome alterations are the result or the reason for barrier
impairment and inflammatory response of the host is unclear.
Exposure to locally prevalent microbial species could contribute
to further modification of the disease course. The objective of
this review is to reveal the link between changes in the skin
microbiota, barrier dysfunction, and inflammation in AD.
Addressing unmet needs includes determining the genetic
background of AD susceptibility; the epigenetic modifications
induced by the microbiota and other environmental factors; the
role of globally diverse provoking factors; and the
implementation of personalized, phenotype-specific therapies
such as a epidermal barrier restoration in infancy and
microbiota modulation via systemic or topical interventions, all
of which open gaps for future research. (J Allergy Clin Immunol
202]1;NEN;ENE-NEN,)
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The first written evidence of a disease corresponding to atopic
dermatitis (AD) dates back to Roman Empire times; however, it
was not until 1923 that Cooke and Coca introduced the term
atopy, originating from the Greek (meaning “with no place”).'
Since then, the concept of clinicopathophysiologic connection
between the diseases along the atopic spectrum (AD, allergic
rhinitis/conjunctivitis, and asthma) has evolved dramatically.
Today, the key role of IgE has been challenged in the context of
atopic diseases. Evidence shows that type 1 sensitization is a sec-
ondary phenomenon, and epidermal barrier impairment, together
with involvement of immune cells residing in the skin, is a prereq-
uisite for the development of IgE-mediated allergies.”” The cur-
rent understanding of AD immunopathology involves the
dysfunction and skew in the Ty2 cell immunity, with the active
contribution of IL-4 and IL-13, which are also involved in other
diseases on the atopic spectrum, such as asthma and eosinophilic
esophagitis.”” The intracellular signaling system consisting of 4
Janus kinases (JAKs) and 7 signal transducers and activators of
transcription (STATs), known as the JAK-STAT signaling
pathway, transfers extracellular signals to the cell nucleus and
modifies the process of transcription and mediation of the effect
of proinflammatory cytokines.* The latter has been a major field
of research for AD treatment since the introduction of systemic
and topical JAK-inhibitors.®” Barrier deficiency, microbiota dys-
biosis, and inflammation are the key players in atopic diseases.
“The chicken or the egg” question is whether microbiome alter-
ation is the result of or the reason for barrier impairment and in-
flammatory response in atopic diseases.

Classically perceived as a disease prevalent and explored in the
White population, AD has ethnic- and geographic-dependent
genetic, clinical, and immunologic heterogeneity. Exposure to
locally prevalent microbial species could further diversify the
disease anisotropy. With a lifetime prevalence of AD of almost
15% in industrialized countries, a trend toward increase in the
prevalence of AD in developing countries has been witnessed.” '
Environmental factors interact with the genetically susceptible
milieu in atopic subjects, contributing to the increasing incidence
of the disease.'® Amon g all factors, climate (cold, hard water, UV
light exposure), air pollution, Western diet, antibiotic exposure in
childhood, helminthic infection, and close contact with natural
environments shape the disease epidemiology even in genetically
indistinguishable subpopulations.'’""?
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Abbreviations used
AMP: Antimicrobial peptide
AD: Atopic dermatitis
CoNS: Commensal staphylococci other than Staphylococcus aureus
FLG: Filaggrin
JAK: Janus kinase
SC: Stratum corneum
STAT: Signal transducer and activator of transcription
TSLP: Thymic stromal lymphopoietin

Despite the general belief in the atopic march (the typical
progression of allergic diseases from childhood to adulthood,
which includes AD, allergic rhinitis, food allergy, eosinophilic
esophagitis, and asthma),]4 there is evidence that the march does
not occur everywhere and phenotypic variability exists.'” On the
other hand, the concept of the so-called adult onset has been ques-
tioned, as almost one-third of adults do not report a personal his-
tory of childhood eczema despite the AD diagnosis in their
medical records.'® There is a solid body of evidence highlighting
the need for early-life interactions between host (barrier, immune
system) and microbiota, which together with environmental fac-
tors, contribute to the complex pathophysiology of AD.

The objective of this review is to reveal evidence regarding the
link between skin microbiota, barrier dysfunction, and inflam-
mation in AD. We focus on studies with human subjects and
human cell lines that have been published since 2010.

SKIN BARRIER-IMMUNE SYSTEM INTERACTIONS
Epidermal barrier impairment is a prerequisite for the develop-
ment of AD, despite the disease genotypes and endotypes.™'” Dry
skin and increased transepidermal water loss during the neonatal
period until the age of 2 months increases the risk of AD develop-
ment later in life.*'” A major contributing factor to the inherited
skin barrier defects is the mutation in the genes encoding struc-
tural epidermal barrier proteins, such as filaggrin (FLG)."® How-
ever, FLG mutations are not an obligate prerequisite for AD
development, and not all carriers of FLG mutations develop
AD."”*? Wide geographic variability with regard to the most
common FLG gene mutations has been witnessed, with the
most prevalent European and Asian variants observed in no
more than 5% of the African American population.”' As for other
allergic diseases, the hereditary character of AD has long been
suspected, and several studies have remarked on the importance
of a family history in children with this disease.”” Studies of the
genetic susceptibility to AD have discovered several associated
variants and mutations in genes involved in the pathophysiology
of the disease, with FLG being found in most original and repli-
cated studies; however, a great number of other associated gene
variants have been reported in genome-wide association studies,
whole exome sequencing, and related meta-analyses,”” although
most of those associations are not supported by variant-related
experimental functional studies. More recently, a whole genome
sequencing—based investigation of the genetic basis of eczema
herpeticum, a rare complication of AD, identified variants in
the genes SIDT2 (SID1 transmembrane family member 2) and
RBBPSNL (retinoblastoma binding protein 8 N-terminal like)
that are not only associated with the susceptibility to acquire
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herpes simplex virus type 1 infection but, as has been demon-
strated by experimental functional studies, are also able to modify
the expression of genes influencing the differentiation of keratino-
cytes,”* which is an important cellular component of the tissue al-
terations in AD. This research provides further evidence of the
importance of genetic analyses for understanding the pathogen-
esis of AD; however, the potential usefulness of these and other
genetic findings as biologic markers for personalized medicine re-
mains to be determined.

Epidermal barrier function, residing almost entirely in the
stratum corneum (SC), is impeded in AD, as has been revealed by
multiple studies in skin physiology and morphology and at the
molecular level. AD is characterized by increased transepidermal
water loss and epidermal permeability, increased pH, and a
reduction in the expression of structural SC proteins (eg, FLG), as
well as by SC lipid abnormalities related but not limited to the
chain length reduction in relation to barrier disruption in AD.*>*°
The clinical consequences of hindered FLG synthesis and break-
down to natural moisturizing factor constituents (ie, transuro-
canic and pyrrolidone carboxylic acid) include dry, itchy,
eczematous skin and increased skin surface pH.”’ In addition,
an imbalance between proteases engaged in the proteolysis of
extracellular corneodesmosome components and their inhibi-
tors,”" as well as tight junction defects in the deeper epidermal
layers related to reductions in claudin-1 gene (CLDNI) expres-
sion,z() further contribute to the skin barrier impairment in AD.
Loss of FLG in the absence of inflammation alone changes the
expression of inflammatory, proteolytic, and cytoskeletal proteins
involved in AD pathophysiology.’m

FLG deficiency, resulting in increased skin surface pH, leads to
the stimulation of serine proteases that cleave IL-1 secreted from
corneocytes, thus facilitating inflammation.”'** Epidermal bar-
rier disruption, due to either mechanical injury (scratching) or
FLG deficiency, leads to the secretion of alarmins from the kera-
tinocytes and innate lymphoid cells such as the thymic stromal
lymphopoietin (TSLP), IL-1a, IL-25, and IL-33,”" which acti-
vate skin Langerhans cells and dermal dendritic cells, polarizes
the immunity toward the Ty2 cell pathway with the key cytokines
IL-4 and IL-13, and leads to the activation of IgE-producing B
cells and mast cells through transcription modulation path-
ways.3 237 Despite the ongoing debate, TSLPs are able of recruit-
ing basophils, at least partly via the IL-3 pathway,”® and basophil
homing from skin to gut is responsible for food intestinal al-
lergy.” Therefore, migration of activated immune cells could
be a plausible explanation for the atopic march.

Skewed immunity in the T2 cytokines is a hallmark of AD and
a key driver in AD and its comorbidities.*’ Ty;2 cytokines inhibit
the production of structural SC proteins, namely FLG, loricrin,
and involucrin.*"*** In vitro, 1L-4 and IL-13 induce changes in
skin lipids that are identical to those in AD.” These data reflect
the 2-way interactions between barrier and inflammation in AD.

In acute and chronic eczematous lesions beyond Ty2 cyto-
kines, an engagement of the Ty22 and Ty17 cytokines can be
observed, whereas in chronic eczema the Tyl cytokine pathway
is activated.” In Asians, an increased polarity toward Ty22/
Ty17 axes has been reported, whereas in African Americans sup-
pression of the attenuation of Ty17/Tyl cell pathways has been
revealed.”* An open gap for research is the search for a prompt
biomarker and/or combination of biomarkers capable of differen-
tiating between endotypes of AD and correlating with the disease
activity.
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SKIN BARRIER AND MICROBIOTA INTERACTIONS

The AD skin microbiome displays Staphylococcus spp—
dominated dysbiosis with decreased microbial diversity and
predominance of Staphylococcus aureus and Staphylococcus epi-
dermidis.*>*° Microbiome changes have been shown to precede
AD development in a culture-based analysis of longitudinal birth
cohorts.*” Furthermore, an increase in bacterial diversity precedes
the disease amelioration during AD treatment.*® Disease severity
correlates with S aureus colonization, and patients with AD who
are carrying S aureus display impaired skin barrier function and
increased IgE sensitization rates compared with those in non-
colonized atopic or healthy subjects.*” On the other hand, not mi-
crobiome, but host transcriptome analysis, correlates strongly
with AD clinical severity.””

SC integrity disruption, as in FLG-deficient skin, is a key host
factor for S aureus adhesion to the skin.”' FLG deficiency in
healthy subjects results in skin microbiota closer to those in sub-
jects with AD than to those in healthy subjects without FLG mu-
tation, regardless of the skin site.”” Through fibronectin-binding
protein B and clumping factor B, S aureus binds to the N-terminal
glycine—serine-rich region of corneodesmosin. This adhesion is
stimulated in low-hydrated, natural moisturizing factor—
depleted, and more alkaline SC.”">® SC lipid abnormalities
have been linked to S aureus carrier status of patients with AD
(ie, lower levels of certain ceramides, unsaturated free fatty acids
[16:1 and 18:1], and triglycerides).’® Although AD shows
increased total ceramide, free fatty acid, and cholesterol levels,
the levels of certain ceramide subtypes are decreased in associa-
tion with Staphylococcus colonization.”® A correlation between
increased a-hydroxy ceramide level and S aureus abundance is
reported at AD predilection sites.”” Finally, an inverse correlation
for S aureus and a positive correlation for other commensal staph-
ylococci was revealed for the expression of 4 genes encoding for
tight junction proteins.’” The present data are indicative that bar-
rier defect could be the primary event in the skin—-immune sys-
tem-microbiome axis.

S aureus, in turn, exerts a deteriorating effect on the epidermal
barrier. Following adhesion and through its a-toxin, it forms pores
in the keratinocyte wall and in the formation of biofilm.”® The
defective skin barrier in AD facilitates the deeper penetration of
S aureus into the dermis and subsequently the interaction with im-
mune cells.”’ By stimulating epidermal kallikrein proteases or by
synthesising its own proteases, S aureus further perturbs the
epidermal barrier. This process is facilitated by the absence of
FLG (less acidic, dry compartment) and the availability of Ty2
cytokines.**®

Commensal staphylococci other than S aureus (CoNS), such as
S epidermidis and Staphylococcus hominis, antagonize S aureus
on account of the same inhabited ecosystem. Colonization with
CoNs reduces development of AD at the age of 1 year.so Toll-
like receptor ligands originating from CoNS decrease skin inflam-
mation and enhance antimicrobial peptide (AMP) expression.®’
Therefore, the abundance of S epidermidis in acute AD lesions
is seen as a compensatory mechanism rather than a virulence fac-
tor. The abundance of S epidermidis has been linked to enhanced
cysteine protease activity, acting synergistically with the skin bar-
rier damage caused by S aureus.”’

Epigenetic studies support several of these findings. Epige-
netic modifications in affected skin and immune cells from
patients with AD have been reported, mainly influencing gene
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expression through DNA methylation, noncoding RNA, and to a
lesser extend histone acetylation.’? A number of epigenetic dys-
regulated signatures in skin homing CD4"CLA"* memory T
cells from patients with AD, including differences in DNA
methylation of protein coding genes and differentially expressed
miRNA genes, have been described, providing a partial explana-
tion of the mechanisms underlying the great influence of these
cells on the skin inflammatory process of AD.®® The inducers
of these epigenetic modifications have not been clearly identi-
fied, but considering the strong AD association with urban life,
it is possible that diverse factors such as diet and air pollution
play a role. In addition, the effects of normal skin microbiota
have also been explored. It has been reported that butyric acid,
a fermentation product of S epidermidis, and one of its deriva-
tives (BA-NH-NH-BA, which is potentially useful for topical
therapy) induce the acetylation of histone 3 lysine 9
(AcH3KD9) in human keratinocytes by inhibiting histone deace-
tylase. Interestingly, this derivative reduces the colonization of
S aureus in the skin in a mouse model of AD, adding more
specific tools for topical treatment of AD.%* Still, the role of
CoNS and their application as therapeutic strategy remains to
be elucidated.

Aloss of anaerobic bacteria such as Lactobacillus spp has been
demonstrated in active AD lesions.”’ The switch toward aerobic
metabolism is linked to the skin barrier breakdown and the
increased skin surface pH. Clinically relevant nonbacterial infec-
tious complications of AD require more extensive investigation of
the changes in the mycobiome and virome.

MICROBIOTA AND INFLAMMATION
INTERACTIONS

According to the widely discussed “hygiene hypothesis,”
early-life communication and colonization with microbes is
required for the immune system maturation and priming.®” This
colonization process should happen in a certain “window” of
the early lifespan.®® In a rodent model, a rapid influx of regulatory
T cells into the skin following contact of neonate animals with
commensal bacteria in this precise developmental window has
been shown.”’

There is an increasing appreciation of skin and gut microbiota
interactions in the genesis of atopic disease.’® Body site differ-
ences in microbial communities are more pronounced in young
infants than in adults. In young infants, for example, Proteobac-
teria are highly present in the gut but less prevalent in the skin.’”
In this regard, it is helpful to note that food sensitization during
infancy is a first marker of the atopic march and is preceded by
changes to gut microbiota.’” The latter have been documented in
a Canadian birth cohort’' and in a case-control study of 14-
month-old infants in Taiwan’” as elevations of the Enterobac-
teriaceae (of the phylum Proteobacteria)-to-Bacteroidaceae
abundance ratio in the gut microbiota of infants, and they are
seen as early as 3 months after birth. Already within 1 month
of birth, colonization of gut microbiota with an increasing num-
ber of Escherichia coli has predicted the development of AD
in Dutch children at toddler age.”” Importantly, a high
Enterobacteriaceae-to-Bacteroidaceae abundance ratio in early
and late infancy, which is characteristic of depleted Bacteroi-
detes species at both time periods, has been found to be a signif-
icant predictor of peanut sensitization in infants.”* These gut
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FIG 1. Schematic overview of the key alterations and interactions on the skin-immune system-microbiome
axis. Downward arrow indicates a decrease, upward arrow indicates an increase. CIfB, Clumping factor B;
FnBPB, fibronectin binding protein B; JAK-STAT, Janus kinase-signal transducers and activators of tran-
scription; NMF, natural moisturizing factor; TEWL, transepidermal water loss; TLR, Toll-like receptor.

microbiota associations were mostly seen in Canadian infants of
Asian ethnicity, which brings us back to geographic area deter-
minants of atopic disease. AD is more severe among the
offspring of Asian mothers who immigrate to industrialized
countries.””

Human-derived S aureus strains are able to induce AD-like skin
lesions and immunologic abnormalities identical to those in AD
(T2 and Ty 17 cell axes), as witnessed in a mouse model.”® Tran-
scriptome analysis reveals that high S aureus quantities are asso-
ciated with change in skin barrier genes (related to tight junction
formation), certain metalloproteinases, and Ty2 pathway
cytokines.”

Breakage of the skin barrier by S aureus and its penetration
correlate positively with Ty2 and Ty22 cytokines and TSLP
expression and negatively with the expression of the AMP cathe-
licidin.”® IL-4 and IL-13 are able to supress genes encoding for
specific B-defensins, thus decreasing the levels of the AMPs
LL-37, B-defensin, and dermicidin, creating a milieu for the
growth of pathogens such as S aureus.”’ In addition, T2 cyto-
kines stimulate the expression of fibronectin and fibrinogen,
both enhancing S aureus binding to the SC of AD skin.”®
Together, these findings support the hypothesis that the inflamma-
tory milieu in AD facilitates S aureus binding to the SC.

The virulence factors of S aureus such as phenol soluble mod-
ulins are able to induce IL-36— and IL-36a—driven yd T-cell-
mediated inflammation in the epidermis.’”’ Furthermore, they
induce dermal innate lymphoid cell-incited Ty17 response and
stimulate mast cell degranulation.xo'82 S aureus components
induce the secretion of proinflammatory cytokines characteristic
for type Tyl/Ty2 axis activation in vitro and in mouse
models.**** Colonization with pathogenic S aureus results in
secretion of TSLP from damaged keratinocytes, which activates
dendritic cells and further polarizes immunity toward a Ty2
response.™ Additional virulence factors such as protein A, staph-
ylococcal  superantigens, and most recently second
immunoglobulin-binding protein induce Ty2 type inflamma-
tion.***” A vicious cycle, comprising immune imbalance and mi-
crobiome changes, underlies the pathophysiology of AD.
Immune therapies blocking IL-4 and IL-13 from supressing
Tx2 inflammation decrease the abundance of S aureus and enrich
the microbial diversity in patients with AD.*® Data regarding

whether novel treatment agents targeting inflammation (ie, the
JAK inhibitors) exhibit effects on microbiome composition are
not yet available.

IMPLEMENTATIONS FOR PREVENTION AND
MANAGEMENT

Recent investigations have revealed the possible preventive
effects and management strategies in the context of the current
understanding of the AD pathophysiology (ie, modulation of the
skin-immune system-microbiome axis).*” The widely used anti-
inflammatory treatments focus mainly on immune abnormalities
in AD, despite the fact that some beneficial effects on the skin mi-
crobiota have been observed for IL-4 and/or 1L-13 antibody.*®

Etiologic treatment with emollients has been proved to be
efficient in preventing the development of AD when introduced
early in the neonatal period.”™' Recent results from larger pro-
spective cohort studies showed no efficacy of emollients alone
in preventing infantile AD,”””* with even a slight increase in
skin infections in the treatment group. The authors concluded
that combined interventions, namely, emollient use and dietary
intervention (early introduction of potential allergens), could
have a cumulative protective effect. This study is ongoing, and
conclusive results are not yet available. Thus, multidimensional
approaches, individualized to the disease genotype and phenotype
as well as to patients’ ethnic and cultural preferences, should be
followed in AD prevention strategies.

Manipulation of skin and gut microbiota is a tempting target to
prevent AD and the atopic march. The current meta-analysis
revealed that the use of probiotics in the prenatal period and the
first 6 months of infancy exerts protective effects against AD
development.”"*> Because of the greater variability of the probi-
otic strains, dose regimens, duration of treatment, and mecha-
nisms of action that are being used, we still see more open
questions than answers.

Direct topical manipulation of the skin microbiota dates back to
the 1980s, when Leyden successfully transferred axillary bacteria
to the same subject’s forearm.”® Direct transfer of living bacteria
raises questions related to harvesting techniques, selection of
strains, the need for cultured growth, and immune reaction of
the host.”” In AD, transplant of cultured CoNS (S epidermidis
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and S hominis) capable of inhibiting S aureus growth by AMP
secretion resulted in decreased S aureus colonization in patients
with AD.”® However, clinical efficacy was not assessed in this
trial, which opens a window for further investigations.

In mice, fecal microbiota transplantation is associated with
normalization of the Ty1/Ty2 cell imbalance and a decrease in
levels of IgE, circulating eosinophils, and skin mast cells in rela-
tion to lower clinical dermatitis response.99 These promising re-
sults need to be challenged in humans.

Novel strategies focus on the biotherapeutic approach,
including quorum sensing inhibitors (agents targeted in the
attenuation of bacterial virulence), anti—S aureus endolysins
(phage enzymes used by virions to destroy bacterial wall), and
mADb S.l()()

Contouring further environmental factors such as UV exposure
(related to serum vitamin D levels), water hardness, air pollution,
pollen exposure, urban versus rural lifestyle, and their role in
primary prevention of the atopic march remains a global
challenge for physicians and researchers.®’

CONCLUSION

As a disease with highly heterogeneous genotypes and
endotypes, AD requires stratified management strategies and
personalized approaches. The intimate mechanisms of interac-
tions in the skin—-immune system—microbiome axis (Fig 1) reflect
the complex nature of the atopic diathesis and the atopic march.
Globally diversified investigational and management approaches
should be synchronized to reach the best standard of care and pre-
vention. A demand for creation of a global atopic disease registry
is imminent. Joint efforts by researchers and clinicians are
required to decipher the enigma of AD.

REFERENCES

1. Kramer ON, Strom MA, Ladizinski B, Lio PA. The history of atopic dermatitis.
Clin Dermatol 2017;35:344-8.

2. Flohr C, Perkin M, Logan K, Marrs T, Radulovic S, Campbell LE, et al. Atopic
dermatitis and disease severity are the main risk factors for food sensitization in
exclusively breastfed infants. J Invest Dermatol 2014;134:345-50.

3. Kelleher MM, Dunn-Galvin A, Gray C, Murray DM, Kiely M, Kenny L, et al.
Skin barrier impairment at birth predicts food allergy at 2 years of age.
J Allergy Clin Immunol 2016;137:1111-6.e8.

4. Karpathiou G, Papoudou-Bai A, Ferrand E, Dumollard JM, Peoc’h M. STAT6: a
review of a signaling pathway implicated in various diseases with a special
emphasis in its usefulness in pathology. Pathol Res Pract 2021;223:153477.

5. Hamilton JD, Harel S, Swanson BN, Brian W, Chen Z, Rice MS, et al. Dupilu-
mab suppresses type 2 inflammatory biomarkers across multiple atopic, allergic
diseases. Clin Exp Allergy 2021;51:915-31.

6. Zhang L, Du D, Wang L, Guo L, Jiang X. Efficacy and safety of topical Janus
kinase and phosphodiesterase inhibitor-4 inhibitors for the treatment of atopic
dermatitis: a network meta-analysis [e-pub ahead of print]. J Dermatol https:/
doi.org/10.1111/1346-8138.16126. Accessed September 23, 2021.

7. Silverberg JI, de Bruin-Weller M, Bieber T, Soong W, Kabashima K, Costanzo A,
et al. Upadacitinib plus topical corticosteroids in atopic dermatitis: week-52 AD
Up study results. J Allergy Clin Immunol https://doi.org/10.1016/j.jaci.2021.07.
036. Accessed September 23, 2021.

8. Deckers IA, McLean S, Linssen S, Mommers M, van Schayck CP, Sheikh A.
Investigating international time trends in the incidence and prevalence of atopic
eczema 1990-2010: a systematic review of epidemiological studies. PLoS One
2012;7:e39803.

9. Abuabara K, Yu AM, Okhovat JP, Allen IE, Langan SM. The prevalence of atopic
dermatitis beyond childhood: a systematic review and meta-analysis of longitudi-
nal studies. Allergy 2018;73:696-704.

10. Mallol J, Crane J, von Mutius E, Odhiambo J, Keil U, Stewart A, et al. The In-
ternational Study of Asthma and Allergies in Childhood (ISAAC) phase three: a
global synthesis. Allergol Immunopathol (Madr) 2013;41:73-85.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

DARLENSKI ET AL 5

. Stefanovic N, Irvine AD, Flohr C. The role of the environment and exposome in

atopic dermatitis. Curr Treat Options Allergy 2021;1-20.

. Ruokolainen L, Paalanen L, Karkman A, Laatikainen T, von Hertzen L, Vlasoff T,

et al. Significant disparities in allergy prevalence and microbiota between the
young people in Finnish and Russian Karelia. Clin Exp Allergy 2017;47:665-74.

. Ramanan D, Bowcutt R, Lee SC, Tang MS, Kurtz ZD, Ding Y, et al. Helminth

infection promotes colonization resistance via type 2 immunity. Science 2016;
352:608-12.

. Hill DA, Grundmeier RW, Ramos M, Spergel JM. Eosinophilic esophagitis is a

late manifestation of the allergic march. J Allergy Clin Immunol Pract 2018;6:
1528-33.

. Bieber T, D’Erme AM, Akdis CA, Traidl-Hoffmann C, Lauener R, Schappi G,

et al. Clinical phenotypes and endophenotypes of atopic dermatitis: where are
we, and where should we go? J Allergy Clin Immunol 2017;139:S58-64.

. Moberg C, Meding B, Stenberg B, Svensson A, Lindberg M. Remembering child-

hood atopic dermatitis as an adult: factors that influence recollection. Br J Derma-
tol 2006;155:557-60.

. Horimukai K, Morita K, Narita M, Kondo M, Kabashima S, Inoue E, et al. Trans-

epidermal water loss measurement during infancy can predict the subsequent
development of atopic dermatitis regardless of filaggrin mutations. Allergol Int
2016;65:103-8.

. Baurecht H, Irvine AD, Novak N, Illig T, Buhler B, Ring J, et al. Toward a major

risk factor for atopic eczema: meta-analysis of filaggrin polymorphism data.
J Allergy Clin Immunol 2007;120:1406-12.

. Weidinger S, O’Sullivan M, Illig T, Baurecht H, Depner M, Rodriguez E, et al.

Filaggrin mutations, atopic eczema, hay fever, and asthma in children.
J Allergy Clin Immunol 2008;121:1203-9.el.

Weidinger S, Beck LA, Bieber T, Kabashima K, Irvine AD. Atopic dermatitis.
Nat Rev Dis Primers 2018:4:1.

Margolis DJ, Apter AJ, Gupta J, Hoffstad O, Papadopoulos M, Campbell LE,
et al. The persistence of atopic dermatitis and filaggrin (FLG) mutations in a
US longitudinal cohort. J Allergy Clin Immunol 2012;130:912-7.

Apfelbacher CJ, Diepgen TL, Schmitt J. Determinants of eczema: population-
based cross-sectional study in Germany. Allergy 2011;66:206-13.

Martin MJ, Estravis M, Garcia-Sanchez A, Davila I, Isidoro-Garcia M, Sanz C.
Genetics and epigenetics of atopic dermatitis: an updated systematic review.
Genes (Basel) 2020;11:442.

Bin L, Malley C, Taylor P, Preethi Boorgula M, Chavan S, Daya M, et al. Whole
genome sequencing identifies novel genetic mutations in patients with eczema
herpeticum. Allergy 2021;76:2510-23.

Berdyshev E, Goleva E, Bronova I, Dyjack N, Rios C, Jung J, et al. Lipid abnor-
malities in atopic skin are driven by type 2 cytokines. JCI Insight 2018;3:€98006.
Emmert H, Baurecht H, Thielking F, Stolzl D, Rodriguez E, Harder I, et al. Stra-
tum corneum lipidomics analysis reveals altered ceramide profile in atopic derma-
titis patients across body sites with correlated changes in skin microbiome. Exp
Dermatol 2021;30:1398-408.

Mlitz V, Latreille J, Gardinier S, Jdid R, Drouault Y, Hufnagl P, et al. Impact of
filaggrin mutations on Raman spectra and biophysical properties of the stratum
corneum in mild to moderate atopic dermatitis. J Eur Acad Dermatol Venereol
2012;26:983-90.

Igawa S, Kishibe M, Minami-Hori M, Honma M, Tsujimura H, Ishikawa J, et al.
Incomplete KLK7 secretion and upregulated LEKTI expression underlie hyperker-
atotic stratum corneum in atopic dermatitis. J Invest Dermatol 2017;137:449-56.
De Benedetto A, Rafaels NM, McGirt LY, Ivanov Al, Georas SN, Cheadle C,
et al. Tight junction defects in patients with atopic dermatitis. J Allergy Clin Im-
munol 2011;127:773-86.e1-7.

Elias MS, Long HA, Newman CF, Wilson PA, West A, McGill PJ, et al. Proteo-
mic analysis of filaggrin deficiency identifies molecular signatures characteristic
of atopic eczema. J Allergy Clin Immunol 2017;140:1299-309.

Kezic S, O’Regan GM, Lutter R, Jakasa I, Koster ES, Saunders S, et al. Filaggrin
loss-of-function mutations are associated with enhanced expression of IL-1 cyto-
kines in the stratum corneum of patients with atopic dermatitis and in a murine
model of filaggrin deficiency. J Allergy Clin Immunol 2012;129:1031-9.e1.
Archer NK, Jo JH, Lee SK, Kim D, Smith B, Ortines RV, et al. Injury, dysbiosis,
and filaggrin deficiency drive skin inflammation through keratinocyte IL-1alpha
release. J Allergy Clin Immunol 2019;143:1426-43.¢6.

Oyoshi MK, Larson RP, Ziegler SF, Geha RS. Mechanical injury polarizes skin
dendritic cells to elicit a T(H)2 response by inducing cutaneous thymic stromal
lymphopoietin expression. J Allergy Clin Immunol 2010;126:976-84.e1-5.
Salimi M, Barlow JL, Saunders SP, Xue L, Gutowska-Owsiak D, Wang X, et al. A
role for IL-25 and IL-33-driven type-2 innate lymphoid cells in atopic dermatitis.
J Exp Med 2013;210:2939-50.

Liang Y, Yu B, Chen J, Wu H, Xu Y, Yang B, et al. Thymic stromal lymphopoietin
epigenetically upregulates Fc receptor gamma subunit-related receptors on


http://refhub.elsevier.com/S0091-6749(21)01524-4/sref1
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref1
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref2
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref2
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref2
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref3
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref3
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref3
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref4
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref4
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref4
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref5
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref5
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref5
https://doi.org/10.1111/1346-8138.16126
https://doi.org/10.1111/1346-8138.16126
https://doi.org/10.1016/j.jaci.2021.07.036
https://doi.org/10.1016/j.jaci.2021.07.036
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref8
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref8
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref8
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref8
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref9
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref9
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref9
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref10
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref10
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref10
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref11
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref11
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref12
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref12
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref12
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref13
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref13
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref13
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref14
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref14
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref14
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref15
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref15
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref15
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref16
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref16
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref16
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref17
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref17
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref17
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref17
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref18
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref18
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref18
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref19
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref19
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref19
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref20
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref20
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref21
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref21
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref21
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref22
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref22
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref23
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref23
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref23
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref24
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref24
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref24
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref25
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref25
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref26
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref26
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref26
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref26
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref27
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref27
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref27
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref27
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref28
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref28
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref28
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref29
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref29
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref29
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref30
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref30
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref30
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref31
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref31
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref31
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref31
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref32
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref32
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref32
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref33
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref33
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref33
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref34
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref34
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref34
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref35
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref35

6 DARLENSKIET AL

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

antigen-presenting cells and induces TH2/TH17 polarization through dectin-2.
J Allergy Clin Immunol 2019;144:1025-35.e7.

Marschall P, Wei R, Segaud J, Yao W, Hener P, German BF, et al. Dual function of
Langerhans cells in skin TSLP-promoted TFH differentiation in mouse atopic
dermatitis. J Allergy Clin Immunol 2021;147:1778-94.

Babina M, Wang Z, Franke K, Zuberbier T. Thymic stromal lymphopoietin pro-
motes MRGPRX2-triggered degranulation of skin mast cells in a STATS-
dependent manner with further support from JNK. Cells 2021;10:102.
Leyva-Castillo JM, Hener P, Michea P, Karasuyama H, Chan S, Soumelis V, et al.
Skin thymic stromal lymphopoietin initiates Th2 responses through an orches-
trated immune cascade. Nat Commun 2013;4:2847.

Noti M, Kim BS, Siracusa MC, Rak GD, Kubo M, Moghaddam AE, et al. Expo-
sure to food allergens through inflamed skin promotes intestinal food allergy
through the thymic stromal lymphopoietin-basophil axis. J Allergy Clin Immunol
2014;133:1390-9.e1-6.

Darlenski R, Kazandjieva J, Hristakieva E, Fluhr JW. Atopic dermatitis as a sys-
temic disease. Clin Dermatol 2014;32:409-13.

Howell MD, Kim BE, Gao P, Grant AV, Boguniewicz M, DeBenedetto A, et al.
Cytokine modulation of atopic dermatitis filaggrin skin expression. J Allergy Clin
Immunol 2009;124:R7-12.

Kim BE, Leung DY, Boguniewicz M, Howell MD. Loricrin and involucrin
expression is down-regulated by Th2 cytokines through STAT-6. Clin Immunol
2008;126:332-7.

Czarnowicki T, He H, Krueger JG, Guttman-Yassky E. Atopic dermatitis endo-
types and implications for targeted therapeutics. J Allergy Clin Immunol 2019;
143:1-11.

. Nomura T, Wu J, Kabashima K, Guttman-Yassky E. Endophenotypic variations

of atopic dermatitis by age, race, and ethnicity. J Allergy Clin Immunol Pract
2020;8:1840-52.

Di Domenico EG, Cavallo I, Capitanio B, Ascenzioni F, Pimpinelli F, Morrone A,
et al. Staphylococcus aureus and the cutaneous microbiota biofilms in the patho-
genesis of atopic dermatitis. Microorganisms 2019;7:301.

Paller AS, Kong HH, Seed P, Naik S, Scharschmidt TC, Gallo RL, et al. The mi-
crobiome in patients with atopic dermatitis. J Allergy Clin Immunol 2019;143:
26-35.

Meylan P, Lang C, Mermoud S, Johannsen A, Norrenberg S, Hohl D, et al. Skin
colonization by Staphylococcus aureus precedes the clinical diagnosis of atopic
dermatitis in infancy. J Invest Dermatol 2017;137:2497-504.

Kong HH, Oh J, Deming C, Conlan S, Grice EA, Beatson MA, et al. Temporal
shifts in the skin microbiome associated with disease flares and treatment in chil-
dren with atopic dermatitis. Genome Res 2012;22:850-9.

Simpson EL, Villarreal M, Jepson B, Rafaels N, David G, Hanifin J, et al. Patients
with atopic dermatitis colonized with Staphylococcus aureus have a distinct
phenotype and endotype. J Invest Dermatol 2018;138:2224-33.

Fyhrquist N, Muirhead G, Prast-Nielsen S, Jeanmougin M, Olah P, Skoog T, et al.
Microbe-host interplay in atopic dermatitis and psoriasis. Nat Commun 2019;10:
4703.

Feuillie C, Vitry P, McAleer MA, Kezic S, Irvine AD, Geoghegan JA, et al. Adhe-
sion of Staphylococcus aureus to corneocytes from atopic dermatitis patients is
controlled by natural moisturizing factor levels. mBio 2018;9:¢01184-18.
Baurecht H, Ruhlemann MC, Rodriguez E, Thielking F, Harder I, Erkens AS,
et al. Epidermal lipid composition, barrier integrity, and eczematous inflammation
are associated with skin microbiome configuration. J Allergy Clin Immunol 2018;
141:1668-76.¢16.

Towell AM, Feuillie C, Vitry P, Da Costa TM, Mathelie-Guinlet M, Kezic S, et al.
Staphylococcus aureus binds to the N-terminal region of corneodesmosin to
adhere to the stratum corneum in atopic dermatitis. Proc Natl Acad Sci U S A
2021;118.

Li S, Villarreal M, Stewart S, Choi J, Ganguli-Indra G, Babineau DC, et al.
Altered composition of epidermal lipids correlates with Staphylococcus aureus
colonization status in atopic dermatitis. Br J Dermatol 2017;177:e125-7.
Altunbulakli C, Reiger M, Neumann AU, Garzorz-Stark N, Fleming M, Huel-
puesch C, et al. Relations between epidermal barrier dysregulation and Staphylo-
coccus species-dominated microbiome dysbiosis in patients with atopic
dermatitis. J Allergy Clin Immunol 2018;142:1643-7.e12.

Sonesson A, Przybyszewska K, Eriksson S, Morgelin M, Kjellstrom S, Davies J,
et al. Identification of bacterial biofilm and the Staphylococcus aureus derived
protease, staphopain, on the skin surface of patients with atopic dermatitis. Sci
Rep 2017;7:8689.

Nakatsuji T, Chen TH, Two AM, Chun KA, Narala S, Geha RS, et al. Staphylo-
coccus aureus exploits epidermal barrier defects in atopic dermatitis to trigger
cytokine expression. J Invest Dermatol 2016;136:2192-200.

Williams MR, Nakatsuji T, Gallo RL. Staphylococcus aureus: master manipulator
of the skin. Cell Host Microbe 2017;22:579-81.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

J ALLERGY CLIN IMMUNOL
umm 2021

Chen YE, Fischbach MA, Belkaid Y. Skin microbiota-host interactions. Nature
2018;553:427-36.

Lai Y, Cogen AL, Radek KA, Park HJ, Macleod DT, Leichtle A, et al. Activation
of TLR2 by a small molecule produced by Staphylococcus epidermidis increases
antimicrobial defense against bacterial skin infections. J Invest Dermatol 2010;
130:2211-21.

Cau L, Williams MR, Butcher AM, Nakatsuji T, Kavanaugh JS, Cheng JY, et al.
Staphylococcus epidermidis protease EcpA can be a deleterious component of the
skin microbiome in atopic dermatitis. J Allergy Clin Immunol 2021;147:
955-66.¢16.

Schmidt AD, de Guzman Strong C. Current understanding of epigenetics in
atopic dermatitis. Exp Dermatol 2021;30:1150-5.

Acevedo N, Benfeitas R, Katayama S, Bruhn S, Andersson A, Wikberg G, et al.
Epigenetic alterations in skin homing CD4(+)CLA(+) T cells of atopic derma-
titis patients. Sci Rep 2020;10:18020.

Traisaeng S, Herr DR, Kao HJ, Chuang TH, Huang CM. A derivative of butyric
acid, the fermentation metabolite of Staphylococcus epidermidis, inhibits the
growth of a Staphylococcus aureus strain isolated from atopic dermatitis patients.
Toxins (Basel) 2019;11:311.

Strachan DP. Hay fever, hygiene, and household size. BMJ 1989;299:1259-60.
Gensollen T, Iyer SS, Kasper DL, Blumberg RS. How colonization by microbiota
in early life shapes the immune system. Science 2016;352:539-44.
Scharschmidt TC, Vasquez KS, Truong HA, Gearty SV, Pauli ML, Nosbaum A,
et al. A wave of regulatory T cells into neonatal skin mediates tolerance to
commensal microbes. Immunity 2015;43:1011-21.

Prescott SL, Larcombe DL, Logan AC, West C, Burks W, Caraballo L, et al. The
skin microbiome: impact of modern environments on skin ecology, barrier integ-
rity, and systemic immune programming. World Allergy Organ J 2017;10:29.
Parm U, Stsepetova J, Eelmae I, Merila M, [lmoja ML, Metsvaht T, et al. Genetic
relatedness of gram-negative bacteria colonizing gut and skin of neonates and
mother’s own milk. J Perinatol 2018;38:1503-11.

Alduraywish SA, Lodge CJ, Campbell B, Allen KJ, Erbas B, Lowe AJ, et al. The
march from early life food sensitization to allergic disease: a systematic review
and meta-analyses of birth cohort studies. Allergy 2016;71:77-89.

Azad MB, Konya T, Guttman DS, Field CJ, Sears MR, HayGlass KT, et al. Infant
gut microbiota and food sensitization: associations in the first year of life. Clin
Exp Allergy 2015;45:632-43.

Chen CC, Chen KJ, Kong MS, Chang HJ, Huang JL. Alterations in the gut micro-
biotas of children with food sensitization in early life. Pediatr Allergy Immunol
2016;27:254-62.

Penders J, Stobberingh EE, van den Brandt PA, Thijs C. The role of the intestinal
microbiota in the development of atopic disorders. Allergy 2007;62:1223-36.
Tun HM, Peng Y, Chen B, Konya TB, Morales-Lizcano NP, Chari R, et al.
Ethnicity associations with food sensitization are mediated by gut microbiota
development in the first year of life. Gastroenterology 2021;161:94-106.

Koplin JJ, Peters RL, Ponsonby AL, Gurrin LC, Hill D, Tang ML, et al. Increased
risk of peanut allergy in infants of Asian-born parents compared to those of
Australian-born parents. Allergy 2014;69:1639-47.

Byrd AL, Deming C, Cassidy SKB, Harrison OJ, Ng WI, Conlan S, et al. Staph-
ylococcus aureus and Staphylococcus epidermidis strain diversity underlying pe-
diatric atopic dermatitis. Sci Transl Med 2017;9:eaal4651.

Hata TR, Kotol P, Boguniewicz M, Taylor P, Paik A, Jackson M, et al. History of
eczema herpeticum is associated with the inability to induce human beta-defensin
(HBD)-2, HBD-3 and cathelicidin in the skin of patients with atopic dermatitis.
Br J Dermatol 2010;163:659-61.

Cho SH, Strickland I, Boguniewicz M, Leung DY. Fibronectin and fibrinogen
contribute to the enhanced binding of Staphylococcus aureus to atopic skin.
J Allergy Clin Immunol 2001;108:269-74.

Cheung GY, Joo HS, Chatterjee SS, Otto M. Phenol-soluble modulins—critical
determinants of staphylococcal virulence. FEMS Microbiol Rev 2014;38:
698-719.

Liu H, Archer NK, Dillen CA, Wang Y, Ashbaugh AG, Ortines RV, et al. Staph-
ylococcus aureus epicutaneous exposure drives skin inflammation via IL-36-
mediated T cell responses. Cell Host Microbe 2017;22:653-66.¢5.

Nakagawa S, Matsumoto M, Katayama Y, Oguma R, Wakabayashi S, Nygaard T,
et al. Staphylococcus aureus virulent PSMalpha peptides induce keratinocyte
alarmin release to orchestrate IL-17-dependent skin inflammation. Cell Host
Microbe 2017;22:667-77.€5.

Nakamura Y, Oscherwitz J, Cease KB, Chan SM, Munoz-Planillo R, Hasegawa
M, et al. Staphylococcus delta-toxin induces allergic skin disease by activating
mast cells. Nature 2013:503:397-401.

Allen HB, Vaze ND, Choi C, Hailu T, Tulbert BH, Cusack CA, et al. The presence
and impact of biofilm-producing staphylococci in atopic dermatitis. JAMA Der-
matol 2014;150:260-5.


http://refhub.elsevier.com/S0091-6749(21)01524-4/sref35
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref35
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref36
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref36
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref36
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref37
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref37
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref37
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref38
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref38
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref38
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref39
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref39
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref39
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref39
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref40
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref40
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref41
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref41
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref41
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref42
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref42
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref42
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref43
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref43
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref43
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref44
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref44
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref44
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref45
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref45
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref45
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref46
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref46
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref46
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref47
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref47
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref47
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref48
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref48
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref48
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref49
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref49
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref49
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref50
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref50
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref50
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref51
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref51
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref51
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref52
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref52
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref52
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref52
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref53
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref53
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref53
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref53
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref54
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref54
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref54
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref55
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref55
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref55
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref55
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref56
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref56
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref56
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref56
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref57
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref57
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref57
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref58
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref58
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref59
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref59
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref60
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref60
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref60
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref60
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref61
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref61
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref61
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref61
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref62
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref62
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref63
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref63
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref63
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref63
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref63
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref64
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref64
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref64
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref64
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref65
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref66
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref66
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref67
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref67
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref67
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref68
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref68
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref68
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref69
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref69
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref69
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref70
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref70
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref70
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref71
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref71
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref71
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref72
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref72
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref72
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref73
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref73
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref74
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref74
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref74
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref75
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref75
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref75
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref76
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref76
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref76
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref77
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref77
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref77
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref77
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref78
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref78
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref78
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref79
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref79
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref79
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref80
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref80
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref80
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref81
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref81
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref81
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref81
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref82
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref82
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref82
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref83
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref83
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref83

J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER =m

84.

85.

86.

87.

88.

89.

90.

91.

92.

Jun SH, Lee JH, Kim SI, Choi CW, Park TI, Jung HR, et al. Staphylococcus
aureus-derived membrane vesicles exacerbate skin inflammation in atopic derma-
titis. Clin Exp Allergy 2017;47:85-96.

Brauweiler AM, Goleva E, Leung DYM. Staphylococcus aureus lipoteichoic acid
initiates a TSLP-basophil-IL4 axis in the skin. J Invest Dermatol 2020;140:
915-7.e2.

Al Kindi A, Williams H, Matsuda K, Alkahtani AM, Saville C, Bennett H, et al.
Staphylococcus aureus second immunoglobulin-binding protein drives atopic
dermatitis via IL-33. J Allergy Clin Immunol 2021;147:1354-68.e3.

Kim JE, Kim HS. Microbiome of the skin and gut in atopic dermatitis (AD): un-
derstanding the pathophysiology and finding novel management strategies. J Clin
Med 2019:8:444.

Callewaert C, Nakatsuji T, Knight R, Kosciolek T, Vrbanac A, Kotol P, et al. IL-
4Ralpha blockade by dupilumab decreases Staphylococcus aureus colonization
and increases microbial diversity in atopic dermatitis. J Invest Dermatol 2020;
140:191-202.¢7.

Bawany F, Beck LA, Jarvinen KM. Halting the march: primary prevention of
atopic dermatitis and food allergies. J Allergy Clin Immunol Pract 2020;8:860-75.
Horimukai K, Morita K, Narita M, Kondo M, Kitazawa H, Nozaki M, et al.
Application of moisturizer to neonates prevents development of atopic dermatitis.
J Allergy Clin Immunol 2014;134:824-30.e6.

Simpson EL, Chalmers JR, Hanifin JM, Thomas KS, Cork MJ, McLean WH,
et al. Emollient enhancement of the skin barrier from birth offers effective atopic
dermatitis prevention. J Allergy Clin Immunol 2014;134:818-23.

Skjerven HO, Rehbinder EM, Vettukattil R, LeBlanc M, Granum B, Haugen G,
et al. Skin emollient and early complementary feeding to prevent infant atopic

93.

94.

95.

96.

97.

98.

99.

100.

DARLENSKI ET AL 7

dermatitis (PreventADALL): a factorial, multicentre, cluster-randomised trial.
Lancet 2020;395:951-61.

Chalmers JR, Haines RH, Bradshaw LE, Montgomery AA, Thomas KS, Brown
SJ, et al. Daily emollient during infancy for prevention of eczema: the BEEP
randomised controlled trial. Lancet 2020;395:962-72.

Li L, Han Z, Niu X, Zhang G, Jia Y, Zhang S, et al. Probiotic supplementation for
prevention of atopic dermatitis in infants and children: a systematic review and
meta-analysis. Am J Clin Dermatol 2019;20:367-77.

Tan-Lim CSC, Esteban-Ipac NAR, Recto MST, Castor MAR, Casis-Hao RJ,
Nano ALM. Comparative effectiveness of probiotic strains on the prevention of
pediatric atopic dermatitis: a systematic review and network meta-analysis. Pe-
diatr Allergy Immunol 2021;32:1255-70.

Leyden JJ, McGinley KJ, Holzle E, Labows JN, Kligman AM. The microbiology
of the human axilla and its relationship to axillary odor. J Invest Dermatol 1981;
77:413-6.

Callewaert C, Knodlseder N, Karoglan A, Guell M, Paetzold B. Skin microbiome
transplantation and manipulation: current state of the art. Comput Struct Bio-
technol J 2021:;19:624-31.

Nakatsuji T, Chen TH, Narala S, Chun KA, Two AM, Yun T, et al. Antimicrobials
from human skin commensal bacteria protect against Staphylococcus aureus and
are deficient in atopic dermatitis. Sci Transl Med 2017;9:eaah4680.

Kim JH, Kim K, Kim W. Gut microbiota restoration through fecal microbiota
transplantation: a new atopic dermatitis therapy. Exp Mol Med 2021;53:907-
16.

Tham EH, Koh E, Common JEA, Hwang IY. Biotherapeutic approaches in atopic
dermatitis. Biotechnol J 2020;15:e1900322.


http://refhub.elsevier.com/S0091-6749(21)01524-4/sref84
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref84
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref84
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref85
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref85
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref85
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref86
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref86
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref86
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref87
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref87
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref87
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref88
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref88
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref88
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref88
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref89
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref89
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref90
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref90
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref90
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref91
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref91
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref91
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref92
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref92
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref92
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref92
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref93
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref93
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref93
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref94
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref94
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref94
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref95
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref95
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref95
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref95
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref96
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref96
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref96
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref97
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref97
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref97
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref98
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref98
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref98
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref99
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref99
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref99
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref100
http://refhub.elsevier.com/S0091-6749(21)01524-4/sref100

	Association between barrier impairment and skin microbiota in atopic dermatitis from a global perspective: Unmet needs and  ...
	Skin barrier–immune system interactions
	Skin barrier and microbiota interactions
	Microbiota and inflammation interactions
	Implementations for prevention and management
	Conclusion
	References


