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Abstract

Purpose of Review Atopic dermatitis (AD) is a chronic eczematous skin disease associated
with intense pruritus and skin barrier dysfunction. Interleukin-31 (IL-31), which is
preferentially produced by T helper 2 (Th2) cells, has attracted attention as a pruritogen
in patients with AD. To understand the mechanism of action, production, and roles of IL-
31, we reviewed recent advances of the knowledge of IL-31, its receptor as well as results
of recent clinical trials targeting IL-31/IL-31R signaling for pruritus in patients with AD.
Recent Findings Activation of many cytokine pathways has been reported in AD, suggesting
potential therapeutic targets with novel biologics. Most notably, the lesional skin of AD
exhibits Th2-deviated immune reactions. Recently reported striking efficacy of dupilumab,
a monoclonal antibody targeting the IL-4 receptor α subunit reconfirms the importance of
Th2-deviated immune reactions in the pathogenesis of AD. A systemic and local admin-
istration of IL-31 induces scratching behavior in mice, dogs, and monkeys. In addition,
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serum levels of IL-31 have been correlated with severity of AD. Finally, an anti-interleukin
(IL)-31 receptor α antibody (nemolizumab) has been shown to significantly alleviate
pruritus in AD patients.
Summary The interaction between IL-31 and IL-31R has a role not only in the induction of
intense pruritus, but also in the regulation of inflammation and barrier function in AD. In
clinical trials, nemolizumab significantly improved pruritus in patients with moderate-to-
severe AD. Targeting the IL-31/IL-31R interaction might be a promising therapeutic target
to improve the burdensome pruritus experienced by patients with AD.

Introduction

Atopic dermatitis (AD) is a common inflammatory skin
disease associated with eczematous lesions, skin barrier
dysfunction, and intense pruritus [1]. Intense pruritus is
the major and most burdensome symptom of AD [2–4]
and induces not only scratch-induced exacerbation of
skin inflammation, but also sleep loss and severe distur-
bances of the quality of life [2, 4]. Sleep disturbance is a
major problem that further impacts the ability of pa-
tients and their families to function in a school, work, or
social environment [5, 6]. Conventional treatments such
as emollients for dry skin, topical steroids and tacroli-
mus for skin inflammation, and oral anti-histamines for
pruritus are more or less effective in reducing atopic itch
[7]; however, patient satisfaction is generally reported to
be low in daily clinics [8]. The development of new anti-
pruritic agents has been demanded, but new agents still
remain far below patient expectations.

Since discovering the pruritogenic action of
interleukin-31 (IL-31) in mice in 2004 [9], IL-31 and

its receptor have been studied extensively. Systemic and
local administration of IL-31 induces scratching behav-
ior inmice, dogs, and cynomolgus monkeys [9–13, 14•,
15]. IL-31 challenge can also induce delayed itch re-
sponses in humans [16]. In addition, serum IL-31 levels
are elevated in patients with AD, and activated leuko-
cytes in patients with AD expressed higher levels of IL-31
compared with those in healthy individuals [2]. There-
fore, IL-31 has attracted attention as a pruritogen in
patients with AD. Indeed, recent clinical trials have dem-
onstrated that injections of an anti-IL-31RA antibody
(nemorizumab) significantly improved pruritus in pa-
tients with AD [17, 18••, 19•].

In this review, we summarize recent knowledge
about roles of the interaction between IL-31 and its
receptor in the induction of pruritus. This review also
focuses on the roles of IL-31 in the pathogenesis of
atopic itch and successful itch control in clinical trials
for AD by nemorizumab.

Structure and expression of the IL-31/IL-31R system
IL-31 and cell sources of IL-31

IL-31 was discovered in 2004 as a member of the family of the gp130/IL6
cytokines [9, 20]. Th2 cells from peripheral blood and skin-homing
CD45RO+CLA+T cells are themajor cellular sources of IL-31 [9, 21, 22] (Fig. 1).
Lower levels of IL-31 expression have also been reported in Th1 cells [9]. Other
cell sources of IL-31 are CD8+ T cells, monocytes/macrophages, dendritic cells,
keratinocytes, eosinophils, basophils, mast cells, and fibroblasts [23–26]
(Fig. 2).

Most of these cell types require activation to express IL-31 mRNA and
protein [27]. IL-31 production from cell sources seems to be dependent on IL-
4 [28, 29]. IL-4 induces gene expression and release of IL-31 protein from
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Fig. 2. Cell sources of IL-31 and IL-31 signaling pathway. IL-31 signals via a heterodimeric receptor complex comprising the IL-
31RA and OSMR β. Interaction of the IL-31R complex with IL-31 results in activation of the JAK1/2 and STAT1/3/5 pathways as well
as PI3K/AKT and mitogen-activated protein kinase pathways.
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Fig. 1. The roles of IL-31/IL-31R system in the pathogenesis of atopic dermatitis. The interaction between IL-31 and IL-31R on
neurons induces intense pruritus and nerve fiber elongation. IL-31 also regulates inflammation and barrier function through
activation of keratinocytes or immune cells.
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human Th2 cells, and IL-33 further potentiates IL-4-induced IL-31 release [28,
29]. Both physical and bacterial stress, such as ultraviolet B irradiation, reactive
oxygen species, and staphylococcal enterotoxin B, as well as anti-microbial
peptides, also increase IL-31 expression [30].

IL-31R and target cells
IL-31 signals via a heterodimeric receptor complex comprising the IL-31 receptor
A (IL-31RA) and oncostatin M receptor β (OSMR β) [20, 31, 32] (Fig. 2). This
receptor complex is expressed in macrophages, dendritic cells, basophils, cuta-
neous neurons, and epithelial cells, including keratinocytes [23–25, 33–35] (Fig.
1). However, IL-31R expression is not observed inCD3+ T cells [25]. Both human
and mouse dorsal root ganglia (DRG) neurons express IL-31RA. Large-diameter
DRG neurons do not express IL-31R, whereas approximately half of the small-
diameter DRG neurons (including C-fibers, which are important for itch
transmission) express IL-31RA [33]. Interferon (IFN)-γ or toll-like receptor 2
(TLR2) ligands significantly induce IL-31RA expression in human keratinocytes,
while staphylococcal enterotoxin B or staphylococcal α-toxin induce IL-31RA
expression in human macrophages [34, 35]. Human dendritic cells significantly
upregulate IL-31RA expression upon stimulation with IFN-γ, and IL-31–stimu-
lated dendritic cells release several proinflammatory cytokines [36] (Fig. 1).

IL-31 binds predominantly to IL-31RA, but not to OSMR β, in the IL-31R
complex. However, on coupling, OSMR β converts IL-31R into the high-affinity
receptor and increases IL-31 binding [31]. Interaction of the IL-31R complex
with IL-31 results in activation of the Janus kinase (JAK)1/JAK2 and signal
transducer and activator of transcription (STAT)3 (also to less extent STAT1
and STAT5) pathways as well as phosphatidylinositol-3 kinase (PI3K)/AKT and
mitogen-activated protein kinase pathways [20, 28, 34, 35, 37, 38] (Fig. 2).

Several new drugs such as dupilumab (anti-IL-4 receptor α antibody),
phosphodiesterase 4 inhibitors, and JAK inhibitors have been evaluated or are
currently being evaluated in clinical trials [39–44]. The anti-pruritic effects of
these agents might be partly due to the inhibition of IL-31 signaling.

Itch and the IL-31/IL-31R system
IL-31 induced itch in mice, dogs, cynomolgus monkeys, and humans

The ability of IL-31 to cause an itch response has been implicated in various
species such as mice, dogs, and cynomolgus monkeys [9–15]. Severe pruritus
and AD-like skin lesions developed in IL-31 transgenicmice that overexpress IL-
31 [9]. Wild-type mice treated with IL-31 locally or systemically also developed
scratching behavior and AD-like skin lesions [9, 10, 33, 45, 46•]. Excessive
scratching behavior induces similar histopathological changes in the skin le-
sions as those in AD [4, 45, 46•]. The scratching behavior in an AD-like murine
model is inhibited by treatment with an anti-mouse IL-31 antibody [47]. The
scratching behavior induced by an intravenous injection of IL-31 is inhibited by
pretreatment with an anti-IL-31RA-neutralizing antibody [10]. In contrast, it is
not inhibited significantly by anti-histamine agent, dexamethasone, tacrolimus,
or the μ-opioid receptor antagonist [10]. Just as in the case of mice, systemically
or locally injected canine IL-31 also evokes scratching behavior in dogs [11, 12,
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14•, 15] and the anti-canine IL-31 antibody (lokivetmab) significantly inhibits
scratching in canine AD [48, 49]. Besides, administration of cynomolgus IL-31
can elicit a scratching response in cynomolgus monkeys, which is inhibited by
humanized anti-human IL-31 monoclonal antibody (mAb) administration
[14•, 15]. In a recent study, IL-31 did not induce an immediate itch response
but did induce late-onset pruritus in humans in an IL-31 prick test, indicating
that IL-31 exerts its pruritic action via an indirect mechanism that may involve
keratinocytes [16].

The expression of IL-31RA is identified in cutaneous neurons and DRG in
mice, cynomolgus monkeys, and humans [15, 25, 33]. The human and mouse
IL-31RA+ DRG neurons co-express transient receptor potential cation channel
vanilloid subtype 1 (TRPV1) [33] (Fig. 1). IL-31-mediated itch is significantly
reduced in TRPV1 KOmice or TRPA1 KOmice suggesting that TRP channels are
critical to IL-31-mediated itch [33]. IL-31 stimulation of cultured murine DRG
neurons induce ERK1/2 phosphorylation, and blockage of ERK1/2 with a
specific inhibitor reduces scratching behavior in vivo [33], suggesting that
ERK1/2 is required for IL-31-induced itch transmission.

Atopic itch and IL-31
IL-31 has been reported to play a role in the mechanism underlying pruritus in
patients with AD. IL-31 is expressed more in lesional AD skin than non-lesional
skin [50]. Activated leukocytes in patients with AD expressed higher levels of IL-
31 compared with those in healthy individuals [21, 51, 52]. Human eosino-
phils can release IL-31 protein and the IL-31 release by eosinophils is higher in
AD patients than in normal volunteers [26]. In addition, serum IL-31 levels are
elevated in patients with AD, and there is a significant correlation with disease
severity [53, 54]. Exposure to staphylococcal superantigen, which is frequently
found in the skin of patients with AD, rapidly induces IL-31 expression in
patients with AD [50]. IL-31RA is expressed by keratinocytes from both patients
with AD and healthy control subjects. However, the levels of IL-31RA expressed
on keratinocytes from AD skin are consistently higher than the levels observed
in skin biopsy specimens fromhealthy control subjects [21]. These data strongly
indicate that IL-31 can be functionally related to pruritus in AD.

Epidermal hyperinnervation or elongation of sensory nerve fibers in AD
may cause itchy and sensitive skin [2, 33]. A recent study revealed that elonga-
tion and branching of cutaneous nerve fibers were seen in IL-31-transgenic and
IL-31 pump equipped mice in addition to AD-like skin lesions and scratching
[46•]. The same phenomena are seen in murine small-diameter DRG neurons
treated with IL-31 in vitro, and these are independent of Trpv1 but dependent
on STAT3 signaling [46•]. Interestingly, STAT3-dependent reactive astrogliosis
in the spinal dorsal horn mediates chronic itch in mice [55]. These findings
suggested that IL-31 might promote sensitivity to minimal stimuli and self-
aggravates skin hypersensitivity in human AD.

It has been reported that IL-31RA and OSMR β are expressed on
keratinocytes [56, 57]. With regard to pruritus, keratinocytes release various
pruritogenic mediators, which directly interfere with sensory neurons [2].
Therefore, in addition to the direct effects of IL31 on neurons, an additional
indirect role of IL-31 in pruritus through producing of pruritogenic mediators
from keratinocytes also can be considered [2].
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The potential proinflammatory and barrier-disrupting role of the
IL-31/IL-31R system in vitro

In addition to induction of itch, the effects of IL-31 on release of proinflamma-
tory cytokines and barrier disruption of keratinocytes might be involved in the
pathogenesis of AD.

Several chemokines such as GRO1α (CXCL1), TARC (CCL17), MIP3β
(CCL19), MDC (CCL22), MIP-3 (CCL23), MIP-1β (CCL4) and I-309 are
induced in normal human epidermal keratinocytes stimulated with human
IL-31 [9] (Fig. 1). These chemokines upregulated by IL-31 in keratinocytes are
mostly elevated in AD as well [9, 58]. IL-31 also significantly induces the release
of proinflammatory cytokines (IL-1β, IL-6) and AD-related chemokines
(CXCL1, CXCL8, CCL2, and CCL18) from eosinophils, via functional cell
surface IL-31R (Fig. 1). Such induction was further enhanced upon the co-
culture of eosinophils and keratinocytes [59]. These findings suggest that a
crucial role of IL-31 in AD through activation of keratinocytes or the
eosinophils-keratinocytes system, and IL-31might play a role in the recruitment
of inflammatory cells into the lesional skin of AD [9, 58].

In three-dimensional skin models, IL-31 induces disturbed keratinocyte
differentiation caused by reduced expression of physical skin barrier-related
molecules, such as desmoglein, desmocollin, corneodesmosin and filaggrin,
resulting in impaired skin barrier function [60] (Fig. 1). As FLG mutations or
downregulation of filaggrin are strongly associated with AD [61–63], IL-31-
induced downregulation of filaggrin must be involved in the development of
AD from the aspect of skin barrier dysfunction. Conversely, low doses of IL-31
upregulate the expression of anti-microbial peptides, including S100A7,
S100A8, S100A9, β-defensin 2, and β-defensin 3, and promote the anti-
microbial skin barrier [60] (Fig. 1). These findings demonstrate that IL-31
control the physical and anti-microbial skin barrier in multiple ways.

A new potential therapeutic target for pruritus in human AD

Nemolizumab (CIM331), a humanized anti-IL-31RA mAb, binds to IL-31RA
and inhibits IL-31 signaling.

As the first human study, a randomized, double-blind, placebo-
controlled phase I/Ib clinical trial of nemolizumab was conducted in
healthy volunteers and in AD patients to assess tolerability, safety, and
preliminary efficacy [17]. In the study, nemolizumab was administered in
a single subcutaneous injection at different doses (0.003, 0.01, 0.03, 0.1,
0.3, 1.0, or 3 mg/kg). No serious adverse events (AEs) or dose-dependent
increases in the incidence of AEs were reported in the study. A single
administration of nemolizumab significantly reduced pruritus visual ana-
logue scale (VAS) scores at week 1 (− 24%, − 24%, and − 33% in the 0.3, 1.0,
and 3.0 mg/kg nemolizumab groups, respectively, versus − 9% in the pla-
cebo group). At week 4, nemolizumab further reduced the pruritus VAS
scale score (− 50%, − 44%, and − 48% in the 0.3, 1.0, and 3.0 mg/kg
nemolizumab groups, respectively, versus − 20% in the placebo group). In
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addition to the decrease in pruritus, a decrease in the use of topical steroids
and an improvement of sleep efficiency were observed [17].

The phase II trial (NCT01986933) was performed in two parts (part A
and part B) [18••, 19•] to evaluate the optimal dose, safety, and efficacy of
nemolizumab. In part A, adult patients with moderate-to-severe AD were
randomly assigned into four groups (nemolizumab 0.1, 0.5, or 2.0 mg/kg
every 4 weeks [Q4W] or 2.0 mg/kg every 8 weeks [Q8W]) and a placebo
group (Q4W). All groups received treatment or placebo subcutaneously for
12 weeks [18••]. At week 12, there was a significant, dose-dependent
reduction in the percentage change from baseline in pruritus VAS scores
as compared with placebo. The percentage reductions were − 43.7%, −
59.8%, and − 63.1% in the 0.1, 0.5, and 2.0 mg/kg nemolizumab groups,
respectively, as compared with − 20.9% in the placebo group (all P G 0.01)
[18••]. The percentage changes in the Eczema Area and Severity Index
(EASI) were − 23.0%, − 42.3%, and − 40.9% in the nemolizumab groups
versus − 26.6% in the placebo group; however, there was no significant
difference [18••]. Several parameters assessing sleep quality and the Der-
matology Quality of Life Index improved in the nemolizumab group
compared with the placebo group. Regarding AEs, exacerbation of AD,
nasopharyngitis, upper respiratory tract infections, peripheral edema, and
increased creatine phosphokinase levels occurred more frequently in pa-
tients receiving nemolizumab than in those receiving placebo [18••]. No
serious side effects were observed in association with nemolizumab.

To assess long-term efficacy and safety of nemolizumab, an extension study
(phase 2) was then conducted (part B) [19•]. During part B, patients continued
the previous nemolizumab dose (0.1, 0.5, or 2.0 mg/kg Q4W or 2.0 mg/kg
Q8W). The improvement from the baseline in pruritus VAS score observed in
part A was maintained or increased from week 12 to week 64 in patients
randomized to receive nemolizumab throughout the 64-week study period
[19•]. The greatest improvement throughout the study was observed in the
0.5-mg/kg nemolizumab group. The percentage change from baseline in the
EASI score and sleep disturbance VAS score were also maintained or increased
from week 12 to week 64 in patients who had received nemolizumab in part A.
No new safety concerns were identified after long-term use of nemolizumab
[19•].

These findings in clinical trials provide evidence that nemolizumab might
become a useful and potent therapy for severe pruritus of AD.

Conclusions

Although intense pruritus is the major and most burdensome subjective
symptom of AD [1–3, 5], the satisfaction of most AD patients with conven-
tional treatments for pruritus remains very limited. Since IL-31 was reported
to induce itch, numerous studies investigating the biology of IL-31 have
been reported. Current knowledge shows that the interaction between IL-31
and IL-31R has a role not only in the induction of intense pruritus, but also
in the regulation of inflammation and barrier function in AD. Targeting the
IL-31/IL-31R interaction is a promising therapeutic target to improve the
burdensome pruritus experienced by patients with AD. However, further
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studies are warranted to understand the exact mechanism involved in IL-31
regulation of itch and any unfavorable events associated with inhibition of
the IL-31 pathway.
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