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The skin provides both a physical barrier and an immunologic barrier to external threats. The protective machinery of the
skin has evolved to provide situation-specific responses to eliminate pathogens and to provide protection against physical
dangers. Dysregulation of this machinery can give rise to the initiation and propagation of inflammatory loops in the epithelial
microenvironment that result in inflammatory skin diseases in susceptible people. A defective barrier and microbial dysbiosis
drive an interleukin 4 (IL-4) loop that underlies atopic dermatitis, while in psoriasis, disordered keratinocyte signaling and
predisposition to type 17 responses drive a pathogenic IL-17 loop. Here we discuss the pathogenesis of atopic dermatitis and
psoriasis in terms of the epithelial immune microenvironment—the microbiota, keratinocytes and sensory nerves—and the

resulting inflammatory loops.

nological organ that has evolved to defend living organisms

against pathogens and physical dangers, as well as to maintain
tissue homeostasis. The skin is composed of the epidermis, dermis
(including papillary and reticular dermis) and subcutaneous fat
(Fig. 1a). The epidermis is the outer layer, which forms the barrier
via the stratum corneum and tight junctions. The uppermost layer
of the dermis just beneath the epidermis, composed of fine collagen
bundles with plentiful perfusion and innervation, is the papillary
dermis. The epidermis and the papillary dermis take part in the
immunological microenvironment mainly at the very superficial
sites of the skin around 0.1-0.2 mm from the body surface (Fig. 1a).
A wide variety of protective and pathogenic immune responses can
be induced in the skin by an array of skin-resident and skin-infil-
trating immune cells of both the innate immune system and adap-
tive immune system'. In addition, non-immune skin components,
such as keratinocytes, have a substantial role in the recruitment and
activation of immune cells in the inflamed skin via the elaboration
of soluble mediators (Fig. 1b). Cytokines produced by immune cells
in the inflamed skin affect the proliferation and activation of non-
immune cells, which generates a complex inflammatory network,
especially during chronic skin inflammation.

The protective machinery of the body opposes external agents
(such as poisons, mites, worms and fungi) in the skin by barrier
and innate and adaptive immunity that appropriately eliminate each
opponent (Fig. 1c). Type 2 responses are elicited to remove mites
and poisons at the body surface by inducing scratching. Type 17
responses attempt to exclude dermatophytes (such as Trichophyton
and Candida species) by accelerating exfoliation of the stratum cor-
neum and recruiting neutrophils that suppress the proliferation of
dermatophytes. Dysregulation of the protective machinery of the
skin can give rise to various types of inflammatory skin diseases that
simulate such originally defensive reactions. Atopic dermatitis (AD)
and psoriasis are common chronic inflammatory skin diseases that
are mediated by immune cells, in particular, T cells’”". Accordingly,
biologics that target T cell effector cytokines and receptors, such

_|_he skin functions as both a physical barrier and an immu-

as interleukin 17A (IL-17A; called simply ‘IL-17" here) for pso-
riasis and the cytokine receptor subunit IL-4Ra for AD, are clini-
cally highly effective. Less well defined, however, is how the local
interplay among activated immune cells, keratinocytes, peripheral
nerves and the skin microbiota contributes to the specific inflam-
matory context that results in the pathogenesis of AD and psoriasis.
Thus, the current understanding of protective and pathological
immune responses of the skin suggests that skin immune responses
are determined and organized largely at the epithelial immune
microenvironment (EIME) in the epidermis and papillary dermis
at the very surface of the skin (Fig. 1a). The epidermis contributes
to host defense by barrier formation, the release of soluble media-
tors and direct sensing of external agents (Fig. 1b) while the papil-
lary dermis is where immune cells and non-immune components
interact. Furthermore, the microbiota and peripheral nerves should
also be the important components of the EIME. Here we review
the functions of cutaneous immunological mediators on the basis
of clinical studies of AD and psoriasis and consider how the EIME
generates and perpetuates pathogenic inflammatory loops.

Pathogenesis of AD

AD is clinically characterized by chronic, pruritic eczematous skin
lesions® and is accompanied by elevated serum concentrations of
immunoglobulin E (IgE)’. The disease prevalence of AD has two
age peaks: in infancy and in the third decade of life (20-29 years of
age). AD in infancy is mostly spontaneously ameliorated by adoles-
cence' (Fig. 2a). T;2-type inflammation is considered to be essen-
tial for the pathogenesis of AD®. Published studies have shown that
blockade of IL-4Ra, which composes the receptor for both IL-4 and
IL-13, is highly effective for the treatment of AD", indicative of a
substantial role for signaling via IL-4 and IL-13 in the pathogen-
esis of AD. T,;2 cells are the main source of IL-4 and IL-13 in AD,
but basophils and group 2 innate lymphoid cells (ILC2s) are also
potential sources'’. During disease initiation, IL-4 and IL-13 induce
the differentiation and activation of T2 cells and also induce
immunoglobulin class switching to IgE". Barrier dysfunction due
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Fig. 1| Skin as a protective organ. a, The skin is composed of the epidermis, dermis and subcutaneous fat. The stratum corneum is the outermost layer

of the epidermis. The dermis is subdivided into the papillary dermis immediately beneath the epidermis, and the reticular dermis. The papillary dermis

is composed of fine collagen bundles and is perfused with blood vessels (terminal arterioles, capillary vessels and postcapillary venules) and sensory
nerve endings, whereas the reticular dermis is composed of thick collagen bundles and mainly governs the solid architecture of the skin. In both AD and
psoriasis, most inflammatory events are located in the epidermis and papillary dermis that organize the EIME of these diseases, at a depth of 0.1-0.2 mm
from the body surface. The epidermis contributes to the EIME in two phases. First, keratinocytes compose the outermost defense system of the body

as a barrier, sensor and responder mainly for external agents (listed in b). Second, keratinocytes are the amplifier of immune responses at the EIME; the
cytokine products of type 2 or typel7 inflammation further elicit keratinocyte activation that enhances each type of inflammation. b, Three layers of roles
for keratinocytes in the immune response of the skin. ¢, Types of superficial perivascular dermatitis. The skin opposes harmful agents at the body surface
by the most appropriate responses. For insects and poisons, the epidermis is prepared to be removed together with these external substances via the
induction of scratching behavior though T2 responses, which is histologically called ‘spongiotic dermatitis'. For fungi at the body surface, the skin removes
them together with the stratum corneum by accelerating its turnover and the infiltration of neutrophils, mediated by the T,,17 response, which is called
‘psoriasiform dermatitis’. These responses are simulated in part by several noninfectious inflammatory skin diseases and are sometimes indistinguishable

without the detection of pathogens'.

to impaired terminal differentiation of keratinocytes is thought to
allow increased penetration of cutaneous antigens that results in
the initiation of AD'. In addition, chronic itching and subsequent
dysbiosis with predominant colonization by Staphylococcus aureus
are considered essential for the maintenance of AD. Thus, clinical
evidence suggests that IL-4 and IL-13 serve a central role in the
chronicity of AD by driving a type 2 inflammation loop (Fig. 3a)
that is discussed in detail below.

Clinical studies have suggested that the other type 2 mediators,
such as IL-5 and IgE, are less important for AD pathogenesis. This
is probably because they do not drive the type 2 inflammatory loop.
For example, administration of a monoclonal IL-5 antagonist to
patients with AD reduced peripheral eosinophilia but did not suf-
ficiently ameliorate disease, although the results of a phase 2 study
of AD with eosinophilia have not been published'>'°. The efficacy
of a monoclonal antibody to IgE that inhibits the binding of free
IgE to its receptor FceRI in patients with AD remains controversial
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because omalizumab and ligelizumab, which are biologics directed
against IgE, have not shown clinical efficacy in AD, whereas their
possible efficacy in children and severe AD is now being explored'®.
IL-22 is a type 17 cytokine, but the results of clinical trials of an
antibody to IL-22 in AD suggest that IL-22 has a pathogenic role in
severe cases of AD".

Pathogenesis of psoriasis

Psoriasis is a common chronic inflammatory skin disease that is
clinically characterized by red scaly papules and plaques with a prev-
alence generally estimated at 1-3% of the population worldwide'®".
Histologically, there is considerable thickening of the epidermis
due to an increased proliferation of keratinocytes with a dense der-
mal infiltrate of immune cells, such as T cells and dendritic cells
(DCs). Clinical studies of selective biologics that target the immune
system have demonstrated that the cytokines TNF (tumor-necrosis
factor), IL-23 and IL-17 have a pivotal role in the pathogenesis
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Fig. 2 | Age distribution and sites of predilection in AD and psoriasis. a, Age distribution of AD and psoriasis (key), based upon a study done in outpatient
clinics in Japan in 2007-2008™ (bottom). AD has two age peaks (infancy and the third decade of life) in disease prevalence and is spontaneously
ameliorated, whereas psoriasis develops in the fourth decade of life (30-39 years of age) or later in most cases and is intractable without treatment.

The results of cytokine-blockade therapies have led to the conclusion that very

few cytokines are critical to AD or psoriasis (top). Blockade of IL-4 or

IL-13 significantly reduces AD inflammation. Blockade of IL-17, IL-23 or TNF results in almost complete recovery from psoriasis. Both AD and psoriasis
are histopathologically classified as ‘superficial perivascular dermatitis’, in which most of the infiltration by inflammatory cells is restricted to the

very superficial region of the dermis and part in the epidermis, where the EIME

is composed. This EIME is therefore expected to be a major site of the

production of these cytokines, which suggests that each plot (bottom) also tracks the magnitude of the type 2 or type 17 EIME in each disease course at
the very surface of the skin. b, Predilection sites for AD and psoriasis (key). The involvement of AD at the cubital and popliteal fossae is identical to the
sites of predominant colonization with S. aureus. The center of the face is usually spared. In psoriasis, Koebner phenomenon (the development of skin
lesions at the physiologically stressed sites) is very evident and results in predilection for psoriasis at the flexor sides of extremities, sacral region and soles

of the feet. Scalp and nails are also predilection sites in psoriasis.

of psoriasis, whereas other long-suspected participants, such as
interferon-y (IFN-y) and IL-1p, do not™.

The efficacy of TNF inhibitors for psoriasis has demonstrated
the essential action of TNF in psoriasis”’. The inflammatory events
in psoriasis are characterized by the activation of TNF and induc-
ible nitric oxide synthase-producing DCs (Tip-DCs)*'~*, which
produce TNF and IL-23 and subsequently induce type 17 inflam-
mation. One of the multifaceted effects of TNF inhibition is block-
ade of the autocrine-paracrine loop of TNF by Tip-DCs. Consistent
with that, neutralization of TNF induces rapid downregulation of
maturation markers on cutaneous DCs as well as downregulation of
DC products, including both IL-23 subunits (p19 and p40)*. TNF
might also contribute to the development of psoriatic dermatitis
through the activation of keratinocytes: TNF and IL-17 synergis-
tically stimulate keratinocytes to fully produce key inflammatory
molecules in psoriasis, such as CCL20 and IL-8. These results are
in consistent with the efficacy of psoriasis therapy through the
blockade of either TNF or IL-17%.

Selective inhibition of either subunit of IL-23 (p19 or p40) has
great efficacy in the treatment of psoriasis®. This is consistent with
the results of blockade of IL-17, because IL-23 is considered to be
essential for the maintenance and activation of the T};17 subset of
helper T cells™.

Blockade of IL-17 signaling through the use of monoclonal
antibodies to IL-17 or its receptor has ameliorated psoriatic lesions
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drastically, with reduced proliferation of keratinocytes, infiltration
of T cells into the skin and expression of mRNA from key psoriasis-
associated genes*?. In addition to CD4" or CD8* off T cells and
dermal y8 T cells, mast cells, neutrophils and ILC3s are known to
be cellular sources of IL-17 in psoriasis**~**. Despite the known role
of another Ty17 cytokine, IL-22, in psoriasis through its induction
of keratinocyte proliferation, antimicrobial peptide production
and neutrophil recruitment®, IL-22-blockade therapies have not
shown any definitive efficacy for psoriasis”, unlike their efficacy
in AD", which suggests that IL-22 might have a less pathogenic
role in psoriasis. IL-27 is known to promote Tyl responses but
inhibits T,;17 responses, but its protective role in psoriatic inflam-
mation remains controversial because two independent studies
of IL-27 blockade in imiquimod-induced psoriatic inflammation
have reported conflicting results’**. It remains to be elucidated
exactly how IL-17 promotes a complex inflammatory condition in
the lesional skin of psoriasis.

Thus, a series of clinical studies have identified a definitive con-
tribution of the IL-23-1IL-17 axis to the development and mainte-
nance of psoriatic inflammation, as well as its dependence on TNE.

Pathogenic features from comorbidities and genomic studies
AD generally develops in infancy and or during the third decade
of life (Fig. 2a). AD is frequently followed by the comorbidities of
other T2 cell-mediated allergic diseases, such as asthma and food
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allergies, called the ‘atopic-allergic march’™*. However, the preva-
lence of comorbidities in AD is not determined only by intrinsic
immunological characteristics. Genome-wide association studies
(GWASs) have demonstrated that epithelial factors also contribute
to the pathogenesis of AD and its complication with other allergic
diseases (Table 1).

Published studies have indicated that AD shares with asthma
various disease-risk single-nucleotide polymorphisms (SNPs) in
Ty2 cell-related genes, such as I113**, which suggests that an
intrinsic predisposition to T2 responses is critical for the asso-
ciation of T2 cell-related diseases. On the other hand, however,
identification of a link between nonsense mutations in FLG, which
encodes filaggrin, a barrier protein of the skin, and the incidence
of AD* and even asthma* has established a new paradigm that
skin-barrier defects give rise to the deviation to T2 responses in
the skin and subsequent coexistence of Ty2 cell-related diseases in
other organs, such as the lungs. Further recent GWASs have identi-
fied additional AD-associated loci in C11orf30 that are also associated
with epithelial autoimmune diseases and epithelium-derived can-
cers”, and OVOLI and LCE3A, which encode molecules that regulate
barrier formation of the skin***’. Other risk loci shared by AD and
asthma include multiple genes that encode the components of the
cytokine receptors IL-33R and IL-18R** (Table 1). These findings
suggest that comorbidities of atopic diseases are determined largely by
epithelial predisposition beyond a predisposition to T};2 responses™".

Psoriasis develops in middle age, usually becomes chronic
(Fig. 2a) and is commonly associated with a metabolic syndrome
(such as obesity, hyperlipidemia or atherosclerosis). In marked
contrast to the frequent coexistence of Ty;2 cell-related diseases in
AD, however, psoriasis is not commonly associated with other T;17
cell-related diseases (such as rheumatoid arthritis)**. Although pso-
riasis can be associated with arthritis (psoriatic arthritis), the lat-
ter is considered not an independent Ty17 cell-related disease but
a complication of psoriasis. Other chronic inflammatory diseases
that are sensitive to therapies directed against TNF (such as rheu-
matoid arthritis, inflammatory bowel disease and Behget’s disease)
share the comorbidities of metabolic syndrome*->°, suggestive of
a link between chronic inflammation and metabolic syndrome. In
contrast to the ‘atopic march’ among T,;2 cell-related diseases that
share a barrier disorder, however, diseases sensitive to antibodies to
TNF (anti-TNF) that share the metabolic risk are not usually com-
plicated with other diseases sensitive to anti-TNE Thus, the associa-
tion of metabolic syndrome with psoriasis might be a consequence,
rather than a cause, of TNF-driven inflammation, although the pre-
cise mechanisms of the association between psoriasis and metabolic
syndrome remain under debate.

Whereas GWASs have demonstrated a genetic predisposition to
Ty17 responses in patients with psoriasis (Table 1), the identification
of gene mutations in familial-type psoriasis has suggested a unique
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role for keratinocyte signaling in the development of psoriasis
that has not been indicated in studies of other Ty17 cell-related
diseases, such as rheumatoid arthritis. The caspase-recruitment
domain CARDI14 is expressed predominantly in the epidermis, and
gain-of-function mutations in CARD14 are found in familial-type
psoriasis®™. CARD14 is supposed to form signalosomes and acti-
vate the transcription factor NF-xB and the mitogen-activated pro-
tein kinases (MAPKs) p38 and JNK. Mutations in IL36RN, which
encodes the antagonist for IL-36R, a receptor for cytokines of the
IL-1 family that is expressed selectively in keratinocytes, are found
in generalized pustular psoriasis”’. Furthermore, several genes
encoding the regulators of these pathways, such as A20 (TNFAIB3),
IkBa (NFKBIA), ABIN-1 (A20-binding and inhibitor of NF-kB 1)
(TNIP1) and IkBC (NFKBIZ), have been identified in psoriasis-sus-
ceptibility loci by GWASs'®** (Table 1).

Thus, genetic evidence suggests that epithelial factors have
important roles in the development of AD and its T};2 cell-related
comorbidities, while a predisposition to Tyl7 responses and
dysregulation of inflammatory signaling in immune and non-
immune components, such as keratinocytes, contribute to the
development of psoriasis. Clinical and experimental evidence
therefore indicates that the inflammatory loop at the EIME deter-
mines the key features of AD and psoriasis. We describe the
details of the inflammatory loop at the EIME in each disease in the
following sections.

The inflammatory loop in AD

External agents stimulate skin-resident DCs or other immune cells
to induce their production of inflammatory cytokines, which acti-
vate keratinocytes®~*'. Conversely, external agents can also directly
induce keratinocyte responses that affect subsequent inflammatory
events**~%*, These keratinocyte responses are considered to trigger
development of the EIME in both atopic inflammation and psori-
atic inflammation and the subsequent propagation and chronicity
of the disease at the interface of the body and the external envi-
ronment. Barrier impairment is critical for keratinocyte responses,
dysbiosis of the skin and pruritus, and the consequent scratching
behavior accelerates damage to the skin barrier.

The master initiator of the type 2 inflammation in the skin, lungs
and gut remains controversial despite several proposals, including
basophils®, DCs*, ILC2s°*° and epithelial cells**”’. The present
understanding, however, suggests all of the candidates above are
involved in the induction of type 2 inflammation. In response to
allergens, proteases, crystals and infectious agents, epithelial cells
release epithelial type 2 mediator cytokines, such as TSLP (thymic
stromal lymphopoietin), IL-33, GM-CSF and IL-25°7"72. These
epithelial cytokines activate basophils, ILC2s, and DCs in the skin
and induce the production of T};2 cytokines. These T};2 cytokines
directly drive the epithelial cells to further produce epithelial

>
>

Fig. 3 | Theoretical inflammatory loops at the EIME. a, Theoretical inflammatory loops of AD (left) and psoriasis (right). Keratinocytes have pivotal

roles in driving the inflammatory loop of type 2 inflammation in AD and that of type 17 inflammation in psoriasis. Although both the microbiota and the
sensory nerves contribute to disease propagation by driving each loop through barrier dysfunction and keratinocyte activation in AD, their contribution
remains obscure in psoriasis. b, The inflammatory loop of the skin microbiota. Diverse microbes (viruses, fungi and bacteria) cover skin surface of healthy
skin with an intact barrier. AD skin, in line with barrier dysfunction, exhibits low microbial diversity, which is ‘dysbiosis’. AD skin is heavily colonized by

S. aureus. Barrier dysfunction leads to changes in the skin environment, which might have an important role in the development of S. aureus colonization.
The colonization of mouse skin by S. aureus directly induces serine-protease activity that disrupts the epidermal barrier. S. aureus-derived 8-toxin induces
mast-cell degranulation, which might contribute to disease flare and itching. The inflammatory loop of the skin microbiota must drive through the

barrier impairment or keratinocyte responses. ¢, The inflammatory loop of sensory nerves and pruritus. Under the barrier impairment in AD, damaged
keratinocytes produce cytokines such as TSLP, IL-25 and IL-33. These cytokines stimulate ILC2s. The responding ILC2s promptly produce IL-5 that
activates eosinophils, and IL-13 that activates T,,2 cells. IL-4, IL-13 and IL-31 directly activate sensory nerves, which promotes pruritus. TLSP and artemin
from keratinocytes also directly stimulate sensory nerves. Sensory nerves modulate the dermal DCs to activate the IL-23-IL-17 axis. The inflammatory loop
of sensory nerves is completed only in type 2 responses through the pruritus and scratching behavior that causes the barrier impairment and keratinocyte
responses. Direct roles for peripheral nerves in the induction of the T2 response have been demonstrated in animal gut and lungs'' but not in the skin.

PAMP, pathogen-associated molecular pattern.
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Table 1| Genetic susceptibility loci of AD and psoriasis

Category AD%-51

REVIEW ARTICLE

Psoriasis'®'*°

Shared in atopic diseases

HLA and its processing

B44, B57, DQA02, DQAO3, DQB02
DQBO3, DRB04, DRBO7, GPSM3

HLA-A, HLA-B, HLA-C12, HLA-
DQAT, ERAP1

NF-«B signaling TNFRSF6B-ZGPAT

NALP10, CARD11

REL, TNIP1, NFKBIA, CARD14, IFIH1,
DDX58, RNF114

JAK signaling IL6R IL28RA, TYK2

TGF-B signaling SMAD3

T-cell regulation 1L2-1L21 LRRC32, ZNF365-EGR2 RUNX3, TAGAP, ETS1, MBD2,
PTPN22

IL-23-1L-17 axis TNFAIP3, IL23R, IL12B, TRAF3IP2,
IL23A, STAT3

T2 KIF3A-IL13, ILIRL1-IL18R1-IL18RAP-SLC9A4  GLB1-CCR4 IL4, 1L13

Barrier FLG, OvOL1 LCE3A LCE3B, LCE3C, LCE3D

Epithelium Cl11orf30, TNFRSF6B-ZGPAT, GSDMA, CCDC80, ZNF652 CARD14

GSDMB

Mitochondria TMEM232-SLC25A46 CYP24A1-PFDN4

Apoptosis PRR5L

Autophagy CLECI6A-DEXI

Unknown ACTL9 CDKALT

Bold plus underlining indicates loci shared by European and Asian people; underlining indicates European loci; bold indicates Asian loci, for AD-susceptibility loci. The ethnicity of psoriasis-susceptible loci

is not indicated.

type 2 mediators via their receptors, which completes the loop of
type 2 inflammation. Thus, interplay between the epidermis and
the organization of type 2 immune cells (including basophils, mast
cells, ILC2s, DCs and T2 cells) is considered to drive the type 2
inflammatory loop in AD (Fig. 3a). Despite progress in this field,
the mechanism that initiates and propagates the epithelial cell
responses that is unique to AD remains obscure.

The inflammatory loop in psoriasis

Activation of the IL-23-IL-17 axis predominantly in the skin defines
psoriatic inflammation®”* and distinguishes this disorder from AD
or other type 17 response-mediated inflammatory disorders that
affect other organs’.

Activation of the IL-23-IL-17 axis is believed to be initiated by
the activation of skin-resident DCs and their production of IL-23
that drives T cells to produce type 17 cytokines, such as IL-17 and
IL-22.1L-17 activates epidermal keratinocytes via IL-17R to produce
proinflammatory cytokines and chemokines, such as IL-1, IL-6,
CXCL1 (C-X-C motif ligand) and CCL20 (C-C motif ligand 20),
which are known to induce and propagate psoriatic inflammation®.
In other contexts, IL-23 drives the production of IL-22 by ILC3s
and might also drive a local skin inflammatory loop, in addition to
the maintenance of T};17 cells**. IL-22 induces epidermal hyperpla-
sia independently of IL-17, which suggests that it has diverse roles
and illustrates the redundancy of the type 17 cytokines”. However,
the lesser effect of IL-22-blockade therapies in psoriasis than in
AD suggests that IL-22 is not an essential participant in the type 17
inflammatory loop in psoriasis®.

It has long been suggested that the epidermis provides a ‘cue’ for
the activation of skin-resident DCs in psoriasis”, and it has been
demonstrated in mice that the epidermis has an essential role in
psoriatic inflammation”. Notably, cutaneous administration of
IL-23 is not sufficient to induce psoriatic inflammation in germ-
free mice”’, indicative of an additional role for the skin micro-
biota. Whereas penetration through tight junctions by dendrites
of Langerhans cells (LCs) that sense the skin microbiota is evident
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in AD, compared with healthy donors, this feature of LCs is not
substantial in psoriasis lesional skin” despite the potential involve-
ment of LCs in psoriatic inflammation™. So far, abnormalities in
the skin microbiota have not been well demonstrated in psoriasis,
and involvement of the skin microbiota in the inflammatory loop of
psoriasis is an issue that remains to be solved, as discussed below.
The positive feedback loop of type 17 cytokines to sensory nerves
remains unclear.

Thus, the interplay between the IL-23-IL-17 axis and keratino-
cytes is central to the IL-17-mediated inflammatory loop in psori-
asis (Fig. 3a). Despite the definitive role of keratinocytes in this
loop, the complete pathway between the IL-23-IL-17 axis and the
other components of the EIME (such as the microbiota and sensory
nerves) has not yet been demonstrated (Fig. 3b,c), and the precise
features of these elements in driving the IL-17 inflammatory loop in
psoriasis remain to be elucidated.

The microbiota of the skin in AD and psoriasis
S. aureus has long been known as a key participant in the pathogen-
esis of AD. Studies of the microbiota of the skin have demonstrated
the contribution of commensal bacteria to the immunological
homeostasis of the skin as well as that of the gut and the relationship
among skin microbial imbalance, ‘dysbiosis’ and the development of
inflammatory skin diseases®. Skin dysbiosis can be directly sensed
by the immune system. In addition, it has been suggested that
dysbiosis directly affects other participants in the skin: propaga-
tion of S aureus colonization gives rise to protease-mediated barrier
disruption®’; dysbiosis causes a change in the composition of patho-
gen-associated molecular patterns that is sensed by keratinocytes
through a series of pattern-recognition receptors®; and Candida
albicans activates TRPV1* sensory nerves®. Dysbiosis is therefore
involved in the subsequent inflammatory loop of the skin, particu-
larly in AD, regardless of its being a cause or a consequence.
Gene-sequencing studies of 16S ribosomal RNA have clearly
demonstrated the predominant colonization with S. aureus in
healthy skin at the sites at which patients with AD are commonly
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affected® (Fig. 2b). Consistent with that, the skin microbiome of
patients with AD has decreased bacterial diversity and increased
predominance of colonization with S. aureus®, and specific strains
of S. aureus are associated with more-severe AD*. How S. aureus in
the skin is involved in the pathogenesis of AD has been proposed
by animal studies. Serine proteases from S. aureus are involved in
barrier disruption and type 2 inflammation®. S. aureus 8-toxin
induces the degranulation of dermal mast cells and subsequent type
2 responses and skin desquamation® (Fig. 3b).

Although some studies have suggested a potential contribution
of the skin microbiota to psoriasis”*, clear evidence that dys-
biosis is critical to psoriatic inflammation has not been identified.
The skin microbiota from psoriasitic lesions show compositions
of skin-associated genera (Corynebacterium, Propionibacterium,
Staphylococcus and Streptococcus) genetically similar to those of
unaffected or healthy skin’*'. The fungal microbiota in the psoria-
sitic lesional skin also seems to be similar to that of nonlesional or
healthy skin’>”.

Thus far, it has been well demonstrated that the interaction of the
microbiota at the EIME contributes to the development of a loop of
type 2 inflammation in AD, but this not yet been shown for type 17
inflammation in psoriasis (Fig. 3b).

Barriers in AD and psoriasis

Keratinocytes have three layers of roles as a barrier, in the release
cellular contents and in the de novo production of epithelial cell
mediators (Fig. 1b). The stratum corneum governs mainly the phys-
iological barrier of the skin®. Epithelial cell-cell contact, including
tight junctions at the stratum granulosum, also contributes to this
function, and defects in either can be related to the T};2 response.

Barrier dysfunction of the skin is considered central to AD®
FLG-null mutations are found in approximately 20-40% of patients
with AD**+*. Filaggrin expression is downregulated in almost all
cases of moderate to severe AD, irrespective of FLG mutations”.
Netherton syndrome, in which mutations in SPINK5, which encodes
a molecule that regulates stratum corneum formation, result in dys-
regulated desquamation, is characterized by AD-like dermatitis®.
Defects in epithelial cell-cell contact can be related to AD-like
dermatitis: defective tight junctions are associated with AD®.
SAM syndrome (severe dermatitis, multiple allergies and metabolic
wasting) is related to mutations in genes encoding components of
epithelial cell-cell contact: DSGI, which encodes desmoglein-1'",
or DSP, which encodes desmoplakin'®'. The daily application of
skin moisturizer that improves barrier function is recommended for
the patients at all stages of severity and significantly reduces the
incidence of AD development in infants'.

Ty2 cytokines are known to impair barrier formation of the skin
by inhibiting keratinocyte differentiation and diminishing tight
junctions*. Consequently, it is reasonable to consider the positive
loop of Ty2 inflammation and chronicity in AD. From the point
of view of host defense, however, the barrier impairment effected
by T}2 cytokines seems to be a double-edged sword, because the
fragility of the stratum corneum stimulates its removal, together
with mites and/or poisons, by type 2 response-mediated scratching
behavior, but it might allow these external agents to invade the body.
The T2 loop is therefore assumed to be strictly regulated in the
course of host-protective immune responses of the skin, whereas it
is uncontrolled in AD.

The mechanistic link between barrier defects and the T2
response remains elusive'">. An impaired barrier is expected to allow
external agents such as allergens to enter the skin and accelerate the
subsequent activation of immune cells. Consistent with that, LCs
serve an essential role in the induction of Ty2 responses by epicu-
taneous sensitization with antigens in mice®. The impaired barrier
also affects keratinocytes, sensory nerves and the skin microbiota,
all of which can be involved in the initiation and propagation of T;2
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responses, as discussed above. Notably, the atopy-like phenotype
of mice lacking the metalloproteinase ADAM17 (a disintegrin and
metalloproteinase domain-containing protein 17) has been inter-
preted in three ways: it is due to the barrier deformity'®; defective
Notch signaling in keratinocytes results in dysregulated production
of epidermal mediators such as TSLP'*; or it allows the emergence
of microorganisms and subsequent dysbiosis'”. Thus, whereas the
link between the barrier and the pathogenesis of AD is quite reason-
able and understandable, the pathology of barrier impairment that
distinguishes AD from healthy skin or other skin diseases remains
obscure, because the damage to the skin barrier is not enough to
drive the T2 loop in healthy people.

Impaired barrier function is also reported in psoriasis'*>'””. In
vitro studies suggest that IL-17 downregulates filaggrin expression
and impairs tight junctions of the skin'*®'*”. Moreover, whereas the
role of LCs in psoriasis pathogenesis is still controversial**”, barrier
disruption is suggested to cause LCs to induce T;17 responses'’.
Nevertheless, the impaired barrier does not seems to contribute to
the IL-17 inflammatory loop'” but instead drives the IL-4 loop in
the skin (although only limited evidence suggests a contribution of
barrier deformity to psoriatic inflammation'"').

Therefore, one can speculate that both a physical defect and an
additional defect in a unique component of the barrier might be
specifically critical for the induction of type 2 responses and the
subsequent development of AD.

Keratinocyte responses in AD

The epithelial tissues organize the microenvironment for the induc-
tion and propagation of type 2 or type 17 inflammation in the adja-
cent tissues beneath the epithelium’. Keratinocytes respond for the
induction and propagation of inflammation in two phases (Fig. 1a):
a primary response to the external stimuli, and a secondary response
to the inflammatory loop of cytokines produced by immune cells.
Type 2 and type 17 responses are originally effective at removing
dangers from the epithelial surface: type 2 responses are directed
against insects and poisons, while type 17 responses are directed
against dermatophytes (Fig. 1c). The precise mechanism of the
diverging point of the type of immune response is largely unknown,
but studies suggest that the epidermis has phylogenetically acquired
the ability to regulate each immune response to confront dangers at
the front line of defense of the body.

In AD, the contribution of keratinocytes does not seem to
depend largely on the nonspecific release of damage-associated
molecular patterns but instead seems to depend on the active pro-
duction of type 2 mediators following transcriptional initiation in
response to upstream events (Fig. 4a). Keratinocytes produce cyto-
kines such as TSLP, IL-25 and IL-33 following barrier disruption.
Cytokines from keratinocytes can stimulate ILC2s, whose numbers
are increased in the lesional skin of AD. ILC2s produce IL-5 and
IL-13 and are involved in the unique type of immune response in
AD®. Loss of Notch signaling via depletion of Notchl and Notch2
simultaneously, or of the transcriptional regulator RBP-J, in kera-
tinocytes induces the production of TSLP and the development of
AD-like dermatitis'>. TSLP enhances the maturation of DCs, and
signaling via the TSLP receptor on LCs under epicutaneous sensi-
tization with antigens has an essential role in the induction of the
T2 response®’. However, the production of TSLP by keratinocytes
is also induced in psoriasis'"®. In addition, experimental evidence
has suggested that the induction of TSLP expression from epithelial
cells is not as indispensable as formerly thought for the induction
and propagation of the T};2 response®''*. Specifically, keratinocyte-
specific depletion of TSLP impairs but does not abolish IL-4 produc-
tion, IgE production or the development of atopy-like dermatitis in
animal models with treatment with the vitamin D3 analog
MC903'* or with epicutaneous ovalbumin sensitization®, whereas
the depletion of a vitamin D receptor from keratinocytes completely
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Fig. 4 | The type 2 EIME versus the type 17 EIME. a, Keratinocyte signaling pathways in AD (left; yellow) and psoriasis (right; blue). Keratinocytes are
considered the primary sensors of external dangers at the surface of the body and interpreters and amplifiers for the elicitation and propagation of the

appropriate type of immune response. In inflammatory skin diseases, the type of inflammation can be attributed to the disordered keratinocyte signaling
machinery. In type 17 responses, TRAF6 mediates both primary stimuli by external danger signals and secondary stimuli by IL-17 and is therefore expected
to be essential for the initiation and propagation of psoriatic inflammation by the EIME. The equivalent counterpart in type 2 responses remains to be
identified, although both primary responses and secondary responses of keratinocytes contribute to the pathogenesis of AD. TNF is considered necessary
for the IL-17 loop in psoriasis via the synergistic activation of IL-17 signaling in keratinocytes as well as the autoactivation of Tip-DCs. PRR, pattern-
recognition receptor; MyD88, adaptor; ACT1, adaptor; TNFR, TNF receptor; AP-1, transcription factor; LL37, antimicrobial peptide. b, A ‘mirror image'
comparison of the IL-4 loop in AD (left; yellow) and the IL-17 loop in psoriasis (right; blue). Although the external stimuli are probably mostly similar,

the barrier defects in infancy drive keratinocytes to induce the IL-4 inflammatory loop in AD, and keratinocyte signaling abnormalities in genetically
predisposed people induce the IL-17 inflammatory loop by middle age in psoriasis. Further barrier dysfunction following pruritus contributes to the IL-4
loop. Although the IL-4 loop gives rise to the complication of other T,,2 cell-related diseases, such as asthma and food allergies, epidemiological evidence
suggests that the IL-4 loop does not persist and thus AD can be sometimes spontaneously resolved by adolescence. Psoriasis is not complicated by other
T,17 cell-related diseases except metabolic syndrome and cardiovascular events, both of which are probably related to the critical involvement of TNF.
Psoriasis develops during middle age and usually persists without treatment, which indicates that undetermined factors during aging persistently drive the
IL-17 loop.

abolishes the induction of TSLP expression and subsequent gene-
ration of AD-like skin inflammation after topical treatment with
MC903* Consistent with that, studies of an animal model of
Netherton syndrome with AD-like dermatitis suggest that signal-
ing via the proteinase-activated receptor PAR2 in keratinocytes is
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involved in the expression of TSLP but is not essential for induction
of the type 2 immune response'”. Signaling via the transcription
factor AhR (aryl hydrocarbon receptor) in keratinocytes contributes
to the expression of TSLP and artemin, which seems to be related to
the link between air pollution and the pathogenesis of AD"'®.
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Keratinocytes constitutively express IL-4R'”, and T;;2 cytokines
directly activate keratinocytes in the second phase of keratinocyte
responses in the inflammatory loop in AD (Figs. 3a and 4a). The
direct stimulation of keratinocytes by T;2 cytokines further induces
the expression of epithelial type 2 mediators (such as TSLP) and
barrier impairment, which completes the loop of IL-4 production
and results in the propagation of type 2 inflammation.

Although it has been proposed for a long time that keratinocyte
responses have a definitive role in the induction and propagation of
AD inflammation, neither an epithelial factor nor the specific cel-
lular machinery essential for the T2 response has been identified,
except for signaling via the vitamin D receptor in an experimental
animal model®.

Keratinocyte responses in psoriasis

In psoriasis, keratinocytes are considered mainly targets of effector
cytokines, such as IL-17 and IL-22, not a driver in the pathogenesis
of this disease. Some familial cases of psoriasis, however, suggest
that abnormal cellular signaling and transcriptional responses in
keratinocytes might be responsible for psoriasis in genetically pre-
disposed people, as discussed in the section above™.

In animals, keratinocyte signaling pathways through TRAF6
(TNF receptor-associated factor 6), a key molecule in NF-xB and
MAPK pathways, are required for the activation of skin-resident
DCs and their IL-23 production, and the subsequent development
of psoriatic dermatitis’. In addition, the full response of human
keratinocytes requires the synergistic actions of IL-17 and TNF for
the production of key inflammatory pathogenic mediators, such as
IL-8, IL-17C and CCL20* (Fig. 4a). Such studies of the keratino-
cyte machinery in type 17 inflammation have stimulated research
to identify the disordered homeostasis of epidermal NF-xB and
MAPK signaling critical for organizing the psoriatic EIME (Fig. 4a).

Several lines of studies indicate that the target-cell type of IL-17-
induced skin inflammation is keratinocytes"®'". T;17 cytokines
directly activate keratinocytes in the second phase of keratinocyte
responses in the inflammatory loop in psoriasis (Figs. 3a and 4a).
Ty17 cytokines further stimulate keratinocytes to produce psoria-
sis mediators (such as CCL20), which completes the loop of IL-17
production and results in the propagation of type 17 inflammation.
Of note, TRAF6 is essential in both the primary phase and the sec-
ondary phase of keratinocyte responses in psoriatic inflammation:
danger signaling and IL-17 signaling’. In addition, IL-17 signaling
is also suggested to regulate keratinocyte proliferation and differen-
tiation'?, which might underlie the pathology of psoriasis.

An epithelial product that is indispensable for psoriatic inflam-
mation remains to be identified. However, cytokines of the IL-20
family’>'*~">* and IL-1 family'* and lipid mediators'* are all
involved. It is notable that neutrophils are major and unique partici-
pants at the psoriatic EIME, and their infiltration into the epidermis
is a critical sign of psoriasis histologically and immunologically'>'*.
Keratinocytes produce neutrophil chemoattractants, such as CXCL1
and CXCL2, in psoriatic inflammation and therefore the produc-
tion of neutrophil chemoattractants is also considered an important
contribution of keratinocytes.

Other results from animal studies suggest that keratinocytes
are not actively involved but that their death and the subsequent
release of their cellular contents and DC responses are important for
psoriatic inflammation'”’-'*°. However, not keratinocyte death but
parakeratosis — abnormal cornification with delayed exfoliation
of keratinocytes in the stratum corneum — is a major histological
sign of psoriasis. In this context, therefore, the prolonged residence
of abnormally dying keratinocytes in the stratum corneum might
trigger the DC responses in the pathogenesis of psoriasis.

Collectively, genetic studies have demonstrated that a genetic
predisposition toward keratinocyte proinflammatory signaling
is sufficient for the development of familial-type psoriasis®, and
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Box 1| JAK inhibitors

JAK is a receptor-associated tyrosine kinase that is essential for
the signaling cascade downstream of a series of cytokine-recep-
tor pathways'*®. Several inhibitors targeting different JAKs have
been developed, and some of them have been shown to be ef-
fective for AD by topical treatment'*’-'*?,and for psoriasis by oral
treatment'>~"*° or topical treatment'>*'*’ (Table 2). The targets of
JAK inhibitors are expected to be receptor signaling pathways
for IL-4, IL-13 and IL-31 in AD, and for IL-23, IL-22 and the
IL-20 family of cytokines in psoriasis (Table 3). Clinical evidence
has not demonstrated strong links between the targeted JAKs
and the pathogenesis of each disease. It is of note that PI3K and
MAPK signaling pathways are also involved in most of these
cytokine-receptor signaling pathways.

animal studies have provided evidence that keratinocyte TRAF6
signaling has a pivotal role in the activation and propagation of the
IL-23-IL-17 axis in psoriatic inflammation’.

Sensory nerves in AD

The skin is innervated by a meshwork of peripheral nerves con-
sisting of sparse autonomic fibers and abundant sensory fibers,
along with inflammatory type 2 mediators, such as TSLP, IL-4 and
IL-31""%2, that drive the itching that exacerbates the disease via
scratching. Here we question whether itching is involved in the pri-
mary pathogenesis of AD.

Ty2 cytokines such as IL-4 and IL-13 directly activate sensory
neurons in both mice and humans'*. Chronic itching is dependent
on neuronal signaling via IL-4Ra and the kinase JAK1 (Box 1)
in topical MC903-induced dermatitis. Patients with chronic itch-
ing recalcitrant to other immunosuppressive therapies mark-
edly improve when treated with JAK inhibitors. TSLP secreted
by epithelial cells in AD directly stimulates cutaneous sensory
neurons to promote pruritus'’'. TSLP acts on a subset of TRPA1*
sensory neurons to trigger robust itching-related behaviors. IL-31
is secreted mainly by activated T cells, especially T};2 cells'*’. The
IL-31 receptor is expressed in the peripheral nerves of mice and
humans'*’, which suggests that IL-31 secreted by T2 cells acts
directly on peripheral nerves to cause the pruritus associated with
AD">", After ligand binding, IL-31 signaling is mediated by acti-
vation of the JAK-STAT1-STATS5 (signal transducer and activator
of transcription), ERK (MAPK) and PI3K (phosphoinositide-
3-kinase) signaling pathways"*>"**. Nemolizumab, a monoclonal
antibody to the IL-31 receptor, is effective in ameliorating the
pruritus associated with AD, despite its limited effect on derma-
titis””. Consistent with that, mice lacking JAK1 specifically in
the nerves show less scratching behavior than do their wild-type
counterparts in the animal model of MC903-induced AD, whereas
the development of atopy-like dermatitis is unnaffected'*’. These
results suggest that itching is not the primary cause of AD patho-
genesis but is a key consequence of the Ty;2 cytokine production
in the skin (Fig. 3c).

Other internal and external pruritogens and their corresponding
receptors are responsible for pruritus in AD. Histamine is a well-
known pruritogen, although pruritus in AD is not controlled well
by antihistamines'*®'*. Substance P, internal tryptases from mast
cells and external proteases, such as those from dust mites and
S. aureus, are also known to be involved in pruritus in AD*'".

It remains unknown if sensory nerves have roles in T2 cuta-
neous reactions, although studies have shed light on the relation-
ship between sensory nerves and the Ty17 response (as described
below). However, animal studies have demonstrated that in the
intestine and lungs, deficiency in P2-adrenergic receptors results
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Table 2 | Treatment of AD and psoriasis with JAK inhibitors
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Drug Target Indication Application
Tofacitinib JAK3>JAKT>>(JAK2) Moderate to severe AD Topical®™'

JTE-052 (delgocitinib) JAK1, JAK2, JAK3 Mild to moderate AD Topical™
Tofacitinib JAK3>JAKI>> (JAK2) Plaque psoriasis Oral™®*>%, topical™™*
Baricitinib JAK1, JAK2 Moderate to severe psoriasis Oral™®

Peficitinib JAK1, JAK2, JAK3 Moderate to severe psoriasis Oral®™®

Ruxolitinib JAKT, JAK2 Plaque psoriasis Topical™’

Table 3 | JAK-STAT receptor signaling pathways of therapeutic target cytokines in AD and psoriasis

Cytokine Indication of antibody Receptor JAK STAT Targets in the skin

therapies
IL-4 AD IL-4Ra, IL-2yc JAK1, JAK3 STAT6 Lymphocytes, keratinocytes, sensory neurons
IL-13 AD IL-4Ra, IL-13Ra1 JAK1, JAK2 STAT6 Lymphocytes, keratinocytes, sensory neurons
IL-31 AD IL-31RA, OSMR JAKT, JAK2 STAT1, STAT3, STAT5  Keratinocytes, sensory neurons
IL-23 Psoriasis IL-23R, IL-12RB1 JAK2, Tyk2 STAT3, STA 4 Lymphocytes
IL-22 Psoriasis IL-22R1, IL-TORB JAK1T, Tyk2 STAT1, STAT3, STAT5  Keratinocytes

OSMR, oncostatin M receptor.

in exaggerated ILC2 responses and type 2 inflammation, suggestive
of a neuron-derived regulatory role for type 2 inflammation'*. In
addition, S. aureus directly interacts with nociceptor neurons and
represses infection-induced pain and inflammation. Bacterial for-
myl peptides activate their nociceptors, and a-haemolysin induces
pore assembly, which leads to calcium flux'*. It is therefore intrigu-
ing whether S. aureus is involved in type 2 responses and AD
pathogenesis via direct activation of sensory nerves. Thus far, it has
been considered that type 2 responses directly induce the stimu-
lation of sensory nerves'**~** and that, conversely, the stimulation
of sensory nerves directly induces type 17 responses (as discussed
below)&?,]«li,l-‘*l'

Sensory nerves in psoriasis

Clinical evidence suggests that peripheral nerves have a defini-
tive role in the development and continuation of psoriatic lesions.
Denervation reduces disease severity in patients with psoriasis or
rheumatoid arthritis'*’, and botulinum toxin type A is effective
for the treatment of inverse psoriasis that appears only at flexural
sites'*’. Consistent with that, patients with spinal-cord injuries have
decreased levels of IL-23 and IL-17, as well as frequent fungal skin
infections below the site of neurological lesions'*"'**,

Published studies have shown that sensory nerves serve an
essential role in type 17 immunity®>'*>'**. It has been reported that
nociceptors interact with DCs and regulate the IL-23-1L-17 pathway
via TRPV1 (transient receptor potential cation channel subfamily V
member 1) in the psoriasis-like dermatitis model'**. Consistent with
that, C. albicans stimulates nociceptors via the C-type lectin recep-
tor dectin-1 to induce the neuropeptide CGRP (calcitonin gene—
related peptide)'®’, and CGRP from TRPV1* nerves drives dermal
DCs to produce IL-23 in the type 17 response to C. albicans®.
It is therefore likely that the same mechanism exists in psoriasis,
in which the same type of immune response is induced by
TRPV1* nerves.

In contrast to its relevance to AD, pruritus is irrelevant to the
definition of psoriasis regardless of whether an itchy sensation is
associated with disease, and it is not considered to be part of the
inflammatory loop in psoriasis.

Concluding remarks: new therapeutic strategies
Collectively, this Review has presented the positive feedback loop
of the type 2 inflammation in AD and type 17 inflammation in
psoriasis (Fig. 3a). The interplay of the epithelial tissue and the
immune system completes each inflammatory loop. One must be
aware that there is no loop without epithelial-cell factors: either
barrier dysfunction or keratinocyte activation with the production
of soluble mediators is an essential element in the development of
both the loop of the microbiota and the immune system (Fig. 3b)
and the loop of the sensory nerves and the immune system
(Fig. 3¢). Epithelial tissues are considered to be involved in the earli-
est events and in determining the type of immune responses that
develop in the host-defense system at the outermost surface of the
body'. Pathogenic immune responses in inflammatory skin diseases
might simulate protective immune responses to pathogens (Fig. 1¢).
It is therefore reasonable to consider that epithelial tissues also
serve a central role in determining the type of immune responses
that develop in inflammatory skin diseases by organizing the type
2 EIME in AD and the type 17 EIME in psoriasis (Fig. 4b). This
viewpoint raises questions and inspires further investigation into
the dividing line between skin health and skin disease, which is the
essence of determining which the type of skin immunity develops.
In addition, it is of interest whether EIMEs in other organs, such as
in the lungs and gut, have common or organ-specific roles in the
protective immune responses and pathology of immune disorders.
EIMEs could be a new therapeutic target for the regulation of
inflammatory loops. Biologics for the blockade of essential cyto-
kines are powerful tools for the treatment of inflammatory skin dis-
eases, especially psoriasis. So far, however, dermatologists have also
been aware that continuous treatment with such biologics might be
necessary for controlling psoriasis to permanently arrest the inflam-
matory loop. The features of the type 2 EIME in AD and the type
17 EIME in psoriasis described here are together expected to lead
to the development of new therapies that modulate disease-specific
EIMEs in the future.
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