Review article

The role of Janus kinase signaling in the
pathology of atopic dermatitis
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Atopic dermatitis (AD) is a heterogeneous, chronic, relapsing,
inflammatory skin disease associated with considerable
physical, psychological, and economic burden. The pathology of
AD includes complex interactions involving abnormalities in
immune and skin barrier genes, skin barrier disruption,
immune dysregulation, microbiome disturbance, and other
environmental factors. Many of the cytokines involved in AD
pathology, including IL-4, IL-13, IL-22, IL-31, thymic stromal
lymphopoietin, and IFN-vy, signal through the Janus kinase
(JAK)-signal transducer and activation of transcription (STAT)
pathway. The JAK family includes JAK1, JAK2, JAK3, and
tyrosine kinase 2; the STAT family includes STAT1, STAT2,
STAT3, STAT4, STAT5A/B, and STAT6. Activation of the JAK-
STAT pathway has been implicated in the pathology of several
immune-mediated inflammatory diseases, including AD.
However, the exact mechanisms of JAK-STAT involvement in
AD have not been fully characterized. This review aims to
discuss current knowledge about the role of the JAK-STAT
signaling pathway and, specifically, the role of JAK1 in the
pathology and symptomology of AD. (J Allergy Clin Immunol
2023;152:1394-404.)
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Atopic dermatitis (AD), also called atopic eczema, is a
heterogeneous, chronic, relapsing, inflammatory skin disease
associated with considerable physical, psychological, and eco-
nomic burden.' Most cases arise during childhood, although
adult-onset AD is increasingly recognized.” The lifetime preva-
lence of AD is up to 30% in some geographic regions.” AD is
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Abbreviations used
AD: Atopic dermatitis
FLG: Filaggrin
ILC2: Group 2 innate lymphoid cell
JAK: Janus kinase
OSMR: Oncostatin M receptor
STAT: Signal transducer and activation of transcription
TSLP: Thymic stromal lymphopoietin
TYK2: Tyrosine kinase 2

characterized by pruritic, eczematous, and painful skin lesions
that manifest as erythematous patches with oozing and crusting
at early stages and scaling, fissuring, and lichenification at later
stages. ! Lesions can be localized to certain areas, such as the folds
of the extremities or the face, or they can be widespread in more
severe disease.” The distribution of lesions also differs between
adult-onset and childhood cases.*”

Over the past few decades, human, murine, and in vitro studies
have expanded our understanding of AD pathophysiology, and
clinical trials have led to an increase in the availability of effective
AD treatments with acceptable safety profiles."“* AD is a hetero-
geneous disease with a complex pathology."”'” Abnormalities in
immune and skin barrier genes, dysregulation of innate and
adaptive immune responses (including cytokine release), micro-
biome disturbance (especially Staphylococcus aureus coloniza-
tion), and environmental factors are all thought to play a role in
development of the disease.'”” Several subtypes of AD are also
recognized; for example, Asian AD cases are often characterized
by higher Ty 17 cell polarization, whereas European AD cases are
characterized by Ty2 and Ty22 cell activation.'' Furthermore,
differences exist between pediatric-onset (more intense Ty2,
Tyx22, and/or Ty17 cell upregulation) and adult-onset AD (more
prominent Ty1 cell activation).'?

Many of the cytokines involved in AD pathology, including IL-
4, IL-13, IL-22, IL-31, and thymic stromal lymphopoietin
(TSLP), signal through the Janus kinase (JAK)-signal transducer
and activation of transcription (STAT) pathway, with increased
IFN-v in chronic disease (Box DR

JAKs are activated following ligand binding to cytokine
transmembrane receptors, and in turn, they phosphorylate and
activate STATSs, which then translocate to the cell nucleus to
regulate transcription of target genes (Fig 1).'*** The JAK family
includes JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2); the
STAT family includes STAT1, STAT2, STAT3, STAT4,
STAT5A/B, and STAT6.'* JAKI, JAK2, and TYK2 are quite
ubiquitously expressed in mammalian cells, whereas JAK3 is pre-
dominantly expressed in hematopoietic cells. Although many
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Box 1. What is known about the topic?
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What is already known about this topic?

pathway

management guidelines?

o Key type 2/Ty2 and type 22/Ty22 cytokines involved in the pathogenesis of AD,
including IL-4, IL-13, IL-22, IL-25, IL-31, IL-33, and TSLP, signal via the JAK-STAT

® T2 and Ty22 cytokines have also been shown to drive features and symptoms of AD,
including barrier defects, inhibition of antimicrobial peptides, dysbiosis, and pruritus

What does this article add to our knowledge?  ® AD evolves over time and shows clinical and molecular differences across various dis-
ease phenotypes based on geographic regions, patient age (pediatric vs adult patients),
and disease severity; thus, targeting a single cytokine pathway may not be a feasible
treatment strategy for patients with AD

o JAK inhibitors represent a therapeutic strategy by simultaneously disrupting many of
the pathogenic cytokine signals in target tissues and alleviating symptoms such as
pain, and thus, they can potentially enhance the approaches to treatment of AD

How does this study affect current o This review adds key knowledge to existing data and paves the path to better under-

standing of the molecular mechanisms underlying AD and the role of a new class of

oral medications that target various cytokines involved in the pathology of AD, allowing
physicians to make mechanistic-based prescription decisions

cytokines can activate 3 of the 4 members of the JAK family (IL-
4, IL-6, IL-13, and IL-23), others are more limited to JAK1 or
JAK2 and TYK2 heterodimers (IL-12 and IL-22), JAKI and
JAK?2 heterodimers (IL-31, TSLP, and IFN-v), or JAK2 homo-
dimers (IL-25 and IL-33) (Fig 1).

Activation of the JAK-STAT pathway has been implicated in
the pathology of several immune-mediated inflammatory dis-
eases, including inflammatory bowel disease, rheumatoid
arthritis, and psoriasis.”” In mouse models of dermatitis, exces-
sive JAK1 activation induces spontaneous hyperproliferation of
keratinocytes and phosphorylation of STAT proteins, leading to
disruption of the skin barrier and development of progressive pru-
ritic dermatitis.”®?’ Furthermore, hyperphosphorylation of
epidermal JAK1 has been detected in skin samples from patients
with AD, suggesting that the JAK-STAT pathway plays a role in
AD.?° However, less is known about the exact mechanisms of
JAK-STAT involvement in AD. The objective of this review is
to discuss current knowledge regarding the role of the JAK-
STAT signaling pathway and specifically the role of JAKI in
the pathology and symptomology of AD.

SKIN BARRIER DYSFUNCTION IN AD

Skin barrier dysfunction plays a critical role in the development
of AD."**? In 20% to 40% of patients with AD, skin barrier
dysfunction results from mutations in the filaggrin gene
(FLG)."”® FLG encodes the key epidermal structural protein
FLG, and loss-of-function mutations of FLG are associated not
only with skin barrier dysfunction but also with increased risk
of AD and overall more severe AD.'*" However, the majority
of individuals with FLG mutations do not develop AD, suggesting
that other factors are also involved.' Increased permeability of the
skin has been associated with deficiencies of structural
proteins (FLG, loricrin, and involucrin), lipids (such as
ceramides), and tight junction proteins (eg, claudins) of the
skin."* Furthermore, reduced Toll-like receptor function and
reduced keratinocyte production of antimicrobial peptides, which
are needed to control microbial replication (eg, replication of
S aureus) on the skin, have been linked to disruption of the
epidermal barrier.”**’

Immune-mediated mechanisms also contribute to skin barrier
alterations. Cytokines that signal via the JAK-STAT pathway (eg,
IL-4, IL-13, IL-22, IL-25, IL-31, IL-33), and especially JAK1-
STAT3 (Fig 1), are involved in downregulating skin barrier
proteins (including FLG, loricrin, and involucrin) and in the
inhibition of keratinocyte terminal differentiation and lipid and
antimicrobial peptide synthesis, all of which can lead to increased
skin permeability.'>>%"

AD LESION DEVELOPMENT

Patients with AD can present with clinically normal skin or
with acute or chronic lesions (Fig 2). In nonlesional/normal skin,
Ty2 cytokines IL-4 and IL-13, FLG, and other barrier gene muta-
tions or environmental factors contribute to the initial epidermal
barrier disruption.'w"%z’3 * This allows allergens, microbes, and
environmental pollutants to penetrate the epidermis, where they
stimulate keratinocytes to produce cytokines, such as IL-13, IL-
18, IL-25, IL-33, and TSLP, to further amplify the local immune
response.l’zx’3 > These mediators trigger the influx and activation
of dendritic cells, which in turn initiate type 2 and Ty22 cell im-
mune responses.>* >

In acute lesions, Ty2 cells infiltrate the skin, followed by Ty22
cells, and to a lesser extent, Tyl and Ty 17 cells, with subsequent
effector cytokine release (Fig 2).°%%%** Activated keratinocytes
release IL-25, IL-33, and TSLP, which further promote Ty2 cell
responses.”**” Furthermore, group 2 innate lymphoid cells
(ILC2s), the levels of which are increased in AD lesions versus
in healthy skin, can also produce Ty2 cytokines and promote
type 2 responses.’ Release of the Ty2 cytokines IL-4, IL-13,
and IL-31 and the Ty22 cytokine IL-22 further contributes to
epidermal barrier disruption and hyperplasi::l.zx’3 ! Critically, IL-
4, IL-13, IL-31, and TSLP also drive symptoms including
pruritus, and the resultant scratching leads to further epidermal
barrier damage and inflammation. ">

In chronic lesions, intensified T2 and Ty22 cell activation oc-
curs and inflammation is further amplified by increased levels of
Tyl cell-derived IFN-vy, which induces keratinocyte apoptosis
and the recruitment of additional inflammatory cells into the
skin, leading to prolonged itch-scratch cycles and lichenification
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FIG 1. AD cytokines, JAK-STAT signaling pathways, and target cells. After being produced by their source
cells, cytokines bind their receptors and activate the JAK-STAT signaling pathway. JAKs are activated
following ligand binding to cytokine transmembrane receptors, and in turn, they phosphorylate and activate
STATs, which then translocate to the cell nucleus to regulate transcription of target genes in target cells. B, B
cell; Baso, basophil; DC, dendritic cell; DRG, dorsal root ganglia neuron; EOS, eosinophil; Fib, fibroblast;
Ker, keratinocyte; MC, mast cell; Mono, monocyte; MP, macrophage; NK, natural killer cell; R, receptor; T,

T cell.

(Fig 2).>*%° Overall, the immune pathology of AD is complex
and involves various differentiated Ty cell subtypes, activated
keratinocytes, and multiple inflammatory cytokines. We will
next look at these cytokines in more detail.

THE JAK-STAT PATHWAY IN THE PATHOLOGY OF
AD
Type 2 cytokine: IL-4

Local production of IL-4, which is produced by cells such as
Ty2 cells, mast cells, and eosinophils in the skin, is associated
with acute AD."'>*’ In addition to being involved in B-cell pro-
liferation and IgE isotype switching, IL-4 regulates T2 target
genes by signaling through JAKI1, JAK3, and STAT6 (Fig
1)."'%** The role of IL-4 in Ty2 cell differentiation and AD
has been demonstrated in animal studies.”®*” Transgenic mice
that overexpress IL-4 develop AD-like skin lesions,” and
mice constitutively expressing active STAT6 develop an atopic
phenotype and skin inflammation in an IL-4-dependent
manner.’’ However, STAT6-deficient mice can also develop
AD-like skin lesions via a T2 cell-independent mechanism.”’
IL-4 (or IL-13 [see later]) also attenuates expression of key
structural proteins, including FLG, loricrin, and involucrin, as
well as tight-junction—related proteins, such as claudin, leading
to disruption of the normal integrity of the keratinocyte archi-
tecture,”” and it upregulates additional T2 cytokines, including
IL-5, IL-10, and IL-13,38’39 and chemokines known to have a
role in AD as well as other proinflammatory cytokines (eg,
IL-1a, IL-19, IL-20, IL-25)." The efficacy of IL-4 inhibition
in AD has also been demonstrated in clinical trials and in
real-world clinical practice using dupilumab, which inhibits
IL-4 and IL-13 activity.***

Type 2 cytokine: IL-13

IL-13 is secreted primarily by Ty2 cells but is also by stimu-
lated ILC2s, mast cells, and eosinophils, among others.»!>1737
IL-13 shares some characteristics and functions with I1L-4,
including promotion of B-cell proliferation and IgE switching,
but it also plays a role in pulmonary fibrosis and airway hyperre-
activity.ls’”’% IL-13 signals through JAK1, JAK2, TYK?2, and
STAT6 to activate IL-13-responsive genes (Fig 1)."'*>!7 Similar
to IL-4, IL-13 plays a role in AD pathology by attenuating
expression of several structural proteins (including FLG, loricrin,
involucrin, and claudin), disrupting keratinocyte integrity, and
stimulating keratinocytes to produce chemokines, leading to
recruitment of T cells and eosinophils.'>***” IL-13 is also a major
inducer of the Ty2 cell response independently of IL-4, indicating
an important role in AD pathology.”’ A recent study demonstrated
that homeostatic production of IL-13 by dermal ILCs directs den-
dritic cell differentiation to promote a Ty2 cell response and in-
hibits Ty17 cell polarization in healthy skin."® Similar to the
efficacy of IL-4, the efficacy of IL-13 inhibition in AD was
demonstrated with dupilumab in clinical trials and real-world
practice and with the IL-13 inhibitors tralokinumab (which is
approved for moderate-to-severe AD***°) and lebrikizumab
(which has recently completed phase 3 trials).*’

Type 2 cell-associated cytokine: IL-31

IL-31 is a T2 cytokine produced by numerous cells, including
non-Ty2 cells, such as cutaneous lymphocyte antigen—positive
(CLA+) T cells, dendritic cells, macrophages, and mast cells.>>°
The IL-31 receptor consists of IL-31RA and the oncostatin M
receptor (OSMR), the latter increasing the affinity of IL-31 binding
to IL-31RA.”"~? After binding to its receptor on eosinophils, den-
dritic cells, or keratinocytes, IL-31 signals through JAK1, JAK2,
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FIG 2. Pathogenesis and stages of AD. Healthy skin versus development of AD lesions, which are divided
into nonlesional skin, acute lesions, and chronic lesions. In nonlesional skin, T2 cytokines (IL-4 and IL-13),
FLG, and other barrier gene mutations or environmental factors contribute to the initial epidermal barrier
disruption. In acute lesions, Ty2 cells infiltrate the skin, followed by Ty22 cells and, to a lesser extent, Ty1
and Ty17 cells, with subsequent effector cytokine release. In chronic lesions, intensified Ty2 and Ty22 cell
activation occurs and inflammation is further amplified by increased Ty1 cell-derived IFN-vy. Red crosses
indicate signaling pathways affected by JAK inhibitors (see Fig 1 for more detailed pathways). CCL17,
CC-chemokine ligand 17; CCR, C-C chemokine receptor; CLA, cutaneous lymphocyte antigen; DC, dendritic
cell; EOS, eosinophil; H4R, histamine H4 receptor; IDEC, inflammatory dendritic epidermal cell; LC, Langer-
hans cell; MDC, macrophage-derived chemokine; OX40L, 0X40 ligand; TRM, T resident memory cell. Adapt-

ed from Weidinger et al.”

STAT1, STAT3, and STATS, stimulating the secretion of proinflam-
matory cytokines (Fig 1).°>°° Elevation of plasma IL-31 level and
upregulation of IL-31RA in epidermal keratinocytes have been
reported in patients with AD, and IL-31 serum levels are correlated
with AD severity.”>"* At the initiation of the AD inflammatory
cascade, disruption of the skin barrier triggers IL-31 production
by Ty2 cells.”” Subsequently, IL-31 activates the secretion (by eo-
sinophils) of several cytokines and chemokines that then activate
Ty2 cells, leading to the secretion of IL-4 and IL-13.** The role
of IL-31 in the pathology of AD was demonstrated in studies of
nemolizumab, an antibody that blocks the IL-31 receptor, resulting
in rapid improvement in itch when compared with placebo.'>*

Tw22 cytokine: IL-22

IL-22 is part of the IL-10 cytokine family, and its levels in AD
skin and blood are elevated. IL-22 is produced by Ty17, Ty22,
and yd T cells; it signals through JAK1 and TYK2, and it induces

phosphorylation of STAT1, STAT3, and STATS (Fig 1).'°%° Af-
ter binding to its receptor, which is expressed by epithelial cells,
IL-22 upregulates the expression of proinflammatory genes in
keratinocytes, resulting in keratinocyte proliferation and
epidermal acanthosis (Fig 1).>*> In mouse models, IL-22 stimu-
lates T2 cell responses in both acute and chronic AD lesions; it
leads to increased skin permeability and decreased expression of
FLG2 and claudin, and it increases susceptibility to S aureus
colonization.”® IL-22 targeting in AD significantly ameliorated
clinical disease severity, particularly in patients with more severe
disease and in those with higher IL-22 expression, indicating a
pathogenic role for IL-22 in AD, at least in a subset of
patients.””®

Th1 cytokine: IFN-vy
The Tyl cytokine IFN-vy signals via JAK1, JAK2, STAT1, and
STAT3 and plays a key role in inflammation, macrophage
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activation, and Ty1 cell responses (Fig 1).59°61 IFN-v is secreted

during the chronic stages of AD and contributes to lymphocyte

extravasation, amplification and chronicity of the inflammatory
3 . . 16,59,60

response, and skin thickening.

Tw1 and Ty17 cytokines: IL-12 and IL-23

Although the role of IL-12 and IL-23 cytokines in psoriasis is
more firmly established,”” these cytokines may also play a role in
AD.%¥% IL-12 drives the development of Ty;1 responses, and IL-
23 is important for the development of Ty17 responses (Fig 1).°°
Both cytokines signal via JAK2, TYK2, STAT3 (IL-23), and
STAT4 (IL-23 and IL-12).">'*%" Patients with AD show elevated
serum IL-12 levels, which are directly correlated with disease
severity.**®* Some AD subtypes, such as AD in patients from
Asia and AD in children, show greater IL-23 and/or I1L-17 levels
than do other subtypes, such as AD in European or US patients
or AD in adults, respectively.”°*%° However, there are conflicting
reports on the benefit of targeting IL-12/IL-23 in AD,””’" and
more studies are needed to clarify the role of IL-23/IL-17 across
the different AD phenotypes based on ethnicity and age.

Keratinocyte-derived alarmins: TSLP, IL-25, and IL-
33 cytokines

Alarmins, such as TSLP, IL-25, and IL-33, are released in
response to tissue damage and subsequently induce inflamma-
tion.! Levels of TSLP, IL-25, and IL-33 are also elevated in
infants with early-onset AD.”” TSLP is expressed by keratino-
cytes, and when upregulated, they can lead to the development
of chronic skin inflammation.”® TSLP receptors are found on
various cell types, including dendritic cells, basophils, T cells,
and mast cells (Fig 1).”* After binding to its receptor, TSLP sig-
nals via JAK1 and JAK? to activate STATS.””"* TSLP-activated
dendritic cells play a role in T2 cell priming, which is character-
ized by release of high levels of IL-4, IL-5, and IL-13.° TSLP
also has a critical effect on type 2 inflammation and basophils,
which produce IL-4.”

Keratinocytes also produce IL-25, the levels of which are
elevated in skin affected by AD.* IL-25 has been shown to reduce
FLG synthesis in keratinocyte cultures, which could directly
result in skin barrier disruption.35 IL-25 has been shown to signal
via JAK2 and STATS5 and may thus play a role in AD in a JAK-
STAT-dependent way (Fig 1).”° Similar to IL-25, IL-33 is pro-
duced by keratinocytes, signals via JAK2, and has been shown
to be elevated in skin affected by AD.'”""° IL-33 stimulates
ILC2s to produce Ty2 cytokines, especially IL-5 and IL-13, and
it also induces IL-31 production, promoting pruritus.'” A7.76

IL-10 family of cytokines: IL-19

IL-19 is a proinflammatory cytokine that belongs to the IL-10
family of cytokines and has been reported to be induced by IL-4
and IL-17A.”""* It signals via JAK 1 and TYK2 to activate STAT 3
and STAT 5.”° IL-19 levels are elevated in the sera and lesional
skin of patients with AD and have been shown to be positively
correlated with disease severity and disease-associated markers
such as IL-4, thymus- and activation-regulated chemokine, and
absolute eosinophil count.”®®" In addition, IL-19 stimulates the
production of Ty2 cells and may also play a role in bridging
Tul7 to T2 in AD.”’
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Taken together, the data indicate that the multiple inflammatory
cytokines that signal via the JAK-STAT pathway, and especially
JAKI, are involved in the pathology of AD (Fig 1). Inhibiting
JAKI represents a logical therapeutic strategy by simultaneously
disrupting many of the pathogenic cytokine signals in target
tissues.

JAK-STAT IN AD IN PRURITUS AND PAIN

In addition to being involved in development of AD lesions, the
JAK-STAT pathway plays a critical role in development of the AD
symptoms, pruritus and pain. Pruritus is a key symptom of AD,
resulting from a complicated cascade that involves skin barrier
damage and influx of allergens and pathogens, and on a cellular
level, interaction between keratinocytes, immune cells, and nerve
fibers, often leading to an itch-scratch cycle that further
exacerbates lesions and contributes significantly to the burden
of the disease for the patient.®’

IL-31 has been suggested as the key cytokine involved in the
development of pruritus, and severe pruritic skin lesions similar to
AD were observed in IL-31-overexpressing transgenic mice.”*?
Skin dendritic cells are critical cellular sources of IL-31 during
wound repair, and they are sufficient to induce itch in mice.*
IL-31-mediated activation of IL-31RA via JAK1 and JAK2
induces STAT3-mediated (-endorphin production by keratino-
cytes, which may contribute to the peripheral itching in
AD.?> 8+ L-31 is believed to induce itching sensation by bind-
ing to and stimulating IL-31RA-positive dorsal root ganglia
fibers and by promoting the release of pruritic factors from
keratinocytes,”” including TSLP. Inhibition of IL-31 or IL-
31RA results in attenuation of scratching behavior in mice with
AD-like skin inflammation.’’ Further, IL-31 activity seems to
be dependent on IL-31RA and OSMR receptors and blocking
either of these 2 receptors decreases IL-31-induced IL-4 and
IL-13 release by basophils.®

In addition to IL-31, IL-4 and IL-13 can activate human and
mouse dorsal root ganglia, which express the IL-4 and IL-13
receptors (IL-4RA and IL-13RA1), and activate neurons of the
itch-sensory pathway in a JAK 1-dependent manner.*® Current ev-
idence suggests that IL-4 and IL-13 sensitize sensory neurons to
pruritogens, such as IL-31.8° Furthermore, IL-4 and neuronal
JAK1 are mediators of chronic itch in both inflammatory and
noninflammatory settings, and JAK inhibition has been shown
to improve pruritus symptoms in patients with chronic idiopathic
pruritus.*® This neuronal JAK1-mediated itch may be indepen-
dent of STAT.™

TSLP and IL-22 have also been shown to play a role in itch.
Keratinocytes release TSLP, which induces the secretion of
periostin via the JAK/STAT pathway and subsequently activates
sensory neurons to trigger histamine-independent itch.*”** TSLP
may also trigger pruritus indirectly by stimulating the release of
IL-4 and IL-13, which in turn induce pruritus.73 Furthermore,
TSLP may play a role in maintaining the itch-scratch cycle in
AD based on increased TSLP expression after mechanical injury,
which in turn drives T2 responses in skin.*

Overexpression of IL-22 caused chronic pruritic dermatitis in
mice with signs resembling those of human AD, such as pruritus,
skin barrier impairment, and enhanced antigen sensitization. ® In
mice, IL-22 administration enhances the pain response and
decreases the nociceptive threshold.”” IL-22 also induces produc-
tion of IL-13, a proinflammatory cytokine that is associated with
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TABLE I. Overview of topical and systemic therapies currently approved or in development for the treatment of AD

Therapy Target Type Approval status for AD
Approved therapies
Dupilumab IL-4, IL-13 Biologic (mAb) US, EU, Canada, UK, Japan
Tralokinumab IL-13 Biologic (mAb) US, EU, UK, Canada
Abrocitinib JAK1 SMA US, EU, UK, Canada, Japan
Baricitinib JAKI, JAK2 SMA EU, Japan
Delgocitinib (topical) JAK1, JAK2, SMA Japan
JAK3, TYK2
Ruxolitinib (topical) JAK1/JAK2 SMA UsS
Upadacitinib JAK1 SMA US, EU, UK, Canada, Japan
Difamilast (topical) PDE4 SMA Japan
Cytokine inhibitors
Bermekimab IL-1a Biologic (mAb) Phase 2 (NCT03496974, NCT04021862)
CBP-201 IL-4R« Biologic (mAb) Phase 3 (NCT05614817)
Benralizumab IL-5Ra Biologic (mAb) Phase 2 (NCT04605094, NCT03563066)
Ustekinumab 1L-12, IL-23 Biologic (mAb) Phase 2 (NCT01945086, NCT01806662)
Lebrikizumab 1L-13 Biologic (mAb) Phase 3 (NCT04250350, NCT04178967,
NCT04392154)
Secukinumab IL-17A Biologic (mAb) Phase 2 (NCT03568136, NCT02594098)
Fezakinumab 1L-22 Biologic (mAb) Phase 2a (NCT01941537)
Risankizumab 1L-23 Biologic (mAb) Phase 2 (NCT03706040)
Nemolizumab 1L-31 Biologic (mAb) Phase 3 (NCT03989349)
Astegolimab 1L-33 Biologic (mAb) Phase 2 (NCT03747575)
Etokimab 1L-33 Biologic (mAb) Phase 2 (NCT03533751)
MEDI3506 1L-33 Biologic (mAb) Phase 2 (NCT04212169)
REGN3500 1L-33 Biologic (mAb) Phase 2 (NCT03738423)
Spesolimab IL-36R Biologic (mAb) Phase 2 (NCT03822832, NCT04086121)
JAK-STAT inhibitors
SHR0302 JAK1 SMA Phase 3 (NCT04875169)
Jaktinib Pan-JAK SMA Phase 3 (NCT05526222)
Other systemic inhibitors/therapies
ZPL-3893787 H4R SMA Phase 2 (NCT02424253)
FB825 mlgE Biologic (mAb) Phase 2 (NCT04413942, NCT05059509)
Omalizumab IgE Biologic (mAb) Phase 4 (NCT02300701)
Serlopitant NKIR SMA Phase 2 (NCT02975206)
Tradipitant NKIR SMA Phase 3 (NCT03568331, NCT04140695)
GBRS830 0X40 Biologic (mAb) Phase 2 (NCT02683928, NCT03568162)
KHK4083 0X40 Biologic (mAb) Phase 3 (NCT05398445, NCT05651711)
KY1005 OX40L Biologic (mAb) Phase 2 (NCT03754309, NCT05131477
NCT05492578)
BLU-5937 P2X3 SMA Phase 2 (NCT04693195)
Apremilast PDE4 SMA Phase 2 (NCT01393158, NCT02087943)
BMS-986166 S1PRI1 SMA Phase 2 (NCT05014438)
Etrasimod S1PR1, S1PR4, S1PRS SMA Phase 2 (NCT04162769)
SCD-044 SIPR1 SMA Phase 2 (NCT04684485)
Topical therapies
Tapinarof AhR SMA Phase 3 (NCT05142774, NCT05014568,
NCT05032859)
ATI-1777 JAK1/JAK3 SMA Phase 2 (NCT04598269, NCT05432596)
Brepocitinib JAK1/TYK2 SMA Phase 2 (NCT03903822)
SHR0302 JAK1 SMA Phase 3 (NCT04717310)
HY209 GPCR19 SMA Phase 2 (NCT04530643)
(taureoxycholic acid)
ALX 101 LXR-B SMA Phase 2 (NCT03175354, NCT03859986)
Jaktinib Pan-JAK SMA Phase 2 (NCT04539639)
DRMO02 PDE4 SMA Phase 2 (NCT01993420)
Hemay-808 PDE4 SMA Phase 2 (NCT04352595)
LEO 29102 PDE4 SMA Phase 2 (NCT01037881)
Lotamilast PDE4 SMA Phase 2 (NCT03394677, NCT02950922)
PF-07038124 PDE4 SMA Phase 2 (NCT04664153, NCT05375955)
Roflumilast PDE4 SMA Phase 3 (NCT04773587, NCT04773600,
NCT04804605, NCT04845620)
FB-401 TLRS, TNFR Bacterial strain Phase 2 (NCT04936113, NCT04504279)

(Continued)
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TABLE I. (Continued)
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Therapy Target

Type Approval status for AD

Skin microbiome

Skin microbiome

Gram-positive/gram-negative
bacteria and fungi

ATx201 (niclosamide)
B244
Omiganan

Small molecule antibacterial
Bacterial strain
Cationic peptide antimicrobial

Phase 2 (NCT03304470, NCT04339985)
Phase 2 (NCT04490109, NCT03235024)
Phase 2 (NCT03091426, NCT02456480)

AhR, Aryl-hydrocarbon receptor; EU, European Union; GPCR, G protein—coupled receptor; H,R, type 4 histamine receptor; LXR, liver X receptor; mIgE, membrane form of IgE;
NKIR, neurokinin 1 receptor; P2X; purinoreceptor; PDE, phosphodiesterase; S1PR, sphingosine 1-phosphate receptor; SMA, small molecule antagonist; TLR, Toll-like receptor;

TNFR, TNF receptor; UK, United Kingdom; US, United States.

neuropathic pain in rheumatoid arthritis (RA).”’ IL-22 signals via
JAK1, TYK2, STATI, STAT3, and STAT5” and induces
epidermal hyperplasia, production of SIO0A7 (psoriasin), and
differentiation abnormalities.”’

Of note, histamine-induced itch, although present in AD, is not
the primary mechanism underlying AD-related pruritus, as
demonstrated by lack of effect of antihistamines for chronic
pruritus.”>"® Histamine-independent itch, triggered by prurito-
gens such as IL-31, IL-4, IL-13, and TSLP, seems to play a
more important role in chronic AD itch, as discussed earlier in
this review.””

Skin pain can be associated with itch-scratch but may also be an
independent symptom of AD.”* Although the role of the JAK-
STAT pathway in pain is less well understood, multiple cytokines
that signal via the JAK-STAT pathway, such as IL-6, IL-22, and
IFN-v, have also been implicated in pain modulation.””°

IL-6 is a proinflammatory cytokine that activates JAK1 and
JAK2 phosphorylation of STAT1 and STAT3 and plays a role in
regulating joint pain in rheumatoid arthritis.”>”® Neurons of the
spinal cord and dorsal root ganglia are susceptible to IL-6
signaling, and IL-6 alone or in complex with soluble IL-6 receptor
has been shown to trigger pain.”’

IFN-v is a Tyl cytokine secreted during the chronic stages of
AD and signals via JAK1, JAK2, STATI, and STAT3.””®" IFN-
v levels are increased in patients with chronic pain conditions,
and it is implicated in neuropathic pain.%'“m Spinal administra-
tion of IFN-y induced tactile allodynia in a dose-dependent
mamllg:lr in wild-type rats but not in IFN-vy receptor knockout
rats.

Taken together, the data indicating that many cytokines
implicated in pruritus and pain transduce their signals via the
JAK-STAT pathway suggest that this pathway may play a key role
in these burdensome symptoms in AD.

TARGETED THERAPIES IN AD

As already discussed, AD is a complex, heterogeneous disease
involving numerous immune pathways that may differ depending
on geographic region, age at onset, disease severity, and other
factors and can evolve and change over time in the same
individual.>”°® Thus, a treatment strategy targeting a single in-
flammatory pathway may work for one patient but not for another,
or it may work at one stage of a patient’s disease course but not at
another. Tralokinumab and dupilumab are the only biologic ther-
apies currently approved for AD. Dupilumab inhibits IL-4 and IL-
13 by targeting IL-4Ra, which signals through the JAK-STAT
pathway.44 Although dupilumab has been shown to be effective
in AD, it inhibits a single inflammatory pathway involved in
AD pathology, and some patients do not respond to treatment or

respond only partially."” Several other therapies targeting specific
cytokines or molecules involved in the AD cascade, such as IL-
13,1L-22,1L-33, IL-31, IL-36, and TSLP inhibitors, are currently
in development (Table I). Although these therapies have the po-
tential to ameliorate the disease to some degree, targeting a single
pathology axis may limit efficacy in a disease as highly complex
and heterogeneous as AD. For example, although the IL-22 inhib-
itor fezakinumab significantly improved clinical outcomes (eg,
SCOring Atopic Dermatitis score, Investigator Global Assess-
ment finding, and body surface area involvement) compared
with placebo in a specific subset of patients with AD (ie, those
with severe AD or high baseline levels of IL-22 mRNA skin
expression), patients outside that subset received little benefit
from treatment.”’”® These data indicate that although the IL-22
axis plays a role in AD pathology, treatment targeting this axis
alone offers only modest benefit in a subset of patients. Similarly,
the IL-12/IL-23 inhibitor ustekinumab and IL-33 inhibitor aste-
golimab failed to reach clinical effects versus placebo in patients
with moderate to severe AD.”"'%? These findings highlight the
complexity of the disease, the need for more personalized/strati-
fied treatment strategies, and the potential benefits of targeting
multiple inflammatory pathways with 1 molecule.'”

JAK inhibitors, such as upadacitinib, baricitinib, and
abrocitinib, all of which are now approved for the treatment of
moderate to severe AD in several countries and territories, inhibit
the JAK-STAT pathway and can thus simultaneously reduce the
signaling of multiple cytokines (including IL-4, IL-13, IL-22, IL-
31, TSLP, and IFN-y)'? that contribute to the pathology and
symptomology of AD.'® Upadacitinib and abrocitinib are
second-generation selective JAK inhibitors with greater selec-
tivity toward JAK1 than the other JAKs, whereas baricitinib is a
first-generation selective JAK1 and JAK2 inhibitor.'”> These 3
JAK inhibitors differ in their chemical structure,'” and they
have all demonstrated efficacy in placebo-controlled clinical tri-
als, as well as over the long term, with acceptable safety profiles
(Table 1).'916 No head-to-head trials between upadacitinib,
abrocitinib, and baricitinib have been conducted; therefore, com-
parisons between efficacy and safety outcomes cannot be made.

TYK?2 inhibitors have also been investigated for the treatment
of immune-mediated dermatologic conditions. Similar to other
JAK family members, TYK2 may play a role in signaling of
cytokines (such as IL-23, IL-12, and IL-13) that are associated
with the pathology of AD (Fig 1). An oral TYK2 inhibitor,
deucravacitinib, has been approved for psoriasis and is under
investigation for multiple immune-mediated inflammatory dis-
eases, but it has not been investigated in AD to date. The topical
TYK2/JAK1 inhibitor brepocitinib also demonstrated efficacy
versus vehicle at higher doses in a phase 2 study in patients
with moderate to severe AD''”; however, the future development
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status of brepocitinib for AD remains unknown (Table I). The ef-
ficacy of TYK2 inhibitors for the management of AD remains
speculative.

Overall, JAK inhibitors, specifically JAK1 inhibitors, are
highly efficacious treatments for moderate to severe AD, likely
owing to multiple polar cytokine targeting, which may be
required to optimize outcomes for patients with a disorder as
complex and heterogeneous as AD. A recent review with expert
commentary on different AD therapies discusses rationale for
therapy choices in more detail. 193 Furthermore, IL-13, TSLP, IL-
17, and IL-22 have been implicated in the “atopic march,” 118,119
suggesting that the JAK-STAT pathway may also be involved in
progression of atopic diseases from AD to allergic rhinitis and
asthma.'?” The role of JAK inhibitors in prevention of the atopic
march remains to be investigated.

CONCLUSIONS

Unlike the primarily Ty17/IL-23—centered inflammation in pso-
riasis, AD involves multiple inflammatory pathways (T2, Ty22,
Tyl, and Ty17 cells), with varying contributions driving the het-
erogeneity of AD across multiple disease subtypes and over time.
The JAK-STAT pathway plays a central role in the pathology and
symptomology of AD. Indeed, many key cytokines involved in
the pathology of AD signal via the JAK-STAT pathway, with
JAK1 involved in IL-4, IL-13, IL-22, IL-31, TSLP, and IFN-y
signaling. Therefore, targeting the JAK-STAT pathway offers a
new therapeutic modality for the treatment of AD.

DISCLOSURE STATEMENT

Supported by AbbVie, Inc.

Disclosure of potential conflict of interest: E. Guttman-Yassky
is an employee of Mount Sinai; she has received research funds
(grants paid to the institution) from AbbVie, Almirall, Amgen,
AnaptysBio, Asana Biosciences, AstraZeneca, Boerhinger Ingel-
hiem, Cara Therapeutics, Eli Lilly, Galderma, Glenmark/Ichnos
Sciences, Innovaderm, Janssen, KAO, Kiniksa, Kyowa
Kirin, Leo Pharma, Novan, Pfizer, Ralexar, Regeneron Pharma-
ceuticals, and UCB, and she is a consultant for AbbVie, Almirall,
Amgen, Arena, Asana Biosciences, AstraZeneca, Boerhinger In-
gelhiem, Bristol Meyers Squibb, Cara Therapeutics, Connect
Pharma, Eli Lilly, EMD Serono, Evidera, Galderma, Ichnos Sci-
ences, Incyte, Janssen Biotech, Kyowa Kirin, Leo Pharma, Pan-
dion Therapeutics, Pfizer, Ribon, RAPT Therapeutics,
Regeneron Pharmaceuticals, Sanofi, SATO Pharmaceutical,
Siolta Therapeutics, Target PharmaSolutions, UCB, and Ventyx
Biosciences. A. D. Irvine has received consulting fees or advisory
board honoraria from AbbVie, Almirall, Arena, Benevolent Al,
Connect Biopharma, Eli Lilly, Janssen, LEO Pharma, Novartis,
Pfizer, RAPT Therapeutics, Regeneron, UCB, and Sanofi. P. M.
Brunner has received personal fees from Almirall, Sanofi, Jans-
sen, Amgen, LEO Pharma, AbbVie, Pfizer, Boehringer Ingel-
heim, GSK, Regeneron, Eli Lilly, Celgene, Arena Pharma,
Novartis, UCB Pharma, Biotest, and BMS and has received
research support from Pfizer. B. S. Kim has served as a consultant
for 23andMe, AbbVie, ABRAX Japan, Almirall, Amagma Ther-
apeutics, Arcutis Biotherapeutics, Arena Pharmaceuticals, argenx
BV, AstraZeneca, Bellus Health, Blueprint Medicines, Boeh-
ringer Ingelheim, Bristol Myers Squib, Cara Therapeutics, Clexio
Biosciences, Cymabay Therapeutics, Daewoong Pharmaceutical

GUTTMAN-YASSKY ET AL 1401

Company, Eli Lilly and Company, Escient Pharmaceuticals,
Evommune, Galderma, Genentech, GlaxoSmithKline, Granular
Therapeutics, Incyte Corporation, Janssen, Kiniksa, LEO
Pharma, Maruho Co, Medicxi, Menlo Therapeutics, Novartis,
OM Pharma, Pfizer, Recens Medical, Regeneron, Sanofi, Sep-
terna, Third Harmonic, Trevi Therapeutics, and Veradermics,
and he holds stock in Locus Biosciences, Recens Medical, and
ABRAX Japan. M. Boguniewicz has received research funds
(grants paid to the institution) from Regeneron; in addition, he
has been an investigator for Incyte and Sanofi and has served on
advisory boards for AbbVie, Eli Lilly, Janssen, LEO Pharma,
Pfizer, Regeneron, and Sanofi Genzyme. J. Parmentier and A.
M. Platt are full-time employees of AbbVie and may own AbbVie
stock or stock options. K. Kabashima has received consulting fees
or advisory board honoraria from AbbVie, Chugai Pharmaceu-
tical, Eli Lilly, Japan Tobacco, Kao, LEO Pharma, Maruho, Pfizer,
Pola Pharma, and Sanofi and has received research grants from
AbbVie, Eli Lilly Japan, Japan Tobacco, Kose, Kyorin Pharma-
ceutical, Kyowa Kirin, LEO Pharma, Ono Pharmaceutical,
P&G Japan, Pola Pharma, Sanofi, and Tanabe Mitsubishi.

We acknowledge Philip Sugerman for his contributions to this article.
AbbVie, Inc (North Chicago, I11), funded this review and was involved in the
collection, analysis, and interpretation of the data and in the writing, review,
and approval of the publication. Medical writing support was provided by Ma-
ria Hovenden, PhD, of ICON plc (Blue Bell, Pa), and was funded by AbbVie.

REFERENCES

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

2. Chan AR, Sandhu VK, Drucker AM, Fleming P, Lynde CW. Adult-onset
atopic dermatitis: presentations and progress. J Cutan Med Surg 2020;24:
267-72.

3. 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.

4. Silverberg JI, Margolis DJ, Boguniewicz M, Fonacier L, Grayson MH, Ong PY,
et al. Distribution of atopic dermatitis lesions in United States adults. J Eur Acad
Dermatol Venereol 2019;33:1341-8.

5. Silverberg JI, Vakharia PP, Chopra R, Sacotte R, Patel N, Immaneni S, et al.
Phenotypical differences of childhood- and adult-onset atopic dermatitis.
J Allergy Clin Immunol Pract 2018;6:1306-12.

6. Ewald DA, Noda S, Oliva M, Litman T, Nakajima S, Li X, et al. Major differ-
ences between human atopic dermatitis and murine models, as determined by
using global transcriptomic profiling. J Allergy Clin Immunol 2017;139:
562-71.

7. Brunner PM, Guttman-Yassky E, Leung DY. The immunology of atopic derma-
titis and its reversibility with broad-spectrum and targeted therapies. J Allergy
Clin Immunol 2017;139:S65-76.

. Czarnowicki T, Krueger JG, Guttman-Yassky E. Novel concepts of prevention
and treatment of atopic dermatitis through barrier and immune manipulations
with implications for the atopic march. J Allergy Clin Immunol 2017;139:
1723-34.

9. Kabashima K. New concept of the pathogenesis of atopic dermatitis: interplay
among the barrier, allergy, and pruritus as a trinity. J] Dermatol Sci 2013;70:
3-11.

10. Honda T, Kabashima K. Reconciling innate and acquired immunity in atopic
dermatitis. J Allergy Clin Immunol 2020;145:1136-7.

11. Nomura T, Kabashima K. Advances in atopic dermatitis in 2019-2020: Endo-
types from skin barrier, ethnicity, properties of antigen, cytokine profiles, mi-
crobiome, and engagement of immune cells. J Allergy Clin Immunol 2021;
148:1451-62.

12. Facheris P, Da Rosa JC, Pagan AD, Angelov M, Del Duca E, Rabinowitz G, et al.
Age of onset defines two distinct profiles of atopic dermatitis in adults. Allergy
2023;78:2202-14.

13. Morris R, Kershaw NJ, Babon JJ. The molecular details of cytokine signaling via
the JAK/STAT pathway. Protein Sci 2018;27:1984-2009.

=)


http://refhub.elsevier.com/S0091-6749(23)00970-3/sref1
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref1
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref2
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref2
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref2
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref3
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref3
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref3
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref3
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref4
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref4
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref4
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref5
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref5
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref5
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref6
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref6
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref6
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref6
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref7
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref7
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref7
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref8
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref8
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref8
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref8
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref9
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref9
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref9
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref10
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref10
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref11
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref11
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref11
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref11
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref13
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref13

1402 GUTTMAN-YASSKY ET AL

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kiu H, Nicholson SE. Biology and significance of the JAK/STAT signalling path-
ways. Growth Factors 2012;30:88-106.

Nakajima S, Tie D, Nomura T, Kabashima K. Novel pathogenesis of atopic
dermatitis from the view of cytokines in mice and humans. Cytokine 2021;148:
155664.

Howell MD, Kuo FI, Smith PA. Targeting the Janus kinase family in autoimmune
skin diseases. Front Immunol 2019;10:2342.

Hershey GK. IL-13 receptors and signaling pathways: an evolving web. J Allergy
Clin Immunol 2003;111:677-90; quiz 91.

Cameron MJ, Kelvin DJ. Cytokines, chemokines and their receptors. In: Madame
Curie bioscience database. Landes Bioscience. Available at: https://www.ncbi.
nlm.nih.gov/books/NBK6294/. Accessed June 10, 2022.

Newsom M, Bashyam AM, Balogh EA, Feldman SR, Strowd LC. New
and emerging systemic treatments for atopic dermatitis. Drugs 2020;80:
1041-52.

Traidl S, Freimooser S, Werfel T. Janus kinase inhibitors for the therapy of atopic
dermatitis. Allergol Select 2021;5:293-304.

Camporeale A, Poli V. IL-6, IL-17 and STAT3: a holy trinity in auto-immunity?
Front Biosci (Landmark Ed) 2012;17:2306-26.

Cornelissen C, Luscher-Firzlaff J, Baron JM, Luscher B. Signaling by IL-31 and
functional consequences. Eur J Cell Biol 2012;91:552-66.

Rane SG, Reddy EP. Janus kinases: components of multiple signaling pathways.
Oncogene 2000;19:5662-79.

Philips RL, Wang Y, Cheon H, Kanno Y, Gadina M, Sartorelli V, et al. The JAK-
STAT pathway at 30: much learned, much more to do. Cell 2022;185:3857-76.
Xin P, Xu X, Deng C, Liu S, Wang Y, Zhou X, et al. The role of JAK/STAT
signaling pathway and its inhibitors in diseases. Int Immunopharmacol 2020;
80:106210.

Yasuda T, Fukada T, Nishida K, Nakayama M, Matsuda M, Miura I, et al. Hyper-
activation of JAK1 tyrosine kinase induces stepwise, progressive pruritic derma-
titis. J Clin Invest 2016;126:2064-76.

Iino Y, Naganuma T, Arita M. Dysregulated ceramide metabolism in mouse pro-
gressive dermatitis resulting from constitutive activation of Jakl. J Lipid Res
2023;64:100329.

Leung DY, Guttman-Yassky E. Deciphering the complexities of atopic dermatitis:
shifting paradigms in treatment approaches. J Allergy Clin Immunol 2014;134:
769-79.

Wolf R, Wolf D. Abnormal epidermal barrier in the pathogenesis of atopic derma-
titis. Clin Dermatol 2012;30:329-34.

Sroka-Tomaszewska J, Trzeciak M. Molecular mechanisms of atopic dermatitis
pathogenesis. Int J Mol Sci 2021;22:4130.

Amano W, Nakajima S, Kunugi H, Numata Y, Kitoh A, Egawa G, et al. The Janus
kinase inhibitor JTE-052 improves skin barrier function through suppressing
signal transducer and activator of transcription 3 signaling. J Allergy Clin Immu-
nol 2015;136:667-77.¢7.

Peng W, Novak N. Pathogenesis of atopic dermatitis. Clin Exp Allergy 2015:45:
566-74.

Gittler JK, Shemer A, Suarez-Farinas M, Fuentes-Duculan J, Gulewicz KJ, Wang
CQ, et al. Progressive activation of Ty2/T22 cytokines and selective epidermal
proteins characterizes acute and chronic atopic dermatitis. J Allergy Clin Immu-
nol 2012;130:1344-54.

Hsiao YY, Chen YH, Hung WT, Tang KT. The relationship between outdoor air
pollutants and atopic dermatitis of adults: a systematic review and meta-analysis.
Asian Pac J Allergy Immunol 2022;40:295-307.

Hvid M, Vestergaard C, Kemp K, Christensen GB, Deleuran B, Deleuran M. IL-
25 in atopic dermatitis: a possible link between inflammation and skin barrier
dysfunction? J Invest Dermatol 2011;131:150-7.

Boniface K, Bernard FX, Garcia M, Gurney AL, Lecron JC, Morel E. IL-22 in-
hibits epidermal differentiation and induces proinflammatory gene expression
and migration of human keratinocytes. J Immunol 2005;174:3695-702.
Alsabbagh M, Ismaeel A. The role of cytokines in atopic dermatitis: a break-
through in immunopathogenesis and treatment. Acta Dermatovenerol Alp Pan-
nonica Adriat 2022;31:13-31.

Kopf M, Le Gros G, Bachmann M, Lamers MC, Bluethmann H, Kohler G.
Disruption of the murine IL-4 gene blocks Th2 cytokine responses. Nature
1993;362:245-8.

Reichle ME, Chen L, Lin SX, Chan LS. The Th2 systemic immune milieu en-
hances cutaneous inflammation in the K14-IL-4-transgenic atopic dermatitis
model. J Invest Dermatol 2011;131:791-4.

Sehra S, Bruns HA, Ahyi AN, Nguyen ET, Schmidt NW, Michels EG, et al. IL-4
is a critical determinant in the generation of allergic inflammation initiated by a
constitutively active Stat6. J Immunol 2008;180:3551-9.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

J ALLERGY CLIN IMMUNOL
DECEMBER 2023

Yagi R, Nagai H, ligo Y, Akimoto T, Arai T, Kubo M. Development of atopic
dermatitis-like skin lesions in STAT6-deficient NC/Nga mice. J Immunol 2002;
168:2020-7.

Omori-Miyake M, Yamashita M, Tsunemi Y, Kawashima M, Yagi J. In vitro
of IL-4- or IL-13-mediated changes in the
components of keratinocytes in mice and humans. J Invest Dermatol 2014;
134:1342-50.

Bao L, Shi VY, Chan LS. IL-4 up-regulates epidermal chemotactic, angiogenic, and
pro-inflammatory genes and down-regulates antimicrobial genes in vivo and
in vitro: relevant in the pathogenesis of atopic dermatitis. Cytokine 2013;61:419-25.
Deleanu D, Nedelea I. Biological therapies for atopic dermatitis: an update. Exp
Ther Med 2019;17:1061-7.

Kamata M, Tada Y. A literature review of real-world effectiveness and safety of
dupilumab for atopic dermatitis. JID Innov 2021;1:100042.

Passalacqua G, Mincarini M, Colombo D, Troisi G, Ferrari M, Bagnasco D, et al.
IL-13 and idiopathic pulmonary fibrosis: possible links and new therapeutic stra-
tegies. Pulm Pharmacol Ther 2017;45:95-100.

Purwar R, Werfel T, Wittmann M. IL-13-stimulated human keratinocytes prefer-
entially attract CD4+CCR4+ T cells: possible role in atopic dermatitis. J Invest
Dermatol 2006;126:1043-51.

Mayer JU, Hilligan KL, Chandler JS, Eccles DA, Old SI, Domingues RG, et al.
Homeostatic IL-13 in healthy skin directs dendritic cell differentiation to pro-
mote T(H)2 and inhibit T(H)17 cell polarization. Nat Immunol 2021;22:
1538-50.

Silverberg JI, Guttman-Yassky E, Thaci D, Irvine AD, Stein Gold L, Blauvelt A,
et al. Two phase 3 trials of lebrikizumab for moderate-to-severe atopic dermatitis.
N Engl J Med 2023;388:1080-91.

Cheung PF, Wong CK, Ho AW, Hu S, Chen DP, Lam CW. Activation of human
eosinophils and epidermal keratinocytes by Th2 cytokine IL-31: implication for
the immunopathogenesis of atopic dermatitis. Int Immunol 2010;22:453-67.
Takamori A, Nambu A, Sato K, Yamaguchi S, Matsuda K, Numata T, et al. IL-31
is crucial for induction of pruritus, but not inflammation, in contact hypersensitiv-
ity. Sci Rep 2018;8:6639.

Gibbs BF, Patsinakidis N, Raap U. Role of the pruritic cytokine IL-31 in autoim-
mune skin diseases. Front Immunol 2019;10:1383.

Lee CH, Hong CH, Yu WT, Chuang HY, Huang SK, Chen GS, et al. Mechanistic
correlations between two itch biomarkers, cytokine interleukin-31 and neuropep-
tide beta-endorphin, via STAT3/calcium axis in atopic dermatitis. Br J Dermatol
2012;167:794-803.

Kabashima K, Furue M, Hanifin JM, Pulka G, Wollenberg A, Galus R, et al.
Nemolizumab in patients with moderate-to-severe atopic dermatitis: randomized,
phase II, long-term extension study. J Allergy Clin Immunol 2018;142:
1121-30.¢7.

Lejeune D, Dumoutier L, Constantinescu S, Kruijer W, Schuringa JJ, Renauld JC.
Interleukin-22 (IL-22) activates the JAK/STAT, ERK, JNK, and p38 MAP kinase
pathways in a rat hepatoma cell line. Pathways that are shared with and distinct
from IL-10. J Biol Chem 2002;277:33676-82.

Lou H, Lu J, Choi EB, Oh MH, Jeong M, Barmettler S, et al. Expression of IL-22
in the skin causes Th2-biased immunity, epidermal barrier dysfunction, and pru-
ritus via stimulating epithelial Th2 cytokines and the GRP pathway. J Immunol
2017;198:2543-55.

Brunner PM, Pavel AB, Khattri S, Leonard A, Malik K, Rose S, et al. Baseline
IL-22 expression in patients with atopic dermatitis stratifies tissue responses to
fezakinumab. J Allergy Clin Immunol 2019;143:142-54.

Guttman-Yassky E, Brunner PM, Neumann AU, Khattri S, Pavel AB, Malik K,
et al. Efficacy and safety of fezakinumab (an IL-22 monoclonal antibody) in
adults with moderate-to-severe atopic dermatitis inadequately controlled by con-
ventional treatments: a randomized, double-blind, phase 2a trial. ] Am Acad Der-
matol 2018;78:872-81.e6.

Spergel JM, Mizoguchi E, Oettgen H, Bhan AK, Geha RS. Roles of TH1 and TH2
cytokines in a murine model of allergic dermatitis. J Clin Invest 1999;103:
1103-11.

Hu X, Ivashkiv LB. Cross-regulation of signaling pathways by interferon-gamma:
implications for immune responses and autoimmune diseases. Immunity 2009;31:
539-50.

Qing Y, Stark GR. Alternative activation of STAT1 and STAT3 in response to
interferon-gamma. J Biol Chem 2004;279:41679-85.

Nestle FO, Kaplan DH, Barker J, Psoriasis. N Engl J Med 2009;361:496-509.
Zedan K, Rasheed Z, Farouk Y, Alzolibani AA, Bin Saif G, Ismail HA, et al.
Immunoglobulin e, interleukin-18 and interleukin-12 in patients with
atopic dermatitis: correlation with disease activity. J Clin Diagn Res 2015;9:
WCO1-5.

assessment structural


http://refhub.elsevier.com/S0091-6749(23)00970-3/sref14
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref14
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref15
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref15
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref15
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref16
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref16
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref17
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref17
https://www.ncbi.nlm.nih.gov/books/NBK6294/
https://www.ncbi.nlm.nih.gov/books/NBK6294/
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref19
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref19
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref19
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref20
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref20
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref21
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref21
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref22
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref22
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref23
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref23
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref24
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref24
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref25
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref25
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref25
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref26
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref26
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref26
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref27
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref27
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref27
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref28
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref28
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref28
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref29
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref29
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref30
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref30
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref31
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref31
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref31
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref31
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref32
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref32
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref33
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref33
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref33
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref33
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref33
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref33
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref34
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref34
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref34
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref35
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref35
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref35
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref36
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref36
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref36
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref37
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref37
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref37
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref38
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref38
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref38
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref39
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref39
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref39
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref40
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref40
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref40
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref41
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref41
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref41
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref42
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref42
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref42
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref42
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref43
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref43
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref43
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref44
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref44
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref45
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref45
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref46
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref46
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref46
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref47
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref47
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref47
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref47
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref47
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref48
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref48
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref48
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref48
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref49
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref49
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref49
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref50
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref50
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref50
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref51
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref51
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref51
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref52
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref52
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref53
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref53
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref53
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref53
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref54
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref54
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref54
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref54
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref55
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref55
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref55
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref55
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref56
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref56
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref56
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref56
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref57
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref57
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref57
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref58
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref58
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref58
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref58
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref58
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref59
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref59
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref59
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref60
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref60
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref60
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref61
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref61
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref62
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref63
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref63
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref63
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref63

J ALLERGY CLIN IMMUNOL
VOLUME 152, NUMBER 6

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Piancatelli D, Bellotta L, Del Beato T, Duse M, Della Penna MR. Total IL-12
levels are increased in paediatric atopic dermatitis: correlations with age and dis-
ease severity. Int J Immunopathol Pharmacol 2008;21:359-65.

Bromley SK, Larson RP, Ziegler SF, Luster AD. IL-23 induces atopic dermatitis-
like inflammation instead of psoriasis-like inflammation in CCR2-deficient mice.
PLoS One 2013;8:e58196.

Floss DM, Klocker T, Schroder J, Lamertz L, Mrotzek S, Strobl B, et al. Defining
the functional binding sites of interleukin 12 receptor betal and interleukin 23 re-
ceptor to Janus kinases. Mol Biol Cell 2016;27:2301-16.

Tang C, Chen S, Qian H, Huang W. Interleukin-23: as a drug target for autoim-
mune inflammatory diseases. Immunology 2012;135:112-24.

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.

Kaufman BP, Guttman-Yassky E, Alexis AF. Atopic dermatitis in diverse racial
and ethnic groups—variations in epidemiology, genetics, clinical presentation
and treatment. Exp Dermatol 2018;27:340-57.

Guttman-Yassky E, Lowes MA, Fuentes-Duculan J, Zaba LC, Cardinale I, Nog-
rales KE, et al. Low expression of the IL-23/Th17 pathway in atopic dermatitis
compared to psoriasis. J Immunol 2008;181:7420-7.

Khattri S, Brunner PM, Garcet S, Finney R, Cohen SR, Oliva M, et al. Efficacy
and safety of ustekinumab treatment in adults with moderate-to-severe atopic
dermatitis. Exp Dermatol 2017;26:28-35.

Gamez C, Metcalfe J, Prescott SL, Palmer DJ. Circulating epithelial cell cyto-
kines are associated with early-onset atopic dermatitis. J Investig Allergol Clin
Immunol 2021;32:48-50.

Zhang Y, Zhou B. Functions of thymic stromal lymphopoietin in immunity and
disease. Immunol Res 2012;52:211-23.

Wohlmann A, Sebastian K, Borowski A, Krause S, Friedrich K.
Signal transduction by the atopy-associated human thymic
lymphopoietin (TSLP) receptor depends on Janus kinase function. Biol Chem
2010;391:181-6.

Wu L, Zepp JA, Qian W, Martin BN, Ouyang W, Yin W, et al. A novel IL-25
signaling pathway through STATS. J Immunol 2015;194:4528-34.

Imai Y. Interleukin-33 in atopic dermatitis. J Dermatol Sci 2019;96:2-7.
Klonowska J, Glen J, Nowicki RJ, Trzeciak M. Combination of FLG mutations
and SNPs of IL-17A and IL-19 influence on atopic dermatitis occurrence. Postepy
Dermatol Alergol 2022;39:200-8.

Konrad RJ, Higgs RE, Rodgers GH, Ming W, Qian YW, Bivi N, et al. Assessment
and clinical relevance of serum IL-19 levels in psoriasis and atopic dermatitis us-
ing a sensitive and specific novel immunoassay. Sci Rep 2019;9:5211.

Ouyang W, O’Garra A. IL-10 family cytokines IL-10 and IL-22: from basic sci-
ence to clinical translation. Immunity 2019;50:871-91.

Oka T, Sugaya M, Takahashi N, Nakajima R, Otobe S, Kabasawa M, et al.
Increased interleukin-19 expression in cutaneous T-cell lymphoma and atopic
dermatitis. Acta Derm Venereol 2017:97:1172-7.

Yosipovitch G, Papoiu AD. What causes itch in atopic dermatitis? Curr Allergy
Asthma Rep 2008;8:306-11.

Dillon SR, Sprecher C, Hammond A, Bilsborough J, Rosenfeld-Franklin M, Pre-
snell SR, et al. Interleukin 31, a cytokine produced by activated T cells, induces
dermatitis in mice. Nat Immunol 2004;5:752-60.

Xu J, Zanvit P, Hu L, Tseng PY, Liu N, Wang F, et al. The cytokine TGF-beta
induces interleukin-31 expression from dermal dendritic cells to activate
sensory neurons and stimulate wound itching. Immunity 2020;53:371-83.e5.
Kasraie S, Niebuhr M, Baumert K, Werfel T. Functional effects of interleukin 31
in human primary keratinocytes. Allergy 2011;66:845-52.

Raap U, Gehring M, Kleiner S, Rudrich U, Eiz-Vesper B, Haas H, et al. Human
basophils are a source of - and are differentially activated by - IL-31. Clin Exp
Allergy 2017;47:499-508.

Oetjen LK, Mack MR, Feng J, Whelan TM, Niu H, Guo CJ, et al. Sensory neu-
rons co-opt classical immune signaling pathways to mediate chronic itch. Cell
2017;171:217-28.e13.

Wilson SR, The L, Batia LM, Beattie K, Katibah GE, McClain SP, et al. The
epithelial cell-derived atopic dermatitis cytokine TSLP activates neurons to
induce itch. Cell 2013;155:285-95.

Mishra SK, Wheeler JJ, Pitake S, Ding H, Jiang C, Fukuyama T, et al. Periostin
activation of integrin receptors on sensory neurons induces allergic itch. Cell Rep
2020;31:107472.

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, 84 el-5.
Pinto LG, Talbot J, Peres RS, Franca RF, Ferreira SH, Ryffel B, et al. Joint pro-
duction of IL-22 participates in the initial phase of antigen-induced arthritis
through IL-1beta production. Arthritis Res Ther 2015;17:235.

stromal

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

GUTTMAN-YASSKY ET AL 1403

Nograles KE, Zaba LC, Guttman-Yassky E, Fuentes-Duculan J, Suarez-Farinas
M, Cardinale I, et al. Th17 cytokines interleukin (IL)-17 and IL-22 modulate
distinct inflammatory and keratinocyte-response pathways. Br J Dermatol 2008;
159:1092-102.

Umehara Y, Kiatsurayanon C, Trujillo-Paez JV, Chieosilapatham P, Peng G, Yue
H, et al. Intractable itch in atopic dermatitis: causes and treatments. Biomedicines
2021:9.

Buddenkotte J, Maurer M, Steinhoff M. Histamine and antihistamines in atopic
dermatitis. Adv Exp Med Biol 2010;709:73-80.

Hong MR, Lei D, Yousaf M, Chavda R, Gabriel S, Silverberg JI. A real-world
study of the longitudinal course of skin pain in adult atopic dermatitis. J Am
Acad Dermatol 2022;86:1123-7.

Salaffi F, Giacobazzi G, Di Carlo M. Chronic pain in inflammatory arthritis:
mechanisms, metrology, and emerging targets—a focus on the JAK-STAT
pathway. Pain Res Manag 2018;2018:8564215.

Simon LS, Taylor PC, Choy EH, Sebba A, Quebe A, Knopp KL, et al. The Jak/
STAT pathway: a focus on pain in rheumatoid arthritis. Semin Arthritis Rheum
2020;51:278-84.

Choy EHS, Calabrese LH. Neuroendocrine and neurophysiological effects of
interleukin 6 in rheumatoid arthritis. Rheumatology (Oxford) 2018;57:1885-95.
Sonekatsu M, Taniguchi W, Yamanaka M, Nishio N, Tsutsui S, Yamada H, et al.
Interferon-gamma potentiates NMDA receptor signaling in spinal dorsal horn
neurons via microglia-neuron interaction. Mol Pain 2016;12:1744806916644927.
Costigan M, Moss A, Latremoliere A, Johnston C, Verma-Gandhu M, Herbert TA,
et al. T-cell infiltration and signaling in the adult dorsal spinal cord is a major
contributor to neuropathic pain-like hypersensitivity. J Neurosci 2009;29:14415-22.
Kamieniak P, Bielewicz J, Grochowski C, Litak J, Bojarska-Junak A, Daniluk B,
et al. The elevated serum level of IFN-gamma in patients with failed back surgery
syndrome remains unchanged after spinal cord stimulation. Dis Markers 2019;
2019:2606808.

Tsuda M, Masuda T, Kitano J, Shimoyama H, Tozaki-Saitoh H, Inoue K. IFN-
gamma receptor signaling mediates spinal microglia activation driving neuro-
pathic pain. Proc Natl Acad Sci U S A 2009;106:8032-7.

Maurer M, Cheung DS, Theess W, Yang X, Dolton M, Guttman A, et al. Phase 2
randomized clinical trial of astegolimab in patients with moderate to severe atopic
dermatitis. J Allergy Clin Immunol 2022;150:1517-24.

Boguniewicz M, Fonacier L, Guttman-Yassky E, Ong PY, Silverberg JI. Atopic
dermatitis yardstick update. Ann Allergy Asthma Immunol 2023;130:811-20.
Schwartz DM, Kanno Y, Villarino A, Ward M, Gadina M, O’Shea JJ. JAK inhi-
bition as a therapeutic strategy for immune and inflammatory diseases. Nat Rev
Drug Discov 2017;16:843-62.

Nezamololama N, Fieldhouse K, Metzger K, Gooderham M. Emerging systemic
JAK inhibitors in the treatment of atopic dermatitis: a review of abrocitinib, bar-
icitinib, and upadacitinib. Drugs Context 2020;9:2020-8-5.

Silverberg JI, Simpson EL, Wollenberg A, Bissonnette R, Kabashima K, DeLoz-
ier AM, et al. Long-term efficacy of baricitinib in adults with moderate to severe
atopic dermatitis who were treatment responders or partial responders: an exten-
sion study of 2 randomized clinical trials. JAMA Dermatol 2021;157:691-9.
Bieber T, Thyssen JP, Reich K, Simpson EL, Katoh N, Torrelo A, et al. Pooled
safety analysis of baricitinib in adult patients with atopic dermatitis from 8 ran-
domized clinical trials. J] Eur Acad Dermatol Venereol 2021;35:476-85.
Silverberg JI, Simpson EL, Thyssen JP, Gooderham M, Chan G, Feeney C, et al.
Efficacy and safety of abrocitinib in patients with moderate-to-severe atopic
dermatitis: a randomized clinical trial. JAMA Dermatol 2020;156:863-73.
Guttman-Yassky E, Thaci D, Pangan AL, Hong HC, Papp KA, Reich K, et al. Up-
adacitinib in adults with moderate to severe atopic dermatitis: 16-week results from
a randomized, placebo-controlled trial. J Allergy Clin Immunol 2020;145:877-84.
Reich K, Teixeira HD, de Bruin-Weller M, Bieber T, Soong W, Kabashima K,
et al. Safety and efficacy of upadacitinib in combination with topical corticoste-
roids in adolescents and adults with moderate-to-severe atopic dermatitis (AD
Up): results from a randomised, double-blind, placebo-controlled, phase 3 trial.
Lancet 2021;397:2169-81.

Simpson EL, Sinclair R, Forman S, Wollenberg A, Aschoff R, Cork M, et al. Ef-
ficacy and safety of abrocitinib in adults and adolescents with moderate-to-severe
atopic dermatitis (JADE MONO-1): a multicentre, double-blind, randomised,
placebo-controlled, phase 3 trial. Lancet 2020;396:255-66.

Reich K, Lio PA, Bissonnette R, Alexis AF, Lebwohl MG, Pink AE, et al. Magni-
tude and time course of response to abrocitinib for moderate-to-severe atopic
dermatitis. J Allergy Clin Immunol Pract 2022;10:3228-37.e2.

Rosmarin D, Fretzin S, Strowd L, Casillas M, DeLozier AM, Dawson Z, et al.
Rapid improvement in skin pain severity and its impact on quality of life in
adult patients with moderate-to-severe atopic dermatitis from a double-
blind, placebo-controlled baricitinib phase 3 study. J Cutan Med Surg 2022;
26:377-85.


http://refhub.elsevier.com/S0091-6749(23)00970-3/sref64
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref64
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref64
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref65
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref65
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref65
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref66
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref66
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref66
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref67
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref67
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref68
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref68
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref68
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref69
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref69
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref69
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref70
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref70
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref70
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref71
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref71
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref71
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref72
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref72
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref72
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref73
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref73
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref74
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref74
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref74
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref74
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref75
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref75
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref76
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref77
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref77
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref77
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref78
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref78
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref78
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref79
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref79
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref80
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref80
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref80
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref81
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref81
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref82
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref82
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref82
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref83
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref83
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref83
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref84
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref84
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref85
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref85
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref85
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref86
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref86
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref86
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref87
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref87
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref87
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref88
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref88
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref88
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref89
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref89
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref89
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref90
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref90
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref90
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref91
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref91
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref91
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref91
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref92
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref92
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref92
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref93
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref93
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref94
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref94
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref94
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref95
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref95
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref95
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref96
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref96
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref96
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref97
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref97
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref98
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref98
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref98
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref99
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref99
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref99
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref100
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref100
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref100
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref100
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref101
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref101
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref101
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref102
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref102
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref102
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref103
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref103
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref104
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref104
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref104
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref105
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref105
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref105
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref106
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref106
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref106
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref106
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref107
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref107
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref107
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref108
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref108
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref108
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref109
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref109
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref109
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref110
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref110
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref110
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref110
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref110
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref111
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref111
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref111
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref111
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref112
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref112
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref112
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref113
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref113
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref113
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref113
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref113

1404 GUTTMAN-YASSKY ET AL

114.

115.

116.

Burmester GR, Cohen SB, Winthrop KL, Nash P, Irvine AD, Deodhar A, et al.
Safety profile of upadacitinib over 15 000 patient-years across rheumatoid
arthritis, psoriatic arthritis, ankylosing spondylitis and atopic dermatitis. RMD
Open 2023;9:¢002735.

Simpson EL, Papp KA, Blauvelt A, Chu CY, Hong HC, Katoh N, et al. Efficacy
and safety of upadacitinib in patients with moderate to severe atopic dermatitis:
analysis of follow-up data from the Measure Up 1 and Measure Up 2 randomized
clinical trials. JAMA Dermatol 2022;158:404-13.

Blauvelt A, Silverberg JI, Lynde CW, Bieber T, Eisman S, Zdybski J, et al. Ab-
rocitinib induction, randomized withdrawal, and retreatment in patients with
moderate-to-severe atopic dermatitis: results from the JAK1 atopic dermatitis ef-
ficacy and safety (JADE) REGIMEN phase 3 trial. ] Am Acad Dermatol 2022;86:
104-12.

117.

118.

119.

120.

J ALLERGY CLIN IMMUNOL
DECEMBER 2023

Landis MN, Arya M, Smith S, Draelos Z, Usdan L, Tarabar S, et al.
Efficacy and safety of topical brepocitinib for the treatment of mild-to-
moderate atopic dermatitis: a phase IIb, randomized, double-blind, vehicle-
controlled, dose-ranging and parallel-group study. Br J Dermatol 2022;187:
878-87.

Bantz SK, Zhu Z, Zheng T. The atopic march: progression from atopic dermatitis
to allergic rhinitis and asthma. J Clin Cell Immunol 2014;5:202.

Badi YE, Pavel AB, Pavlidis S, Riley JH, Bates S, Kermani NZ, et al. Mapping
atopic dermatitis and anti-IL-22 response signatures to type 2-low severe neutro-
philic asthma. J Allergy Clin Immunol 2022;149:89-101.

Pesonen M, Kallio MJT, Ranki A, Siimes MA, Jarvinen KM. Early-onset atopic
dermatitis and food hypersensitivity increase the risk of atopic march. Clin Exp
Allergy 2022;52:1110-3.


http://refhub.elsevier.com/S0091-6749(23)00970-3/sref114
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref114
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref114
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref114
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref115
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref115
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref115
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref115
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref116
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref116
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref116
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref116
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref116
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref117
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref117
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref117
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref117
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref117
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref118
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref118
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref119
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref119
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref119
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref120
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref120
http://refhub.elsevier.com/S0091-6749(23)00970-3/sref120

	The role of Janus kinase signaling in the pathology of atopic dermatitis
	Skin barrier dysfunction in AD
	AD lesion development
	pathway in the pathology of AD
	Type 2 cytokine: IL-4
	Type 2 cytokine: IL-13
	Type 2 cell–associated cytokine: IL-31
	TH22 cytokine: IL-22
	TH1 cytokine: IFN-γ
	TH1 and TH17 cytokines: IL-12 and IL-23
	Keratinocyte-derived alarmins: TSLP, IL-25, and IL-33 cytokines
	IL-10 family of cytokines: IL-19

	JAK-STAT in AD in pruritus and pain
	Targeted therapies in AD
	Conclusions
	Disclosure statement
	References


